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a b s t r a c t

Improving power generation of microbial fuel cells (MFCs) requires better methods to quantify the
impact of the solution chemistry on performance. While buffer concentration and conductivity have
been indicated to impact performance of flat (carbon cloth) anodes, we were able for the first to time to
quantitatively determine the impact of the phosphate buffer solution (PBS) concentration separate from
conductivity on electrode resistances of commonly used brush anodes and activated carbon cathodes.
Using the electrode potential slope (EPS) method, we showed that the anode resistance decreased by 64%
(from 14.6 ± 0.1 mU m2 to 5.3 ± 0.1 mU m2) by increasing the PBS concentration from 50 to 200 mM.
There was no appreciable change in the cathode resistance (17.0 ± 0.1 mU m2, 50 mM; 18.9 ± 0.2 mU m2,
200 mM) although overall performance increased due to a larger cathode experimental working po-
tential (ECat,e0-50 ¼ 268.9 ± 0.9 mV, ECat,e0-200 ¼ 370 ± 1 mV). Adding phosphate buffer to low conductivity
synthetic wastewater containing 0.25 g L�1 sodium acetate decreased the anode resistance by 52% (from
59.1 ± 0.2 mU m2 to 28.1 ± 0.1 mU m2), but increasing only conductivity by adding NaCl or acetate had
little impact on electrode resistances. Using electrochemical impedance spectroscopy (EIS), we deter-
mined the reasons for these responses. The cathode was limited by oxygen reduction reaction (ORR)
kinetics, while the brush anode was limited by mass transfer (proton diffusion), consistent with the
impact of buffer concentration on performance. These results have important implications for operation
of MFCs as increasing solution conductivity alone, for example, by adding seawater, will not be sufficient
to improve anode performance.

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

Microbial fuel cells (MFCs) can produce electrical energy from
many different substrates including complex organic matter in
wastewaters [1]. The biodegradable substrate is oxidized at the
anode and the electrons are transferred through an external circuit
to the cathode, where the oxygen reduction reaction (ORR) com-
pletes the circuit, producing electrical power [2,3]. Improvements
in the reactor architecture have resulted in higher power densities,
with single-chamber, air-cathode systems producing more power
than dual-chamber cells [4]. A standardized laboratory air-cathode
MFC architecture has now been extensively used around the world,
based on a graphite fiber brush anode and activated carbon (AC)
cathode in a small (28 mL) reactor, that has allowed direct com-
parisons of materials and operational conditions [5]. With this
configuration, power densities have exceeded 4Wm�2 using awell
buffered phosphate solution (PBS), but only reached 0.8 W m�2

with typical domestic wastewaters [6,7]. The use of a standardized
cell can enable a better understanding of how different solution
chemistries can produce these variations in power production,
enabling optimization of the system design and operational con-
ditions to improve conversion of the energy in the organic matter
into electrical power.

Based on the analysis of electrode resistances, the cathode has
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often been identified as the main contributor to the cell internal
resistance [8,9]. Previous electrochemical impedance spectroscopy
(EIS) studies conducted on air cathodes have reported that the
major limitation in the cathode performance was the diffusion of
oxygen through the diffusion layer [10e14]. However, most of these
studies were conducted over a small range of electrode potentials
and frequencies. Moreover, the findings were not compared with
the results from complementary electrochemical techniques like
linear sweep voltammetry (LSV) and polarization data [8]. Under-
standing the mechanism that limits performance is critical to
further improve power production in MFCs. A recently developed
method for analyzing MFC performance, called the electrode po-
tential slope (EPS) analysis, can enable quantification of the factors
that impact the MFC electrode performance [9]. The method is
based on the linearization of the measured electrode potentials,
obtained from polarization data, over a current density range near
the peak power [9]. The y-intercept (zero current) can be used to
obtain information about the thermodynamic potential that drives
the electrochemical reaction under experimental conditions of in-
terest, while the slope can be used to quantify the area-normalized
electrode resistance.

The anode, which can also limit MFC performance, can be
impacted by a variety of phenomena due to both biological and
chemical operating conditions. For example, anode current pro-
duction could be limited by an insufficiently developed (thin)
biofilm [15], or by inadequate acclimation to operating conditions
such as high current densities following prolonged operation at a
lower current density [16,17]. Mass-transfer limitations could
reduce anode performance, due to limited diffusion of buffer to the
electrode [18] with proton accumulation (localized low pH) that
could inhibit the anode biofilm current densities, or diffusion of
substrate to the biofilm [19,20]. However, most studies that have
examined factors that limit anode performance have used different
reactor configurations, often with low surface area electrodes such
as graphite plates [20], graphite rods [18], or carbon cloth [19].
Using these low surface area anode materials could exaggerate
mass-transfer limitations compared to high surface area graphite
fiber brushes (areas exceeding 6000 cm2 per brush) [21]. In other
studies it has been indicated that anode performance is kinetically
limited [17,22], and thus the relative contributions of diffusion and
reaction kinetics remain controversial [23].

In this study, the EPS method and LSVwere used in concert with
EIS to investigate the behavior of commercial AC cathodes and
graphite brush anodes in acetate-PBS and synthetic wastewater-fed
MFCs. Using the EPS method enabled quantification of the elec-
trode resistances, while EIS analysis allowed identification of the
reaction kinetic and mass-transfer contributions to the electrode
resistances determined with the EPS method. This approach pro-
vided a comprehensive analysis on the electrode performance
limitations in MFCs, which will enable researchers to investigate
cell configurations and electrode geometries that reduce the in-
ternal losses in small and large scale reactors and improve overall
power production.

2. Materials and methods

2.1. Construction and operation of MFCs

MFCs were single-chamber, cubic reactors with a cylindrical
internal empty space 4 cm long with a diameter of 3 cm and an
empty volume of 28 mL. The anodes were graphite fiber brushes
2.5 cm in diameter and 2.5 cm long, which were made by twisting
conductive graphite fibers between two titanium wires [24]. All
brushes were heat treated at 450 �C for 30 min in a muffle furnace
prior to acclimation [21]. The AC cathodes (7 cm2 exposed surface
area) were manufactured by VITO (Mol, Belgium) with a 70%
diffusion layer (DL) porosity. Brush anodes were placed near the
cathode (electrode spacing of dAn-Cat ¼ 1 cm in phosphate buffer
solution (PBS) and dAn-Cat ¼ 1.3 cm in synthetic wastewater tests)
with the brush perpendicular to the cathode. The larger spacing in
synthetic wastewater-fed MFCs was needed to enable initial accli-
mation of the anodes, as smaller spacing between the electrodes
results in larger oxygen contamination of the bioanodes when the
solutions have a low chemical oxygen demand (COD) [25]. The ratio
between the cathode and the anode projected surface area was 1.4.

Electrochemical tests were conducted using media containing
50 mM PBS (PBS50; 4.58 g L�1 Na2HPO4, 2.45 g L�1 NaH2PO4 H2O,
0.31 g L�1 NH4Cl, 0.13 g L�1 KCl, conductivity of 6.93 mS cm�1),
100 mM PBS (PBS100; 9.15 g L�1 Na2HPO4, 4.90 g L�1 NaH2PO4 H2O,
0.62 g L�1 NH4Cl, 0.26 g L�1 KCl, conductivity of 11.93 mS cm�1), or
200 mM PBS (PBS200; 18.30 g L�1 Na2HPO4, 9.81 g L�1 NaH2PO4
H2O, 1.24 g L�1 NH4Cl, 0.52 g L�1 KCl, conductivity of
20.02 mS cm�1), all at pH ¼ 7.0 ± 0.1. For one test, the 50 mM PBS
solution was modified by adjusting the ratio of the phosphate salts
to obtain a final pH of 8.0 ± 0.1 (PBS50mM-pH8; 6.62 g L�1 Na2HPO4,
0.47 g L�1 NaH2PO4 H2O, 0.31 g L�1 NH4Cl, 0.13 g L�1 KCl, conduc-
tivity of 7.97 mS cm�1). For biological tests, these solutions were
amendedwith 12.5mL L�1 of a concentrated tracemineral solution,
5 mL L�1 of a vitamin solution, and sodium acetate (1 g L�1) [26].

A synthetic wastewater (SWW) solution was used to maintain a
stable composition of the medium over time for the different
electrochemical tests. The SWWwas prepared based on the average
composition of the primary settling effluent of the Pennsylvania
State University Wastewater Treatment Plant (Table S1), and it
contained: 0.36 g L�1 CaCO3, 0.045 g L�1 KCl, 0.415 g L�1 NaCl,
0.1 g L�1 NH4Cl, 0.011 g L�1 K3PO4, 0.1 g L�1 MgSO4 (conductivity of
1.5mS cm�1). The solution pHwas adjusted to 7.4 with 3MHCl, and
it was amended with 12.5 mL L�1 of a concentrated trace mineral
solution, 5 mL L�1 of a vitamin solution, and sodium acetate
(0.25 g L�1). Six MFCs were used for the polarization tests with
SWW, and in subsequent tests the same reactors were fed with
SWWamendedwith 50mMphosphate buffer (SWW/PB; 4.58 g L�1

Na2HPO4, 2.45 g L�1 NaH2PO4 H2O, conductivity of 7.2 mS cm�1) to
examine the impact of buffer capacity, NaCl (SWW/NaCl; 1.49 g L�1

NaCl, conductivity of 7.2 mS cm�1) to increase conductivity, or so-
dium acetate (SWW/NaAc; 0.25 g L�1 additional NaAc, or 0.50 g L�1

total) to examine the impact of substrate concentration on anode
performance. One test was conducted using the SWW/PB solution
amended with additional 0.25 g L�1 sodium acetate (0.50 g L�1

sodium acetate total) to determine the effect of both substrate
concentration and a well-buffered SWW (Supporting Information).
The solution pH and conductivity were monitored using a probe
and meter (Seven-Multi, Mettler-Toledo International Inc., USA).

The MFCs were operated in duplicate at 30 �C in a controlled
temperature room. Anodes were acclimated as previously
described for more than one year while used in other studies [9,27].
Graphite fiber brushes fed for >1 year with acetate in PBS were
used for the analysis with PBS, while brushes fed for >1 year with
wastewater were used for the analysis in SWW. The reactors were
inoculated with effluent from other MFCs and operated in batch
mode at 1000 U external resistance. Two days before each elec-
trochemical test, the external resistance was decreased to 500 U
overnight and 100 U for the rest of the day to acclimate the biofilm
at larger current densities as previously described [28].

2.2. Electrochemical measurements

The tests on the cathodes (in duplicate) were conducted in a
cylindrical electrochemical cell 4 cm long with a diameter of 3 cm
and an empty volume of 28 mL with the cathode as the working
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electrode and a Pt mesh (3 cm2 projected area) as a counter elec-
trode, placed 3 cm far from the cathode. The reference electrode
(RE) used tomeasure the electrode potentials (Single junction silver
chloride (Ag/AgCl) reference electrode; model RREF0021, Pine
Research Instrumentation, NC; þ 199 mV versus a standard
hydrogen electrode, SHE) was placed in the current path between
the electrodes,1 cm distant from the cathode [29]. All potentials are
reported here versus SHE. An anion exchange membrane (Selemion
AMV, Asahi Glass, Co., Tokyo, Japan) was placed between the
cathode/RE chamber and the Pt counter electrode when electro-
chemical tests were conducted on the cathode. This configuration
allowed evaluation of the cathode performance and avoided
damaging the biofilm on the brush anode, commonly used as
counter electrode, as it was observed in preliminary tests that
spectra obtained at low frequencies produced an irreversible drop
in anodic current production. The electrochemical analyses on the
anode were conducted in an operating, single-chamber MFC with
the anode as the working electrode, the cathode as the counter
electrode, and the RE tip touching the titanium wire [30].

Cathodic LSVs at a scan rate of 0.1 mV s�1 were registered from
the open circuit potential (OCP) to �200 mV, while anodic LSVs
were obtained from the OCP to�100 mV. Prior to LSVs the working
electrodes were left for 2 h at the OCP and then a fast EIS (from
100 kHz to 500 Hz, 5 mV amplitude, 10 points s�1, z25 s scan�1)
was recorded at the OCP to calculate the solution resistance (RU).
The reported electrode potentials were corrected based on RU [30].
The measured electrode potentials (not corrected for RU) are re-
ported in the Supporting Information. The current was normalized
by the geometric cross-sectional area of the MFC (A ¼ 7 cm2).

The performance of the electrodes was examined using the EPS
method [9,31]. Briefly, following a rapid variation in potential due
to activation losses over the initial small increase in current, the
system was operated under steady-state conditions. The slopes of
the linearized portion of the electrode potentials were used to
express the performance of the anode and cathode as two re-
sistances, with the solution resistance and the membrane (if pre-
sent) as the final component of the total internal resistance of the
cell [9,31]. The linearized portion of the electrode potential in po-
larization plots, as a function of current density, was fitted by E¼m
j þ b, where j is the current density (A m�2), the absolute value of
the slopem is defined as the specific resistance of the anode (RAn) or
cathode (RCat) in units of mU m2, and the y-intercepts are used to
calculate the experimental open circuit potentials of the anode
(EAn,e0) or cathode (ECat,e0). A schematic representation of the pa-
rameters used for the EPS analysis is reported in the Supporting
Information. Using the linearized portion of the electrode potential
near the maximum power, it is possible to reproduce the power
density curve in polarization tests [9].

The typical reactions in an MFC are acetate oxidation at the
anode and the ORR at the cathode, which can proceed through
different pathways resulting in 4 or 2 electrons transferred per
molecule of O2 consumed:

CH3COO
eþ 4H2O#2H2CO3 þ 8ee þ 7Hþ EAn ¼ �296 mV

(1)

O2 þ 4ee þ 2H2O#4OHe ECat ¼ þ815 mV (2)

O2 þ2ee þ 2Hþ#H2O2 ECat ¼ þ282 mV (3)

O2 þ2ee þ 2H2O#H2O2 þ 2OHe ECat ¼ þ267 mV (4)
O2 þ 2ee þ H2O#HOe
2 þ OHe ECat ¼ þ337 mV (5)

where the standard electrode potentials are given versus SHE at pH
7. The LSVs registered in PBS were linearized over a 5e9 A m�2

range while tests with SWW were linearized over a 0.7e2.0 A m�2

range, as these were the current density ranges where the
maximum power densities occurred using these media [9].

EIS measurements were conducted at different applied poten-
tials for the anode and the cathode over a frequency range of
100 kHz to 5 mHz, applying a sinusoidal perturbation of 5 mV
amplitude and registering 10 points per decade. Prior to the EIS
analysis the working electrode was left for 2 h at OCP and then the
electrode potential correspondent to that of the EIS was set for
30 min. The Nyquist plots of the impedance data were analyzed
with Zfit provided in the EC-lab software (Bio-Logic USA) and the
equivalent circuits reported in the Supporting Information were
used to obtain the value of the electrochemical components.
2.3. Calculations

The diffusion layer thickness, d, was estimated as

d¼
�
Dlim tdiff

�1=2
(6)

where Dlim is the diffusivity of the limiting chemical species (ace-
tate, 1.10 � 10�5 cm2 s�1; protons, 9.13 � 10�5 cm2 s�1; hydroxyl,
5.16 � 10�5 cm2 s�1) [32], and tdiff is the characteristic time of the
diffusion calculated from the characteristic frequency of diffusion
using the EIS spectra [33e35]. The magnitude of tdiff is affected by
the frequency at which the diffusion occurs, and therefore it is
dependent by the operational parameters and by the diffusing
species [36]. An example calculation is shown in the Supporting
Information (Fig. S1).

The concentration in the bulk solution of the chemical species
diffusing through the diffusion layer clim was calculated [33,35,37]
as:

clim ¼ RTd
z2F2 Dlim Rd s

(7)

where T is the temperature (K), R is the gas constant (J mol�1 K�1), z
is the number of electrons transferred (8 for acetate oxidation), F is
the Faraday constant (A s mol-e�1) and s is effective surface area of
the electrode (cm2). The effective area of the electrode must be
used here rather than the projected area, as the electrochemical
reaction rate is dependent on the actual area of the electrode in
contact with the electrolyte. A value for s was estimated from the
effective capacitance of the double layer obtained by fitting the
spectra and assuming a capacitance for a flat carbon electrode of
10 mF cm�2 [33,37,38]. The effective capacitance of the cathodeswas
calculated based on a surface distribution through the Brug equa-
tion due to the large porosity of the AC, while the anode effective
capacitance was calculated based on a normal distribution due to
the low porosity of the graphite bristles and a negligible solution
resistance [8,39,40].
3. Results and discussion

3.1. Impact of buffer concentration on the cathodic polarization
behavior

The main change that occurred at the cathode as a result of the
increase in buffer concentration was the increase in the



Fig. 1. (A) Cathodic linear sweep voltammetries in PBS at different concentrations (50 mM, 100 mM, and 200 mM) following corrections for the solution resistance. The dashed lines
represent the linearization of the data in the 5e9 A m�2 region. Cathode potentials not corrected for ohmic losses are reported in the Supporting information (Fig. S2). (B) Cathode
EIS spectra in 50 mM PBS. Solid lines represent the fitting to the spectra. The characteristic frequencies given in the plot for each spectrum correspond to the maximum in the
imaginary impedance. (C) Enlargement of the cathode EIS spectra at high frequencies. (D) Correspondent cathodic charge transfer (RCT) obtained from the fits of the EIS spectra and
the polarization resistance (solid black line- Rp) calculated from the slope of the LSV as dE/di. The dashed blue line represents the exponential trendline obtained from the RCT. The
overpotential can be calculated from OCP ¼ 470 ± 3 mV. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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experimental potentials, measured by the y-intercept of the line-
arized portion of the elecrode potential (Fig. 1A). For example, the
cathode potential increased by 21% in 100 mM PBS (ECat,e0-100 ¼
325 ± 1 mV) compared to the 50 mM buffer (ECat,e0-50 ¼
268.9 ± 0.9 mV), and by 38% in 200 mM PBS (ECat,e0-200 ¼
370 ± 1 mV). There was no change in the OCP or the cathode area
resistance. The cathodic measured OCPs were essentially constant
at ~470 mV (ECat,m0-50 ¼ 470 ± 3 mV; ECat,m0-100 ¼ 468 ± 5 mV;
ECat,m0-200 ¼ 474 ± 7 mV) since the concentration of the species
involved in the electrochemical reaction (Eqs. (2)e(5)) did not
change. There was also no change in the cathodic resistance RCat
with the buffer concentration at high currents, as shown by similar
slopes in the cathode polarization data. The cathode resistance in
50 mM PBS buffer (RCat-50 ¼ 17.0 ± 0.1 mUm2) was only slightly less
than that in 100 mM (RCat-100 ¼ 18.5 ± 0.1 mUm2) or 200 mM (RCat-
200 ¼ 18.9 ± 0.2 mU m2) buffer solutions.

Two different regions have been identified in the LSVs and Tafel
plots of the cathode (Fig. 1A, Fig. S5), a low-current density region
(<2 A m�2) with small Tafel slopes, and a high current density
(between 3 and 20 A m�2) region with larger Tafel slopes. The
concentration of the buffer appears to impact the lower Tafel slope
values, suggesting that a pH-dependent species is involved [41].
However, the high current density region does not appear to
depend on the buffer concentration. Although the rate determining
step (RDS) is not known, it is clear that increasing the buffer con-
centration altered the influence of one or more RDSs on the ORR
kinetics, as shown by improved experimental cathode potentials
with buffer concentration. This improved ORR moved the kinetics
closer to that of a 4 ee transfer (þ815 mV, eq. (2)), compared to the
lower potentials when there is a 2 ee transfer (þ282 V, þ267 V,
and þ318 V, eqs. (3)e(5)). A rise in the local pH near the cathode
has been shown in other studies using Pt/C cathodes, with in-
creases in pH correlated to a reduction in ORR thermodynamic
potential in MFCs. For example, in 100 mM PBS the pH at the
cathode increased from 7 to 10 at 4 A m�2, and from 7 to 12 at 10 A
m�2 [42]. Each increment of pH unit will decrease the cathodic
potential by 59 mV at room temperature, based on the Nernst
equation. Thus, only the experimental cathode potentials were
impacted by the concentration of the buffer solution, and not
electrode resistances.

EIS analysis of the cathode provided additional direct evidence
that the main source of the cathode resistance at operating po-
tentials of interest was reaction kinetics and not mass transfer
limitations (Fig. 1B). EIS spectra were obtained at different cathode
potentials in 50 mM PBS (Fig. S3). Complex plane plots showed a
first x-axis intercept, followed by two semi-circles, the first at high
frequencies with a smaller radius that did not noticeably change at
different applied potentials, and a second large and slightly
depressed semicircular arc dominating the Nyquist diagrams
(Fig. 1B). The first intercept of the spectra with the real impedance
axis, which is the solution resistance (RU), changed (range of
9.0 ± 0.5 mUm2 to 10.8 ± 0.8 mUm2) (Fig. 1C) by an amount (<2 U)
that could be due to small variations in the distance between the RE
and working electrodes (e.g., 1 mm in 50 mM PBS, with
6.93 mS cm�1) [30].

The first small semicircle (high frequencies) was consistent with
the effect of a porous electrode on the EIS spectra rather than an
electrochemical reaction. This semi-circle showed a good fit to a Q1/
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R1 element in the circuit (Fig. S4), with an effective capacitance
(Q1 ¼ 0.24 ± 0.06 F m�2) and resistance (R1 ¼ 0.61 ± 0.20 mU m2)
that varied very little over the applied potentials. Due to its inde-
pendence of the set electrode potential, this capacitance and
resistance was concluded to be due to the high electrode porosity
over the electroactive region [33,43]. The second semicircle (low
frequencies) represents the ORR reaction kinetics, decreasing at
less positive potentials and larger current densities, indicating the
absence of mass transfer limitations as shown by the lack of
limiting current densities in the LSVs (Fig. 1B). This electrochemical
process was fitted to a QDL/RCT element, following the ohmic Q1/R1
element (Fig. S4). As the applied potential was decreased, the
correspondent RCT exponentially diminished with it, a pattern that
is consistent with a kinetically-controlled process in the Tafel re-
gion in the absence of mass transfer limitations [44]. The reason for
the absence of diffusion limitations could be due to the high surface
area of the activated carbon, making the catalytic sites more
accessible to the reactants, avoiding diffusion limitations in the
current density range more common to MFCs [9,43].

As current increases, mass transfer limitations will eventually
occur [44]. However, because the second semicircle never inter-
cepted the real impedance axis at low frequencies (i.e. the imagi-
nary part of the impedance was always positive) (Fig. 1B), it is not
clear whether the spectra examined here captured all the electro-
chemical processes, such as a diffusion-controlled process
following the kinetic one at low frequencies (<5 mHz). To further
investigate if the EIS analysis had captured all relevant processes,
Fig. 2. (A) Anodic linear sweep voltammetries in PBS at different concentrations (50 mM, 10
represent the linearization of the data in the 5e9 A m�2 region. Anode potentials not correc
spectra in 50 mM PBS. Solid lines represent the fitting to the data. The characteristic time fr
for the different spectra in the graph with the same color. (C) Visual presentation of the
spectrum at �165 mV (9 A m�2). (D) Anodic RCT and Rd resistances, obtained from the EIS sp
LSVs as dE/di. The overpotential can be calculated from the OCP ¼ �288 ± 2 mV. (For interpr
version of this article.)
we compared RCT with the polarization resistance at each applied
potential (Rp), calculated from the slope of the polarization curve
(dE/di). The Rp term includes both reaction kinetic andmass transfer
contributions to the overall resistance [34,37,44]. A comparison of
Rpwith RCT showed good agreement between these values (Fig. 1D),
indicating that nearly all the polarization resistance Rp was due to
RCT and thus reaction kinetics. The agreement between RCT and Rp
shows an absence of a contribution of diffusion limitations at low
frequencies to the overall electrode performance, and thus it can be
concluded that the cathode resistance RCat was only due to the ki-
netic limitations of the ORR at current densities of >3 A m�2. At the
very lowest current densities of <1.4 A m�2 with 50 mM buffer, in
the region where activation losses predominate, a third semicircle
arises at very low frequencies (0.1 mHz) (Fig. S5). The emergence of
this further semicircle suggests an additional reaction that may
arise at low current densities, in agreement with the two slopes
obtained from Tafel plots (Fig. S5), where the concentration of the
buffer is critical for maintaining circumneutral pH. Due to the long
scan times needed for this analysis (>26 h), this low current density
region was not further explored.
3.2. Impact of buffer concentration on the anodic polarization
behavior

In sharp contrast to the cathode results, the anode peformance
was strongly influenced by buffer concentration over all current
densities (Fig. 2A). There was no change in the anode OCP, and only
0 mM, and 200 mM) following corrections for the solution resistance. The dashed lines
ted for ohmic losses are reported in the Supporting information (Fig. S2). (B) Anode EIS
equencies (numbers in mHz) correspond to the maximum in the imaginary impedance
charge transfer (RCT) and diffusion (Rd) components of the resistance to the total EIS
ectra, and polarization resistance (solid black line- Rp) calculated from the slope of the
etation of the references to color in this figure legend, the reader is referred to the Web
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a small change in the working electrode potential of the 50mMPBS
relative to the other two concentrations, primarily due to the very
rapid rise of the potential with current densities. The lack of a
change in the potentials reflects the presence of a single oxidation
reaction for acetate at the anode (Eq. (1)), compared to mutliple
possible reactions on the cathode.

The impact of buffer concentration can be seen by the large
changes in the anode area-resistances from EPS analysis. The anode
resistance decreased by 41% in 100 mM (RAn-
100 ¼ 8.62 ± 0.08 mU m2) and an additional 39% in 200 mM buffer
(RAn-200 ¼ 5.3 ± 0.1 mU m2), compared to that in 50 mM PBS (RAn-
50 ¼ 14.6 ± 0.1 mU m2). The LSVs also showed limiting current
densities, as shown by very little change in current densities at the
highest values for more positive potentials, suggesting mass-
transfer limitations. These limiting current densities increased
with buffer concentration, ranging from 10.6 ± 0.5 A m�2 in 50 mM
PBS, to 13.7 ± 0.5 A m�2 in 100 mM PBS and 21.5 ± 0.3 A m�2 in
200 mM PBS.

Although increases in anodic limiting current density have been
previously reported for MFCs with high buffer concentrations
(�100 mM PBS) [18,20], the reasons for the these changes remain
controversial as both biological and physical explanations have
been suggested. For example, high current generation could be
limited by bacterial kinetics for different microorganisms [15] or an
inadequate acclimation of the biofilm to high current densities [16].
Alternatively, current was suggested to be limited by mass transfer
limitations, due to insufficient proton transport resulting in the
localized acidification of the biofilm [18e20], but other studies
suggested these physical factors were unimportant [17,22]. Unfor-
tunately, the large variability in the MFC architectures used among
these studies makes the results difficult to directly compare. For
example, the low surface area of the anodes used in some studies,
such as graphite rods [18], graphite plates [20], or carbon cloth [19],
could exaggerate mass transfer limitations relative to higher sur-
face area electrodes such as brush anodes.

To investigate the importance of reaction kinetics versus mass
transfer for the anode in 50 mM PBS, EIS data were obtained at
electrode potentials between �265 mV and �165 mV (Fig. 2,
Fig. S6). At high frequencies EIS spectra for the anode showed a
non-linear behavior (Fig. S7), likely due to the presence in the
anode of the twisted Ti wire and the high surface area graphite
bristles. It was previously reported that the presence of different
materials in the anode, for example carbon felt and Ti wire current
collector, contributed to alter the shape of the spectra with each
element contributing with its charateristic frequency to the spectra
[17]. Modeling this part of the spectrum at higher frequencies is
further discussed in the Supporting information (Fig. S8). At lower
frequencies and current densities <5 A m�2, complex plane plots
showed a single large and slightly depressed arc at each set po-
tential that intercepted the real impedance axis. However, when
the applied potential becamemore positive, at current densities >5
Am�2, a second process appeared at low frequencies (Fig. 2B and C)
which is evidenced by a shift of the real part of the impedance
towards higher resistances at low frequencies (Fig. 2B and C), at e
215mV (5 Am�2),�190 mV (7 Am�2), and�165mV (9 Am�2). The
large semicircle dominating the spectra was due to the kinetics of
the electrochemical acetate oxidation by the bacteria (QDL/RCT).

At electrode potentials more positive than e 215 mV (5 A m�2)
another process followed the reaction kinetics at higher current
densities, which was consistent with mass-transfer limitations
(Fig. 2C, Fig. S1). To include this additional process of mass transfer
resistance, a diffusion element was included in the equivalent cir-
cuit in series to the charge transfer resistance, in parallel with the
constant phase element (QDL/RCT þ Zd) (Fig. S8) [8]. The magnitude
of the correspondent diffusion resistance (Rd) increased as the
electrode potential was shifted toward more positive and higher
current densities, reaching a maximum at e 165 mV (9 A m�2)
(Fig. 2D).

The charge transfer resistance (RCT) accounted for 83% of the
sum of Rd þ RCT in the current density range 5e9 A m�2, indicating
that charge transfer was the main contributor to the anode resis-
tance in 50 mM PBS. However, RCT did not exponentially decrease
by applying more positive potentials (Fig. 2D) as it has been
observed for the cathode (Fig. 1D), thus the diffusion process was
limiting the kinetic process. RCT decreased by 49% by increasing the
anode potential from�265mV to�190 mV (from 12.1 ± 0.3 mUm2

to 6.2 ± 0.4 mU m2) (Fig. 2D). At the most positive potential
(�165 mV, 8.97 ± 0.03 A m�2) and highest current density, RCT
increased back by 23% to 7.65 ± 0.04 mU m2. The increment in RCT
over the range of potentials of �190 mV to �165 mV can be
explained by the adverse effects of ion transport (mass transfer) on
bacterial kinetics. Mass-transfer limitations (green line in the
spectrum in Fig. 2C) were identified by changes in the diffusion
resistance Rd in the spectra at anode potentials more positive
than �215 mV, where Rd increased by 460% from 0.5 ± 0.2 mU m2

(�215 mV) to 2.3 ± 0.3 mU m2 at �165 mV (Fig. 2D).
Diffusion of protons can be deduced to be the main reason for

themass-transfer limitations of the anode at high current densities.
The concentration of the limiting species calculated with eq. (7) at
the different potentials ranged between 4.3 ± 0.3 � 10�7 M and
7.0 ± 0.1 � 10�8 M, which corresponds well to the concentration of
protons at a pH of ~7. The electrochemically active surface area in
eq. (7) was calculated from the electrode capacitance as
5030 ± 1440 cm2, by assuming a surface capacitance of a flat carbon
electrode of 10 mF cm�2 [33,37,38]. The large variability in the
calculated surface area, as shown by the large standard deviation,
was due to an increase in the double layer capacity of the carbon
with overpotential due to its space charge as a semiconductor
[33,45,46]. This brush surface area is in reasonable agreement with
the surface area obtained from BET analysis of heat treated carbon
brush anodes (7590 cm2) [21,24], when considering that only half
of the brush has been shown to be involved in the electrochemical
reactions [10]. The average diffusion layer thickness was
290 ± 30 mm, and the possibility of OH� being the limiting specie
was excluded by performing EIS at pH 8, which showed a decrease
in the concentration of the limiting species from pH 7 to pH 8
(Fig. S9). These results were in good agreement with the large
impact of the buffer concentration obtained from LSVs (Fig. 2A), as
the buffer would mitigate pH changes. Thus, the mass-transfer
limitations at the brush anode were concluded to be due to the
accumulation of Hþ near the biofilm.

To examine if the EIS analysis captured all the electrochemical
processes relevant to anode performance, we compared RCT and Rd
with the total polarization resistance at each applied potential (Rp)
calculated from the slope of the polarization curve (dE/di). Since the
sum of RCT and Rd was less than Rp, there likely was an additional
process that was not captured by the above EIS analysis in the
frequency range investigated here (Fig. 2D, Fig. S8). To try to
detemine the nature of that process, we obtained additional EIS
spectra at < 5 mHz that showed a consecutive arc that we fitted
with an additional element in the circuit (Q7/R7) (Fig. S8, Fig. S10).
However, this portion of the curve could not be completely exam-
ined further due to the very long times needed to obtain these
spectra (for example, >26 h at frequencies up to 0.1 mHz) as the
anode potentials would not be stable over these periods of time due
to depletion of substrate in the solution. Thus, this additional
contribution to the anode resistance was not further examined
here.



Fig. 3. (A) Anodic linear sweep voltammetries in synthetic wastewater (SWW) or
SWW amended with 0.50 g/L of sodium acetate (SWW/NaAc), sodium chloride (SWW/
NaCl), or phosphate buffer (SWW/PB), following correction for solution resistance. The
dashed lines represent the linearization of the data in the 0.7e2.0 A m�2 region.
Anodic LSVs not corrected for ohmic losses are reported in the Supporting information
(Fig. S12). (B) Anodic LSVs in synthetic wastewater (SWW) amended with PB and with
0.5 g L�1 (SWW/PB þ NaAc) of acetate in respect to that obtained in 50 mM PBS with
anodes fed with PBS for more than one year (Fig. S13). The dashed lines represent the
linearization of the data in the 0.7e2.0 A m�2 region.
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3.3. Anode performance in low conductivity synthetic wastewater

Treatment of domestic wastewaters using MFCs is often
hampered by the low conductivity (~1e1.5 mS/cm) and low sub-
strate concentration (COD <0.4 g/L) of the solutions [47]. To identify
which factors are most important for MFCs used to treat waste-
water, tests were conducted with a SWW solution with represen-
tative concentrations of acetate (0.25 g L�1) and buffer
(conductivity of 1.5 mS cm�1). Current densities were greatly
reducedwith SWW compared to that with 1 g L�1 acetate in 50mM
PBS (Fig. 3). For example, the anode resistance increased to
59.1 ± 0.2 mUm2 in SWW compared to only 9.08 ± 0.08 mUm2 for
50 mM PBS and 1 g L�1 of acetate in the same current density range
(0.7e2 A m�2) (Fig. 3). This anode resistance using SWW was
slightly lower than that previously reported using actual domestic
wastewater (75 ± 9 mU m2) [9].

Amending the SWW with PBS to increase its buffering capacity
decreased the anode resistance by 53% to RAn ¼ 28.1 ± 0.1 mU m2

(SWW/PB). However, increasing the solution conductivity using
NaCl to match that of the SWW/PB, or increasing the acetate con-
centration to 0.50 g L�1 had a minimal impact on the performance
(RAn SWW-NaCl¼ 48.9 ± 0.2mUm�2, RAn SWW-NaAc¼ 64.1 ± 0.1mUm2,
SWW/NaAc). The limiting current density of the amended SWW/PB
was similarly much improved (4.4 ± 0.2 A m�2) compared to those
without the buffer and with extra acetate (3.0 ± 0.1 A m�2) or NaCl
(2.9 ± 0.1 A m�2) (Fig. 3).

These results demonstrate that anodic performance was limited
primarily by the low buffer capacity of the wastewater (which for
an actual wastewater would be its alkalinity) [48] and not con-
ductivity. This finding is contrary to previous claims that perfor-
mance using wastewater compared to 50 mM PBS solutions was
solely due to the reduced substrate concentration or solution
conductivities [49,50]. Here, the concentration of the substrate did
not impact current densities obtained with acetate concentrations
of 0.25 g L�1 or 0.5 g L�1, and additional NaCl did not appreciably
impact performance.

3.4. Overall assessment of factors impacting MFC performance

The analysis of the electrodes using both the EPS and EIS
methods provided definite evidence that the anode and cathode
are limited by two different mechanisms. The cathode performance
was completely controlled by ORR kinetics, rather than mass
transfer, as shown by insensitivity of the electrode resistance (slope
in the EPS analysis) to buffer concentration and nearly all of the
polarization resistance could be accounted for by just the charge
transfer resistance in the EIS analysis. This finding is different than
the conclusion reached by others that performance of AC cathodes
in MFCs are limited by diffusion of oxygen or hydroxyl ions
[10e14,42]. As current densities increased and the localized pH
around the cathode increased, the cathodic reaction shifted be-
tween two different rate determining steps, as evidenced by
changes in the slopes in Tafel plots.

The performance of the anode, in contrast to that of the cathode,
was primarily limited by diffusion of protons from the electrode,
despite the high anode surface area. The anode resistances showed
a clear and favorable response to increased concentrations of buffer
in the EPS analysis. There is only a single anode reaction pathway
for acetate oxidation, versus multiple reaction pathways possible at
the cathode for the ORR. Thus, the anode performance was closely
associated with the concentration of a strong buffer. EIS analysis
showed that charge transfer (RCT) and diffusion (Rd) contributed to
the total polarization resistance (Rp) of the anode, demonstrating
that the anode performance are a function of diffusion and kinetic
processes. Furthermore, the anodic reaction was much faster than
the cathodic at the same current densities based on a comparison of
the characteristic frequencies that correspond to the maximum in
the imaginary impedance of (QDL/RCT) between the anode and
cathode spectra (Figs. 1B and 2B) [34]. For example, at 7 A m�2 the
characteristic frequency of the ORR on the cathode was 8 mHz,
which was about 43 times smaller than the anodic frequency of
340 mHz. Therefore, while the cathode resistance in 50 mM PBS
(RCat-50 ¼ 17.0 ± 0.1 mU m2) is only slightly larger than that of the
anode (RAn-50 ¼ 14.6 ± 0.1 mU m2), the bacterial kinetics are sur-
prisingly fast relative to the cathode kinetics. This difference is
consistent with an overall view that the sluggish ORR kinetics limits
power production in MFCs.
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To increase power densities in MFCs treating domestic waste-
water, the main challenge is the impact of the low buffer capacity of
the wastewater on electrode performance. Although the low ionic
conductivity of the wastewater is a challenge, increasing only the
conductivity of the solution by adding NaCl did not increase the
anode performance [51]. Therefore, adding seawater, for example,
to a wastewater at a coastal site would not be expected to improve
anode performance. Adding buffer is much more effective, as we
showed here that adding phosphate buffer to the SWW substan-
tially increased performance, achieving a 53% decrease in the anode
resistance and a 47% increase in the limiting current density.
Adding phosphate or even carbonate buffer to a wastewater,
however, would not be practical due to environmental impacts of
phosphate or the high costs of the buffer. Thus, other methods need
to be found to improve electrode performance.

Through identification of the factors limiting the cathode and
anode performance by a combined EPS and EIS analysis, it is
possible to envision methods by which MFCs treating wastewaters
could be improved. AC cathode performance has primarily been
enhanced by chemical modifications that increase open cell and
working potentials. For example, adding FeeNeC catalysts to the
AC matrix increased the experimental potential from 271 ± 6 mV
(ECat,e0) to 442 ± 19 mV, although it did not impact the cathode
resistance [9]. This approach therefore gained additional potential
from the cathode, but it did not impact the rate of decay in potential
with current (i.e. the cathode resistance). While it is unlikely that
the ORR kinetics can be improved without increasing the cost or
complexity of the electrodes [52], it might be possible to maintain
better cathode performance by increasing the electrical conduc-
tivity of the AC matrix. For example, adding inexpensive carbon
black (CB) to AC cathodes has been shown to improve the
maximumpower density of MFCs by 36%, (from 1350± 50mWm�2

to 1840 ± 20mWm�2) [53,54]. A key factor in cathode performance
will be decreasing the large potential loss at low current densities.
Reducing the cathode resistance at low and high current densities
may be possible by identifying which sites on the AC matrix are
best suited to each RDS, and developing pretreatment methods to
maximize the number of sites available for each RDS.

Increasing anode performance could be accomplished through
operational changes and anode design. As local pH impacts anode
performance, forced flow through the anode should minimize
localized pH changes and improve current densities. It has been
shown that recirculation through an MFC anode module [55], and
even flow forced through the anode of a microbial electrolysis cell
(MEC) [56], could improve anode performance. Adding a buffer to a
solution would clearly provide a more favorable cathode potential,
but buffer addition would not be practical or economical for most
wastewaters. High current densities have been achieved in some
MFCs where the flow is forced through a thin porous anode [57],
although biofilm growth in such configuration could lead to
clogging.

Although it was not a focus of this study, a key factor in total
power production by MFCs is minimizing energy loss to ohmic
resistances. The solution resistance can account for 34% of the in-
ternal resistance of MFCs fed with 50 mM PBS and acetate, and 39%
for MFCs fed domestic wastewater [9,30]. Reducing the electrode
spacing will decrease the solution resistance and the anode will
benefit from both decreasing ohmic losses and potentially
improved ion exchange between the electrodes, to better maintain
pH [58]. However, moving the electrodes closer increases the
amount of oxygen reaching the anodic biofilm through the cathode,
which can decrease peformance with flat anodes or small diameter
brushes [59]. Clearly many factors, including electrode potentials,
resistances, and spacing must all be carefully considered in opti-
mizing the peformance of MFCs for long-term stable performance
with good power production and efficiency of conversion of organic
matter into electrical current.

4. Conclusions

The combined EPS and EIS analysis provided quantifiable and
complementary methods to characterize cathode and anode per-
formance. The cathode reactionwas shown to be limited by kinetics
at high current densities, whereas local pH played an important
role at low current densities. Increasing the buffer concentration
maintained a circumneutral pH at the cathode, boosting the oper-
ative electrode potential. The good agreement between the charge
transfer and the polarization resistance of the cathodes revealed
that the high internal resistance was only due to the sluggish ORR
kinetics on the AC matrix, with no impacts of diffusion of oxygen or
hydroxide ions at high current densities. Proton diffusion was a
factor in limiting the brush anode performance, increasing the
electrode resistance and limiting the maximum current density.
Increasing the buffer concentration from 50 mM PBS to 200 mM
PBS reduced RAn by 64% from 14.6 ± 0.1 mU m2 to 5.3 ± 0.1 mU m2

and increased the limiting current density by 200% from 10.6 ± 0.5
A m�2 to 21.5 ± 0.3 A m�2. The diffusion resistance Rd, due to mass-
transfer limitations of protons, was limiting the overall anode
performance. Wastewater-fed anodes showed lower performance
than well buffered acetate-fed anodes, and only increasing buffer
concentration enhanced the performance, while there was only a
very minimal impact by increasing substrate concentration or so-
lution conductivity.
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