Home

Search

Collections

Journals

About

Contact us

My IOPscience

A miniature microbial fuel cell with conducting nanofibers-based 3D porous biofilm

This content has been downloaded from IOPscience. Please scroll down to see the full text.
2015 J. Micromech. Microeng. 25 125017
(http://iopscience.iop.org/0960-1317/25/12/125017)
View the table of contents for this issue, or go to the journal homepage for more
Download details:
IP Address: 129.186.252.43
This content was downloaded on 07/02/2017 at 19:30
Please note that terms and conditions apply.

You may also be interested in:
PEDOT-based composites as electrode materials for supercapacitors
Zhiheng Zhao, Georgia F Richardson, Qingshi Meng et al.
Enhanced current and power density of micro-scale microbial fuel cells with ultramicroelectrode
anodes
Hao Ren, Sriram Rangaswami, Hyung-Sool Lee et al.
Vapor phase polymerization of poly(3, 4-ethylenedioxythiophene) nanofibers on carbon cloth as
electrode for flexible supercapacitors
Xin Zhao, Mengyang Dong, Junxian Zhang et al.
Facile hierarchical assembly of gold particle decorated conductive polymer nanofibers for
electrochemical sensing
Minhui Dai, Juhong Chen, Julie M Goddard et al.
CVD of polymeric thin films: applications in sensors, biotechnology, microelectronics/organic
electronics, microfluidics, MEMS, composites and membranes
Gozde Ozaydin-Ince, Anna Maria Coclite and Karen K Gleason
Biofilm formation on TiO2 nanotube with controlled pore diameter and surface wettability
V C Anitha, Jin-Hyung Lee, Jintae Lee et al.
Electrical conductivity measurements of bacterial nanowires from Pseudomonas aeruginosa
Muthusamy Maruthupandy, Muthusamy Anand, Govindhan Maduraiveeran et al.
Performance comparison of microbial fuel cells equipped with different membrane electrode
assemblies
O Rubaba, Y Araki, S Yamamoto et al.

Journal of Micromechanics and Microengineering
J. Micromech. Microeng. 25 (2015) 125017 (15pp)

doi:10.1088/0960-1317/25/12/125017

A miniature microbial fuel cell with
conducting nanofibers-based 3D porous
biofilm
Huawei Jiang1, Larry J Halverson2 and Liang Dong1
1
2

Department of Electrical and Computer Engineering, Iowa State University, Ames, IA, USA
Department of Plant Pathology and Microbiology, Iowa State University, Ames, IA, USA

E-mail: ldong@iastate.edu
Received 10 July 2015, revised 19 September 2015
Accepted for publication 8 October 2015
Published 4 November 2015
Abstract

Miniature microbial fuel cell (MFC) technology has received growing interest due to its
potential applications in high-throughput screening of bacteria and mutants to elucidate
mechanisms of electricity generation. This paper reports a novel miniature MFC with an
improved output power density and short startup time, utilizing electrospun conducting
poly(3,4-ethylenedioxythiophene) (PEDOT) nanofibers as a 3D porous anode within a 12 μl
anolyte chamber. This device results in 423 μW cm−3 power density based on the volume of
the anolyte chamber, using Shewanella oneidensis MR-1 as a model biocatalyst without any
optimization of bacterial culture. The device also excels in a startup time of only 1hr. The high
conductivity of the electrospun nanofibers makes them suitable for efficient electron transfer.
The mean pore size of the conducting nanofibers is several micrometers, which is favorable
for bacterial penetration and colonization of surfaces of the nanofibers. We demonstrate that
S. oneidensis can fully colonize the interior region of this nanofibers-based porous anode.
This work represents a new attempt to explore the use of electrospun PEDOT nanofibers as a
3D anode material for MFCs. The presented miniature MFC potentially will provide a highsensitivity, high-throughput tool to screen suitable bacterial species and mutant strains for use
in large-size MFCs.
Keywords: microbial fuel cells, nanofibers, miniaturization
(Some figures may appear in colour only in the online journal)

1. Introduction

long start-up times, and low throughput. Recently, miniature
MFC technology has received growing interest due to its
potential applications in high-throughput screening of bacteria
and mutants to elucidate mechanisms of electricity generation [2–15]. Compared to conventional large two-chambered
MFCs, miniature MFCs can offer shorter startup time, smaller
material consumption, and higher throughput [2–15]. However,
due to their small size and insufficient biofilm formation
[2, 13–15], existing microfabricated MFCs can only produce a
limited electric current that may not readily be measured with
practical and economical electronic circuits required for robust
screening of bacterial species and mutant strains.
Similar to large-size MFCs the anode features are considered a critical component for obtaining high-performance

Microbial fuel cells (MFCs) are a promising bioelectrochemical technology for the conversion of energy available in
organic substrates into electricity. Inexpensive, self-sustaining,
and versatile microbial catalysts potentially allow for use of
agricultural residues, municipal wastes, and industrial wastes
as carbon and energy sources. However, MFC technology
has not been much applied to practical waste material treatments due to its low efficiency to generate power. While many
efforts have been made to improve MFC performance [1, 2],
the common practice of screening different bacterial species
and their mutant derivatives still relies on using larger twochambered MFCs that often have high material requirements,
0960-1317/15/125017+15$33.00
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miniature MFCs. Our interest is to develop and integrate highperformance anode material into a miniature MFC to improve
current/power generation while shortening startup time.
Generally, enhancing power generation requires structural
and material modifications to anode components to facilitate
better bacterial adhesion and/or electron transfer to anodes [1].
Overall anode performance is based on parameters, such as
conductivity, surface area, bacterial attachment, and biofilm
formation [2]. Popular anode materials include metals [16],
graphite, carbon materials (e.g. carbon cloth, paper, and fiber
veil) [17–19], and modified carbon materials (e.g. polymercoated carbon and ammonia-treated carbon cloth) [20, 21].
Among them, metal electrodes are used as 2D anodes due to
their high electrical conductivity and resistance to corrosion.
However, their flat and smooth surface provides only a small
active surface area, limiting bacterial attachment. In contrast,
carbon and modified carbon anodes can provide a large porous
surface area for bacterial attachment. But, the small pore size
of these materials may restrict access of bacteria and nutrients
into the interior pores because these pores may be clogged by
microbial growth.
Recently, many 3-dimensional (3D) meso/micro/nanostructured anode materials have been reported for MFCs.
Futaba et al developed densely packed and well aligned
single-wall carbon-nanotubes (CNTs) by using the zipping
effect of liquids to draw tubes together [22]. This material has
features favorable to flexible electronics and supercapacitor
electrodes, such as a large surface area, high flexibility, and
good electrical conductivity. But, because they are densely
packed, the small interstitial space between CNTs may be
difficult for bacteria to enter the interstitial surfaces of the
CNTs and may preclude bacterial colonization of surfaces
and sufficient nutrient supply for robust bacterial growth.
Logan and colleagues developed graphite fiber brush anodes
with high surface area and high conductivity [23]. Qiao et al
reported a composite anode made of mesoporous titanium
dioxide-polyaniline (TiO2-PANI) capable of producing high
power density [24]. Substrate transport, however, was limited by the partially opened porous structure of the anode.
Xie et al developed intertwined CNT-textile fibers containing
large pores to increase the anolyte-biofilm-anode interfacial area [25]. Later, they modified the system by using a
graphene-sponge anode with a stainless-steel current collector to reduce the cost of using textiles and sponge [26].
CNT-platinum modified graphite is another anode material
developed by the Sharma group [27], in which the maximum
power density of their MFCs was six times higher than that
using bare graphite. Yong et al used a graphene-PANI composite anode to obtain a power density much higher than those
using carbon cloth anodes [28]. Wang et al also decorated the
surface of graphene with poly(3,4-ethylenedioxythiophene)
(PEDOT) through galvanostatic electropolymerization to
fabricate a graphene-PEDOT hybrid anode [29]. Liu et al
formed nanoscale porous structure in the bulk of PEDOT via
an in situ electrochemical polymerization process to modify
carbon cloth and carbon paper [30]. Numerous reports have
described using PEDOT-based composites with other materials such as graphene, graphene oxide (GO), and CNTs,

as electrodes in energy storage and optoelectronic devices
[31–41]. For example, Xu et al reported a hybrid material
prepared from PEDOT and graphene that showed excellent
transparency, electrical conductivity, and flexibility, as well
as high thermal stability [40]. By in situ polymerization of
PEDOT in the presence of reduced GO (rGO) and high molecular weight poly(4-styrenesulfonate) (PSS), a PEDOT:PSS/GO
composite was developed for an organic thermoelectric device
and dye-sensitized solar cell [33]. Ham et al also improved
electrical conductivity and flexibility of PEDOT:PSS/CNT
composite via a layer-by-layer coating method [41].
Electrospinning is one of the most efficient techniques for
manufacturing polymeric micro/nanofibers [42]. This method
has been widely used to produce 3 D extracellular matrix scaffolds in cell and tissue engineering, because electrospun fibers
can provide not only a high surface area for cell attachment,
but also a suitable pore size for cell infiltration, cell growth,
and mass transport of nutrients, oxygen, growth factors, and
waste [42]. Also, electrospinning has enabled the formation
of electrically conductive nanofibers of various polymers and
polymer-based blends, such as PANI [43], PANI-camphor
sulfonic acid composite [44], and polypyrrole [45]. These
nanofibers have well-defined morphology and physical stability, but often require adding a carrier polymer to improve
the spinability of the intrinsically conductive polymer, thus
reducing the conductivity of the nanofiber products. To overcome this problem, various materials have been incorporated
into the electrospinning process, including, for example,
adding conductive polymer precursors that are converted into
a conductive polymer via vapor-phase polymerization or by
using core-shell coaxial electrospinning and then removing
the non-conductive core [46–49].
In this paper, we present a high-performance miniature
MFC incorporating a conductive PEDOT nanofiber-based
porous anode within a 12 μl anolyte chamber (figure 1(a)).
The PEDOT nanofibers are formed by electrospinning poly
(vinyl-pyrrolidone) (PVP) oxidant nanofibers and subsequent
vapor-phase polymerization of 3,4-ethylenedioxythiophene
(EDOT) monomer. The PEDOT nanofibers-based anode has
a high conductivity of about 72 S cm−1, allowing for good
electron transfer, while its porous structure provides a large
interfacial contact area between the anode and microbes (figure
1(b)). PEDOT nanofibers have previously been reported [47],
but their use as a 3 D anode material for MFCs has yet not
been explored. Our study shows the PEDOT nanofiber pore
sizes are sufficient for bacterial penetration and transfer of
substrates for attachment and growth of exoelectrogenic
bacteria in the interior of the porous material (figure 1(c)),
thereby promoting electron transfer. Without any optimization
of bacterial culture, the presented miniature MFC resulted in
an improved volumetric power density (423 μW cm−3 based
on the total volume of anolyte chamber) and shorter start-up
time (about one hour), using a pure S. oneidensis MR-1 culture as a model biocatalyst. With this improved performance,
the miniature MFC potentially will provide a powerful tool to
screen suitable bacterial species and mutant strains for largesize MFC-based bioenergy generation and for elucidating
bacterial-mediated exoelectrogenic processes.
2
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Figure 1. (a) Schematic (not to scale) of the miniature MFC. The parts of the device are separated to facilitate visualization of internal
components. (b) An optical image of a single miniature MFC. (c) An optical image of the electrospun PEDOT nanofibers-based anode
material. (d) Scanning electron microscopy (SEM) image of microscale pores formed within the PEDOT nanofibers-based porous anode.
(e) SEM image of bacteria colonizing the PEDOT nanofiber surface.

2. Experimental

The other end of the carbon cloth strip is extended to the
outside through the chamber structural material. Therefore,
only a 10 mm  ×  10 mm area of the carbon cloth is immersed
in the catholyte (figure 2(c)). This leaves a 19 μm separation
between the carbon cloth cathode and the PEM. Independent
supplies of the anolyte (culture medium) and catholyte are
flowed into the corresponding chambers through the microfluidic tubing at the same flow rates. Multiple MFCs can be
manufactured on a single substrate.

2.1. Structure of miniature MFC

In this miniature MFC (figure 1(a)), the anolyte and catholyte
chambers are made of poly(isobornyl acrylate) or poly(IBA)
on two respective glass slides and separated by a proton
exchange membrane (PEM; thickness: 183 μm; Nafion 117;
Fuel Cells Etc, College Station, TX). The anode is made of
a conductive PEDOT nanofiber membrane electrospun onto
a 100 nm thick gold electrode in the anolyte chamber (figure
2(h)). The PEDOT nanofiber membrane is 100.6  ±  13.5 μm
(see details in section 2.3). The anolyte chamber has an area
of 10 mm  ×  10 mm and a depth of 120 μm (figure 2(h)).
The total volume of the anolyte chamber is thus only 12 μl.
Therefore, the space between the top surface of the PEDOT
nanofiber membrane and the PEM is 19.3  ±  13.5 μm high
(figure 2(h)). The catholyte chamber is 10 mm  ×  10 mm
in area and 375 μm in height (figure 2(c)). The cathode is
made of fabric carbon cloth (thickness: 356 μm; model:
1071 HCB; Fuel Cell Store, College Station, TX). The cloth
is trimmed to 14 mm  ×  40 mm, which is larger than the
catholyte chamber (figure 2(c)), and permits embedding and
fixing 0.2 cm of one end of the carbon cloth strip inside the
catholyte chamber structural material during the in situ polymerization process (figure 2(c), also described in section 2.4).

2.2. Electrospinning of PVP nanofibers

To electrospin PVP nanofibers, 0.3 g of PVP powder
(1 300 000 g mol−1; Sigma-Aldrich, St. Louis, MO) was dissolved in a mixture of 10 ml of Iron (III) p-toluene sulfonate
(FeTos, Clevios CB40 V2; Heraeus, Santa Fe Springs, CA)
and 10 μl of pyridine (0.5 mol mol-1 FeTos, Fisher Scientific,
Fair Lawn, NJ) in a closed glass vial on a hotplate at 50 °C for
12 h with a stirring rate of 200 rpm. The PVP precursor solution was delivered to a 10 mm diameter syringe with a stainless
steel needle (18 gauge; Howard Electronic Instruments,
El Dorado, KS). A syringe pump (KDS210; KD Scientific,
Holliston, MA) was used to control the injection rate of the
precursor solution. A high-voltage power supply (Gamma
High Voltage Research, Ormond Beach, FL) was connected
3
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Figure 2. Schematic (not to scale) of fabrication process flow for the miniature MFC device.

between the steel needle and an electrically grounded
collector (a glass slide coated with a 100 nm thick gold electrode). The needle tip was 10 cm from the collector surface.
The applied voltage was 15 kV. The flow rate of the polymer
precursor solution was 0.65 mL h−1. The environmental relative humidity was controlled at 10% during electrospinning to
avoid nanofiber liquidation. After 85 min of electrospinning,
the thickness of the resulting PVP nanofiber membrane was
about 93  ±  12.2 μm (mean  ±  standard deviation of five independent measurements).

came into contact with the PVP nanofibers, the nanofibers
were progressively polymerized under vacuum. The polymerization process took 160 h. After that, the nanofibers were kept
inside the opened chamber for another 2 h to ensure the evaporation process was completed. The resulting PEDOT nanofiber
membrane (100.6  ±  13.5 μm, mean  ±  standard deviation of
five independent measurements) was slightly thicker than the
original PVP nanofiber membrane (93.5  ±  12.2 μm) mentioned above.
2.4. Miniature MFC fabrication

2.3. Vacuum vapour phase polymerization

To fabricate the catholyte chamber, a 356 μm thick,
14 mm  ×  
40 mm carbon cloth (Nafion 117; Fuel Cell
Store, College Station, TX) was placed on a glass slide
(75 mm  ×  50 mm  ×  0.9 mm; Corning, Tewksbury, MA)
(figure 2(a)). The inlet and outlet of the catholyte chamber was
prepunched through the glass slide by a conventional milling
machine with a 1 mm diameter diamond coated drill bit.

Immediately after the PVP nanofibers were obtained, they
were transferred to a vacuum chamber inside a chemical hood
to minimize direct contact with the moist air. The liquid EDOT
(Sigma-Aldrich, St. Louis, MO) was dripped into an opened
vial placed on the bottom of the vacuum chamber and was
vaporized to form monomer [47]. When the EDOT vapours
4
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Subsequently, the in situ liquid phase polymerization process
was conducted to fabricate the catholyte chamber and to fix
the carbon cloth cathode on the bottom of the chamber. In
this step, 375 μm thick double sided tape (3M, St. Paul, MN)
was used as spacers to create a 19 μm high cavity between
the glass slide and a film photomask (Fineline Imaging,
Colorado Springs, CO) (figure 2(b)). One end of the carbon
cloth strip overlapped the film photomask by 0.2 cm. A photopatternable polymer solution was injected into the cavity
using a plastic pipette (figure 2(b)). The polymer solution was
comprised of isobornyl acrylate (IBA), tetraethylene glycol
dimethacrylate, and 2,2-dimethoxy-2-phenylacetophenone
(all purchased from Sigma-Aldrich, St. Louis, MO) with a
weight ratio of 32 : 1.7 : 1. The ultraviolet light intensity was
set to 8.4 mW cm−2 for a 20 s exposure, after which the catholyte chamber was formed by soaking the glass slide in 100%
ethanol (Sigma-Aldrich, St. Louis, MO) for 2 min, followed
by baking on a hotplate at 60 °C for 1 h (figure 2(c)).
To form the analyte chamber, a 100 nm thick gold electrode
was generated on another glass slide (75 mm  ×  50 mm  ×
0.9 mm; Corning, Tewksbury, MA) by first depositing a
5 nm thick layer of titanium followed by a 100 nm thick gold
layer using e-beam evaporation through an aluminium-based
shadow mask (figure 2(d)). Subsequently, the anode chamber
was fabricated on the glass slide by the liquid phase polymerization process mentioned above. The materials and fabrication
parameters used in making the anolyte chamber were the
same as those used in making the catholyte chamber, except
for using 120 μm thick double sided tape (3M, St. Paul, MN)
as spacers (figures 2(e) and (f)). The next step was to electrospin PVP nanofibers onto the gold electrode on the bottom
of the anolyte chamber (figure 2(g)). In this step, the gold
electrode was electrically grounded. The process parameters
were the same as those described in section 2.2. The thickness of the electrospun PVP was about 93 μm (the same as
that mentioned in section 2.2). Because the PVP nanofibers
were also deposited over the whole surface of the glass slide,
the nanofibers outside of the anolyte chamber were carefully
removed by a razor blade. Subsequently, a 100.6  ±  13.5 μm
thick PEDOT nanofiber-based membrane (the same as that
mentioned in section 2.2) was formed by using the aforementioned vacuum vapor phase polymerization process (figure
2(h)). Therefore, the gap between the PEDOT nanofiber-based
membrane (formed on the 100 nm thick gold electrode) and
the top surface of the anolyte chamber (120 μm thick) was
19.3  ±  13.5 μm (figure 2(g)).
The PEM (thickness: 183 μm; Nafion 117; Fuel Cells Etc,
College Station, TX) was pretreated by sequentially boiling
in hydrogen peroxide (30% v/v; Fisher Scientific, Fair Lawn,
NJ) and deionized (DI) water, followed by soaking in 0.5 M
sulfuric acid solution (Fisher Scientific, Fair Lawn, NJ) and
then DI water, each for hour [5]. The activated PEM was
stored in DI water before assembly.
Lastly, the MFC device was constructed by assembling all
the components shown in figure 1(a). These components were
clamped between two acrylic plates (100 mm  ×  80 mm  ×  3 mm;
TAP Plastics, Oakland, CA) held together by cap screws
(M4  ×  0.7; Thorlabs, Newton, NJ) (figure 2(i)). To build the

electrical connections, copper tape (Sparkfun, Niwot, CO) was
used to extend the anode and cathode (figure 2(j)). The anolyte
and catholyte chambers were accessed by polyethylene sterile
tubing (Coleparmer, Vernon Hills, IL) through the inlet and
outlet of the device.
2.5. Cell inoculation

The MFC device and tubing were sterilized by filling all of
compartments with 70% ethanol and letting it sit for 20 min at
room temperature. Subsequently, the device was flushed with
5 ml sterile water and then 5 ml culture medium (Tryptic soy
broth, TSB; Sigma-Aldrich, St. Louis, MO). To operate the
device, Shewanella oneidensis strain MR-1 was used as the
model exoelectrogenic microbial biocatalyst. TSB was
the nutrient source, which flowed into the anolyte chamber
through the polyethylene tubing. To minimize possible
oxygen contamination in the batch mode operation, the tubing
was closed by steel clamps after the bacterial suspension
was flowed into the analyte chamber. The catholyte solution
(potassium ferricyanide, K3[Fe(CN)6]; Fisher Scientific, Fair
Lawn, NJ) was continuously supplied (10 μl h−1) using a
syringe pump.
2.6. Electrochemical measurements and calculations

Electrochemical properties of the PEDOT nanofibers were
measured in phosphate buffer saline solution (pH  =  7.0;
Sigma-Aldrich, St. Louis, MO) containing 5 mM [Fe(CN)6]3−
as a redox species, by a potentiostat (DY2100B; Digi-Ivy,
Austin, TX). A platinum wire was used as the counter electrode and a silver/silver chloride (Ag/AgCl) was used as
the reference electrode. To measure the electricity generation capability of the MFC device, an external resistor was
connected between the anode and cathode to form a closed
circuit. The voltage potential U between the two electrodes
was measured using a digital multimeter (Agilent 34401A;
Santa Clara, CA) connected to a computer through an RS-232
port. Data was recorded every minute. The current I flowing
through the resister was calculated via Ohm’s law: I  =  U/R,
where R is the resistance of the external resistor. The output
power P was calculated as P  =  U  ×  I. The shunt current was
measured to obtain the maximum output current. It’s noted
that each electrochemical/electrical measurement result given
in this paper is representative of the typical result obtained
over five independent experiments on five identical devices.
2.7. Bacterial fixation for SEM

For SEM images of the nanofibers-based biofilm, the MFC
was disassembled, immersed in a glutaraldehyde solution
(2%; Sigma-Aldrich, St. Louis, MO) to fix the adherent bacteria on the anode surface and incubated at 4 °C for 12 h.
After rinsing with DI water, the anode was stained with 1%
osmium tetroxide solution (Sigma-Aldrich, St. Louis, MO)
for 2 h, rinsed again, and then, dehydrated by pure ethanol.
The treated sample was examined by a field-emission SEM
(Quanta-250; FEI, Hillsboro, OR).
5
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Figure 3. (a) SEM image of typical electrospun PVP nanofibers. (b) SEM image of typical PEDOT nanofibers after the vacuum vapourphase polymerization of EDOT monomers. (c) TEM image of the PEDOT nanofibers. (d) Raman spectrum of the PEDOT nanofibers.

3. Results and discussion

in plane modes (sym.), respectively. The peaks at 1594 and
1641 cm−1 are due to quinoid structure and thiophene ring
vibration of the nanofibers, respectively. Also, by using a fourpoint probe system (FPP-100, Veeco Instruments, Plainview,
NY), the electrical conductivity of the resulting PEDOT nanofiber membrane (~100.6 μm thick) was found to be as high as
72  ±  5.2 S cm−1 (mean  ±  standard deviation of ten independent measurements).
Figure 4(a) shows the cyclic voltammetry measurements of
the PEDOT nanofibers. At the scan rate of 50 mV s−1, an oxidation peak and a reduction peak was observed at 0.24 V and
0 V, respectively. These peaks were well-defined, confirming
the good conductivity of the anode material. The measurement was also performed at different scan rates. It was found
that the anodic peak current was linearly proportional to the
scan rate ranging from 10 mV s−1 to 50 mV s−1. This result
indicates that the redox reaction was a diffusion-controlled
process. Also, the current stability was tested over 10 cycles at
the scan rate of 50 mV s−1 (figure 4(b)), where a slight fluctuation was observed but the overall trend was almost flat.
To evaluate the performance of the MFC in the batch mode
operation, the device was cleaned by rinsing in 100% ethanol

Figures 3(a) and (b) displays SEM of the electrospun PVP
nanofibers and the PEDOT nanofibers synthesized using the
vacuum vapor-phase polymerization. The PVP nanofibers had
the diameter of 740  ±  245 nm (mean  ±  standard deviation of
five independent measurements), while after the polymerization with EDOT monomers the resulting PEDOT nanofibers
had an increased diameter of 810  ±  215 nm (mean  ±  standard
deviation of five independent measurements). At the beginning of the polymerization process, the EDOT monomers were
polymerized as a thin layer at the surface of the PVP nanofibers.
As the reaction time went to 160 h, the PEDOT nanofibers were
formed. Figure 3(c) shows a transmission electron microscopy
(TEM) image of the PEDOT nanofibers, indicating the original
PVP nanofibers were almost all polymerized to form PEDOT
nanofibers. Raman spectroscopy was used to characterize the
PEDOT nanofibers (figure 3(d)). The peaks at 996, 1139, and
1364 cm−1 are due to oxyethylene ring deformation, C–O
stretching, and C–C stretching in plane modes, respectively.
The dominant peaks at 1447 and 1505 cm−1 result from C  =  C
stretching in plane modes (antisym.) and C  =  C stretching
6
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Figure 4. (a) Cyclic voltammograms of the PEDOT nanofibers measured in PBS at a scan rate of 10, 20, and 50 mV s−1. The inset shows

the current vs. scan rate. (b) Current during cycling at 50 mV s−1. The counter electrode was made of a platinum wire. The reference
electrode was made of an Ag/AgCl wire.

Figure 5. (a) Current output of the MFC in the batch mode operation over 80 h in response to inoculation with S. oneidensis MR-1 culture
in TSB growth medium followed by repeated additions of fresh medium once current output returned to zero; (b) a close up of the current
vs. time in the period of t  =  10.5 to 23.5 h.

than the background current. This pattern was observed repeatedly whenever fresh medium was supplied in a 14 h cycle. It is
worth noting that the response time for the current generation
after inoculation was much shorter than for conventional large
size MFCs that often have a lag period of days in large-scale
devices [50]. As mentioned earlier, the background current
of the miniature MFC without inoculation was considerably
lower than that after inoculation of S. oneidensis MR-1 culture
in TSB medium. Also, the inoculum was not manipulated prior
to delivering it to the anolyte chamber. Therefore, the fast current response of the miniature MFC is believed to benefit from
using the PEDOT nanofibers-based anode. We presume that
the porosity of the nanofibers permitted greater bacterial colonization of internal surfaces and diffusion of growth medium
into the interior of the nanofiber membrane compared to other
systems. Consequently, there are greater bacteria-anode interactions facilitating electron transfer.

for 1 h, followed by blow-drying in a stream of nitrogen gas for
5 min. Electrical generation was tested by using a closed circuit
carrying an external resistive load of 10 kΩ. TSB medium was
injected into the anolyte chamber through the inlet. The background current, without presence of S. oneidensis bacteria,
was only 22  ±  10 nA (mean  ±  standard deviation of five independent measurements). After 2 h, TSB medium containing
bacteria was injected into the anolyte chamber. After the
chamber was filled, the flow was stopped, and then, two clips
were used to pinch closed the microfluidic tubing. As shown in
figure 5, in the first batch of cell inoculation, the output current
rapidly increased to 9.5 μA within 1 h and then decreased over
the next 7 h. Once the current dropped to the baseline, fresh TSB
medium was infused into the anolyte chamber. Within an hour
after supplying fresh medium there was a dramatic increase in
current output, which exceeded the output following the initial inoculation and was about 3-orders of magnitude greater
7
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Figure 6. (a) Polarization and power density output of the miniature MFC as a function of current. (b) Output current at different flow
rates in the continuous flow mode. (c–e) SEM images of the PEDOT nanofibers covered by S. oneidensis strain MR-1 grown at different
TSB culture medium feeding rates: 1 μl h−1 (c), 5 μl h−1 (d), and 10 μl h−1 (e). (f) and (g) A close up showing bacteria coating the interior
surface of the PEDOT nanofibers membrane at a flow rate of 10 μl h−1. Scale bars represent 3 μm.

the curve in the ohmic region (see ‘region 2’ in figure 6(a)).
Also, R2 value (a common statistical measure of how close the
data are to the fitted regression line) shows that 97.6% of the
variability in voltage can be explained by the predicted value
from a linear regression model using the output current as
the explanatory variable (not shown). In addition, the output
power density reached a maximum value of 2.25 μW cm−2
in the ohmic region. In contrast, the output voltage decreased
dramatically in the mass transfer loss region 3 where mass
transport of organic materials was limited.
To investigate the influence of the nutrient medium (TSB)
flow rate on current generation we operated the MFC in a
continuous-flow mode by continuously injecting the growth
medium into the anolyte chamber at different rates. The flow

By measuring the output voltage and current of the device
at different external resistive loads, we generated polarization
and power density curves (figure 6(a)). According to the literature [1], polarization curves can be divided into three regions
reflecting activation loss (region 1), ohmic loss (region 2),
and mass transfer loss (region 3). At the activation loss stage,
the current increased from 0 (at the open circuit voltage of
380 mV) to 3.5 μA. Due to the need of activation energy for
oxidation reactions, the activation loss occurred at the surface of the anode during the electron transfer. As the external
resistance decreased, the output voltage reduced. The output
voltage decreased linearly with current when the current fell
in the current range from 3.5 μA and 18 μA. The internal
resistance of 7.5 kΩ was obtained through linear fitting of
8
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Figure 7. (a) Effect of nanofiber membrane thickness on output current during continuous-flow mode over a 21 h period; (b) The peak

current and the current at 21 h (left y-axis), and the mean pore size of the corresponding nanofiber membrane (right y-axis), as a function
membrane thickness. Error bars were obtained by taking the standard deviation of five independent membranes.

rate of the catholyte was also adjusted to be the same as that
of the anolyte. Four identical MFCs were used and inoculated
similarly as described in section 2.5 prior to loading the anolyte
chamber with fresh TSB medium for batch mode operation
(starting at 3 h). During the batch mode operation, the output
current signals from the four devices were almost identical.
When an obvious current drop was observed (at 5 h), the continuous flow mode operation was started on three devices by
infusing fresh TSB medium into their anolyte chambers at
different flow rates (1 μl h−1, 5 μl h−1, and 10 μl h−1). The
other device continued operating in the batch mode. The result
shows that at a high flow rate (10 μl h−1) the output current
rose to 16 μA and then transiently dropped to 12 μA (see the
blue curve in figure 6(b)) before returning to near maximal
levels. With decreasing flow rate, there was a corresponding
increase in length of time before current output stabilized at a
particular level (see purple and green lines in figure 6(b)). In the
absence of flow, current output steadily decreased until there
was no current generated, presumably because cells were no
longer metabolically active due to nutrient deprivation. A possible explanation is that as flow rates decrease it takes longer for
biofilms to develop on the anode surfaces and once established
they are able to maintain (1 μl h−1 and 5 μl h−1) or increase
(10 μl h−1) current output. Clearly, the higher the flow rate the
greater the output current the device could produce.
To assess the extent of S. oneidensis biofilm formation on
the PEDOT nanofibers, we examined them by SEM following
the continuous-flow mode operation as described above.
Figures 6(c)–(e) shows that the PEDOT nanofibers of the
three devices at the medium flow rates of 1 μl h−1, 5 μl h−1,
and 10 μl are all covered by microbes. While it’s not easy to
determine thickness of the biofilm grown on the cylindrical
surface of the nanofibers, we speculate that the higher medium
flow rates may lead to forming thicker biofilms on the surface
of the nanofibers. To examine whether or not S. oneidensis
was able to colonize interior regions of the porous nanofiber
membrane, we dissected the membrane to expose the interior
of the anode. The SEM images (figures 6(f) and (g)) show

that the surfaces of the interior fibers were accessible to
S. oneidensis.
In addition, we investigated the influence of the thickness
of the PEDOT nanofiber membrane on the output current of
the MFC in the continuous-flow mode at the fixed flow rate of
10 μl h−1. As shown in figure 7(a), output current for nanofiber
membranes of varying thickness exhibited similar trends
where current rapidly reached a maximum, dropped slightly,
and then returned to and maintained the maximal level. What
differed was that with increasing thickness there was a corresponding increase in current output (figure 7(b)). The result
is an obvious consequence of increasing the quantity of
nanofibers in the thicker membrane, thus increasing the quantity of pores and the total surface area for biofilm formation
inside the anode. Unexpectedly, figure 7(b) shows that current
generation was not linearly correlated with nanofiber membrane thickness. This could be because, given the same anode
material, the thicker membranes had not only a larger number
of pores formed by the randomly distributed nanofibers, but
a smaller statistical mean pore size, which in turn, increases
the surface area-to-volume ratio of thicker membranes. To test
this hypothesis, the mean pore sizes of the nanofiber membranes were measured by using a capillary flow porometer
(CFP-1100, PMI, Ithaca, NY). We determined that the mean
pore size decreased almost linearly with membrane thickness.
Specifically, the mean pore size was 12.1  ±  3.6, 10.2  ±  3.3,
8  ±  2.4, 5.9  ±  2.3, and 3.9  ±  2.3 μm (mean and standard
deviation of five independent measurements each) when the
membrane thickness was 12.3  ±  3.7 μm, 25.3  ±  5.1 μm,
50  ±  8.7 μm, 75  ±  12.2 μm, and 100.6  ±  13.5 μm, respectively (mean and standard deviation of five independent
measurements). However, it is still challenging to determine
if the increase in current is mainly due to reduction in pore
size or increase in membrane thickness. Nevertheless, because
the mean pore size of nanofiber membranes can be controlled
easily by varying electrospinning time, this may be important
for optimizing the anode structure for improving device performance in the future.
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PEDOT nanofibers/1
Carbon cloth/0.4
Au/0.15
Au/0.38
Au/0.38
Graphite plate/1.92

S. oneidensis MR-1

Graphene-PANI foam/1
Graphene-Ni foam/7 ~ 10
Escherichia coli
Graphene-PEDOT hybrid/5
S. loihica strain PV-4
PEDOT-carbon paper (carbon
cloth)/7.06
E. coli
PPy-CNTs-carbon paper/7
Geobacter sp.
CNT-polymer/0.5
Geobacteraceae-enrichment culture
Au/2.25
Geobacter sulfurreducens
Au/0.01
Shewanella and Pseudomonas sp.
Au/0.06
Geobacteraceae-enrichment culture
Au/3
Geobacteraceae-enrichment culture
Au/4
CNT-textile/1
Domestic wastewaterc
Domestic wastewaterc
Graphene-sponge/1
Primiary clarifier overflow
Carbon paper/22.5
Preacclimated bacteria from an active MFC Carbon Brush/2200

Graphite plate/155

Anode/area (cm2)

Biocatalyst

1.81  ×  105
2.5  ×  104
1  ×  105
2.8  ×  104
1  ×  105
12.5
4.5
350
1.5
150
100
2  ×  105
1.5  ×  105
3  ×  105
2.6  ×  104

Carbon paper/7
Au/0.5
Au/2.25
Coiled Au wire/1
Au/0.06
Au/3
Au/4
Carbon cloth/10
Carbon cloth/10
Carbon cloth/4.9
Carbon cloth/7

8  ×  105

12
4
1.50
154
400
8  ×  105

Carbon cloth/1
Carbon cloth/0.4
Carbon cloth/0.4
Carbon cloth/0.38
Carbon cloth/0.38
Carbon bonded to
Pt mesh/828
Carbon bonded to
Pt mesh/828
Carbon cloth/8
Carbon cloth/70
Carbon paper/12
Carbon cloth/NA

Cathode/area (cm2)

Total anolyte
chamber
volume (μl)
16
10
13
1.64
N/A
N/A
N/A
N/A
71.43
359
1.8
N/A
259
33
140
1
26.67
214
720
132
N/A
N/A

~1 h
6h
12 h
<2 h
<13 h
N/A
N/A
N/A
N/A
N/A
N/A
N/A
5–7 d
2d
10 d
<2 h
20 h
6d
12 d
N/A
N/A
N/A

Startup
time

Current
density
(μA cm−2)

the MFCs using the same S. oneidensis strain MR-1 as a model biocatalyst. The lower part includes the devices using other biocatalysts.

10

22.8
83
4.70
12
N/A
33
83
109.8
157
60
240

76.8
96.43
87.3
14

141

2.54
0.62
0.15
0.37
2.35
329

Ps (μW
cm−2)a

1.6
3320
2300
0.34
N/A
667
3330
1.10
1.05
0.98
73

0.42
27
4.36
3.53

27

423
62.50
15.30
0.93
N/A
0.79

Pvc (μW
cm−3)b

Power density (P)

(Continued)

[61]
[10]
[6]
[53]
[9]
[12]
[11]
[25]
[26]
[23]
[23]

[28]
[52]
[29]
[30]

[51]

This work
[7]
[5]
[4]
[8]
[51]

Ref.

Table 1. Performance comparisons between the presented miniature MFC and other MFC devices (including both miniature and large-size ones). The upper part of the table includes
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Granular activated carbon/6
Reticulated vitreous
carbon/97
Stainless steel plate/1200
3.3  ×  104

2  ×  105

4.5  ×  105
1.9  ×  105

1.56  ×  105

3.9  ×  105
1.56  ×  105

1.2  ×  104
N/A
1.8  ×  104

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
14
420

N/A
N/A
N/A
100 h
12 d
12 d
N/A
3d
9d
N/A

Startup
time

Current
density
(μA cm−2)

N/A

2.3

375
17

N/A

N/A
N/A

78.6
89.3
510

Ps (μW
cm−2)a

N/A

13.8

5
8.67

356

90
386

46
45
42.5

Pvc (μW
cm−3)b

Power density (P)

[60]

[16]

[58]
[59]

[57]

[56]
[57]

[54]
[55]
[19]

Ref.

b

Calculation based on the planar surface area of the anode electrode.
Calculation based on the volume of the entire anolyte chamber.
c
The domestic wastewater contains a diverse microbial community including Alphaproteobacteria, Betaproteobacteria, Gammaproteobacteria, Deltaproteobacteria, Bacteroidetes, Flavobacteria, Bacilli, Clostridia,
Spirochaetes, and unclassified.

a

Preacclimated bacteria from an active MFC Pt-coated Titanium/22

Domestic wastewater
Anaerobic sludge from an anaerobic
bioreactor treating brewery wastewater
Marine sediments
Stainless steel
plate/1200
Graphite plate/22

Graphite mat/N/A
Graphite granulesGraphite rod/N/A
Graphite granulesGraphite rod/N/A
Carbon cloth/6
RVC/194

Granular graphite/N/A
Graphite felt/N/A

Preacclimated bacteria from an active MFC Carbon felt/N/A

Carbon cloth/7
Carbon cloth/N/A
Carbon cloth/1.5

Carbon cloth/7
Carbon mesh/7
Activated carbon cloth/1.5

Preacclimated bacteria from an active MFC
Preacclimated bacteria from an active MFC
D.desulfuricans strain Essex 6 (for sulfate
removal)
Preacclimated bacteria from an active MFC
Preacclimated bacteria from an active MFC

Cathode/area (cm2)

Anode/area (cm2)

Biocatalyst

Total anolyte
chamber
volume (μl)

Table 1. (Continued)
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Table 2. Comparisons between the present PEDOT nanofibers and other conducting materials. The upper half of the table lists the PEDOT

composites with other materials. The lower half of the table lists non-PEDOT based composites.
Anode

Material form

Conductivity (S cm−1)

Fabrication method

Ref.

PEDOT nanofibers
PEDOT/nylon 6

Stacking nanofibers
Fabrics

72  ±  5.2
1.89

This work
[31]

PEDOT:PSS/polyethylene glycol
functionalized single wall CNTs
PEDOT:PSS/graphene
PEDOT:PSS/graphene
PEDOT:PSS/single wall CNTs

Fibers (10–12 μm)

400

Electrospinning and VPP
Polymerization of EDOT
monomer on nylon 6
Wet spinning

[33]
[34]
[35]

PEDOT/reduced GO

Nanocomposite film 50.8  ±  5.9

PEDOT/graphene in saturated
hydrogel.
PEDOT:PSS/reduced GO treated
with H2SO4.
Ethylene glycol-PEDOT:PSS/multi
wall CNTs
Graphite fiber brush
CNTs
Graphene/reduced GO

Nanocomposite film 0.73

In situ polymerization
Spin coating
Coating CNTs with
PEDOT:PSS particles
Template-directed in situ
polymerization
In situ polymerization
Solution mixing and
oxygen reduction reaction
Coating

[38]

Cutting of carbon fibers
Spraying
Dip coating of GO,
followed by reduction
Nanotubes incubated

[23]
[62]
[63]

Growth with controlled
and uniform shapes
Filtration
Spin coating of reduced
GO-SiO2 composite

[65]

Single-wall CNTs
Multi-wall CNTs/NiSi
Graphene/1-pyrenebutyrate
Graphene/GO-SiO2

Nanocomposite film 637
Nanocomposite film 32.13
Nanocomposite film 400

Nanocomposite film 180
Nanocomposite film 1.67
Brush
Sprayed CNTs
Nanocomposite film
(10 nm thick)
Incubated CNTs on
fabric surface
Vertically aligned
CNTs with NiSi
Thin sheet
Nanocomposite film
(28 nm thick)

645 (single fiber, 7.2 μm diameter)
150–200
550
13.8
4.76
2
0.45

Table 1 compares the performance of the present miniature
MFC with other previously reported MFCs (both miniature
and large-scale types). It should be noted that due to using
different device structures and different cultures, it may be
difficult to make point-to-point comparisons of power densities normalized to the anode surface area and the volume of
the entire anolyte chamber. With the same S. oneidensis strain
MR-1, our device demonstrated a remarkable volumetric
power density of Pvc  =  423 μW cm−3, which represents a
high value reported for miniature MFCs with S. oneidensis
MR-1 culture. However, in comparison to the output power
density based on the planar anode surface area, the recently
reported large-scale MFCs using graphite plates [51] and
graphene-based foams [28, 52] as anode materials with the
same MR-1 culture are superior to our device. When compared to the MFCs using graphene-PEDOT composite [29]
and PEDOT decorated carbon paper/cloth [30] with different
cultures, our device provides higher volumetric power density but lower surface area power density. The greater surface
area power density of these large devices is presumably
because their anolyte chambers are 4–5 orders of magnitude
larger than our device, thus providing more nutrients for
bacterial metabolic activity. Clearly, the power density of
our device is also limited by the electron producing capability of strain MR-1. Nevertheless, our device still shows
higher volumetric power density than many other MFCs in

[32]

[36]
[37]

[39]

[64]

[66]
[67, 68]

[16, 19, 23, 25, 26, 29, 30, 53–59, 61] except the miniature devices using Geobacteraceae-enrichment culture in
[6, 10–12]. We believe that by using optimally mixed bacterial cultures, the electricity generation capability of our
device will be further enhanced. It should be also noted that
our device exhibits faster startup than counterpart devices but
comparable to the devices reported in [4] (using MR-1 culture)
and [9] (using Shewanella and Pseudomonas sp. culture). The
faster startup may be attributed to the enhanced bacteria-anode
interaction on the interior surface of the nanofiber membrane
in the small 12 μl anolyte chamber that may accelerate startup
in batch mode.
Table 2 compares the conductivity, material form, and fabrication method between the present PEDOT nanofibers with
many other conducting materials. As it is difficult to cover the
entire literature, a few notable ones on PEDOT-based conducting composites (incorporating graphene, GO, CNT, and
etc) and other nanomaterials are listed. Also, as most MFC
literature does not mention exact conductivity values of their
anode materials, the table includes the conducting composites research articles that mention conductivity values, but are
not necessary with the topic of MFC applications. The conductivity comparison shows that the PEDOT nanofibers are
competitive with the PEDOT-based nanocomposites listed in
[31, 34, 36, 37, 39], but not with those incorporating single
wall CNTs [32, 35], sulfuric acid treated reduced GO [38],
12
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and graphene through in situ polymerization [33]. When
compared to individual graphite fibers of a graphite fiber
brush-based anode [23], sprayed CNTs [62], and graphene/
reduced GO composite [63], the PEDOT nanofibers show
relatively lower conductivity. But, the PEDOT nanofibers
are still superior in terms of conductivity to the other nanomaterials [64–68] listed in the second half of the same table.
While some composites provide higher conductivity than the
PEDOT nanofibers, they are mainly nanocomposite films with
small pore size or limited intestinal space supposedly not suitable to increasing bacteria loading capacity. In contrast, the
PEDOT nanofibers not only have good conductivity (about
72 S cm−1), but also provide extracellular matrix scaffolds with
controlled mean pore size (several micrometers or more) suitable to promoting robust bacterial growth and nutrient supply.
While the output power density of conventional MFCs
often dramatically decrease with scaling down the device
size due to insufficient biofilm formation on the anode, our
PEDOT nanofibers-based anode, in conjunction with inexpensive microfabrication methods, has great potential to obtain
high-performance microliter-sized MFCs for screening of
bacterial species and mutant strains. Future work will be made
to develop and integrate an array of the presented miniature
MFC devices with a microfluidic control system to realize a
high-sensitivity, high-throughput screening platform, to select
suitable bacterial species and strains for use in large-scale
MFC-based energy harvesting systems.

[2]
[3]

[4]
[5]
[6]

[7]
[8]

[9]

[10]

[11]

4. Conclusions
The miniature MFC design resulted in a high volumetric power
density of 423 μW cm−3 based on the volume of the anolyte
chamber (12 μl) and a short startup time of one hour, using a
pure S. oneidensis MR-1 culture as a model biocatalyst without
optimization of bacterial culture. The conducting PEDOT
nanofibers provided not only a large effective surface area,
but a suitable mean pore size to facilitate the transport of bacteria to the interior of the anode and the delivery of the growth
medium to the attached bacteria, thus promoting the development of metabolically active biofilms within the 3D anode.

[12]
[13]
[14]
[15]
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