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The urgent need to mitigate greenhouse gas emissions and transition to a circular economy has driven the

exploration of bioelectrochemical technologies including microbial electrosynthesis (MES). MES offers

a promising pathway for CO2 conversion into valuable biochemicals and biofuels; however, its scalability is

limited by challenges such as high cathode costs, inefficient electron transfer, and poor microbial attachment.

Biochar, derived from waste biomass, presents a sustainable and cost-effective alternative to conventional

carbon-based electrodes due to its high porosity, tunable surface chemistry, and low associated production

costs. However, the optimisation of biochar properties for MES applications, including its electrochemical

performance and stability, has not been definitively analysed. This paper summarises the recent advancements

in biochar electrodes for MES, focusing on material characteristics, modification strategies, and their impact

on overall system efficiency. Furthermore, the potential of integrating MES with existing biogas facilities to

enhance carbon recovery, and reduce resource consumption is discussed. Overcoming current challenges in

consistent biochar electrode production, and its integration with existing infrastructure is essential for

advancing MES technology in real world applications. The findings suggest that waste-derived biochar

electrodes have the potential to improve MES scalability and economic viability, supporting the development

of sustainable biochemicals within circular economy systems.
ue Ning will start a new role as
n Assistant Professor of Bioen-
ineering in Circular Bioeconomy
n the School of Biosystems and
ood Engineering in University
ollege Dublin. She serves as
postdoctoral researcher at the
aREI Centre for Energy,
limate and Marine at Univer-
ity College Cork (UCC) from
023 to 2025. She holds a PhD in
nergy engineering from UCC.
er early career research was on
wo-phase anaerobic digestion,
duction. She has subsequently
l decarbonisation and CO2 uti-
ynthesis. At UCC, she co-leads
, with focus on developing inte-

Deepa Sachan

Deepa Sachan is a Post Doctoral
Researcher at University College
Cork (UCC), specializing in
Energy Transition and Advanced
Fuels in the Circular Economy.
She holds a PhD in Environ-
mental Engineering from the
Indian Institute of Technology
Guwahati, India. Her early
career research focused on
biomass-derived materials and
nanomaterials synthesis for
water remediation. Over time,
she expanded her research into

diverse aspects of material synthesis, characterization, and envi-
ronmental applications. At UCC, Deepa leads research efforts on
the production and engineering of biochar and other materials
derived from waste materials for emerging contaminants removal.

y, Climate and Marine, Sustainability

ersity College Cork, Cork T23XE10,

bSchool of Engineering and Architecture, University College Cork, Cork T23XE10,

Ireland

the Royal Society of Chemistry RSC Sustainability, 2025, 3, 4435–4450 | 4435

http://crossmark.crossref.org/dialog/?doi=10.1039/d5su00140d&domain=pdf&date_stamp=2025-09-26
http://orcid.org/0000-0003-4643-5053
http://orcid.org/0000-0002-1865-5772
http://orcid.org/0000-0001-8650-6675
http://orcid.org/0000-0001-5802-2884
http://orcid.org/0000-0003-2120-1357
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5su00140d
https://pubs.rsc.org/en/journals/journal/SU
https://pubs.rsc.org/en/journals/journal/SU?issueid=SU003010


cap
me
mu
on

a
pro
Age
me

44

RSC Sustainability Perspective

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
Se

pt
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

/2
3/

20
26

 4
:5

2:
26

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Sustainability spotlight

The growing demand for sustainable energy solutions and carbon mitigation strategies underscores the need for innovative technologies to reduce greenhouse
gas emissions. Microbial electrosynthesis (MES) presents a promising approach for converting CO2 into valuable biochemicals and biofuels; however, its
scalability is limited by high electrode material costs and inherent inefficiencies. This work advances sustainability of MES systems by developing waste-derived
biochar as a cost-effective electrode, enhancing MES efficiency while promoting circular economy principles. By integrating MES with existing biogas facilities,
carbon recovery and resource efficiency can be further improved. This research aligns with the UN Sustainable Development Goals (SDGs) of affordable and
clean energy (SDG 7), industry, innovation, and infrastructure (SDG 9), responsible consumption and production (SDG 12), and climate action (SDG 13).
1 Advancing sustainable carbon
utilisation through microbial
electrosynthesis

An assessment of our overall impact on the environment indi-
cates that we would need the equivalent of 1.6 times the Earth's
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resources to sustain our current global living patterns.1 Raw
material processing, extraction and use (including fossil fuels
and metal ores) was responsible for 50% of global greenhouse
gas (GHG) emissions as estimated in 2024.2 The United Nations
Environment Programme (UNEP) Emissions Gap Report 2020
stated that despite a reduction in GHG emissions resulting from
the economic slowdown during the COVID-19 pandemic, the
world is moving towards a signicant temperature increase of
3 °C above pre-industrial levels within this century, well
surpassing the targets set by the Paris Agreement. Increased
efforts must be made to transition to a sustainable, deca-
rbonised renewable economy driven by the challenges of
climate change.

In 2023, fossil fuel-derived CO2 accounted for the majority
(73.7%) of total GHG emissions.3 CO2 emission reduction is
indeed a challenge but also can lead to opportunities within
a circular economy framework. Emitted CO2 may be captured
and converted into valuable chemicals, fuels or materials. Using
biogenic CO2 to produce synthetic fuels offers a green alterna-
tive pathway to mitigate GHG emissions in the transportation
and heating sectors, while decreasing reliance on fossil fuels.
The displacement of each tonne of heavy fuel is estimated to
prevent emissions of between 300 and 500 g of CO2 eq.; this also
applies to fossil fuel-derived chemicals.4

Biological methods of CO2 conversion to renewable fuels and
carbon based products, such as photosynthetic carbon assimi-
lation by plants or algae, harness carbon dioxide using natural
Jerry D: Murphy
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Fig. 1 Overview of microbial electrosynthesis pathways and derived
bioproducts.
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processes, but the whole lifecycle process from CO2 to end
product is inherently of low efficiency.5 In contrast, non-
biological catalysis provides precise process control and tar-
geted CO2 conversion without biological constraints, yet require
high energy inputs (high pressure and temperature), selective
catalysts, and may involve environmentally harmful chemicals
such as toxic solvents, strong acids and bases. While both
technologies have potential, each has limitations that must be
addressed. A developing approach that has gained signicant
attention over the last decade is to combine electrochemical
and biological processes to enhance the conversion of CO2 into
biomass and carbon-based goods; such processes are termed
microbial electrosynthesis (MES)6,7 as shown in Fig. 1. Micro-
organisms convert biogenic CO2 into multicarbon products,
powered by renewable electricity—typically supplied through an
electrode. The valorisation of CO2 to multicarbon compounds
through MES is a one-step biosynthetic process under mild
conditions, which offers simpler pathways than multi-step
thermochemical processes.

The derived valuable chemical products include organic
acids, alcohols, and bioplastics, with applications in the pack-
aging, food, pharmaceutical, chemical, and renewable energy
sectors. The conversion of CO2 into these biochemical products
presents a promising economic opportunity, despite currently
exhibiting lower production rates.8,9 At present, these
compounds are predominantly synthesised through conven-
tional thermal chemical processes relying on fossil-based
feedstocks. The anticipated growth in their market demand,
combined with increasing CO2 emission-related costs, high-
lights the potential for MES to serve as a viable alternative
technical pathway. For example, the global hexanoic acid
market was valued at approximately V55 million in 2024 and is
predicted to rise fromV58million in 2025 to nearlyV93million
by 2034, representing a compound annual growth rate (CAGR)
of 5.4% from the year 2025 to 2034.10 A life cycle assessment by
Luo et al.11 assuming a nominal production capacity of 10 kt per
year of puried hexanoic acid through MES assessed a carbon
footprint of approximately 5.5 t CO2 eq t−1 hexanoic acid. This
value is comparable to that of hexanoic acid derived from
fermentation or plant-based pathways. When integrated with
renewable energy, electrochemical CO2 conversion technologies
have the capacity to produce chemicals with a negative carbon
© 2025 The Author(s). Published by the Royal Society of Chemistry
footprint.12 Moreover, the decreasing cost of renewable elec-
tricity serves as an additional incentive for the development of
MES at a cost-competitive rate.13,14

MES faces several technical challenges that hinder its scal-
ability and industrial application, including the slow rate of CO2

reduction, low product selectivity, high overpotential require-
ments and economic viability.15 These limitations underscore
the critical importance of electrode design, as it directly impacts
the stability and scalability of the MES system. An electrode
within aMES process ideally should be chemically stable, highly
conductive, biocompatible and of low-cost.16 While precious
metal electrodes have shown improved performance, their high
cost has increasingly directed attention towards more acces-
sible and sustainable carbon-based materials for electrode
production. Typically, the production of functional carbona-
ceous materials, such as graphene, activated carbon, and
carbon nanotubes, relies on coal or petrochemical feedstocks.
These methods oen involve energy-intensive processes and
harsh synthetic conditions, including high temperatures and
complex operational procedures.17 Therefore, developing effi-
cient and sustainable methods for producing high-performance
carbon materials with minimal environmental impact is
urgently needed.

Biochar is a carbon-rich material produced through pyrolysis
of dry organic materials or hydrothermal carbonisation of wet
organic materials; it is characterised by high surface area,
tunable porosity and versatile nanostructures.18 When
compared to fossil-fuel-derived activated carbon and carbon
black, biochar production is recognised as a more sustainable
process, as it enables the mitigation of anthropogenic CO2

emissions through the conversion of biomass into a carbona-
ceous material. Traditionally biochar has been used as a soil
amendment, in wastewater treatment, and for carbon seques-
tration. More recently biochar has been explored as a material
with applications in energy storage and conversion, including
use in lithium-ion and sodium-ion batteries, electrochemical
sensors, supercapacitors, oxygen electrocatalysts, fuel cells and
hydrogen energy systems.19 Use in hydrogen energy systems
includes for: physical adsorption of hydrogen; or as an additive
in biological H2 production; or as cathodic material in electro-
catalytic H2 evolution. According to Bolan et al., biochar is much
cheaper (712 V t−1) than commercially available activated
carbon (1280 V t−1).20 Building on its characteristics and
economic feasibility, researchers are increasingly investigating
the potential of biochar as an electrode material in MES to
enhance system performance and accelerate the scalability of
the process.

The application of waste-derived biochar electrodes in MES
offers a promising avenue for advancing energy conversion
efficiency, reducing investment costs, and fostering sustainable
development. Current research predominantly emphasises the
fundamental properties of biochar, while other aspects, such as
its electrochemical performance and long-term stability within
bio-electrochemical systems, remain insufficiently explored.
Addressing these challenges is crucial for facilitating the tran-
sition of biochar-based MES systems from laboratory-scale
studies to industrial-scale implementation. Therefore, through
RSC Sustainability, 2025, 3, 4435–4450 | 4437
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focusing on MES as a leading energy conversion technology,
this perspective aims to outline recent research advancements,
highlighting the latest developments and challenges in MES
applications equipped with biochar electrodes. This perspective
will also explore how waste-derived biochar and MES reactor
designs must evolve to enhance sustainability, improve inte-
gration with existing infrastructure, and support the transition
to a circular economy.
2 Biochar: a renewable approach to
environmental remediation and energy
storage
2.1 Biomass as a sustainable resource for biochar
production

In 2021, the global biomass supply in energy terms reached
nearly 54 EJ,21 highlighting its signicance as a renewable and
abundantly available resource. Biomass is primarily composed
of cellulose, hemicellulose, and lignin, which readily decom-
pose at temperatures below 700 °C.22 This characteristic facili-
tates the pyrolysis of biomass at relatively low temperatures,
leading to the production of biochar, bio-oil, and pyrolysis
syngas (comprising of H2, CO, CO2, NOx, SOx, and H2S). Among
these bioproducts, biochar, a carbon-rich material, has attrac-
ted attention due to its eco-friendly nature, and its potential for
application in environmental remediation and energy storage.

Biochar is produced through thermochemical conversion
techniques, primarily pyrolysis and hydrothermal carbon-
isation,23 as shown in (Fig. 2). These processes involve the
thermal decomposition of organic biomass at moderate
temperatures (typically in the range 300–700 °C) in the absence
of oxygen or with a limited oxygen supply.23 The properties of
Fig. 2 The process of biochar production and some of its applications i

4438 | RSC Sustainability, 2025, 3, 4435–4450
the biochar are heavily inuenced by the pyrolysis process
parameters (such as temperature, temperature ramp up rate,
and holding time) and the type of feedstock used, including its
composition, chemical structure, and cellulose or lignin
content.24 For example, woody biochar is characterised by its
high carbon content (more than 70%) and porosity, which is
particularly advantageous for carbon sequestration and soil
water retention.25 Biochar produced from the solid fraction of
animal slurry is typically rich in nutrients (such as N, P, and K),
making it effective for improving soil fertility and promoting
nutrient cycling.26

Pyrolysis is a conventional thermal decomposition process
in an oxygen-limited environment, where lignocellulosic
biomass undergoes depolymerisation, cross-linking, and frag-
mentation for biochar (pyrochar) production.19 This process
typically requires dried biomass and operates with a pyrochar
yield over 35% (see Table 1). Optimising production conditions
such as heating rate, residence time, and temperature is crucial
for achieving high-quality pyrochar. Hydrochar is a form of bi-
ochar produced through hydrothermal carbonisation, a process
distinct from dry thermochemical methods such as pyrolysis. In
hydrothermal carbonisation, biomass is mixed with water in
a sealed reactor, where the temperature gradually increases.
This process involves hydrolysis, followed by fragmentation,
degradation and isomerization, which lead to the formation of
intermediate products. These intermediates and derivatives
then undergo condensation, polymerization, and intra-
molecular dehydration, resulting in hydrochar production.19

The hydrothermal carbonisation process is better suited for
nutrient-rich biochar production due to its retention of organic
compounds. The process involves shorter residence times and
the ability to process wet biomass without the need for prior
drying, making it more energy-efficient than pyrolysis.
n environmental remediation and energy storage.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Additionally, hydrochar retains more oxygen-containing func-
tional groups (such as hydroxyl and carboxyl) than pyrochar.27

This increased functional group content improves its chemical
reactivity and enhances its performance in ion exchange
applications. However, hydrochar typically exhibits lower
porosity than pyrochar, which may limit its use in applications
that require a high surface area, such as material for energy
storage or gas adsorption.
2.2 Biochar's composition and extensive surface area

Biochar primarily consists of carbon (C), hydrogen (H), oxygen
(O), and other elements such as nitrogen (N), potassium (K),
calcium (Ca), magnesium (Mg), and phosphorus (P). The C
compounds include for fatty acids, phenols, and alcohols,
while N is primarily found on the surface structure. The content
of metals such as K, Ca and Mg varies depending on the source
of the biochar, whether derived from animal slurry, agriculture
residues or wood. Biochar is typically alkaline because of the
presence of inorganic minerals such as carbonates and phos-
phates, thus can act as the soil amendment for raising soil pH.
The pH of biochar generally increases with rising pyrolysis
temperatures (up to 900 °C), primarily due to organic acid vol-
atilisation and the breakdown of acidic functional groups such
as carboxyl and phenolic hydroxyl. This alkalinity also helps
maintain a favourable pH environment for electroactive
microorganisms in the MES systems. The porosity and surface
area of biochar are key attributes, typically ranging from 0.1 to
400 m2 g−1 depending on production conditions (see Table 1).
Elevated pyrolysis temperatures typically enhance biochar
porosity by promoting the volatilisation of tars and organic
compounds that would otherwise ll the internal pores.
However, this process also reduces the overall biochar yield due
to mass loss.

The various functional groups on the surface of biochar,
such as hydroxyl, carboxyl and carbonyl, are mostly oxygen-
containing or alkaline. These functional groups enhance bi-
ochar's adsorption, ion exchange and buffering capacities due
to their distinct chemical properties. The hydroxyl groups, for
example, can facilitate the electron density of conjugated p-
systems through their electron-donating property.28 High-
temperature pyrolysis enhances biochar's adsorption property
by transforming less stable hydroxyl groups into more reactive
carbonyl groups, improving their ability to interact with various
water contaminants.29 Additionally, biochar demonstrates
remarkable stability due to its high level of carboxylate esteri-
cation, aromatisation, and resistance to biological, physical
and chemical degradation. Its high carbon content (up to 93%)
and inherent stability prove it to be a suitable material for long-
term applications, for example, as an additive in cement to
reduce its carbon footprint.30 For MES, this stability ensures
sustained electrochemical performance over extended opera-
tional cycles without any deterioration.

Biochar supplementation to anaerobic digestion has also
been shown to enhance the digestion process by facilitating
increased methane yields (up to 60%) and reduced lag-phase
times (by 42%).25,31 As a buffering agent, biochar has the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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capacity to alleviate volatile fatty acid accumulation, and as
such prevent inhibition of the anaerobic digestion process. The
high surface area of biochar helps immobilise functional
microorganisms, further supporting microbial activity during
digestion. Some abundant oxygen-containing functional
groups, such as quinone and hydroquinone, provide both
electron-accepting and electron-donating capacities.32 These
functional groups facilitate the direct interspecies electron
transfer process during anaerobic digestion, thus promoting
efficient microbial activity for methane production. This redox
activity is equally critical in MES, where biochar can function as
a conductive electron transfer bridge between electroactive
microbes and electrode surface.
2.3 Biochar's tunable porosity and surface functional groups

Biochar demonstrates signicant potential as a versatile plat-
form material for energy storage and conversion applications
due to its tunable porosity and surface chemistry (Table 1). The
porosity and surface functional groups of the electrode material
play a signicant role in determining reactor efficiency. The
porous structure of biochar enhances the charge transfer kinetics
at the electrode surface, while the surface functional groups,
such as carboxyl and hydroxyl groups, inuence the thermody-
namics of heterogeneous reactions.19 In MES systems, this
synergistic effect between porosity and surface chemistry enables
efficient mass transport of reactants. Bregadiolli et al. demon-
strated that biochar synthesised from sugarcane bagasse
exhibited higher specic capacitance than metal oxide compos-
ites, attributed to its larger surface area and higher medium pore
diameter.53 The porosity of biochar can be further optimised by
water/acid washing or varied activations to improve its storage
capacity in supercapacitors and batteries.54 Furthermore,
biochar-based nanostructured composites can be effectively
designed by modifying the surface chemistry. These composites
enhance conductivity and overall reactor efficiency by integrating
the inherent properties of biochar with advanced materials.
When applied to MES, such composites can improve electrode
conductivity as well as minimise charge transfer resistance.

Typically, in hydrogen storage, biochar's microporous
structure, enhanced through KOH, ZnCl2 or steam activation,
facilitates hydrogen adsorption via capillary forces.55,56 The
surface functional groups, such as alkali metals, further
improves hydrogen storage performance by chemisorption. For
example, potassium and sodium species in biochar act as
alkaline cores, attracting and stabilising hydrogen molecules.56

In biological hydrogen production via dark fermentation, bi-
ochar enhances the interspecies electron transfer efficiency by
utilising its redox-active functional groups, such as quinone
and hydroquinone.25 Biochar also supports bacterial growth
and stabilises dark fermentation due to its pH buffering
capacity, reducing the lag phase in hydrogen production.25 In
the electrocatalytic hydrogen evolution reaction via water
splitting, biochar integrated with catalytically active species
serves as an effective electrocatalyst, reducing overpotential and
increasing current densities.57 Heteroatom doping and single
atom doping in biochar have demonstrated potential to
© 2025 The Author(s). Published by the Royal Society of Chemistry
enhance the number of active catalytic sites,58,59 though further
research is needed to fully understand the catalytic mecha-
nisms and optimise performance. With ongoing advancements
in biochar-based nanostructured composites, it may be said
that biochar holds great promise as a cost-effective alternative
to expensive materials in energy and MES systems.

3 Microbial electrosynthesis:
a bioelectrochemical approach to CO2

utilisation and conversion
3.1 The integration of electrocatalysis with biocatalysis

Microbioal electrosynthesis or MES is an advanced bi-
oelectrochemical technology that employs microorganisms as
biocatalysts to facilitate the reduction of CO2 into value-added
organic compounds using electrons supplied by a cathode.
Electrocatalysis enables the efficient conversion of CO2 into
simple intermediates such as carbon monoxide (CO) and formic
acid (CH2O2), while biocatalysis facilitates carbon–carbon bond
coupling for the synthesis of commercially valuable compounds
such as glucose (C6H12O6), fatty acids and alcohols.7,60 By inte-
grating electrocatalytic and biocatalytic processes, MES offers an
efficient strategy to overcome energy constraints and enhance the
selective production of long-chain organic molecules from CO2.

In a typical MES, chemolithoautotrophic microbes facilitate
CO2 reduction at the cathode through two primary electron
transfer mechanisms: direct electron transfer or mediated elec-
tron transfer via H2 or other soluble redox mediators.61 In direct
electron transfer, microorganisms obtain electrons directly from
the electrode via conductive bacterial pili or membrane-bound
cytochromes. For example, Sporomusa ovata has been shown to
accept cathodic electrons directly to synthesise multi-carbon
compounds from CO2 and water.62 Other microbes, such as
Geobacter and Clostridium species, use conductive pili or c-type
cytochromes to conduct electron transfer at the abiotic–biotic
interface.63 In contrast, mediated electron transfer relies on
soluble redox mediators to facilitate electron transfer between
the electrode and microbial metabolism. For example, H2

generated through water electrolysis can act as an intermediary,
enabling microorganisms to assimilate CO2 through metabolic
pathways such as the Wood–Ljungdahl pathway.64

As compared to pure abiotic electrochemical CO2 reduction,
MES enables the selective synthesis of long-chain organic
products that are challenging to obtain through traditional
chemical catalysis.61 Microbial catalysts exhibit robust opera-
tional stability and self-replicating capabilities, reducing costs
associated with catalyst degradation and replacement. MES
operates efficiently across a wide range of environmental
conditions, including varying pH, temperatures, and pressures,
making it adaptable to diverse applications.12

3.2 Products generated from MES in power-to-gas and
power-to-fuel applications

Biogas produced through anaerobic digestion typically contains
30–50% CO2, which requires removal before the CH4 can be
used in industrial applications. MES can be applied as an in situ
RSC Sustainability, 2025, 3, 4435–4450 | 4441
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biogas upgrading method by integrating electrodes into
anaerobic digesters. This biomethanation process, a power-to-
gas approach, enables the biological conversion of CO2 into
CH4 through microbial metabolic processes (eqn (1)–(3)) as
shown in Table 2. In such electrode-assisted anaerobic diges-
tion systems, several key microbial communities are enriched to
facilitate the fermentation process. Hydrolytic bacteria are
enriched to break down recalcitrant organic compounds,
promoting hydrolysis and increasing methane yield. Acetogens,
such as Syntrophomonas and Syntrophobacter, can be enriched
to convert fatty acids such as propionic acid (C3H6O2) and
butyric acid (C4H8O2) into acetic acid (C2H4O2), which is then
utilised by the acetogenic methanogens for methanogenesis.65

Exoelectrogens, including Stenotrophomonas and Geobacter, are
enriched to facilitate electron transfer at the electrode interface,
facilitating the overall energy conversion efficiency.66 These
microbes work synergistically to enhance the efficiency of the
electrode-driving biomethanation process. Ning et al. demon-
strated that the use of electrochemical-acid pre-treated graphite
cathodes in anaerobic digestion systems signicantly enhanced
biomethane production from grass silage and cattle slurry,
resulting in a 96.8% increase in yield, and a 32.5% increase in
CH4 concentration in the output biogas.67 The energy return
from the increased biomethane output was 6.5 times higher
than the additional electrical energy input, highlighting the
catalytic role of electrical energy.67

(Direct electron transfer) CO2 + 8H+ + 8e− / CH4 + 2H2O,

DE = −0.244 V (1)

(Mediated electron transfer) 8H+ + 8e− / 4H2,

DE = −0.414 V (2)

(Mediated electron transfer) 4H2 + CO2 / CH4 + 2H2O,

DE = −0.169 V (3)

MES also plays a crucial role in power-to-fuel applications,
such as the production of liquid biofuels including alcohols and
C2–C6 carboxylic acids68 (Fig. 1). Acetate remains the most
common and feasible end-product as shown in Table 2, as its
production through the Wood–Ljungdahl pathway is the most
energy-efficient carbon xation mechanism, avoiding other
ATP-consuming reactions by coupling endergonic and non-ATP-
consuming exergonic reactions (eqn (4)–(7)). Cui et al. devel-
oped an electrolytic bubble column for CO2-to-acetate produc-
tion, achieving an acetate yield of up to 34.5 g L−1 and
a production rate of 1.15 g (L per day), with a faradaic efficiency
of 64%.69 Wild-type acetogens are capable of producing ethanol
(C2H6O), a widely used biofuel. In co-culture systems, various
microbial species can further convert ethanol into highly
energy-dense compounds, such as n-butanol (C4H10O), n-hexa-
nol (C6H14O) and caproic acid (C6H12O2) through chain elon-
gation.70 As the worldwide carboxylic acid market is growing
due to the huge demand for cosmeceutical products, butanol
and hexanol can be directly integrated into the existing fuel
infrastructure. Ning et al. demonstrated a faradaic efficiency of
RSC Sustainability, 2025, 3, 4435–4450 | 4443
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up to 90.8% for the co-production of acetate and ethanol using
a 3D cobalt-nickel-coated carbon felt biocathode in a MES
system.71 Liew et al. reported production rates of iso-propanol
(C3H8O) and acetone (C3H6O) at approximately 3 g (L per h)
with a selectivity up to 90% at a pilot scale MES system.72 By
integrating the MES with mixed microbial cultures, genetically
engineered yeasts can also convert acetate into lipids or
alkanes.61 The commercial viability of MES-based fuels,
however, depends on the development of efficient extraction
and separation techniques, since most liquid biofuels require
energy-intensive purication methods such as distillation,
pervaporation, or solvent extraction.

4 CO2 +2 ATP + 8 NADH / 2 acetyl-CoA (4)

1 Acetyl-CoA / 1 CH3COOH (5)

(Direct electron transfer) 2CO2 + 7H+ + 8e− /

CH3COO− + 2H2O (6)

(Mediated electron transfer) 4H2 + 2CO2 /

CH3COO− + H++ 2H2O (7)
3.3 Optimisation of cathode materials: advancing electron
transfer and microbial attachment

One of the primary challenges in MES lies in optimising
cathode materials to enhance electron transfer efficiency and
microbial attachment. Various metals, including iron (Fe),
nickel (Ni), copper (Cu), platinum (Pt) and gold (Au), have been
investigated as cathode materials due to their high conductivity.
However, these metallic cathodes oen suffer from poor long-
term stability due to metal leaching, which can inhibit micro-
bial growth. As a result, carbon-based materials are still the
most widely used cathodes for CO2 bioconversion in MES.88

Graphite is available as a commercial electrode in the form
of plates, rods, sticks, and granules. While widely adopted, pure
graphite plates or rods have limitations in achieving high
productivity due to their low porosity and limited surface area
for microbe attachment. It is also considered a critical raw
material in the EU due to potential supply chain challenges. To
address this, 2D carbonaceous materials, such as carbon cloth,
have gained attention due to their exibility and higher porosity
compared to traditional graphite electrodes. A porous ceramic
hollow tube wrapped with carbon cloth was used by Alqahtani
et al. as the cathode for direct CO2 delivery to CO2-xing
microbial communities growing on the surface.89 Beyond 2D
materials, 3D carbon-based electrodes such as carbon foam,
carbon felt, and brushes have also been explored for MES
applications. With a larger volume reactive surface area, the 3D
structure of these electrodes supports spatial modications and
facilitates efficient electron transport through catalytic reactive
sites via direct or mediated transfer processes. Cheng et al.
investigated a carbon felt-based cathode in MES and demon-
strated that an iron-doped zeolite imidazolate framework-67
acted as an electron shuttle, enhancing CO2 conversion to
CH4 1.6-fold by promoting the expression of heme protein-
4444 | RSC Sustainability, 2025, 3, 4435–4450
related genes and accelerating indirect electron transfer
through cytochrome C.90

Researchers have investigated advanced cathode designs
incorporating nanomaterials, coatings, and dedicated electrode
architectures.91 Improved surface chemistry can positively
impact bacterial attachment through electroactive nano-
surfaces, leveraging hydrogen bonding, electrostatic attraction,
and van der Waals interactions. For example, metal–organic
framework (MOF) coatings on carbon felt have been used to
create super hydrophilic interfaces that support biolm
formation. Xia et al. introduced the MOF-derived hierarchical
nanoarrays for use as biocathodes in MES, optimising electric
eld intensity and incorporating a heterojunction to enhance
electron transfer.64 The approach achieved a 9.6-fold increase in
CH4 production and a maximum current density of 10 A m−2 as
compared to the control.64 Kracke et al. demonstrated efficient
electro-methanogenesis using NiMo-graphite cathodes.92 With
a pure culture of Methanococcus maripaludis, the system ach-
ieved a high volumetric CH4 production rate of 2.2 LCH4

per
Lreactor per day and close to 100% utilisation of the in situ
evolved hydrogen at the cathode.92 Advancements in 3D
printing technologies have enabled the fabrication of custom-
isable electrodes with specic geometric structures and channel
sizes, offering new possibilities for the MES cathode design.93 It
was demonstrated that the 3D printed rGO/Fe3+/Fe3O4 aerogel
bioelectrode achieved a volumetric current density of 10 608 A
m−3, the highest observed with pure Geobacter sulfurreducens.94

This was due to the hierarchical pores of the rGO aerogel, which
improved substrate mass transfer and bacterial attachment,
along with magnetite nanoparticles that potentially enhanced
interfacial electron transfer.94
4 The utilisation of waste-derived
biochar in microbial electrosynthesis
4.1 Can biochar be engineered as an efficient cathode
material in MES?

Biochar, derived from biomass pyrolysis, is a promising mate-
rial for MES cathodes due to its distinctive physicochemical
properties. It retains the intrinsic electrical conductivity and
structural stability of carbon-based materials while also offering
high porosity and biocompatibility, which enhances microbial
attachment and electron transfer in MES system. Thulluru et al.
investigated the use of sludge-derived hydrochar as an effective
cathode catalyst in MES systems, demonstrating its ability to
enhance electrochemical performance and CO2 conversion.
This improvement is attributed to its high specic surface area,
abundant functional groups, and pyridinic and graphitic
nitrogen. Their study achieved an acetate production of 41.14 ±

5.03 mmol L−1, a faradaic efficiency of 52% and a carbon
recovery efficiency of 45%.77 Wood chip derived biochar
demonstrated better performance as a cathode material in MES
systems, achieving higher CH4 concentration at 73.2% and ten
times greater acetic acid production (0.3 g L per day) compared
to municipal solid waste-based biochar.75 This enhanced effi-
ciency in CH4 or acetate production is attributed to higher
© 2025 The Author(s). Published by the Royal Society of Chemistry
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surface area and carbonaceous graphite-like structure, which
improved electrochemical activity.

As pristine biochar oen lacks the consistency and high
conductivity required for MES applications, it needs to be
engineered or modied to enhance its electrochemical proper-
ties for effective use. Biochar can function as an effective carrier
for active components and can be tailored to improve cathode
performance. By introducing functional groups (such as tran-
sition metal-based materials, hydroxides and suldes) onto the
biochar surface,64 proton absorption can be facilitated,
promoting electron shuttling and subsequent CO2 reduction.
Additionally, the incorporation of nanowires or nanoparticles
increases the pore-specic surface area, providing active
attachment sites for microbial communities, thereby enhancing
biolm formation.57 Furthermore, biochar's adaptability allows
for easy customisation and 3D printing into specialised chem-
ical structures, enabling precise control over its properties for
specic application scenarios. For example, in a designed MES
system, the incorporation of multilayered conductive MXene
onto a rice straw-derived biochar electrode signicantly
enhanced active sites, facilitated mass transfer, and promoted
microbial growth, leading to a 2.3-fold increase in current
density and a 1.7-fold enhancement in butyrate production
compared to the uncoated control.80 The integration of an iron-
carbon micro-electrolysis matrix with a coconut shell biochar
compound substrate enhanced CO2 electrosynthesis, improving
organic carbon removal efficiency to 93.5% by promoting the
production of extracellular polymeric substances, volatile fatty
acids, polyhydroxyalkanoate, and glycogen in cathode
reactors.95

The cost evaluation of biochar-based electrode indicates that
it provides a more sustainable and economically viable alter-
native to traditional carbon-based electrode materials, such as
graphite and activated carbon. According to the market report
2024 by the European Biochar Industry Consortium, biochar
production capacity in Europe has demonstrated substantial
expansion. In 2023, the total amount of biochar production
reached 75 000 tonnes, with an anticipated sustained growth
rate of 55% from 2023 to 2024.96 By the end of 2023, almost 70%
of the production capacity was distributed in three dominant
countries; Denmark, Finland, and Sweden. Huggins et al.
investigated the use of biochar derived from forestry residues
and compressed milling residues as electrode material in
microbial fuel cells.97 The study pointed out that the biochar
electrode led to signicantly reduced costs, with amaterial price
ranging from 54–401 V t−1, which is lower than that of granular
activated carbon (843–2635V t−1) or graphite granules (527–843
V t−1).97 Another techno-economic analysis demonstrated the
feasibility of using lignin-derived porous biochar from yellow
pine and switchgrass as electrode material for high-energy-
density supercapacitors. As a tailored supercapacitor-grade bi-
ochar, yellow pine and switchgrass biochar can be produced at
a minimum selling price of 9033 and 7094 V t−1, respectively,
which are comparable to those of commercially available
supercapacitor-grade activated carbon.98

The properties of biochar electrodes vary depending on the
feedstock source and manufacturing process, with their key
© 2025 The Author(s). Published by the Royal Society of Chemistry
advantages primarily associated with economic and environ-
mental benets rather than electrochemical performance. A
previous study highlighted the feasibility and sustainability of
biochar-derived activated carbon produced from Prosopis juli-
ora for supercapacitor applications. According to Sivaraman
et al., biochar-based activated carbon demonstrated 28% lower
global warming potential than coal-based activated carbon.99

This relatively slight difference may be attributed to the high
pyrolysis (750 °C) and activation temperatures required for bi-
ochar production, which contribute to increased energy
consumption.99 To enhance the sustainability of biochar
production, further research is required to optimise the
process, such as utilising renewable electricity, optimising
process parameters, exploring alternative activation methods,
and sourcing sustainable raw biomaterials.
4.2 Current challenges and opportunities for scaling up the
MES technology

Currently, the MES technology remains at the proof-of-concept
stage and requires extensive research to overcome scaling
challenges before it can be considered for practical applica-
tions. The scale-up of MES technology is mainly constrained by
factors such as limited current density, practical and long-term
viability, material costs and integration with existing infra-
structure.100,101 The largest MES scale-up experiments with pure
culture bioelectro-methanogenesis have reached a capacity of
50 L, achieving a methane production rate of 0.27 L per day
(11.7 mmol per day).102 Scaling up resulted in lower current
densities compared to lab-scale systems, primarily due to high
internal resistance in larger electrodes, which hindered
methane production. To enhance performance at larger scales,
it is essential to establish key scale-up criteria that maintain
system efficiency. The scale-up processes of microbial fuel cells
can provide valuable insights for the industrialisation of MES,
as they share similar fundamental principles. For example,
a scaled-up microbial fuel cell of 1000 L, consisting of 50
modules, was operated successfully for one year to treat
municipal wastewater, achieving a COD removal rate of 70–
90%.103 The investment for the system was comparable to other
scaled-up reactors per unit volume, with cost analysis indicating
potential reductions using cheaper or alternative raw materials.

The economic analysis by Christodoulou et al. revealed that
among ve alternative compounds (formic acid, acetic acid,
propionic acid, methanol and ethanol) produced from the MES,
formic acid (CH2O2) and ethanol (C2H6O), with production
costs of 0.36 V kg−1 and 1.06 V kg−1 respectively, are cost
competitive, despite their long pay-back period of 15 years for
a 1000 t per year production plant.104 Both products were found
to offer higher Internal Rates of Returns, with formic acid at
21% and ethanol at 14%, respectively, exceeding the industry's
required rates of returns of 11.60%. This suggests that currently
formic acid and ethanol production could enhance the viability
and compatibility of the MES process. A dynamic simulation by
Shemfe et al. assessed formic acid synthesis in a MES system for
wastewater treatment.105 The simulation assumed COD removal
via anodic oxidation and CO2 conversion to formic acid through
RSC Sustainability, 2025, 3, 4435–4450 | 4445
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cathodic reduction. Life cycle analysis indicated the net savings
of 4.3 kg CO2 eq. in climate change impact and 61 MJ in
resource consumption per kilogram of formic acid produc-
tion.105 The modular design of MES systems allows for cost-
effective scaling by replicating an optimised and proven
module to achieve the required throughput. These develop-
ments provide a technological roadmap for MES adoption,
emphasising the need for continued research and investment in
process scalability.
4.3 Integration of microbial electrosynthesis with
biomethane facilities

The technology readiness levels (TRLs) for the MES technology
alone currently ranges from 3 to 4, while the integration of bio-
electrochemical technology in hybrid systems could further
accelerate the progress to TRLs 6 or 7 in an industrial envi-
ronment. Among themost promising approaches for MES scale-
up is the cascading electrochemical biorenery system
combined with biomethane facilities (see Fig. 3). Demonstra-
tion plants incorporating water electrolysis before fermentation
have successfully stored methane within the natural gas infra-
structure, validating the feasibility of power-to-gas with bi-
omethanation applications.106 Scale-up strategies such as mixed
bubble columns have reached high methane production rates
while reducing energy consumption, demonstrating a viable
pathway for MES integration.107 A previous economic viability
study assessed the feasibility of converting CO2 to CH4 in a MES
system integrated within a biogas facility producing 345 Nm3 of
biomethane per day.108 The results indicated that the MES
system could increase total biomethane yield from biogas by
17.5%while reducing CO2 emissions from the biogas upgrading
process by 42.8%, with a techno-economic assessment identi-
fying electricity demand as the primary cost driver.108
Fig. 3 Integration of microbial electrosynthesis with biomethane faciliti

4446 | RSC Sustainability, 2025, 3, 4435–4450
Anaerobic digestion is integral to a circular economy
approach, transforming organic waste into renewable energy
vectors (biomethane), biogenic CO2, and organic biofertilisers
(digestate). One tonne of biomethane generates approximately
two tonnes of biogenic CO2. In 2020, Europe had the capacity to
produce an estimated 24 million tonnes of biogenic CO2, based
on the biogas and biomethane volumes generated that year (18
billion cubic meters). CO2 capture technologies are well-
developed and have been integrated into 1000 biomethane
facilities (at scales of 50 to 2000 Nm3 h−1) across Europe as of
2021.109 The number of biomethane plants in Europe increased
from 1548 to 1678 between the 2024 and 2025 data collection
periods, as reported in the latest European Biomethane Map
2025.110 Germany still represents the highest level of biogenic
CO2 production among the EU Member States. By 2030, it is
estimated that the EU could generate up to 46 million tonnes of
biogenic CO2, with an anticipated production of 35 billion cubic
meters of biomethane as outlined in the RePowerEU Plan.111 It
is estimated that the typical quantity of CO2 captured from
biogas facilities is 4000 to 50 000 tonnes CO2 plant per year.
During the anaerobic digestion process, capturing CO2 comes at
a relatively low cost (approximately 30V t−1) due to its high CO2

purity as compared to biomass combustion (costing 100 V t−1)
and direct air capture (400 V t−1). With abundant biogenic CO2

supply and well-developed CO2 capture technologies, when
integrated into existing biogas infrastructure, MES has the
potential to displace fossil-based products with biogenic CO2-
derived chemicals and fuels, contributing to net-zero carbon
emissions (Fig. 3).

As concluded in this perspective, biochar is a promising
electrode material for the MES process. When integrating MES
with biomethane facilities, solid digestate from anaerobic
digestion can be pyrolyzed or hydrothermally carbonised to
produce biochar (pyrochar or hydrochar) for electrode
es within circular economy systems.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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production. Recycled water from the digestion process can be
employed as an electrolyte in the electrochemical biorenery
system, further reducing resource consumption. This recycled
system not only enhances carbon recovery but also ensures
sustainable utilisation of organic waste. Furthermore, inte-
grating MES with biomethane facilities addresses the high
electricity cost challenge by utilising on-site biomethane-
generated electricity or surplus renewable energy,12 reducing
dependence on the power grid. This synergy creates a closed-
loop system that enhances overall sustainability and contrib-
utes to global carbon mitigation efforts.
5 Future perspectives

Biochar, derived from abundant biomass sources, presents
a promising and sustainable solution for both environmental
remediation and energy storage. The diverse properties of bi-
ochar, such as high porosity, surface area, and functional
groups, makes it effective in soil enhancement, pollutant
adsorption, and improving anaerobic digestion processes. Bi-
ochar's versatility extends to energy storage, where its tunable
properties facilitate its use in supercapacitors, batteries, and
hydrogen storage systems, offering potential for cost-effective
and efficient energy solutions. Furthermore, the ability of bi-
ochar to be tailored for specic applications, including as
a catalyst or electrode material, opens new avenues for inno-
vation in energy conversion and storage technologies. However,
further research is needed to optimise consistent production
processes and better understand of long-term effects in indus-
trial applications.

Microbial electrosynthesis (MES) is a promising bi-
oelectrochemical technology for CO2 conversion, offering an
innovative approach to produce value-added organic
compounds whilst addressing environmental challenges. By
integrating electrocatalysis with biocatalysis, the MES system
enables the efficient reduction of CO2 into simple intermediates
and complex organic molecules, such as alcohols, fatty acids,
and alkanes, with the potential for industrial applications by
modular design in power-to-gas and power-to-fuel processes.
The synergistic action of microorganisms and electrochemical
systems allows for the selective production of long-chain
products that are difficult to achieve through traditional
chemical methods.

One of the key challenges of MES advancement is cathode
optimisation, as it plays a vital role in enhancing electron
transfer and microbial attachment. The development of
advanced cathodes, such as 3D carbon-based electrodes and
nanomaterial coating, has shown signicant improvements in
efficiency and stability, enabling better performance in MES
systems. Biochar electrodes offer economic advantages, being
more cost-effective than traditional carbon-based electrodes.
Tailoring biochar with functional groups and incorporating
nanoparticles or nanowires further enhances its performance.
However, further research is needed to optimise the consistent
production of biochar from different waste biomass and eval-
uate its full lifecycle advantages.
© 2025 The Author(s). Published by the Royal Society of Chemistry
The scale up of MES technologies faces challenges including
for limited current density, high material costs, the need for
rened techno-economic models and life cycle analyses and
difficulties in integration with existing infrastructure. Current
systems are still at the proof-of-concept stage, but progress is
being made with demonstration trials at 50 L scale, and a focus
on high-value products, such as formic acid or ethanol. A few
case studies show the potential for MES integration into exist-
ing industrial processes, especially when combined with biogas
facilities. Biochar derived from biowastes may have the poten-
tial to be used as an efficient cathode material, while water can
be recycled as the electrolyte, reducing resource consumption
and enhancing carbon recovery. The coupling of MES with bi-
omethane facilities offers a sustainable solution to mitigate
carbon emissions, reduce reliance on the electricity grid, and as
a means of producing value-added biofuels and green chemical
products. Despite challenges, these developments suggest
a promising future for MES to support the transition to a deca-
rbonised circular economy.
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