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FOREWORD

A transition to renewable energy is inevitable. The negative environmental aspects
of the use of fossil energy resources and the fact that (known) fossil fuel reserves are
finite and depletion is thought to occur in a matter of decades to centuries, force us
to use renewable resources like sun and wind. An imminent disadvantage of using
these low power density resources is the almost unimaginable scale of harvesting
infrastructure that would be required to fully replace the current energy demands
met by fossil fuel use, the production and operation of which most likely will cause
severe (additional) environmental side-effects. In this sense, the transition to
renewable energy cannot be separated from the need for a broader transition to
a more sustainable macroeconomic system, in which long term effects of human
activities are more adequately addressed and acted upon. This vision has been
reinforced by the club of Rome for decades™, and has very recently been invigorated
by the World Scientists’ warning to humanity™. These publications have received
overwhelming support by the international scientific community including most
living Nobel laureates, and stress the need for urgent and abrupt changes in multiple
domains, as the following citation from the latter publication shows:

“The scientists pleaded that we stabilize the human population, describing how our
large numbers—swelled by another 2 billion people since 1992, a 35 percent increase—
exert stresses on Earth that can overwhelm other efforts to realize a sustainable
future. They implored that we cut greenhouse gas (GHG) emissions and phase out
fossil fuels, reduce deforestation, and reverse the trend of collapsing biodiversity”

When aiming for a high quality of life for all human beings living now and for
future generations, a concerted effort in both technological and societal domains
isrequired. For a more quantitative perspective on how humanity could possibly
maneuver itself within safe planetary boundaries, the reader is referred to the
recent publication by O’Neill et al®®. Provided this context, the remainder of
this thesis has to be regarded with the clear notion that the transition towards
renewable energy sources is thus only a sub-solution to the broader problem of
self-caused existential threats humanity is currently facing.

(1) Meadows, D.; Randers, J.; Meadows, D. The Limits to Growth: The 30-Year Update; Chelsea Green Publishing,
2004.

(2) Ripple, W.).; Wolf, C.; Galetti, M.; Newsome, T. M.; Alamgir, M.; Crist, E.; Mahmoud, M. I.; Laurance, W. F.; Galetti,
M.; Alamgir, M.; et al. World Scientists’ Warning to Humanity: A Second Notice. BioScience 2017, 12, 1026-1028
DOLI: 10.1093/biosci/bix125

(3) O'Neill, D. W,; Fanning, A. L.; Lamb, W. F.; Steinberger, J. K. A good life for all within planetary boundaries. Nat.
Sustain. 2018, 7(2), 88-95 DOI: 10.1038/541893-018-0021-4.
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GENERAL INTRODUCTION

This chapter introduces the reader to the concept of bioelectrochemical systems by
providing a short history of their development and a basic technical background on
their workings. It contains an analysis regarding the (future) need for sustainable
energy storage technologies, allowing the work presented in this thesis to be put in
both a technological and societal broader perspective. Furthermore, the aim of the
thesis and its outline are described.




1.1 SUSTAINABLE ENERGY STORAGE
TECHNOLOGIES FOR THE RENEWABLE
ENERGY TRANSITION

A smooth and complete transition towards renewable energy (often referred to
as deep-decarbonisation) is challenged by the variability of generation of power
from renewable resources, which cannot by themselves function as baseload
generation. Under business-as-usual scenarios the integration of renewables
beyond 30% of total grid power generation is generally expected to require
additional measures to guarantee baseload providence. To certain extent, the
future demand for baseload generation will depend on grid flexibility, potentially
greatly extending demand-response by creating “smart-grids”, and natural
balancing arising from harvesting renewable energy sources on a larger spatial
scale®. In addition to this, Energy Storage Technologies (ESTs) which store variable
generated renewable energy, could effectively replace the current fossil fuel driven
baseload generation. ESTs are therefore widely seen as potential key players in
achieving deep decarbonization®. However, implying such an intensified future
role for energy storage technologies, it becomes increasingly important for the
production, operation and recommissioning of these storage facilities not to be
in conflict with the sustainability endeavors which their intended use is part
of. It is therefore essential to include extensive life-cycle assessments (LCA) into
the design of these ESTs of the future®. An LCA assesses “environmental impacts
associated with all the stages of a product’s life from raw material extraction through
materials processing, manufacture, distribution, use, repair and maintenance, and
disposal or recycling”®. By this definition, conventional electrochemical ESTs
may be generally regarded as problematic, as they often rely on substantial
inputs of scarce and/or toxic (metallic) compounds, resulting in an overall large
environmental impact throughout their life-cycle.

The strong need for energy storage having low environmental impact is what
brings relevance to the concept of a Microbial Rechargeable Battery (MRB). In a
MRB, electrochemical conversions are catalysed by means of living microbial
cells. Together with other technologies exploiting this principle, it is defined as a
Bioelectrochemical System (BES).

In BESs, microorganisms are able to sustain their growth and activity by
using electrodes either as the electron acceptor or donor required for driving
their cellular respiration. Microorganisms are able to do so by exploiting various
mechanisms, transferring electrons between an electrode and the microbial cell.
This way, a wide variety of complex electron transfer chains (ETCs) naturally
present in bacterial communities, carrying out the redox reactions occurring in
bacterial catabolism, from oxidation of a wide range of carbohydrates, ammonium

2 GENERAL INTRODUCTION



and fatty acids to the reduction of nitrate, oxygen, carbon dioxide or sulphate,
may be ported to the artificial environment of a man-made electrochemical cell.

1.2 A SHORT HISTORY OF BES

The first account on the ability of microbes interfacing metabolic activities with
electrodes is generally ascribed to Potter, who did so as early as 19111\, Initially not
leading to substantial follow-up, research in BESs received growing interest during
arediscovery in the late 1950’s, as a spin-off from the fast developments occurring
at that time in the field of fuel cells®. Although some interesting fundamental
properties (mainly on the varying requirements of electron-mediating compounds)
were discovered at this stage, the field then again had a relatively quiet time until
the first decade of this century, when the production of electrical power from
organic wastes, especially wastewaters, was identified as a unique opportunity
for BESs. Production of electrical power from wastes is achieved by oxidation of
organics, in combination with reduction of a high-potential, abundant chemical at
the cathode®. Frequent cathode reactions applied were oxygen, ferricyanide and
nitrate reduction!®-'2, As such, these systems functioned as microbially assisted
fuel cells, and hence the name Microbial Fuel Cells (MFC) was born*3!,

Although holding great promises, the development of MFCs into successfully
implemented technology was hindered by a barrage of practical difficulties,
most notably (i) poor cathode performance under the operational restrictions
set by microbial anodes™, (ii) inhibition of microbial activity by the formation
of pH gradients inherent to proton-coupled redox reactions taking place in
poorly buffered, low ionic strength electrolytes™ and (iii) side processes, mainly
methanogenesis, desulfurization and oxygen reduction, scavenging substrate
intended for production of electrical current®l. Confronted with these challenges,
the scientific community focusing on BES research has since then responded with
an explosion in published research on these topics.

In addition to the continuing work on MFC improvement, research broadened
as experiments were carried out in which a small external voltage was supplied to
MFCs, allowing the production of hydrogen at their cathode. Although these systems
require a net consumption of electrical power for producing hydrogen (thus not
strictly adhering to the definition of a fuel cell), they do so to a lesser extent than
conventional electrolysis and achieve this by using the assisting energy released
by oxidation of organics at the anode - a concept termed microbial electrolysis!'>7,
Operating Microbial Electrolysis cells (MECs), the need for oxygen reduction or
other high potential electron acceptors is avoided altogether. Therefore MEC has
the advantage of avoiding the suboptimal performance sticking to high potential
cathode reactions and also omits the requirements regarding expensive catalysts,
especially when biocatalysis of the cathode reaction is applieds. Due to these
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advantages, interest in MEC research soon caught up with and possibly outpaced
the efforts made on optimisation of MFCs. With the cathode not limiting overall
reactor performance in MEC as much as it did for MFCs, this put back the research
focuslargely on anode performance, giving rise to further deepening of knowledge
of and explorations on anode materials™®, anode bacterial community composition
dynamics® and optimization of operational conditions and cell design¢.

After the pioneering work on MECs by Rozendal and Logan!5'”! research also
continued on the front of low potential biocathodes, and not long after production
of hydrogen was shown to be catalysed by polarity-inversed anodic biofilms, the
biocathodic production of reduced carbon compounds like methane and formic
acid was reported®®2U, This quickly developed to give rise to a completely reverse
application of BESs, in which electrical power is converted into organic commodities
using only inorganic compounds as substrate, a concept which then was termed
Microbial ElectroSynthesis (MES). With the concept being named first in the context
of biocathodic production of acetic acid by reduction of CO,, it is now more broadly
used to describe biocathodic microbiomes producing a plethora of carbohydrates?.

With both production of electricity from organics by MFCs and the reverse
conversion of electrical power to organics by MES proven to be possible, this paved
the way for integration of the two, which would then act as an EST. This thesis
describes the works on a first proof of concept of such a BES-based EST, and further
experimental efforts taken for its optimization. As the work presented further
will show, integration of MFC and MES in a single setup requires meticulous
engineering to host the separate biological processes of both individual systems
in a stable manner. Moreover, the main biological processes underlying both
charging and discharging are studied in more detail, this in order to acquire useful
information on their future optimization. Some of the main pitfalls as they apply
to individual MFCs and MESs, apply also to MRBs, and include most importantly
(i) sensitivity to changing electrolyte composition and (ii) side reactions as they
result from alternative metabolic pathways and bacterial growth. Overcoming
these challenges carries importance both for further development of the MRB, as
for related BES technologies, and suggestions to this end are made in this thesis on
the basis of presented results. At last, exploration of suitable counter electrodes is
done to further improve the performance and sustainability of the MRB.

1.3 WHAT MAKES A GOOD BATTERY?

A good energy storage technology is one that fits its purpose. With applications in
batteries ranging from wrist-watches and pacemakers to back-up UPSs powering
complete hospitals, it is clear that there is no “one-size-fits-all” solution where it
regards “the energy storage solution of the future”. That said, as a generalized
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answer to the question what defines a good storage technology, could serve: one
that fixes the mismatch between the demand and supply for electrical power most
adequately for the lowest possible (long term) costs. Applying that view to grid
energy storage, the mismatch itself becomes the point of attention. What would
such a mismatch look like, once we start to (either voluntarily of forcibly) become
more reliant on wind, hydro and solar energy?

1.3.1 What will the mismatch look like?

An useful exercise to understand the mismatch in terms of the directions it could
take, and its consequences for suitable energy storage solutions, is to sketch the
mismatch-landscape under hypothetical conditions. To visualize a mismatch in
energy supply and demand, it is important to recognize the different time-scales
in which mismatch is manifested. To illustrate this, imagine a single household
in a temperate region with solar panels on it, for which the installed capacity of
solar power is dimensioned to meet overall annual demands. Figure 1 depicts
solar panel power yield and domestic power demand for a day both in summer
and winter under these hypothetical conditions.

PVyield, summer clearday @~ = —=====- dwelling
PVyield, winter clearday @~ = @ —~====- apartment

160 700

140 600

500

100 -
400

300
60 —

PV YIELD (W/M?)
o0
o
L

200
40

T
TYPICAL ELECTRICITY DEMAND (W)

20

HOUR OF DAY

FIGURE1 | Typical single-house power demand and supply profiles, assuming solar energy as the only

electrical power source. Both summer and winter scenario is depicted.
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FIGURE 2 | Typical profiles of solar power supplied and heat demand for a single household on an

annual basis.

Obviously, the largest part of mismatch is caused by diurnal changes in sunlight.
When one would look on a more lengthier scale, e.g. days to months, a different
picture results, depicted in Figure 2.

Likewise one can imagine that fluctuations in supply and demand, and thus
mismatches, will exist on any time-scale, ranging from femtoseconds to years.
The (relative) size of these fluctuations may not be relevant on every timescale:
usually, on a femtosecond scale, larger systems have more than enough inertia to
buffer, and apart from climate change, climatology has strong recurring annual
patterns making analysis for more than 2-5 years less pressing. However, for the
timescales that do bear relevance, in selecting the right storage technology the size
and periodicity of these mismatches is of utmost importance. Just as the images
above were constructed to visualize demand and supply characteristics for an
extremely simple system consisting of just one supplier and one consumer, similar
data could be compiled on any other spatial scale, and including multiple power
sources. To illustrate this a bit further, Figure 3 shows a hypothetical small-scale
wind and solar hybrid system, with wind (Pwind) and solar (Ppv) power yields
plotted along with power demand for a 24h interval.

Compared to the previous examples in which only solar power was included,
the above graph shows less pronounced diurnal shortage and surplus. In this
specific case, wind power to some extent operates in anti-phase compared to solar
power(with most wind occurring at night time or during cloudy days). Further
scaling up such observations in time, Figure 4 shows the power mismatch as it
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FIGURE 3 | Illustration of power supply and demands in a small scale wind-solar hybrid community.
Power supplied by wind (Pwind), solar (Ppv) and combined power production (Pgen) is compared to

power demand. Figure adopted from Fathima and Palanisami'®2.

results from the difference between total supply (Pgen in above graph) and demand
(Dem) for a 10 day period:
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FIGURE 4 | Illustration of energy mismatch plausible to occurr in a small scale hybrid-solar renewable

energy system. Figure adopted from Fathima and Palanisami®®.
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It becomes visible that the larger the time scale, the higher the temporal resolution,
and the more complex the system of energy suppliers and consumers, the more
complex and rich the signal of energy mismatch as a function of time. For the above
example for instance, a clear diurnal pattern remains visible (there are power
surpluses and power shortages twice a day in an overall alternating pattern).
However on top of this “regularity” you find spiky highs and lows, which do not
seem so regularly structured.

By conducting time-frequency analysis on such mismatch signals, patterns
may be identified and characterized. Although very sophisticated methods are
developed to this end, details of which will not be treated here, it is easy to see
that the outcome of such analysis will be very specific to the system analyzed. For
example: wind power has a strong need for signal smoothing of moderately large
drops and peaks in power production in the short frequency domain. As a result
of these short frequency and moderate to high power density intermittency in
wind generation, this would require small capacity energy storage located close
to the turbines, but with a fast response. Typical backup technologies currently in
use in combination with wind parks are therefore flywheels and supercapacitors
for efficient and fast-ramping short frequency dampening. Additionally, large
variation in power production by wind occurs over the course of multiple days, and
smoothing of these low frequencies is conventionally achieved by compressed air
energy storage (CAES), pumped hydro, or hydrogen storage. For these technologies,
energy density weighs in much more than any other aspect, with less emphasis
on fast response times. With PV, the most notable variation concerns the diurnal
shifts, requiring 1 to 2 day acting, moderate to high power backup storage. The
stochastic second-to-hour fluctuations in PV power caused by cloud formation
are certainly a factor, but in amplitude less problematic as the gusts and lulls
for wind. Especially in smaller scale situations (e.g. off-grid solar-only rural
communities) in which PV installations are applied in practice, current available
technologies often used for PV therefore are chemical battery technologies, like
lithium-ion or lead-acid, to smoothen out both short and mid-term frequencies.
In temperate regions, seasonal variation in both demand and supply comes in
addition to aforementioned requirements, and hydrogen-based “electrofuels” have
been mentioned to cater this future markets.

1.3.2 The primary criteria for mitigation of mismatch: capacity
and power

The previous paragraph illustrated how mismatch may be very specific to each
system element, with notable differences explicitly mentioned between wind and
solar energy. To summarize the matter, Figure 5 provides a rough classification
of system challenges as one probably could identify these on an overall mismatch
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System Challenges Mature/commercialized EES tech. Demo/developing EES tech.
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FIGURE 5 | System challenges and applicable storage technologies specificied by total required capacity

and power, based on a UK model, adopted from Luo et al®?4.

analysis for a large size modern-world energy grid with high levels of renewable
energy penetration. In addition to the system challenges, ESTs are listed that may
be able to address them. In this example, a scenario was worked out for the whole
of UK, with the figure adopted from Luo et al?4.

In Figure 5, depicted challenges are plotted as a function of energy capacity
and discharge time duration at rated power. It is these two variables that form the
primary technical aspects by which ESTs are judged. Challenges (or smoothing
requirements) may be identified by conducting frequency analysis of mismatch
curves (i.e. by studying their respective power spectral density plot). Doing so, one
may obtain average mismatch power as it results from dynamics within certain
frequency range(s). By dividing average mismatch power by frequency, one would
obtain an estimate for the required capacity. With the inherent condition that
the storage technology applied must be able to provide or take in the calculated
capacity within the time duration defined by its frequency range, compatible
storage technologies and demand modulating technologies can be listed likewise.
The system challenges, orange boxes in Figure 5 above, are named after the
physical phenomenon that creates most of the fluctuation or mismatch within
the integrated frequency range. It has to be noted here that for several frequency
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ranges the required capacity has been diversified by listing multiple challenges
(for instance, smart grid support and system ancillary services require technically
identical countermeasures).

What is maybe most striking about Figure 5 is that at the moment no feasible
technology (seems to) exist that would be able to store up quantities as high as
they would be needed in the status-quo for seasonal heating and energy import.
This is only partially the case, as theoretically various technologies could be
applied at large scales (for instance hydrogen storage) for this purpose. The fact
these solutions are not depicted mainly has to do with the fact that currently
available technologies for bulk energy storage >100GWh at feasible physical
scale (which are almost exclusively hydrogen based) are characterized by low
cycle efficiencies, typically lower than 40%. As such, they would require massive
upscaling on the supply side before becoming successfully implemented. Thus,
although theoretically storage facilities with capacities high enough can be built,
the authors of above figure did not deem it feasible enough to include them. As a
mitigating factor, not necessarily the current demand for house/building heating
would have to be met completely using electrical power: by using heat pumps in
combination with thermal energy storage (e.g. ATES), waste heat (from industrial
processes) and improved insulation, energy required in the form of electrical
power for heating can be drastically reduced. However, this would also require
infrastructural reforms3.

1.3.3 A more in-depth analysis of energy storage performance
indicators

In the above example, a theoretically possible EST (hydrogen storage for seasonal
variation) was not listed due to secondary considerations. This already points
out there is more to a storage technology than just its capacity and discharge
time of duration. In practice, an energy storage facility will take up space and
it will require materials and energy both for its production, operation and
omission. From these aspects, and how they relate to storage capacity and power
delivered, follows a list of technical performance indicators, which in the end
will all be taken into account when it comes down to choosing the right energy
storage solution for the purpose. A comprehensive overview of these criteria
could be (i) power and energy density, (ii) cycle (or round trip) efficiency and
self-discharge and (iii) safety, stability and (iv) sustainability (both technically
as ecologically). A short discussion on these indicators will follow below, while
for a more detailed analysis on how current and future storage technologies
compare to each other in relation to these aspect the reader is referred to some
excellent reviews!?5.261,
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1.3.3.1 Power and energy density: the Ragone plot
Supposedly, power and energy density are the two most important technical
specifications of an EST. Although in concept fairly straightforward, they are
reported in varying dimensions. Power density, also named specific power, is
the amount of power delivered per amount (volume or weight) of the storage
technology considered. Distinction can be made in (i) peak (or maximum) power
and (ii) rated power. The interchangeable use of both might cause some confusion
regarding the comparativeness of these terms, hence their definition: with peak
power is meant the maximum power a system can deliver, albeit just momentarily,
without the system being (irreversibly) damaged or performing outside of its
specified range. With rated power, the focus is put more on endurance, with the
system being able to deliver it continuously throughout charging/discharging
cycles. Although it would be possible for every EST to report on both interpretations
of power density, which one is used depends mainly on the application. For
flywheels and supercapacitors, aiming for short, intense and fast acting release
and uptake of energy, conventionally peak power is used. Rated power in turn is
often reported for devices associated to longer term storage technologies like fuel
cells, combustion engines and batteries.

Less ambiguously, energy density, or specific energy, defines the total amount
of energy available from full charge to full discharge, expressed per per amount
of EST considered. Both power and energy density can be reported specific to
either EST weight or volume, and which one is of interest depends mainly on the
application, with weight playing lesser a role in stationary applications, vice versa
for mobile applications.

What has by now become a classical way of comparing these properties
amongst different ESTs, is the Ragone plot, plotting power density as a function
of energy density. In its early days predominantly applied only for comparing
battery technologies, this visualisation method is more and more applied to energy
storage in general. Used and published first by David V. Ragone, metallurgist at
M.LT. in 19687, it was initially used to compare battery technologies as they
were applied to electrically powered vehicles. Although highly practical for that
purpose, the Ragone plot actually buried within it a technical inconsistency: power
and energy density are presented as independent variables, while in reality these
are almost always correlated: for most thermodynamic processes the rate with
which a process is taking place, is positively related to the specific rate with which
entropy (heat) is created?®. So unless when heat is the desired product (which it is
not when strictly conversion back to electrical power is considered) lower energy
density will result as an EST is operated at higher power density. Therefore, when
plotting Ragone charts, one cannot but adopt practical values for power and energy
density as they are used in existing systems. It is also for this reason Ragone plots
depict specific ESTs in ranges, and not in a dot-like manner. The same holds for
Figure 5, in which energy capacity was plotted versus time duration of discharge.
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In fact, these two figures are closely related, as discharge time duration at rated
power may be obtained by dividing energy density by (rated) power density. As
such, Figure 5 may be interpreted as a Ragone plot for which its horizontal axis
has been divided by its vertical axis. Figure 6 provides an example of a more
conventional Ragone chart, depicting some of the most known and important ESTs
up to date. Note that in plotting graphs like this, incorporating also technologies
in which energy density is decoupled from power density imposes a challenge on
the draftsman: as a result of this, wide stretched ranges are depicted for chemical
energy storage technologies (e.g. H,-driven fuel cells), with the ends only appearing
due to pragmatic considerations, not theoretical ones.

Typically for a Ragone plot, different physical phenomena on which ESTs are
based show up at distinctly different sites in the plot. The kinetic and electrostatic
based technologies are concentrated on the left top to middle, thus featuring high
power at low specific energy. The right bottom to middle is populated by “fuel
based” chemical storage technologies, either driven by combustion or fuel cells.
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FIGURE 6 | The Ragone plot, used to compare energy and power densities of different Energy Storage
Technology, historically especially in transportation systems, but applied nowadays more broadly.
Figure adopted from Ghoniem!?.
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Most battery technologies, both intercalation and redox based, are found in the
center of the plot. As a result, though given its boundaries, the Ragone plot provides
a helpful tool in quick selection of ESTs.

1.3.3.2 Cycle efficiency and self-discharge
Cycle efficiency of an EST (also named round trip efficiency or energy efficiency)
is defined as the ratio between the amount of energy delivered upon discharging,
to the energy absorbed upon charging. Like with energy density, the obtained
energy efficiency is not a fixed entity for each specific technology, but depends on
the conditions applied. In most cases cycle efficiency is mainly a function of the
power density at which an EST is applied. In general, cycle efficiency goes down
when an EST is operated closer to its maximum power density, as more heat is
generated while charging and discharging it. As was mentioned for the correlation
between energy and power density, this can be led back to the occurrence of
entropy producing processes, and may be best compared to driving a car: higher
mileages are obtained at lower and more steady speed.

Self-discharge determines the amount of stored energy lost over time as
the EST is not put to work. The processes leading to self-discharge vary with
each technology, and so does the exact method by which self-discharge is
reported. However, with most ESTs, the mathematical description of the physical
phenomenon leading to self-discharge allows the retained energy to be expressed
in terms of a gradient. Very characteristic to a gradient, decay will occur in an
exponential manner. Therefore, self-discharge rates can be reported in most cases
per unit of time.

Obviously, there is a close connection between cycle efficiency and self-
discharge: an EST with high self-discharge can only be applied efficiently in the
short frequency range. When used outside of its intended periodicity (for instance
when flywheels would be used for storage over days) this would be disastrous to its
cycle efficiency. Cycle efficiency is therefore conventionally reported at the rated
power density and frequency of use.

Cycle efficiency especially has a very strong and direct effect on the cost
effectiveness of an EST, as it is competing to the alternatives of grid interconnection
or increasing production capacity. It is most likely for this reason that in current
standing practice, technologies with cycle efficiencies below 50-60 % are seldomly
implemented.

To get an intuitive feel about how available and developing ESTs compare
with regards to cycle efficiency and self-discharge, alike the Ragone plot, Figure 7
shows reported cycle efficiencies as function of self-discharge. Only power-to-
power technologies are mentioned (thermal energy storage omitted).
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FIGURE 7 | General ranges of cycle efficiency versus suitable storage duration, where suitable storage
duration is dictated primarily by self-discharge rates, for various ESTs. Tabulated values were obtained
fromreviewsin literature®¥. Included in figure are: (i) kinetic (flywheels), (ii) gravitational/mechanical
(pumped hydro; PHS, compressed air; CAES, liquid air; LAS), (iii) electrostatic (capacitors), (iv) electro-
magnetic (Superconducting magnetic; SMES, (v) redox-chemistry (flow cells; VRB/ZnBr, batteries; Li-ion/
NiCd/Pb/NaS$, fuel cells; Hydrogen Fuel Cells)

1.3.3.3 Safety and stability
The materials from which a technology is composed, and the conditions under
which these are used, are major determining factors regarding the safety, stability
and sustainability of a technology. Often seen as of secondary importance, these
aspects are essential for allowing a proper long-term cost/benefit analysis of ESTs.
A brief overview of the most prominent factors to take into account is provided.

1.3.3.3.1 Technical sustainability: technology lifetime and maintenance costs
Technology lifetime and maintenance costs cover the most straightforward
sustainability aspects of a technology. Once it is manufactured, how long will it
last? Depending on the characteristics of the storage technology, focus may be put
on either wear and tear (i.e. in case of the moving parts found in kinetic systems like
flywheels, or pumped hydro) or the occurrence of irreversible chemical processes
leading to capacity loss or inactivation (batteries, flow cells). Additionally, each
EST will require specific electronics to be connected and operated. These “hook-
up” electronics may actually form a substantial part of the implementation (e.g.
system monitoring, AC/DC conversion etc.) and their lifetime specifics thus also
need to be considered. Although for most technologies, prolongation of their
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lifetime is the focal point for R&D, there are considerable up-front differences
between technologies on these grounds. Technology lifetime is often reported both
as “on the shelflife time” (thus time-dependent) and cycle lifetime (the amount of
charge/discharge cycles minimally guaranteed before a certain loss of function,
thus use-dependent).

1.3.3.3.2 Safety

Intuitively one can feel that whenever high amounts of energy are concentrated
in a small space, it becomes increasingly important to properly control the rate
of release. Would control be lost, excessive heat production, and thus fires and
explosions, are the most logical direct result. Some examples for conventional
systems: flywheels shatter, gas canisters may explode, batteries may have a
thermal runaway causing a meltdown or even explosions, and those are the short
term disadvantages. Especially true for electrochemical systems, these have a
tendency of requiring substantial amounts of reactive metallic compounds for
their production. In addition to this, most conventional electrolytes are non-
aqueous, instead based on mineral oils or polymers thereof (non-biodegradable,
explosive and often carcinogenic). As such, both during production, operation and
recycling/deconstruction of these devices, large health and environmental risks
have to be contained properly. Although safety in the first place is something that
can be addressed by taking proper measures, the necessity to take such measures
varies per EST and co-defines it economic position.

1.3.3.4 Ecological footprint: energy, ecology and land-use
With human caused change in land-use being the primary reason for the recent
and ongoing biodiversity mass extinction, ESTs requiring more land-use change
for their production or operation are to be avoided. From this perspective,
low specific energy storage technologies that interfere with land-use directly
and on a large scale like pumped hydro (requiring dams and inundation) or
cavern-based compressed air energy storage are severely restricted regarding
future upscaling. However, also for ESTs with higher energy density, land-use
change is often an issue to not be overlooked: in addition to the toxicity threats
associated with the use of heavy metals and fossil sources as described above,
the mining and extraction of these resources also impose a direct danger to
natural ecosystems: regardless of how efficient one can mine, often the elements
of interest occur in relatively low concentrations and require the handling and
processing of considerable volumes and hence surface area (of either ores,
seawater, air) to be obtained.

Striving for minimum ecological impact, it is thus generally a bad idea to use
scarce resources for the EST of the future. For a more elaborated view on material
selection criteria in light of their sustainability the reader is referred to the recent
work of Carmona et al®.
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1.4 MRB FUNDAMENTALS

Using BESs, organic redox couples often including complex and multi-electron
transfer reactions, can be catalysed at conditions and efficiencies that weren’t
imagined before. Typically for most biological systems, BESs are operated under
“mild” conditions, compared to abiotic electrochemistry: electrolytes are without
exception aqueous, contain relatively low concentrations of solutes, make use
of abundant chemicals and systems are operated at moderate temperatures
(most typically 20 to 35 degrees Celcius, with exceptions in case extremophilic
organisms are used). The microbes hosted in these systems, after being inoculated,
grow, maintain, and potentially regrow themselves, thus effectively acting as
autocatalysis.

Figure 8 presents a general schematic of a BES. As such it depicts a basic
electrochemical system, with the anode and cathode being separated by a
membrane. Conventionally, the anode oxidizes a reduced substrate (electron
donor) into an oxidized product, delivering electrons to the anode. The cathode
reduces an oxidized electron acceptor into a reduced product, an electron
consuming process. The two half reactions are coupled by an electrical circuit
allowing for an electron flow from anode to cathode. Unique for BESs is the
presence of bacteria (here depicted as biofilm) catalysing these reactions on or
at the anode and cathode, but it should be stressed that any electrochemical
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FIGURE 8 | General schematic for a bioelectrochemical system depicting a classical electrochemical

configuration with electrode-metabolizing biofilms on anode and cathode.
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system in which at least one of the electrode reactions of interest is catalysed
by living bacteria can be regarded a bioelectrochemical system. As was already
pointed out in the previous paragraph, nowadays multiple branches exists
within this discipline: BESs delivering a net output of electrical energy are
called microbial fuel cells (MFCs), and practically always contain a biotic anode,
combined with an either a biotic or abiotic cathode. For these systems, the
external electrical circuit can be interpreted as a resistor (lower icon). BESs that
require externally added electrical power for their functioning (thus with the
electrical circuit connected to a power source, upper icon) are either called
microbial electrolysis cells (MECs, in the specific case of a biotic anode combined
with a biotic or abiotic cathode producing hydrogen) or microbial electro-
synthesis (MES, in all other cases).

As a net electron flow is occurring from anode to cathode, charge neutrality
in the system has to be maintained. This is done by an accompanying exchange of
ions between the cathode and anode compartments. Depending on what kind of
membrane is used, selectivity towards transport of certain ion species is achieved.
Most prominent examples to be found in literature herein are: (i) anion selective
exchange membranes, (ii) cation selective exchange membranes, (iii) bipolar
membranes, (iv) mosaic membranes (both permeable to cations and anions, but
less permeable to uncharged and/or larger compounds, (v) (J-)cloth (no selectivity,
only stopping convection), (vi) no membrane at all®¥. Which type of separator is
used depends on the objectives of the system (e.g. for fuel cells low resistance is
prime, while for electrosynthesis purity of products and thus membrane selectivity
is more important).

In the specific situation of a Microbial Rechargeable Battery (MRB) the system
is composed as a combination of a MFC and MES: during charging of the MRB,
the systems functions as a MES, converting electrical power delivered by an
applied voltage into biochemical commodities. During discharge, the system
releases electrical energy to an external electrical circuit by biological oxidation
of organics in the anode, and functions as a MFC. For a detailed schematic of the
workings of the MRB see Chapter 2.

1.4.1 Main factors affecting MRB performance

To study the performance of the MRB separately throughout the phases of charging
and discharging, and compare its performance in these two distinct phases with
what could be expected based on equilibrium thermodynamics, some standard
efficiency calculations have been developed in the field. These can be described
on the bases of certain losses. Losses in electrochemical systems in general can
be divided in two distinct categories: (i) energetic losses by production of heat
(entropy) and (ii) coulombic losses, which occur by means of redox processes not
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FIGURE 9 | Schematic overview of possible electron/charge trajectories in BES and associated losses
and entropy generating processes (indicated by explosion symbols). Diffusion energy losses occur
when free charges are moving through non-crystalline matrices (e.g. ions through electrolytes or
membranes). Energy losses by means of electrical resistance (electron tunnelling) occurs whenever
electrons are traveling through metallic matrices (e.g. within the electrode material, or supposedly
through conductive pili). Energy dissipation to heat can also occur when electrons are transferred
from nucleus to nucleus, or from nucleus to electrode (e.g. at the electrode in the case of mediated ET
or intercellularly throughout the electron transfer chains (ETC), as well as in case of direct contact of
the cell membrane with the electrode, in which case membrane bound redox active proteins may do
the trick. In these latter cases, Marcus theory would be a fitting description. Coulombic losses occur
when electrons are directed towards processes not of interest to the technologies primary goal (for

instance in the case of biomass growth, neogenesis).

contributing to the final aim of the system. A schematic overview of these losses
is provided in Figure 9, and methods for identification and measurement are
discussed below.

1.4.1.1 Energetic losses (kinetic or voltage losses)
The main aspect of any electrochemical system is its voltage: the higher the
voltage, the more energy delivered/invested per charge transferred. Although
in BESs the obtained electrode potentials, and thus cell voltage, are a result of
many factors including metabolic diversity and degree of electrode colonization,
the theoretical values for anode and cathode potentials during open circuit
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conditions, thus based on the concept of chemical equilibrium, can be calculated
by the Nernst formula:

R

Eelectrode,eq = Eg- Y

With E  being the standard reduction potential of the half-reaction of interest, R
the gas constant, T the temperature in Kelvin, z the number of electrons involved
in the halfreaction, F the faraday constant, and Q the reaction quotient including
the activities of the chemical compounds involved in the half reaction.

After individual values for anode and cathode are calculated by above formula,
the equilibrium cell voltage is further expressed as:

Ecell eq — Ecat eq” Ean.eq

In practice however, this equilibrium cell voltage will never be measured (not
even at open circuit conditions, thus with practically no current drawn) in biotic
systems as every current, even a small one required for obtaining measurements
on an electrochemical system, will require an off-equilibrium situation to be
drawn. A deviation in electrode potential as expressed to the (formal) equilibrium
potential, which by means of the second law of thermodynamics is required for
a current to start flowing, is conventionally named overpotential. In the case of
BESs, the biocatalyzed reactions involved are often complex and consist out of
a cascade of conformational steps, typical to enzyme-driven electron transfer
chains (ETCs). Apart from just “turning over molecules and electrons” these
ETCs are responsible for the production of ATP by phosphorylation. As this
requires exergy, a current “drawn through a biological system” by definition
will have (considerable) overpotentials, even when measured at near-equilibrium
conditions (i.e. at negligible current density). Another way to look at it is as
follows: it is not the formal potential of the initial electron donor/acceptor
that defines measured electrode equilibrium potential in a BES, but the final
electron donor/acceptor as it actually interacts with the electrode. The chemical
structure and properties of the final electron donor/acceptor however is often
unknown, subject to change as a result of microbial metabolic dynamics, and
therefore subject to study. Apart from energetic losses as they occur as a result
of biochemical processes taking placing within the living cell, BESs are subject to
physicochemical-induced losses just like conventional electrochemical systems
are. The combined effect of these losses, thus all inducing certain overpotentials,
is that the cell voltage in practice turns out smaller (in case of an MFC) or larger
(in case of an MES) than what would be expected based on their thermodynamic
equilibria. By measuring this discrepancy in real systems, the total energetic
losses/overpotential can thus be described as:
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Ecell eq Ecenl ,measured — Tl

Once the total overpotential (n), resulting from all of bespoken losses, of the entire
electrochemical system (thus both for anode and cathode, and at a given current
density) is known, the voltage efficiency (VE) is defined, depending on whether a
charging or discharging situation is considered, as:

E:n:ell £q

VE ing (MES) = —————
charging ( ) Ecell,eq +1

Ecell,eq_n
VEgischarging (MFC) = E
cell eq

1.4.1.2 Coulombic losses (electrons lost to the process of interest)
The second most important parameter of electrochemical systems regards their
Coulombic efficiency (CE). Where voltage efficiency dealt with the amount of energy
lost on a per electron basis due to heat dissipation, Coulombic losses represent the
diversion of energy towards processes leading to products that are considered
useless or just not contributing to the technologies’ purpose.

Thereby, the CE expresses the amount of electrons ultimately supplied to the
system in relation to the amount of electrons recovered in the electron acceptor
of interest:

total charge recovered in acceptor of interest

total charge supplied by donor

Depending on whether CE is expressed for a MFC or MES, its formal definition
changes slightly. For an MFC, where the objective is to generate electric current
for power production, CE is defined as:

total charge recovered as electric current
CEmpc =

total charge available by a measured decrease in substrate

For MES, where the aim is to produce reduced compounds at the cathode, the CE
is expressed as:

total charge required for synthesizing a measured amount of product

CEpgs = -
MES total charge delivered to the cathode by a measured current
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Ideally, CE would be 1, in which case all electrons theoretically available to the
system end up in the compound/process of interest. However, due to the inevitable
consumption of electrons by microorganisms in BESs as they are used for biomass
production, and by parasitic processes often occurring in anaerobic systems, using
alternative electron acceptors, most notably methane production, CEs in practice
are less than 1.

1.4.1.3 Energy Efficiency
When CE and VE are known, they can be multiplied to express the energy efficiency
(EE) of a BES:

EE =CE-VE

For the MRB, this allows separate calculation of the EE both during the charging
(MES) and discharging (MFC) phase:

EEmes = CEmgs ' VEMEs

EEypc = CEmpc - VEMpc

In case the energy efficiency of the MRB is considered as a whole, thus defined as
the Cycle Efficiency (or round-trip efficiency), it would be calculated by:

Cycle Efficiency = EEypc - EEygs

Although the EE may form the most fundamental performance indicator,
expressing the actual amount of Joules ending up in the desired process or
compound as compared to the amount of Joules available to the system, given
the often dynamic characteristics of CE and EE throughout system operation, it is
calculated on short time intervals, and its quantity is thus most practically stated
as a systems average throughout operational periods.

1.5 RESEARCH OBJECTIVE
AND THESIS OUTLINE

The objective of this thesis is to develop a sustainable, efficient and powerful energy
storage technology by combining an acetate-oxidizing MFC with an CO,-reducing
MES, giving rise to a Microbial Rechargeable Battery. In order to do so, a choice had
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to be made regarding the (initial) counter electrode. In Chapter 2, a proof of concept
of such a MRB using ferricyanide at the counter electrode is provided.

The main challenge in providing the proof of concept was in designing
and operating the system in a way that it could host both anodic and cathodic-
active biota, operating each intermittently. As an outcome, in Chapter 2 the
electrochemical dynamics of the developed system are reported, and based on
these, main limiting factors are identified, providing possible future strategies
for improvement.

In order to further develop the MRB towards a mature energy storage technology,
an important challenge is to find a balance between energy invested into keeping
microorganisms growing (we need them!), and what we get back for it. One of the
main energy losses in the MRB as it occurs over time are Coulombic losses caused
by production of methane by unwanted methanogenic growth. Chapter 3 and
Chapter 4 describe in more detail the effect electrode potential and substrate
concentration may have on process selectivity, through microbial competition.
The outcomes of these studies provide directions towards more optimized start-
up, charging and discharging of a future MRB, and how this may contribute to
increased system stability and selectivity.

Although using microbes as catalysts is much praised in terms of system resilience,
self-repair, simplicity and low-costs; growth and activity of microbes requires
energy and mass (through carbon fixation). These energy and mass losses translate
to both voltage and Coulombic efficiency losses in the MRB. At least to some extent
inevitable, to which degree these losses occur is dependent on the current density
and/or electrode potential at which the system is operated. The latter is a result
of the metabolic adaptability of bacteria. To be able to study the adaptability of
microorganisms’ growth towards changing operational parameters in more detail,
a methodology was developed to track biofilm growth in BESs real-time and
non-invasively, using Optical Coherence Tomography (OCT). The results of these
developments and its implications are treated in Chapter 5.

The major energy losses described for the MRB in chapter 2 could be ascribed to
CE/VE losses occurring in the biological electrodes. However, energy density of
the initially developed system was limited mainly by the limited solubility of the
ferricyanide couple with which the proof-of-concept was delivered. Moreover,
practical difficulties and stability issues related to the use of ferricyanide made the
search for more sustainable - and hopefully more powerful - counter electrode
reactions worthwhile. A further exploration to this end, covering the integration
of both a capacitive and oxygen/water electrode in the MRB platform is dealt with
in Chapter 6.
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In addition to the inevitable energetic losses resulting from the growth and
maintenance of microorganisms, when employing microbes for conducting
electrochemical conversions this comes with restrictions set towards operational
conditions and system design. Much praised as inherently safe and environmentally
friendly catalysts, biological activity requires relatively narrow ranges in
operational conditions that are often in conflict with high performance. To name a
few of the most prominent restrictions: narrow temperature ranges, (near)neutral
PH, moderate concentrations of electrolytes (both substrates, products, and other
ions). These restrictions may severely impact the attainable reaction rates and thus
power density, as is the case with temperature and concentrations as it leaves less
room for improvement in alleviating mass transfer related losses. Alternatively,
higher charge densities and thus energy densities may not be obtained as this
would require reactant concentrations regarded to be toxic to the present biota.
In Chapter 7, an overview of these restrictions and limitations as they have
occurred in the works described in earlier chapters will be reviewed, and an
outlook is provided regarding possible future workarounds/optimizations.
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THE MICROBIAL RECHARGEABLE
BATTERY: ENERGY STORAGE AND
RECOVERY THROUGH ACETATE

Bioelectrochemical systems (BES) hold potential both for conversion of electricity into
chemicals through microbial electrosynthesis (MES) and the provision of electrical
power by oxidation of organics using microbial fuel cells (MFC). The work described
in this chapter provides a proof-of-concept for a Microbial Rechargeable Battery
(MRB) allowing storage of electricity by combining MES and a MFC in one system.
Hexacyanoferrate (II/III) was used as counter redox couple. Duplicate runs showed
stable performance during 15 days, with acetate being the main energy carrier. An
energy density of around 0.1 kWh/m?3 (normalized to anode electrolyte volume) was
achieved at full-cycle energy efficiency of 30 to 40 %, with a nominal power output
during discharge of 190 W/m3 (normalized to anode volume). The work presented
shows a new potential application area for bioelectrochemical systems as a future
local energy storage device.

This chapter has been published as: Molenaar, S.D.; Mol, A.R.; Sleutels, T.H.J.A.; ter Heijne, A.; Buisman,
CJ.N., Microbial Rechargeable Battery: Energy Storage and Recovery through Acetate, Environmental
Science & Technology Letters, 2016, 3, 144-149



2.1 INTRODUCTION

With ever increasing worldwide energy demands and raised concerns about the
environmental impacts of burning fossil fuels, renewable energy sources are
slowly but steadily gaining ground™. One of the major challenges for implementing
renewable electricity is the variability in generation of sun and wind energy and
matching this with a fluctuating demand. Models predict that, as long as shares
of renewables remain below 30 % of the total electricity supplied to the grid,
through smart grid technologies, dynamics in power grid demand-supply might
be balanced without additional energy storage capacities”. However, energy
storage devices will likely become a necessity with further increasing renewable
electricity shares. Conventional energy storage systems like lithium batteries,
compressed air energy storage (CAES), pumped hydro and newer technologies
as sodium ion batteries will likely play their role to this end. Current storage
systems often cope with safety issues (CAES) or toxicities (heavy metals) allowing
use only under precisely controlled conditions, require scarce and non-renewable
materials, or can be only used in suitable geographic environments (pumped
hydro)®. Therefore, a safe, renewable and low-cost system for household-scale
energy storage would bear high potential. Bioelectrochemical systems (BESs)
could play an important role in future energy storage, as the catalysts in these
systems (i.e. microorganisms) (re)generate and use renewable and widely available
substrates, namely water, CO, and nutrients.

While both microbial electrosynthesis (MES) and microbial fuel cells (MFCs)
have been subject of intensive study over the last decades,“* they have, to the
authors’ best knowledge, not yet been integrated into one system, with the objective
to store and recover electricity. For this new concept, we introduce the name
Microbial Rechargeable Battery (MRB). In a MRB, during the MES phase, electrical
energy is consumed to form acetate, while during the MFC phase, electrical energy
is generated by consumption of acetate. The proposed system would therefore
require stable intermittent operation of both biocathode, bioanode, and their
counter electrodes.

To provide a proof-of-concept of the MRB, we connected an acetate producing
biocathode (MES) hydraulically to an acetate oxidizing bioanode (MFC) and
operated both in turn with a total charge/discharge cycle period of 24 hours (thus
matching day/night rhythm typical for solar energy production). During these
cycles, CO, was successfully converted into acetate and energy was recovered
by subsequent oxidation of the acetate formed (see Figure 1 for a schematic
overview). The ferri/ferrocyanide redox couple was used as reversible reaction
at the counter electrodes. We analyzed the performance of the MRB in terms of
efficiency and stability.
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FIGURE1 | Schematic overview of the Microbial Rechargeable Battery (MRB) consisting of a CO, reducing
charging cell (MES, upper) and an acetate oxidizing discharging cell (MFC, lower). Depicted are the (sim-
plified) predominant reactions taking place at the bioanode, biocathode and their counter electrodes, flow

of electrons (e-) across the external electrical circuits and the transfer of cations (+) across the membranes.

2.2 MATERIALS AND METHODS

2.2.1 System design

Experiments were conducted in duplicate setups, each consisting of two
electrochemical cells. One set of cells is further referred to as a microbial
rechargeable battery (MRB). For each MRB, one cell (charging cell) performed
MES with an acetate producing biocathode, while the second (discharging cell)
was operated as a microbial fuel cell (MFC) with an acetate consuming bioanode.

Each cell consisted of two Plexiglas flow compartments (33 cm?), one flat plate
current collector (stainless steel SS316), a flat plate counter current collector (Pt/IrO,
coated Ti, Magneto special anodes BV, Schiedam, the Netherlands) and two support
platest®. Electrolytes were separated by a cation exchange membrane (Fumasep
FKB-PEEK, Fumatech, projected surface area of 22 cm?). Both bioanode, biocathode
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and their counter electrodes consisted of plain graphite paper and 5 layers of
graphite felt (thickness 3 mm, FMI Composites Ltd., Scotland) firmly held between
current collector and membrane, completely filling the flow compartments.

2.2.2 Media and Microbial Inoculum

The electrolyte, which was shared by both bioanode and biocathode and is further
referred to as the bioelectrolyte, consisted of: 0.4 g/LNH,HCO,, 0.05 g/L Ca(OH),, 0.1
g/L MgSO,7H,0, 9.6 g/L. K,HPO,, 2.1 g/L. Na-2-BES, 4 g/L. NaOH, 0.1 mL/L trace metals®"
and 0.1 mL/L vitamins (DSMZ medium 141). At start, influent mineral medium was
sparged with CO, with a resulting initial pH of 6.4. Counter electrolyte was composed
of 2.9 g/L Na,[Fe(CN)]*10H,0, 21 g/L K, [Fe(CN),]*3H,0, 4.0 g/L K,[Fe(CN)], 1.7 g/L
K,HPO, and was kept saturated with CO, throughout the experiments. Bioelectrolyte
and counter electrolyte conductivity was measured at start to be 1.6 S/m and 2.9
S/m, respectively, thus notlimiting current production throughout the experiment.

The bioelectrolyte was inoculated with a combination of (1) effluent from
an acetate producing biocathode (inoculated previously with a mixed culture
extracted from an anaerobic digester and cow manure) and (2) effluent from an
active MEC running on acetate.

2.2.3 Reactor start-up and operation

Reference electrodes (Ag/AgCl, Prosense, Oosterhout, Netherlands, + 0.203 V vs.
SHE) were connected to the electrolytes. All reported potentials were expressed
relative to this reference. Current and power densities are reported normalized
to bioelectrode volume (33 cm?) or membrane surface area (22 cm?). Energy and
charge densities are normalized to bioelectrolyte recirculation volume (280 mL).
Total counter electrolyte recirculation volume was 2240 mL. All electrolytes were
recirculated with 10 mL/min pump speed. Bioelectrolyte pH was measured in-line
(Endress+Hauser, CP571D-7BV21). Reactor temperature was maintained at (32 +
1) °C using climate control of the research cabinet. A multi-channel potentiostat
(N-stat DC, Ivium Technologies, Eindhoven, Netherlands) was used to perform
electrochemical measurements and experiments. Individual cell voltage and
membrane potentials were measured using a data logger (RSG40, Endress+Hauser,
Germany) in conjunction with high-impedance potentiometers.

Start-up of bioanode and biocathode occurred after inoculation and with
continuous supply of medium. Bioanode potentials were controlled at -0.35
V. Biocathodes were current controlled at —=750 A/m? (-11.3 A/m?). After stable
bioanodic currents were established and maintained for several days (4 to 6
days), the charge/discharge experiment was started. During the experiment the
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two cells of a MRB were switched in turns between open-circuit and controlled
current over a total cycle period of 24 hours. First, a constant current of -150 A/m?
(-2.26 A/m? was supplied to the biocathode (MES) for 16 hours (charging), during
which the bioanode (MFC) was put in open-circuit conditions. The charging period
was then followed by 8 hours of discharge with the bioanode current controlled
at 300 A/m3(4.52 A/m?) and the biocathode put in open-circuit conditions in turn.
During discharge, bioanode current was maintained until its potential reached
-0.35V, after which the potentiostat was programmed to switch to potential control
to maintain this potential. This switch from galvanostatic to potentiostatic operation
prevented unintended side reactions from taking place after acetate had depleted.

2.2.4 Chemical Analysis and performance calculations

Liquid samples of bioelectrolytes were taken 15min prior to the end of each
charging and discharging phase. During sampling, sample volumes of 5 mL were
replaced by an equal volume of new CO, saturated bioelectrolyte, keeping total
recirculation volume constant. The samples were analyzed for fatty acid content
(Dionex UHPLC System). Gas formation was quantified using a gas counter (MGC,
Ritter Apparatebau, Germany), and headspace composition was analyzed through
gas chromatography (uGC, Varian CP 4900). For a more detailed description of
analytical methods see Sousa (2015).12

Overall Coulombic Efficiency (Overall CE, or CE_ ) represents total charge
recovered (Q,) during the discharging period, compared to total charge used
during the charging period (Q):

_ o
total ~ Qc

The maximum fraction of charge recovered through intermediate storage in
acetate was then calculated by:

CE

c VnF
f - ,acetate
Q,acetate
Q.
With Ac, ... being the measured concentration difference in acetate between

charged and discharged electrolyte, V the effective electrolyte volume, n the
amount of electrons involved in acetate oxidation (8) and F the Faraday constant.

The energy efficiency per cycle (EE) was calculated by dividing the integral of
power over the discharging period (16 to 24 h) by the integral of power over the
charging period (0 to 16 h):

24
_ Im Pdt'scharge (t) dt

EE = 16
fg Pchargg(t) dt
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2.3 RESULTS AND DISCUSSION

For each MRB, the charging cell performed MES with an acetate producing
biocathode, while the discharging cell was operated as a MFC with an acetate
oxidizing bioanode. Each cycle started with a charging period of 16 hours,
during which biocathodes were controlled at -5 mA (2.26 A/m?). In this period,
the potential of both biocathodes was between -0.9 V and -1.0 V; a value typical
for the formation of hydrogen on graphite.[”? Using ferrocyanide (Fe*) as
electron donor, this required charging cell voltages of -1.1 V to -1.2 V. Data for
one representative cycle for each MRB is shown in Figure 2, which first shows
the applied charging/discharging currents (Figure 2a), followed by the observed
cell voltages and electrode potentials (Figure 2b) and resulting power densities
(Figure 2c¢). For a more detailed analysis of all electrode potentials, see Figure
S$1 in the appendix. During charging, bioanodes were operated under open
circuit condition, with their open circuit potential (OCP) decreasing towards
-0.5 Vto-0.55 V. After 16 hours, biocathodes were switched to open circuit and
bioanodes were operated as MFC at constant current of 10mA (4.52 A/m?). This
resulted in anode potentials of -0.46 V to -0.43 V and discharge cell voltages
of +0.5 V to +0.6 V, corresponding to a power density of 2.8 W/m?to 3.0 W/m?
throughout the first few hours of the discharge period. After a few hours, anode
potentials showed a marked increase, indicating substrate depletion. When
anode potential rose to values higher than -0.35 V, the potentiostat switched
from current control to anode potential control (-0.35 V) and current decreased
rapidly. After 8 hours of discharging, at which point current densities from the
bioanodes had dropped to values < 0.5 A/m?, a new cycle was started. Figure 2
(a and c) also shows the charging capacity (MC/m?®) and energy density (kWh/
m?®) during both charge and discharge, represented by the shaded surface
areas, from which overall Coulombic efficiency (CE) and energy efficiency was
calculated. Cycles were repeated in a stable way during 15 days, illustrating
the ability of biocathodes and bioanodes to become active directly after 8 to 16
hours of inactivity (open circuit) and to be operated intermittently throughout
many cycles. No pH adjustments were done throughout the experiments, and
only minor pH fluctuations were detected throughout the charge/discharge
cycles due to presence of bicarbonate/carbonic acid and phosphate acting as a
buffer. Despite the minor fluctuations in pH, no net gas production was observed
both during charging and discharging periods in general, indicating inorganic
carbon stayed dissolved throughout the experiments. More detailed analysis of
pH is provided in the appendix (Figure S2).
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FIGURE 2 | Voltages/potentials (b) and (a) current and (c) power densities as typically observed
throughout one cycle for both MRBs. Current and power densities are normalized to both total
bioelectrolyte volume (left y-axis) and projected (membrane) surface area (right y-axis). As patterns
throughout cycles showed great similarity, data of the last recorded cycle (no. 15) is depicted. This graph

clearly shows the feasibility of a MRB based on acetate/carbonate redox chemistry.

Figure 3 shows the charge recovery efficiency for both MRBs, during each cycle
of the experiment. Overall CEs, representing the electrons recovered from the
bioanode compared to the electrons fed to the biocathode in one cycle, reached 50
to 80 % throughout all cycles except one. Chemical analysis on liquid samples taken
at the end of the charging and discharging period showed high selectivity towards
acetate as product of CO, reduction, and contribution of acetate to total stored
charge was determined. Production of acetate was slightly lower in the first cycles,
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FIGURE 3 | Energy efficiency (green) and overall CE (full bar) throughout charge/discharge cycles for
both microbial rechargeable batteries (MRB1&2). Fractionation between charge recovered through
acetate or other (charge carriers) was calculated from measured fluctuations in acetate concentration,
assuming 100 % anodic conversion efficiency of acetate to current. For cycle 3-6 and 9-14, no chemical
analysis of the electrolytes was performed, thus for these cycles overall CE is displayed without further

fractionation.

gradually increasing and then stabilizing in later cycles. Typically, 50 to 60 %
of electrons supplied to the biocathode during charging were stored in acetate,
corresponding to final acetate concentrations of 0.68 mM and 0.85 mM respectively.

An exception to above general observations was formed by cycle 2 of MRB2,
in which charge recovered in acetate (12 %) was lower. Remarkable for this cycle
was production of formate, which in turn accounted for about 12 % of transferred
charge. The produced formate was fully degraded during the subsequent
discharge, thus not contributing to losses to overall CE for this cycle. Moreover,
during this cycle, measurable amounts of gas were produced, mainly consisting
of hydrogen. This way, hydrogen losses accounted for lower CE during this cycle.
Assuming the solution was saturated with hydrogen at the end of this specific cycle
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(# 0.7 mM H,), dissolved hydrogen could account for maximum 4.5 % of charge
transfer from biocathode to bioanode. In subsequent cycles, these deviations from
previous cycles did not reoccur, and mechanisms causing the disturbance in this
single cycle were not further investigated.

As overall charge recovered exceeded charge stored in acetate in all cycles,
presence of charge carriers other than acetate (as occurring in the bulk electrolyte)
was imperative. Headspace hydrogen partial pressures typically reached 3 % at
full charge, with remaining part composed of 30 % CO, and 66 % N, (no methane
detected). No net production of gas was observed during cycles other than
discussed previously and the low partial pressure of hydrogen and accompanying
dissolved hydrogen concentration was not high enough to contribute substantially
to the total charge stored. However, it seems plausible hydrogen was intermediate
in acetate formation, with the biocathode enabling almost full conversion of
the produced hydrogen to acetate, in accordance with recent findings*!l. SEM
examination of the electrode material showed only limited presence of bacteria
attached to the biocathodes, while bioanodes possessed well developed biofilms
(Figure S3). Microbial characterization of the obtained biomass was not further
pursued at this stage.

An alternative charge carrier, besides H, and acetate, could be other organics,
or inorganics like sulphate. The role of sulphate was likely limited, as measured
sulphate concentrations showed no substantial fluctuations throughout the cycles
(data not shown). Alternatively, the unexplained charge recovered could be stored
in the anodic biofilm instead of in the bulk electrolyte. Possibly, electrons are
transferred to and accumulating in or at the anodic biofilm during the charging
phase. The mediator responsible for this electron transfer from biocathode to
bioanode can be any biologically available redox active compound. The anodic
biofilm is presumed to possess a pool of redox mediators in its intercellular
environment which, during charging, is gradually reduced while under open
circuit conditions!%!4. The extent to which this mechanism could play a role was
not further investigated, and will become less evident when the system is operated
at higher energy densities (thus reaching higher acetate concentrations).

In the current study, specific energy densities around 0.1 kWh/m? were
reached. In order for the proposed technology to be competitive with conventional
batteries, this energy density needs to be increased. A first important factor
impacting energy density is the choice of counter electrode. Here, the counter
electrode reaction, using hexacyanoferrate, was selected for practical reasons
(soluble at neutral pH, reversible reaction and reasonably high potential). A
next step is to find a suitable, reversible and environmentally attractive counter
electrode reaction to further demonstrate the feasibility of the MRB. Finding a
better counter electrode reaction has another potential advantage: overall energy
efficiency (n= 30) was on average 33.5 % (s = 4.5 %). While part of the energy
efficiency loss was explained by Coulombic losses (on average 35 %, s =9 %, n = 30),
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the main part was due to voltage losses. These voltage losses are to some extent
inevitable as long as hydrogen is required as intermediate for acetate production,
requiring considerable overpotential during charging compared to the obtained
anode potential during discharging. By selecting a counter redox reaction with
a sufficiently high redox potential, the relative difference between the required
charging voltage and the obtained discharging voltage may be reduced, positively
impacting overall energy efficiency.

Apart from the reaction at the counter electrode, the maximum achievable
energy density of the MRB is directly related to acetate concentration attained
during charging as this defines the anodes’ charge capacity. Acetate concentrations
0f 0.75 M reached previously in hydrogenotrophic reactors provide an optimistic
perspectivel® regarding further optimization of this parameter.

To conclude, we have shown here the proof-of-concept of a Microbial
Rechargeable Battery, using a biocathode that produces acetate from electricity,
and a bioanode converting acetate into electricity. Depending on the acetate
concentration that can be achieved, and the counter reaction involved, the MRB
could become a suitable, clean, safe and renewable alternative to existing battery
storage systems. As such, the MRB could become an inexpensive local energy
storage device in the future.
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FIGURE S1 | Overview of MRB charging/discharging voltages and electrode potentials (vs. Ag/AgCl) as
typically observed throughout one cycle. As patterns throughout cycles showed great similarity, data
of the last recorded cycle (no. 15) is depicted. In the upper two graphs, the potential of the biocathode
(green) and the counter anode (Fe* - Fe* blue, dashed) is plotted along with the resulting negative cell
voltage required for charging the system (black). In the lower two graphs, the bioanode potential (red)
and the counter cathode (Fe* — Fe* orange, dashed) is plotted along with the resulting positive cell
voltage (black). The reversible nature of the hexacyanoferrate couple resulted in no observable over-
potentials compared to its OCP during its use both as cathode or anode, thus creating almost horizontal

lines in all plots.

38 THE MICROBIAL RECHARGEABLE BATTERY: PROOF-OF-CONCEPT



T.20 4
T.10 4
7.00 4
690 1
:E‘E.Bﬂ 1
6.70 1
660 4
6.50 1
640 4
6.30

conevees MRBT  —— MRB2

0 1 2 3 4 5 6 7 8 6 10 11 12 13 14 185
day

FIGURE S2 | Recorded pH values for both MRBs during charge/discharge periods. Blue shaded areas
were charging periods (16 h) during which pH increased. On the subsequent discharge (non-shaded, 8
h period) the pH decreased again. Overall pH slightly increased over the cycles, most probably due to a

net consumption of CO, into non acidic biomass.

FIGURE S3 | SEM pictures taken from bioanode and biocathode graphite felt after the experiments had
ended. Top left: MRB1 anode. Top right: MRB1 cathode. Bottom left: MRB2 anode. Bottom right: MRB2

cathode. All pictures were taken at 2500x magnification. In general, biofilm coverage was substantially
higher on anodes than cathodes. Cathodes showed more loosely bound biomass with more EPS coverage,

while anodes showed distinguishable cell morphology.
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LOW SUBSTRATE LOADING
LIMITS METHANOGENESIS AND
LEADS TO HIGH COULOMBIC
EFFICIENCY IN BIOELECTRO-
CHEMICAL SYSTEMS

A crucial aspect for the application of bioelectrochemical systems (BESs), either
as a wastewater treatment technology or as energy storage device, is the efficient
oxidation of (complex) substrates by the bioanode, which is reflected in high Coulombic
efficiency (CE). To achieve high CE, it is essential to give a competitive advantage to
electrogens over methanogens. Factors that affect CE in bioanodes are, amongst
others, the electrolyte composition, anode potential, substrate concentration and pH.
In this chapter, focus is put on acetate as a substrate and the competition between
methanogens and electrogens is analyzed from a thermodynamic and kinetic point
of view. Experimental data from earlier studies is reviewed and we propose that low
substrate loading in combination with a sufficiently high anode overpotential plays
a key-role in achieving high CE. Low substrate loading is a proven strategy against
methanogenic activity in large-scale reactors for sulfate reduction. The combination of
low substrate loading with sufficiently high overpotential is essential because it results
in favorable growth kinetics of electrogens compared to methanogens. To achieve
high current density in combination with low substrate concentrations, it is essential
to have a high specific anode surface area. New reactor designs with these features
are essential for BESs to be successful in wastewater treatment in the future, and the
theory may also be applicable to other applications for BESs where closed microbial
communities cannot be guaranteed throughout system operation.

This chapter is a modified version of: Sleutels, T.H.J.A.; Molenaar, S.D.; Ter Heijne, A.; Buisman, CJ.N.,
Microorganisms, 2016, 4, 7, doi:10.3390/microorganisms4010007



3.1. INTRODUCTION

In the past few decades, bioelectrochemical systems (BESs) have been mentioned
as a promising technology for the conversion of chemical energy present in
wastewaters directly into electrical energy™, using bioanodes as the driver for
different types of cathodic reduction reactions. To this point, however, BESs have not
successfully been applied to the full scale to be more efficient than more conventional
state-of-the-art technologies, like anaerobic digestion?. As we will discuss below,
a crucial aspect limiting this development is the efficient extraction of electrons from
complex substrates.

Microbial fuel cells (MFCs) and microbial electrolysis cells (MECS) are two
specific types of BESs. Similar to all other electrochemical systems, in BESs, the
reduction and oxidation reactions are spatially separated, and their occurrence
can be manipulated externally by means of an electrical circuit. Essentially
different from other electrochemical systems is the use of electrochemically-active
microorganisms, which can exchange electrons with an electrode. In MFCs and MECs,
such electrochemically-active microorganisms (also called electrogens) are used
to oxidize biodegradable (organic) components from wastewater and transfer
the electrons to the anode. When combined with a suitable cathode, these
systems comprise a promising technology for clean and efficient recovery of
energy from wastewaters3. When a bioanode is coupled to a cathode where a
reduction reaction occurs at a higher potential than the oxidation of the substrate,
for example the reduction of oxygen, energy is recovered in the form of electricity,
and the system is called a microbial fuel cell (MFC)™. When a bioanode is coupled
to a cathode where a product is formed at a potential lower than the anodic
reaction, an additional electrical energy input is required, and the system is called
a microbial electrolysis cell (MEC)®4. The understanding of bioanodes in BESs is
crucial for the application in wastewater treatment. Promising applications for the
use of bioanodes are, amongst others, for the recovery of energy and nutrients from
urinel>7), integration in anaerobic digestion to improve methane recovery®® and as
the driver for different types of cathodic reduction reactions, like the production of
hydrogen, but also caustic or hydrogen peroxide®4.,

Traditionally, MFCs serve two purposes at the same time: (1) to recover
renewable energy in the form of electricity; and (2) to produce clean water that
can be discharged to surface waters, by removing the biodegradable material.
For MFCs, the performance is often analyzed in terms of anodic current density,
which reflects the specific conversion rate, and power density, which reflects the
rate at which energy is recovered. Besides these performance parameters, two
types of efficiencies are used to evaluate MFC performance: (1) the Coulombic
efficiency (CE); and (2) the voltage efficiency (VE). The CE shows the fraction of the
electrons obtained from oxidizable substrates present in the wastewater, which
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arerecovered at the anode, indicating the efficiency of the conversion of a substrate
into electrical current. When a continuous system has reached equilibrium and
no change over time of both influent and effluent concentrations and measured
current occurs, the CE can be calculated with:

Jr'rr.mas‘.'.lu'.czd.
= 1
CEanade nFo (Cout - Cin) @
where I , . isthe measured currentin A, nis the moles of electrons produced

per mol of substrate, F is the Faraday constant (96,485 Cmol?), ¢ is the inflow
rate of substrate (m*s™) and C_, and C, are the substrate concentrations in the
effluent and influent. Here, we only would like to consider continuously-operated
systems, since for the treatment of large volumes of wastewater that are produced
continuously, a reactor needs to be used that can be operated for an extended period
of time.

The VE expresses the produced cell voltage (E_) under load as a fraction of
the equilibrium voltage at zero current (E_ ;). The latter voltage can be calculated
theoretically using the Nernst equation as described in, for example, Logan et al.
(2006)M. The VE is defined as:

Ece

VE = ET,:; o)
The overall energy efficiency is then calculated by multiplying the CE with the VE
(Figure 1). With MFCs aiming for the production of electrical power directly, in one
step from wastewater, these systems are often considered as a future alternative
to anaerobic digestion (AD). AD produces methane instead of electricity and, as
such, has received considerable scientific attention at the onset of BES research,
because electricity is a more attractive decentral energy carrier. In view of energy
recovery, an overall energy efficiency of 30% is a typical value reported to make
MFCs competitive with anaerobic digestion™?. Given the earlier definition of
overall energy efficiency, it is clear that both CE and VE need to be optimized for
MFCs to become an energy-efficient technology.

The optimization of VE has its boundaries: in order to obtain high VE, the observed
cell voltage needs to be close to the open circuit voltage (OCV). Under such conditions
oflow overpotential, this means, in general, that current density is low. Conversely,
when the anode potential is controlled at higher overpotential, higher current
densities can be achieved®l. However, controlling the anode potential at higher
levels goes at the expense of the harvested cell voltage and, therefore, the VE.

In general, assuming constant internal resistance, an electrochemical system
has 50% voltage efficiency at maximum power density. Therefore, for an MFC to be
operated at maximum power density, the anode CE should be at least 60% in order
to achieve an overall energetic efficiency of at least 30% (Figure 1).
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FIGURE 1 | The overall efficiency of a microbial fuel cell (MFC) (contour lines in figure) plotted as a
function of the voltage efficiency (%) and the Coulombic efficiency (%). In terms of energy efficiency, to
be competitive with anaerobic digestion, an overall energy efficiency of at least 30% should be achieved

(adapted from Hamelers et al®*¥).

It thus becomes evident that, in order to operate MFCs anywhere near their
maximum power density, these systems rely on attaining appreciable anodic CEs for
their overall functioning. This review summarizes the factors affecting CE, discusses
how thermodynamics and kinetics affect the competition between electrogens
and methanogens and gives an outlook for the prerequisites of BESs to become
competitive with AD.

3.2 MAIN FACTORS LEADING TO CE LOSSES

The processes leading to losses in CE in BESs can be roughly divided into three
main categories: (1) parasitic processes related to the presence of alternative
electron acceptors; (2) fermentative processes; and (3) substrate consumption by
biomass formation (carbon assimilation). To which extent these processes occur is
determined by the Gibbs free energy and the kinetics of their underlying reactions.
The consumption of substrate by biomass formation (Category 3) is imperative to
the concept of a biocatalyzed electrode, as biomass needs to grow and maintain
itselfin order for the system to work. Thus, to some extent, CE losses due to biomass
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formation and maintenance are inevitable and may be kept to a minimum by a
combination of operational parameters, as will be discussed later.

Regarding alternative electron acceptors (Category 1), nitrate and
sulfate impose the most common threat to CE based on their frequent
presence in wastewaters. With their standard reduction potentials being
considerably higher than those commonly applied to anodes in BESs (Table 1),
the Gibbs free energy available by substrate oxidation using these electron
acceptors is higher than the Gibbs free energy for using the electrode as electron
acceptor. These reactions are a property of the wastewater and can therefore not
be controlled.

Wastewaters often contain a range of complex organic compounds, which
can be fermented through a broad variety of fermentation pathways (Category
2), as reviewed by Agler et al. (2011)1*%, Fermentation reactions lead to the
formation of shorter carbon chains out of longer ones and the formation of
hydrogen and CO,. Most of these fermentation reactions have favorable
available Gibbs free energies and/or reaction kinetics compared to anodic
oxidation of complex organic compounds in BESs. When complex organic
wastewaters are used as a substrate in BESs, fermentation processes will
therefore dominate. On the one hand, fermentation reactions lead to VE losses,
because fermentation products have higher redox potentials than their reactants,
while on the other hand, fermentation reactions do not necessarily lead to CE
losses, because the fermentation products, mainly acetate and hydrogen, can be
oxidized at the bioanode. Pre-fermentation can even be regarded as an essential
step in operating BESs fed with wastewater: so far, higher current densities
in bioanodes are reached when using acetate, compared to complex organic
wastewaters6:17],

A possible disadvantage of pre-fermentation for the operation of BESs is the
formation of methane. As soon as methane is formed, it can be regarded as a
permanent loss to current production and, thus, CE, because it takes away the
substrate for the bioanode. Table 1 gives an overview of the redox potentials of

TABLE1 | The oxidation reduction potential range (ORP) of common compounds present in wastewater.

Biochemical Activity ORP Range (mV)
Aerobic carbon oxidation +50 to +200
Nitrification +150 to +350
Denitrification —50 to +50
Acidification —40to —200
Sulfate reduction —50to —250
Methanogenesis —200 to —400
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different processes occurring in wastewater treatment. As the potential of methane
formation (—200 to —400 mV vs. Ag/AgCl) is in the same range as anode potentials
commonly applied in BESs, it becomes clear that methanogenesis will be the main
competing process occurring at bioanodes. The crucial question to achieve high
CE in BESs is therefore: how can methanogenesis be prevented?

3.3 SUBSTRATE LOADING RATEAS A
CONTROL PARAMETER FOR HIGH CE

Steering mixed cultures towards the desired product by means of process
engineering is a proven strategy in many biotechnological applications. To this
end, there are lessons to be learned about competition with methanogens from
large-scale continuous bioreactors. An example of such a large-scale process in
which the prevention of methanogenesis is crucial is biological sulfate reduction,
which occurs at redox conditions similar to bioanodes.

Biological sulfate reduction is essential for the treatment of wastewaters
containing sulfate, e.g., in the chemical industry. The competition between sulfate
reducers and methanogens has been studied in detail; see, e.g., Visser et al.*®!.
Monod growth kinetics of sulfate reducers on acetate are less favorable than
those of methanogens. Therefore, under standard conditions, a major part of
the substrate would be lost to methanogenesis. However, when operated at low
substrate concentrations, sulfate reducers are at an advantage, resulting in only
small amounts of substrate lost to the formation of methane. Most electrons from
the electron donor will flow to sulfate reducers as long as sulfate is above 200 mg/L
and no excess amount of chemical oxygen demand (COD) is present (<200 mg/L).
In sulfate reducing reactors, the competition is therefore solely being controlled
by the substrate loading of the system.

Electrogens, similar to sulfate reducers, use acetate as the electron
donor, and therefore, similar competition strategies to keep out methanogens
may be applicable for MFCs and biological sulfate reduction. Therefore,
keeping substrate concentration low could be key to achieving high CE.
An experimental indication of how methanogens and electrogens interact at a
bioanode is shown in Figure 2. This figure shows an anodic biofilm growing on
the fiber of a graphite felt electrode while fed with acetate™. “Based on visible
differences in cell morphology, it may be hypothesized that a layer of current-
producing biofilm (small rod-shaped cells) is covered by a layer of methanogens
(large spherical cells). Presuming this is correct, the outside of the biofilm is
facing the bulk acetate concentration of the electrolyte and is therefore always
experiencing the highest concentration of acetate available. This promotes the
growth of methanogens. Obviously, the growth of a layer of methanogens on top
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FIGURE 2 | Biofilm developed on the fibers of an anode felt electrode collected from a microbial elec-
trolysis cell exhibiting measurable rate of methane production?®. Based on morphological differences
within the present biomass seen on the surface of the graphite fiber, it may be hypothesized methanogens

(large, spherical cells) overgrow the electrogenic biofilm (small rod-shaped cells).

of electrogens would have a negative effect on CE, as the methanogens then have
first access to the substrate. Giving electrogens a competitive advantage over
methanogens from the start of operation is therefore a necessity for achieving high
CE.

3.4 ANODE OVERPOTENTIAL AS A
CONTROL PARAMETER FOR HIGH
COULOMBIC EFFICIENCY

Whereas sulfate reducers use sulfate as the electron acceptor, electrogens use
the electrode. Conversely, where in sulfate reduction, sufficiently high sulfate
concentration is required to obtain high process selectivity, to control the competition
with methanogens in the case of bioanodes, the anode overpotential may be used.
The overpotential is the difference between the equilibrium potential of
acetate oxidation and the actual electrode potential. Representing the anode
reaction’s driving force, the overpotential is intricately linked to the reaction rate
and Gibbs free energy available to the microorganisms. Next to a low substrate
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concentration, it provides an additional way to control the competition between
microorganisms compared to conventional fermentations.

Only a few systematic studies have been performed that aim at determining
the CE as a function of substrate concentration and overpotential. For example,
Sleutels et al. (2011) showed that, to reach a CE over 80%, a substrate effluent
concentration lower than 1 mM of acetate is required at an anode potential of
—350 mV vs. Ag/AgCl or an anode potential higher than —250 mV vs. Ag/AgCl at
an excess of acetate (>20 mM)®2%. Of course, the exact numbers highly depend
on the cell design and experimental conditions, for instance pH and mixing. In
the following, we will discuss the fundamentals behind the competition with
methanogens in more detail, by first analyzing the thermodynamics in relation to
anode overpotential and, secondly, analyzing the growth kinetics of electrogens
and methanogens.

First of all, the Gibbs free energy determines the energy available in the overall
reaction.

Starting with acetate as the substrate, the oxidation reaction common to both
methanogenesis, sulfate reduction and electrogenesis can be written as:

CH,COO-+4H,0 - 2HCO,~+9H"+8e" 3
For methanogenesis, the reduction reaction is:

HCO,~+9H'+8e —»CH,+3H,0 (€))
Combining equation 3 and 4, this leads to the overall methanogenesis reaction:

CH,COO- +H,0 » CH, + HCO,~ )
The Gibbs free energy of the overall methanogenesis reaction at standard conditions
is —76 kJ/mol acetate, corresponding to —9.5 kJ/mol e-.

For sulfate reduction, the reduction reaction is:

SO,> +9H'+8e - HS +4H,0 ®)

Combining equation 6 with equation 3 leads to the overall sulfate reduction
reaction:

CH,CO0- + SO,> - HS- + 2 HCO," ©)

The Gibbs free energy of the overall sulfate reduction reaction at standard conditions
is —48 Kk]/mol acetate, corresponding to —6 kj/mol e~.
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FIGURE 3 | The Gibbs free energy change for acetate oxidation by electrogens is a function of the anode
potential, while the growth rate of methanogens using acetate as the electron donor is independent of
the anode overpotential (left, figure A). For electrogens, at lower overpotential, catabolic reaction rates
- and thus apparent maximum growth - follows Boltzmann statistics, while at higher overpotentials
reaction rates and growth are limited by kinetic constants not related to anode potential. This way, an
S-shaped curve is obtained relating apparent maximum growth rate of electrogens to anode potential,
as is the case in the Butler-Volmer model. Methanogen growth kinetics are independent from anode
potential. Provided higher attainable maximal growth rates for electrogens, at low anode overpoten-
tials, growth of methanogens will dominate, while at higher overpotentials, electrogens will outgrow

methanogens (right, figure B).

The Gibbs free energy for methanogenesis and sulfate reduction is not

dependent on the potential of the anode, but only determined by the chemical
species used in the reaction. Of course, this is under the assumption that both
methanogens and sulfate reducers do not interact with the anode. For the bioanode,
however, the Gibbs free energy for the oxidation reaction, that uses the anode as
the electron acceptor, is directly dependent on the (electric) potential of the anode,
which can be controlled at any value. The Gibbs free energy for a bioanode can
thus be calculated as a function of the anode overpotential, which is defined as the
difference between the theoretical potential of acetate oxidation and the electric
potential of the anode. The result is shown in Figure 3A.
From Figure 3A it becomes clear that, under standard conditions, at an
overpotential of >100 mV, theoretically, the electrogens can gain more energy
from the oxidation of acetate on a per mol basis than methanogens. Whether
this may also lead to higher growth rates for electrogens than for methanogens,
and thus to desired reaction specificity, can not be concluded from this strictly
thermodynamic equilibrium approach. For this, reaction kinetics and growth
parameters have to be taken into account.
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3.5 REACTION KINETICS AND GROWTH
PARAMETERS

When considering competition between (functional) species for a single substrate,
this is often done in terms of their apparent Monod-parameters: maximum growth
rate (u . ) and substrate affinity (Ks). When these two apparent parameters are
known and valid under the reactor conditions applied, they allow calculation of
the specific growth rates for each species using the Monod equation. The specific
growth rate is important because it relates to the substrate conversion rate and,
thus, the current or methane production rate. The growth rate p (d-?) is related to
the substrate consumption rate r, (g substrate-C-L=-d™?) through:
ux

n=-t ®
where X is the total biomass concentration (g L!) and Y the yield coefficient of
substrate conversion to biomass (g biomass-C/(g substrate-C)).

Where one set of apparent values for p___, K and Y may hold for methanogenesis
at different anode potentials under further unchanging reactor conditions, this is
not the case for electrogens: for these, anode potential may have profound effects
on all three of them. As the anode overpotential defines the free energy change
available to the electrogens, this may impact the yield coefficient. With more
exergy per substrate molecule converted, less substrate conversion is required
for obtaining a unit amount of biomass. That electrogenic bacteria are in fact
able to exploit increased overpotentials for higher energy gain on a per substrate
molecule basis is illustrated by reported yield values, which are, depending on
applied anode potential, ranging from 0 to 0.54 g biomass-C per g substrate-C used
when acetate was used as the substratelt322.23,

Moreover, at lower overpotentials, reaction rates for electrogens may be
severely limited by kinetics more accurately described by a form of Transition
State Theory (TST), a good example of which for electrode-redox reactions is the
Butler-Volmer equation. Incorporating a form of TST into the electrogenic growth
model, may allow for adequate description of the substantially higher apparent
maximal growth rates and lower Ks values observed when more overpotential
is applied®l.

The models for electrogenic growth resulting when TST elements are combined
with the law of mass action principle of Monod, show a typical S-shaped response
of (apparent maximum) growth rates on anode overpotential (Figure 3B)[26:35,
Where, for methanogens, substrate affinity has been analyzed thoroughly and
ranges from relatively low values of 0.5 mM for Methanotrix to relatively high
values of 3.0 mM for Methanosarcina sp.?®,, up to date only a few studies have been
performed that aimed at determining apparent growth parameters of electrogens
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as function of overpotential. For example, Lee et al.*” report only a small variation
of K, as a function of anode overpotential, while Hamelers et al.?® report two
different K values for two different overpotentials. They found a K, value of 0.35
mM at 0.1 V overpotential and of 2.2 mM at 0.2 V overpotential. This would mean
that, in contrast to what was discussed before, at low overpotential, electrogens
have a lower affinity constant and, assuming unaltered growth yield, a competitive
advantage over methanogens. In practice, however, bioanodes show higher values
for CE at higher overpotentials and, therefore, do have a competitive advantage
over methanogens. The analyzed values were determined without taking biofilm
growth into account and the effect of overpotential on the growth yield?”.

Clearly, there is a need for more detailed studies to determine the growth
constants for mixed cultures in bioanodes and to relate these growth constants
to overpotential to gain more insight into using substrate concentration and
overpotential in a combined control strategy to prevent methanogenesis. When
revised models would be accurately fitted on experimental data, this would
allow for more sophisticated analysis of methanogenic/electrogenic growth
while competing for substrate, and identification of “sweet” spots where reaction
specificity towards current production is optimal.

3.6 HIGH VOLUMETRIC ANODE SURFACE
AREA IS KEY TO ACHIEVE HIGH RATES AT
LOW SUBSTRATE CONCENTRATIONS

As was explained in more detail in the previous section, electrogens and
methanogens are competing for substrate in MFCs, and this competition can
be influenced by adjusting anode potential. Therefore, achieving acetate
concentrations as low as possible while minimizing the required costs in form of
additional overpotential will be key in obtaining high MFC performance. Herein, a
sensitive aspect may be formed by mass transfer limitations. Figure 4A shows an
example of how acetate concentration affects the current produced by a bioanode, at
different anode potentials. These experiments were performed to analyze bioanode
performance with impedance spectroscopy, and the details of experimental methods
can be found inter Heijne et al®?®. At low acetate concentrations, beneath 1 mM,
produced currents are to a large extent mass transfer limited and less dependent on
applied overpotential. However, once the (bulk) acetate concentrations are higher
than 1 mM, the higher overpotentials produce most current, indicating electrode
potential to be the limiting factor in current production.

Apart from stimulating process selectivity, controlling the substrate
concentrations at low levels is an attractive operational strategy as when considering
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FIGURE 4 | (A) Current density as a function of acetate concentration at different overpotentials (calcu-
lated from reference 28) and (B) the same current density represented as COD loading as a function of
the anode potential. The COD loading is expressed per m? of anode surface area (left axis) and per m? of

reactor using a specific anode surface area of 100 m?m-3.

wastewater treatment, it is crucial to remove as much waste from the wastewater
as possible; meaning that the outflow concentration of a biodegradable material
(and thus, concentration inside the reactor) needs to be low. It is therefore inherent
for application in wastewater treatment to operate the system at low substrate
concentrations.

To achieve a low substrate concentration, while minimizing mass transfer
losses, the specific electrode surface area can be adjusted. High specific surface
area is required, because when operating at lower substrate concentration, also
the current is low, considering that (very) high overpotentials are undesirable.
Figure 4B presents the data from Figure 4A in an alternative way. It shows the
COD loading rate required to maintain a certain substrate concentration (0.5, 1
or >5mM) as a function of anode overpotential. COD loading rate is expressed
both per anode surface (m?) and per reactor volume, assuming a specific surface
area of 100m?m3. This picture shows that at overpotentials that are competitive
with methanogens on a free energy basis (<100 mV), still over 0.6 kg of COD can
be removed per m?® of reactor per day. When a higher specific surface area would
be applied in the same volume, even higher loading could be applied in the same
volume, leading to higher volumetric conversion rates.

To increase this specific surface area, high surface area (porous) materials, like
carbon granules, graphite brushes and graphite felt>-, are used. A problem often
encountered with high specific surface materials is that they are often used in
systems with a considerable distance between the anode and cathode, while the
electrolyte has a typical limited conductivity (in the range of 1 to 5 mS-cm™).
For every electron that is generated, charge needs to be transported via an ionic
current from the place where the electron is generated to the place where it is
reduced at the cathode. A low conductivity wastewater limits the amount of ions
present that can take part in this charge transport through the electrolyte and,
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therefore, increases the ionic resistance. For example, the ohmic voltage drop over
1 cm of electrolyte is already around 0.5 V at 10 Am~2 for a typical waste stream
with a conductivity of 2 mS-cm~'. Another risk with porous electrode materials
is the occurrence of increased concentration polarization, as electrolyte mixing
by convection is limited in the confined space of the pores.

An example of a strategy to combine a high specific surface area and ionic
charge transfer has been proposed in the form of a fluidized capacitive MFC32-34,
In this fluidized reactor design, the anode consists of activated carbon granules
that are charged and discharged in separate places. During conversion of acetate,
electrons are stored in the electric double layer on the surface of the activated
carbon granules. Discharge can occur in a well-designed discharge cell at locally
high conductivity, thereby reducing the ohmic losses in the discharge part of the
system. Further study into scalable reactor designs, in which the limitations in
current by a (locally) low substrate concentration can be overcome, is important to
bring bioanodes and BESs relying on bioanodes further towards application.

3.7 CONCLUSIONS

Many researchers in the field of BESs do not see a future in MFCs for the
treatment of wastewater and the recovery of energy. The strategies proposed
in this paper are essential for MFCs to live up to their promise and become
practically applicable as a mature wastewater treatment technology.
We have argued that low substrate concentration and optimized anode potential are
both favorable to achieve a high CE. For MFCs to become a competitive technology
in wastewater treatment, this high CE is crucial. At the same time, low substrate
concentrations (effluent concentrations) need to be combined with high volumetric
substrate loading rates and current density; meaning that high specific surface areas
are needed.
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COMPETITION BETWEEN
METHANOGENS AND ACETOGENS
IN BIOCATHODES: A COMPARISON

BETWEEN POTENTIOSTATIC AND
GALVANOSTATIC CONTROL

Being essential to the charging process of a Microbial Rechargeable Battery, Microbial
electrosynthesis is a useful technology for the renewable production of organic
commodities from biologically catalyzed reduction of CO,. However, for the technology
to become applicable, process selectivity, stability and efficiency needs further
improvements. In this chapter, the effect of different electrochemical control modes
(potentiostatic/galvanostatic) on both the start-up characteristics and steady-state
performance of biocathodes using a non-enriched mixed culture inoculum is reported.
Based on presented results, it is concluded that kinetic differences exist between the
two dominant functional microbial groups (i.e. homoacetogens and methanogens) and
that by applying different current densities, these differences can be exploited to steer
product selectivity and reactor performance. Therefore, through future optimizations
by these means, acetate producing MES may be sustained at high production rates
and product selectivity without the need of methanogen-inhibiting chemical additives
or pre-enrichment of inoculum.

This chapter has been published as: Molenaar, S.D.; Saha, P.; Mol, A.R; Sleutels, H,J.A.; ter Heijne, A.;
Buisman, CJ.N., Competition between methanogens and acetogens in biocathodes: a comparison be-
tween potentiostatic and galvanostatic control, International Journal of Molecular Sciences, 2017, 18, 204,
doi:10.3390/ijms 18010204



4.1 INTRODUCTION

The use of bioelectrochemical systems (BES) for the production of organic
compounds such as alcohols or short to medium chain fatty acids through
microbial electrosynthesis (MES) holds potential!l. By exploiting the capabilities of
microorganisms to metabolize using electrodes as electron donor — a feature that
is found to be widespread amongst most diverse groups of microorganisms/ - a
variety of organic compounds can be synthesized, at mild operation conditions®-5.
As such, these systems provide an environmentally friendly means to produce
useful chemicals using cheap and available substrates (carbon dioxide and water),
while avoiding the requirement of scarce metal catalysts in the cathode, as would
be the case in most conventional electrosynthetic processes.

While the products potentially formed in MES are found to be diverse, main
scientific efforts in this field have so far focused on the specific production of acetate
by the reduction of carbon dioxidels-'4. There are two general considerations at the
basis of this product choice: (1) specificity and (2) reaction rate. With the standard
reduction potential of acetate from CO, being highest amongst all carboxylates
(and considerably higher than that of formate), the potential window within which
cathodic production of acetate can take place shows minimal overlap with respect
to most alternative CO, reduction products. This provides a thermodynamic
advantage regarding the specificity towards production of acetate. In addition,
with the number of electrons (8) still being considerably low compared to higher
reduction products like butyrate, reaction rates are not severely kinetically
limited, and production of acetate at high specificity, up to 100%, and in some
cases at high rates, up to 66 kg m=3 day!, has been achieved in biocathodes!”.

Troubling to the specific and efficient production of acetate in BES is the
production of methane by reduction of carbon dioxide, with a very comparable
standard reduction potential (Table 1).

As follows from Table 1, given its standard potential, methanogenesis may
always be regarded competitive to acetate production from a thermodynamic
perspective, with methane either produced from H, and CO, instead of acetate (in
case higher overpotentials are used), or produced acetate being consumed through
the disproportionation reaction used in acetoclastic methanogenesis.

Although the production of methane at biocathodes may form a target in itself,
with applications in for instance biogas upgrading or the conversion of organic
waste into natural gas'>'4, the distinct uses and higher economical value of acetate
make taking control over specificity in biocathodes regarding production of both
compounds worthwhile. Substantial scientific effort to this end has been made,
using diverse methodologies®#1015-17]. The findings are summarized in Figure 1,
which depicts the possible mechanisms for production of both acetate and methane
in MES, including references proposing these mechanisms.
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TABLE 1 | Overview of reactions involved in methanogenesis and homoacetogenesis by reduction of
CO,. Depicted are both halfreactions (upper) and overall reactions using hydrogen or acetate as electron
donor. Standard reaction energies / potentials were taken from Thauer et al. ' and expressed at pH 7,

298 Kwith all other reactants at standard concentrations.

Process Reaction E'/V (vs. Ag/AgCl)
Half reactions

Methanogenesis CO,+8e +8H"< CH,+2H,0 -0.24

Acetogenesis 2CO, + 8e" +8H* & CH,COOH +2H,0 | -0.29

Hydrogen oxidation 2H*+2e = H, -0.41

Overall reactions in anaerobic digestion AG, (kJ-mol”)
Homoacetogenesis 4H, +2C0, & CH,COOH +2H,0 0.12 -95
Hydrogenotrophic methanogenesis | 4H, + CO, < CH,+2H,0 0.17 -131
Acetoclastic methanogenesis CH,COOH < CH,+ CO, 0.05 -36

For the production of acetate, two strategies to prevent methanogenesis may
be distinguished: (1) pre-enrichment of inoculum or the use of pure cultures,
while working with aseptic conditions to prevent contamination of the systems
with methanogens, thus effectively keeping out competitive microorganismsi”
and (2) chemical inhibition of methanogenesis!”l. Although these techniques
have shown successful to some extent, none of these practices alone provide a
means for continuous, larger scale and long term septic reactor operation. The
use of pure cultures or enriched inocula is prone to contamination and use of
chemical inhibitors is unattractive both from economical as well as environmental
perspective. Additionally, methanogens may develop immunity towards the
inhibiting compounds used, rendering them less effective over timel*°.

The need thus exists for a more integrated approach towards the selective and
stable production of acetate, which takes into account (1) structural differences
between microbial groups, (2) differences in thermodynamics, and (3) kinetics
associated with the proposed pathways in Figure 1 to affect product specificity.
Based on these aspects, reactor operational parameters need to be found at which
biomass retention time for acetogens is higher than for methanogens, and/or
keeping growth rates (and thus metabolic activity) of acetogens higher than those
of methanogens.

Tangent to the considerations of fast kinetics and long acetogenic biomass
retention is the question whether biocathodes are best operated using potentiostatic
or galvanostatic control: A constant potential may be set to narrow down the possibly
involved electron transfer mechanisms (Figure 1) and may lead to the formation of
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FIGURE 1 | Different metabolic pathways in a mixed culture biocathode as proposed in different studies.
Distinction can be made between direct electron transfer®, in which microbes are directly attached to the
electrode surface, thus allowing electrons to reach the intracellular environment by means of electrical

conductance, and the use of a redox active chemical mediator (M, /M) in the case of indirect electron

red’
transfer. Several studies have suggested a combination, in which direct electron transfer leads to the
biocatalyzed reduction of a mediator compound, which then functions as electron donor for suspended
cultures™®. Regardless whether initial electron transfer takes place directly or indirectly, a close competi-
tion between methanogens (brown) and acetogens (green) will exist for available electrons. Regarding the
composition of a possible mediator, although in theory any kind of mediator could be shuttling electrons
back and forth between electrode and microbe as long as its reversible redox potential is adequate, in
practice this role is most likely fulfilled by hydrogen, although formate has been hypothesized to play a
role as secondary mediator as well™. Any formed acetate can be further oxidized acetoclastically to form
CO, and methane (blue microbe). The red-circled numbers refer to the potential levels tested in this study,

aimed at establishing indicated pathways and are further defined in the materials and methods section.

amore energy efficient microbial community. Constant current, on the other hand,
allows for better control over production rates and possibly selectivity as it is less
sensitive or dependent on (local) changes in e.g. pH, and the electron flux can be
controlled to match stoichiometrically with the rate of CO, supply.

In this study, the performance of graphite felt electrodes was tested for the
cathodic production of acetate using a mixed culture inoculum from AD sludge,
using continuously operated reactors. The effect of using both potentiostatic and
galvanostatic control on reactor performance was analyzed and compared. By
using a mixed culture inoculum, presence of both acetogens and methanogens
was assured. Different cathode potentials were tested during potentiostatic
experiments, and acetate production was compared to current controlled
experiments, in which reducing equivalents were provided at constant rate.
Results were interpreted to provide more insight in the mechanisms at play in
biocathodes, and the consequential perspectives on future reactor optimization.
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4.2 MATERIALS AND METHODS

4.2.1 System design and reactor assembly

Experiments were conducted in electrochemical cells consisting of two plexiglass
flow compartments, two flat plate electrodes and two plexiglass support plates as
described previously®*3.The assembly had an effective projected electrode surface
area of 22 cm? for both cathode and anode and an effective cathode volume of
33 cm3. Cathodes consisted of a stainless steel (SS316) plate serving as current
collector, with a plain sheet of graphite paper and 5 layers of graphite felt (thickness
3 mm, FMI Composites Ltd., Scotland) firmly held between current collector and
membrane, thus with the felt serving as the actual electrode material in contact
with the electrolyte. Anodes consisted of flat platinum/iridium coated titanium
plates (Pt/IrO, 80:20, Magneto special anodes BV, Schiedam, the Netherlands)
with the anode flow compartment filled with polypropylene spacer material
sandwiched between the anode and membrane, ensuring proper flow distribution
and providing support to the membrane. An Ag/AgCl reference electrode (model
QM711X/Gel, Prosense, Oosterhout, Netherlands) was connected to the cathode
using a Haber-Lugging capillary filled with saturated 3M KCl (+0.205 V vs. NHE).
All potentials reported were measured relative to this reference. The anode and the
cathode compartments were separated by a cation exchange membrane (Ralex™
C(M)H-PES, Vysocany, Czech Republic). Total catholyte recirculation volume was
180 mL, anolyte recirculation volume 120 mL. Electrolytes were recirculated at
a pump speed of 80 mL-min. In-line pH/temperature monitoring was performed
on the catholyte (Endress+Hauser, sensor model CP571D-7BV21 connected to a
Liquiline datalogger). Temperature of reactors was maintained constant at 32+1
°C using climate control of the research cabinet, and systems were shielded from
light to avoid the possibility of photoautotrophic activities during the experiments.
An Ivium N-stat multichannel DC potentiostat was used in a three-electrode
configuration (working, counter, and reference) to perform electrochemical
measurements and experiments. Recording and analysis of potentiostat data was
carried out using the Iviumstat software.

4.2.2 Electrolyte composition

Catholyte was made using MilliQ water containing 0.4 g-L* NH,HCO,, 0.05 g-L*
Ca(OH),, 0.1 g-L* MgSO,-7H,0, 0.87 gL' K,HPO,, 0.68 gL' KH,PO,, 1 mL-L"* of
vitamin solution® and 1 mL-L? of trace metals solution®¥. In order to ensure
anaerobic conditions and high concentrations of CO, in the influent, the medium
was continuously purged with CO, prior to injection. Using this practice, a total
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inorganic carbon concentration (TIC) of 11 mM was dissolved in the catholyte,
buffering the pH of the catholyte at 5.5.

In later current controlled experiments, the methanogen inhibitor
2-bromoethanosulfonate (2-BES) was added in order to suppress methanogenic
activities at a concentration of 2.1 g-L*. Anolyte consisted of a 10 mM phosphate
buffer adjusted to pH 7 before use. Anolytes were sparged continuously with CO, to
remove any formed oxygen throughout the experiments while preventing cross-
membrane CO, stripping.

4.2.3 Inoculum

A mixture of activated sludge from an anaerobic digester and cow manure was
used as source of microorganisms. Homogenized activated sludge and cow manure
were centrifuged separately for 5 minutes at 3700 rpm and supernatant from both
solutions were mixed in a 2:1 ratio, resulting in the final inoculum with a COD of
12.5 g'L1. Upon inoculation, each cell was injected with 10 mL of inoculum leading
to an initial COD of 0.7 g-L' in the catholyte at the start of biotic experiments.

4.2.4 Hydraulic and electrochemical operational conditions

Systems were filled and continuously fed with fresh electrolyte giving an HRT of 40
hours (potentiostatic experiments) or 20 hours (current controlled experiments). Prior
to inoculation, potentials/currents were applied for at least 2 days until potentials/
currents stabilized, thus serving as baseline. In the first run, four cells were poised
each at a different potential. Based on the equilibrium potentials for formation of
hydrogen and acetate from CO,, the following four potentials were chosen:

¢ -560 mV; the standard equilibrium potential of direct carbon dioxide reduction
into acetate is -490 mV. The first setup aimed at facilitating this reaction by
imposing only a small overpotential of 70 mV. Doing so, the formation of hydrogen
gasis thermodynamically unfeasible and alternative electron transfer is therefore
required. This may imply direct electron transfer, providing no other electron
mediators are present in the system.

* -630 mV; the second potential was selected based on the same rationale as for
setup 1, but with a slightly increased overpotential.

e -700 mV; at this potential, hydrogen formation in theory becomes feasible but
due to large overpotentials associated with hydrogen formation a catalyst would
be required.

*  -900 mV; well below the equilibrium potential for hydrogen formation in
these systems, a small cathodic current of 2-4 mA was observed during the abiotic
operation of the system, providing sufficient reductants at start.
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During the potential controlled experiments, systems were put in batch mode
by stopping influent pumps directly after inoculation for 72 hours to prevent
washout. After this initial batch phase, influents were resumed at the set HRT of
40 hours.

During the current controlled experiments all cells were set to an HRT of 20
hours, thereby allowing a fixed and equal flux of CO, to all cathodes. HRT was
maintained also directly after inoculation, as preliminary results showed good
retention of biomass in the graphite felt even after prolonged periods of inactivity
and continuous flushing.

4.2.5 Analytical techniques

Liquid and head space samples (1 mL) were taken from catholytes, once a week
or more frequently when observed changes in currents/potentials or gas fluxes
justified this. Occasionally, the anolyte was sampled for its ionic composition
to assess crossover rates of ions. TIC/TOC measurements were done by using a
Shimadzu TIC/TOC analyser; model TOC-VCPH in combination with Shimadzu
ASI-V Autosampler. Gas samples were taken from the headspace in the cathode
chamber and analysed for H,, CO,, CH, and O, using a gas chromatograph (Varian
CP-4900 microGC, TCD detector, Mol Sieve 5A PLOT and PoraPlot U columns in
parallel). Catholyte COD was determined using a spectrophotometer HACH XION
500 (HACH, Loveland, Colorado, USA) with test kit (No. 414, Hach-Lange, Tiel, The
Netherlands). For obtaining estimates on biomass concentrations, COD of both
unfiltered and filtered (0.45 um) electrolytes were compared. HPLC analyses for
detection of organic acids (formic acid, acetic acid, propionic acid and butyric acid)
were performed with a Dionex UHPLC system.

4.2.6 Performance calculations
With acetate being the target product, CE expresses the fraction of the electron

flow (which is dictated by the current) which is used to form acetate:

FAcy -
{:g=n¢%

Where F is Faraday’s constant (96485 C-mol?), Ac, - is the difference in acetate
concentration in the effluent (mol-L) as compared with the influent, ¢ is the total
volumetric flow of influent (L-s?), n is the number of electrons consumed per mol
acetate produced (8), I (A) is the steady state electrical current.
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4.3 RESULTS

4.3.1 Potential controlled experiments

The three potential controlled cells with least negative cathode potential (-560,
-630 and -700 mV) showed no current and no acetate production during 34 days of
operation. For this reason, these experiments were then ended and their results
are not further reported on here. The fourth, most negative cathode potential (-900
mV) showed increasing current during this period, and concomitantly measurable
amounts of reduction products were produced. The development throughout the
experiment of current, acetate concentration and partial pressures of methane,
carbon dioxide and hydrogen as measured in the headspace gas composition of
this last cell are displayed in Figure 2.

As can be seen in Figure 2a, during the first 44 days no other reduction
products than methane were detected, with methane taking an increasingly
large share in headspace composition. The cathodic current continued to increase
more steeply around day 47, accompanied by fast declining methane shares in
the headspace, while the amount of hydrogen in the headspace increased. After
57 days, at which point the current reached 350 mA (157 A‘m? projected surface
area), the experiment was ended because the applied voltage increased above the
maximum 10 V output of the potentiostat. At this point, hydrogen had fully replaced
the previously formed methane in the headspace and an acetate concentration of
270 mg'L* was found in the electrolyte. With no longer potential or current applied
to the system, acetate concentrations roughly halved at day 60, after which no more
measurements were taken.

The increase in current production, followed by a decline in the production
of methane, was interpreted as follows: first (day 0 to 54), with pH levels stable at
pH 6.1 throughout operation of the reactor, a steady increase in both production
of current and methane suggested the progressive growth of a (presumably
but not necessarily hydrogenotrophic) methanogenic community. During
this period, the increase in current resulted from the increasing biological
activity either by means of hydrogen-scavenging, or through the development
of other, higher potential redox shuttling towards methane. After an initial
lag phase typical for biological growth, this process entered an exponential
phase, giving rise to the exponential increase in current (day 54 to 57). In
the final stage, a depletion of CO, prevented further production of methane,
resulting in a switch towards the net production of hydrogen, which then in
turn replaced the previously produced methane in the headspace. Finally, the
resulting elevated hydrogen partial pressure led to a production of acetate
through homoacetogenesis, which until that point had been outcompeted by
hydrogenotrophic methanogenesis.
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FIGURE 2 | (a) current plot of the -900 mV vs. Ag/AgCl controlled biocathode throughout 57 days of

operation; (b) Headspace composition throughout the experiments showed gradually increasing

methane partial pressures, accompanied by decreasing levels of carbon dioxide. In the last phase of

the experiment, hydrogen replaced all other gasses and subsequently acetate formation took place.

To summarize, in the four potential controlled experiments, no reduction
reactions occurred at potentials above or near the equilibrium potential for
hydrogen formation. Therefore, although the possibility cannot conclusively
be excluded, based on the limited period of testing, the reduction of CO, at low
overpotential — thus by more direct means - seems to be unfeasible. Only for the
highest chosen overpotential, formation of methane and later hydrogen and

acetate was observed.

4.3.2 Current controlled experiments

The potential controlled experiments suggested hydrogen formation to be
required for CO, reduction under the chosen reactor conditions. Moreover, with
the observation of acetate production only established at higher current densities,
the effect of current density was further investigated, controlling current at four
different levels (1.3, 2.6, 5 and 11 A-m?). As can be seen in Figure 3, all current
controlled cells showed production of acetate directly after start-up. In addition to
the formed acetate, also hydrogen was detected in the off-gas of the reactor, even
at the lowest chosen current densities.
The production of acetate with all four current densities tested showed to be
unstable, reaching peak levels after 5-13 days, followed by a decline. After 19 days,
none of the reactors produced measurable amounts of acetate or hydrogen, and it
was assumed current was fully diverted towards the production of methane, with
headspace methane partial pressures ranging from 16 % for the lowest current to

55 % for the highest current tested.
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FIGURE 3 | Results obtained from four biocathodes controlled at different current densities (3, 6, 12 and
24 mA corresponding to 1.3, 2.6, 5 and 11 A-‘m? respectively): (a) Observed acetate production rates as
calculated from effluent concentration measurements show a clear effect of current density, while (b)
methane partial pressures and (c) hydrogen partial pressures as measured by head space gas analysis

indicate progressive loss of electrons to methane as hydrogen partial pressure decreases.

Apart from reaching different peak production levels for acetate, the different
currents tested showed variation in the time elapsed before peak acetate
production occurred, with the highest current showing a later peak compared
to lower currents. For all cells tested, headspace analysis showed increasing
methane partial pressures coinciding with declining acetate levels, suggesting the
decrease in acetate production was due to increasing activity of methanogens. The
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question then rises whether the observed decline in acetate production was due to
competition of methanogens for hydrogen, or that - requiring the establishment
of acetate production first — acetoclastic methanogenesis followed with a delay.
In an attempt to gain more insight regarding this question, the effect of spiking
the cells with 10 mM of methanogen inhibitor 2-BES, after acetate production
was completely extinguished, was studied (data not shown). This led to a sudden
- but temporary — recovery of acetate production to similar levels of the earlier
peak productions, followed by a quick decline as the inhibitor was depleted by
wash-out. The almost direct resumption of acetate production upon spiking with
2-BES could indicate homoacetogens to remain active - even with net production
of acetate previously being extinguished - implicating the establishment of a
syntrophic interaction between homoacetogens and acetoclastic methanogensin
these biocathodes. However, the option of hydrogenotrophic methanogens to be
responsible for methane production could not be excluded. In the latter, a quick
resumption of acetate production could be caused by resilient homoacetogens not
washed out of the system. Thus, quantitative microbial community analysis would
be required to be conclusive towards this point.

Figure 4 shows the production of acetate in a third round of experiments,
in which the highest current density of 11 A‘m* from the second experimental
run was applied, but now with continuous addition of 2-BES to the catholyte.
When 2-BES was used in combination with this current controlled start-up, long
term stable production of acetate was achieved. Also, in these systems, after
prolonged runtime, no visual change in electrolyte turbidity was observed,
and measurements of suspended COD showed it to not substantially contribute
to the electron balance, strongly suggesting the accumulation of biomass in the
porous electrode. Moreover, gas production decreased below measurable fluxes
as Coulombic efficiencies towards acetate production increased over time to
reach more than 80 %. The latter showed the ability of the developed biomass to
efficiently capture (or prevent the formation of) H,, and although partial pressures
remained around 40 %, they still showed a decreasing trend at the end of the
experiment. Remarkable was the rapid increase in cathode potential for both cells
of from around -1100 mV to -800 mV in the first 10 days, followed by a steady to
slightly increasing potential throughout the remaining runtime.

Although hydrogen partial pressures still reached up to 40 % at day 40, the
observed increase in cathode potential could be explained by enhanced uptake
of hydrogen by closely attached biofilm. Apart from hydrogen consumption by
acetogenesis affecting product inhibition, the observed increase in cathode potential
may also indicate some sort of catalysis, as is previously reported to occur by
Jourdin and co-workers®. Although the nature of this catalytic phenomenon could
not be further elucidated using the current methodology, in their study, Jourdin
et al ascribe the catalysed formation of hydrogen in their system (followed by
subsequent production of acetate in case 2-BES is added) to the biosynthesis of
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copper nanoparticles, possibly expressed by methanogens intracellularly. The
reported presence of methanogens under total absence of methane production,
leads to the hypothesis that these archaea live at the expense of hydrogen catalysis,
thus forming an intermediate step during bioelectrochemical acetogenesis rather
than a competitive one.
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FIGURE 4 | Results obtained in duplicate current controlled cathodes operated at 24 mA (11A-m?) con-
taining 10 mM of 2-BES in the electrolyte; (a) Acetate production steadily increased throughout the
experimental run of 60 days, reaching nearly 4 g-L*-d* at a Coulombic efficiency of 80% at the end of
the experiment; (b) The development of cathode potential over time displayed a steep increase at first,
followed by a more stable operation around -800 mV. (c) Starting at measurable fluxes, gas production
gradually decreased for both cells - as an increasing share of current was direct towards production of

acetate - and reached the detection limit by the end of the experiment.
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FIGURE 5 | Proposed mechanisms as occurred under tested conditions. (a) Based on the short start-up
required for acetogenesis during current controlled experiments, it is likely that electron transfer
during this phase does not require the establishment of a biofilm on the electrode, but is mediated by
abiotically formed hydrogen. (b) The gradual shift towards production of methane observed during the
later phase may be caused by the establishment of a methanogenic biofilm on the electrode, which at
that point outcompetes the acetogenic community for the available substrate, rendering the acetogens
effectless. (c) Upon addition of 2-BES, the methanogenic biofilm redirects electrons to form hydrogen
and the produced hydrogen is consecutively used by acetogens to produce acetate. (d) In case of CO,

depletion, all electrons are shuttled to the production of hydrogen®.

Applying this concept of microbe-enhanced hydrogen formation to our results,
this would imply that under the conditions tested, an initial acetogen-dominated
microbial community was complemented by electrode-bound hydrogen producers,
possibly methanogens, which initially only directed part of the current to methane.
As the concentration of these bacteria increased, so did the capacity for methane
formation, eventually resulting in the extinction of acetogenesis as less and less
current was turned into hydrogen by the methanogens. A schematic overview of
these proposed dynamics is depicted in Figure 5.

4.4 DISCUSSION

A well working acetate producing MES (1) has high product selectivity, (2) has high
stability/robustness against contamination and/or washout and (3) does not require
costive and/or toxic additives (e.g. 2-BES). In addition, from an application perspective,
attention should be paid to: (1) obtaining high product concentrations, (2) high volume
specific reaction rates, resulting in smaller reactor footprints and (3) high energy
efficiency, producing the desired compound at the lowest energy expenses.
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In the presented research, the effect of different electrochemical control
modes on both start-up and steady-state characteristics was investigated. Here, the
obtained results will be discussed in relation to abovementioned aspects/criteria.

4.4 Current density as control parameter for MES selectivity
towards acetate

From the perspective of reaction specificity, methanogen abundance needs to
be kept as low as possible. To achieve this, reactor conditions should be so that
in the steady state established, achieved specific growth rates for acetogenic
organisms are as high as possible when compared to those of methanogens. For
the sake of brevity, in the discussion that follows no distinction is made between
hydrogenotrophic methanogenesis and homoacetogenesis followed by acetoclastic
methanogenesis, as the overall reaction is identical for both.

In none of the experiments presented here in which no 2-BES was added,
a steady-state was achieved in which measurable quantities of acetate were
produced. The experimental conditions thus rendered ineffective in outcompeting
methanogens sufficiently during steady state reactor operation. However, during
the start-up of current controlled experiments, acetate production and the
duration thereof was positively related to current density. In potential controlled
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FIGURE 6 | Shows the effect of variable hydrogen pressures on the competition between acetogens (black,
solid line) and methanogens (orange, dashed line) in terms of (a) Gibbs free energy of reaction"? and
(b) biomass specific substrate consumption rate (Monod parameters for modeling growth were taken
from reported values in Kotsyurbenko et al?!). As can be seen methanogens have a thermodynamic
advantage over homoacetogens throughout the whole domain. This thermodynamic advantage is re-
flected in the growth curves through the hydrogen affinity (K) for methanogens in general being lower
than for acetogens. However, acetogenesis achieves higher conversion rates at higher hydrogen partial
pressures (Y, . ) compared to methanogenesis, rendering hydrogen pressure an essential parameter to

steer competition between acetogens and methanogens!?!.
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experiments, net acetate production only occurred when current increased
rapidly, thus clearly not reflecting a steady-state. As was already stated in the
introduction (Table 1), from a thermodynamic perspective, methanogens can
gain more energy than acetogens from the consumption of hydrogen and CO,.
Figure 6a shows this thermodynamic advantage for methanogens is valid at any
hydrogen pressure. Our observations however suggest that - under the conditions
chosen — a kinetic difference exists between the acetogens and methanogens, both
present in the used inoculum, resulting in a temporary higher net growth rate for
acetogens during start-up, despite the higher thermodynamic available energy for
methanogens. Such differences in growth kinetics have been described previously
for methanogens and acetogens using hydrogen as common electron donor?%:24,
and to allow comparison with the thermodynamic equilibria from Figure 6a,
Figure 6b illustrates biomass specific substrate consumption rates resulting at
different hydrogen pressures. As substrate consumption is directly related to
growth via yield, this shows homoacetogens thrive better than methanogens at
higher hydrogen partial pressures.

As in our experiments the production of acetate was always accompanied
by elevated hydrogen partial pressures, we presume electron transport from
electrode to acetate to be primarily mediated through hydrogen. As such, the
relative growth rates of both methanogens and acetogens were directly affected
by the hydrogen partial pressure, in turn resulting from the steady-state obtained
by, on the one hand, production of hydrogen by the set current density and, on the
other hand, its consumption by microbial activity. At this point, little is known
about the relationship between current density and local hydrogen partial
pressures at the electrode, and this is likely to be specific for different electrode
materials, depending on how accessible the material is to biofilm formation (e.g.
hydrophobicity, roughness, decorated by functional groups etc.). Therefore, rather
than predicting an optimal current density based on reported growth parameters,
amore empirical approach towards optimization of current density with relation
to biocathode selectivity will be required. This is the case both when hydrogen
shows an inevitable intermediate in biocathodic production of acetate - as too high
current density will result in loss of selectivity by evading hydrogen gas - and
in case alternative mechanisms turn out to play a role in electron transfer from
electrode to microbe: the uptake of molecular hydrogen by both acetogens and
methanogens is mediated by ferredoxin reducing hydrogenases®?223, a group of
enzymes known to possess typically high turnover rates?!. Given the mechanistic
similarities and characteristics occurring at the start of both pathways?>2%, the
kinetic advantage of acetogens compared to methanogens at higher hydrogen
pressures is probably due to a conversion further down the electron transfer chain
(ETC) of methanogens becoming rate limiting under these conditions. In contrast,
atlow hydrogen pressures, the first electron step (thus from hydrogen to the ETCs
initial electron acceptor) in acetogens is likely to be thermodynamically controlled
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(instead of kinetically). The observation that the rate-limiting step for methane
formation occurs further down the ETC is of importance, as it makes it more likely
that this limitation will remain in case of an alternative mechanism of electron
transfer between cathode and microbe. This would give the homoacetogens a
competitive advantage over methanogens at higher current densities regardless
the exact nature of electron transfer between electrode and microbe. Therefore,
we pose current density to be a defining parameter for selectivity in acetate
producing MES.

4.4.2 Considerations on the effect of current density on overall
reactor performance

As previously stated, selectivity is not the only criterion defining reactor
performance in MES, and it therefore holds relevance to further delineate the
effects current density presumably has on product concentration, reaction rates
and energy efficiency.

In terms of volume specific reaction rates, the application of high current
densities is attractive as it drives acetogens close to their maximum turnover rates.
In addition to current density, volume specific reaction rates may be influenced
through control of HRT and/or SRT. In case of planktonic cells, both HRT and
SRT are the same. In case of a biofilm attached to the cathode the two can be
uncoupled and separately controlled. In case the majority of the conversion is
being done by planktonic cells, a longer HRT (and thus SRT) will positively impact
biomass density, and therefore result in higher volume specific conversion rates
and product concentrations. Assuming that a biofilm forms on the electrode
surface, HRT and SRT are uncoupled, and it becomes crucial to use an electrode
material with high specific surface area (with pores accessible to microorganisms)
to achieve high biofilm density and high volumetric acetate production rates —
provided that methanogenesis can be kept to low levels. To this end, one has to
bear in mind that a trade-off will show between biomass retention time and
product selectivity, as also methanogens will be washed out slower and may win
competition if conditions are suitable (Figure 6). In case of biofilm formation, the
SRT/HRT ratio can be tuned e.g. by inducing various levels of sheer stress on the
biofilm, for instance by recirculation at different flowrates, and an optimum with
respect to process selectivity might be sought.

Inherent to higher current densities is also the occurrence of higher
overpotential, and thus lower voltage efficiency. At the same time, higher current
density leads to higher Coulombic efficiency towards acetate. Thus, a compromise
has to be found between selectivity and voltage efficiency to obtain optimal overall
energy efficiency. Also to this end, the use of high specific surface area electrode
materials will be beneficial, as it will lower the overpotential. Additionally, the
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observation of a drop in overpotential both for cathodes with and without addition
of 2-BES in the presented results, showed that the application of higher current
densities in these systems not necessarily has to result in extensive energetic
losses, even if hydrogen is functioning as intermediate.

To summarize, we hypothesize that, in order for an acetate producing cathode
to perform well both in terms of product selectivity, production rate and obtained
product concentrations, a high specific surface area electrode material will have
to be used at a high current density allowing a (relatively) high biomass density
at a (relatively) low biomass retention time. Ideally, conversions are taking
place in a cathode attached biofilm, thus allowing a controllable SRT/HRT ratio
so that a good balance can be found between the obtained biomass density and
its SRT, while optimizing HRT to get a good product concentration. The extent
to which aforementioned aspects are intertwined are yet to be determined and
quantitative reporting of the effect of current density on product concentration,
energy efficiency and specific reaction rates therefore deserves recommendation
for future research in MES.

4.4.3 Other factors affecting (Monod) growth characteristics
of methanogens and acetogens

The Monod parameters used to describe specific growth rates in relation to
hydrogen pressure vary from species to species both for methanogens and
homoacetogens?”. By working with pre-enriched inocula, such interspecies
variation could be taken advantage of, put aside the vulnerability this strategy
has towards contamination®”. Apart from interspecies variation in growth
characteristics, the growth parameters are known to significantly alter within
a single species in response to certain environmental conditions not directly
involved in metabolism, most importantly temperature, pH and salinity, as
a change in these variables directly affects the energy budget of the organism
available for growth 4. The extent of these impacts may differ from species to
species, and it therefore holds interest to review whether operational parameters
other than current density may be identified that may favour growth of acetogens
over methanogens when controlled adequately. To this end, three main parameters
are discussed: (1) pH and closely related, salinity, (2) temperature and (3) the
presence or absence of specific co-factors / inhibiting compounds.

Regarding pH, consensus is hard to be found based on earlier reports in
literature. Studies report a competitive advantage for acetogens both at low (1528
and high pH 1. These observations seem counteracted by reports on methanogens
thriving both in extreme acidic?? and alkaline®®® environments. The enhanced
growth of acetogens in highly alkaline media has been related to faster growth
at increased concentrations of CO, ™. However, although the concentration of
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CO, affects Gibbs free energy of acetogenesis more than methanogenesis (due
to reaction stoichiometry), extremely low K_ values typically reported towards
this compound, in relation to high solubility for this gas in neutral media, make
this theory rather questionablel®!. Alternative explanations for the variation in
pH related growth rate variation are inhibition by acetate” or the presence/
absence of specialized membrane pumps 2, the latter of which may also explain
differences in salinity tolerance between species. However, based on the available
data from literature, neither pH nor salinity may be used as an unambiguous
parameter to steer selectivity. That said, higher salinities and alkalinity do provide
advantages in terms of ionic conductivity and CO, solubility, potentially improving
both energy efficiency and final product concentrations.

Regarding temperature effects on competition between methanogens and
acetogens, reports on tundra ecosystems show a relative increase in growth
rates for acetogens compared to methanogens at temperatures between 4 and
10 °C 21, However, at these temperatures maximum conversion rates for the
studied acetogens are also reduced by more than 3 fold compared to mesophilic
temperature operation, meaning that operating a reactor under psychrophilic
conditions would put serious restrictions to the volume specific reaction rate.

Microbes are complex catalysts, in general shuttling electrons from substrate
to product through an electron transfer chain consisting of a variety of enzymatic
complexes often containing specific metallic compounds at their active site. By
either restricting the production of specific parts of such an ETC, for instance by
limiting the supply of essential cofactors, or by inhibiting their functioning by
selective blocking — as is the case with 2-BES, substantial increases in specificity
towards acetogenesis might be obtained. However, apart from the fact that more
detailed knowledge would be required to identify such selective cofactors or
possible blocking compounds, it is questionable whether this strategy would ever
find its useful application on a relevant scale: cofactors are normally needed only
in trace amounts, thus extreme purity of used electrolytes would be required
in order to make such a strategy effective, putting a costly requirement on its
composition. The addition of chemicals is, apart from costly, seldom acceptable
from environmental perspectives, as is the case with the bromide containing 2-BES.

4.5 CONCLUSIONS

We identify current density as a most promising operational parameter for
optimizing acetate producing biocathodes, rather than optimization of pH or
temperature. Regarding the latter two, we suggest mesophilic operation and
mildly alkaline conditions to allow for sufficient solubility of the main substrate,
CO,, while avoiding excessive overpotentials due to the proton dependency
of acetogenesis. Future experimental efforts should be directed towards a
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more quantitative investigation of current density and its relation to reactor
performance. Therefore, in our opinion, acetate producing cathodes may be
better controlled at a set current, rather than at a controlled potential. The here
presented data shows that start-up strategy is important for reactor performance
in acetate producing cathodes. Within the experimental periods tested, controlled
current showed to be more successful than controlled potential in establishing the
production of acetate by reduction of CO,. However, when testing higher current
densities a mixed approach might be advised, starting with either potential control
or moderate current density to allow biofilm formation while preventing ablation
by hydrogen bubble formation, followed by current control at the desired current
density, ensuring efficient electron shuttling towards acetate once sufficient
biomass has formed to prevent bubble formation. Closely related to current
density, a primary role is foreseen regarding the used electrode materials, as it
forms the most important design variable in a biocathode and determines to a
large extent - amongst others aspects - biomass attachment/retention specifics and
electrode specific surface area. We argue that by optimizing reactor control by
these means, neither extensive pre-enrichment of biota nor selective inhibition
of methanogenesis by means of 2-BES is required to obtain selective acetate
production at high reaction rates and concentrations in the future.
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IN SITU BIOFILM QUANTIFICATION
IN BIOELECTROCHEMICAL SYSTEMS
USING OPTICAL COHERENCE
TOMOGRAPHY

Detailed studying of microbial growth in bioelectrochemical systems is required for
their proper design and operation. This chapter describes the use of Optical Coherence
Tomography (OCT) as a tool for in situ and non-invasive quantification of biofilm growth
on electrodes (bioanodes). An experimental platform is designed and described
in which transparent electrodes are used to allow for real-time, three-dimensional
biofilm imaging. The accuracy and precision of the developed method is assessed
by relating OCT results to well-established standards for biofilm quantification (COD
and Total N) and show high correspondence to these standards. Biofilm thickness as
observed by OCT ranged between 3 and 90 ym for experimental durations ranging
from 1 to 24 days. This translated to growth yields between 38 and 42 mg COD,____/g
COD,_..... at an anode potential of -0.35 V vs. Ag/AgCl. Time-lapse observations of
an experimental run performed in duplicate show high reproducibility in obtained
microbial growth yield using the developed method. As such, OCT is identified as a
powerful tool for conducting in-depth characterizations of microbial growth dynamics
in BESs. Additionally, the presented platform allows concomitant application of this
method with various optical and electrochemical techniques.

This chapter has been published as: Molenaar, S.D.; Sleutels, T.; Pereira, J.; Iorio, M.; Borsje, C.; Zamu-
dio, J.A.; Fabregat-Santiago, F.; Buisman, C.J.N.; ter Heijne, A., In situ biofilm quantification in Bioelec-
trochemical Systems using Optical Coherence Tomography, ChemSusChem, 2018, 11, 13, 2171-2178,
doi:10.1002/cssc.201800589



5.1 INTRODUCTION

Microorganisms play a pivotal role in bioelectrochemical systems (BESs). In BESs,
microorganisms catalyse electrochemical formation or degradation of organic
molecules by interfacing their biological metabolism with an electrode!-®. The
interaction between microorganisms and electrical conductive structures makes
these systems unique and versatile, with potential applications in electrical energy
storage™S], energy- and nutrient-recovering wastewater treatment systems6-8,
production of high value chemical commodities®?, long-term off-grid low-power
electricity generation*'? and the development of highly specific and innovative
biosensors!'>'4, Additionally, microorganisms may provide temporal charge storage
within the microbial cell®-7). From a scientific perspective, BESs may function
as a platform for fundamental microbiological studies'®-2%), as unique metabolic
properties can now be studied using a plethora of electrochemical analyses!??-24,

For all current and future foreseen applications of BESs, further optimisation
is needed before they may become economically viable?526l, With microorganisms
functioning as catalysts in BESs, their growth and activity is inextricably linked to
the performance of these systems. Biomass growth and activity in BESs is known to
be dynamic and highly adaptive to changing operational conditions?”28. Although
biomass growth and activity has been studied using different techniques?®3%,
little quantitative information is available regarding the relation between specific
growth rates, activities and biomass yields at one hand, and operational conditions
(e.g. electrode potential, substrate availability or shear stress) at the other.

For a systematic exploration of the effects of operational parameters on
biomass development and, ultimately, system performance ¥, mathematical
modelling and model validation provide useful toolsB?-34. A major threshold
however hindering further calibration and validation of currently available
models, concerns adequate monitoring of the catalyst loading. Unlike in abiotic
electrochemistry, where this is mostly a pre-defined and applied quantity, catalyst
loading is a dynamic variable in BESs, as the amount of biomass (and activity
thereof) is constantly changing as a result of operational conditions throughout
the experiment. Together with the great efforts and time investments involved in
construction, start-up and operation of BESs, this creates the requirement for a
non-invasive method for continuous biomass monitoring in these systems, during
an experiment.

In practice, the challenge of measuring biomass quantities in BESs focuses on
the measurement of (electroactive) biofilms. High current densities in BESs seems
to occur exclusively in situations where immobilisation of microorganisms on
the electrode takes place, by means of biofilm formation®-%!. With low amounts
of suspended biomass repeatedly reported in high performing BESs**4%, biofilms
form the largest presence of (active) biomass within these systems.
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In the last decades, several methods have been explored to investigate
biofilm form, size and structure, ranging from traditional colony forming
unit (CFU) counting to super-resolution fluorescent imaging techniques “-43,
However, these methods described so far are either invasive or do not allow for
assessment of global morphological properties. For instance, while confocal laser
scanning microscopy (CLSM)“4 achieves excellent sub-micron resolution and can
be applied to a wide field of view™3, it lacks sufficient penetration depth (max.
200 um in opaque biological samples, but considerably less in chromophore-
containing tissues), thus often not allowing for accurate volumetric analysis“-4546.,
Enhancements regarding penetration depth can be made by using two-photon
excitation microscopy (TPE) however this requires staining of the biofilm”.
Moreover, more conventional light microscopy methods as phase contrast/phase
modulation®®4, epifluorescence® and differential interference microscopy, when
applied by means of optical slicing, can hardly attain acceptable image contrast
at penetration depths > 200 um, while at lesser spatial resolution compared to
CLSM®Y. Quartz crystal microbalancing (QCM) has been successfully used in BESs
for accurate balancing of biota on a microelectrode, but severely restricts cell
design and size while not providing spatial distribution data of the biofilm2.
Scanning transmission X-ray microscopy (STXM) and scanning/transmission
electron microscopy (SEM/TEM) have been applied to reveal high-resolution
information about sub-micron structure and composition of biofilms, but require
fixation or cryogenic preparation of samples®>53. Confocal Raman microscopy
(CRM) has been employed for non-destructive, three-dimensional characterisation
of the biofilm structure and composition, but requires extensive spectral library
build-up. Moreover, CRM is prone to excessive acquisition times when used to study
larger morphologies, being a line scan method with a reported pixel integration
time of 0.2 sB4.

Here, we present a novel method for monitoring anodic biofilm dynamics and
quantification of biomass using Optical Coherence Tomography (OCT) as imaging
technique. OCT is a technique that allows the acquisition of three-dimensional
images from optical scattering media at a micrometre resolution®%¢. OCT, being
a form of quantitative phase contrast imaging, is conventionally used within the
medical field of ophthalmology where it is routinely applied for the determination
of the thickness and dimensions of the corneal®”. As a result, these devices are
readily commercially available, intuitively operated by the aid of well-designed
software, and at expenses considerably lower than that of a CLSM apparatus. As a
scanning method using relatively low energy light (in the visible range), it tolerates
arelatively large operational distance to the object to be sampled. In combination
with the visible light causing little to none degeneration on biological tissues, it can
be applied in-line for continuous observations while still allowing considerable
flexibility in electrochemical cell design and geometry. By combining such an
optical technique with electrochemical analyses, quantitative data with high
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temporal resolution can be obtained. The use of such data for future calibration
and validation of biomass growth models is anticipated, and can be expected to
reveal new insights in the intertwined processes occurring in BESs.

We have implemented and validated the use of OCT to determine the
three-dimensional coverage and volume of the electro-active biofilm growing
on a flat anode surface. For this purpose, we have adapted a BES to include an
optical transparent anode, allowing in-situ analysis of the biofilm. The anodes
used are glass plates, coated with a thin layer of fluorine-doped tin oxide (FTO).
These electrodes are (i) transparent, which enables visualisation techniques to
quantify biomass; (ii) conductive and chemically stable, which allows for biofilm
growth and current density production similar to other well performing flat plate
electrodes used in BESs85%; (iii) extremely flat, which gives a well-defined surface
area suitable for both biofilm characterisation and visualisation techniques and
(iv) allows for electrochemical characterisation techniques.

To assess and validate whether OCT can be used as an accurate and precise
tool for quantification of biomass density, we conducted OCT measurements on 24
independent experiments, and compared these with data obtained by sacrificial
biomass quantification. This demonstrated OCT as a reliable tool for in-situ
biomass quantification under the conditions tested. To assess whether OCT could
also be used as a non-invasive tool for determining biomass growth and activity,
repeated measurements were done during two subsequent experiments, in which
the development of biomass was tracked over time.

5.2 EXPERIMENTAL PROCEDURES

5.2.1 Reactor setup

Electrochemical cells consisted of two Plexiglas plates with flow channels (33cm?)
separated by a bipolar membrane (Ralex® PE-BPM, MEGA a.s., Czech Republic).
FTO-coated glass slides (22.3 cm? exposed anode area) were used as anodes for
biofilm to attach to and grow on. Anode current collectors were made of graphite
paper sheets, from which the flow channel area was extruded. By extruding the
flow channel from the current collector, the graphite paper was touching the FTO
layer only in places where no electrolyte was present. A flat sheet of stainless
steel (316 alloy) lined with a sheet of carbon paper was used as a cathode.
Figure 1 shows a photographic overview of the constructed cells. Ag/AgCl reference
electrodes (Prosense, Oosterhout, The Netherlands; +0.203V vs standard hydrogen
electrode) were inserted into the anode chamber via a Haber-Luggin capillary
filled with a saturated solution of KCl and all potentials are expressed with respect
to this electrode.
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FIGURE 1 | Photographic overview of used cell component and their assembly showing (A) FTO elec-
trodes, (B) anode end plate, graphite current collector and neoprene gasket (from top to bottom), (C)
top view of the anode compartment with exposed face of FTO electrode in the middle, (D) completely
assembled cell with clearly visible: (a) anode end-plate, (b) anode flow compartment, (c) cathode flow

compartment, (d) cathode end-plate.

5.2.2 Reactor inoculation and operation

Reactors were inoculated with biomass from active acetate oxidising bioanodes.
Influent consisted of (g/L): 0.74 KCl, 0.58 NacCl, 3.4 KH,PO,, 4.35 K,HPO,, 0.28
NH,Cl , 0.1 MgSO,.7H,0, 0.1 CaCl,.2H,0, 0.82 Sodium acetate, 2.1 Sodium
2-Bromoethanesulfonate, 1 mL trace metal mixture and 1 mL vitamins mixture
according to DSMZ culture medium 14114.The influent stock solution was
continuously sparged with N, before being fed to the reactor to maintain anaerobic
conditions. The influent was fed to the reactor at a rate of 0.16 mL/min (HRT = 20
h, total recirculated anolyte volume = 200 mL). Catholyte initially consisted of
10 mM phosphate buffer at pH 7, which was not replaced between experimental
runs. Catholyte was continuously sparged with N, to strip it from any formed
hydrogen gas.

5.2.3 Experimental design

The use of OCT for biofilm quantification was validated by conducting a total of
24 runs, where each run started with a clean FTO anode. The anode potential
during each run was controlled at -350 mV with a potentiostat (N-stat D-module,
Ivium Technology, The Netherlands). In order to bring variation to the amount of
biofilm at sampling, a temporally equally spaced sampling schedule was chosen
in which runs produced current between 1 up to 24 days before sampling. Just
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before the end of a run, reactors were assessed by OCT. They were then dismantled
and biofilm was harvested for further chemical analyses.

The use of OCT for non-invasive time-lapse observations of biofilm development
was tested and illustrated. To this end, two cells were constructed and operated as
above, but instead of being harvested after OCT, these cells were reconnected and
their operation was continued. Moreover, regarding the influent for these systems,
acetate was separated from other nutrients to improve substrate loading stability. In
order to analyse these systems by OCT, they were disconnected both hydraulically
and electronically for approximately two hours each time the system was sampled.
Sampling periodicity was defined pragmatically, aiming for a comparable amount
of charge to have passed between measurement points. In total, this practice was
carried during 14 days for one, and 17 days for the other cell.

5.2.4 OCT acquisition and image processing

In-situ imaging of the FTO anode was performed using a spectral domain
optical coherence tomograph (Thorlabs Ganymede SD-OCT System). To get a
representative dataset regarding the distribution of biofilm on the electrode,
the OCT measurement was performed at 54 predefined, evenly distributed
spots (see Figure 2), using an automated translation stage (Thorlabs
LTS300&150/M). The axial (i.e. perpendicular to the anode) spatial resolution
for the OCT instrument is below 5.8 um, and the lateral (i.e. parallel to the
electrode) resolution is 8 um. The OCT was fitted with a 5x telecentric scan
lens (Thorlabs LSM03BB), configured to make a “B-scan” (horizontal line
scan) consisting of 1000 equally spaced “A-scans” (depth scans) over a 1
mm transect using the instruments software. See Figure 2 for a schematic
overview of the acquisition method used. Based on these scan settings and
on an assumed bulk refractive index of 1.33 (identical to that of water), two-
dimensional cross-sectional images were acquired of max 2.1 mm deep at a
pixel dimension of 1 x 2.05 um (lateral-axial).

The used acquisition method, including data export, had a total processing
time of roughly 40 seconds per site. More details on the specific acquisition
parameters of the OCT can be found in the electronic supporting information.

Post-processing consisted of converting scan data into 32-bit floating point CSV
files using the instrument software. Data was imported, normalized and further
processed using a custom MATLAB script (MATLAB 2017b using the built-in
image processing toolbox). Images were processed by a multi-step sequence:
(1) image contrast was improved and equalized by applying contrast-limited
adaptive histogram equalisation (CLAHE) using the “adapthisteq” function
(Figure 3A); (2) The position of the lower part of the FTO layer (interfacing
with biofilm) was determined. Assuming an (almost) perpendicular positioning
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FIGURE 2 | Schematic overview of the acquisition method used for the OCT. A single B-scan was com-
posed of 1000 A-scans. On the right a schematic FTO electrode with biofilm is depicted. The 54 individual

B-scans taken from predefined spots during OCT analysis are indicated by black lines.

of FTO layer with respect to the scan direction, a row vector was calculated,
containing the mean for each row. Differences between adjacent rows from
this row vector were calculated, and the row containing the minimal (most
negative) resulting difference was determined.After the determination of this
row number, a mask of zeros was applied to the image for all the pixels above
that row number, removing the FTO electrode image and everything above,
i.e. electrolyte (Figure 3B); (3) To isolate the biomass structure, edge detection
(Sobel method) was used. This returned edges at those points where the gradient
on the picture was above a set threshold value; (4) Since the edge detection led
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Figure 3 Step-by-step visualisation of the image processing involved with OCT analysis. A) image after
adaptive histogram equalisation, clearly depicting the bright FTO layer on top of the image B) FTO layer
and all above removed, C) binary image after edge-detection, D) after “gluing” of detected edges, E) after

filling holes, F) after removing loose and small particles.

to some noise amplification, two consecutive operations were performed in
order to remove this: rows for which the row-sum was higher than a threshold
value were set to zero. Then, edges with more than 100 connected pixels were
removed. What remained was a binary contour image of (presumably) only the
biofilm, containing holes and breaches (Figure 3C); (5) Breaches were closed
using the dilate function (imdilate, Figure 3D), after which holes were filled
with the built-in function “imfill”. Some noise below the biofilm was still visible
at this point (Figure 3E); (6) As last polishing steps, all objects smaller than 30
pixels were removed and pixel value of the last two rows were set to zero. The
latter was done to correct for artificial noise created by the edge detection step
(Figure 3F); (7) In the obtained binary picture, true pixels (value 1) represented
the biomass. The pixel counts for each of the 54 cross-sections analysed per
electrode were then averaged and the average biofilm thickness was obtained
by dividing the average pixel count by the lateral pixel scaling factor. Biofilm
volume was calculated by multiplying the average biofilm thickness with the
electrode surface area. The complete MATLAB script is disclosed as electronic
supporting information.
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5.2.5 Chemical analyses

After dismantling the cell, the biofilm was first gently rinsed with a 100mM
phosphate buffer solution to remove residual soluble organics, chloride and
ammonium while preventing acute osmotic stress. The biofilm was then
mechanically detached from the glass electrode using a conventional cell scraper.
The wet biomass pellet weight was measured and then suspended with the use
of vortex and sonication in a defined volume (10 mL of 100mM phosphate buffer
solution). The resulting homogenized samples were analysed for chemical oxygen
demand (COD) and total nitrogen content (TN), using photometric test kits (Hach-
Lange LCK 114 and 138, respectively). Assuming a volumetric density of 1 g/mL
for wet biomass, the absolute amounts of COD and total N for each electrode were
then calculated.

5.2.6 Calculations and conversions used to obtain biomass
growth yield

Assuming biomass formation as the only competing process to current generation
from acetate oxidation, we can express the electron balance in our systems as:

+ =_
eelectrode ehiomass esuhstrate (1)

In this simple expression, e_ . represents the amount of electrons channelled
to the electrode, thus representing catabolic activity of the present biomass.e,, .
equals the amount of electrons which ends up in the formation of biomass, thus
representing anabolic activity.

The electrons expressed ase_, . are derived from substrate oxidation (acting
as electron donor, negative by convention).

The yield coefficient, by convention, expresses the ratio of electrons used for
biomass growth (i.e. anabolism) to electrons derived from substrate oxidation [Eq (2)]:

Y= ebiomass (2)

esubstrate

To determine the biomass growth yield, we use biomass volume from the presented
OCT measurements, in combination with the total produced charge (as measured by
chronoamperometry). First, the biomass volume as measured by OCT (V... [mL])
was converted into COD,, . [g.,,] by using a linear correlation established in
this study (Figure 4B)[Eq (3)]:

coD =aV, (3)

biomass biomass
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With a being the regression coefficient.

The obtained grams of COD biomass were then converted into e,, . [mol]
using Equation (4):
€piomass = 2P phormass (4)

Mo,

In which Mg, is the molecular weight of dioxygen (32 g) and n the electron
stoichiometry involved with complete reduction of dioxygen (4).

The accumulated charge (Q) on the electrode (electron acceptor) is expressed
in e by division with the Faraday constant (F), [Eq (5)]:

Q
Celectrode = ¢ (5)

Thus, by combining Equations 1-5, Equation 6 is obtained:

= Ebiomass i 1 - 1

= =—5 ==
€glectrodet Ebiomass 1_'__&!_&141@9 _ (1&) (6)
biomass anFVpiamace.

Moreover, as by convention Coulombic efficiency (CE) is defined as the ratio of the
amount of electrons channelled to the acceptor (e,,.,,,.q.) to the amount of electrons
derived from substrate oxidation (e ), by using equation 5, the following
definition for CE is obtained [Eq (7)]:

substrate:

CE = Celectrode _ 1—Y 7)
—€substrate
It should be noted here however, in case CE is defined on basis of biomass
production measurements, this can only reflect a theoretical maximally attainable
CE. Actual CEs may be lower if unreported side-processes not leading to detected
biomass growth are also present.

5.3 RESULTS AND DISCUSSION

5.3.1 OCT analysis allows for accurate and precise in situ bio-
mass quantification

For all runs, starting with a clean electrode, initially small negative currents
(-0.04 to 0 A/m?) were observed, before a positive current developed. This initial
phase in which practically no current was generated, was defined as lag-phase,
and varied typically from one to three days amongst runs. To allow for a better
comparison of current development between individual runs, Figure 4A shows
the current development after these lag-phases were finished, thus letting each
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curve start once currents became positive. The different experimental durations
which are reflected by shorter or longer curves are also visible in Figure 4A.
As a main trend, current initially increased exponentially, peaking at around
1 to 2 A/m?, after which a gradual decrease followed, eventually stabilising at
current densities of approximately 1 A/m?. The obtained current densities during
the studies’ term are comparable to flat plate bioanodes previously reported
at similar anode potential ®®5°. This legitimates the extrapolation of results
obtained with FTO as electrode material towards more conventional electrode
materials and geometries. On a longer timescale, reduced electrode conductivity
occurred in some of the used FTO electrodes, with three runs showing
considerably less current production over time as a result. After dismantling
these systems, the reduced current production turned out to be caused by parts
of the FTO layer being damaged, with only parts of the electrode colonized. The
mechanism causing this damage was not further investigated. Nevertheless, as
the presented method should also be applicable and robust in situations of non-
homogeneous biofilm coverage, the results of these three runs were included in
further analysis.

Obtained biofilm thicknesses ranged between 3 to 90 pm amongst all
measured samples. Biomass volume as measured by OCT was calculated by
multiplying the average biofilm thickness with the effective electrode area (22.3
cm?). Figure 4B and C compare the obtained measurement biofilm volumes to
total biofilm COD and total nitrogen, respectively. Both COD and total N show a
strong linear relation with biofilm volume as measured by OCT. With coefficients
of determination well above 0.95, OCT showed itself a reliable estimator for
both biofilm COD and N content in these experiments. From these data, COD/N
ratio was determined to be 18.7:1 by linear regression (R?=0.97). Assuming a
conversion ratio between COD and TOC!®% of 3:1, this converts to a C:N ratio in the
measured biomass of approximately 6:1, which is within the range of previously
reported C:N ratios for microbial biomasst. As a side note regarding the linearity
between OCT and COD/total N, a tendency of OCT analysis slightly overestimating
biofilm volume in the lower volume region (0-0.02 mL) was observed. For
these measurements in which only a very thin biofilm was present, a slightly
increased but inevitable noise amplification occurred due to (i) increased OCT
autocorrelation artefacts associated with a clean FTO/electrolyte interface and
(ii) increased noise amplification by the adaptive histogram equalisation. These
observations thus limit the precision of the presented method in this starting
domain of early biofilm attachment and growth, but validate its use over a
broader range of biofilm thicknesses.

To assess the accuracy of OCT for measuring absolute volumetric quantities of

biomass, in a fourth figure (Figure 4D) the biomass volume as measured by OCT
is plotted against the biomass wet pellet weight. Assuming a specific density
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FIGURE4 | (A) Current density development for the 24 individual runs, B,C and D) biomass COD, total N,
and wet weight plotted versus the biomass volume as measured by OCT. COD and total N were normalized

to the total FTO surface area, thus provide an absolute measure.

of wet biomass similar to that of water (1 g/L), a 1-to-1 linear relation would be
expected between these two variables. The linear regression for these two variables
indeed showed a slope of nearly 1, supporting used method for measuring biomass
volume in terms of its accuracy. The lower R? value for this fit somewhat weakens
this position, but it is to our best understanding the inevitable imprecisions and
inaccuracies involved with weighing of small amounts of wet biomass - thus not
the OCT methods applied - which created considerable additional variance, leading
to this lower R2.

5.3.2 Determination of biomass growth yield using a combina-
tion of OCT and chronoamperometry
Apart from biomass growth rates, the biomass growth yield, or yield ratio, is a

parameter of importance in most BES studies. Biomass yield ratio defines to a
great extent the energy efficiency and thus system performance, and is commonly
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expressed as gram COD biomass gained per gram of COD substrate consumed,
with one mole of COD being equivalent to four mole of electrons. Accordingly,
the yield ratio represents the amount of electrons used for anabolism (creation
of biomass) compared to the total amount of electrons derived from oxidizing the
electron donor, including catabolism (substrate turnover for energy production
required for growth).

Specifically for electrogenic biomass, the substrate consumed for catabolic
processes is directly linked to current production. With biomass volume being
linearly related to biomass COD (Figure 4B), biomass growth yield can be assessed
indirectly by plotting biofilm volume versus total charge produced during biofilm
growth, and this is done in Figure 5.

We observed a good match between biofilm volume as measured by OCT and
total charge: with more charge produced, biofilm volume increased. As can be
inferred from this linearity, yields throughout the different runs were rather
constant. This would be in line with growth conditions (and most notably anode
potential) for each experiment being the same, and the biofilm being harvested
being still in growth stage (thus with none of the grown biomass being washed
out or detached from the electrode, and no substantial changes or impact of
maintenance on overall growth yields).

Elaborating on this assumption of linearity and constant growth yields,
and in order to avoid error propagation in calculating yields from individual
measurements, the overall yield of biomass on current was taken as the slope of
the regression line: 1 mL biomass /40705 C electrons. This value for vV, :Q was
then inserted into equations 6-7 to translate into 42.15 mg COD,, . /g COD, ..
(CE=0.958). This obtained yield is a feasible value, being within range of earlier
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FIGURES | Scatter and regression slope of the measured biomass volume by OCT against the total amount

of charge (Coulombs) obtained from the biofilm
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reported biomass yields?”’ and lower but comparable to the theoretical maximum
biomass yield of 109 mg COD,, /g COD,_.... (CE=0.891) calculated at the used
anode potential of -0.35 V using the thermodynamic approach from Picioreanu et
alBs. Thus, we show that using a combination of OCT and chronoamperometric
data — both non-invasive measurements — we can derive valid biomass growth
yields from the tested systems.

5.3.3 Continuous measurement confirms application of OCT
for non-invasive assessment of biofilm growth and activity

Two independent bioanodes were grown to confirm the applicability of OCT for
tracking biofilm growth over time. Figure 6 shows cumulative charge and OCT
derived estimates for biofilm volume obtained from these two cells for which time-
lapse observations on biofilm growth were conducted. Figure 6A shows results
for cell 1, which was operated for a total of 14 days, and Figure 6B shows results
for the second cell, operated for a period of 17 days. From the measurements of
biofilm volume and accompanying charge consumption, biomass yield estimates
were obtained by linear regression. These are visualized for both cells in Figure
7, and the high R2 obtained strongly suggests a constant yield throughout the
experimental period for both cells. The obtained yield estimates from these
regressions for both cells were significantly similar to each other (38.7 and 38.8
mg COD,, . /g COD,. ... P=0.976 under the null hypothesis of identical slopes),
thus showing high reproducibility of the used methods.

In general, current production resumed fast and completely after OCT
measurements were performed and systems were electronically and hydraulically
reconnected. However, upon reconnecting on day 9, inaccurate potential control
for cell 2 led to anode potential fluctuating between -0.35 and -0.45 V throughout
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FIGURE 6 | Development of charge (black) and biofilm volume (as measured by OCT, green, dashed, with
markers) during two independent continuous experiments. In these experiments, cells were resumed
to produce current after each OCT measurement. A) depicts results for a cell run for a total of 14 days,

B) a cell in which the last OCT measurement was conducted at 17 days since start.
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Figure 7 Relation between accumulated charge and biomass volume as measured by OCT, providing a
measure of yield, for both time-lapse operated cells. In above representation, the data for cell 2 for the
periods in which cell conditions were unknown or fluctuating was removed. The straight lines (y1 in
dashed orange for cell 1, y2 in solid black for cell 2) are obtained by linear regression, and the slopes
resulting from these fits and their R? values are included. The high correlation coefficients obtained,
suggest strongly constant yields throughout the experimental period. Yields were calculated from these
obtained slopes to be 38.7 and 38.8 mg CODbiomass / g CODacetate for cell 1 and 2, respectively, and an
additional T-test showed them to be significantly the same (p=0.976).

the period of day 9 to 15. Over this period of fluctuating potential, an incremental
yield estimate of 16 mg COD,, . /g COD, ... (CE=0.984) was obtained, roughly half
aslarge as in the case of yields obtained when potential was controlled steadily at
-0.35 V. Although unintended, this suggests fast adaptive behaviour of the present
biofilm to potential change. Due to this artefact, this period was left out of the
analysis as depicted in Figure 7.

Overall, the slightly lower yields obtained with the time-lapse experiments
as compared to the sacrificial calibration experiments, may be explained by the
presence of periods during which cells were not connected to the potentiostat,
leading to a slightly lower overall anode potential for the continuous runs.

5.4 CONCLUSIONS

In conclusion, we have demonstrated here that accurate and precise measurements
of biomass volume can be obtained in-situ and non-invasively from active
bioanodes by using OCT in BESs. Doing so, this allows for biomass yield and CE
estimates to be obtained at high statistical precision and real-time. The method
developed showed OCT results to be linearly correlated to conventional biomass
quantifications by COD and total N. As such, the presented method allows for a
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more complete and meaningful characterisation of BESs, especially when used
in combination with additional in-situ measurements like pH, off-gas analysis
and/or electrolyte chemical analysis. When such characterizations are performed
at different experimental conditions, this will provide valuable data for a
deeper understanding of mechanisms at play in BESs, especially in the field of
bioenergetics. It is anticipated to lead to identification of deviations from assumed
thermodynamic model assumptions, or rate limiting factors/processes.

As adirectillustration of this, previous publications have proposed metabolic
activity inside electroactive biofilms to be potentially limited by both diffusion
and conductivity 281, Which phenomena actually limit current production may
be very specific to reactor design and operational parameters. One could imagine
alimiting current density could also have an effect on the microbial growth yield,
as the biofilm grows thicker. However, our data shows constant growth yields
throughout experimental runs while experimental duration exceeded (by far) the
moment of maximum current production, thus with current being limited, and
to various extents (Figure 4A). Although not incompatible with the mechanistic
models on biofilm growth and activity postulated previously, the observation of
constant growth yields in our current experiments raises new questions regarding
how biofilm dynamics, and current limiting factors as they emerge, affect system
efficiency in BESs. A combined approach, which integrates OCT for tracking biofilm
growth, may show advantageous in finding answers.

The used FTO electrodes enable this concomitant application of different
electrochemical and visualisation techniques, e.g. confocal Raman spectroscopy,
confocal laser scanning microscopy, and more sophisticated electrochemical
methods like cyclic voltammetry and electrochemical impedance spectroscopy.
These electrodes therefore provide ample opportunities for studying in-depth
the kinetic properties and mechanisms of electron transport in BESs, as well as
allowing for high-resolution visualisation and functionalized imaging of living
biofilms.
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5.7 APPENDICES

5.7.1 OCT acquisition settings

The OCT engine was configured at 30 kHz A-scan rate, and initial data processing
included A-scan averaging (10 times), B-scan averaging (10 times), this to improve
the Signal-to-Noise ratio. An undersampling filter, image field correction,
quadratic dispersion compensation (factor 17) and apodisation using the Gauss
window, were applied, all of which was included in the instrument software
(Thorimage OCT 4.3).

5.7.1 Matlab script for OCT image processing

clear all
close all
%% Load images and read csv files
defaultdir="C:\’;
allfiles=dir([defaultdir, *.csv’]);
allnames={allfiles.name};
nr_files=length(allnames);
%% Image processing loop
for i=1:nr_files %nr_files
file=[defaultdir,allnames{i}];
I=csvread(file);
%% transposing the image
I=1;
%% histogram equalization
L =1(,:,1)/100;
] = adapthisteq(L,’clipLimit’,0.005);
%% FTO detection (mean line)
vector=mean(],2); %mean of the pixels of each row
hist=diff(vector);
[x yl=min(hist);
%% Remove noise above the FTO
J([1:y1,9=0;
%]J(J==1)=0;
%% Biomass/Edge detection
[~, threshold] = edge(],’Sobel’);
fudgeFactor = 0.95;
BWs = edge(J,’Sobel’, threshold * fudgeFactor);
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noisepixels=sum(BWs,2);
row=find(noisepixels>=360);
BWs(row,:)=0;
BW2=bwareaopen(BWs,100);
biomassedges=BWs-BW2;
se90 = strel(‘line’, 3, 90);
se0 = strel(‘line’, 9, 0);
BWsdil = imdilate(biomassedges, [se90 se0]);
BWdfill = imfill(BWsdil, ‘holes’);
%% Smoothing
I_s=BWdfill;
% I_s(I_s>0)=1;
I_s = bwareaopen(I_s,50);
I_s([127:129],)=0;
biofilm_mass(@i)=sum(sum(I_s));
%% counting pixels (= biomass quantity) and saving values in a csv file
result_file="C:\results.txt’;
fileID = fopen(result_file,’a’);
fprintf(fileID,’%s %s %s %d \r\n’,allnames{i}(1:5),allnames{i}
(15:17),allnames{i}(19:end-4),biofilm_mass());
fclose(fileID);

end
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COMPARISON OF TWO
SUSTAINABLE COUNTER
ELECTRODES FOR ENERGY
STORAGE IN THE MICROBIAL
RECHARGEABLE BATTERY

Previously, the microbial rechargeable battery (MRB) has been proposed as a
potentially sustainable and low-cost electrical energy storage technology. In the
MRB, bioelectrochemical CO, reduction and subsequent product oxidation has
successfully been combined in one integrated system. However, finding a suitable
counter electrode is hindering its further development. In this work, we have tested
two alternative counter electrodes in duplicate - namely (i) oxygen/water and (ii) a
capacitive electrode - for use in the MRB platform. During daily charge/discharge
cycling over periods of 11 to 15 days, experimentally obtained energy efficiencies of 25
and 3.7 % were reported when using the capacitive and the oxygen/water electrodes,
respectively. Large overpotentials, resulting in a voltage efficiency of 15 % and oxygen
crossover leading to Coulombic efficiencies of 25 % caused the considerably lower
efficiency for the oxygen/water systems, despite the theoretical higher voltage
efficiency. Although the capacitive electrode equipped systems performed better,
energy density is limited by the operational potential window within which capacitive
systems can operate reliably. Based on the findings presented here, recommendations
are given regarding possible future developments in the MRB.

The work described in this chapter has been submitted for publication in a peer-reviewed journal with Mar-
go Elzinga, Sonja G. Willemse, Tom H.J.A. Sleutels, Annemiek ter Heijne and Cees J.N. Buisman as co-authors.



6.1 INTRODUCTION

Wind and solar power represent two major alternative energy sources, a possible
transition towards renewable energy could be based on!. However, wind and sun
are intermittent by nature, and therefore an increasing mismatch between supply
and demand of (electrical) energy is foreseen if these renewable sources are to
make up for a larger share of total energy supply. One solution to this mismatch
is increasing the use of energy storage technologies. Such technologies should
comply with the ecological requirements of the current sustainability endeavors
undertaken globally?.

Recently, we demonstrated the use of the microbial rechargeable battery (MRB)
as a potential sustainable energy storage technology®. The MRB stores electrical
energy as chemical energy through the reduction of carbon dioxide to organic
metabolites at a biocathode in a process called microbial electrosynthesis (MES)*-S.
During discharge, this chemical energy is converted back into electricity through
oxidation of the formed metabolites at a bioanode, while the system functions as
a microbial fuel cell (MFC)"%.

In order for the MRB to work, the bioanode and biocathode need to be coupled
to a counter electrode. This counter electrode needs to possess a sufficiently
high potential and reversibility in order to provide substantial cell voltages at
useful current densities®. In the previously published proof of concept, the ferro/
ferricyanide redox couple was used at the counter electrode, as it is known to be
highly active and well soluble, operating at an acceptable potential and with low
overpotential under the conditions used, without (expensive) catalysts®. Integrating
this counter electrode into the MRB resulted in overall energy efficiencies of 30 to
40 % at an utilised energy density of ~100 Wh/m? and discharge power densities of
around 190 W/m3. The disadvantage of ferro/ferricyanide at the counter electrode
is the tendency of the redox couple to form colloidal structures similar or identical
to Prussian blue during cycling at the electrode surface, especially in presence
of free ferrous iron-ions and at decreased electrolyte mixing, which can impede
charge transfer and lead to excessive voltage losses'?. Therefore, implementation
of ferro/ferricyanide into the MRB offers no long-term sustainable solution and
alternative counter electrodes are needed.

This manuscript explores the use of two alternative counter electrodes for the
MRB; (i) a capacitive electrode and (ii) an electrode performing the oxygen/water
redox reactions, both of which will be shortly discussed.

Storage or withdrawal of charge (by means of an electrical current) in a
capacitive electrode takes place exclusively at or from the electrode-electrolyte
interface. At this interface, a change in charge density is accompanied by a change
in electrostatic double layer (EDL) polarization. As a result of EDL polarization, a
linear relation is obtained between electrode potential and (accumulated) charge,

102 TWO SUSTAINABLE COUNTER ELECTRODES FOR THE MRB



provided ideal capacitive behavior in which no heat is dissipated!'. The slope of
thislinear relation, which depends on electrode material, electrolyte composition
and physical conditions, represents the capacitance (in Farad, or Coulomb per
Volt). As capacitance is an interface property, it scales up (again, linearly) with the
surface area of this interface. Thus, a highly porous electrode material, featuring a
high specific surface area, generally has a high capacitance!. Capacitive electrode
materials are specifically designed to feature high specific surface area with a
favorable geometry that minimizes mass transfer losses during polarization at
higher current densities. The most important advantage of a capacitive electrode
— when used properly - is that no faradaic processes take place and as such the
energetic losses related to electrochemical reactions can be limited*2.

When using the oxygen/water redox couple as counter electrode reaction,
oxygen is anodically produced during charging of the MRB in the oxygen
evolution reaction (OER). During discharging, oxygen is reduced again in the
oxygen reduction reaction (ORR). Main advantage of this reaction is the resulting
theoretical discharge voltage of 1.11 V, which is significantly higher than the
maximum discharge voltage of 0.65 - 0.7 V obtained when ferricyanide is used?'s,*.

In this manuscript, we have operated duplicate MRBs, one with a capacitive
and one with an oxygen/water redox counter electrode during 11 and 15 cycles,
respectively. Performance of these systems has been analysed in terms of power
and energy density and Coulombic and voltage efficiency.

6.2 MATERIALS AND METHODS

6.2.1 General MRB design

Two MRB systems were constructed for each type of counter electrode, i.e. testing
each type in duplicate. A schematic overview of the constructed systems, one with
the capacitive and one with the 0,/H,0 redox counter electrode, are visualized
in Figure 1 and Figure 2. For both systems, the counter electrode was placed in
between the biocathode and bioanode, and the compartments were separated
by a cation exchange membrane (projected surface area of 22cm? Nafion®
117). The bioanodes and biocathodes both consisted of graphite felt (3mm, FMI
Composites Ltd., Galashiels, Scotland), in which electro-active biofilms were pre-
grown (see section ‘microbial inoculum’). Five layers of graphite felt were used
for each electrode, filling the flow compartments completely (inner dimensions
110x20x15mm, 33 cm?). As current collector for both biocathode and bioanode,
a layer of graphite paper was placed on a solid stainless steel plate (SS316). The
felt was firmly pressed against the graphite paper/stainless steel assembly once
systems were closed, assuring proper electrical contact.
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FIGURE 1. | Schematic drawing of the MRB equipped with a capacitive counter electrode. The counter
electrode is sandwiched between the biocathode (left) and bioanode (right), and is hydraulically sepa-
rated from the bioelectrolyte by two cation exchange membranes (yellow). Bioelectrolyte is recirculated
over the two biological electrode compartments by peristaltic pumping. When charging, a current is
applied between biocathode and counter electrode, while at discharging a positive cell voltage is main-

tained to deliver a controlled current from bioanode to counter electrode.

The electrolyte, shared between bioanode and biocathode (further referred
to as bioelectrolyte), was continuously recirculated between the biocathode and
bioanode flow compartments by a peristaltic pump (Masterflex, Canada). O-rings
and silicon gaskets sealed the stacked elements and the entire cell was closed with
rubber-coated bolts.

The systems were temperature controlled at 30 + 2°C at all times. Potentials of
all electrodes were measured and reported against reference electrodes (Ag/AgCl,
Prosens, Oosterhout, The Netherlands; +0.203 V vs SHE) and galvanically connected
to the electrolytes adjacent to the electrodes using a Haber-Luggin capillary filled
with 3 M KCL. All cell voltages and electrode potentials were monitored and data
were collected with a data logger (RSG40, Endress+Hauser, Reinach, Switzerland).
The pH of the bioelectrolyte was measured in-line (CP571D-7BV21, Endress+Hauser,
Gerlingen, Germany). Any gas production at the bioelectrodes was monitored
with a gas bubble counter (MGC, Ritter Apparatebau, Bochum, Germany). All
electrochemical methods were applied and recorded with a potentiostat (N-stat
DC, Ivium Technologies, Eindhoven, The Netherlands).
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FIGURE 2 | Schematic drawing of the MRB equipped with an O,/H,0 counter electrode. The curved
dashed line in the middle compartment represents the Pt/IrO, catalyzed titanium mesh that was shaped
to fill the counter electrode compartment while supporting the two cation exchange membranes (yellow).
The counter electrolyte was recirculated over the gas/liquid contactor depicted on the right, where O,

and CO,were added by mass flow controllers.

6.2.2 Capacitive counter electrode

The capacitive counter electrode consisted of a flow compartment completely filled
with activated carbon granules (Norit® PK 1-3, from peat, steam activated). Two
titanium mesh electrodes (2 mm thickness) were used as current collectors, one at
each side of the capacitive electrode, firmly contacting the granules while allowing
ionic conductivity towards both bioanode and biocathode. Prior to use, granules
were soaked in the to-be-used electrolyte and degassed for 1 hour. The electrolyte
in the capacitive flow chamber was recirculated continuously over a small glass
compartment positioned above the flow compartment, thus allowing any produced
gases to leave the electrolyte and guaranteeing the granules to be gas-free at all
times. Prior to use, the capacitive granules were weighed and capacitance was
determined over multiple abiotic tests (see Supporting Information). Within the
tested potential range, a net capacitance of 481 Farad for the capacitive electrodes
was achieved based on a specific capacity of 65 F-g* (dry weight) and a weight per
electrode of 7.4 g.
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6.2.3 Oxygen/water counter electrode

The bi-directional oxygen reduction and water oxidation counter electrode (further
referred to as the O,/H,0 counter electrode) consisted of a Pt:IrO, coated titanium
mesh which was shaped to fill the counter electrode compartment and keep the
bioanode and biocathode in place. The counter electrolyte was continuously
recirculated over a glass column filled with glass beads (4 mm diameter), serving
as gas/liquid contactor. Mass flow controllers were set to continuously sparge
the counter electrolyte with 2.5 mL-min® CO, at an inlet situated at the bottom
of the column. Additional relay-actuated mass flow controllers provided a co-
flow of pure oxygen (0.6 mL-min?) during the periods when cells discharged.
The oxygen concentration in the counter electrolyte was measured in-line using
an amperometric oxygen probe (Endress+Hauser, Oxymax COS22D, Gerlingen,
Germany) placed between the electrode flow compartment and the gas/liquid
contactor.

6.2.4 Media composition

The bioelectrolyte consisted of 0.4 g-L* NH,HCO,, 0.05 g-L* Ca(OH),, 0.1 g-L*MgSO,
7H,0, 9.6 g-L* K,HPO,, 2.1 g-L* Sodium 2-bromoethanesulfonate (Na-2-BES), 4.0
g'L'1NaOH, 0.1 mL-L! trace metals, and 0.1 mL-L? vitamins (DSMZ medium 141)*.
Before use, the solution was saturated with CO,, with a resulting pH of 7. The
electrolyte used at the capacitive counter electrode was identical in composition
to the bioelectrolyte solution, with as exceptions that Na-2-BES, trace metals
and vitamins were omitted. Electrolyte used at the O,/H,O counter electrode
consisted of a CO2 saturated 100 mM potassium-phosphate solution buffering
at pH 7. All electrolytes were recirculated at 50 mL-min™.

6.2.5 MRB inoculum

Individual biocathodes were started 3 and bioanodes were started 2 weeks prior to
assembly of the MRBs. These biocathode and bioanode cells were assembled and
operated as described earlier for the MRB3. Both biocathodes and bioanodes were
continuously fed with fresh bioelectrolyte at 0.125 mL-min™. For the bioanode,
the bioelectrolyte was complemented with 10mM sodium acetate. Bioanodes were
controlled at a potential of -0.35 V while the biocathodes were initially controlled
at a current of -4.55 A'm for 4 days and then changed to a current density of
-9.09 A'm2. 1mL of a 50 vol% mixture of anaerobic sludge from the municipal
wastewater treatment plant in Leeuwarden and cow manure was used as inoculum
for the biocathodes and 5-20 mg (wet weight) biomass from previously operated
acetate-oxidizing anodes was used to inoculate the anodes. Daily measurements
of the VFA concentrations in the bioelectrolyte were performed in the week before
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the electrodes were inoculated in the MRB to confirm efficient production of
acetate for the biocathodes. Prior to the assembly of the MRBs, these pre-cultured
bioanodes and biocathodes obtained stable Coulombic efficiencies (CE) up to 95%,
and biocathodes converted electrons to acetate at potentials between-0.9 Vand -1.1
V. To assemble the MRBs, the biocathode and bioanode systems were dissembled
and bioelectrodes were transferred to the MRBs.

6.2.6 MRB start-up and operation

Directly after transferring the bioelectrodes, the MRBs were filled with
electrolyte and recirculation was started to remove air. Before the actual
experiment was started, systems were alternately charged/discharged every 30
minutes as a pre-treatment, for 5 consecutive days. During this pre-treatment
period, biocathodes were current-controlled at -2.27 A-m? during the charging
period, while the anode was at OCP. During the subsequent discharging period,
anodes were current-controlled at 4.55 A‘m? and biocathodes were at OCP. In
case the anode potential increased to values higher than -350 mV, the potentiostat
switched to control the potential at this value, this to avoid undesired oxidative
processes when acetate was depleted. A small continuous feed of 0.06 mL-min-
tof fresh bioelectrolyte was administered to the systems to assure sufficient
macronutrients and inorganic carbon for a good recovery of both bioanodic
and biocathodic functions. Additionally, for the capacitive counter electrodes,
Coulombic losses occurring throughout charging/discharging led to asymmetric
currents, with the overall electrode potential steadily increasing over time. Thus,
in the last day of pre-treatment, a dose of acetic acid was administered to the
bioanode to poise and bring down the potential of the capacitive electrodes to a
potential of approximately 0 V at the end of the last discharge cycle.

Timing for charging and discharging was set to 16 and 8 hours to mimic a day-
night rhythm. As it turned out after the first cycle, the O,/H,O counter electrodes
could not sustain reductive currents of 4.55 A‘m? at sufficiently low overpotential,
yielding negative discharge cell voltages (for more details see Results section). For
this reason, a lower current of -1.15 A'm? (charge) and 2.3 A-m? (discharge) was
applied to these systems in the following cycles.

System performance was monitored in detail during the first 11 cycles for the
capacitive counter electrode, and the first 15 cycles for the O,/H,0 counter electrode.
After these cycles, the behavior of both systems did not change considerably, and
experiments were ended. In case of the capacitive systems, bioelectrodes were
harvested for microbial community analysis.
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6.2.7 Microbial community analysis

Samples for microbial community analysis were taken from the systems equipped
with capacitive counter electrodes after runs had been completed. Bioelectrodes
were taken out of the assembly, put in 50mL tubes, snap-frozen in liquid nitrogen
and stored at -80 degrees until further processed. Bacterial/archaeal community
analysis on these samples was performed using high-throughput 16S rRNA gene
sequencing in order to obtain relative abundances for taxonomic assignments to
Operational Taxonomic Units (OTUs). Details on the materials and methods for
DNA extraction and microbial community analysis are reported in the Supporting
Information.

6.2.8 Chemical analysis and calculations

Current and power densities are normalized to both projected membrane surface
area (22cm?) and bioelectrode volume (33cm?®). Energy and charge densities were
normalized to bioelectrolyte recirculation volume (300 mL) to allow comparison
with previously studied setups.

To determine the individual CE of the anode and cathode, the bioelectrolyte
was sampled 15 minutes before the end of each charge and discharge period.
The sampling volume, 1mL, was replaced with an equal amount of CO,saturated
medium. Samples were analyzed for VFA content using a Dionex UHPLC system
equipped with a Phenomenex Rezex Organic Acid H+ 300x7.8 mm column,
with a lower detection limit for formate and acetate of 0.5 mg-L' and 1 mg-L" for
subsequent VFAs (propionate, butyrate etc.) CE for the anode, cathode and for the
total system were calculated as

_ [Prae
4 ‘Vn-F
CEcar = C?ﬁ:!‘; (2)
{]
2 rat
CEorar= Ilnbe;dt 3
0

Where I is the current (A), is the concentration change in volatile fatty acids
over the measured time interval (mol-L?, separate calculations were made in
case multiple VFAs were detected), V is the total recirculation volume (300 mL),
n the number of electrons involved in the oxidation or reduction reaction (8
for acetate, 2 for formate, 12 for succinate) and F is the Faraday constant (96485
C-mol?).
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The overall energy efficiency (EE; %) was calculated as

24
FE = D2 )

fo Pt
Where P is the electrical power applied/obtained during charging/discharging (W).
The nominal voltage efficiency (VE) was defined as ratio between the overall

energy efficiency and the

VE = EE 5)
CE

6.3 RESULTS AND DISCUSSION

As the results of the duplicate experiments were similar, figures only depict data
for a single capacitive and oxygen redox system, allowing comparison between
the two types while keeping data presentation comprehensible. Results from the
duplicate experiments are shown in the Supporting Information. Across-cycle
Coulombic and energy efficiencies for both systems are presented in Figure 3,
while Figure 4 gives a more detailed analysis of the electrochemical charge/
discharge behavior in one single cycle.

6.3.1 Across-cycle: Coulombic and energy efficiencies for both
counter electrodes

Prior to the assembly of the MRBs, the pre-cultured bioanodes and biocathodes
obtained stable CEs up to 95%. In the initial charging/discharging cycles however,
CEs for both biocathodes and bioanodes were considerably lower, between 60% and
80% for both capacitive counter electrode and O,/H,O counter electrode experiments
(Figure 3A and C). A pronounced difference between the two systems was observed
in how CE developed over the cycles that followed. For the MRB with the capacitive
counter-electrode (Figure 3A), the first two cycles showed relatively low overall CEs
(45-50%), progressively leading to slightly higher CEs around 55-60 % in subsequent
cycles. Combined with VEs of around 40-50 % (described in more detail in the
following section), this led to energy efficiencies of around 25-28 % from the third
cycle onwards. Although the CEs in later cycles for these systems were still lower
than those observed during pre-culturing of the electrodes, they were comparable
with results obtained using ferro/ferricyanide at the counter electrode®.

For the MRB with the O,/H,0 counter electrode (Figure 3C), overall CEs
dropped steeply during the first cycles, starting at 45-55 % in the first two cycles,
to stabilize at 17-25 % at later cycles. Due to large overpotentials occurring at the
counter electrode during both charge and discharge, overall VEs for these systems
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FIGURE 3 | Bar plots of the obtained cycle efficiencies for capacitive (left, A,B) and oxygen/water redox
counter electrode equipped (right, C,D) systems. Upper graphs depict the overall energy efficiency and
Coulombic efficiency, while lower graphs show specific anodic and cathodic Coulombic efficiencies,
with cathodic efficiency specified per VFA (formate, acetate). During certain cycles no VFA data were
available (namely cycle 6 for the capacitive, and cycles 4 and 11 for 0,/H,0 counter electrode) and thus

only overall Coulombic efficiency is reported for these cycles.

were substantially lower (10 - 20 %) than for the capacitive counter electrode and
previously tested ferro/ferricyanide counter electrode. Combined with the lower
CEs of both bioanode and biocathode, this resulted in low overall energy efficiencies
of 2-5 %. In addition to these overall trends, some irregularities occurred during
the O,/H,0 experiments, with currents being too high for the counter electrode
to sustain positive cell voltage during the first cycle, resulting in a negative EE.
At the start of the second cycle for the O,/H,0 experiment there was still acetate
left-over from the pre-treatment dose administered, and thus no EE is reported
for this cycle. At the onset of discharging during the ninth cycle, the potentiostat
switched to potential control immediately due to slow response characteristics of
the biofilm. This resulted in higher discharge currents and accompanying negative
cell voltages, leading to negative EE for this cycle. Premature switching of the
potentiostat was prevented from cycle 10 onwards.

110 TWO SUSTAINABLE COUNTER ELECTRODES FOR THE MRB



Figure 3B depicts a more detailed overview of the CE for the MRB with the
capacitive counter electrode, showing for bioanode and biocathode separately.
The bioanode of the capacitive electrode started at a CE of 70 % in the first cycle to
show a slight increase towards 75 % by the 11% cycle. The biocathode in this system
started at a CE of 65 % in the first cycle and increased slightly to 74 %. Being very
similar, bioanode and biocathode processes contributed almost equally to overall
Coulombic losses.

Figure 3D shows the CE for the MRB with the 0,/H,0 counter electrode. The
bioanodes of the 0,/H,0 counter electrode equipped systems showed relatively
stable CEs ranging between 67 and 90 % throughout the cycles, and were as such
performing similarly to bioanodes in the capacitive systems. The biocathode
CEs however, while starting at levels of 70-90 % in the first two cycles, lowered
drastically in the cycles that followed, to 25 % in the last cycles.

The main difference between the capacitive and O,/H,0 counter electrode
equipped systems during charging was the presence of oxygen in the counter
electrode compartment of the latter. We therefore attribute the low biocathode
CE for the O,/H,0 counter electrode systems to oxygen crossover from the counter
electrolyte to the bioelectrolyte.

For the 0,/H,0O counter electrode systems, the biocathode CE (during charging)
was three to four times lower than the bioanode CE (during discharging), this
despite oxygen concentrations in the counter electrolyte, and thus presumably
also oxygen crossover, being highest during discharging. The lower CE during
charging can be explained by the larger overpotential for oxygen reduction at
the biocathode during charging, when compared to the bioanode (which is about
0.4-0.6 V higher than during discharging).

Looking more closely at the volatile fatty acids that were produced in the
biocathode (Figure 3B and D), in general, the biocathode used the largest fraction
of charge to produce acetate for both counter electrodes. However, also a small
fraction of formate was detected.

Production of formate accounted for 2-3% of the biocathode CE throughout all
cycles of the O,/H,0 counter electrode equipped MRBs, while for the capacitive
systems 4-10% of cathodic current was directed to production of formate.
Production of formate requires a more negative potential compared to reduction
towards acetateS. Looking at the overall energetics of the battery this can be
beneficial, since the subsequent anode oxidation reaction can take place at a more
negative potential, leading to a higher cell voltage during discharge. However,
formate concentrations as they were measured in current experiments (+2-5
mg-L1) now played predominantly an intermediate role and as such did not affect
overall battery performance substantially.
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6.3.2 Within-cycle: electrochemical charging and discharging
dynamics

The dynamics occurring in a single charging/discharging cycle, showed
considerable changes over the initial three cycles, after which cycles became more
comparable to each other. Figure 4 shows charging/discharging characteristics
(current, cell voltage, electrode potentials and power) for both an O,/H,O counter
electrode and capacitive counter electrode equipped system. These characteristics
are based on the 11™ cycle, because at this point initial fluctuations had dampened
out, and thus can be considered representative for longer-term characteristics.

6.3.2.1 Charging of the MRB with capacitive counter electrode
Current densities, electrode potentials and cell voltages, and accompanying power
densities for the capacitive counter electrode, are shown in Figure 4A,B and C
respectively. From these figures it can be inferred that the capacitive counter
electrode acts as a nearly ideal capacitor during charging: when the system is
controlled at a constant current during the 16 hours of charging, a near-linear
increase of the potential of the capacitive counter electrode was observed, starting
from around +0.15 V to become +0.45 V at the end of the charging cycle. The fact that
electrode potential for the counter electrode showed such a consistent response
to exposed current provides a good indication for the absence of any substantial
and undesired redox reaction to take place within the conditions tested. Also, the
absence of any sudden potential change upon onset of charging indicated no mass
transfer limitations occurred. Regarding the biocathodes, charging resulted in a
potential around -1.05 V. This corresponds to the potential at which formation of
hydrogen can be expected when graphite is used as an electrode and under the
conditions applied here. It was also comparable to potentials observed during the
pre-culturing of the biocathodes, during which biocathodes were able to produce
acetate at potentials between -0.9 V and -1.1V (data not shown). Overall, an average
cell voltage of 1.5 V was required during charging.

During charging the bioanodes were not connected, thus left at OCP, with their
potentials slowly decreasing from -0.55 V to -0.6 V. With this potential being well
below the reversible potential for acetate oxidation, this indicates that the more
reductive compounds like hydrogen and formate could also be oxidized by the
bioanodes, and that suitable electron transfer mechanisms were in place to do so ata
lower electrode potential than used for oxidation of acetate (this in contrast to earlier
observations done on hydrogen oxidizing bioanodes as reported by Ntagia et al'®).

6.3.2.2 Discharging of the MRB with capacitive counter electrode
During discharge, bioanodes were operated at constant current at first, leading
to an initial anode potential of -0.42 V. Similar to when charging, during this
period of constant current, the capacitive counter electrode showed a near-linear
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FIGURE4 | Charging/discharging curves within the 11th cycle of experiments depicting current density,

cell voltage, electrode potentials and power density for both systems equipped with a capacitive counter

electrode (left, A,B,C) and oxygen/water counter electrodes (right, D,E,F).

decrease in potential. The potential of the capacitive electrode was +0.45 V at the
start of the discharge period and returned closely to its initial potential of + 0.15
V. The difference between the bioanode and capacitive counter electrode potential
during discharge led to a nominal discharge (cell) voltage of +0.7 V. After a period
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of relatively constant bioanode potential, substrate started to deplete, upon which
bioanode potential rapidly increased to -0.35 V. At this point, the potentiostat
switched from current to potential control and bioanodes were controlled at-0.35V
for the remaining time of discharge, as done previously®. During this remaining
period, a negligible amount of charge was transferred and the potential of the
counter electrode remained stable.

Biocathodes were disconnected during discharge. Upon disconnection,
biocathode OCP showed a nearly instant increase towards -0.6 V, which
corresponds well to the reversible potential for hydrogen/formate oxidation. This
initial increase was then followed by a gradual increase towards the bioanode
potential, thus nearly reaching -0.35 V at the end of the discharging period. This
observation can be explained by the bioanodic processes gradually depleting the
electrolyte from reductive compounds, and the biocathode equilibrating well with
the overall redox state of the electrolyte.

6.3.2.3 Charging of the MRB with oxygen/water counter electrode
The experimental details of the 11th cycle of the O,/H,0 counter electrode are
presented in Figure 4D, E and F. As can be seen in Figure 4D, currents applied
in the 0,/H,0 counter electrode equipped MRB were half those as applied to
the capacitive counter electrode equipped systems. This was due to unexpected
behavior observed for the 0,/H,O counter electrode in the first cycle. Polarization
curves taken before the actual experiments started, demonstrated that the counter
electrode could sustain a discharging current of 5 A'‘m? at a potential of 0 V, provided
that the oxygen concentration was maintained above 4.4 mg ‘'L (See Supporting
information). Neglecting internal resistances in the system, this current density
would theoretically result in a positive discharging cell voltage of 0.46 V, with
maximum power densities of approximately 5 W-m?. However, during the first
cycle’s discharge period, the counter electrode potential went down to-0.55 V ata
current density of 5 A'm?, at which point the platinized electrode probably started
to generate hydrogen. Whether this was caused by a lesser availability of oxygen
or decreased performance of the used catalyst under the present conditions tested
was unknown. Even so, the large overpotentials observed resulted in a slightly
negative discharging cell voltage of-0.075 V, and the MRB was thus not functioning
as a battery any longer. For this reason, a reduced current of -1.15 A‘m*? (charging)
and 2.3A'‘m? (discharging) was applied in the following cycles.

Applying these lower currents, Figure 4E shows biocathode potential
stabilized at -1 V during the 16 hour charging period. At the same time, the
bioanode potential remained at OCP of -0.45 V. This poses a slight difference
with the MRBs with capacitive counter electrode, in which bioanode OCP during
charging reached lower values of -0.6 V, and may be a direct effect of the presumed
oxygen crossover. While charging, the potential of the oxygen redox electrode
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increased to approximately +1 V. Combined with the biocathode, this overpotential
of approximately 0.4 V for the production of oxygen resulted in a cell voltage of 2
V during charging.

6.3.2.4 Discharging of the MRB with oxygen/water counter electrode
During the subsequent 8 hour discharging phase, bioanodes were operated at
a constant current density of 2.3 A'm? at a nominal potential of -0.43 V. Anode
potentials showed a marked increase in value indicating substrate depletion and
therefore anodes were switched from controlled current to control potential at
-0.35 V once it reached this point. During discharge, biocathode OCP gradually
increased to potentials as high as -0.15 V as oxidizable substrate depleted. This
elevated potential strongly indicates the crossover of oxygen to the bioelectrolyte,
and this was further strengthened by the observation of small reductive currents
for the bioanode after substrate was depleted and potential was controlled.

To provide the counter electrode with sufficient oxygen during discharging,
oxygen was supplied to the system during the discharge period. Despite the
supply of oxygen starting immediately upon discharging through the action
of potentiostat controlled solenoid valves, oxygen concentration in the counter
electrolyte still dropped towards 0.4 mg-L in the first 7-8 mins of the discharging
cycle, after which it increased rapidly to reach a concentration around 7 mg-L?! at
the end of the cycle. This initial temporary drop in oxygen was likely caused by a
“dead volume” of gas residing in the tubing of the oxygen control system, causing
a time delay before oxygen was effectively released into the counter electrolyte.
After the initial low oxygen lag phase, stable counter electrode potentials of
around 0 V were obtained, resulting in discharging voltages of 0.42 V and power
densities up to 1.2 W-m*? (Figure 4B and C). Subsequently, when acetate was
fully depleted, a small negative current of -0.2 to -0.3 A'm? was observed during
potential controlled discharging, indicating reduction of crossover oxygen at the
bioanode to be dominant at this point. This reductive current at the bioanode
resulted in a potential increase of the counter electrode towards +1.05 V, and the
energy costs involved were not included in the EE calculation (if these would have
been included, it would have led to a reduction of EE of only 0.1 % for the presented
cycle, this due to the small current).

Similar to the capacitive counter electrode system, in the O,/H,O counter
electrode system also considerable overpotentials of 0.54 V were required at
the biocathodes to enable hydrogen and consequent acetate production. These
overpotentials are commonly observed in biocathodes and may be due to the
necessity for hydrogen production as a mediating step for microbial acetate
synthesis?. The bioanodes operated close to the theoretical potential with observed
overpotentials of 0.13 V. The overpotentials of the oxygen redox counter electrode,
with a theoretical reversible potential of 0.59 V, amounted to approximately 0.41
V during charging and 0.59 V during discharging.
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6.3.3. Microbial community diversity

Figure 5 shows a heat map of the 16S rRNA gene sequencing results with the
relative abundance of the taxonomic assignments at the order level. All assigned
reads with an abundance greater than 1 % are displayed separately. In case
additional taxonomic assignments of OTUs at the family/genus level showed a high
abundance of one or few taxonomic groups within an order, these are mentioned
in Figure 5 as well.

Overall, Figure 5 shows a clear distinction between the bioanodes and
biocathodes from the capacitive systems. Most characteristic for the bioanodes is
the dominant occurrence of Geobacter species, as is to be expected and well described
previously for these systems!®'°. Together with species belonging to Desulfovibrionales,
direct extracellular electron transfer (EET) from or to an electrode by means of
membrane bound cytochromes has been demonstrated for this group of bacteria?®2,
and their high relative abundance specifically on the bioanode matches with the
relatively low overpotentials observed there during discharge of the MRB.

The cathode in turn shows, as most prominent species, those belonging to the
Selenomonadales order. Most dominantly represented within this order are species
belonging to the genus Sporomusa, which have been previously investigated for
their role in acetate producing biocathodes”?2. Together with bacteria within the
(here less abundant) order of Clostridiales, Selenomonadales comprise a group within
which numerous homoacetogenic species reside, and most of the species within these
orders are capable of performing the Wood-Ljungdahl pathway for producing acetate
from CO, and H,*. The clear difference in abundance for Selenomonadales between
bioanodes and biocathodes found here underpins this role.

On the second place in relative abundance, for both bioanodes and biocathodes,
are species belonging to the order of Rhodocyclales, with most OTUs assigned to
the genus Dechlorobacter. These have been reported frequently in biocathodes, but
are found in higher relative abundance in bidirectional bioelectrodes, initially
operated as anodes before being poised more negative potential?*-?>. Species
belonging to the orders of Pseudomonales and Burkholderiales, have been described
as co-occurring under these conditions, and may play a comparable role?*?. The
association of these groups of bacteria specifically with reversed electrodes seems
to provide, although not fully, a basis for constructing a bi-directional bioelectrode,
in which the biota present can gain energy both by electrogenic oxidation and
electrotrophic reduction. If successfully established, this could reduce the MRBs
footprint by integration of bioanode and biocathode. Supportive to this hypothesis
is the recent report of such an bi-directional electrode by Yates et al.?%, in which
growth of electrocatalytic biomass was established by polarity inversion on a 10
min interval. It would be interesting to investigate whether this functionality can
be maintained over longer charge/discharge intervals.
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FIGURE 5 | Heat map showing relative abundance of taxonomic assignments of OTUs at the order level
as resulted from the 16S rRNA sequencing of samples of both bioanodes and biocathodes of the capaci-
tive electrode equipped systems. Results for both duplicates are shown (bioanode/biocathode 1&2). For
the full taxonomic assignment results, see Supporting Information. Provisional functional grouping,
depicted on the right, was suggested based on previous reports on mentioned groups and references to

these reports are provided in the text.

Species within the orders of Anaerolineales?, Spirochaetales?,
Sphingobacteriales* and Bacteroidales®*!, and members of the class Mollicutes®?,
are frequently reported for their role in anaerobic digestion and fermentative
properties. With abundances reported here not clearly pointing towards a
preference for biocathode or bioanodes, bacteria associated to these groups are
therefore more likely to have played a purely heterotrophic role. A side note should
be placed here whether they happened to be active at all, which is, given their low
relative abundance, questionable. Moreover, although syntrophic interactions
between these fermentative heterotrophs and alleged electrogenic/electrotrophic
bacteria may be expected?3, more extensive analysis (such as metatranscriptomics)
would be required to further investigate the activities of described bacteria and
their interactions.

6.3.4 Comparison of the counter electrodes tested so far:
Implications and future perspective

Table 1 shows a comparative overview of the obtained and projected theoretical
maximally attainable key parameters for the MRB with the three by now tested
counter electrodes. Quantities are given regarding Coulombic, voltage and energy
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TABLE1 | Comparison of the so-far-tested counter electrodes with use in the MRB. Both experimentally
acquired values (exp., left numbers) as projected theoretical maximum attainable values (max., right

numbers) are displayed.

Ferro/ferricyanide Capacitive 0,/H,0
exp. max. exp. max. exp. max.
Coulombic efficiency (%) 65 80 55 80 25 80
Voltage efficiency (%) 54 63 45 58 15 44
Energy efficiency (%) 35 50 25 45 3.7 35
Energy density (W-h-L-1) 0.1 17 0.1 2.5 0.02 82
Power density (W-L-1) 0.2 58 0.1 43 0.04 31

efficiency, and energy and power densities. Experimentally obtained numbers
are taken from existing and presented datasets. For the estimation of theoretical
maxima, the following assumptions were made: (1) an achievable volumetric
current density of 750 A-‘m for all biocatalyzed electrodes at which (2) acetate
producing biocathodes are able to be operated at a potential of -0.87 V34, (3) acetate
oxidizing bioanodes to be operated at -0.42 V% (C-SS felt, (4) capacitive counter
electrodes both during charging and discharging to be operated at a nominal
potential of 0.15 V, assuming an operational potential window of 0.6 to -0.3 V, (5)
biocatalyzed oxygen reduction at a potential of 0.3 V3¢ (6) anodic oxygen evolution
at a potential of 1 V and (7) gaseous oxygen being stored at a molar density of 0.01
mol'm=3. Coulombic losses are assumed to be limited to 20% for all types of counter
electrode, assuming oxygen crossover to be less problematic once current densities
are increased. Charge storage was assumed to take place in the form of acetate, with
maximum attainable concentrations of 0.75M%, and in case of ferro/ferricyanide
as a counter electrode redox couple, a maximum solubility of 1M was used.

Finally, for the power density maximum projections, ferro/ferricyanide and
capacitive electrodes were assumed to be non-limiting with regard to current
density, thus with only the volume of biologically catalyzed electrodes defining
attainable power density. Furthermore, no operational energy losses were taken
into account.

Looking at Table 1, it is clear that the capacitive counter electrode equipped
systems outperformed the MRBs with an O,/H,O counter electrode on all aspects
in the current experiments. However, using capacitive electrodes in aqueous
environments limits the attainable energy density: restricted in potential window
by electrolysis of water, during charging the capacitive electrode potential may
not increase much further than +0.7 V, after which oxygen production (and
concomitant oxidation of the carbon compounds) may occur, thus not contributing
any longer to double layer polarization. When discharging, the capacitive electrode
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potential may not decrease to values too close to the anode potential (-0.4 Vin these
experiments) in order to maintain meaningful discharge cell voltages. As such, a
theoretical voltage window of 1.1 V is available to the capacitive electrode which
allows for only limited charge densities given the currently obtained capacities
around 65 F-g' (dry weight).

With the 0,/H,0 counter electrode, MRB performance is severely limited by
the combined effects of both oxygen crossover, affecting the CE, and the slow
reaction kinetics of both the ORR and OER. Especially the large overpotential
currently required for ORR is problematic, as this limits the obtainable current
and power density during discharging. The relative impact of oxygen crossover on
CE may be substantially lowered in case a faster ORR can be established without
increasing oxygen concentrations, as the flux of oxygen crossover only depends
on concentration gradient, and not on current. A possible future implementation
and optimization of biologically catalysed oxygen reduction into the MRB platform
might provide possibilities to this extent; with specific current densities of 0.9 A'm
reported for flat graphite plate cathodes polarized at 0.15 V3. When adequately
operated on a three-dimensional electrode material, sufficiently high volumetric
current densities should be feasible at oxygen concentrations comparable to those
used in current experiments. However, this would still not dispel the requirements
of precious catalysts for the anode reaction, severely impeding the economic and
ecological principles this battery strives for.

The capacitive electrode has proven to be a stable counter electrode in the
microbial rechargeable battery. Losses encountered can be mainly attributed to the
performance of the biocathode, with lower cycling efficiency compared to the use of
ferro/ferricyanide being caused by the biocathodes’ overpotential having a relatively
larger impact on VE given the slightly lower nominal potential of the capacitive
electrode. A reduction in overpotential at the biocathode could improve performance
at this point. This is however not foreseen as both from our own experiments and
other work? it seems that hydrogen is an inevitable mediating compound in the
reduction of CO, towards carboxylates in BESs at relevant current densities.

Looking for ways to reduce the losses at the biocathodes of the MRB, a theoretical
possibility for improvement of the MRB might be the use of formate as main charge
storage molecule, which has a lower formal redox potential than acetate, and is
readily formed by a wide range of microorganisms. Doing so however would pose
a major thermodynamic challenge on the selectivity of electrochemically active
biofilms. With formate close to hydrogen in redox potential, large tendencies,
especially at higher formate concentrations, would exist to either produce
hydrogen or acetate. This is possibly the reason why formate production so far
is mainly studied in synthetic biology®® although some occurrences of whole cell
synthesis have been reported3®. A possible disadvantage in using formate is
the lower reduction state of the carbon molecule when compared to acetate, thus
leading to lower overall energy density.
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Although by the data presented in the current study the capacitive systems are
outperforming the oxygen reduction reaction equipped MRBs in terms of energy
efficiency by a factor of 5, the potential upscaling in terms of energy density is
foreseen to be problematic due to relatively low charge capacity associated with
EDL charging. With this regard, the use of the 0,/H,0 electrode may provide a
more optimistic outlook, with theoretically attainable energy densities of around
82 Wh-L' and a cycling efficiency of up to 38%, under the mentioned assumptions.
However also for the H,0/0, electrode, inevitable disadvantages remain, most
notably the requirement of precious metal catalysts for performing the OER and
the need for oxygen produced during charging to be stored under high pressures,
with safety issues and energy losses associated. Given these fundamental aspects
that stand in the way of a successful further development of the MRB concept, more
promising alternative candidates for a counter electrode may have to be sought for.
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6.6 APPENDICES

6.6.1 Characterization of the capacitive electrode

6.6.1.1 Materials and Methods.
Prior to biotic experiments, two separate cells were assembled for
characterization of the capacitive counter electrodes. Each electrochemical
cell consisted of two Plexi glass flow compartments, one filled with activated
charcoal (AC) granules (Norit®, PK 1-3, from peat, steam activated) and the other
filled with plastic spacer material. As a current collector/contactor for the AC
granules, a titanium mesh (thickness 2 mm) was used. Serving as a counter
electrode for water splitting was a platinum/iridium-oxide-coated titanium flat
plate. The two compartments were separated by a cation exchange membrane.
Two different pre-treatments were conducted on the granules: (i) acid/base
washing followed by degassing, or (ii) only degassing. The acid/base washing
was applied to investigate whether potentially present (metallic) impurities
residing in the macro- or micropores of AC granules might have an influence on
the capacitance. The granules were acid/base washed by submerging them in a
HC1 37% solution, placing them on a shaker plate for 1 h with a speed of 140 rpm.
Granules were then rinsed through a 315 um sieve with milliQ, resubmersed in
milliQ and placed on a shaker plate for 55 h. This process was repeated with a
base wash, using a 1 M NaOH solution, with initial shaking taking 24 h instead
of 1 h. After all rinsing steps had been completed, any remaining air bubbles
from the pores were extracted by submerging the granules in milliQ, placing
them in an vacuum for 1 hour, while slowly increasing the vacuum pump power
to prevent damage to the granules. The granules of the second cell were not
treated by acid-base wash, and were only exposed to the air extraction step.
The total dry weight of the AC granules in each compartment was determined
after concluding the tests, by washing them 3x with milliQ, then filtering with
filter paper and drying in an oven at 105 °C for +24 hours. All compartments
of the two cell were filled with electrolyte (see main text for composition) and
placed on a frame, with the capacitive compartment connected to an Ag/AgCl
reference electrode (Prosense, Oosterhout, The Netherlands; +0.203 V vs SHE).

Electrochemical characterizations of the capacitive electrodes were
conducted with a potentiostat (multichannel N-stat DC, Ivium Technologies,
Eindhoven, The Netherlands) using three-electrode configuration: the titanium
current collector of the capacitive compartment functioned as working
electrode, the Pt/Ir-oxide plate as counter electrode and the Ag/AgCl probe as
reference electrode.

Capacitive electrodes were “charged” at +5 mA for 16 hours or until the
potential exceeded +600 mV, after which the potentiostat switched to 8 hours
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of “discharging” at -10 mA or until the potential dropped below -300 mV. This
cycle was repeated 17 times. During the experiments the potential was measured
and using the results the capacitance of the two pre-treatments were calculated
and compared.

6.6.1.2 Results and Discussion.

Chronopotentiometric and amperometric plots of the two cells is displayed in
Figure S1A. Though the unwashed granules displayed a larger drift in potential
during all compared cycles, this was compensated by a reduced packing size
per gram as it occurred with the washed granules, and specific capacitance
for both unwashed and treated granules were similar, as can be inferred from
Figures S1B, C and D. The reduced packing size for granules after acid/base
treatment was likely caused by the followed procedure for acid/base treatment,
including the use of a stirring plate, which damages/erodes the morphology of
the granules allowing for more efficient packing. After drying and weighing
the contents of the two cells, there appeared to be 11.0 g of granules in the cell
with treated granules, while the unwashed granule bed only contained 7.4 g.
Although reduced packing may turn out benificial for system optimization, to
reduce preparation time of follow-up experiments, unwashed granules were
used for the CMRB experiment.
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FIGURE S1 | (A) Potentials (E washed for the acid/base treated granules, E unwashed for the untreated
granules) and applied current as recorded during 17 cycles of capacitive counter electrode character-
ization; (B) specific capacitance as calculated for each measurement interval, based on post-experi-
mental granule weighing, showing large overlap of recorded capacitance for both untreated (orange)
as acid/based washed (black) granules, indicating no substantial effect of acid/base treatment; (C&D)
histograms of specific capacitance for both untreated and acid/base treated granules, clearly indicating
nominal capacitance of 60-70 F/g regardless pre-treatment. Data captured during day 8-9 was lost due
to potentiostat software malfunctioning.
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6.6.2 DNA extraction methods and 16S rRNA sequencing

6.6.2.1 DNA extraction.

Frozen graphite felt from bioelectrodes were homogenized using a high speed
blender (600-watt motor) for about 5 min (at 45 s intervals, 15 s rest) until no
large chunks were visible. 0.25 g of homogenized felt was added to the glass bead
tube included in the PowerSoil extraction Kit, followed by vortexing for 2 min.
The remaining steps of the extraction were performed according to the standard
PowerSoil DNA isolation protocol. Extractions were carried out in quadruplicate.
Extracted DNA was quantified using the Quantus fluorometer (Promega) and
brought to a template concentration of 5 ng/uL. After successful extraction had
been accomplished, extracts were recombined and put on array in technical
duplicates for sequencing.

6.6.2.2 16S rRNA sequencing and data processing.

PCR and subsequent sequencing was done according to the methods described in
Takahashi et al*'. The 16S-based metagenomics analyses were performed using
QIIME**version 1.9.1. The primer sequence were removed from the raw sequences
reads and then place in a single fasta file using the add_qgiime_labels.py script
with the options ‘cutadapt -m 100 -u 17 -u -21". OTU picking was performed with
the script pick_open_reference_otus.py using the SILVA version 1283 16S reference
database and uclust**. The RDP classifier (version 2.2)* was trained with the same
SILVA reference database and subsequently used to classify the OTUs. The QIIME
script core_diversity_analyses.py was used to calculate alpha- and beta-diversity
statistics of the samples.
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6.6.3 Duplicate plots for Coulombic and energy efficiency
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FIGURE S2 | Bar plots of the obtained cycle efficiencies for duplicate runs of the capacitive (left, A,B) and
oxygen/water redox counter electrode equipped (right, C,D) systems. Upper graphs depict the overall
energy efficiency and Coulombic efficiency, while lower graphs show specific anodic and cathodic Cou-
lombic efficiencies, with cathodic efficiency specified per VFA (formate, acetate). During certain cycles
no VFA data were available (namely cycle 6 for the capacitive, and cycles 4 and 11 for O,/H,0 counter
electrode) and thus only overall Coulombic efficiency is reported for these cycles. During the first cycle
of the 0,/H,0 experiments, currents were too high for the counter electrode to sustain positive cell volt-
age, resulting in a negative EE. At the start of the second cycle for the O,/H,0 experiment there was still
acetate left-over from the pre-treatment dose administered, and thus no EE is reported for this cycle.
At the onset of discharging during the ninth cycle, the potentiostat switched to potential control imme-
diately due to slow response characteristics of the biofilm. This resulted in higher discharge currents
and accompanying negative cell voltages, leading to negative EE for this cycle. Prematurely switching

of the potentiostat was prevented from cycle 10 onwards.

128 TWO SUSTAINABLE COUNTER ELECTRODES FOR THE MRB 6.6 APPENDICES



6.6.4 0,/H,0 counter electrode characterization
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FIGURE S3 | Polarization plots of the 0,/H,0 counter electrode at different O, levels. Prior to the MRB
experiments, the Pt/IrO, coated titanium electrodes were characterized by performing linear sweep
voltammetry (LSV, scan rate 0.01 V/s, start at negative potential) in the to-be-used electrolyte, but with
varying flowrates of administered oxygen supply to the electrolyte. The concentrations indicated in
the legend were measured at the start and end of a LSV, respectively. Based on the obtained curves, a

flow rate of oxygen of 0.6 mL/min was used, which corresponds oxygen concentrations of 4.4 - 7.3 mg/L.
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GENERAL DISCUSSION

Based on the previous chapters, the current status of the microbial rechargeable
battery as a future grid energy storage technology is discussed. An overview will be
given of the technological hurdles to be taken before the MRB can be successfully
scaled up. Based on the disquisition made in the general introduction about the
interaction between energy mismatch and feasible ESTs addressing these, a niche
market is identified for the MRB. It will be substantiated that, by allowing grassroots
implementation of deep decarbonization, the MRB may facilitate the energy transition
towards renewable energy sources.




7.1 MRB: CURRENT STATUS

The work presented in Chapter 2 of this thesis described the pioneering work
on integrating the carbon dioxide/acetate redox couple in a rechargeable
(bidirectional) electrochemical cell. As was shown in the proof-of-concept, it is
possible to combine both electrogenic acetate-oxidizing and electrotrophic acetate-
producing biota in one system, sharing electrolyte, allowing metabolic activity
intermittently for over 15 day-cycles. Despite these successful observations, the
continued work on this integrated system as presented in Chapter 6 indicated that
the counter electrode chemistry used in this proof of concept, ferricyanide, does
not qualify as it requires alkaline conditions for stability during practical current
densities. This requirement for moderate to high pH in case ferricyanide is used
on the cathode, does not match well with the use of bicarbonate in the anode, as
this component tends to cross-over to the catholyte in the form of carbonic acid
or gaseous CO,, neutralizing the catholyte pH.

To explore other possibilities for the counter electrode, in Chapter 6 two
alternative cathodes were tested, but these showed inferior qualities on all
experimental aspects, and pose fundamental challenges for optimization. The
use of an oxygen/water counter electrode was accompanied by high overpotentials
and dramatically lowered CEs. As a possible strategy for avoiding the large
overpotentials typically encountered when using noble catalysts at neutral pH
for oxygen reduction, the future use of ORR biocathodes was mentioned. Indeed,
preliminary research on oxygen reducing biocathodes have shown these systems
to potentially outperform platina electrodes under these “biological” conditions.
However, studies done so far on the stability of oxygen reducing biocathodes do not
provide an optimistic outlook, with critical kinetics of dissolved oxygen typically
leading to large fluctuations in internal resistances!?. For the oxygen evolution
reaction, no biologically catalyzed system is known up to date, and performing
OER abiotically requires dimensionally stable and oxidation-resistant anodes,
usually requiring either high alkalinity (as is the case for nickel anodes) or
precious noble metal catalystst®l. Apart from the difficulties encountered at the
electrodes using the oxygen/water redox couple, the use of oxygen in combination
with the carbon dioxide/acetate electrode brings about the additional challenge
of keeping carbon dioxide and oxygen separated. Both being volatile and non-
charged, these compounds diffuse relatively easily from anode to cathode and vice
versa, lowering CE substantially (in the case of oxygen cross-over) and causing
long term stability issues by increased biomass growth and substrate depletion
on the side of the anode.

Alternatively, the explored option of using a solid and stationary capacitive
counter electrode (Chapter 6), although having appreciable electrode kinetics,
had the disadvantages of low charge density (leading to low energy density), and
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a variable electrode potential (requiring more peripheral electronics). Moreover,
due to the stationary application of the used activated carbon granules, the tested
design lacked the uncoupling of power density and energy density at the side of
the counter electrode, normally a specific advantage flow batteries have over other
storage technologies.

In Chapter 6 it was suggested a suitable cathode has still to be found, before a
MRB might find a suitable application, making a detailed discussion on a specific
full electrochemical cell premature. Nevertheless, using water as solvent for
electrolyte materials and due to its organic nature, the microbially catalyzed
carbon dioxide/acetate redox couple represents a promising anode for future
implementation in Aqueous Organic Redox Flow Batteries (AORFB). Therefore,
focusing on this biological half-cell, its technical specifications in terms of (i)
charge density, (ii) current density, (iii) coulombic efficiency, (iv) (long term)
stability and (v) sustainability, will be discussed, and outlooks provided. Moreover,
the impracticalities encountered so far with tested counter electrodes underline
the importance of accounting for charge transport and separation of compounds
between anode and cathode in system design, and guidelines to this end are
provided.

7.1.1 Charge density of the bidirectional carbon dioxide/
acetate bioelectrode

Achieving a high charge density, in combination with high cell voltage, is crucial
for realizing a high energy density. As was reported in Chapter 6, aiming
predominantly for achieving high energy efficiency, the experimental part of this
thesis did not explore the practical boundaries regarding charge density. For this
reason, tested charge densities did not typically exceed 1MC:m?3, or 0.27 Ah'L?
(Chapter 2). It thus holds interest to discuss further what kind of charge densities
may be achieved for this system based on reported concentrations in the field of
MESs and MFCs.

Regarding the cathodic functioning of the bioelectrode, as it is applied in
MES, the highest achieved in situ (i.e. as measured in the catholyte) concentration
of produced acetate currently reported is by Jourdin et al., who reached 11 g-L*
(186mM)™. In their study, this was achieved by intermittently adding NaHCO, and
HCI (so effectively adding both NaCl and CO,) to the catholyte (fed batch). This way,
pH was controlled while preventing - throughout most of the feeding intervals -
substrate limitation. In a comparable but earlier study, Marshall et al., attained
very similar concentrations (10.5 g-L!) by continuously sparging the catholyte with
CO,". While considering these methods, one could extrapolate that when reversing
the process to oxidize acetate, it will require removal of CO,/(bi)carbonates either
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by gas stripping or salt precipitation in order to maintain pH neutrality and/or
avoid product inhibition (see also section, “MRB integrated design considerations”).

Although the concentrations obtained in both studies were similar, it is
unlikely that these represent maximally attainable concentrations. Both studies
explicitly aimed at achieving high conversion rates and reported achieved
acetate accumulation merely for the sake of completeness. However, regarding
acetate concentration no steady state was reached and both studies conclude that
higher concentrations are likely to be possible, pointing to results obtained in
classical fermentation studies, where the production of acetate by a pure culture
of Acetobacter Woodii was observed to reach final concentrations of 51 g-L! over
the course of less than 4 days, and under atmospheric pressure!®”. Alternatively
to finding microbial strains and conditions allowing for high in situ production
of acetate, integrated reactor design may allow for product accumulation by
membrane separation. In a study by Gildemyn et al., a cell design was presented
in which acetate from an acetate producing biocathode was accumulated by
extracting it over an anion exchange membrane up to concentrations of 225mM®!.
Using such an approach could possibly avoid VFA toxicity effects on the biofilm
(if present at all).

Presuming that acetate concentrations as high as reported by Straub et al.l®! can
be established, either by an electrotrophic microbiome similarly able to tolerate
the accompanying (shift in) salinity as reported by Straub et al.'®}, or by integrated
system design as illustrated by Gildemyn et al.®, this would convert to a maximum
charge density for the carbon dioxide/acetate bioelectrode of 185 Ah-L* (under
the assumption of 100 % CE). Within the field of AORFBs, this would represent an
extraordinary high figure; most redox compounds considered for use in AORFBs
facilitate only one electron transfer, contrary to the 8 electrons transferred when
acetate is oxidized to carbon dioxide, and with maximum solubilities typically in
the range of 2 -4 M, charge densities thus range from 50 to 100 Ah/L.

The charge density as established by the biocathode is only effective when the
acetate formed can be fully oxidized during bioanodic operation. In this aspect
the tolerance of anodic biofilm towards high acetate concentrations bears less
importance, as with proper substrate loading rate this can be controlled. Especially
when a “split electrode” configuration as described in chapters 2 and 6 is used
(i.e. bioanode and biocathode on separate current collectors), or in case acetate
accumulation takes place elsewhere (as in the case of the study by Gildemyn et al.®)
the bioanode may not even be exposed to high acetate concentrations throughout
its entire operation cycle. More importantly, the bioanode should be able to
oxidize available substrates as completely as possible, e.g. depleting substrates
to sufficiently low concentrations. Fortunately, acetate oxidizing bioanodes have
been shown to have high affinity towards their substrate, effectively oxidizing
substrates to millimolar concentrations without substantial losses in conversion
rates or rising overpotentialst?,
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Potentially further extending the boundaries of charge density may serve
the observation by Marshall et al.’], who reported longer chain carboxylates and
alcohols to become more prominent as higher concentrations of acetate were
reached, a result which has repeatedly been reported since then also by others-14.
Although not advantageous in terms of energy efficiency, this would potentially
further extend the charge density as more and more reduced carbohydrates are
formed (e.g. with 24 electrons stored per molecule glucose versus the previously
mentioned 8 of acetate), albeit under the condition they may be efficiently oxidized
upon discharging.

7.1.2 Reaction kinetics of the bidirectional carbon dioxide/
acetate bioelectrode

In order for the electrode to be practically applicable (i.e. attain high power
densities), it will also require fast reaction kinetics to obtain high currents at
low overpotentials. As was mentioned in the introduction, various entropy-
generating phenomena are in place, in the case of BESs, operating against this
desire. Most notably these include (i) electron transfer losses as electrons are
transferred between microbe and electrode, (ii) losses occurring within the
microbial cell due to metabolic activity / as electrons travel down the electron
transfer chain, (iii) (diffusive) charge transfer losses occurring in electrolyte
and membrane and (iv) Coulombic losses as undesired processes take place (e.g.
hydrogen recycling or oxygen cross-over). Careful and precise characterization
of each of these phenomena as they occur in acetate-oxidizing bioanodes and
CO,-reducing biocathodes would ideally allow to make robust predictions about
and optimization of obtained current densities and overpotentials, provided well-
defined system parameters.

Within classical electrochemistry, a convenient amount of potentiodynamic
methods to characterize the phenomenological constants involved with reaction
kinetics may be found, ranging from as simple as chronoamperometry and cyclic
voltammetry to more sophisticated methods like electrochemical impedance
spectroscopy (EIS), each having specific strengths, weaknesses and experimental
requirements. [llustrative to this end is the well-known experimental design often
used when characterizing electrode kinetics in detail, where rotating-(multi)
ring disk electrodes, are applied to very elegantly elucidate chemical reaction
mechanisms and rates while accurately controlling for mass transfer properties.

Thus, given the common practice of well-controlled and detailed observations
done on abiotic systems, when trying to provide an outlook regarding reaction
kinetics for the biological carbon dioxide/acetate system, one would initially try
to seek for comparable studies applied to BESs. However, although in recent years
the application of EIS in bioelectrochemistry has received increased effortsis16],
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compared to the level of determinism reached in “abiotic” electrochemistry, the
current level of understanding regarding reaction kinetics and their relation to
key operational parameters in BESs may be termed preliminary.

There are a number of good reasons for the lack of unambiguous quantitative
relationships between reaction rates and operational parameters in BESs. From a
practical perspective, the field is relatively young, and the methodology required
to perform sophisticated measurements on electrode-respiring bacteria is still
under development”. Moreover, what is making these developments particularly
tricky are the relatively long preparations of experiments typical to BESs as
biofilms have to develop and require testing on new electrode materials. Growing
a homogenous biofilm on a rotating ring disk electrode for instance is something
the author hasn’t been able to find in literature to be experimented with so far
(June 2018).

In addition to these practical challenges, the higher complexity of BESs
as compared to non-biological systems requires more extensive modelling,
and thus more validation data (and more time): electrolytes used in BESs are
multicomponent mixtures featuring, aside from a considerable number of
macronutrients, a broad range of metallic and organometallic compounds as
co-factors for sustaining microbial growth. Intrinsic to and depending on the
presence of (specific) living organisms, the range of possible reactions occurring
between these components by workings of enzymatic catalysis expands to
more or less anything that is thermodynamically feasible. Furthermore, BESs
are far from homogeneous systems, featuring spatially highly structured and
(especially using open culture inoculum) diverse biofilms (and potentially
also interacting with planktonic cells), which may exhibit unique and specific
interactions with (and may even actively alter) specific electrode surfaces. As
a result, the additional degrees of freedom the complexity intrinsic to living
bacteria introduces both on a molecular level as on higher spatial domains,
renders well-established models for electrode reactions (like the Butler-Volmer
and Cottrell equation) of limited applicability to BESs. Therefore, quantitative
estimates based on these and other “abiotic” models should be regarded more as
gross outcomes of specific reactor design and operation, rather than pinpointing
intrinsic reaction properties.

What is most troublesome regarding model parameter estimates from
studies applying conventional electrochemical models to the domain of
bioelectrochemistry, is their validity, and thus predictive power, over time.
Apart from non-reversible processes, in non-biotic systems, due to concentration
polarization, fluctuations in performance are expected to occur on relatively short
time scales, resulting in typically short characterization experiments. However,
as biofilms are known to be adaptive towards changes in growth conditions, this
extends the relevant time scale on which performance has to be characterized to
a scale of potentially multiple generations of cell division. Failure to account for
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this may lead to contradicting findings in literature, and an outstanding example
forms the ambiguity regarding the effect of polarization on current density and
cell growth-21,

With above difficulties and reservations serving as a disclaimer, an
assessment of gross reaction rates as they can be achieved by bioanodes and
biocathodes can be made on basis of the numerous (chronoamperometric) studies
already done on these systems. In doing so, corrections, conversions and/or a
selection may have to be applied, so that values are at least “standardized” or
reported at similar or representative conditions.

A pragmatic but nevertheless thorough and very recent assessment of
literature aiming to make this comparison of electrode kinetics in both MFC
anodes and MES cathodes has been recently covered in the works of most notably
Baudler et al., Guo et al., Kerzenmacher, Patil et al. and Jourdin and Strik[?>-25l,
Although these studies also explicitly state important reservations related to
estimating achievable current densities in bioelectrodes, an order of magnitude
estimation from these works seems possible. Focusing on studies with nominal
overpotentials of typically 0.2 to 0.3 V for the anode reaction, stable current
densities of 15 to 25 A‘m? may be achieved, when results are adequately converted
to be expressed towards specific surface area. Conversely for the cathode reaction,
by applying considerably higher overpotentials of 0.3 to 0.5 V, current densities
between 5 and 10 A'‘m? have been reported!?s.

Regarding the typical overpotentials mentioned in literature, their relative
impact on full-system energy efficiency will strongly depend on the choice of
counter electrode, and thus, the resulting operational cell voltages. As a short
illustration, the resulting VE using two hypothetical counter electrodes are
compared in Table 1.

As Table 1 shows, the overpotentials mentioned result in considerable VE
losses. Especially the larger overpotentials as occurring at the biocathode for
acetate production contribute to this loss. As was explained in more detail in
chapter 6 of this thesis, and further described in the review by Jourdin and
Strik?®, these higher overpotentials commonly observed for the cathodic reaction

TABLE 1 | Projected attainable voltage efficiencies for two hypothetical counter electrodes, assuming
practical overpotentials at the carbon dioxide/acetate anode. The outcome clearly shows the synergistic

effect a higher counter electrode potential has on this performance indicator.

CO,/C,H,0, Hypothetical counter E =0.75 Cell Voltage (V) Round trip VE
E,=-0.29 vs SHE (V) or 0.25 vs SHE (V)

Charging: -0.59 Charging: 0.8 Charging: 1.39 0.57
Discharging: -0.09 Discharging: 0.7 Discharging: 0.79

Charging: -0.59 Charging: 0.3 Charging: 0.89 0.32
Discharging:-0.09 Discharging: 0.2 Discharging: 0.29

7.1 MRB: CURRENT STATUS 137



are ascribed to H, being an intermediate for acetate production. However,
recent advances in MES have suggested that tailored composition and metabolic
adjustment of the microbial community may improve cathodic electron transfer
by making use of direct electron transfer mechanisms®?” and experimental efforts
seem well on their way to establish thisfs.

In order to maintain the surface specific currents into volumetric current
densities, a proper cell and electrode design would be required, avoiding steric
hindrance due to clogging and assuring good mass transfer while stacking up
multiple layers of electrode/biofilm in a confined space. Best practices so far to
this end are obtained using metal foam structures, or reticulated vitreous carbon,
showing effective surface-to-volume multiplication factors (active cm?cm=)
roughly between 4 and 10. Using the previous ranges given for current density, this
translates to 6 to 25 A-L (or kA-m) for bioanodes, and 2 to 10 A-L"* for biocathodes.
Assuming a hypothetical counter electrode allowing an operational cell voltage
of a convenient 1V, this leads up to indicative power densities of 6 to 25 W-L!
upon discharge. Although certainly not record setting power densities within the
broader context of energy storage technologies, such volumetric current densities
would be comparable to typical AORFB electrodes®?230,

7.1.3 Coulombic efficiencies of the bidirectional carbon
dioxide/acetate bioelectrode

Voltage losses imply a direct loss of exergy to heat, and as such lower the energy
efficiency of the electrode. Although Coulombic losses not necessarily lead to
(excessive) entropy production, they still negatively impact energy efficiency, as
electrons are lost to processes which do not interface with the (intended) electrode,
and therefore these charges are not retrieved upon discharge. As was explained
in chapter 5 and the introduction of this thesis, Coulombic losses in bioelectrodes
take place inevitably by means of biomass production, for which the boundaries
are set by the available free energy. In practice, lower biomass growth is often
obtained than what could be expected based on equilibria calculations, as also
microbes are not 100 % efficient in harvesting free energy for growth, and may
exhibit changes in growth stoichiometry under conditions where catabolic
processes are not rate limiting®%. In case no other electron diverting reactions
take place, this results in higher CEs. For saline conditions, CE loss due to biomass
formation may be hypothesized to decrease further as more energy is spent on
maintenance of the intercellular environment.

High CEs for the anode reaction are often reported in studies where artificial
wastewater and electrolytes have been used, in combination with enriched inocula
or addition of methanogen inhibiting compounds, ensuring low presence or even
total absence of methanogenic bacteria. Under these conditions, and at practical
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anode potentials, CE for anodes ranges typically between 90 and 100 % when
acetate is used as substrate®?. For acetate producing cathodes, attaining high
CEs towards acetate has shown to be slightly more challenging. Often this is due
to the formation of H,, which in case of insufficient scavenging by surrounding
biofilm may end up in the headspace as unwanted side-product. Best practices
for biocathodes however, as reported in multiple studies, have shown high CEs
towards production of acetate, up to nearly 100%, to be feasible!?6:33],

Both for biocathodes and for bioanodes, however, considerably lower CEs
may be obtained in case methanogens are not being suppressed, or kept absent2.
Suggestions for setting operational parameters in such a way that methanogens are
outcompeted, have been extensively provided in chapters 3 and 4 of this thesis.
However, these suggestions were made within the context of continuous systems in
which slow growing biomass can be washed out. This is not the case in the closed
system of a battery. Therefore, methanogen-inhibiting chemicals were added to
the electrolyte used in the experiments covered in this thesis, and so has been
done in numerous other studies, and successfully so far.

As alast consideration regarding potential CE losses, the potential crossover
of product and substrates to the counter electrolyte must be mentioned. Apart
from hydrogen-evasion in biocathodes, especially the crossover of acetate forms
a potential CE loss, as this compound, although mainly present in anionic form at
neutral pH, may diffuse relatively easily through membranes in its undissociated
form, even when cation exchange membranes are used. From this perspective, it
would be a big advantage if a counter electrode is found which has no reactivity
towards acetate.

To conclude this section, Coulombic efficiency as reported both for MES
cathodes and MFC anodes can achieve nearly 100%, with only small but inevitable
losses due to biomass growth. If replicable within the setting of a bidirectional
electrode, as it is applied within the MRB, CE losses are not expected to significantly
influence the energy efficiency of a single charge/discharge cycle, but they may
have impact on the long term stability and energy density of the MRB.

7.1.4 Long term stability of the bidirectional carbon dioxide/
acetate bioelectrode

In chapters 2 and 6 of this thesis, experiments with the carbon dioxide/acetate
electrode were conducted over periods typically within the range of 15-30 days.
To become a relevant technology, the stability of the bioelectrode has to be proven
also on a considerably longer timescale. Especially the following aspects therefore
should be taken into account: (i) the long term impact of biomass growth, (ii) long
term inhibition of methanogenesis and (iii) electrode maintenance.
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7.1.4.1 Long term impacts of biomass growth

Biomass growth rate is not so high that it forms major problems on a per cycle basis,
but over the course of hundreds of cycles, its formation and lesser degradation will
start to accumulate nutrients and carbon. Ultimately, this will form a problem for
further proper functioning of the electrode as nutrients available for microbial
growth and activity will be depleted. Moreover the inactive biomass may clog up
pores in case porous electrodes are used. The non-degradable part of the biomass
that thus will form will require (periodic) removal, and the nutrients assimilated
within this inert fraction of the biomass will have to be replaced. Foremost the
periodicity/rate with which this has to be carried out, depends on the growth rate
of the electrogenic biomass, which in term may be related to the composition of
the microbial community (especially the presence of heterotrophic organisms
may play a role here) and the overpotentials applied. The use of OCT as described
in chapter 5 could contribute to determine the necessary periodicity of biomass
removal, by providing better insight in the relation between biomass thickness,
distribution, dynamics and cell performance. Regarding methods for removal of
inactive and non-degradable biomass, either sludge removal by integration of a
solids separator could be considered, or the system as a whole would need periodic
(chemical and/or mechanical) cleaning, after which (the electrolyte is replaced
and) the system is restarted.

7.1.4.2 Long term inhibition of methanogenesis

Neither the formation of methanogenic biomass, nor the formation of methane
in biocathodes, contributes to electrode performance and therefore needs to be
prevented. Although the bespoken addition of 2-BES for inhibiting methanogens
is effective on the short term, it remains questionable, also when applied to the
closed system of the MRB, how sustainable this practice turns out to be on longer
term. Measurements performed in chapter 2 showed a gradual decline in the
concentration of this compound, indicating either degradation or adsorption of
it by the present biota. Once this compound would lose its effectiveness (and it
has been shown in various reports to be able to do so®%!, methane formation
may lead to rapid inactivation of the electrode system: the gas is poorly soluble,
will evade the system quite easily, and can only very slowly be oxidized with
bioanodes. As was explained in more detail in chapter 3 and 4, applying high
current densities and optimizing reactor design to minimize diffusion limitations
for electrode bound biofilms, might allow to outgrow methanogens on short term.
However, almost regardless how long it takes, in a closed system where there
is no washout of slow growing species, if methanogens grow (albeit slowly), it
will require periodic cleaning to wipe them out. The only other possibility would
be to prevent presence of methanogens completely, but this would introduce the
additional and impractical criterium of axenic construction and operation of the
electrode so that contamination is prevented at all times.
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7.1.4.3 Criteria with respect to electrode maintenance
Provided a proper state-of-charge, conventional electrodes may be stored over
long periods of time, after which they may be directly put to work again. For a
bioelectrode to work, it depends on metabolically active bacteria to fulfill the
electrode reactions. Although in some cases bacteria are renowned for their
ability to survive extreme environments and periods of inactivity, for a smooth
and efficient bioelectrode functioning it bears importance that the biofilms are
kept alive and can swiftly resume metabolic activity at all times. Failure to do
so would require (potentially extensive) start-up periods, in which bacteria are
either reactivated, or have to be regrown. To prevent this, the bioelectrode will
require a minimum intermittency in use. In the experiments reported in chapter
2 and 6 of this thesis, it was shown that biocathodes and bioanodes could be
operated intermittently in 16-8 hours intervals, allowing active/non-active periods
to alternate, without substantial loss of functionality and efficiency. However,
robustness towards longer periods of electrode inactivity would need further
assessment.

As asecond aspect of electrode maintenance, the robustness of the bioelectrode
against overcharging or over-discharging currents (i.e. fluctuations in current
density and overoxidation/reduction of the electrolyte) needs to be taken into
account. As was explained before, the biofilms of these systems are likely to
develop specifically to the conditions occurring, with microbial composition,
biofilm structure and thickness being key aspects. Current fluctuations during
charging may result in CE loss to hydrogen formation, as the present biota is not
capable of sufficiently scavenging the gas for production of acetate, or — in more
severe situation — may lead to biofilm ablation, which will require time to recover.
In the case of anodic functioning, applying current higher than what the biofilm
is accustomed to may lead to adaptive changes in the bacterial ETCs, potentially
leading to higher overpotentials and loss in energy efficiency. Moreover, in case
currents exceed rates with which electrons can be delivered based on acetate
oxidation, this will result in oxidative processes that may damage the biofilm,
or permanently damage the electrode (for instance by forming passive layers). It
seems that by its nature, the bioelectrode thus would need protection against these
conditions occurring, and for a practical application, enhanced load leveling thus
would need to be considered.

7.1.5 Sustainability of the bidirectional carbon dioxide/acetate
bioelectrode
Aswas mentioned in the introduction regarding sustainability requirements of a

future EST, it bears importance to assess the availability of a technology’s material
requirements in combination with the intended use and scale of that use. Although
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at this stage of development not much can be said about the potential scale
of use the bhioelectrode would be applied at, some optimistic remarks can be
given regarding the materials (and energy) required for its construction and
operation.

A first thing to consider is the choice of electrode material. Although an
almost overwhelming amount of information can be found in literature on
this account, fortunately the work done so far on electrode modifications for
application in BESs has been reviewed thoroughly from time to time. As most
recent and noteworthy may be mentioned the reviews by Guo et al?3], Jourdin
and Strik?® and Kerzenmacher. Presumably the best summary of the insights
gained so far on what an ideal electrode would feature, is provided by the review
of Guo et al.?¥), describing it to have:

?good biocompatibility, high specific and electroactive surface area, strong
chemical stability (includes corrosion resistance), fast electron transfer at
microbe-electrode interface; high conductivity, excellent mechanical strength,
good processability and scalability, low environmental impact (manufacturing
footprint, recyclability) and low cost”

Although in the same publication the authors mention that “neither the
carbon-based nor the metal-based materials fulfil these criteria completely”,
in the later review by Jourdin&Strik®®, a thorough comparison of studies in
terms of specific current densities and used potentials, is made, and identifies
as best practices the use of flame oxidized stainless steel felt, carbon-nanotube
coated reticulated vitreous carbon, or — albeit only validated on a scale of an
individual granule - activated carbon. Altogether, it may be hypothesized that
the ideal electrode as described above will be a composite material, consisting
of a highly conductive backbone (either metallic or glass-like carbon), a surface
area-enhancing peripheral structure on micrometer scale (presumably graphite
based), and possibly biocompatibility/electron transfer-improving surface
modifications (like carbon nanotubes or functional groups) on a (sub)nanometer
scale. It can thus be concluded that with steel and carbon, all necessary materials
are available for making the microbial electrode of the future. This would be
beneficial in terms of the sustainability of this future electrode, as steel alloys
are normally made from abundant metal species, and are highly recyclable.
Most carbon structures can be made from either renewable (biomass based)
sources or from plastic wastef36.

The second component of the bioelectrode to be considered in terms of
its sustainability is the electrolyte. Being aqueous, it already has a marked
advantage to this point compared to non-aqueous electrolytes, often requiring
petrochemical precursors. Moreover, all chemicals used in the experiments
described in this thesis, and in other work on BESs so far, contain chemicals
typical for microbial growth, and as such are almost by definition abundant,
non-toxic and/or biodegradable. To further illustrate this point, at least one
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study has reported high current density in acetate oxidizing anodes using
merely compost extracts as electrolyte, with acetate and table salt added. In
contrast to conventional flow batteries, metallic species are only required in
trace amounts (<uM). As a single exception to this sustainability praise regarding
bioelectrolytes, may serve the earlier mentioned use of the methanogen-
inhibitor 2-BES. This compound, applied in considerable amounts (10mM) in
the works described in this thesis, forms the only not-naturally occurring
additive of the electrolyte, and its lifetime and effect, both within the reactor
as in natural ecosystems, is yet to be investigated.

Concluding this section, although a preliminary assessment may provide
an optimistic outlook regarding sustainability of the bioelectrode, further
extensive LCA will be required to more thoroughly study its environmental
impact.

7.2 MRB INTEGRATED DESIGN
CONSIDERATIONS

The previous section considered specific performance aspects for the carbon
dioxide/acetate electrode, most importantly charge density, Coulombic and
voltage efficiency. For each of these performance aspects, an indication of
their maximally attainable values was provided based on best practices in
literature. The assessment provided attractive perspectives for the electrode on
these aspects, showing charge densities and Coulombic efficiencies exceeding
those typically encountered within AORFBs to be plausible. Moreover, based
on figures obtained from separate biocathode and bioanode experiments,
competitive current densities can be achieved without excessive overpotentials
/ energy losses.

However, as the work presented in chapter 2 and 6 of this thesis also
showed, notable differences exist in terms of performance achieved between
studies involving continuous systems, optimized for a particular purpose, and a
rechargeable battery, in which a closed system is being studied and conversions
by definition must be able to be completely reversible (i.e. bi-directional). To this
end, it bears importance to consider what it requires in terms of system design
to close these gaps.

Regarding charge density, proper pH control is of utmost importance when
high concentrations of acetate need to be reached. The reason for this is two-
fold. On one hand, the reaction stoichiometry requires 8 protons for each acetate
molecule formed. As biofilms are by nature prone to diffusion limitations, it
would require a high bulk concentration of protons in order to prevent severe
overpotentials by concentration polarization. On the other hand, when such a
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high concentration of (easily) dissociated protons would be realized by means of
increased acidity, this would conflict with the requirement of most bacteria for
(more or less) neutral pH, especially under (momentary) periods of non-turnover.
Set aside the possibility of using extremophilic bacteria that can actually cope
with such conditions, these two aspects taken together lead to the conclusion
that for obtaining high concentrations while keeping the microbes active/intact,
heavy pH buffering is the way to go. Fortunately, the carbonic acid/bicarbonate
buffer already required for forming acetate can fulfil this role, but increasing
its concentration will in turn result in higher salinity, which may be posing an
additional (and potentially mitigatable!®”) stress factor for the present biota.

Looking deeper into buffer strength requirements, some practical
implications on system design can be foreseen when high charge densities are
to be reached. For instance when aiming at a final concentration of 0.8 M acetate
in the anode, a total of 1.6 M of inorganic carbon would need to be reduced.
At the same time, 8 protons consumed per acetate molecule formed, result in
approximately 6.4 M of alkalinity that will need to be neutralized (some weak
acid effects of the shift in bicarbonate/acetate speciation set aside). This may
be done either by (i) completely buffering this or (ii) having a proton coupled
electron transfer (PCET) reaction in the counter electrode.

In case of a PCET counter reaction, the protons required for producing
acetate can be sourced from the counter electrode. However, to make use of
this possibility, it will be crucial having protons/hydroxyls shuttled between
anolyte and catholyte efficiently, without large pH gradients. This would in turn
require a buffer which can crossover between the two electrode compartments
in both protonated and deprotonated form, while still allowing selectivity of
ion transport (preventing acetate to reach the counter electrode or vice-versa,
having the counter reactant ending up at the cathode).

A fit example for such a buffer which can effectively support proton transfer
between anode and cathode, is for instance when an anion exchange membrane
is used to have bicarbonate going from cathode to anode, combined with gaseous/
uncharged CO, going back from anode to cathode. This situation is schematically
depicted in Figure S1 in the appendix, and also in Figure 1 here to allow for
direct inspection.

When this concept would be applied to the carbon dioxide/acetate electrode,
a next point of attention would be the Coulombic efficiency: employing an anion
exchange membrane, it would either require a counter electrode non-reactive to
acetate, or a bicarbonate selective membrane should be used while care should
be taken regarding the possible transfer of acetate to the counter electrolyte by
gas exchange, although the latter might be a smaller problem as the pK, of acetic
acid is lower than that of carbonic acid. Similarly, depending on the charge and
chemical properties of the counter electrode reactant, this may also crossover to
the anolyte, and appropriate measures should be taken likewise.
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FIGURE 1 | Schematic of a (bio)electrochemical system in which both anode and cathode reactions are
proton-coupled. A minimal pH gradient may be achieved when an anion exchange membrane is applied
in combination with a volatile buffering compound (e.g. carbon dioxide/bicarbonate) which can effec-

tively shuttle protons as indicated between the two half cells

When the carbon dioxide/acetate electrode is combined with a non-PCET
counter reaction, there seems to be no other option left than to neutralize the
alkalinity/acidity as it occurs during charge/discharge cycling by addition of a
buffer. An important design choice in this case may be whether a non-volatile,
or volatile buffer is applied. The latter has the advantage that it can easily be
removed again upon later oxidation of the acetate, and the carbonic acid/CO,
system seems suited to this end as well. Nevertheless, it may be no surprise that
this would result in extremely high salinity, progressively established as the
process takes place. Where in the system salinity would accumulate depends
mainly on membrane choice, as is depicted most clearly when comparing Figure
S9 and Figure S11 in the Appendix, which are printed here as Figure 2 and 3
for convenience.

Concluding the considerations above, three foremost design choices can be
identified which have major impact on the most defining performance aspects, as
they to large extent define the mass transfer characteristics of the system:

1. Whether the counter reaction is proton coupled (PCET) or not (NPCET)

2. Whether a volatile or non-volatile buffering compound is used
3. Membrane transfer specificity
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FIGURE 2 | Shows a schematic of a (bio)electrochemical system in which a proton coupled anode reaction
is combined with a non-proton coupled cathode reaction and with use of an anion exchange membrane.
In order to minimize pH fluctuation by acidification at the anode, a buffering compound has to be
transported over the membrane from cathode to anode. Assuming high concentration of acetate to be
achieved, required amounts of buffer will exceed solubility constants and thus precipitation of buffer
salts will occur at some point throughout the charging/discharging cycle. Using a AEM, this is most
likely to occur at the cathode side, as this will be the place where anions and cations both accumulate.
In case a volatile buffer system is used, salinity fluctuation can be largely prevented on the anode side

by pressure regulation (indicated by the removal of gaseous buffer on the top left).

In designing a MRB to obtain a balanced performance on discussed technical
aspects, an integrated approach is required in which the combined effects of these
three design choices are considered. The many practical uncertainties involved
make this a complex task, and to that end a long road of iterative experiments
presumably still lies ahead. For a more extensive exploration of possible cell
designs based upon above three design choices and their foreseen pros and cons,
the reader is referred to the appendix of this chapter.
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FIGURE 3 | Schematic comparable to figure 3/S9, but now with a cation exchange membrane, which
may be required to prevent anionic substrate cross-over causing coulombic efficiency losses. Notable

difference with Figure S9 regards the salt deposit location, which is now located at the anode side.

7.3 FUTURE OUTLOOK OF THE
BIDIRECTIONAL CARBON DIOXIDE/
ACETATE BIOELECTRODE

As the experimental work, developed theory and technical aspects as discussed
above for the bidirectional carbon dioxide/acetate electrode have shown, this
electrode possesses relevant properties making it a potentially attractive electrode
for integration in AORFBs. However, before reaching this phase, a number of key
challenges will have to be faced first. Based on the limitations and knowledge gaps
as identified in this thesis, the most important points to address are:

— Optimization of charge density by changing system design and operation,
allowing CO, to be used both as reactant and as buffering agent, while
preventing acetate to be removed by stripping / cross-over. Especially in case
a non-proton bound counter electrode reaction is used, the potential use of
halotolerant microbiomes for achieving higher concentrations at increased
salinity must be explored.

— Optimization of electrode kinetics and alleviation of mass transfer
limitations by improving electrode design in combination with a suitable
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microbial community composition. Concrete recommendations and design
considerations regarding bioelectrodes have been provided in literature(232426),
while promising results with lowered overpotentials for the cathodic reaction
have been achieved recently by microbial culture enrichment using inversed
polarity treatments®. A combined approach applying these best practices both
in electrode materials and morphology, and established microbial community
composition, may yield synergistic results.

- The impact of key operational parameters on long term stability and
performance of the system should be studied by means of a thorough
characterization of the obtained kinetics, mass balancing and microbial
community analysis. Special attention should be paid to long term effectiveness
and biological fate of methanogen inhibitor 2-BES.

Once above key challenges have been properly addressed, the search may start for
finding the match regarding a proper counter electrode, so that a real AORFB is
formed. Inline with the requirements set for the carbon dioxide/acetate electrode,
the system compatibility requirements this alternative counter electrode would
have to comply with are:

— High concentration / charge density

- High potential

- Good kinetics

— Highly stable, with high CEs, with either the possibility to avoid crossover
of reactants from anode to cathode and vice versa (anion, so that a cation
exchange membrane can be used), or not affected by compounds possibly
crossing over

- Sustainable and safe

Based on a state-of-the-art review of literature on AORFBs, as promising examples
of such electrodes may be mentioned the use of the stable free radical TEMPO,
and related metallo-organic derivatives, like Ferrocenel®3?, With achievable
concentrations up to 4 M, charge densities may be reached of 100 Ah-L*. Depending
on pH and ionic strength, various potentials may be obtained, but formal potentials
as high as 0.6 V (vs. SHE) are possible, with current densities reported reaching
over 50 A'm?. In addition to these synthetic compounds, substantial research
efforts are done on the use of Quinones for application in AORFBs. Although
conventionally deemed unsuitable due to poor solubilities, functionalization of
carbon slurry by impregnation with Quinones has led to interesting preliminary
results, with charge densities of 50 Ah-L* at formal potentials of 0.42 V (vs. Ag/
AgCl) being possible under neutral conditions®.

Extrapolating a hypothetical situation in which referred Quinone impregnated
slurry would be successfully used for establishing a AORFB in combination with
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the carbon dioxide/acetate electrode, energy densities of approximately 25 Wh-L?
and power densities of >10 W/L (based on symmetric sizing of anode and cathode
and assuming the anode to be current limiting) would be on the horizon.

7.4 THE POSITION OF ENERGY STORAGE
AS SOLUTION OF THE ENERGY MISMATCH,
AND THE NEED FOR GRASSROOTS
IMPLEMENTATION

As was elaborated on in the introduction of this thesis, the socioeconomic
position of energy storage depends heavily on the size and nature of a present
energy mismatch. However, much uncertainty exists about the future size and
severity of the energy mismatch as it will take shape during the transition to
“deep decarbonization”. In general, factors that can either mitigate or propagate
mismatch are (i) power supply capacity and characteristics, (ii) interconnection
or grid inertia, (iii) demand response and (iv) energy storage.

Looking at the grid challenges analysis for the UK as discussed in the
introduction of this thesis, energy storage facilities to be sought after are
those that can provide backup within seconds up to several days, thus both
serving backup due to clouding effects in solar, gusts and lulls in wind, and
daily fluctuations caused by end user demands. The implementation in this
intermediate phase is most likely to take place in an incremental manner, with
intentional communities, like eco-villages, opting in one by one. The scale of
implementation thus ranging between single households and several hundreds
of them, this will require typical storage capacities in the range of 10-1000
kWh, for which the footprint will have to fit inside the communities property.
Additionally, for communities facing strong seasonal patterns in energy
mismatch, the backup duration and capacity would need to be expanded by an
order of magnitude, lasting typically for several months with corresponding
capacities ranging from 1 to 100 MWh, would need be that current (western
world household) energy consumption patterns be unaltered.

Looking at currently available technologies, the selection then would
narrow down to exclusively electrochemical methods, as they feature a broad
range regarding discharge duration and operational power density, while
characterized by low rates of self-discharge. For mitigating daily mismatches,
conventional examples would be lead-acid or LiFePO4 batteries. Currently
in development and promising alternative technologies would be redox flow
batteries. For seasonal storage, although featuring substantially lower cycle
efficiencies, hydrogen based systems with regeneration of electrical power by
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internal combustion engines or fuel cells so far are the only potential options.
Only when the geography allows it pumped hydro or CAES would be amongst
the possibilities, but given the scarcity of such occurrences limited impact is to
be expected regarding their contribution.

Up to date, all of the abovementioned technologies, both those commercially
available as those in development, have serious shortfalls regarding either their
(ecological) sustainability or safety aspects. Batteries require often scarce and/
or highly toxic catalysts for their functioning (examples are nickel and cobalt
forlithium intercalation). Moreover, both their electrodes as electrolyte require
highly pure carbohydrates as precursors, often exclusively sourced from fossil
resources. The extremely high purity requirements for most of these systems to
perform as desired also results in high production energy demands, and turns
recycling into a tedious business. Hydrogen-based technologies, apart from
having an innate low cycle efficiency caused by the anode reaction, often require
extremely scarce noble catalysts (e.g. platinum, ruthenium, iridium) for their
functioning, resulting in both a high ecological footprint and excessive capital
investments required per acquired power capacity. Although in some cases
(e.g. a so called “battolyser”) nickel(III)oxide-hydroxide may be used for the
water splitting reaction, avoiding the use of noble catalysts, this catalyst is not
reversible, and thus power can only be regenerated by oxidation of the formed
hydrogen (or any of its derivatives) by means of combustion, further lowering
the cycle efficiency and adding the complexity of exhaust management®.

Redox-flow batteries/cells (RFBs), in which the charge carriers/redox active
compounds are dissolved/suspended in the electrolytes, and are pumped
through the cell stack while the system is operated, have shown promising
perspectives. With power density being scalable independently from energy
density in these systems, they can be modified to a wide range of uses. A wide
variety of redox active compounds have been tested in RFBs so far, most known
ones either exploit the various redox states of a transition metal (often vanadium)
or combine this to a halogen (often bromine). However, these technologies
so far have been pushed back by typically low energy densities (<40Wh/L),
safety risks associated to the use of the included metals, low practical energy
efficiency due to heating requirements and last but not least: production price.
Promising in terms of sustainability and abundance of used materials are recent
developments in RFBs using organic redox molecules, most notably (potentially
plant-derived) quinones, but up so far these design are hindered by limited
solubilities and low cell voltages, leading to insufficient energy density®®!. The
bioelectrode described in this thesis may prove to be a welcome addition to the
existing world of aqueous organic redox flow batteries. With a foreseen charge
density for the bioelectrode as high as 185 Ah-L, total system energy densities of
over 50Wh/L may be feasible, once a compatible counter electrode is identified
and a fully integrated system is developed. Considering prementioned energy
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capacities required for domestic/small community use (10-1000 kWh) the storage
volume required would then be within realistic proportions (0.2-200 m?3).
Thus, although the many technical challenges described in this thesis (and
possibly more) will need to be solved before allowing up-scale implementation,
a carbon dioxide/acetate based AORFB may show to be sustainable, safe and
appropriate energy storage technology for decentralized use in the future.
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7.6 APPENDIX: PRACTICAL EXPLORATION
OF CHOICES IN MASS TRANSFER
CHARACTERISTICS BY CELL DESIGN

In section 7.2, three prime design considerations were identified which have a
defining impact on mass transfer characteristics of the MRB. To further illustrate
what such an integrated approach could entail, Table S1 lists all combinations
that can be made using the three mentioned foremost design choices (membrane
type, buffer type, counter reaction type). For this illustration, membrane typology
has been defined on basis of charge selectivity; and as such, four options, being
AEM, CEM or a combination of these (AEM-CEM or CEM-AEM), have been taken
into consideration.

Subsequently, for each of the combinations listed in Table S1, a corresponding
schematic figure, with major mass transfer flows as expected to occur indicated,
has been made. These can be found in the appendix, under the label as indicated
in the table (Figure S1-16). It should be explicitly mentioned these schematics,
and the processes indicated, by no means aim to provide completeness or physical
accuracy, rather, they serve the point of illustration and thought-experiment.

Taking into consideration the various options as they arise from Table S1 and
asthey are depicted in Figures S1-16, the next logical question then becomes: which
one is the best? Here it becomes tricky, as in making a qualitative comparison of
these conceptual scenarios, practical considerations have to be made with regard
to the specific risks as they either do or do not apply to each option.

TABLE S1 | Cross-table of all possible cell designs based on combinations of buffer type (volatile or
non-volatile), counter electrode reaction type (proton coupled or non-proton coupled) and applied mem-
brane (anion exchange, cation exchange, or bipolar/combined AEM/CEM). Number annotations of com-

binations (S1-S16) refer to figure numbers in which the designs are schematically depicted.

PCET (potentially partially buffered) NPCET (requires full buffering on anode side, salt
required at cathode)

AEM CEM AEM-CEM CEM-AEM  AEM CEM AEM-CEM  CEM-AEM

S1 S3 S5 S7 S9 S11 S13 S15

volatile buffer
(allows cycling over

AEM at low
resistance)

S2 sS4 S6 S8 s10 S$12 S14 si6

Non volatile buffer
(more resistance if

cycling is aim)
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In making this “risk assessment”, the main factors that pose a risk to full-cell

performance can be listed as follows:

156

Coulombic efficiency compromising factors:

e crossover issues: requirements regarding membrane selectivity,
or, alternatively, requirements regarding the nature of the counter
reactant (e.g. immobilization, state of charge). A particularly tricky
factor here may be water transfer over the membrane in case large
osmotic differences between compartments exist: this may only be
compensated by RO, the high operation pressures of which would most
likely compromise cell design.

Voltage efficiency compromising factors (rate limiting / entropy producing
processes):

* Membrane resistance: less membranes and less selective membranes
in general yields lower resistance, but can be in conflict with high CE

* Scaling tendencies: working with higher salinity is tricky, as this may
result in clogging of membranes or electrodes. Even if precipitation
is part of the scheme and well controlled (e.g. by strategically placed
nucleation sites), low dissolution rates and (re)hydration energy may
induce substantial energy losses, or limit current densities severely

* Gas storage: to some extent inevitably for excess CO, as it is present
in discharged state, but especially in case a volatile buffer is used in
combination with a design that does not allow for proton shuttling
between anode and cathode, gas will need to be stored and returned
to the electrolyte throughout charging/discharging cycles. This will
require compression energy, and the vaporization and dissolution will
induce entropy losses in the form of hydration energy, all negatively
affecting energy efficiency.

Biocompatibility compromising factors: without active bacteria, the MRB will
simply not work. Depending on the used inoculum / bacterial communities,
and their tolerance towards changes in/levels of pH and salinity, controlling
these variables may or may not play an important role in cell design. However
by default, neutral pH and salinities up to ~35 g/L (marine conditions) may be
taken as safe points of departure. (Large) deviations from this will most likely
require the identification and application of extremophilic communities, for
which less knowledge is currently available regarding their application in BESs.
Energy density compromising factors: Aside from the charge density of the
counter electrode reaction, the obtainable energy density is depending on
additional operational volumes required for monitoring and control. Although
some parts, like electronics and pumps, need to be present regardless system
design, there are two storage volumes which only need to be present in certain
specific configurations, and in that case may take up significant amount of
space, negatively affecting energy density:
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* Middle compartment: in case the counter reactant is positively
charged and mobile, and no membrane can be found which is selective
(enough) on basis of steric hindrance, at least two membranes will
have to be applied in order to keep oxidant and reductant apart. A
most logical approach is then to use the concept of electrodialysis,
with a middle compartment where salt/buffer is accumulated/
depleted from throughout charging/discharging (e.g. Figure S15).
Although such designs may show to be advantageous regarding CE
and biocompatibility, the middle compartment and its contents will
take up space as well, lowering energy density of the technology.

* Gas storage: apart from inducing some energy losses by means of
hydration and compression energy, storing gas requires volume (extent
which is depending on compression factor). This lowers energy density
as well.

In Table S2, the above list of potential risks is applied to the options from Table
S1, to obtain a qualitative comparison between cell designs.

Looking at Table S2, it should be noted that a quantitative assessment of the
mentioned criteria is almost impossible. Therefore, it is hard - if not impossible —
to say aforehand which of the assessed options would be a more successful / better
performing battery. To illustrate this point, as relevant questions may serve to
what extent the inoculum can withstand high salinity and / or fluctuations thereof,
or what is known about the pH range in which bacteria remain active. If strict
operational limits apply to these ends, biocompatibility criteria will weigh in
considerably more than when known extremophiles are at hand.

Following thisline for the sake of demonstration, if for now we assume salinity and
pH tolerances to be restricted by the range as applied in Straub’s study'®, there is a
focus on achieving biological compatibility as such. In that case, two cell designs
stand out, being Figures S1 and S$13. These two options, together with Figure S9,
seem most suitable for achieving constant and low salinity and neutral pH at the
anode. However, these options are scoring less promising on other criteria: e.g.
the requirement of CO, addition (charging) and stripping (discharging), would
pose an additional complexity to the system as it requires a CO, storage and dosing
system. If studies show however that high salt tolerance can be combined with
good bacterial activity, then these criteria would be weighed differently and
preferred choice could shift to (one of the) other concepts as outlined in the series
of figures S1-16.

Due to the foreseen advantages of increased pH buffering and salinity on
electrolyte conductivity, the research in halophilic and halotolerant species for BES
applications has caught more interest recently®!. For the bioanode, first reports
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show excellent performance of some electrogenic species for acetate oxidation
at salt concentrations around 0.6M"?. Regarding CO, reducing biocathodes, less
is known about potential tolerance to salt. However, apart from the appreciable
salt concentrations used in the works presented in this thesis (around 0.3 M), the
occurrence and activity of acetogens in soda lakes is ubiquitous. In such lakes,
salt concentrations typically fluctuate throughout the seasons, varying as extreme
as from saturation point to estuarine conditions in some cases. Taking this into
account, although challenging, this provides an optimistic outlook for finding
suitable microbes, catalyzing the bidirectional electrode, that can tolerate such a
highly saline and fluctuating environment.

In conclusion, it is clear that for increasing acetate concentrations for this
electrode, while not being compromised in terms of VE/CE and thus EE, or stability,
multiple design aspects will have to be considered altogether in order to find a
suitable compromise between various pros and cons. As was also concluded in the
discussion of this thesis, given the complexity and versality of this task, a long
road of experimenting presumably still lies ahead.
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FIGURE S1-S16 | Schematic drawings of electrochemical cells based on the combinations made in Table
S1, varying in (a) applied buffer system, (b) type of membranes used, (c) type of counter electrode re-
action. Indicated are the major anticipated electrolytic mass and charge transfer flows, which may be
accommodated, depending on the exact figure, by (i) volatile buffer system HBUF/BUF, (ii) non-volatile
buffer system BUF-/BUF?, (iii) potassium or sodium cations (K/Na*). Whenever accumulation/depletion
of both cations and anions in a compartment is inherent to the process, the respective salts likely to
deposit/dissolve are indicated, these may be in the case of a volatile buffer system the sodium/potassium
salts of the monovalent anions (indicated as NaHBUF), while for the non-volatile/divalent buffer this
may be the sodium/potassium salts of both monovalent and divalent anions (indicated as NaHBUF and
Na,BUF). In case a volatile buffer is applied, gaseous removal of the protonated buffer (HBUF) may be

applied to control pH, at least theoretically.
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Microbially catalyzed electrochemical systems for sustainable
energy storage

A smooth and complete transition towards renewable energy is challenged by the
variability of generation of power from renewable resources, which cannot by
themselves function as baseload generation. Under business-as-usual scenarios,
the integration of renewables beyond 30% of total grid power generation is
generally expected to require additional measures to guarantee baseload
providence. Energy Storage Technologies (ESTs) which store variable generated
renewable energy could effectively replace the current fossil fuel driven baseload
generation, and are therefore widely seen as potential key players in the renewable
energy transition. However, in anticipation of such an intensified future role for
energy storage technologies, it becomes increasingly important for the production,
operation and recommissioning of these storage facilities not to be in conflict with
the sustainability endeavors which their intended use is part of. In this thesis,
the use of Bioelectrochemical Systems (BESs) for energy storage is proposed as a
possible technology to address this challenge.

Asis described in more detail in Chapter 1, microorganisms in BESs are able
to sustain their growth and activity by using electrodes either as the electron
acceptor or donor required for driving their cellular respiration. Microorganisms
are able to do so by exploiting various mechanisms, transferring electrons between
an electrode and the microbial cell. This way, a wide variety of complex electron
transfer chains (ETCs) naturally present in microbial communities, carrying out
the redox reactions occurring in microbial catabolism, from oxidation of a wide
range of carbohydrates, ammonium and fatty acids to the reduction of nitrate,
oxygen, carbon dioxide or sulphate, may be ported to the artificial environment
of a man-made electrochemical cell.

Bioelectrochemical systems (BES) hold potential both for conversion of
electricity into chemicals through microbial electrosynthesis (MES), and the
provision of electrical power by oxidation of organics using microbial fuel cells
(MFC) and have been intensively studied with regard to these two separate
applications. However, when the works covered in this thesis commenced,
combining MES and MFC in a single system had not been done before, while
obviously this would hold the premise of providing a power-to-power electrical
storage technology. It was hypothesized that, by combining MES and MFC,
microbially catalysed electrical energy storage may be possible, based on
abundant, low-cost and environmentally-friendly chemicals.

Chapter 2 of this thesis provides a proof-of-concept for a Microbial
Rechargeable Battery (MRB) allowing storage of electricity by combining MES
and a MFC in one system. For this first proof, hexacyanoferrate (II/III) was used
as counter redox couple. Duplicate runs showed stable performance during 15
days, with acetate being the main energy carrier. An energy density of around
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0.1 kWh/m?® (normalized to anode electrolyte volume) was achieved at full-cycle
energy efficiency of 30 to 40 %, with a nominal power output during discharge of
190 W/m3(normalized to anode volume).

Prevention of methanogenesis in bioanodes

A crucial aspect for a well-performing MRB, and for bioelectrochemical systems
(BESs) in general, is the efficient oxidation of substrates by the bioanode, which
is reflected in high Coulombic efficiency (CE). In bioanodes, the formation of
methane from more reduced substrates impedes CE as these substrates are then
no longer available for production of electrical current. As such, methanogenesis
forms a major threat to CE in BESs, while core to the field of conventional
anaerobic digestion (AD), and much wanted in methane producing biocathodes
for power-to-gas technologies. To obtain high CEs and to prevent the formation of
methane in the MRB, in the proof-of-concept the halogenated organic compound
2-bromoethanosulfonate (2-BES) was added as a known selective inhibitor for
production of methane. However, the sustainability of this practice, both from
environmental and technical perspective, may be disputed, as is discussed with
more detail in Chapter 7.

Instead of using (2-BES) to prevent methane formation, in Chapter 3 alternative
approaches are explored to achieve high bioanode CE, by providing a competitive
advantage to electrogens over methanogens. Factors identified that affect this
competition in bioanodes are, amongst others, electrolyte composition (most
notably substrate concentration, conductivity and pH) and anode potential. Focus
is put on acetate as a substrate and the competition between methanogens and
electrogens is analyzed from a thermodynamic and kinetic point of view. Based on
areview of experimental data from earlier studies, it is proposed that low substrate
loading in combination with a sufficiently high anode overpotential results in
favorable growth kinetics of electrogens compared to methanogens. Thus, anode
potential and substrate loading rate may be used as operational parameters for
controlling CE at desirable levels, especially in open systems, or in semi-open
systems where microbial composition cannot be adequately controlled for. To
achieve high current density in combination with low substrate concentrations,
it is essential to have a high specific anode surface area. New reactor designs with
these features are essential for BESs to be successful in wastewater treatment in
the future. As is discussed in more detail in chapter 7, the possible implications of
the developed theory for the MRB would be that instead of using 2-BES for methane
inhibition during discharging, a redox flow cell-like configuration could be adopted
in which the bioanode gradually receives acetate at a loading rate ensuring proper
CE development, while current density is modulated to optimize anode potential
during discharge.
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Prevention of methanogenesis in biocathodes

As a logical follow up to the work done on CE in bioanodes, Chapter 4 focuses
on operational strategies for biocathodes used in Microbial electrosynthesis
(MES). Apart from being indispensable to the concept of the MRB, MES is a useful
technology for the renewable production of organic commodities from biologically
catalyzed reduction of CO,. However, for the technology to become applicable,
process selectivity, stability and efficiency needs further improvements. The
effects were analysed of different electrochemical control modes (potentiostatic/
galvanostatic) on both the start-up characteristics and steady-state performance
of biocathodes using a non-enriched mixed culture inoculum. Based on results
obtained, it is concluded that kinetic differences exist between the two dominant
functional microbial groups (i.e. homoacetogens and methanogens) and that by
applying different current densities, these differences can be exploited to steer
product selectivity and reactor performance. This is due mainly to the observation
that at high hydrogen partial pressures, acetogens may outgrow methanogens.
We pose that, through future optimizations by these means, acetate producing
MES can be sustained at high production rates and product selectivity without the
need of methanogen-inhibiting chemical additives or pre-enrichment of inoculum,
albeit at the (slight) cost of voltage efficiency. As is discussed more extensively
in chapter 7, this theory could be implemented to the concept of the MRB - in
caserequired - by increased current densities upon charging, while keeping solid
retention time low.

Studying microbial growth dynamics in BES: looking at the
biofilm

Where chapters 3 and 4 established qualitative relationships between operational
parameters and system performance indicators, a broadly shared demand for
quantitative data exists within BES research. Chapter 5 stresses the need of
studying in more detail the microbial growth dynamics in bioelectrochemical
systems, in order to allow for their proper design and operation. To address
this need, Optical Coherence Tomography (OCT) was applied as a tool for in situ
and non-invasive quantification of biofilm growth on electrodes (bioanodes).
An experimental platform is designed and described in which transparent
electrodes are used to allow for real-time, three-dimensional biofilm imaging.
The accuracy and precision of the developed method is assessed by relating OCT
results to well-established standards for biofilm quantification (COD and Total N)
and show high correspondence to these standards. Biofilm thickness as observed
by OCT ranged between 3 and 90 pm for experimental durations ranging from

1 to 24 days. This translated to growth yields between 38 and 42 mg COD,, /g

168 SUMMARY



Cop,_,.... at an anode potential of -0.35 V vs. Ag/AgCl. Time-lapse observations of an
experimental run performed in duplicate show high reproducibility in obtained
microbial growth yield using the developed method. We identify OCT as a powerful
tool for conducting in-depth characterizations of microbial growth dynamics in
BESs. Additionally, the presented platform allows concomitant application of this

method with various optical and electrochemical techniques.

Making the MRB more sustainable: two cathodes put to the
test

The proof-of-concept described in Chapter 1 shows that bioelectrochemical CO,
reduction and subsequent product oxidation may successfully be combined in
one integrated system. However, the ferricyanide/ferrocyanide counter electrode
used in this first experiments proofed unstable under the conditions tested
after prolonged testing periods. For further development of the MRB, a suitable
alternative counter electrode needs to be found. In Chapter 6 , two alternative
counter electrodes types are put to the test — namely (i) oxygen/water and (ii) a
capacitive electrode - for use in the MRB platform. During daily charge/discharge
cycling over periods of 11 to 15 days, experimentally obtained energy efficiencies
of 25 and 3.7 % were reported when using the capacitive and the oxygen/water
electrodes, respectively. Large overpotentials, resulting in a voltage efficiency of
15 % and oxygen crossover leading to Coulombic efficiencies of 25 % caused the
considerably lower efficiency for the oxygen/water systems, despite the theoretical
higher voltage efficiency. Although the capacitive electrode equipped systems
performed better, energy density is limited by the operational potential window
within which capacitive systems can operate reliably.

Go/No Go? A comparative analysis of the MRB and guide to
future designs

Despite the disappointing results regarding so-far tested counter electrodes,
in Chapter 7, the microbially catalyzed carbon dioxide/acetate redox couple is
identified as a promising anode for future implementation in Aqueous Organic
Redox Flow Batteries (AORFB). It is concluded that the bidirectional carbon dioxide/
acetate bioanode may be competitive to, or even outperforms most currently
investigated redox chemistries for AORFBs. The bioelectrode described in this
thesis may prove to be a welcome addition to the existing world of aqueous organic
redox flow batteries. That said, the impracticalities encountered so far with tested
counter electrodes underline the importance of accounting for charge transport
and separation of compounds between anode and cathode in system design, and as
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most important design considerations are identified (a) membrane type, (b) buffer
selection and (c) proton coupled electron transfer at the counter electrode reaction.

Itis emphasized that, based partially on standing practice in hydrogenotrophic
fermentation, charge density for the bioelectrode as high as 185 Ah-L* may be
reached. This would translate to total system energy densities of over 50Wh/L to
be feasible, once a compatible counter electrode is identified and a fully integrated
system is developed. Considering energy capacities required for domestic/small
community use (10-1000 kWh) the storage volume required would then be within
realistic proportions (0.2-200 m?3).

Provided the many reservations made throughout this thesis, a carbon dioxide/
acetate based AORFB may show to be sustainable, safe and appropriate energy
storage technology for decentralized use in the future.

170 SUMMARY






Foan

-—v
,SENS

i E 1l

Netherlands Research School for the
Socio-Economic and Natural Sciences of the Environment

DIPLOMA

For specialised PhD training

The Netherlands Research School for the
Socio-Economic and Natural Sciences of the Environment
(SENSE) declares that

Sam Daniél Molenaar

born on 24 April 1986 in Amsterdam, The Netherlands

has successfully fulfilled all requirements of the
Educational Programme of SENSE.

Wageningen, 7 November 2018

On behalf of the SENSE board the SENSE Director of Education

- -_— :____'\_____,2 p— ﬁ

Prof. dr. Huub Rijnaarts Dr. ;Ad van Dommelen

The SENSE Research School has been accredited by the Royal Netherlands Academy of Arts and Sciences (KNAW)

fm

AKADEMTE VAN WETENSCHAPPEN



SENSE
o

The SENSE Research School declares that Sam Daniél Molenaar has successfully fulfilled all
requirements of the Educational PhD Programme of SENSE with a
work load of 61.5 EC, including the following activities:

SENSE PhD Courses

o Environmental research in context (2012)
o Research in context activity: ‘Developing and organising a workshop during the
European Summer School of Electrochemical Engineering (ESSEE) in Leeuwarden’ (2015)

Other PhD and Advanced MSc Courses

Mathematical principles, Wetsus Academy (2011)

Chemical reactor design, Wetsus Academy (2011)

Multicomponent mass transfer in membrane processes, Wetsus Academy (2011)
Transport phenomena in water technology, Wetsus Academy (2011)

Colloid chemistry, Wetsus Academy (2011)

Biological wastewater treatment and recovery technology, Wetsus Academy (2011)
Supervision of thesis students by PhD researchers, Wetsus (2014)

European summer school of electochemical engineering, Leeuwarden (2015)
Project and time management, Wageningen Graduate Schools (2017)

Career orientation course, Wageningen Graduate Schools (2017)

O 0O 0O OO0 0o o0 o o o

External training at a foreign research institute

o Electrochemical sensor development, Endress+ Hauser, Waldheim, Germany (2015)

Management and Didactic Skills Training

o Supervising 7 MSc students and 2 BSc students with thesis (2014-2017)
o Organizer of ESEE Summer School 2015, Wetsus, Leeuwarden

Oral Presentations

o Competition between electrogens and methanogens in BESs. Mini-symposium at
Cawthron Institute /Massey University, 17-21 February 2014, Nelson/ Palmerston North,
New Zealand

o Competition between electrogens and methanogens in BESs. Mini-symposium at Endress
Hauser 15 April 2015, Waldhiem, Germany

o Microbial Rechargeable Battery. Mini-symposium at Liandon, 20 May 2016, Duiven, The
Netherlands

o Microbial Rechargeable Battery. Award winning poster presentation and technology
demonstration at the International Symposium for Microbial Electrochemical
Technologies (ISMET), 2016, Rome

SENSE Coordinator PhD Education

Fay |
A ”
-

=,
Dr. Peter Vermeulen






Propositions

Thebidirectional carbon dioxide/acetate bioanode featuresexcellent
propertiesforapplicationwithinaqueousorganicredoxflowbatteries.
(this thesis)

Methanogenesis poses a major risk to system performance in
long-term operation of anaerobic bioelectrochemical systems.
(this thesis)

In modern agriculture, the importance of maintaining ecosystem
integrity as a necessity for long term stability, is structurally
overlooked.

Instead of accommodating an anticipated increase in human
population size, science and technology should aim to accommodate
a dignified decline thereof.

Truth and freedom are mutually exclusive, making the human
pursuit of possessing both, absurd.

The role of science and technology in our modern western society,
exhibits many features normally associated with religion.

Propositions belonging to the thesis, entitled

‘Optimization Of Bioelectrochemical Systems
For Sustainable Energy Storage’

Sam Molenaar
Wageningen, 7 November, 2018



The research described in this thesis was financially supported by The Dutch Financer.

Financial support from both Wageningen University and Wetsus for printing this thesis is gratefully
acknowledged.



Cover design by Lisa Droés
Interior design by Lyanne Tonk






