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The circular economy should include CO, valorization, which could be
achieved via microbial electrosynthesis (MES). In MES, the catholyte supplies

all nutrients, yet its composition has been adopted from other biotechnolo-
gies, overlooking specific needs of MES. In this Perspective, we examine how
catholyte design impacts MES performance at microbial, electrochemical, and
process levels. We highlight mismatches in metal availability, electrode inter-
actions, and medium origins. We propose reframing the catholyte as a key
design parameter and introduce a decision-making framework for tailored
formulation. This strategy has the potential to improve MES performance and
serve as model for optimizing media in broader biotechnological applications.

The utilization of CO, as a primary carbon source is increasingly
recognized as a key strategy to mitigate climate change and support
the transition to a circular bioeconomy*. Among the technologies
with the potential to enable this transformation, microbial electro-
synthesis (MES) has emerged as a promising platform for converting
CO, into value-added products using microbial catalysts and renew-
able electricity as the sole energy source®*. Since its introduction by
Nevin et al. in 2010*, microbial electrosynthesis of soluble organics has
advanced significantly in areas such as electrode design, microbial
catalyst development, and elucidation of electron transfer mechan-
isms (Fig. 1). These advancements have significantly improved system
productivity and broadened the range of applicable microbial species,
laying the foundation for scalable CO-reducing bioprocesses®”’.
While these developments have brought MES closer to practical
implementation, it is now essential to re-examine system components
that have received relatively little attention despite their potential
impact on performance and stability. Many components of an MES
system critically influence performance metrics such as energy effi-
ciency, current densities, and faradaic efficiencies. These include,
among others, electrode materials, electrode spacing, reactor hydro-
dynamics, and electrolytes®. Of the electrode and electrolytes, the
anode and anolyte are often viewed as necessary complementary
materials that do not need much attention, although these compo-
nents can influence system-level performance (Box 1). However, the
catholyte is also an oftentimes overlooked component, which

functions simultaneously as the growth medium and the electrolyte.
Beyond supporting microbial growth, the catholyte plays a central role
in conductivity, generally increasing conductivity with increasing
salinity, buffering of pH, and CO, delivery, making it a crucial element
that directly influences the overall performance of MES. While MES
studies have explored diverse microbial species, such as Sporomusa
ovata, Clostridium ljungdhalii and Thermoanaerobacter kivui, as well as
mixed microbial cultures, most of the attention has been directed
toward the electrochemical properties of the catholyte, with far less
focus on its formulation as a growth medium tailored to microbial
requirements’ ™.

As MES transitions toward implementation in real-world condi-
tions, the need to reconsider catholyte composition becomes
increasingly important. To date, no published study has specifically
addressed the catholyte as a potentially limiting component in CO--
reducing MES systems (Fig. 1). However, the catholyte governs multi-
ple key parameters, including ionic strength, gas-liquid mass transfer,
pH buffering, and the availability of trace metals. It also influences the
efficiency of downstream separation processes through its chemical
composition. These interconnected features highlight that the cath-
olyte is not merely a passive background medium, but rather an active
design variable that links microbial physiology, electrochemical per-
formance, and process integration.

In this Perspective, we trace the evolution of catholyte composi-
tion in MES, analyze its role as a central link between microbial
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Fig. 1| Schematic overview of CO,-driven MES systems and current research landscape. The circular chart on recent MES research with CO, was generated based on an

analysis of 39 recent publications, as detailed in Supplementary Table 1.

metabolism and target product formation, and identify key mis-
matches between widely adopted formulations and the specific
requirements of MES. Based on this analysis, we propose a structured
framework to guide catholyte design that aims to improve system-level
performance and establish generalizable principles applicable to other
bioelectrochemical systems.

Roles of catholyte in microbial electrosynthesis for
CO, reduction

Nutrient functions and microbial support of the catholyte

The catholyte (growth medium) plays a pivotal role in MES systems by
providing essential nutrients such as carbon and nitrogen sources,
vitamins, minerals, and buffering agents like phosphate or bicarbo-
nate. In general, most MES studies assume only carbon or electron
donor limitations. The components in the catholyte are critical for
maintaining pH stability, facilitating CO, utilization and electron
transfer, and supporting microbial functionality and activity overall.
However, variations in catholyte composition can also impact key
parameters such as conductivity and may lead to undesirable effects

like metal electrodeposition on cathodes, which can reduce the bioa-
vailability of nutrients and thus the overall system performance.
Therefore, focusing solely on nutrient supply can be misleading and
even detrimental. To address these challenges and ensure maximum
efficiency and stability, optimizing the catholyte composition is
essential.

Gas-liquid mass transfer affected by the catholyte

The catholyte (mass transfer medium) plays a critical role in mass
transfer coefficient (k.a)?, which determines the gas-liquid mass
transfer rate of H, and CO,, and is relatively hard to predict as it is
dependent on many interactions between the compounds present.
Since substrate availability for microbial uptake is directly linked to
CO; availability”, catholyte composition indirectly influences sub-
strate availability. For instance, electrolyte concentration can modify
physicochemical properties such as diffusion coefficients and, in
bubble columns, bubble behavior, resulting in different effects on
mass transfer depending on system configuration. One study under
multiphase bubble flow conditions showed that high-charge-density
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BOX 1

Anode and anolyte constraints in MES

In MES, the anode and anolyte play a supporting role by sustaining
charge balance and enabling continuous electron flow through anodic
oxidation reactions, most commonly water oxidation. Alternative
anodic reactions, including the oxidation of organic substrates or
sulfide, as well as chloride oxidation under specific conditions, have
also been reported. Although these components are not directly
involved in microbial CO, conversion, their electrochemical behavior
can impose constraints on overall system performance’.

The composition of the anolyte determines which anodic reactions
may occur. The presence of electrochemically active ions, such
as chloride (Box 2), can lead to competing anodic reactions and the
formation of reactive species, which may accelerate electrode
degradation, damage membranes, and reduce long-term
operational stability'®>'°°. For this reason, anolytes are often
formulated to minimize side reactions while maintaining sufficient
conductivity.

electrolytes like MgSO. inhibit bubble coalescence, thereby increasing
the gas-liquid interfacial area and leading to a substantial enhance-
ment of the mass transfer coefficient, which rose from 103 to 711h™!
compared to pure water'. In contrast, in a static system involving
single CO, bubbles rising through a solution, increasing NaCl con-
centration (O to 14 wt%) led to an approximately 21% decrease in the
diffusion coefficient of CO,, which correspondingly caused a gradual
reduction in the k a”. Thus, the design of an MES system requires a
comprehensive understanding of how catholyte composition interacts
with gas-liquid transport phenomena under specific reactor
conditions.

Influence of catholyte on product recovery

The catholyte (solvent) composition must also account for its impact
on the downstream process of product recovery in MES systems.
During this stage, the catholyte acts as a solvent carrying the products
from the biocathode to the recovery process. For instance, in
adsorption-based recovery methods, high concentrations of chloride,
sulfate, and phosphate ions can co-adsorb onto amine-functionalized
resins as their corresponding mineral acids. Under conditions of high
ionic strength, these inorganic anions compete with volatile fatty acid
anions for active adsorption sites, which has been reported to reduce
VFA adsorption capacity by approximately 50-80% and to alter resin
selectivity'®”. In electrodialysis (ED) systems, residual calcium and
magnesium can form precipitates with carbonate and sulfate, causing
membrane scaling, fouling, and reduced ion transport efficiency. For
example, Ca and Mg precipitated as CaCO3; and Mg(OH)., respectively,
causing current efficiency to drop from 85% to 49% and significantly
hindering ion migration'®. Therefore, optimizing the catholyte com-
position from an integrated process perspective is essential for the
successful commercialization of MES.

Constraints emerging from catholyte roles in MES
Essential metals with toxic effects

The addition of (heavy) metals is necessary to maintain microbial
activity and ensure stable operation in MES systems. The addition of
bioavailable metal ions can cause productivities to increase, especially
in cases of previous underfeeding. However, when metal concentra-
tions are added in excess, toxicity can also occur. For example, Cd
exhibited inhibitory effects on methanogenic granules, with 50%
reduction in gas production observed at a concentration of 0.5 mM.
Similarly, Co caused complete inhibition of gas production at 16.1 mM

lon-exchange membranes are not perfectly selective, and partial
crossover of ions or reaction products between the anode and cathode
compartments can occur. These effects are generally secondary
relative to catholyte composition, they may influence local pH, redox
conditions, or microbial performance under specific operating
conditions'®#*'°’, To minimize crossover of ions other than protons,
vapor-phase or gas-fed anode configurations have been explored in
MES systems, as they reduce direct liquid-phase ionic contact
between compartments and thereby limit unintended ion transport
across the membrane®®.

In addition, the conductivity and buffering capacity of the anolyte
contribute to the overall internal resistance and cell voltage of the MES
system. These parameters influence cathodic pH stability and energy
efficiency by affecting ohmic losses and proton transport, but they do
not directly govern product selectivity or microbial metabolic pathway
selection®#%1%",

in anaerobic sludge, indicating strong toxicity'*%. Lastly, zinc and
copper were showed to inhibit microbial activity in methane-
producing MES, with concentrations above 1mM for zinc and
0.5 mM for copper significantly reducing gas productivity?.

Impacts of electrodeposition in MES

Although the required metals by microorganisms in MES systems is
well known from metabolic studies in other environments, the use of
electrodes and the application of external voltage introduce practical
challenges during operation, particularly electrodeposition. This pro-
cess involves the electrochemical reduction of metal ions at the cath-
ode surface, resulting in the formation of solid metal particles. As a
consequence, these metals become immobilized on the electrode
surface and are no longer available in the medium, thereby limiting
their bioavailability for microbial metabolism®?*. In addition, organic
compounds present in the catholyte, among which the produced
carboxylic acids, can interact with carbon-based electrodes, thereby
altering electrode surface chemistry which influences electrochemical
reactions and interactions taking place on the electrode surface®.

Nevertheless, at the system level, electrodeposition has been
reported to enhance MES performance. For example, in situ electro-
deposition was induced by adding NiSO4-6H,0 and FeSO4-7H,0 to the
cathode at a concentration of 0.2g L™}, resulting in a 38% increase in
CH4 production. These results have been attributed to improved
electrode conductivity due to metal deposition on the electrode
surface®. Similarly, addition of concentrated trace mineral solution
prior to inoculation has been shown to result in an increase in current
as well as production compared to control experiments, probably
because of increased catalytic activity toward the hydrogen evolution
reaction”””®, Despite these positive effects, metals acting as catalyst on
the cathode surface are no longer bioavailable. Conversely, when
metal ions are imported into the cell membrane, the ions are no longer
able to be electrodeposited, as they can no longer reach the cathode
surface. Indeed, there is constant competition between metal elec-
trodeposition and metal incorporation into biomass in MES reactors.
Interestingly, no systematic research has been performed on the long-
term bioavailability of metal ions in MES reactors.

Moreover, under changing medium compositions or long-term
operation, the bioavailability of metals may also vary. Therefore, it
becomes difficult to determine whether performance improvements
are due to physical enhancements of the electrode or changes in metal
availability. To accurately interpret MES performance, it is essential to
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Fig. 2 | Catholyte origin tree, organized chronologically by publication year
from top to bottom, depicting historical dependencies in MES research.
Medium compositions were included if they were either directly referenced in the
papers (solid lines) or indirectly inferred from studies with similar research
objectives or shared authorship (dashed lines). Boxes not connected to earlier
studies did not include specific information on catholyte composition. The border
colors of the boxes represent different study characteristics: yellow borders
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indicate studies that used a methane inhibitor, red borders denote the first MES
studies utilizing CO, defined here as CO,-driven microbial electrosynthesis sys-
tems producing soluble organics (T35), and blue borders mark studies aiming
primarily at methane production. To distinguish these references from those in the
main text, each paper is labeled with a “T” (Tree) followed by a number. Detailed
references (T1-T80) are provided in the supplemental information. Source data are
provided as a Source Data file.

consider the dynamic changes in actual metal concentrations within
the reactor, for example by considering the effect of continuous
nutrient feed versus batch operation.

Tracing the evolution of catholyte compositions in
MES research

To investigate the reasons behind the selection of catholyte compo-
sitions in existing studies, we constructed a growth medium history
tree based on compositions and references cited in MES-related
papers (Fig. 2). This tree traces the progression of catholyte formula-
tions, focusing on recent CO-driven MES studies and extending
backward to identify their foundational references.

Interestingly, studies originating from different research groups
often converged on similar medium formulations when traced back to
their foundational references. In addition to citing well-established
repositories like ATCC and DSMZ (T75,T65)*°, researchers frequently
adapted medium compositions from earlier works (T74,T42)**% This
practice highlights the interconnectedness of research communities in
shaping medium development.

We further categorized the primary objectives of the medium
components by their relevance to acetogens (pink background) or
methanogens (gray background). A clear trend emerged, early studies
predominantly focused on methanogens, and their medium compo-
sitions served as the foundation for developing acetogen-specific

media (T1,T3,T2,T4)*°. In more recent studies, MFC (microbial fuel
cell) and MES (microbial electrosynthesis) systems reverted to
methanogen-based medium formulations, even if the aim was to avoid
methanogenesis (T33,T42,T41,T44,T29)>*>%73,

This reliance on methanogen-oriented medium appears to stem
from two factors: (1) the use of inoculum directly sourced from was-
tewater treatment processes, which inherently contain methanogenic
communities (T33,T40,T45,T43,T60,T63,T71)*>*°"*, and (2) the adap-
tation of microbial community from prior methanogen research for
non-methane-producing MES applications (T39,T64,T73)**"*, Conse-
quently, most of the MES experiments using CO, as a major substrate
employed methanogen-based artificial wastewater media as their
starting point, which is generally based on low nutrient concentrations
by default.

In studies where acetogens were the dominant strains
(T68,T69,T78)*" or where single-culture MES systems
(T35,T37,T55,T77)*°** were employed, researchers often referenced
syngas fermentation medium as the foundation for catholyte compo-
sition (T36,T52)*7°. However, excluding the studies that specifically
aimed for methane production (highlighted with a blue border), the
majority of 39 CO,-driven MES studies (green boxes) referenced
methanogen-based medium composition (gray background). Most of
these studies were intended to suppress methane formation, yet they
still relied on methanogen-based media, accounting for 80% of all
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ferredoxin; purple: NADP(H); blue: NAD(H); [FeS]: iron-sulfur clusters. Source data
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cases. These studies generally used the original media without further
modifications. Among these, 63% of research introduced a methane
inhibitor to the existing medium, such as bromoethanesulfonic acid,
without further modifications, highlighted with a yellow border
(T80,T78,T79,T46,T62,T67,T76)>"'%°7-° While this approach offered
practical simplicity, it underscores the missed opportunity to direct
efforts toward developing catholyte compositions specifically tailored
to maximize acetogen performance, while minimizing methanogen-
esis. The remaining 20% of studies designed catholytes with acetogen-
specific considerations, such as cultivating Sporomusa species in
single-culture systems or accommodating dominant acetogen strains
(T69,T77,T56)°54°,

Notably, most studies described catholyte formulations as
‘modified” without providing clear justifications for these mod-
ifications. This lack of detailed reasoning raises concerns about
the reproducibility and optimization of catholyte formulations in
MES research. Such trends indicate that the catholyte composi-
tions used in CO,-reducing MES are not optimized but instead

selected and operated based on historical practices or inter-
pretative results. If future catholyte formulations continue to rely
on such reused catholytes without sufficient justification, this
may perpetuate a cycle of poorly optimized medium usage. To
break this cycle, an optimized catholyte should be defined as one
that (i) maintains stable microbial activity and electrocatalytic
performance, (ii) is tailored to the target product, and (iii) is
adapted with the envisioned production process in mind. Build-
ing on this definition, we aim to identify the essential medium
components required for converting CO, to chemicals and to
clarify their functional roles in biocatalysts, based on medium
formulations reported to date.

Metabolic pathways and microorganisms

The first step towards a systematic approach for electrolyte design is
to identify the microbial metabolic requirements. For the conversion
of CO, to chemicals via MES, the most active pathway regarding CO,
fixation is the Wood-Ljungdahl Pathway (WLP)®'. Some of the key
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enzymes that play a role in the WLP operate via the concept of electron
bifurcation, which couples an endergonic with an exergonic reaction®,
Many of these enzymes contain metal catalysts to reduce the required
activation energy®***. Consequently, the supply of necessary metal
cofactors for key enzyme production is essential in MES. The differing
metal requirements of pathways make it possible to selectively pro-
mote products of interest, albeit to varying extend depending on the
pathway. In this section, the pathways required to produce several MES
products are analyzed, with special attention to the most commonly
used metal cofactors (data retrieved from Uniprot and KEGG
databases)®>*®. Nutrients that were found to be not directly con-
tributing to the main pathways, for example vitamins, are not dis-
cussed here, even though they may be necessary for other metabolic
pathways. All findings are shown in Supplementary Table 1 and visua-
lized in Fig. 3.

Acetogenesis

The WLP is the most predominant pathway for CO, fixation in MES,
also known as acetogenesis. Although the pathway was first named in
1986, the thermodynamics only became clearer after linking it with
electron bifurcation in 2012°-%°. This couples reactions with a high
redox potential, with reactions with a lower redox potential, max-
imizing metabolic energy use. As the WLP has already been described
elaborately elsewhere, we will mainly focus on the metal requirements
of metalloenzymes™. The individual enzymatic steps are shown
in Fig. 3.

There is a high demand for several metal ions in the WLP. Many of
the enzymes rely on one or multiple iron-sulfur clusters, either incor-
porated in the enzyme or in ferredoxin as cofactor, to function”.
Furthermore, there are 5 more enzymes in the WLP that require one or
more metal atoms to function. This includes the hydrogenases (E1),
which are responsible for converting the energy in hydrogen to
reducing factors, shown in the energy metabolism section in Fig. 3.
Hydrogenases oftentimes require nickel and iron to function, next to
the iron-sulfur clusters present in both the enzyme and the cofactor
ferredoxin.

Two other enzymes which are highly dependent on metal ions are
involved in CO, capture: CO dehydrogenase (CODH) and formate
dehydrogenase (FDH) (WL1 and WL8). Though the exact requirements
may vary between different organisms, these facultative electron
bifurcating metalloenzymes are dependent on iron sulfur clusters,
selenium, tungsten, cobalt, nickel, and molybdenum. One of the main
reasons for this is that the reactions that fix CO, take place close to
thermodynamic equilibrium. As such, these enzymes incorporate
metals as catalysts in order to minimize the amount of energy
required’”.

Methanogenesis

Though methanogens and acetogens are often found in similar
environments, their metabolisms are vastly different’*”>. While aceto-
gens dependent on the WLP often use hydrogen as an electron donor,
methanogens are divided into three different classes: hydro-
genotrophic, methylotrophic, and acetoclastic methanogens®7%7¢77,
The first class uses hydrogen as an electron donor and fixes CO, via
several subsequent steps. Comparable to acetogenesis, the enzyme
responsible for CO, capture is a metalloenzyme (M1), relying on iron-
sulfur clusters, molybdenum, and tungsten. The steps following CO,
fixation are comparable, yet different from acetogenesis in terms of
metal dependency, likely because methanogenesis is thermo-
dynamically more favorable.

Except for the last step leading up to methane generation, none of
the intermediate enzymes are metalloenzymes. Furthermore, the
flavin-dependent cofactor F420 is mainly used as an electron carrier
throughout the methanogenesis pathway. Compared to nicotinamide
adenine dinucleotide (phosphate) (NAD(P)H) and ferredoxin, the main

cofactors used in acetogenesis, F420 is equal or lower in reduction
power depending on the physiological conditions”’%”°, This may allow
for better energy conservation.

The last step for methane release is a metalloenzyme that
relies on the availability of selenium (M7). Furthermore, though it
is not technically direct metal incorporation, the enzyme also
uses the cofactor F430, which requires a nickel atom. After the
release of methane, CoM and CoB need to be regenerated. This is
done by an often membrane-bound enzyme, which relies on iron-
sulfur clusters (M8, M12). In addition, this step is also linked to
proton gradient generation.

For growth, methanogens use a CODH-acetyl-CoA synthase
(CODH-ACS) enzyme complex (WL8) for the generation of acetyl-CoA
from the intermediate compound before the methyl group is trans-
ferred to CoM (M6). This also implies that methanogens require the
same metal cofactors for biomass growth regarding this enzyme when
compared to acetogens. The same reaction can run in reverse direction
to allow for acetoclastic methanogenesis. Furthermore, different
methyl transferases (M6) exist, which enables methylotrophic metha-
nogenesis, e. g. using methanol as substrate.

Energy metabolism and cofactor generation

A conservative energy metabolism is critical for microorganisms
inhabiting environments close to thermodynamic equilibrium. Aceto-
gens and methanogens have evolved distinct strategies to cope with
these constraints, as previously reviewed”>*°*2, For both groups, ATP
generation and regeneration of cofactors are interconnected. For
example, the Rnf complex couples the regeneration of NADH with the
creation of an ion gradient. Interestingly, most enzymes involved in the
energy metabolism of both organisms are dependent on iron-sulfur
clusters. One clear difference between acetogens and methanogens is
the dependence on methanophenazine as a membrane-bound elec-
tron carrier for some methanogens, especially when using carbon
sources other than CO,”. This links the reactions performed by various
membrane-bound proteins with proton translocation, thus indirectly
with ATP synthesis.

Reverse beta oxidation (RBO)

The production of medium-chain carboxylic acids (MCCAs) can pro-
ceed via multiple pathways. In MES it is mostly accepted that the
synthesis of MCCAs follows the reverse beta oxidation (RBO)
pathway®. None of the enzymes in the RBO pathway has been char-
acterized as a metalloenzyme to date. However, an indirect metal use
lies in the electron bifurcating enzyme (C4) that links one of the
reaction steps with energy generation by coupling this reaction to the
reduction of ferredoxin. This ferredoxin can in turn be used by the Rnf
complex for the generation of a proton/sodium gradient. As ferre-
doxin has at least one iron-sulfur complex, metal cofactors should also
be considered for the RBO pathway.

Solventogenesis

The biosynthesis of alcohols from acyl-CoA, solventogenesis, usually
occurs via dehydrogenases. Starting from acyl-CoA, they convert the
carboxylic acids to alcohols, often with an aldehyde intermediate
produced by a preceding enzyme (S3). Alternatively, aldehyde dehy-
drogenase (S1) can convert acetate directly to aldehyde, but requires
molybdenum and tungsten to function. Alcohol dehydrogenases
(S2 +4) always require a zinc ion to function.

Medium composition in MES

Comparing the media used in MES studies should give an overview of
the variation that can be found in the current literature. Catholyte
compositions from 28 recent MES studies (listed in Supplementary
Table 2)4,5,7,10,11,29732,38,40,45,49,51756,59,60,84788’ aISO Used in Flg 2’ were COI'
lected and compared. Within these studies, 4 focused on methane
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production (T33,T42,T65,T74), 4 on the production of alcohols
(T35,T37,T40,T55), while the remaining studies focused on the pro-
duction of carboxylic acids.

Omission of selenium and tungsten was observed in 12 media,
while these metals are required for all of the pathways used (Fig. 3).
This may result in severe underfeeding of the microbial culture, yet
metabolite production was still observed in these experiments. The
production could have several alternative reasons. First, molybdenum
could substitute tungsten due to similar chemical properties®. Fur-
thermore, tungsten and selenium could still be present in trace
amounts, originating from the inoculum, glassware, or water,
depending on the water source used. However, it is unclear whether
these trace amounts would be sufficient to completely satisfy the
requirements of the culture, though some examples show that adding
or altering selenium and tungsten in the catholyte significantly influ-
ences productivity and product spectrum’®”,

To investigate further, we analyzed the media used in 8 CO-
containing gas fermentation studies, which utilized microbial
strains similar to those in MES and represent a commercially
established bioprocess’ *. Interestingly, there is a nearly 10x
higher concentration of zinc in the gas fermentation media, sig-
nificantly higher than in MES media (student t-test, P<0.05)
(Fig. 4; Supplementary Fig. 1 and 2). In addition, ammonium
concentrations were 4x increased in syngas fermentation. Fur-
thermore, ferrous iron, boron, copper, and manganese were all
found to be significantly increased in gas fermentation media,
while potassium and phosphate were significantly decreased.
Notably, though selenium and tungsten were found to be 67 and
33 times increased in gas fermentation media, this difference was
not significant, likely due to the large variations present. Sum-
marizing the analysis above, even though these gas fermentation
studies used microorganisms comparable to MES, which would
lead to comparable nutrient requirements, many medium com-
ponent concentrations were increased to some extent. In general,
gas fermentation studies report higher microbial growth rates
and kinetics compared to MES, partially because CO is a very
strong electron donor. Additionally, biofilm MES systems can rival
or even exceed biomass concentrations compared to syngas
fermentation®’. Therefore, possible underfeeding of the micro-
bial culture in MES experiments cannot be excluded. In optimal
conditions nutrient feed should be matched with microbial
growth rate and kinetics.

There are many differences between the media used in MES
and other related biotechnologies. These differences cannot be
solely explained by the requirements of the pathways, and it
seems likely that media composition is generally at the bottom of
the priority list. To improve on this, we would like to propose a
general, quick-to-use flow sheet for determining and verifying the
media used in experiments.

Guideline for selecting catholyte
composition in MES
This study proposes a basic guideline for optimizing catholyte com-
position in MES systems for CO, conversion (see Fig. 5). Rather than
addressing the overall process design, the guideline aims to provide
stepwise criteria for defining the composition of key catholyte com-
ponents, including carbon, nitrogen, phosphorus, and minerals, based
on the experimental objectives and the specific conditions of the
system. As the requirements of different microorganisms, microbial
communities, and reactor systems can vary significantly, quantitative
determination of optimal nutrient concentrations is inherently system-
specific and dependent on factors such as growth and kinetics.
Accordingly, this guideline mostly focuses on qualitative attributes.
Once a starting growth medium is selected, it is important to
determine whether the research is aimed at an industrial application or

a laboratory-scale study. Accordingly, the medium should be exam-
ined for the presence of non-defined components or potentially inhi-
bitory substances (vitamins, antifoam, yeast extract, use of tap water,
and antibiotics), which can often create challenges for scalability by
applying a financial burden, reproducibility, and regulatory com-
pliance. For studies targeting industrial applications, it is advisable to
exclude or replace potentially limiting components with
alternatives'*’. Undefined components such as yeast extract, tap water,
vitamins, antibiotics, or antifoam agents may vary in composition
depending on their source, location, and time of use, thereby intro-
ducing batch-to-batch variability and limiting reproducibility. In
addition, the use of such components may complicate scale-up by
increasing operational costs and introducing additional requirements
for quality control or compositional consistency. Accordingly, cath-
olyte composition can only be considered fully defined if these com-
ponents are avoided or if sufficient chemical characterization of
undefined inputs is provided, ensuring a reproducible and scalable
catholyte composition.

The next step is to set the target amount of biomass, based on the
desired productivity and calculate the required concentrations of
carbon, nitrogen, and phosphorus to verify the medium composition.
Various empirical formulas are used to approximate microbial bio-
mass. Among them, the formula CsH;O,N is widely accepted as a
standard in wastewater treatment and environmental processes'®’. For
more precise phosphorus estimation, the formula C1H1.s00.5No.2Po.01,
which includes contributions from nucleic acids and phospholipids,
can be used; this is particularly useful in high-density cultures or
phosphorus-limited conditions'®%. Sulfur is also an essential element,
with microbial requirements typically 2-5 mmol of Sulfur per mol of
carbon'®,

For mineral components, selection depends on the inoculum
source chosen according to the experimental objectives and varies
based on the types of microbial strains present. Specifically, the
microorganisms to be targeted differ according to the desired pro-
ducts such as methane, acids, or alcohols (Supplementary Tables 3,
4). Methanogenesis requires enzymes containing nickel, tungsten,
and selenium, with iron being essential for the activity of key
enzymes. Organic acid biosynthesis additionally requires zinc,
cobalt, magnesium, and manganese to activate the main pathways.
Of these, zinc is of even more importance when aiming for alcohols,
in addition to tungsten, molybdenum, cobalt, and iron. Chain elon-
gation, however, does not directly require metal ions to function,
although iron-sulfur clusters are used in ferredoxin; a cofactor that is
used in all discussed pathways. Note that metal ions may also be
required for undiscussed pathways. The concentrations of these
metal ions are also a critical factor. However, due to the complexity
and interconnection of microbial metabolic networks, a detailed
analysis of metal ion concentration effects will require further
investigation.

Once the required metal components are identified, appropriate
chemical compounds containing these metals and their corresponding
counter-ions can be selected to finalize the medium formulation
(Box 2). After precisely tailoring the catholyte composition with a
focus on metabolism, it is essential to consider that both the CO, and
H, mass transfer coefficients as well as the medium conductivity,
presence of unwanted side reactions like electrodeposition, pH buffer
(process 11) and the product recovery rate (process 12) in MES systems
are influenced by the composition of the catholyte. For example,
chelating agents like ethylenediaminetetraacetic acid (EDTA) have
proven to be effective in minimizing electrodeposition in MES, how-
ever, EDTA has also been proven to interact with anion exchange
resins”'%*, As such, while EDTA addition may have benefits, it can also
influence downstream processing depending on the methods used.
Therefore, all factors discussed above should be carefully considered,
leading to a fully optimized and complete medium formulation.
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Fig. 4 | Fold differences of MES compared to gas fermentation media. Asterisk indicates significant difference (Student’s ¢ test, P < 0.05). Data process methods are
detailed in Supplementary Method 1.
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BOX 2

Role of inorganic ions as counter ions in medium composition

Among cations, Na* serves as a major counterion in MES medium, thus
it usually has one of the highest concentrations among solutes

(Box Table). It plays a crucial role in maintaining osmotic balance and,
in certain microbes, supports sodium-dependent ATP synthesis. While
essential, excess Na* can induce osmotic stress, negatively affecting
microbial viability and performance. Sodium is commonly introduced
not only through the base medium but also during pH adjustment
steps (e.g., via NaOH addition). K* may partially substitute Na*,
depending on the tolerance of the microbial strain.

The chloride anion is one of the most commonly used counterions
in MES. Even if only used in the catholyte, the concentration gradient
leads to diffusion to the anode side. At the operating potentials used in
MES, chloride can be oxidized at the anode to produce chlorine gas
(Cly), along with reactive species such as chlorine radicals and hypo-
chlorous acid'®'°¢'1%10_ These activated chlorine species exhibit
strong bactericidal properties and are especially prominent during
early system startup or when chloride-containing anolyte is replen-
ished. Since these compounds can diffuse through the cation
exchange membrane (CEM), they may inhibit microbial activity and
compromise system performance. Moreover, chloride radicals can

Box Table Roles and potential drawbacks of major inorganic ions in catholyte

Element/ Primary role

react with ammonium to form nitrogen gas, possibly interfering with
mass balancing™. Additionally, chloride ions and their oxidation pro-
ducts have been found to be highly corrosive to electrochemical
systems, including any catalysts present, which can have lasting
effects on system performance'.

To address these concerns, sulfate and phosphate are often adopted
as alternative counter anions as they are generally more electro-
chemically stable under typical operating conditions. However, due to
membrane selectivity, their diffusion to the anode compartment cannot
be fully excluded, and under specific operating conditions or with
certain anode catalyst materials, surface adsorption or unintended
electrochemical interactions may interfere with optimal anode activity.
While sulfate can serve as a sulfur source for microbial metabolism and
phosphate contributes to ionic balance and pH buffering, both should
be evaluated carefully in the context of system electrochemistry.
Nitrate, on the other hand, has a risk of reducing at the cathode at the
potentials typically used in MES reactors, and is therefore advised not to
be used in the catholyte as nitrogen source. These examples illustrate
the need to examine the electrochemical properties of compounds
before they are added to electrolyte solutions.

Drawbacks when in excess

lon
Na* Major counter cation: maintains osmotic balance and Osmotic stress can occur, potentially reducing microbial viability™.
drives sodium dependent ATP synthesis in some
microbes
K* Counter cation; also functions as enzyme activator in Excess K* may inhibit specific microbial strains and cause ionic
some microbes toxicity™.
Ccl Major counter anion; maintains intracellular charge Cl™ can undergo oxidation to form chlorine gas (Cl,), which are toxic
balance and exhibit bactericidal effects in MES systems.2Cl - Cly(g) + 2"
E°=1.36 V vs SHE
Cly(g) + H,0 = HCL + HClO
SO,* Counter anion; serves as sulfur source Excess sulfate can promote the activity of sulfate-reducing bacteria
(SRB), resulting in the production of H,S">",
SO +2 CH,0 > H,S +2 HCO,™
PO,* Buffer and counter anion; also supplies phosphorus Over-supplementation can cause precipitation with Mg or Ca?,

reducing metal ion availability and disrupting medium balance'’.

Concluding remarks

In this Perspective, cultivation media in MES systems were found to
be generally adopted without system-specific optimization, and
systematic studies tailored to the specific characteristics of CO»-
reducing MES systems remain limited. The catholyte plays a vital
role in supporting microbial growth as well as in facilitating sub-
strate and product transport. Therefore, its optimization requires an
integrated and multidisciplinary approach beyond empirical
adjustments.

To design a catholyte composition, it is essential to identify the
enzymes affected and the factors influencing their activity. It is also
important to determine the appropriate concentration ranges based
on this understanding.While experimentally validating all possible
combinations is impractical, bioinformatic tools can accelerate the
prediction of optimal compositions when supported by sufficiently
comprehensive datasets. However, MES systems expose microbes

directly to electrons supplied from electrodes, altering redox condi-
tions and metabolic pathways. As there may be metabolic differences
between MES systems and conventional cultivation, predictions based
solely on conventional cultivation data may be insufficient, necessi-
tating the incorporation of datasets generated under electrotrophic
conditions for accurate modeling.

Additionally, ensuring stable and scalable MES operation
requires systematic investigation into how applied voltage and
electrode materials influence the accumulation of inhibitory factors
such as electrodeposition or toxic intermediates. These effects can
vary depending on reactor design, electrode surface properties, and
electrolyte composition. Defining the optimal operational window
for a given MES design through such investigations is critical to
achieving long-term performance and scalability. Moreover, our
analysis reveals a knowledge gap of metal ion bioavailability in MES
reactors.
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Ultimately, the catholyte serves as the key interface linking

microbial and electrochemical processes in MES. A rationally designed
catholyte that integrates both biological and electrochemical con-
siderations will be crucial for enabling efficient, cost-effective, sus-
tainable, and industrial-scale CO, conversion.

Moreover, the approach outlined in this Perspective may benefit

fields beyond MES, as discrepancies between medium formulations
and microbial requirements are unlikely to be unique to MES research.
This strategy can identify potential target components for medium
optimization, significantly reducing the experimental burden.
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