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Abstract: Microbial bioelectrochemical systems (BESs) interconvert electrical and
chemical energy, enabling electricity generation, hydrogen production, chemical
synthesis, wastewater treatment, desalination, and remediation. The focus of this
review is design of bioelectrodes for BESs. Desirable features are high conductivity,
stability, and biocompatibility. We trace the history of bioelectrode design from
nonporous designs to modern porous designs that are particle-based, fiber-based, or
monolithic, and compare performance characteristics. The most promising
strategies use porous structures conducive to microbial colonization and surface

materials that promote efficient electron transfer.
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1. Introduction to microbial bioelectrochemical systems

1.1 Background and applications

Microbial bioelectrochemical systems (BESs) harness the metabolic machinery of
microorganisms to interconvert electrical and chemical energy '~’. Transduction of energy
is achieved by microbial colonization of a bio-anode or a bio-cathode and electron
transfer to or from bioelectrode surfaces. The microorganisms that mediate these electron
transfers are variously referred to as exoelectrogens, electrochemically active bacteria,
anode- or cathode-respiring bacteria, or electricigens. For the purposes of this review, we
adopt the term “exoelectrogens”. Known exoelectrogens include species in the genera
Shewanella 8, Geobacter 9, Escherichia 10, Rhodopseudomonas 11, and Ochrobactrum '
(Figure 1). Exoelectrogens mediate electron transfers between solids and dissolved
substances in many natural environments (soils, mines, hot springs, thermal vents,

aquifers, lake, ocean sediment) and over a wide range of physical-chemical conditions

(pH, ionic strength, pressure, temperature).

Development of BES applications that harness exoelectrogens has grown
tremendously since the first report of microbially generated current in 1911 33!,
Common BES applications involve electricity generation, hydrogen production, chemical
synthesis, wastewater treatment, desalination, remediation, and sensing 3248 Microbial
fuel cells (MFCs) are the most common BES applications. In these devices, dissolved
organic matter is oxidized at a bio-anode, and an oxidant —typically O,— is reduced at a

32-34

cathode . In general, a membrane separates the bio-anode from the cathode. A

common limitation to MFCs is low efficiency of energy recovery due to voltage and
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energy losses *. With bio-anode applications, much of these energy losses can be traced
to use of O, as oxidant but recent innovations make such losses avoidable 24 MFCs can

be used for desalination, driving cation migration to an anode and anions migration to a

35, 36

cathode . By adding a reverse-electrodialysis membrane between the anode and

cathode, energy can be extracted from salinity gradients in microbial reverse-

37, 38

electrodialysis cells . Cathodic reactions in BES enable reduction of oxidized

39-42

contaminants, such as nitrate, perchlorate, sulfate, and organic halides , production of

43, 44

hydrogen in microbial electrolysis cells , and reduction of carbon dioxide to produce

45, 46

biofuels . Both bio-anodes and bio-cathodes can be used in biosensor applications

that take advantage of the linear relationship between current and analyte concentration *”

48

1.2 Life on redox-active surfaces

Exoelectrogens growing on bio-anodes remove of electrons from soluble electron
donors, such as dissolved organic matter. These electrons are transferred to the surface of

the bio-anode, which may be a coating 23, 50, 51

. For each electron equivalent removed
from the electron donor and transferred to the bio-anode, a fraction f. is oxidized to meet
cell energy requirements, and a fraction f; is used for cell synthesis and maintenance,
where f. + f, = 1 °%. The fraction used for energy depends upon the energy generated by
transfer of one electron equivalent to the bio-anode surface. The exoelectrogen must
obtain enough energy for competition with non-exoelectrogens competing for the same
electron donors but using soluble electron acceptors, such as CO, or sulfate. In effect, the

bio-anode surface “competes” with locally available soluble electron acceptors. After

transfer of electrons to the bio-anode, the electrons can flow though an external circuit to

3
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the cathode, but again, only if thermodynamics permits: the cathode potential must be
greater than the potential of the bio-anode. It must also be less than the potential of
soluble electron acceptors at the cathode. The result is a thermodynamic hierarchy for
electron donors and electron acceptors (Tables 1 and 2) that affects the choice of
electrode materials and constrains the energy that can be harvested for human use.

Similar discuss can be also applied to the bio-cathodes.
1.3 The importance of scale

Considerations of scale are critical for bioelectrode design. Exoelectrogens range
in size from a few hundred nm to a few um, and can grow as biofilms on a diverse range
of materials with a range of topography, including two-dimensional surfaces, such as
carbon paper, and three-dimensional (3D) media, such as graphene-coated sponge (Figure
1) #1235 335 Different processes carry electrons to and from exoelectrogens,
including: (1) synthesis of and diffusion of redox-active shuttles; (2) synthesis of redox-
active membrane-bound proteins that engage in short-range direct electron transfer with
the bioelectrode surface; and (3) synthesis of microbially-generated nanowires (or a solid
matrix) that tether the cell to a bioelectrode surface and enable long-range electron

. 1,21,26,55
conduction 77,

Key scale-dependent factors are the rates of electron transfer, diffusion of substrate
and products, and advection. Bioelectrode design influences each process and can
determine which is rate-limiting. Delivery of electrons is needed for sustained reduction
of an oxidized bio-anode by its attached cells. Removal of electrons is required for

sustained oxidation of a reduced bio-cathode by its attached cells. If these electron
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transfer rates are slow, the intrinsic rates of substrate utilization can become limited. Such
limitations can be addressed with conductive coatings, stainless steel current collectors,

23,5051 \When electron transfer

and creation of electrode topography that fosters adhesion
is rapid, diffusion of soluble substrates and products, including delivery of reactants and
removal of waste products, can become rate-limiting. Diffusion is fast over the length
scale of a bacterium (Table 3), occurring in ms, but because the time required is
proportional to the distance squared, diffusion over 1 mm is already dramatically slower
(min). Over a scale of centimeters, advection is needed to bring substrates to

exoelectrogens, to remove waste products, and to enable acceptable rates of substrate

utilization. Diffusion is too slow (days to months).

2. Optimizing electron and solute transfer

The goal of bioelectrode development is to obtain bioelectrodes with high
volumetric current density (A/m’). This parameter is a product of the specific surface
area of the electrode (mz/m3) and the areal current density (A/mz) (Scheme 1). The
electrode surface must be accessible for microbial colonization. Based upon these
considerations, the ideal high performance bioelectrode would combine macroscale and
microscale features (Scheme 1). Desirable macroscale features would include a 3D
macroscale porous structure that facilitates advective delivery of substrates, improves
removal of waste products, and prevents clogging. Desirable microscale features would
include conductive coatings and networks and topographic features favorable for efficient

microbial adhesion and electron transfer.
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The first step in fabricating such a bioelectrode is creation of a conductive and
porous 3D scaffold. This can be done by thermal transformation of an insulating template

- - 31, 56-6
that possesses the desired macrostructure into a conductor > >’

, or by coating a
template with stable, biocompatible, and conductive materials, such as inert metals,
carbon nanotubes (CNTs), graphene, or conductive polymers * 2% A 3D porous
scaffold can also be fabricated directly from conductive elements, say, for example, by
incorporating conductive nanomaterials, graphite granules, graphite fibers, and inert
metal wires 7. Key parameters of the 3D porous electrode include pore size, pore shape,
macro-porosity, and accessibility (open or closed) (Scheme 1). Surface modifications can
increase microbial adhesion and electron transfer. The common strategy is to increase the
electrode conductivity, micro-porosity, roughness, hydrophilicity, biocompatibility, or
charge storage capacity (Scheme 1). Many research groups have developed such
electrodes, using chemical and thermal treatments and a variety of coatings, including
redox-active additives, conductive polymers, and nanomaterials "**°. Good reviews of

. . . . 91-93
these surface modification studies are available .

In the following sections, we focus on the structural design of a porous and
conductive 3D scaffold. We summarize design of traditional nonporous BES
bioelectrodes (Scheme 2A), then discuss porous bioelectrodes, including configurations
that are particle-based (Scheme 2B-D), fiber-based (Scheme 2E-I), and monolithic
(Scheme 2J-L). For each category, we provide examples of bioelectrodes that have been
investigated in BESs (Table 4). We discuss whether the reported bioelectrodes are truly
open and capable of internal colonization. Given the size of exoelectrogens (a few

8-12, 23, 51, 53, 54

hundred nm to a few pm) (Figure 1) , microscale pores less than a few pum
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are not accessible for colonization. We also examine the time period for operation and
potential for long-term clogging. We define “long-term studies” as those with minimal
operational periods of at least a few months. Since the thickness of mature biofilms
ranges from tens of um to hundreds of pm ***, only those electrodes with pore size of at
least a few hundred pm are expected to be sustainable without clogging. Key
performance metrics are the maximum current densities normalized to the projected/total
surface area or bioelectrode volume. Because these metrics are difficult to compare for
different systems, we include a description of BES operation, the nature of the
microorganisms used, substrates supplied, and method of measurement of current
densities (fixed anode potentials, polarization curve, or operation with an external load).
Despite our inclusion of these factors, direct comparison of bioelectrode performance
remains challenging as we lack information on electrode thickness, long-term sustainable
current output, and clogging. No studies have measured the real electrode-biofilm
interfacial area, a parameter that is more directly related to the structure design of the
bioelectrode. In addition, assessment of most bioelectrodes has occurred in synthetic
electrolytes prepared with dissolved solutes and purified water, limiting extrapolation of

bioelectrode performance to real wastewaters containing suspended particles.
2.1 Nonporous bulk electrodes

2.1.1 Carbon electrodes

Traditional graphite electrodes, such as graphite rods, graphite plates, or graphite

disks, are commonly used due to their low cost, high conductivity, high stability, and

biocompatibility (lack of microbial toxicity and resistance to microbial degradation) ****
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% The graphite surface appears rough at the 10 pm scale (Figure 2A), but nearly flat at
the one um scale of exoelectrogens (Figure 2B). To improve microbial attachment and
electron transfer, experts have modified these electrodes using multi-walled carbon
nanotubes (MWCNTs) . a MWCNT/SnO, nanocomposite 7 a MWCNT/MnO,
nanocomposite % in-situ exfoliated graphene % Au/Pd nanoparticles 10 3 graphite paste

-2+ 101

containing Fe;O4 or Fe;O4 and Ni , polyaniline nanostructure 102

, a sulfonated

103

polyaniline/vanadate composite ", positively charged groups reduced from aryl

diazonium salts »°, a capacitive layer consisted of a mixture of activated carbon powder

104 .
, and redox-active

and a N-methyl-2-pyrrolidone/poly(vinylidenefluoride) solution
aromatic compounds, such anthraquinone-1,6-disulfonic acid and 1,4-naphthoquinone "'

Even with those surface modifications, the maximum current densities achieved are

normally not higher than 10 A/m? (Table 4) % 10104,

2.1.2 Metal electrodes

Researchers have prepared bioelectrodes using gold, platinum, and titanium.
Richter et al. demonstrated biofilm growth of G. sulfurreducens on gold (Figure 2 C and
D) with current density of 0.4-0.7 A/m’*. The electrodes were polarized at 0.3 V vs
Ag/AgCl in an acetate medium. Confocal laser scanning microscopy indicated a biofilm
thickness of about 40 um ?. Crittenden et al. investigated surface modification of gold
electrodes with self-assembled monolayers of carboxylic acid terminated alkanethiols.
The modification enhanced the electronic coupling of S. putrefaciens to gold electrodes.
When lactate was used as the electron donor, a modified gold electrode could achieve a
peak current output of ~3.8x10° A/m? a value that is about 3 times greater than that of a

glassy carbon electrode operating under the same conditions (~1.2x107 A/m?) '®*. Liu et
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al. prepared gold electrodes by electroplating gold onto a silicon wafer. Two kinds of
electrodes were designed with the same exposing gold surface areas but different patterns:
one was rectangular and the other was an array of 10 pm wide lines spaced 100 um apart
(Figure 2 E and F). When the electrodes were polarized at 0.24 V vs. SHE in an acetate
medium seeded G. sulfurreducens, the line array electrode achieved a 4-fold higher
current output (16 vs. 4 A/m®). Confocal laser scanning microscopy and SEM images
(Figure 2 G and H) revealed that the current output was elevated mainly by the increased
biomass: cells could grow at least 15 pum outward in a semicylinder from the gold lines,
resulting in 4-fold more biomass on the line array electrode 1% In another study, different
electrodes were evaluated in MFCs seeded with anolyte from a previous MFC and fed
acetate: a platinum-coated titanium electrode enabled higher maximum current densities
(~4.1 A/m?) than a flat graphite electrode (~3.0 A/m?), but the same graphite electrode
blasted with aluminum oxide enabled even higher current densities (~4.6 A/m?) '%".
Maximum current densities were estimated from polarization curves. While the capital

cost of precious metal bioelectrodes is high, they could have value for small-scale BES

applications.

Stainless steel is a less costly alternative to precious metals. To date, the main

108, 109
> 7. These electrodes were

application of stainless steel electrodes is in marine MFCs
pretreated with acid (2% HF/0.5 M HNO; for 20 min) to remove the oxide layer 72,108
Erable and Bergel reported a maximum current density of 4 A/m” when a stainless steel

plate electrode was polarized at -0.1 V vs SCE in an acetate medium inoculated with a

natural biofilm scraped from harbor equipment 2,
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Baudler et al. systematically studied several metal anodes, including copper, gold,
silver, stainless steel, nickel, cobalt, and titanium, in parallel with a graphite anode % For
bioelectrochemical measurements, these electrodes were polarized at 0.2 V vs. Ag/AgCl
(for graphite, gold, and silver) or -0.2 V vs. Ag/AgCl (for copper, steel, nickel and
titanium) in an acetate solution seeded with preselected bacterial cultures from
wastewater. The copper anode achieved the highest current output (15.15 A/m?),
followed by gold (11.75 A/m?), silver (11.19 A/m?), graphite (9.84 A/m?), stainless steel
(6.74 A/m®), and nickel (3.84 A/m?). These current densities correlated with the thickness
of the electrochemically active biofilms that developed on the anodes, which were
249421 um, 127411 pm, 154£10 pm, 117+13 pm, and 7749 um, for copper, gold, silver,
graphite, and nickel, respectively (Figure 2I). In general, thicker biofilms developed at
higher current density. The authors also estimated material costs for production of
electrodes with comparable electric conductivities. Because of the superior conductivity
of copper, the thickness of copper electrode could be much thinner and thus material cost
(0.53 US $/m?) is significantly lower than those of graphite (26.1 US $/m?”) and stainless

steel (9.47 US $/m?) electrodes.

For nonporous bulk electrodes, exoelectrogens only grow on the outer surface
(Scheme 2A), so the interfacial area is limited to the projected geometric surface area of
the electrode. This prevents further increases in current density, given that only those
exoelectrogens growing within a certain distance of the electrode surface can effectively

contribute to current generation.

2.2 Particle based porous electrodes

10
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2.2.1 Densely piled electrodes

Particle “piling” is commonly used to prepare 3D porous electrodes for traditional
electrochemical systems, such as batteries and fuel cells. This method is also widely used
for bioelectrode fabrications. Zhang et al. used a roller press to prepare bioelectrodes

from an emulsion of graphite particles (5 pm diameter) mixed with

110 111

polytetrafluoroethylene (PTFE) at different percentages (6-48%) . The authors
found that 30% PTFE is optimal: in addition to serving as a binder, PTFE increased the
porosity and wettability of the composite electrode, facilitating microbial attachment and
electron transfer. At high PTFE content, however, electric conductivity decreased, and
thick bio-films formed that clogged the pores. The electrodes were tested in a single
chamber MFC where the anode chamber was flushed with electrochemically active E.
coli and a glucose medium. For a constant load of 1.98 kQ, the electrode with 30% PTFE

initially achieved a maximum current output of ~1.2 A/m?, but gradually dropped to <0.5

A/m? after 10 h.

In some studies, the particles filled the pore space of current collectors made from
stainless steel meshes, carbon felts, or nickel foam, but open porous structures were not
achieved. In a typical fabrication, Zhang et al. used a paste prepared by mixing of
graphene powder with PTFE to coat the surface of a stainless steel mesh. The composite
electrode was then pressed ''2. Peng et al. prepared a paste by mixing activated
carbon/goethite powders with PTFE. The paste was roll-pressed into a sheet 0.2 mm in

"3 Wang et al.

thickness then roll-pressed onto a stainless steel mesh current collector
have created polyaniline/mesoporous tungsten trioxide (WOs3) composites or nano-

molybdenum carbide (Mo,C)/CNT composite with PTFE suspensions coated onto carbon

11
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felt ' ', A pressing procedure was used to improve electrical contact, but this protocol
likely changed macroscale porosity. Figure 3A and B show the polyaniline/WO;
composite electrode before and after colonization. The pore size is less than 100 nm, and
is thus not accessible to exoelectrogens. Qiao et al. coated nickel foams with a paste
prepared by mixing MWCNT/polyaniline or TiO,/polyaniline composite powders with
PTFE. They then applied a pressing procedure to improve electrical contact (Figure 3C-E)
3. 16 The same procedure was applied by Zhao et al. to coat nickel foams with
nanostructured graphene/TiO2 hybrids ''7. The maximum current densities achieved with
these pressed composite electrodes were in the range of 0.15-19 A/m?, all of which were

estimated from polarization curves. Additional detailed are provided in Table 4'% #1177,

Although high current densities are achieved, applying pressure to pile up nm to
um scale particles results in nm to um scale pores (Figure 3) that exoelectrogens could
clog but not effectively colonize. The thickness of these biofilms ranged from tens of um
to hundreds of um. Because the exoelectrogens could only grow on the outer surface of
the electrode, performance was like that of nonporous electrodes with improved electrode

surfaces (Scheme 2B).

2.2.2 Cell-embedded electrodes

Several research groups have blended microorganisms and electrode materials in an
effort to increase interactions between microorganisms and the electrode (Scheme 2C). In
a typical fabrication, anodic microorganisms from a MFC were harvested, mixed with
carbon nanoparticles (300 nm) and PTFE, and the resulting paste was spread on a carbon

cloth current collector (Figure 4A) ''®. Cho et al. mixed permeabilized Ochrobactrum

12
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anthropi SY509 cells directly with copper powders (<65 pum in diameter). An acrylite
mold filled by the mixture was soaked in a CaCl, solution for hardening, and a

microorganism/copper composite bioelectrode was ready after 3 h (Figure 4B) '

. Liang
et al. added MWCNT powders into the anolyte simultaneously with am inoculum of G.
sulfurreducens, incorporating MWCNTs into the anodic biofilm matrix and forming a
composite biofilm on a carbon paper current collector (Figure 4C) 120 Another group
added graphene oxide to anolyte containing microorganisms, creating a bacteria/graphene
network '*'. Park et al. immobilized E. coli on Fe;04/CNT nanocomposite by a culturing
process for 2-3 h then loaded the resulting network onto a carbon paper electrode '*.
Although these research teams achieved a large exoelectrogen-electrode interfacial area,
the thickness of the composite bioelectrodes was limited to a few hundreds of pm. Under
such conditions, the macroscale pores needed for substrate transport into/out of the
biofilms are absent, and exoelectrogens within the matrix become inactive. Electrodes
prepared with pre-embedded exoelectrogens cannot sustain microbial activity. The
maximum current densities reported in these studies were less than 9 A/m’, estimated

from polarization curves (Table 4) ' 121122,

2.2.3 Packed bed electrodes

To achieve open 3D structures with macroscale pores that are accessible to
exoelectrogens but do not clog (Scheme 2D), researchers have used mm scale granules,
such as granular graphite (Figure 5A) and granular activated carbon (Figure 5B) 7% '%,
Rabaey et al. fabricated a tubular MFC with a 390 mL anode compartment filled with

graphite granules between 1.5 and 5 mm in diameter (Figure 5C). The packed bed of

graphite granules had a porosity of 0.53 and specific surface area of 817-2720 m*/m’. To

13
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improve substrate transport, anolyte was circulated through the porous anode at a rate of
100 mL/min. After seeding with a bacterial culture obtained from previous MFC, the
tubular acetate-fed MFC achieved a maximum current generation of 31 mA through a 20
Q external resistor after 26 days of operation. The maximum current density based on the

volume of the anode (390 mL) was ~80 A/m> .

Aeclterman et al. investigated acetate-fed MFCs containing packed bed anodes
fabricated from 2 mm or 5 mm diameter graphite granules. The anode compartment (156
mL) was seeded with anolyte from a previous MFC. External resistance was gradually
decreased from 50 Q to 10.5 Q over a 150 day period of operation. The MFCs containing
2 mm or 5 mm graphite granules achieved current densities of ~150 A/m’ and ~250 A/m’,
respectively. The authors argued the 2 mm graphite granules had more contact points and
higher internal resistance, resulting in lower power density "’. Researchers have also used

124125 The electrode

granular activated carbon granules for packed bed bioelectrodes
surface area is increased, but the pores of the activated carbon are sub-um and thus
inaccessible to exoelectrogens. A drawback to use of activated carbon compared to

graphite is that it normally has a lower conductivity, and thus greater potential for

increased internal resistance.

In another study, Wang et al. coated crumb rubber granules (4-8 mm) from recycled
tires with a conductive graphite paste and allowed the paste to dry. A 140-mL anode
MFC chamber was filled with the coated granules, seeded with anaerobic digester sludge,
and fed acetate. From the polarization curve, the maximum current density achieved was
~1 A/m’, less than that of graphite granules (2-6 mm) under the same conditions (~1.5

A/m’). The coated rubber granules had a higher specific surface area, but conductivity

14

Page 14 of 67



Page 15 of 67

Energy & Environmental Science

was lower. The loose packing of the coated rubber granules (1.1 g/em’® vs. 2.2 g/cm’ for
graphite granules) may have increased internal resistance, but decreased the energy

needed for anolyte flow "'
2.3 Fiber based porous electrodes

2.3.1 Carbon paper/cloth/mesh electrodes

Carbon paper (Figure 6A-C) and carbon cloth (Figure 6D-H) are the most
commonly used and commercialized bioelectrode materials in BESs. To fabricate carbon
paper, evenly piled graphite fibers, a few um in diameter (Figure 6B), are compressed
into a thin and brittle sheet (Figure 6A). To fabricate carbon cloth, hundreds of individual
graphite fibers are bundled, then regularly woven into a piece of flexible cloth (Figure
6D). Both carbon paper and carbon cloth are highly conductive, with sheet resistances

less than 1 Q/sq.

Several research groups have improved the current density of carbon paper and
carbon cloth. Researchers suspended Pt loaded MWCNTs, polypyrrole-coated MWCNTs,
or graphene/Au composites in a solution then spread the solution over carbon paper 2%,
He et al. modified carbon paper by plasma-based N* ion implantation. The treated carbon

paper had higher surface roughness and hydrophilicity '*

. Zhang et al. decorated carbon
paper with mesoporous carbons using a layer-by-layer self-assembly method *°. Guo et
al. constructed multilayer polyethyleneimine/graphene films on carbon paper *'. Liu et al.
applied an electrochemical method to deposit a CNT network on carbon paper *%. They
133,134

also simultaneously deposited CNTs and chitosan by the same method (Figure 6C)

Materials scientists have also modified carbon clothes with conductive polymers (e.g.

15
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135, 136

polyaniline (Figure 6E) and polypyrrole "7), nanomaterials (e. g. MWCNTSs

(Figure 6F) '**, bamboo-like nitrogen-doped CNTs '*°, graphene reduced from graphene
gu g

135, 140 141

oxide , crumpled graphene particles (Figure 6G) ', reduced graphene oxide/SnO,

142
)

nanocomposite , and N-rich molecules (e. g. 4(N,N-dimethylamino)benzene

. . 143
diazonium tetrafluoroborate

). These additives were applied as coatings via
electrochemical deposition or by chemical reactions, or made into inks or slurries then
painted to the carbon cloth. Researchers have also activated the surface of carbon cloth
by electrochemical oxidation in different solutions, such as ammonium bicarbonate,

. . . coe 144-146
ammonium nitrate, ammonium sulfate, nitric acid, and phosphate buffer .

The spacing between the graphite fibers in carbon paper and carbon cloth is about
ten um (Figure 6A, B and D). In long-term operation, these small pores are easily
clogged. Moreover, some of the electrode modifications mentioned above significantly
reduce spacing (Figure 6E), bridge the gaps between fibers (Figure 6F), or even
completely fill the gaps (Figure 6C and G) in carbon paper and carbon cloth 136, 138, 141
Long-term studies of biofilm growth upon these surfaces have shown that biofilm covers
only the projected geometric surface of the electrodes with no colonization of inner fibers

(Scheme 2E and F, Figure 6H and I) 8,23, 147

Research teams have also investigated carbon mesh as a BES bioelectrode. Carbon
mesh is similar to carbon cloth, but has a more open structure due to a coarser weave.
The capital cost of the mesh is much less than that of carbon cloth and the electrode

148-150
. To date, however,

surface can also be modified to achieve better performance
there is no evidence that a carbon mesh can maintain the open porous structure needed

for microbial colonization and long-term operation. The maximum current densities

16
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achieved by carbon paper, carbon cloth, or carbon mesh bioelectrodes are usually less
than 10 A/m* (Table 4) 26127 129-132. 135-140. 142, 145, 146. 198 "y yypper limit similar to that of

nonporous carbon electrodes.

2.3.2 Stainless steel mesh electrodes

Stainless steel mesh also has a woven structure similar to that of carbon cloth, but
at a larger scale. Because of its excellent mechanical properties, the diameter of stainless
steel wire and the spacing between wires can vary from tens of um to tens of mm. A
stainless steel grid electrode generated a maximum current density of 8.2 A/m”> when
polarized at -0.1 V vs SCE in an acetate-fed medium inoculated with a natural biofilm
scraped from harbor equipment 2. Lamp et al. described the effects of carbon
nanostructures deposited onto stainless steel meshes (wire diameter, 400 pm; spacing,

51 The modification

about 860 pm) by a flame synthesis method (Figure 7A-F)
significantly improved the affinity of the electrode surface for microbial colonization
(Figure 7C and F). Erbay et al. directly grew MWCNTs on stainless steel meshes using a
water-assisted chemical vapor deposition method . Different physical properties (e.g.
length, packing densities, surface conditions) of CNTs were investigated. An electrode
modified by long and loosely packed CNTs without any amorphous carbon showed best
performance. Based on a polarization measurement in a two chamber MFC inoculated
with wastewater and fed acetate, this electrode achieved a maximum current density of
~6 A/m’. One layer of stainless steel mesh functions as a planar porous bioelectrode, and

a 3D electrode configuration is achieved by stacking several layers of stainless steel mesh

(Scheme 2G).

17
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2.3.3 Carbon felt electrodes

Carbon felt is a nonwoven material made from carbon fibers that has more open
porous structure and can be much thicker than carbon cloth. Carbon fibers are randomly
intertwined to form a loose but conducting matrix (Figure 8A and B), and the spacing
between the fibers can range from tens of um to hundreds of pm. Scott et al. coated
various carbon/polymer materials onto carbon felt 132 Chen et al. modified carbon felt by

1533 It was not clear, however,

pasting it with a solution of porous carbon and PTFE
whether the electrodes achieved macroscale porosity: the coating methods were not

clearly described and scanning electron microscope (SEM) images of the modified

carbon felt electrode surface show only microscale features.

Materials scientists have identified some surface modifications that clearly do
preserve the open porous structure of carbon felt. Cercado-Quezada et al. modified the
fiber surface of carbon felt by anodisation: the carbon felt electrode was polarized at a
high potential, oxidizing some of the carbon on the fiber surface and creating micro-
cavities less than 1 pm in diameter (Figure 8E) % Some researchers directly grew CNTs
or carbon nanofibers on a fiber surface by chemical vapor deposition (Figure 8C and D)
78 7 Adachi et al. coated carbon felt with a mediator —a derivative of 9,10-
anthraquinone-2,6-disulfate— using a solution-based dip-and-dry process . Li et al.
modified carbon felt electrodes with two conductive polymers, polyaniline and
poly(aniline-co-o-aminophenol), through direct solution based polymerization under
acidic conditions *®. Tang et al. coated a mixture of conductive polypyrrole hydrogels and

8

CNTs composite onto carbon felt . Cui et al. prepared carbon felt electrodes by

electropolymerization of polyaniline on the surface followed by electrophoretic

18
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deposition of CNTs *

. In other studies, capacitive materials (e.g. MnO;, RuO,,
polypyrrole/graphene oxide composite, polypyrrole/9,10-anthraquinone-2-sulfonic acid
sodium salt composite) were electrochemically deposited on a carbon felt electrode
(Figure 8F and G) *" 3 %5 1% 7Zhao et al. have also electrochemically deposited
polyaniline nanowire networks onto a carbon felt (Figure 8H and I) **. The maximum
current densities of the resulting carbon felt electrodes were up to 35.7 A/m” and 6 kA/m’,
as summarized in Table 4. In some cases, the thickness of the carbon felt was not
reported, precluding an estimate of the volumetric current density. The open structure and
large pores of the electrode would enable colonization of both the outer and inner surface
of the composite electrode (Scheme 2H), but operational time in most of these studies

was only 80 h to about 2 months. It is therefore unclear whether the high current density

porous 3D structure is sustainable in long-term operation.

2.3.4 Carbon brush electrodes

Brush electrodes, first developed by Garshol and Hasvold for galvanic seawater
cells, consist of two or more wires twisted together to form an electrode stem with
conducting fibers clamped between the wires '>°. Logan et al. used this design to fabricate
brush bioelectrodes by winding graphite fibers (average diameter, 7.2 um) into a twisted
core consisting two titanium wires (Figure 9) 22 A small brush with 2.5 cm diameter and
2.5 cm length has a porosity of 95% and surface surface-volume ratio of 18200 m*/m’,
while a larger brush with 5 cm diameter and 7 cm length has a porosity of 98% and
surface-volume ratio of 7170 m*m’. The authors reported that the brush electrode

provided an open structure with high surface area for microbial colonization (Scheme 21).

The resulting graphite brush could undergo ammonia gas treating, acid soaking, and/or
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heating to improve the surface affinity > *

. Estimated from the polarization curves, the
maximum current density could be achieved was about 1 kA/m’. A concern with this

electrode is that the spacing between graphite fibers becomes more confined near the

center of the brush, likely limiting microbe-electrode interactions at these locations.

2.3.5 Carbon nanotube coated textile electrodes

In many studies, researchers have simply sought to modify commercialized
electrodes for BESs, but some have developed bioelectrodes specifically for BESs. Xie et
al. developed a CNT-textile composite electrode by conformally coating a CNT layer
(200 nm) on a macroscale porous textile made of randomly intertwined polyester fibers
with diameters of approximately 20 pm (Figure 10A-D) **. The resulting CNT-textile
electrode had a 3D open structure similar to that of the carbon felt electrodes discussed
previously. The spacing between the CNT coated fibers ranged from tens of pm to
hundreds of um. The CNT coating layer functioned as an electron pathway and provided
an affinitive surface for microbial attachment and extracellular electron transfer. A CNT-
textile composite electrode (1 cm x lem x 0.2 cm) was tested as the anode of a two-
chamber glucose-fed MFC inoculated with domestic wastewater. The cross-sections SEM
image of the CNT-textile bioelectrode after 55 days of operation showed microbial
biofilms wrapped around both exterior and interior CNT-textile fibers (Scheme 2H,
Figure 10E). The resulting exoelectrogen-electrode interfacial area was calculated to be
10-fold larger than the projected geometric surface of the bioelectrode. The conformally
coated microscale porous CNT layer displays strong interactions with exoelectrogens,
including affinitive mechanical contact and higher electrical conductivity (Figure 10F and

G). Biofilms were still visible on the CNT-textile fiber surfaces after 5 min of bath
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sonication and 10 s of vortex agitation, indicating strong attachment (Figure 10H). From
linear staircase voltammetry, the maximum current density achieved by the CNT-textile

bioelectrode was 14.4 A/m? or 7.2 kA/m’.

2.3.6 Carbonized textile/fiber electrodes

Wang et al. fabricated textile electrodes by carbonizing a commercial towel at 1000
°C for 30 min under N, gas ®. The carbonized textile had an open structure with freely
standing mm scale threads (Figure 11 A-D). The electrode was polarized at 0.3 V vs.
Ag/AgCl in an acetate solution seeded with wastewater bacteria. A maximum current
density of 8 A/m” resulted. SEM images (Figure 11 E-I) demonstrated internal
colonization by microbial biofilms. Because the electrode was only operated for <10 days,
long-term performance remains unclear. Other researchers have prepared electrodes with
nonwoven configuration by carbonizing a polymer fiber network, generated via

electrospinning or solution blowing *" '*°

. To test their performance as MFC bio-anodes,
the electrodes were polarized at 0.2 V vs. Ag/AgCl in an acetate solution seeded with
wastewater bacteria. A maximum current density of 30 A/m” was generated, but this high
current density was sustainable for only a few days. Manickam et al. also applied
electrospinning to fabricate an activated carbon nanofiber electrode *. This electrode was
tested in a single chamber MFC treating wastewater. The maximum current density
obtained was about 2.7 kA/m’, based on a polarization measurement. The advantage of
electrospun or solution blown fibers is that it is normally a single continuous fiber,
forming a more continuous pathway for electron flow. On the other hand, the resulting

structure is more compact and the pores smaller compared to carbon felt or the CNT-

textile electrodes. The spacing between the fibers was only ~1 pum (Figure 11J). With
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such small pore size, the biofilm can only cover the external surface instead of the surface
of every fiber. This was confirmed by the SEM images of the electrode colonized by P.

aeruginosa and S. oneidensis MR-1 (Figure 11K and L).
2.4 Monolithic porous electrodes

2.4.1 Reticulated vitreous carbon electrodes

A monolithic porous electrode means that the electrode is porous but the material is
intrinsically interconnected as a single unit. The most commonly used monolithic porous
electrode material is reticulated vitreous carbon (RVC), also known as carbon form. RVC
is a 3D open porous glassy carbon material made from polymer sponge through

carbonization '’

. RVC was classified into different grades based on the number of pores
per unit length, normally from 10 to 100 PPI (pores per inch (Figure 12A-D). Depending
on the PPI grade, RVC has a free void volume between 90% and 97% and a specific

surface of 500-7000 m?*/m’ (Figure 12E) 157,

RVC electrodes have been employed in BESs. He et al. used RVC (10 PPI) to
fabricate bio anodes in an upflow MFC (total volume of 190 cm’) (Figure 12F and G) 138,
The MFC was seeded with anaerobic sludge then continuously fed sucrose. From the
polarization curve, the maximum volume-based current density was about 50 A/m’. The
reactor operated for 5 months, but clogging was not investigated. At a smaller pore size, a
60 PPI RVC electrode was investigated as the bio-anode of a MFC ®°. This material had a
free void volume of 96.5% and specific surface area of 3750+90 m*/m’. The strut width

was 100 pm and the average pore size was ~320 um. Pores with diameters <180 pum

clogged after 6 month operation. Ringeisen et al. applied a RVC electrode (0.6 cm’) with
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a specific surface area of 6070 m*/m’ (true surface area, 37 cm?) as the anode in a mini-
MFEC with a cross-section of 2 ¢cm® and a volume of 1.2 cm® . The mini-MFC was
seeded with S. oneidensis DSP10 and fed lactate. Maximum current density obtained
from short circuit current was 0.1 A/m” based on the true surface area and ~600 A/m’
based on the electrode volume. This report described only 7 days of operation, so long-
term performance cannot be assessed. As with other carbon electrodes, Yuan and Kim
modified RVC by electrodeposition of polypyrrole to improve the surface affinity for
microbial attachment and current generation (Figure 12H) *°. Flexer et al. directly grew
CNTs on a 45 PPI RVC electrode by chemical vapor deposition. The composite electrode
was polarized at 0 V vs. Ag/AgCl in an acetate solution seeded with anolyte from a
previous MFC. Over a 20-day period of operation, the electrode achieved a peak current
output of 68 A/m? based on the projected geometrical surface area (I cm?), 0.4 A/m’

based on the true surface area, and 10.3 kA/m?® based on the electrode volume ¥°.

2.4.2 Other sponge template electrodes

Conversion of the entire sponge into a conductive matrix via carbonization is not
necessary to achieve a porous conductive 3D bioelectrode. Another strategy is to apply a
thin conductive layer onto the sponge template. Using on a polyurethane sponge template,
Liu et al. used chemical vapor deposition to fabricate a nickel-coated 3D sponge (Figure
13A and B) ' Thorne et al. coated the polyurethane sponge with titanium oxide (TiO;)
via a slurry coating method. After drying, the TiO,-coated sponge was heated to 600 °C
(1 h) to remove the polymer template then further heated to 1300 °C (4 h) to sinter the
ceramic. Electron transport pathways were created by chemical vapor deposition of a thin

layer of fluorine doped tin oxide '*’. Xie et al. coated polyurethane sponges with a thin
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layer of conductive CNTs or graphene using a solution-based dipping-and-drying method
(Figure 13C-E) ***'. The CNT-sponge composite electrode (pore size range of 300~500
um) was investigated as a bio-anode in a traditional H-shaped MFC inoculated with
anolyte from a previous MFC seeded with domestic wastewater. In a glucose medium,
the CNT-sponge achieved a current density maximum of 21.3 A/m? or 10.6 kA/m’. SEM
images revealed dense microbial biofilms within the bioelectrode with macroscale pores
that were not clogged by the microbial growth after 1 year of operation (Scheme 2J,

Figure 13F).

In another study, nickel foam with the same 3D sponge-like structure was used the
temple for a graphene/polyaniline hybrid electrode (Figure 13G) ®. Chemical vapor
deposition was used to deposit graphene onto the nickel foam matrix (1 cm % lem % 0.1
cm), and the matrix was subsequently dissolved away with hydrochloride acid (HCI).
Polyaniline was deposited onto the graphene surface by in sifu polymerization. The
resulting graphene/polyaniline composite electrode inherited the 3D open porous
structure from the original nickel foam, with pores of 100-300 um. The hybrid anode was
tested in an S. oneidensis MR-1 seeded two-chamber MFC using lactate as electron donor
at the anode and potassium hexacyanoferrate (K;Fe(CN)g) as electron acceptor at the
cathode. Polarization curves indicated a maximum current density about 5 A/m? or 5
kA/m’. Internal colonization was confirmed by interior SEM images of the electrode
harvested after 60 h of operation in a MFC (Figure 13H). Long-term clogging was not
investigated. Wang et al. and Qiao et al. also reported use of graphene/Ni foam composite

electrodes, but without dissolution of the Ni foam templates '+ '%2,

2.4.3 Corrugated fiberboard template electrodes
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Another material used as a bioclectrode template is corrugated fiberboard ®.
Commercially available corrugated fiberboard consists of a flute layer sandwiched
between two liner layers, creating a layered assemblage that is a few mm in thickness.
Macroscale channels on the scale of mm were formed between the flute layer and the two
liner layers. Carbonization at 1000 °C under nitrogen for 1 h created conductive layered
corrugated carbon (LCC) (Figure 14A). To test its performance for current generation,
the LCC electrodes were polarized at 0.2 V vs. Ag/AgCl in an acetate solution seeded
with preselected bacterial cultures from wastewater (Figure 14B and C). A 2.2 mm thick
LCC achieved a maximum current density of ~70 A/m? or ~32 kA/m’ based on volume.
The areal current density increased to 390 A/m® when 6 of the corrugated carbon layers
were stacked together, while the volumetric current density remained similar (Figure
14D). These results are the highest current density achieved by microbial electrodes so
far, and can be largely attributed to the macroscale-channeled structure. With mm scale
spacing, these macroscale channels were well suited for internal colonization. The same

163 peak current

team also studied the long-term performance of the LCC electrodes
output decreased only slightly after about 100 days of operation. Digital photographs of
the electrodes taken after at least 25 batch cycles clearly show that the channels did not

become blocked.

2.4.4 Natural template electrodes

Natural templates can also be used to fabricate 3D porous electrodes ** °’. For
example, dry kenaf (Hibiscus cannabinus) stems were collected and carbonized at 1000
°C under nitrogen (Figure 14E). The resulting electrode (3D-KSC) maintained the

structure of the kenaf stem: a hollow tube with an outer diameter of 10 mm, an inner
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diameter of 4 mm, and a highly ordered macroporous wall revealing two types of
channels with diameters of 25 um and 60 um, respectively (Figure 14F-K). These 3D-
KSC anodes were polarized at 0.2 V vs Ag/AgCl in MFCs seeded with domestic
wastewater and fed acetate. In batch mode, a maximum current density of 32.5 A/m* was
achieved with a small 3D-KSC anode (length, 0.23 cm; external surface: 1.52 cm?). SEM
images indicated that the biofilms grew on both the external surface and inside the
channels, but penetrated less than 100 um even when the media was flow through the
center chamber (Figure 14L-O). A likely reason is blockage of the channels by valves
with small holes (Figure 141-K) (a few um). For such a structure, internal colonization of
the entire 3D electrode would require removal of the valves an opening of the channels.
Another natural template that has been evaluated by the same team is sponge-like pomelo
peel >’. Reticulated carbon foam was obtained after carbonization. The maximum current
density achieved was >40 A/m?, or 18 kA/m’ (Table 4). Karthikeyan et al. picked three
plants for carbonization, including corn stem, king mushroom, and wild mushroom **.

The maximum current densities based on the projected geometric surface area were 31.2

A/m?, 20.9 A/m% and 30.2 A/m’, respectively, while the corresponding volumetric

current densities were or 15.6 kA/m3, 10.5 kA/m3, and 15.1 kA/m’ , respectively (Table 4).

Other natural templates evaluated to date include tubular bamboo and loofah sponge > **

1% Applying natural templates may reduce the cost of the bioelectrodes, but could have

intrinsic structural limitations that are difficult to overcome.

2.4.5 Self-made template electrodes

Instead of using commercially available materials, some research groups have

applied self-made templates. Nguyen et al. used a wet phase inversion process to prepare
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a mesoporous polysulfone support matrix. The pore size of the matrix was ~100 um and
the porosity was ~90%. They then coated the matrix with a thin layer of conductive
CNTs using a solution-based dipping-and-drying method. The composite electrode was
investigated in a two-chamber cube shape MFC inoculated with S. oneidensis MR-1. In a
lactate medium, the composite electrode achieved a maximum current output of 1.5 A/m*
over a constant load of 2 kQ. SEM images of the electrode taken ~30 days after
inoculation revealed internal colonization *®. In another study, Wang et al. prepared a 3D
scaffold of polyacrylonitrile/graphite composite by using supercritical CO; as a physical
foaming agent (Figure 15). The composite was then subject to carbonization ®'. The
electrode was tested in a MFC seeded with E. coli and fed glucose. From a polarization
measurement, the authors reported a maximum current density of 2.91 A/m’ or 2.91
kA/m’. SEM images showed that biofilm was on both the surface and the cellular wall of
the electrode, but the pore size of the electrode was only 0.5-5 um, insufficiently large for

long-term biofilm growth without clogging.

2.4.6 Electrodes prepared by solvent cast and particulate leaching

Luckarift et al. manufactured a polymer/carbon 3D composite bioelectrode through
a solvent cast and particulate leaching process (Figure 16A) ". Graphitized carbon
nanofibers (0.5-20 um long) and wet sucrose particles (250-595 pum) were mixed with
weight ratio of 1:100, then filled into a mold. After overnight drying at 37 °C, the
composite was soaked with a chloroform solution containing 0.04% of poly 3-
hydroxybutyrate-co-3-hydroxyvaletrate (PHBV). After overnight drying a second time,
this time at 25 °C, the composite was immersed in to deionized water for 2 h, and the

sucrose dissolved, leaving macroscale pores with size of several hundred pm (Figure
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16B). The resulting composite electrode had 3D PHBV scaffolds with an open porous
structure. The authors tested sucrose particles of differing size and found out that particle
size was critical: if the particles were too small, the PHBV could not fill the gaps; if they
were too large, the scaffold was poorly interconnected and mechanically brittle. The
embedded carbon nanofibers distributed homogeneously and formed a conductive matrix
for charge collection. However the conductivity of the composite was less than plain
carbon nanofibers due to incorporation of nonconductive PHBV. The composite
electrode (diameter, 1.3 cm; height, 0.9 cm; volume, 1.195 cm3) was evaluated as an
anode in a lactate-fed MFCs According to polarization measurements, the maximum
current density achieved was 22.18+6.69 A/m”>. In this work, S. oneidensis DSP-10 was
harvested from a culture solution and directly immobilized on the anode surface via silica
encapsulation (Scheme 2K). It was not clear whether internal colonization could be
achieved by natural inoculation. The authors only showed 8 h of operation. The long-
term integrity of this electrode in wastewater treatment applications is likely problematic

given that PHBYV is a desirable carbon source for microbial growth.

2.4.7 Electrodes prepared by ice segregation induced self-assembly

Katuri et al. fabricated a MWCNT/chitosan 3D composite bioelectrode by ice
segregation induced self-assembly (ISISA) followed by freeze-drying (Figure 17A) ”.
Functionalized MWCNTs were suspended in an acetic acid solution (0.05 M) containing
chitosan (1% w/v). Syringes filled with this suspension were dipped into a cold bath (-
196 °C) gradually. After freeze-drying, the solvent was removed, resulting in a
conductive 3D scaffold that contains 89% MWCNTs and 11% chitosan. Micro-channels

with an average size of 16 pm formed due to unidirectional freezing. The immersion rate
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during this process determines the pore size of the micro-channels (Figure 17B-D). The
authors estimated that the total surface area available for microbial colonization (315 cm?)
was 270 times that of the projected geometrical surface area (1.17 cm?) of a cylindrical
composite electrode (diameter, 0.45 cm; height, 0.9 cm; volume, 0.143 cm3). The
resulting composite electrode was used as an anode in a MFC, with an acetate solution
continuously circulated through the anode at a flow rate of 12 mL/h. For this flow-
through mode, metabolically active G. sulfurreducens colonized the internal surface of
the 3D anode (Scheme 2L), as confirmed by both SEM (Figure 17E) and confocal laser
scanning microscopy (Figure 17F). Only sub-monolayer of biofilm formed probably due
to the peeling effect of the flowing media. A maximum current density of 24.5 A/m?, or
19 kA/m?, was achieved after polarization of the anode at 0 V vs. Ag/AgCl for 200 h. No
internal colonization and lower maximum current density (10.8 A/mz, or 8.4 kA/m’)

resulted when the same anode was operated in batch-fed mode.

By replacing the MWCNTSs with vacuum-stripped graphene (VSG), He et al.
applied the same ISISA technique and prepared a 3D VSG/chitosan composite electrode
(Figure 17G) 7% Chitosan created a supporting scaffold with layered structure, while the
embedded VSG made the composite conductive. They characterized the VSG/chitosan
composite with different weight ratios, and found that a more branched structure, with
cross-linking of the layers into a network, occurred with higher VSG composition, but
too much VSG (>70 wt %) disrupted layer structure and did not improve conductivity.
The optimized composite had 50 wt% VSG. The spacing between layers was 30-50 pm.
This spacing was mainly dependent upon the dipping rate during nitrogen freezing and/or

chitosan concentration. The VSG/chitosan composite electrode was evaluated in a MFC
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containing glucose-fed P. aeruginosa in the anode and potassium hexacyanoferrate
(KsFe(CN)g) at the cathode. With a constant load of 1.96 kQ, the anode achieved a
maximum current output of 2.55 A/m? based on the lateral area of the cylindrical anode,
but the exact size of the anode was not indicated. SEM images indicated formation of
thick biofilms in the macroscale pores without clogging (Figure 17H), but the operating
period before imaging was not indicated. The current profile for this MFC showed data

for 300 h of operation.

Chen et al. prepared a macroporous flexible 3D electrode with only reduced
graphene by ISISA ”’. During ice segregation, graphene nanosheets were repelled by ice
crystals and stacked into several-um-thick highly ordered layers with lateral distance of
100-500 pum. This graphene sponge electrode was evaluated as an anode in a two-
chamber MFC seeded with wastewater and fed acetate. With a constant load of 1 kQ, the
anode achieved a maximum current output of ~3 kA/m’. SEM images were taken after
one month of operation. Biofilms were present throughout the cross-section of the
electrode, but cell density decreased at locations closer to the inner space, in part due to
microporous structure that was inaccessible for microbes, such as closed pores. These

findings indicate insufficient mass transfer for internal colonization.

In another study, Massazza et al. applied ISISA to make TiO, porous scaffolds .
Subsequently, TiO, was reduced to conductive TizO7 by Zr under 1000 °C, forming 3D
electrodes. These electrodes were polarized at 0.2 V vs Ag/AgCl in an acetate medium
inoculated with G. sulfurreducens. The current output reached 128.7 A/m? or 9.5 KA/m’

over a 200 h period of operation. Although high current densities were achieved, long-
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term performance of the electrode remains unclear. The channel size was only 10-15 pum,

a length scale that could easily be clogged by biofilms.

3. “Best practices” for bioelectrode characterization

Several researchers have reported Brunauer—Emmett—Teller (BET) surface areas
for new porous electrodes '*1°°. BET is based upon nitrogen absorption and desorption,
and the surface area measurements obtained include surfaces within pores at the nm scale.
Knowledge of surface area at the nm to um scale may have some value as an indirect
metric of surface roughness and potential for microbial attachment and electron transfer,
but pores accessed by BET are not accessed by exoelectrogens and are likely to be
covered or clogged by biofilms. Bioelectrodes containing only nm to um scale pores are

thus similar to the nonporous bulk electrodes described previously.

SEM and other imaging techniques provide the most direct and useful insight into
the pore scale of new BES bioelectrodes. Images taken before and after colonization are
needed. At present, many papers show images of porous electrodes before colonization,
or images of a small area of microorganism-covered electrode surface at high
magnification, making it difficult to discern how biofilm operation is affecting porosity.
An additional concern is that bioelectrodes are only operated for a few days, preventing
insight into long-term clogging issues. A final concern is that most bioelectrodes are
tested in a synthetic electrolyte without suspended particles. In practical applications, the

electrolyte can be much more turbid, a situation that may exacerbate clogging.
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When reporting the performance of new bioelectrodes for BESs, many current
studies currently report power density, a parameter that is highly affected by the counter
electrodes used. To characterize the bioelectrodes and enable comparison with other
studies, more attention should be paid to current densities and potential drops at the
bioelectrodes. Polarization curves give both current densities and potential losses, but
may not be sustainable during long-term operation. There is a critical need for long-term

studies that report current density during operation.

4. Summary

Porous electrodes typically outperform nonporous electrodes due to their increased
surface area and improved contact between microorganisms and the electrode surface
(Table 4). Design of bioelectrodes is fundamentally different from the design of
conventional porous electrode used in abiotic electrochemical systems. Bioelectrodes
require consideration of the thermodynamic properties, including allowance for microbial
energy requirements, and larger pores are needed to enable substrate delivery and
removal of products. Many electrodes currently marketed as BESs and described as
“porous” are in fact not porous at the scale required for effective microbial activity. Only
a few of the current bioelectrode designs have demonstrated potential as microbial
habitats that are sustainable without clogging in long-term operation. Demonstrated 3D
porous bioelectrodes include packed bed electrodes, stainless steel mesh, carbon felt,

carbon brush, CNT-textile, and most of the monolithic porous electrodes (Scheme 2).

For 3D packed bed bioelectrodes, granular electrode materials are usually cheap,

but the granules need to be tightly packed to ensure that the entire bed is conductive.
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Close packing results in decreased porosities, and inefficient utilization of reactor volume.
Moreover, close packed structures can still be clogged without sufficient flushing. In
long-term operation, clogging creates dead zones where substrate delivery is limited and

current collection is low.

Stainless steel mesh has several advantages including low cost, high conductivity,
superior mechanical properties, and the potential for creation of pores over size ranges
that are tunable from tens of um to tens of mm. As a surface for microbial growth,
however, stainless steel is not attractive, and surface modifications are needed to improve
its capacity to support growth and extracellular electron transfer. Depending upon the

quality of the steel, the stability of the electrode in a BES may be of concern.

Carbon felt and the CNT-textile electrode both have 3D open porous structures, but
the spacing of electrodes is not uniform. In addition, the contact between conductive
fibers can be interrupted during operation, resulting in an increase in internal resistance.
Carbon brush electrodes use a center metal wire that improves electrical contact to
graphite fibers, but the spacing between fibers is also not uniform and the size of the

brush is limited due to the brittleness of graphite fibers.

Monolithic porous electrodes show the most promise for practical application of
BESs, because of their open 3D interconnected framework, strong mechanical support,
and potential for uniformly distributed and tunable microbially-accessible pores and
conductive electron pathways. To date, monolithic porous electrodes have achieved the
highest current density of all bioelectrodes evaluated. For large scale BES applications,

such as wastewater treatment with MFCs, however, cost may still be a concern, because
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most of the monolithic porous electrodes described to date use expensive materials, such

as CNTs, or require complex and energy-consuming synthetic steps, such as

carbonization or freezing. Development of cost-effective porous electrodes is a high

priority.
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Figure 1. Scanning electron microscope (SEM) images of exoelectrogens. (A) S.
oneidensis on a graphene/polyaniline composite electrode. * (B) G. sulfurreducens on a
gold electrode. ? (C) E. coli on a polyaniline/WO5 composite electrode. '° (D) R. palustris
DX-1 on a carbon paper electrode. ' (E) O. anthropi YZ-1 on a carbon cloth electrode. '*
(F) Mixed culture on a modified graphite electrode. > (G) Mixed culture on a multi-
walled carbon nanotube (MWCNT) electrode. 4 (H) Mixed culture on a carbon nanotube
(CNT)-coated textile electrode. > (I) Mixed culture on a grapheme-coated sponge
electrode. >' Reproduced with permission from American Chemical Society, American
Society for Microbiology, and Elsevier.
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Figure 2. Nonporous bulk electrodes. (A, B) SEM images of pristine graphite surface. >
(C, D) SEM images of biofilm attached to the surface of a gold electrode. ° (E-G)
Confocal laser scanning microscopy images of gold rectangular electrode (E) and gold
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line array electrode (F, G) after 140 h of colonization. The center images are maximum
top projections of all slices in the 3-dimensional stack, the smaller images (bottom and
right) are orthogonal cross-sections of the biofilm. Scale bars for top views in E and F are
100 um, and side views are 50 um. Top view scale bar in G is 100 um, and side scale
bars are 10 um. (H) SEM image of a single line from the gold line array electrode. Scale
bar is 10 um. ' (I) Confocal laser scanning microscopy image (reflectance data) of an
anodic electrochemically active biofilm cultivated on a gold electrode. ** Reproduced
with permission from American Chemical Society and Elsevier.
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Figure 3. SEM images of densely piled electrodes. (A, B) Polyaniline/WO; composite
electrode before (A) and after (B) colonization. '° (C) Pristine CNT/Polyaniline
composite electrode. ''® (D, E) Polyaniline/TiO, composite electrode before (D) and after
(E) colonization. "> Reproduced with permission from American Chemical Society and
Elsevier.
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Figure 4. SEM images of cell-embedded electrodes. (A) Carbon nanoparticle mixed with
anodic microorganisms from previous MFCs. ''® (B) Copper particles (circular shape)
mixed with permeabilized Ochrobactrum anthropi SY 509 cells (bar shape). '** (C) CNT
powders mixed with G. sulfurreducens. '*° Reproduced with permission from Springer
and Elsevier.
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Figure 5. Packed bed electrodes. (A) Granular graphite. (B) Granular activated carbon. *!
(C) Schematic of a tubular MFC filled with graphite granules (1, granular anode; 2,
membrane; 3, cathode). ® Reproduced with permission from American Chemical Society
and Elsevier.
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Figure 6. SEM images of planar porous carbon electrodes. (A, B) Unmodified carbon
paper. (C) Carbon paper modified with CNT/Chitosan nanocomposite. > (D)
Unmodified carbon cloth. (E) Polyaniline modified carbon cloth. *® (F) Carbon cloth
modified with MWCNTs. *® (G) Carbon cloth modified with crumpled graphene
particles. '*' (H, I) Top view (H) and cross-section (I) of colonized a carbon cloth
bioelectrode. The biofilm is limited to the outer surface (area between the two broken
lines). * Reproduced with permission from American Chemical Society and Elsevier.

47



Energy & Environmental Science Page 48 of 67

Figure 7. SEM images of stainless steel mesh electrodes. (A-C) Plain stainless steel mesh
before (A, B) and after (C) inoculation. (D-F) Carbon nanostructure modified stainless

steel mesh before (D, E) and after (F) inoculation. "'

Elsevier.

Reproduced with permission from
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Figure 8. SEM images of carbon felt electrodes. (A, B) Bare carbon felt. .80 (C, D)
CNT modified carbon felt. ” (E) Carbon felt after anodisation. ** (F, G) RuO, coated
carbon felt. ™ (H, I) Carbon felt coated with polyaniline nanowire. ** Reproduced with
permission from Wiley and Elsevier.
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Figure 9. Carbon brush electrodes made from graphite fibers and titanjum wires.

Reproduced with permission from American Chemical Society.
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Carbon rignq}ube laye

Figure 10. CNT coated textile electrodes. (A, B) CNT-textile as prepared. (C, D) Cross-
section of a CNT-textile fiber. (E) Cross-section of a colonized CNT-textile bioelectrode.
(F, G) Exoelectrogens on CNT-textile surface. The arrows in F and G indicate the
microbial nanowires. (H) Colonized CNT-textile bioelectrode after 5 min of bath
sonication and 10 s of vortex agitation. > Reproduced with permission from American
Chemical Society.
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Figure 11. Carbonized textile/fiber electrodes. (A-I) Carbonized textile electrode. (A, B)
Digital pictures of plain (A) and carbonized (B) textile. (C, D) SEM image of fiber (C)
and fiber surface (D). (E-I) SEM images after colonization. (E, F) Front (E) and side-
surface (F). (G-I) Fibers located at interior (G), middle (H) and external (I) part of the
electrode substrate. ® (J-L) Activated carbon nanofiber electrodes. (J) As prepared. (K)
Colonized by P. aeruginosa. (L) Colonized by S. oneidensis MR-1. ® Reproduced with
permission from Elsevier.
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Figure 12. Reticulated vitreous carbon (RVC) electrodes. (A-D) SEM images of RVC
with different PPI grades: (A) 10; (B) 30; (C) 60; (D) 100. (E) Electrode surface area of
RVC with different PPI grades. ">’ (F, G) Schematic (F) and physical image (G) of an
upflow MFC equipped with RVC electrodes. ** (H-K) SEM images of unmodified RVC
(H) and CNTs modified RVC (I-K). Insets in (H) and (I) are photographic images. *’
Reproduced with permission from American Chemical Society and Elsevier.
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Figure 13. Sponge-templated electrodes. (A, B) SEM images of nickel coated sponge
electrode before (A) and after (B) colonization. '* (C-E) Schematic, SEM image, and
physical image of CNT coated sponge electrode. (F) Interior SEM image of the CNT-
sponge bioelectrode after one year of operation. *° (G) SEM image of three-dimensional
(3D) graphene-sponge electrode fabricated by using a nickel foam template. (H) SEM
image of the Polyaniline modified graphene sponge electrode after 60 h incubation in
MFC with S. oneidensis MR-1. ® Reproduced with permission from American Chemical
Society and Elsevier.
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Figure 14. Non-sponge templated electrodes. (A) Photographic image of a single-layered
corrugated carbon (LCC) electrode (Hy, 1.4 mm; W, 10 mm; L, 10 mm). (B, C) SEM
images of the colonized LCC electrode. (D) Dependence of current densities on the
number of flute layers. ®* (E) Physical image of a piece of cleaved 3D-KSC electrode.
Insets show the kenaf stalk before (1) and after (2) carbonization. (F) Vertical sectioned
SEM image at position (b). (G) SEM image at position (c¢). (H) Longitudinal sectioned
SEM image at position (d). (I) Schematic of the inner structure of the 3D-KSC. (J, K)
SEM images of the channel walls (J) and vales (K). (L-O) SEM images of the colonized
3D-KSC electrode. °® Reproduced with permission from Wiley.
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Figure 15. Schematics of 3D open-celled carbon scaffold anode preparation and MFC
assembly. *'
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Figure 16. Polymer/carbon composite electrode prepared by a solvent cast and
particulate leaching process. (A) Physical image. (B) SEM image. Dashed lines indicate
the holes left by the dissolved sucrose particles. > Reproduced with permission from
American Chemical Society.
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Figure 17. Composite electrodes prepared by ice segregation induced self-assembly
(ISISA). (A-D) Physical image (A) and SEM images (B-D) of MWCNT/chitosan
composite electrodes. (E) SEM image of colonized MWCNT/chitosan electrode. (F)
Confocal laser scanning microscopy image of the colonized MWCNT/chitosan electrode.
(G, H) Vacuum-stripped graphene (VSG)/chitosan composite electrode before (G) and
after (H) colonization. '® Reproduced with permission from American Chemical Society.
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Scheme 1. Goal and strategy of developing high-performance bioelectrodes.
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Scheme 2. Configuration of bioelectrodes. The grey color indicates electrode materials
and the orange color indicates microbial biofilms. (A) Nonporous bulk electrode. (B-D)
Particle based porous electrodes, including densely piled electrode (B), cell-embedded
electrode (C), and packed bed electrode (D). (E-I) Fiber based porous electrodes,
including carbon paper electrode (E), carbon cloth or nanofiber sheet electrode (F),
stainless steel mesh electrode (G), carbon felt or CNT-coated textile electrode (H), and
carbon brush electrode (I). (J-L) Monolithic porous electrodes prepared by carbonization
or conductive surface modification of porous templates (J), by solvent cast and
particulate leaching (K), and by ice segregation induced self-assembly (L).
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Table 1. Examples of microbially-mediated half reactions of significance for electron
transfer from solids, ranked by energy per electron equivalent, from strongest electron
donor to weakest (298 K, pH 7).

e donor Half reactions ranked by electron donor strength E°’ (V)
Organic 1 Qa—c¢ a d . -0.42
ma%ter gCaHbOcNd +—e HQO=ECOZ +ENH3 +H" +e to
where e=4a+b-2¢-3d -0.20
H, 2H'+2¢ =H, -0.41
HS SO, +9H" + 8¢ = HS™ + 4H,0 -0.22
S SO, +8H' + 6¢ =S + 4H,0 -0.20
AsO;* AsO,” +4H" + 2¢” = H,AsO5 + H,0 +0.15
Se Se0,” + 8H" + 6¢ = Se + 4H,0 +0.33
NH, NO; + 10H" + 8¢ = NH," + 3H,0 +0.36
Mn(II)  MnO,+4H" +2¢ = Mn*" + 2H,0 +0.47
U(IV) UO,(CO5)s" +3.52H" + 2¢ = UO, +2.48HCO;+0.52H,CO; +0.59
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Table 2. Examples of microbially-mediated half reactions of significance for electron
transfer to solids, ranked by energy per electron equivalent, from strongest electron
acceptor to weakest (298 K, pH 7).

e acceptor Half reactions ranked by electron acceptor strength E°’ (V)

N,O N,O0 +2H" +2¢ =N, + H,0 +1.35
BrO; BrO; + 6H' + 5¢ = 0.5Br, + 3H,0 +1.11
MnO, MnO, + 8H" + 5¢ = Mn*" + 4H,0 +1.10
ClOy ClO5y + 6H" + 5¢ = 0.5Cl, + 3H,0 +1.06
Fe(I1I) Fe(OH); + 0.17H,CO5 + 0.83HCO; + 1.83H" + ¢ = FeCO; + 3H,0 +0.96
NO, 2NO, + 8H' + 6¢ = N, + 4H,0 +0.94
Cr,07” Cr,0,% + 14H" + 6¢ = 2Cr’" + 7H,0 +0.92
Fe(III) Fe(OH); + 3H' + ¢ = Fe*" +3H,0 +0.85
0, 0, +4H" + 4e¢ =2H,0 +0.82
Cloy, ClO4 +2H" + 2¢ = ClO; + H,0 +0.82
MnO, MnO, + 4H" + 2¢ = Mn*" + 2H,0 +0.81
NO;y 2NO; + 12H' +10e” = N, + 6H,0 +0.74
U(VI) 0.5U05(CO3);" + 1.76H" + ¢ = 0.5U0, + 1.24HCO; + 0.26H,CO; +0.59
NO3_ NO3_ + 2H+ +2¢ = NOZ_ + HzO +0.43
NOy NO; + 10H" + 8 ¢ =NH," + 3H,0 +0.36
SeO4” Se0,” + 8H" + 6¢ = Se + 4H,0 +0.33
C¢H4CICOO™  C¢H,CICOO + H' + 2¢” = CgHsCOO + CI +0.26
(CH3),SO (CH;),SO + 2H" + 2¢” = (CH3),S + H,O +0.23
S,04" S,0; + 8H' + 8¢ = 2HS  + 3H,0 -0.21
SO” SO+ +9H" + 8¢ = HS + 4H,0 -0.22
CO, CO, + 8H" + 8¢ = CH, + 2H,O -0.24
S S+H +2¢ =HS -0.27
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Table 3. Spreading time for dissolved solutes as function of distance. Assumed
coefficient of molecular diffusion D = 10 m%/s. Spreading in time t is t = L*/2D, where L
is the diffusion distance.

Diffusion Distance Time Required
1 um (scale of a bacterium) 0.5x107 s
1 mm 8 min
1 cm 0.6 day
10 cm 2 months
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Table 4. Examples of bioelectrodes invested in BESs.

64

Bioelectrodes for BESs Microorganism Feed Current density Measurement Refs
Nonporous bulk electrodes
Graphite Mixed Acetate 10 A/m? at -0.35 V vs. Ag/AgCl o
Glassy carbon + MWCNTSs S. oneidensis LB broth ~0.1 A/m* at 0 Vvs. Ag/AgCl %
Glassy carbon + MWCNTSs/SnO, E. coli Glucose 3.5 A/m’ Polarization curve 7
Graphite + MWCNTs/MnO, Mixed Sediment ~0.45 A/m’ Polarization curve o8
Graphite + graphene Mixed Acetate ~2.7 A/m? Polarization curve 9
Graphite + polyaniline/vanadate Mixed Sediment ~0.65 A/m’ Polarization curve 103
Graphite + carbon/polymer Mixed Acetate 1 A/m? Polarization curve 104
Gold G. sulfurreducens Acetate 0.4-0.7 A/m® at 0.3 V vs. Ag/AgCl °
Gold G. sulfurreducens Acetate 4 A/’ at 0.24 V vs. SHE 106
Gold line array G. sulfurreducens Acetate 16 A/m? at 0.24 V vs. SHE 106
Pt/Ti Mixed Acetate 4.1 A/m? Polarization curve 107
Stainless steel Mixed Acetate 4 A/m? at-0.1 Vvs. SCE 2
Gold Mixed Acetate 11.75 A/m* at 0.2 V vs. Ag/AgCl o4
Silver Mixed Acetate 11.19 A/m* at 0.2 V vs. Ag/AgCl o4
Copper Mixed Acetate 15.15 A/m? at-0.2 V vs. Ag/AgCl o4
Stainless steel Mixed Acetate 6.74 A/m’ at-0.2 Vvs. Ag/AgCl o4
Nickel Mixed Acetate 3.84 A/m’ at-0.2 V vs. Ag/AgCl o4
Particle based porous electrodes
Graphite E. coli Glucose 1.2 A/m? over 1.98 kQ 1
Graphene E. coli Glucose 5.8 A/m? Polarization curve 12
Activated carbon/goethite Mixed Acetate 3.6 A/m? Polarization curve 13
Polyaniline/WO; E. coli Glucose ~9 A/m’ Polarization curve 10
Mo,C/CNTs E. coli Glucose ~19 A/m? Polarization curve 14
MWCNTs/polyaniline E. coli Glucose ~0.15 A/m® Polarization curve 1e
TiO,/polyaniline E. coli Glucose ~8 A/m’ Polarization curve 1s
Graphene/TiO, S. oneidensis Lactate ~4.2 A/m? Polarization curve "7
Carbon nanoparticles/bacteria Mixed Acetate ~9 A/m’ Polarization curve 18
Graphene/bacteria Mixed Acetate ~9 A/m? Polarization curve 121
E. coli/Fe;04/CNTs E. coli Glucose ~2.2 A/m® Polarization curve 122
Graphite granules Mixed Acetate 80 A/m’ over 20 Q 6
Graphite granules Mixed Acetate ~150-250 A/m’ over 10.5-50 Q 70
Graphite coated crumb rubber granules Mixed Acetate ~1 A/m® Polarization curve B
Fiber based porous electrodes
Carbon paper + PUMWCNTs E. coli Glucose ~8 A/m? Polarization curve 126
Carbon paper + polypyrrole/MWCNTs E. coli Glucose ~1.7 A/m* Polarization curve 127
Carbon paper + graphene/Au S. oneidensis Lactate 1.8 A/m’ at 0.2 V vs. Ag/AgCl 129
Carbon paper + plasma Mixed Acetate ~0.2 A/m? Polarization curve 129
Carbon paper + mesoporous carbon Mixed Glucose ~0.8 A/m? over 500 Q 130
Carbon paper + CNTs S. oneidensis Lactate 2.65 A/m? at 0.1 Vvs. Ag/AgCl 132
Carbon paper + graphene Mixed Glucose ~0.4 A/m* over 1 kQ 131
Carbon cloth + polyaniline/graphene Mixed Acetate 3.4 A/m? Polarization curve 133
Carbon cloth + polyaniline Mixed Acetate ~0.3 A/m* over 510 Q 136
Carbon cloth + polypyrrole Mixed Acetate 3.5 A/m? Polarization curve 137
Carbon cloth + MWCNTs Mixed Acetate ~0.73 A/m® Polarization curve 138
Carbon cloth + N-doped CNTs Mixed Acetate 3.63 A/m’ over 10 Q 139
Carbon cloth + graphene P. aeruginosa Glucose 0.245 A/m* over 1.96 kQ 140
Carbon cloth + graphene/SnO, E. coli Glucose ~3.4 A/m? Polarization curve 142
Carbon cloth + anodisation Mixed Acetate ~3 A/’ Polarization curve 145
Carbon cloth + anodisation Mixed Acetate 6.7 A/m* over 30 Q 146
Carbon mesh Mixed Acetate ~5 A/m? Polarization curve 148
Stainless steel mesh Mixed Acetate 8.2 A/m? at-0.1 Vvs. SCE 2
Stainless steel mesh + MWCNTSs Mixed Acetate ~6 A/m? Polarization curve %
Carbon felt + carbon/polymers Mixed Wastewater 0.11 A/m? over 10 kQ 132
Carbon felt + porous carbon E. coli Glucose 13.4 A/m? Polarization curve 153
Carbon felt + CNTs Mixed Mixture * 5 A/m?, ~1.7 kA/m® Polarization curve 79
Carbon felt + CNTs Mixed Acetate 35.7 A/m® at 0.2 V vs. Ag/AgCl 8
Carbon felt + anodisation Mixed Dairy waste 1.6 A/m® at 0.1 Vvs. SCE 88
Carbon felt + mediator G. sulfurreducens Acetate 12 A/m?, 6 kKA/m® at 0.04 V vs. NHE 87
Carbon felt + polymer Mixed Acetate 10 A/n?, 5 kA/m® over 1 kQ 86
Carbon felt + RuO, S. oneidensis Lactate 13 A/m?, 2.6 kKA/m® Polarization curve 85
Carbon felt + MnO, Mixed Acetate 18.73 A/m?, 3.75 kA/m® Polarization curve 84
Carbon felt + polypyrrole/CNTs Mixed Acetate 1.6 A/m?, 530 A/m’ over 200 Q 8
Carbon felt + polyaniline/CNTs S. putrefaciens Acetate ~1.7 A/m?, ~860 A/m’ over 1.96 kQ 82
Carbon felt + polypyrrole/graphene S. oneidensis Lactate ~18 A/m?, ~3.6 kA/m’ Polarization curve 81
Carbon felt + polyaniline Mixed Mixture * 25 A/m? Polarization curve 80
Carbon brush Mixed Acetate ~1 kA/m® Polarization curve I
CNT-textile Mixed Glucose 14.4 A/m?, 7.2 kKA/m® Polarization curve z
Carbonized textile Mixed Acetate 8 A/m* at 0.3 V vs. Ag/AgCl 63
Carbon fiber network Mixed Acetate 30 A/m? at 0.2 V vs. Ag/AgCl 3
Activated carbon fiber network Mixed Wastewater 2.7 kA/m® Polarization curve o
Monolithic porous electrodes
RVC Mixed Sucrose 50 A/m’ Polarization curve 66
RVC S. oneidensis Lactate 0.1 A/m*# 600 A/m’ Short circuit current o7
RVC + CNTs Mixed Acetate 0.4 A/m> #10.3 kA/m® at 0 V vs. Ag/AgCl 8
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CNT-sponge
Graphene/polyaniline foam
Carbonized corrugated fiberboard
Carbonized kenaf stem
Carbonized pomelo peel
Carbonized corn stem
Carbonized king mushroom
Carbonized wild mushroom
Carbonized tubular bamboo
Carbonized loofah sponge
CNT-polysulfone matrix
Carbonized polyacrylonitrile/graphite
Graphite/PHBV by SCPL
MWCNT/Chitosan by ISISA
VSG/Chitosan by ISISA
Graphene by ISISA

Ti,O7 by ISISA
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Mixed

S. oneidensis
Mixed

Mixed

Mixed

Mixed

Mixed

Mixed

Mixed

Mixed

S. oneidensis

E. coli

S. oneidensis

G. sulfurreducens
P. aeruginosa
Mixed

G. sulfurreducens

Glucose
Lactate
Acetate
Acetate
Acetate
Acetate
Acetate
Acetate
Acetate
Acetate
Lactate
Glucose
Lactate
Acetate
Glucose
Acetate
Acetate

21.3 A/m?%, 10.6 kA/m’
5 A/m?, 5 kA/m®

390 A/m?, 32 kA/m’
32.5 A/m®

>40 A/m?, 18.7 kA/m®
31.2 A/m?, 15.6 kA/m®
20.9 A/m?, 10.5 kKA/m’
30.2 A/m?, 15.1 kA/m®
~5 A/m?

1.9 A/m?, 380 A/m®
1.5 A/m?

2.91 A/m% 2.91 kKA/m’
22.18+6.69 A/m’

24.5 A/m?, 19 kA/m®
2.55 A/m?

3 kA/m?

128.7 A/n, 9.5 kA/m®

Polarization curve
Polarization curve

at 0.2 V vs. Ag/AgCl
at 0.2 V vs. Ag/AgCl
at 0.2 V vs. Ag/AgCl
at 0.2 V vs. Ag/AgCl
at 0.2 V vs. Ag/AgCl
at 0.2 V vs. Ag/AgCl
Polarization curve
over 1 kQ

over 2 kQ
Polarization curve
Polarization curve

at 0 Vvs. Ag/AgCl
over 1.96 kQ
Polarization curve

at 0.2 V vs. Ag/AgCl
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68
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73
75
76
77
62

# Starch, peptone, and fish extract; ## Based on true surface area.
MWCNT, multi-walled carbon nanotube; RVC, reticulated vitreous carbon; PHBYV, poly 3-hydroxybutyrate-co-3-hydroxyvaletrate;
SCPL, solvent cast and particulate leaching; ISISA, ice segregation induced self-assembly; VSG, vacuum-stripped graphene.
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Broader context

Microbial bioelectrochemical systems (BESs) interconvert electrical and chemical energy.

The key component of a BES is a bioelectrode colonized by microorganisms that
function as living “catalysts” for electron transfer. The activity of these organisms is
critical and controlled by efficient delivery of reactants, efficient transfer of electrons to
or from cells to the bioelectrode, and removal of products. For optimal microbial activity,
the bioelectrode requires a porous structure with large accessible surface area and an
affinitive electrode surface for efficient extracellular electron transfer. Scientists have
developed bioelectrodes that achieve high current outputs, but long-term studies are
critical, and capital cost is a concern for large-scale BES applications. At present, most
existing high-performance bioelectrodes use expensive materials or require complex and
energy-consuming synthetic steps. Development of stable and cost-effective porous

electrodes remains a high priority.
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