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Abstract

Microbial electrosynthesis (MES) is an emerging technology that enables the synthesis of value-added chemicals
from carbon dioxide (CO,) or inorganic carbon compounds by coupling renewable electricity to microbial
metabolism. However, MES still faces challenges in achieving high production of value-added chemicals due to the
limited extracellular electron transfer efficiency at the biotic-abiotic interfaces. To overcome this bottleneck, it is
crucial to develop novel cathodes and modified materials. This review systematically summarizes recent
advancements in cathode materials in the field of electrocatalyst-assisted and photocatalyst-assisted MES. The
effects of various material types are further investigated by comparing metal-free and metal materials and
photocatalyst materials of different semiconductor types. Additionally, the review introduces the maximum
production rate of value-added chemicals and conversion efficiency achieved by these cathode materials while
highlighting the advantages and disadvantages of different material types. To the best of our knowledge, in
electrocatalyst-assisted systems, the maximum CH, yield on graphene aerogel/polypyrrole cathode achieved
1,672 mmol m”d", and the maximum Faraday efficiency (FE) of CH, reached up to 97.5% on graphite plate.
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Meanwhile, the maximum acetate yield achieved 1,330 g m? d” with CO, conversion efficiency into acetate close to
100% on carbon nanotube cathodes. In photocatalyst-assisted systems, the maximum acetate yield could reach
0.51g L"d" with the coulombic efficiency of 96% on the MnFe,0,/g-C,N, photocathode. Finally, prospects for
future development and practical applications of MES are discussed, offering theoretical guidance for the
fabrication of cathode materials that can improve production efficiency and reduce energy input.

Keywords: Microbial electrosynthesis, cathode materials, electrochemically active microorganisms, extracellular
electron transfer, photocatalyst

INTRODUCTION

With the development of the economy, the climate change resulting from greenhouse gas emissions,
particularly carbon dioxide (CO,), has become the most urgent challenge faced by human society!!. Despite
substantial efforts to curb carbon emissions and implement clean energy technologies, it is estimated that
nearly 500 gigatons of CO, will still be released into the atmosphere by 2060 due to the combustion of fossil
fuels”. Moreover, as fossil fuels gradually deplete, there is an urgent need to find alternatives to fossil fuels
for energy and feedstocks in the production of commodity chemicals”. In light of emission reduction
targets, the production of fuels and chemicals from CO, not only has the potential to mitigate global
warming but also to replace traditional non-renewable fossil fuels, achieving the goal of turning waste into
treasure'”.

Since the concept of microbial electrosynthesis (MES) was proposed in 2010, the field of MES has provided
a completely new perspective on CO, reduction'. MES is an emerging technology that enables the synthesis
of value-added chemicals from CO, or inorganic carbon compounds by coupling renewable electricity to
microbial metabolism'®*. In a MES process, electrical energy is used to supply low-potential electrons to
electrochemically active microorganisms (EAMs), which could reduce CO, in the atmosphere to fuels,
including methane, ethanol, acetic acid, other short- and medium-chain fatty acids, and their corresponding
alcohols™. Specifically, EAMs on the cathode utilize CO, as a carbon source and apply electrons as energy
sources to convert inorganic carbon into value-added organic compounds through their own metabolic
pathways. On the anode, water splitting reactions or other oxidation reactions take place, as shown in
Scheme 1. Compared to traditional electrochemical synthesis and CO, reduction methods, MES allows for
the production of more complex chemical compounds with higher selectivity and lower potential using
abundant, renewable, and environmentally friendly EAMs found in nature®'”. However, MES still faces
limitations in achieving high yields of value-added chemicals, falling far short of the expected levels required
for competitive commercial chemical synthesis"". The underlying reasons for this limitation are closely
related to the core of MES, namely, the acquisition of electrons by EAMs from cathodes for their own
metabolism"?. On the one hand, the insufficient conductivity and catalytic activity of cathode materials
restrict the availability of direct and indirect electron donors for EAMs, leading to low extracellular electron
transfer (EET) efficiency™®". On the other hand, during the operation of MES reactors, only a small portion
of the bacteria on the outer surface of the electroactive biofilm can make contact with the cathode material,
compromising EET efficiency, biomass transport, and gas transportation*'”. As a result, the majority of
MES systems are currently limited to laboratory scale and are not yet technologically feasible for practical
production",

Given the aforementioned effects, the cathode and its modified materials play a crucial role in the electron
transfer at the interface, the EET efficiency of EAMs, CO, catalysis, and the enrichment of microorganisms
during MES processes. To construct an efficient cathode, ideal materials should possess specific desirable
characteristics such as excellent biocompatibility, high catalytic activity, low charge transfer resistance, large
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Scheme 1. Schematic diagram of a MES system for CO, reduction.

surface area, high durability, and low production cost!”. In recent years, various types of novel cathode-
modified materials have emerged"®. For example, cost-effective carbonaceous materials with good
biocompatibility can be utilized to form three-dimensional (3D) nanomaterials, such as carbon nanotubes
(CNTs)™ and graphene®, which provide ample space for bacterial colonization and biomass mass transfer.
Conducting polymers introduce excellent hydrophilicity and tunable electrical conductivity into the
cathode, contributing to the formation of electroactive biofilms and enhancing EET efficiency”. Metals and
their compounds exhibit extraordinary electrocatalytic activity, enabling the production of hydrogen (H,)"?,
carbon monoxide (CO)"™, formate®, and other cathodic products that act as electronic mediators
facilitating electron transport in solution. Nevertheless, existing cathode materials still fail to meet the
demand for high chemical yields, primarily due to low EET efficiency, necessitating further exploration by
researchers.

To overcome the aforementioned bottlenecks, it is imperative to develop more efficient cathode materials
capable of reducing the overpotential of CO, reduction and improving the interaction between EAMs and
cathode materials, thus surpassing the limitations of EET efficiency. It requires conducting a comprehensive
summary of the development of cathodes since the concept of MES was proposed. This review
systematically summarizes recent advancements in cathode materials within the field of electrocatalyst-
assisted and photocatalyst-assisted MES. The effects of various material types are further investigated by
comparing metal-free and metal materials and photocatalysts categorized according to different types of
semiconductors. Furthermore, the maximum production rate of value-added chemicals and current density
achieved by these cathode materials in MES systems are compared, highlighting the advantages and
disadvantages of different material types. Finally, we offer prospects for future development and practical
applications of MES to provide theoretical guidance for further research of cathode materials that can
improve production efficiency in MES systems to reduce energy input.

CATHODE MATERIALS FOR ELECTROCATALYST-ASSISTED MES

Metal-free materials

Metals and their compounds are widely used as catalysts for industrial manufacture, clean energy
generation and storage, and many other important applications. However, metal-based catalysts,
particularly noble metals such as platinum, iridium, and palladium, suffer from significant drawbacks,
including high cost, low selectivity, poor durability, susceptibility to gas poisoning, and negative
environmental impact®. As a result, metal-free catalysts, such as carbon-based materials and conducting
polymers, have emerged as promising alternatives to platinum catalysts, offering enhanced efficiency at a
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lower cost in many fields”**”. This section presents a comprehensive overview of metal-free catalysts in
MES cathodes, specifically focusing on carbon-based materials and conductive polymers, which have been
utilized as modifications to enhance cathode performance. The profound impact of metal-free catalysts on
the overall performance of MES is thoroughly discussed, taking into account their contributions to EET,

microbial colonization, and gas mass transfer.

Carbonaceous materials

Carbonaceous materials have gained significant preference as electrode materials in various applications due
to their diverse morphologies, remarkable chemical stability, and high specific surface area”. Particularly,
an increasing number of carbon materials are derived from sustainable biomass precursors, such as coconut
shells, mango seed husks, and grape marcs, making carbonaceous materials more environmentally friendly
and cost-effective®™. Moreover, the outstanding biocompatibility and conductivity of carbonaceous
materials play a crucial role in promoting the proliferation of electroactive bacteria and facilitating EET.
These advantages have been widely applied in microbial electrochemical systems, such as microbial fuel
cells (MFC)""*? and microbial electrolysis cells (MEC)"***. Similarly, carbon-based electrodes were among
the earliest materials employed in MES systems, primarily due to their ability to provide a stable
immobilization matrix for electroactive biofilms®*". Due to the swift advancements in nanomaterials, a
notable disparity arises in terms of conductivity, specific surface area, and electrocatalytic activity between
conventional carbonaceous materials and their innovative counterparts®”. Therefore, it becomes crucial to
modify or develop advanced carbonaceous electrodes with superior structures or higher catalytic activity to
improve the performance of MES. For example, carbonaceous materials with high specific surface area, such
as granular activated carbon (GAC) and carbon nanoparticles (CNPs), could increase the contact between
electrode materials and EAMs to enhance EET efficiency. Carbonaceous materials with 3D structures, such
as carbon felt (CF) and graphite felt (GF), can provide sufficient colonization space for EAMs. Nano
carbonaceous materials, represented by CNTs and graphene, are being widely investigated in various fields
due to their excellent properties, such as high conductivity and catalytic activity. This section highlights the
key findings and implications of utilizing advanced carbonaceous electrodes for CO, conversion via MES.

Due to the dependence of the core of MES on EET from the cathode to EAMs, improving the biotic-abiotic
interface can enhance the performance of these systems. Compared to a conventional graphite rod
electrode, the utilization of graphite granules in the cathode chamber promotes better contact between
EAMs and cathode materials, resulting in enhanced electron uptake efficiency. In long-term operations of
MES reactors, graphite granule cathodes with acetogenic bacteria inoculated achieved an acetate production
rate of 1.04 g L d" at a poised potential of -0.59 V (vs. standard hydrogen electrode, SHE)"". However, the
irregular shape of carbon particles and the porosity of the cathode chamber bed can contribute to higher
electrical resistance in MES systems and the potential for biomass clogging'. To address these challenges,
fluidized bed reactors incorporating a functional cathode with GAC have been developed. These reactors
offer a simplified construction, efficient particle mixing, prevention of biomass blockage, and improved
contact efficiency between particles and substrates. Consequently, they exhibit enhanced electroactivity and
provide ample space for substrate transportation”. Furthermore, researchers have explored the use of
nitrogen-modified carbon materials to enhance the durability of the cathode*. Nitric acid-treated graphite
particles with nitrogen elements introduced exhibited enhanced electron transfer performance, serving as
cathode materials for more efficient CO, reduction'”. In this study, the MES system utilizing nitric acid-
treated graphite particles as the cathode yielded 1.4 times more acetate compared to the system using
untreated graphite particles?.
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To improve electron transfer at the cathode interface, it is necessary to enhance the conductivity and
electrocatalytic activity of cathode materials while reducing the activation energy of electron transfer. Over
the past few decades, graphene and its derivatives, such as graphene oxide (GO) and reduced GO (rGO),
have been used to modify cathodes in MES systems, leading to significant advancements in chemical
production owing to their excellent electrical conductivity, remarkably high carrier mobility, superior
chemical stability, outstanding specific surface area, and biocompatibility*>*. To realize economic
production in practical applications, intermittent gas supply can help maximize the utilization of gas by
microorganisms, but it will cause deterioration of the bio-methanation process**. Due to the high
electrical conductivity and large surface specific area of graphene, the cathode could stabilize bio-
methanation after experiencing intermittent gas supply, with the gas conversion efficiency and CH,
production rate increased by 18.2% and 267%, respectively, as compared with the control®. Nevertheless,
the application of graphene is hindered by its low dispersibility and tendency to aggregate in aqueous
environments*”. As the most common derivative of graphene, GO is further incorporated with a large
amount of oxygen-containing functional groups to enhance the interface interaction inside graphene, such
as hydroxy and epoxide groups, thereby improving the stability of electrodes*”. At the same time, there are
abundant cymbal and carboxyl groups on the edges of GO, which determine its superior hydrophilicity and
facilitate the adhesion and electron transfer of EAMs'*>*\. In the case of rGO, it introduces more structural
defects to achieve higher electrocatalytic activity while retaining residual oxygen and other miscellaneous
atoms"'. An in situ self-assembled rGO/biofilm system, in which rGO was reduced by EAMs, was
constructed for highly efficient acetate production for the first time'*”. The addition of a substantial amount
of rGO in the biofilm has significantly enhanced the EET efficiency, thereby achieving an increase of 1.5
times the acetate production rate in MES systems"™. If rGO was functionalized with tetraethylene
pentamine (TEPA) to obtain positive charges, the self-assembled rGO-TEPA-modified carbon cloth (CC)
cathode with spatial arrangement could tensely arrange with Sporomusa ovata (S. ovata) with negative
charges™. With the dense and robust electroactive biofilm forming, the acetate production rate was
increased by 3.6 times'™”!.

On the other hand, the electroactive biofilms formed through simple adsorption typically exhibit low levels
of colonization on the hydrophobic low-dimensional carbon electrodes, which is another factor
constraining the efficiency and performance of MES systems frequently. Therefore, in order to allow more
biomass adhesion, the cathode surface should be functionalized to increase hydrophily"*!. According to this,
the functional group modification of chitosan, cyanuric chloride, and 3-aminopropyltriethoxysilane on CC
led to the enhancement of positive charge and increased the formation rate of acetate™. Another strategy to
enhance biomass is to expand the specific surface area of cathodes to gain more bacterial colonization space,
so it is imperative to develop high-performance 3D electrodes. Reticular vitreous carbon (RVC) is an
amorphous carbonaceous material with spatial reticular structures, which is often used as a substrate
electrode in electroanalytical chemistry”™. However, unmodified RVC electrodes are not suitable for MES
due to the lack of nanostructures to develop biofilms. To address this issue, flexible multiwalled CNTs were
directly grown on RVC to create a novel type of biocompatible and highly conductive 3D cathode
(NanoWeb-RVC), allowing for enhanced bacterial attachment and biofilm development within its
hierarchical porous structure™. Compared to the carbon plate control group, 1.7 and 2.6 folds higher
current density and acetate production rate were reached on NanoWeb-RVC cathodes". By electrophoretic
deposition, a more uniform and homogeneous layer of CNTs can be grown on the honeycomb structure of
RVC [Figure 1A, B, D, and E]. The high surface specific area introduced by nanostructures can maximally
enable the biocatalyst loading and allow the formation of continuous electroactive biofilms with faster EET
[Figure 1C and F]*”.. On this novel biocathode, the current density and acetate productivity reached
-200 A m” and 1,330 g m” d" severally, with electrons and CO, recoveries into acetate of mature biofilms
being very close to 100% [Figure 1G-I]*". This is the highest performance output we have ever investigated
up to now.
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Figure 1. (A) Photographic images and (B) Scanning electron microscopy (SEM) micrographs for NanoWeb-RVC. (C) SEM
micrographs of putative electroactive biofilms grown on NanoWeb-RVC after 140 days of inoculation. (D) Photographic images and (E)
SEM micrographs for EPD-3D. (F) SEM micrographs of putative electroactive biofilms grown on EPD-3D 45 ppi after 63 days of
inoculation. (G) Cumulative electron consumption, (H) CO, consumption, and (l) acetate production over time on graphite plate,
unmodified RVC 45 ppi, NanoWeb-RVC 45 ppi, and EPD-3D 10 ppi, 45 ppi, and 60 ppi, normalized to projected surface area (left) and
total surface area (right). This figure is quoted with permission from Flexer et al.”*"".

Moreover, carbon brush, as a conductive material with a high specific surface area, has the advantage of less
bacterial clogging possibility and faster mass transfer because of its open brush structure compared with
other carbonaceous braided materials”®. The yield of CH, and the proportion of CO, reduction in the MES
reactor with carbon brush were much higher than those with the graphite plate™. Next, the effect of surface
area on the current generation and anaerobic digestion performance was investigated by adding carbon
brush electrodes of different sizes. Adding a high surface area carbon fiber brush is a more effective method
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for improving anaerobic digestion performance'*. CF, with interlaced carbon fibers to construct open 3D
spatial structures, is another excellent cathode material owing to its low cost, high surface area, and good
biocompatibility'*. Based on these characteristics, CF cathodes could provide sufficient space and suitable
environments for the formation of electroactive biofilms. In contrast to the GAC electrode, CF biocathodes
in MES systems showed a higher CH, production rate of 2,840 + 450 mL L d" and acetate production rate
of 1.42 + 0.22 g L' d" at a continuous CO, flow'*”. Electrochemical experiments have confirmed that MES
systems could enable CO, consumption maximum by forming efficient electroactive biofilms on the 3D
structure of CF, leading to significantly enhancing acetic acid production'. The CH, yield and coulomb
efficiency (CE) can also be improved by modifying GF layers on ordinary carbon rods as a biocathode!*’. In
addition to the biomass attached to the cathode, the initiation rate of electroactive biofilms is also crucial for
the industrial application of MES systems. The biofilm formed by placing GF directly in the anaerobic
reactor possessed high electroactivity and strong direct electron transfer ability'. The start-up time was
shortened by at least 20 days, and the charge transfer resistance was reduced by 4.45-10.78 times in
comparison to the common start-up method of inoculating cathode effluent or granular sludge into the
cathode chamber. Nevertheless, the bare CF still suffered from the aforementioned problem of poor
electrochemical activity, and the modified CF could enhance the cathode-organic interaction to solve this
bottleneck. A novel Prussian blue nanocube-modified CF (PBNCs-CF) as an artificial electron mediator-
decorated cathode was designed, with enhanced acetate production reaching 0.20 + 0.01 g L' d"' in MES
systems'*”. The biocompatibility of CF cathodes was increased by the unique hydrophilicity and positive
charge of PBNCs, which was in favor of the growth of biofilms on the cathodic surface and internal
fibers*. Meanwhile, owing to the rapid electronic transition between Fe** to Fe’* ions, PBNCs significantly
improved the electrochemical activity of the CF cathode by increasing the electron supply to EAMs
dramatically. Graphene nanosheets with an amorphous shape are also coated on the scaffold to further
enlarge the surface specific area of the cathode and introduce high electrocatalytic activity. CF cathodes
coated with 3D graphene were fabricated by a solvothermal synthesis process for more efficient electron
transfer in MES inoculated with S. ovata'”. The 3D structure improved biofilm density significantly to
increase the acetate production rate by 6.8 times'”. According to the same thought, the effect of graphene as
cathode materials on organics production, such as acetate and butyrate, was evaluated, with the current
density increasing by 85.7% and the total electron recovery reaching the MES system by more than 90%*".
Furthermore, in a MES system for methanogenic archaea, the current density, charge transfer resistance,
and Methanobacterium biomass attached to CF cathodes modified with rGO were all improved'®..

Notably, some studies have reported that the microbial EET efficiency at the biological interface inside the
biofilm is much lower than that at the biotic-abiotic interface!”. Since most of the materials or catalysts
were modified on the base electrode surface, only the bacteria in the inner layer of the biofilm could make
direct contact with conductive materials. Nanomaterials may enhance EET efficiency by forming hybrid
biofilms with bacteria to participate in long-distance electron transfer inside cathodes. The utilization of
carbon nanomaterials to mix bacteria on the anode has been demonstrated to effectively enhance the
enrichment of the exoelectrogens and facilitate anodic electricity generation™. In accordance with this
concept, a biohybrid membrane was formed by co-precipitating Moorella thermoacetica and CNPs on the
CC cathode”. Compared with the native biofilm, the addition of CNPs to the biofilm resulted in a
significant improvement in the yield of acetate and formate to 2.68 and 3.80 g m™ d™ by representing an
increase of 14 and 7.9 times, respectively, which was the highest yield reported on two-dimensional (2D)
electrodes”. The large specific surface area of CNPs might provide more effective sites for bacterial
colonization and electron uptake, enhancing the physical contact of bacteria to the electrodes.
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In addition to the EET efficiency, another bottleneck in the MES process is the hindered mass transfer of
CO, gas in the cathodic chamber and on conventional cathodes. Hollow fiber membranes (HFMs), which
enable direct gas permeation from the inside of the membrane filaments, can address this issue. The
utilization of HFMs ensures that CO, can be efficiently used by the electroactive biofilm, minimizing gas
wastage””. Consequently, HFMs were modified on the CF to enhance CO, mass transfer while increasing
the electrical conductivity of the cathode simultaneously'”. This strategy of supplying CO, within the
electrode presents a novel concept for regulating the microenvironment of MES systems.

Conducting polymer

Nevertheless, the hydrophobicity of carbonaceous materials inhibits the release of gas and the infiltration of
water, which not only adversely affects the mass transfer of CO, but also greatly reduces the likelihood of
microbial attachment. To address these challenges, the inherent characteristics of conducting polymers,
such as adjustable electrical conductivity, electrochemical stability, exceptional hydrophilicity, and high
biocompatibility, align more closely with the requirements for constructing cathodes in MES systems'™.
Conductive acrylonitrile butadiene styrene polymer rods were assembled to form a 3D cathode, which
increased both acetate and CH, production by promoting biofilm development'®”. As the limitation of the
specific surface area of rod-shaped electrodes gradually emerges, the development of novel nanostructured
conductive polymer cathode materials becomes an active topic. By means of the electrospinning technique,
polyaniline (PANI) is fabricated as a 3D scaffold with high surface volume ratios, significant fiber
interconnectivity, and microscopic porosity™. The acetate production rate on PANI cathodes was three
times higher than for the control CC cathode, with a recovery of electrons consumed in acetate production
of 85% + 7%. Whereas the cost is taken into account, based on the 3D carbonaceous electrode to promote
biomass and gas transport, modifying additional conductive polymer materials to enhance microbial
adhesion and direct EET is a more typical strategy. By electropolymerizing conductive poly (3,4-
ethylenedioxythiophene) (PEDOT) onto the GO film, a novel GO/PEDOT cathode was fabricated, with a
maximum CH, production rate of 315.3 + 13.2 mmol m” d* and a high FE of 92%"*. There is no doubt that
the GO/PEDOT film not only enhanced the microbial colonization by the crosslinked fibers but also
improved the biofilm formation. As previously reported, 3D materials are typically synthesized through
hydrothermal” and chemical reduction” methods, while the 3D structure often exhibits poor
controllability and repeatability due to the difficulty of tuning the nanosheet assembly by these conventional
methods”. Recently, 3D printing technology has been recognized as a promising way to construct
hierarchical porous structures that excel in the preparation of regular and periodic open channels to
improve biomass transport and microbial colonization of 3D electrodes”. A 3D-printed graphene aerogel
(GA)/polypyrrole (PPy) cathode with hierarchical porous structures was prepared with the CH, production
rate reaching 1,672 + 131 mmol m™ d”, which was higher than that of the cathodes prepared by
conventional methods [Figure 2A, B, and F]®". The high CH, yield was on account of the fact that PPy
coating improved the interface interaction between the biofilm and the cathode, exhibiting low mass
transfer resistance and a relatively dense biofilm [Figure 2C, D, and E].

The primary approach to enhance the performance of MES has been focused on improving H,-based
electron uptake by reducing overpotential and increasing electrode electrical conductivity. However,
electrode-based direct electron uptake is theoretically more efficient™. To achieve this, a solid neutral red/
Nafion conductive layer was introduced on the surface of a carbonaceous electrode, enhancing its redox
capability and hydrophobicity"™. The cathode with the solid neutral red/Nafion conductive layer exhibited
higher carbon and electron recovery efficiency for CO, conversion, resulting in a two-fold increase in
acetate production rate compared to the unmodified carbonaceous electrode™. To enhance direct EET of
EAMs, another strategy of single-bacterial surface modification opened new avenues recently, which built
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Figure 2. (A) Schematic diagram of 3DP GA electrode preparation (up) and polymerization of the 3DP GA/PPy electrode (down). (B)
Schematic diagram of the 3DP GA biocathodes facilitating ion and gas transport. (C) SEM images of biofilm formation on the 3DP
GA/PPy cathodes from the outer and inner electrode surface. (D) Start-up current of the biocathodes at the potential of -1.0 V vs.

Ag/AgC[zli](E) EIS curves. (F) CH, production rate of the 3DP GA and CF biocathodes. This figure is quoted with permission from
Heetal "

an interconnected conductive layer on and across the individual bacterial membrane in situ'™. The high
conductive PPy was coated on the surface of acetogenic bacteria, and the PPy-coated bacteria were
inoculated on the cathode of MES, leading to a 33%-70% decreased charge transfer resistance and 3-6 times
increased acetate production rate of PPy-coated biocathodes™. Although PPy-coated biocathodes with
lower resistance achieved higher current density, acetate production rate, and FE compared to uncoated
biocathodes, the low level of C-type cytochrome expression on biocathodes suggested that the inwards EET
pathway may be different from the bioanode in MFC. Therefore, further studies are needed to investigate
the electron transfer mechanism of EAMs on the cathode of MES.

When using gaseous CO, as the carbon source, considering that the biological reduction process depends
on the dissolution and mass transfer of CO, in the electrolyte, the gas diffusion electrode (GDE) combined
with the conducting polymer membranes has received extensive attention in the field of MES. GDEs are
porous electrodes that support electrocatalysts, whereas conducting polymer membranes are polymeric
materials that conduct ions between electrodes, which both affect the chemical environment and
performance of the electrolyzer®. A combination of the porous activated carbon and Teflon binder as the
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catalyst layer and the hydrophobic gas diffusion layer created a three-phase interface at the electrode, which
could facilitate CO, and reducing equivalents to be available to the biocatalyst on the cathode surface'™. At
the same time, more commercialized GDEs have been developed to better suit amplifying MES systems.
Three-chamber electrochemical cells equipped with GDEs evolved an efficient cathodic community
dominated by Acetobacterium that achieved CO, conversion to acetate with the highest production rate of
55.4 g m” d’, with exceeding CE of 80%"*. Compared to traditional immersed electrodes, GDEs have
potential effectiveness in facilitating faster delivery of gaseous CO, and also provide adsorption of CO, to
electrochemical active sites, leading to higher expected productivity when equipping GDEs in MES.

Metal materials

Although significant progress has been made in the research and modification of metal-free materials, they
still fall short in terms of matching the stability and electrical conductivity of biocathodes in MES. Metal
materials, known for their excellent electrical conductivity, stability, and superior catalytic activity, have
been widely recognized as effective electrode modification materials in microbial electrochemical
systems"™”. Noble metals, such as Ir, Pt, and Pd, have demonstrated excellent electrocatalytic activity but are
limited by their high cost and low abundance™®!. Therefore, the search for efficient non-precious metal
catalysts for practical applications is crucial. Non-noble monometallic catalysts, including manganese (Mn),
iron (Fe), cobalt (Co), nickel (Ni), and copper (Cu), have received significant attention due to their ability to
reduce CO, to electronic mediators, such as H, and formate, which can be utilized by electroactive bacteria.
In this section, particular emphasis will be placed on monometallic materials, alloys, and inorganic metal
compounds, especially those that facilitate the catalysis of indirect electron mediators.

Monometallic catalysts

Monometallic catalysts possess desirable controllable properties and are relatively easy to prepare, making
them attractive as catalysts and materials for cathode modification. Electrical-biological hybrid cathodes
were fabricated using electrocatalyst foils from four different metal groups: indium (In), zinc (Zn), titanium
(Ti), and Cu™. Constant current electrochemical experiments revealed that the four metal electrodes
exhibited high parallelism at the current density of 30 A m?, while only the maximum acetic acid
production rate (1.23 £0.02 gL d", 313 + 5 gm™ d") of the Zn-based electrode was further increased when
the current density increased to 50 A m™*’. From the comparison of these four metal materials, Zn-based
electrodes were certified as more conducive to CO, valorization by bacteria at a high current density. Ni and
Fe, on the other hand, seem to have advantages in increasing CH, production owing to their availability,
high conductivity, and low cost. By introducing NiSO, or FeSO, into the cathode electrolyte, Ni and Fe were
deposited in situ on the CF, respectively, with the current density and CH, production significantly
improving®. In the previous studies on the electrocatalytic reduction of CO,, Cu has been commonly
recognized as the only metal capable of catalyzing the formation of multi-carbon (C,,) from CO, because of
its unique d-band center®”*. Even though Cu has been replaced in MES by biocatalysts with better
selectivity, it is still favored because of its high conductivity and low H, evolution properties. Especially the
substrates produced from Cu catalysts, such as formate, ethanol, and methanol, can be utilized by certain
methanogens. Cu-based electrodes with several different structures and preparation technologies were
compared to the performance of MES-containing graphite block cathodes, and all Cu-based cathodes
showed better methane production, except for the copper foil, which lacked a biocompatible surface'.

Among them, the preparation technologies of copper electrodes, for instance, electroless and electro-
deposited, have the greatest impact on the bioelectrochemical performance of MES systems.

Relative to bulk materials, metal nanoparticles (NPs) with excellent catalytic activity, biocompatibility, high
active surface area, and chemical stability have been widely used for enhancing electron exchange™. Most
of all, the size of the metal NPs can be easily adjusted to match the size of the electroactive bacteria. Inspired
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by metal anodes in MFCs, thin layers of gold (Au), palladium (Pd), or Ni NPs were homogeneously coated
onto the CC by physical deposition, and each of the treatments for Au, Pd, and Ni promoted acetate
production rates with 6, 4.7, or 4.5 folds faster than the untreated control, respectively®. Considering the
cost of precious metals, non-precious metal NPs were further introduced into MES. The presence of
molybdenum (Mo) NPs had no significant effect on the acetate production but increased the CH,
production, while Ni and Cu NPs lengthened the lag period of acetate production, which demonstrated that

[97]

metal NPs largely affected the relative abundance and metabolism of EAMs

In the liquid-phase environment of MES systems, the conventional approach for delivering CO, to the
chemoautotrophs on the cathode is by bubbling gaseous CO,. However, due to the low solubility of gaseous
CO, in the solution, diffusion and mass transfer limitations may arise, thereby impacting the conversion
and efficiency of MES". As previously mentioned, bubble-less gas exchange HFMs have been utilized as
cathode structures to facilitate a three-phase interface involving CO, gas, cathodic biofilms, and electrolytes,
which configuration enables efficient gas transfer and mass transport, enhancing the overall performance of
the system®'*. The novel-designed cathode consisted of porous nickel hollow fibers and hydrogenotrophic
methanogens, which act as an inorganic electrocatalyst for H, generation from proton reduction and a
biological catalyst reducing equivalents for the conversion of CO, to CH,respectively
[Figure 3A, D, and E]”. In order to further improve the formation of biofilms and the product generation
rate on the cathode, nanomaterials were modified on the nickel hollow fiber cathode to enlarge the specific
surface area and enhance electron transfer between electrodes and microorganisms. Remarkably, the porous
nickel hollow fibers modified with CNTs resulted in a 76.3% reduction of cathode electron transfer
resistance [Figure 3B] and a significant 11-fold increase in the CO, adsorption capability at atmospheric
pressure [Figure 3C], contributing to the higher acetate production rate of 1.85 + 0.13 g m”® d"' in MES
inoculated S. ovata [Figure 3F]"*. However, on account of the high fabrication cost of nickel, the utilization
of ceramic hollow fiber (CHF) membranes as substrate electrodes might be a more affordable option. By
one-step electroless plating nickel on CHF, the multifunctional cathode can enrich chemoautotrophs
mainly composed of S. ovata on the surface of membrane cathodes and reach an acetate production rate of
as high as 71.72 £ 4.33 gm™ d*l'. Apart from the improved CO, mass transfer efficiency inherent on the
CHEF, the microfiltration function provided by the membrane structure can simultaneously achieve a high
acetate recovery of more than 87.1%"*. The effect of CO, flow fluctuations on the stability of MES systems
can also be further explored on CHF. CHF wrapped with Ni-foam/CNTs electrode sparged CO, directly to
EAMs, significantly increasing biochemical yields with a higher CE of 51.5%, which laid a foundation for the
practical application of MES"*.. Tt could be concluded from the above research that the hybrid approach of
combining electrolysis with bioconversion presented a novel pathway for generating highly diverse long-
chain valuable chemical products with higher efficiency.

In addition to nickel as an electrocatalyst to produce H,, syngas (CO/H,) can also be used as a gaseous
feedstock and electron mediator for microbial utilization, which allows faster electron transfer than direct
contact, which may be rate-limited"*. Previous research has shown that silver (Ag), as a common metal
catalyst for electrocatalytic reduction to produce CO, could produce syngas from the CO, electrolyzer,
which was coupled with a fermentation module to convert CO, to butanol and hexanol with high carbon
selectivity!*. For better tunable electrochemical syngas production, a porous Ag GDE was fabricated on the
CNT-supported hydrophobic membrane, with aCO faradic efficiency of approximately 92% and larger
tunable CO/H, ratios in the optimized reactor™. This study brought possibilities for integrating
electrochemical and biological processes to enable CO, reduction and chain elongation of chemicals.
Following a similar two-step integrating strategy, formate reduced from CO, can also be utilized as the
organic substrate and electron mediator for the growth of many kinds of microorganisms"*. The tin (Sn)
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Figure 3. (A) A schematic of a MES reactor showing the replacement of a conventional submerged flat cathode with an electrically
conductive, catalytic, and porous hollow-fiber (CCPHF) cathode. (B) Nyquist plots of Ni-PHF and Ni-PHF/CNT in sterile blank medium.
The inset is the equivalent circuit for EIS fitting. (C) Comparison of CO, adsorption capability of Ni-PHF and Ni-PHF/CNT cathodes.
SEM images taken at the end of batch 8 for the cathodic biofilms developed on (D) Ni-CCPHF cathodes of an experimental reactor and
(E) Ni-CCPHF that was used only as a gas-transfer membrane for CO, delivery (left) and served only as a cathode (right). (F) Electron
transfer, measured acetate production, and current consumption of the Ni-PHF cathode (left) and the Ni-PHF/CNT cathode (middle),
both with direct CO, delivery through the pores of the hollow fibers. MES performance of the Ni PHF/CNT cathode (right) with CO,
bubbled into the medium. This figure is quoted with permission from Algahtani et al.*” and Bian et al."*".

cathode reduced CO, to formate, and then formate, separated by electrodialysis, was consumed by
methanogens to obtain CH,"””. Similarly, formic acids can be exploited by acetogens. Sn-modified CF was
prepared by electrodeposition, with the presence of Sn accelerating the indirect electron transfer rate
between EAMs and electrodes, thus improving the yield of acetate.

Alloys and inorganic metal compound catalysts

Compared to pure metals, alloy and inorganic metal compound catalysts exhibit distinct advantages in
terms of superior performance and low cost, leading to their increasing prominence in recent years. Oxides
are typically among the most stable forms of metal compounds found in nature and can be easily
synthesized"*. Ferrocene was subjected to microwave pyrolysis using CF as a microwave absorber, resulting
in the growth of Fe(III) oxide-graphitized carbon on the CF electrode. This composite material exhibited a
multi-length scale porous structure, offering a high specific surface area, excellent conductivity, and
stability. The acetate productivity achieved was more than 1.49 x 10* g m™ d”', together with an electron
recovery rate of 86% + 9%"*). Metal oxides containing multiple metallic elements could usually combine the
superiorities of different metals. Nickel ferrite (NiFe,O,) with mixed valent ions [Ni(II)/Ni(III), and
Fe(II)/Fe(III)] was coated on CF, which realized improved product selectivity and enhanced butyrate
production of 1.2 times in comparison to bare CF"'". The presence of NiFe,O, in MES cathodes achieved
production of carboxylates with higher economic value and selectivity on account of the advantages of
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improved electrical conductivity, charge transfer efficiency, microbial-electrode interactions, and most
importantly, the selective microbial enrichment of Proteobacteria and Thermotogae (butyrate-producing
phyla). Copper ferrite consists of a unique valance configuration with a high theoretical capacity and
excellent electrochemical properties, which can be easily tuned by their structure and morphology with
suitable synthesis methods remarkably, so it seems to show a better character of application than
NiFe,0,""". Copper ferrite/rGO nanocomposites synthesized by the biocombustion method from citrus
fruit extract exhibited a porous network-like structure and a low charge transfer resistance, thus promoting
the isobutyrate and acetate production of 35.37 g m” d'"""*.. There is no doubt that the method of preparing
low-cost metal oxide nanomaterial cathodes from natural materials is receiving great attention.

In addition to metal oxides, 2D transition metal carbides, nitrides, and carbonitrides, such as titanium
carbide (Ti,C,Ty), also known as MXenes, have gained significant attention in the past decade"'”.. Owing to
the abundance of surface terminations and free electrons in transition metal carbides or nitrides, MXenes
possess a unique combination of hydrophilicity and metallic conductivity, which greatly facilitates the
attachment of microorganisms and EET by microorganisms"**""?. Moreover, MXenes offer an adjustable
structure and rich surface chemistry, making them an excellent choice for fabricating high-performance
electrodes™”. A novel MXene-coated CF electrode was prepared and investigated for application in MES,
with the formation of a continuous electroactive biofilm, and exhibited excellent current generation,
resulting in a 1.6-, 1.1-, and 1.7-fold increase in the concentration of acetic, butyric, and propionic acid,
respectively, compared to uncoated CF [Figure 4]". If MXenes were ulteriorly introduced into
macroporous scaffolded CNTs by a facile dip drying method, the uniform 3D structure and abundant active
sites of the coated material facilitated mass diffusion and microbial growth!**.

As widely recognized, EAMs have the capability to directly utilize electrons from the cathode or indirectly
through H, produced by the catalyst, enabling the production of value-added chemicals from CO,"".
However, when an electroactive biofilm forms on the cathode, direct electron transfer is often hindered by
the low conductivity of the microorganisms themselves, making electron transfer mediated by H, more
suitable for practical applications"*”. Consequently, the integration of the H, evolution reaction (HER)
catalyzed by inorganic electrocatalysts and the H,-driven catalytic reaction facilitated by biocatalysts for CO,
reduction represents a promising technology with exceptional selectivity and stability. Although precious
platinum group metals are recognized as highly efficient HER electrocatalysts, their widespread deployment
on a large scale is hindered by their high cost. In this regard, transition metal carbides have emerged as
promising alternatives for combining with EAMs due to their remarkable catalytic activity, electrochemical
stability, and cost-effectiveness'*"'**), The molybdenum carbide (Mo,C) modified electrode was constructed
as an active HER electrocatalyst, with the volumetric acetate production reaching 0.19 +0.02 g L* d', which
was 2-fold of the control"”’. The presence of Mo,C accelerated the release of H, and regulated the mixed
microbial community to promote the growth of biofilm, thus improving the CO, reduction rate in MES
systems. In addition to metal carbide, the contribution of metal phosphide, sulfide, and alloys as catalysts
for HER in MES was further investigated. Cobalt-phosphide (CoP), molybdenum-disulfide (MoS,), and
nickel-molybdenum alloy (NiMo) cathodes performed sustained H, evolution under conditions suitable for
the growth of electroautotrophic microorganisms, achieving nearly 100% CE in an integrated system
inoculated with methanogens and acetogens*. If the structure of inorganic metal compounds is
ameliorated, the performance of MES can also be affected. MoS, nanoflowers were modified on the CF via a
simple one-step hydrothermal method, with the HER activity higher than that of bare CF, which showed
the highest volumetric acetate production rate of 0.2 g L* d™ at the preparation temperatures of 180 °C""*.
The improved efficiency of MES contributed to the fact that the porous nanoflower structure of MoS,
facilitated microbial colonization and increased the indirect and direct electron transfer efficiency.
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Figure 4. (A) A schematic diagram of MXene@CF electrode preparation and MES operation. SEM images of (B) plain CF, (C and D)
MXene@CF, and (E) MXene@CF biofilm. (F) Accumulated concentration profile for the MES products acetic acid, butyric acid, and
propionic acid (from left to right) for a MES system operated at a fixed cathode potential of -0.8 V using plain and MXene-coated CF.
This figure is quoted with permission from Tahir et al.”"”.

Despite the extensive study of H, as an electron donor, recent research has demonstrated that syngas serves
as a more favorable electron donor for converting CO, into value-added chemicals due to its higher
thermodynamic reducing power”!. To capitalize on this, highly selective cobalt phthalocyanine catalysts
were incorporated into MES cathodes to facilitate the production of syngas instead of H,, resulting in
enhanced bioconversion rates of CO, into acetate and ethanol"*. In contrast, a 3D porous functionalized
carbon electrode coated with a Co catalyst exhibited a lower applied operating potential and more stable CO
production compared to a 2D planar electrode. This improvement can be attributed to the larger specific
surface area provided by the CF, enabling better gas transfer through bubble formation and adhesion.
Consequently, the 3D porous cathode yielded higher maximum titers of acetate (5.1 vs.3.8 g L") and
ethanol (1.2 vs. 0.9 g L") compared to the 2D planar cathode!*.

Composite materials

The incorporation of composite materials offers an efficient approach to enhance the performance and
broaden the application range of cathodes in MES by combining the large specific surface area and
hydrophilicity of metal-free materials with the high conductivity and catalytic activity of metallic materials.
For example, by modifying the metal electrode with chitosan, the electrochemical performance and stability
of the cathode can be significantly improved"”. Among these composites, those composed of metallic
materials and 3D carbon materials have garnered significant attention in MFCs due to their ability to
provide high catalytic activity, efficient extracellular electron transport, and ample space to enhance the
colonization of EAMs!"**. However, certain metals, such as Cu, are limited in bioelectrochemical systems
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due to their antimicrobial properties. To address this, the introduction of rGO with high biocompatibility
effectively enhances the antibacterial activity of copper foam. Consequently, this promotes the formation of
a dense and electroactive biofilm of S. ovata on the electrode surface, leading to increased acetate yields'>..

It is noteworthy that metals not only serve as highly conductive materials to facilitate electron transport but
also act as inorganic catalysts to promote the generation of H, and other electronic mediators in the
cathode. Stainless steels, as a kind of lower H, evolution overpotential material, were in an assembly with GF
as cathodes, producing acetate at the maximum rate of 1.3 and 2.4 mM d in mixed culture and Clostridium
ljungdahlii MES reactors, severally"*. The combination of CC-stainless steel electrodes could improve the
yield of volatile fatty acids (VFA) to 1.4 g L', and the reduction current was significantly higher than the
control group, which were owing to a relatively higher tendency towards reductive capabilities with lower
electron losses of hybrid biocathodes"*". With the introduction of a cost-effective packed-fluidized cathode
consisting of stainless steels and GAC, pre-acclimatized GACs with active anaerobic microbes on its surface
were packed in stainless steels, and CO, was directly flushed on the GAC surface through a pipe to ensure
its availability to the biocatalyst"*”. The acetate volumetric production rate achieved 0.16 g L* d". In
addition, despite the fact that the formation of electroactive biofilms is important for electron capture,
excessively thick biofilms have been demonstrated to possess an obvious influence on efficient
electrochemical reactions and mass transfer, especially in MES systems with gaseous environments. Inspired
by alveolus-like structures to enable gas diffusion, a hybrid electrode coupling porous hollow stainless steels
with graphene foam was herein proposed for CH,-production MES"*. The 3D layered graphene foam
structure with interconnected pores ensured the entrance of microorganisms for colonization, while the
porous hollow stainless steel supplied and diffused CO, into the microstructure of combined graphene
foam, thus achieving a high CH, production rate of 848.0 + 124.5 mmol m™ d*!'’. If the metals and
carbonaceous materials are hybridized together, they can own better biological affinity and stability and also
good electrochemical performance. A nano-titanium carburizing electrode with a nanotube array porous
structure was used to increase the adsorption and utilization capacity of the polar plates for H,""**.

On the other hand, the inclusion of metal oxides brings about more functions to MES cathodes. Magnetite
(Fe,O,) with oxidized Fe(III), as a natural terminal electron acceptor, can help to improve EET with
advantages of good biocompatibility and low toxicity""*’. In order to avoid the drawback of aggregation of
Fe,O, particles owing to the nanoscale and magnetic effects, the Fe,O, particles were grown on the carbon
support GAC as a cathode in MES to improve the electrode conductivity and biofilm activity effectively"**.
As magnetic metal oxides, Fe,O, NPs allow the fast capture of EAMs onto the magnetic substrate electrode
by the magnetic activity as well. This potential has captured tremendous attention. With the magnetic
attraction formed between the biological complex and the electrode by incorporating Fe,O, NPs into the
GO solution in advance and wrapping the magnet in a CC, a thicker hybrid mature biofilm was formed"*”..
As a result, the biocathode achieved a high CH, production rate of 605 + 119 mmol m~* d' with a FE of
91% + 14%. Considering that inefficient electron transfer at the interface between the biohybrid and the
cathode materials is a limiting factor, a novel inorganic biological hybrid was proposed by feeding highly
conductive N-doped Fe,O, with carbon dot shells (Fe,O,@CDs) in Geobacter sulfurreducens to facilitate EET
and energy conversion"**. The maximum current of Fe,O,@CDs-fed bacteria was 6.37 times higher than
that of the control group without NP addition, which was the result of the interaction network between
Fe,0,@CDs and conductive proteins inside and outside the sulfur-reduced G. sulfurreducens.

More nanohybrid catalysts can be prepared by adjusting the element composition and nanoform of metal
oxides. For instance, a cathode made of nanowires interconnected with flower-like morphology of MnO,
decorated over rGO was developed for MES to produce acetate and isobutyric acids, with large surface area,
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high pseudocapacitance, increased CO, absorption capacity, and reduced electron transfer resistance
compared to bare CC'". The composites of the morphology of nanomaterials and advanced architectures
of substrate electrodes further open new avenues for MES cathodes. Highly conductive tungsten oxide
(WO,)/rGO nanofibrous-modified CC cathodes were fabricated for increased acetate production in MES,
which was 41% higher than the unmodified electrode"*!. WO, nanofibers helped to reduce the resistance to
flow the electron and improve the electrical charge holding capacity by enhancing capacitance, while rGO
supported enough space to ensure adhesion of bacterial community.

Based on the aforementioned research, it can be concluded that carbonaceous materials remain the most
prevalent choice for modified cathode materials in MES due to their favorable attributes of low cost,
excellent mechanical properties, and diverse morphologies. Concurrently, the advancement of
nanomaterials has led to the utilization of various 3D carbon nanomaterials with high conductivity as MES
cathodes, resulting in improved EET efficiency and microbial colonization. The incorporation of conductive
polymers further enhances the hydrophilicity and biocompatibility of modified MES cathodes, rendering
them more suitable for the growth of electroactive microbial biofilms. Furthermore, the introduction of
metal materials not only enhances the cathode conductivity but also facilitates the generation of electron
mediators, leveraging their notable electrocatalytic activity to enhance indirect electron transfer.
Consequently, composite materials combining metal-free and metal materials have emerged as the primary
focus of research for MES cathodes. The specific data of MES systems mentioned in this section are
summarized in Table 1 below. By a comprehensive comparison of the data listed in Table 1, we believe that
the novel 3D nano carbon cathodes could achieve the highest acetate yield of 1,330 g m™ d™ due to its ability
to load more electroactive bacteria and exhibit higher electrochemical activity. While conducting polymer
cathodes have improved tunability and hydrophilicity, which can achieve higher methane production rates,
metal electrodes generally obtain higher current densities because of their superior conductivity.

CATHODE MATERIALS FOR PHOTOCATALYST-ASSISTED MES

The electrocatalyst-assisted MES system has the capability to enhance CO, reduction through the self-
metabolism of EAMs under electrical stimulation. In contrast, the photocatalyst-assisted MES system
harnesses a continuous source of solar energy from nature, offering a more sustainable and environmentally
friendly solution. This system converts CO, into multicarbon products under solar-driven conditions,
effectively reducing electricity consumption. While photosynthesis was once exclusively known as "the
guarded secret of plants”, humans have successfully developed the photochemical process to convert CO,
into valuable organic products"*’. This process is now known as artificial photosynthesis, encompassing
various technologies such as photocatalysis, photovoltaic-driven electrolysis, and photoelectrochemical
reactions"*”. Photocatalyst-assisted MES represents an efficient photoelectrochemical reactor that combines
multiple functions with low energy consumption, high CO, conversion efficiency, and strong electricity
generation capabilities"”. This section focuses on analyzing two types of photocatalysts: single
photocatalysts and heterojunction photocatalysts, aiming to optimize cathode materials in photocatalyst-
assisted MES systems.

Single photocatalyst

Typically, photosynthesis in plants is accomplished through light reactions and dark reactions. Specifically,
the light reaction captures solar energy and generates the reducing agents: adenosine triphosphate (ATP)
and nicotinamide adenine dinucleotide phosphate (NADPH). Subsequently, the dark reaction utilizes these
reducing agents to reduce CO, through the Calvin cycle"*. In the context of MES, photoelectrocatalytic
cathodes capture light and provide reducing agents, typically H, or electrons, which serve a function similar
to ATP and NADPH in the light reaction*. Biological catalysts then utilize H, or electrons to convert CO,
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Table 1. Performance of different types of cathode materials in electrocatalyst-MES systems

Cathode materials Type of products Microbial inoculum Production rate CE or FE (%) (C:st.hso::)potentlal Current density Ref.
Carbonaceous materials
Graphite granules Acetate Enriched mixed culture 02gl'd” 843+7.6 -0.59V 25Am? [38]
(Acetobacterium spp. dominated)
GAC Acetate Enriched mixed culture 016gL'd” 62.4-73.7 -0.82V 17Am? [40]
Nitric acid-treated graphite granular Acetate Enriched mixed culture 017 g L'q" 65.5 -0.82V 512 Am? [42]
Graphene CH, Enriched methanogens 453.6mLd" / / / [20]
(Methanothermobacter dominated)
rGO Acetate Enriched mixed culture 017gLd” 77 -0.82V -49Am? [52]
rGO-TEPA Acetate S. ovata wild type 0.054gL"d” 83+4 -0.69 V -019+01Am” [53]
S. ovata strain met 017¢g L"d" 83+3 -236+11Am?
cc Acetate S. ovata 180+ 0.42gm?d’ 7614 -037V -0.071+0.01MAm?  [55]
CC modified with chitosan 1375+336gm”d’ 86+ 12 -0.47+0.018 Am”
CC modified with cyanuric chloride 12.31+3.00gm?d’ 81+16 -0.45+0.079 Am”
CC modified with 3-aminopropyltriethoxysilane 570+120¢g m?d’ 82 +11 -021+0.01MAm?
CNT-cotton 613+150gm~d’ 83+10 -0.22+0.001Am~
CNT-polyester 576+144gm”d’ 82+8 -0.21£0.013 Am”
CNTsonRVC Acetate Enriched mixed culture 780.68 gm?*d’ 77410 -0.85V 37 Am? [19]
CNTs on RVC by chemical vapor deposition Acetate Enriched mixed culture 192¢g m?d’ 70 -0.85V 37Am? [57]
CNTs on RVC by electrophoretic deposition 685g m?d’ 100 -0.85V -102Am?
1330gm?”d’ 100 110V -200Am”
Carbon brush CH, Enriched mixed culture 5.2 mmol d’ 18.8 -0.50V -4.07%x10"Am? [59]
Graphite plate 4.3 mmol d” 975 -6.63%10° Am”
Carbon brush CH, Enriched mixed culture 59 £17 mL d-1 3.4 -0.80V 27Am” [60]
CF CH, Enriched mixed culture 2,840 + 450 mL 'd’ 95 -2.80V -190 £14 mA [62]
Acetate 142+022gL7d’
GAC CH, 1,420+188 mL L d” 80-95 184 +£18 mA
Acetate 047+013gL"d"
CF Acetate Enriched mixed culture 220g L’ 53 -0.68V / [63]
GF CH, Enrich the methanogens 80.9mLL"d" 194.4 .40V / [64]
GF CH, Enrich the methanogens 29.00mLL"d" 3.7 -0.80V / [65]

PBNC-CF Acetate Enriched mixed culture 020+0.01gL"d" 63 -0.85V -45Am? [66]
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Graphene-modified CF

rGO-CF
CNPson CC

Conducting polymer
CC modified with PANI

Conductive acrylonitrile
butadiene styrene polymer

GO/PEDOT
3D-printed GA/PPy aerogel
Solid neutral red/Nafion conductive layer

PPy-coated

Porous activated carbon and Teflon binder with gas

diffusion layer
VITO-Core® GDE
Monometallic catalysts
Zn

Ni/Fe deposition in situ
Electroless-Cu

CC with gold NPs

CC with palladium NPs

CC with nickel
NPs

Porous hollow fiber nickel
Porous nickel hollow fibers with CNTs modified
Porous nickel hollow fibers

Electroless nickel plating on CHF

Acetate
Acetate
Butyrate
CH,
Acetate

formate

Acetate
CH,

Acetate
CH,
CH,
Acetate
Acetate
Acetate

Acetate

Acetate

CH,
CH,

Acetate

CH,

Acetate

Acetate
CH,

S. ovata

Enriched mixed culture

Enrich the methanogens

M. thermoautotrophica

S. ovata

Enriched mixed culture

Enriched mixed culture
Enrich the methanogens
Enriched mixed culture
The acetogens

Enriched mixed culture

Enriched mixed culture

Enriched mixed culture

Enriched mixed culture
Enriched mixed culture

S. ovata

Enriched mixed culture

S. ovata

Enriched mixed culture
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012+004gL"d"
262mgL”
84.8mglL’

/

3.49gm”d’
291gm?*d’

540+132gm°d’
500+70mLL"d"

221+026gL7d"
315.3+13.2 mmol m2d’
1,672+ 131 mmol m?d”
160gL"d"
2127+282mgl’d’
238 mg L’ d”

554gm?d’

123+0.02gm-"d’
313+5gm?d’
021+0.09gm”d’
016+0.15gm?d’
0.07+0.02gm”d’
2,600mLL"d"
3.22gm>d’

1087 +2.64gm>d’
8.47+210gm?d"
817+1.98gm?d’

140 +13 mmol m2d”
1.85+0.13gm~d”
1.09+0.03gm?d’
7172 +433gm?d"
6.9+31mM

86.5+3.2
95.1

65

85+7
89+12

92

85.3

74
6.0+£21
72.5

80

~100

<80
<42
<40
90-94
/
83+14
79+16
80+15

775+3.0
75+5
83+8
32.8

254

-0.69V
-0.57V

-0.77V
-0.40V

-0.37V
-2.80V

-0.67V
-1.10V

-0.77V
-0.33V
-0.90V

-0.84V

-0.87V

-1.50 vV
-0.87V
-0.37V

-0.77V
-0.37V

-0.87V

245+016 Am”
26+01Am?

12Am?
-0.063Am™

-019+0.018 Am™
4185 +£13 mA

254 Am”
-23.74 Am”
-01Am?
564+7.6Am>
20Am?

-I0Am?

-50Am”

-64Am’
-06Am?
-039+0.043Am”
-032+0.064Am?
-030+0.048 Am”

13+01Am”
-0332+0.024Am”
-0.214+0.015 A m™
92+07Am”

[67]
[68]

[69]
[71]

[55]
[62]

[751]
[21]
[81]
[831]
[85]

[86]

[901]

[91]
[95]
[55]

[22]
[101]

[102]
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Hollow fiber wrapped with Ni-foam/CNTs

Tin
Sn-modified CF

Alloys and inorganic metal compound catalysts

Fe(lll) oxide-graphitized carbon nanostructures

NiFe,0,@CF
Copper ferrite/rGO
MXene@CF

CNT-MXene@Sponge
Mo,C
Mos,

Cobalt phthalocy-
anine

Composite materials
rGO-CuF
Stainless steel/GF

CC/stainless steel
Stainless steel/GAC

A porous hollow
stainless steel/graphene foam

Nano-titanium carburizing electrode

Fe;0,/GAC

rGO/Fe;0, scaffold
MnO,/rGO nanohybrids
rGO/WOj; nanofibrous

Acetate
CH,
CH,

Acetate

Acetate
Butyrate

VFA

Acetic acid
Butyric acid
Propionic acid
Butyrate
Acetate
Acetate

Acetate

Ethanol

Acetate

Acetate

VFA
Acetate
CH,

Acetate
Butyrate
Acetate
CH,
VFA

Acetate

Enriched mixed culture

M. maripaludis

Enriched mixed culture

S. ovata
Enriched mixed culture
Enriched mixed culture

Enriched mixed culture

Enriched mixed culture
Enriched mixed culture
Enriched mixed culture
C. ljungdahlii

S. ovata

C. ljungdahlii

Enriched mixed culture
Enriched mixed culture
Enriched mixed culture

Enriched mixed culture

Enriched mixed culture

Enriched mixed culture
MEC reactor effluent
MES reactor effluent

Enriched mixed culture

2.82+110gm?>d"

240.0 4322 mmol m2d”

10 mmol L d”
032glL"d"

149 x10%°gm>d"
019gL'd’
3537g ' m?d’
51mgL’d”
5813mgL’d’
104.53mg L' d”
-0156gL"d"
019+0.02gL"d"
02gl’d’
051gl’d”

012gL'd”

101.94+17.9gm?d’
014gL'd’
0078gL"d"
14gL"

016gL'd’

848.0 +124.5 mmol m > d”

1.7 mgL’d”
43mgl’'d’
0171gL7d”

605+ 119 mmol m?d’
50.07gm>d’
016gL'd’

>90

>90

869

77.8
a4

20
64+0.7
581

70.2+14.1
89.2

49.9

/

55
84.2+77

731
91.5
66.4
72

-0.57V

-7V
-1.07V

-0.67V
-0.57V
-0.54V
-0.57V

-0.57V
-0.85V
-0.82V

-1.57V

-0.99V
-0.87V

-0.20V
-0.85V
-0.77V

-0.57V

-0.82V
-0.67V
-0.52V
-0.50V
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28+02Am?

266Am?
-84+1.0Am?

/

-014 Am?
-73Am?
-017Am?

-0324Am?
1278 Am?
14 mA
-49 mA

216+£2T1Am?
10 Am?

-1.13 mA
-47 Am?
97Am?

275+02Am>

-12.6 mA
-6.8Am”’
-23.4mA
1356+ 0.5Am?

[103]

[107]
[24]

[109]
[Mo1]
[M2]
m71

[18]
[123]
[125]
[126]

[129]
[130]

[131]
[132]
[133]

[134]

[136]
[137]
[139]
[140]
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into multicarbon products through their own metabolic mechanisms, corresponding to the dark

reaction*,

Liu et al. initially introduced the artificial photosynthesis strategy in MES, aiming to emulate the inherent
mechanisms of the natural photosynthetic process"*". This process involves two steps: first, light is captured
by a highly biocompatible silicon (Si) nanowire cathode, resulting in the generation of reducing equivalents
on the cathode; second, S. ovata biocatalysts are directly interfaced with the Si nanowire and utilize the
reducing equivalents for the targeted synthesis of multicarbon products via CO, fixation [Figure 5A-D]. By
coupling solar energy with non-photosynthetic microbial systems, a significant acetate production yield of
6 g L was achieved. To address the adverse alkaline local environment caused by high overpotential in the
MES system, a tightly packed Si nanowire-bacteria cathode was constructed by adjusting the bulk electrolyte
pH and enhancing its buffering capacity"”. What is certainly encouraging is that this approach resulted in a
higher conversion efficiency from solar energy to acetate due to increased microorganism loading and
improved cathode-bacteria integration. Additionally, to leverage the photoactivity of Si, an n'/p-Si electrode
was utilized in conjunction with a Ni-Mo alloy as the cathode"*. The H, produced from the photocathode
was then utilized by Methanosarcina barkeri for CO, reduction, resulting in CH, production with a FE of
82% + 10% and a low overpotential of 175 mV. Furthermore, by replacing the n*/p-Si photocathode with a
platinum-coated p-InP cathode, the microbial photoelectrochemical system achieved fully unassisted solar-
to-CH, conversion.

To enhance and diversify the functionality of single photocatalysts, additional functional nanomaterials
were incorporated. Titanium dioxide (TiO,), widely recognized for its photostability, abundance, low cost,
and biocompatibility, has limitations due to its large band gap (3.2 eV for anatase and 3.0 eV for the rutile
phase), which restricts its activation to UV light irradiation"*. Moreover, rapid recombination of
photogenerated electron-hole pairs in TiO, hinders the efficiency and selectivity of CO, reduction"*. To
address these challenges, two materials, silicon dioxide (SiO,) porous materials and rGO nanosheets, were
introduced to enhance their effectiveness in the visible spectrum and facilitate photo-induced charge-carrier
separation, respectively"”'. The resulting rGO-SiO,-TiO, nanocomposite was developed as a
photoelectrochemical cathode for the electroreduction of CO,, demonstrating acetate production of
0.1926 g L d* with a coulombic Efficiency of acetate 78% and a current density 2.7 A m™.

Heterojunction photocatalyst

Despite the proposals of various strategies to modify single semiconductors, the efficient separation of
photogenerated electron-hole pairs remains a highly challenging task, leading to unsatisfactory solar-to-
chemical conversion efficiencies"*”. One promising approach to address this challenge is the engineering of
heterojunctions in photocatalysts, encompassing both conventional heterojunctions and Z-scheme
heterojunctions. These approaches can effectively modulate the energy level structure to facilitate electron-
hole pair separation”*"*,

Recently, conventional heterojunctions have been employed as cathode materials in MES systems. For
instance, the type I semiconductor heterostructure CuO/g-C,N, was introduced as a cathode material due to
its favorable photo-induced charge-carrier separation and light absorption properties'**. Furthermore, the
biocatalytic activity was enhanced by increasing the total amount of mixed culture and regulating its
composition. This led to a notable acetate production rate of 0.16 g L d* for the CuO/g-C,N,
photocathode. To further enhance the photocatalytic activity and stability, rGO was incorporated into the
photocathodes to mitigate the recombination rate of photogenerated carriers. Combining this enhancement
with the factors for improved electrocatalytic activity, the acetate production of the MES system using the



Hui et al. Energy Mater 2023;3:300055 | https://dx.doi.org/10.20517/energymater.2023.60 Page 21 of 31

arvesting solar energy
o9
T TR —

Fuels, polymers, and
pharmaceutical precursors...

“® H*+CO,

f Acetyl-CoA
| ( _/
| Acetic acid

3

Photocathode

Type 1l Type 11
PCIl PCI PCI
f \ PCOI  eee
—=ee P a Reduction Reduclion/_ QS T
T ’ /-
—_— o~ ———— | Oxidation
LB R ogation W hth
h* h* h* 1 ~\ A
/ RFhh ]
i G s T No light
PCI
Type III eee Z-scheme g2
PCI =
1 P
PCII / PCII _eee ! Reducton 3
e THFRHE lrye E
\
T T \H / 5
W R
\ —
Oxidation W R

graphite felt §-C3N4 WO3Mo03  WO3/Mo03/g-CIN4

Figure 5. (A) Schematic of the microbial photoelectrochemical system with a Si nanowire array. The proposed approach for solar-
powered CO, fixation includes four general components: (1) harvesting solar energy, (2) generating reducing equivalents, (3) reducing
CO, to biosynthetic intermediates, and (4) producing value-added chemicals. (B) Cross-sectional SEM image of the cathode
integrating the Si nanowire arrays with the microorganisms. Magnified image of (C) the middle and (D) bottom regions of the Si
nanowire arrays. Scale bars: (B) 5 um and (C and D) 1 um. (E) Heterojunction mechanism of type |, type Il, type I, and Z-scheme
heterojunctions. (F) Schematic diagram of the WO,/Mo0,/g-C;N, photocathode in the photocatalyst-assisted MES system. (G)
Comparison of acetate production of the WO,/MoO,/g-C;N, photocathode in the presence or absence of light (operational time: 12 h).
This figure is quoted with permission from Liu et al."*® and Cai et al."®?.

CuO/g-C,N,/rGO photocathode successfully increased to 0.27 g L d*!"*). However, despite the improved
photocatalytic performance of conventional heterojunctions, their electron transfer mechanism
fundamentally falls short when compared to Z-scheme semiconductor heterojunctions.

The electron transfer pathway in Z-scheme heterojunctions resembles a “Z” shape, closely resembling the
electron transfer chain of the light reaction in natural photosynthesis. In light reaction, the photosystem II
(PSII) and photosystem I (PS I) collectively form an electron transfer chain known as the “Z-scheme” due
to the “Z” shape arrangement of electron transfer entities based on their redox potentials"**'*\. Z-scheme
heterojunctions allow for efficient photoelectrochemical processes within a single electrode, which utilizes
two heterogeneous semiconductors to produce photogenerated electrons with higher reducibility and holes
with higher oxidizability compared to the conventional electron transfer mechanisms (types I, II, and III;
shown in Figure 5E)"*'*". The most exemplary material used to construct Z-scheme heterojunctions for
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optimizing MES photocathodes is graphitic-like nitrogen carbide (g-C,N,), owing to its excellent reduction
properties with a conduction band edge position of -1.2 eV (vs. SHE), visible-light responsivity with a band

[162-164

gap of 2.68 eV, low cost, and high stability"*****. However, the performance of g-C,N, is not optimal
because photogenerated electrons and holes can recombine easily. One way to overcome this problem is to
combine g-C,N, with narrow-band gap semiconductors, such as WO,/MoO, with a band gap of 2.77 eV, to
form Z-scheme heterojunctions"'*>*”. When coupled with g-C,N, and WO,/MoO,, the high
biocompatibility WO,/Mo0O,/g-C.N, photocathode provided conductive band electrons directly or
indirectly to the adhesive Serratia marcescens Q1, generating acetate from HCO, at a rate of 0.187 g L™ d"

successfully [Figure 5F and G]"*.

To evaluate the potential of this new type of cathode material for simultaneous removal of heavy metal
Cr(VI) ions and acetate generation, K,Cr,O, was added to the catholyte as a simulation of industrial
wastewater!"””. Compared with WO,/MoO,, Ag.PO, owns a narrower band gap of 2.36 eV but suffers a
common threat of photo-corrosion"*. Therefore, a strategy of H,0, in-situ generation on Ag,PO,/g-C,N,
cathodes was proposed to suppress photo-corrosion effectively and capable of producing acetate at a higher
rate of 0.25 g L d' by forming biohybrid with S. marcescens Q1"*". By analogy, it is reasonable that when
combining g-C,N, with a-Fe,O,, which has a narrower band gap than WO,/MoO, and Ag,PO,, it shows an
even higher acetate production rate of 0.33 g L'\ The conduction band edge of the mentioned Z-scheme
heterojunctions as cathode materials is -1.2 eV (vs. SHE), which is not sufficient to generate high H,
production rates, while MnFe,O, has a more negative conduction band edge value of -1.6 eV (vs. SHE).
Thus, it may be an ideal material for photoelectrochemical cathode modification"””. However, the common
mechanism of MnFe,0,/g-C,N, is type II, which means lower efficiencies of the separating than the
Z-scheme"*". To realize the charge transfer mechanism switch from type II to Z-scheme, urea treatment has
been provided as a reference method"**'*. The urea-treated MnFe,O,/g-C,N, photocathode incorporating
S. marcescens obtains the highest acetate production of 0.51 + 0.036 g L d" and a CE of 96% =+ 3%.

The aforementioned findings validate that photocatalyst-assisted MES systems, utilizing solar energy as an
electron source, offer a viable and effective artificial photosynthetic strategy for low-energy CO, fixation and
sustainable production of value-added chemicals. The specific data of photocatalyst-assisted MES systems
mentioned in this section are summarized in Table 2 below. From Table 2, it can be seen that several studies
have explored the combination of single photocatalysts, such as Si, InP, or TiO,, with biocatalysts as MES
photocathodes to achieve solar-to-chemical conversion. However, single photocatalysts often suffer from
the easy recombination of electron-hole pairs. These single photocatalysts had a maximum CE or FE value
of only 78%, and the specific rates of acetic acid production were vague and unsatisfactory. In contrast,
heterojunction photocatalysts exhibit greater potential for photochemical conversion due to their superior
energy level structure. Traditional semiconductor heterostructures, such as type I semiconductor
heterostructures, struggle to achieve the same degree of electron-hole separation as Z-scheme
heterojunctions. Thus, Z-scheme heterojunctions achieves the highest acetate production of
0.51+0.036 g L d" and the highest CE of 96% + 3% to date.

PERSPECTIVES AND REMAINING CHALLENGES

Despite the fact that rapid breakthroughs have been achieved in the field of MES in the past decade, several
key aspects related to the development and commercialization of MES technology still need to be addressed.
Looking ahead, we recommend directing future research attention towards the following aspects.

(1) Enhance the interface interaction between cathode materials and EAMs. Current cathode research
primarily focuses on improving electrode surface properties”'” and cultivating pure bacterial biofilms"”".



Hui et al. Energy Mater 2023;3:300055 | https://dx.doi.org/10.20517/energymater.2023.60 Page 23 of 31

Table 2. Performance of different types of cathode materials in photocatalyst-MES systems

iaattll:?;s Type of photocatalyst Type of products Microbial inoculum Production rate CE or FE (%) Cathode potential (vs. SHE) Current density (A m?>) Ref.
SiNW Single Acetate S. ovata 6g L / -0.21V -3.5 [146]
p-InP Single CH, M. barkeri 229 nmol d 74 / -0.57 [148]
rGO-Si0,-TiO, Single Acetate Enriched mixed culture  0.19gL"d” 78 -0.77 V 2.7 [151]
CuO/g-C3N, Conventional type | Acetate Enriched mixed culture 0.16 g L'd" / -0.82V -4 [156]
CuO/g-C4N,/rGO  Conventional type | Acetate Enriched mixed culture 0.27 g L'q" / -0.67V -14.8 [157]1
Ag,P0,/g-C;N,  Z-scheme Acetate S. marcescens Q1 0324+0.006gL"d" 93+2 110V -33 [164]
a-Fe,05/g-C;N,  Z-scheme Acetate Enriched mixed culture  0.33gL"d” -0.67 V -13.5 [166]
MnFe,0,/g-C;N,  Type Il to Z-scheme Acetate S. marcescens Q1 051+0.036gL"d’ 96 -1.10V -51+0.2 [167]

However, the high resistance of the bacteria themselves hinders EET to some extent. By incorporating nanomaterials with enhanced biocompatibility,
conductivity, and catalytic activity to modify the surface of individual bacteria, stronger interactions between each bacterium and the cathode material can be
facilitated.

(2) Investigate the mechanism of electron transfer in EAMs. While significant progress has been made in understanding the electron transfer mechanism of
exoelectrogens in MFCs!"”>"7, our understanding of EAMs in MES is still limited. A comprehensive understanding of the molecular mechanism underlying
electron transfer between cathode materials and microbial cells is crucial for the development of strategies to enhance MES. To address this knowledge gap and
advance MES research, advanced in situ analysis methods or instruments are needed to accurately capture information at the single-cell or even single-
molecule level.

(3) Employ genetic engineering transformations. Genetic editing techniques can be used to fundamentally regulate the expression of proteins or enzymes
associated with extracellular electron intake and intracellular anabolism"”>""*. This approach can effectively enhance the biocatalytic activity of EAMs, leading
to improved MES performance.

(4) Expand the existing reactor scale. Currently, the range of value-added products for MES has expanded from gaseous products (such as methane) and short
carbon-chain organic compounds (such as acetic acids) to long carbon compounds (such as caprylic acids) and alcohols (such as ethanol, isopropanol, and n-
butanol). However, the reactors are mostly limited to the laboratory scale, as most of the studies mentioned in our manuscript. If the technological readiness
level (TRL) is adopted to assess MES technology, it is catching up with TRL 4 and 5, which means that it is under technological validation and demonstration
in relevant environments. To achieve a larger scale and a higher TRL level, not only the electrodes need to be developed, but all factors influencing the MES
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]

system, such as temperature”””, medium"””, reactor construction”'*"), etc., need to be comprehensively

taken into account.

CONCLUSION

MES is a sustainable and environmentally friendly technology capable of converting CO, into value-added
chemicals through the integration of renewable electricity with microbial metabolism, thereby playing a
crucial role in mitigating CO, emissions. However, the application of MES is still constrained by the limited
yield of value-added chemicals, which is closely linked to the performance of cathode materials. This review
provides a comprehensive overview of the research progress and performance outcomes of various cathode
materials since the inception of the MES concept. Based on the different sources of electrons and the types
of cathode materials, the review is organized into two main sections: cathode materials in electrocatalyst-
assisted and photocatalyst-assisted MES systems. In each section, based on the type of electrode materials,
we then elaborate on the effects of metal-free materials, metal materials, composite materials, single
photocatalysts, and heterojunction photocatalysts on the MES system.

On the whole, for electrocatalyst-assisted microbial electrolysis systems, when considering the electrode
costs, carbonaceous materials are undoubtedly the most inexpensive and environmentally friendly cathode
materials. The incorporation of conductive polymers further enhances the hydrophilicity and
biocompatibility of cathodes, rendering them more suitable for the growth of microbial biofilms. Metal
materials can provide higher conductivity and electrocatalytic activity, effectively promoting the direct and
indirect electron transfer of electroactive bacteria. Over the years, the combination of metal-free and metal
materials has emerged as a major focus in cathode research, as it allows for the integration of various
material advantages and compensates for their respective shortcomings. For photocatalyst-assisted
microbial electrolysis systems, heterojunction photocatalysts have received more attention compared to
single photocatalysts due to their superior energy level structure, which exhibits greater potential for
photochemical conversion.

In addition, we found that cathodes in MES systems have a tendency from 2D to 3D electrodes to allow
more microbial colonization. However, as biofilms thicken, limitations arise in terms of biomass diffusion
and EET efficiency. This challenge can be addressed by introducing highly conductive materials or coupling
electrocatalytic CO, reduction with MES to facilitate direct or indirect electron transfer. Furthermore, the
liquid phase environment of MES systems can impede gas diffusion, necessitating the development of
traditional gas bubbles to GDE configurations to enhance the effective transfer of CO, and biomass. These
findings shed light on the potential strategies to improve the yield of value-added chemicals and address the
challenges associated with diffusion and EET efficiency, contributing to the further development and
optimization of MES technology. Hence, the optimal cathode materials should be determined according to
the composite factors, such as biocatalyst type, reactor configuration, electrolyte characteristics, and more,
in the actual MES system.
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