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Schematic S1: Schematic representation of the parameters used for the EPS analysis. Ecstmo and Eanmo
are the cathodic and anodic potential measured at open circuit condition.The green dashed lines
represent the linearization that would be obtained from polarization tests, and the intercept of this line
with the y-axis has been used to calculate the cathodic (Ecate0) and anodic (Eanc0) experimental potential
at zero current. The thick solid lines show the linearized portion of the polarization data that are used to
calculate the anode (Ran) and cathode (Rcar) resistances.
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Diffusion through a stagnant layer in EIS spectra. Finite length linear diffusion describe the situation in
which the mass transport in the close proximity of the electrode occurs only through diffusion. This
phenomenon is typical for chemical species diffusing into thin films and then reacting. It is also common
for fuel cells, when the hydrogen is oxydized at the electrode and the protons diffuse through the
membrane. Outside of the diffusion layer the solution is homogeneous and the concentration of the
species stable.

When a potential stimulus (5 mV amplitude in our case) is applied, the concentration of the species
involved in the electrochemical reaction oscillates in function of their distance from the electrode and
the frequency of the stimulus. At high frequencies, the concentration perturbation does not extend to
the limit of the diffusion layer because the time for a molecule to diffuse across the thin layer is much
longer than the period of the AC stimulus applied. At low frequencies, the perturbation of the
concentration due to the stimulus extends to the limit of the diffusion layer and an abrupt change in the
concentration of the diffusing species is observed at the limit of the stagnant film. Thus, at high
frequencies, the oscillating concentration resembles that obtained for a stagnant medium of infinite
dimension, while the behavior at low frequencies is influenced by the finite extent of the diffusion layer.

In the Nyquist plot, at high frequencies, the propagation of the disturbance away from the electrode
surface lags behind the perturbation at the surface and a straight line will be obtained in the complex
plane plot. At low frequencies, the concentration far from the surface responds with almost no phase
lag. This will results, for frequencies tending toward zero, in a decrease in the imaginary part of the
impedance and the formation of a semicircle. Thus, complex plane plots obtained in this conditions
showed a straight line at 45° at high frequencies representative of a semi-infinite diffusional behavior
followed by a semicircle intercepting the impedance on the real axis at low frequencies because in this
conditions a dc current can flow.[1-3]

Analyzing the EIS spectra is possible to obtain informations on the thickness of the diffusion layer if
the characteristic time (or frequency) of diffusion (ta) and the diffusivity of the chemical species is
known. Using specific software for the analysis of the spectra allows to obtain tq directly from the
fitting. However, the characteristic frequency of diffusion can be obtained from the intersection point
between the convective diffusion impedance (the semicircle) and the straight line (due to semi-infinite
diffusion) of pure diffusion impedance.[4] The characteristic frequency of diffusion in the example of

Figure S1, can be approximated to be that of the yellow triangle point, correspondent to 84 mHz. The

characteristic time of diffusion will then be 1/84 mHz = 12s.
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Figure S1: Nyquist plot of a typical finite-length diffusion impedance compared with semi-infinite
diffusion impedance and the effect of a finite length diffusion layer thickness. The point where the
imaginary impedance starts to decrease due to the finite length diffusion layer thickness is represented
by the yellow triangle. The frequency of that point can be approximated to be the characteristic

frequency of diffusion.
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Figure S2: (A) Cathodic and (B) anodic linear sweep voltammetries in PBS at different concentrations (50
mM, 100 mM and 200 mM) not corrected for the solution resistance. The dashed lines represent the
linearization of the data in the 5-9 A m™ region.



EIS analysis of the cathode performance. EIS data to be valid needs to fulfill three conditions:[2,5]
1. Linearity: the perturbation of the potential applied through the AC must be small enough so that
the response of the cell can be assumed to be linear (usually < 20 mVs);[6]
2. Causality: the response of the system should be directly correlated to the perturbation of the
potential;
3. Stability: the overall state of the system must not change significantly during the acquisition of
the data.
In our experiments the correspondence between the polarization resistance (R,) and the charge transfer
resistance (Rcr) (Figure 2B) fulfill the causality condition. The good agreement between the current
obtained during the LSV (scan rate: 0.1 mV s7?) and that achieved under steady conditions at the

correspondent set potential in EIS analysis satisfy the stability condition.
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Figure S3. Comparison between the current density obtained at the correspondent cathode potentials in
50 mM PBS obtained from LSVs with a scan rate of 0.1 mV s™t and in EIS experiments at a fixed electrode
potential.



Cathode equivalent circuit. Two depressed semicircles were obtained in the Nyquist plot of the
cathodes at each applied potential. Each semicircle was due to a different process. The spectra were
fitted to the circuit in Figure S4 were R represents the solution resistance, Qi/R; the ohmic related
process and Qpi/Rcr the kinetic process related to the ORR. Rq is the first intercept on the x axis at high
frequencies, Qi/R; is the first small semicircle and Qp/Rcr is the second, large, semicircle. A constant
phase element (CPE, correspondent to Q in the circuit) was used for fitting the spectra instead of a pure
capacitance. This is due to the fact that in our system the large porosity of the cathode resulted in an
uneven distribution of the potential, resulting in a dispersion of the time constants.[7-9] This
phenomenon is very common for highly porous materials, such our carbonaceous cathodes, and has

been extensively explained in the literature.[1,2,9]
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Figure S4. Equivalent circuit used to fit the impedance diagrams of the cathodes recorded at different
overpotentials.



EIS analysis of cathode in 50 mM PBS at low current overpotentials. At very low overpotentials and
current densities, near the OCP, when activation losses predominate, the EIS spectra obtained at low
frequencies (0.1 mHz) showed a third depressed semicircle following the kinetic one (Figure S5). The
third semicircle was a kinetically-controlled process, likely due to a different cathodic reaction than that
observed at current densities of 5-9 A m™2. This third process likely arises from a different ORR that is
favored only at a pH close to 7, which can be maintained by the buffer due to the low current density.
The number of electrons transferred on AC cathodes usually ranges from 2.1-3.6,{10-12] due to the
different ORR pathways that can occur on carbonaceous cathodes (Eq. 2, 3, 4, 5). For example, a direct 4
electron transfer to form water is favored at neutral pHs, while a 2 e™ transfer to hydrogen peroxide
occurs at more alkaline pHs in PGM-free cathodes.[13] Thus, at a low current density and a pH close to 7
the ORR pathway to water occurs, but at higher current densities the pH would become more alkaline,
favoring a different pathway. The presence of multiple ORR pathways could also explain the two slopes
obtained from the Tafel plots (Figure S5). For example, with 200 mM PBS the first slope was 188
mV/dec, 28% lower than the 262 mV/dec obtained in 50 mM PBS, likely due to the higher effectiveness
of the 200 mM PBS in maintaining a pH close to 7. Unfortunately, the two reactions evolved in a very
close range of electrode potential, making it difficult to identify each of them with a rotating disk

electrode analysis.
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Figure S5. (A) Cathode EIS spectra in 50 mM PBS at current densities < 3 Am™ 2 Solid lines represent the
fitting to the data. The characteristic frequencies given in the plot for each spectrum correspond to the
maximum in the imaginary impedance. (B) Tafel plot of cathode polarization in PBS 50 mM, 100 mM,
and 200 mM. Conditions as in Figure 1A. The data were fit with a linear equation in the upper left
(dashed line) over a 355-420 mV potential range, and the lower right (dotted line) over a 315-150 mV

potential range.
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Figure S6. Comparison between the current density obtained at the correspondent anode potentials in
50 mM and 100 mM PBS obtained from LSVs with a scan rate of 0.1 mV st and in EIS experiments at a
fixed electrode potential.

10



0.2
= 0.0
E -
G L
3 L
X .02 f
£ L
: O AN --240 mV (3 A/m?)
-04 AAn --215mV (5 A/m?)
: OAnN --190 mV (7 A/m?)
L An --165mV (9 A/m?)
06 MHM———y—
-0.2 0 0.2 0.4 0.6 0.8

R (mQ m2)

Figure S7. High frequencies part of the anode EIS spectra in 50 mM PBS. Solid lines represent the fitting
to the data.
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Anode equivalent circuit. The presence of several processes in the spectra complicated the definition
of an equivalent circuit in respect to that used for the cathode (Figure S8). For example, the “loop”
obtained close to the real impedance origin at high frequencies (Figure S7) could be fitted with inductive
elements (L2/R;). These elements have been reported to be due to the large capacitance of the coaxial
cables used in the electrochemical setup or to artifacts from the RE which are not an integral part of the
MFC.[14-16] A small ohmic semicircle (Q4/R4), not visible in Figure 2, likely due to the small porosity of
the graphite fibers, was obtained at each electrode potential but was independent by the applied
potential and consequently, not involved in the electrochemical reaction. Previous studies have also
identified this process and the correspondent capacitance with the electrochemically active
biofilm.[7,17]

The circuits used to fit the spectra comprised inductive elements at high and low frequiencies.
Induction at high frequencies is usually due to the wire connections and the measurement setup, but
inductive behavior at low frequencies have struggled fuel cell researchers for many years.[18,19]
Inductance is defined as the property of an electric circuit to develop an electromotive force due t a
change in the current passing through the system itself. Inductance at low frequency have been
identified with a change in the resistance of the electrochemical process over time.[18] Depending on
the relative time of the change in the resistance in respect to the time constant of the electrochemical
process a low frequency inductance could appear in the complex plane plots. These phenomena have
been identified with side reactions with intermediate species,[14] catalyst poisoning,[14] wettability of
the ion exchange membrane[18,19] but also with experimental artifacts.[15] As the anodic electron
transfer in bioelectrochemical system involves several multi-step reactions,[20] it is likely that in our
system, the induction is likely due to a two-step reaction, with the first reaction having a larger time

constant than the consecutive ones.[18]
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Figure S8. Equivalent circuit used to fit the impedance diagrams of the anodes (A) without and (B) with
diffusion resistance recorded at different overpotentials.
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Figure S9. (A) Anode EIS spectra of the brushes in 50 mM PBS at pH 8. Solid lines represent the fitting to
the data. The characteristic frequencies given in the plot for each spectrum correspond to the maximum
in the imaginary impedance. (B) Anodic linear sweep voltammetries in 50 mM PBS at pH 7 or pH 8. The
dashed lines represent the linearization of the data in the 5-9 A m™ region.
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Figure S10. (A) Anode EIS spectra in 50 mM PBS scanned up to 1 mHz. Solid lines represent the fitting to
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EIS response of brush anodes in PBS in 100 mM PBS. To investigate if a more concentrated buffer
solution could reduce the impact of the diffusion resistance, the EIS spectra of the brush anodes were
obtained in 100 mM PBS at the same overpotentials of that in 50 mM PBS (Figure S11). Diffusion
resistance (Ry) was still observed in 100 mM, although appearing at more positive potentials and larger
current densities (Figure S11, Figure S6). At electrode potentials more positive than =190 mV, Ry
appeared in the Nyquist plots (Figure S11A). The diffusion resistance increased from 0.6 + 0.1 mQ m? at
-190 mV (9.51+0.01 Am™) to 1.7 + 0.3 mQ m? at =165 mV (11.72 = 0.06 A m~2). In 100 mM PBS, the
diffusion of H* was still limiting the electrode performance. The charge transfer resistance in 100 mM
PBS decreased from 6.5 + 0.1 mQ m? to 4.8 + 0.8 mQ m? by increasing the anode potential from —240
mV (3.4 +£0.1 Am™) to —=190 mV (9.51 + 0.01 A m™2) and then increased back to 5.57 + 0.04 mQ m? at —

165 mV (11.72 + 0.06 A m™2), likely due to the adverse effect of acidification of the biofilm on the

bacterial kinetic (Figure S11B).
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Figure S11. (A) Anode EIS spectra in 100 mM PBS. Solid lines represent the fitting to the data. The
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Impact of media used for acclimation on anode performance. Anode performance can also be
impacted by the acclimation “history” and condition of the anode.[21] If buffer and substrate
concentration were the only two important factors in anode performance, then adding 50 mM PBS and
acetate to an anode would always produce the same outcome in LSVs. However, when both PBS and
acetate were added to the MFCs with anodes that were acclimated to, and fed with, domestic
wastewater for more than one year, the performance was much lower than anodes that were always
fed with acetate in PBS for the same amount of time (Figure 3, Figure S13). The anode resistance
decreased for SWW amended with both 50 mM PBS and additional sodium acetate (from 0.25 g L™ to
0.50 g L™* final concentration) by 25% (from Ransww-pe = 28.1 + 0.1 mQ m? to Ran sww-pe+Naac = 21.5 £ 0.2
mQ m?), and the limiting current density increased by 64% (from 4.4 +0.2 Am™2t0 7.2 +0.5 Am™)
(Figure 3). Even with additional acetate in the medium the anode performance was still much less than
that obtained using brush anodes fed only PBS and acetate medium for >1 year (Figure 3, Figure S13A).
In addition, decreasing the concentration of acetate in PBS for these PBS-acetate acclimated anodes to
0.50 g L'* or 0.25 g L™* did not change their electrode performance (Figure S14). As a result of these
different outcomes for the WW acclimated versus PBS-acetate acclimated anodes, it was concluded that
the biofilm conditions, which was observed to be thick and inhomogeneous in WW fed anodes (Figure
S13), was a major factor in anode performance.

Improvements in anode performance by adding additional acetate and PBS were much lower than
that obtained using anodes fed with acetate and PBS for >1 year. The main reason for this lack of impact
was likely due to a large accumulation of exopolymeric material in the brush anode acclimated in
wastewater, which could account for the doubling of the anode resistance compared to anode
acclimated only in acetate and PBS (Ran-pss somv = 9.08 + 0.08 mQ m? versus Ran-sww/ps+naac = 21.5 £ 0.2 mQ
m?). These SWW tests therefore indicated that the once dense polymeric biofilms have accumulated on

anodes acclimated to low strength wastewaters, performance will not improve with more optimal

18



conditions likely due to the polymeric materials hindering diffusion of molecules to and from the anode

biofilm.
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Figure S13. Brush anode photos. The pictures were taken on the anode facing the cathode, in MFCs fed
with (A) PBS for > 1 year and (B) wastewater for > 2 years. The cells were used for other experiments
during this time.
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Figure S14. (A) Anodic linear sweep voltammetries in 50 mM PBS at pH 7 with 1.00, 0.50 or 0.25 g L™
sodium acetate. The dashed lines represent the linearization of the data in the 5-9 A m™ region. (B)
Anodic linear sweep voltammetries in 200 mM PBS at pH 7 with 1 or 2 g L™ sodium acetate. The dashed
lines represent the linearization of the data in the 5-9 A m™ region.

21



Table S1. Characteristic of the primary effluent wastewater collected at the Pennsylvania State

University Wastewater Treatment Plant.
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