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Abstract: Microbial electrochemical systems that integrate the advantages of inorganic electrocatalysis
and microbial catalysis are expected to provide sustainable solutions to the increasing energy short-
ages, resource depletion, and climate degradation. However, sluggish extracellular electron transfer
(EET) at the interface between electroactive microorganisms and inorganic electrode materials is a
critical bottleneck that limits the performance of systems. Electrocatalytic nanomaterials are highly
competitive in overcoming this obstacle due to their effective association with microbial catalysis.
Therefore, this review focuses on the cutting-edge applications and enhancement mechanisms of
nanomaterials with electrocatalytic activity in promoting microbial EET. First, the EET mechanism of
microbial electrocatalysis in both microbial anodes and cathodes is briefly introduced, and then recent
applications of various electrocatalytic nanomaterials in diverse microbial electrochemical systems
are summarized, including heteroatom-doped carbons and precious metal, as well as transition metal
oxides, sulfides, carbides, and nitrides. The synergistic effects of nanomaterial electrocatalysis and
microbial catalysis on enhancing interfacial EET are analyzed. Finally, the challenges and perspectives
of realizing high-performance microbial electrochemical systems are also discussed in order to offer
some reference for further research.

Keywords: microbial electrochemical system; electrocatalysis; extracellular electron transfer;
nanomaterial; electrode; electroactive microorganism

1. Introduction

The extracellular electron transfer (EET) feature of electroactive microorganisms
(EAMs) [1,2] is a widespread natural process in biogeochemical cycles, with significant ap-
plication potential in various fields such as wastewater treatment, environmental bioremedi-
ation, clean electricity generation, biosensing, high-energy fuel conversion, and high-value
chemical synthesis [3,4]. EET-based microbial electrocatalysis involves the biocatalytic
process of microorganisms and the electrocatalytic process of electrodes [5], both of which
play key roles and have tremendous synergistic effects on the fast kinetics of electrodes,
making the bioelectrocatalytic process much more complex than either the biocatalytic or
electrocatalytic one [6]. Over the past decades, the combination of microbial catalysis and
electrocatalysis has led to the construction of microbial electrochemical systems, utilizing
microorganisms as catalysts for matter and energy conversion in various applications [7],
such as microbial fuel cells (MFCs) for generating electrical energy from wastewater [8],
microbial electrolytic cells (MECs) for biological hydrogen production [9], and microbial
electrosynthesis (MES) for converting greenhouse gas CO; to valuable chemicals [10].
However, the practical application of microbial electrochemical systems is limited by low
efficiency, yield, and electron transfer efficiency, hindering their widespread commercial
viability. Among them, the weak interfacial electron transfer rate between electroactive
microorganisms and electrodes is considered to be the most fundamental bottleneck.

Traditional electrode materials (e.g., graphite rod, graphite plate, carbon cloth, and
stainless steel) have limited interaction with microorganisms and electron transfer processes
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due to their low specific area and infertile structure. The decoration and functionalization
of these conventional electrode materials certainly enhance the performance of microbial
electrochemical systems. Many studies have shown that the surface modification of tradi-
tional electrodes through various physical or chemical methods (e.g., ammonia treatment,
thermal treatment, acidification treatment, and electrochemical modification) could greatly
improve their surface chemical properties so as to enhance the performance to varying
degrees [11,12]. Notably, nanomaterials with unique properties such as surface effect,
volume effect, quantum size, and macroscopic quantum tunneling effect have garnered
significant attention in recent years and have been widely used in various fields and indus-
tries, including microbial electrochemical systems [13]. With the theme of “nanomaterial*”
AND “microbial electrochem* OR microbial electrocatalysis OR extracellular electron trans-
fer”, 422 pieces of research literature, published from 2010 to mid-2024, were retrieved
from the Web of Science core database. A variety of nanoscale carbon materials (such
as graphene [14,15] and carbon nanotubes [16]) have been widely used to improve the
conductivity and biocompatibility of microbial electrodes, thereby promoting the growth
of electrode biofilms and the electron exchange at the biotic-abiotic interface. Nanosized
metal compounds (such as titanium dioxide [17] and molybdenum carbide [18,19]) can
greatly improve the surface properties of microbial electrodes with increased interface
reactivity. Moreover, some bio-friendly nanomaterials (such as palladium [20] and ferrous
sulfide [21]) have been directly used to functionalize microbial cells to improve their EET
ability. There is no doubt that nanomaterials have made important progress in promoting
the extracellular electron transfer of microorganisms and thus improving the performance
of microbial electrochemical systems, and they are still advancing.

As far as we know, there have been some reviews that summarized and discussed the
application progress of nanomaterials in microbial electrode materials from the perspectives
of performance improvement, nanostructure effect, surface chemistry availability, and
promotion of biofilm growth [22,23]. It should be noted that, as mentioned above, the
extracellular electron transfer process between microbial cells and electrode materials is
a bridge connecting the biocatalysis of EAMs and the electrocatalysis of electrodes and is
the cornerstone of microbial electrochemical systems. However, few reviews have been
conducted specifically from the perspective of electrocatalytic nanomaterials, although a
number of studies have demonstrated that electrocatalytic materials significantly enhance
microbial extracellular electron transfer in microbial electrochemical systems through
different strategies. To fill this knowledge gap, this review focuses on the cutting-edge
applications of electrocatalytic nanomaterials in various microbial electrochemical systems
and an in-depth discussion of the mechanisms by which they promote microbial EET
enhancement by reviewing the works of literature retrieved above, followed by perspectives
for the design and preparation of high-performance electrocatalytic nanomaterials.

2. EET Mechanisms

In general, microbial cells cannot exchange electrons with their extracellular environ-
ments because their electron transport chains are closed by nonconductive lipid membranes,
peptidoglycans, and lipopolysaccharides [24]. Exceptionally, due to the evolution of special
EET pathways across the cellular envelope, EAMs can exchange electrons with extracellular
electrodes or insoluble minerals to enable energy flow between living organisms and the
external environments [1]. Some of them (termed as exoelectrogens) can export electrons
generated from the biological oxidation of organic substrates to extracellular insoluble
electron acceptors, such as microbial anodes and iron and manganese oxides, through
outward EET pathways, while others, referred to as electrotrophs, can take up electrons
from extracellular electron donors, such as the microbial cathode, using inward EET path-
ways [1]. Meanwhile, the EET pathways between EAMs and electrodes are usually divided
into a direct process and an indirect process based on the contact between EAM cells and
the electrodes (Figure 1) [25]. The former depends on electron transport carriers on the
cell surface, such as c-cytochromes (Cyts), vesicles, and nanowires, which can make direct
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contact with the electrodes, while the latter generally uses diffused electron shuttles and
extracellular enzymes.
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Figure 1. EET mechanism between EAMs and electrodes: the direct process through outer-membrane
Cyts, vesicles, and nanowires, and the indirect process via electron shuttles and extracellular enzymes
(with permission from [25]).

2.1. Outward EET from EMAs to Anodes

Exoelectrogenic EAMs perform outward EET for electricity production in microbial
anodes. Dozens of exoelectrogens have been identified so far [1], and the EET pathways of
two typical Gram-negative strains, Shewanella oneidensis MR-1 and Geobacter sulfurreducens
PAC, have been well elucidated. For S. oneidensis MR-1, the Mtr pathway that is composed
of multiple Cyts (CymA, Fccs, MtrA, MtrC, OmcA, and STC) and a porin-like protein MtrB
is responsible for efficient direct EET [2,26]. CymA, located at the cytoplasmic membrane,
acquires electrons from the quinone pool and transfers them to the periplasmic Cyts of Fccs
and STC and then to the ternary complexes of MtrA, MtrB, and MtrC for the transmembrane
transport of electrons [27,28]. MtrC and OmcA, located at the cellular outer membrane,
interact with each other and deliver electrons to microbial anodes [29]. A similar direct
EET pathway, the porin-cytochrome (Pcc) pathway, is present in G. sulfurreducens PAC, in
which the inner-membrane quinol oxidases ImcH and CbcL link the electron flow from the
intracellular electron transport chains to periplasmic Cyts (including PpcA, PpcB, PpcC,
PpcD, and PpcE), followed by being transferred to the porin-cytochrome complexes [30].
The complexes consist of periplasmic Cyts OmaB/C, porin-like outer-membrane proteins
OmbB/C, and outer-membrane Cyts OmcB/C [30,31]. Moreover, both S. oneidensis MR-
1 [32] and G. sulfurreducens PAC [33-35] can produce bacterial nanowires with electric
conductivity to execute direct EET over relatively long distances. In addition, S. oneidensis
MR-1 can secrete flavins or use natural redox-active molecules (such as humic substrates) as
electron shuttles for the indirect EET [36,37]. In recent years, some Gram-positive bacteria
have been found to perform EET [1], although the thick and dense peptidoglycan layer
in their cell wall is intuitively hostile to EET. However, the EET mechanism of Gram-
positive bacteria is currently less well understood, with only a few studies. The multiheme
Cyts that localized at the cell wall or cell surface were suggested to take part in the EET
of Thermincola potens through genomic analysis [38]. In contrast, Listeria monocytogenes
has been identified to use a distinctive flavin-based EET mechanism to deliver electrons
to iron or an electrode [39]. This evidence substantially demonstrates the diversity of
EET pathways.

2.2. Inward EET from Cathodes to EAMs

Electrotrophic EAMs utilize the cathode as the electron donor via inward EET path-
ways [40], which are also divided into direct node and indirect modes. Some EAMs,
including S. oneidensis MR-1 and G. sulfurreducens PAC, exhibit bidirectional EET features.
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S. oneidensis MR-1 was reported to use a reverse Mtr pathway to ingest electrons from the
cathodes, and the electrons were injected into the menaquinone pool [41]. However, it is
controversial whether G. sulfurreducens also uses the reversed outward EET pathway to
take up electrons from extracellular electron donors. The similar formal potential of acetate
oxidation and nitrate reduction of mature electrode biofilms, mainly composed of Geobacter
sp., seems to support the standpoint of reversal EET [42]. In contrast, G. sulfurreducens
was found to express much lower levels of genes encoding outer-membrane Cyts and
conductive nanowires when receiving electrons from the electrode compared to exporting
electrons [43,44], which suggested that the inward EET was not a simple reversal for the
outward EET. In addition, flavins or artificial electron shuttles could significantly boost the
rate at which they acquire electrons from the cathode [45,46], which indicates the existence
of indirect EET. Notably, the transfer of electrons from the cathodes to the bacterial cells
has been extensively reported in many strains, such as acetogenic bacterium Sporomusa
ovata [47], Fe(II)-oxidizing bacterium Rhodopseudomonas palustris [48], and sulfur-oxidizing
bacterium Thioclava electrotropha [49]. However, the specific inward EET mechanism of
such electrotrophs is still far from clear. For more details on the EET mechanism, refer to
previous reports [2,50-52].

3. Electrocatalytic Nanomaterials for Promoting EET
3.1. Heteroatom-Doped Carbons

Carbon-based electrode materials are widely applied in microbial electrochemical
systems due to their low cost, easy availability, and high biocompatibility. However, their
electrocatalytic activity is generally limited by the low surface area, inappropriate pore
structure, and inert surface chemistry, which severely limits the performance of microbial
electrochemical systems. In recent years, non-metallic heteroatom (nitrogen, phosphorus,
sulfur, boron, etc.)-doped carbon materials have attracted the attention of researchers. The
catalytic ability, current density, cycling stability, and resistance to toxic side effects of
carbon materials have been further improved by doping them with N, P, and S elements.
This is mainly due to the fact that the geometry and electronegativity of non-metallic
heteroatoms are different from those of carbon atoms. When doped into carbon atoms,
these non-metallic heteroatoms could cause changes in the properties of surrounding
carbon atoms in terms of electron density and spin, thus improving the electrocatalytic
performance of carbon nanomaterials. This active effect has been demonstrated in a variety
of carbon-based nanomaterials, including graphene [15], carbon nanotubes [53], MOFs [54],
and biomass-derived carbon [55].

The element N is adjacent to C in the periodic table, and they have similar atomic radii,
but their electronegativity is quite different. Therefore, the electronic structure of carbon
nanomaterials will change significantly after N doping. Recently, N doping has been shown
to be an effective electrode surface modification method that can enhance the EET process
of EAMs, thereby improving the pollutant removal and power generation of MFCs. The
preparation of N-doped carbon nanomaterials by pyrolysis of N-containing precursors
(such as ammonia [56], polyaniline [53], polypyrrole [57], and natural biomass [55,58]) alone
or together with carbon materials is a common and very productive route to improve the
performance of microbial electrochemical systems. For example, Yang et al. [56] reported
that an N-doped graphene aerogel electrode achieved a then-record power density of
milliliter-scale MFCs because of the greatly reduced charge-transfer resistance and internal
resistance of the N-doped electrode. Similarly, Wu et al. [53] found that the N-doped
MFC anode showed a much higher power density than the counterpart anode without N
doping and speculated that the improvement was attributed to the enhanced adsorption of
flavins and the biofilm adhesion on the N-doped surface through electrochemical analysis.
Natural biomass is an important precursor for the preparation of N-doped carbons due
to the presence of N-rich biomolecules. As a case, natural cassava straws were used as
a carbon source to prepare activated N-doped porous carbon through a facile process of
electrochemical activation; the resulting N-doped carbons, when used as an MFC anode,
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achieved a power density almost two times higher than the unmodified counterpart [55].
In addition, the N-doped biomass-derived carbon electrode was found to promote the
acetate production from CO; and the coulomb efficiency in MES [59]. More interestingly,
Hu et al. [60] found that the N-doped carbon dots could be used to modify acetogenic
bacteria to enhance their EET and the formation of electroactive biofilm, which subsequently
improved the acetate production rate by 57-71% in CO,-fed MES.

In general, the doped N mainly has three active forms: pyridinic, pyrrolic, and
graphitic; the electrocatalytic activity of carbon nanomaterials varies according to the
active N form [61-63]. For example, pyridinic N and graphitic N were reported to be
the key active sites for activating hydrogen peroxide to generate hydroxyl radicals in
electro-Fenton systems [63], while graphitic N was the main working N in nitroaromatic
hydrogenation [62]. Wang et al. found that the current density of MFCs showed a positive
linear correlation with the pyrrolic N due to the enhancement of both DET and MET of
S. oneidensis MR-1 [61]. Moreover, they further demonstrated through molecule dynamic
simulation that anodic doping with pyrrolic N achieved a more remarkable reduction in
the thermodynamic and kinetic resistances of the EET process compared to pyridinic N
and graphitic N.

In addition to increasing the electrode biofilm growth and decreasing the interfacial
charge resistance, N doping has been found to significantly promote the electrocatalytic
reaction of microbial electron mediators, especially flavins. Yuan et al. revealed that a
porous N-doped carbon cloth with a high N/C ratio showed an 18 times higher anodic peak
current of riboflavin compared to the carbon cloth alone [64]. Wu et al. also demonstrated
that both N-doped carbon nanotubes/reduced graphene oxide (N-doped CNTs/rGO) com-
posites [53] and N-doped carbon nanowires [65] could promote a flavin-based interfacial
electron transfer in MFC anodes. More importantly, by tuning N doping, the electrode inter-
face could be atomically matched with the flavin molecule, thus achieving strong adsorption
and conversion of the diffusive mediators to anchored redox centers (Figure 2). The atomic
matching resulted in a short electron transfer pathway in S. putrefaciens-inoculated MFCs.
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Figure 2. The proposed effect mechanism of N doping on flavins-mediated EET: (a,b) SEM; (c) TEM
images and (d) XPS N1s spectrum of N-doped carbon nanowires; (e) the proposed atomic matching
catalysis mechanism (with permission from [65]).

In addition to N doping, S and P doping have been adopted to modify the MFC
electrode. Zhang et al. prepared 3D macroporous carbon foam with high N, P, and S
contents as an MFC anode electrode through the pyrolysis of bread as the raw material
and found that the co-doping of N, P, and S greatly improved the biocompatibility of
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the resulting electrode and facilitated the enrichment of bacterial biofilm, which led to a
2.57-fold increase in the power density [66].

3.2. Precious Metals

The application of precious metals, such as platinum (Pt), gold (Au), silver (Ag), and
palladium (Pd), in microbial electrodes is an area of interest due to their unique proper-
ties, including high electrical conductivity, corrosion resistance, and catalytic activity [67].
In the early stages of research, noble metal nanoparticles were mainly used to modify
carbon-based electrodes to improve their electrochemical interaction with EAMs. Both the
Pt nanoparticle-decorated graphene [68] and the Pd nanoparticle-coated carbon cloth [69]
significantly enhanced the electrochemical dynamics of the microbial anodes, resulting
in an increase in MFC power density. However, recent studies have found that directly
functionalizing EAM cells with these electrocatalytically active noble metal nanostructures,
which can be biosynthesized in situ by the EAM cells, is a more effective and facile route to
improve their EET ability [70,71]. It was reported that Au nanoparticles could be precipi-
tated in situ into a G. sulfurreducens biofilm through the biological reduction of the Au(III)
precursor in a continuous-flow three-electrode MFC, which increased the conductivity of
biofilm and the electricity generation [20]. Recently, Cao et al. developed reduced graphene
oxide-silver nanoparticle (rGO/Ag) scaffolds for the anode of Shewanella MFC and found
that the rGO/ Ag scaffolds could release silver ions to facilitate Shewanella attachment to
them and produce the Shewanella—Ag hybrids [72]. Particularly, the resulting hybrid species
showed the presence of abundant Ag nanoparticles, both inside and throughout the bac-
terial membrane, which could potentially act as metallic shortcuts to bypass the sluggish
electron transfer process mediated by the biological redox centers and make direct contact
with the external electrodes to extract the charge more efficiently, thereby contributing to
the record-breaking power density of Shewanella MEC.

Biologically produced Pd nanoparticles are the most common in bacteria-associated
catalytic systems, mainly due to their outstanding catalytic activity and ease of biosynthe-
sis [73]. Back in the early 2010s, the biogenic Pd nanoparticles bound to the cell membrane
of Desulfovibrio desulfuricans have been demonstrated to participate in EET through the
interaction with periplasmic hydrogenases and Cyts, as well as take part in electrocatalysis
on an electrode surface [74]. Importantly, a variety of bacteria (e.g., Enterobacter cloacae
SgZ-5T [75], Citrobacter freundii JH [76], Bacillus megaterium Y-4 [77], G. sulfurreducens [78],
S. loihica PV-4 [79], and Escherichia coli [80]) have been reported to be able to, when in situ,
synthesize Pd nanoparticles to improve their electron transport processes for different appli-
cations, including the electrochemical hydrogen/oxygen evolution reaction and pollutant
degradation. Moreover, the phenotype of biosynthesized Pd nanoparticles could be tailored
through by controlling the biological reduction pathways [81], reaction conditions [82]
and organic electron donors [83], which provides more opportunities for their practical
applications. Particularly, as illustrated in Figure 3, the biosynthetic location and size of the
Pd nanoparticles could be modulated through controlling the expression and availability
of two key EET-involving components of S. oneidensis MR-1—the outer-membrane Cyts
(MtrC) and electron shuttles (flavins) [81]—which indicated the possibility of customizing
biogenic Pd nanoparticles to, in turn, promote a microbial EET in situ.
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Figure 3. The effect of S. oneidensis MR-1 EET components on the location and size of biogenic
Pd nanoparticles: (a) general diagram of EET and genotypic effect on Pd nanoparticle formation;
(b—g) thin section transmission electron micrographs of S. oneidensis MR-1 cells after Pd production
under different conditions; and (h,i) nanoparticle size distributions (with permission from [81]).

3.3. Metal Oxides

Transition metal oxides (TMOs) have gained significant attention in various electro-
catalytic reactions [84], such as the oxygen reduction reaction, oxygen evolution reaction,
hydrogen evolution reaction, and CO, reduction, due to their diverse redox chemistry and
electronic properties. The electrochemical and electronic properties of TMOs can be finely
tuned through compositional modifications and surface functionalization, allowing for the
optimization of their electrocatalytic performance [84]. Without exception, due to their
active electrocatalytic activity and high biocompatibility, TMOs (Table 1) have also been
widely used as electrode materials for microbial electrochemical systems to enhance the
microbial EET process.

Among them, titanium dioxide (TiO,), with a suitable band structure for efficient
charge separation and transfer, is one of the most attractive electrode materials to promote
microbial EET. To date, nanoscale TiO, with various morphologies and structures (Figure 4),
such as nanoparticles [85,86], nanotubes [87,88], nanorods [89], nanosheets [90,91], and
nanoclusters [92], have been widely used in microbial electrodes, where a TiO, functional-
ized interface could promote electroactive biofilm formation, substrate diffusion, and the
EET rate. Intriguingly, Yin et al. [91], when investigating the electron transfer kinetic from
S. loihica PY14 to an up-growing TiO, nanosheet-modified carbon paper, found that the
change in the hydrophobic carbon paper to a super-hydrophilic TiO, nanosheet interface
not only promoted bacterial adhesion but also altered the redox nature of outer-membrane
Cyts. As a consequence, the mid-point potential of Cyts was shifted to a more negative
potential, which indicated a higher thermodynamic driving force for the electron release
from the bacterial cells. In addition, TiO,, when with different morphologies, has been
shown to stimulate the secretion of electron mediator flavins from the genus Shewanella,
possibly by enhancing the related biosynthesis pathway, thereby promoting the micro-
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bial EET rate [17,93]. Coincidentally, Zhou et al. found that TiO, nanoparticles could
specifically induce the formation of conductive nanowires by stimulating the pilA gene
expression in G. sulfurreducens, which led to an approximately 5.1-fold increase in microbial
electricity production [86]. Obviously, the above results substantially demonstrated the
close interaction between highly electrocatalytic TiO, and the EET pathways of EMAs.
The improvements in nanostructured TiO, in electrode biofilm growth and the microbial
EET rate could be elaborately tuned by the regulation of its morphology, size, and porous
structure [24]. Yin et al. [94] found that N doping could modulate the electronic properties
of TiO, nanosheets with smaller charge-transfer resistance, more positive flat-band poten-
tial, and larger transient-charge storage capacity, which facilitated the interfacial electron
transfer from out-membrane Cyts to the TiO, nanosheets’ modified carbon paper electrode.

_/_/v—\

T nara
CHyCOO CO:

Figure 4. Nanostructured TiO, with various morphologies were used to promote microbial EET in
microbial electrochemical systems: (a) nanoparticles (with permission from [86]), (b) nanotubes (with
permission from [88,95]), and (c) nanosheets (with permission from [90]).

Since iron oxides and manganese oxides are natural electron correlates of typical
electroactive microorganisms, they are also often adopted to modify microbial electrodes
for the sake of promoting microbial EET. An x-FeOOH nanowhiskers-decorated carbon
paper significantly increased the EET of S. loihica PV-4 cells, resulting in a 60% increase
in current density [96]. The hybrids of Fe3O4 nanoparticles and reduced graphene oxide
have been shown to dramatically enhance microbial EET for electricity generation in MFCs
due to the high affinity between Fe3O, and EAMs [97,98]. In addition, the magnetic
Fe304 could significantly enhance the performance of MES, such as the production of
acetate and methane [99,100]. More interestingly, a highly conductive N-doped Fe3O4
with a carbon dot shell (Fe304@CD) could directly hybridize the G. sulfurreducens cells, in
which the Fe;0,@CDs formed an interaction network with intracellular and extracellular
conductive proteins for an enhanced EET [101]. As a result, the Fe30,@CDs-fed cells
achieved a 6.3 times higher current output compared to the control cells. Recently, the
«-FepO3 nanoarray-modified carbon electrode interface was reported by He et al. to greatly
promote the direct EET of S. putrefaciens CN32 due to the possible function of the x-Fe;O3
nanoarray as an electron mediator [102]. For manganese oxides, they have been reported to
improve both the electricity generation of the MFC anode and the chemical biosynthesis of
the MES cathode. For example, the reduced graphene oxide/MnO, composite increased the
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MEFC power density by 1.54 folds because of the increased growth of EAM biofilm and the
decreased internal resistance [103], while the cauliflower-like polypyrrole/MnO; composite
increased the power density and real capacitance by 3.58 and 4.84 folds, respectively [104].
A MnO;-coated felt cathode electrode obtained a 43% increase in the acetate production
rate with 2-fold higher current consumption than the non-coated electrode in MES [105].
Similarly, the nanostructured MnO, /rGO nanohybrid-decorated carbon cloth enhanced the
production of isobutyric acid and acetate by 2.09 and 2.91 times, respectively, compared to
the bare carbon cloth [106]. Notably, an obviously positive shift of the onset potential was
observed in the linear sweep voltammogram of the MnO, /rGO nanohybrid cathodes under
the turnover condition, which indicated more favorable thermodynamics for the EAM
cells acquiring electrons from the cathode. In addition, an in situ synthesized biohybrid of
amorphous Geobacter-Mn;O3 was shown to have high electrocatalytic activity for OER due
to the synergistic effect, in which the Geobacter cells contributed OER-active elements such
as Fe and P, while amorphous Mn,O; provided a large electrochemically active surface
area and excess catalytic sites for OER [107].

Moreover, other TMOs, including NiO [108,109], CeO, [110], WO3 [111], and SnO, [112],
have successively been shown to significantly increase the microbial EET in microbial elec-
trochemical systems, despite deviations in the specific enhancement mechanism. It should
be noted that since most TMOs with semiconductive properties are relatively poor in
electro-conductivity, they are often hybrid with highly conductive polymers (e.g., polyani-
line [113] and polypyrrole [104]) and carbon nanomaterials (e.g., graphene [97,98,106],
CNTs [112], and carbon dots [101]) when used as microbial electrodes. The above results
demonstrated the electrocatalytic interaction between TMOs and EAMs for a high EET
rate, which provides great potential for the design and fabrication of high-performance
microbial electrodes based on the low-cost and readily available TMOs.

Table 1. Applications of transition metal compounds as electrocatalytic nanomaterials in microbial
electrocatalysis and their performances.

Nanomaterials Applications Performances Reference
Transition metal oxides (TMOs)
TiO, nanoparticles Microbial anode Approximate 5.'1-f01d increase in microbial [86]
current generation
. . . Four-fold increase in photocurrent generation of
TiO, nanoparticles Biophotoelectrode Synechocystis sp. PCC 6803 [85]
. A maximal current density of 12.7 A m~2, 190-fold
TiO; nanotubes MFC anode higher than that of bare Ti electrode 3]
. A maximum power density of 2576.3 &= 33 mW m2,
TiO; nanorods MFC anode 2.6-fold higher than that of carbon paper electrode (891
. A maximum power density of 690 mW m~3, 63%
TiO; nanosheets MFC anode higher than that of bare carbon paper electrode 50
. A maximum power density of 497 mW m~2,97%
TiO; nanosheets MFC anode higher than that of carbon paper electrode 1
: . A maximum power density of 747 mW m~2,196%
N-doped TiO; nanosheets MFC anode higher than that of carbon paper electrode 541
TiO, nanoclusters MEC anode A maximum Power density of 259 £ 62 mWm™-, a [92]
record-breaking value
. .. A maximum power density of 813 mW m~2, 63.6%
Ti0O, /polyaniline MFC anode higher than that of TiO; electrode [113]
. . . A maximal current density of 0.48 A m~—2, 60%
«-FeOOH nanowhiskers Microbial anode higher than that of carbon paper electrode [96]
A maximum power density of 1837.4 mW m~2,
Fe;Oy nanospheres/rGO MFC anode 2.66-fold higher than that of carbon paper electrode 71
Magnetite nanoparticles MES modifier An 8.5-fold increase in acetate production and 52% [99]

decrease in methane production
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Table 1. Cont.
Nanomaterials Applications Performances Reference
A CHy-producing rate of 605 = 119 mmol m—2d1,
GO/Fe304 MES cathode 24.5-fold higher than that of carbon cloth electrode [100]
N-doped Fe3;04@CD MEC additive A 6.37-fold increase in maximum current [101]
g A maximum power density of 816 mW m~2, 8-fold
o-Fe;O3 nanoarray MEFC anode higher than that of carbon cloth electrode [102]
A maximum power density of 2065 mW m~2, 154%
rGO/Mn0; MFC anode higher than that of carbon felt electrode [103]
A maximum current density of 3.70 £ 0.5 mA m~2,
more than double the non-coated carbon felt
MnO, MEC cathode cathode, and an acetate production rate of 37.9 mmol [105]
L1, 43.0% higher than that of the bare carbon felt
Production of isobutyric acid (15.9 mM) and acetate
MnO, /rGO MES cathode (3.5 mM), 2.09 and 2.91 folds higher, respectively, [106]
than bare carbon cloth
. A 3-fold increase in maximum power density
NiO nanoflakes MEC anode [108]
compared to carbon cloth electrode
NlO@N-doped carbon MEC anode An 8.5-fold increase in maximum power density [109]
nanowires compared to carbon cloth electrode
. A 4.28 and 3.07-fold increase in maximum power
€O, nanoparticles MFC anode/cathode density for cathode and anode, respectively [110]
A maximum power density of 1.11 + 0.022 W m 2,
CNTs/m-WO, MEFC anode comparable to that of Pt anode (1]
A maximum power density of 1421 mW m~2, 3-fold
CNTs/5n0, MEFC anode higher than that of bare glassy carbon electrode [112]
Transition metal sulfides (TMSs)
FeS Microbial anode A 3-fold increase in current density [114]
An unprecedented power density of 3220 mW m 2
FeS, /graphene MEFC anode and a remarkable current density of 3.06 A m~2 [115]
FeS@S. oneidensis Biohybrid An }ncrea'sed 1nterf.ac1al electron transfer rate for [116]
ferrihydrite reduction
FeS@S. oneidensis Biohybrid A record-high interfacial electron transfer efficiency [117]
and BES performance
. . . . An increased extracellular electron transfer rate for
FeS@sulfate-reducing bacteria Biohybrid Cr(VI) reduction [118]
FeS@Dehalococcoides mccartyi Biohybrid Enhanced dechlorination of trichloroethene [119]
CdS@Moorella thermoacetica Biohybrid Cor.ltmuous production of acetate over several days [120]
of light/dark cycles
A 148%, 122%, and 147% increase in production of
CdS@Rhodopseudomonas palustris ~ Biohybrid solid biomass, carotenoids, and [121]
poly-B-hydroxybutyrate (PHB), respectively
CdS@Clostridium Biohybrid Production acetate from CO; by using only light [122]
autoethanogenum Y 20y 8 Ony g
. . . Production of 1.41 g PHB from fructose over 120 h
CdS@Cupriavidus necator Biohybrid and 28 mg from CO, over 48 h [123]
. . Production of acetate from CO, with a quantum
CdS@Sporomusa ovata Biohybrid yield of 168 = 9% over 5 days [124]
. . . . . A 250% higher CHy yield than the
Ni:CdS@Methanosarcina barkeri ~ Biohybrid CdS@Methanosarcina barkeri biohybrid [125]
Transition metal carbides (TMCs)
A maximum power density of 1.05 & 0.0264 W m2,
Mo,C/CNTs MFC anode 13-fold higher than that of carbon felt electrode [126]
A maximum power density of 1025 mW m~2, 5-fold
Nanoporous MopC MEFC anode higher than that of carbon felt electrode [19]
A maximum power density of 1697 W m~2, 2-fold
Mo,C/rGO MEC anode and 13-fold higher than that of graphene and carbon  [127]
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Table 1. Cont.

Nanomaterials Applications Performances Reference
A maximum power density of 3.26 W m~2, chemical
oxygen demand removal rate of 95.5%, coulombic

we MEC anode efficiency of 83.2%, 2.14-fold, 1.22-fold, and 1.71-fold |\
of that obtained by naked carbon cloth

, A maximum power density of 3.74 W m 2, 82.4%

TisC, MXene MFC anode higher than that of carbon cloth [129]

Transition metal nitrides (TMNs)
A 523% increase in power density (548 mW m~2), an
83% decrease in chemical oxygen demand, and a

W;,N-MXene MFC anode o . .. [130]
161% increase in electron transfer efficiency
compared to those of plain carbon cloth

FesN-FesC MEC anode A maximum power density increased from [131]

28.57 mW m~2 to 58.86 mW m 2

3.4. Metal Sulfides

Transition metal sulfides (TMSs) are commonly used as highly active electrocatalysts
and have also been used in the field of microbial electrocatalysis (Table 1). Back in 2010,
Nakamura et al. found, for the first time, that the FeS colloids produced by S. loihica PV-4
could self-organize to from electron-conducting networks, resulting in a two orders of mag-
nitude higher electricity production of the S. loihica PV-4 cells [132]. Afterward, Jiang et al.
further proved the promotion effect of biogenic FeS nanoparticles on the S. loihica PV-4 EET
through a detailed investigation of the structure and composition of the cell/nanoparticle
interface [114]. Similarly, the S. oneidensis MR-1 cell strain was also found to generate extra-
cellular FeS nanowires and was used as electron conduits for long-range EET [133]. The
decoration of graphene with FeS; nanoparticles was demonstrated to not only benefit the
enrichment of electrochemically active Geobacter species but also promote the EET process,
which has given rise to a fast start-up time and an unprecedented power density [115].
Recently, Zhu et al. proved that the biogenic FeS that formed on S. oneidensis MR-1 cell
surfaces during the ferrihydrite reduction process could significantly increase the EET rate
through continuously monitoring the reduction rate of ferrihydrite, and they proposed
that the biogenic FeS could act as a solid electron mediator for efficient EET [116]. More
significantly, Yu et al. proposed a concept of a single-cell electron collector (Figure 5), which
was in situ built with a FeS conductive layer on and across the individual S. oneidensis MR-1
cell membrane, and the single electron collector formed intimate contact with the cellular
electron transfer route [117]. As a consequence, the in situ synthesized FeS single-cell
electron collector efficiently wired living cells with an abiotic electrode surface, which
achieved a record-high interfacial EET efficiency and performance of microbial electrochem-
ical systems. In addition to the above-mentioned current production, the enhancement of
the FeS nanointerface on microbial EET has also been widely used to accelerate the removal
of environmental pollutants, such as the reduction of toxic hexavalent chromium [118] and
the dechlorination of trichloroethene [119].

In the last decade, CdS has been another high-profile semiconductor metal sulfide
in the field of wiring microbial EET processes due to its excellent light absorption and
high photoelectron yield, which has led to a new cutting-edge research frontier of artificial
photosynthesis [134,135]. As a pioneering work, Sakimoto et al. developed an artificial pho-
tosynthetic hybrid through the self-photosensitization of a non-photosynthetic bacterium
Moorella thermoacetica with CdS nanoparticles, in which the biological precipitated clusters
of small CdS nanoparticles (<10 nm) that were deposited on the bacterial cell surface and in
the periplasm could serve as light harvesters with high quantum yields, thus sustaining the
cellular metabolism of M. thermoacetica for the selective and continuous photosynthesis of ac-
etate from CO; over several days of light/dark cycles [120]. Afterward, a series of artificial
hybrids for artificial photosynthesis have been developed, such as CdS@Rhodopseudomonas
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palustris [121], CdS@Clostridium autoethanogenum [122], CdS@Cupriavidus necator [123],
CdS@Sporomusa ovata [124], and CdS@Methanosarcina barkeri [125] for the production of
various chemicals. These works demonstrate a promising future for artificial photosynthetic
systems to combat global warming and resource depletion.
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Figure 5. The FeS single-cell electron collector on individual S. oneidensis MR-1 cell: (a) schematic
illustration of collector assembly; (b) scanning electron micrograph; (c) transmission electron micro-
graph; (d,e) EDS mapping; (f) fluorescence microscopy image; (g) current output under different
conditions; and (h) proposed electron transfer pathway (with permission from [117]).

3.5. Metal Carbides

Transition metal carbides (TMCs), such as Mo,C and WC, are also widely used in
diverse electrocatalytic reactions, including microbial electrocatalysis (Table 1), due to
their Pt-like electric and catalytic characteristics. As early as 2010, Zeng et al. found
that the MFC power density delivered by the Mo,C anodic catalyst could be compared
to that obtained by the Pt anodic catalyst [136]. A possible contribution of nano Mo,C
catalyst to microbial electricity production was its electrocatalytic activity towards the
oxidation of hydrogen, a common electron-rich metabolite of microorganisms [126]. In
addition, Zou et al. proved that the nanoporous Mo,C catalyst, grown on carbon fibers,
showed significant electrocatalytic activity towards endogenous electron shuttle flavins
with an obvious negative shift of formal redox potential, which indicated a more favorable
thermodynamic driving force for anodic indirect EET [19]. To further improve the EET
at the S. oneidensis MR-1/anode interface, they introduced the highly conductive rGO to
overcome the insufficient conductivity of Mo, C nanoparticles, which produced a record-
high MFC power density [127]. Considering that pure Mo,C nanoparticles are difficult to
synthesize and easy to aggregate, Zeng et al. prepared a highly dispersed polydopamine-
modified Mo,C/MoQO; nanoparticle as an anode electrocatalyst by using polydopamine
that contained amine and phenol groups as the soft template, which achieved an obvious
increase in MFC power density compared to the unmodified Mo,C/MoO; catalyst [137].
Recently, nanostructured Mo, C has also been shown to increase the electrocatalytic activity
of microbial cathodes greatly. For example, a three-dimensional macroporous carbon co-
decorated with polydopamine and Mo,C (Mo,C/N-doped LS), when used as an MES
cathode, achieved an increased acetate production rate by 2.5 times compared with carbon
felt, resulting in a maximum acetate concentration of 6.08 g L~! and a 64% coulomb
efficiency [59]. Recently, the Mo,C-modified carbon cloth cathode was found to greatly
promote the electric-driven fumarate reduction by S. oneidensis MR-1 due to the increased
interfacial EET [18].

In addition to Mo,C, WC also showed electrocatalytic activity towards microbial
metabolites (e.g., hydrogen and formate), thus enabling a high MFC power and current
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density when used as an anodic catalyst [138]. The carbon cloth decorated with WC
nanoparticles was found to not only promote the attachment of dense biofilm but also
enrich the exoelectrogens of Geobacter, Geothrix, and Pseudomonas, which led to an enhanced
MEC power density, chemical oxygen demand removal rate, and coulombic efficiency by
2.14,1.22, and 1.71 folds, respectively, compared with the naked carbon cloth anode [128].
A two-dimensional TizC,; MXene anode was also found to greatly improve the MFC
output voltage and power density, which benefited from its multilayer structure, high
surface area, good conductivity for fast microbial growth, mass transfer, and more active
sites for biological electrocatalytic redox reactions [129]. The above reports substantially
demonstrated the significant benefits of the electrocatalytic activity of TMCs in boosting
microbial EET in microbial electrochemical systems.

3.6. Metal Nitrides

Similar to TMCs, transition metal nitrides (TMNs) have also shown great potential
for electrochemical energy conversion and storage (e.g., supercapacitors, batteries, and
electrocatalytic reactions) due to their unique electronic structure, high electrical conductiv-
ity, good chemical stability, large volumetric energy density, and excellent electrocatalytic
activity [139,140]. However, the application of TMNs in promoting microbial EET in
microbial electrochemical systems is relatively rare, with only two recent cases to our
knowledge (Table 1). Kolubah et al. prepared a W,N-MXene composite catalyst through
the introduction of W,N nanoparticles into the Ti3C,Tx MXene for the purpose of improv-
ing the wettability, electrical conductivity, electron transfer efficiency, and microorganism
attachment capability [130]. As a consequence, the MFC power density obtained by the
W, N-TizCyTx-decorated carbon cloth anode was, respectively, 52% and 84% higher than
that obtained by the Ti3C,Tx-decorated carbon cloth anode and plain carbon cloth anode,
with an obviously increased chemical oxygen demand removal and coulombic efficiency.
Cheng et al. investigated the effect of the carbon felt anode modified with Fe3N and Fe;C
nanoparticles on the MFC'’s electrical performance and found a significantly increased
output voltage and maximum power density [131]. Although the cases are limited, it is also
proved that TMNSs can promote microbial EET. Of course, the specific effect mechanism
needs to be further clarified.

4. Conclusion and Perspectives

With the concept that microbial electrochemical systems are collaborative systems of
microbial catalysis and electrocatalysis, this tutorial review presents a summary of electro-
catalytic nanomaterials used for promoting the microbial EET process and a discussion on
the underlying effect mechanisms. A series of nanostructured catalysts with highly electro-
catalytic activity, including heteroatom-doped nanocarbons, precious metals, and transition
metal compounds (TMOs, TMSs, TMCs, and TMNs), have been demonstrated to show
great merits in boosting both the outward and inward EET through diverse enhancement
mechanisms. The functionalization of microbial electrodes with nanomaterials generally
offers advantages in reducing interfacial electron exchange resistance, promoting EAM cell
adhesion and biofilm growth, and providing more active sites for electrochemical redox
reactions. More impressively, these electrocatalytic nanomaterials showed unique features
that improve the microbial EET kinetics by tuning the redox potential of outer-membrane
Cyts and electron shuttles and heightening the amounts of available EET components by
stimulating the related biosynthetic metabolism. These pieces of evidence not only further
demonstrate the inherent bridge between the biocatalysis of EAMs and electrocatalysis
of electrodes but also show a promising avenue for the realization of high-performance
microbial electrochemical systems through rational electrode design and fabrication.

Of course, in order to achieve the above goals at an early date, we believe that more
efforts need to be made in the following areas in the future. Firstly, the application of elec-
trocatalytic nanomaterials is still mainly concentrated in the MFC anodes with outward EET
and relatively little in the MES cathodes with inward EET. However, given the deteriorating
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climate and depleting resources, MESs that convert CO, to highly valuable chemicals using
electricity as electron donors should be more competitive in future practical applications.
Therefore, more efforts need to be devoted to the design and use of electrocatalytic nanoma-
terials to strengthen the performance of MES cathodes and to comprehensively investigate
the underlying mechanisms. Meanwhile, the construction of an artificial photosynthesis
system by the direct hybridization of EAMs with nanocatalysts with semiconductor proper-
ties is emerging and deserves rapid development. Secondly, electrocatalytic nanomaterials
can directly impact the microbial EET components and even the intracellular metabolism.
Thus, the biological modification of EAMs by means of systematic and synthetic biology
is a new and promising direction to realize the adaptive connection between biocatalysis
and electrocatalysis. Thirdly, the microbial EET pathway at the bio—abiotic interface is
a highly complex process, and the specific mechanisms, especially inward EET, are not
well understood. This is a key obstacle to the rational design of electrocatalytic materi-
als and the modification of biocatalytic cells. In addition, the phylogenetical diversity
of EAMs further complicates the EET pathways. Therefore, it is not only necessary to
use various multidisciplinary techniques to clarify the EET mechanism of specific EAM
strains deeply but also to use artificial intelligence technologies for big data analyses and
simulation, which is expected to accelerate the development and commercialization of
microbial electrochemical systems.

Author Contributions: Conceptualization, X.W. and X.L.; validation, X.W. and Q.Z.; formal analysis,
X.W,; investigation, X.W.; writing—original draft preparation, X.W.; writing—review and editing,
X.L. and Q.Z,; visualization and funding acquisition, X.W. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the Science and Technology Research project of the Jiangxi
Provincial Department of Education, grant number 191558.

Data Availability Statement: The research data presented in this study are available upon request
from the corresponding authors.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Logan, B.E.; Rossi, R.; Ragab, A.A_; Saikaly, PE. Electroactive microorganisms in bioelectrochemical systems. Nat. Rev. Microbiol.
2019, 17, 307-319. [CrossRef] [PubMed]

2. Shi, L.; Dong, H.L.; Reguera, G.; Beyenal, H.; Lu, A.H; Liu, J.; Yu, H.Q.; Fredrickson, J.K. Extracellular electron transfer
mechanisms between microorganisms and minerals. Nat. Rev. Microbiol. 2016, 14, 651-662. [CrossRef] [PubMed]

3.  Zhao, H.H.; Kong, C.H. Enhanced removal of p-nitrophenol in a microbial fuel cell after long-term operation and the catabolic
versatility of its microbial community. Chem. Eng. J. 2018, 339, 424-431. [CrossRef]

4. Butti, S.K.; Velvizhi, G.; Sulonen, M.L.K.; Haavisto, ].M.; Koroglu, E.O.; Cetinkaya, A.Y.; Singh, S.; Arya, D.; Modestra, J.A.;
Krishna, K.V;; et al. Microbial electrochemical technologies with the perspective of harnessing bioenergy: Maneuvering towards
upscaling. Renew. Sust. Energ. Rev. 2016, 53, 462—476. [CrossRef]

5. Chen, H; Dong, EY.; Minteer, S.D. The progress and outlook of bioelectrocatalysis for the production of chemicals, fuels and
materials. Nat. Catal. 2020, 3, 225-244. [CrossRef]

6. Qiao, Y.; Bao, S.J.; Li, C.M. Electrocatalysis in microbial fuel cells-from electrode material to direct electrochemistry. Energy
Environ. Sci. 2010, 3, 544-553. [CrossRef]

7. Rabaey, K.; Rozendal, R.A. Microbial electrosynthesis-revisiting the electrical route for microbial production. Nat. Rev. Microbiol.
2010, 8, 706-716. [CrossRef]

8.  Logan, B.E.; Hamelers, B.; Rozendal, R.A.; Schrorder, U.; Keller, ].; Freguia, S.; Aelterman, P.; Verstraete, W.; Rabaey, K. Microbial
fuel cells: Methodology and technology. Environ. Sci. Technol. 2006, 40, 5181-5192. [CrossRef] [PubMed]

9. Bian, B.; Bajracharya, S.; Xu, J.J.; Pant, D.; Saikaly, P.E. Microbial electrosynthesis from CO,: Challenges, opportunities and
perspectives in the context of circular bioeconomy. Bioresour. Technol. 2020, 302, 122863. [CrossRef]

10. Chen, G.X,; Wang, R.C.; Sun, M.X,; Chen, ].; Iyobosa, E.; Zhao, ].F. Carbon dioxide reduction to high-value chemicals in microbial
electrosynthesis system: Biological conversion and regulation strategies. Chemosphere 2023, 344, 140251. [CrossRef]

11. Zhou, M.H.; Chi, M.L.; Luo, J.M.; He, H.H.; Jin, T. An overview of electrode materials in microbial fuel cells. J. Power Sources 2011,
196, 4427-4435. [CrossRef]

12.  Zhang, C.; Ren, L.L.; Wang, X.Y.; Liu, T.X. Graphene Oxide-Assisted Dispersion of Pristine Multiwalled Carbon Nanotubes in

Aqueous Media. J. Phys. Chem. C 2010, 114, 11435-11440. [CrossRef]


https://doi.org/10.1038/s41579-019-0173-x
https://www.ncbi.nlm.nih.gov/pubmed/30846876
https://doi.org/10.1038/nrmicro.2016.93
https://www.ncbi.nlm.nih.gov/pubmed/27573579
https://doi.org/10.1016/j.cej.2018.01.158
https://doi.org/10.1016/j.rser.2015.08.058
https://doi.org/10.1038/s41929-019-0408-2
https://doi.org/10.1039/b923503e
https://doi.org/10.1038/nrmicro2422
https://doi.org/10.1021/es0605016
https://www.ncbi.nlm.nih.gov/pubmed/16999087
https://doi.org/10.1016/j.biortech.2020.122863
https://doi.org/10.1016/j.chemosphere.2023.140251
https://doi.org/10.1016/j.jpowsour.2011.01.012
https://doi.org/10.1021/jp103745g

Appl. Sci. 2024, 14, 6733 15 of 19

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Zhang, P; Liu, J.; Qu, Y.P; Li, D.; He, W.H.; Feng, Y.J. Nanomaterials for facilitating microbial extracellular electron transfer:
Recent progress and challenges. Bioelectrochemistry 2018, 123, 190-200. [CrossRef] [PubMed]

Olabi, A.G.; Wilberforce, T.; Sayed, E.T.; Elsaid, K.; Rezk, H.; Abdelkareem, M.A. Recent progress of graphene based nanomaterials
in bioelectrochemical systems. Sci. Total Environ. 2020, 749, 141225. [CrossRef]

Mahalingam, S.; Ayyaru, S.; Ahn, Y.H. Facile one-pot microwave assisted synthesis of tGO-CuS-ZnS hybrid nanocomposite
cathode catalysts for microbial fuel cell application. Chemosphere 2021, 278, 130426. [CrossRef]

Li, W.; Yue, HY,; Zhang, C.Y;; Hu, ].Y,; Wang, Q.L.; Li, YM.; Zhang, S.H.; Chen, ].M.; Zhao, J.K. Engineering multiscale
polypyrrole/carbon nanotubes interface to boost electron utilization in a bioelectrochemical system coupled with chemical
absorption for NO removal. Chemosphere 2022, 303, 134943. [CrossRef] [PubMed]

Zou, L.; Qiao, Y.; Wu, X.S.; Ma, C.X,; Li, X.; Li, C.M. Synergistic effect of titanium dioxide nanocrystal/reduced graphene oxide
hybrid on enhancement of microbial electrocatalysis. J. Power Sources 2015, 276, 208-214. [CrossRef]

Zhu, Q.; Peng, ].X.; Huang, Y.H.; Ni, H.Y,; Long, Z.-E.; Zou, L. Effect of Mo,C-functionalized electrode interface on enhancing
microbial cathode electrocatalysis: Beyond electrochemical hydrogen evolution. Electrochim. Acta 2023, 443, 141924. [CrossRef]
Zou, L.; Lu, Z.S.; Huang, YH.; Long, Z.-E.; Qiao, Y. Nanoporous Mo, C functionalized 3D carbon architecture anode for boosting
flavins mediated interfacial bioelectrocatalysis in microbial fuel cells. J. Power Sources 2017, 359, 549-555. [CrossRef]

Chen, M.; Zhou, X.E; Liu, X.; Zeng, RJ.; Zhang, E; Ye, J.; Zhou, S. Facilitated extracellular electron transfer of Geobacter
sulfurreducens biofilm with in situ formed gold nanoparticles. Biosens. Bioelectron. 2018, 108, 20-26. [CrossRef]

Fu, X.Z.; Wu, J.; Li, J; Ding, J.; Cui, S.; Wang, XM.; Wang, Y.J.; Liu, H.Q.; Deng, X.; Liu, D.E; et al. Heavy-metal resistant
bio-hybrid with biogenic ferrous sulfide nanoparticles: pH-regulated self-assembly and wastewater treatment application. J.
Hazard. Mater. 2023, 446, 130667. [CrossRef]

Ma, J.C,; Zhang, J.; Zhang, Y.Z.; Guo, Q.L.; Hu, T.J.; Xiao, H.; Lu, W.B,; Jia, ].F. Progress on anodic modification materials and
future development directions in microbial fuel cells. J. Power Sources 2023, 556, 232486. [CrossRef]

Li, J.Y;; Han, HX; Chang, Y.H.; Wang, B. The material-microorganism interface in microbial hybrid electrocatalysis systems.
Nanoscale 2023, 15, 6009-6024. [CrossRef] [PubMed]

Zou, L.; Qiao, Y.; Li, C.M. Boosting Microbial Electrocatalytic Kinetics for High Power Density: Insights into Synthetic Biology
and Advanced Nanoscience. Electrochem. Energy Rev. 2018, 1, 567-598. [CrossRef]

Paquete, C.M.; Rosenbaum, M.A.; Baneras, L.; Rotaru, A.-E.; Puig, S. Let’s chat: Communication between electroactive microor-
ganisms. Bioresour. Technol. 2022, 347, 126705. [CrossRef]

Breuer, M.; Rosso, K.M.; Blumberger, J.; Butt, ].N. Multi-haem cytochromes in Shewanella oneidensis MR-1: Structures, functions
and opportunities. J. R. Soc. Interface 2015, 12, 20141117. [CrossRef]

Marritt, S.J.; Lowe, T.G.; Bye, J.; McMillan, D.G.G.; Shi, L.; Fredrickson, J.; Zachara, J.; Richardson, D.J.; Cheesman, M.R; Jeuken,
L.J.C.; etal. A functional description of CymA, an electron-transfer hub supporting anaerobic respiratory flexibility in Shewanella.
Biochem. |. 2012, 444, 465-474. [CrossRef]

McMillan, D.G.G.; Marritt, S.J.; Firer-Sherwood, M.A.; Shi, L.; Richardson, D.].; Evans, S.D.; Elliott, S.J.; Butt, ].N.; Jeuken, L.]J.C.
Protein-Protein Interaction Regulates the Direction of Catalysis and Electron Transfer in a Redox Enzyme Complex. J. Am. Chem.
Soc. 2013, 135, 10550-10556. [CrossRef]

White, G.F; Shi, Z.; Shi, L.; Wang, Z.M.; Dohnalkova, A.C.; Marshall, M.].; Fredrickson, ].K.; Zachara, ].M.; Butt, ].N.; Richardson,
D.J.; et al. Rapid electron exchange between surface-exposed bacterial cytochromes and Fe(IIl) minerals. Proc. Natl. Acad. Sci.
USA 2013, 110, 6346—6351. [CrossRef] [PubMed]

Liu, YM.; Wang, Z.M.; Liu, J.; Levar, C.; Edwards, M.].; Babauta, ].T.; Kennedy, D.W.; Shi, Z.; Beyenal, H.; Bond, D.R.; et al. A
trans-outer membrane porin-cytochrome protein complex for extracellular electron transfer by Geobacter sulfurreducens PCA.
Environ. Microbiol. Rep. 2014, 6, 776-785. [CrossRef]

Shi, L.; Fredrickson, ] K.; Zachara, ].M. Genomic analyses of bacterial porin-cytochrome gene clusters. Front. Microbiol. 2014, 5,
657. [CrossRef] [PubMed]

Pirbadian, S.; Barchinger, S.E.; Leung, K.M.; Byun, H.S.; Jangir, Y.; Bouhenni, R.A ; Reed, S.B.; Romine, M.E,; Saffarini, D.A.; Shi, L.;
et al. Shewanella oneidensis MR-1 nanowires are outer membrane and periplasmic extensions of the extracellular electron transport
components. Proc. Natl. Acad. Sci. USA 2014, 111, 12883-12888. [CrossRef] [PubMed]

Reguera, G.; McCarthy, K.D.; Mehta, T.; Nicoll, ].S.; Tuominen, M.T.; Lovley, D.R. Extracellular electron transfer via microbial
nanowires. Nature 2005, 435, 1098-1101. [CrossRef] [PubMed]

Wang, F; Gu, Y.; O’Brien, J.P; Yi, S.M.; Yalcin, S.E.; Srikanth, V.; Shen, C.; Vu, D.; Ing, N.L.; Hochbaum, A.L; et al. Structure of
Microbial Nanowires Reveals Stacked Hemes that Transport Electrons over Micrometers. Cell 2019, 177, 361-369.e10. [CrossRef]
[PubMed]

Gu, Y.Q.; Guberman-Pfeffer, M.].; Srikanth, V.; Shen, C.; Giska, F.; Gupta, K.; Londer, Y.; Samatey, F.A ; Batista, V.S.; Malvankar,
N.S. Structure of Geobacter cytochrome OmcZ identifies mechanism of nanowire assembly and conductivity. Nat. Microbiol. 2023,
8,284-298. [CrossRef] [PubMed]

Marsili, E.; Baron, D.B.; Shikhare, 1.D.; Coursolle, D.; Gralnick, J.A.; Bond, D.R. Shewanella Secretes flavins that mediate
extracellular electron transfer. Proc. Natl. Acad. Sci. USA 2008, 105, 3968-3973. [CrossRef]

Kluepfel, L.; Piepenbrock, A.; Kappler, A.; Sander, M. Humic substances as fully regenerable electron acceptors in recurrently
anoxic environments. Nat. Geosci. 2014, 7, 195-200. [CrossRef]


https://doi.org/10.1016/j.bioelechem.2018.05.005
https://www.ncbi.nlm.nih.gov/pubmed/29800809
https://doi.org/10.1016/j.scitotenv.2020.141225
https://doi.org/10.1016/j.chemosphere.2021.130426
https://doi.org/10.1016/j.chemosphere.2022.134943
https://www.ncbi.nlm.nih.gov/pubmed/35569635
https://doi.org/10.1016/j.jpowsour.2014.11.127
https://doi.org/10.1016/j.electacta.2023.141924
https://doi.org/10.1016/j.jpowsour.2017.05.101
https://doi.org/10.1016/j.bios.2018.02.030
https://doi.org/10.1016/j.jhazmat.2022.130667
https://doi.org/10.1016/j.jpowsour.2022.232486
https://doi.org/10.1039/D3NR00742A
https://www.ncbi.nlm.nih.gov/pubmed/36912348
https://doi.org/10.1007/s41918-018-0020-1
https://doi.org/10.1016/j.biortech.2022.126705
https://doi.org/10.1098/rsif.2014.1117
https://doi.org/10.1042/BJ20120197
https://doi.org/10.1021/ja405072z
https://doi.org/10.1073/pnas.1220074110
https://www.ncbi.nlm.nih.gov/pubmed/23538304
https://doi.org/10.1111/1758-2229.12204
https://doi.org/10.3389/fmicb.2014.00657
https://www.ncbi.nlm.nih.gov/pubmed/25505896
https://doi.org/10.1073/pnas.1410551111
https://www.ncbi.nlm.nih.gov/pubmed/25143589
https://doi.org/10.1038/nature03661
https://www.ncbi.nlm.nih.gov/pubmed/15973408
https://doi.org/10.1016/j.cell.2019.03.029
https://www.ncbi.nlm.nih.gov/pubmed/30951668
https://doi.org/10.1038/s41564-022-01315-5
https://www.ncbi.nlm.nih.gov/pubmed/36732469
https://doi.org/10.1073/pnas.0710525105
https://doi.org/10.1038/ngeo2084

Appl. Sci. 2024, 14, 6733 16 of 19

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Carlson, HK,; Iavarone, A.T.; Gorur, A.; Yeo, B.S.; Tran, R.; Melnyk, R.A.; Mathies, R.A.; Auer, M.; Coates, ].D. Surface multiheme
c-type cytochromes from Thermincola potens and implications for respiratory metal reduction by Gram- positive bacteria. Proc.
Natl. Acad. Sci. USA 2012, 109, 1702-1707. [CrossRef] [PubMed]

Light, S.H.; Su, L.; Rivera-Lugo, R.; Cornejo, J.A.; Louie, A.; Iavarone, A.T.; Ajo-Franklin, C.M.; Portnoy, D.A. A flavin-based
extracellular electron transfer mechanism in diverse Gram-positive bacteria. Nature 2018, 562, 140-144. [CrossRef]

Lovley, D.R. Powering microbes with electricity: Direct electron transfer from electrodes to microbes. Environ. Microbiol. Rep.
2011, 3, 27-35. [CrossRef]

Ross, D.E.; Flynn, ].M.; Baron, D.B.; Gralnick, J.A.; Bond, D.R. Towards Electrosynthesis in Shewanella: Energetics of Reversing the
Mtr Pathway for Reductive Metabolism. PLoS ONE 2011, 6, e16649. [CrossRef] [PubMed]

Pous, N.; Carmona-Martinez, A.A; Vilajeliu-Pons, A ; Fiset, E.; Baneras, L.; Trably, E.; Dolors Balaguer, M.; Colprim, J.; Bernet, N.;
Puig, S. Bidirectional microbial electron transfer: Switching an acetate oxidizing biofilm to nitrate reducing conditions. Biosens.
Bioelectron. 2016, 75, 352-358. [CrossRef] [PubMed]

Strycharz, S.M.; Glaven, R.H.; Coppi, M.V.; Gannon, S.M.; Perpetua, L.A.; Liu, A.; Nevin, K.P; Lovley, D.R. Gene expression
and deletion analysis of mechanisms for electron transfer from electrodes to Geobacter sulfurreducens. Bioelectrochemistry 2011, 80,
142-150. [CrossRef]

Dantas, ].M.; Tomaz, D.M.; Morgado, L.; Salgueiro, C.A. Functional characterization of PccH, a key cytochrome for electron
transfer from electrodes to the bacterium Geobacter sulfurreducens. FEBS Lett. 2013, 587, 2662-2668. [CrossRef] [PubMed]
Harrington, T.D.; Tran, V.N.; Mohamed, A.; Renslow, R,; Biria, S.; Orfe, L.; Call, D.R.; Beyenal, H. The mechanism of neutral
red-mediated microbial electrosynthesis in Escherichia coli: Menaquinone reduction. Bioresour. Technol. 2015, 192, 689-695.
[CrossRef] [PubMed]

Yang, Y.; Ding, Y.Z.; Hu, Y.D,; Cao, B,; Rice, S.A; Kjelleberg, S.; Song, H. Enhancing Bidirectional Electron Transfer of Shewanella
oneidensis by a Synthetic Flavin Pathway. ACS Synth. Biol. 2015, 4, 815-823. [CrossRef] [PubMed]

Nevin, K.P; Woodard, T.L.; Franks, A.E.; Summers, Z.M.; Lovley, D.R. Microbial Electrosynthesis: Feeding Microbes Electricity To
Convert Carbon Dioxide and Water to Multicarbon Extracellular Organic Compounds. Mbio 2010, 1, 10-1128. [CrossRef] [PubMed]
Doud, D.ER.; Angenent, L.T. Toward Electrosynthesis with Uncoupled Extracellular Electron Uptake and Metabolic Growth:
Enhancing Current Uptake with Rhodopseudomonas palustris. Environ. Sci. Technol. Lett. 2014, 1, 351-355. [CrossRef]

Karbelkar, A.A.; Rowe, A.R.; El-Naggar, M.Y. An electrochemical investigation of interfacial electron uptake by the sulfur
oxidizing bacterium Thioclava electrotropha EIOx9. Electrochim. Acta 2019, 324, 134838. [CrossRef]

Sen Thapa, B.; Kim, T.; Pandit, S.; Song, Y.E.; Afsharian, Y.P.; Rahimnejad, M.; Kim, ].R.; Oh, S.-E. Overview of electroactive
microorganisms and electron transfer mechanisms in microbial electrochemistry. Bioresour. Technol. 2022, 347, 126579. [CrossRef]
Lovley, D.R.; Holmes, D.E. Electromicrobiology: The ecophysiology of phylogenetically diverse electroactive microorganisms.
Nat. Rev. Microbiol. 2022, 20, 5-19. [CrossRef]

Zhao, ].T; Li, E; Cao, Y.X.; Zhang, X.B.; Chen, T,; Song, H.; Wang, Z.W. Microbial extracellular electron transfer and strategies for
engineering electroactive microorganisms. Biotechnol. Adv. 2021, 53, 107682. [CrossRef]

Wu, X.S.; Qjao, Y.; Shi, Z.Z.; Tang, W.; Li, C.M. Hierarchically Porous N-Doped Carbon Nanotubes/Reduced Graphene Oxide
Composite for Promoting Flavin-Based Interfacial Electron Transfer in Microbial Fuel Cells. ACS Appl. Mater. Interfaces 2018, 10,
11671-11677. [CrossRef] [PubMed]

Wang, J.; Li, B.; Wang, S.P; Liu, T.B,; Jia, B.Y,; Liu, W.Z.; Dong, P. Metal-organic framework-derived iron oxide modified carbon
cloth as a high-power density microbial fuel cell anode. J. Clean Prod. 2022, 341, 130725. [CrossRef]

Chen, M.Q.; Guo, W.X,; Zhang, Y.; Xiao, H.F; Lin, ].].; Rao, Y.; Zhang, M.; Cheng, FL.; Lu, X.H. Activated nitrogen-doped ordered
porous carbon as advanced anode for high-performance microbial fuel cells. Electrochim. Acta 2021, 391, 138920. [CrossRef]
Yang, Y.; Liu, TY,; Zhu, X.; Zhang, F; Ye, D.D.; Liao, Q.; Li, Y. Boosting Power Density of Microbial Fuel Cells with 3D
Nitrogen-Doped Graphene Aerogel Electrode. Adv. Sci. 2016, 3, 1600097. [CrossRef] [PubMed]

Yu, Y.Y.; Guo, C.X,; Yong, Y.C,; Li, C.M,; Song, H. Nitrogen doped carbon nanoparticles enhanced extracellular electron transfer
for high-performance microbial fuel cells anode. Chemosphere 2015, 140, 26-33. [CrossRef] [PubMed]

Lu, M,; Qian, Y.J.; Yang, C.C.; Huang, X,; Li, H.; Xie, X.J.; Huang, L.; Huang, W. Nitrogen-enriched pseudographitic anode derived
from silk cocoon with tunable flexibility for microbial fuel cells. Nano Energy 2017, 32, 382-388. [CrossRef]

Huang, H.E; Wang, H.Q.; Huang, Q.; Song, T.S.; Xie, J.J. Mo,C/N-doped 3D loofah sponge cathode promotes microbial
electrosynthesis from carbon dioxide. Int. |. Hydrogen Energy 2021, 46, 20325-20337. [CrossRef]

Hu, J.P; Zeng, C.P; Liu, G.L,; Ren, Z.].; Luo, H.P; Teng, M. Carbon dots internalization enhances electroactive biofilm formation
and microbial acetate synthesis. . Clean Prod. 2023, 411, 137333. [CrossRef]

Wang, Y.X,; Li, W.Q.; He, C.S.; Zhao, H.Q.; Han, ].C,; Liu, X.C.; Mu, Y. Active N dopant states of electrodes regulate extracellular
electron transfer of Shewanella oneidensis MR-1 for bioelectricity generation: Experimental and theoretical investigations. Biosens.
Bioelectron. 2020, 160, 112231. [CrossRef] [PubMed]

Shan, J.X,; Sun, X.Q.; Zheng, S.Y.; Wang, T.D.; Zhang, X.W,; Li, G.Z. Graphitic N-dominated nitrogen-doped carbon nanotubes as
efficient metal-free catalysts for hydrogenation of nitroarenes. Carbon 2019, 146, 60-69. [CrossRef]

Haider, M.R,; Jiang, W.L.; Han, J.L.; Sharif, HM.A.; Ding, Y.C.; Cheng, H.Y.; Wang, A.J. In-situ electrode fabrication from
polyaniline derived N-doped carbon nanofibers for metal-free electro-Fenton degradation of organic contaminants. Appl. Catal.
B-Environ. 2019, 256, 117774. [CrossRef]


https://doi.org/10.1073/pnas.1112905109
https://www.ncbi.nlm.nih.gov/pubmed/22307634
https://doi.org/10.1038/s41586-018-0498-z
https://doi.org/10.1111/j.1758-2229.2010.00211.x
https://doi.org/10.1371/journal.pone.0016649
https://www.ncbi.nlm.nih.gov/pubmed/21311751
https://doi.org/10.1016/j.bios.2015.08.035
https://www.ncbi.nlm.nih.gov/pubmed/26339932
https://doi.org/10.1016/j.bioelechem.2010.07.005
https://doi.org/10.1016/j.febslet.2013.07.003
https://www.ncbi.nlm.nih.gov/pubmed/23851008
https://doi.org/10.1016/j.biortech.2015.06.037
https://www.ncbi.nlm.nih.gov/pubmed/26094195
https://doi.org/10.1021/sb500331x
https://www.ncbi.nlm.nih.gov/pubmed/25621739
https://doi.org/10.1128/mBio.00103-10
https://www.ncbi.nlm.nih.gov/pubmed/20714445
https://doi.org/10.1021/ez500244n
https://doi.org/10.1016/j.electacta.2019.134838
https://doi.org/10.1016/j.biortech.2021.126579
https://doi.org/10.1038/s41579-021-00597-6
https://doi.org/10.1016/j.biotechadv.2020.107682
https://doi.org/10.1021/acsami.7b19826
https://www.ncbi.nlm.nih.gov/pubmed/29557635
https://doi.org/10.1016/j.jclepro.2022.130725
https://doi.org/10.1016/j.electacta.2021.138920
https://doi.org/10.1002/advs.201600097
https://www.ncbi.nlm.nih.gov/pubmed/27818911
https://doi.org/10.1016/j.chemosphere.2014.09.070
https://www.ncbi.nlm.nih.gov/pubmed/25439129
https://doi.org/10.1016/j.nanoen.2016.12.046
https://doi.org/10.1016/j.ijhydene.2021.03.165
https://doi.org/10.1016/j.jclepro.2023.137333
https://doi.org/10.1016/j.bios.2020.112231
https://www.ncbi.nlm.nih.gov/pubmed/32469730
https://doi.org/10.1016/j.carbon.2019.01.103
https://doi.org/10.1016/j.apcatb.2019.117774

Appl. Sci. 2024, 14, 6733 17 of 19

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Yuan, H.R.; Deng, L.E; Qian, X.; Wang, L.F; Li, D.N.; Chen, Y,; Yuan, Y. Significant enhancement of electron transfer from
Shewanella oneidensis using a porous N-doped carbon cloth in a bioelectrochemical system. Sci. Total Environ. 2019, 665, 882-889.
[CrossRef]

Wu, X.S.; Qiao, Y.; Guo, C.X,; Shi, Z.Z.; Li, C. M. Nitrogen doping to atomically match reaction sites in microbial fuel cells. Comm.
Chem. 2020, 3, 68. [CrossRef] [PubMed]

Zhang, L.].; He, WH.; Yang, ].C.; Sun, ].Q.; Li, H.D.; Han, B.; Zhao, S.L.; Shi, Y.A.; Feng, Y.J.; Tang, Z.Y.; et al. Bread-derived
3D macroporous carbon foams as high performance free-standing anode in microbial fuel cells. Biosens. Bioelectron. 2018, 122,
217-223. [CrossRef]

Du, Y.X,; Sheng, H.T.; Astruc, D.; Zhu, M.Z. Atomically Precise Noble Metal Nanoclusters as Efficient Catalysts: A Bridge between
Structure and Properties. Chem. Rev. 2020, 120, 526—622. [CrossRef]

Zhao, S.L.; Li, Y.C,; Yin, H.].; Liu, Z.Z.; Luan, E.X.; Zhao, F; Tang, Z.Y.; Liu, S.Q. Three-dimensional graphene /Pt nanoparticle
composites as freestanding anode for enhancing performance of microbial fuel cells. Sci. Adv. 2015, 1, €1500372. [CrossRef]
[PubMed]

Quan, X.C.; Sun, B.; Xu, H.D. Anode decoration with biogenic Pd nanoparticles improved power generation in microbial fuel
cells. Electrochim. Acta 2015, 182, 815-820. [CrossRef]

Zou, L.; Zhu, E; Long, Z.-E.; Huang, Y.H. Bacterial extracellular electron transfer: A powerful route to the green biosynthesis of
inorganic nanomaterials for multifunctional applications. J. Nanobiotechnol. 2021, 19, 120. [CrossRef]

Rajput, V.D.; Minkina, T.; Kimber, R.L.; Singh, VK.; Shende, S.; Behal, A.; Sushkova, S.; Mandzhieva, S.; Lloyd, J.R. Insights into
the Biosynthesis of Nanoparticles by the Genus Shewanella. Appl. Environ. Microbiol. 2021, 87, €01390-21. [CrossRef] [PubMed]
Cao, B.; Zhao, Z.P,; Peng, L.L.; Shiu, H.Y.; Ding, M.N.; Song, F.; Guan, X.; Lee, C.K.; Huang, J.; Zhu, D.; et al. Silver nanoparticles
boost charge-extraction efficiency in Shewanella microbial fuel cells. Science 2021, 373, 1336-1340. [CrossRef] [PubMed]
Egan-Morriss, C.; Kimber, R.L.; Powell, N.A.; Lloyd, J.R. Biotechnological synthesis of Pd-based nanoparticle catalysts. Nanoscale
Adv. 2022, 4, 654-679. [CrossRef]

Wu, X; Zhao, E; Rahunen, N.; Varcoe, ].R.; Avignone-Rossa, C.; Thumser, A.E.; Slade, R.C.T. A Role for Microbial Palladium
Nanoparticles in Extracellular Electron Transfer. Angew. Chem.-Int. Edit. 2011, 50, 427-430. [CrossRef] [PubMed]

You, LX,; Pan, D.M.; Chen, N.J.; Lin, W.E; Chen, Q.S.; Rensing, C.; Zhou, S.G. Extracellular electron transfer of Enterobacter cloacae
SgZ-5T via bi-mediators for the biorecovery of palladium as nanorods. Environ. Int. 2019, 123, 1-9. [CrossRef] [PubMed]

Wang, J.H.; Lin, WM.; Chen, Y.C,; Hu, Y.Y; Luo, Q.]. Prompting the FDH/Hases-based electron transfers during Pt(IV) reduction
mediated by bio-Pd(0). J. Hazard. Mater. 2021, 417, 126090. [CrossRef] [PubMed]

Jia, Y.T; Qian, D.S.; Chen, Y.C.; Hu, Y.Y. Intra/extracellular electron transfer for aerobic denitrification mediated by in-situ
biosynthesis palladium nanoparticles. Water Res. 2021, 189, 116612. [CrossRef] [PubMed]

Jimenez-Sandoval, R.; Pedireddy, S.; Katuri, K.P,; Saikaly, P.E. Facile Biological-Based Synthesis of Size-Controlled Palladium
Nanoclusters Anchored on the Surface of Geobacter sulfurreducens and Their Application in Electrocatalysis. ACS Sustain. Chem.
Eng. 2023, 11, 1100-1109. [CrossRef]

Ahmed, E; Kalathil, S.; Shi, L.; Alharbi, O.; Wang, P. Synthesis of ultra-small platinum, palladium and gold nanoparticles by
Shewanella lothica PV-4 electrochemically active biofilms and their enhanced catalytic activities. J. Saudi Chem. Soc. 2018, 22,
919-929. [CrossRef]

Yu, Y; Liu, C.; Gu, S.J.; Wei, YH.; Li, L.; Qu, Q. Upcycling spent palladium-based catalysts into high value-added catalysts
via electronic regulation of Escherichia coli to high-efficiently reduce hexavalent chromium. Environ. Pollut. 2023, 337, 122660.
[CrossRef]

Dundas, C.M.; Graham, A.]J.; Romanovicz, D.K.; Keitz, B.K. Extracellular Electron Transfer by Shewanella oneidensis Controls
Palladium Nanoparticle Phenotype. ACS Synth. Biol. 2018, 7, 2726-2736. [CrossRef] [PubMed]

Zheng, 7.Y.; Xiao, Y.; Cao, H.L.; Tian, X.C.; Wu, R.R.; Zhang, ].D.; Ulstrup, ]J.; Zhao, F. Effect of Copper and Phosphate on the
Biosynthesis of Palladium Nanoparticles by Shewanella oneidensis MR-1. Chemelectrochem 2020, 7, 4460—4468. [CrossRef]

Cheng, Y.Y.; Wang, W.J.; Ding, S.T.; Zhang, M.X,; Tang, A.G.; Zhang, L.; Li, D.B.; Li, B.B.; Deng, G.Z.; Wu, C. Pyruvate Accelerates
Palladium Reduction by Regulating Catabolism and the Electron Transfer Pathway in Shewanella oneidensis. Appl. Environ.
Microbiol. 2021, 87, €02716-20. [CrossRef] [PubMed]

Sahoo, S.; Wickramathilaka, K.Y.; Njeri, E.; Silva, D.; Suib, S.L. A review on transition metal oxides in catalysis. Front. Chem. 2024,
12,1374878. [CrossRef] [PubMed]

Li, Y.L.; Wang, HW.; Tang, L.F.; Zhu, H.-W. Titanium dioxide nanoparticles enhance photocurrent generation of cyanobacteria.
Biochem. Biophys. Res. Commun. 2023, 672, 113-119. [CrossRef] [PubMed]

Zhou, S.G; Tang, ].H.; Yuan, Y.; Yang, G.Q.; Xing, B.S. TiO, Nanoparticle-Induced Nanowire Formation Facilitates Extracellular
Electron Transfer. Environ. Sci. Technol. Lett. 2018, 5, 564-570. [CrossRef]

Santos, J.S.; Tarek, M.; Sikora, M.S.; Praserthdam, S.; Praserthdam, P. Anodized TiO, nanotubes arrays as microbial fuel cell (MFC)
electrodes for wastewater treatment: An overview. J. Power Sources 2023, 564, 232872. [CrossRef]

Kim, K.N,; Lee, S.H.; Kim, H.; Park, Y.H.; In, S.-I. Improved Microbial Electrolysis Cell Hydrogen Production by Hybridization
with a TiO, Nanotube Array Photoanode. Energies 2018, 11, 3184. [CrossRef]

Chen, M.Q,; Liu, X.Q.; Cheng, EL.; Lu, X.H.; Tong, Y.X. Oxygen-deficient TiO, decorated carbon paper as advanced anodes for
microbial fuel cells. Electrochim. Acta 2021, 366, 137468. [CrossRef]


https://doi.org/10.1016/j.scitotenv.2019.02.082
https://doi.org/10.1038/s42004-020-0316-z
https://www.ncbi.nlm.nih.gov/pubmed/36703435
https://doi.org/10.1016/j.bios.2018.09.005
https://doi.org/10.1021/acs.chemrev.8b00726
https://doi.org/10.1126/sciadv.1500372
https://www.ncbi.nlm.nih.gov/pubmed/26702430
https://doi.org/10.1016/j.electacta.2015.09.157
https://doi.org/10.1186/s12951-021-00868-7
https://doi.org/10.1128/AEM.01390-21
https://www.ncbi.nlm.nih.gov/pubmed/34495739
https://doi.org/10.1126/science.abf3427
https://www.ncbi.nlm.nih.gov/pubmed/34529487
https://doi.org/10.1039/D1NA00686J
https://doi.org/10.1002/anie.201002951
https://www.ncbi.nlm.nih.gov/pubmed/21132820
https://doi.org/10.1016/j.envint.2018.11.018
https://www.ncbi.nlm.nih.gov/pubmed/30481672
https://doi.org/10.1016/j.jhazmat.2021.126090
https://www.ncbi.nlm.nih.gov/pubmed/34020357
https://doi.org/10.1016/j.watres.2020.116612
https://www.ncbi.nlm.nih.gov/pubmed/33189971
https://doi.org/10.1021/acssuschemeng.2c06143
https://doi.org/10.1016/j.jscs.2018.02.002
https://doi.org/10.1016/j.envpol.2023.122660
https://doi.org/10.1021/acssynbio.8b00218
https://www.ncbi.nlm.nih.gov/pubmed/30396267
https://doi.org/10.1002/celc.202001151
https://doi.org/10.1128/AEM.02716-20
https://www.ncbi.nlm.nih.gov/pubmed/33514518
https://doi.org/10.3389/fchem.2024.1374878
https://www.ncbi.nlm.nih.gov/pubmed/38828016
https://doi.org/10.1016/j.bbrc.2023.06.051
https://www.ncbi.nlm.nih.gov/pubmed/37348173
https://doi.org/10.1021/acs.estlett.8b00275
https://doi.org/10.1016/j.jpowsour.2023.232872
https://doi.org/10.3390/en11113184
https://doi.org/10.1016/j.electacta.2020.137468

Appl. Sci. 2024, 14, 6733 18 of 19

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

Yin, T,; Lin, Z.Y,; Su, L.; Yuan, CW.; Fu, D.G. Preparation of Vertically Oriented TiO, Nanosheets Modified Carbon Paper
Electrode and Its Enhancement to the Performance of MFCs. ACS Appl. Mater. Interfaces 2015, 7, 400-408. [CrossRef]

Yin, T.; Li, H.; Su, L,; Liu, S.; Yuan, C.; Fu, D. The catalytic effect of TiO, nanosheets on extracellular electron transfer of Shewanella
loihica PV-4. Phys. Chem. Chem. Phys. 2016, 18, 29871-29878. [CrossRef] [PubMed]

Duarte, K.D.Z.; Kwon, Y.C. In situ carbon felt anode modification via codeveloping Saccharomyces cerevisiae living-template
titanium dioxide nanoclusters in a yeast-based microbial fuel cell. ]. Power Sources 2020, 474, 228651. [CrossRef]

Su, L,; Yin, T.; Du, H.X,; Zhang, W.; Fu, D.G. Synergistic improvement of Shewanella loihica PV-4 extracellular electron transfer
using TiO,@TiN nanocomposite. Bioelectrochemistry 2020, 134, 107519. [CrossRef] [PubMed]

Yin, T.; Su, L.; Li, H,; Lin, X.X,; Dong, L.; Du, H.X.; Fu, D.G. Nitrogen doping of TiO, nanosheets greatly enhances bioelectricity
generation of S-loihica PV-4. Electrochim. Acta 2017, 258, 1072-1080. [CrossRef]

Feng, H.]J; Liang, Y.X.; Guo, K.; Chen, W.; Shen, D.S.; Huang, L.J.; Zhou, Y.Y.; Wang, M.Z.; Long, Y.Y. TiO; Nanotube Arrays
Modified Titanium: A Stable, Scalable, and Cost-Effective Bioanode for Microbial Fuel Cells. Environ. Sci. Technol. Lett. 2016, 3,
420-424. [CrossRef]

Wang, L.; Su, L.; Chen, HH,; Yin, T.; Lin, Z.Y.; Lin, X.X,; Yuan, C.W.,; Fu, D.G. Carbon paper electrode modified by goethite
nanowhiskers promotes bacterial extracellular electron transfer. Mater. Lett. 2015, 141, 311-314. [CrossRef]

Ma, J.C.; Shi, N.; Jia, J.F. Fe304 nanospheres decorated reduced graphene oxide as anode to promote extracellular electron transfer
efficiency and power density in microbial fuel cells. Electrochim. Acta 2020, 362, 137126. [CrossRef]

Song, R.B.; Zhao, C.-E.; Gai, PP.;; Guo, D; Jiang, L.P; Zhang, Q.C.; Zhang, J.R.; Zhu, J.J. Graphene /Fe30, Nanocomposites as
Efficient Anodes to Boost the Lifetime and Current Output of Microbial Fuel Cells. Chem.-Asian J. 2017, 12, 308-313. [CrossRef]
[PubMed]

Viggi, C.C.; Colantoni, S.; Falzetti, F.; Bacaloni, A.; Montecchio, D.; Aulenta, F. Conductive Magnetite Nanoparticles Enhance the
Microbial Electrosynthesis of Acetate from CO, while Diverting Electrons away from Methanogenesis. Fuel Cells 2020, 20, 98-106.
[CrossRef]

He, Y.T,; Li, Q.; Li, ].; Zhang, L.; Fu, Q.; Zhu, X.; Liao, Q. Magnetic assembling GO/Fe30O,/microbes as hybridized biofilms for
enhanced methane production in microbial electrosynthesis. Renew. Energy 2022, 185, 862—-870. [CrossRef]

Cheng, J.; Xia, R.X,; Li, H.; Chen, Z.; Zhou, X.Y.; Ren, X.Y.; Dong, H.Q.; Lin, R.C.; Zhou, ].H. Enhancing Extracellular Electron
Transfer of Geobacter sulfurreducens in Bioelectrochemical Systems Using N-Doped Fe3Os@Carbon Dots. ACS Sustain. Chem. Eng.
2022, 10, 3935-3950. [CrossRef]

He, X,; Lu, H.; Fu, J.].; Zhou, H.; Qian, X.C.; Qiao, Y. Promotion of direct electron transfer between Shewanella putrefaciens CN32
and carbon fiber electrodes via in situ growth of «-Fe,O3 nanoarray. Front. Microbiol. 2024, 15, 1407800. [CrossRef]

Zhang, C.Y,; Liang, P; Yang, X.F; Jiang, Y.; Bian, Y.H.; Chen, C.M.; Zhang, X.Y.; Huang, X. Binder-free graphene and manganese
oxide coated carbon felt anode for high-performance microbial fuel cell. Biosens. Bioelectron. 2016, 81, 32-38. [CrossRef] [PubMed]
Zhao, X.H.; Tian, T.; Guo, M,; Liu, X,; Liu, X. Cauliflower-like polypyrrole@MnO, modified carbon cloth as a capacitive anode for
high-performance microbial fuel cells. J. Chem. Technol. Biotechnol. 2020, 95, 163-172. [CrossRef]

Anwer, A.H.; Khan, M.D.; Khan, N.; Nizami, A.S.; Rehan, M.; Khan, M.Z. Development of novel MnO, coated carbon felt cathode
for microbial electroreduction of CO, to biofuels. J. Environ. Manag. 2019, 249, 109376. [CrossRef] [PubMed]

Thatikayala, D.; Pant, D.; Min, B. MnO, /reduced graphene oxide nanohybrids as a cathode catalyst for the microbial reduction of
CO; to acetate and isobutyric acid. Sustain. Energy Technol. Assess. 2021, 45, 101114. [CrossRef]

Kalathil, S.; Katuri, K.P; Saikaly, P.E. Synthesis of an amorphous Geobacter-manganese oxide biohybrid as an efficient water
oxidation catalyst. Green Chem. 2020, 22, 5610-5618. [CrossRef]

Qiao, Y.; Wu, X.S.; Li, C.M. Interfacial electron transfer of Shewanella putrefaciens enhanced by nanoflaky nickel oxide array in
microbial fuel cells. |. Power Sources 2014, 266, 226-231. [CrossRef]

Wu, X.S.; Shi, Z.Z.; Qiao, Y.; Zou, Z.; Guo, C.X.; Li, C.M. Macroporous spider net-like NiO nanowire on carbon nanowire to grow
a biofilm with multi-layered bacterium cells toward high-power microbial fuel cells. ]. Power Sources 2021, 506, 230133. [CrossRef]
Pushkar, P; Prakash, O.; Imran, M.; Mungray, A.A; Kailasa, S.K.; Mungray, A.K. Effect of cerium oxide nanoparticles coating on
the electrodes of benthic microbial fuel cell. Sep. Sci. Technol. 2019, 54, 213-223. [CrossRef]

Wang, Y.Q.; Li, B.; Xiang, X.D.; Guo, C.L.; Li, W.S. Carbon Nanotubes Conjugated Mesoporous Tungsten Trioxide as Anode
Electrocatalyst for Microbial Fuel Cells. ECS J. Solid State Sci. Technol. 2020, 9, 115010. [CrossRef]

Mehdinia, A.; Ziaei, E.; Jabbari, A. Multi-walled carbon nanotube/SnO; nanocomposite: A novel anode material for microbial
fuel cells. Electrochim. Acta 2014, 130, 512-518. [CrossRef]

Yin, T.; Zhang, H.; Yang, G.Q.; Wang, L. Polyaniline composite TiO, nanosheets modified carbon paper electrode as a high
performance bioanode for microbial fuel cells. Synth. Met. 2019, 252, 8-14. [CrossRef]

Jiang, X.C.; Hu, J.S.; Lieber, A.M.; Jackan, C.S.; Biffinger, J.C.; Fitzgerald, L.A.; Ringeisen, B.R.; Lieber, C.M. Nanoparticle
Facilitated Extracellular Electron Transfer in Microbial Fuel Cells. Nano Lett. 2014, 14, 6737-6742. [CrossRef] [PubMed]

Wang, RW.; Yan, M,; Li, H.D.; Zhang, L.; Peng, B.Q.; Sun, J.Z.; Liu, D.; Liu, S.Q. FeS; Nanoparticles Decorated Graphene as
Microbial-Fuel-Cell Anode Achieving High Power Density. Adv. Mater. 2018, 30, e1800618. [CrossRef] [PubMed]

Zhu, E; Huang, YH.; Ni, H.Y,; Tang, J.; Zhu, Q.; Long, Z.-E.; Zou, L. Biogenic iron sulfide functioning as electron-mediating
interface to accelerate dissimilatory ferrihydrite reduction by Shewanella oneidensis MR-1. Chemosphere 2022, 288, 132661. [CrossRef]
[PubMed]


https://doi.org/10.1021/am506360x
https://doi.org/10.1039/C6CP04509J
https://www.ncbi.nlm.nih.gov/pubmed/27759123
https://doi.org/10.1016/j.jpowsour.2020.228651
https://doi.org/10.1016/j.bioelechem.2020.107519
https://www.ncbi.nlm.nih.gov/pubmed/32251985
https://doi.org/10.1016/j.electacta.2017.11.160
https://doi.org/10.1021/acs.estlett.6b00410
https://doi.org/10.1016/j.matlet.2014.11.121
https://doi.org/10.1016/j.electacta.2020.137126
https://doi.org/10.1002/asia.201601272
https://www.ncbi.nlm.nih.gov/pubmed/27925443
https://doi.org/10.1002/fuce.201900152
https://doi.org/10.1016/j.renene.2021.12.117
https://doi.org/10.1021/acssuschemeng.1c08167
https://doi.org/10.3389/fmicb.2024.1407800
https://doi.org/10.1016/j.bios.2016.02.051
https://www.ncbi.nlm.nih.gov/pubmed/26918615
https://doi.org/10.1002/jctb.6218
https://doi.org/10.1016/j.jenvman.2019.109376
https://www.ncbi.nlm.nih.gov/pubmed/31437708
https://doi.org/10.1016/j.seta.2021.101114
https://doi.org/10.1039/C9GC04353E
https://doi.org/10.1016/j.jpowsour.2014.05.015
https://doi.org/10.1016/j.jpowsour.2021.230133
https://doi.org/10.1080/01496395.2018.1501393
https://doi.org/10.1149/2162-8777/aba910
https://doi.org/10.1016/j.electacta.2014.03.011
https://doi.org/10.1016/j.synthmet.2019.03.027
https://doi.org/10.1021/nl503668q
https://www.ncbi.nlm.nih.gov/pubmed/25310721
https://doi.org/10.1002/adma.201800618
https://www.ncbi.nlm.nih.gov/pubmed/29665169
https://doi.org/10.1016/j.chemosphere.2021.132661
https://www.ncbi.nlm.nih.gov/pubmed/34699878

Appl.

Sci. 2024, 14, 6733 19 0f 19

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Yu, Y.Y.; Wang, Y.Z.; Fang, Z.; Shi, Y.T.; Cheng, Q.W.; Chen, Y.X.; Shi, W.D.; Yong, Y.C. Single cell electron collectors for highly
efficient wiring-up electronic abiotic/biotic interfaces. Nat. Commun. 2020, 11, 4087. [CrossRef]

Qian, D.S,; Liu, HM.; Hu, F; Song, S.; Chen, Y.C. Extracellular electron transfer-dependent Cr(VI)/sulfate reduction mediated by
iron sulfide nanoparticles. J. Biosci. Bioeng. 2022, 134, 153-161. [CrossRef] [PubMed]

Li, YR.; Zhao, H.P; Zhu, L.Z. Iron Sulfide Enhanced the Dechlorination of Trichloroethene by Dehalococcoides mccartyi Strain 195.
Front. Microbiol. 2021, 12, 665281. [CrossRef]

Sakimoto, K.K.; Wong, A.B.; Yang, P.D. Self-photosensitization of nonphotosynthetic bacteria for solar-to-chemical production.
Science 2016, 351, 74-77. [CrossRef]

Wang, B.; Jiang, Z.; Yu, ].C.; Wang, J.F,; Wong, PK. Enhanced CO, reduction and valuable Cy, chemical production by a
CdS-photosynthetic hybrid system. Nanoscale 2019, 11, 9296-9301. [CrossRef] [PubMed]

Jin, S.; Jeon, Y.; Jeon, M.S.; Shin, J.; Song, Y.; Kang, S.; Bae, J.; Cho, S.; Lee, ].-K; Kim, D.R.; et al. Acetogenic bacteria utilize
light-driven electrons as an energy source for autotrophic growth. Proc. Natl. Acad. Sci. USA 2021, 118, €2020552118. [CrossRef]
[PubMed]

Xu, M.Y,; Tremblay, P.-L.; Ding, R.; Xiao, ].X.; Wang, J.T.; Kang, Y.; Zhang, T. Photo-augmented PHB production from CO, or
fructose by Cupriavidus necator and shape-optimized CdS nanorods. Sci. Total Environ. 2021, 753, 106504. [CrossRef] [PubMed]
He, Y,; Wang, S.R.; Han, X.Y,; Shen, ].Y; Lu, YW.; Zhao, ].Z.; Shen, C.P;; Qiao, L. Photosynthesis of Acetate by Sporomusa ovata-CdS
Biohybrid System. ACS Appl. Mater. Interfaces 2022, 14, 23364-23374. [CrossRef] [PubMed]

Ye,J.; Ren, G.P,; Kang, L.; Zhang, Y.Y,; Liu, X.; Zhou, S.G.; He, Z. Efficient Photoelectron Capture by Ni Decoration in Methanosarcina
barkeri-CdS Biohybrids for Enhanced Photocatalytic CO,-to-CH4 Conversion. Iscience 2020, 23, 101287. [CrossRef] [PubMed]
Wang, Y.Q.; Li, B.; Cui, D.; Xiang, X.D.; Li, W.S. Nano-molybdenum carbide/carbon nanotubes composite as bifunctional anode
catalyst for high-performance Escherichia coli-based microbial fuel cell. Biosens. Bioelectron. 2014, 51, 349-355. [CrossRef] [PubMed]
Zou, L.; Huang, Y.H.; Wu, X.; Long, Z.-E. Synergistically promoting microbial biofilm growth and interfacial bioelectrocatalysis
by molybdenum carbide nanoparticles functionalized graphene anode for bioelectricity production. J. Power Sources 2019, 413,
174-181. [CrossRef]

Liu, D.; Chang, Q.H.; Gao, Y,; Huang, W.C.; Sun, Z.Y.; Yan, M.; Guo, C.S. High performance of microbial fuel cell afforded by
metallic tungsten carbide decorated carbon cloth anode. Electrochim. Acta 2020, 330, 135243. [CrossRef]

Liu, D.; Wang, RW.; Chang, W.; Zhang, L.; Peng, B.Q.; Li, H.D.; Liu, S.Q.; Yan, M.; Guo, C.S. TizC; MXene as an excellent anode
material for high-performance microbial fuel cells. |. Mater. Chem. A 2018, 6, 20887-20895. [CrossRef]

Kolubah, P.D.; Mohamed, H.O.; Ayach, M.; Hari, A.R.; Alshareef, H.N.; Saikaly, P; Chae, K.-J.; Castano, P. W,N-MXene composite
anode catalyst for efficient microbial fuel cells using domestic wastewater. Chem. Eng. J. 2023, 461, 141821. [CrossRef]

Cheng, G.S,; Yang, Y.H.; Luo, E.C.; Suthar, D.K;; Zhao, Y.; Luan, X.; Wang, X.Q.; Dong, C.Q. Degradation and power generation
performance of modified-anode microbial fuel cells for kitchen wastewater. J. Power Sources 2024, 591, 233841. [CrossRef]
Nakamura, R.; Okamoto, A.; Tajima, N.; Newton, G.J.; Kai, F; Takashima, T.; Hashimoto, K. Biological Iron-Monosulfide
Production for Efficient Electricity Harvesting from a Deep-Sea Metal-Reducing Bacterium. Chembiochem 2010, 11, 643-645.
[CrossRef] [PubMed]

Kondo, K.; Okamoto, A.; Hashimoto, K.; Nakamura, R. Sulfur-Mediated Electron Shuttling Sustains Microbial Long-Distance
Extracellular Electron Transfer with the Aid of Metallic Iron Sulfides. Langmuir 2015, 31, 7427-7434. [CrossRef] [PubMed]
Kornienko, N.; Zhang, J.Z.; Sakimoto, K.K.; Yang, P; Reisner, E. Interfacing nature’s catalytic machinery with synthetic materials
for semi-artificial photosynthesis. Nat. Nanotechnol. 2018, 13, 890-899. [CrossRef] [PubMed]

Zhu, Q.H.; Xu, Q.; Du, M.M.; Zeng, X.F,; Zhong, G.E; Qiu, B.C.; Zhang, ].L. Recent Progress of Metal Sulfide Photocatalysts for
Solar Energy Conversion. Adv. Mater. 2022, 34, €2202929. [CrossRef] [PubMed]

Zeng, L.Z.; Zhang, L.X,; Li, W.S.; Zhao, S.F; Lei, ].E; Zhou, Z.H. Molybdenum carbide as anodic catalyst for microbial fuel cell
based on Klebsiella pneumoniae. Biosens. Bioelectron. 2010, 25, 2696-2700. [CrossRef] [PubMed]

Zeng, L.Z.; Chen, X.F; Li, HY,; Xiong, J.; Hu, M.H,; Li, X,; Li, W.S. Highly dispersed polydopamine-modified Mo,C/MoO,
nanoparticles as anode electrocatalyst for microbial fuel cells. Electrochim. Acta 2018, 283, 528-537. [CrossRef]

Rosenbaum, M.; Zhao, E; Schroeder, U.; Scholz, F. Interfacing electrocatalysis and biocatalysis with tungsten carbide: A
high-performance, noble-metal-free microbial fuel cell. Angew. Chem.-Int. Edit. 2006, 45, 6658—-6661. [CrossRef] [PubMed]
Zhong, Y.; Xia, X.H.; Shi, F; Zhan, ].Y; Tu, ].P.; Fan, H.J. Transition Metal Carbides and Nitrides in Energy Storage and Conversion.
Adv. Sci. 2016, 3, 1500286. [CrossRef]

Gao, B,; Li, X.X.; Ding, K.; Huang, C.; Li, Q.W.; Chu, PK.; Huo, K.F. Recent progress in nanostructured transition metal nitrides
for advanced electrochemical energy storage. J. Mater. Chem. A 2019, 7, 14-37. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/s41467-020-17897-9
https://doi.org/10.1016/j.jbiosc.2022.05.005
https://www.ncbi.nlm.nih.gov/pubmed/35690565
https://doi.org/10.3389/fmicb.2021.665281
https://doi.org/10.1126/science.aad3317
https://doi.org/10.1039/C9NR02896J
https://www.ncbi.nlm.nih.gov/pubmed/31049528
https://doi.org/10.1073/pnas.2020552118
https://www.ncbi.nlm.nih.gov/pubmed/33619098
https://doi.org/10.1016/j.scitotenv.2020.142050
https://www.ncbi.nlm.nih.gov/pubmed/32898811
https://doi.org/10.1021/acsami.2c01918
https://www.ncbi.nlm.nih.gov/pubmed/35576621
https://doi.org/10.1016/j.isci.2020.101287
https://www.ncbi.nlm.nih.gov/pubmed/32623335
https://doi.org/10.1016/j.bios.2013.07.069
https://www.ncbi.nlm.nih.gov/pubmed/23994845
https://doi.org/10.1016/j.jpowsour.2018.12.041
https://doi.org/10.1016/j.electacta.2019.135243
https://doi.org/10.1039/C8TA07305H
https://doi.org/10.1016/j.cej.2023.141821
https://doi.org/10.1016/j.jpowsour.2023.233841
https://doi.org/10.1002/cbic.200900775
https://www.ncbi.nlm.nih.gov/pubmed/20146276
https://doi.org/10.1021/acs.langmuir.5b01033
https://www.ncbi.nlm.nih.gov/pubmed/26070345
https://doi.org/10.1038/s41565-018-0251-7
https://www.ncbi.nlm.nih.gov/pubmed/30291349
https://doi.org/10.1002/adma.202202929
https://www.ncbi.nlm.nih.gov/pubmed/35621917
https://doi.org/10.1016/j.bios.2010.05.002
https://www.ncbi.nlm.nih.gov/pubmed/20570127
https://doi.org/10.1016/j.electacta.2018.06.192
https://doi.org/10.1002/anie.200602021
https://www.ncbi.nlm.nih.gov/pubmed/16969884
https://doi.org/10.1002/advs.201500286
https://doi.org/10.1039/C8TA05760E

	Introduction 
	EET Mechanisms 
	Outward EET from EMAs to Anodes 
	Inward EET from Cathodes to EAMs 

	Electrocatalytic Nanomaterials for Promoting EET 
	Heteroatom-Doped Carbons 
	Precious Metals 
	Metal Oxides 
	Metal Sulfides 
	Metal Carbides 
	Metal Nitrides 

	Conclusion and Perspectives 
	References

