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1. Introduction
Energy shortage and environmental pollution have brought
forth global crises and seriously impacted human survival and
* Corresponding author. Tel.: +86 22 23507800; fax: +86 22 23507800. development. Microbial fuel cells (MFCs) exactly meet the need to
E-mail addresses: zhoumh@nankai.edu.cn, skynumen@163.com (M. Zhou). alleviate the above-mentioned crises as they can not only produce

0378-7753/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpowsour.2011.01.012


dx.doi.org/10.1016/j.jpowsour.2011.01.012
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:zhoumh@nankai.edu.cn
mailto:skynumen@163.com
dx.doi.org/10.1016/j.jpowsour.2011.01.012

4428 M. Zhou et al. / Journal of Power Sources 196 (2011) 4427-4435

Rex

H+

Fuel
N
\ d

\

{

i B 0,

/ /,X—-—m

PEM

o oo s »
- o)

bacterium

Fig. 1. Schematic diagram of the dual-chamber MFC structure ( represents the
mediator) [3].

electricity but also have a great potential for simultaneous wastew-
ater treatment [1,2]. They have therefore become one of the major
research hotspots in many countries.

MEFCs are devices that use bacteria as the catalysts to oxidize
organic (inorganic) matter and directly convert chemical energy
into electrical energy [3-5]. Traditional MFCs are composed of
an anode chamber and a cathode chamber separated by a pro-
ton exchange membrane (PEM), as shown in Fig. 1. The substrate
in the anode chamber is oxidized by microbial metabolism under
anaerobic conditions, producing electrons and protons. After being
transferred to the anode by direct membrane-associated electron
transfer, electron mediators or nanowires, the electrons flow to the
cathode, which s linked by an external circuit. Simultaneously, pro-
tons reach the cathode through the PEM. Reduction reaction occurs
among the electrons, protons and electron acceptor (e.g., air or oxy-
gen) in the cathode chamber, producing H,0 [6,7]. In this way a
continuous current is generated while achieving the removal of
pollutants.

The English botanist Potter (1911) first discovered that bacte-
ria inocula could generate current, but this finding was not well
appreciated until the 1980s, when the addition of electron medi-
ators substantially improved the output power of MFCs. A real
breakthrough was made when some microbes were found that
were able to transfer electrons directly to the anode. The num-
ber of MFCs applied to the biological treatment of wastewater
increase greatly during the 1990s, especially after Logan and other
researchers developed new MFCs using municipal or industrial
wastewater as the substrate which greatly facilitated the technol-
ogy [8,9]. At present, however, one of the bottleneck problems for
the application of this methodology is the low output of power.

Principally, the output power depends on the rate of substrate
degradation, the rate of electron transfer from the bacteria to the
anode, the circuit resistance, the proton mass transfer in the liquid
[10], the performance of the electrode and the external operating
conditions and so on. Different electrode materials vary in their
physical and chemical properties (e.g., surface area, electric conduc-
tivity, and chemical stability), thus, they also vary in their impact
on microbial attachment, electron transfer, electrode resistance
and the rate of electrode surface reaction. Therefore, it is of great
significance to select and develop suitable electrode materials to
optimize and promote the performance of MFCs. Moreover, as a
main component, the electrode materials determine the price of
MFCs and thus influence the wastewater treatment cost. There-
fore, this field has attracted ever-increasing interest and lots of

efforts related to electrode preparations and designs have been
made. Unfortunately, to the best of our knowledge, there are almost
no comprehensive reports on the review of electrode materials in
MFCs. In this paper, a systematical review of the electrode fab-
rication, modification, evaluation, characteristics and application
for typical wastewater treatment was summarized. Some existing
problems of electrode materials in current MFCs were disclosed,
and outlooks for future development were also suggested, which
would help to gain knowledge and contribute to the development
of MFCs and their application in wastewater treatment.

2. Electrode materials used in MFCs

So far, electrode materials in MFCs can be principally divided
into three categories: anode, cathode, and filling materials as three-
dimensional electrodes.

2.1. Anode materials

A good anode material should have the following properties [3]:
(a) good electrical conductivity and low resistance; (b) strong bio-
compatibility; (c) chemical stability and anti-corrosion; (d) large
surface area; and (e) appropriate mechanical strength and tough-
ness.

2.1.1. Traditional carbon anode materials

Carbon materials are the most widely used anodes in the present
MECs studies; they traditionally including graphite rod, graphite
fiber brush, carbon cloth, carbon paper, carbon felt, and reticulated
vitreous carbon (RVC), as is shown in Fig. 2. Table 1 lists their char-
acteristics and some references in which they have been utilized.

Due to its excellent electrical conductivity and chemical stabil-
ity, the graphite rod has become one of the most commonly used
electrodes in MFCs. The most representative work was done by Liu
et al. [6], in which a single-chamber MFC included eight graphite
rod anodes and an air cathode was developed (Fig. 2A). A maxi-
mum power of 26 mW m~2 and 80% COD removal were fulfilled,
using sewage from the primary sedimentation tank of a treatment
plant as fuel. However the application of the graphite rod was lim-
ited because of its low porosity and surface area for microorganism
adsorption. Lovley and his co-workers found that the output power
was much larger when the graphite rod was replaced instead by
graphite felt, indicating that increasing the surface area was bene-
ficial to the performance of the MFC [11].

A graphite fiber brush is made of graphite fiber that is wound
around one or more conductive corrosion-resistant metal wires
(titanium wire) (Fig. 2B); it is attractive for its high surface area
and low electrode resistance. Ahn and Logan [12] designed a single-
chamber air-cathode MFC with a continuous flow that used a
graphite brush as the anode, acquiring a maximum power den-
sity of 422mWm2. In another work, a flat-type MFC with a
graphite brush as the anode and a 1.2mgcm~2 cobalt tetra-
methylphenylporphyrin (CoTMPP) carbon cloth as the cathode, a
power density of up to 2400 mW m~2 was obtained, which was
four times that obtained when using carbon paper as the anode
(600 mWm~2) [13].

Carbon paper and carbon cloth, which are often applied in the
hydrogen fuel cells, are now used in MFCs as flat-plate electrodes.
These kinds of electrodes benefit from a reduction in the distance
between the two electrodes to improve the performance of the
MFCs. Kim et al. [14] constructed a dual-chamber MFC with car-
bon paper, and the power density was up to 40 mW m~2. Wang
et al. [15] built a single-chamber MFC that used carbon cloth as the
electrode and actual brewery wastewater as the anode substrate,
and the maximum power density was 483 mW m~2.
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Fig. 2. Anode materials used in MFCs: (A) graphite rod anode in a single-chamber MFC [4]; (B) graphite brush [13]; (C) graphite brush anode in a single-chamber MFC [13];
(D) carbon cloth [16]; (E) carbon paper anode in dual-chamber MFC [66]; (F) RVC [66]; and (G) carbon felt [67].

Compared with the carbon materials described above, retic-
ulated vitreous carbon (RVC) is less frequently used in MFCs
studies due to its large resistance. He et al. obtained a power den-
sity of 1770mWm~2 in an upflow MFC using RVC as the anode
material [9].

In addition to the electrode materials described above, other
carbon-like materials have emerged in recent MFC studies. Wang
et al. [16] attempted to use carbon mesh, which is cheaper than

using carbon cloth as the anode in MFCs, and the power density
increased to 1015mWm=2 (51 Wm3). A new type of filler-type
anode with carbon felt and carbon paper using the sintering method
was developed by Liang et al. [17], achieving an extremely high
power density of 2426 mW m~2. This result was explained by the
fact that the sintered filler-type anode could enhance the connec-
tion between the fillers and the carbon paper, reducing the anode
resistance.

Table 1

Comparison of the characteristics of traditional anode materials in MFCs.
Anode materials Advantages Disadvantages Literature
Graphite rod Good electrical conductivity and chemical stability, relatively cheap, and easy to get Difficult to increase the surface area [10]
Graphite fiber brush Higher specific surface areas, easy to produce Clogging [12]
Carbon cloth Large relative porosity Expensive [68]
Carbon paper Easy to connect wiring Lack of durability, fragile [14]
Carbon felt Large aperture Large resistance [69]
RVC Good electrical conductivity and plasticity Large resistance, fragile [9]
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Table 2

The performance of anode with carbon nanotubes and conductive polymer in MFCs.

Imax (MAm~2)  Reference

Pinax (MW m~2)

42
2470

Cell voltage (mV)

Electron acceptor ~ Preparation method
450

Substrate

Bacteria

MFC construction

Anode materials

100
~6000

In situ via chemical oxidation
Chemical vapor deposition

Glucose
Glucose

E. coli
E. coli
E. coli

CNT/polyaniline composite

~400
180

Hexacyanoferrate
Ferricyanide

Air

DCMFC
DCMFC
SCMFC
SCMFC

SCMEFC: single-chamber MFC; DCMFC: double-chamber MFC.

Carbon paper with Sn-Pt/MWNT
Carbon paper with PPy-CNTs
Carbon cloth with CNTs

Carbon nanotubes

1278
~300

228

In situ chemical polymerization
Chemical vapor deposition

Vapor deposition

Glucose

65
402

200

Sodium acetate

Mixed bacteria
Mixed bacteria

Air

Sodium acetate
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2.1.2. Carbon nanotubes (CNTs) and conductive polymer

Since their discovery, CNTs have become one of the electrode
materials with the most potential because of their large specific sur-
face area, high mechanical strength and ductility, and excellent sta-
bility and conductivity. Recently, conductive polymer/CNTs com-
posites have received significant interest because the incorporation
of CNTs in conductive polymers can lead to a synergistic effect.

Table 2 summaries some typical studies that have used CNTs
and/or conductive polymer as the anode. Qiao et al. [18] reported
the feasibility of an MFC that used CNTs/polyaniline composite as
the anode material. They believed that CNTs could enhance the
electrode surface area and electron transfer capability. Addition-
ally, polyaniline, as a conductive polymer, could not only provide
a protective effect for the microorganisms but also improve the
electro-catalytic activity of the catalyst. Sharma et al. [19] devel-
oped MFC using an anode of carbon paper that was deposited
with multi-walled CNTs; to their great surprise, the power den-
sity was found to be approximately six times greater than that
found with of the pure graphite electrode. They confirmed that
the carboxyl groups on the surface of multi-walled CNTs could
increase the chemical reactivity of metal nanoparticles. Zou et al.
[20] used polypyrrole (PPy)/CNTs as the anode material, and the
results showed that the modified carbon paper had better electro-
chemical properties. Tsai et al. [21] considered that the modified
electrode could improve the performance of MFCs; when compared
to the unmodified electrode, the power density and cell voltage
increased by approximately 148% and 147%, respectively.

There is no question that CNTs can improve the performance
of MFCs because they have very high surface areas (usually a few
hundred to 1300 m2 g~1), and the groove openings that are formed
between CNTs bundles and the outside surface area of CNTs bun-
dles are supposed to be accessible by large sorbate species such
as bacteria, which makes the increased surface area effective for
microscale bacteria and significantly larger than that of traditional
microporous adsorbent media [22,23]. However, there are still
some clogging issues that have hindered the application of CNTs
for wastewater treatment at present. First of all, the high cost of
CNTs manufacture, which was reported to be $80-100 is one of
the major factors [24,25]. Secondly, the fabrication of CNTs is com-
plex and expensive, which also limits their large-scale commercial
production [26]. The present synthesis techniques, including arc
discharge, laser ablation and chemical vapor decomposition (CVD),
either limit the volume of the sample, need subsequent purifica-
tion steps to separate the CNTs from undesirable by-products [27]
or produce nanotubes with defects. However, we may expect that
the application would be intensified with the reduction of the cost
of CNTs and the increase in commercial production capacity in the
near future [28].

2.1.3. Non-carbon anode materials

In the study of MFCs, carbon-based materials are generally
regarded as the most versatile anodes although several reports
have attempted to use non-carbon materials. Dumas et al. [29]
attempted sediment MFC using stainless steel as the electrode, but
the maximum power density was only 4mW m~2. Richter et al.
[30] developed an MFC using highly conductive gold as the anode
with Geobacter sulfurreducens, and a steady current of 0.4-0.7 mA
was produced. Although this MFC can obtain a power that is similar
to the graphite electrode, its practical application is limited to the
small scale. Heijne et al. [31] tried to use titanium as the anode, but
they found that it was unsuitable.

2.2. Cathode materials

The cathode materials also have a great impact on the power
capacity of MFCs, which should have a high redox potential and
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Table 3

Non-Pt catalysts of cathode in MFCs.
Type of catalyst  Cathode materials OCP (V) Ppa (MWm~=2) Reference
CoTMPP Carbon cloth - 369 [33]
PbO; Ti sheeting - 78 [34]
FePc Carbon paper 0.319 634
FePcVC 0.289 530 (57]
CoTMPP 0.325 483
MnPc 0.285 353
FePc Graphite foils 1.07 ]3.88: (71]
CoTMPP 1.10 14.32
Rutile Graphite plate 0.55 - [72]
PbO, Ti sheeting - 485 [73]
-MnO, Carbon cloth 0.565 3.773" [74]
Co-OMS-2 Carbon cloth 0.147 180 [75]
MnOy Carbon cloth 0.714 161 [76]
Co/Fe/N/CNT Carbon cloth 0.473 751 [77]

*Wm3.

easily to capture protons. Presently, the common cathode materials
are graphite, carbon cloth and carbon paper.

To improve performance, modifying the cathode with a highly
active catalyst, e.g., Pt, which has been the most popular one to try
[5], is supposed to reduce the cathodic reaction activation energy
and increase the reaction rate. Moon et al. [32] designed an MFC
that used graphite felt containing Pt as the cathode, and its power
density reached 150 mW m~2, which was three times higher than
that for the pure graphite cathode.

However, Pt is an expensive metal and this limits its practical
application. Many efforts have been made to reduce cathode costs
by decreasing Pt loading or seeking other non-Pt catalysts. Cheng
etal. [33] found that the potential did not change noticeably (max-
imum of 19%) when the Pt loading on the cathode ranged from 0.1
to 2mg cm~2. This finding resulted in the Pt modified cathode still
being competitive and cost-effective.

Table 3 lists some representative efforts to use non-Pt catalysts.
The CoTMPP and iron phthalocyanine (FePc) based oxygen reduc-
tion catalysts were investigated more often, and they were proved
to be inexpensive and efficient alternatives for MFCs application.
Manganese oxides and rutile were also studied. Morris et al. [34]
compared PbO, to Pt as a cathode catalystin a double-chamber MFC
utilizing glucose as a substrate. The results indicated that the PbO,
cathode produced 2-4 times more power than that did the Pt cath-
ode. This study suggested that PbO, could replace Pt as the cathode
catalyst to improve the feasibility of scaling up MFCs for practical
applications by enhancing the power generation and decreasing
the production cost.

However, the long-term (e.g., more than 1 year) stability of the
electrode materials, which is very important for their application,
has not attracted considerable attention. Also, because many oper-
ational parameters, such as microbial growth, pH and temperature,
simultaneously affect the power generation, it is not easy to clearly
study why electrode performance varies. Cheng et al. [33] operated
MFCs in a fed batch mode over 800h, and it seemed that power
generation was slightly decreased. The maximum power density
for the PTFE cathode with Pt decreased by only 9%, or from 360
to 331 mW m~2. When the PTFE was used as the Pt (0.5 mgcm~2)
binder on the cathode, the maximum voltage for each cycle did not
decrease sharply. The Coulombic efficiency also varied over a small
range during the same period from 9.5% to 13.1%.

2.3. Three-dimensional electrode materials

Increasing the electrode surface area is an effective way to
improve the performance of MFCs because it enhances the microbe
attachment and the bio-electron transfer area. However, in a
conventional two-dimensional electrode system, the increase in

the electrode size is accompanied by an increase in the reac-
tor volume and the infrastructure costs. The use of inexpensive
three-dimensional electrodes, e.g., certain small particle conduc-
tive materials, to fill into the chamber may offer one solution.

The graphite particle is perhaps the most commonly used filling
material in the anode chamberin a three-dimensional cell. You et al.
[7]built a tube-type air cathode MFC that made graphite granules as
the anode, and a graphite rod was used to collect electrons, achiev-
ing a maximum power density of 50.2 W m~3 when using glucose
as the substrate. Aelterman et al. [35] constructed six MFCs with
an anode of graphite particles and a cathode of graphite rods, and
the maximum total power density was 258 Wm~3 using artificial
sodium acetate and potassium ferricyanide as the substrate.

Granular activated carbon (GAC), a commonly used packing
material in wastewater treatment processes, is an inexpensive and
durable material with a high surface area that could greatly improve
bacterial adhesion and might be used as a suitable anode mate-
rial in MFCs. Jiang and Li [36] utilized GAC as the anode, attaining
a power density that exhibited a significant increase from 4.2 to
7.2Wm~3 when the amount of GAC increased from 400 to 700 g.
This result indicated that the power generation of MFCs increased
with the introduction of more GAC due to a higher amount of
attached biomass.

Three-dimensional electrodes can support an increased attach-
ment of bacteria and increase the volumetric power density, which
should in theory result in the better performance of the MFC reac-
tor. However, at present some challenges that are associated with
three-dimensional electrodes need further investigation. Firstly,
the efficiency and mechanism of electron transportation are still
unclear. In the three-dimensional electrode MFCs, graphite rods
are more often used to collect the electrons. But how to ensure
the effective transmission of electrons and protons is becoming the
most important issue. Secondly, it seems unnecessary to overcome
certain disadvantages and adverse effects when three-dimensional
electrodes are introduced into MFCs. For example, one study found
that the ohmic loss of an MFC with 2 mm granules was almost dou-
ble that of the average ohmic losses of the other MFCs [37]. And they
also found that graphite and carbon felts could be clogged when
using wastewaters containing colloids or suspended particles. In
addition, the exploration of sound three-dimensional electrode
materials and their construction is still a key problem in improving
the performance of MFCs.

3. Modification, evaluation and measurement of electrode
materials

3.1. Modification of anode materials

The modification of electrode materials proved to be an effec-
tive way to improve the performance of MFCs because it changed
the physical and chemical properties to provide for better micro-
bial attachment and electron transfer. This section will focus on
some conventional modification techniques for anode materials as
the modification of the cathode mainly involves changes in the
catalysts, which was well described in Section 2.2. In summary,
many anode modification methods required complicated appa-
ratuses, multiple steps, high temperature conditions and/or long
treatment time. Therefore, more simple or effective modification
techniques are still in great and urgent demand; hopefully, this will
be a research hotspot for MFCs.

3.1.1. Ammonia treatment

This method is suitable for many carbon electrode materials
including carbon cloth and carbon paper, and it has been regarded
as one of the most effective ways to improve electrode perfor-
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Table 4

Modified electrode materials and methods.
Chemically modified anode Modified methods OCP (mV) Piax (MW m~—2) Imax (MAcm~2) Reference
Mn**-graphite Soak method - 788 1.75 [39]
Ferric oxide Chemical vapor deposition technique - 30 - [40]
Tungsten carbide High temperature carburization - - 8.8 [41]
Graphite/ceramic-Mn2*-Ni%* Sintering process -318 ~105 -
Graphite/Fe304 Sintering process —400 - -
Graphite/Fe304-Ni?* Sintering process —472 - - (42]
Graphite/AQDS Soak method —403 ~98 -
Graphite/NQ Soak method —-411 - -
Plain graphite - —-411 ~20 -

mance [16,38]. The first report using ammonia to treat carbon cloth
was completed by Cheng and Logan [38]. The modification pro-
cess was as follows: after gradient heating up to 700°C using a
thermo-gravimetric analyzer (TGA) under a nitrogen environment,
the carbon cloth was placed for 60 min in He containing 5% NHs;
then, it was cooled down to room temperature after 120 min in the
N, environment. They concluded that the acclimation time after
ammonia treatment was 2/5 less than the untreated one, while
the maximum power density was increased by 48%. This result
occurred mainly because the treated carbon cloth can improve the
amount of surface charge (from 0.38 to 3.99 mequiv. m~2) and thus
is more conductive to microbial electron transport.

3.1.2. Chemical modification

The chemical modification method is supposed to be effective
for immobilizing metals, metal oxides or other active compounds
on the carriers, such as carbon materials or conductive polymers, to
enhance the output power of MFCs. Table 4 summarizes the perfor-
mance of some modified electrode materials and their modification
methods, including chemical vapor deposition, carburization, sin-
tering or soak method. Park and Zeikus [39] incorporated Mn**
into the anode by the soak method, and the power density was
able to reach 788 mWm=2. Kim et al. [40] coated the anode
with ferric oxide and observed that the power density increased
noticeably from 8 to 30mW m~2 because of the enrichment of
metal-reducing bacteria on the anode. Rosenbaum et al. [41]
adopted a high-performance tungsten carbide anode that was
modified by carburization, which was expected to produce well-
coordinated electro-catalysis and bio-catalytic electrolysis at the
interface. Lowy et al. [42] studied the performance of MFCs
using several kinds of modified electrodes by the sintering pro-
cess or the soak method. They prepared and discussed using
graphite modified with anthraquinone-1,6-disulfonic acid (AQDS),
1,4-naphthoquinone (NQ), a graphite-ceramic composite contain-
ing Mn2* and Ni2*, and a graphite paste containing Fe304 or Fe304
and NiZ*, observing that some modifications (graphite/ceramic-
Mn2*-Ni2*, graphite/AQDS) led to both a considerable change in
the open circuit potential (OCP) and a great improvement in the
power output (4-5 times that of the unmodified one).

3.1.3. Other modification methods

Other electrode modification methods include heat treatment,
acid treatment and so on. The main purposes are to remove impu-
rities of the electrode surface and, more importantly, to increase
the active area, conductivity and/or quinone/quinone functional
groups on the surface [43].

Wang et al. [9] heated carbon mesh in a muffle furnace at
450°C for 30 min, which resulted in a maximum power density
of 922 mW m~2 (46 W m~3); this was 3% more than that produced
using a mesh anode that was cleaned with acetone (893 mW m~2;
45W m~3). They attributed such a change in the power density to
the facts that the heating method could modify the electrochemi-

cal activity by increasing the electrochemically active surface area
and decreasing the O/C ratio, which led to the active surface area
increasing by 190% and the charge transfer coefficients increasing
by 44% compared to the untreated one.

The acid treatment of an electrode is very simple: the electrode
material is placed into an acid solution for a period of time, is
then removed and washed with deionized water several times, and
finally is dried at a suitable temperature. Erable et al. [44] modified
graphite particles with nitric acid in a procedure similar to that
described above, and it was found that both the electro-catalytic
properties and the oxygen reduction capability were improved. As
compared to the untreated version, the cell voltage increased from
660 to 1050 mV. By further analysis by BET and XPS, they concluded
that such an improvement in the oxygen reduction reaction (ORR)
might be explained by the modification of the BET surface area cou-
pled to the emergence of nitrogen superficial groups on the surface
of activated granules.

In certain cases, several modified methods are used concur-
rently to achieve a better treatment effect. Feng et al. [45] found
that combining the heat and acid treatment could improve the
power production to 1370 mW m~2, which was 34% greater than
the untreated control, 25% higher than using only the acid treat-
ment and 7% higher than that using only the heat treatment.

3.2. Evaluation and measurement of electrode materials

Itis very important to choose appropriate parameters and meth-
ods to evaluate and analyze the performance of electrode materials.
The electrode potential at different current densities is consid-
ered to be an important parameter to evaluate the performance
of electrode. The electrode potential can change the cell surface
properties, increase the enzyme activity and shorten the doubling
time of the bacteria [46,47]. According to the working principle
of MFCs, the microbial activity in the anode is essential to liber-
ating electrons from various organics, and the anode potential is
one of the determining elements for the collection of energy from
the microorganisms [48]. Meanwhile the cathode potential affects
the redox reaction of the electron acceptor and electrons. Com-
monly, the measurements of electrode potential are conducted at
different current densities in a three-chamber electrochemical cell
containing a working electrode, a counter electrode and a reference
electrode. Aelterman et al. [49] indicated that the anode poten-
tial could regulate both the activity and the growth of bacteria to
sustain enhanced current and power generation. Liang et al. [50]
studied the effects of cathode potentials on a biocatalyst by oper-
ating the biocathode at different selected cathode potentials. They
indicated that an optimal cathode potential of 242 mV enhanced
the performance of a biocathode that used oxygen as the electron
acceptor.

In addition, many other electrochemical and material analysis
methods have been adopted to evaluate the electrode characteris-
tics of MFCs.
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3.2.1. Cyclic voltammetry (CV)

As a standard tool in electrochemistry, CV has been widely used
in MFCs to investigate the mechanisms of electrode reactions and
to evaluate the performance of electrode materials and catalysts
[46]. CV experiments generally require a three-electrode configu-
ration to obtain accurate results. The anode or cathode is used as the
working electrode; the other electrode is designated as a counter
electrode, while the third lead is attached to a reference electrode
(e.g., Ag/AgCl) [51].

Many studies on the electrode materials of MFCs have cho-
sen CV to analyze performance. Adachi et al. [52] evaluated the
performance of the modified anode by CV. The performance of
the modified anode was dependent on the bioavailability and
redox potential of the mediator (Med). They used a graphite felt
plate as the base materials, and prepared three anodes that were
modified by 1,5-pentanedioic acid (PA), 9,10-anthraquinone-2,6-
disulfonyl (AQDS), and polyethyleneimine (PEI). It was observed
directly through CV that different modified materials had differ-
ent oxidation/reduction peaks, which could explain the effect of
modification.

3.2.2. Electrochemical impedance spectroscopy (EIS)

EIS is a more advanced measurement to determine several elec-
trochemical properties of the electrodes of MFCs, such as internal
resistance and coating layers [53]. EIS measurement is a fairly
simple procedure that is conducted using instruments such as a
potentiostat. The potentiostat can be programmed to determine
impedance spectra in a wide frequency range, such as from 100 kHz
to 1mHz. For MFC studies, 1 or 5mHz should be sufficient as
the lower frequency is limited in providing accurate information.
Information about the electrochemical reactions that occur on elec-
trodes, and the surface and material properties of electrodes can
be obtained the EIS measurement of an individual electrode [54].
Manohar et al. [55] used EIS to evaluate the electrochemical behav-
ior of the anode and the cathode of a mediator-less MFC. They
considered the internal resistance can be determined through data
of the impedance spectra at different cell voltages.

3.2.3. Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) is a common technique for
material analysis. It can observe and study the morphology of many
materials, and recently it has been used in MFCs research [56]. Scott
et al. [43] used the SEM photographs of modified carbon anode
materials to directly reflect characteristics such as roughness and
porosity. Yu et al. [57] applied SEM to analyze the morphology and
composition of the catalysts and proved that the application of FePc

Table 5

Examples of real wastewater that has been treated by MFCs with different electrodes.
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on Ketjenblack (K]JB) produced a highly irregular surface with an
open structure.

In addition, during the analysis of the electrode materials, XPS
and BET are also applied, which can help to understand the sur-
face and element composition and thus assist in exploring possible
mechanisms for the performance [44].

As is well known, most parameters, for example, power density,
cell voltage, and Coulombic efficiency, have been used to mea-
sure the whole MFC reactor. Therefore, similar parameters, such as
power density, could be used to indirectly reflect the performance
of electrode materials when the studies of different electrodes are
conducted under otherwise identical conditions. Yuan et al. [58]
compared the power density versus the current density curves
with various cathodes and found that the power density of the PPy
cathode was higher than that of the carbon black cathode alone,
suggesting that PPy contributed to the power enhancement.

4. Effect of electrode materials on wastewater treatment

The most promising application of MFCs is their use in
wastewater treatment technology. Compared with other biologi-
cal wastewater treatment processes, MFCs have many advantages,
such as high theoretical energy conversion rate, less sludge and no
gas processing. Therefore, recent developments have brought this
technology from the early stage of simulated wastewater treatment
to real wastewater disposal.

Table 5 lists some electrodes in MFCs that have been used
to treat real wastewater. As shown in the table, the common
electrode materials that are applied in the actual wastewater
treatment are currently carbon cloth and carbon paper, while
the cathode catalyst that is used nearly always contains Pt
(0.35-1.12 mg cm~2). Different wastewaters have different phys-
ical and chemical characteristics, so the treatment performances of
MEFCs differ considerably, in which the COD removals vary from 30%
to 98%, but mostly reach levels >50%, although the output power
of MFCs for different wastewaters alter greatly from 25 to approx-
imately 3000 mW m~—2.

Domestic wastewater is an important source of sewage, and
might be the most common substrates for MFCs. Though the qual-
ity of this wastewater is very similar and relatively simple, the
performance of MFCs varied considerably due to different MFC con-
structions and electrode materials. For example, the COD removal
varied from 25% to 80%, while the power density ranged from 25
to 400mW m~2. Even for similar wastewater qualities and MFC
configurations, the performance still differed significantly because
of different electrode materials. As was shown in previous stud-

Anode materials/area (cm?) Cathode materials/area (cm?) Wastewater ConfigurationVolume (mL)Ppax (MW m~2)COD removal (%)Reference
Carbon paper/100 Carbon cloth(0.5mgcm=2,Pt)/100  Domestic sewage Flat MFC 22 43 79 [8]
Carbon paper/22.5 Carbon cloth (0.5 mgcm~2, Pt)/22.5 Food processing wastewaterDCMFC 125 81 95 [78]
Carbon paper/7 Carbon paper (0.35mgcm~2,Pt)/7  Swine wastewater SCMFC 250 261 92 [53]
Carbon paper/25 Carbon paper (1.12mgem2,Pt)/17  Starch wastewater SCMFC - 2394 98 [79]
Carbon cloth/7 Carbon cloth/7 Carbon cloth (0.5 mgcm~2, Pt)/7 Primary clarifier effluent ~ SCMFC - 464 40-5[58]
Carbon cloth (0.35mgcm~2, Pt)/7  Brewery wastewater SCMFC - 205 87 [15]
Graphite rod Carbon cloth (0.5 mgcm~2, Pt) Primary clarifier effluent =~ SCMFC - 26 80 [6]
Graphite cylinder/20 Porous graphite bar/20 Domestic wastewater Tubular MFC - 25 ~50 [80]
Graphite plates/25 Graphite plates/25 Distillery wastewater SCMFC 500 124.35 72.8481]
Plain graphite electrode Plain graphite electrode Chemical wastewater DCMFC 750 ~125 35.4[82]
Graphite granules + graphite rodWoven graphite mat Hospital wastewater SCMFC - 48* - [83]
Activated carbon + carbon cloth Carbon cloth (0.5 mgcm~2, Pt) Fermented wastewater SCMFC 250 2981 93 [84]
Carbon fiber/7 Stainless steel net (0.8 mgcm~2, Pt)/7Brewery wastewater SCMFC 28 264 40 [59]
Carbon felt/10 Graphite paper/10 Electroplating wastewater DCMFC 220 1600 99.5[85]
Carbon fiber brush Carbon fiber brush Coking wastewater DCMFC 18 51.2* ~100 [86]
Graphite fiber brush Graphite fiber brush Paper recycling wastewater SCMFC 300 672 29 [87]

*Wm~3, SCMFC - single-chamber MFC; DCMFC - double-chamber MFC.
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ies [6,59], the former exhibited a higher COD removal (80%) but
a lower power density (26 mWm~2) on the MFC with an anode
of graphite rod; in contrast, the MFC with a carbon cloth as the
anode demonstrated a much lower COD removal (40-50%) but had
a higher power density (464 mW m~2).

In addition, MFCs are also suitable for the treatment of some
industrial wastewater. Generally, the COD of these wastewaters
are higher than those of domestic wastewaters, and they varied
greatly in different industries. It was observed that for wastewater
from some food-related industries (e.g., food processing, brewery,
starch and fermentation), the COD removal (>90%) was much higher
than those in domestic wastewater (<80%). Also, as was the case in
domestic wastewater, the importance of electrode materials in the
MECs, even given similar wastewater and MFC configurations, was
shown. For example, for brewery wastewater, Wang et al. [15] and
Feng et al. [60] used different electrode materials, showing that the
power density of carbon cloth is slightly lower than that of carbon
fiber, but its COD removal was much higher.

Also as is listed in Table 5, most of the electrode areas in the
present studies for wastewater treatment ranged from several to
100 cm?, which leads to the treatment volume that is far below
that needed for practical application (limited to less than a 750 mL
scale). Due to the microbiological, technological and economic chal-
lenges that need to be resolved in the scaling up of MFCs, at present
most of the works are restricted to a lab scale; the pilot or full-scale
implementation of MFCs is rather rare. It was reported that the
Advanced Water Management Centre in the University of Queens-
land had constructed a pilot-scale microbial fuel cell for brewery
wastewater treatment that had a volume of approximately 1 m3
and consisted of 12 modules, using carbon fibres as both anodes
and cathodes [61].

Alhough MFCs have the advantage of low operation cost and
recovery energy (e.g., electricity or hydrogen) to improve their
economic feasibility for wastewater treatment, they are not so cost-
effective accounting for the high capital costs. It was reported that,
based on the materials currently used in the laboratory, the capital
costs of a full-scale MFC (8€ (kg COD)~1) would be orders of mag-
nitude higher than those of conventional wastewater treatment
systems (0.01-0.1€ (kg COD)~1) [62]. It should be noted that the
contribution of the anode and cathode to the total capital cost was
9.4% and 47%, respectively. Therefore, it will be a great challenge
to invent inexpensive substitute electrode materials to reduce the
cost of future MFCs to implementable levels. Moreover, the life-
times of electrode materials are currently seldom been reported
or evaluated in wastewater treatment, an aspect that is urgently
needed by life cycle assessment for future large-scale applications.

5. Problems and prospects

In the last two decades, many efforts have been made in the
development and modification of electrode materials to promote
the performance of MFCs. However, the present MFCs technology
is still far from satisfactory for industrial application. In summary,
there are still many problems to be resolved in the area of electrode
materials, which might also be the topic of research trends in the
future.

(1) The cost of electrode materials is still a key factor limiting their
practical application. Though relatively high output power can
be produced using carbon cloth and carbon paper, their prices
are nevertheless expensive. Additionally, due to the limitations
posed the traditional two-dimensional electrode, the promo-
tion of MFCs performance will inevitably increase electrode
and reactor sizes, which is bound to increase investment costs.
Thus three-dimensional MFCs might have more potential future

although some of the present works have demonstrated some
advantages.

In addition, using the common catalyst Pt on the cathode
increases the cost of MFCs. In recent years, the dawn of the bio-
cathode may inspire one future research direction. A cathode
with the presence of microorganisms can increase the spread
of oxygen to the cathode and improve the rate of oxygen reduc-
tion [63]. Additionally, it can produce valuable new products or
remove some compounds by the metabolism of microorgan-
isms in the cathode. Therefore, many characteristics, such as
simple construction, low operating costs, and not requiring a
metal catalyst or an artificial electron mediator, result in bio-
cathodes improving MFCs [64].

(2) Although some attempts at electrode modification have con-
siderably improved the performance of MFCs, the mechanism
is not yet very clear at present. Can we find a more cost-effective
electrode fabrication method? As a potential wastewater treat-
ment technology, the long-term stability of electrode materials
is also a very important issue. However, most of the present
studies have paid much more attention to the output power, not
fully discussing the stability of the electrode materials, which
would not provide valuable guideline for their long-term ser-
vice in industrial application.

(3) Due to the complexity of the actual wastewater, one cannot
hope that MFCs will solve all pollution problems. Therefore, the
integration/combination of MFCs with other existing wastew-
ater treatment processes (e.g., UASB) seems to be more feasible
and calls for future study. For example, Zhang et al. successfully
used a UASB-MFC-BAF system to dispose of complex molasses
wastewater and achieved a power density of 1410.2 mW m—2
[65].

6. Conclusions

This review summarizes various electrode materials that have
been used in MFCs for improved power output as well as their
effects on many kinds of wastewater treatment. It demonstrated
that different electrodes exhibited different behaviors and elec-
trode modification proved to be a good alternative for enhancing
the performance of MFCs. From the perspective of current develop-
ment, the exploration of electrode materials will be more important
and attractive as a reasonable price and excellent performance will
greatly expand the application of MFCs. For wastewater treatment,
the process integration/combination of MFCs with the present
wastewater treatment technologies seems to be more promising,
cost-effective and feasible.
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