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a b s t r a c t

Air-cathode fabrication is currently a key factor that hinders the scaling up of microbial fuel cell (MFC)
technology. A new type of cathode material that contains porous polyethylene (PE) sheet and a blended
activated carbon (AC) and highly conductive carbon back (CB) layer was developed for the first time. The
PE sheet functions as both gas diffusion layer (GDL) and cathode supporting material. The blended AC
and CB layer eliminates expensive current collector. Among different types of PE sheets and AC and CB
blending ratios, the cathode with Type I PE sheet (75e110 mm pore size) and a CB/AC ratio of 1: 0.5
demonstrated the best performance (8.4 Am�2 at 0 V) in electrochemical cells. MFCs with this cathode
generated more stable and higher power densities compared with those using PTFE cathodes. Simulation
of ohmic potential drops across this cathode material suggests that using a two-parallel terminal
connection design would result in only 0.04 V potential drop at 1m2 scale. This study suggests that this
new PE cathode material has great potential for use in scaled up MFC systems due to its decent per-
formance, simple fabrication process, and use of low-cost material.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Water and energy are two major global challenges. Typical do-
mestic wastewater is rich in energy (1.93 kWh m�3) [1]. Microbial
fuel cell (MFC) technology can generate electrical energy from
organic materials and has potential applications in wastewater
treatment, portable electric devices, and bioremediation [2e6]. In
an MFC, exoelectrogenic bacteria degrade organic compounds and
generate electrons and protons. The electrons are transferred
extracellularly to the anode and flow to the cathode through
external circuit [2]. The protons diffuse to the cathode and react
with electrons and ultimate electron acceptors, such as oxygen,
ferricyanide and manganese dioxide [7e9]. Oxygen is the most
frequently-used electron acceptor for its universal availability.
Cathodes using dissolved oxygen have been explored in some up-
flow reactors [10e13], but due to the extra energy input for aera-
tion and the relatively low power output [7,14e16], most of the
recent studies used air-cathodes, which are directly exposed to the
air [2,17].
.

Many recent advances have been made to enhance the perfor-
mance of air-cathode MFCs. Reducing internal resistance is one of
the key efforts to increase the power output of MFCs, which can be
achieved through using closer electrode distance [18e21]. Efforts
have also been made on increasing the total volumetric electrode
surface area [19,21e25] and enhancing hydraulic conditions in re-
actors [26,27]. Some newmembrane/separator materials were also
investigated to enhance the proton conductivity and anti-fouling
property and lower the cost [15,28e30]. However, further
enhancement of these systems will rely on the improved cathode
material [18,31]. Developing a stable, low-cost, and scalable air-
cathode is the key challenge for successful application of MFC
technology for various applications, especially in wastewater
treatment [18].

An air cathode typically contains a catalyst layer, a current col-
lector/supporting layer, and a gas diffusion layer (GDL). Carbon-
based materials such as activated carbon (AC) are more favored
than platinum as catalyst due to their decent performance and low
cost [4,19,32,33]. Metals and carbon based current collectors can
reduce the electrode resistance during electrons transfer through
the electrode and can also provide mechanical support for the
cathode [4,19,23,32e34]. However, stainless steel and nickel based
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Abbreviations

AC activated carbon
CB carbon black
CC carbon cloth
CE coulombic efficiency
EIS electrochemical impedance spectroscopy
GDL gas diffusion layer
LSV linear sweep voltammetry
MFC microbial fuel cell
PE polyethylene
PTFE poly(tetrafluoroethylene)
SSM stainless steel mesh
PEMFC proton exchange membrane fuel cell
du constant potential drop on each simulated point

Uðx; yÞ potential on each simulated point
ðai;biÞ the neighbor points of ðx; yÞ
k the total number of the neighbor points (i.e. 2, 3, or 4)
I the total current
R the calculated resistance of each point (1 mm� 1mm

unit)
R0 the measured resistance of the catalyst layer
r resistivity
S the cross-sectional area of the stainless steel rod
L the thickness of the measured catalyst layer after the

press
Rd diffusion resistance
W Warburg impedance
Rct charge transfer resistance

Table 1
Characteristics of the tested PE sheets.

pore size (um) thickness (mm) air flow rate (mL min�1 cm�2)a

type I 75e115 0.53e0.74 790e1580
type II 90e160 1.32e1.83 849e1185
type III 50e90 1.50e2.00 296e691

a Air flow values are measured at inlet pressure of 3 cm water.
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current collectors have been reported to be corroded over time and
resulted in performance decrease [35,36]. Carbon cloth (CC) is
conductive and corrosion-resistant. However, additional support-
ing layers may be needed for scale-up MFCs due to its soft and
fibrous nature. GDL, which is typically jointed with current col-
lector, functions as water barrier and oxygen diffuser. Many poly-
mers, such as poly(tetrafluoroethylene) (PTFE),
poly(dimethylsiloxane) (PDMS) and poly(vinylidene fluoride)
(PVDF), have been used to form the GDLs of cathodes [37e41].

Simplifying the GDL fabrication process is currently the key for
air cathode scaling up. The polymers mentioned above either need
to be cured at high temperature, or have relatively complex fabri-
cation process [37e41]. PTFE emulsion, the most commonly used
material for making air-cathode GDL, is typically first painted on
the supporting layer/current collector such as CC and stainless steel
mesh (SSM) and then heated at 370 �C to form multiple PTFE layers
[33,37]. Rolling method has also been used to roll down the CB and
PTFEmixture onto SSM in order to simplify the cathode fabrication.
Yet, high temperature of 340 �C is still needed to cure the PTFE
[4,41]. Other polymer solutions, such as PDMS and PVDF, have also
been used to form air-cathode GDL at low temperature. However
additional solvents, such as toluene and N, N-dimethylacetamide
(DMAc), were used to dilute the polymer solution [38,39], which
could increase the overall fabrication cost. Some waterproof and
air-permeable fabric/membranes, such as GORE-TEX cloth and
PVDF membrane have also been investigated as GDL [40,42,43].
However, current collector/supporting layer was still needed due to
the low mechanical strength of the materials.

In this study, a new air cathode material was developed that
uses rigid and porous polyethylene (PE) sheet as GDL and me-
chanical support for the first time. This new cathode material was
evaluated in both electrochemical cells and lab MFCs. Highly
conductive carbon black (CB) was blended with AC catalyst at
various ratios to investigate the impact of conductivity on the
performance. Simulations of ohmic potential drop, a parameter that
reflects the potential decrease due tomaterial resistance, across the
electrode were also implemented to evaluate the scaling up po-
tential of this new material.

2. Materials and methods

2.1. Cathode fabrication

Three types of PE sheets (Porex Corp., USA) with different
properties (Table 1) were investigated for their feasibility of being
used as MFC cathode GDL and supporting layer. The cross-section
and surface morphology of the PE sheets was examined using
scanning electron microscope (SEM) (Quanta 600F, FEI, USA). A
catalyst mixture was prepared by first mixing AC (Charcoal House,
USA) and CB powder (XC-72R) at different mass ratios (1:1, 1:0.5,
1:0.25,1:0.17, and 1:0.1). The AC loadingwas kept at 25mg cm�2 for
all cathodes. PTFE emulsion (60%, Dupont, USA) was then added as
binder (0.2mL g�1 total carbon) to form a catalyst paste. The paste
was applied evenly onto one side of the PE sheet and pressed by a
roller (Figure S1). PTFE-CC cathodes with the same AC and PTFE
loadings (AC/CB ratio of 1:0.1) were fabricated as previously
described for comparison [36].

2.2. Cathode evaluation in electrochemical cells

The fabricated cathodes were evaluated in electrochemical cells
by linear sweep voltammetry (LSV) using a potentiostat (CHI
1000C, CH Instruments, Inc.). The electrochemical cells were made
of two cylindrical chambers separated by a Nafion membrane with
an empty bed volume of 14mL for each chamber (2 cm long and
7 cm2 cross-sectional area). Each electrochemical cell contained a
Pt plate (2.5� 2.5 cm2) counter electrode, a Ag/AgCl reference
electrode, and a working electrode (0.7 cm2 cathode sample). The
reference electrodes were made with curly tip to reduce the dis-
tance between the reference and working electrode [33]. The small
working electrodes can reduce the surface area to volume ratio and
minimize the influence of Hþ consumption during the test [16]. LSV
experiments were conducted at a potential window of �0.2e0.3 V
(vs. Ag/AgCl) at a scan rate of 0.1mV s�1 and room temperature. The
final curves were chosen when the two consequence scans were
well overlaid.

Electrochemical Impedance Spectroscopy (EIS) was performed
in electrochemical cells using a potentiostat (VMP3, BioLogic, USA).
The electrochemical cell has the same dimension as previously
mentioned, but with a Pt wire reference electrode and without
Nafion membrane. The EIS was carried out in a frequency range of
100 kHze10mHz at open circuit potential with an AC voltage of



Fig. 1. Performance of PE cathodes with different types of PE sheet at AC/CB ratio of
1:0.5.
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10mV. The data were then interpreted according to an equivalent
circuit [44]. The electrolyte (pH¼ 7) contains (per liter): KCl, 0.13 g;
NH4Cl, 0.31 g; NaH2PO4$H2O, 2.92 g; Na2HPO4, 4.1 g [2]. The elec-
trolyte was purged with N2 gas to remove the dissolved oxygen
prior to the test, and was replaced by new and purged electrolyte
between scans.

2.3. MFC construction and operation

The cathodes were also evaluated in single-chamber MFCs. The
MFCs were assembled as previously described [2] with both anode
and cathode surface area of 7 cm2 and total volume of 14mL. TwoTi
wires were fixed on both sides of the cell chamber and used for
connecting the electrodes with the external circuit. The contact
area between the wire and the electrode were referred as terminals
for electron flow. All MFC were inoculated with an exoelectrogenic
culture scratched from pre-acclimated MFC anodes that had been
fed with sodium acetate under fed-batch mode over 12 months.
The MFCs were operated at cell voltage around 0.33 V with an
external resistance between 100 and 130U to maintain the max
power output. The performance of the PE cathodes was also
compared with the PTFE cathode in theMFCs with the same anodes
that had mature biofilms. The electrolyte was the same solution
used in the electrochemical tests with the addition of sodium ac-
etate (80mM), minerals and vitamins for bacteria growth [2,45]. All
MFCs were operated in fed-batch mode in a temperature control
chamber (30± 1 �C). The medium solution was replaced with new
medium when the voltage was below 0.03 V. Coulombic efficiency
(CE) was determined using total coulombs recovered as electricity
divided by the total coulombs contained in the substrate (sodium
acetate) following a previous study [46]. Voltages were continu-
ously recorded by a data acquisition system (2700, Keithly, USA).

2.4. Electrode resistance measurement and scaling up simulation

The conductivity of electrode is typically not a concernwhen the
electrode size or current is small. However, with the increase of
electrode size and current, significant potential drop can occur due
to the long distance traveling of electrons from the terminal to
electrode surface [47]. Since the conductivity of the PE cathode was
determined by the ohmic resistance of catalyst layer (the only
conductive layer on the cathode), ohmic resistance of the catalyst
layer was measured for scaling up simulation. The catalyst was first
pressed between two stainless steel rods with an insulated Swa-
gelok at 180MPa and then its resistance ðR0) was measured by a
source meter. The resistivity (r) was calculated by

r ¼ R0 �
S
L

(1)

where R0 is the measured resistance, S is the cross-sectional area of
the stainless steel rod, and L is the thickness of the measured
catalyst layer after the press.

Scaling up simulations on potential drop across the catalyst
layer were conducted based on the following assumptions: 1) the
potential drop is the difference between the terminal and a random
spot on the catalyst surface; 2) the catalyst layer is a 2D surface and
can be divided into 1mm� 1mm units, which are represented by
points; 3) each point is only connected with surrounding 2 to 4
orthogonal points; 4) only ohmic resistance of the catalyst layer
contributes to the potential drops; 5) the catalyst layer has uniform
properties, so the current output is evenly distributed to all points;
6) the current density is 3 Am�2; 7) potentials at the Ti wire con-
necting terminals are set to be 0 V. Six different terminal designs
were chosen to compare the potential drop under these conditions.
The potential of a particular point depends on the resistance and
current according to the Ohm's law. For a particular point, the total
current that flows in equals to the total current that flows out.
Therefore, each point's potential equals to the average of the sur-
rounding points' potential minus a constant potential drop (du).

At terminal points set T ðT1; T2; …; TnÞ, the potentials were set
to be 0 V. For each point ðx; yÞ, its potential Uðx; yÞ was calculated
by averaging the potentials of the neighbor orthogonal points
following equation (2) (examples of calculationwere provided in SI,
equations S1-S3):

Uðx; yÞ ¼

8>><
>>:

1
k

Xk

i¼1

Uðai; biÞ � du; if ðx; yÞ;T

0; if ðx; yÞ2T

(2)

Where ðai;biÞ are the neighbor points of ðx; yÞ, k is the total number
of the neighbor points (i.e. 2, 3, or 4), and du is the constant po-
tential drop on each point du ¼ I� R=ðsizeÞ2. I is the total current
(A), size refers to the length of the simulated cathode in a unit of
millimeter (mm), and R is the resistance of each point, which was
calculated to be 0.0868U (AC/CB¼ 1:0.5).

A sparse matrix was constructed by considering all points as the
variables of the linear equation system (equations S4-S7). The
calculation results were then visualized in Matlab. Simulation with
different cathode surface areas (0.1m� 0.1m, 0.5m� 0.5m, and
1m� 1m) were compared.

3. Results and discussion

3.1. Selection of PE sheet

Three types of porous PE sheets were evaluated to compare the
impacts of different sheet properties on the cathode performance
(Fig. 1). Cathode with type I PE sheet achieved the highest current
density (8.4 Am�2) at 0 V (vs. Ag/AgCl) compared with type II (8.0
Am�2) and type III (6.7 Am�2). The relatively low performance of
type III PE sheet cathode is possibly due to the lower air flow rate,
which affects the oxygen transfer to the catalyst layer (Table 1). This
can also be seen from the SEM images (Fig. 2) that type III had
uneven particle sizes and the particles not well connected. With
similar air flow rates, type I and type II PE sheet achieved compa-
rable performance at lower potential (�0.2 Ve0 V). However, type I
demonstrated better performance at higher potential (0 Ve0.3 V)
possibly due to themore uniform and finer particle size than type II.
Therefore, type I PE sheet was selected for further evaluation.



Fig. 2. SEM images of different PE sheets used in this study. Left: cross-section. Right: surface.
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3.2. Electrochemical performance of PE cathodes with different AC/
CB ratios

The electrochemical performance improves with the increased
AC/CB ratio from 1:0.1 to 1:0.25 for type I PE cathode (Fig. 3), which
is possibly due to the increased conductivity of the catalyst layer at
higher CB loadings. Similar current densities were observed for the
cathodes with AC/CB ratios of 1:0.5 and 1:0.25 within the typical
MFC cathode potential range of 0e0.1 V (vs Ag/AgCl). The current
densities are also comparable to the PTFE-CC cathode at the same
AC loading of 25mg cm�2. This result suggests that carbon cloth
current collector can be replaced with a more conductive catalyst
Fig. 3. Performance of type I PE cathodes with different AC/CB ratios.
layer without scarifying the electrochemical performance. Further
increase of the AC/CB ratio to 1:1 resulted in lower current density.
Since the AC loading remains the same in this study, the relatively
low performance of 1:1 cathode is probably due to the much
thicker catalyst layer that hinders the proton transfer on the
cathode.

EIS analysis demonstrated that the ohmic resistance (Ro) of the
PE cathode with 1:0.5 AC/CB ratio was about 72% of that PTFE-CC
cathode (Fig. 4 and Table 2), indicating a better surface conduc-
tivity [44] of the PE cathode. Diffusion resistance (Rd) and Warburg
impedance (W) are typically related to reactant diffusion on elec-
trode [48,49]. The decreased Rd (22%) and W (66%) compared with
the PTFE-CC cathode were possibly due to the faster oxygen diffu-
sion in the PE cathode with larger pore size and the lack of carbon
Fig. 4. Nyquist plots of EIS on different cathodes. Insertion: equivalent circuit model
used in this study.



Table 2
Fitting results of different cathodes based on the equivalent circuit model in Fig. 4.

elements PE-1:0.5 PTFE-CC

Ro/U 75.2 104.0
CPE1-Q1/U�1 secn 1.83� 10�2 4.25� 10�2

CPE1-n1 0.308 0.201
Rd/U 9.70 12.5
W/U sec�0.5 9.40 27.6
CPE2-Q2/U�1 secn 4.42� 10�5 5.74� 10�5

CPE2-n2 0.835 0.851
Rct/U 26.3 18.8
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cloth layer. The charge transfer resistance (Rct), which mainly re-
flects the reaction kinetics of the catalyst, however, increased by
40% in the PE cathodes. This increase could be due to the addition of
CB, which increases the thickness of catalyst layer and isolates the
AC catalyst particles. Constant phase element (CPE) is related to the
double-layer capacitance of the electrode surface and bulk solution
interface (CPE1) and the interface of the electrode and solution in
the electrode (CPE2). The CPE consists of 2 parts: the numerical
value Q, and the exponent n. (Fig. 4 insertion). The capacitance (Q1
and Q2) of the PE cathode were lower compared with the PTFE
cathode possible due to a smaller actual surface area. The n1 values
of both materials are close to 0, indicating a more resistive
behavior; while n2 values are close to 1, showing a more capacitive
behavior and relative smoother surface of both materials [50]. This
new cathode decreased the internal resistance notably, though the
cathode reaction kinetics is reduced.

3.3. Performance of MFCs with PE cathodes

Due to the better electrochemical performance of the PE cath-
ode with type I PE sheet at AC/CB ratio of 1:0.5 and 1:0.25, these
cathodes were selected and tested in MFCs. The MFCs started to
produce repeatable power (~1.4Wm�2) from day 15 at an external
resistance of 130U (Fig. 5a), which is similar to theMFCswith PTFE-
CC cathodes (Figure S2). When evaluating the PTFE-CC and PE
cathodes in the MFCs, the PTFE-CC cathodes generated a maximum
power density of 1.2 to 1.0Wm�2 during about 1 month operation.
After switching to the PE cathode, the max power densities
increased to 1.4Wm�2 and maintained in the range of
1.4e1.1Wm�2 over the two-month operation (Fig. 5b). The
Fig. 5. (a) MFC started up with type I PE cathode (AC/CB ratio of 1:0.25), (b) Power
densities and CEs of the MFC with type I PE cathode (AC/CB ratio of 1:0.5).
experiments were done in duplicate and similar results were ob-
tained (Figure S3a and b). The enhanced power density inMFCswas
possibly due to the larger pore size of the PE sheet compared with
the PTFE layer [60]. This larger pore size could increase the oxygen
transfer to the catalyst layer. This is particular the case in single-
chambered MFCs, in which bacterial cells and their metabolites
can potentially block the passage of oxygen in to the bulk solution.
CEs of the MFCs maintain at a similar level after the replacement of
the cathodes.

Maintaining the stability of cathode performance is critical for
the practical application of MFCs. About 50% decrease in max
power density has been observed in MFCs with Pt cathode and
stainless steel mesh current collector within 1e3.5 month oper-
ation [51e55]. Using CC as the current collector can slow down the
Pt cathode aging. However, up to 24% decrease within 2 months
and 40% decrease in a year were still observed using acetate as
carbon source [51e55]. Kim et al. also reported decrease in current
density as high as 32% within one month using AC-PVDF cathodes
fed by wastewater [56]. In this study, we observed 15% power
decrease after two-month operation. Further testing on the long
term stability of this PE cathode, especially using real wastewater
is needed.

3.4. Simulation of ohmic potential drop during scaling up

Due to the intrinsic ohmic resistance, electrode materials can
cause potential drop while the electrons are transferred from the
connecting terminal to the catalyst activation sites within the
cathode [18,47]. Most lab scale MFC studies didn't take this po-
tential drop into account since the size of the electrode is too small,
and other factors may play a more important role, such as mass
transfer and electrolyte conductivity [18]. However, with the
increased size of the electrode, the total electron transfer distance
from the terminal to the catalytic sites also increases, causing a
non-negligible ohmic potential drop due to the material ohmic
resistance [47].

Fig. 6a shows six different terminal designs that were used for
simulation. Fig. 6b to d shows the simulated potential drops of the
designs at PE cathode scales of 0.1m� 0.1m, 0.5m� 0.5m, and
1m� 1m, respectively. One-point terminal connection (design 1,
Fig. 6a) has only one inflow point as terminal located at the middle
of the cathode edge, which is typically used in small-scale reactors.
At small scale of 0.1m� 0.1m, this terminal connection could cause
0.02 V of potential drop. This is less than 6% of a normal MFC
voltage output (~0.35 V), indicating that at this cathode scale, the
potential drop caused by electrode material is not significant. With
the expansion of cathode scale to 0.5m� 0.5m, the potential drop
increases to 0.6 V with terminal design 1 (Fig. 6c). This potential
drop exceeds the voltage that an MFC can generate, indicating that
with this design, an MFC is not possible to reach the assumed
current density of 3 Am�2 [47]. Adding connecting terminals using
design 2 and 3 can effectively reduce the potential drop to 0.15 V
and 0.04 V. This suggests that electrode resistance at the scale of
0.5m� 0.5m can result in notable potential drop, thus other ter-
minal designs should be considered.

At a larger scale of 1m� 1m, terminal design 1 causes a
considerable potential drop of 2.5 V (Fig. 6d). Using connecting
terminal designs 2 to 5 can decrease the potential drop to 0.6 V,
0.15 V, 0.08 V and 0.08 V respectively, because of the distributed
electron flow that reduces the total electron transfer routes and
remits the potential drop accordingly. Two parallel terminals that
are located at ¼ and ¾ of the cathode edge (design 6, Fig. 6a) could
achieve the lowest potential drop of 0.04 V. This demonstrates that
by using a two-parallel terminal design, the potential drop of the PE
cathode can be reduced significantly. Further addition of



Fig. 6. (a) Different connecting terminal designs and the simulated potential drops of cathode size (b) 0.1m� 0.1m, (c) 0.5m� 0.5m and (d) 1m� 1m.
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Table 3
Typical air-cathodes fabrication and current densities.

GDL type current collector/supporting layer solvent curing temp. and time current density at 0 V (v.s. Ag/AgCl) refs.

Porous PE sheet No No No 8.4 Am�2 this study
PTFE emulsion CC No 370 �C, 40min Up to 10 Am�2 [33,37] a

CB þ PTFE rolling SSM No 340 �C, 1.5 h 6.6 Am�2 [4,41]
PDMS solution SSM Toluene 80 �C, 5 h ~6 Am�2 [38] a

PVDF solution SSM DMAc Air-dry, 6 h ~3 Am�2 [39]
GORE-TEX PVC tube No No ~0.5 Am�2 [40,42] b

PVDF membrane SSM Ethanol 60 �C (hot press), 15s ~5 Am�2 [43]

a Indicates using Pt as catalyst.
b Indicates using MnO2 as catalyst, and all others using AC as catalyst (loading 25e27mg cm�2).
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connecting terminals can decrease the potential drop even further
(Figure S4).
3.5. Potential of the PE cathode for practical applications

The PE cathode developed in this study greatly simplifies the
fabrication procedure by directly applying the catalyst layer onto
the PE sheet without solvent and current collector. It also sub-
stantially reduces the fabrication duration and energy needed for
cathode fabrication.

Table 3 lists the materials and fabrication procedures of some
commonly usedMFC air-cathodes with activated carbon as catalyst.
The porous PE sheet GDL achieved the highest current density
among other GDLs except the PTFE emulsion. While many studies
have suggested that the cathodes with PTFE as GDL can achieve
high performance [57], long duration and high energy requirement
are the main drawbacks for fabricating this material. Rolling
method that uses a roller machine to heat and knead the carbon
and PTFE mixture, can reduce the number of repeated coatings, but
still need a high curing temperature of 340 �C after the rolling
process [4]. PDMS and PVDF can be cured at low temperature of less
than 80 �C, yet they require solvents such as toluene and DMAc,
which add extra cost to the fabrication [38,39]. Hot pressing PVDF
membrane can be less time-consuming, but generated only half of
the current density of PTFE emulsion GDL [43].

Chemical fuel cells such as proton exchange membrane fuel cell
(PEMFC) use carbon cloth/carbon paper as the basematerial of GDL.
They also require a current collector, such as graphite plate to
conduct the high electrical current and to provide mechanical
strength to withstand the vibration [58,59]. Conductive metal
mesh, such as stainless steel and nickel mesh have been used as
current collector in MFC cathode. However, corrosionwas observed
in some studies possibly due to low oxygen environment or
insufficient electron flow during the startup [36]. Since the current
density of MFCs is typically less than 1% of a PEMFC, the necessity
for a conductive current collector for MFC cathode largely depends
on the size and design of electrode connection. At small scale
(0.1m� 0.1m), the potential drop is not significant. This size might
be sufficient for certain applications, such as small electronic de-
vices and sensors. However, with the increased scale (e.g.
1m� 1m), the potential drop is significant with one-point
connection. This drop, however, can be decreased to an accept-
able level through proper terminal design, such as two-parallel
terminal. Further increase of connection points might be undesir-
able since they may complicate the overall reactor fabrication. The
contact resistance between the terminal and the catalyst layer may
also increase the chance of potential drop.

High capital cost, mainly due to the high cost of cathode ma-
terial, is still the major hurdle for the commercial application of
MFCs. The cathode cost with Pt catalyst is estimated to be over
$1000m�2. By replacing Pt with activated carbon and replacing
Nafion with PTFE as binder, the cathode cost can be reduced to
about $50-100m�2. However, this cost is still too high for MFCs
with large electrode surface area to volume ratio, which is critical
for the performance of MFC systems. By using PE, not only the
fabrication cost can be greatly reduced, but the need for the
expensive carbon cloth ($30-80m�2) can be eliminated. With a low
raw material cost ($1 kg�1 polyethylene) and potential low fabri-
cation cost for PE sheet, we expect that the total PE sheet cost can
be less $5m�2 and the total cost of the new PE based cathode can be
less than $10m�2, which will completely eliminate the hurdle
associated with cathode cost.

4. Conclusion

In this study, a new air cathode material that uses rigid and
porous polyethylene sheet as gas diffusion layer and mechanical
support was developed for the first time. Current collector was
eliminated in this cathode by blending carbon black into the cata-
lyst layer. This PE cathode achieved a more stable and better per-
formance than the typical PTFE air cathodes in MFCs. The decent
performance, the simplified procedure for fabrication, the low cost
of the polyethylene material, and the low potential drop at larger
scale suggest that this PE-based cathode has great potential for bulk
manufacture, therefore speeding up the scaling up and practical
application of MFC technology.
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