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1. Introduction

Because of the widespread availability of oxygen (O2) and its
relatively positive redox potential, the O2 reduction reaction
(ORR) is the cathodic reaction of choice in many fuel cells that
aim to achieve combustionless electricity production from the
anodic oxidation of fuels.[1] In conventional chemical fuel cells,
such as the proton exchange membrane (PEM) fuel cell or the
alkaline fuel cell, ORR occurs under either acidic or basic condi-
tions, respectively.[2] However, recently emerging is a new class
of fuel cells, referred to broadly as biological fuel cells (BFCs),
in which the ORR needs to occur at near neutral pH, owing to
the operational requirements of their biological components.[3]

These fuel cells include microbial fuel cells (MFCs), in which
anodic oxidation of waste organics is carried out by anode-re-
spiring bacteria that have the ability to transfer electrons re-
sulting from metabolism directly to an anode, and enzymatic
fuel cells, wherein enzymes are immobilized on electrodes to
carry out catalyzed reactions.[4] The latter also includes applica-
tions in which oxidase enzymes are immobilized on the cath-
ode to catalyze the ORR;[5] however, the study we present here
applies directly only to BFCs that include a biological anode
and a conventional metal-catalyst cathode.

From over a decade of research on BFCs, especially more so
on MFCs, it has become apparent that power densities in
these fuel cells are limited by a large cathodic overpotential,
even if using precious metal catalysts such as platinum to cata-

lyze the ORR.[6] Whereas large cathodic overpotentials have
been recognized as a key issue in full-scale practical applica-
tion of conventional chemical fuel cells, current densities ach-
ieved in MFCs at similar overpotentials are several orders of
magnitude lower.[7] This suggests a fundamental difference be-
tween the ORR at near neutral pH versus at acidic or basic pH.
Thus, understanding the unique features of the ORR at near
neutral pH and improving cathode performance are among
the main challenges MFC researchers currently face in making
them competitive against other technologies for energy recov-
ery from organic waste streams.

For MFCs that include a membrane between the anode and
the cathode, poor cathode performance is attributed to the in-
evitable pH increase in the cathode chamber, often to >12.[8]

This results in a Nernstian concentration overpotential that is
equivalent to approximately 60 mV for every unit the cathode
pH is higher than the anode pH. One of the solutions pro-
posed for this pH imbalance was to abandon the use of
a membrane.[9] Yet, single-chamber MFCs that lack a membrane
still suffer from large cathodic overpotentials.[10] We recently
performed the first thorough study into understanding the
origin of cathodic overpotentials in MFCs by considering close-
ly the electrode–electrolyte interface.[11] OH! ions, which are
a product of the ORR, accumulate locally on the surface of the
cathode, because of their poor mass transport through the dif-
fusion layer at the interface, as well as through the catalyst
layer itself. This results in a Nernstian concentration overpoten-
tial owing to the localized accumulation of OH! ions, irrespec-
tive of the use of a membrane. We showed that the local cath-
ode pH could increase to up to a value of 13 at the typical cur-
rent densities observed in MFCs upon using unbuffered elec-
trolytes at neutral pH. This represents an overpotential of
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about 360 mV, or roughly 35 % of the total voltage theoretical-
ly available (ca. 1.1 V) in MFCs.

In most MFCs, some form of buffer is added or is naturally
present in the waste streams under consideration, and the
buffer could possibly alleviate the problem of an increased pH
on the cathode surface.[12] In this study, we explore how differ-
ent buffers affect the cathode performance through controlling
the local cathode pH, focusing especially on two important pa-
rameters : the buffer pKa and its effective diffusivity. We show
in Scheme 1 how a buffer improves the performance of gas-

diffusion cathodes for ORR as they are used in single-chamber
MFCs. The reaction produces OH! , which deprotonates the
acidic buffer species that transports from the bulk liquid to the
active catalyst sites by diffusion and/or migration; this results
in a lower local concentration of
OH! than having no buffer. The
basic buffer species diffuses
back to the electrolyte. This buf-
fering mechanism should main-
tain the local cathode pH close
to the pKa of the buffer, as long
as the rate of transport of the
buffer species can match the
rate of production of OH! .

We present here a series of ex-
periments, conducted with gas-
diffusion half-cells containing
platinum-based air cathodes for
ORR that demonstrate how dif-
ferent relevant buffers contrib-
ute to improving cathode per-
formance in MFCs. We also
expand the mathematical model
that we first presented in our
previous study to include buffer
speciation and transport. We
also link our results to applica-
tions of MFCs in which high con-

centrations of certain buffers that are naturally present in
some waste streams (e.g. NH4

+) can be used to achieve im-
proved energy recovery in MFCs.

1.1. Overview of Cathode Modeling

We developed a mathematical model for the cathode to vali-
date our results and quantify local cathode pH. This model fol-
lows that developed in our previous study,[11] but includes
buffer diffusion to the cathode and its speciation on the cath-
ode catalyst. We describe below the details of the model, and
how we used the model to determine 1) local pH on the cath-
ode under a variety of conditions, and 2) the diffusion proper-
ties of OH! and the buffers studied. We also show in Scheme 2
the model equations with a workflow of how we used them.

There are three primary overpotentials that affect the cath-
ode polarization curves (htotal vs. j, in which htotal is the total ex-
perimental overpotential in V and j is the current density in
A m!2). These are the activation overpotential (hact), the Ohmic
overpotential (hOhmic), and the Nernstian concentration overpo-
tential related to OH! transport out of the cathode (h[OH!]). We
assume that, for typical current densities achieved in air-cath-
ode MFCs, concentration overpotential related to O2 transport
is at a minimum. This assumption is supported by the fact that
we have never observed a limiting cathodic current density in
our studies, nor have we found such an observation in the lit-
erature. Thus, the total overpotential can be represented by
Equation (1):

htotal ¼ hOhmic þ hact þ h OH!½ % ð1Þ

The Ohmic overpotential can be represented as shown in
Equation (2) and can be determined through measuring the

Scheme 1. A diagram of the electrode–electrolyte interface for air cathodes
in MFCs. BH is the acidic buffer species, whereas B! is the basic buffer spe-
cies. The ORR occurs within the cathode catalyst layer, and the product of
the reaction is OH! , which is transported out by the buffer.

Scheme 2. Model equations along with the workflow of how we used the model to determine the local cathode
pH and D/L values for the various conditions tested.
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Ohmic resistance (ROhmic ; Ohm cm2) using either electrochemical
impedance spectroscopy or the current interrupt method. All
the polarization curves we show here are i–R corrected, that is,
the Ohmic overpotential is subtracted from the total over-
potential.

hOhmic ¼ j ( ROhmic ð2Þ

Next, the activation overpotential can be represented as
a function of the current density through the simplified version
of the Butler–Volmer equation (assuming negligible reverse re-
action kinetics). In Equation (3), j0, a, and n are the exchange
current density in units of A m!2, the charge-transfer coeffi-
cient, and the number of electrons transferred, respectively.
C*

O2
and C0*

O2
represent the actual and standard concentrations

of O2 on the cathode, respectively, in units of mmol cm!3. We
assume that n = 4 for the Pt/C electrodes we used in this
study.

j ¼ j0

C*O2

C0*O2

e
anFhact

RT

! "
ð3Þ

As described in our previous study,[11] we fit the Tafel equa-
tion, simplified from the Butler–Volmer equation, to polariza-
tion curves obtained in high pH, to determine the values of j0

and a. In high pH, we assumed that the concentration overpo-
tential is negligible, and thus the cathode performance is only
governed by the activation overpotential. For the polarization
curves we show here in neutral pH, we calculated the activa-
tion overpotential based on the Butler–Volmer equation and
compared it against the total cathode overpotential observed
experimentally. We assumed that the remainder of the overpo-
tential is due to the Nernstian concentration overpotential,
which can be defined by Equation (4):

h OH!½ % ¼
RT
nF

ln
C*OH!

CB
OH!

! "
ð4Þ

C0
[OH!] and CB

[OH!] are the local cathode and bulk liquid concen-
trations of OH! ions, respectively, in units of mmol cm!3. From
this equation, we calculated the local cathode pH. Using the
local cathode pH with Fick’s Law allowed us to also determine
the diffusion properties of OH! and the buffer [Eq. (5)] :

Jx ¼
Dx C*x ! CB

x

# $

L
ð5Þ

Jx is the flux of solute x (either OH! or acidic buffer species) in
units of mmol cm!2 s!1, D is its diffusion coefficient in units of
cm2 s!1, and L is the diffusion length in cm. We do not differen-
tiate between the diffusion boundary layer and the cathode
catalyst layer. For the buffer, we determined the speciation of
the acidic and basic components by its pKa using Equation (6):

log
C*

BH

C*
B!
¼ pKa ! pH* ð6Þ

Combining speciation with diffusion allows us to determine
an equilibrium pH at the cathode surface, and we compared
that pH against the calculated value from the measured over-
potential. The fitting parameter is Dx/L, which is associated
with the transport of OH! and acidic buffer species to the
cathode surface. A separate value of Dx/L is used for both com-
ponents of interest as we fit our experimental data, as the
buffer governs the concentration overpotential in the range of
pH around its pKa, and OH! governs the concentration overpo-
tential at higher pH.

The model parameters we obtained are summarized in
Table 1 for two different sets of experiments we performed:
one with different buffer concentrations and the other with

different stirring rates inside the half cells. These parameters lie
in the typical range for Pt/C cathodes.[11] We performed all
modeling using Excel 2010 Solver to minimize the difference
between the observed and calculated flux from [Eq. (3)] . We at-
tribute the small differences in j0 upon fitting our data to
minor differences in cathode preparation over multiple experi-
ments and trials. These j0 values correspond to an hact of
roughly 350 mV at a current density of 10 A m!2, as can be
seen in Figures 1 and 2.

Table 1. Modeling parameters for buffer concentration and stirring speed
experiments.[a]

j0 [A m!2] D/L(NH4+) [cm s!1] D/L(OH!) [cm s!1]

Buffer concentration experiments
All buffer
concentrations

2.1 # 10!4 8.15 # 10!4 6.59 # 10!4

Stirring experiments [RPM]
0 1.5 # 10!4 6.52 # 10!4 2.51 # 10!4

30 1.5 # 10!4 8.51 # 10!4 2.64 # 10!4

50 1.5 # 10!4 8.58 # 10!4 n.n.[b]

100 1.5 # 10!4 9.32 # 10!4 n.n.
300 1.5 # 10!4 1.22 # 10!3 n.n.
500 1.5 # 10!4 1.22 # 10!3 n.n.

[a] For all experiments, a = 0.209 and n = 4. [b] n.n. = not needed.

Figure 1. LSVs of a Pt-based gas-diffusion cathode in different solutions
(50 mm each). The dotted line shows the Butler–Volmer curve on the basis
of the j0 and a values determined from high pH experiments.
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2. Results and Discussion

We show in Figure 1 linear sweep voltammograms (LSVs) of
cathodes in solutions (50 mm) of different buffers. As expected,
even at low current densities, the cathode potential in the un-
buffered NaCl solution (50 mm) decreased rapidly as a result of
an increase in the local cathode pH, as we have shown
before.[11] Our previous analysis suggests that by 2 A m!2, the
local cathode pH already increases by five pH units in the ab-
sence of a buffer, thus representing a Nernstian concentration
overpotential of about 300 mV owing to local accumulation of
OH! . At 10 A m!2, the total overpotential is approximately
700 mV (considering an E0* of + 0.81 vs. SHE for ORR in pH 7).
As hact is roughly 350 mV, the remainder (50 %) is h OH!½ %.

In contrast, the cathode overpotential for current densities
of up to 5 A m!2 was lower in phosphate buffer solution (PBS).
This was a result of the buffering of pH whereupon H2PO4

! is
deprotonated by OH! (pKa2 = 7.2). As shown below in detail for
the case of NH4

+ buffer, limitation owing to buffer transport is
apparent from the inflection in the cathode potential, which
for the phosphate buffer is observed after 5 A m!2 in the LSV.
Bicarbonate buffer did not significantly help in maintaining pH
close to the pKa of the HCO3

!/CO3
2! couple (ca. 10.3) ; this was

likely due to its poor transport properties in Nafion.[13]

In comparison to phosphate and bicarbonate buffers, the
overpotentials in NH4Cl and NH4HCO3 were lower at high cur-
rent densities (>5 A m!2). The NH4

+/NH3 couple has a pKa of
about 9.2, which suggests that it should be possible to main-
tain the local cathode pH in MFCs around this pH value, thus
reducing the cathode overpotential in comparison to using no
buffer at all, or using phosphate buffer at high current densi-
ties. At current densities lower than 5 A m!2, the cathode in
PBS performed better than in NH4Cl and NH4HCO3 because of
the buffering effect of the lower pKa2 of the phosphate. How-
ever, current densities of up to 25 A m!2 were sustained in
NH4

+ solutions without the LSVs showing an inflection result-
ing from transport limitation. This good result was an effect of
the higher diffusion coefficient for NH4

+ (D = 1.96 #
10!5 cm2 s!1), compared to the other buffers, as it relatively in-
creases the transport rate of NH4

+ to the cathode surface.
Also, using Nafion as the catalyst binder is advantageous for
transporting NH4

+ , because Nafion is efficient in transporting
cations.[13] We have shown in the past that using phosphate or
bicarbonate buffer led to better cathode performance if the
Nafion binder was replaced with an anionomer;[11] Nafion is
a preferable binder for NH4

+ buffer.
The results in Figure 1 show that it is possible to decrease

the Nernstian concentration overpotential by >150 mV at cur-
rent densities >10 A m!2 using NH4

+ as a buffer at the same
concentrations as phosphate. This is an important result, and
has especially favorable implications for the treatment of
streams containing high levels of NH4

+ , such as animal waste.
However, it has been shown in the past that NH3 can be lost
through air cathodes in MFCs following deprotonation of NH4

+

.[14] Thus, any NH3 that partitions in the gas phase at the cath-
ode should be recovered. Our results here also explain the
lower cathodic overpotentials observed in microbial reverse-

electrodialysis cells (MRCs) containing >1 m concentrations in
the reverse-electrodialysis stack.[15] It was recently found that
even upon removing the stack in such systems, cathode per-
formance significantly improves if the cathode chamber is just
fed with a high concentration of NH4HCO3.[15b] Similar results
have been obtained in studies that focus on nitrogen removal
in MFCs, and on using NH4

+ as a proton shuttle between the
anode and cathode chambers in dual-chambered MFCs.[16]

Next, we studied the impact of NH4
+ transport on cathode

performance using different concentrations of NH4
+ ; the LSVs

are shown in Figure 2. This dataset was successfully modeled,
as shown in Figure S1 in the Supporting Information, using the
parameters listed in Table 1. Ion transport at the electrode–
electrolyte interface and within the catalyst layer occurs by

two mechanisms: diffusion and migration. The rates of these
mechanisms are directly proportional to the concentration of
the ion being transported. We hypothesized that cathode per-
formance is limited by buffer transport, and thus could be im-
proved by increasing the concentration of NH4

+ ; this would
allow for faster transport of NH4

+ to and within the cathode
catalyst layer, resulting in lower local cathode pH and lower
overpotentials. We tested concentrations of NH4

+ up to
500 mm, using 25 mm NaCl as background, and the LSVs from
these experiments confirm that cathode performance was di-
rectly related to NH4

+ concentration, and thus its transport.
Notably, the inflections in LSVs that we observed earlier with

a 50 mm PBS solution, are apparent this time with both 10 and
25 mm solutions of NH4Cl. A specific modeling result is shown
in Figure 3 for the 25 mm NH4

+ experiment. The model dem-
onstrates that the inflection in the LSV occurs as the dominant
species being transported transitions from NH4

+ to OH! . This
occurs because NH4

+ transport becomes slower than the pro-
duction of OH! , which leads to a pH increase and associated
overpotential [Eq. (4)] . At lower buffer concentrations, slower
transport of NH4

+ ions occurs, causing the inflection to occur
at a lower current density for 10 mm NH4Cl versus 25 mm
NH4Cl. At higher concentrations, NH4

+ transport was not limit-
ing within the range of current densities tested, as it helps
maintain the local cathode pH close to the pKa, as confirmed

Figure 2. LSVs of a Pt-based gas-diffusion cathode in solutions containing
different concentrations (0–500 mm) of NH4Cl with NaCl (25 mm). The dotted
line shows the Butler–Volmer curve on the basis of the j0 and a values deter-
mined from high pH experiments.
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by the model fits in Figure S1. Therefore, we saw no inflection
points for NH4Cl concentrations )50 mm within the current
densities evaluated. In the case of the highest NH4

+ concentra-
tion we tested (i.e. 500 mm), we estimated an h OH!½ % of only
about 70 mV at 10 A m!2, and thus the local cathode pH in-
creased only to approximately eight.

An interesting outcome of the model was that the D/L
values for NH4

+ that fit the data were higher than those for
OH! , even though the standard D value for OH! is roughly
3 times higher (5.27 # 10!5 cm2 s!1 for OH! vs. 1.96 #
10!5 cm2 s!1 for NH4

+).[17] This suggests that NH4
+ transport

was governed by the diffusion boundary layer, whereas OH!

transport was limited in the catalyst layer. As we mentioned
earlier, using Nafion as a binder should allow more efficient
transport of cations, and thus NH4

+ likely diffuses through the
catalyst layer a lot faster than OH! . Because we cannot distin-
guish individual D/L values for the diffusion boundary layer
and the cathode catalyst layer, this shift to limitation in the cat-
alyst layer for OH! manifests as lower overall D/L values for
OH! .

We also performed similar experiments with different con-
centrations of phosphate and bicarbonate buffers. The results
from these experiments are shown in Figure S2. We observed
the same trend with each buffer: an increase in buffer concen-
tration led to a decrease in overpotential and an increase in
the current density at which the transition between buffer-
governed and OH! governed transport occurs.

We also performed experiments with different concentra-
tions of NaCl to compare the effect of higher ionic strength
versus higher buffering capacity ; these results are also shown
in Figure S2. This experiment with NaCl clarifies the relative im-
portance of diffusion versus migration in controlling the catho-
dic overpotentials observed. Although increasing NaCl concen-
trations improved performance of the cathodes, possibly
owing to faster migration transport, the magnitude was signifi-
cantly lower compared to increasing buffer concentrations.

We performed additional experiments with different concen-
trations of NaCl (0–500 mm) and NH4Cl (25 mm) to evaluate
the importance of migration in NH4

+ transport. The results

from these experiments are shown in Figure 4. If transport by
migration were more important than by diffusion, increasing
the concentration of Na+ would negatively affect cathode per-
formance, as part of the required ion neutrality would be
maintained by migration of Na+ . However, it is apparent that
additional Na+ had no effect on cathode performance up to
current densities of about 15 A m!2. Furthermore, no major
change was observed in the inflection in the LSVs representing
buffer transport limitation. Therefore, migration was less im-
portant than diffusion, at least for local transport. This validates
our approach of using diffusion as the primary mode of trans-
port in our model described above. It is also consistent with
our previous analysis of the anode in MFCs, in which we
showed that migration accounted for <15 % of the local trans-
port to maintain ion neutrality.[18]

At high current densities (>20 A m!2), we observed an effect
of Na+ concentration on cathode performance, with poorer
performance at low Na+ concentrations. This effect was proba-
bly due to reaching a limiting current, as a result of the lack of
counterions (Na+) needed to transport OH! out of the cathode
surface.

Finally, we obtained LSVs in NH4Cl (25 mm, with 25 mm
NaCl) with different stirring rates (Figure 5) to investigate the
importance of diffusive NH4

+ transport. If diffusion of NH4
+

limits cathode performance, decreasing the diffusion boundary

Figure 3. Comparison of LSV of a Pt-based gas-diffusion cathode in NH4Cl
solution (25 mm, with 25 mm NaCl) with model fits from the Butler–Volmer
equation without and with diffusion limitation, and the predicted local cath-
ode pH value as a function of current density resulting from NH4

+ and OH!

diffusion limitation.

Figure 4. LSVs of a Pt-based gas-diffusion cathode in solutions containing
different concentrations (0–500 mm) of NaCl with NH4Cl (25 mm).

Figure 5. LSVs of a Pt-based gas-diffusion cathode in NH4Cl and NaCl
(25 mm each) at different stirring speeds.
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layer by increasing the stirring rate should help achieve higher
current densities before the inflection related to transport limi-
tation is seen in LSVs. Even with mild stirring, we observed im-
proved cathode performance at current densities >10 A m!2.
We did not observe an inflection in the LSVs at any of the stir-
ring rates we tested; this confirms that diffusion of NH4

+ to
and within the cathode catalyst layer primarily governed cath-
ode performance.

Modeling results shown in Figure 6 using the experimental
results for a stirring speed of 30 RPM confirm that the cathode
overpotential depends on the D/L values for NH4

+ and OH!

(listed in Table 1). At higher stirring speeds, only NH4
+ trans-

port was important, as the pH did not rise significantly above

the pKa of NH4
+ (Figure S3). For 500 RPM, we estimated an

h OH!½ % of roughly 200 mV at 20 A m!2, which corresponds to
a local cathode pH close to ten. In comparison, without stir-
ring, this was about 400 mV, with a local cathode pH >12. This
represents an improvement in overpotential of approximately
200 mV through improved hydrodynamics. These results sug-
gest that, as MXCs are scaled-up, continuous-flow cathodes
could help partially overcome buffer transport limitations by
decreasing the diffusion boundary layer. Similar to the experi-
ments with different NH4

+ concentrations, the D/L value for
NH4

+ that fit the data was higher than that for OH! . In addi-
tion, stirring speed has a stronger impact on the D/L value for
NH4

+ than for OH! , thus confirming that OH! transport was
more restricted in the catalyst later.

We performed similar experiments with different stirring
speeds with phosphate and bicarbonate buffers, as well as un-
buffered NaCl solutions. The results from these experiments
are shown in Figure S3. We observed the same trend with
each buffer: an increase in stirring speed led to a decrease in
overpotential. However, experiments with NaCl showed no
effect. This reinforces that diffusion was the primary mecha-
nism of transport on the cathodes for the conditions we
tested.

3. Conclusions

We provide the first comprehensive evaluation of cathodic
overpotentials and the first model that considers buffer trans-
port. Our results show that cathodic overpotentials in an un-
buffered solution are mainly due to concentration overpoten-
tial as the pH at the cathode surface rises. The presence of
a buffer can alleviate the overpotential from this pH gradient.
The effectiveness of the buffer depends on its pKa and effective
diffusivity. Buffers with a pKa slightly above the operating pH
(near neutral) help maintain the cathode local pH close to the
bulk pH, thus reducing concentration overpotentials. In this
regard, NH4

+ was expected and confirmed to be the best
buffer to reduce concentration overpotentials, owing to its
lower pKa (9.2) and its higher diffusion coefficient, compared to
phosphate and bicarbonate. Our experimental results and
model provide a framework to characterize cathodic overpo-
tentials in BFCs and other electrochemical cell applications.
Through this framework, we can begin to envision potential
solutions to minimize cathodic overpotentials.

Experimental Section

We conducted all experiments in gas-diffusion half-cells as de-
scribed before,[11] except that 27 mL cells (3 cm # 3 cm # 3 cm) were
used. We prepared cathodes (9 cm2) as described before, with a Pt
loading of 0.5 mg cm!2 and a Nafion solution (5 %) as the catalyst
binder. We obtained LSVs for cathodes in different buffers under
quiescent conditions, including individually 50 mm solutions of
phosphate buffer (PBS; containing 35 mm Na2HPO4 and 15 mm
NaH2PO4, pH 7.2), NaHCO3 (pH 7.9), NH4Cl (pH 6.5), and NH4HCO3

(pH 7.9). We compared these against LSVs obtained in an unbuf-
fered 50 mm solution of NaCl. We obtained all LSVs at 30 8C, with
a scan rate of 2 mV s!1, and we performed i–R correction as de-
scribed before.[11] We also carried out experiments focused on un-
derstanding NH4

+ transport by using solutions containing different
concentrations (0–500 mm) of NH4Cl with background NaCl
(25 mm) and solutions containing different concentrations (0–
500 mm) of NaCl with NH4Cl (25 mm). For solutions containing
25 mm each of NH4Cl and NaCl, we performed further experiments
with agitation provided by magnetic stirring at different speeds.
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Buffer pKa and Transport Govern the
Concentration Overpotential in
Electrochemical Oxygen Reduction at
Neutral pH

Chemistry in the buff(er): The impor-
tance of buffer in mitigating high local
pH on cathodes in biological fuel cells is
explored. NH4

+ is found to be the best
out of the tested buffers because of
a more relevant pKa, and also better ef-
fective diffusivity. A model, which in-
cludes Butler–Volmer kinetics and buffer
diffusion, is presented and accurately
describes cathode polarization curves.
BH = acidic buffer species, B!= basic
buffer species, ORR = oxygen reduction
reaction.
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