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A B S T R A C T

Microliter-scale photosynthetic microbial fuel cells (micro-PMFC) can be the most suitable power source for
unattended environmental sensors because the technique can continuously generate electricity from microbial
photosynthesis and respiration through day-night cycles, offering a clean and renewable power source with self-
sustaining potential. However, the promise of this technology has not been translated into practical applications
because of its relatively low performance. By creating an innovative supercapacitive micro-PMFC device with
maximized bacterial photoelectrochemical activities in a well-controlled, tightly enclosed micro-chamber, this
work established innovative strategies to revolutionize micro-PMFC performance to attain stable high power and
current density (38 μW/cm2 and 120 μA/cm2) that then potentially provides a practical and sustainable power
supply for the environmental sensing applications. The proposed technique is based on a 3-D double-functional
bio-anode concurrently exhibiting bio-electrocatalytic energy harvesting and charge storing. It offers the high-
energy harvesting functionality of micro-PMFCs with the high-power operation of an internal supercapacitor for
charging and discharging. The performance of the supercapacitive micro-PMFC improved significantly through
miniaturizing innovative device architectures and connecting multiple miniature devices in series.

1. Introduction

There is an intensive effort to enable a next-generation of smart,
stand-alone, always-on wireless sensors networks (WSNs) designed to
collect real-time information for human safety and security (Hu et al.,
2011; Wu et al., 2017; Wang and Wu, 2012; Zanella et al., 2014; Dewan
et al., 2014). The key challenges for these systems include improving
the power efficiency of sensors to extend their lifetimes, and improving
energy harvesting capability to provide them with sustainable power by
converting ambient energy into electrical energy. An indication of how
serious the former challenge is regarded is the Near Zero Power RF and
Sensor operations (N-ZERO) program established by the Defense Ad-
vanced Research Projects Agency (DARPA). That program seeks to
overcome the power limitations of persistent sensing remaining with
even state-of-the-art battery technologies (Qian et al., 2017; Rajaram
et al., 2018). Meanwhile, various energy harvesting techniques at the
micro- or even nano-scale have been studied extensively for stand-alone
WSN operation during the past decade (Wang and Wu, 2012; Cook-
Chennault et al., 2008). Power can be scavenged from ambient thermal,
kinetic, or solar energy; the choice of energy type is highly dependent
upon the application (Selvan and Ali, 2016; Soavi et al., 2016). Among
possible technologies, microliter-scale photosynthetic microbial fuel
cells (micro-PMFCs) can offer the most suitable power source for

remote sensing in natural environments because subcellular or cellular
photosynthetic components (e.g. oxygenic photosynthetic reaction
centers, thylakoid membranes, cyanobacteria, or algae) can harvest the
most abundant energy source, solar energy, to produce electrical power
even in extreme conditions (Singh and Gabani, 2011; Choi, 2015;
Bombelli et al., 2015; McCormick et al., 2015). PMFCs are a type of
bioelectrochemical system in which living photosynthetic organisms
(cellular) or non-living photosynthetic proteins (sub-cellular) harvest
electrical power from solar energy (Choi, 2015; Bombelli et al., 2015;
McCormick et al., 2015; Malik et al., 2009; Lea-Smith et al., 1857).
Typically, PMFCs with living whole cells are far more resilient and
significantly more robust than systems using sub-cellular photo-
synthetic proteins, and they provide superior self-repairing and self-
assembling features (McCormick et al., 2011, 2015; Sekar and
Ramasamy, 2015; Bombelli et al., 2011, 2012). Furthermore, cellular
PMFCs can generate electricity continuously from microbial photo-
synthetic and respiratory activities under day-night cycles in the ab-
sence of an organic feedstock (McCormick et al., 2011; Bombelli et al.,
2011, 2012). Despite the vast potential and promise of cellular PMFCs,
their performance remains insufficient to realize potential WSN appli-
cations. To date, no micro-PMFCs exist that can independently power
real-world sensor applications. These gaps have relegated today's
PMFCs to the status of a laboratory curiosity rather than being a viable

https://doi.org/10.1016/j.bios.2019.111354
Received 26 March 2019; Received in revised form 10 May 2019; Accepted 24 May 2019

∗ Corresponding author.
E-mail address: sechoi@binghamton.edu (S. Choi).

Biosensors and Bioelectronics 140 (2019) 111354

Available online 27 May 2019
0956-5663/ © 2019 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/09565663
https://www.elsevier.com/locate/bios
https://doi.org/10.1016/j.bios.2019.111354
https://doi.org/10.1016/j.bios.2019.111354
mailto:sechoi@binghamton.edu
https://doi.org/10.1016/j.bios.2019.111354
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bios.2019.111354&domain=pdf


alternative power source. Their power densities, which are typically a
couple of orders of magnitude lower than even the smallest power
biological fuel cells, remain a significant challenge. Even the latest
micro-PMFC system was limited to low power density (∼10 μW/cm2)
and short operation time (∼2 h) (Bombelli et al., 2015). If one of the
biggest arguments for micro-PMFC technology is its potential as a su-
perior substitute to conventional batteries and other energy harvesting
devices for future WSN applications, then there is a clear and pressing
need to discover powerful yet simple approaches to enabling high-
performance, self-sustaining, long-life micro-PMFCs, and to ensuring
their practical feasibility as a power source for WSNs.

The key advantage of cellular micro-PMFCs over other types of
small-scale energy sources is that their construction, fuel sources, and
operation are environmentally friendly and entirely self-sustainable.
Their cost of manufacture is low and their electricity production has the
potential to be continuous for months or years, so long as there are
periodic day-night cycles. Their primary disadvantage, however, is low
energy production, which limits the technology to low power applica-
tions. Capacitors have been externally connected to the bioelec-
trochemical systems to boost the low power (Ren et al., 2013; Hatzell
et al., 2013). The external capacitors are recharged by bioelec-
trochemical systems and produce high electrical output during the
discharge. This connection technique has been demonstrated by several
groups powering actual electronic devices. However, these external
capacitors increase the cost of the system and require substantial re-
charging time – on the order of hours or even days – at the low current
regimes of bioelectrochemical systems.

Recently, there is an innovative trend to develop an entirely new
kind of electric power device: a self-charging supercapacitor (or a su-
percapacitive energy harvester) in which electric energy is simulta-
neously acquired and stored within a miniaturized single unit (Chen,
2017; Dubal et al., 2015; Pankratov et al., 2014a). This new hybrid
device integrates the high-energy harvesting function of an energy
generating device (e.g. fuel cells) with the high-power operation of an
internal supercapacitor for charging and discharging. In particular,
several proposals and preliminary demonstrations of the hybrid devices
combine supercapacitors and bioelectrochemical systems such as en-
zymatic fuel cells, and heterotrophic MFCs (Villarrubia et al., 2016;
Xiao et al., 2017; Houghton et al., 2016; Pankratov et al., 2014b;
Alsaoub et al., 2017). This concept indicates the possibility that even
low-performance micro-PMFCs can become a superior substitute for
conventional batteries or other energy harvesting techniques.

A couple of sub-cellular PMFCs using thylakoid membranes have
been combined with internal supercapacitors for simultaneous solar
energy conversion and storage (Gonzalez-Arribas et al., 2017;
Pankratova et al., 2017). Their power performance was five times
greater than the value for the supercapacitive enzymatic fuel cells,
demonstrating a clear proof-of-principle of this solar-driven self-char-
ging biosupercapacitor (or a supercapacitive PMFC). However, the
practical applications for sub-cellular systems are limited by the low
stability of the sub-cellular components, leading to very short operating
times. The sub-cellular PMFCs provided power for a maximum of only
30–40min followed by a rapid loss of their electron transfer activity.
Furthermore, they are subject to interruption, including significantly
reduced energy production at night and on cloudy days because they
cannot perform respiratory function. A self-charging biosupercapacitor
(or a supercapacitive PMFC) with whole photosynthetic organisms
using intact cyanobacterial cells could become a permanent power
source for supplying long-term and stable power for small, wireless
sensors used at remote sites where frequent battery replacement is
impractical.

2. Results and discussion

By periodically connecting and disconnecting the bioelec-
trochemical systems to an external load, several studies demonstrated

that some type of exoelectrogens (e.g. Geobacter sulfurreducens,
Shewanella oneidensis MR-1, and other mixed cultures) can store an
excess of electrons under electron acceptor limitation (Malvankar et al.,
2012; Uria et al., 2011; Ren et al., 2015). By closing the circuit, the
stored electrons are discharged in intermittent current pulses that are
stronger than under the steady-state power generated from continuous
operation. These exoelectrogens exhibit pseudocapacitive behavior
from the redox-active nature of biofilm (i.e. faradic electron transfers).
Other research groups provided double-layer capacitance to the bioe-
lectrochemical systems by inserting a capacitive layer between exoe-
lectrogens and anode (Deeke et al., 2012, 2013, 2015). This capacitive
layer generated more electricity compared with a non-capacitive elec-
trode. The greater performance observed in these studies provided
motivation and key components of a foundation for a supercapacitive
micro-PMFC as a potentially viable long-term, self-sustaining, and high-
performance method for energy generation and storage.

2.1. Device concept and design

In this work, we for the first time demonstrated a supercapacitive
micro-PMFC featuring self-sustainable bacterial photoelectrochemical
activities with supercapacitive performance in a well-controlled, tightly
enclosed micro-chamber (Fig. 1a). The anode was based on a 3-D
double-functional electrode concurrently exhibiting solar-driven en-
ergy-generating and storing features so that it offers the high-energy
harvesting function of PMFCs and the high-power operation of an in-
ternal pseudocapacitor (Fig. 1b). The novel anodic structure was con-
structed by a 3-D conformal modification of carbon cloth fibers with the
conductive polymer poly(3,4-ethylene dioxythiophene):polystyrene
sulfonate (PEDOT:PSS) (Fig. 1c) (Liu and Choi, 2017; Pang et al.,
2018a, 2018b). Previously, PEDOT:PSS was conformally coated over
fibers of papers, carbon clothes, and various fabrics and its properties
for biofilm formation were well characterized (Liu and Choi, 2017;
Pang et al., 2018a, 2018b). The 3-D microporous carbon cloth with a
large, accessible surface area can enable sufficient substrate/products
exchange to support colonization of bacterial cells deep inside the
anode (Liu and Choi, 2017). The addition of conductive polymers to the
carbon cloth can improve the overall capacitance of cyanobacterial
bioanode, where pseudocapacitance arises from irreversible charge
transfer within the biofilm (Pankratov et al., 2014c) and reversible
redox reactions at the PEDOT:PSS surfaces (Fig. 1d) (Park et al., 2013;
Volkov et al., 2017; Kim et al., 2017). This is very interesting because
photocatalytic reactions of cyanobacterial biofilm self-sustainably pro-
duced dense concentrations of electrons and protons for supercapacitive
energy storage even in LB media that was ion-depleted after several
days of operation. Evidently, the capacitance was negligible without
biofilm formation on the anode, which indicates that the redox process
from the PEDOT:PSS on the carbon cloth did not generate super-
capacitive behavior in the ion-limited environment (Fig. 1d). In the
cyanobacterial biofilm, electrons are recovered through a water-split-
ting reaction and/or photosynthetic electron transport chain during
light illumination, followed by the respiratory activities (McCormick
et al., 2015; Lea-Smith et al., 1857; Sekar and Ramasamy, 2015). With
the conductive polymers, charge transfer reactions across the biofilm-
polymer interface are performed through oxidation and reduction of
PEDOT:PSS (Park et al., 2013; Volkov et al., 2017; Kim et al., 2017).
Both redox interactions in the biofilm and polymer generate pseudo-
capacitance. The pseudocapacitive biofilm and polymer were formed
on the double-layer capacitive carbon clothes, and the double-layer
capacitance was aroused from the charge separation at the cathode.
That means it's likely the pseudocapacitive and double-layer capacitive
components were superimposed on each other and showed ambiguous
redox peaks on top of a quasi-rectangular cyclic voltammetric response
(Fig. 1d) (Pankratov et al., 2014c). Open circuit voltage (Voc) was de-
termined by the equilibrium potentials of the electrodes (Fig. 1b). The
photo-bio-electrocatalytic and redox reactions (i.e. a faradaic process or
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pseudocapacitance) polarize the anode and cathode toward values that
are more negative and positive than the typical equilibrium potential.
Excess negative and positive charges at the electrodes are balanced by
counter ions from the electrolyte forming an electrochemical double
layer at each electrode of the device. However, it should be noted that
the anode modification with biofilm and PEDOT:PSS likely decreased
the double-layer capacitance even though the bioanode possessed
pseudocapacitance and double-layer capacitance (Pankratov et al.,
2014c).

After the hybrid device electrostatically stored charges, the device
was discharged by a rapid electrostatic process under the short circuit
condition; the energy electrostatically stored can be delivered with
strong and short discharge pulses and high-power output can be
achieved. During the discharge mode, the voltage dropped to a lower
value because of the equivalent series internal resistances of the device;
Ranode, Relectrolyte, Rmembrane, and Rcathode are anodic, electrolyte, mem-
brane, and cathodic resistance, respectively (Fig. 1b). Therefore, the
output voltage of the device (Voutput) is related to Voc and the internal
resistances by Equation (1):

= − + + +V V I R R R R( )output oc discharge anode electrolyte membrane cathode (1)

where Idischarge is defined as the discharged current generated from the
stored energy. This peak current decreases gradually to a base value
that is a pure current production by cyanobacterial photosynthesis and
respiration. While conventional supercapacitors offer a very fast

sequence of reversible charge separation and/or redox reactions, our
supercapacitive PMFC can be relatively slow because of the irreversible
charge transfers and the protons' long traveling distance. During the
discharging operation, the electrons flow through the external circuit to
reach the cathode while the protons diffuse from the anode to the
cathode through the ion exchange membrane to maintain charge neu-
trality. Then, an electron acceptor, oxygen, is reduced by the protons
and electrons that traveled from the anode. In particular, large Relectrolyte

and Rmembrane can originate from a poor transfer of protons, leading to a
limiting energy bottleneck in the supercapacitive PMFCs. To effectively
minimize those internal resistances, we reduced the proton traveling
distance by designing a sandwiched electrode configuration where the
ion exchange membrane (i.e. Nafion 117 membrane) was directly be-
tween the anode and the air-cathode.

The total device capacitance (Cdevice) can be calculated using the
following equation, which includes Canode and Ccathode:

∫= = + −C
V

I dt
C C

1 ( 1 1 )device
oc

discharge
anode cathode

1
(2)

The supercapacitive micro-PMFC consisted of six functional layers;
a bottom PMMA layer including a sandwiched PMFC in the middle, the
1st rubber gasket layer, the 2nd rubber gasket layer, a PMMA reservoir
layer, a polydimethylsiloxane (PDMS) gas permeable layer, and a top
polymethyl methacrylate (PMMA) layer (Fig. 2a). All layers were well
aligned and assembled with screws. The rubber layers enabled a well-
packaged, tightly-enclosed microchamber while the PDMS gas layer

Fig. 1. (a) Conceptual diagram of the self-charging cyanobacterial supercapacitor. (b) Schematic diagram of the device during charing (left) and discharging (right)
and its equivalent circuit with a representative voltage profile. (c) Schematic illustration of the 3-D double-functional bioanode and its SEM image. (d) Cyclic
voltammetry of the anode with or without biofilm at a scan rate of 50mV/s (PEM: proton exchange membrane).
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Fig. 2. (a) Schematic illustration of individual layers of the self-charging micro-PMFC, (b) photo of the assembled device, (c) discharging characteristic with different
external resistors (1kΩ, 10 kΩ and 100 kΩ), and (d) charging-discharging voltage and current curves with different external resistors. (Insert: magnification of a
charge/discharge current cycle).

L. Liu and S. Choi Biosensors and Bioelectronics 140 (2019) 111354

4



allowed necessary gases to reach the chamber for self-sustaining bac-
terial photosynthesis and respiration. The device configuration was
based on our recently reported PMFC (Liu and Choi, 2017). The pho-
tosynthetic bacterial cells, Synechocystis sp. PCC 6803, introduced to the
microchamber, were accumulated on the modified anode, forming a
biofilm during 3 days (Fig. 2b). Their power and current densities were
monitored under the operational condition of continuous light illumi-
nation at 30 °C. PEDOT:PSS coated on the carbon cloth improved con-
ductivity, biocompatibility and surface affinity for the microorganisms
(Marzocchi et al., 2015; Liu et al., 2015). This polymer treatment did
not change the carbon fiber's thickness or pores and the deposition was
very conformal and tight (Fig. S1). The 3-D microporous anodic struc-
ture allowed the photosynthetic bacterial cells to enter deep inside the
anode and form a densely packed biofilm (Fig. 1c), ultimately leading
to higher and longer performance of the micro-PMFC (Liu and Choi,
2017).

2.2. Effects of external resistance on device performance

Because the power generated from bacterial photosynthesis and
respiration in the micro-PMFC is subject to the process of charging and
discharging through periodic interruptions of the external circuit, it is
critical to evaluate the effect of the external resistance on device per-
formance, including discharging characteristics, capacitance, and dur-
ability.

Fig. 2c shows discharging characteristics of the device (super-
capacitor??) when connected for 2min to external loads of 1 kΩ, 10 kΩ,
and 100 kΩ. Before each connection, the device had been charged for
28min. At 1 kΩ, the voltage rapidly dropped within 1min and stabilized
at 37mV, corresponding 34.9 μA. At 10 kΩ and 100 kΩ, the device re-
quired the prolonged discharge time where the voltages (143mV and
193mV, respectively) are more positive than under the 1kΩ operation
with 2min of discharging time. The total capacitance discharged for
2min was calculated by Equation (2), which were 0.63mF, 5.2mF, and
74.9 mF at 100 kΩ, 10 kΩ, and 1kΩ, respectively (corresponding to

1.64mF/cm2, 13.51mF/cm2, 194.55mF/cm2, respectively). The ex-
ternal resistance clearly regulates the discharge rate of the accumulated
energy during the discharging operation. A lower external resistance
allows a more rapid discharge of the stored charges, thus producing
higher current and capacitance while the device with a higher external
resistance holds some of the stored energy after allowing a small cur-
rent. Furthermore, the operational stability of the device was evaluated
by repeating charge-discharge cycles (Fig. 2d). An automated charging-
discharging operation was performed using an Arduino connected to
relays to enable accurate period switching (Fig. S2). Fig. 2d shows the
voltage and current profiles of the supercapacitive micro-PMFC at dif-
ferent external resistances with 28min charging and 2min discharging.
Each cycle repeated indicating the reversibility of the process. While
the single discharging profile demonstrated that the low external re-
sistance at 1kΩ provides the better capacitive and electrical perfor-
mance (Fig. 2c), the durability of the established voltage and thus the
stability of the device at 1kΩ degraded over time (Fig. 2d). This is
mainly because the mass transport rate from the substrates is slow at
high current and shortens current production. The low external re-
sistance rapidly released the stored charges, requiring more charges to
flow from bacterial metabolism. On the other hand, a high external
resistance at 100 kΩ worsened the device stability than did the 1kΩ
resistance. The high external resistance discharged small current be-
cause of the reduced flow of electrons through the circuit, leaving the
majority of the charge in the bacterial membrane and the anode. This
retarded electron transfer decreased bacterial growth, metabolism and
thus the stability of the device (Uria et al., 2011; Picioreanu et al., 2008;
Katuri et al., 2011). Although the device was not fully discharged at
10 kΩ (Fig. 2c), the output voltage and current remain stable through a
period of 24h (Fig. 2d). This demonstrates that the durability and sta-
bility of the device at 10 kΩ was the best, which could be matched to an
external load as a self-sustained power supply. These results indicate
that the selection of external resistance is important in device perfor-
mance.

Fig. 3. (a) Output voltage profiles during different charging/discharging conditions at 10 kΩ, (b) magnification of their final charging/discharging cycles. (c) their
power outputs as a function of current densities.
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2.3. Charging time and durability

The charging is substantially slower than the discharging because
the process is not reversible in our supercapacitive PMFC and the
charging requires time for harvesting electrons and protons via bac-
terial photosynthesis and respiration. Therefore, optimizing the char-
ging time with the respect to a certain discharging condition is very
important as the amount of the stored charges determines the device
open circuit voltages (OCVs), output voltages at a discharging mode,
power and current generations, and durability of the established vol-
tages. 3 min, 8min, and 28min charging times were tested and their
performances were compared with the continuous discharging opera-
tion (Fig. 3). For all these experiments, the discharging time and the
external resistance were fixed with 2min and 10 kΩ, respectively,
which maximized the device performance in the previous section.
Under the continuous discharging mode without charging process, the
device acted as a PMFC only without the supercapacitive operation
(Fig. 3a). The output voltage of the continuous discharging operation
significantly decreased for the first 600min and then gradually de-
creased to 0.05V (corresponding to 5 μA) during the next 800min. This
is because the number of electrons harvested from bacterial metabolism
was not enough to allow the current flow through the 10 kΩ resistor.
With the device operating discontinuously, charges were accumulated
on the bioanode on the open circuit. During the short circuit, the stored
charges were burst, generating greater output voltages at charging/
discharging modes, power and current densities, and durability than the
continuous discharging operation. Three minutes of charging allowed
more charges to be stored, increasing the output voltage by 40% and
the maximum power/current by 100%, compared to the continuous
operation (Fig. 3b). However, the durability of the voltages degraded
over time, indicating that the 3min charging time was not enough to
restore the equilibrium electrode potentials and recharge the device at

the OCV. Overcoming the resistance at 10 kΩ so the current would
discharge the device required more charges than were stored during a
3-min charging time. The durability significantly improved by in-
creasing the charging time to 8min. However, a slight degradation of
durability was shown during 24 h which indicates that the device has
the capacity to store more charges for the 2min discharging operation
at 10 kΩ. During the 8min test, the device's power generation out-
performed the continuous discharging operation by a factor of 9 and the
3min charge and 2min discharge configuration by a factor of 4.5
(Fig. 3c). With 28min of charging, the output voltages for the charging/
discharging modes, the maximum power and current densities, dur-
ability and stability of the device were significantly improved. The
maximum power and current densities were 8 μW/cm2 and 160 μA/
cm2, which are 16-fold and 5-fold larger than with the continuous
discharging device (Fig. 3c). The durability and stability for the 28min
charging/2min discharging case were also proven over 50 charging/
discharging cycles without any performance decrease (the second figure
of Fig. 1a). However, the further enhanced charging time decreased the
device performance (data not shown) mainly because the longer char-
ging time inhibited bacterial metabolism and even their viability, lim-
iting a stable, long-time operation.

2.4. Stacking of supercapacitive PMFCs

Stacking the supercapacitive PMFCs in series is critical to increasing
output voltage and power for practical applications. However, con-
necting multiple biological devices may be much more complicated
than connecting conventional batteries or supercapacitors because live
cyanobacterial behavior is unpredictable and irreproducible, leading to
a significant performance degradation because of a different impedance
mismatch between stacked devices. Unequal performance of individual
devices can reverse voltage polarity in lowest performing device in the

Fig. 4. (a) Schematic diagram of the stacked device connecting eight units in series, (b) polarization curve and power output of the stacked device, and (c) its
charging/discharging cycles.
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stacked system, which lowers the voltage the whole system can produce
(Wei et al., 2016). In this work, eight supercapacitive PMFCs were
successfully connected in series, and each worked at full capacity
(Fig. 4a). The novel microfabricated device offered precise control of
the bioanode for optimal biofilm formation, minimizing the perfor-
mance variation of individual devices. The OCV of the stacked array
was 1.8V, which is equal to the sum of each device's OCV, about 0.225V
(Fig. 4b). The maximum power and current density were 38 μW/cm2

and 120 μA/cm2, respectively, which is the highest reported success of
any existing micro-PMFCs for the long-term operation. The energy
density for two 28min charging/2min discharging operations per hour
was 2.52 μWh/cm2. With 28min charging and 2min discharging op-
eration at 10 kΩ, the cycling stability was maintained through 18 h
(Fig. 4c). A slight degradation was mainly because of small performance
mismatch between devices which were located at different distances
from the light source, leading to different photocatalytic reactions.
Further studies will be required to optimize device stacking.

3. Conclusion

We created innovative supercapacitive micro-PMFCs with max-
imized bacterial photoelectrochemical activities in a well-controlled,
tightly enclosed micro-chamber. An internal supercapacitor was in-
tegrated into a micro-PMFC device, where charge-storage and energy
harvesting function simultaneously. During the charging-discharging
operation with 28min of charging and 2min of discharging at 10 kΩ,
our device produced a maximum power density of 8 μW/cm2 and cur-
rent density 160 μA/cm2, a performance significantly greater than that
of the continuous discharging mode. The array of eight devices con-
nected in series increased the output voltage (1.8 V) and power density
(38 μW/cm2) significantly without showing any performance degrada-
tion. Further device improvement for practical applications can be
made by using new materials with a high supercapacitive performance.
Because solar energy is the most promising source of sustainable energy
even in resource-limited environments, and photosynthetic organisms
occupy every habitat, including those with extreme conditions, the
supercapacitive micro-PFMCs can be an important and novel tech-
nology breakthrough that offers a potentially viable long-term and
high-performance resource for unattended environmental sensors.

4. Experimental sections

Materials: Polydimethylsiloxane (PDMS) and its curing agent
(Sylgard 184 Silicone Elastomer kit) were purchased from Dow
Corning. 30% wet-proofed carbon cloth (CCWP), untreated carbon
cloth (CCP10), carbon black powder (XC-72), and 10% Pt on Vulcan
XC-72 were obtained from Fuel Cell Earth LLC. Dimethyl sulfoxide
(DMSO), polytetrafluoroethylene (PTFE), Nafion solution, Nafion 117
membrane, glutaraldehyde, phosphate buffer saline (PBS), and poly
(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) were
purchased from Sigma-Aldrich.

Electrode preparation: The anode was prepared on the untreated
carbon cloth by brush-painting a mixture of 1 wt% PEDOT:PSS. 5 wt%
DMSO was added to increase the anodic conductivity. The air-cathode
was prepared on 30% wet-proofed carbon cloth with four layers of a
mixture of carbon powder and PTFE solution (Cheng et al., 2006). The
other side of the cathode was coated by 10% Pt on carbon black and a
binder solution including 5 wt% Nafion solution, DI water, and iso-
propanol. The anodes and cathode were pierced with a 0.5 mm thick Ti
wire as a current collector.

Gas membrane preparation: A PDMS solution (Sylgard 184
Silicone Elastomer kit) was prepared by mixing the pre-polymer and the
curing agent in 10:1 ratio by weight. The PDMS mixture was degassed
in a vacuum desiccator for about 30min and then a 40 μm-thick PDMS
membrane was obtained on a glass wafer (Pyrex) with the high
1500 rpm spin speed for 30 s followed by curing in oven of 100 °C for

1 h. The solidified PDMS membrane was cut from the wafer, gently
peeled off, and then transferred between the top and the reservoir
layers (Liu and Choi, 2017).

Device fabrication: The Nafion 117 membrane was hot-pressed
directly between the anode and the cathode to form a PMFC. A top
PMMA layer, a PDMS gas permeable layer, a PMMA reservoir layer, two
rubber gasket layers, and a bottom PMMA layer including the PMFC in
the middle (Fig. 2a). The PMMA and rubber layers were cut by a laser
machine (Universal Laser System, VLS3.5). All layers were carefully
aligned and assembled with 10 small screws. The anodic surface area
exposed to bacteria was 0.385 cm2 while the cathodic surface was
0.636 cm2. Fluidic inlet and outlet tubes were connected to the device,
but the tubes were removed after bacterial inoculation. For sustainable
operation, the holes for the tubes were completely sealed with silicone.
The volume of the PMFC chamber was 90 μL.

Electrical measurements: Electrical potentials between the anodes
and cathodes were monitored by a data acquisition system (DI-720-EN,
DATAQ Instruments). The polarization and power curves were mea-
sured with a custom-made interface circuit, which measures the max-
imum current value at various external resistances. All the output va-
lues were measured after the device was fully charged. The current
through a resistor was calculated using Ohm's law. Current/power
density and areal capacitance were normalized to the anode area
(0.385 cm2). The energy density E (μWh/cm2) was calculated from the
total power density over the discharge time
( = ×E ( P discharging time)/3600). All the experiments were done in the
temperature/light-controllable incubator (The VWR® Signature™
Diurnal Growth Incubator, Medel 2015).

Inoculum: Synechocystis sp. PCC 6803 were grown from −80 °C
glycerol stock cultures by inoculating 15mL of BG-11 medium with
gentle shaking under 12-h light and dark intervals. The BG-11 con-
tained 1.5 g NaNO3, 40mg K2HPO4, 75mg MgSO4, 36mg CaCl2, 1 mg
of EDTA, and 6mg of citric acid and of ferric ammonium citrate per 1 L
of distilled water. Fluorescent lamps-controlled chamber provided the
continuous aeration at 30 ± 2 °C and illumination for 2 weeks. Growth
was monitored by measuring the optical density at 600 nm (OD600) and
the culture reached an OD600 of 1.2.

Charging-discharging cycle operation: Charging-discharging cy-
cles were performed by using a customized electric circuit with the
Arduino Software (IDE) for driving relays (Fig. S2). Each relay channel
was used to control the on/off states of the external circuit through a
resistor.

Cyclic voltammetry test: By using AutoLab PGSTAT128N/FRA32
(Metrohm), cyclic voltammetry (CV) was carried out to evaluate the
system performance. All CV tests were performed in BG-11 media for 20
cycles from −0.7 V to 0.6 V at a scan rate of 50mV/s.

Bacterial Fixation and SEM Imaging: The SEM samples were
treated with 4% glutaraldehyde solution (Sigma-Aldrich) overnight at
4 °C and rinsed three times with 0.1M phosphate buffer saline (PBS).
The samples were then dehydrated by 5-min serial transfers through 50,
70, 80, 90, 95, and 100% ethanol. The samples were placed in hex-
amethyldisilizane (HMDS) right after for 10min and then placed in
desiccator to air dry overnight. Fixed samples were examined using a
FESEM (Field Emission SEM) (Supra 55 VP, Zeiss).
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