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In this paper we studied the performance of bioanodes under different experimental conditions using polariza-
tion curves and impedance spectroscopy. We have identified that the large capacitances of up to 1 mF·cm−2

for graphite anodes have their origin in the nature of the carbonaceous electrode, rather than the microbial
culture.
In some cases, the separate contributions of charge transfer and diffusion resistancewere clearly visible, while in
other cases their contribution wasmasked by the high capacitance of 1 mF·cm−2. The impedance data were an-
alyzed using the basic Randlesmodel to analyze ohmic, charge transfer and diffusion resistances. Increasing buff-
er concentration from 0 to 50 mM and increasing pH from 6 to 8 resulted in decreased charge transfer and
diffusion resistances; lowest values being 144 Ω·cm2 and 34 Ω·cm2, respectively. At acetate concentrations
below 1 mM, current generation was limited by acetate. We show a linear relationship between inverse charge
transfer resistance at potentials close to open circuit and saturation (maximum) current, associated to theButler–
Volmer relationship that needs further exploration.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

In the search for renewable energy sources, Microbial Electrochem-
ical Systems (MESs) offer new and exciting ways to convert chemical
energy into electrical energy, or vice versa. In MESs, micro-organisms
or enzymes are used to catalyze electrochemical reactions at the anode
or the cathode in either amicrobial fuel cell (MFC)when electricity is re-
covered, or amicrobial electrolysis cell (MEC)when electricity is used to
drive the conversion of electrical energy into chemical energy [1,2].

The combination of electrodes and microorganisms, and the related
bioelectrochemical reactions, pose a challenge on the understanding of
the systems and the reactions that determine performance of MESs. In
order to analyze their behavior, several electrochemical tools are com-
mon in MES research [1], for example chronoamperic measurements
to determine polarization curves, and Electrochemical Impedance
Spectroscopy (EIS) to study the processes and reactions limiting MES
performance [3–5].

EIS is amethod that allows investigating the electrical properties of a
system bymeasuring its response in current or voltage after imposing a
small AC perturbation (in voltage or current) to a stationary state and
go).
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obtaining the impedance through Z = dV / dI [6]. The measurement is
performed in a wide range of frequencies, which reveals the different
characteristic relaxation times related to the processes and reactions oc-
curring in the different elements that compose electrodes or complete
devices, at their operating conditions. The obtained impedance spectra
allow interpretation of the electrochemical characteristics of the system
through the use of the appropriate equivalent electrical circuit model.
These models are in general well-defined for systems in which parame-
ters are well-known and controlled (e.g. clean electrode surface, pure
electrolytes). For MESs, however, models are less straightforward be-
causeMESs are complex systems involving a biofilm (often of unknown
structure) interacting with the electrodes through not well-established
mechanisms. Additionally, the relationship between the substrate and
the redox activity is interfaced by the microbial metabolism, which in-
creases the complexity of the models traditionally used [7–9].

In a recent review article [3], the lack of EIS studies in termsof appro-
priate equivalent circuits that describe the physical–chemical parame-
ters of MES, were addressed. In the same direction, we showed in a
previous study and through a systematical experimental approach
that the use of traditional models was leading to an underestimation
of the diffusion parameter [5]. While for oxygen reducing biocathodes,
diffusion of oxygen was in many cases the dominant limiting factor [5,
10] other processes may be determining the performance of bioanodes.
In the present study, we analyze the performance of a bioanode using
performance through electrochemical impedance spectroscopy,
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EIS, using a systematic experimental approach by changing the key op-
eration parameters substrate concentration, buffer concentration, and
pH.

2. Materials & methods

2.1. Electrochemical cell setup

A flow-through bio-electrochemical cell was used, containing two
flow channels with a projected surface area of 22 cm2 and a channel
depth of 1.5 cm [11]. The flow channels were separated by a cation ex-
change membrane (Fumasep FTCM-E, Fumatech, Braunschweig,
Germany). Both compartments contained Ag/AgCl, 3 M KCl, reference
electrodes (+205 mV vs NHE) inserted in through a top hole in the
middle of the flow compartment, see scheme 1(a). The anode and the
cathode were porous graphite plates (Müller & Rössner GmbH & Co,
Troisdorf, Germany) as shown in Figure S1 in supporting information.
For comparison, a fluorine doped tin oxide flat plate (Xop Fisica,
Spain) was also used as anode.

Scheme 1 presents a picture and a schematic view of the cell.

2.2. Electrochemical cell operation and experimental conditions

The cell was inoculated on day 1 with 100 mL of anolyte from an al-
readyworkingMFC that was running on acetate. The anolyte had a total
volume of 1 L and consisted of phosphate buffer (pH= 7, 0.02 M), and
macro- andmicro-nutrients (10mL/L and 1mL/L) as described in a pre-
vious work [11]. The catholyte also had a total volume of 1 L and was a
0.05 M potassium ferricyanide solution in 0.02 M phosphate buffer at
pH = 7.

The bioanode was started up with an external load of 1000 Ω that
was progressively lowered to 250 Ω. Once the cell reached satisfying
performances (after 24 days), cell potential of 0.59 V; anode potential
of−0.455 V vs Ag/AgCl; current of 1.2 A/m2 with respect to membrane
surface area; power of 695 mW/m2 or 42.4 W/m3, the cell was consid-
ered to be started-up and electrochemical analyses were performed.
The flow rate was 12 L/h, resulting in a linear flow speed of 1.1 cm/s.
All experiments were performed in a temperature controlled chamber
at 30 °C.

The MFC was started up at acetate concentration of 5 mM, phos-
phate buffer concentration of 20 mM and pH 7. This configuration was
characterized electrochemically both using chronoamperometry to de-
termine polarization curves, and impedance spectroscopy at different
bias potentials. Randles equivalent circuit was proposed to fit data and
identify parameters dominating electrical behavior at bioanode. Then,
acetate concentration, buffer concentration, and pH values were
changed one by one, while keeping constant the rest of the parameters.
The tested conditions were: acetate concentration: 0 mM, 0.5 mM,
Scheme 1. Cell design. (a) View of one half of the cell with the flow channel in the front.
(b) Schematic view of the whole cell (a. Plexiglas support; b. flat graphite plate; c.
(green) anodic flow compartment; (yellow) cathodic flow compartment).
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1 mM, 5 mM, 20 mM, buffer concentration: 0 mM, 20 mM, 50 mM,
100 mM, and pH: 6, 7 and 8. Linear flow velocity was kept constant at
1.1 cm/s. These conditions were tested always at an anode potential of
−0.44 V vs Ag/AgCl for impedance spectra comparison.

The overall bioelectrochemical oxidation of acetate that provides the
electrons to the bioanode, is written as:

C2H3O
−
2 þ 4H2O→2HCO−

3 þ 9Hþ þ 8e−: ð1Þ

2.3. Electrochemical characterization

Bare graphite electrode was first measured to identify its electro-
chemical behavior when immersed in the same solution as the
bioanodes. Planar Fluorine doped tin oxide (FTO) was also tested to
compare the response of this flat electrode with that of graphite.

For each set of solution parameters, the polarization curve of the
bioanode was recorded just before the impedance measurement was
started. Current–voltage behavior and impedance spectra of the
bioanode were measured using a potentiostat (IVIUM technologies,
Eindhoven, The Netherlands) connected to the electrochemical cell de-
scribed above in three electrode configuration: the bioanode was con-
nected as the working electrode, the carbon cathode was connected as
the counter electrode, and the Ag/AgCl electrode in the anodic compart-
ment was used as the reference electrode. Impedance spectra were
taken at steady state potentials vs Ag/AgCl close to or slightly more pos-
itive than the open circuit anode potential, after equilibration time of
500 s. Measurement frequencies ranged from 10 kHz to 2 mHz and
the amplitude of the AC perturbation was 10 mV.

2.3.1. Model description
Randles equivalent circuit shown in Fig. 1(b), was used to fit the im-

pedancedata obtained and to describe the electrical processes occurring
at the bioanode. In this circuit, Rs represents a series resistance associat-
ed with electrode and bulk electrolyte conductivities, contacts and
wires; Rct is a resistance resulting from charge transfer between
bioelectrode to the solution; Cdl accounts for the capacitance at the in-
terface between solution and bioanode due to charge accumulation. In
some cases, instead of a pure capacitor a constant phase element, with
CPE index N0.8, was used to fit data. In these cases, equivalent capaci-
tancewas calculated through Brug equation [12]. Finally, Zd is a diffusion
element describing the transport of active species in the solution given
by

Zd ¼ Rd
tanh jω=ωdð Þ1=2

jω=ωdð Þ1=2 ð2Þ

where Rd is the diffusion resistance, j ¼
ffiffiffiffiffiffiffiffi
−1

p
, ω is the (angular) fre-

quency of the measurement and ωd = D/L2 the diffusion frequency,
with D the diffusion coefficient and L the thickness of the boundary
layer.

3. Results and discussion

3.1. Analysis of bioanode performance at different anode potentials

The current–voltage (J–V) curve and impedance spectra of the
bioanode at 5 mM acetate and 20 mM buffer at pH 7 are shown in
Fig. 1(a).

The polarization curve for the bioanode shows the S-shape typical
for bioelectrochemical reactions [7,11], with the current saturating to
1.4 A m−2 at an anode potential of −0.35 V vs Ag/AgCl. Impedance
spectra are presented in the Nyquist plot in Fig. 1(c) and (d); additional
data can be found in Figure S1 in Supporting Information. At the most
negative anode potential of −0.45 V vs Ag/AgCl, one single deformed
arc was observed. At higher anode potentials, two arcs appear instead
performance through electrochemical impedance spectroscopy,
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Fig. 1. Impedance at various anode potentials. (a) J–V curve of the bioanode, (b) Randles equivalent circuit, (c) and (d) Nyquist plots of bioanode impedance spectrameasured at different
anode potentials (vs Ag/AgCl) fitted to Randles equivalent circuits. Symbols (●−0.41 V −0.43 V −0.45 V −0.42 V) represent experimental data and lines represent the fit. E rep-
resents bioanode potential.
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of one. The appearance of a single arc is often interpreted as a charge
transfer resistance, however, in this case it is caused by the presence
of a very large capacitance in the bioanode (around 1 mF·cm−2), as
was also reported in previous work on biocathodes [5]. This very large
capacitance may mask the presence of two processes: charge transfer
and diffusion resistance, resulting in a single arc that we do observe at
potentials higher than −0.45 V vs Ag/AgCl. This effect is illustrated in
Fig. 2(a), where the simulated impedance of a Randles circuit using a
capacitance of 1mF·cm−2 (black line) is comparedwith the simulat-
ed impedance provided by the same parameters but smaller,
0.2 mF·cm−2 (red line) and a much smaller, 10 μF·cm−2 (green line)
capacitances.

At the highest capacitance, we observe one single arc, which is the
result of similar characteristic times of the charge transfer and diffusion
resistance. At the two lowest capacitances however, the semicircle at
Fig. 2. Simulated Nyquist plots for different capacitances. Impedance spectra of a Randles
equivalent circuit are simulated with Rs = 2 Ω, Rct = 10 Ω, Rd = 5 Ω, ωd = 0.5 s−1 and
Cdl = 1.0 mF·cm−2 (black line), 0.2 mF·cm−2 (red line), and 0.01 mF·cm−2 (green
line). For low anode double layer capacitances, the arcs associated to charge transfer
(high frequency, hf) and diffusion (low frequency, lf) may be clearly distinguished. How-
ever, for high Cdl, the two arcs merge. (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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high frequencies associated to charge transfer and interfacial accumula-
tion is clearly separated from the low frequency diffusion process. Mea-
surement of the bare carbon electrodes showed indeed a capacitance of
~1 mF·cm−2 (Figure S2 in Supporting Information). This is 100 times
larger than that of a non-capacitive, flat fluorine doped tin oxide (FTO)
electrode.

The large capacitance of the carbon electrode has two origins: on the
one side, the surface of the anodes presents micro and nanoporosity
(Figure S3 in Supporting Information). Porosity of the electrode in-
creases the roughness, and thus the double layer capacitance. On the
other side, ion intercalation in the graphite atomic layers produces
and extra increase of electrode capacitance. The combination of these
two contributions has been known for a long time and has been used
to build supercapacitors and battery electrodes [13–16]. In our specific
case, microporosity provides a large area accessible for the growth of
an electrochemically active biofilm, which is needed to obtain large
currents.

Taking these considerations into account, impedance in data of the
bioanode at different potentials as in Fig. 1(c) and (d) was fitted to the
Randles equivalent circuit model (Fig. 1(b)). Values obtained from the
fits are given in Fig. 3.

Capacitance data in Fig. 3(a)match verywell with those obtained for
the bare graphite electrode and also with data reported in previous
paper analyzing impedance of an oxygen reducing biocathode on the
same type of electrode [5], with values around 1 mF cm−2. This result
demonstrates that a possible contribution of the microbial biofilm to
bioanode capacitance in this case is negligiblewith respect to the capac-
itance of the graphite electrode.

All measurements were performed close to open circuit anode po-
tential, to measure in the region in which bioanode performance was
stable. At themost negative anode potentials, Rct dominates the total re-
sistance of the bioanode impedance (Fig. 3(b)). Rct presents aminimum
around−0.42V vs Ag/AgCl and starts to risewhenmoving tomore pos-
itive anode potentials. Rd decreases as the anode potential is more neg-
ative. This is the same behavior as found for biocathodes [5], which
suggests that charge transfer and transport is dominated by the
performance through electrochemical impedance spectroscopy,
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Fig. 3.Analysis of resistances at various anodepotentials. Results afterfitting bioanode impedance data obtained at different anodepotentials to Randles equivalent circuit. (a) Capacitance;
(b) series (●), charge transfer ( ) and diffusion resistances ( ). (c) Diffusion frequency (left axis) and diffusion length (right axis). Note that, for convenience, ωd axis scale is inverted.
(d) Linear relationship between diffusion length and diffusion resistance.
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Butler–Volmer–Monod mechanism [7]. Taking into consideration the
general relationship between total resistance, current density and po-
tential given by [17]:

Rtotal ¼
dJ
dV

� �−1
ð3Þ

with Rtotal = Rs + Rct + Rd, it is possible to attribute the origin of the S-
shape behavior of J–V curve found in Fig. 3(a) to the behavior of the re-
sistances found in Fig. 5(b). Thus, at themost negative anode potentials,
the high Rct results in a flattening of the J–V curve, close to the open cir-
cuit values. At themost positive anode potentials, the increasing current
results in a larger contribution of Rd to the total internal resistance,
meaning that both the diffusion of substrate (acetata) and products
(protons and bicarbonate) towards and from the bioanode, and charge
transfer resistance, results in the J–V curve reaching a maximum cur-
rent. These results match very well with results obtained in a previous
paper [5]. It is important to note that the maximum in the J–V curve
can be either caused by diffusion limitations, or by a maximum in bio-
logical conversion rate, as described in the Butler–Volmer–Monod
model.

Impedance data analysis allows to obtain diffusion frequency ωd.
With the diffusion coefficient for acetate, 1.1 × 10−5 cm2·s−1 [18], the
length of the diffusion layer in the substrate gradient built around the

bioanode may be calculated from the relationship ωd ¼ D=Ld
2. Results

are shown in Fig. 3(c). Note that the scale for ωd is inverted. Thus, as
ωd increases for more negative potentials, Ld diminishes.
Fig. 3(d) show the good correlation between Rd and Ld, confirming the
validity of data obtained. Maximum diffusion layer in the measured
range had Ld = 100 μm; close to the calculated thickness of the
boundary layer (155 μm) in a previous study [11] with the same
bioelectrochemical cell at similar linear flow velocity.
Please cite this article as: A. ter Heijne, et al., Analysis of bio-anode
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3.2. Bioanode performance

To study the performance of bioanodes in more detail, the behavior
of the bioanode was studied under different substrate conditions in-
cluding variations of acetate and buffer concentrations, and pH. The ob-
tained impedance spectra were analyzed in terms of Rs, Rd and Rct. The
overall performance of the cell throughout the 2months period ofmea-
surements remained the same, with variations not exceeding 5%.
3.2.1. Acetate concentration
24 days after inoculation, the bioanode reached a current density of

1.35 A·m−2 at the highest controlled potential of−0.35V vs Ag/AgCl, in
a solution containing 20 mM acetate, 20 mM buffer at pH 7 and with a
linear flow velocity of 1.1 cm/s.

The effect of acetate concentration on bioanode polarization curves
can be seen in Fig. 4(a). As expected, the rise in acetate concentration re-
sults in an increase in current generated by the bioanode especially at
higher potentials, reaching a saturation current density (Jsat) of
1.35 A·m−2. This rise, which is linear for low acetate concentrations,
is much slower for high concentrations, probably linked to a maximum
in biochemical conversion rate. The open circuit anode potential (Voc)
remained nearly constant for the different acetate concentrations.

Note that measurements at 1 mM and 5 mM acetate concentrations
provided similar J–V curves, while the measurement at 20mM resulted
in higher current. This can be the result of the bioanode beingmore de-
veloped in time at 20mM, as this conditionwas tested later on in the ex-
periment. This type of changes in bioanode performance in time —

although not further elaborated in this study — is important to take
into account in this type of bioelectrochemical experiments.

To gain more insight in differences found in the polarization curves,
impedance spectroscopymeasurements at the different acetate concen-
trations were performed. In all cases, measurements were done at a
fixed anode potential close to Voc (−0.44 V vs Ag/AgCl) to obtain
performance through electrochemical impedance spectroscopy,
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Fig. 4. Performance at various acetate concentrations. (a) Polarization curves show that bioanode performance increased with increasing acetate concentration: 0 mM (●), 0.5 mM ( ),
1 mM ( ), 5 mM ( ), and 20 mM ( ). (b) Evolution of current density generated by the bioanode (at −0.35 V vs Ag/AgCl) as a function of acetate concentration.
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uniform impedance data for our comparison purposes. For the Nyquist
plots, see Figure S4 in Supporting Information.

Fig. 5(a) shows the values found for ohmic, mass transport and
charge transfer resistances obtained after fitting our data to the Randles
circuit in Fig. 2. Capacitance values obtained were constant and close to
1 mF·cm−2, in line with the previous analyses.

Data in Fig. 5 show that the ohmic resistance Rs was constant, while
both charge and diffusion resistance decreased steeply between 0 mM
and 1 mM acetate concentrations, showing a further (less steep) de-
crease with further increasing acetate concentrations. Except for the
case of 0 mM acetate concentration, charge transfer resistance was in
all situations roughly a factor 10 higher than the diffusion resistance.

Furthermore, it is observed that Rct decreaseswith increasing acetate
concentration until 1 mM when it shows a less steep decrease. Below
these acetate concentrations the drop in Rctwith increasing acetate con-
centration agrees well with simplified charge transfer models as
Buttler–Volmer [6] or the bioelectrochemical Buttler–Volmer–Monod
[7], which at this potential is given by

Rct ¼
A

kr Ac½ � exp
q V−Veq

� �
kBT

2
4

3
5 ð4Þ
Fig. 5. Analysis of resistances at various acetate concentrations. (a) The ohmic resistance (●), ch
the impedance results to Randles equivalent circuit as a function of acetate concentration.Meas
buffer concentration. (b) Representation of the inverse of charge transfer ( ) and diffusion res
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with A a constant, kr the kinetic rate of charge transfer, [Ac] the concen-
tration of acetate at the electrode surface, kB Boltzman's constant, T the
temperature, q the elementary charge of the electron and the amount
(V − Veq) the overpotential, with Veq the equilibrium potential.

Rd continuously decreased with increasing concentration of acetate.
In the case of diffusion resistance, the behavior observed is very close to
the ideal behavior, which may be approached by [19]:

Rd ¼ Ld kB T
n2q2SD

1
c

ð5Þ

with Ld the diffusion layer length, S the surface of the electrode, D the
diffusion coefficient n the number of electrons involved in the charge
transfer reaction and c the concentration of the diffusing species
(acetate, protons, D = 9 × 10−5 cm·s−2 or bicarbonate D =
1 × 10−5 cm·s−2 [18]).

When representing the inverse of both Rct and Rd in Fig. 5(b), the
linear behavior of these parameters at low acetate concentration may
be better appreciated. A decrease in slope of Rd

−1 is observed in
Fig. 5(b) at concentrations of acetate higher than 1 mM, but keeping its
rising path. The reason for the departure of linearity in Fig. 5(b) could
be associated to the decrease in diffusion layer thickness in the proximity
of the bioanode, that occurs simultaneously with the increasing
arge transfer resistance ( ) and diffusion resistance ( ) of bioanode obtained after fitting
urements were taken at−0.44 V vs Ag/AgCl andwith fixed agitation of 40 rpm and 20mM
istances ( ) for further analysis.

performance through electrochemical impedance spectroscopy,
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concentration of acetate. This is in linewith the results obtained fromdif-
fusion resistance; the diffusion layer decreases with increasing acetate
concentration, see Fig. 6(a).

However, the representation of inverse of the product of Rd and Ld
which according to Eq. (4) should depend linearly on acetate concentra-
tion departs from this behavior as shown in Fig. 6(b). This result implies
that at acetate concentration N1mM, a change in the process that deter-
mines diffusion: at low acetate concentration, current is limited by ace-
tate concentration and therefore, diffusion of acetate towards the
biofilm determines Ld and Rd. At high acetate concentration (N1 mM),
current is not limited by acetate anymore, but by proton transport
away from the biofilm (via buffer species) and thus diffusion of protons
away from the biofilm determines Rd. Thus, at high acetate concentra-
tion, Ld is not determined anymore by acetate but by buffer concentra-
tion. This phenomenon will be further discussed in the following
sections on buffer and pH.

The evolution of Rct
−1 with acetate concentration observed in

Fig. 5(b) fits very well that of current generation in Fig. 4(b), pointing
out a close relation between Rct and Jsat, which will be further explored
in Section 3.3.

3.2.2. Buffer concentration
Without a buffer, the maximum current density was 0.58 A·m−2,

see Fig. 7(a). Increase in buffer concentration resulted in improved per-
formance with a current density up to 3.24 A·m−2 at 100 mM buffer
concentration.

These results show the clear limitation in bioanode performance in
the absence of a pH buffer solution, as observed in several other studies
[20,21]. This is in accordance with other studies reporting on perfor-
mance limitations attributed to inefficient proton transport away from
the bioanode [20]. Interestingly, the curve at 0 mM buffer shows a
shift in anode potential, likely due to the different local pH at the
anode, which will be further discussed in the next section on pH.

We performed a further analysis based on fitting the data to the
Randles circuit. At low buffer concentrations, however, separate contri-
butions of diffusion and charge transfer resistances were obscured by
the high capacitance as discussed before and shown in Fig. 2. At these
low buffer concentrations, we found a single deformed arc, see
Figure S5 in Supporting information,while at high buffer concentrations
ratio between resistances allowed a better determination of diffusion
elements. Consequently, data estimated from the fits to equivalent
circuit in Fig. 1(b) presented a larger error than in previous measure-
ments. However the main trends of the series, diffusion and charge
transfer resistances and that of diffusion frequency are clearly
recognizable in Fig. 7(b) and (c). This allows a qualitative analysis of
bioanode performance which provided results that are consistent with
previous analysis in this paper: i.e., the value for Rct at 20 mM buffer
was 340 Ω cm2, similar to the value found in Fig. 5(a) at acetate
concentrations N1 mM (Rct ~340 Ω cm2), where acetate was not
Fig. 6.Diffusion behavior at various acetate concentrations. (a) Changes indiffusion frequency (l
that for convenience, scale in the frequency axis is inverted. (b) Non-linear behavior of inverse

Please cite this article as: A. ter Heijne, et al., Analysis of bio-anode
Bioelectrochemistry (2015), http://dx.doi.org/10.1016/j.bioelechem.2015.
limiting. Interestingly, the value for Rct in case of buffer limitation
(0 mM buffer) was 1.1 kΩ cm2, Fig. 7(b), while the value for Rct in
case of acetate limitation (0 mM acetate) was 6.0 kΩ cm2, Fig. 5(a).
This suggests that in these extreme cases, acetate limits the perfor-
mance to a larger extent than buffer.

A first outstanding result is that all three resistances, RS, Rd and Rct,
diminishwith increasing amount of buffer. The decrease in the series re-
sistance is the result of the higher conductivity of the solution at higher
buffer concentrations. The fast diffusion resistance decrease at low buff-
er concentration slows down after 20 mM stabilizing its value to
25 Ω·cm2 at 100 mM buffer concentration. Linked to this behavior is
the length of the diffusion layer: As shown in Fig. 7(c), above 20 mM
buffer, Ld is nearly constant (~65 μm) with a slight decrease at
100 mM buffer that matches the decrease in Rd. For low buffer concen-
trations, the changes inRd cannot be explained by the small variations in
Ld, because Ld only shows a clear increase when no buffer is present. So,
even though the diffusion length hardly changes, low buffer concentra-
tion limits bioanode performance due to proton accumulation.

The continuous decrease of Rs with increasing buffer concentration,
indicates a better (proton) conductivity in the bulk of the solution,
which may be attributed to the presence of the buffer itself or to the
higher conductivity of the solution with higher buffer concentration.

With respect to charge transfer resistance, as observed for the differ-
ent acetate concentrations, the increase in buffer concentration results
higher currents in the bioanode and a decrease in Rct, which is related
to higher bioanode activity.

3.2.3. pH
Increasing the pH from 6 to 8 resulted in a current density increase

from 0.7 A·m−2 to 3.7 A·m−2 at−0.35 V vs Ag/AgCl, see Fig. 8(a).
In this case, it is important to realize that the theoretical equilibrium

anode potential increases by 59 mV for every unit decrease in pH ac-
cording to Nernst law [1]. Following this, the J–V curves in
Fig. 8(a) should be better compared by correcting the potential 59 mV
to the right for the pH 8 curve and to 59 mV the left for the pH 6
curve for a good comparisonwith pH7, as in Fig. 8(b). After these poten-
tial shifts, it is hard to see such clear difference in bioanode performance
for pH6 and 7, compared to the situationwhere the anode potentialwas
not corrected. The improvement in bioanode performance at pH 8 com-
pared to pH 7 is still clearly visible.

Parameters obtained from thefitting of impedance data (seeNyquist
plots in Figure S6 of Supporting information) plotted in Fig. 9(a) are also
affected by the potential shift due to differences in pH,whichmakes the
analysis of data more difficult. This effect is less important for diffusion
resistance than for charge transfer resistance. For pH 6, however, the es-
timation of Rd contains a large error due to the coupling of diffusion and
charge transfer processes (that are associated to values of Cdl, Rd and
Rct), and a reliable value of ωd could not be determined. For pH 7 and
pH 8, diffusion resistance seems to be unaffected by the change in pH.
eft axis) and length of diffusion layer (right axis) at different concentrations of acetate.Note
of the product of diffusion resistance and diffusion length vs acetate concentration.
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Fig. 7. Performance at various buffer concentrations. (a) Polarization curves show that bioanode performance increasedwith increasing buffer concentration from 0mM (●), 20mM ( ),
50 mM (■), to 100 mM ( ). (b) The ohmic resistance (●), charge transfer resistance ( ) and diffusion resistance ( ) all decrease with increasing buffer concentration. (c) In diffusion
frequency (left axis) and length of diffusion layer (right axis) as a function of buffer concentration.
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At pH 8, ωd decreased compared to pH 7, resulting in a larger Ld in our
estimation (Fig. 9(b)). Because at similar ωd, Ld can only change when
D changes, according to ωd ¼ D=Ld

2, the change in Ld can be explained
by an increase in effective diffusion coefficient at pH 8 compared to
pH 7. This indicates that proton transport is influencing the effective dif-
fusion coefficient in the electrolyte, while diffusion resistance of acetate
remains constant.

Comparison of the result for Rct at the different pH values is difficult,
because the Rct was determined at a fixed anode potential and the (the-
oretical) anode potential is pHdependent. For pH 6, this anode potential
represents a different part of the polarization curve than at pH 7 and 8,
where Monod limitations become apparent, and therefore changes in
Rct are not directly comparable. However, data from pH 7 and 8 can be
compared without assuming large deviations from real values because
Fig. 8. Performance at different pH values. (a) Polarization curves with increasing pH. (b) J–V c
pH 8 and −59 mV for data at pH 6. Solution composition was kept at with 20 mM of acetate a
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the polarization curves are similar and not limited by Monod kinetics.
With these preventions, we can see in Fig. 9(b) that Rct diminishes for
the bioanode at higher pH, which resulted in higher current density.
In this respect, it is interesting to note that the effectiveness of the buffer
is also highly dependent on pH, with phosphate buffer having an opti-
mal effectiveness at its pKa value of 7.2 [22]. The value for Rd being
higher at pH 6 than at pH 7 and 8 can therefore also be an effect of
lower effectiveness, and thus buffer capacity, of the phosphate buffer
at this low pH— although buffer concentration was the same.

3.3. Advantages of distinguishing Rct and Rd

The advantages of impedance measurements in addition to J–V
curves is, that the charge transfer and diffusion resistances can be
urve in (a) after 59 mV correction per pH unit. Correction provided is +59mV for data at
nd 20 mM of buffer. pH 6 ( ), pH 7 ( ), pH 8 (●).
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Fig. 9. Analysis of resistances at different pH values. Resistances were obtained at different pHs while keeping solution composition with 20 mM of acetate and 20 mM of buffer and the
voltage at−0.44 V vsAg/AgCl; ohmic resistance (●), charge transfer resistance ( ) anddiffusion resistance ( ). (b) Diffusion frequency and calculated length of diffusion layer at different
pH.
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separated. This enables more detailed understanding of the factors that
determine bioanode performance.

In the previous sections, we found a clear relationship between the
charge transfer resistance at−0.44 V vs Ag/AgCl and the saturation cur-
rent density — maximum current density measured in the polarization
curves at −0.35 V vs Ag/AgCl. The origin of this behavior is associated
to the fact that for this potential range, the polarization curve follows
a Buttler–Volmer behavior. Together with definition of Rct given in
Eq. (4) this produces a very simple relationship between Rct at values
close to open circuit (−0.44 V vs Ag/AgCl) and saturation current (at
−0.35 V vs Ag/AgCl)

Jsat ¼
kBT
qβ

1
Rct

ð6Þ

with β the transfer factor in Butler–Volmer equation,which has been al-
ready observed in other electrochemical systems as dye solar sensitized
solar cells or also polymeric solar cells, [23,24].

Data of all our bioanodes are collected in Fig. 10, showing a good
agreement with Eq. (6) and and yielding β=0.50, a value typically ob-
tained for the transfer factor of metals and some semiconductors.
Fig. 10. Relationship between the inverse of charge transfer resistance and bioanode sat-
uration current. Included are all samples with different pH (red), acetate (black) and buff-
er (yellow) concentrations. Data at pH 6 (clear red) has been obtained considering Rct

values at the corrected (shifted) potential of−0.44 V. (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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The fact that this relationship is found, confirms that the behavior of
the bioanode at a potential of−0.44 V vs Ag/AgCl is in accordance with
the Butler–Volmer equation. Indeed, bioanode performance at values
close to open circuit is expected not to be limited byMonod kinetics, be-
cause this limitation becomes apparent only at higher overpotentials,
following the bioelectrochemical models [7,9]. Further exploration and
discussion is needed to analyze the specific meaning of this linear rela-
tionship in BESs and to analyze to which extent the knowledge already
present in the field of solar cells can be used to better analyze and un-
derstand bioanode performance.

In summary, the use of impedance analysis allows separation of
charge transfer and diffusion resistances of the cell at the operating po-
tentials of the cells from other effects such capacitance or other series
resistances. Diffusion frequency, and so the calculated diffusion length,
helps to complete the analysis provided by resistances. This enables a
more detailed understanding of the factors that determine bioanode
performance.

Large capacitances found have been associated to graphite electrode.
Despite the high capacitances, our experimental approach in combina-
tion with impedance analyses gave consistent results.
4. Conclusions

Experimental conditions for the operation of the bioanode in a mi-
crobial fuel cell have been systematically studied in combination with
EIS to analyze themain factors affecting bioanode performance. Best op-
erating conditions were obtained with 100 mM buffered solutions and
pH 8. Effect of acetate concentration (tested at pH 7 and 20 mM buffer)
was very pronounced below 1mM. Increase of acetate above 1mMhad
little effect on current generation.

A qualitative description of the parameters determining the perfor-
mance of the cell is provided. Origin of large capacitances (1 mF·cm−2)
found in the bioanode was associated to the graphite anode used as
supporting electrode for themicrobial culture. The effect of the different
experimental conditions on solution, charge transfer and diffusion re-
sistances was described and used to understand the limitations of
bioanode performance.

At anode potentials close to open circuit, charge transfer resistance
was themain contribution to total resistance, except for acetate concen-
trations lower than 1 mM, and charge transfer was thus the parameter
determining the behavior of J–V curve. Values of solution and diffusion
resistance have a relatively low importance as the current flowing
through the cell is (still) low.

Separation of charge and diffusion processes can give a startingpoint
for new analyses. For example, a linear dependence on the saturation
current generated by the bioanode and inverse charge transfer
performance through electrochemical impedance spectroscopy,
04.002
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resistance at values close to open circuit was found, which needs further
exploration.
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