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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Anodes in MFCs were treated with TiO2 
or CNT particles, or an ionic liquid. 

• Brush anode performance was not 
improved compared to a heat treated 
control. 

• Flat anodes had lower power densities 
and higher resistances than brush 
anodes. 

• CNT treatment of a carbon cloth flat 
anode improved power by 3.2 times. 

• Other MFC resistances may limit im
provements possible with brush anodes.  
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A B S T R A C T   

Anodes in microbial fuel cells (MFCs) can be chemically treated to improve performance but the impact of 
treatment on power generation has not been examined for different electrode base materials. Brush or flat anodes 
were chemically treated and then compared in identical two-chambered MFCs using the electrode potential slope 
(EPS) analysis to quantify the anode resistances. Flat carbon cloth anodes modified with carbon nanotubes 
(CNTs) produced 1.42 ± 0.06 W m− 2, which was 3.2 times more power than the base material (0.44 ± 0.00 W 
m− 2), but less than the 2.35 ± 0.1 W m− 2 produced using plain graphite fiber brush anodes. An EPS analysis 
showed that there was a 90% decrease in the anode resistances of the CNT-treated carbon cloth and a 5% 
decrease of WO3 nanoparticle-treated brushes compared to unmodified controls. Certain chemical treatments can 
therefore improve performance of flat anodes, but plain brush anodes achieved the highest power densities.   

1. Introduction 

Microbial fuel cells (MFCs) can be used to produce electricity by 
coupling the oxidation of organic matter by bacteria on the anode with 
the oxygen reduction reaction (ORR) at the cathode (Li et al., 2014a, Li 
et al., 2014b; Logan et al., 2015, 2006; Wan et al., 2016). Many types of 
anode materials have been used in MFCs, including graphite fiber 

brushes, carbon cloth, and carbon felt, and chemical treatments of these 
materials have been used to try to improve performance (Ahn and 
Logan, 2013; Cheng and Logan, 2007; Guo et al., 2013; Li et al., 2014a, 
Li et al., 2014b; Logan et al., 2007; Saito et al., 2011; Santoro et al., 
2017; Wang et al., 2009). Although some electrode modifications have 
been demonstrated to improve performance based on power production 
for a single chemical treatment on one type of base material such as 
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carbon cloth, there have been no comparisons of the effect of treatments 
using different base materials (Ge et al., 2016; Lanas et al., 2014; Yang 
and Logan, 2016; Zhang et al., 2014). It is also not possible to compare 
the impact of these treatments based on reported power densities be
tween different studies as the amount of baseline power produced (no 
treatment) is a function of any differences in MFC conditions, such as 
electrode projected areas (Cheng et al., 2014; Dewan et al., 2008; Rossi 
et al., 2019c), electrode spacing (Logan et al., 2018; Rossi et al., 2019b), 
and electrode sizes relative to each other (for example a cathode larger 
than the anode) (Fan et al., 2008; Lanas and Logan, 2013). A change in 
percentage of maximum power density achieved with one type of anode 
base material therefore cannot be used to predict performance in 
another type of MFC with different configurations (Logan, 2010). Even 
with identical reactors power can vary between different laboratories 
(Yang et al., 2017), and therefore it is important to examine different 
chemical treatments of anodes under otherwise identical conditions. 

The impact of an anode material or chemical treatment of an anode 
can be more directly quantified by examining electrode resistances, 
using the electrode potential slope (EPS) analysis, than just noting the 
maximum power density which is also a function of the cathode and 
ohmic resistances. The EPS method can be used to calculate the anode 
resistance, relative to the solution and cathode resistances, using elec
trode polarization data in order to quantify the anode resistance relative 
to the total internal resistance (Cario et al., 2019; Lawson et al., 2020; 
Rossi et al., 2020, 2019a; Rossi and Logan, 2020). MFCs contain three 
different regions in polarization curves: an activation loss dominated 
region characteristic of a sharp potential drop at low current densities, a 
linear region dictated by ohmic resistances, and a rapid decrease to 
voltage at high current densities due to mass transfer limitations (Feng 
et al., 2010a, Feng et al., 2010b; Nguyen et al., 2016; Rismani-Yazdi 
et al., 2008; Wen et al., 2009). Using the linear region near peak 
power production with the EPS method, and normalizing by the elec
trode area, enables calculation of the area-based resistance (mΩ m2) 
from the slope of the polarization data. For example, an EPS analysis has 
shown that increasing phosphate buffer concentrations (from 50 mM to 
200 mM) improved power due to a 64% decrease in the anode resistance 
(Rossi et al., 2020). A microbial electrolysis cell (MEC) application of the 
EPS method showed that the anode resistance (71 ± 5 mΩ m2) 
contributed a total of 59% of the total internal resistance (120 ± 0 mΩ 
m2), and therefore it was the main factor limiting MEC performance 
(Cario et al., 2019). Therefore, it is possible to improve MFC or MEC 
performance by reducing the anode resistance when it is a predominant 
resistance in the system (Fan et al., 2008; Liang et al., 2007; Sleutels 
et al., 2009). 

Chemical modifications of the anode have been used to improve 
performance in terms of power production (Cheng and Logan, 2007; 
Guo et al., 2013; Li et al., 2014a, Li et al., 2014b; Saito et al., 2011; Wang 
et al., 2009), but the relative contribution of anode material to the 
overall internal resistance also needs to be examined to determine the 
possible amount of impact from the specific chemical treatment. For 
example, a large change in power could be produced by anode treatment 
in a system where the anode resistance was a high proportion of the total 
internal resistance, but only a small change in power would be observed 
in another MFC if the anode resistance was only a small part of the total 
internal resistance. 

The objective of this study was to examine if chemical treatments 
applied to flat and brush anodes could be used to improve power pro
duction. To examine the impact of chemical modifications of anodes on 
the performance of MFCs, power production was examined using two- 
chambered MFCs. Chemical treatments were selected from those 
shown in previous studies to facilitate bioelectrochemical interactions of 
bacteria with the anode or improve power. These treatments included 
addition of electrically conductive particles where surface charge and 
electrical conductivity were improved by using carbon nanotubes 
(CNTs) (Ronen et al., 2015) or with semiconductor nanoparticles (e.g. 
TiO2 and WO3) (Yang et al., 2016; Zhang et al., 2015, 2017; Zhou et al., 

2018), and the application of a positively charged ionic liquid polymer 
that was shown to improve current densities by an order of magnitude 
(Saito et al., 2010; Wang et al., 2016, Wang et al., 2011). Brush anodes, 
which have been shown to produce high power densities in MFCs, were 
examined here as the base material with three of these different chem
ical treatments. In addition, three different flat anode materials 
(graphite, carbon cloth and carbon felt) were used as controls to 
demonstrate the impact of the base electrode materials on anode resis
tance relative to the total internal resistance. One of the flat materials 
(carbon cloth) was also examined using the carbon nanotube treatment 
to show the impact of this chemical treatment on a flat anode relative to 
the brush anode. A ferricyanide (Fe(CN)6

3− ) catholyte was used to 
provide consistent cathode performance and to improve power pro
duction due to an ~ 270 mV increase to the cathode working potentials 
relative to those obtained using air cathodes (Lawson et al., 2020). The 
impacts of these chemical treatments were evaluated based on changes 
in the three component resistances (anode, cathode, and solution) and 
the working half-cell potentials using the EPS method (Cario et al., 2019; 
Lawson et al., 2020; Rossi et al., 2020, 2019a; Rossi and Logan, 2020). 

2. Materials and methods 

2.1. Electrode fabrication 

A total of eight anodes were tested with brush anodes treated in three 
different ways and a plain brush as a control, and four planar (flat) 
anodes (Fig. 1). All electrode materials, including the brush cathodes, 
were heat treated at 450 ◦C for 30 min in a muffle furnace prior to use or 
modification to remove manufacturing impurities (Feng et al., 2010a, 
Feng et al., 2010b). The graphite fiber brushes were made using two 
twisted titanium wires (Zoltec PX35 graphite fibers; Mill-Rose, OH, 
USA) with fiber occupying a length of 2.5 cm and diameter of 2.5 cm 
(Logan et al., 2007). The four brush anodes were: a brush modified with 
TiO2 nanoparticles (BTIO2), a brush modified with WO3 nanoparticles 
(BWO3), a brush modified with an ionic conductive polymer (BICP), and 
an unmodified brush (B) as a control. The nanoparticle modified brushes 
were made from brushes dip-coated in nanoparticle solutions, 100 μM 
TiO2 (<25 nm particle size; Sigma-Aldrich, MO, USA) for the BTIO2 
electrodes and 100 μM WO3 (<100 nm particle size; Sigma-Aldrich, MO, 
USA) for the BWO3 electrodes. The BICP electrodes were brushes modified 
by dip-coating in an anion exchange polymer solution made from a 
mixture of quaternary DABCO (1,4-diazabicyclo [2.2.2] octane) poly
sulfone (QDPSU) and carbon black (Wang et al., 2011). Carbon black 
(Vulcan XC-72R; Cabot, MA, USA) and QDPSU, prepared as previously 
reported (Wang et al., 2016), were weighted at a ratio of 1:1 and then 
dispersed in dimethylacetamide (5% wt). After these modifications, 
brushes all were dried in a vacuum desiccator for 30 min at 70 ◦C and 
finally stored at room temperature. 

The flat anodes tested were three unmodified materials, a graphite 
block (FG), carbon felt (FCF), carbon cloth (FCC), and carbon cloth 
modified with carbon nanotubes (FCC/CNT). The FG electrodes (Morgan 
Advanced Materials, Windsor, UK) were 5 mm thick squares with 2 cm 
long edges (4 cm2). The FCF (Alfa Aesar, MA, USA) and FCC (BASF Fuel 
Cell Inc., NJ, USA) electrodes were cut into circular shapes with a 
diameter of 3 cm (~7 cm2). The FCC/CNT (~7 cm2) electrodes were 
fabricated by modifying the same carbon cloth material used in the FCC 
reactors. Briefly, the CNT film was deposited on the carbon cloth by 
spray coating CNT and polyvinyl alcohol (PVA) layers (1 wt% PVA in DI 
water). The CNTs consisted of multi-walled carbon nanotubes, func
tionalized with carboxylic groups (CNTs–COOH), with 30–50 nm outer 
diameters and 10–20 nm lengths at a purity of > 95% (CheapTubes Inc., 
Brattleboro, VT, USA). The CNT coated carbon cloth was then sub
merged in a cross-linking solution, consisting of glutaraldehyde (50% 
wt) and diluted hydrochloric acid (37% wt), and heated at 90 ◦C for 1 h. 
Afterwards, the CNT coated carbon cloth was oven dried at 90 ◦C for 5 
min and stored at room temperature (Ronen et al., 2015). 
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Carbon brushes had 4300 m2 per m3 of reactor based on bristle area 
(Lanas and Logan, 2013) and carbon cloth had 2670 m2 m− 3 calculated 
using a technical data sheet indicating 50% porosity and fiber diameter 
of 7.5 µm (Fuel Cell Earth, 2021). The graphite blocks were assumed to 
be essentially flat with an exposed area of 360 m2 m− 3. While these are 
large differences in intrinsic surface area, previous research has shown 
that the projected area of the electrode is more critical to power pro
duction than internal surface area (Lanas and Logan, 2013; Rossi and 
Logan, 2020). The anodes had 4.9 cm2 (brush), 7.0 cm2 (carbon cloth), 
and 4 cm2 (graphite) of projected surface area per 7 cm2 of cathode 
projected area. 

2.2. MFC configuration and operation 

A total of sixteen two-chambered MFCs were used, duplicate reactors 
for each of the eight anodes tested. Two-chambered MFCs were con
structed from two blocks of polycarbonate drilled to have 28 mL 
chambers (3 cm diameter, 4 cm length), with the chambers separated by 
a cation exchange membrane (CEM; Selemion, Bellex International 
Corporation, DE, USA) (Fig. 1) (Lawson et al., 2020). The cathodes for 
all reactors were an unmodified brush fixed at 1 cm from the CEM. The 
brush anode (Fig. 1A–D) tips were arranged to be 1 cm from the CEM 
and in close contact (~1 mm) with the tip of the reference electrode (RE; 
Ag/AgCl, model RE-5B, BASi, IN, USA; +0.199 V versus a standard 
hydrogen electrode, SHE). The FG anodes (Fig. 1E) were fastened to a 
titanium current collector and suspended by it in the center of the anode 
chamber fixed at 3 cm from the CEM and 2 cm from the RE. The FCF 
anodes (Fig. 1F) were in contact with a titanium current collector and 
had an effective distance of 3.1 cm from the CEM and 2.1 from the RE 
(Logan et al., 2018). The FCC and FCC/CNT anodes (Fig. 1G–H) were also 
in contact with a titanium current collector and were set at 4 cm from 
the CEM and 3 cm from the RE. 

All reactors were operated in fed-batch mode with the solutions 
replenished every 1–2 days. The anolyte contained sodium acetate (2 g 
L–1; equivalent to 1.5 g L–1 of COD) dissolved in a 50 mM phosphate 
buffer solution (PBS; 4.58 g Na2HPO4, 2.45 g NaH2PO4, 0.13 g KCl, and 
0.31 g NH4Cl in 1 L of deionized water) with added mineral and vitamin 
solutions (Rossi et al., 2020). The catholyte was 50 mM potassium 
ferricyanide (K3Fe[CN]6) dissolved in 50 mM PBS (Lawson et al., 2020; 

Rezaei et al., 2009). 
Current generation was monitored every 20 min by measuring the 

voltage across a resistor, set to 1000 Ω during normal operation, with a 
multimeter (Model 2700, Keithley Instruments, Inc., OH). Anodes were 
inoculated with effluent from a well acclimated microbial fuel cell (50% 
anolyte buffer solution, 50% MFC effluent) for 7 days. After the inocu
lation period, only the anolyte buffer solution was fed into the anode 
chamber. All MFCs were acclimated for 6–8 weeks before further 
experimentation and were normally operated during this period in a 
constant temperature room set at 30 ◦C. Reproducible, stable voltage 
profiles were obtained for all reactors within the first 4 weeks of normal 
operation (Rossi et al., 2017). 

2.3. Electrochemical characterization 

Prior to polarization tests, MFCs were acclimated for two days at 
lower set resistances (100–500 Ω) to minimize the potential for power 
overshoot (a doubling back of the power curve) (Hong et al., 2011; 
Watson and Logan, 2011; Zhu et al., 2013). Single-cycle polarization 
tests were conducted by feeding the reactor with fresh medium, main
taining the system under open circuit conditions for 2 h, and then 
running linear sweep voltammetry (LSV) with a potentiostat (VMP3 
Multichannel Workstation; Biologic Science Instruments, USA) (Rossi 
et al., 2020). LSV tests were performed in a three-electrode configura
tion, with the anode set as the working electrode, at a scan rate of 0.1 
mV s− 1 in a constant temperature room set at 30 ◦C. Electrochemical 
data was normalized by the CEM surface area (7 cm2). Analysis of po
larization test variability was performed by a two-sided t-test. 

The EPS method was used to analyze LSV polarization data in terms 
of the whole cell and electrodes, corrected for solution resistance losses 
between the working electrodes and reference electrodes (Cario et al., 
2019; Lawson et al., 2020; Rossi et al., 2020, 2019a; Rossi and Logan, 
2020). The linear portion of the polarization data near the reactor’s 
corresponding peak power production, where activation and diffusion 
losses are minimal, was analyzed with a least-squares regression and 
expressed as E = mi + b. The slope m is the specific resistance of each 
component (Rint, Rcat, Ran; mΩ m2) and the y-intercepts are used to 
calculate experimental open circuit potentials (Eemf,e0, Ecat,e0, Ean,e0; V). 

The solution resistance (RΩ, mΩ m2) was obtained from the solution 

Fig. 1. Configuration of the two-chambered MFCs. The four brush anode materials tested are shown in the top row and include an unmodified brush (A, B), a brush 
modified with TiO2 nanoparticles (B, BTIO2), a brush modified with WO3 nanoparticles (C, BWO3), and a brush modified with an ionic liquid polymer (D, BICP). The 
four planar, “flat” anode materials tested are shown in the bottom row and include an unmodified block of graphite (E, FG), an unmodified carbon felt (F, FCF), an 
unmodified carbon cloth (G, FCC), and a carbon cloth modified with carbon nanotubes (H, FCC/CNT). 
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conductivity (σ, mS cm− 1; 1 S = 1 Ω− 1) and the distance between the 
electrodes (l, cm) as RΩ = 100l

σ where 100 is used for unit conversion 
(Rossi et al., 2019a). The solution conductivities were 8 mS cm− 1 for the 
anolyte and 21 mS cm− 1 for the catholyte. The membrane resistance 
(Rmem) was calculated as the difference between the sum of the indi
vidual resistances and the measured internal resistance of the reactor, 
Rmem = Rint − (Ran + Rcat + RΩ) (Cario et al., 2019; Lawson et al., 2020), 
based on the whole cell polarization data of a four-electrode, one RE in 
each chamber, single-cycle LSV polarization test conducted on the B 
reactors. To minimize reactor performance impacts due to consecutive 
LSV tests, the four-electrode polarization test was performed after 2 
weeks of normal operation following the three-electrode LSV polariza
tion tests. Applying the EPS method to the four-electrode polarization 
data resulted in an Rmem = 5.6 ± 1.1 mΩ m2. 

3. Results and discussion 

3.1. MFC whole cell performance based on maximum power densities 

The three chemically treated brushes all produced maximum power 
densities similar to the unmodified control based on polarization curves 
obtained using fully acclimated MFCs (Fig. 2). The maximum power 
density was 2.35 ± 0.09 W m− 2 for the brush with no modification, 
which was comparable to that obtained using chemical treatments with 
WO3 (BWO3, 2.35 ± 0.01 W m− 2), TiO2 (BTIO2, 2.30 ± 0.08 W m− 2), and 
the ionic polymer (BICP, 2.26 ± 0.07 W m− 2). These maximum power 
densities were within 5% of those reported previously for two- 
chambered ferricyanide-catholyte MFCs of the same design, but they 
were > 70% higher than conventional air–cathode MFCs due to the 
additional voltage contributed by the ferricyanide reduction compared 
to oxygen reduction (Lawson et al., 2020; Rossi et al., 2019a; Yang et al., 
2017). 

The flat anode MFCs all produced lower maximum power densities 

than those produced using the chemically treated or unmodified brush 
electrodes (Fig. 2). The carbon felt anode MFCs produced the highest 
maximum power density of 1.46 ± 0.01 W m− 2, with a slightly lower 
power density with the graphite block of 1.35 ± 0.04 W m− 2, and a much 
lower power density with unmodified carbon cloth of 0.44 ± 0.00 W 
m− 2. Chemical treatment of the carbon cloth with carbon nanotubes 
tripled the maximum power production by the carbon cloth to 1.42 ±
0.06 W m− 2, demonstrating the effectiveness of treatment with electri
cally conductive particles for the flat anode but not for the graphite 
brush. However, the power produced by the carbon cloth following 
chemical treatment with carbon nanotubes was still similar to that of the 
other flat electrodes. 

3.2. MFC electrode performance analyzed using the EPS method 

To better understand the reasons for the differences in performance 
between the brushes and flat anodes, and the improved performance of 
the carbon cloth treated with CNTs but not the brush anode with 
conductive particles, polarization data were obtained for the electrodes. 
Cathode potentials were generally similar for all reactors although the 
current ranges for the cathode potentials were different (Fig. 3). The flat 
anode reactor cathodes operated only up to < 4.5 A m− 2. The brush 
anode MFC cathodes reached > 7 A m− 2 but decreased by only ≤ 0.1 V 
over this larger range of current densities. The anode potentials 
appeared to be quite similar for all materials except for the unmodified 
carbon cloth electrodes when compared at the same current densities. 
The anode potentials at a given current density were also similar except 
the carbon cloth which increased to more positive potentials by + 0.1 V 
at current densities up to 4 A m− 2 and by + 0.25 V or more for the brush 
anodes at current densities up to 8 A m− 2. This comparison of electrode 
potentials suggested that, except for the unmodified carbon cloth, there 
were relatively small differences between the potentials of the different 
anodes (Fig. 4) despite large differences in maximum power production 

Fig. 2. Power density (A) and whole cell polarization (B) curves. The brush anode reactors are shown in blue hues and the four planar, “flat” anode reactors are 
shown in non-blue colors. Colored shadows represent standard deviations. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 
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shown between the brush and flat anodes, likely due to the different 
limiting current densities of the different anode materials (Fig. 2). 

To further explore differences in performance the EPS method was 
used to determine the operating electrode potentials and resistances. 
The experimental cathode potentials near the point of maximum power 
production were the same when using different anode materials, with an 
average of Ecat,e0 = 440 ± 26 mV (vs. SHE) for the brush reactor cath
odes and 442 ± 16 mV for the flat reactor cathodes (Fig. 4). However, 
the average anode potentials were more negative for the flat anodes (Ean, 

e0 = –395 ± 42 mV) compared to the brush anodes (–331 ± 37 mV). As 
current density increases the anode overpotentials will become more 
positive. Therefore, the flat anodes operating at lower current densities 
had slightly more negative potentials than those of the brush electrodes 
and, due to the lower average current densities, the flat anode reactors 
overall produced less power. 

The reason for the higher power production by the brush anodes was 

their lower whole cell resistances, primarily due to lower solution re
sistances (Fig. 4). The brush anode MFCs had total internal resistances <
75 mΩ m2 while those of the flat anodes were > 115 mΩ m2. The large, 
highly porous brush anodes (2.5 cm long) spanned most of the anode 
chamber (4 cm long) with the end of the brush close to the CEM (~1 cm). 
Flat anodes were positioned here as is typical in air–cathode MFCs 
where they must be positioned 3–4 cm from the cathode to avoid 
excessive oxygen intrusion into the anode. Thus, the flat anode MFCs 
had a larger total solution resistance of > 49 mΩ m2 compared to < 26 
mΩ m2 for the brush anodes. As a result of these different solution re
sistances, the power density comparison of brush and flat anode MFCs 
must be made based on anode performance, in terms of resistances, 
rather than on maximum power production. 

When the brush and flat anodes were compared using the EPS 
analysis it was determined that the brush anode resistances were sub
stantially lower than those of the flat anodes. The brush anodes ranged 

Fig. 3. Electrode polarization curves. Colored shadows represent the standard deviations.  

Fig. 4. Electrode potential slope analysis results, 
including experimental open circuit potentials (A) and 
internal resistances (B). The filled-in circles represent 
experimental open-circuit cathode potentials (Ecat,e0) 
and the hollow circles represent experimental open- 
circuit anode potentials (Ean,e0). The red, dashed 
lines represent the average experimental open-circuit 
potentials of the corresponding region. The dotted, 
filled-in bars represent solution resistances (Rsol) and 
the dotted, hollow bars represent whole cell re
sistances (Rcell). The undotted, filled-in bars represent 
cathode resistances (Rcat) and the undotted, hollow 
bars represent anode resistances (Ran). Error hatch- 
bars represent the standard deviations.   
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from 28 ± 1 mΩ m2 (BWO3) to 40 ± 7 mΩ m2 (BICP), compared to 68 ± 4 
mΩ m2 (FG) to 432 ± 84 mΩ m2 (FCC) for the flat anodes (Fig. 4). 
Therefore, the use of the EPS method showed that the brushes did have 
improved performance based on their lower electrode resistances, 
although the higher maximum power densities of the brush reactors 
were also aided by having smaller solution resistances. 

Chemical treatments did not appreciably impact the performance of 
the brush reactors, based on the resistances calculated using the EPS 
analysis, but did significantly improve the carbon cloth anode. While the 
resistance of the unmodified brush anode was 29 ± 4 mΩ m2, the 
resistance of the brush anode modified with a conductive particle was 
similar at 28 ± 1 mΩ m2 (BWO3). Chemical treatment substantially 
improved the performance of the carbon cloth anode, which had the 
highest resistance of all the anode materials tests. The unmodified car
bon cloth anode had a resistance of 432 ± 84 mΩ m2, or 10.5 times that 
of the carbon cloth modified using CNTs (41 ± 0 mΩ m2). Cathode 
resistance values were very low, averaging Rcat = 15 ± 14 mΩ m2 

(Fig. 4). These results for the different anodes demonstrated that 
chemical treatment could successfully improve performance if the 
original anode material performs poorly, but these treatments did not 
improve the performance of brush anodes which inherently have very 
low electrical resistances. 

3.3. Implications for future MFC studies 

Many chemical treatments have been used to improve MFC perfor
mance, but the treatments examined here have previously only been 
applied to flat anodes. As was shown here, when several of these 
chemical treatments were tested on brush anodes none of them 
increased the overall power production by the MFC. In addition, using 
the EPS analysis, it was shown that the treatment did not impact anode 
working potentials or the anode resistance of the brush anodes. Brush 
anodes are therefore already optimally suited for use in MFCs as they can 
be placed close to the cathode (~1 cm) without adverse impacts of ox
ygen intrusion through the cathode, compared to flat anodes which must 
be placed farther from the cathode to avoid adverse impacts of oxygen 
crossover through the cathode (Lawson et al., 2020; Rossi et al., 2020, 
2019a; Rossi and Logan, 2020). Even after correcting for the higher 
solution resistances of the flat anodes, the brush anodes had improved 
performance compared to the chemically treated and unmodified flat 
anodes. 

CNT treatment of a carbon cloth anode was used as a positive control. 
When this CNT-treated cloth anode was tested in the MFCs the power 
production increased 3.2-fold and the anode resistance was reduced by a 
factor of 10.5. Therefore, the CNT treatment could be effective but only 
in the case of the flat carbon anode that had the highest resistance of all 
the materials tested. This positive result with the flat anode showed that 
treatment with conductive particles had the potential to increase the 
brush anode performance, but since no improvement was observed, this 
suggests that the brush anode was already working well enough that 
other resistances in the system may have limited performance such as 
solution, membrane, or cathode resistances. 

4. Conclusions 

Chemical treatment of brush anodes using conductive particles or 
treatment with an ionic liquid polymer did not lower brush anode re
sistances or improve maximum power densities. MFCs with brush an
odes had higher power compared to cells with flat anodes primarily due 
to the higher solution resistances in the flat anode reactors. However, 
based on the EPS analysis results that eliminated solution resistance as a 
performance factor, the brush anodes had lower resistances which 
demonstrate better performance overall compared to flat anodes. CNT 
treatment of carbon cloth anodes improved performance, but power was 
still less than that achieved with brush anodes. 
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