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ABSTRACT: Hydrogen can be electrochemically produced in microbial electrolysis cells Vapor-fed cathode MEC

electrons

1. Enhanced OH- transport

(MECs) by current generated from bacterial anodes with a small added voltage. MECs
typically use a liquid catholyte containing a buffer or salts. However, anions in these Cationsm)
catholytes result in charge being balanced predominantly by ions other than hydroxide or

protons, leading to anode acidification. To enhance only hydroxide ion transport to the s .iate
anode, we developed a novel vapor-fed MEC configuration lacking a catholyte with closely ~oxidation
spaced electrodes and an anion exchange membrane to limit the acidification. This MEC P TTOR ek

design produced a record-high sustained current density of 43.1 + 0.6 A/m” and a H,

production rate of 72 + 2 LH,/L-d (cell voltage of 0.79 + 0.00 V). There was minimal impact on MEC performance of increased
acetate concentrations, solution conductivity, or anolyte bufter capacity at applied voltages up to 1.1 V, as shown by a nearly constant
internal resistance of only 6.8 + 0.3 mQ m”. At applied external voltages >1.1 V, the buffer capacity impacted performance, with
current densities increasing from 28.5 + 0.6 A/m* (20 mM phosphate buffer solution (PBS)) to 51 + 1 A/m* (100 mM PBS).
These results show that a vapor-fed MEC can produce higher and more stable performance than liquid-fed cathodes by enhancing
transport of hydroxide ions to the anode.

2. No catholyte needed

3. High purity H, produced

Vapor-feed

Hydrogen
evolution

KEYWORDS: hydrogen generation, microbial electrolysis cell, vapor-fed cathode, anion exchange membrane, pH control

B INTRODUCTION concentrated than H'/OH™ at pH 7 to maintain a high
conductivity of the solution. Thus, ions other than H*/OH~
balance the charge transported between the electrodes, leading
to large pH differences between the anode and cathode.'® If

Microbial electrolysis cells (MECs) produce hydrogen gas by
coupling a bioanode, generating electrons from the oxidation
of organic matter with electrochemical hydrogen evolution at

the cathode and an additional power source to provide the protons produced at the anode and the hydroxide ions
additional voltage.'™ The main advantage of MECs over from the cathode are not effectively removed from the
conventional electrolyzers is the lower energy requirement due electrodes due to preferential transport of other ions, then
to the smaller theoretical voltage input of >0.11 V in MECs the anode local pH will decrease and the cathode local pH will
compared to >1.2 V for abiotic water electrolysis.* In practice, increase. These pH changes can occur either in the presence or
MECs typically operate with an applied voltage ranging from in the absence (locally) of a membrane separating the
~0.6 to 1.2 V, which is still lower than that used for abiotic electrodes.>”'™!3 While the high pH at the cathode is
water electrolysis (~1.8 V) but larger than the theoretical one. predicted to limit hydrogen production based on thermody-
The larger applied potentials are required to overcome namic potentials for HER using the Nernst equation, in
overpotentials due to ohmic resistances, sluggish kinetics, practice, the local cathode pH is a less critical factor than OH™

and the degvelopment of concentration gradients between the transport.S’M’lS Thus, a greater concern than cathode pH is the
electrodes.” While the ohmic and kinetic over};otentials can be limited OH™ ion transport to the anode as that will inhibit the
reduced by diminishing the electrode spacing’ and improving
the activity or the surface area of the catalyst,” overpotentials
due to concentration gradients require different approaches
such as continuous addition of chemicals during operation.
The oxidation of substrate at the anode generates 1 mol of
protons per mole of electrons, while an equivalent amount of

activity of the microorganisms responsible for current
generation by lowering the anode pH, limiting maximum
current densities to only a few A/m?® or less. Increasing the
current density therefore requires operational conditions that

hydroxide ions are produced at the cathode by the hydrogen Received:  October 6, 2021 E"W N%
evolution reaction (HER) under neutral to alkaline pH Revised:  December 21, 2021

conditions.” Ideally, if the protons and the hydroxide ions Accepted:  December 22, 2021 f @
are the only species balancing charge, then the pH neutrality of Published: December 31, 2021 p

the solution will be maintained. However, the media typically

used in MECs contain ions approximately 10° more
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avoid a low anode pH in order to enable industrial production
of hydrogen from wastes using MECs."”*

In this study, a novel MEC configuration was developed
using a thin anion exchange membrane (AEM) as a solid
electrolyte between the electrodes in a membrane electrode
assembly (MEA), close-spaced electrodes that avoided gaps
between the electrodes and the membrane, and a vapor-fed
cathode to avoid ion transport into the cathode that could lead
to salt precipitation (Figure 1A,B). Pressing the cathode

H,CO;
+8H*

PBS

PBS

Figure 1. Schematic of the (A) zero-gap MEC configuration with the
AEM acting as a solid electrolyte compared to a (B) conventional
MEC with a liquid catholyte. Dimensions are not to scale.

against the AEM avoided the need for a catholyte as the ionic
conductivity and the water needed for the HER were provided
by the close contact with the membrane and a continuous
supply of water vapor to the cathode chamber. The small
spacing between the electrodes minimized the ohmic
resistance by leveraging the high ionic conductivity of the
membrane combined with the reduced distance between the
electrodes where the H'/OH™ ions are generated, limiting the
transport of ions other than H*/OH™. The lack of an aqueous
catholyte minimizes salt ion transport into the cathode, which
has led to salt precipitation and fouling of previous MECs.’
This configuration therefore circumvents the development of
large concentration gradients that would inhibit anode
performance.

B MATERIALS AND METHODS

MEC Construction and Operation. The MEC was a
double chamber reactor assembled by using two plastic plates
with a threaded insert to allow flow into the cell (Figure S1).
The anode and cathode chambers were produced by the
thickness of the gaskets (3.18 mm), with the chambers
separated by an AEM (100 pm, Selemion AMV-N, Asahi),
based on a previously described design used for producing
electricity in a microbial fuel cell (MFC)."® The electroactive
surface area was 7 cm?, and the empty MEC volume (anode +
cathode chambers) was 4.5 mL, producing a high electrode
specific surface area of 157 m?/m?. Prior to the MEC assembly,
three layers of plastic mesh spacers (S1.5, 30PTFE-625P,
Dexmet Corp.) were inserted in the cathode chamber between
the cathode and the end plate to maintain a zero-gap spacing
between the electrodes, allowing gas to flow past the cathode.
Unfortunately, a reference electrode could not be used in this
MEC design as insertion of a reference electrode would alter
flow paths through the chamber (around the electrode) as well
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as impact of continuity of the electric field in the closely spaced
electrodes of this MEC.'”~*" Titanium foils (Strem Chemicals
Inc.) were used as anode and cathode current collectors. The
anode was a 3.18 mm-thick carbon felt (Alfa Aesar) heat-
treated at 450 °C for 30 min prior to use.”” The anode
completely occupied the anode chamber, forcing the anolyte to
flow through the felt. The impact of the flow rate on the
reactor performance has been previously investigated in an
MEC using a similar configuration.”® The cathode catalyst was
prepared by spraying a Pt/C ink as previously described.”* The
catalyst ink was sprayed on a bare wet-proofed carbon cloth
(Fuel Cell Store), dried overnight under a fume hood at room
temperature, and cold (35 °C)-pressed onto the AEM at 4500
psi for 3 min to develop the final MEA.

The anolyte (500 mL) was continuously recirculated at 10
mL/min (theoretical hydraulic retention time, HRT = 14 s).
The HRT used for the anode was not substantially different
from that previously used in other flow-through MECs,”** and
it was kept low to maintain a high substrate concentration for
the bioanode.”® The impact of the HRT on the performance of
an MFC with a similar configuration compared with that used
here was previously reported to be minor as long as the flow
rate was maintained between 2 and 15 mL/min.?? The anolyte
was a S0 mM phosphate buffer solution (PBS, 4.58 g L™!
Na,HPO,, 2.45 g L' NaH,PO,-H,0, 0.31 g L' NH,C], 0.13
g L' KC; 6 = 7 mS/cm) except as noted. In some
experiments, 100 mM PBS (9.15 ¢ L™' Na,HPO,, 490 ¢ L'
NaH,PO,-H,0, 0.62 g L™ NH,Cl, 026 g L™' KCl; ¢ = 12
mS/cm) or 20 mM PBS (1.83 g L' Na,HPO,, 0.98 g L™}
NaH,PO,-H,0, 0.12 ¢ L™ NH,Cl, 0.05 g L™ KCl; 6 = 4 mS/
cm) was used to investigate the impact of the buffer capacity
on MEC performance. Sodium acetate was added as the
substrate (2 g/L), and the anolyte was amended with trace
vitamin and mineral solutions before being fed to the MEC.*®
The anolyte was sparged with N, to remove oxygen from the
solution for approximately 15 min prior to use. The buffer
concentration, substrate type and concentration, and MEC
operating conditions were selected based on the most used
conditions in the existing MEC literature to allow reproduci-
bility of this study.””*® The MECs were operated at 30 °C, and
the anolyte was replaced daily except otherwise noted. In one
test, the cycle length was increased to 3 days to investigate the
stability of the performance and the results of that test are
reported in the Supporting Information (Figure S2).

Vapor-Fed MEC. The cathode was fed with vapor from a
15 mL headspace of a sealed glass container filled with
deionized water (115 mL). The cathode feed was recirculated
at S mL/min (HRT = 27 s). The deionized water used to
develop a vapor feed at the cathode was never replaced, and it
was sparged with N, to remove oxygen from the solution for
approximately 15 min only prior to startup of the MEC that
was started up on day 1.

Liquid-Fed MEC. The liquid catholyte was fed from a 500
mL reservoir. The cathode feed was recirculated at S mL/min
(HRT = 27 s). In a set of experiments, the cathode was fed
with 50 mM phosphate buffer (PB, 4.58 ¢ L™! Na,HPO,, 2.45
g L' NaH,PO,H,0; 6 = 6 mS/cm), 100 mM phosphate
buffer (9.16 ¢ L™! Na,HPO,, 4.9 ¢ L' NaH,PO,-H,0; 6 = 11
mS/cm), SO mM KCl (6 = 7 mS/cm), 100 mM KCl (6 = 14
mS/cm), SO0 mM KOH (6 = 12 mS/cm; pH = 12.7), or 25
mM HCI (6 = 11 mS/cm; pH = 1.6). The conductivity of the
solution used as the catholyte was maintained in a small range
between 6 and 12 mS/cm to limit the impact of the solution
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Figure 2. Current density profile over time of the MEC under different cell voltages and operating conditions. Other independent MEC runs are
reported in the Supporting Information, showing similar performances at different applied voltages.

conductivity on the performance of the MEC. The initial pH of
the PBS and PB solutions was 7.1, while the solutions amended
with KCI had a pH of approximately 7.5. The liquid catholytes
were replaced daily except otherwise noted and sparged with
N, to remove oxygen from the solution for approximately 15
min prior to use. The hydrogen accumulated in the gas phase
was removed daily with a vacuum pump except as otherwise
noted.

Analytical and Electrochemical Measurements. A
power supply (3646A, Circuit Specialists) was used to apply
a voltage between the anode and cathode. The current was
calculated from the voltage drop across a 10 Q resistor (R.y)
connected in series with the MEC. The voltage was measured
every 20 min (Keithley 2700) and is reported as the cell
voltage (V) measured between the anode and cathode and
the applied voltage (V,,,) measured using the monitor output
of the power supply. V,,,, includes the R,,, used to calculate the
current produced by the MEC, while V_y excludes R,..”” The
current density was normalized by the MEC cross-sectional
area (7 cm?). Variable V,pp Were set during the course of the
experiment, ranging from 0.8 to 12 V with each voltage
applied for at least 24 h. The whole cell performance was
analyzed in terms of MEC internal resistance and onset voltage
using the electrode potential slope (EPS) method.”” The
solution resistance (Rg) was calculated from electrochemical
impedance spectroscopy (EIS) by conducting a fast EIS scan at
the open circuit voltage (OCV) (from 100 kHz to 500 Hz, §
mV amplitude, 10 points/decade).’”® EIS was also used to
investigate the MEC internal resistance at different cell
voltages by applying a sinusoidal voltage perturbation of 5
mV over a frequency range of 1 MHz to 1 mHz at 10 points/
decade. The spectra were analyzed with Zfit in the EC-lab
software and fitted to an equivalent circuit reported in the
Supporting Information. The anode was acclimated in a 28 mL
reactor under a potential of 0.0 V vs Ag/AgCl (Basi, Inc.) for
at least 2 weeks before being cut to size and installed in the
MEC. The electrochemical performance of similar individual
anodes and cathodes was previously investigated.'®*’

The gas produced at the cathode was collected in gas bags
(Calibrated Instrument Inc.) installed on the cathode reservoir
headspace and analyzed using a gas chromatograph (SRI
Instrument) equipped with a molecular sieve column. The gas
volume produced was calculated following a previous
method’' and compared with the theoretical H, production

1213

rate based on the coulombs produced during each cycle to
calculate the cathode faradaic efficiency. The hydrogen
production rate was calculated by normalizing the volume of
H, produced for the overall MEC empty volume of 4.5 mL
(anode + cathode chambers). The anode faradaic efficiency
was calculated as previously described based on the coulombs
produced and the chemical oxygen demand (COD, TNTplus
COD reagent; HACH) consumed.*”

Bl RESULTS AND DISCUSSION

Electrochemical Performance at Different Applied
Potentials. The vapor-fed cathode MEC produced an average
current density over a 24 h cycle of 43.2 + 1.1 A/m* (6.78 A/
L) ata V_jof 0.79 + 0.00 V (Vapp = 1.1 V) with 2 g/L sodium
acetate as a substrate after 15 days of operation (Figure 2). To
the best of our knowledge, the current density obtained in this
vapor-fed cathode configuration was the highest current
(previously 23 A/m?) at the lowest cell voltage (0.79 vs 1.00
V reported previously) ever reported for an MEC in S0 mM
PBS and other media.””**™> Three independent runs of a
duplicate vapor-fed MECs were tested, all showing similar
performances (Supporting Information, Figure S3). A stable
current density (+ 10%) of 21.7 + 0.4 A/ m” over a single cycle
(24 h) was generated at a cell voltage of 0.64 + 0.00 V (Vapp =
0.8 V). The current density further increased to 29 + 2 A/m?
at 0.68 % 0.02 V (V,,, = 0.9 V) and to 35.5 + 0.3 A/m’ at 0.74
+0.00 V (V,,, = 1.0 V). Increasing V,,, to 1.2 V decreased the
MEC performance, indicating that the maximum current
density obtained at V,,, = 1.1 V was the limiting current
density for this configuration and further increasing the applied
voltage decreases the MEC performance.”® 1t is likely that the
limiting current density was due to the development of mass-
transfer limitations at the anode, as previously shown in other
MEC configurations.”"”

The high current density of 43.2 + 1.1 A/m* was enabled by
the zero-gap configuration coupled with the AEM and a vapor-
fed cathode and not due to the electrode materials (plain
carbon felt anode and Pt/C cathode) or anolyte. Higher
current densities have been reported for other bioelectrochem-
ical systems only by using dissimilar electrode sizes or anodes
operated in three-electrode stirred cells. For example, a peak
current density of up to 90 A/m” was reported for a single
chamber MEC fed with a highly saline electrolyte.”” However,
the current density was calculated by normalization based on
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the small cathode area (220 cm*) compared to the anode (800
cm?). If the current was normalized by the cathode area, then
the maximum current density would have been 25 A/m?* (40%
less than the maximum current density here). A very high
current density of 390 A/m” was obtained using a three-
electrode stirred electrochemical cell designed to minimize
mass transfer limitations and improve anodic performance and
not to include solution or cathodic energy losses, but it was not
tested in an operating bioelectrochemical system that would
have had these other internal resistances.”® The highest current
density reported for a flow-through MEC with equally sized
electrodes was 22.8 + 0.1 A/m? at a cell voltage of 1.0 V.” Even
though a lower anolyte buffer capacity was used in that study
(10 mM compared to S0 mM here), the solution conductivity
was similar to that used here due to a higher salt content (6
mS/cm* compared to 7 mS/cm here). The maximum current
density was half of that produced here using the vapor-fed
cathode MEC and a 27% higher cell voltage. Reducing the
MEC voltage enables higher reactor efficiency and reduces the
energy input required to produce H,. In other studies from the
same group, a maximum current density of 10.2 A/m* was
reported using 50 mM PBS.***

Electrochemical Performance at the Use of Different
Solution Conditions. The performance of the vapor-fed
cathode MEC was further investigated in terms of current
density by amending the anolyte with additional substrates,
salts (KCI) to increase the conductivity, or 100 mM PBS to
increase the buffer capacity (Figure 2 and Figure SS).
Increasing the sodium acetate concentration from 2 to 3 g/L
did not change the performance of the MEC, producing an
average current density of 44.3 + 0.5 A/m? (2 g/L) over a day
before amendment compared to 44.2 + 0.3 A/m? after (3 g/
L). The impact of using an anolyte amended with KCI to
double the anolyte conductivity to 14 mS/cm was larger than
that with additional substrates. With additional KCl, the
average current density increased by 4% to 46.1 + 0.5 A/m”
Using a higher buffer capacity anolyte (100 mM PBS) further
increased the average current density by an additional 3% to
47.5 + 0.8 A/m” The improvement in the MEC performance
due to additional conductivity and buffer capacity was in line
with results previously reported in the literature; however, the
increase in performance here was modest compared to that in
the literature.”'>'>*> Overall, amending the anolyte with
additional KCI or PBS increased the average current density by
a maximum of 7%, compared to an increase of 14% (higher
conductivity) and 24% (higher buffer capacity) reported
previously in a closed spacing MEC with a liquid catholyte.*®
The small impact of a higher substrate content, conductivity,
and buffer capacity indicates that the MEC was likely limited
by the electron transfer kinetics either at the anode or at the
cathode at that specific cell voltage, and thus amending the
anolyte with these chemicals resulted in a limited impact on
the performance. A similar behavior has been reported on
MEFCs operating at a low current density when the rate of the
reaction is controlled by the anode and cathode electron
transfer rate.'"”*"

Hydrogen Gas Production Rates. The high current
density of the vapor-fed MEC allowed record hydrogen
production rates, while the AEM favored almost pure H, to be
generated at the cathode (Figure 3A). The H, production rate
increased from 35 + 2 LH,/L-d at an MEC voltage of 0.64 V
(V,,, =08 V) to72 +2LH,/L-dat 0.79 V (V,,, = 1.1 V) in

app pp
50 mM PBS. The large hydrogen production rate was
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Figure 3. (A) Coulombic efficiencies for the anode and cathode at
different applied voltages and the corresponding hydrogen generation
rate. (B) MEC polarization curve based on the applied (Vapp) or cell
(V) voltage for the vapor-fed cathode MEC. The dashed lines
represent the linearization of the data in the linear current/voltage
region. Faded data points were not included in the calculation of the
MEC internal resistance from the slope. (C) Resistances calculated
from the fitting of the EIS spectra at different applied voltages. EIS
spectra and equivalent circuit are reported in the Supporting
Information.

consistent with the current density of the MEC, with H, gas
losses due to H, cycling to the anode minimized by the use of a
membrane, which also enabled the production of high-purity
gas.""" No oxygen gas was detected in the cathode gas bag
and headspace during continuous operation in the MEC at any
voltage tested. The cathode coulombic efficiency (H,
produced compared to the current) was larger than 90% for
all the voltage applied and throughout the whole experiments

(Vo =0.80V, CE = 96 + 1%; V,., = 0.90 V, CE = 99 + 4%;

PP app
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Vipp = 100V, CE = 97 & 2%; V,,, = 1.10 V, CE = 95 = 4%).
The high cathode efficiency was likely due to the presence of a
membrane separating the anode and cathode and the absence
of a catholyte, which limits the growth of bacteria in the
catholyte and in the cathode chamber,'**”**** and the high
current density, which diminished the relative impact of H,
leaking through the AEM compared to the overall H,
produced.*

Electrochemical Analysis of the MEC. The high current
density of the vapor-fed cathode MEC at each cell voltage was
facilitated by the low internal resistance of the reactor (Figure
3B). The MEC internal resistances, calculated from the slope
of Vg or V,,, at the different current densities, were 6.8 + 0.3
mQ m? (Vceug and 14.0 + 0.2 mQ m* (V,,,). The difference in
these resistances was due to the external resistor (10 Q)
installed in series in the circuit of the MEC that was used to
monitor the current, accounting for a loss of 7 mQ m>* At the
high current produced by the vapor-fed MEC (up to 30 mA),
the voltage loss across the 10 Q resistor was substantial,
accounting for up to half of the applied voltage in addition to
the onset voltage. Directly applying a voltage difference
between the MEC terminals (no resistor) could avoid this
loss, but it would not have allowed measurement of the MEC
current density based on the voltage drop across the resistor.

The onset voltage can be approximated as the minimum
voltage required to drive an electrochemical reaction, and it
should be as close as possible to the thermodynamic
equilibrium voltage calculated from the Nernst equation. The
vapor-fed MEC onset voltage was 0.49 + 0.01 V, implying that
a minimum voltage difference of approximately 0.5 V should
be applied between the anode and cathode to drive the
electrochemical reaction at an appreciable rate, corresponding
to a voltage 0.35 V higher than that calculated using the Nernst
equation. This additional voltage includes the anode and
cathode overpotentials and the concentration gradients.

The components of the overall MEC resistance were
investigated with EIS at different applied voltages (Figure
3C). The smallest MEC internal resistance from the EIS
analysis was 7.5 mQ m* at V,,, = 1.1 V, similar to that obtained
from the slope of the polarization curve (6.8 + 0.3 mQ m?).
Four main resistances (R,_,) were identified from the fitting of
the spectra; the first two (R,_,) did not appreciably change at
different applied potentials and thus were not likely related to
electron transfer processes and can be assumed to be due to
ohmic resistances as previously reported."’ R; was likely due to
the resistance of the membrane and the electrolyte. R, was due
to the inner porosity of the carbon felt anode and the Pt/C
cathode, consistent with previous observations using porous
electrodes.'"***” R, and R, can be reduced by selecting
thinner and more conductive membranes and by increasing the
conductivity of the electrodes. The two remaining resistances
(R; and R,) showed large variability at the different applied
voltages and thus can be ascribed to electron transport
processes such as those happening at the anode and at the
cathode. The anode and cathode resistances can be decreased
by using more porous electrodes*® and increase the activity of
the cathode catalysts.”” Unfortunately, space limitations in the
zero-gap MEC and possible interference with the liquid flow
path and electric field'”*' did not allow insertion of a reference
electrode to measure the individual electrode performance.
Thus, it was not possible to identify the impact of the
individual electrochemical reactions on the overall MEC
internal resistance. However, the internal resistance was
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distributed between ohmic, anodic, and cathodic processes,
with the ohmic resistance (2.2 mQ m?*) contributing to 29% of
the internal resistance and the anode and cathode for the
remaining 71% (5.3 mQ m?). We have previously shown that
the behavior of the electrode is completely different when
assembled in the vapor-fed cathode configuration compared to
other configurations in MFCs.'® For example, the maximum
anode current density was 6X larger in a vapor-fed cathode
MFC than that in a 28 mL MFC due to favored transport of
OH™ in the anode in the vapor-fed configuration, which
limited the acidification of the anodic biofilm and enabled
higher anodic current densities. Thus, the electrode perform-
ance should be investigated in the relevant electrochemical
configuration.

Impact of the Buffer Capacity on the Vapor-Fed MEC
Performance. Increasing the buffer capacity from 50 to 100
mM increased the current density by only 7% at V,,, = 1.1 V
(Figure 2). To investigate the impact of the buffer capacity at
different applied voltages, the concentration of the PBS of
anolyte was varied (20, 50, or 100 mM) while applying several
different cell voltages (Figure 4A and Figure S6). Increasing
the buffer capacity of the anolyte produced higher limiting
current densities. With 100 mM PBS, the limiting current
density was 54 + 1 A/m* at V= 0.86 + 0.02 V (V,,, = 1.2

cell — pp
V.

V) compared to 43.2 + 1.1 A/m* (V4 = 0.79 + 0.00 V, app =

1.1 V) in S0 mM PBS. Decreasing the buffer capacity to 20
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Figure 4. (A) MEC polarization curves as a function of the buffer
capacity of the anolyte. (B) MEC performance in terms of average
current density over a cycle at the maximum current density and
hydrogen production rate using different buffer concentrations at the
anode.
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mM reduced the limiting current density to 28.5 + 0.6 A/m”
(Ve = 0.81 £ 0.00 V, V,,, = 1.0 V) (Figure 4B). Thus,
increasing the buffer capacity enabled higher limiting current
densities at higher applied voltages by allowing a better control
of the local anode pH.

The importance of the buffer capacity on the performance of
bioelectrochemical systems is well known, but typically, it is
only examined at a single fixed applied voltage or set electrode
potential and it has not been examined in MECs without a
catholyte.”'*>°° Oxidation of substrates at the anode will
generate one proton for each electron produced. If the protons
are not effectively removed, then the solution near the anode
will acidify, limiting the activity of the bacterial biofilm.
Increasing the anolyte buffer concentration allows better
control of the local anode pH, enabling higher current
densities. The vapor-fed cathode MEC, due to its design
with no catholyte, is effective in delivering OH™ directly to the
anode in close contact with the AEM; however, the transport
from the membrane surface to the carbon felt pores is still
controlled by diffusion and migration.”" Thus, a concentration
gradient can still exist within the anode 3D structure, leading
to proton accumulation in certain areas of the biofilm. Previous
studies have shown that the acidification of the biofilm in the
pores is largely controlled by the buffer capacity of the solution
and reducing the buffer concentration damaged the inner layer
of the biofilm.>"**

Impact of a Liquid Feed Compared to the Vapor
Cathode Feed on MEC Performance. To investigate the
impact of feeding a liquid catholyte on MEC performance, a
new MEC fed a 100 mM KCl catholyte was inoculated and
operated at a similar V,,, of the vapor-fed MEC (Figure S7).
The 100 mM KCl-fed MEC produced a slightly lower current
density compared to the vapor-fed MEC at each V,,, (Figure
SA). For example, the average current density over a whole
cycle in the vapor-fed MEC was 12% larger at V,,, = 0.9 V
(28.7 + 2.3 A/m”) and 8% larger at V,,, = 1.1 V (432 + L1
A/m?*) compared to the 100 mM KCl-fed MEC (V,,, = 0.9V,
25.6 + 0.3 A/m% V,,, = 1.1V, 39.9 + 0.6 A/m?). The average
current density produced by the 100 mM KCI fed MEC was
higher compared to previously published results using similar
electrolytes than that used here,””**” likely due to the small
spacing between the anode and the cathode, which were
separated only by the AEM. Reducing the spacing between the
electrodes diminishes the ohmic resistance due to ion
conductivity of the electrolytes, while narrowing the distance
between where the protons and hydroxide ions are generated
and consumed enables a better control of the local pH, as
previously indicated.” The thin Pt/C catalyst layer likely
limited the development of large concentration gradients in the
cathode. A similar cathode to the one used here was shown to
have a catalyst layer thickness of only 34.6 ym."°

The conductivity, buffer concentration, and pH of the liquid
catholyte used in the MECs were changed over time to
investigate their impact on MEC performance relative to
vapor-fed cathodes (Figure 5B,C). Using a salty solution of 50
mM KCI (40.5 + 0.2 A/m* ¢ = 7 mS/cm) produced lower
current densities than those obtained with the vapor cathode
(42.7 £ 0.5 A/m?). The presence of the salt in the liquid
reduced performance by enabling the transport of CI™ to the
anode to balance charge rather than only OH™ ions, as
evidenced by the rapid increase in catholyte pH. After only 1
day of operation using KCI, the catholyte pH increased to 11.1.
This increase in pH was due to transfer of Cl~ through the
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Figure 5. (A) Comparison of the MEC performance at different
applied voltages in the vapor-fed and in the liquid-fed MEC. (B)
Performance of the liquid-fed cathode MEC using 100 mM KCI, 100
mM PB, 50 mM PB, 50 mM KOH, and 25 mM HCl at V,,, = 1.1 V
and (C) corresponding average current density and solution pH.

AEM, resulting in less transfer of OH™ to the anode, which
adversely impacted the anode performance by lowering the
anode pH. Increasing the CI™ concentration from 50 to 100
mM KClI (6 = 14 mS/cm) further reduced the current density
(40.0 £ 0.6 A/m?) as this would favor increased chloride ion
transport to the anode and thus less OH™ ions. Approximately
11% of the charge was balanced by CI” with 100 mM KCl
compared to 5% with 50 mM KCIl based on the catholyte pH
increase.

Buffering the catholyte reduced MEC performance to 39.4 +
0.9 A/m” using 50 mM PBS (¢ = 6 mS/cm) and 38.4 + 1.3 A/
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m? with 100 mM PB (6 = 11 mS/cm). This reduction was due
to the transport of phosphate ions to the anode through the
AEM for balancing charge, rather than any improvement in
HER kinetics due to the lower cathode pH. Adding the buffer
to the catholyte limited the increase in pH, which
thermodynamically should improve the driving potential for
the HER. However, the addition of phosphate ions (50 or 100
mM) in the buffer resulted in a much higher concentration of
phosphate anions than hydroxide ions (0.1 M) at a near-
neutral pH. Thus, addition of the buffer reduced the mass
transport of OH™ needed to balance the anode pH, resulting in
a decrease in the current density compared to that possible
with only the vapor cathode.

Using an acidic catholyte did not improve current densities
relative to the vapor-fed cathode. With an acid catholyte
produced by using 25 mM HCI (pH = 1.6, 6 = 11 mS/cm), the
current density was substantially reduced to only 24.3 + 2.1 A/
m® compared to 42.7 + 0.5 A/m* with a vapor-fed cathode.
Addition of HCI greatly increased the concentration of CI”
compared to OH", which resulted in the charge transport
balanced primarily by the transfer of ClI” ions to the anode,
rather than OH" ions. Thus, while the low catholyte pH could
be predicted to increase the potential for driving the HER,
there was no increased current due to the more favorable Cl™
ion transport, which adversely impacts the anode performance.
According to the change in pH of the catholyte, 84% of the
charge transported to the anode over a 1 day cycle would have
been due to chloride ions with HCI as a catholyte, consistent
with an observed large decrease in the catholyte conductivity
from 11.3 to 8.4 mS/cm. Operation under these conditions did
not adversely impact the stability of the biofilm, as seen by a
return to the previous current density when the HCI cathode
feed was switched back to a plain salt (100 mM KCI) (Figure
SB).

Using an alkaline liquid catholyte, pH did not improve
current densities compared to a vapor feed. With 50 mM KOH
(pH = 12.7, 6 = 12 mS/cm), the average current density over a
1 day cycle was 41.9 + 0.5 A/m? similar to that of the vapor-
fed system (42.7 + 0.5 A/m?). Since the high current density
depended on OH™ ion transport, the presence of a high
concentration of these ions at a pH of 12.7 should have been
favorable for mass transport of these ions. The lack of an
increase in the current could have been offset by leakage of
positive charge from the anolyte into the catholyte to balance
charge. Some cation transport can occur through an AEM
because ion exchange membranes are not 100% permselective.
Although the use of an alkaline liquid catholyte could produce
very similar current densities to the vapor anode, the need to
add base solutions is not preferred over the vapor catholyte
due to the cost of adding and handling that chemical. The
energy needed to produce the water vapor was much lower
(43% less) than the energy needed to apply a cell voltage of
0.79 V to the MEC, resulting in minimal additional energy.

These results with the different catholytes show that the
vapor-fed catholyte improved performance of the zero-gap
MEC except when a strongly alkaline catholyte was used.
Catholytes with salts or buffers and acidic catholytes, which
add high concentrations of anions to balance charge, should be
avoided. For this MEC configuration to improve current
generation, it is important to create conditions that avoid
competition of ion transport by species other than hydroxide
ions. With a vapor-fed cathode or a highly alkaline catholyte,
only OH™ ions are transported from the cathode to anode to
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balance electron transfer, resulting in similar initial and final
anolyte and catholyte pH levels.

Advantages of a Vapor-Fed Cathode Compared to a
Liquid Catholyte in MECs. The zero-gap design combined
with the vapor-fed cathode configuration produced the best
MEC performance to date. The high current density was
enabled by several innovative aspects of the design compared
to conventional MECs with a liquid catholyte. The zero-gap
spacing decreased the ohmic resistance to only 2.2 mQ m’
compared to 14 mQ m? previously reported in a 28 mL reactor
with 1 cm spacing between the electrodes using the same
electrolyte.® Reducing the spacing allowed effective hydroxide
ion transport compared to other chemical species, favoring a
more neutral anode pH,12 as protons generated at the anode
can limit the current density produced in MECs by reducing
the local pH.>” The pH range tolerated by the bioanode is
typically constrained to a change of only a few units of pH
around neutrality. The activity of the biofilm on the anode is
drastically diminished when the pH decreases below neutral.”
It was previously reported that the diffusion layer thickness of
protons in a brush bioanode was approximately 290 + 30
um,'" and thus, reducing the electrode spacing using an AEM
that was 100 pm thick between the anode and cathode
expedited the neutralization of H*/OH™ generated at the
electrodes.

The AEM and the absence of a catholyte in the vapor-fed
cathode MEC enabled a high current density by facilitating the
selective transport of hydroxide ions directly next to the anode
felt, neutralizing the protons generated from the substrate
oxidation reaction. It was previously reported that OH™ are the
main species transported across an AEM only when the
catholyte pH increases to approximately 13.>°*°* This is due
to the competition between the transport of other ions in the
solution, such as CI”, which are typically more concentrated
than OH™ at pH 7 and are used to maintain a high solution
conductivity of the catholyte. Thus, as soon as the electrons
reach the cathode, the AEM enables anion transport from the
cathode to the anode to balance the charge due to electron
transport and maintain electroneutrality. For a 100 mM KCl
solution at pH 7, primarily CI” will diffuse from the cathode to
anode until the catholyte pH, due to the production of OH™ by
the HER, increases to approximately 13. After that point,
mainly OH™ will diffuse from the cathode to anode.”*>* If the
catholyte volume is decreased, for example, from a few
milliliter to a few microliter, then the moles of CI~ diffusing to
the anode will be 1000 less, limiting excessive acidification of
the anode biofilm and allowing the bioanode to deliver a larger
current density. In the vapor-fed MEC, no catholyte is fed to
the cathode, while its ionic conductivity is ensured by the ion
exchange polymer dispersed in the catalyst layer and the AEM.
Thus, the acidification of the anode pressed against the AEM is
substantially decreased as the OH™ produced at the cathode
are the only ions that can be transported to the anode,
neutralizing the protons generated by the bioanode. In the best
case scenario, in the vapor-fed cathode MEC, no ions are
present in the cathode chamber at any point and only the
water from the vapor or diffusing through the membrane is
consumed by the HER, while the AEM enables the transport of
OH™ across the membrane as soon as they are generated.
However, ion exchange membranes are never 100% selective,
and small amount of co-ions (ions of the same charge of the
membrane) can leak through the membrane; moreover, due to
the concentration difference, a small volume of solution can
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leak from the anode to the cathode, even though the anion
transport is limited by the electrons (negatively charged)
flowing in the same direction. In any case, even though a pH
gradient might still exist across the membrane, potentially due
to the unselective AEM and anion leakage, the negligible
volume of the catholyte prevents excessive acidification of the
anode in contact with the AEM.

The vapor-fed MEC design using an AEM has several
advantages compared to previous MEC configurations and
operating conditions, including the use of the vapor feed
(humidified gas feed) to keep the cathode from drying out as
well as avoiding H, bubble formation in a liquid catholyte,
using an AEM rather than a cation exchange membrane
(CEM), and flow through the anode. Four previous studies
used gas-cathodes (a gas phase not containing water
vapor),””>*™> but these different configurations had sub-
optimal designs compared to our vapor-fed cathode design
with an AEM (Table S1). In three of these studies, a CEM was
used to separate the anode and cathode.” ™’ This
configuration would result in transport through the CEM of
cations other than protons due to their differences in
concentration, resulting in pH imbalances. Here, the hydroxide
ions are transported from the cathode as the main reaction at
the cathode is water dissociation to release OH™ ions.”® It was
previously reported that a CEM enables charge balance
primarily by transport of sodium and magnesium in a vapor-
cathode MFC, producing 3 times less power than a vapor-fed
cathode MFC using an AEM due to anode acidification.'®
Additionally, in one of these studies,” the anode was placed 3
mm from the membrane, favoring the development of a local
pH gradient and adding additional ohmic losses to the cell. In
another gas-phase cathode study, an AEM was used,” but the
anode, cathode, and AEM were not pressed against each other,
which could have allowed liquid to accumulate between the
electrodes, resulting in pH decreases in the solution near the
anode. Also, the anolyte was not flowing through the anode,
which could lead to substrate limitations as well as lower local
pH conditions. Moreover, the cathode catalyst preparation was
different from that used here, which also could reduce
performance. As a result of these different configurations,
these two different designs produced much lower maximum
current densities (<5 A/m?)*¥*° than those obtained here.

The vapor-fed cathode MEC developed here performed
significantly better than other liquid catholyte studies, and it
improved reactor stability and longevity. For example, a
maximum current density of 22.8 + 0.1 A/m” was previously
obtained using a 0.1 M KCl-fed catholyte at a cell voltage of
1.0 V after 2 weeks of operation. Even though there were some
similar conditions in that study compared to those here (anode
felt, HRT: ~10/1S s), the maximum current density of the
vapor-fed MEC was 36% larger (31+1 A/m? at 0.80 =+ 0.01
V) using the 20 mM PBS anolyte compared to 10 mM in that
study. Most importantly the current density in that study could
not be sustained over time due to scaling of the membrane.
Here, the vapor-fed MEC was continuously operated for up to
50 days under different operational conditions and no scaling
was observed when the reactor was disassembled (Figure S9).
Other advantages of the vapor-fed cathode MEC includes the
possibility of pressurizing the H, gas in the cathode chamber,”
lowering opportunities for cathode catalyst leaching or
dissolution due to the absence of liquid flow, no production
of caustic solutions at the cathode, lower energy requirements
due to reduced pumping energy for a gas rather than a liquid,
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and a lower impact of gas bubble evolution on the reduction of
the electroactive area at the cathode.”” Thus, the vapor-fed
design can help improve performance, achieve greater stability
over time, and reduce cathode fouling, factors that have been
detrimental to implementation of MECs for practical
applications.
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