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Abstract

Microbial fuel cells (MFCs) are an alternative electricity gen-
erating technology and efficient method for removing
organic material from wastewater. Their low power densities,
however, hinder practical applications. A primary limitation
in these systems is the anode. The chemical makeup and sur-
face area of the anode influences bacterial respiration rates
and in turn, electricity generation. Some of the highest power
densities have been reported using large surface area anodes,
but due to variable chemical/physical factors (e.g., solution
chemistry, architecture) among these studies, meaningful
comparisons are difficult to make. In this work, we compare
under identical conditions six micro/nano-structured
anodes in micro-sized MFCs (47mL). The six materials
investigated include carbon nanotube (CNT), carbon nanofi-
ber (CNF), gold/poly (e-caprolactone) microfiber (GPM),

gold/poly(e-caprolactone) nanofiber (GPN), planar gold
(PG), and conventional carbon paper (CP). The MFCs using
three dimensional anode structures (CNT, CNF, GPM, and
GPN) exhibited lower internal resistances than the macro-
scopic CP and two-dimensional PG anodes. However, those
novel anode materials suffered from major issues such as
high activation loss and instability for long-term operation,
causing an enduring problem in creating widespread com-
mercial MFC applications. The reported work provides an in-
depth understanding of the interplay between micro-/nano-
structured anodes and active microbial biofilm, suggesting
future directions of those novel anode materials for MFC
technologies.

Keywords: Biofilm Formation, Extracellular Electron
Transfer, Mass Transfer, Micro-/Nano-Structured Anode
Materials, Microbial Fuel Cell

1 Introduction

The last three decades have witnessed significant develop-
ments and performance improvements in microbial fuel cell
(MFC) technology [1]. These advances are reflected in an
increasing number of scientific publications and patents [2, 3].
MFCs are seen as a promising alternative technology that
could alleviate the energy crisis and environmental pollution
[4]. For this reason, MFCs have provided a focus for renew-
able energy production research. Despite advances, however,
the promise of this technology has not yet been translated into
commercial reality, because existing MFCs demonstrate low
power density [5, 6]. Aside from all the other factors affecting
the MFC performance such as bacterial inoculums, chemical

substrates, ion-selective membranes, and reactor configuration
[7], the anode materials play a profound role in influencing
the power generation by determining: (i) the actual accessible
area for bacteria to attach; (ii) the extracellular electron transfer
efficiencies; and (iii) chemical species diffusion rates [8–10].
Therefore, many of the studies to date have concentrated on
improving anode performance by the search for effective
anode material and/or modifications to the anode surface
[11–14]. Recently, many unconventional three-dimensional
micro-/nano-scale and/or micro-fabricated anode materials

–
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have been explored to increase surface area, porosity, biocom-
patibility, conductivity, and biofilm formation [8–10, 15].

Gold has been proposed as a potential anode material
because it is biocompatible, highly conductive and is compat-
ible with conventional microfabrication modalities for the
development of a micro-sized MFC platform [16, 17]. Choi
and Chae [18] developed a microfabricated gold anode MFC
generating about 100mWcm–2 with Geobacter-enriched mixed
bacterial culture. Also, one-dimensional nanomaterials have
attracted much attention due to their larger surface area and
greater permeability. Qiao et al. [19] proposed a nanostruc-
tured polyaniline (PANI)/mesoporous TIO2 composite anode
in Escherichia coli MFCs. This new hybrid polymer/inorganic
porous composite provided a large specific surface area, uni-
form nanopore distribution, and good biocatalytic perfor-
mance, generating ~150mWcm–2. Zhang et al. [20] developed
a graphene modified stainless steel mesh anode for the MFCs,
generating ~270mWcm–2 with E. coli. Xie et al. [9, 21] intro-
duced several three-dimensional anodes prepared by coating
macroscale porous substrates with single-walled carbon nano-
tubes (CNT) or graphene. Their MFCs equipped with these
anode materials and mixed bacterial culture achieved high
power densities and lower energy losses than traditional car-
bon-based anodes, delivering 110 and 160mWcm–2, respec-
tively. Choi and colleagues [15] reported a microfabricated
anode based on gold coated poly(e-caprolactone) (PCL) micro-
fiber that outperformed a gold microelectrode by a factor of
2.65-fold and even carbon paper (CP) by 1.39-fold. All of these
novel micro-/nano-structured anodes reported to date
showed higher conductivity and mechanical stability with
larger surface area and higher electrochemical catalytic activ-
ity compared to the conventional carbon-based materials such
as graphites, carbon clothes, CP, and reticulated vitrified car-
bons [11, 12, 21]. However, their performances are often more
dependent on the specific MFC architecture (e.g., chamber ge-
ometry, single or dual chamber), electrode spacing, environ-
mental conditions (e.g., temperature, pH, and humidity), oper-
ating conditions (e.g., batch-mode or continuous mode),
cathode materials, solution ionic strength, and conductivity of
the fuel cells [22, 23]. Therefore, power densities produced by
a certain anode in one study cannot be directly compared with
another anode unless the MFC architecture, bacteria, and
chemical solution are the same. Moreover, the anode chamber
volumes employed for those studies range from several mL to
L. This limits the accuracy, reproducibility, and reliability, due
to large background current noise, and large variations in
microbial growth, competition, and metabolisms of the con-
sortium of microbes [24]. In addition, most of these anode
studies for improving the MFC anode performances did not
provide long-term analyses beyond 10 days even though
microbial communities and their electron generating capabil-
ities on anode materials will likely be affected by long-term
operation. Therefore, the studies on micro-/nano-structured
anode materials reported to date would not provide useful
information unless the results are compared under the same
conditions for a long period of time (>1 month).

Here, we compared six popular micro- and nano-structured
anode materials in 47mL micro-sized MFCs under the same
experimental conditions for 1 month. The six anodes are car-
bon nanotubes (CNT), carbon nanofiber (CNF), gold/poly(e-
caprolactone) microfiber (GPM), gold/poly(e-caprolactone)
nanofiber (GPN), planar gold (PG), and conventional carbon
paper (CP). CNT and CNF are emerging nanomaterials with
higher mechanical strength and electrical conductivity than
conventional carbon-based materials (CP). Also, non-carbon
polymers with conductive materials (such as gold, CNT, and
nanocomposites) have become one of the anode materials with
high potential because of their large specific surface area and
excellent stability. In particular, PCL is a well-known biopoly-
mer, which can be easily prepared by electrospinning tech-
nique. The biofilm profiles, activation loss, internal resistances,
and mass transfer losses on each anode material are thor-
oughly analyzed. The reported work will provide an in-depth
understanding of the interplay between micro-/nano-struc-
tured anodes and active microbial biofilm, suggesting future
directions of those novel anode materials for MFC technolo-
gies.

2 Materials andMethods

2.1 Device Fabrication and Assembly

A compact and reliable micro-liter sized MFC was pre-
pared with each anode (Figure 1). The MFC contains vertically
stacked 47mL anode and cathode chambers separated by a
PEM (Nafion 117) (Figure 1a). Each layer except for the PEM
was micro-patterned using laser micromachining (Universal
Laser Systems VLS 3.5). Each chamber volume was defined by
0.158 cm-thick patterned poly(methyl methacrylate) (PMMA)
and 100mm-thick thin plastic gasket. The exposed anode/cath-
ode area was 0.28 cm2. The Nafion 117 was sandwiched by the
two PMMA chambers and thermally bonded at 125 �C for 1 h.
We fabricated 4 cm · 6.2 cm PMMA supporting frames (0.5
inch thick) with the laser engraver and drilled six holes for
fluidic inlet/outlet and screws (Figure 1b). In order to main-
tain consistency of experimental procedures, gold was used as
a cathode material for all tests. The cathodes were prepared by
depositing 100 nm gold on PMMA substrates with chrome
(20 nm) as the adhesion layer. Six micro-sized MFCs were pre-
pared with different anode materials; CNT, CNF, gold/PCL
microfiber (GPM), gold/PCL nanofiber (GPN), PG, and con-
ventional CP. Before we assembled the MFC, the anode/cath-
ode chips were first sterilized with 70% ethanol and then
blown dry with nitrogen. All layers were manually stacked in
sequence while carefully aligning the tubing holes for the
microfluidic channels. Four tubes (CODAN, 0.35mL volume)
were plugged into the holes to form two independent routes
for anolyte/catholyte access. Copper tape (3M� copper con-
ductive tape) was attached to the contact pads with silver con-
ductive paint (PELCO� Colloidal Silver).
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2.2 CNT and CNF Fabrication

Both CNTs andCNFs are grown through the diffusion of car-
bon via a transitionmetal catalyst (Ni, Co, and Fe). The carbon is
obtained after the decomposition of the carbon source gas/liq-
uid (methane, ethylene, and ethanol). The major distinction
between CNTs and CNFs is based on the arrangement of the
graphene layer, which is well described by Teo et al. [25]. In
CNTs, the graphene layers act as parallel walls to the axis and in
CNFs, the graphene layers are in an angle with the axis looking
like graphene attached together. Quartz was used as the sub-
strate. A 60 nm thick aluminum oxide (Al2O3) layer was depos-
ited by atomic layer deposition (ALD) and a 5–15 nm thick Fe
layer was deposited by thermal evaporation as shown in Sup-
plementary Figure S1 [25, 26]. The substrate was placed inside
the quartz tube in atmospheric pressure chemical vapor deposi-
tion (AP-CVD) setup and flushed by argon gas for 30min. Then
the furnace was turned on to the desired temperature (800 �C).
Hydrogen flow of 10 sccm and argon flow of 200 sccm were
passed through the tube. When the temperature reached the set
temperature, the flow of ethylene was initiated, and after 2min
of ethylene flow, the water molecules were released from the
bubbler through argon gas in the range of 150–400 sccm. After
60min of growth time, the furnace, ethylene flow, and water
flow were turned off and the furnace was cooled to 20 �C in
20min. For CNFs, the synthesis setup was a little bit different
from CNTs. Ni was used as the catalyst and deposited on Al2O3

coated quartz substrate by using DC sputtering. Synthesis of
CNFs using catalytic decomposition was well described by Dr.
Rodriguez (Supplementary Figure S2) [27].

2.3 GPM and GPN Fabrication

PCL fibers were prepared by electrospinning, a versatile
technique to produce nano/microfiber membrane because of
its excellent dimensional controllability, highly porous non-
woven structure, extremely high surface area to volume ratio,
wide variety of materials, one-step production of multi-coated
nano/microfibers, etc. In particular, the extremely high sur-
face area and porous structure can lead to increased interac-
tion with bacteria and, therefore, increased current density of
MFCs. In this study, we have used PCL (Sigma–Aldrich, MW-
= 90KDa) as a fiber material, which has good biocompatibility
and mechanical stability. To fabricate PCL microfiber mem-
branes for the GPM device, the polymer solution (40mL) dis-
solving 10wt.% of PCL in 2,2,2-trifluoroethanol (TFE) (Acros
Organics, 99.8% purity) solvent was constantly fed at 1.2mL-
h–1 by a syringe pump. High voltage ~12 kV was applied
across a gap of 20 cm between the needle and the collector.
Surfactants and/or ionic salts have been widely used to pro-
duce nanofiber membranes due to the increased charge den-
sity of the polymer solution. However, any additives lead to
negative effects on a bacteria culture, hindering MFCs perfor-
mance significantly. To fabricate PCL nanofiber sample for
GPN device without any additives, PCL solution was pre-
pared by dissolving 25wt% of PCL into a highly ionic formic
acid (Acros Organics, 88% purity). This solution was fed at 0.1
mLh–1 and the high voltage of 24 kV was applied across a gap
of 25 cm. Because of very vigorous whipping and stretching
actions of the ejected liquid jet, solidified fibers were attached
to the collector. After electrospinning, the collected fiber mats

Fig. 1 (a) Schematic of the microfabricated MFC, (b) photograph of the fully assembled MFC, and (c) principles of operation of the MFC.
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were dried in a vacuum oven for 12 h to remove any residual
solvent. For gold coating on PCL electrospun fiber mats, sput-
tered gold was deposited on fibers for 10min using Desk II
mini-sputter system (Denton).

2.4 CP and PG Fabrication

CP (Fuel Cell Store, 0.48 g cc–1, 0.2mm) was cut into 3 cm · 4
cm pieces and put on the PMMA. The PG was prepared by
depositing 100 nm gold on the PMMA substrate with chrome
as the adhesion layer.

2.5 Measurement Setup

We measured the potential between the anode and the cath-
ode by a data acquisition system (NI, USB-6212) and recorded
the results every 1min via a customized LabVIEW interface.
An external resistor was used to close the circuit by connecting
the anode and cathode. The current through the load was cal-
culated via Ohm’s law and the output power was calculated
via P=V · I. Current and power densities were normalized to
the anode area.

2.6 Anolyte and Catholyte

We obtained pre-acclimated anode-respiring bacteria from
an acetate-fed MFC initially inoculated with primary clarifier
influent and operated for several months. We fed the anode
chamber with acetate (1 g L–1 in mineral medium) as the sole
electron donor. The catholyte was 100mM ferricyanide in a
100mM phosphate buffer in which the pH was adjusted at
7.5+ 0.2 with 0.1M NaOH. Electrons transferred to the anode
via the bacterial conductive matrix flow to the cathode
through the external resistor (Figure 1c). Protons travel
through the ion exchange membrane toward the cathode. The
redox couple completes when captured electrons reduce ferri-
cyanide [Fe(CN)6]

3– at the cathode.

2.7 Bacterial Fixation and SEM Imaging

The MFCs were disassembled, rinsed, and adherent bac-
teria on each anode were immediately fixed in 2% glutaralde-
hyde solution overnight at 4 �C. Samples were then dehy-
drated by serial, 5min transfers through 50, 70, 80, 90, 95, and
100% ethanol. Fixed samples were examined using a FESEM
(Supra 55 VP, Zeiss).

2.8 Bacterial Biofilm Formation and MFC Operation

To accumulate and acclimate bacteria on the anode of
MFCs, mixed bacterial culture and potassium ferricyanide
were slowly injected into the micro-sized anode and cathode
chambers, respectively. Open circuit and subsequent close cir-
cuit continuous experiments were run for 10 and 30 days,
respectively, in micro-sized MFCs. The method of acclimatiza-
tion for bacterial biofilms to populate an anode surface affects

the type of bacteria grown on the anode and their viability
from the anode, determining overall bacterial electron transfer
capabilities [28–30]. The purpose of acclimatization is to maxi-
mize biofilm formation and increase electricity generation.
There are four acclimatization methods commonly used in the
literature; (i) open circuit, (ii) closed circuit, (iii) controlled cell
potential between the anode and cathode compared to the ref-
erence electrode, and (iv) controlled anode potential between
the anode and reference electrode [28]. Open circuit and closed
circuit operations are the simplest techniques to accumulate
and acclimate bacterial biofilms on the anode [28, 31]. Open
circuit allows the biofilm formation to develop a steady-state
open circuit voltage (OCV) utilizing natural redox processes in
the environment while closed circuit operation allows the bio-
film to reach a steady-state electron transfer. Controlled cell
and anode potential control methods require external power
through the reference electrode. Since the stability (lifetime)
and miniaturization of the conventional planar Ag/AgCl ref-
erence electrodes are still insufficient to support long-term
micro-sized MFC studies [32, 33], controlled potential acclima-
tization (conventional control method in macro-sized MFCs) is
not applicable for the micro-sized MFCs. Instead, open circuit
and closed circuit acclimation have been commonly used in
the micro-sized MFC studies [18, 34]. For closed circuit opera-
tion, it is very important to choose the right external resistor
that is equal to the MFC internal resistance in order to effec-
tively operate the MFCs [35]. Also, differences in the external
resistance may influence the MFC performance by affecting
the biofilm structure in the anode and their metabolism
[36, 37].

3 Results and Discussion

We first formed the biofilm under open circuit operation for
10 days and then, for the close circuit operation in order to
firmly form the biofilm, chose the optimal external resistance,
where the maximum power density can be generated. It is
well known that open circuit acclimatization decreases biofilm
viability primarily located at the inner layer of the biofilm
because cell growth and metabolism inside biofilm layers
nearer to the anode cannot be efficiently supported by electron
acceptors (either oxygen or anode) [30, 38]. However, unviable
biofilm domains can be fully recovered under the subsequent
close circuit operation in the initial development of the bio-
films [38].

OCVs of the micro-sized MFCs are shown in Figure 2.
There are roughly three different stages evident, relating to
formation of the microbial biofilm: (i) initial bacterial attach-
ment; (ii) biofilm formation through exopolysaccharide sub-
stance; (iii) saturation releasing bacteria in the planktonic form
and continuing the cycle again. Over the first day under open
circuit operation, cell voltages significantly increased and fol-
lowed by a slower increase until the MFCs maintained a con-
stant cell voltage at around 7 days except for the CNT and
CNF anodes that kept increasing even at 10 days. This is
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mainly because the biofilm formation was still being pro-
cessed on the larger surface area. Accordingly, higher electro-
chemical catalytic activity was promoted compared to the
other anode materials. After the MFCs were initially inocu-
lated under open circuit operation for 10 days, cell polariza-
tion curves and power outputs of the six MFCs with different
anode materials were derived and calculated based on the
saturated current value at a given external resistance (680 k,
470 k, 330 k, 220 k, 150 k, 100 k, 47 k, 22 k, 10 k, and 1 kW) (Fig-
ure 3). Since we used 100mM ferricyanide, corresponding to
100 e–meqL–1, which is far more than the number of electron
equivalents available at the anode (~80 e–meqL–1) and the
current generated from the MFCs are in the mA ranges, we
ensured that the cathodic parts did not limit the process. In
addition, the cathode materials/experimental conditions are

the same in all MFCs and the sufficient ferricyanide supply
kept the cathode potential constant during the experiments.
Therefore, the results produced from the micro-sized MFC
were enough only for studies on effects of the anode materials
on MFC performances. Using the polarization curve, the major
electrochemical losses in MFCs can be analyzed. The individu-
al losses are divided into three zones according to their occur-
rence at different polarization levels indicated in Figure 3; acti-
vation loss region (starting from the OCV at zero current,
there is an initial steep decrease of the voltage), ohmic loss
region (the voltage then falls more slowly and the voltage
drop is linear with current), and mass transfer loss region
(there is a rapid decline of the voltage at higher currents).
These losses can be defined by the voltage increase required to
compensate for the current loss due to electrochemical reac-

Fig. 2 Variation in voltage with time in micro-sized MFCs provided with six different micro-/nano-anodes materials running under open circuit.

Fig. 3 Polarization curve (black circle) and power output (blue square) of the MFCs with six different anode materials, measured as a function of cur-
rent; (a) CNF, (b) CNT, (c) CP, (d) GPM, (e) GPN, and (f) PG. The values are derived and calculated based on the maximum current value at a given
external resistance (680 k, 470 k, 330 k, 220 k, 150 k, 100 k, 47 k, 22 k, 10 k, and 1 kW). The individual losses are divided into three zones accord-
ing to their occurrence at different polarization levels; activation loss, ohmic loss, and mass transfer loss.
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tions, charge transport, and mass transfer processes that take
place in different anode materials [39]. Using the polarization
curve, we also estimated internal resistances from the ohmic
loss regions (linear fitting of the curve), which agree well with
the external resistor values where the maximum power den-
sity is obtained in Figure 3. The optimal external resistors
obtained from Figure 3 were used to run the individual MFCs
under close circuit operation (Figure 4) (optimal external resis-
tors; CNF – 22 kWW, CNT – 10 kW, CP – 4 kW, GPM – 10 kW,
GPN – 47 kW, and PG – 100 kW). SEM images of all anodes
from MFCs were taken before and after biofilm formation
(Figure 5) in order to observe the morphologies and micro-/
nano-pores of the anode surface and the presence of attached
biofilms on each anode material. In addition, the SEM images

relate the extent of biofilm coverage to the characteristics of
the anodes and the different levels of performance measured
from the different MFCs (Figures 3 and 4). All the numerical
values obtained from Figures 3 and 4 are summarized in
Table 1. Under the open circuit operation shown in Figure 2,
the maximum OCVs obtained with CNT (680mV), CNF
(660mV), GPM (620mV), GPN (610mV), and PG (720mV)
were greater than the CP (400mV) (Table 1). Given that these
OCV values are the cell voltages that indicate the difference
between the potential under equilibrium conditions and the
thermodynamic losses, the CP’s OCV being substantially lower
than the others clearly shows that there is a large energy loss
occurring at the anode [7].

Activation losses are dominant at a low current density
with high value of external resistors for all samples (680 and
470 kW) (Figure 3). Since an activation energy is required for
the oxidation/reduction reaction, activation losses occur dur-
ing the electron transfer from bacterial cells to the anode sur-
face [40]. Therefore, the conductivity and surface area can be
the main factors for the activation losses. However, despite
their higher anode surface area (Figure 5), CNT- and CNF-
based MFCs produced high activation losses (130 and 226mV,
respectively, shown in Figure 3 and Table 1) mainly due to
their higher resistivity. Normally, gold-coated low resistance
anode materials (GPM, GPN, and PG) had smaller activation
losses even with lower surface area than CNT or CNF anodes.
Based on these findings, the conductivity is the main determi-
nant factor reducing activation losses.

In terms of the internal resistance, PG-based MFC showed
the highest internal resistance (112 kW) while other three-
dimensional micro-/nano-anodes and CP-based anode had
lower resistance of 10–30 kW. Since the ohmic losses are

Fig. 4 Currents produced from the six MFCs having different anode
materials with the optimal external resistors (optimal external resistors;
CNF – 22 kW, CNT – 10 kW, CP – 4 kW, GPM – 10 kW, GPN – 47 kW,
and PG – 100 kW).

Fig. 5 SEM images of all anodes from MFCs before and after biofilm formation; (a) CNF, (b) CNT, (c) CP, (d) GPM, (e) GPN, and (f) PG (scale bar is
shown).
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strongly related to the resistance to the flow of ions through
the proton exchange membrane, three-dimensional anodes
(Figure 5) could be helpful for decreasing internal resistance.
However, the internal resistances of the micro-sized MFCs are
still much higher than that of macro-sized MFCs (a few W)
[17]. This large discrepancy in internal resistance might be due
to the accumulated protons in the biofilm and inefficient pro-
ton transfer, altering the redox conditions and hampering the
metabolic activity of the biofilm [41]. Protons generated along
with electrons during bacterial metabolism must move toward
the bulk solution while electrons move toward the anode sur-
face. Therefore, generally, slow proton transfer is the main lim-
iting factor that affects the internal resistance of the MFC sys-
tem. As the size of the MFC becomes smaller, it becomes
extremely sensitive to inefficient proton transfer rate due to
the reduced number of bacterial cells on the anodes compared
to the macro-sized MFCs. Three dimensional anodes can allow
for more efficient proton flux through the biofilm, decreasing
the internal resistances.Mass transfer losses occur at high cur-
rent densities when the mass transport rate of substrates limits
current production (Figure 3 and Table 1). Limited mass trans-
fer causes the occurrence of an anode saturation potential
leading to voltage reversal with low external resistance. Actu-
ally, severe negative currents were observed from all MFCs
under the 10W external resistor. CNT- and GPM-based MFCs
showed the lowest mass transfer loss (50 and 60mV, respec-
tively), while PG-based device had the highest voltage drop
(350mV) at high current densities indicating that three-dimen-
sional materials allowed for efficient mass transport maximiz-
ing fluid flow toward and out of the micro-pores.

Subsequent closed circuit operation for long time would be
helpful to understand system stability and anode performance
for practical applications (Figure 4). Moreover, additional cur-
rent increase under closed circuit operation to the value mea-
sured in polarization (Figure 3) indicates the viability recovery
of biofilms formed under closed circuit. CNT, CNF, and GPM
anodes with micro- or nano-pores showed only around 13%
increase in current while CP, GPN, and PG anodes had 49, 30,
and 59% increase from the current values measured in polar-
ization (Figure 3 and Table 1) [30, 38]. The biofilm formed in

open circuit operation includes an unviable domain in the
inner layer of the biofilm because of the inefficient nutrient/
oxygen/proton transfer. Switching into closed circuit opera-
tion could provide favorable electron acceptor and sufficient
energy to support cell growth and metabolism inside the bio-
films, recovering those unviable domains with increases in
current. Larger current increases indicate that more unviable
regions were recovered. Therefore, more than 85% of the bio-
films formed on the CNF, CNT, and GPM anode materials
even under open circuit operation can be viable because of
their porosity distribution over the surface (Figure 5). For the
long-term operation, CNT and CNF anodes reached a maxi-
mum current value within ~10 days, followed by a slight
decrease for the next 10–15 days. This is possibly because of
the cellular toxicity of carbon-based nanomaterials that could
lead to proliferation inhibition and cell death [12]. Further
research is required for this phenomenon. GPM and GPN
anodes also showed similar current profiles to those of the car-
bon nanomaterials but with significant current drop from a
peak value. This is mainly because of the poor gold adhesion
and incomplete gold coverage on to the PCL fibers or likely
biodegradable features of the fiber. The PG anode also experi-
enced current decrease after 12 days. Although further studies
are needed to examine this phenomenon, this must be related
to the unfavorable bacterial attachment and incomplete bio-
film formation (Figure 5). Further analysis is given in the next
paragraph. The current of the CP anode increased more slowly
and stabilized in 20 days. No current decrease was observed
in ~ 30 days.

Anode materials and biofilm morphology on each anode
were examined using SEM with results presented in Figure 5
and Supplementary Figure S3. In general, the images indicate
that biofilms are fully formed on each anode surface, display-
ing rough uneven topography. The SEM results provide good
comparative information demonstrating clear differences in
the architectures of the biofilm established on anode surfaces
and MFC performances presented in Table 1. CNT and CNF
anodes include nano-pores between densely packed CNT and
CNF sheets, which seem to be too small for bacterial attach-
ment deep inside the material. Instead, biofilms were formed

Table 1 Overview of the resistivity, OCV, major electrochemical losses, and current/power densities during open circuit and closed circuit operations
of the MFCs with different anode materials.

Resistivity
(W cm)

OCV
(mV)

Activation
loss (mV)

Internal
resistance
(kW)

Mass transfer
loss (mV)

Open circuit operation Closed circuit operation

Maximum
power density
(mWcm–2)

Current density
at optimal exter-
nal resistance
(mAcm–2)

Maximum cur-
rent density at
optimal exter-
nal resistance
(mAcm–2)

Final current
density at 30
days

Carbon nanofiber (CNF) 0.25 660 ~130 22 ~100 2.2 7.2 8.3 6.5

Carbon nanotube (CNT) 0.33 680 ~226 12 ~50 4.9 20.1 23.4 19.8

Carbon paper (CP) 0.01 400 ~100 30 ~200 1.0 4.9 9.6 9.5

Gold/PCL microfiber (GPM) 0.01 620 ~70 10 ~60 6.5 24.8 28.5 18.0

Gold/PCL nanofiber (GPN) 0.02 610 ~80 23 ~170 2.9 11.7 15.8 5.4

Planar gold (PG) 0.001 720 ~90 112 ~350 0.8 2.4 5.8 4.3
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all over the CNT sheet with entire coverage while the ones on
the CNF sheets had some cracks. This is because the average
height variation of the CNT-electrode surface was about 11mm
within a small range, while CNF-electrode surface’s height
ranged significantly from 2 to 8mm (Figure 5a and b, and Sup-
plementary Figure S3). However, these nanoscopic high-po-
rosity materials seem to provide efficient proton transfer and
substrates through nano-pores underneath the fully formed
biofilm corresponding to results with low internal resistance
and mass transfer losses (Table 1). Conventional CP showed
macroscopic pores (~50 to 100mm) that allowed the transport
and colonization of microorganisms deep inside the anode
surface. However, the macroscopic porosity of the CP showed
higher internal resistance and mass transfer loss than that of
the nanoscopic porous materials. The morphology of the GPM
and GPN materials is shown in Figure 5d and e. The non-
woven textile fibers formed an open micro- or nano-scale por-
ous structure. GPM had a fiber diameter of ~1.38mm and
large pore size, which allowed for bacterial cells to enter deep
inside the material and entirely wrap the micro-fibers. On the
contrary, GPN had much smaller pore size than bacterial cells
with about 118 nm in the fiber diameter. The nano-porous
GPN were fully covered by bacterial biofilms that seemed to
clog the pores, leading to inefficient proton and substrate
transfer. The GPN MFC’s internal resistance and mass transfer
loss were much larger than that of GPM and even those of
CNT and CNF-based MFCs. SEM image of the planar gold
(PG) surface showed that there is not a complete coverage
with bacterial cells and the cells are not embedded within a
full matrix of extracellular polymeric substances (EPS) while
other materials clearly indicated EPS, suggesting that some-
how bacterial biofilm formation on the PG surface was slower
than those on other anode materials or the gold itself is not an
optimal surface for bacterial cell attachment.

4 Conclusion

We show here a direct comparison among several high-sur-
face area anode materials with different properties. Their max-
imum power density/current density, material/fabrication
cost, biocompatibility, surface area, longevity, stability, resis-
tivity, and their internal resistance are all critical factors in
developing a high performance MFC for actual applications.
Three-dimensional anode structures (CNT, CNF, GPM, and
GPN) are more preferable to reduce the internal resistance of
the MFCs and increase the nutrient/proton/oxygen transfer
efficiency through the biofilm than the macroscopic CP and
two-dimensional PG anodes. However, even those novel
anode materials require improvements for use in MFC practi-
cal applications. The power density of the GPM and GPN was
high during the initial biofilm formation but their current sta-
bility and lifetime for long-term operation will need to be sig-
nificantly improved. Also, CNT- and CNF-based anodes will
require surface modification with other chemicals or materials
for reducing huge activation losses and cellular toxicity. The
reported work provided an in-depth understanding of the

interplay between micro-/nano-structured anodes and active
microbial biofilm, suggesting future directions of those novel
anode materials for MFC technologies.
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