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a b s t r a c t

Membrane electrode assemblies were prepared following procedures adopted in the fabrication of poly-
mer electrolyte membrane (PEM) fuel fells and used in microbial fuel cells (MFCs) with Shewanella
oneidensis MR-1 as a single culture and sodium lactate as the electron donor. Improved inoculation pro-
cedures were developed and fuel cell performance with the biofilm density of microbes over the anode is
vailable online 2 July 2009
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discussed. A novel procedure to condition the membrane is also presented. Polarization measurements
were carried out and power density plots were generated. Power density values of 300 mW m−2 are typi-
cally obtained while a maximum value of 600 mW m−2 is demonstrated indicating good performance for
a single cell culture.

© 2009 Elsevier B.V. All rights reserved.

olyvinylidene fluoride–polystyrene
ulfonic acid membrane electrode assembly

. Introduction

In recent years, interest in microbial fuel cells (MFCs) has grown
onsiderably not only because they provide a way to generate
lectricity but also because they can be coupled with wastewater
reatment [1–5] given the ability of the bacteria used in MFCs to

etabolize several carbon sources [6]. Among the bacteria used in
FCs are Aeromonas [7], Clostridium [8], Geobacter [9], Enterococ-

us [10,11] and Shewanella [2,10,12–15]. Shewanella is an interesting
acterium because it attaches to the electrode and transfers elec-
rons without the need of a mediator [13], hence it is characterized
s an electrochemically active bacteria (EAB). Recently the pres-
nce of pili, also called nanowires, was confirmed and they were
ypothesized to play a significant role in the transport of electrons
16]. Recently, a comprehensive review on microbial fuel cells has
een published by Logan [17].

The choice of electrode material, membrane and cell design
n a MFC influence the overall power output. The plethora of

FC varieties found in the literature [3,4,18–27] shows that an

ptimal design has not been found. Some of the MFCs use both
ingle chamber as well as dual chamber cell designs in which the
node and cathode are either free-standing in solution or separated
y a proton-permeable membrane [26,28–30]. Acclimation of the
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microorganism on the fuel cell chamber is another aspect that has
been recently investigated [31].

In polymer electrolyte membrane fuel cells (PEM FCs) with H2 as
a fuel, or in direct methanol fuel cell (DMFC) with methanol as a fuel,
there is consensus that the way to obtain the maximum power is
by constructing a membrane electrode assembly (MEA). The MEA
is a thin array in which a polymeric membrane, which serves as
the ionic conductor, is placed between two gas diffusion electrodes
(GDE), the anode and the cathode. The catalysts for the anodic and
cathodic reactions are located on the inner face of the GDE, in direct
contact with the membrane. One of the MEA preparation processes
involves hot pressing, in order to obtain a close contact between
the GDE, the catalyst and the membrane.

Another issue in MFC design is the use of water in the cathode
compartment. The low solubility of O2 results in mass transport
limitation at the cathode resulting in low power output. The use
of Nafion® for MEA fabrication also presents problems. Nafion® is
the most used membrane in PEM FC and has also been used as a
membrane for MFC [28–30,32]. It has been pointed out that the
use of Nafion® in MFCs is problematic due to the high concentra-
tion of ions like Na+, a common cation in the buffers used in MFC
and present at concentrations, which are nonexistent in PEMFC.

Moreover, Nafion® has more affinity to anions like Na+ and K+

than H+ [33] exacerbating the aforementioned problem. The price
of Nafion® has also been indicated as a drawback for MFC [26].
The MFC cost has been related to the price of Nafion®, particularly
because electrodes with big cross-sections would have to be used

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:gprakash@usc.edu
dx.doi.org/10.1016/j.jpowsour.2009.06.081
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n order to obtain significant power, which would require a signifi-
ant quantity of the membrane. Also the acidity of Nafion® has been
dentified as a problem for the growth of the bacteria. However,

embranes like the interpenetrating network of polyvinylidene
uoride and polystyrene sulfonic acid (IPN PVDF–PSSA) [34] are

nexpensive and have shown improvement with respect to Nafion®

n DMFCs [35]. In terms of MFC cost, we believe that as in PEM FCs, it
s the Pt used on the cathode for the oxygen reduction that actually
rives the cost.

In previous publications [36–38], investigators have used She-
anella oneidensis MR-1 in MFC to study biochemical aspects of the
icrobe as well as the electrochemistry of the fuel cell. Although

hese devices proved useful, they were not intended to maximize
he power output, total power obtained in these cells was in the
rder of 20 �W. Impressive power densities from 2000 mW m−2

32,39] up to 4000 mW m−2 [11,40] have been reported, but these
esults were obtained with different fuel cell designs using consor-
ia of microbes and mediators and not single cell cultures. In the
resent work, a fuel cell hardware used for DMFCs, was adapted for
FCs, i.e. two chambers separated by an MEA, one of the cham-

ers being a dry cathode. MEAs using Nafion® and PVDF–PSSA IPN
embranes were prepared and tested with S. oneidensis MR-1 as a

ingle culture microorganism in the anode and lactate as electron
onor fuel to maximize the power density.

. Experimental

.1. Microorganism preparation

S. oneidensis MR-1 was grown aerobically in batch cultures
sing a defined medium: 18 mM sodium lactate (Sigma–Aldrich)
s the sole carbon source, 50 mM PIPES buffer (C8H18N2O6S2,
igma–Aldrich), 7.5 mM NaOH (Sigma–Aldrich), 28 mM NH4Cl
Sigma–Aldrich), 1.3 mM KCl (EMD Chemicals Inc.), 4.3 mM
aH2PO4·H2O (EMD Chemicals Inc.), 100 mM NaCl (EMD Chemi-
als Inc.), 10 mL L−1 of vitamin solution [41], 10 mL L−1 amino acid
olution and trace mineral stock solutions [36]. All solutions were
repared using DI water from a NANOPure Infinity model D8961 by
arnstead. The final optical density at 600 nm (OD600) of the cul-
ure was measured using a spectrophotometer (Beckman DU 530),
nd used to calculate an experimental dilution of OD600 = 0.4 in
he MFC anode compartment. The appropriate volume of cells was
hen injected into each experimental setup such that approximately
× 109 cells mL−1 were present for each evaluation.

.2. Membrane electrode assembly, MFC housing and
lectrochemical measurements

For the MFC housing, a column flow-type graphite current
ollector with an area of 25 cm2 for DMFC (purchased from
lectrochem) was adapted by machining an anode chamber in
ouse from a solid block of graphite (d = 1.2 g cm−3, conductivity
.22 m� cm−1) (purchased from www.thegraphitestore.com). The
node chamber had a volume of 70 cm3, and a glass window to
llow visual control of the liquid level. The MEAs were prepared
y cutting two 5 cm × 5 cm pieces of carbon paper. Toray, TGP H-
20 non-wet-proof carbon paper was used as the anode material
nd TGP H-60 10 wt% wet-proof for the cathode, both provided by
-tek. Pt black (HiSPEC 1000, Alfa Aesar) was used as a cathode
atalyst and was applied on one face of the electrode by a direct

ainting method. A suspension was prepared by mixing the cata-

yst with both deionized water and Nafion® ionomer (5% in alcohol,
ldrich) in a 1:3:1 ratio. The cathode catalyst loading obtained was
a. 5 mg cm−2. For the anode, the same amount of Nafion® ionomer
s used in the cathode was diluted with a few drops of DI water and
Fig. 1. (A) Schematic representation of the MEA. (B) Photograph of assembled fuel
cell.

also applied on one face of the electrode. The membranes used were
Nafion® 117 (175 �m, Ion Power) and PVDF-PSSA. Prior to MEA fab-
rication, Nafion® membranes were pretreated by boiling them in a
solution of 3% H2O2 (50% solution, EMD Chemicals Inc.) for 1 h, boil-
ing in deionized water for another hour, boiling in 3% H2SO4 (ACS
grade, EMD Chemicals Inc.) for 1 h and finally washing several times
with deionized water. Preparation of PVDF–PSSA membrane (thick-
ness ca. 250 �m) has been previously reported [35]. The membrane
was placed between the two electrodes and hot pressed at 900 kg
force at 140 ◦C for 50 min. The obtained MEAs were rehydrated
by immersing them in deionized water at 60 ◦C for 6 h. MilliQ
deionized water was obtained from a Millipore Direct-Q3 system.
Finally, the cells were assembled by inserting the MEA between the

graphite current collectors and using thin Teflon films (50–150 �m)
as gaskets. A uniform torque of 36 N m−1 was applied to each bolt
used to assemble the cell. Fig. 1(A) and (B) shows a schematic repre-
sentation of the MEA and the assembled cell. After assembling, the
FC with MEA inside was autoclaved (AMSCO Scientific, model SG-

http://www.thegraphitestore.com/
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20) prior to microbial inoculation. A PIPES buffer (50 mM PIPES,
.5 mM NaOH, pH 7.0) was used in the anode compartment as
he diluting solution for the bacteria. Anaerobic conditions were
chieved at the anode by sparging the compartment with sterile fil-
ered Argon (ultra high pure grade Gilmore) for 30 min. Inoculation
f the microorganism was carried out using two different proce-
ures discussed in Section 2.3. Sodium lactate (100 mM) was used
s the sole carbon source. After inoculation, the MFC was placed
n such a way that the MEA was always in a horizontal position
with the anode at the top) throughout the experiment, allowing the
acteria to settle on the anode. O2 (compressed, Gilmore) was circu-

ated through the dry cathode at a flow of 7 mL min−1 unless stated
therwise. Additional lactate injections were administered there-
fter, when the cell voltage dropped to baseline levels. MFCs were
perated for a period of 20–30 days with the addition of sodium

actate when the potential dropped significantly. The temperature
f the MFC was maintained at 28 ◦C using heating pads. Electro-
hemical measurements were performed using a Solartron SI 1287
otentiostat. Polarization measurements were performed galvan-
dynamically, sweeping the current at 0.1 mA s−1 from the open
ircuit voltage (OCV) until the cell voltage reached 0.01 V. Power
ensities (P) were obtained from the polarization plot by multiply-

ng the voltage by the current density (j) using the electrode area
f 25 cm2 for the calculation.

.3. Inoculation procedures

The two different inoculation procedures referred to as inoc-
lation procedure 1 (IP1) and inoculation procedure 2 (IP2) are
escribed. In IP1, after autoclaving the MFC with the MEA inside,
he anode was filled with Pipes buffer. The necessary amount of
he cultivated microbes was added in order to obtain the OD stated
n Section 2.1. The microbes were fed with a solution of sodium
actate for a final concentration of 100 mM on the anode and deaer-
ted with Ar for 30 min while oxygen was circulated through the
athode. The MFC was then connected to the potentiostat while
he OCV was monitored. For IP2, after the MFC was autoclaved, the
node was filled with Pipes buffer and sodium lactate for a 100 mM
oncentration on the anode. The cell was then allowed to rest for
4 h. On the next day, the anode was emptied and the microbes
ith the desired OD in the buffer previously deaerated were added

ollowed by sodium lactate addition. A 1 k� resistance was con-
ected between anode and cathode and maintained at all times.
he MFC was not handled for another 24 h, while oxygen was circu-

ated through the cathode. Next, the anode was emptied again and
he previous day’s procedure was repeated. All these steps were per-
ormed in a consistent way for each MFC prepared. Once the second
noculation was completed, the MFC was connected to the poten-
iostat and the cell voltage across the resistance monitored. In both
rocedures the voltages (OCV or cell voltage) were continuously
onitored, i.e. without interruption, for the period of operation and

olarization measurements conducted on a continuous basis.

.4. Scanning Electron Microscopy (SEM) images

For the SEM images, the MEAs with attached biofilms were
emoved from the fuel cells right after the period used (Section 2.2)
nd immediately fixed in glutaraldehyde (2.5% in DI water, Elec-
ron Microscopy Sciences). Samples were then subjected to a serial

ehydration protocol using increasing concentrations of ethanol
200 proof, Pharmco-Aaper). After three final changes in ethanol,
he samples were then dried using hexamethyldisilazane (Electron

icroscopy Sciences). The desiccated samples were coated with
vaporated carbon and viewed with using a Zeiss-LEO 1550 VP
ESEM using an in-lens secondary electron detector.
Fig. 2. SEM images for an MEA used in a FC inoculated using IP1. (A) 12.5× magni-
fication. (B) 6000× magnification.

3. Results and discussion

The microorganism inoculation procedure was optimized after
testing of the several assembled MFCs. This change from the most
direct IP1 procedure to IP2 came with the goal of obtaining a
dense biofilm over the electrode and ultimately improving the over-
all power output of the MFC. Initially, after testing a number of
MFCs using the IP1 protocol, direct observation of the electrodes as
well as SEM images of the anode obtained once the FC were open
showed low amounts of microbes and poor biofilms as can be seen
in Fig. 2(A) and (B). These results were consistent under IP1 pro-
tocol. This fact together with erratic values obtained for OCV and
polarization plots prompted a change to the inoculation procedure
essentially in three ways. The first change consisted of filling the
cell with buffer and lactate immediately after autoclaving. This step
was a way to prevent contamination since sometimes the microbial
culture did not reach the required optical density (OD) for inoc-
ulation on time. Also adding the lactate solution was considered
necessary to keep the cell and membrane humid until inoculation,
even though the membrane of the MEA does not dry out during
autoclaving. Another relevant change consisted of the two subse-
quent microbial inoculations with the resting period in between,

which was expected to increase the number of microbes forming
the biofilm. The final change consisted of the connection of a 1 k�
resistance from the first inoculation, between the anode and the
cathode, in order to have the microbes in an active metabolism
under anaerobic conditions from the moment they were intro-
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Fig. 3. (A) Digital photo taken of an MEA used in a FC inoculated using IP2.

uced into the anode compartment. Otherwise, in case of open
ircuit conditions, i.e. no current flowing, the bacteria will be in
kind of dormant state. These changes, i.e. IP2 protocol, proved

o be much more efficient in obtaining a dense biofilm, as seen in

ig. 3(A) and (B). By comparing the SEM images in Figs. 2 and 3, it
an be observed that after fixation of the biofilm, a magnification
f 12.5× was necessary to view the biofilm in Fig. 2(A) using IP1
hile in Fig. 3(A) using IP2 showed considerable biofilm coverage

ig. 4. MFC timeline for inoculation procedures 1 and 2 after autoclaving the cell assemb
otentiostat. The shaded box represents the unusable days for IP1.
M image at 2000× magnification. (C) SEM image at 5000× magnification.

without magnification. In Fig. 2(B), which corresponds to an SEM
image obtained with 6000× magnification, very few microorgan-
isms appear to be present in the biofilm. This low biofilm density
for MFC using the IP1 protocol was observed on the entire electrode

surface. All anodes prepared for MFC testing using the IP1 protocol
always presented lower electrode coverage that accounted for only
30% of the whole area. On the other hand, with IP2 protocol, as
seen in Fig. 3(B) obtained with 2000× magnification, and Fig. 3(C)

ly. Inoculation is showed by the “In” label while “Pot” represents connection to the
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resistance and polarization and power plots for a MFC using the IP2
ig. 5. (A) OCV and (B) polarization and power density plots for an MFC inoculated
ith IP1 Temperature 28 ◦C and O2 flow of 7 mL min−1 at the cathode.

btained with 5000× magnification, the images give a clear idea
ot only of the very densely populated biofilm, but also the better
verall coverage, up to 60–70% of the electrode area. These images
lso show that acidic Nafion® and related proton exchange mem-
ranes do not present any hindrance in the bacterial growth over
he carbon paper electrode.

The rationale for changing the inoculation procedure from IP1
o IP2 was to obtain a better biofilm. Apart from the SEM images,
he other indication that a better biofilm was formed was by the
esults from cell voltage and polarization. Fig. 4 presents a timeline
or the FC test for the two inoculation procedures, where the inoc-
lation and connection to the potentiostat are in reference to the
utoclaving of the MFC housing. In the early experiments, using IP1,
he OCV was monitored immediately after inoculation, and polar-
zation measurements were performed once a constant OCV was
btained. This usually occurred after a period of 2–3 days after the

noculation. Periods of 1–2 days were reported by other authors
30]. Referring to Fig. 4, a steady OCV for MFC using IP1 was obtained
n day 5. Once this steady potential was obtained, polarization mea-
urements were conducted on the MFCs. Fig. 5(A) and (B) shows the
CV vs. time and polarization and power plot for a MFC inoculated

nder IP1 protocol. As can be seen in Fig. 5A, a steady OCV could be
btained only after a period of 3 days after inoculation (as indicated

n timeline shown in Fig. 4). After the voltage drops to a minimum,
odium lactate was added. At that point, after such addition, the
Fig. 6. (A) Cell voltage across a 1 k� resistance and (B) polarization and power
density plots for an MFC inoculated with IP2 temperature 28 ◦C and O2 flow of
7 mL min−1 at the cathode.

voltage rises and maintains a constant value, which allowed polar-
ization measurements to be performed. The OCV becomes steady
only after 4 days of inoculation (day 5 in Fig. 4). Polarization was
therefore obtained starting from day 5. The maximum power den-
sity (Pmax), i.e. the top of the parabola, and the limiting current
density (jlim), i.e. the last current value in the polarization, obtained
in Fig. 5(B) as well as for the rest of the MFC prepared using IP1
protocol were found more than satisfactory when compared to pre-
vious results [36–38]. However the best MFC prepared, using the IP1
protocol, yielded a power density of 120 mW m−2 and 1.1 A m−2 as
the jlim, which is subsequently shown to be rather low. All of the
MFCs inoculated with IP1 protocol yielded the best results in term
of polarization and power plots from day 5 to days 6–7 (Fig. 4). After
that period, performance decreased steadily. Again, the unsteady
OCV presented during the initial days of the fuel cell testing was
an indication that the microbes needed some period of adaptation
inside the cell. When IP2 protocol was used, the cell voltage rather
than the OCV was monitored from the second inoculation, with the
1 k� resistance connected between the anode and the cathode, i.e.
day 3 in Fig. 4. Fig. 6(A) and (B) shows the voltage vs. time across the
method. It can be seen that from the moment the cell is connected
to the potentiostat, on Day 3 in Fig. 4, the voltage indicates a high
value. That value was maintained for a period of 2–3 days, days 4–5
in Fig. 4, and as the figures show, voltage across the resistance was
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Fig. 7. (A) Cell voltage across a 1 k� resistance and (B) polarization and power den-
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ity plots for a MFC prepared with Nafion® 117, inoculated by IP2 and conditioned
nce the FC was assembled as described in Section 3. Temperature 28 ◦C and O2 flow
ate of 7 mL min−1 at the cathode.

igher than the OCVs values for MFCs using IP1 protocol, indicat-
ng that MFC with IP2 produced more power than with IP1. This
ehavior was shown consistently in all the MFCs assembled with
he IP2 protocol. In Fig. 6(B), it can be seen on how the cell volt-
ge (with the resistance), which was ca. 400 mV, increased to an
CV of 470 mV, as measured by the potentiostat at the beginning of

he polarization measurement. In terms of Pmax and jlim, the polar-
zation and power plots presented big improvements compared to

FCs under IP1 protocol. The Pmax went from average values of
20 mW m−2 for IP1 to values always above 200 mW m−2 for IP2
s can be seen in Fig. 6(B). The jlim, also showed an increase by
factor of two in Fig. 6(B) compared to Fig. 5(B). These results

an be directly related to the biofilm density of the microorgan-
sm and show that the steps taken under protocol IP2 in order to
mprove the inoculation procedure were beneficial. Moreover in
ig. 6(B), a value of 260 mW m−2 represented by (�) can be seen,
hich was obtained 1 day after the second inoculation, while the

lot (+) which yielded a Pmax value of 290 mW m−2 corresponds to
easurements performed 15 days after the second inoculation, i.e.

ays 18–19 in Fig. 4. With the MFC inoculated using IP1 protocol,

easurements performed on subsequent days never yielded bet-

er results than measurements performed during the initial days, as
as mentioned earlier. This lack of improvement can be explained

y the fact that the biofilm obtained under IP1 protocol is poor
Fig. 8. Polarization and power density plots for a MFC with a PVDF-PSSA MEA inoc-
ulated by IP2. Temperature 28 ◦C and O2 flow rate of 7 mL min−1 at the cathode.

compared to that obtained using IP2, again related to the inoc-
ulation procedure. As the same amount of bacteria was used for
each procedure, this result indicates that for a more direct inocu-
lation like IP1 the microorganism stay mostly in a planktonic state
instead of forming a uniform biofilm. In addition, with the contin-
ued supply of O2 to the cathode for the entire period of testing,
similar power densities were realized during the 15 days of testing
indicating that the permeability of O2 through Nafion® and sub-
sequent dissolution in the anode solution is not a problem in our
cells.

An important step in DMFC and related fuel cells is the con-
ditioning of the membrane of the assembled fuel cell, which is
accomplished by forcing protons to move from anode to cathode
through the membrane by drawing current in a non-steady state
manner. This procedure opens up “channels” in the membrane,
which allows protons to move easily later on through the membrane
during the operation of the fuel cell and polarization measure-
ments. In other words, it reduces the internal resistance by reducing
the opposition to proton movement. This is observed by a decrease
in the MEA resistance before and after this procedure. In MFC, since
the microbes are the “catalysts” on the anode side, this method
would be impractical. In order to force protons from the anode to the
cathode, water was electrochemically split to hydrogen and oxygen
in the MFC after the cell was assembled and before it was auto-
claved. The anode was filled with a 0.1 M H2SO4 solution. Since the
anode lacks a catalyst, a Pt wire electrode was introduced and used
as anode for the oxidation of water to oxygen, while on the MEA
cathode, protons get reduced to molecular hydrogen. The redox
reaction for water was only possible because the protons moved
through the membrane to reach the cathode. The electrolysis of
water was performed for 6 h at a current, wherein the production
of oxygen at the anode was noticeable and steady. After this mem-
brane conditioning, the MFC was autoclaved and inoculated via the
IP2 protocol. Fig. 7 shows the result for the assembled MFC. Fig. 7(A)
shows the cell voltage after the second inoculation with the 1 k�
resistance until it was stopped for testing, while Fig. 7(B) shows the
polarization and power plot. For this MFC, the cell voltage across
the resistance was measured to increase from a value of 500 mV,
to an OCV of 570 mV. Both the jlim and the Pmax increased when
compared to MFCs using IP2 prior to membrane conditioning, as
presented in Fig. 6(A) and (B). The Pmax showed an increase in the

maximum power to 600 mW m−2. These results demonstrate that
this kind of MEA conditioning is not only useful, but also shows that
considerable power is lost in the MFC by the internal resistance of
the membrane.
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MEAs were also prepared with PVDF–PSSA, conditioned as men-
ioned above and inoculated using IP2 protocol. Polarization and
ower results are shown in Fig. 8. Firstly, there is a noticeably low
CV (ca. 300 mV). This low OCV could be a result of the membrane

hickness, which is a little bit higher than the Nafion® 117, and
o the fact that this membrane was prepared to withstand higher
urrents, or as a result of higher oxygen permeability through this
embrane. However, even with a low OCV, the P and jlim are compa-

able with those of Nafion® MEAs presenting higher OCVs. The Pmax

f 245 mW m−2 is comparable with the Pmax for the MFC shown
n Fig. 6(B), while the jlim is slightly above the jlim of the MEA in
ig. 7(B). That value of jlim represents a total of 7 mA for the MFC,
hich is again among the highest value obtained presently in our

aboratory for single cell culture. This kind of membrane is promis-
ng because if the OCV could be increased (e.g. by reduction of the
hickness), a much higher power density is expected.

. Conclusion

If MFCs based on single culture cell organism such as Shewanella
R-1 are to be practical, a simple and useful design is needed. Con-

truction of MEA, using the same procedure as used for PEMFC, for
FC was carried out. A novel way of conditioning the membranes
as also found. The MEA presents the best contact between elec-

rodes and membrane, thereby reducing the internal resistance, and
lso the use of a dry cathode moves away from the complication
f having air or oxygen bubbled through into the cathode solu-
ion. The results presented here for the MFC built in house not only
ncreased the power output compared to the traditional simple fuel
ell designs [36–38] by 2–3 orders of magnitude but these results
lso show improvements in power density from early to later tests
erformed in this study. The results also demonstrated the impor-
ance of microbial inoculation or microbial accommodation times
n the anode chamber for the formation of adequate biofilm and
heir impact on the overall power output. Furthermore, the results
ndicate that although a limit on the power output exists for MEAs
sing Nafion® due to its affinity for the Na+ ion, which decreases
roton conductivity, this limit has not yet been reached at the real-

zed power densities. A more economical option than Nafion® was
mployed using PVDF–PSSA membrane. The results obtained how-
ver did not show any tangible progress. On the other hand, we
elieve that there is much room for improvement since this partic-
lar PVDF–PSSA membrane was initially designed for DMFC.
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