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An  inexpensive  carbon  material,  carbon  mesh,  was  examined  to replace  the more  expensive  carbon  cloth
usually  used  to make  cathodes  in air-cathode  microbial  fuel  cells  (MFCs).  Three  different  diffusion  layers
were tested  using  carbon  mesh:  poly(dimethylsiloxane)  (PDMS),  polytetrafluoroethylene  (PTFE),  and
Goretex  cloth.  Carbon  mesh  with  a mixture  of  PDMS  and  carbon  black  as a diffusion  layer  produced  a
maximum  power  density  of  1355  ± 62 mW  m−2 (normalized  to the  projected  cathode  area),  which  was
similar  to  that obtained  with  a  carbon  cloth  cathode  (1390  ±  72  mW  m−2).  Carbon  mesh  with  a  PTFE

−2

arbon mesh
icrobial fuel cell

olytetrafluoroethylene (PTFE)
oly(dimethylsiloxane) (PDMS)
ow cost

diffusion  layer  produced  only  a slightly  lower  (6.6%)  maximum  power  density  (1303  ±  48  mW  m ). The
Coulombic  efficiencies  were  a  function  of current  density,  with  the  highest  value  for  the  carbon  mesh
and  PDMS  (79%)  larger  than  that  for carbon  cloth  (63%).  The  cost  of  the carbon  mesh  cathode  with
PDMS/Carbon  or PTFE  (excluding  catalyst  and  binder  costs)  is only  2.5%  of  the cost  of  the  carbon  cloth
cathode.  These  results  show  that  low  cost  carbon  materials  such  as carbon mesh  can  be  used  as  the
cathode  in  an  MFC  without  reducing  the  performance  compared  to more  expensive  carbon  cloth.
. Introduction

A  microbial fuel cell (MFC) is a promising technology for
enewable energy production because it enables direct transfer of
hemical energy stored in a biodegradable organic matter into bio-
lectricity [1].  Although great progress has been achieved in the
erformance of a MFC  in the past ten years [2–4], one of the main
hallenges for commercializing scalable MFCs is the cost of the elec-
rode materials, particularly the cathode. MFCs can be operated
sing different electron acceptors, such as oxygen [2],  ferric iron
5],  manganese [6],  and other chemicals such as nitrobenzene [7].
owever, oxygen is the most suitable electron acceptor for the MFC
ue to its relatively high oxidation potential, availability, and sus-
ainability [8].  Therefore, single-chamber air-cathodes are likely to
e used for practical MFC  applications.

Air cathodes are usually made by coating a catalyst (typically
t) held with a binder onto carbon cloth on the water-facing side
f the electrode, and using several layers of polytetrafluoroethy-
ene (PTFE) as diffusion layers on the air-side of the cathode to

educe oxygen transfer and limit water losses [2]. However, the
ost of fuel cell grade carbon cloth (ca. $1000 m−2) could limit cost-
ffective applications of MFCs. Recently, efforts have been made
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to replace expensive carbon cloth with less inexpensive materi-
als. For example, lower cost cathodes have been made by coating
ion exchange and ultrafiltration membranes with electrically con-
ductive coatings, avoiding the need for hot pressing membranes
onto carbon cloth. However, the maximum power densities pro-
duced by these approaches have been relatively low [9,10].  Another
alternative is to replace the carbon cloth with a current collec-
tor like stainless steel (SS) or nickel mesh, and to build a catalyst
layer (Pt with carbon black, or activated carbon) around the mesh
[11–13]. This approach appears promising in scaled up MFC  sys-
tems, although low cost carbon fabrics may  offer a competitive
alternative approach when used in conjunction with inexpensive
SS mesh (large pore sizes, and therefore low metal content). Car-
bon mesh has a very low cost of $10–25 m−2, which can be less than
that of a fine mesh SS ($80–135 m−2) that needs to have small pore
sizes to hold the catalyst and binder layers [14,15]. Carbon mesh
has been successfully used as an anode in an MFC  [14], but not yet
tested as a cathode.

In order to use carbon-based materials as cathodes (carbon
cloth, carbon mesh, or carbon coated SS), additional materials
called diffusion layers have to be applied to the material in
order to prevent water leakage or to reduce water losses by
evaporation. In one recent test a SS mesh was coated with a

polypyrrole/anthraquinone-2-sulfonate (PPy/AQS) film as a diffu-
sion layer [16]. Although this diffusion layer material was  simpler to
prepare than more typical chemicals, such as polytetrafluoroethy-
lene (PTFE) due to the need for only a single-step in fabrication,

dx.doi.org/10.1016/j.jpowsour.2011.07.077
http://www.sciencedirect.com/science/journal/03787753
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Fig. 1. The schematical fabrication procedures of the different cathodes. (A): CC-
318 Y. Luo et al. / Journal of Pow

he maximum power density achieved using the PPy/AQS diffu-
ion layer was relatively low. Polydimethylsiloxane (PDMS) mixed
ith carbon black is a less expensive alternative to PTFE for a diffu-

ion layer in an MFC, and it was recently shown that this diffusion
ayer could achieve similar performance to a PTFE diffusion layer

ith a SS mesh cathode [12]. Thus, the cost and performance of the
iffusion layer is another important aspect of cathode design.

In this study, we tested carbon mesh cathodes constructed with
everal different diffusion layer materials, including Goretex cloth,
TFE, and PDMS. Goretex has previously been used in a different
ype of MFC  cathode [17]. It is a good alternative to PTFE and PDMS
oatings because it is a pre-manufactured material that is both
aterproof and permeable to oxygen. Based on the manufacturer’s
ata, there are more than 1.4 × 109 pores in per cm2 of Goretex
loth. Previously, it was thought that carbon mesh could not be used
s a cathode material due to its very loose weave, which could result
n water leakage despite the application of a diffusion layer [14].
owever, as we show here it is possible to make cathodes using

his material through careful applications of the diffusion layers or
y using Goretex cloth.

. Materials and methods

.1. Cathodes fabrication

Four different methods were used to fabricate the cathodes:
arbon cloth (Type B, 30% wet proofing, BASF Fuel Cell Inc., NJ)
ith four PTFE diffusion layers (CC-PTFE); carbon mesh (Gaojieshi
raphite Products Co. Ltd., Fujian, China) with four PTFE diffusion

ayers (CM-PTFE); carbon mesh with three PDMS/carbon diffusion
ayers (CM-PDMS/Carbon); and carbon mesh with Goretex fabric as
he diffusion layer (Rockywoods Fabrics, LLC, USA) (CM-Goretex).
C-PTFE was coated with a Pt catalyst (0.5 mg  cm−2, BASF) on the
ater-facing side, with the PTFE diffusion layers on the air-facing

ide to prevent water loss [2] (Fig. 1A). PTFE was applied to car-
on mesh (CM-PTFE) or cloth (CC-PTFE) using the same procedure
Fig. 1B). Carbon mesh was waterproofed by immersing it in 30%
TFE solution for 45 min, air-drying the material for 30 min  in a
0 ◦C oven, and then heating it for 30 min  at 370 ◦C. CM-PDMS was
ade by coating a mixture of PDMS (6.25 mg  cm−2) on each layer

nd carbon black (1.56 mg  cm−2 on each layer) to the air-facing
ide, and Pt catalyst (0.5 mg  cm−2, BASF) to the water-facing sides
f the carbon mesh [11]. In order to prevent water leakage from
he carbon mesh cathode, three PDMS/Carbon black diffusion lay-
rs were needed (Fig. 1C). For the CM-Goretex cathode, carbon black
1.56 mg  cm−2) and a Pt catalyst (0.5 mg  cm−2) were applied to the
ir-facing side and water-facing side of carbon mesh, respectively.
hen setting up a MFC, carbon mesh was pressed firmly to the top

f Goretex cloth using two pieces of plastic meshes (Fig. 1D).

.2. MFC  reactors and operation

Single-chamber, air-cathode MFCs (4-cm long cylindrical cham-
er; liquid volume 28 mL)  were constructed as previously described
2]. Anodes were carbon fiber brushes (25 mm diameter × 25 mm
ength; fiber type PANEX 33 160 K, ZOLTEK), and all anodes were
eat treated for 30 min  at 450 ◦C before use [4].  All reactors were

noculated using the effluent from an MFC  operated for over 2 years.
odium acetate (1.0 g L−1) was used as an energy source in a nutri-
nt solution containing (in 1 L deionized water): 4.0896 g Na2HPO4,

.544 g NaH2PO4, 0.31 g NH4Cl, 0.13 g KCl, and 12.5 mL  of a trace
etal solution and 5 mL  of a vitamin solution (pH 7.0; conductiv-

ty 6.92 mS  cm−1) [18]. The solution was replaced when the voltage
ecreased to <10 mV  (1000 � fixed external resistance). All reactors
PTFE, (B) CM-PTFE, (C) CM-PDMS/Carbon, (D) CM-Goretex (CC: carbon cloth; CM:
carbon mesh; PTFE: polytetrafluoroethylene; PDMS: poly(dimethylsiloxane)).

were operated with fed-batch mode at 30 ◦C in a temperature-
controlled room.

2.3. Calculations and measurements

Voltages were measured at time intervals of 20 min  across an
external resistor (1000 �)  using a data acquisition system (2700,
Keithley Instrument, OH). Chemical oxygen demand (COD) was
measured using standard methods [Method 5220, APHA et al. 1995;
High range (20–1500 mg  L−1); HACH COD system (Hach Co., Love-
land, CO)]. COD removal (%) was  calculated based on the initial and
final COD [19]. The Coulombic efficiency (CE) was calculated as pre-
viously described with the current and power density normalized
by the cathode projected surface area (7 cm2) [8]. Maximum power
densities (normalized to the projected cathode surface area) were
obtained from polarization curves which were obtained using a
single resistor (1000–20 �),  with 20 min  intervals at each resis-
tance over a complete fed batch cycle (multiple cycle method) by
varying the resistance in decreasing order from 1000 to 20 � in
a single cycle (20 min  per resistance, single cycle method) [20].
Water loss was  calculated by measuring the water remaining in the
reactor after a complete fed batch cycle using a graduated cylinder
(100 mL).

Linear sweep voltammetry (LSV) and electrochemical
impedance spectroscopy (EIS) were used to measure the elec-
trochemical performances of the cathodes using a potentiostat

(PC4/750, Gamry Instrument). Cathodes were placed in an air-
cathode electrochemical cell consisting of a working electrode
(cathode, 7 cm2 projected surface area facing air on one side and
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Goretex cathodes had the largest water loss of 8.3%, compared to
much lower water losses for CM-PTFE (4.2%), CC-PTFE (3.2%), and
CM-PDMS/Carbon (2%).
ig. 2. Four representative voltage output curves of the different cathode (with an
xternal resistor of 1000 �).

ater on the other side), an Ag/AgCl reference electrode (RE-5B;
ASi, West Lafayette, IN), and a Pt counter electrode [11].

LSV tests were conducted over a range of −0.311 to +0.289 mV,
t a slow scan rate of 0.1 mV  s−1. Impedance measurements were
onducted using anodes by setting at −0.111 V (vs. Ag/AgCl; 0.084 V
s. a standard hydrogen electrode) over a frequency range of
00 kHz to 1 MHz  with a sinusoidal perturbation of 10 mV.  EIS spec-
ra were fitted into an equivalent circuit as previously described
sing Gamry Echem Analyst software (provided by the potentio-
tat manufacturer) [11]. The internal resistances of reactors were
etermined using Nyquist plots [21]. All electrochemical measure-
ents were performed with freshly made cathodes (prior to MFC

ests). All voltages are reported vs. Ag/AgCl.

. Results

.1. Power generation using different cathode materials

MFCs with four different cathodes (CM-PDMS/Carbon, CC-PTFE,
M-PTFE, and CM-Goretex) were operated for more than ten
ycles (1000 �),  and demonstrated stable and repeatable per-
ormance. Representative voltage output curves are shown in
ig. 2. The maximum voltage outputs achieved from the MFCs
ith CM-PTFE and CC-PTFE were similar (601 ± 5 mV for CM-PTFE,

99 ± 5 mV for CC-PTFE). The maximum voltage output of MFCs
ith CM-PDMS/Carbon cathodes reached 594 ± 9 mV,  while the
aximum voltage output of the MFCs with CM-Goretex cathodes
as 581 ± 5 mV.

Maximum power densities and polarization data showed that
FCs with the CC-PTFE cathodes had the highest maximum power

ensity on average of 1390 ± 72 mW m−2, although this was  not sig-
ificantly different than that produced using the CM-PDMS/Carbon
athode (1355 ± 62 mW m−2) (Fig. 3A). The CM-PTFE cathode pro-
uced slightly less power, with a maximum power density of
303 ± 48 mW m−2. The CM-Goretex cathode produced much less
ower (849 ± 68 mW m−2). Measurement of the electrode poten-
ials shows that anode potentials were essentially the same for all
eactors, with differences found for the cathode potentials (Fig. 3B).
hus, the differences in the maximum power densities resulted
rom the different cathode potentials and not the anodes.

.2. Coulombic efficiency (CE)

The CEs of all MFCs with the different cathodes were a function
f current density, with the highest CEs at the highest current den-

ities (Fig. 4). CEs of CC-PTFE MFCs ranged from 23 to 63%, while the
FCs with the CM-PDMS/Carbon were in the range of 19 to 79%.

Es using the CM-Goretex cathodes ranged from 25 to 66%, which
ere similar to those with the CC-PTFE cathodes (23–63%).
Fig. 3. (A) Power density curves, and (B) electrode potentials (cathode, filled sym-
bols; anode, open symbols) vs. Ag/AgCl reference electrode (0.195 V vs. NHE) as a
function of the different cathodes.

3.3. Water loss

Water losses of the MFCs with the different cathodes were com-
pared based on water lost over a complete fed-batch cycle. Carbon
mesh cathodes with PTFE and a mixture of PDMS and carbon as
diffusion layers were relatively more effective in preventing water
loss through evaporation (none of the cathodes leaked water). CM-
Fig. 4. Coulombic efficiencies (CEs) of MFCs using the different cathodes.
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Table 1
Solution resistance (Rs), diffusion resistances (Rd), charge-transfer resistance (Rct), internal resistances (Rin) of the different cathodes.

MFC  reactor Solution resistance (Rs) (�)  Diffusion resistances (Rd) (�) Charge-transfer resistance (Rct) (�) Internal resistances (Rin) (�)

CM-PDMS/Carbon 19 18 5 42
CM-PTFE 19 18 8 45
CC-PTFE 20 13 3 36
CM-Goretex 20 33 6 59

Table 2
Cost comparison of the different cathodes.

Cathode Pmax (mW  m−2) Carbon material ($ m−2) Diffusion layer ($ m−2) Other materialsa ($ m−2) Total cost ($ m−2)

CC-PTFE 1390 ± 72 1000 0.33 0.01 1000
CM-PTFE 1303 ±  48 25 0.33 0.01 25
CM-PDMS/Carbon 1355 ± 62 25 0.2 0.03 25
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CM-Goretex 849 ± 68 25 

a Other materials contain carbon black, and plastic mesh used for the configuratio
pplied  in all the cathodes with the same amount.

.4. Electrochemical tests

Cathodes were examined using LSV to evaluate their electro-
hemical performance in the absence of bacteria. All four cathodes
ad similar current densities for applied potentials at or above
0.111 mV  (Fig. 5). When the voltage was lower than −0.111 mV,

urrent densities of CC-PTFE were slightly higher than those of
he CM-PTFE electrode, which was similar to that of the CM-
DMS/Carbon electrode. CM-Goretex achieved the lowest current
ensity compared to the other there cathodes, consistent with our
xpectations based on the MFC  results.

The EIS tests were used to estimate solution (Rs), diffusion
Rd), charge-transfer (Rct), and internal (Rin) resistances of the dif-
erent electrodes (Table 1). As expected, Rs were all similar for
he different cathodes because the same cell configuration and
olutions were used. CM-Goretex produced the highest diffusion
esistance of Rd = 33 �,  while CM-PDMS/Carbon (Rd = 18 �)  and
M-PTFE (Rd = 18 �)  resistances were similar. The lowest diffu-
ion resistance was obtained for the CC-PTFE electrode (Rd = 13 �).
harge-transfer resistances also varied for the cathodes, with the
C-PTFE cathode having the lowest Rct = 3 � compared to the other
here cathodes. The CC-PTFE electrode had the smallest inter-

al resistance of Rin = 36 �,  compared to the CM-PDMS/Carbon
42 �)  and CM-PTFE (45 �)  electrodes. CM-Goretex had the highest

ig. 5. LSV tests on different cathodes. (Note that the results for the CC-PTFE and CM-
TFE cathodes are almost the same, and therefore the lines are indistinguishable.)
 20 84

M-Goretex. The cost of Pt catalyst and Nafion were not included because they were

Rin = 59 �,  consistent with its relatively poor performance in MFC
tests.

4. Discussion

The power output using the CM-Goretex cathode was  much
lower than that obtained with the cathodes with PDMS/Carbon and
PTFE diffusion layers, consistent with the poorer performance of
this electrode in electrochemical tests. One reason for this lower
performance could be trapped water. Although we used two pieces
of plastic mesh to press carbon mesh onto the top of Goretex cloth
to avoid trapped water, it is possible that some water was held in
the area between the carbon mesh and Goretex cloth. This would
result in a localized high pH region, which would reduce perfor-
mance and could reduce oxygen transfer to the active site of catalyst
[22]. The poorer intrinsic performance of the CM-Goretex cathode
was shown by diffusion resistances that were 35% higher than the
CM-PDMS/Carbon, and 37% higher than the CM-PTFE (Table 1).

While good performance is an essential factor for scaling up
MFCs, costs of the cathodes is also important. Neglecting the costs
of catalyst and binder which were used in all electrodes, the cost per
m2 of the CC-PTFE electrode based on purchase prices of the mate-
rials was  $1000, which was 40 times more than that of CM-PTFE
($25) and CM-PDMS/Carbon ($25) (Table 2), despite relatively sim-
ilar performances of these cathodes. The total costs of the cathodes
would still need to be further optimized as the Pt ($700 m−2) and
Nafion binder ($1400 m−2) represent significant costs [10]. How-
ever, research has shown that these materials can be replaced with
non-precious metal catalysts such as CoTMPP ($180 m−2) [23] or
less expensive activated carbon ($0.37 m−2) [24], and less expen-
sive poly (phenylsulfone) Radel binders ($3.5 m−2) [25]. By using
these alternative materials, the total cost of MFC  could be greatly
reduced.

5. Conclusions

These results have shown that inexpensive carbon mesh can be
used as a cathode when coated with two  different diffusion lay-
ers. Carbon mesh cathodes with PDMS/Carbon produced power
densities (1355 ± 62 mW m−2) most similar to those obtained with

carbon cloth and PTFE diffusion layers (1390 ± 72 mW m−2). The
cost of the carbon mesh cathode with PDMS/Carbon or PTFE dif-
fusion layers is only 2.5% of the cost for the conventional carbon
cloth (neglecting the cost for the catalyst and catalyst binder). Thus,
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