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A B S T R A C T

Anode electrodes are at the focal point of developing microbial electrochemical cells (MECs) for hydrogen 
production. The extracellular electron transfer (EET) of microorganisms at the interface of anodes and biofilm is 
the driving force of MECs. This signifies, the role of designing high-performance anodes to maximize the rate of 
EET and hydrogen production. In this paper, a thorough discussion on the adopted strategies over the past 15 
years on anodes to improve biohydrogen production and pollutant removal was presented. Importantly, these 
strategies categorized as the direct and indirect methods. For the first scenario, the surface of anodes was sub
jected to various modification methods such as utilizing biochars, nanomaterials, polymers etc. while in the 
second scenario, the performance of electrodes improved by implementing indirect strategies such as regulating 
electrodes ratio/spacing, acclimation, electrodes arrangement, magnetic field etc. just to name a few. It was 
realized that, employing functional materials are at the spotlight of improving anode electrodes while methods 
such as applying electrical shocks or magnetic field are in early stages. The pros and cons and synergistic impacts 
on concurrent utilization of methods were also analyzed. Finally, current bottlenecks and future directions for 
implementing fundamental studies to tackle existing challenges were suggested.

1. Introduction

In the beginning of the new millennium, the United Nations (UN) 
declared important action plans such as the Millennium Development 
Goals (MDGs) and the Sustainable Development Goals (SDGs) toward 
protecting the blue planet and our society [1–3]. These action plans 
consist of several goals which can be generally divided into two main 
categories. The first one mainly focuses on human-related issues such as 
hunger, inequality, education, etc. The second one mainly focused on 
environmental-related issues such as reducing greenhouse gases emis
sions, water and sanitation, clean energy, and protecting life in water, 
just to name a few. Importantly, achieving some of these goals can 
directly and indirectly assist in the realization of other goals such as Goal 
7 of the SDGs “ Affordable and Clean Energy for All” which related to 

more than three-fourths of the other 174 targets of the SDGs [4,5]. 
Surprisingly, wastewater can be considered as a double-edged sword as 
it can be considered as one of the major pollution sources of water re
sources and transboundary rivers [6,7], while on the other side of the 
coin, it also contains a huge amount of energy and resources in the form 
of organic matter which can be harnessed and recovered by employing 
microbial electrochemical technologies (METs). The MET schemes such 
as microbial fuel cells (MFCs), microbial electrolysis cells (MECs), and 
microbial electrosynthesis (MES) are proposed as a dual-purpose 
method in this context because they can generate bioenergy as the 
main product when employed for wastewater treatment. The main 
components in METs are almost the same, including the anode and 
cathode electrodes, a membrane separator (in the case of double 
chamber geometry), and a power supply (when the main product is not 
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electricity). Importantly, MEC is one of the latest technologies in this 
field starting in 2006 [8,9] with a focus on producing hydrogen as a 
clean fuel and concurrently treating wastewater. The general principle 
of MECs is as follows: Electro-active microorganisms accumulate on the 
surface of the anode electrode and break down wastes or organic ma
terials into electrons, protons, and carbon dioxide. Afterwards, the mi
croorganisms transfer electrons and protons to the surface of the anode 
and the MEC's solution, respectively. By applying a small voltage, 
electrons are transferred to the cathode where they combine with pro
tons that results in biohydrogen production through the hydrogen evo
lution reaction (HER). This technology is an interesting strategy for 
realizing important SDGs such as Goal 6 (water and sanitation) and Goal 
7 (clean and affordable energy). Therefore, technology advancements in 
this field could be considered as an important step toward realizing the 
SDGs, which is the reason why researchers have performed colossal 
number of reviews in the wide spectrum of METs. In this regard, anode 
electrode plays a crucial role in the MET particularly for producing 
bioelectricity and biohydrogen through MFC and MECs, since it is 
considered as the driving force of the process. Indeed, the anode 
mechanism of operation of anode in MFCs and MECs in some aspects 
could be considered similar.

Current reviews on MEC can be categorized in several branches 
where with the main focus has been on presenting a general overview on 
recent progress in MEC systems [10–25]. The terms “general overview” 
means that in the above-referenced reviews current advances on MEC 
were reviewed by examining all components/parameters including 
anode/cathode electrodes, design procedures, system parameters, and 
so on. Although the above reviews have presented valuable insights on 
the recent progress in this context, however, they could not provide an 
in-depth analysis as they reviewed the recent advances on all MEC 
components. The second interesting topic highlighted in the literature 
was on the applied materials with an explicit focus on the cathode such 
as various types of catalysts [26–35] and biocathodes [36–39] while the 
integration of MEC with other technologies like anaerobic digestion 
(AD), MFC, dark fermentation etc. comes as the third topic [40–47]. 
Besides of these three categories that a majority of reviews focused on 
them, other subjects related to the MEC such as utilizing various sub
strates [48–50], suppressing methanogens [51–53], biofilm and exoe
lectrogenic routes [54–56], reactor configuration [57,58], scale-up 
challenges [59,60], source of power supply [61], hazardous removal 
[62] were reviewed in the literature. As points out above, the anode 
conditions and applications in MFCs are somehow like MEC, thus, it is 
crucial to highlight review papers on the anode electrode in MFC. 
However, it is important to point out that as MECs operate under an 
external applied voltage, they generally result in higher current densities 
and change electron-transfer kinetics at the anode–biofilm interface as 
well as microbial community structure and redox activity. Moreover, 
although anode MEC anodes are maintained under strictly anaerobic 
conditions, MFC anodes could experience anoxic environments [63] (e. 
g., air-cathode configurations) due to oxygen diffusion through the 
cathode. Ma and co-workers [64] highlighted the utilization of various 
types of materials utilized as anode electrode in MFCs including 
carbonaceous materials, polymers and metallic/metal oxide- anodes. 
The main focus of the article was on the material science approach and 
how a wide range of modifiers can improve the power density of MFC. 
Similarly, Fan et al. [65] from an applied materials viewpoint, reviewed 
various carbon-based anodes in MFCs and mainly focused on categori
zation of carbon materials at different dimensions and diverse compo
sitions. In an interesting review paper, Li and Cheng [66] focused on the 
impact of functional groups in the development of the biofilm on the 
anode's surface in MET systems. The article critically reviewed different 
stages in biofilm formation and the roles and effects of different func
tional groups in every stage including microorganism adhesion, bacte
rial growth and the electrochemical characteristics of the biofilm.

Despite these contributions, most reviews have primarily empha
sized on various types of applied materials in anodes. Moreover, the 

effect of MEC's operational parameters on the anode electrodes not only 
in MECs but in METs has not fully understood. Importantly, general 
crucial design guidelines on using anode in the MEC, considering 
numerous physical parameters/modifications, including the electrode 
thickness, electrodes spacing, electrode geometry and ratios, utilizing 
additive nanomaterials, the acclimation procedure, etc. just to name a 
few, are missing in the literature.

To address these gaps, this review aims to deliver a thorough, critical 
assessment of the entire spectrum of internal and external factors 
affecting anode electrodes in MECs. It highlights both physical and 
chemical modifications to anodes, evaluating their positive and negative 
effects on system performance. Moreover, it highlights the operational 
parameters and their pivotal roles in the performance of the anode. 
Furthermore, the crucial role of utilizing advanced biocompatible 
nanostructures on carbon materials to boost the extracellular electron 
transfer (EET) on anode electrodes has not been outshined. It is worth to 
be reminded that the wide range of insights on engineering anodes in 
present review could also be applied in anodes for MFCs. Fig. 1 sche
matically summarizes the engineering strategies and design criteria for 
carbon-based anodes in MECs discussed in this paper.

2. Mechanisms of extracellular electron transfer (EET) in anode

The process that microorganisms break down the organic matter 
within wastewater is the first step and one of the important driving 
forces of MECs which leads to the production of electrons and protons. 
Subsequently, through the extracellular electron transfer (EET) mecha
nism the generated electrons by anode-respiring bacteria (ARB) are 
transferred to the anode electrode. Briefly, the ARBs act as electroactive 
microorganisms that couple intracellular substrate oxidation with EET 
to the anode. During metabolism, ARBs oxidize organic compounds as 
substrate (e.g. glucose, acetate, or lactate) to generate electrons and 
protons where the electrons are transferred to the anode either directly 
through outer-membrane cytochromes and conductive pili or indirectly 
via soluble redox mediator. This process effectively links microbial 
catabolism with electrode reduction and forms a biochemical basis for 
current generation in microbial electrochemical systems. There are 
three possible mechanisms for EET of ARBs inside MEC named: direct 
contact, the soluble shuttle mechanism and solid conductive network. 
Although the contribution of each method was not exactly clear, by 
discussing on mechanisms, we would draw a conclusion on the impor
tance of each method as it illustrated in Fig. 2. It is important noting that 
the EET has been subjected to study for a wide range of applications not 
only in METs but also in Fenton-like processes, CO2 fixation, and 
chemical degradation, just to name a few [67–69].

In direct contact EET, a single layer ARBs sets on the surface of the 
anode and transfers electron from outer membrane to the electrode. 
Upon reaching the electrons on the surface of electrode, an electro
chemical process releases electrons on the conductive electrode (extra
cellular matrix). This process -which plausibly is reversible because of 
previous observations in transferring electrons in cytochromes [70]- 
occurs between outer membrane protein and the electrode.

The soluble shuttle mechanism is based on the fact that many mi
croorganisms and molecules in the environment are capable to act as an 
electron donor and acceptor between cells and solid hosts through 
diffusive transport respectively. Plenty of researches in the last two 
decades on several families of bacteria such as Shewanella, Pseudomonas, 
Escherichia to name a few, has been conducted with this unique feature 
[71–74]. One of the greatest advantages of the shuttle mechanism over 
direct contact is that it can generate more than just a single monolayer 
filament; rather, it can activate via multiple-biofilm layers which lead
ing to higher rate of electron transfer to the anode. However, one of the 
main obstacles through this mechanism is that it can be limited through 
the distance of biofilm form electrode ascribe to diffusive limitation. It is 
important to note that, the kinetics of mediated electron transfer depend 
on the mediator diffusion coefficient and its redox potential. This means 
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that a higher diffusion coefficient (and concentration) increases medi
ator flux to the electrode, hence, it raises the mass-transport limited 
current, whereas low sequestration in the biofilm imposes a diffusion 
bottleneck. Moreover, mediator's formal redox potential determines the 
thermodynamic driving force for electron transfer between donors 

(microorganism) and acceptors (electrode) which controls the hetero
geneous electron transfer rates via overpotential and Marcus/Butler
–Volmer behavior. In this regard, if the shuttle potential is not well 
aligned with the microbial redox pool and electrode potential, mediator 
cycling and current generation are inefficient. Collectively, these 

Fig. 1. Influential parameters and adopted strategies on engineering anode electrodes in MEC.

Fig. 2. Possible mechanisms of extracellular electron transfer (EET).
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parameters whether a system is mass-transport limited, thermodynam
ically constrained, or kinetically limited [75–77].

The third mechanism called the solid conductive network (SCN) by 
ARBs, is considered to be responsible for EET through a solid 
conductive/semi-conductive material for transferring electrons [78,79]. 
Given the features of the possible exopolymeric materials generated by 
ARBs, the SCN is likely to act as a semi-conductive material rather than a 
conductor. Previous experiments [80,81] and mathematical simulations 
[82] have elucidated that nanowires connect bacteria with other parts of 
biofilms, supporting the assumption that other solids in the extracellular 
biofilm network are also electrically conductive. To date, limited un
derstanding on the conductivity of bulk SCN –as one of the most 
important parameters- has been achieved. Although some studies sug
gested that cytochromes could be responsible for the conductivity of the 
SCN biofilm, recent finding proved that this is an incorrect assumption- 
at least for Geobacter sulfurreducens- when inactivation of cytochrome 
results in no changes in conductivity of SCN biofilm, hence, protein 
nanowires play the main role [83]. It is important to point out the dif
ference between nanowires and EPSs in biofilm conductivity. The main 
difference between them could be defined as protein nanowires (e.g. 
conductive pilin monomers or multi-heme c-type cytochromes) act as 
filamentous electron conduits that support long-range electron transport 
between cells and to electrodes while EPS (e.g. polysaccharides, pro
teins, DNA and associated redox moieties) forms the matrix that embeds 
cells and conductive components that facilitates short-range charge and 
binding redox-active moieties. Thus, it affects mass transport and local 
dielectric properties. However, it worth to point out that EPS alone is 
generally less conductive than organized protein nanowires. Experi
mental and structural studies provide evidence for metallic-like con
ductivity in Geobacter pili and the importance of aromatic amino acids 
and dense π-stacking for long-range conduction [84–86].

Moreover, c-Type cytochromes play a central role in mediating EET 
between cells and electrodes. In Geobacter. S, outer-membrane cyto
chromes such as OmcZ and OmcB facilitate direct electron transfer from 
the periplasm to the anode surface, while OmcZ forms conductive bio
film matrices that enhance long-range electron transport [87]. In She
wanella. O, multiheme cytochromes MtrC and OmcA form a 
transmembrane complex which transfers electrons from inner mem
brane quinol pool through periplasmic intermediates to the cell exterior, 
where they reduce solid electrodes or metal oxide [88]. These cyto
chromes thus act as molecular electron conduits that link intracellular 
redox reactions to external electron acceptors.

Collectively, the third mechanism could be considered as the main 
mechanism for EET in MECs, even though the two other methods may 
have contribute. For the first mechanism, in an ideal condition (the best 
biofilm conditions and transferring all electrons) the highest current 
could reach to 0.24 A/m2. For the second mechanism, due to diffusive 
limitations, the rate of current density is between 0.13 and 0.57 (in ideal 
conditions) A/m2 which is still 20 times smaller than the observed 
values of the third mechanism for current density. Thus, regarding the 
high-current obtained by the third approach (>8 A/m2) the main 
mechanism which should be brought into spotlight to maximize EET is 
the SCN biofilm [89].

3. Types of carbon-based materials as anode electrode

Carbon materials, due to their exceptional characteristics are 
extensively applied in the wide-spectrum of energy and environmental 
schemes such as metal-ion batteries [90], metal-air batteries [91], 
supercapacitors [92], organic/inorganic contaminant absorbents in soil, 
air, and aqueous media [93], CO2 capture [94], novel perovskite solar 
cells [95], desalination and interfacial evaporation [96], just to name a 
few. Indeed, carbon-based materials due to their unique features such as 
biocompatibility, high specific surface area, earth-abundance, low-cost, 
tunable structure and versatility, widely applied in microbial electro
chemical systems, with anode at the top of their applications. A wide 

range of carbon materials [97] with different structures (Fig. 3) are used 
in METs, however, as the anode of METs four types were widely used 
which are carbon felt [98–103] carbon cloth [104–107], graphite-based 
electrodes [108–113] and carbon paper/fibers [114–116]. 

• Carbon Cloth is a flexible, woven material with a high surface area 
which widely used due to its durability and ease of microbial colo
nization to support strong biofilm formation and efficient electron 
transfer.

• Carbon Felt is a fibrous, three-dimensional structure with a large 
surface area, enhancing microbial attachment and electron transfer.

• Graphite-based (Rods/Plates/Brushes) electrodes: Graphite- 
based electrodes are dense, durable, and highly conductive family 
of carbon materials. While they have a lower surface area than some 
other carbon materials, they offer stability and exhibited promising 
results in long-term operation.

• Carbon Paper: Known for its high conductivity and relatively flat 
structure, carbon paper allows easy handling and can be treated to 
increase surface roughness, which aids microbial adhesion.

It is worthy to be noted that there are other types of carbon-based 
materials utilized as anode like granular, carbon mesh, reticulate car
bon etc., but these four categories are the most utilized carbon materials 
as the anode in bioelectrochemical systems.

From the beginning development of MEC systems in the past 15 
years, numerous approaches have been employed to improve the per
formance of anode electrodes toward superior EET and biofilm forma
tion. These approaches developed in a wide spectrum from geometry/ 
physical optimization to regulating different internal parameters of 
MEC. It is important to remind that carbon-based materials, attributed to 
the aforementioned features are not only used as the anode electrode but 
they widely used as the electrocatalysts in other MET schemes [117].

3.1. Improving the EET process of anode electrodes

As mentioned above, the reason for using carbon materials as anode 
electrodes is their specific features for biofilm formation and efficient 
EET. Conventionally, for further improvement of EET in carbon elec
trodes, several methods in most experiments such as washing with 
various acids and bases, annealing, steam or CO2 activation etc. have 
been adopted. Briefly, these conventional methods change the surface 
chemistry, microbial affinity and porosity of anode material. For 
instance, washing with acids or oxidative agents introduce oxygen- 
contain functional groups (e.g. –OH, –COOH) which augment hydro
philicity and provide surface redox sites to promote microbial adhesion 
and interfacial electron transferring. Moreover, applying physical acti
vation such as CO2, enlarges surface area by creating micro-/mesopores 
that increase active area for biofilm formation. However, in recent years, 
effective approaches like utilizing biocompatible nanostructured mate
rials or irradiating with ultraviolet light have showed promising results, 
need further investigations. Moreover, in several novel approaches, 
biocompatible structures such as stand-alone anode electrodes (without 
carbon electrodes as the substrate) were successfully utilized. Since the 
conventional methods in the previous studies have been thoroughly 
reviewed, here, we will just highlight the recently applied methods to 
boost EET in bioelectrochemical schemes.

3.1.1. Utilizing biocompatible functional materials
Very recently, numerous studies have focus on improving the EET in 

BESs on anode electrodes through different forms of hybrid materials in 
the form of hydrogels, powder, or liquid such as doping sulfur on few- 
layer MXene [118], anchoring Co9S8–MoS2–CoMo2S4 on 2D nano
sheets [119], co-doping by NiFe2S4 and Fe3O4 and magnetite [120], 
utilizing hybrid composite such as polypyrrole@CNTs-MoSe2 [121] 
among others. For instance, sulfur doping modifies the electronic 
structure of Ti₃C₂Tₓ MXene by providing surface defects and 
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heteroatomic sites which enhance electrical conductivity and results 
additional redox-active centers for microbial species for exchanging 
electrons. Moreover, it improves hydrophilicity and chemical affinity of 
microbial outer-membrane cytochromes. Collectively, these modifica
tions lead to promote strong biofilm adhesion and efficient charge 
transport at the interface of cells and electrode. Furthermore, 2D layered 
structures like MXene, exposes abundant active edges and facilitate the 
adsorption and regeneration of soluble redox mediators (e.g., flavins or 
quinones) which results in accelerating EET compared to pristine carbon 
materials. Wang e al. [122] through a simple pyrolysis process (Fig. 4a) 
used polyvinylpyrrolidone as dispersant to encapsulate the iron carbide 
to prepare a core-shell structure which coated on the surface of carbon 
felt for improving EET. Their finding indicated a substantial enhance
ment in BES current density due to the exceptional features of core-shell 
structure such as high-surface area, optimizing community and 
biocompatibility leading the EET improvement (Fig. 4d). Moreover, 
Meng and co-workers. [123] integrated soft-template with seed- 
mediated epitaxy methods (Fig. 4a) to fabricate a nanocomposite by 
inducing ZIF-8/ZIF-67 to grow on PPy nanotubes following by carbon
ization that results in biomimetic grape-like composites (PNTs/ZIF-8/ 
ZIF-67@NC) to coat on the surface of carbon felt. The modified electrode 
exhibited a significant lower internal resistance with higher current 
density due to facilitating the EET by hybrid structure as depicted 
(Fig. 4c). Importantly, ZIF-derived hierarchical composite by combining 
structural and compositional synergies boost multiple path electron by 
generating: (i) multiscale porosity (micro/meso/macro pores) that re
duces tortuosity and separates ionic and molecular transport routes 
which leads to fast ion diffusion, (ii) conductive substructure -during 
pyrolysis- that create percolating electronic network which provide 
direct electron transfer and (iii) heteroatom self-doping which introduce 
redox-active centers and locally increase electronic density that 
augment interfacial charge transfer to microbes or mediators. The syn
ergies between these features provide parallel channels for superior EET 
via continuous electronic network, generating 1D/filamentary bridges 
(CNTs or graphite ribbons), and redox mediator cycle inside pores. Zhu 
et al. [124] through a facile two-step method by in-situ polymerization 
and carbonization at 850 ◦C, coated bimetallic (Molybdenum and 

Tungsten) carbides on the surface of the carbon cloth as the anode of 
MFC (Fig. 5a). The findings showed significant improvement in power 
generation through Mo2C-W2C@carbon anode ascribe to high-efficient 
EET process described through four factors including: a) colossal num
ber of bacteria with conductive pili in anodic biofilm, b) the enrichment 
of functional bacteria related to sulfur cycle in the microbial community, 
c) providing abundant active sites by the 3D hierarchical structure of 
Mo2C-W2C microspheres to promote the adsorption of flavin species, d) 
the synergies between various elements of multi-interface bimetallic 
heterostructures can adjust the electronic structure of the surface, 
leading to accelerate the EET (Fig. 5c).

Interestingly, Pan and colleagues [125] co-doped Zr, Fe, and N by 
using amino-modified zirconium (Zr) and Fe–Zr metal organic frame
works, followed by pyrolysis (Fig. 5b) as the standalone bioanode 
without using carbon as a substrate. The experiments highlighted a 
significant improvement in power generation for the co-doped Zr, Fe, N 
around 45 % which validated by DFT results. Moreover, they suggested 
three reasons for exceptional EET (Fig. 5d) in the co-doped electrode as 
(i) The hierarchical porous structure of Zr-based carbon skeleton pro
vided abundant colonization sites for microorganisms that improved the 
adsorption capacity of substrate, performance of diffusion, and 
decreased the energy loss due to concentration polarization (ii) by 
introducing the Zr atoms the density of Fe atoms' local positive charge 
increased which leading to improve the DET process utilized through 
exoelectrogens via direct contact with nanowires or conductive flagella. 
(iii) The synergies of Fe and Zr atoms promoted the chemical adsorption 
of flavin compounds at the interface of bioanode, which leading to boost 
EET process by increasing the number of transferred electrons. In 
another words, Co-doping Zr-Fe-N modified electronic feature of bio
anode in multiway through providing redox centers by Fe–N moieties 
that facilitate acceptance of electron form microbes outer-membrane 
while addition of Zr atoms prevent the agglomeration of atomically 
dispersed Fe particles; at the same time, it incorporated in nitrogen-rich 
carbon environment to change the local charge distribution and boost 
kinetic of electron transfer. Moreover, integration of Zr, Fe and N boost 
formation of defects, partial graphitization and electronic percolation. 
Altogether, these synergies results in increasing electroactive site 

Fig. 3. Various types of carbon materials used in microbial electrochemical technologies.
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Fig. 4. a) Graphical diagram of the PNTs/ZIF-8/ZIF-67@NC preparation procedure. [123] reprinted with permission from Elsevier. b) Graphical diagram of Fe3C/ 
Fe@PCX preparation procedure. [122] reprinted with permission from Elsevier. c) Graphical illustration the existing EET pathways [123] reprinted with permission 
from Elsevier. d) The suggested mechanism for improved power production with Fe3C/Fe @PC1.8-CF anode in MFC [122] reprinted with permission from Elsevier.
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Fig. 5. a) Graphical illustration of Mo2C-W2C/CC preparation method used as anode in MFC [124] reprinted with permission from Elsevier. b) Graphical diagram of 
Fe-Zr-NC anode fabrication method. [125] reprinted with permission from Elsevier. c) The suggested mechanism of enhancing EET with the Mo2C-W2C [124] 
reprinted with permission from Elsevier. d) The plausible mechanism of EET for Fe-Zr-NC anode. [125] reprinted with permission from Elsevier. e) The CV graphs of 
PPSM and PPSM-UN under non-turnover condition [126] reprinted with permission from Elsevier. f) Schematic illustration of predicted map for electrons transfer 
pathway. (OM: outer membrane, PP: periplasm, IM: intermembrane.) [126] reprinted with permission from Elsevier.
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density, improving electronic coupling to microbial redox proteins, and 
reduce the charge transfer resistance at the bioanode.

3.1.2. Irradiating by UV
Zhu et al. [126] prepared a hydrogel by in-situ polymerization of 

PEDOT-PSS, PAM, SA, and MXene (PPSM) on a conductive collector 
combined with ultraviolet irradiation and liquid nitrogen (PPSM-UN) 
freezing to enhance conductivity, porosity, and surface functionality to 
coat on the surface of carbon felt as MFC's anode. The PPSM-UN elec
trode showed higher electrochemical activity than the unmodified one 
(Fig. 5e). Furthermore, it had superior hydrophilicity and formed a wet 
3D network when placed in the anolyte, which helped microbes grow 
and made it easier for them to release electrons. What's more, the PPSM 
electrode surface was negatively charged, causing repulsion between the 
electrode and electroactive microbes (mainly Gram-negative bacteria) 
that have outer membranes full of lipopolysaccharides. This repulsion 
made it harder for microbes to stick to the electrode. But when UV light 
was used, the PSS part of the PPSM-UN electrode which has many sul
fonic groups could break apart or oxidize. This process could create 
positive charges or reactive radicals, all of which resulted in excellent 
EET (Fig. 5f).

3.1.3. Physical and geometrical modification
Besides the above-mentioned strategies on direct modifications of 

the electrode, there are some approaches that do not need to change the 
anode surface and interfaces chemistry; rather, they focused on modi
fying electrode performance through regulating the physical arrange
ments of electrodes such as utilizing several anodes instead of single 
electrode, stacked anodes, and regulating the ratio of anode to cathode. 
Moreover, the potential of employing different fabrication 3D anodes 
instead of using prepared anodes (listed in Section 3) using different 
family of materials have been reviewed [127–129]. It is important to 
note that one of the important advantages of using 3D fabrication 
methods is to precisely design an optimum structure to improve biofilm 
density and adhesion of microbial communities. For instance, Bian and 
co-workers [130], proposed to use 3D printed anode to improve the rate 
of EET and higher current generation in MFC. Their findings, revealed 
that, the MFC with 3D printed carbon anode generated 3.4 times (233.5 
± 11.6 mW⋅m-2) than system with pristine carbon cloth (69.0 ± 4.7 
mW⋅m-2). It is important to note that, 3D printing fabrication is not only 
effective on carbon-based anode, but it is highly effective in metal-based 
anodes. For example, the same research group [131] showed that by 
fabricating a 3D printed copper-based anode delivered 6.45 ± 0.5 
mW⋅m-2 current density in MFC which was ~12 higher than a copper 
mesh anode of similar design highlighted the role of highly ordered and 
open porous architecture on developing a dense microbial biofilm. In 
another study [132], it was examined a 3D porous carbon foam under 
laboratory experiments can obtained up to >20 A⋅m-3 currents which 
outperformed than the many 2D electrodes by orders of magnitude in 
volumetric performance.

4. Strategies for improving anode electrodes in MEC

4.1. Regulating electrode resistance

The internal resistance of electrodes in microbial electrochemical 
technologies can be categorized to three branches including (i) charge 
transfer resistance (Rct), ionic diffusion resistance (Rdiff), and ohmic 
resistance (RΩ). The Rct exhibits the kinetics of interfacial electron ex
change between the biofilm and the electrode surface and is strongly 
influenced by surface chemistry, biofilm conductivity, and electrode 
material. Rdiff is reflected by the concentration gradients and mass 
transport limitations within biofilms and porous electrodes and could be 
determined by the Warburg region in EIS spectra. The RΩ corresponds to 
the bulk resistance of the electrolyte and membrane and is proportional 
to ionic conductivity and interelectrode spacing. Miller et al. [133] 

studied the distribution of internal resistance within MECs to optimize 
design and operational conditions through analyzing single-chamber 
MECs with carbon cloth electrodes. The overall internal resistance 
analysis of components showed resistance by around 210 Ω⋅cm2 for the 
anode, 77 Ω⋅cm2 for the cathode, and 11 Ω⋅cm2 for the solution. 
Moreover, it was realized that reducing electrode spacing had insignif
icant impact on the performance, however, it was declared that fluid 
motion between electrodes substantially lowered the resistance across 
all components with the anode resistance decreasing to 150 Ω⋅cm2. 
Furthermore, by optimizing the anode-to-cathode surface area ratio to 
balance internal resistance, they found that increasing the ratio of anode 
to cathode has significant effect on improving the current density of 
MEC (Fig. 6a) leading to current density of 47 A/m2 and a hydrogen 
production rate of 3.7 L-H₂/L/day. Cario et al. [134] introduced the 
Electrode Potential Slope method for evaluating internal resistance 
components in MECs by focusing on anode, cathode, and solution con
tributions. By employing carbon felt anodes in acetate-fed MECs, they 
recognized that the anode contributes to 59 % of the total internal 
resistance which was calculated at 71 ± 5 mΩ⋅m2 primarily due to mass 
transfer limitations and substrate availability in stagnant fluid 
conditions.

It is important to remind that when comparing the resistance of 
anode electrode, the reactor configuration should be considered as an 
important parameter not only from geometrical aspect, but most 
importantly, for scenarios whether the reactor is membraneless or 
double chamber. For instance, in the above-mentioned studies Miller 
et al. used a single chamber MEC which allows direct ionic diffusion 
between the anode and cathode that could minimizes ohmic losses 
converse to Cario et al. that utilized a proton exchange membrane in 
dual-chamber MEC that led to additional ionic resistance and increases 
overall internal resistance. This is an important point from a system- 
level viewpoint, as the relative contribution of anode resistance to 
total cell resistance could appears lower/higher in a scenario, not 
necessarily due to improved anode performance but because of the 
addition or lack of resistive elements associated with a membrane.

In an important study, Rago et al. [135] analyzed the effects of 
external resistance on bioanode performance in MECs derived from an 
anode electrode taken from MFCs. By using different resistances (12, 
220, and 1000 Ω) during the operation of the MFC, they found that low 
resistance (12 Ω) bioanodes supported higher Geobacter abundance and 
promoted better exoelectrogenic activity. When these bioanodes were 
transitioned to MECs, the 12 Ω anode showed the shortest startup time 
and highest hydrogen production by hitting the value of 1.54 L H₂/L/day 
which surpassed both of the 220 Ω and 1000 Ω configurations. Quan
titative PCR confirmed a greater concentration of Geobacter in the lower- 
resistance biofilm. Indeed, their results showed the correlation of 
external resistance with enhanced current generation in which at 
applied voltage 0.8 V, the highest current intensities of 7.7, 6.3 and 4.5 
mA were obtained by MEC12, MEC220, MEC1000 respectively, which 
exhibited the 41 % lower current for MEC1000 than MEC12.

4.2. 3D anodes

In an interesting study, Baş et al. [136] investigated the performance 
of novel 3D-printed anode electrodes for MECs using feta cheese 
wastewater (FCW), cheddar cheese wastewater (CCW) and salted cheese 
wastewater (SCW) as the electrolyte. The study focused on the impact of 
various spiral geometries (rod, 1-cycled, 2-cycled, 3-cycled and 4-cycled 
spirals) printed with copper-based Electrifi filament (Fig. 7a) with 
respect to different wastewaters. Through various electrochemical 
analysis such as the CV, the EIS and the LSV, it was determined that the 
1-cycled spiral anode demonstrated superior current density in elec
trochemical analysis and lower resistance, with hydrogen production 
rates five times greater than other configurations. Electrochemical an
alyses confirmed that spiral designs enhanced electrode-electrolyte 
contact which improved charge transfer. The electrochemical analysis 
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Fig. 6. a) Current density with various anode: cathode surface area ratios [133] reprinted with permission from Elsevier. b) 3D pictorial view of printed SS316 anode 
via laser melting [139] reprinted with permission from Elsevier. c) The formed biofilm on the surface Al-based alloy SS-316 PPy modified anodes [139]. d) Impact of 
Fe second anode on the electron production and transport (NADH dehydrogenase, c-type cytochromes, and riboflavin synthesis) [141] reprinted with permission 
from Elsevier.
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Fig. 7. a) 3D designed electrodes from left to right in order: Rod, 1-cycled, 2-cycled 3-cycled and 4-cycled spiral respectively [136] reprinted with permission from 
Elsevier. b) The time needed to generate 10 mL of hydrogen with different 3D electrodes with different electrolytes [136]. c) Specific capacitance derived from CV 
analysis [138] reprinted with permission from Elsevier. d) Variations of H2 and CH4 production with the number of cycle (the arrows represent the successive 
chloroform dosage: 3 %, 5 %, and 7 %) [146] reprinted with permission from Elsevier. e) Configurations of single anode–single cathode and multi-anode–multi 
cathode [144]. f) Biohythane generation rate (m3 m− 3 wastewater day− 1, green bar: H2; red bar: CH4) [138].
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was further validated with examining the time needed to generate 5 mL 
hydrogen for all designed electrodes as well as three electrolytes. The 
findings revealed that the S1 is the fastest electrode in producing 5 mL 
hydrogen while the time needed to accumulate the hydrogen in FCS, 
CCW and SCW was about 70 min, 85 min, and 120 min correspondingly, 
indicating the FCW as the best electrolyte compare to the two others 
(Fig. 7b).

Lacroix et al. [137] implemented a multiphysics model to assess the 
performance of 3D bioanodes in MECs using domestic wastewater 
(dWW). The authors modeled various 3D graphite bioanode configura
tions and highlighted that a 20 mm thick bioanode optimizes current 
generation and COD removal around 86 % improvement over conven
tional electrodes. Moreover, beyond 20 mm thickness, the anode per
formance stagnates due to increased ohmic drop. Furthermore, the 
simulations revealed that stacking three 5 mm bioanode plates enhances 
convective transport and elevates current by 20 % yielded 33.5 mA and 
a COD removal of 61 %. Interestingly, by introducing a second cathode 
compartment the systems further raises current to 39.5 mA and achieved 
a 72 % COD removal.

Luo et al. [138] introduced a 3D-weaven anode network to improve 
biohythane (mix of hydrogen and methane) generation and nitrogen 
recovery in MECs through four scenarios of using carbon mesh (CB), 
granular activated carbon (GAC) and two carbon mesh electrodes with 
vertically and horizontally extended geometries namely CMA and CMT 
respectively. They demonstrated that this novel structure (The 
horizontally-extended carbon mesh denoted as CMT) can achieve a high 
biohythane production rate of 0.123 m3/m3 of treated wastewater daily 
at 0.8 V (Fig. 7f), with energy consumption of nitrogen recovery reduced 
to 0.77 kWh/kg.N which was substantially lower than traditional 
methods requiring over 1 kWh/kg.N. Moreover, they performed specific 
capacitance analysis as an effective indicator to directly elucidate the 
electrogenic activity of the electrode and microbe-electrode interaction 
which exhibited that the CMA and CMT reactor at 0.8 V had substan
tially higher specific capacitance at 2.61 × 10− 8 and 3.64 × 10− 8 F. 
cm− 2, correspondingly, than those of GAC and CB at 3.12 × 10− 12 and 
6.65 × 10 − 10 F.cm− 2 (Fig. 7c).

In another study [139] Kumar and co-workers employed 3D printing 
to fabricate a stainless-steel anode which modified by polypyrrole to 
increase the hydrogen production in a membraneless MEC. The anode 
was fabricated through using laser melting to prepare two types of 
metal-based anode from stainless steel 316 and aluminium alloy in a 
spiral shape and with controlled porosity (Fig. 6b). The inverted fluo
rescence images exhibited a highly dense of biofilm formation on 
modified-PPs SS316 anode compared to the Al-based anode (Fig. 6c) 
results in hydrogen production by around 2.89 and 1.69 m3/m3/day 
respectively, which highlighted 71 % improvement in H2 production. 
This significant improvement not only highlighted the role of 3D printed 
electrodes, but it brought the exceptional effect of using conductive 
polymers in improving anode electrodes. However, it should be 
reminded that, aluminium and SS316 have different corrosion resistance 
which was not discussed by the authors. This is particularly important 
for long-term operations studies, as SS316 is highly resistance alloy 
compared to its counterparts. Indeed, in comparative analysis where two 
different materials are comparing factors such as corrosion, cost of 
materials and life cycle assessments are important aspects for translating 
a lab-scale technology to real world applications [140].

It is important to point out that, a 3D electrode augments the EET and 
mass transport by increasing the accessible electroactive surface area, 
reducing local diffusion paths, and improving flow and biofilm distri
bution within the electrode. Furthermore, spiral geometry yields a large 
geometric and volumetric surface area per volume of reactor while it 
would limit the local current density hotspots for a more uniform biofilm 
colonization. These features previously demonstrated that, how 
increasing electroactive area boost current densities between 3.4 and 12 
times higher compared to pristine anodes [130,131], due to the higher 
number of accessible sites for microorganisms, shorter diffusion distance 

and lower ohmic drops throughout the electrodes.

4.3. Acclimation procedure

Li et al. [142] investigated the influence of various anode acclima
tion strategies on MECs using various feedstocks, including corn stalk 
fermentation effluent (CSFE), along with acetate, butyrate and reported 
the butyrate-acclimated anodes as boosters of microbial electroactivity 
and substrate utilization. The configuration showed significant im
provements in VFA degradation, particularly in butyrate removal which 
reached 62 % compared to much lower rates in the acetate and CSFE 
feedstocks. Electrochemical analysis indicated superior electron 
discharge capabilities in butyrate-acclimated anodes with optimal bio
film development, high current generation and coulombic efficiency. 
The findings exhibited that the butyrate-acclimated MEC attained su
perior hydrogen production rate of 4.52 m3 H₂/m3/d. In another study, 
Ullery et al. [143] analyzed the impact of different anode acclimation 
methods and reactor configurations in MECs for treating cellulose 
fermentation effluent. They compared mini MECs with cube MECs and 
find that pre-acclimation with domestic WW enhances COD removal, 
with mini MECs achieved slightly better removal rates (up to 86 %) than 
cube MECs (82 %). Protein removal efficiency also increased, with mini 
MECs and achieved to 84 % removal in domestic WW-acclimated sys
tems. Interestingly, the results highlighted the insignificant differences 
of hydrogen recovery between two configurations. Moreover, current 
densities were consistent across both reactor types, while COD removal 
was influenced by pre-acclimation, which suggested a biofilm enriched 
with a diverse microbial community can significantly improve treatment 
efficiency in MECs toward handling complex waste streams.

4.4. Anode arrangement

Gil-Carrera et al. [144] examined the optimization of anode-cathode 
configurations in MECs to enhance hydrogen production by focusing on 
anode arrangement in two configurations named single-anode/single- 
cathode and multi anode-cathode (4-anodes and two-cathodes) 
(Fig. 7e) considering anode thickness and cathode placement. By uti
lizing multi-layer carbon felt anodes and gas diffusion cathodes in a 
single chamber flat-plate MEC setup, they observed that increasing the 
anode from a single layer to two layers of 5 mm thickness improves 
hydrogen production up to 245 mL/day under optimal conditions. 
Moreover, the impact of cathode configuration was also examined, and 
it was revealed that adding a second cathode increases current output 
but leads to higher methane production due to hydrogenotrophic ac
tivity. Protein analysis indicated greater microbial density on anodes 
closest to the cathode which supported the influence of spatial ar
rangements on microbial growth. It is worth noting that the spatial 
arrangement has a direct impact on pH gradients, nutrient flux, and 
hydrogenotrophic microbial activity. This effect occurs through regu
lating ions transport and gas diffusion paths. Indeed, it means that when 
the distance between anode and cathode become shorter it led to 
diminish ionic paths as well as ohmic loses, while at the same time, it 
also improves proton flux toward cathode. On the other side of the coin, 
when the distance between anode and cathode is larger, it could lead to 
microenvironment changes by acidifying anode microenvironment due 
to proton accumulation and alkalizing the electrolyte in vicinity of 
cathode due to hydroxide generation. Collectively, these chain reactions 
result in lower buffer capacity and suppression of hydrogenotrophic 
methanogens.

Liang et al. [145] demonstrated that optimizing anode arrangements 
in MECs significantly improves system efficiency. They arranged 
graphite felt anodes on opposite sides of the cathode in a stacking 
configuration and achieved a substantial reduction in solution, polari
zation, and biofilm resistances, which was confirmed by the EIS analysis. 
The modified design resulted in a 72 % increase in current density and a 
118 % increase in hydrogen production rate by about 5.56 m3 H₂/m3/ 
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day at a 0.8 V applied voltage. Moreover, it was found that the stacked 
anode design operates as a parallel circuit enhances anodic efficiency 
and effectively doubling cathode surface utilization. The setup achieved 
a maximum hydrogen rate of 10.88 m3 H₂/m3/day at 1.5 V which 
highlighted the potential of electrode arrangement optimization as an 
economical strategy for scalable MEC applications. Zhang et al. [146] 
investigated the impact of a double anode arrangement in MECs on 
hydrogen production from glucose while employed chloroform as a 
methane inhibitor to enhance efficiency. Importantly, the EIS and the 
CV analysis confirmed that electron transfer primarily occurred via 
biofilm-bound redox compounds rather than soluble shuttles which 
highlighted the strong biofilm activity on the anodes. Moreover, through 
adding 5 % (v/v) chloroform, methanogenesis was inhibited after the 
third cycle and completely suppressed across the rest of batch cycles that 
enabled continuous hydrogen production without methane byproducts 
(Fig. 7d) in which the setup achieved a maximum hydrogen rate of 2.39 
m3 H₂/m3/day. Additionally, energy efficiency relative to electrical 
input reached 165 % demonstrated the double anode's potential for 
enhanced biohydrogen yield and substrate utilization. Indeed, these 
results emphasized that the combined benefits of an optimized anode 
structure and methanogen suppression in improving MEC performance. 
Li et al. [147] integrated dark fermentation with a single-chamber MEC, 
which utilized by double anode arrangement to enhances biohydrogen 
production from corn stalk. Their findings exhibited that a hydrogen 
production rate of 3.43 m3 H₂/m3/day in the MEC stage with an applied 
voltage of 0.8 V effectively doubling the bio–H₂ yield compared to 
standalone dark fermentation. Importantly, their findings showed that 
the dual-anode setup improved current density and coulombic efficiency 
by around 340 A/m3 and 71 % respectively. Electrochemical analyses 
revealed that VFAs, such as acetate were major electron donors, leading 
to 90 % conversion of acetate to bio-H2 and 44 % COD removal. In an 
interesting study, Guo and colleagues [141] proposed to use iron as a 
second anode alongside a graphite brush to improve biohydrogen pro
duction and phosphorus recovery. The authors stated that by adding the 
second iron anode the EET significantly would be improved through 
ferrous ion contribution. Indeed, the synergies of double carbon/iron 
anodes results in the electrode efficiently benefiting from all EET 
mechanisms (i.e., direct, soluble and matrix) as electrons are moving to 
protein complexes I/II on the cell membrane, thereafter, crossing cyto
chromes to protein complex III and finally to complex IV. On the other 
hand, electrons from inner membrane's c-type cytochromes would move 
to electron carrier proteins on the outer membrane (such as MtrABC and 
OmcA), which then drive the dissimilatory iron-reducing bacteria 
(DIRB) to carry out the iron reduction process (Fig. 6e). Their findings 
revealed that adding iron as the second anode results in extraordinary 
improvement of more than 8 times in terms of hydrogen production and 
COD removal in MEC. Although using stacked anode has several ad
vantages such as reaching to higher current densities and stability it also 
contributes to trade-offs that has adverse effect on MEC performance. 
One the main problem is the unbalanced potential distribution 
throughout stack because of increasing the ohmic resistance as the result 
of increasing current path length and interelectrode space. This prob
lematic issue brings another fact into the spotlight which is the 
nonuniform biofilm development that led to utilizing electrons within 
layers unevenly. Additionally, limited the convective flow could lead to 
constrains on substate diffusion, pH microenvironment changes which 
altogether led to reduce the rate of EET. Last but not least, stack anodes 
could suffer from hydrogen and carbon dioxide accumulations between 
stacked layer which can adversely impact the rate of biohydrogen 
production.

4.5. Electrodes ratio and spacing

The effect of the electrode ratio can be analyzed from two avenues. 
The first one is the ratio of the anode electrode to the cathode, and the 
second one is the ratio of the anode electrode to the anode chamber. 

Baek et al. [148] evaluated the effect of varying electrode size ratios 
(Fig. 8a) on internal resistance and current densities in MECs. Through 
utilizing polarization data, the authors observed that equal cathode-to- 
anode ratios (1:1) generated the highest current at 1.8 mA with an 
applied voltage of 0.9 V, while reducing anode size led to limiting cur
rents around 0.8–1.0 mA at lower applied voltage. Moreover, they found 
that larger anodes minimize total resistance, which contributed in 57 % 
of internal resistance in smaller configurations. Interestingly, it was 
realized that by adjusting electrode size the biogas composition also was 
impacted, where the setups with lower ratios favoured hydrogen, in 
contrast to higher ratios which results in more methane production. 
However, the highest hydrogen recovery rate of by around165% was 
obtained at a 1:1 ratio (Fig. 8c). Interestingly, Wang and co-workers 
[149] in another study found that a stacked high surface area ratio of 
anode to cathode results in superior hydrogen production in mem
braneless MEC. They used a single chamber MEC bioreactor with 644 mL 
capacity and working volume of 500 mL with stacked anode with 
effective area of 160 m2/m3. Their findings revealed that the MEC 
generated hydrogen at the rate of 39.8 ± 1.9 L/L/D with limited rate of 
methane production due to the use of methanogenesis inhibitor. It 
should be noted that the reactor size, the rate of substrate, geometry 
have significant effects on the effect of ratio on the production perfor
mance of MEC. Guo et al. [150] investigated the effect of the cathode-to- 
anode surface area ratios on methane production in MECs using artificial 
beer wastewater as medium. By testing three configurations ratios (ra
tios of 1, 2.5, and 4 cm2/cm3) they found that increasing the ratio 
significantly enhanced methane yields and energy efficiency. At a 
cathode-to-anode ratio of 4 cm2/cm3 and an applied voltage of 0.9 V 
methane production reached 0.14 m3 CH₄/m3/day leading to 1.8-fold 
improvement over the lowest (1 cm2/cm3) ratio setup. Moreover, the 
COD removal rates were consistent across configurations and suggested 
that cathode area impacts methane output rather than substrate degra
dation. Electron balance analysis indicated a greater proportion of 
electrons contributing to methane generation as the cathode surface 
area increased which highlighted the role of cathode size in enhancing 
electrochemical and microbial contributions to methane recovery in 
MECs. Cheng and Logan [151] examined the effect of distance between 
the anode and cathode electrodes from 1 to 3.5 cm on the performance 
of MEC in a wide range of applied voltage. The results indicated that 
electrode spacing is not mutually exclusive with applied voltage where 
the highest hydrogen produced at an applied voltage of higher than the 
0.6 V, however, at lower voltage the electrode space of 1 cm results in 
higher H2 generation (Fig. 8b). Their results indicated the hidden rela
tion and interaction between applied voltage and electrode space which 
is critical when the aim is to optimize the electrode space with respect to 
applied voltage and vice versa. In an interesting study, Fonseca and co- 
workers. [152] realized how the ratio of filling the anode chamber by 
carbon electrode could impact the acclimation process and total yield of 
biohydrogen production. The performance of MEC evaluated under 
three different scenarios when the graphite brush diameters were 1.5 
cm, 4.5 cm and 5.5 cm (Fig. 8d) considering the chamber's diameter at 
5.5 cm. The findings exhibited that when the chamber was completely 
filled (for 5.5 cm), maximum current and total hydrogen production 
were obtained compared to two other scenarios (Fig. 8f). It should be 
noted that these results are for the case of graphite brush which could be 
experimented and validated for other carbon-based materials such car
bon cloth and carbon felt that are extensively employed in MECs as the 
anode.

4.6. Encapsulation

Rozenfeld et al. [153] explored the use of a semi-single-chamber 
MEC incorporating an anode encapsulated in a dialysis bag to enhance 
hydrogen production and biofilm stability. By encapsulating carbon 
cloth and stainless steel (CCSS) anodes in dialysis bags with molecular 
weight cut-offs (MWCO) of 2, 14, and 50 kDa, they reduced non- 
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Fig. 8. a) Pictorial view of anode-cathode at different ratios [148] reprinted with permission from Elsevier. b) The rate of hydrogen production rate (top) and current 
density (bottom) as the function of applied voltage at different electrode distance [151] reprinted with permission from Elsevier. c) The variation of methane and 
hydrogen recovery efficiencies for the various electrode surface area ratios [148]. d) Sketch of graphite brushes with 1.5 cm, 4.5 cm, 5.5 cm diameter [152] reprinted 
with permission from Elsevier. e) Encapsulation anode preparation scheme [155] reprinted from open-source. f) The rate of Hydrogen generation (QH2) and effi
ciency analysis for the single graphite brush anode of Coulombic efficiency (Ce), overall hydrogen recovery (rH2), and the energy yield relative to electrical input 
(hE) [152] reprinted with permission from Elsevier. g) Actual photo of encapsulated anodes [155] reprinted from open-source. h and i) The encapsulated anode in the 
dialysis bag before inoculation and after insertion of the anode to the MEC chamber and inoculation with G. sulfurreducens respectively [153] reprinted with 
permission from Wiley.

S.M. Parsa et al.                                                                                                                                                                                                                                Chemical Engineering Journal 528 (2026) 172251 

13 



exoelectrogenic bacterial invasion and improved Geobacter sulfurredu
cens biofilm formation. The D50- CCSS anode yielded the highest 
hydrogen evolution rate of 0.160 m3/m2/day which surpassing the non- 
encapsulated anode by 24 %. Current density also hit at 16.34 A/m2 

under 0.6 V, compared to 12.19 A/m2 for non-encapsulated setups. This 
design demonstrated that the encapsulated anode approach effectively 
enhances MEC performance by sustaining bioelectroactivity, mini
mizing contamination and improving hydrogen output particularly in 
setups involving complex substrates like wastewater. Gandu et al. [154] 
assessed the impact of encapsulating Geobacter on carbon-cloth anodes 
using alginate and alginate-chitosan and compared the results in a sce
nario with a non-immobilized biofilm. The SEM images demonstrated a 
highly dense biofilm formation on the surface of the electrodes (Fig. 9d, 
e) compared to the control electrode (Fig. 9c). By comparing anodes 
with alginate-chitosan (AC) and only alginate (A) encapsulation against 
a non-immobilized setup, they found that in wastewater-fed MECs, the 
AC anode achieved the highest current density of 11.52 A/m2 at 0.2 V, 
which was 29 % higher than the non-immobilized anode. The immobi
lized AC anode also provided superior hydrogen evolution rates by 
about 0.56 m3 H₂/m3/day along with a COD removal efficiency of 75 %. 
Additionally, the microbial diversity based on 16S rRNA for each anodic 
biofilm was evaluated and it was realized that the microbial diversity for 
both scenarios (A and AC) predominantly composed of Geobacter sul
furreducens (92 %) compare to the non-encapsulated anode (only 74 %) 
which explicitly highlighted that this strategy effectively excluded non- 
exoelectrogenic bacteria (Fig. 9a). Interestingly, Dubrovin et al. [155] 
constructed oval-shape anodes (Fig. 8g) and encapsulated pure-culture 
of Geobacter sulfurreducens (by injecting the microbial suspension 
within the capsules) with acetate and synthetic wastewater (SW) for 32 
and 46 days respectively (Fig. 8e). The LSV analysis exhibited that the 
current density hits the 1.70 ± 0.22 A m− 2 which was doubled 
compared to the control. Moreover, it was realized that the rate of 
biohydrogen production for the acetate-fed and SW-fed for encapsulated 
and control MEC reached to 0.027 and 0.017 m3 m− 3 day− 1, 0.006 and 
0.005 m3 m− 3 day− 1 respectively, leading to improvements by several 
fold.

In another study, Duboriabn et al. [156] compared the effect of 
encapsulated materials in dialysis bag as an anode in MEC. They 
compared three anodes which are encapsulated with graphite particles 
in dialysis bag, bare anode in bag and bare anode without a bag, The 
experiments were conducted based on the two mediums of synthetic 
wastewater and Geobacter as the medium and reported that the graphite 
based outperformed the two other anodes in terms of hydrogen pro
duction, COD removal, and current density. Moreover, the graphite- 
based encapsulated anode resulted in a higher electroactive bacteria 
population.

In an interesting analysis, Hirsch and co-workers [157], compre
hensively evaluated the role of encapsulation on the effectiveness of 
carbon felt in four scenarios. Four anodes which are encapsulated car
bon felt infilter bag, bare carbon with alginate hydrogel, encapsulated 
carbon felt alginate hydrogel (ECAH) and bare carbon as a control were 
examined (Fig. 10a). The findings indicated that the charge transfer 
resistance in the ECAH dramatically reduced leading to superior bio
hydrogen generation. Interestingly, the synergies of using a polymer and 
encapsulation resulted in an exceptional difference between bare anode 
and encapsulated alginate hydrogel anode where the percentage popu
lation of Geobacter sulfurreducens for modified electrode and the bare 
anode was examined by around 79 % and 3 % respectively.

Interestingly, encapsulation imposes a selective diffusive barrier 
between bulk liquid and immobilized cells that changes substrate and 
product fluxes leading to microorganisms' persistence within capsules. 
Indeed, encapsulant's pore structure and effective molecular-weight 
cutoff (MWCO) determine which solutes cross by diffusion where 
small metabolites and common redox mediators diffuse readily through 
soft hydrogels and larger proteins, enzymes or macromolecular flocs are 
excluded when the MWCO is below their molecular weight. Collectively, 

encapsulation can result in a rapid-diffusion of electroactive bacteria 
that rely on small soluble mediators while excluding large competitors 
or predators.

4.7. Utilizing nanomaterials

Chavan and Gaikwad [158] converted lignocellulose (Bambusa 
bambos) in series of reactions by successive enzymatic pretreatment 
through mixing with laccase to delignify biomass, followed by enzy
matic hydrolysis by utilizing cellulose with the delignified biomass 
(Fig. 9f) and decorating with Fe nanoparticle on the anode electrode for 
highly efficient microbial electrolysis hydrogen production. Through 
enzymatic pretreatment, they achieved a 40.31 % reduction in lignin 
which allows for enhanced cellulose hydrolysis and resulting in a 
glucose yield of 99.54 mg/dL. Moreover, through decorating anode with 
Fe nanoparticles, the CV analysis demonstrated superior electro
chemical performance for Fe coated anode compare to non-coated 
electrode (Fig. 9g) where at applied voltage of 0.8 V the rate of 
hydrogen production increased by 1.14 times compared to uncoated 
setups and reached to a peak production of 0.02 g H₂ per gram of 
biomass (224 mL/g). What's more, coating the Fe nanoparticles 
improved biofilm formation and extracellular electron transfer due to 
increased surface roughness and biocompatibility which was proved by 
enhanced current density in the CV analysis. Zakaria et al. [159] 
assessed the impact of silver nanoparticles (AgNPs) on the electro
catalytic activity and microbial community composition of an anode 
biofilm. The study exposed a Geobacter-enriched biofilm to 50 mg/L of 
AgNPs and found that the current density remained stable at 14.2 A/m2 

despite of AgNP exposure. The SEM images exhibited that AgNPs 
accumulated within the biofilm matrix without penetrating bacterial 
cells while EPS production increased which significantly providing a 
protective barrier against AgNP toxicity (Fig. 11c, d). Post-exposure 
analysis revealed a 28 % increase in Geobacter abundance, while other 
bacteria, such as Acinetobacter and Dysgonomonas, declined which 
probably indicating the selective tolerance (Fig. 11e). These findings 
highlighted the resilience of Geobacter-dominated biofilms under AgNP 
stress, suggesting the potential for MECs to operate effectively in envi
ronments with antimicrobial nanoparticle contaminants. San-Martín 
et al. [160] explored the degradation of 2-mercaptobenzothiazole (MBT) 
in microbial electrolysis cells with graphene-modified anodes to 
enhance microbial community diversity and reduce biotoxicity. They 
identified five primary degradation pathways and two dimerization 
routes for MBT with graphene-modified anodes promoting advanced 
degradation through hydroxyl radical reactions. These electrodes 
reduced MBT toxicity from 46.2 to 27.9 eqtox•m-3 compared to minimal 
reductions in unmodified setups. Microbial analysis showed an enrich
ment of Geobacter and Bacteroides on the graphene anodes, along with 
Rhodococcus, which contributed to further hydroxylation of MBT. 
Furthermore, graphene modifications resulted in increased current 
output and more effective COD removal which exhibited that electrode 
surface modification can both enhance pollutant degradation and foster 
particular microbial communities capable of managing complex con
taminants. Xu et al. [161] investigated the use of iron nanoparticle- 
decorated graphite anodes (Fig. 9b) to enhance current density and 
biofilm formation in MECs with Shewanella oneidensis MR-1. The Fe- 
decorated anodes achieved a maximum current density of 42.5 μA/ 
cm2 which was 8.25 times higher than plain graphite anodes. Moreover, 
the whole genome microarray analysis revealed that genes involved in 
biofilm formation, such as flagellum and type IV pilus-related genes 
were upregulated which indicated stronger microbial attachment. 
Additionally, genes associated with electron transport, including c-type 
cytochromes and flavins, showed increasing expression and facilitating 
enhanced electron transfer from bacteria to the anode in Fe decorated 
anode. The study emphasized the role of nanoparticle-modified surfaces 
in promoting biofilm stability and boosting MEC performance by aug
menting microbial electroactivity and electron transport mechanisms. 
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Fig. 9. a) Microbial diversity analysis with respect to genus for alginate (A1), alginate-chitosan (AC1) and control biofilm [154] reprinted with permission from 
Elsevier. b) The SEM image of Fe nanoparticle decoration on the graphite electrode [161] reprinted with permission from Springer. c, d and e) The SEM images of 
Control biofilm, alginate (A1) encapsulated and alginate-chitosan (AC1) respectively [154]. f) Schematic representation of the multiple steps involved in Bambusa 
bambos conversion to hydrogen by successive enzymatic treatment and microbial electrolysis [158] reprinted with permission from Elsevier. g) The cyclic vol
tammetry analysis for Fe coated and uncoated anode [158]. h) Surface coated and interior doped of magnetite nanoparticles in anode electrode [162] i) The electron 
transfer coefficient of surface coated, interior doped of magnetite and control systems [162] reprinted with permission from Elsevier.
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Interestingly, surface-decorated Fe nanoparticles and iron oxides not 
only catalyze redox cycling (Fe3+/Fe2+) and improve heterogeneous 
electron exchange between electrode and mediators or cells, but it 
boosts surface roughness and polar groups that augment microbial 

adhesion and dense electroactive biofilms. Moreover, Fe3+ additions 
modify metabolism of iron-reduction coupled VFA oxidation and ac
celerates VFA degradation kinetics, while magnetite can stimulate direct 
interspecies electron transfer and functionally complement or promote 

Fig. 10. a). Bioanodes (pre-acclimated bioanodes with G. sulfurreducens). Bare bioanode (without any modification), encapsulated bioanode (bioanode inserted into 
a filter bag), alginate bioanode (bioanode immersed with alginate), and encapsulated alginate bioanode (bioanode immersed with alginate and inserted into a filter 
bag) [157] reprinted from open-source. b) The rate of hydrogen production using different metal oxide materials at various dosages of 0.5 g (i), 1 g (ii), and 2 g (iii). 
[165] reprinted with permission from Elsevier. c) Preparation process of cellulose-based aerogel PPy anode. [166] d) bacterial viability and quantity along the 
thickness of biofilms formed on graphite (left), cellulose-based aerogel (center), and cellulose-based aerogel PPy (right). [166] reprinted with permission 
from Elsevier.
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conductive-pili mediated electron transfer in mixed communities.
As can be observed, Fe is an important additive element to boost the 

performance of microbial electrochemical systems like MECs. In this 
regard, Zhang et al. [163] added Fe(III) to a single anaerobic digestion 
(AD) in an integrated MEC-AD system to understand the effect of the Fe 
additive on the COD removal and microbial diversity. Through the 
findings, they reported superior rate for degrading organics via aug
menting anaerobic degradation ability of VFAs under dissimilatory Fe 

(III)-reducing conditions. Moreover, the reduced Fe(II) from Fe(III) 
reducing process together with the electric field led to more EPS pro
duction which was favorable for the enrichment of bacteria in the anode 
biofilm. Hu et al. [164] investigated the effect of magnetite nano
particles on enhancing sulfate reduction in MECs utilized by biocathode. 
By incorporating 0.64 mM magnetite into the biocathode, 122 % in
crease in sulfate reduction rate achieved (around 152 g/m3/day) in 
comparison to the control. The presence of magnetite doubled peak 

Fig. 11. a and b) Accumulation thickness of biofilm on the surface of electrode without and with Fe3O4 correspondingly [164] reprinted with permission from 
Elsevier. c and d) The SEM images of anode biofilm before AgNPs exposure and anode biofilm after AgNPs exposure respectively [159] reprinted with permission 
from Elsevier. e) Relative abundance of bacterial communities at genus levels [159] reprinted with permission from Elsevier. f) Effluent TVFA concentrations in the 
three reactors (R1, R2 and R3) [163]. g) The SEM image of the surface in SRB-biocathode with magnetite addition [164] reprinted with permission from Elsevier.
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current density in CV tests, which indicates enhanced electrochemical 
activity. The SEM images (Fig. 11g) revealed that magnetite nano
particle promoted the formation of conductive pili-like structures and 
iron-sulfide deposits within the biofilm which facilitated electron 
transfer where the thickness of the biofilm increased from 19.4 μm to 
31.6 μm with and without Fe₃O₄, respectively (Fig. 11a, b) and lead to an 
improvement of around 62.8 %. Additionally, magnetite increased the 
relative abundance of Desulfovibrio species from 27.5 % to 72.2 %, which 
correlated with an improved electron recovery efficiency rising from 
29.6 % to 56.1 %.

Although the focus of this review is on the anode electrodes in MECs, 
it is worth mentioning similar strategies for the anode electrode in MFCs 
were adopted too, as anode in both systems has almost similar condition. 
In an interesting study, Liu et al. [162] evaluated the effect of employing 
different strategies on decorating magnetite nanoparticles on anodes of 
MFCs through two scenarios. In the first one, nanoparticles were coated 
on the surface of the anode electrode while in the second scenario, it 
implanted within the formed biofilm (Fig. 11h). The findings revealed 
that the interior-doped Fe nanoparticle generates higher rate of electron 
transfer than surface-coated and controlled electrode (Fig. 11i). This 
highlighted the significance of selecting an appropriate strategy on 
applying a method with two different approaches which could leading to 
different results. The electron percolation network in magnetite-assisted 
anodes is highly influenced by the adopted strategy that whether 
consider is doping or surface coating. Generally, through coating pro
vide a conductive layer on the electrode surface that bridges microbial 
redox sites and the carbon substrate and provide rapid charge transport 
pathways. On the other hand, doping magnetite incorporation 
embedded conductive Fe3O4 domains throughout the carbon frame
work and create continuous electron-conducting channels that lowers 
charge-transfer resistance (R_ct) more effectively by increasing volu
metric conductivity, while coatings primarily reduce interfacial 
resistance.

In another study, Goren et al. [165] evaluated the effect of adding 
various nanomaterials in MECs to improve the EET process and the rate 
of biohydrogen production. Three nanoparticles including Al2O3, 
Fe2O3 and MgO at three dosages (0.5 g, 1 g, 2 g) were used to find the 
optimum fraction and best nanoparticle compared to the control group 
accordingly. The findings revealed that at the dosage 0.5 g, hydrogen 
production reached 448 mL, 455 mL, 464 mL for Al2O3, MgO, and Fe2O3 
respectively, compared to control 442 mL. Increasing the dosage of 
nanomaterials to 1 g results in maximum production of hydrogen for all 
nanomaterials with Fe2O3 obtained the highest almost twice as the 
controlled around 827 mL. This is probably due to the strengthening of 
the ionic solution and increasing the metabolic activity of microorgan
isms leading to superior EET (Fig. 10b). However, increasing to 2 g led to 
a marginal reduction on productivity due to the toxicity of nanoparticles 
to electroactive bacteria.

Wang et al. [167] compared two anodes performance on single- 
chamber microbial electrolysis cells which are three layered carbon 
cloth anode and the nitrogen-doped CNT and reported higher hydrogen 
production and biofilm activity for the N-doped CNT compared to the 
layered anode due to structural changes, promoting functional groups 
and increasing hydrophilicity of the anode. Interestingly, this study also 
highlighted the significance of implementing an advanced nano
structured functional materials strategy over physical strategy.

4.8. Utilizing polymers

Coating polymers significantly improve charge transfer and con
ductivity through regulating microbial EET and biofilm adhesion. 
Indeed, conductive polymer such as polyaniline (PANI), polypyrrole 
(PPy), and PEDOT/PSS facilitate rapid electron transport at the interface 
of biofilm and electrode and reduce charge transfer resistance. 
Conductive polymers by introducing positive charges on electrode sur
face attract negative charge bacteria (which typically are electroactive 

microorganisms) with more strong bonding and form a dense biofilm. In 
this regard, utilizing different conductive polymers is suggested as a 
facile and low-cost strategy to improve anode/cathode performance and 
microbial communities [168,169]. For instance, Seelajaroen et al. [170] 
used chitosan to augment the EET process of anode in MEC to increase 
the rate of biomethane production. In another study, Rahmadita and 
colleagues [171], coated a thin layer of polyaniline on anode in a single 
chamber MEC to improve the reduction rate of ammonia contents in 
liquid waste fertilizer wastewater and reported the performance of MEC 
in ammonia is doubled while on the other hand the design consortium 
was capable of adapting and surviving in high ammonia environment. In 
another study, Guo and co-workers [172] compared the effect of coating 
polypyrrole on the surface of carbon electrode and study its impact on 
the rate of electron transfer and removal of NO through denitrification 
process in a dual chamber MEC. The results demonstrated that polymer 
modification results in more than 25 days of stable operation, 1-3 times 
higher Faraday efficiency and 1.4 times greater denitrification. Ying 
et al. [166], fabricated an aerogel-based anode modified by polypyrrole 
using paper pulp as raw materials through series processes of freeze 
drying and carbonization (Fig. 10c) in dual chamber MEC for degrading 
toluene in synthetic wastewater using microorganisms. To elucidate the 
role of polypyrrole coating on anode, the results were compared to 
graphite electrode and pure carbon aerogel. The microbial analysis 
indicated the abundance of microbial community abundance of Coma
monas in pure aerogel electrode and polypyrrole/aerogel electrodes by 
about 17.89 % and 26.06 %, correspondingly which is well-known for its 
contribution in degrading toluene. Moreover, the microbial viability and 
quantity with respect to the biofilm thickness for the three-electrode 
indicated that the modified PPy/CA thickness in terms of viability and 
quantity significantly increased (Fig. 10d), leading to outperformance of 
PPys/CA over two anodes. Similarly, Feng and co-workers [173], pre
pared a polyaniline/CNT anode modifier on the surface of carbon cloth 
as anode electrode in double chamber MEC for toluene removal. The 
microbial analysis exhibited substantial improvement in viable biofilm 
and their density for the modified electrode compare the bare CC while 
the surface engineering of anode also boosted the two species of elec
troactive microorganisms: Acinetobacter and Comamonas which are well- 
known for degrading toxic pollutants like toluene.

Kumar and co-workers [174] proposed to improve the graphite- 
based anode of the MEC by coating the electrode with polyaniline to 
increase the rate of biohydrogen production. Interestingly, the coating 
process was applied in way that graphite anode immersed in as-prepared 
solution and stirred for 7 h to be completely covered by the polymeric 
modifier and they reported 30 % enhancement in rate of hydrogen 
production compared to the unmodified electrode.

4.9. Utilizing biocarbon composites

Li et al. [175] activated biochar by Fe2(SO4)3 and decorated on the 
surface of the graphite felt anode of an MEC to improve the performance 
of an integrated MEC-AD wastewater treatment in comparative analysis 
with single AD and MEC-AD without the modified anode. The findings 
showed that due to the introduction of Fe-O-C functional group the rate 
of EET significantly increased with COD removal around 87 % which 
was 36 % and 20 % higher than both scenarios. The DFT analysis 
examined the electronic structures of phenol, quinoline, and indole 
explain their different degradation behaviors on the modified anode. As 
phenol's O–H bond is highly positive it is the easiest site for electron 
attack (Fig. 12a-top) while quinoline stabilizes transferred electrons at 
nitrogen and lower its LUMO and favoring C–H bond reduction 
(Fig. 12a-centered), while on the other hand indole's clustered hydro
gens raise its HOMO and make the N–H bond susceptible(Fig. 12a- 
bottom). Hence, with Fe₂(SO₄)₃-modified biochar, enhanced conductiv
ity and Fe–O–C sites promote efficient electron transfer to these 
vulnerable sites leading to higher pollutant degradation. Importantly, in 
iron-derived heteroatom doped carbon frameworks, structural motifs 
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Fig. 12. a) The chemistry properties of different structure of phenol (top), quinoline (center) and indole (bottom) [175] reprinted with permission from Elsevier. b) 
Schematic diagram of an MEC with UV irradiation. [186] reprinted with permission from American Chemical Society. c) Schematic of the electrical connections 
during MEC operation mode (left), and electric shock mode (right) [189]. d) Removal rates in MEC systems at different pHs, for various compositions. [178] reprinted 
with permission from Elsevier. e) Effect of electric shock for oxygen or chlorine generation on H2 production and current density [189] reprinted with permission 
from Elsevier. f) Biogas (H2, CO2 and CH4) concentrations of MECs in the four stages. Stage 1: from cycles 1 to 10, stage 2: from cycles 11 to 35, stage 3: from cycles 
36 to 39, and stage 4: from cycles 40 to 45. [186] reprinted with permission from American Chemical Society. g) Relative abundance of bacterial community 
operational taxonomic units (OTUs) > 4 % in at least one of the samples [190] reprinted with permission from Elsevier.
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such as Fe-O-C play a crucial role in pollutant degradation via modifying 
the regulating the microenvironment of local electronic of Fe centres 
and mediate charge transfer to oxidants/contaminants through two 
pathways which was highlighted in previous studies [176,177]. The 
Fe–O–C bond creates an electronic bridge between iron active centres 
and the carbonaceous support facilitates rapid Fe3+/Fe2+ redox cycling 
under oxidative conditions. The oxygen-linked carbon fragments adja
cent to Fe serve as electron reservoirs and conductive pathways to 
support efficient transfer of electrons from the iron centre to the 
adsorbed pollutant or oxidant.

Qin et al. [178] fabricated two biochar-based anodes modified by Fe 
and Zn through pyrolysis, doped by Sn/SB for removal of per
fluorooctanoic acid in double chamber MEC. The performance of 
modified anodes evaluated under different operational conditions 
including the variable voltage and pH and perfluorooctanoic dosages 
and optimal operational conditions were found. Their findings demon
strated that the removal efficiency of Zn-based electrode outperformed 
significantly and marginally outperformed than unmodified and Fe- 
based anodes respectively (Fig. 12d). Indeed, introducing the metallic 
nanoparticles alongside with multi-heteroatom doping of resulted in 
superior surface roughness/area and proliferation of microbial com
munity and better adhesion and formation of biofilm, all together results 
in higher EET. However, it should be reminded that the authors did not 
elucidate the contribution of each metal compound in the removal ef
ficiency as well as EET.

It is important to mention that, multiple heteroatoms doping through 
synergistic impact improve electrode performance in different aspects. 
Briefly, doping Fe creates redox-active centers that improve catalytic 
electron mediation and increase the density of states near the Fermi level 
that lead to faster electron transfer while doping Zn introduce oxygen 
vacancies and modulates the graphitic structure that decreasing charge- 
transfer resistance whereas incorporating Sn enhances hydrophilicity 
through surface Sn–O sites and facilitates bacterial adhesion and 
nutrient diffusion. Collectively, the synergies through multi- 
heteroatoms doping making this strategy as one of the most effective 
approaches toward fabricating high-performance anode and cathode 
electrodes.

4.10. Chemical treatment

Applying chemical treatment is an effective strategy which can 
indirectly improve the performance of anode electrode and EET for 
suppressing methanogenesis and promote hydrogen production. Among 
them, 2-bromoethanesulfonate (BES) has extensively used in various 
architectures of microbial electrochemical technologies [179–181]. For 
instance, Chae et al. [182] in a comparative analysis studied the effect of 
various methanogens inhibitions including instant changing in opera
tional conditions including pH, temperature and exposing air as well as 
using BES and reported none of the physical methods significantly 
impacted the methanogens except BES which lead to enhancement of 
generated hydrogen from 56.1 ± 5.7 to 80.1 ± 6.5 % (3.2 mol-H2/mol- 
acetate) even after 10 batch cycles. In another study, Catal and co- 
workers [183] showed that adding various antibiotics in MEC 
including 2-chloroethane sulfonate, 2-bromoethane sulfonate, and 8- 
aza-hypoxanthine at optimum concentration results in simultaneous 
methanogens inhibition and hydrogen producers' promotion. Interest
ingly, the mechanistic insight behind the effectiveness of BES is that, BES 
is a structural analogue of coenzyme M (2-mercaptoethanesulfonate) 
which is the methyl carrier in the terminal step of methanogenesis. By 
binding to methyl-coenzyme M reductase (MCR), BES blocks the con
version of methyl-coenzyme M to methane. In this regard, BES become a 
competitor to all known methanogenic and suppress them without 
affecting non-methanogenic anaerobes. This specific inhibiting enzy
matic feature distinguishes BES from other inhibitors, which they can 
inhibit not only methanogenic bacterial but electroactive bacteria too. 
Previous studies also highlighted that using chloroform at the fraction 

0.02 % wt in single chamber MEC resulted in 18 % improvement in rate 
of biohydrogen production [149].

4.11. Irradiation treatment

Plasma treating anode electrodes enhance biofilm adhesion by 
modifying surface chemistry and morphology without changing bulk 
conductivity. The plasma treatment introduces abundant oxygen/ 
nitrogen-containing functional groups such as –OH, –COOH, –C=O, 
–Nox etc. just to name a few and increases surface energy while it also 
boost surface roughness and porosity that also enhance effective surface 
area, altogether make the anode more hydrophilic and electrostatically 
favorable for microbial attachment. It is worth noting that, the polar 
groups also improve protein and EPS adsorption which has positive 
impact on biofilm formation.

Rozenfeld et al. [185] explored the impact of plasma-treated anodes 
on MEC performance by focusing on carbon cloth and stainless-steel 
combinations to improve biofilm formation and electron transfer effi
ciency. The combined plasma-treated carbon cloth and stainless steel 
anode demonstrated a current density of 16.36 A/m2 at 0.6 V—three 
times higher than untreated setups—alongside enhanced biofilm 
viability (0.92 OD540). The maximum hydrogen production rate 
observed was around 0.0736 m3 H₂/m2/day which was significantly 
higher than untreated anode designs. It was concluded that the plasma- 
treated anodes foster stronger microbial attachment and bioactivity 
which suggested that surface modifications can considerably enhance 
MEC hydrogen production capabilities by improving biofilm stability 
and electron transfer efficiency.

Zhang and co-workers [186] suggested employing the ultraviolet 
irradiation for improving the performance of hydrogen production 
through inhibition of methanogenesis (Fig. 12b). To elucidate the role of 
UV on hydrogen production and preventing methene production they 
experiments designed in four stages which were stage 1: no UV, stage 2: 
the whole experiments with UV, stage 3: UV irradiation to reactor 
operated in the first stage and the last stage replacing the cathode with a 
new one to understand whether the methanogenesis of electrode is the 
main source methane production or not. Their findings revealed that in 
the beginning of the stage 1 the H2 concentration is high but after cycle 
6 the CH4 increased, while throughout the stage 2 high purity H2 (>95 
%) almost for 50 days was obtained with little reduction at the end of the 
cycle around 91 % (Fig. 12f). Interestingly, in stage 4 by refreshment of 
cathode and significant enhancement of H2, it was realized that meth
anogenesis on the surface of the electrode has the main contribution in 
CH4 production. One important thing that study was not highlighted is 
that applying UVC needs specific amount of energy which should be 
consider in calculation of energy recovery.

4.12. Magnetic/electric induce

Implementing magnetic field and electric pulse suggested as an 
effective indirect strategy to promote electroactive bacteria in the 
anerobic condition on electrodes in bioelechtrochemical systems. Nandy 
and colleagues [187] highlighted the positive role of applying electrical 
pulse on E. coli species in improving power generation of MFCs as the 
result of triggering electroactive features of microbial culture. More
over, Riham et al. [188] comprehensively reviewed the role of applying 
magnetic field on microbial and electrogenic activity of microbial- 
driven electrochemical technologies. In this regard, limited studies 
examined these strategies on microbial electrode activities and perfor
mance of MEC. Harrison et al. [189] studied the impact of applying 
electrical shock imposing on electrodes to inhibit the formation of H2 
scavengers(Fig. 12c). The experiments were conducted in a wide range 
of parameters including applied shock from 1 to 11 V for three durations 
of 60 s, 90 s, and 120 s in 12 h and 24 h intervals. It was realized that 
increasing the electrical shock with longer during at 120 s resulted in 
higher cathodic hydrogen recovery and minimizing the methane 
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hydrogen recovery accordingly. Moreover, during the electrical shock 
electrodes act as water splitting leading to generate oxygen and 
hydrogen where the experiments conducted for two sets chlorine and 
oxygen denoted MEC. The findings showed following electrical shock, 
the rate of H2 increased substantially for both the chlorine and oxygen 
cells, with overall production of 1059.1 ± 53.0 mL and 1328.2 ± 66.4 
mL, correspondingly (Fig. 12e), which effectively eliminated methano
genesis with a limited effect on the anaerobes due to in-situ generation 
of chlorine and oxygen.

Park et al. [190] evaluated the effect of applying magnetic field on 
microbial community of anode in double chamber MEC in various sce
narios which were applying magnetic field as single factor (MF), uti
lizing biochar modified by magnetic media (MM), and concurrent 
applying magnetic field and magnetic media (MFMM) and a carbon felt 
(CF) electrode as control. The microbial analysis based on operational 
taxonomic units (OUT) showed abundance of Pseudomonadaceae species 
in the scenarios of CF and MF – a well-known electroactive bacterium- 
higher than MM and MFMM, however, the rate of hydrogen production 
was 1.8-fold higher than the CF scenario. Interestingly, the relative 
abundance of bacterial on OUT demonstrated that the Azospirillum 
family in MFMM was remarkably higher with 12.4 %, while it was less 
than 1 % in the others (Fig. 12g). Based on the positive correlation be
tween OTU6 abundance and H2 production, Azospirillum was respon
sible for the high efficiency of the MF + MM reactor. This is consistent 
with previous findings that Azospirillum is a frequently detected EAB in 
MEC and MFC systems.

In Table 1, it is important to point out that the produced hydrogen is 
reported with different dimensions which is attributed to the target of 
study. As it can be seen, in numerous studies the hydrogen production 
reported based on the volume of the reactor, however, in a few studies it 
reported based on the rate of substrates consumption, COD removal and 
electrodes surface area. Last but not least, in number of studies, authors 
did not report the produced hydrogen because the target of studies were 
pollutant removal.

5. Summaries, challenges and future directions

Based on the discussion in this critical review, the following could be 
summarized as the current status, challenges and future directions: 

• To understand the impact various adopted strategies on anode 
electrodes, applying electrochemical tests such as CV, EIS, DPV, LSV 
is pivotal, particularly for comparative study using physical strate
gies (3D network, Irradiation etc.) or chemical treatment and uti
lizing functional materials where it is important to find the optimum 
values and fractions of different elements. As can be seen (Table 1) 
these analyses in numerous research, were not applied which highly 
recommended for future studies at least one or a number of them 
accordingly.

• As engineering EET is directly related to the biofilm, conducting 
advanced characterization methods like CLSM is of great importance 
to highlight the formation of biofilm as well as living dead cells to 
demonstrate the effectiveness of adopted strategies on biofilm 
promotion.

• Employing recently developed approaches such as Electrode Poten
tial Slope (EPS) method which can calculate the internal resistance of 
MEC like electrodes, electrolyte membranes [134] is highly recom
mended to understand the contribution of each component in total 
resistance. This is particularly important as the highest portion of 
internal resistance in MEC is associated by the anode electrode which 
can be used as powerful tool to regulate anode resistance.

• To reduce the anode resistance several easy-to-apply methods such 
as regulating the anode-to-cathode ratio, introducing fluid motion in 
the chamber (particularly in single chamber), finding the optimum 
distance between electrodes could be adopted. Moreover, to reduce 
anode resistance several easy-to-apply methods such as the 

regulating anode-to-cathode ratio, introducing fluid motion in the 
chamber (particularly in single chamber), finding the optimum dis
tance between electrodes could be adopted.

• The anode thickness is a crucial factor in system performance. 
Although the thickness of anode based on the experiments in the 
literature exhibited in a limited number of studies, any thickness 
between 2 and 5 mm would be appropriate for carbon-based anodes, 
which also validated by theoretical simulations [137]. However, it is 
highly desirable to conduct simulation studies to understand the 
optimum thickness of anode not only for the lab-scale experiments, 
but in the large-scale systems for carbon or metal anodes.

• The ratio of anode to cathode found as an important factor for su
perior EET. Generally, the ratio of anode at least should be equal to 
cathode electrode for effective EET while in some studies the larger 
anode-to-cathode ratio exhibited higher current densities.

• During the acclimation of anode, it is crucial to promote and growth 
the microbial communities with the dose that the biofilm is going to 
work in the MEC because high amount of substrate could result to 
formation of different microbial species (Such as high abundance of 
methanogens) which is not desirable for the main purpose of MEC.

• Anodes arrangement in the MEC should be carefully designed, 
particularly for those configurations which use multi-anode in 
sequence because the higher densities were produced by the anode 
closest to the cathode [137].

• For scenarios which a 3D anode fabricated (through methods like 3D 
printing), the design, shape and geometry should be in a way that the 
electrode-electrolyte interaction reach to the highest value since 
improper design may result in higher resistance leading to the lower 
charge transfer and diffusion. Thus, when applying this strategy, it is 
highly recommended to experiment different approaches to find the 
optimum geometry/shape of anode electrode.

• Among various nanoparticles, Fe due to its crucial role in microbial 
metabolism is the most utilized element while other nanomaterials 
are overlooked. Nanostructures materials such as modified anodes by 
graphene in MEC demonstrated to enrich the biofilm with superior 
EET. Considering the high potential of biocompatible nanomaterials 
such as Fe and graphene the number of studies in this context is very 
limited. On the other side of the coin, to elucidate the practicality of 
these materials it is high recommended to conduct experiment with 
complex wastewater rather than synthetic mediums.

• Although applying nanomaterials exhibited significant improvement 
in anode performance, it should be reminded that, nanomaterials 
beyond their optimum dosage might have adverse effects on biofilm 
(generally it could be highly toxic biological systems [191]) and 
decrease the rate of hydrogen production accordingly. Thus, for 
applying a strategy like using metallic nanomaterials it is pivotal to 
find the optimum concentration for boosting synergies and managing 
trade-offs.

• Although some strategies such as encapsulation exhibited to boost 
electroactive biofilm species and improve the overall performance of 
anode, they are generally applicable for primary and lab-scale 
studies rather than large-scale scenarios, because of technological 
and economic barriers. The same is true for research that use pure 
culture (such as Geobacter sulfurreducens) for biofilm growth as this 
condition could not happen in real-world.

• The interaction between toxic nanomaterials and biofilm in MECs 
was limitedly studied with only one research highlight the role of Ag 
nanoparticle on biofilm. Hence, it is high recommended to study the 
role of other abundantly spread toxic nanomaterials such as copper, 
chromium, cadmium etc. with biofilm, as these toxic materials are 
widely spread in the environment. Finally, it could be an interesting 
research direction to study the effect of various morphologies and 
different size of toxic nanomaterials with biofilm as changing these 
parameters are highly influential on biological systems.

• The number of theoretical studies on the interaction of the biofilm 
and anode electrode in MECs are limited which make it necessary to 

S.M. Parsa et al.                                                                                                                                                                                                                                Chemical Engineering Journal 528 (2026) 172251 

21 



Table 1 
Summary of applied anode features where physical modifications applied.

Method of 
modification

Systems 
configuration

Reactor 
volume

Type of anode Type of 
wastewater

Anode 
thickness

H2 production Electrochemical 
analysis applied

Ref

Regulating 
resistance

Single chamber 320 Carbon cloth Synthetic 
wastewater

– 3.7 L-H2/L liquid/day EIS [133]

Regulating 
resistance

Double 
chamber

14 Carbon felt Synthetic 
wastewater

6.35 mm NA – [134]

Regulating 
resistance

Single chamber 28 Graphite brush Synthetic 
wastewater

– NA – [135]

Promoting 3D 
network

Double 
chamber

80 Not explicitly 
mentioned

Various cheeses 
wastewater

NA 5 mL/70 min 5 mL/85 min 5 
mL/120 min (for different 
wastewater)

CV, EIS and LSV [136]

Promoting 3D 
network

Double 
chamber

N/A Graphite Theoretical study 0–40 mm NA Theoretical study [137]

Promoting 3D 
network

Double 
chamber

1560 3D-weaved 
carbon mesh

Synthetic 
wastewater

N/A 0.123 m3 H2/m3 wastewater/ 
day

CV, EIS and LSV [138]

Promoting 3D 
network

Double 
chamber

1560 3D-weaved 
carbon mesh

Synthetic 
wastewater

N/A 2.89 ± 0.18 m3 H2/m3 

wastewater⋅day
CV, EIS and LSV [139]

Anode 
arrangement

Single chamber 200 Graphite fiber 
+ iron

Synthetic 
wastewater

N/A 183.83 mL⋅H2/day CV, EIS [141]

Acclimation 
procedure

Single chamber 64 Graphite felt Corn stalk 
fermentation 
effluent

N/A 4.52 ± 0.13 m3 H2/m3 

wastewater/day
CV [142]

Acclimation 
procedure

Single chamber 5 Carbon fiber 
brush

Synthetic 
wastewater

3.2 352 mL H₂/g COD None [143]

Anode 
arrangement

Single chamber 50-100 Carbon felt Synthetic 
wastewater

5 mm 83–272 mL H2/day – [144]

Anode 
arrangement

Single chamber 64 Graphite felt Synthetic 
wastewater

5 mm 5.56 m3 H2/m3⋅reactor⋅day EIS and CV [145]

Anode 
arrangement

Single chamber 64 Graphite felt Synthetic 
wastewater

5 mm 2.39 m3 H₂/m3⋅reactor/day None [146]

Anode 
arrangement

Single chamber 64 Graphite felt Corn dark 
fermented effluent

5 mm 3.43 m3 H₂/m3⋅reactor/day CV [147]

Electrode ratio Single chamber 8 Graphite plate Synthetic 
wastewater

3.2 mm N/A None [148]

Encapsulation Semi-Single 
chamber

400 Carbon cloth Actual wastewater N/A 0.16 ± 0.009 m3 H2/ 
m2⋅anode⋅day

LSV [153]

Encapsulation Single chamber 100 Carbon cloth Wastewater, 
Geobacter medium

N/A 0.56 m3 H2/m3⋅reactor⋅day LSV [154]

Encapsulation Single chamber 100 Carbon cloth Synthetic 
wastewater

N/A 0.017 m3 H2/m3⋅reactor⋅day LSV [155]

Encapsulation Single chamber 100 Graphite 
particle

Synthetic 
wastewater

– 0.076 m3 H2/m3⋅reactor⋅day CV, EIS [156]

Encapsulation Single chamber 100 Carbon cloth Geobacter medium – 0.82 m3 H2/m3⋅reactor⋅day CV, EIS, LSV [157]
Encapsulation Single chamber 100 Carbon Cloth+

alginate
Synthetic 
wastewater

– 0.42 m3 H2/m3⋅reactor⋅day CV, EIS, LSV [157]

Functional 
materials

Single chamber 440 Graphene 
Paper

Synthetic 
wastewater

N/A 224 mL H2/g⋅biomass CV and EIS [158]

Functional 
materials

Single chamber 250 Carbon brush River mud N/A NA CV [160]

Functional 
materials

– – Graphite disk N/A NA None [161]

Functional 
nanomaterials

Single chamber 300 Stainless steel Synthetic 
wastewater

N/A 637 mL H2/batch 
827 mL H2/batch (Al2O3)

– [165]

Functional 
materials

Single chamber 300 Stainless steel Synthetic 
wastewater

N/A 700–800 mL H2/batch (MgO) – [165]

Functional 
nanomaterials

Single chamber 300 Stainless steel Synthetic 
wastewater

N/A 827 mL H2/batch (Fe2O3) – [165]

Functional 
nanomaterials

Single chamber 500 N-doped CNT Brewery 
wastewater

21 L-H2/L-reactor/day – [167]

Polymer 
modification

Single chamber 100 Graphite plate Fertilizer liquid 
waste

0.32 cm NA – [171]

Polymer 
modification

Double 
chamber

570 Carbon rod Synthetic 
wastewater

– NA CV [172]

Polymer 
modification

Double 
chamber

100 Carbon 
aerogel

Synthetic 
wastewater

– NA – [166]

Polymer 
modification

Single chamber – Graphite felt Synthetic 
wastewater

– NA – [174]

Utilizing biochar Single chamber 4000 Graphite felt Coal wastewater – NA – [175]
Utilizing biochar Double 

chamber
Modified 
biocarbon

Wastewater with 
PFOA

0.5 mm NA CV, CAP [178]

Chemical 
treatment

Double 
chamber

200 Carbon felt Synthetic 
wastewater

– 30.1 mL H2/batch – [181]

Chemical 
treatment

Double 
chamber

200 Carbon felt Synthetic 
wastewater

– 3.2 mol H2/mol-acetate – [182]

(continued on next page)
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conduct more theoretical analysis. However, one important factor is 
to implement the right mechanism of EET in biofilm which deter
mined that occur via the third EET mechanisms through nanowires 
[78,79,89].

• It is crucially important to note that, these strategies are not mutually 
exclusive, rather, by combining them it is possible to reach superior 
EET in anodes [139,157,190] than adopting single strategy. Thus, it 
is highly recommended to integrate the above-mentioned strategies 
through rational design to improve the performance of anodes rate of 
hydrogen production.

• By employing some types of conductive polymers like polypyrrole 
and polyaniline etc., [166,171,172] it is possible to promote specific 
types of microorganism not for hydrogen production but for 
degrading specific pollutants. Regarding the high potential of poly
mers as dual-functional strategy for hydrogen production and 
pollutant removal there are a lot of room for utilizing other 
conductive polymers such as Poly(3,4-ethylenedioxythiophene)- 
PEDOT- not only as anode modifier but to compare their effective
ness from different aspects whether the rate of H2 production or 
pollutant removal.

• As irradiating MEC's bioreactor by UVC wavelengths (100-280 nm) 
demonstrated exceptional results in inhibiting methanogens and 
improved hydrogen production, it is highly recommended to 
examine the effect of UVB wavelengths (280-315 nm) as the 
methanogens inhibitor because of the lower energy required for 
UVB. More interestingly, such experiment could be conduct in 
comparative analysis with UVC to highlight the strength of each 
method accordingly.

• It should be reminded that when adopting strategies that require 
consuming electrical energy such as UV irradiation or magnetic field 
[189,190], the amount of utilized electrical energy should be 
consider in calculation of MEC metrics such as of energy recovery.

• Sometimes employing a strategy result in suppressing well-known 
electroactive bacteria like Pseudomonadaceae on anode but the sys
tem still generates higher hydrogen due to promoting another spe
cific electroactive bacterium like Azospirillum [190]. This is 
highlighted the significance of engineering microbial communities in 
EET through applying specific strategies for targeting to colonize 
specific high-efficient microorganism to boost hydrogen production.
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