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a b s t r a c t

Two-chamber (H-cell) bioelectrochemical systems (BESs) are one of the most widely used devices in
bioelectrochemistry studies, but comparisons of performance have been challenged by differences in
reactor architecture. Here we showed that the reactor solution resistance should be calculated using only
the tube cross-sectional area and length rather than the electrode spacing (i.e. the solution resistance in
the chambers is negligible). This approach was demonstrated using two H-cells (tube cross sectional
areas of 4.5 cm2 or 1.2 cm2) and variable electrode areas. The solution resistance (RU) calculated from the
tube diameter and length was consistent with that measured using electrochemical impedance spec-
troscopy (EIS), and was ~80% of the total internal resistance with electrode areas larger than the tube
area. Anode resistance and total power were similar (RAn ¼ 26 ± 1 U to RAn ¼ 34 ± 1 U, 0.37 ± 0.00 mW)
when the anode was larger than the tube area (4.5 cm2), but the resistance increased (RAn ¼ 431 ± 229 U)
when the anode size (0.8 cm2) was smaller than the tube. Power and cathode resistance changed more
with the size of the cathode (RCat ¼ 61 ± 5 U at 9.6 cm2, to RCat ¼ 73 ± 7 U at 4.9 cm2), with very high
resistance when the cathode was smaller than the tube diameter (RCat ¼ 1246 ± 805 U for 0.8 cm2

cathode). These results demonstrated that internal resistances are relatively insensitive to electrode sizes
when the electrodes are larger than the tube area. While it has not been common to report tube ge-
ometry in H-cell studies, these dimensions will need to be reported in future studies in order to make
practical comparisons of performance among these types of reactors.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Exoelectrogenic microorganisms drive electricity generation in
microbial fuel cells (MFCs) through oxidation of organic matter in
solution [1]. MFCs can be made with relatively inexpensive mate-
rials and simple configurations [2], [e] [5] but the lack of stan-
dardized conditions have led to results that cannot be directly
compared due to reactor configuration differences [6,7]. MFC ar-
chitectures vary widely, ranging from simple two-chamber bottle
reactors connected by small side arms (H-cells), to plate and frame
(equally sized electrodes) and tubular configurations [6,8]. Anodes
are usually made of carbon-based materials, such as carbon felt,
carbon cloth, graphite rods and graphite brush electrodes [9], with
modifications often made to these materials to improve power
production [9e13]. The electron acceptor in the cathodic chamber
is typically oxygen provided by aeration or by direct air transfer, but
chemical catholytes such as ferricyanide have also been used
[1,6,14]. The variations in all of these system conditions have made
it difficult to judge whether claims of increased power production,
for example due to the treatment of electrodes, could instead be
due to different architectures or materials in the test conditions
over time, or low power production by controls (electrodes prior to
modifications). Even when experimental conditions and reactor
setups are identical, MFC performance has been shown to vary by
~15%, due to the techniques used by different investigators, elec-
trode deterioration, and biofilm development [7].

Two-chamber, H-cell configurations are one of the more com-
mon architectures used in MFC tests, with performance typically
evaluated in terms of the maximum power from polarization tests
normalized to the area of one electrode [1,7,9,15]. In polarization
tests, the external resistance is progressively reduced at regular
intervals of time. While this is a commonmethod for evaluating the
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overall performance of the reactor, it does not properly take into
account the impact of the individual components of the internal
resistance on the overall MFC performance. For example, it was
reported that the anode working potential at the maximum power
density in seven independent studies varied over a range of 267mV
in polarization tests [15]. Moreover, there is no clear rationale or
standard for choosing the area for normalizing the power, and
claims of high power densities in these systems has resulted in
controversial findings upper limits in power production, especially
when comparing results from H-cells to MFCs with different con-
figurations [1,16]. For example, power densities have been reported
to exceed 5 W m�2 in a 2018 H-cell study with a large anode
(12.7 cm long, ~4.5 cm diameter brush anode) and a much smaller
cathode (5 � 5 mm) in a ferricyanide catholyte, with power
normalized to the smaller cathode [17]. The use of ferricyanide may
help growing strictly anaerobic exoelectrogens, as its use can avoid
oxygen leaking into the anolyte, but ferricyanide catholyte inflates
power densities with respect to aerated catholytes due to its larger
functional electrochemical potential than oxygen [18e20]. H-cells
typically use electrodes suspended in the chamber with a proton
exchange membrane (PEM) in the tube separating the chambers,
with the electrode and tube sizes that vary between different
studies. Normalizing the current or power to a smaller electrode
can exaggerate the maximum performance relative to MFCs with
equally-sized electrodes and cross sectional area between them,
suggesting higher overall power production than that possible by
the whole system [21].

The performance of electrodes in MFCs can individually be
evaluated with proper location and use of reference electrodes, but
often MFC performance is only reported in terms of whole cell
polarization data without electrode potential results. A recently
developed method to quantify the electrode and solution re-
sistances and the working electrode potentials, called the electrode
potential slope (EPS) analysis, was recently developed to quantify
the performance of components in single chamber MFCs [15,22].
The slopes of linearized electrode polarization data were used to
quantify the anode and cathode resistances, while the intercepts on
the electrode potential axis defined the effective half-cell potentials
at current near the maximum power. When the electrodes have the
same cross sectional area as the chamber separating the electrodes
the solution resistance can be calculated from the solution con-
ductivity, and electrode area and spacing. Thus, it is possible in
these systems to evaluate individual electrode performance
through the EPS analysis, separate from ohmic losses due to solu-
tion resistance.

Previous applications of the EPS method required that the
electrodes have the same size and their cross sectional area be the
same as that of the chamber between them. However, H-cells do
not meet these criteria and thus it has not been clear on how the
analysis could be applied to these configurations due to the
different (an usually smaller) tube cross sectional area than the
projected areas of the electrodes (i.e. a small diameter tube con-
necting the much larger electrode chambers), different projected
areas (and sometimes shapes) of the electrodes, different lengths of
the connecting tube, and the use of different catholytes. All of these
differences impact the overall total internal resistance and thus the
maximum power possible in these systems [23e26]. A critical
missing factor in this analysis was how the solution resistance
could be calculated from a standard conductivity-solution resis-
tance equation for the H-cell design given the different areas of the
electrodes and membrane, and the distances of the electrodes from
each other in addition to variable tube diameter and lengths.

Using electrochemical impedance spectroscopy (EIS), we
demonstrate here that electrode performance in H-cells (for certain
conditions) can be analyzed by using different assumptions in the
EPS method for these cells compared to assumptions made for
equally sized electrodes and chambers. This modified method is
based on changing the approach used to calculate the solution
resistance. While both approaches require calculation of the solu-
tion conductivity, the EPS method applied to H-cells requires the
use of the diameter and length of the side arms. This utility of this
new approach for H-cells was tested by using two different tube
cross sectional areas, and by individually varying the size of one
electrode relative to the other one. While various tests have pre-
viously been performed using H-cells with different dimensions,
many studies did not report essential data needed for this analysis
on the individual electrode potentials and geometry [17,19,20,23].
We also propose a method to report power production normalized
to area, based on the projected areas of the system that contribute
to internal resistances, in order to be able to better compare results
using different H-cell configurations.

2. Materials and methods

2.1. Construction and operation of MFCs

The MFCs used here were two chamber, H-cell type reactors
constructed from two bottles each with a side arm tube (Fig. S1A),
with a PEM (Nafion 117, Fuel Cell Store, USA) clamped between the
two chambers. The tube areas were either 1.2 cm2 (small tube MFC;
ST-MFC) or 4.5 cm2 (large tube MFC; LT-MFC). The volume of the
media in each bottle was slightly different, with 275 mL (4.5 cm2

tube) or 260 mL (1.2 cm2 tube), due to the different volumes of the
side arms. The distance between the electrodes was 14 cm, and the
total length of the two connected tubes was 7.5 cm.

Anodes (9.6 cm2 initial projected area) were 6.35 mm thick
carbon felt (Alfa Aesar, USA), heat treated at 450 �C for 30 min [27]
prior to use. Pt/C cathodes were prepared as previously described
[28]. Briefly, 35mg Pt/C (10wt %, E-TEK) and 467 mL Nafion ionomer
(5 wt % solution, Dupont, USA) were vortexed with 233 mL iso-
propanol and painted on one side of a carbon cloth (Fuel Cell Earth,
USA) (9.6 cm2 projected area). The cathodes were then dried
overnight in an oven (60 �C). The final Pt loading (0.5 mg cm�2) was
determined by normalizing the weight difference before and after
catalyst coating by the projected area of the electrode. Anodes and
cathodes were connected to a titaniumwire current collector using
electrically conductive carbon cement (Leit-C™, SPI supplies,
German) [29].

The electrodes were positioned in the middle of the bottle
chamber facing each other at ~3 cm from the side arm. Reference
electrodes (REs) (Ag/AgCl; model RE-5B, BASi, IN;þ0.209 V versus a
standard hydrogen electrode, SHE) used to measure the anode and
cathode potentials were placed in each chamber outside the elec-
tric field [30] at ~2 cm from the working electrode. To investigate
the impact of the electrode dimension on the MFC performance the
anode or cathode projected areas were progressively reduced for
one electrode, from 9.6 cm2, 7.1 cm2, 4.9 cm2, 3.1 cm2, 1.8 cm2and
0.8 cm2 immediately before the polarization tests, while keeping
the counter electrode a constant size (Fig. S1B). Additional tests
were conducted after acclimating the 0.8 cm2 anode at low external
resistance (200 U) for two additional days.

The anolyte was 50 mM phosphate buffer solution (PBS; 4.58 g
Na2HPO4, 2.45 g NaH2PO4, 0.31 g NH4Cl, 0.13 g KCl in 1 L of distilled
water, with 12.5 mL of a concentrated trace mineral solution and
5 mL of a vitamin solution) amended with sodium acetate (2 g L�1)
having a conductivity of s ¼ 7.9 mS cm�1 and pH ¼ 7.0 ± 0.1. The
catholyte was 50 mM phosphate buffer (PB; 4.58 g Na2HPO4, 2.45 g
NaH2PO4) at pH ¼ 7.0 ± 0.1 with conductivity of s ¼ 6.3 mS cm�1.
The catholyte was sparged with air at 17 ± 3 L h�1 and both
chambers were continuously mixed using a magnetic stirrer. The
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MFCs were operated at 30 �C in a controlled temperature room.
2.2. Electrochemical measurements

MFCs were acclimated at an external resistance of 1000 U as
previously described [10]. The reactors were fed with fresh media
in batch mode over several weeks, until at least 3 reproducible and
stable voltage profiles were obtained [20]. Single cycle polarization
tests were conducted once stable operation were reached by
feeding the reactor with freshmedia andmaintaining the system at
open circuit conditions for 2 h, and then steadily reducing the
external resistance from 50,000, 10,000, 5000, 2000, 1000, 500,
200, 100 to 50 U at 20 min intervals.

The current was calculated based on the potential (Ecell)
measured across the external resistor, and recorded using a com-
puter based data acquisition system (2700, Keithley Instrument,
OH). During each polarization test, the anode (EAn) and cathode
(ECat) potentials were recorded using the reference electrodes in
each chamber [23]. The electrode potentials measured between the
working electrode and the RE in the opposite chamber (including
the solution resistance) are included in the Supporting Information.
All potentials are reported here versus SHE.

The EPS method was used to examine the performance of the
MFC [15]. For this method, the electrode potentials from polariza-
tion curves were plotted with respect to current after correction for
the solution resistance, and the linearized portion of the electrode
potential at a current range when the maximum power occurs was
used to quantify anode and cathode performance. The slope of the
electrode potential was used to calculate individual electrode
resistance, and the intercept on the y-axis was used to define the
effective half-cell potential under working experimental conditions
[15,22]. The linearized portion of the electrode potential in polari-
zation plots, as a function of current, was fitted by E ¼ m i þ b,
where i is the current (mA), the absolute value of the slope m is
defined as the resistance of the anode (RAn) or cathode (RCat) in
units of U, and the y-intercepts are used to calculate the experi-
mental open circuit potentials of the anode (EAn,e0) or cathode
(ECat,e0). A schematic representation of the parameters used for the
EPS analysis is reported in the Supporting Information (Fig. S2).
Using the linearized portion of the electrode potential near the
maximum power, it is possible to reproduce the power density
curve in polarization tests (Fig. S14) [15].

EIS measurements were used to determine the solution resis-
tance between the electrodes. Tests were conducted using a two
electrode setup at a constant applied potential of 0.54 V
(tube ¼ 4.5 cm2) and 0.36 V (tube ¼ 1.2 cm2), corresponding to the
Ecell generated at 1000 U, over a frequency range of 100 kHz to
5 mHz. For the MFCs with the 0.8 cm2 electrodes (anode or cath-
ode) the applied potential was reduced to 0.40 V (LT-MFC) and
0.30 V (ST-MFC) as the reactors were unable to sustain stable cur-
rents at such high potentials for the timeframe necessary to obtain
the spectra. A sinusoidal perturbation of 10 mV amplitude was
applied registering 10 points per decade. Prior to the analysis the
whole cell potential was set to the potential correspondent to the
EIS analysis for 30 min. The spectra were then analyzed and fitted
into the equivalent circuits reported in the Supporting Information
(Fig. S3, Fig. S4, Table S1, and Table S2) to determine the solution
resistance (RU).
2.3. Estimating solution resistance from solution conductivity

The solution resistance (RU) obtained from EIS was compared
with that calculated from the solution conductivity (s, mS/cm), as
RU ¼ 103l
sA

(1)

where A is the cross-sectional area between the electrodes (cm2),
103 is to convert mS into S (where 1 S ¼ U�1) and l is the length of
the electric path (cm) [23]. In H-cell MFCs, the appropriate length of
the electric path or the cross-sectional area of the electric field
cannot be easily predicted. For example, it is not clear whether the
electrode area or the tube area will better represent the cross-
sectional area of the electric field, or if the length of the electric
path is the overall distance between the electrodes or only the
length of the tube. To investigate the most accurate method to
estimate the solution resistance RU from the solution conductivity,
we compared the solution resistance obtained from EIS with RU
calculated with eq. (1) using three different approaches (Fig. 1): (1)
the solution resistance calculated using the total distance between
the electrodes (l) and the relative area (A) of the tube and the
electrodes (Fig. 1A); (2) the distance between the electrodes
considering only the cross-sectional area of the tube (Fig. 1B); and
(3) using only on the length and area of the tube (Fig. 1C). The
membrane resistance will be included in RU obtained from EIS
(Fig. 1D), and the slope of the polarization curve and will not be
considered in the calculation using eq. (1).

3. Results and discussion

3.1. Tube architecture is the main factor affecting the solution
resistance

The small tube connecting the two bottles in H-cell MFCs is the
main contributor to the solution resistance, with negligible resis-
tance from themembrane or the solutions in the bottles (Fig.1). The
solution resistance calculated with eq. (1) using only the tube
length (l3) and area (Fig. 1C) accounted for almost the entire RU
obtained from the EIS spectra and the slope of the polarization
curve (Table S1, Table S2, Fig. S5). The calculated solution re-
sistances using only the tube dimensions were <7% different from
those obtained using EIS, with 242 U calculated from the tube di-
mensions with eq. (1), compared to 258 ± 10 U for the LT-MFC and
868U and 860 ± 7 U for the ST-MFC from EIS (Fig. 1). These solution
resistances are similar to those obtained from the slope of the po-
larization curves reported in the Supporting Information (LT-
MFC ¼ 247 ± 3 U and ST-MFC ¼ 866 ± 34 U). Using the other two
approaches shown in Fig. 1 greatly overestimated the solution
resistance. For example, the solution resistance calculated using the
tube area and the electrode distance (l2) overestimated RU by >75%
(RU-LT¼ 451U, RU-ST¼ 1620U), and using the areas of the electrodes
to calculate the solution resistance overestimated RU by >24% (l2,
RU-LT ¼ 395 U, RU-ST ¼ 1066 U). The impact of the membrane
resistance on the solution resistance was negligible based on our
calculation, consistent with previous studies on microbial elec-
trolysis cells (MECs) showing membrane resistance is small
compared to the magnitude of RU [22,29]. For example, it was
previously reported that Nafion resistance is ~1.5 U cm2 [31],
resulting in 1.3 U for the ST-MFC and only 0.3 U for the LT-MFC,
contributing to ~0.1% to RU in both configurations.

3.2. Impact of tube areas on MFC power production

Decreasing the tube cross sectional area from 4.5 cm2 to 1.2 cm2

substantially reduced the maximum power produced by the H-cell
MFCs (Fig. 2). The large tube (LT-4.5 cm2) MFC produced a
maximum power of 0.37 ± 0.00 mW, compared to only
0.13 ± 0.00 mW for the smaller tube (ST- 1.2 cm2) MFC with the



Fig. 1. (A, B, C) Three scenarios used to calculate the solution resistance (RU - indicated in red). (D) EIS spectra of MFCs with 4.5 cm2 tube (LT) and 1.2 cm2 tube (ST) with 9.6 cm2

anode and cathode. The vertical dashed lines represent the solution resistance calculated in 1C. The equation for calculate RU and the parameters used to calculate it in A, B and C is
reported in the Materials and Methods section (eq. (1)). (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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same electrode areas (9.6 cm2). This trend is in line with previous
studies showing that smaller tube/PEM areas reduce power output
[19]. The higher solution resistance (RU) of the ST-MFC compared to
the LT-MFC was responsible for the lower performance and the
main contributor to the internal resistance of the reactor. For
example, in the LT-MFC the solution resistance obtained from EIS
(RU-LT ¼ 258 ± 10 U) accounted for 77% of the total internal resis-
tance (Rint-LT ¼ 333 ± 3 U) calculated using the slopes of the po-
larization data (Fig. S5, Fig. S6) [15], while in the ST-MFC the impact
of the solution resistance (RU-ST ¼ 860 ± 7 U) increased up to 81% of
the total internal resistance (Rint-ST ¼ 1073 ± 34 U). Using more
concentrated buffer solution will decrease the impact of the solu-
tion resistance to the total internal resistance. For example, with
200 mM PBS (s¼ 20.0 mS cm�1), the solution resistance calculated
with eq. (1) will be 83 U for the LT-MFC, and 313 U for the ST-MFC.

Reducing the anode area did not appreciably impact power
production until the anode projected area became smaller than the
tube area (Fig. 2A and B). When the anodes were larger than the
tube areas, power curves were approximately the same (<15%
variation in the maximum values). However, when the anode sur-
face area (1.8 cm2) became smaller than tube area (4.5 cm2) in the
LT-MFC, the maximum power decreased slightly to 0.35 ± 0.00 mW
compared to the 9.6 cm2 anode (0.37 ± 0.00 mW, 9.6 cm2). When
the anode was only 0.8 cm2 (18% of the tube area), the maximum
power decreased further to 0.27 ± 0.00 mW. The power curve with
the smallest anode (0.8 cm2) showed power overshoot (a doubling
back of the power curve), suggesting the biofilm was not
adequately acclimated to high current [32,33]. Further acclimation
of this small anode to a low external resistance increased the
maximum power to 0.35 ± 0.00 mW (Fig. S7). The anode projected
area was overall less critical to power production in the ST-MFC
performance than in the LT-MFC, with a maximum power with a
0.8 cm2 anode of 0.13 ± 0.00 mW, similar to that obtained with a
9.6 cm2 anode (0.13 ± 0.00 mW, 9.6 cm2).

Reducing the cathode area, while maintaining the anode area at
9.6 cm2, produced small but noticeable changes in power when the
cathode was larger than the tube diameter (Fig. 2C and D). How-
ever, very large changes in power were observed when the cathode
became smaller than the tube. For example, Pmax for the LT-MFC
with the larger cathodes were similar, with 0.34 ± 0.00 mW
(4.9 cm2 cathode) and 0.33 ± 0.00 mW (3.1 cm2 cathode). However,
it decreased by 18% to 0.27 ± 0.00 mW for the 1.8 cm2 cathode, and
by an additional 33% to 0.18 ± 0.00 mW for the smallest cathode
(0.8 cm2) (Fig. 2C and D). The MFC with the much smaller 1.2 cm2

tube showed less impact of the cathode dimension on the
maximum power. For example, Pmax-ST decreased by only 29%, from
0.13 ± 0.00 mW (7.1 cm2) to 0.09 ± 0.00, with the smallest cathode
area (0.8 cm2).
3.3. Impact of electrode resistance on MFC performance

The anode area had a large impact on the MFC internal resis-
tance only when the electrode area was smaller than the tube area.
For example, the anode resistance increased only from 26 ± 1 U to
34 ± 1 U by reducing the anode area from 9.6 cm2 to 4.9 cm2 in the
LT-MFC with a tube area of 4.5 cm2. However, decreasing the anode



Fig. 2. (A,B) Power produced by MFCs with 4.5 cm2 tube (LT) and 1.2 cm2 tube (ST) and variable (A, B) anode projected areas (from 9.6 cm2 to 0.8 cm2) and (C, D) cathode projected
areas (from 9.6 cm2 to 0.8 cm2).
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area to 3.1 cm2 doubled RAn to 50 ± 1 U compared to that obtained
with a 9.6 cm2 anode, and further reducing the anode area to
0.8 cm2 increased RAn to 431 ± 229 U (Fig. 3A, Fig. S8). Reducing the
anode area did not affect the cathode resistance for anode areas up
to 1.8 cm2. The cathode resistance slightly increased from 64 ± 4 U
(1.8 cm2 anode) to 103 ± 7 U (0.8 cm2 anode) as the anode size
decreased due to the lower current produced and the inclusion of a
larger portion of activation losses in RCat (Fig. S11). The limited
impact of the anode area on the performance of the ST-MFC was
due to the large solution resistance. For example, the increase in the
anode resistance by reducing the electrode area from 7.1 cm2 to
0.8 cm2 (RAn-ST ¼ 28 ± 2 U, 7.1 cm2; RAn-ST ¼ 141 ± 3 U, 0.8 cm2)
accounted for less than 10% of the cathode and solution resistances
(RU-ST þ RCat-ST ¼ 1074 ± 19 U, 7.1 cm2 and RU-ST þ RCat-
ST ¼ 1061 ± 18 U, 0.8 cm2).

Cathode areas smaller than the tube area reduced the MFC
performance by increasing the cathode resistance (Fig. 3B, D). RCat-
LT slightly increased from 61 ± 5 U (9.6 cm2 cathode) to 73 ± 7 U
(4.9 cm2 cathode), further reducing the cathode area to 3.1 cm2

increased RCat-LT by 38% to 101 ± 5 U and to 1246 ± 805 U with the
smaller cathode 0.8 cm2. Thus, cathode areas smaller than the tube
areas produced larger resistance and reduced the performance of
the LT-MFC. The large impact of the electrode size on the cathode
performance was likely due to the sluggish oxygen reduction re-
action (ORR) on carbonaceous catalysts, and by oxygen mass-
transfer, as evidenced by the comparison of diffusion in the EIS
spectra (Fig. S3, Fig. S4) [34,35].
The smaller current produced in the ST-MFC reduced the impact
of smaller cathode on performance. For example, RCat-ST increased
by <75%, from 181 ± 22 U (9.6 cm2) to 317 ± 6 U with a 0.8 cm2

cathode, compared to a change of 20� in the LT-MFC. The larger
cathode resistance in the ST-MFC in respect to LT-MFC was due to
the lower current produced by the MFC with smaller tube and the
inclusion of a larger portion of activation losses in RCat-ST (Fig. S11).
The initial slow decrease in MFC performance even with cathode
areas larger than tube areas was due to a decrease in the operative
cathode potential (Fig. 1D). For example, ECat,e0 decreased from
508 ± 7 mV (9.6 cm2) to 426 ± 2 mV (0.8 cm2). This decrease was
likely due to the local alkalinization of the solution near the cath-
ode, as the ORR at neutral pH involves the production of hydroxyl
ions. By decreasing the cathode area the current density increased,
generating larger amounts of OH�, and an increment of one unit of
pH will decrease the cathodic potential by 59 mV, based on the
Nernst equation [34,35].

In all tests, reducing the electrode projected area had negligible
impact on the solution resistances measured using EIS (Fig. 3,
Table S1, Table S3). RU increased by less than 7% by decreasing the
anode or cathode area from 9.6 cm2 to 0.8 cm2 (Table S1, Table S2).
In addition, moving the electrodes further away from the tubes also
did not impact current production (Fig. S12). The solution resis-
tance was not affected by the relative area of the electrode likely
because the electric field was not constrained in the anode chamber
due to the large empty volume of the bottle in respect to that of the
electrode. The main factors controlling RU in H-cell MFCs is the



Fig. 3. Contribution of the anode (RAn), cathode (RCat), and solution (RU) resistances and electrode experimental potential (EAn,e0, ECat,e0) in MFCs with 4.5 cm2 tube (LT) and with
1.2 cm2 tube (ST) and variable (A, C) anode projected areas and (B, D) cathode projected areas.
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cross-sectional area of the side arm connecting the two bottle
chambers, its length and the solution conductivity, independently
by the electrode dimension.
3.4. Area-normalized power densities in H-Cell MFCs

Comparison of power and electrode resistances for MFCs with
different electrode sizes and configurations is usually made by
normalization using a single cross sectional area. When the cross
sectional area is the same for the anode, cathode and membrane (if
present), it does not matter which area is used. However, for H-
cells, it is not clear what area should be used for calculating the
power density or area normalized resistances, and therefore how to
compare results of H-cells with other types of MFCs. For example, if
the power in the LT-MFC was normalized using the anode area, the
maximum power density would range from 383 ± 3 mW m�2

(anode area of 9.6 cm2) to 3361 ± 4 mW m�2 (0.8 cm2) (Fig. 4A).
This power density for the small anode is much larger than that
typically obtained in MFCs with electrode areas equal to that of the
cross section between them [15]. If the tube cross sectional area is
used to normalize the power, then the calculated power density
changes as the anode size is reduced. For example, power density
calculated based on tube area (4.5 cm2) ranged from 814 mW m�2

for the 9.6 cm2 anode, to 595 mW m�2 for the 0.8 cm2 anode
(Fig. S13).

A better method to calculate a maximum power density is
proposed here based on using the results of the EPS analysis for
electrode areas larger than the tube areas. The maximum power
density (PDmax) is calculated from the experimental electrode po-
tentials (ECat,e0 and EAn,e0) and the area normalized resistance (Rn,
mU m2) as
PDmax ¼
�
ECat;e0 � EAn;e0

2

�2

� 1
Rn

(2)

Rn ¼RAn AAn þ RCat ACat þ RU AU (3)

where AAn is the projected area of the anode, ACat the area of the
cathode, and AU the area of the tube. This approach provides a
reasonable estimate of power density for the H-cell system as long
as the electrodes are larger than the tube. For example, the
maximum power density calculated with eq. (2) was 631 mW m�2

with 9.6 cm2 anode and cathode (0.37 ± 0.00 mW), and reducing
the electrode area only slightly increased the calculated power
density to 685 mW m�2 (0.38 ± 0.00 mW) for the 4.9 cm2 anode)
and 669 mW m�2 (0.34 ± 0.00 mW) for the 4.9 cm2 cathode in the
LT-MFC (Fig. 4A). However, when the electrodes became very small
(smaller than the tube), the calculated maximum power density
increased to 752 mW m�2 (0.8 cm2 anode) and 993 mW m�2

(0.8 cm2 cathode), even though the actual power produced by the
MFCs decreased (0.27 ± 0.00 mW, 0.8 cm2 anode; and
0.18 ± 0.00 mW, 0.8 cm2 cathode). Thus, calculating the maximum
power density using eq. (2) gives reasonable results if the electrode
area is larger than the tube area for the case of the LT-MFC.

The maximum power densities calculated using eqs. (2) and (3)
were lower for the smaller tube MFC compared to that of larger
tube MFC, consistent with the measured power and higher internal
resistances. However, while the power densities were relatively
consistent when anode was larger than the tube diameter, they
weremore impacted by using cathodes evenwhen theywere larger
than the tube size. For example, the PDmax was 486 mW m�2 with
both 9.6 cm2 anodes and cathodes (0.13 ± 0.00 mW) with the



Fig. 4. Maximum power (P) and maximum power density (PD) produced by the LT-
MFCs by varying the (A) anode or (B) cathode projected area normalized by the
smaller electrode area or by the area-normalized resistance. The ST-MFC maximum
power and power densities were reported in the Supporting Information.
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1.2 cm2 tube, and it increased only slightly to 543 mW m�2 when
the anode was reduced to 1.8 cm2 (0.14 ± 0.00 mW). However, with
the 1.8 cm2 cathode the calculated maximum power density
increased to 733 mW m�2, even though the amount of power
produced by the MFC decreased (0.11 ± 0.00 mW). The reason for
this increased power density with the cathode larger than the tube
areawas the large decrease in the area-normalized resistance of the
cathode with size. For example, the cathode resistance RCat ACat was
173 ± 21 mU m2 with a 9.6 cm2 cathode, but it decreased by 75% to
43 ± 3 mUm2 for the 1.8 cm2 cathode. This decreased the total area
normalized internal resistance from Rn ¼ 302 mU m2 (9.6 cm2

cathode) to Rn ¼ 169 mU m2 (1.8 cm2 cathode). The anode area
normalized resistance was only 25 ± 1 mU m2 (9.6 cm2 anode) and
its reduction (56%,11 ± 1mUm2 with 1.8 cm2 anode) decreased the
area normalized internal resistance by a much smaller extent
(302 mU m2, 9.6 cm2 anode and 288 mU m2, 1.8 cm2 anode). Thus,
reducing the cathode area had a larger impact on the power density
due to its larger impact on the normalized internal resistance. This
emphasizes that in studies using H-cell MFCs the electrode area
should always be larger than the tube area.
Themaximumpower densities calculated using eq. (2) aremuch
more reasonable when they are compared to those of single or two
chamber MFCs with cross sectional areas equal to the projected
areas of the electrodes. For example, the maximum power densities
(using the same medium used here) in a single chamber MFC was
1708 mW m�2 (brush anode and 70% porosity air cathode
(1709 ± 77 mWm�2 from polarization test) and 1404 Wm�2 using
a 30% porosity cathode (1377 ± 44 mWm�2 from polarization test)
[15]. These maximum power densities are twice those obtained in
H-cell reactors here, consistent with their smaller internal re-
sistances in single chamber MFCs due to the lower solution re-
sistances obtained by using closely spaced electrodes.
3.5. Recommendations for future bioelectrochemical studies

Future studies using H-cell MFCs should contain information on
the cross-sectional area and length of the tube. These tube di-
mensions are more critical to overall system performance than
distances between electrodes, as the solutions in the bottles do not
contribute an appreciable amount of resistance to the overall in-
ternal resistance. This conclusion that electrode distances are not
important in H-cell MFCs is different from single and two chamber
MFCs that have a cross sectional area equal to that of the projected
areas of the electrodes as in these systems electrode distances
impact internal resistance [24,25]. In all MFC studies both electrode
potentials should be monitored so that the performance of the
individual electrodes can be quantified using the EPS analysis in
order separately evaluate the performance of the individual elec-
trodes. In H-cell MFCs, the relatively small tube diameter relative to
the size of the chambers can accounte for most (>75%) of the total
internal resistance, and thus power densities should be lower than
those of single chamber MFCs with closely spaced electrodes. To
maximize overall power production in H-cell type MFCs, the pro-
jected areas of the electrodes should be larger than the tube
diameter, particularly for the cathode as overall performance
noticeably decreases as the cathode size approaches that of the
tube. When using electrodes much larger than the tube diameter,
the power density for the system should be calculated using eq. (2)
based on the experimental electrode potentials and the area-
normalized resistances.
4. Conclusion

The EPS analysis allowed the identification and quantification of
the factors limiting performance in H-cell MFCs. The solution
resistance contributed to >77% of the internal resistance and was
only due to the length and area of the small tube connecting the
anodic and cathodic chamber with negligible contribution from the
membrane or the solution in the bottle. The electrode area should
be larger than the tube area to avoid large decrease in the MFC
performance due to mass-transfer limitations in the cathode or
poor biofilm performance on the anode and to minimize the elec-
trode resistances. Using the electrode specific resistances to
calculate the power density it was possible to compare the per-
formance of H-cell MFCs with cubic MFCs using brush anode and
air cathode and ~1 cm electrode spacing, showing power densities
~65% lower, due to the large solution resistance of the H-cell
configuration.
Notes
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