Chapter 10 M)
Electricity from Microbial Fuel Cells gt

Jun Li, Wei Yang, Biao Zhang, Dingding Ye, Xun Zhu and Qiang Liao

1 Introduction

The development and implementation of renewable energy resources is an effective
approach to cope with global energy and pollution issues. Microbial fuel cell
(MFC) technology has the promise to produce electrical energy and treat
wastewater simultaneously because it converts the chemical energy contained in
wastewater to electricity using electrochemically active bacteria (EAB) [1].
A schematic diagram of an MFC is shown in Fig. 1. In a typical MFC, electrons are
produced from the degradation of organic matter by the metabolism of an EAB
biofilm attached to the anode. The electrons are then transferred to the cathode
through an external circuit where they are combined with protons and finally
electron acceptors (e.g., oxygen) to close the circuit [2]. Unlike the combustion
process, the oxidation and reduction reactions occur on the anode and cathode
separately, requiring anaerobic anode conditions to keep the EAB from oxygen or
any other terminal acceptors for electricity generation [3]. When acetate and oxygen
are used as reactants (fuels) the electrode reactions at pH 7 are as follows:
Anode reaction:

CH3CO0™ +4H,0 — 2HCO; +9H" +8¢~  E. = —0.300
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Fig. 1 Schematic diagram of Resistor

an MFC . -
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Cathode reaction:
20, +8¢ +8H'" — 4H,0 E)=0.805V
Overall reaction:
CH;COO™ +20, — 2HCO; + H" E’=1.105V

Based on the reaction above, the substrate is decomposed into bicarbonate and
oxygen is reduced to water. When wastewater is fed into MFCs, the organic/
inorganic matters can be degraded, providing wastewater treatment and energy
recovery in the form of electricity.

Many efforts have been made to improve the capacity of MFC technology for
waste treatment and power generation. Many organic matters such as acetate,
glucose, butyrate, and lactate (Table 1), have been used as substrates for MFCs and
this has demonstrated the feasibility of recovering electricity from different organic
matters [4]. To simulate and verify the in situ treatment of MFC technology, some
prototypes have been tested using brewery wastewater, landfill wastewater, and
starch processing wastewater under continuous or batch feed conditions (Table 1).
Liu et al. reported an MFC capable of producing electricity from domestic
wastewater. The MFC generated a maximum power output of 26 mW/m? while
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Table 1 Different substrates used in microbial fuel cells (MFCs)
Type of Concentration | Source inoculum Type of MFC (with References
substrate electrode surface area and/or
cell volume)
Glucose 6.7 mM Mixed bacterial One-chamber air-cathode [7]
culture maintained | MFC (12 mL) with non wet
on sodium acetate | proofed carbon cloth as
for 1 year anode (2 cm?) and wet
proofed carbon cloth as
cathode (7 sz)
Acetate 1¢g/L Pre-acclimated Cube shaped one-chamber [8]
bacteria from MFC | MFC with graphite fiber
brush anode (7170 m*m?>
brush volume)
Lactate 18 mM Pure culture of S. Two-chambered MFC with 9]
oneidensis MR-1 graphite felt electrode
(20 cm?)
Domestic 600 mg/L Anaerobic sludge | Two-chambered [10]
wastewater mediator-less MFC with
plain graphite electrode
(50 cm?)
Brewery 2240 mg/L Full strength One-chamber air-cathode [11]
wastewater brewery MFC with non-wet proofed
wastewater carbon cloth as anode
7 sz) and wet proofed
carbon cloth containing Pt as
cathode
Beer 600 mg/L Anaerobic mixed One-chamber air-cathode [12]
brewery consortia MEFC with carbon fibers as
wastewater anode
Starch 4852 mg/L Starch processing | One-chamber air-cathode [13]
processing | COD wastewater MFC with carbon paper
wastewater anode (25 sz)
Landfill 6000 mg/L Leachate and Two-chambered MFC with | [14]
leachate sludge carbon veil electrode
(30 cm?)
Azo dye 300 mg/L Mixture of aerobic | One-chamber air-cathode [15]
with and anaerobic MEFC with carbon paper
glucose sludge anode (36 cm?)
Synthetic 510 mg/L Anaerobic culture | Dual chamber MFC with [16]
wastewater from a preexisting | stainless tell as anode

MFC

(170 cm?) and graphite rods
as cathode (150 cm?)

removing 80% of the chemical oxygen demand (COD) in the wastewater [2]. Many
studies have focused on MFC scale-up and practical applications. MFC studies
have typically been conducted in reactors with small volumes ranging from several
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microliters to liters. These reactors are suitable for obtaining basic information but
for practical wastewater treatment, the goal is to develop a scalable technology for
large-scale implementation. The first large-scale MFC test was performed at
Foster’s brewery in Yatala by the Advanced Water Management Center at the
University of Queensland. This study used a reactor consisting of 12 modules, each
3 m high, with a total volume of approximately 1 m® [5]. The goal is for the
electricity recovered from wastewater to at least partially cover the cost of the
wastewater treatment process. To date, the electrical power production has been
increased by five- to sixfolds and improvements continue to be made [5]. Novel
approaches have been reported to improve MFC performance, either by optimizing
the MFC structure or exploring cost-efficient and high performance electrode
materials. To improve the cathode performance while reducing cost, a stainless steel
mesh-based (SSM) cathode and inexpensive carbon catalysts were proposed to
replace the conventional expensive platinum-based (Pt) system for MFC applica-
tions [6].

Although significant improvements have been achieved, challenges remain in
scale-up and practical applications. A major obstacle for MFC application is the low
amount of electricity generation. This is mainly affected by four factors: (1) the
biofilm’s activity to oxidize the substrate of the anode, (2) the low efficiency of the
electron transfer between the biofilm and the anode, (3) the slow oxygen reduction
reaction (ORR) at the cathode, and (4) the high internal ohmic resistance. Many
methods have been tested to enhance MFC performance. These include: exploiting
three-dimensional (3D) open porous anode materials, preparing novel ORR cata-
lysts, and optimizing the reactor architecture. Another major limitation is the high
fabrication cost of MFCs. In typical MFCs, the most commonly used ORR catalyst
is platinum and its alloys. The anode materials are carbon cloth or carbon paper.
The costs for both of these materials are high, especially for large-scale wastewater
treatment applications. In addition, the procedure for fabricating electrodes is
complex and labor intensive; this also increases the cost of MFCs. For example, the
MEFC cathode is usually prepared by brushing or spraying catalyst inks onto the
supporting carbon materials, leading to an additional cost in MFC applications [6,
17]. These problems are being addressed by research on high-efficiency materials
and optimized MFC electrode designs. The goal is the development of a scalable
technology for treating different types of wastewater and simultaneous energy
recovery.

This chapter (1) details the fundamental principles of MFCs, (2) reviews the
electrode materials and construction methods, (3) provides an overview of MFC
architecture, (4) discusses the MFC stack and the feasibility in practical power
generation, and (5) reviews the various applications of MFC technology.
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2 Fundamental Principles of MFCs

2.1 Voltage and Current

A working MFC usually produces an operating voltage (U) of ~0.5 V, which is a
function of external resistance (R.y) and current (/). The relationship is as follows:

U=IR,, (1)

Therefore, the current can be calculated from the measured voltage drop across
the external resistance as I = U/R.4. The highest voltage, which is produced in an
open-circuit condition, is open-circuit voltage (OCV).

The theoretical maximum voltage (reversible voltage) that can be generated from
an MFC is limited by thermodynamics, which can be predicted by the Nernst
equation:

RT ducts]”
Epy — B0 — BTy [productsT® )
nF  [reactants]

where Ef is the maximum electromotive force, E° is the standard cell electro-
motive force, R is the gas constant (8.31447 J/mol K), T is the absolute temperature
(K), n is the transferred electron number, and F = 96,485 C/mol is the Faraday’s
constant. According to the International Union of Pure and Applied Chemistry
(IUPAC) convention, all of the reaction equations are expressed in the direction of a
reduction reaction, so that the production and reactants are the reduced and oxidized
species respectively. E° is calculated based on hydrogen under standard conditions
(at 298 K, chemical concentration of 1 M for liquid and 1 bar for gases), which is
defined as E° (H,) = 0, referred to as the normal hydrogen electrode (NHE).

Based on these principles, the electrode potential and voltage generation can be
determined. In an MFC system, the bacteria need to be operated in neutral pH
conditions. The ORR reaction can be described as:

1/20, +2H" +2e~ — H,0, E°(0,) = 1.229V

Then, the cathode potential (E;) at pH = 7 can be calculated as [18]:

RT 1
EC :EO_Elnﬁ
(O] 7 [HT]

(8.31 1/mol K)(298.15K) 1
(2)(96,485 C/mol) [0.2 mol/L]"/2[10-7 mol/L]?

E. =129V —

=0.805V
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For an MFC using acetate as the substrate, the HCO3 /Ac can be expressed as:
2HCO; + 9H' + 8¢~ — 4H,0 + CH3COO"~

For acetate E° (acetate) = 0.187 V, with a concentration of 1 g/L., a neutral
pH =7 and a bicarbonate concentration of HCO; =5 mM, the anode potential
(E,) can be calculated as [18]:

s RT_ [CH;COO7]
Ea =FE — —lnﬁ
k" [HCO; | [H]

8.31] K) (298.15K)

mol

(8) (96, 485 m%l)

E,=0.187V — (

In ; 5 = —0300V
[0.005mel] [ 10-7 mel]

The highest cell voltage that can be generated from an MFC is the difference
between the anode and cathode potentials:

E=E.—E, 3)

Therefore, an MFC using acetate as the substrate and oxygen as the
terminal electron acceptor can obtain a maximum voltage output of 0.805 V —
(-0.300 V) = 1.105 V. However, in practical applications, the voltage output of the
air-cathode MFCs is much lower than this value. This can be attributed to two
aspects: the first is the voltage loss caused by activation losses, ohmic losses, and
mass transfer losses during the operation. The second is the inefficient ORR through
a two-electron pathway (E. = 0.328 V), compared to a four-electron pathway
(E. = 0.805 V).

2.2 Electricity Generation and Energy Recovery

In an MFC, power is calculated from the measured voltage and current across the
external load as:

P=1IU (4)

The current produced by an MFC can be obtained by measuring the voltage drop
across the external resistor using I = U/R,,, thus, the power can be expressed as a
function of U and R.,:
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P="" (5)

Based on the equation I = U/R,,, power also can be expressed in terms of the
calculated current as:

P =1’R,, (6)

2.2.1 Power Density

To evaluate the power output generated from an MFC with a specific architecture,
the power density can be calculated based on the electrode surface area or the
reactor volume. Thus the power density can be categorized into surface specific
power density and volumetric power density.

Surface specific power density is the power output normalized by the electrode
surface area:

U? U?
P, = 7
ALlREX o AcRex ( )

P, =

where P, and P, are the power density based on the anode and cathode surface area,
respectively. A, and A, are the effective areas of the anode and cathode, which can
be the specific surface area or geometric area. In an MFC with a membrane or
separator, power density can also be calculated based on the membrane/separator
area (A,,). Volumetric power density, used to evaluate the power output of a whole
MEFC system, is the power output normalized by the reactor volume. Volumetric
power density can be expressed as:

U2

Py ———
V" VR,

(8)

where Py is the volumetric power density (W/m?) and V is the volume of the reactor
(m?).

2.2.2 Energy Recovery

The goal of MFC technology is to recover the energy contained in the wastewater.
To evaluate the recovery efficiency of electrons from wastewater, coulombic effi-
ciency (CE) is commonly used and it is defined as the fraction of coulombs
recovered versus the total energy contained in the wastewater:
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Coulombs recovered

CE (9)

"~ Total coulombs in substrate

Coulombs can be calculated by integrating the current with the time; therefore,
CE can be expressed as:

t
EfooIdt

= 10
FeVAC (10)

where M is the molecular weight of substrate (g/mol), V is the volume of the liquid
in the anode chamber (m3 ), and AC is the substrate concentration (mol/L) change
over a fed-batch cycle (t).

For an MFC system using complex substrates, CE can be obtained using COD as
the measure of substrate concentration:

8 [ Idt
cE= ko

"~ FVACOD (11)

where 8 is a constant for the COD, based on the molecular weight of oxygen
(32 g/mol), and 4 is the electron transfer number per mol of oxygen.

2.3 Polarization and Power Density Curves

The polarization curve is a plot of current density versus voltage, which can be
obtained by varying the external resistance while recording the current density and
voltage values at each resistance (Fig. 2a). A typical polarization curve of an MFC
is shown in Fig. 2b. The power density curve, as a function of current density, is
usually shown along with the polarization curve. It is also commonly observed that
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Fig. 2 Cell voltage as a function of external resistances (a), polarization curve, and power density
curve of an MFC (b)
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Fig. 3 Characteristics of a polarization curve, showing three types of voltage losses

a peak, called the maximum power density, appears at high current densities in the
power density curve.

The OCV and the operation voltage of an MFC are always lower than the
reversible voltage predicted by the Nernst equation. To analyze the voltage losses,
the polarization curve can be divided into three regions: (1) a rapid voltage drop at
low current densities; (2) a nearly linear decrease in voltage at medium current
densities; and (3) a rapid voltage drop at high current densities (Fig. 3). The voltage
losses are the result of electrode overpotentials, which are current dependent
(overpotentials change with current densities). Electrode overpotentials are thought
to arise from basic losses corresponding to three regions: (1) activation losses;
(2) ohmic losses; and (3) mass transport losses.

(1) Activation losses are the energy losses incurred for driving the oxidation or
reduction reactions, and for transferring electrons from the bacteria to the anode
surface by the conductive nanowire, mediator, or terminal cytochrome on the
cell surface [18]. Enhancing the electron transfer between anode and bacteria,
using highly efficient cathode catalysts, and improving the anode biofilm
metabolism activity for substrate oxidation would reduce the activation losses.

(2) Ohmic losses arise from the resistance of ion conduction in the solution and
membrane and the flow of electrons through the electrodes and wires as well as
their connection points. The ohmic losses can be reduced by decreasing the
electrode spacing, removing the membrane or using a membrane with a high
ion conductivity, increasing the solution conductivity, improving the electrode
conductivity, and ensuring a good connection between the electrodes and
connection wires.

(3) Mass transport losses arise from the insufficient transport of species to/from the
electrode. At the anode, ensuring a sufficient substrate supply and proton
removal is an effective approach for reducing mass transport losses. The limited
proton removal within the biofilm can be a problem as it lowers the local pH of
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biofilm and adversely affects the biofilm activity. Similarly, the limited proton
supply for the ORR at the cathode can also increase the pH, which can lower
the cathode potential and decrease the cathode performance.

2.4 Electrochemical Analysis

2.4.1 Electrochemical Impedance Spectroscopy (EIS)

EIS is commonly used for quantifying the internal resistance of MFCs. Generally,
EIS tests are performed on a potentiostat by applying a sinusoidal signal with small
amplitude on the working electrode. By changing the sinusoidal signal frequency
over a wide range (typically from 100 kHz to 0.01 Hz), impedance spectra can be
obtained for the MFC system. A Nyquist curve is plotted using the impedance
spectra as the real impedance (Z,.) versus imaginary impedance (Z;,,), as shown in
Fig. 4. To obtain more detailed information about the component of the internal
resistance, the impedance spectra usually needs to be fitted using an equivalent
circuit by EIS software.

2.4.2 Voltammetry

Voltammetry is typically used to determine the redox potential of redox active
matter. The information can be used to evaluate electrochemical activity of the
biofilm and cathode catalysts. There are two types of voltammetry: linear sweep

Fig. 4 Nyquist plots of an 8-
activated carbon cathode in a Low frequency
single-chamber MFC 0.01 Hz
64
£ 41
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Fig. 5 Cyclic voltammetry
of the anode of an MFC under
turnover conditions
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voltammetry (LSV) and cycle voltammetry (CV). In LSV tests, the potential of the
working electrodes (anode or cathode) varies at a certain scan rate in one direction.
For CV tests, the scan is conducted in one direction first and then continued in the
reverse direction until the potential is returned to the start value (Fig. 5). In an MFC
system, CV is the most commonly used method to determine the presence of
electron shuttles or mediators produced by bacteria under non-turnover conditions
and to determine the oxidation current of anode biofilm under turnover
conditions. LSV is mainly applied to record the current response of the cathode
under different potentials for the evaluation of the electrocatalytic activity of the
ORR (Figs. 6 and 7).

(a)

Fig. 6 Common anode materials used in MFCs: a carbon cloth, b carbon paper, ¢ carbon felt,
d graphite plate, e granular carbons, and f carbon brush
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Fig. 7 3D porous anode derived from nanomaterials: a chitosan/vacuum-stripped graphene
scaffolds (adapted and reprinted from [19], Copyright 2012, with permission from American
Chemical Society), b 3D chitosan—carbon nanotube scaffolds (adapted and reprinted from [20],
Copyright 2011, with permission from Elsevier), ¢ CNT/PANI nanocomposite (adapted and
reprinted from [21], Copyright 2007, with permission from Elsevier), d porous carbon nanofiber
aerogel (adapted and reprinted from [22], Copyright 2016, with permission from Wiley),
e graphene-coated nickel foam (adapted and reprinted from [23], Copyright 2013, with permission
from Royal Society of Chemistry), f 3D carbon nanotube-textile (adapted and reprinted from [24],
Copyright 2011, with permission from American Chemical Society), g graphene-sponge (adapted
and reprinted from [25], Copyright 2012, with permission from Royal Society of Chemistry), and
h polyaniline hybridized three-dimensional graphene (adapted and reprinted from [26], Copyright
2012, with permission from American Chemical Society)

3 Electrode and Separator Materials of MFCs

As discussed in Sect. 2.3, the power generation of an MFC depends on the rate of
substrate degradation, bacterial growth and respiration rate on the anode, circuit
resistance, ion mass transfer in the electrolyte, mass transfer of the cathode electron
acceptor, reduction rate of the cathode electron acceptor, and the operating con-
ditions. Different electrode and separator materials vary in their physical and
chemical properties (e.g., surface area, electric conductivity, and chemical stability),
thus they also vary in their impacts on biofilm establishment, bacterial metabolism,
ohmic resistance, and the rate of electrode reactions. Therefore, it is of interest to
develop low-cost, high performance anode, cathode, and separator materials to
promote the performance of MFCs.

3.1 Anode Materials

The anode is where the electroactive biofilm establishes and the bioelectrochemical
reaction occurs. Therefore, anode materials play a significant role in MFC perfor-
mance. An ideal anode would have high conductivity, high specific surface area or
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porosity, low cost, biocompatibility, and good stability. Several metal materials,
such as stainless steel, titanium, copper, nickel, and gold, and carbon materials,
such as carbon cloth/paper, carbon graphite brush, and biomass-derived porous
carbon, have been used for the anode of MFCs [6, 27-29]. Among these materials,
the carbonaceous anodes are regarded as the most cost-effective and promising for
the large-scale application of the MFCs.

3.1.1 Traditional Carbon Materials

Carbon materials (e.g., carbon cloth/paper, graphite plate/granules/rod, carbon
mesh, carbon felt, reticulated vitreous carbon, and graphite brush) are widely used
as anode materials because of their high conductivity and biocompatibility [6, 30—
34]. Carbon cloth/paper is a planar, porous, but fragile and expensive, material so it
is mainly used in lab-scale testing. Carbon felt and reticulated vitreous carbon are
also porous materials and therefore can provide many inner spaces for bacteria
growth and channels for substrate supply and proton removal. Unfortunately, the
low electrical conductivity of carbon felt leads to high ohmic resistance, and the
cost of reticulated vitreous carbon is too high for wastewater treatment use.
Granular activated carbon (GAC) is also used as the anode because of its good
biocompatibility and low cost [35]. Generally, GAC is usually used in packing-bed
anodes, which produce low anode electrical conductivity. Additionally, the specific
surface area of the GAC-based anode is quite high, but the surface area accessible to
bacteria acclimation is relatively low because most of the pores in GAC are small
pores with a diameter < 50 nm. The graphite brush electrode is one of the most
promising anodes for practical application of MFC technology. The MFC using the
graphite brush had a maximum power density of 2400 mW/m?, which was about 4
times higher than using carbon paper (600 mW/m?) [8]. A graphite brush is pre-
pared by folding and twisting a titanium wire to form a succession of regular
loophole openings in which graphite fiber bundles are crimped to form a spiral
structure [36, 37]. The central titanium metal guarantees high electrical conduc-
tivity. The micro-scale diameter of graphite fibers (~7 pm) provides a highly open
porous structure for bacterial acclimation. Graphite brushes have been extensively
used as MFC anodes and ongoing investigations are focused on reducing the overall
cost.

3.1.2 3D Porous Anode Base on Carbon Nanomaterials

To improve the anode performance, 3D materials with large surface areas are
emerging as alternatives for the anode. A variety of 3D nanomaterial-based anodes,
such as chitosan/vacuum-stripped graphene scaffold, 3D chitosan—carbon nanotube
scaffolds, polyaniline hybridized 3D graphene, carbon nanotube (CNT)/polyaniline
(PANI) nanocomposite, PANI/graphene-coated nickel foams, 3D carbon
nanotube-textiles, porous carbon nanofiber aerogels, graphene-sponges, and
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graphene-coated nickel foams have been studied as MFC anodes [19-26]. Katuri
et al. fabricated a multiwall carbon nanotube (MWCNT)/chitosan 3D composite
anode by ice segregation-induced self-assembly (ISISA). A maximum current
density of 24.5 A/m® was achieved at 0 V versus Ag/AgCl for 200 h [38).
Chitosan/vacuum-stripped graphene scaffold and 3D chitosan—carbon nanotube
scaffolds prepared using ISISA also exhibited a great advantage over carbon cloth
or felt. Vacuum-stripped graphene powder randomly embedded on the chitosan
layers increased the surface roughness of the layers and provided a larger graphene
surface area for bacteria adhesion. In addition, due to the presence of meso/
micropores in the anode, a large internal surface area was accessible to endogenous
mediators for the electron transfer between bacteria and anode, leading to increased
biofilm activity. An MFC using these anodes achieved 78 times higher power
output than with the conventional carbon cloth [19]. These 3D porous
nanomaterials-based anodes generally possess a hierarchical porous structure that
benefits efficient diffusion of electron mediators and substrate as well as bacterial
adhesion in the interior of the 3D electrode. They show great potential for use in
MEFCs.

3.1.3 Biomass Derived Materials

Many types of biomass, such as chestnut shells, pomelo peels, natural loofah
sponges, and bamboo, have been used as precursors for the fabrication of the MFC
anodes (Fig. 8) [39—42]. In general, the inherent pore structure of the biomass can
evolve into macropores during carbonization at a temperature above 800 °C. The
macropores are usually cross-linked, favoring a rather high conductivity and a high
performance anode. For example, Chen et al. used sponge-like pomelo peels as the
precursor for the anode. The MFC using the reticulated carbon foam derived from
pomelo peels achieved a maximum current density of 4.0 mA/cm? [39], which was
2.5 times higher than that of graphite felt. Zhang et al. reported that carbonized dry
bamboo branches can be directly used as the high performance anode for biofilm
establishment because the obtained electrode maintained the inherent structure of
bamboo, which is a hollow tube with an inner diameter of 2 mm and highly ordered
15-100-pm macropores [41]. A chestnut shell-derived porous carbon anode has
also been tested. An MFC with this anode achieved a maximum power density
(23.6 W/m3) 2.3 times higher than carbon cloth anode (10.4 W/m3) [42]. Anodes
derived from corn stems, king mushrooms, and wild mushrooms have been
reported by Karthikeyan et al. [43]. Lu et al. reported a high-performance flexible
anode derived from carbonized silk cocoons. Due to their hierarchical 3D, pseu-
dographitic microstructure, good biocompatibility, and high capacitance, an MFC
equipped with the carbonized silk cocoon anodes provided ~2.5-fold maximum
power density greater than that of carbon cloth anodes [44]. The use of natural and
recyclable materials can greatly reduce the cost of electrode materials and improve
anode performance. These materials provide a potential avenue for MFC
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Fig. 8 3D porous anode materials derived from biomass: a pomelo peel (adapted and reprinted
from [39], Copyright 2012, with permission from Royal Society of Chemistry), b chestnut shell
(adapted and reprinted from [42], Copyright 2018, with permission from Elsevier), ¢ silk cocoon
(adapted and reprinted from [44], Copyright 2017, with permission from Elsevier), d bamboo
(adapted and reprinted from [41], Copyright 2014, with permission from Elsevier), e natural loofah
sponge (adapted and reprinted from [40], Copyright 2013, with permission from American
Chemical Society), f king mushroom, g wild mushroom (adapted and reprinted from [43],
Copyright 2015, with permission from Elsevier), and h corn stem (adapted and reprinted from
[43], Copyright 2015, with permission from Elsevier)

commercialization. However, the structure of these materials is difficult to control
and reproduce thus limiting their application in MFCs.

3.1.4 Modification of the Anode Materials

Modification of anode materials can improve MFC performance by increasing the
bacterial affinity for the anode surface, by providing an extra supporting and con-
ductive surface, or by facilitating the extracellular electron transfer (EET) between
bacteria and the electrode. The modification methods can be classified into the
following types: (1) decorating with carbon nanomaterials, (2) modification using a
conducting polymer, and (3) chemical/electrochemical anode modifications.

The widely used nanomaterials for anode modifications are CNTs, carbon
nanospheres, and graphene. CNTs are cylindrically-shaped carbon materials with a
large surface area and these promote microbial adhesion and electron transfer
between the bacteria and anode surface. Ren et al. reported that an anode with
horizontally aligned spin-spray layer-by-layer CNT showed a smaller sheet resis-
tance and induced a thicker biofilm than the unmodified samples. A maximum
power density of 3320 & 40 W m > was obtained by using the anode in a
miniaturized MFC. This value was more than 8.5 times greater than values reported
by prior-art MFCs using 2D and 3D nanostructured electrodes [45]. Similarly,
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nitrogen-doped CNT not only facilitated EET from the c-cytochrome located on the
outer membrane of the bacteria to the electrode but also enhanced the contact area
between the bacteria and the electrode [46]. Graphene is a unique carbon nano-
material with 2D lattice made of sp*-hybridized carbon atoms. Graphene has great
application potential in MFCs. Decorating the electrode with graphene can create an
electrically conductive surface similar to that of CNT-coated materials while con-
siderably reducing the electrode cost. A graphene-modified anode improved the
power density and the energy conversion efficiency by 2.7 and 3 times, respectively
[47]. Zhang et al. also demonstrated that the graphene-modified SSM anode pro-
duced a maximum power density of 2668 mW/m?, which was 18 times larger than
the unmodified SSM anode [48].

Conducting polymers, such as polyaniline and polypyrrole, have been widely
used to modify the electrode due to their high conductivity and durability in
MFC-relevant conditions. Polyaniline carries positive charges in neutral environ-
ments; therefore, it is attractive for enhancing the adhesion of the negatively
charged bacteria. A polyaniline-coated anode reduced the start-up time of MFCs
from 140 to 78 h by enhancing bacterial cell attachment [49]. The conducting
polymer facilitated the EET between the bacteria and the anode. For example, a
anode modified by polypyrrole/graphene  oxide composites  using
electro-polymerization delivered an 8 times higher maximum power density than
the unmodified anode in MFCs [50]. Gnana Kumar et al. reported that a reduced
graphene oxide/polypyrrole composite-modified carbon cloth anode achieved a 3
times higher maximum power density than that of unmodified carbon cloth, due to
the increased electron transfer efficiency and the increased contact area between the
bacteria and the anode [51].

With chemical and electrochemical modifications, functional groups can be
introduced onto the electrode surfaces, leading to a change in the physicochemical
properties of the electrodes and creating a larger electrocatalytically active area,
increased surface charges on the electrode, and a faster EET rate. Chemical and
electrochemical modifications of the anode are effective methods for improving the
anode performance due to the enhanced bacterial cell attachment and the facilitated
EET rate from the bacteria to the anode surface. Chemical modification of the anode
is usually carried out by directly soaking the electrode in strong acid or treating the
carbon materials in ammonia at 600—-800 °C [52-54]. Cheng et al. achieved a 48%
increase in power production and a 50% decrease in the start-up time by treating the
carbon cloth in ammonia at 700 °C [54]. However, chemical modification usually
requires toxic chemicals and high temperatures, both of which increase the cost of
MFCs. Anode modification can also be achieved by electrochemical oxidation in
different electrolytes, such as NH4NO;, (NH,4),SO,4 and HNO5/H,SO,4 [55, 56].
Zhang et al. found that electrolyzing the carbon cloth in nitric acid followed by
soaking in aqueous ammonia could produce a 58% higher maximum power density
compared to the untreated control [55].
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3.2 Separators

3.2.1 Ton Exchange Membrane

In the double-chamber MFCs (DCMFCs), the membrane is usually used to separate
the anode and cathode chamber. This prevents the crossover of oxygen and sub-
strate while allowing ion transfer between the anode and cathode chamber. The
major types of membranes used in MFCs include cation exchange membranes
(CEM), anion exchange membranes (AEM), and the polymer/composite mem-
branes. Many CEMs, including Nafion, Hyflons, Zirfons, and Ultrexs CMI 7000,
are used in DCMFCs. Nafions are the most commonly used CEM in MFCs because
of their good proton conductivity resulting from the negatively charged hydrophilic
sulfonate groups attached to the hydrophobic fluorocarbon backbone [57]. Usually,
a thinner membrane has lower ohmic resistance and produces higher performance.
For example, an MFC with a thinner Nafion 112 membrane had a higher power
density of 31.32 mW/m? than one using a thicker Nafion 117 membrane (9.95 mW/
m?). Pant et al. investigated the effect of membrane types on MEC performance and
found that an MFC with Ultrexs CMI 7000 had a comparable performance to that
with the Nafion membrane [58], but had a lower oxygen mass transfer coefficient
(2.8 x 107* cm/s) compared to one with Zirfons (1.9 x 1073 cm/s) [59]. AEMs,
such as AFN, AM-1, and ACS, are also widely used in MFCs. AFN had the lowest
membrane resistance among these AEMs, resulting in the increased production of
electricity [60]. However, AM-1 and ACS have a lower oxygen mass transfer
coefficient compared with AFN. Polymer/composite membranes, such as sulfonated
polyether ether ketone (SPEEK) membranes and disulfonated poly (arylene ether
sulfone) (BPSH) membranes, are also used as alternatives to the Nafion membrane
in MFCs. A high proton conductivity and a low oxygen mass transfer coefficient of
the SPEEK membrane can be obtained by sulfonating the native PEEK membranes
[61]. Leong et al. found that MFCs with a BPSH membrane had a higher perfor-
mance than those with Nafion. This was due to the lower ohimic resistance and the
lower extent of biofouling of the membrane resulting from the higher proton
conductivity and the higher hydrophilicity of the BPSH membrane [60]. Although
these ion exchange membranes can effectively prevent the crossover of oxygen and
the substrate, their main problem is the pH imbalance created between the anode
and cathode chambers. This is caused by the limited cation or anion transfer across
the membranes, resulting in anode chamber acidification and cathode chamber
alkalization [62, 63]. Anode chamber acidification and cathode alkalization leads to
the inhibition of microbial activity, deterioration of the cathode catalyst activity,
and a reduction in whole cell performance.
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3.2.2 Other Porous Membranes or Separators

To overcome the ion exchange membrane problems, such as pH imbalance between
the anode and cathode chambers, high costs, and high internal resistance, different
porous membranes or separators have been proposed. Ultrafiltration membranes,
microfiltration membranes, nylon and glass fiber filters, J-cloths, and polyether
sulfone resin have been studied as separators for MFCs [64—67]. Fan et al. used
J-cloth as the separator on the water-facing side of the air-cathode of an MFC.
The CE was significantly improved from 35 to 71% due to the significant reduction
of oxygen diffusion in the presence of the J-cloth [68]. Separators with a large pore
size typically produce higher performance due to lower internal resistance. For
example, Zhang et al. used nylon filters with different pore sizes as separators in
MEFECs. The power generation increased from 769 + 65 to 941 4 47 mW/m” when
the pore size increased from 10 to 160 mm [67]. Porous membranes usually have a
low internal resistance, compared to the ion exchange membranes, due to the
porous structure. This structure benefits the ion transfer between the anode and the
cathode. Therefore, the use of these porous membranes or separators can effectively
prevent the diffusion of oxygen from the cathode to the anode, improve the CE, and
alleviate the pH imbalance.

3.3 Cathode Materials

The design and fabrication of the cathode is a major challenge for MFC applica-
tions. To achieve high performance, aqueous cathodes using soluble electron
acceptors with a high electrode potential (such as, potassium ferricyanide, and
potassium peroxodisulfate) have been widely used [69, 70]. However, the electron
acceptors must be replaced after depletion. This would create an additional cost for
the treatment of wastewater and secondary pollution. Therefore, the air-cathode that
uses oxygen as the electron acceptor is considered as the most promising cathode
for practical applications due to the high electrode potential and the ready avail-
ability of oxygen. The main components of an air-cathode include ORR catalysts
(to reduce the ORR overpotential), ionomer binders (to facilitate proton conduction
in catalyst layers (CLs), and to tightly deposit the ORR catalysts), a hydrophobic
layer (to permit air supply to the ORR catalysts and to prevent water leakage), and
electrode supports (to provide mechanical support to CLs and to collect the
electrons).

3.3.1 ORR Catalysts

In lab-scale MFCs, Pt is considered to be the most active catalyst for ORR. To
achieve acceptable performance, the Pt loading of a typical MFC air-cathode needs
to be ~0.5 mgcm 2 [71]. This would significantly increase the cost of
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(a)

Biomass Chlorella pyrenoidosa

Fig. 9 Carbonaceous air-cathode catalysts derived from biomass: a activated carbon, b plant
moss (adapted and reprinted from [75], Copyright 2016, with permission from Elsevier), ¢ rice
straw (adapted and reprinted from [76], Copyright 2015, with permission from Royal Society of
Chemistry), d bamboo branches (adapted and reprinted from [73], Copyright 2017, with
permission from Elsevier), e mixture of sludge and coconut shell derived powders (adapted and
reprinted from [82], Copyright 2015, with permission from Royal Society of Chemistry), and
f Chiorella pyrenoidosa (adapted and reprinted from [80], Copyright 2017, with permission from
Elsevier)

commercial-scale MFCs. Carbon materials, such as activated carbon (AC) and
biomass-derived carbons, exhibit comparable or higher ORR activity compared to
Pt [72, 73]. Watson et al. reported that an air-cathode using the coal-derived AC
catalyst had a higher performance than Pt/C. Watson et al. also compared the ORR
activity of the catalysts with those derived from peat, coconut shell, hardwood, and
phenolic resin, and found that the ORR activity of the catalysts was dependent on
the precursors [74]. Since then, various types of plant biomass (plant moss, rice
straw, bamboo, sludge, and microalgae) (Fig. 9), have been proposed as precursors
for the carbonaceous ORR catalysts [73, 75, 76]. Sun et al. prepared a
cornstalk-derived nitrogen-doped carbonaceous catalyst to facilitate ORR and
obtained a maximum power density of 1122 4 32 mW/m? in MECs [77]. Zhou
et al. synthesized a self-assembled carbon nanoparticle-coated porous ORR catalyst
from plant moss and achieved a maximum power density of 703 & 16 mW/m?
(Fig. 9b) [75]. In addition to plant biomass, animal biomass, such as eggs, blood,
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bones, urea, and animal liver, have also been used as precursors for ORR catalysts.
Wang et al. synthesized non-precious tremella-like mesoporous carbon as the ORR
catalyst using carbonized egg white as the carbon source [78]. Wu et al. developed
an ORR catalyst based on co-doped mesoporous carbon microspheres from the
ecofriendly biomass of eggs without the introduction of extrinsic dopants [79].
Microalgae, such as Chlorella spp., with a high nitrogen content between 4-8%
have been proposed as the precursor for a cost-efficient ORR catalyst in MFCs. The
catalyst derived from Chlorella pyrenoidosa can achieve a higher power generation
(>2000 mW/m?) than with Pt/C (Fig. 9f) [80]. Sludge that is usually regarded as an
unwanted byproduct of wastewater treatment was also used as the precursor for the
ORR catalyst due to high N and metal levels. Deng et al. found that N, P, and Fe
heteroatom-doped hierarchical carbon catalysts with honeycomb-like intercon-
nected macro-mesoporous frameworks can be obtained by direct pyrolysis of
livestock sewage sludge. A maximum power density of 1273 + 3 mW/m?” can be
obtained when this catalyst is applied in MFCs, and this power density is com-
parable to that of commercial Pt/C (1294 + 2 mW/m2) [81].

3.3.2 Binders

Nafion is commonly used as the binder for the ORR catalyst due to its high proton
conductivity. Nevertheless, the high cost of Nafion restricts large-scale use. Several
less expensive polymers, such as polytetrafluoroethylene (PTFE), polydimethyl-
siloxane (PDMS) and polyvinylidene fluoride (PVDF), could be alternatives to
Nafion. For example, Dong et al. reported that the air-cathode using AC as the ORR
catalyst and PTFE as the binder showed a higher performance than that using
Nafion because of the improved oxygen supply [83]. The CL preparation process
using PTFE as the binder can have a significant impact on MFC performance.
A 35% higher performance was obtained by avoiding sintering during CL prepa-
ration compared to the use of sintering because sintering reduced the pore area and
the porosity of CL and led to a deteriorated oxygen supply to the CL [84]. Yang
et al. proposed an easy way to manufacture inexpensive air-cathodes using PVDF
as the binder. The PVDF-based cathode was feasible in MFC operation because a
cheap, but high-performance MFCs can be achieved [85]. The binder content in the
air-cathode has an optimum value. High binder loading can increase the ohmic
resistance of the electrode because binders are usually an electrical insulator, while
a low binder loading can lead to the detachment of catalyst powder from the catalyst
layer [86]. In addition, the binders are usually hydrophobic and can obstruct H* and
OH supply towards the CL, contributing to an additional cathodic potential loss of
the air-cathode in MFCs [87, 88].
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3.3.3 Electrode Supports

Carbon cloth/paper (Fig. 10a) is widely used in both anode and air-cathode fabri-
cation. The common electrode supports for the cathode are carbon cloth/paper and
graphite paper, on which the catalyst ink is coated on the water-facing side and the
waterproofed layer is applied on the air-facing side [89]. However, the friability and
the high cost of carbon cloth/paper and graphite paper hampers large-scale appli-
cation for wastewater treatment. Recently, nickel foam, nickel mesh, and stainless
steel mesh (Fig. 10b—d) have been reported as alternatives to carbon cloth/paper
due to their high electrical conductivity and their high stability in MFC-relevant
conditions. Zhang et al. proposed a method to prepare air-cathodes by pressing CL
onto nickel mesh, which was used as a cathode support and current collector,
avoiding the need for carbon cloth and reducing the cost [72]. Cheng and Wu
studied the use of nickel foam as the current collector in air-cathode preparation.
Their results indicated that the nickel foam cathode could be used in scaling up the
MEFC system [86]. With high corrosion resistance and electrical conductivity,
metallic nickel remains a metal material that is too expensive for large-scale
applications. To reduce the cost of cathode fabrication, Dong et al. reported SSM as
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Fig. 10 Air-cathode supports or current collector in MFCs: a carbon cloth, b nickel foam, ¢ nickel
mesh, and d stainless steel mesh
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an alternative to nickel foam and mesh in the cathode [6]. Usually, SSM is cor-
rosion resistant, with high electrical conductivity, and low cost, being overall
superior to nickel mesh/foam. The SSM can be directly used as a cathode support
and current collector by pressing CL and a gas diffusion layer (GDL) on its two
sides, respectively. Li et al. optimized the opening size of SSM in an AC
air-cathode and reported that a cathode using SSM with 40 M had a better per-
formance due to the lower internal resistance [90]. So far, SSM remains one of the
most widely used cathode supports for the air-cathode of MFCs.

4 MFC Architecture
4.1 Double- and Single-Chamber MFCs

Various MFC architecture has been reported and the majority of it fall into the
categories of cubic, cylindrical, H-cell, and plate- and tube-shaped reactors. Based
on different working principles, the MFC can be categorized into paper-based
MFCs, microfluidic MFCs, plant MFCs, and sediment MFCs. Although there are
many kinds of MFC designs intended for scale-up and practical application, MFCs
can be classified into DCMFCs and single-chamber MFCs (SCMFCs) depending
on whether an ion exchange membrane is used. The advantages of SCMFCs are
reduced setup costs due to the absence of an ion exchange membrane and the direct
usage of freely available oxygen in the air as electron acceptors. The drawbacks of
SCMFCs are the decreased CE that results from oxygen crossover from the cathode
to the anode and a low power density caused by the thermodynamic and kinetic
constraints of ORR in the cathode. The ion exchange membrane in DCMFCs
reduces oxygen crossover to the anode and, thus, leads to enhanced CE of the
MFCs. However, the pH imbalance between the anode and cathode chamber, which
is caused by the limited proton transfer across the proton exchange membrane,
results in anode chamber acidification, which leads to the inhibition of microbial
activity and reduced performance.

4.1.1 DCMFCs

DCMECs are composed of anode and cathode chambers separated by an ion
exchange membrane, which prevents the mixing of anolytes and catholytes (as
described in Sect. 3.2). This feature allows the use of an immersed cathode in MFC.
For example, Zhang et al. developed a plate-shaped DCMFC using potassium
ferricyanide as the cathode electron acceptor (Fig. 11b) [70]. Many immersed
cathodes using soluble electron acceptors with high redox potentials, such as per-
sulfate, permanganate, triiodide, and hydrogen peroxide, have been proposed for
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Fig. 11 Pictures of DCMFCs: a cubic MFC (adapted and reprinted from [94], Copyright 2015,
with permission from Royal Society of Chemistry), b liter-scale MFC (adapted and reprinted from
[32], Copyright 2013, with permission from Elsevier), ¢ bottle-based H-shape MFC (adapted and
reprinted from [95], Copyright 2005, with permission from Elsevier), and d plate MFC (adapted
and reprinted from [96], Copyright 2004, with permission from American Chemical Society)

the DCMFC cathode [69, 91-93]. However, these electron acceptors are not
regenerative in ambient conditions and need to be replaced after they are depleted.

The use of membranes in DCMFCs can also limit the oxygen diffusion from
cathode to anode. A significant increase in CE occurs compared to SCMFCs since
the membrane suppresses the oxygen crossover from the cathode to the anode
chamber and thus decreases the aerobic substrate degradation. Existence of an ion
exchange membrane allows for very small electrode spacing, and can significantly
reduce the ohmic resistance of the MFC and improve MFC performance. Zhang
et al. designed a plate MFC in which the anode and cathode were pressed onto the
two sides of a cation exchange membrane, respectively (Fig. 11d) [70]. However,
other cation species in the anolytes usually have a significantly higher concentration
than protons, making the flux of proton transport considerably lower compared to
the transport of other cations. This causes acidification of the anode chamber and
decreased anode performance.
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4.1.2 SCMFCs

SCMEFCs eliminate the membrane between the anode and the cathode and enable a
simple design and a lower fabrication cost. A SCMFC only contains a single
chamber coupled with a porous air-cathode exposed to the atmosphere. This
eliminates the requirement of aeration in the cathode chamber. In a SCMF, protons
are transferred from the anode to the porous air-cathode through the electrolyte by
diffusion. Liu et al. reported the first SCMFC consisting of an anode placed inside a
plastic cylindrical chamber and a cathode assembled outside (Fig. 12a) [97]. Cheng
et al. designed a single-chamber MFC with a cylindrical structure. The air-cathode
made of carbon cloth and Pt/C was wrapped around the cylindrical reactor [98]. The
proton transfer resistance in SCMFCs is much lower than that of DCMFCs due to
the absence of the ion exchange membrane. However, compared to DCMFCs, the
oxygen diffusion from the cathode to the anode is higher in SCMFCs, leading to a
larger amount of aerobic degradation of the substrate. A considerable amount of
substrate is consumed by bacterial growth on the anode, rather than electricity
generation, and this leads to a lower CE. For example, Liu et al. reported that a
DCMEFC can achieve a CE value of 40-55%, while a CE value of only 9-12% is
possible for a SCMFC [97].
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Fig. 12 Single-chamber MFCs: a structure of a cubic single-chamber MFC (adapted and
reprinted from [97], Copyright 2004, with permission from American Chemical Society),
b bottle-based single-chamber MFC (adapted and reprinted from [99], Copyright 2011, with
permission from Elsevier) and ¢ bottle-based single-chamber MFC (adapted and reprinted from
[100], Copyright 2013, with permission from Elsevier)
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4.2 Air-Cathode MFCs

4.2.1 Designs of Air-Cathode MFCs

Air-cathode MFCs are considered to be promising architecture for scaling-up
because the cathode is directly exposed to the air and it does not require additional
energy to supply oxygen. The air-cathode can be integrated in flat plate, cubic, and
tubular MFCs. Air-cathode MFCs with plate and cubic architecture typically consist
of rectangular anode chambers, and the air-cathode is assembled on the side
opposite the anode. Compared with the cubic design, the flat plate MFC has a lower
ohmic resistance because the design minimizes the spacing between the anode and
the cathode [101]. Tubular structures are also widely used to design air-cathode
MFCs. The tubular MFC is typically composed of an anode surrounded by a porous
separator and the cathode is wrapped outside the separator. The separator is used to
avoid an electrical short-circuit between the anode and cathode and to maximize the
CE. Perforated cylindrical materials, such as polyvinyl chloride or polypropylene
tubes, are usually used as the mechanical support [102, 103]. The tubular archi-
tecture is optimal for scaling-up, since it enables sufficient substrate supply, product
removal, and continuous operation [104]. During scale-up, this architecture could
be enlarged by simply extending the tube in the axial direction. In addition, when it
is operated in continuous-feed mode, tubular MFCs only need a simple manifold to
distribute water into various reactors.

4.2.2 Air-Cathode Fabrication

To achieve acceptable cathode performance, a good air-cathode should provide a
large amount of triple-phase boundaries (TPB) with oxygen, protons, and electrons
simultaneously present. In order to provide sufficient TPBs, the air-cathode usually
consists of several layers, including the CL, the hydrophobic layer, the GDL, and
the carbon paper/cloth support. The fabrication method for the air-cathode has a
great influence on the physical and chemical properties of these layers, and
therefore greatly affects the performance of the air-cathode. The approaches used to
prepare the air-cathode of MFCs can be classified as follows:

Carbon Cloth/Paper Based Cathode Using Spray/Brushing Methods

Spray/brushing is a common method for the fabrication of air-cathodes. It usually
involves sequentially preparing the hydrophobic layer or GDL on the air-facing side
of the carbon material support and the CL on the water-facing side of the carbon
material support. The hydrophobic layer, or GDL, is made by spraying 15-60 wt%
PTFE suspension onto the carbon material supports to facilitate the air supply and
to prevent water leakage from the reactor [71]. Cheng et al. prepared an air-cathode
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by brushing the Pt catalyst and a mixture of carbon black and 30% wt. PTFE
solution onto water-facing and air-facing sides of the carbon cloth serving as the CL
and the hydrophobic layer, respectively. Cheng el al. studied the effects of the
number of hydrophobic layers on the performance of the air-cathode. An increase in
the cathode potential of 117 mV and a CE increase of 171% were achieved with
four hydrophobic layers, respectively [105]. A sintering temperature, ranging from
340 to 370 °C, is needed during the cathode fabrication process to achieve a
uniform PTFE distribution. This causes significant changes in the physicochemical
properties of the ORR catalysts and in the pore structures of the GDL and CL.
Therefore, other fluoropolymers, such as PVDF with low melting points (melting
point 177 °C), have been used to form the hydrophobic layer. Qiu et al. used PVDF
to prepare the hydrophobic layer of the air-cathode and showed that the PVDF
based air-cathode outperformed the PTFE air-cathode [106]. To minimize the
ohmic resistance between the CL and carbon material supports, GDLs are usually
added between the CL and carbon material supports by directly spraying the
mixture of carbon black and PTFE suspension onto the carbon material supports.
Santoro et al. found that the presence of the GDL substantially reduced the water
loss and biofilm infiltration into the CL, thus enhancing the MFC performance
[107].

Cold- and Rolling-Press Method

To meet the requirements of a large cathode size and ease of fabrication for
commercialization, Zhang et al. proposed the cold press method for cathode fab-
rication [72]. In this method, a mixture of catalyst/PTFE and carbon black/PTFE
was pasted on both sides of a nickel mesh current collector and cold-pressed at a
pressure of 150 bar. Dong et al. proposed a rolling-press method for preparing the
MEC air-cathode using SSM as the current collector. In this method, the CL and
GDL were first prepared by rolling-press and then they were rolled onto the SSM.
The rolling-press method is an accurate, labor-saving fabrication process and it can
produce an air-cathode with high ORR activity [6]. SSM properties, such as
opening size and density, can have a great influence on cathode performance
because they affect the oxygen transfer, ion transfer, and electrical conductivity of
the cathode [90]. Besides the properties of the SSM, the pressing conditions also
influence the cathode performance because the porosity and electrical conductivity
of the CL is closely related to the pressing pressure and temperature. For example,
Zhang et al. found that the CL prepared under a lower pressure induced a higher
total pore volume of the GDL and the CL and thus resulted in higher performance
[108]. In order to increase the pore volume of the GDL and CL, the addition of a
pore former is also a feasible way for increasing MFC performance. Liu et al.
attempted to increase the porosity of the air-cathode by mixing the ACs with pore
formers (NH4HCO3). They found that the improved porosity induced by the pore
formers produced a higher exchange current density of ORR due to the extended
TPBs [109]. Another factor affecting cathode performance is catalyst loading.
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Yang et al. found that increasing the AC catalyst loading at levels of up to 27 mg/
cm? improved the performance of the air-cathode due to the increased ORR active
sites. However, a further increase in the catalyst loading from 27 to 62 mg/cm? only
had a minor impact on cathode performance [110]. This was because the beneficial
effects of increasing the catalyst loading were overwhelmed by the increased
electrical resistance and oxygen diffusion resistance of the CL, resulting from the
increased catalyst loading.

Self-assembly or Self-Standing Electrode

Many efforts have been made to optimize air-cathode fabrication. The process is
complex, since it usually involves the preparation of CL and GDL, as well as their
assembly on the current collector or electrode support. Therefore, the development
of an easy fabrication method for the air-cathode is important for the practical
application of MFCs. Several reports have presented methods for fabricating the
self-assembly or free-standing cathode for ORR. Yang et al. reported a 3D
nitrogen-enriched iron-coordinated CNT sponge cathode by two-stage chemical
vapor deposition (Fig. 13a) [111]. The MFC with the prepared cathode delivered a
higher power density (20.3 W/m?) than that of the P/C cathode (12.8 W/m?). Wu
et al. developed 3D nitrogen-doped graphene aerogel-supported Fe;O, nanoparti-
cles for ORR through hydrothermal self-assembly and freeze-dry fabrication pro-
cesses [112]. Although the price of graphene and CNT is still too expensive for
using MFCs in wastewater treatment, the approaches provide new ways to prepare
the self-assembly or free-standing electrode with low-cost carbon or biomass. Yang
et al. proposed that heat-treated bamboo charcoal tubes (BCT), fabricated by
directly carbonizing bamboo tubes, can be used as the monolithic air-cathode of
MFCs [66]. In the BCT cathode, the carbonized N- and P-doped carbon can be
directly used to catalyze the ORR without the involvement of PTFE and/or Nafion
binder for CL fabrication. In the air-cathode, the inherent porous and tubular
structure derived from BCT (Fig. 13b) can serve as oxygen or proton transfer
channels, and the monolithic structure support, respectively. The MFC using the
BCT cathode showed a power output (40 W/m?) that was similar to the MFC using
Pt/C.

5 Stacked MFCs
5.1 Power Generation of MFC Stacks

The power density of MFCs has increased several orders of magnitude over initial
designs due to the optimization of reactor configuration, improvement of opera-
tional parameters, use of bacteria with greater electrochemical activity, and the



418 J. Lietal

eal trealmenl {350 Cin 8|(]

fbonizalien(900 Cin N,)
Directly derived
from bamboo

Fig. 13 Monolithic or free-standing cathode used in MFCs. a CNT sponge as a self-standing
cathode (adapted and reprinted from [111], Copyright 2016, with permission from Elsevier),
b bamboo charcoal tube derived air-cathode (adapted and reprinted from [66], Copyright 2017,
with permission from Royal Society of Chemistry)

application of novel electrode materials. However, the practical application of
MFCs remains limited by low voltage output. For example, the theoretical voltage
output of MFC is ~ 1.1 V when oxygen and sodium acetate are used as the electron
acceptor and the electron donor, respectively, but the practical operating voltage is
only ~0.5 V. This is much lower than the theoretical value due to the charge
transfer, ohmic, and mass transport overpotentials. In addition, the power density of



10  Electricity from Microbial Fuel Cells 419

MEFC is decreased with the increase of MFC volume, and it is very difficult to
improve the power output by directly scaling up the MFC size. Therefore, stacking
multiple MFCs in parallel or series is a promising strategy to realize the enhanced
power and current output in practical application.

MEFC stacks connected in parallel results in a current equal to the sum of the
individual MFCs, while keeping a voltage equal to the average of the individual
MECs. For example, Wu et al. reported that an MFC stack constructed with five
MEFC units achieved a power density of 50.9 = 1.7 W/m®, which was about five
times higher than that of the individual MFCs (~ 10 W/m?) [113]. Aelterman et al.
suggested that six individual continuous MFC units in a stacked configuration
produced a maximum power output of 258 W/m®, which was approximately six
times higher than that of the individual MFCs [114]. In contrast to MFC stacking in
a parallel connection, connecting multiple individual MFCs in series is an efficient
way of achieving a high-voltage output. Theoretically, the voltage output from a
series stack of MFCs should be the sum of the voltage outputs of the individual
MFCs. For example, Gurung et al. showed that two MFCs stacked together in series
could produce an OCV that equaled the mathematical sum of the individual MFCs
[115].

Attempts have been made to build different MFC stacks using approaches, such
as scaling-up by miniaturization and multiplication. Many types of MFC stacks,
such as tubular, multi-electrode, cassette-electrode, and baffled MFC stacks, have
been proposed to improve electricity generation or wastewater treatment (Fig. 14).

5.2 Limitations of Stacked MFCs

Although MFC stacks have shown to be an efficient approach to enhance the
voltage and current output of MFCs, voltage reversal could cause system failure or
a significant reduction of power generation in an MFC stack. Voltage reversal,
which has usually been observed in series-connected MFC stacks, is a phenomenon
where the voltage of an individual MFC in an MFC stack reverses from a positive
to a negative value [123]. Voltage reversal in stacked MFCs is the result of
non-spontaneous anode/cathode overpotential in a unit MFC that has sluggish
anode/cathode kinetics compared to the other unit MFCs. For example, Oh et al.
demonstrated that fuel starvation in an active cell, or a lack of power generation in
the absence of bacterial activity in a unit cell (abiotic conditions) induced voltage
reversal, due to the insufficient voltage of a unit cell compared to other cells [123].
An et al. also showed that the sluggish reaction rate of the anode in the weak MFC
was responsible for voltage reversal in an MFC stack [124]. Voltage reversal in
stacked MFCs can also be caused by slow cathode kinetics. For example, An et al.
demonstrated that the inefficient catalytic activity of the ORR catalyst was the main
reason for the voltage reversal in the stacked MFCs. They also showed that the
voltage reversal can shift from the cathode to the anode when the anode perfor-
mance became the limiting factor of the unit MFC [125]. Therefore, voltage
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Fig. 14 Different MFC stacks using for power generation and wastewater treatment. a MFC
stacks using for powering mobile phone (adapted and reprinted from [116], Copyright 2013, with
permission from Royal Society of Chemistry), b tubular MFC stack (adapted and reprinted from
[117, 118], Copyright 2012, Copyright 2016, with permission from Elsevier), ¢ MFC stacks for
urine utilization (adapted and reprinted from [119], Copyright 2013, with permission from
Elsevier), d pilot-scale MFC stack (adapted and reprinted from [113], Copyright 2016, with
permission from Elsevier), e multi-electrode MFC stack (adapted and reprinted from [120],
Copyright 2014, with permission from Elsevier), f cassette-electrode MFC stack (adapted and
reprinted from [121], Copyright 2013, with permission from Elsevier), (g) self-sustainable MFC
stack (adapted and reprinted from [122], Copyright 2013, with permission from Royal Society of
Chemistry)

reversal is a dynamic phenomenon that occurs in response to the dominant kinetic
bottlenecks in the electrode or unit.

To avoid the requirement of a complicated water distribution system to pump
substrate individually to different reactors and discharge separately, the MFC stack
can be operated under a continuous-flow mode, in which the MFC units are
hydraulically connected by substrate flow. However, as the MFC stack was oper-
ated with both electrical and hydraulic connections, substrate cross-conduction is
usually observed because of the parasitic current flow in the parasitic fuel cell. This
results in reduced performance during the MFC operation (Fig. 15). Zhuang and
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Fig. 15 Illustration of substrate cross-conduction effect between the serially connected MFCs
(adapted and reprinted from [104], Copyright 2009, with permission from Elsevier)

Zhou suggested that two hydraulically connected MFCs could result in a 200-
300 mV open-circuit voltage loss compared to the electrically isolated MFCs [104].

5.3 Maximizing Power Generation

Voltage reversal is a key factor limiting the power output in electrical
series-connected MFCs, and attempts have been made to reduce this problem. One
effective method is to keep the current density of the unit MFCs below the critical
current density using an additional electrical circuit or device during the power
generation (Fig. 16). For example, Wu et al. adopted a DC/DC booster circuit to
convert the low DC voltage of the MFCs (0.2-0.4 V) to a more practical electronics
range of >3.0 V, instead of stacking MFCs in a series [126]. A maximum power
point tracking algorithm proposed by Boghani et al. was used to set the operating
point of the MFC to optimize power harvesting [127]. An et al. used a threshold
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Fig. 16 Different methods to avoid or alleviate voltage reversal in MFC stacks. a An electronic
circuit containing two sets of multiple capacitors that were alternately charged and discharged
(adapted and reprinted from [129], Copyright 2011, with permission from Royal Society of
Chemistry), b MFC subsystem series connectivity along with maximum power point tracking
(adapted and reprinted from [127], Copyright 2014, with permission from Elsevier), ¢ a threshold
resistance for MFC stack (adapted and reprinted from [128], Copyright 2015, with permission
from Elsevier), d a low power DC/DC booster circuit (adapted and reprinted from [126],
Copyright 2012, with permission from Elsevier), e assistance current or voltage for MFC stack
(adapted and reprinted from [132], Copyright 2013, with permission from Royal Society of
Chemistry)

resistance to limit the operating current density of an MFC stack to a lower level
than the critical current density and thus prevent voltage reversal in the MFC stack
[128]. However, these methods are usually energy-consuming. To maximize energy
harvesting, Kim et al. used an electronic circuit containing two sets of multiple
capacitors that were alternately charged in parallel and discharged in series to
increase continuous power production [129]. This electronic circuit boosted the
voltage of the MFC stack and can be used to power an a microbial electrolysis cell
(MEC) without the risk of voltage reversal. Compensating the non-uniformities in
power output between the individual MFCs using electronic circuits was also used
to prevent voltage reversal. For example, Khaled et al. demonstrated that the cell
voltage of MFCs in a stack can be equalized using this balancing method [130].
Similarly, Yang et al. proposed a series-parallel-connected hybrid MFC stack and
demonstrated that this connection can promote both the voltage, the current output,
and the stable operating time of the stack in comparison to the series and parallel
connected stacks by alleviating voltage reversal [131].

In addition, an efficient approach is the application of an external assistance
potential or current on the individual MFCs to balance the inequalities and alleviate
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the risk of voltage reversal. Andersen et al. reported a cell balance system that
controlled the unit cells connected electrically in a series to maintain the cell voltage
of individual cells at, or below, a maximum set point to prevent voltage reversal
[132]. Kim et al. proposed an assistance-current method to prevent voltage reversal
by connecting a supporting electrode in parallel and adjusting the assistance current
flowing from the supporting electrode [133].

6 MFC Technologies and Applications

6.1 Wastewater Treatment

MEFCs were first proposed for wastewater treatment in 1991. MFCs have tremen-
dous substrate (fuel) versatility [7-9]. They can be operated using various readily
bioconvertible organics ranging from pure compounds to complex mixtures in
wastewater, such as acetate, glucose, and lactate. Acetate is commonly used as a
substrate because of its inertness towards alternative microbial conversion (fer-
mentations and methanogenesis) at room temperatures. Compared to acetate, glu-
cose, lactate, or mixed organic pollutant-fed MFCs have a lower CE value due to
the electron loss by competing bacteria. Domestic wastewater, such as brewery,
starch processing, dye wastewater, and even landfill leachates, have also been used
as substrates in MFCs for simultaneous electricity generation and wastewater
treatment [10, 11, 13—16]. Processes that can generate electricity during different
wastewater treatments will help to reduce the economic burden of wastewater
treatment and provide a green alternative for electricity generation.

6.2 MFC Coupled System

MEFCs are usually used as the on-site electrical power source for other microbial
energy conversion systems to minimize the use of electricity from the local elec-
trical grid. Wang et al. coupled MFCs with MECs to form an MFC-MEC system to
convert the energy contained in wastewater into hydrogen [134]. In the system
(Fig. 17a), the electricity produced by MFCs (at ~0.5 V) was used to power
MECs (0.110 V in theory, >0.2 V in practice). Therefore, the integration of MFCs
and MECs can reduce the need for additional electrical grid energy. Sun et al.
combined a single two-chamber MEC (450 mL) with an MFC (225 mL) and
achieved a maximum hydrogen production rate of 0.0149 m? Hy/day [135].
Besides their use for powering MECs, MFCs can also be combined with
bioreactors for continuous effluent treatment to achieve maximum substrate uti-
lization [136, 137]. Many soluble fermentation byproducts, such as formate, lactate,
propionate, acetate, and butyrate, can be degraded in MFCs. Li et al. investigated
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Fig. 17 Common used MFC coupled system. a MFC-MEC coupled system (adapted and
reprinted from [139], Copyright 2014, with permission from Elsevier), b MFC-PBR coupled
system (adapted and reprinted from [138], Copyright 2013, with permission from Elsevier)

the feasibility of using MFCs for pH adjustment and inhibitory byproduct removal
for photobiohydrogen reactors (PBRs). In this study (Fig. 17b), single-chamber
MEFCs were connected between two series-connected PBRs. The coupled system
achieved a significantly higher hydrogen production rate and substrate utilization
due to the beneficial role of MFCs for pH adjustment and inhibitory byproduct
removal [138].

6.3 Biosensors

MECs can be used as biosensors for pollutant analysis and in situ process moni-
toring. In an MFC-based sensor, the chemical signals are usually the current or
electrode potential generated from the substrate oxidation by the electroactive
bacteria in the anode. The signals are directly related to factors, such as pH, sub-
strate concentration, and toxin concentration (Fig. 18), and thus can be used to
monitor the water quality [140]. The design of the MFC type of biosensor integrates
the advantages of the whole-cell biosensor and the self-powered MFC device. This
unique design provides featured compact sensor configuration, in which the mi-
croorganisms directly generate readable electric signal output without any exter-
nally powered transducer. Different types of MFCs have been used as biosensors
for different purposes. Compared with other types of MFCs, the SCMFC type of
biosensors are the most promising because aeration, recycling, and chemical
regeneration of the catholyte is not required during the operation. For example,
Lorenzo et al. constructed a biosensor based on the working principles of SCMFCs
and demonstrated that the biosensor can be used as a probe for labile organics
[141]. According to the application purposes, the MFCs can be designed as
biosensors for monitoring biochemical oxygen demand/COD, toxic component
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detection, volatile fatty acids and anaerobic digestion processing [140, 142-146].
However, the stability, sensitivity, response time, and detection limit of the
biosensor system still need improvement for practical application and to success-
fully compete with other analytical methods.

7 Outlook

Although MFC technology has been intensively studied as a promising method to
achieve sustainable wastewater treatment and electricity generation, many barriers
need to be overcome before practical implementation. Among these, fabrication of
high-performance and cost-effective anodes and cathodes are the most important
challenges. Many alternative anode materials, such as carbon brushes, loofah
sponge-derived porous carbon, graphene aerogels, and carbon nanomaterials, have
been used in MFCs. These 3D porous electrodes can achieve a higher performance
level than carbon cloth/paper because of the greater electrode surface accessible to
electroactive bacteria. However, their high price and the complex production pro-
cess offsets the benefits from the performance improvement. A low-cost and
high-performance cathode is equally important for MFC performance. MFCs using
carbonaceous materials as the ORR catalysts can deliver similar or greater per-
formance than that of the Pt/C cathode, while the cost can be reduced by at least one
order of magnitude. However, fabricating and doping the carbon materials usually
requires toxic chemicals, sophisticated preparation routes, and specialized equip-
ment. Preparation of these catalysts can have a negative environmental impact.
Although there has been significant development in MFCs recent years, most of
these achievements were based on lab-size MFCs ranging from microliters to
milliliters. Therefore, these results cannot be directly applied to large-scale reactors
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due to poor understanding of the effects of reactor architecture and operation
conditions on MFC performance. In a scaled-up system, water pressure, that is quite
low in a lab-scale MFC, can challenge the mechanical strength and the stability of
the air-cathode. Additionally, the wastewater usually contains small particles. These
may block reactor pipes and limit the substrate supply to the biofilm, leading to a
significant decrease of biofilm activity on the anode. Therefore, many efforts are
needed to develop or establish an improved MFC system that can be operated in a
real wastewater treatment plant.

MFCs represent a proven carbon neutral technology and they can be used for
renewable energy production and wastewater treatment. There is a bright and
promising future for a wide range of MFC technologies and these are the foundation
of a new generation of renewable energy systems.
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