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Abstract

:

Large-scale production of green and pollution-free materials is crucial for deploying sustainable clean energy. Currently, the fabrication of traditional energy materials involves complex technological conditions and high costs, which significantly limits their broad application in the industry. Microorganisms involved in energy production have the advantages of inexpensive production and safe process and can minimize the problem of chemical reagents in environmental pollution. This paper reviews the mechanisms of electron transport, redox, metabolism, structure, and composition of electroactive microorganisms in synthesizing energy materials. It then discusses and summarizes the applications of microbial energy materials in electrocatalytic systems, sensors, and power generation devices. Lastly, the research progress and existing challenges for electroactive microorganisms in the energy and environment sectors described herein provide a theoretical basis for exploring the future application of electroactive microorganisms in energy materials.
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1. Introduction


At present, large-scale exploitation of fossil energy has caused severe persecution on our environment and climate over the last few decades [1,2,3,4,5,6,7,8]. High-efficiency, environmentally friendly, and low-cost energy materials have attracted wide attention for applications in material science, biomedical science, and environmental science [9,10,11,12,13,14]. Large-scale production of promising green and sustainable materials is vital to convert renewable energy sources efficiently. Recently, advanced energy materials in electrocatalysis, biosensing, fuel cells, and power generation have been widely studied [11,15,16,17,18,19]. However, preparing traditional energy materials still involves complex technological conditions and high preparation costs, which dramatically limit the large-scale application of energy materials in the industry.



In nature, microorganisms widely exist in nature under various extreme environments. Generally, a large number of microorganisms can lead to the spread of infectious diseases, food decay, and metal corrosion. Electroactive microorganisms have a diversity of functions in anaerobic soil, intestinal systems, sediment, and other environments, where they can have electrical interactions with the environment. Microorganisms possess the advantages of simple morphological structures, such as balls, rods, screws, and branched filaments, which can be used as natural biological templates to construct energy materials [20,21,22,23]. Microbial cells with rich metal and nonmetallic elements can be used as elemental doping sources [24]. This method simplifies the steps in the synthetic process and enables the sustainable development of green energy materials. More interestingly, the microorganisms have various oxidoreductases [25,26]. This biological redox protein can catalyze the electron transfer reaction by reducing/oxidizing substrates [27]. The electrical signals produced from electron transfer can be widely used in electrosynthesis, sensors, and electrocatalysis [28,29,30]. In addition, the microbial metabolic process can convert respiratory substrates into substances, such as proteins, organic acids, sugars, and vitamins, realizing bidirectional electron transfer and energy exchange with the external environment [31,32].



In recent years, microbial electrochemical technology has demonstrated vast application potential in electric power production, environmental remediation, biosensing, and other fields [33]. This technology has been employed in microbial fermentation for hydrogen production, degradation of organic pollutants, wastewater treatment, etc. Microbial electrochemical systems involve complex mechanisms [34]. Many studies have been conducted to realize various electrochemical systems through extracellular electron transport and energy transfer between electroactive microorganisms and electrodes. The mechanisms of microorganism action in electrochemical systems are summarized in several recent reports, and we do not examine them in detail here [35,36]. Instead, we focus on the influence of microbial characteristics on the efficiency of electrochemical systems and the ways to regulate them [37]. The low extracellular electron transport efficiency of traditional electroactive microorganisms leads to the limited energy density of electrochemical systems, impeding their practical application. Regulating the structure and composition of electrode biofilms, the growth of biofilms, and the electron transfer mechanisms between microorganisms and electrodes is essential to realize efficient electrochemical reactions.



This review illustrates the advantages of electroactive microorganisms in electron transfer, growth metabolism, redox, and structural and compositional properties. The critical factors of electroactive microorganisms toward advanced energy materials are explored from the relationship between biological characteristics and electrochemical performance. The applications of microbial characteristics in energy materials, including electrocatalytic materials, biosensors, and power generation devices, are classified and evaluated. Finally, the development prospects for electroactive microorganisms and challenges in energy materials applications are proposed.




2. Electrocatalytic Systems


In general, microbial characteristics such as electron transfer, rich structure, and composition can be applied to construct advanced electrocatalytic materials in electrocatalytic systems [38,39,40]. The composition, crystal surface, size, and morphology of the electrode surface are important factors affecting the electrocatalytic system’s performance. Compared with conventional electrocatalytic materials, biomass-based electrode surfaces have the merits of large active sites and defects, controllable composition, and superior structure, which can be applied in electrocatalytic systems [41,42,43,44,45,46,47].



2.1. Microbial Properties in Electrocatalytic Systems


In nature, microorganisms have abundant structural configurations, including spherical, rod, spiral, or branched filaments. Their surface contains various organic functional groups, presenting rich sites for various reactions. The diversity of morphologies can act as natural biological templates for electrocatalysts. Genetic engineering, bioconjugation, infusion, and biological assembly of viruses are effective strategies for preparing efficient functional nanocatalyst materials (Figure 1a) [48]. Viruses (such as filamentous M13 bacteriophage) can be genetically engineered to produce a variety of virus-based and virus-like particles with excellent properties. Owing to their unique shell structure, residues (and functional groups) can be inserted or replaced to functionalize viruses with gene-encoded proteins. Genetic engineering can be introduced to directionally modify materials by regulating their composition and microstructure [49]. The genetic engineering technology of microorganisms can also load and immobilize nanomaterials, which can be scaled up to produce a variety of recyclable electrocatalytic systems. For example, Escherichia coli (E. coli) has been genetically modified to be photosensitive; the secreted histidine-tagged protein fibers under light conditions can be loaded and immobilized on the biofilm fiber network through the metal coordination, thereby reducing the damage to cells caused by the catalysts. This microbial genetic engineering technology provides a new scheme for hydrogen production and catalytic degradation [50,51]. The variety of functional groups attached at the surface of the subunits, membranes, and biopolymers can adsorb metal ions and rapidly reproduce; thus, microbes can be used to synthesize nanomaterials. In addition to the diverse structure of microorganisms, nonmetallic elements, such as C, N, P, and S, exist in microbial cells, and various metal elements are also enriched in the microbial metabolic process. These active elements in the cells act as a heteroatom source and can be doped into heterogeneous electrocatalysts to produce many active sites and defects, providing an efficient and straightforward strategy to prepare electrocatalysts [52,53].



Extracellular electron transport is divided into direct electron transfer (redox proteins, nanowires) and indirect electron transfer (diffusible redox mediators). These two mechanisms have been proposed to elucidate the respiratory activities of electroactive microbial substrates (Figure 1b) [41,54,55]. Generally, an electron transition can proceed by the microbial membrane and the extracellular acceptors. Direct electron transfer refers to direct physical contact between extracellular electron acceptors and redox proteins on the membrane surface. In addition, conductive pili on the microbial surface can be used to form microbial nanowires, enabling direct electron transfer over long distances and increasing the chances of microbial interactions with extracellular electron acceptors. Indirect electron transfer uses diffusible redox mediators as electron carriers to transport the released or received electrons, breaking the distance limit between microorganisms and extracellular electron acceptors, and completing the electron transfer between microorganisms and extracellular electron acceptors. The electroactive microorganisms can induce the redox potential difference between the metabolic-mediated electrode and the microorganism, which can improve the internal and external electron transfer efficiency of the electrode [56]. This electron transfer rate is a critical factor in affecting the reaction dynamics of the microbial electrocatalytic system. The adsorption and diffusion of microorganisms on the solid surface can significantly affect their electron transport efficiency, which is closely related to the amount of charge, surface area, porosity, thickness, and biocompatibility of the microorganism membrane interface. The microorganisms’ metabolism can transform the intracellular substances and other foreign molecules into proteins, nucleic acids, fat, and other substances [57]. These abundant metabolites and extremely high metabolic rates contribute to microorganisms’ highly efficient biological properties [58,59,60]. More importantly, the active substances and functional groups on the microorganisms can reassemble metal ions into nanocrystal particles, a process that is beneficial for constructing electrode materials with high catalytic activity [61].




2.2. Electroactive Microorganisms in Electrocatalysis


In the electrocatalytic system, the electron transfer characteristics of electroactive microorganisms couple microbial metabolism and electrode catalysis to achieve more efficient electrocatalytic reaction kinetics. The efficient electrocatalytic reaction kinetics enables clean energy production and organic waste treatment [52]. The application of microorganisms in electrocatalysts involves hydrogen evolution reaction (HER), oxygen evolution reaction (OER), oxygen reduction reaction (ORR), carbon dioxide reduction reaction (CO2RR), etc. These multistep reaction processes involve various intermediates, such as H*, HO*, COOH*, CO*, and CH3O* [62]. The adsorption/desorption of reaction intermediates on the catalyst surface directly affect their catalytic activity. In general, regulating the structure and vacancy of the surface, including substituting exogenous elements, phase transition, and strain, are effective strategies to increase the intrinsic activity or active sites of electrocatalysts. Extracellular electron transfer, unique structure, and composition of microorganisms can be used as biological templates and heteroatom sources to construct efficient electrocatalysts [20,63].



For instance, yeast cells possess globular porous structures and rich N and P contents in organisms. Yeast cells can adsorb Ni ions to the cell wall and serve as biological carbon templates [64]. After hydrothermal reaction and annealing, reduced graphene oxide (rGO) sheets are uniformly distributed. The Ni-Ni3P nanoparticles are embedded into N, P codoped carbon (NPC) on 3D graphene frameworks (Ni-Ni3P@NPC/rGO) (Figure 2a). Among them, N and P embedded in carbon-based templates and the heterostructure of Ni-Ni3P are beneficial to reduce the hydrogen adsorption during the HER process, improving the catalytic activity (Figure 2b).



Moreover, yeast’s porous and component-rich properties can also be applied to OER electrocatalysts. RuO2 is the most active OER catalyst in acidic electrolytes, with a relatively small starting potential and exceptionally superior stability. The yeast surface-adsorbed Ru ion becomes a dense and hard RuO2 layer that may form NPC@RuO2 in a quasi-vacuum environment by further pyrolysis. The resulting NPC@RuO2 of the yolk-shell structure, with an overpotential of 220 mV, reaches a current density of 10 mA cm−2 in 0.5 M sulfuric acid [67]. The cell wall of Gram-positive bacteria contains teichoic acid and peptidoglycan [65]. The abundant functional groups can adsorb Co ion on the surface of Gram-positive bacteria, and the release of organic matter can be transferred into oxide, forming metal-rich phosphide and abundant oxide surface. To further improve electron transport efficiency, GO and Co ions are added to modify the cell wall. Co2P-Co3O4 nanoparticles and rGO sheets obtained by calcination are uniformly distributed on submicron-spherical C substrates (Figure 2c). The internal substructure and gap between Co2P-Co3O4 nanoparticles and rGO sheets are beneficial for forming a porous structure with high specific surface area (Figure 2d). The as-obtained Co2P-Co3O4/rGO/C composite shows excellent electrocatalytic performance for ORR with an onset and half-wave potential of 0.91 V vs. reversible hydrogen electrode (RHE) and 0.80 V vs. RHE, respectively.



In addition, electroactive microorganisms can be applied to biosynthesize excellent electrocatalysts through corrosion and reduction (Figure 2e) [68,69]. Interestingly, the Pycnoporus sanguineus cells can reduce Au3+, and the Au nanoparticles supported on N-doped carbon (Au@NC) core-shell structure is synthesized by calcination [66]. Au nanoparticles formed on the carbon carrier and electrons can transfer from the Au to the NC shell, which induces its positive shift of binding energy against pure gold nanoparticles, significantly influencing the catalytic activity of Au@NC (Figure 2f). Au@NC has highly efficient HER activity with a small onset potential of only 54.1 mV vs. RHE and a Tafel slope of 76.8 mV dec−1.



Electrochemical CO2 reduction technology is a new energy storage method to convert electrical energy into chemical energy, but it currently needs to be improved by low activity and poor stability [70]. The design of efficient and rational CO2RR catalysts is essential for producing renewable and sustainable fuels. Sporomusa ovata has been genetically engineered to improve its methanol adaptability [71]. Autotrophic metabolism of Sporomusa ovata was accelerated using methanol as an electron donor. Culturing methanol-adapted Sporomusa ovata on silicon nanowires improved the catalytic efficiency of CO2RR by enhancing microbial metabolic activity. The synergy of the high-surface-area cathode and the adapted strain achieves a CO2-reducing current density of 0.88 ± 0.11 mA cm−2.





3. Microbial Sensors


3.1. Microbial Properties in Microbial Sensors


Oxidoreductases are biological redox proteins in microbial cells and can catalyze electron transfer reactions by reducing or oxidizing substrates in the biosensing field. When the microorganism anchors to the electrode surface, the enzyme’s active site binds to the recipient electrode (Figure 3) [40]. This electron transfer of redox reactions at the interface can produce different electrical signals, which presents great potential for applications in electrochemical microbial sensors. In general, redox reactions occur at the enzyme electrode–electrolyte interface, and the electron transfer rate at the interface is the critical factor affecting microbial sensors’ performance. Electrons can be directly transferred from the electrode to the enzyme’s active site for microorganisms with proteins, ferredoxin, and peroxidase [72]. This direct electron transfer mechanism requires a distinct active site and a short distance between the active site and electrode surface of the enzyme. Only a tiny fraction of proteins can undergo direct electron transfer in redox-transformed electrochemical systems [73]. When the enzyme’s active site in most microbial bodies is not obvious, or the distance between the active site and the electrode surface is considerable, the redox mediators (flavins, quinones) are required to shuttle the electrons between the enzyme and the electrode [74]. For example, Pseudomonas aeruginosa can generate various phenazine metabolites with redox activity. These phenazine metabolites act as electron shuttles to directly transfer electrons [75,76].



When the oxidoreductases are fixed on the electrode surface, the redox cofactors of microorganisms and the electrode potential can affect the biosensing reaction dynamics [77,78]. In general, the redox potential of the mediator should be within the catalytic potential of the enzyme, and a sufficient potential difference is required to provide the thermodynamic driving force [79]. Therefore, the critical factors, including specificity of the enzyme, the redox cofactor motif, the diffusion ability of the mediator, and the membrane activity of the oxidoreductase at the electrode, can affect the performance of the enzymatic electrochemical system [80]. Other vital strategies, such as the addition of non-natural electronic media, the design of an efficient heterogeneous metabolic pathway, and the membrane structure of enzymes at the electrode, can be adopted to determine the reaction efficiency of microbial sensing system [81].




3.2. Electroactive Microorganisms in Microbial Sensors


Microbial sensors can be used as clinical diagnostic tools to rapidly detect pathogen infection, deoxyribonucleic acid, pathogens, and hormones [82,83]. Microbial sensors usually comprise immobilized microbial film, signal output, and transducer [84]. The whole microorganism cell can be directly fixed on the electrode interface to form microbial membrane, which can be used as sensitive material for molecular recognition. Microbial sensors can be widely applied in environmental detection and clinical diagnosis with the merits of small size, easy to produce, low price, and degradable characteristics [85]. Table 1 summarizes the performance of different types of microbial sensors.



Interestingly, the outer membrane proteins and lipopolysaccharides can physically and chemically react with different types of sensors. Microorganisms do not require protein isolation or a purification step. Pseudomonas carrageenovora cells produce κ-carragenase and glycosulfatase for the specific determination of κ-carrageenan. The catalytic layer can be formed when the cell is fixed on the membrane electrode. The bienzymatic cascade reaction can catalyze the decomposition of κ-carrageenan. The κ-carragenase catalyzes the hydrolytic cleavage of the internal β-(1,4) glycosidic bond of the κ-carrageenan to produce neocarrabiose sulfate [3-O-(3,6-anhydro-α-D-galactopyranosyl)-D-galactopyranose-4-O-sulfate] and neocarratetraose-sulfate. The glycosulfatase catalyzes the enzymatic desulfation of neocarrabiose sulfate to neoagarobiose [3-O-(3,6-anhydro-α-L-galactopyranosyl)-D-galactopyranose], sulfate, and hydrogen ions. The concentration of κ-carrageenan was determined indirectly by the detected hydrogen ions concentration (Figure 4a,b) [96].



Currently, the widespread application of microbial sensors is still facing some difficulties. The toxic factors, such as heavy metals and toxic organic matter in the measured objects, can affect the stable response and life span of microorganisms [99,100]. Developing effective strategies, including microbial breeding, genetic engineering, and cell fusion technologies, can be used to construct mild immobilization techniques and improve the air permeability of microbial membranes, obtaining highly sensitive microbial nanosensors [101,102]. Microbial sensors are less sensitive to environmental changes than molecular-based biosensors [103]. Intact microbial living cells can be used as entities by modifying microbial genetic material. The introduced reporter gene system can operate under broader conditions, such as various temperatures and potential (Figure 4c) [97,104].



In addition to the traditional microbial sensors, devices that use energy obtained during wastewater treatment can be used as a self-powered sensor [105]. A novel microbial electrochemical device to treat wastewater was discovered using a microbial fuel cell (MFC) as a microbial sensor (Figure 4d) [98]. MFCs can directly convert wastewater into electricity by producing electrogenic bacteria. When used as a wastewater sensor, wastewater can cause a change in system voltage output, which can be monitored in situ. Without external power, the power generated through MFCs can support their operation. This novel MFC is a new biosensing device with high efficiency, low cost, and energy sustainability.





4. Power Generation Devices


With the development of current bioenergy technologies, electroactive microorganisms have great potential in power generation devices [47]. For example, some bacteria can break down organic molecules in the battery pack to release electrons, providing electricity externally by forming bacterial fuel cells. This process is often related to microorganism diversity, metabolic activity, and structural configuration [106,107]. More interestingly, some electroactive microorganisms can produce electric currents; their electrically conductive filaments can be used to mediate long-distance power generation [56]. Based on these microorganisms’ composition and structural characteristics, electroactive microorganisms can form positive/negative electrodes by self-assembly, heteroatomic doping, and activation methods, which can efficiently generate electricity, attracting wide attention concerning lithium batteries and air power generation fields [108,109].



4.1. Microbial Properties in Power Generation Devices


In microbial power generation, efficient electron transfer between electroactive microorganisms and electrodes is essential to define their performance and suitability. The electron transfer of several microorganisms can extend to the cell membrane through conductive nanowires (flagella, membrane capsule) with unique electron tracks [110]. Similar to metals, extracellular conducting nanowires have a unique electron transport mechanism. Electrons generated within cells can transport conductive nanowires to extracellular receptors, increasing the interaction between microbes and extracellular receptors, which has great potential in power generation devices. Various important factors, such as the number of surface functional groups, the porosity and pore distribution of microbial nanowire membrane, and the conductivity and network structure of the nanowire membrane–electrode interface, can significantly affect the efficiency and stability of power generation. For instance, the protein nanowires extracted from Geobacter species can be made into thin-film power generation devices [8]. For their composition and structural characteristics, some microorganisms contain reducing agent components, such as sodium borohydride, hydride, hydrazine, H2, etc., which can replace the necessary chemical reducing agent and electrode material [111].




4.2. Electroactive Microorganisms in Protein Nanowires


Protein nanowires have proteins with unique electronic tracks and conductive flagella [112]. They can serve as nanoscale “wires” to transport nutrients and communicate with other bacteria [113]. This biosynthesis enables the sustainable production of conductive nanowires without harsh synthesis conditions. In this complex enzymatic conducting network, the aspect ratio, the electrical conductivity, and the fixation of the conducting flagellum are the key factors limiting the enzyme’s power generation efficiency. The conductive flagella on the Geobacter sulfurreducens surface are assembled from the peptide monomer PilA, which contains abundant phenylalanine and tyrosine, contributing to π-π stacking along the flagellum for electron transport. Nevertheless, tryptophan can promote electron transport more effectively than phenylalanine or tyrosine. When tryptophan was added to the PilA protein by genetic engineering, the strain W51W57 with abundant pili was generated (Figure 5a,b). Owing to the excellent binding between the amino acids, the diameter of W51W57 pili is only 1.5 nm, half the diameter of the wild type, and the conductivity is increased several thousand times (Figure 5c) [114].



In addition, compared to traditional power generation technologies, air power generation, with the merits of sustainable production, small size, and low price, acts as a new clean energy technology [115]. Protein nanowires of many bacteria can transfer electrons from organic material to other bacteria or the environment in which they are located. In this regard, a thin-film device based on protein nanowires is designed to use water in the air for power generation [56]. This generator generates a continuous current for at least 20 h before self-charging with a power density of about 4 mW cm−3. The device consists of the bottom of a protein nanofilm produced by Geobacter and a gold electrode mounted on glass. Protein nanowires grown by the Geobacter sulfurreducens form a network structure on the membrane that can absorb water vapor from the atmosphere (Figure 5d). The moisture gradient caused by the water adsorption difference between the electrodes is an important factor in generating voltage (Figure 5e,f). The presence of these nanoholes in the film can explain the presence of a moisture gradient, and the thin pores between the film nanowires can generate a current between the two electrodes. This device, which requires only about 10 microns of protein-based nanowires, can quickly produce large numbers of protein-based nanowire thin-film devices. In this air power generation device, controlling the nanopore distribution, its structure, and the density of surficial functional groups, and managing charge diffusion, pH, and relative humidity of the solution are important strategies for improving the voltage efficiency. For instance, the modified E. coli can produce large amounts of the solanum pigment, allowing the bacteria attached to the electrodes to generate electricity through photosynthesis [116].




4.3. Electroactive Microorganisms in Lithium Batteries


Lithium batteries are a promising power generation device with lithium metal or alloy electrode material and nonaqueous electrolyte [117,118]. Lithium batteries have a high energy density, strong durability, and low self-discharge rate. Lithium can be used in various electronic devices and electric vehicle power generation systems [119,120,121]. The theoretical electrical capacity of the traditional lithium battery is relatively small and is extremely challenging to meet the demand for a large current [122]. Generally, lithium battery capacity is related to the porous structure, specific surface area, adsorption strength, and thermal conductivity of the electrode material [123]. Microorganisms, with the advantages of adsorption characteristics and rich nonmetallic elements, act as reductant or dopant sources, which can strongly interact with other components of the battery, enhancing their adsorption strength [124,125]. Microorganisms can be heteroatom sources doped into carbon nanomaterials. For instance, the porous carbonaceous rGO/E. coli composite material is prepared with doped N and P elements on graphene by aerobic culture and heat treatment (Figure 6a) [126]. The structure of this constructed electrode material presents a porous network with a large surface area, which attaches or encapsulates many E. coli cells on the rGO sheets and favors the recovery of the C=C bond, contributing to the high capacity and stability of lithium batteries (Figure 6b).



In addition, microorganisms can self-assemble electrode materials by their metabolism and rich surface functional groups [127]. In general, the growth mechanisms, size, composition, and electrical conductivity are essential factors affecting electrode properties [128]. Controlling the growth time of microorganisms and optimizing the composition of culture nutrient solution are effective ways to design efficient electrodes. Rhizome filaments can mutually self-assemble to form macroscopic 3D structures through spontaneous metabolic processes. Root filaments have many functional groups and can be self-assembled from bottom to top (Figure 6c). Regulating the culture conditions and carbonizations of root filaments can form multifunctional hollow carbon fiber. This centimeter-level porous carbon sphere has an interconnected porous structure, large surface area, and high electrical conductivity (Figure 6d). After codoping carbon fiber with N and P, the strong interaction with Li, S, and other atoms can enhance the chemosorption capacity of polysulfide, reduce the binding energy with lithium atoms, and accelerate the catalytic transformation of lithium–sulfur batteries (Figure 6e) [125].




4.4. Electroactive Microorganisms in MFCs


The traditional fuel cell involves the anode’s catalytic oxidation reaction and the cathode’s chemical reduction reaction [129,130]. Different from conventional fuel cells, the oxidation reaction of the MFC anode is the respiratory metabolism of microbial cells. It can transfer electrons with the external anode and directly convert chemical energy in the microbial body into electrical energy, which is significant in power generation and wastewater treatment [131]. The different types of electroactive microorganisms in the MFC system can completely oxidize various fuels with high energy efficiency and stability. MFCs also play a significant role in biological hydrogen production and biological remediation [132,133]. In general, the microorganisms located on the surface of the MFCs anode can form thicker biofilms and the electrons can be transferred from individual cells to the external electrodes, which can contribute to the MFC’s current and power. The biofilm anode is low-cost, environment-friendly, and easy to operate. The MFCs developed have limited power density, which can be ascribed to the low electron transfer efficiency on the anodic biofilm and the low loading capacity of the microorganisms [134,135]. In general, the extracellular electron transfer process of microorganisms involves electron transfer in multiple redox cycles, which severely limits the efficiency of the electron transfer and the power generation of MFCs. To break through the current power limitation of MFCs, regulating the density, thickness, electrical conductivity, biocompatibility, and microbial extracellular electron transfer of the anode electrode are effective ways to improve the power density and stability of MFCs.



The mesoporous 3D structure with a high specific area and the doping of metal nanoparticles can be used to improve the electron transfer efficiency and bacterial loading of the cell electrodes. Carbon nanomaterials and their composites have a larger surface area and more gaps so that the electron transfer resistance can be effectively reduced and improve the bioelectricity generation by MFCs [136]. The embedded metal nanoparticles in microbial cells can promote the electron transfer process in the battery to enhance MFC current output [131]. A Shewanella MFC is proposed as a three-dimensional scaffold for reduced graphene oxide–silver nanoparticle (rGO/Ag) [137]. The rGO/Ag electrode can load many living cells and form highly compact biofilms on the anode surface, improving the electron extraction efficiency of Shewanella MFCs (Figure 7a). The output voltage of the two-compartment MFC based on rGO/Ag anode material is the highest and can reach a stable value within 48 h (Figure 7b). Based on the number of bacteria and the maximum current output of each electrode, the turnover frequency of rGO/Ag electrodes is significantly higher than other materials, which indicates that rGO/Ag electrodes have excellent electron extraction and transfer efficiency (Figure 7c). The rGO/Ag electrode can release Ag ions with positive charge, and microorganisms can reduce Ag ions into Ag nanoparticles, which help microorganisms transfer electrons to the anode, obtaining better power output and coulombic efficiency.



In addition, MFCs have attracted wide attention by using natural substances as raw materials for power generation. MFCs can be applied to convert methane into electricity directly; thus, biofuel is an efficient industrial upgrading strategy. Anaerobic methanotrophic bacteria can consume methane through metabolism, which is an important microbial metabolic process in the global carbon cycle. In the natural environment, anaerobic methanotrophic bacteria need symbiosis and cocultivation with sulfate-reducing bacteria. A strategy based on the growth of anaerobic methanotrophic bacteria alone is proposed (Figure 7d) [138]. This discovery provides a tremendous theoretical basis for power generation by methane MFCs. The deoxyribonucleic acid structure of anaerobic methanotrophic bacteria can be imitated and synthesized in the laboratory. Methane can be directly converted into electricity by indirect microbial contact on the anode, achieving 90% coulombic efficiency (Figure 7e) [139].



Recently, many researchers have found that a series of novel low-cost biosolar cells can be developed based on the characteristics of microorganisms, which can directly convert light into energy and obtain efficient current density [140,141]. Marine microbial ecosystems can be viewed as solar bioconversion systems. During the charging phase, photosynthetic microorganisms use solar energy to convert CO2 into organic matter. The energy in the organic matter is converted to electrical energy in the subsequent discharge phase. The researchers engineered a microbiome composed of cyanobacteria, E. coli, Shewanella, and Geobacter. The basic structure of the marine microbial ecosystem was simulated by genetic modification of the microbiome to form a small bionic ocean-battery with a high power of 380 μW and stable current output [142].



Overall, MFCs have been widely used in power generation, and Table 2 summarizes the recently reported MFCs. However, there are still imperfections in its structure and materials need to be improved [133].





5. Outlook and Perspective


Currently, the design of advanced energy technology with high efficiency and low cost has aroused extensive attention. Preparing traditional energy materials involves complex technological conditions and high preparation cost, which dramatically limits the broad application of energy materials in the industry. In this manuscript, based on the electron transfer mechanisms, redox, metabolism, and adsorption, and the rich structure and elemental composition of microorganisms, the relationship between microorganisms and electrode materials is established, and the application of electroactive microorganisms in energy materials (electrocatalyst, biological sensor, power generation device) and the current research progress are reviewed. Microbial corrosion, elemental doping, biological template, and biological self-assembly are adopted to construct superior electrode materials. The important factors of microorganisms toward advanced energy materials are analyzed from the biological characteristic and electrochemical performance relationship point of view. There are still some challenges to preparing advanced energy materials based on electroactive microorganisms.



First, the culture of electroactive microorganisms is limited by temperature and pH in the environment. The acquisition of specific microbial species requires strict separation and purification technologies. It is important to isolate specific microorganisms from a mixed natural microbial community and prevent contamination from other microorganisms. The selection of microbial species, the microbe–electrode compatibility, and the controllability of the preparation technology are the important conditions for constructing highly efficient energy devices. Electroactive microorganisms with simple culture conditions and easy activation can simplify the process and reduce the production cost. The heteroatomic materials with high content, such as nitrogen, phosphorus, and sulfur, show good electrochemical properties in energy storage and conversion devices. Moreover, selecting microorganisms abundant in amino acids and functional groups can provide nonmetallic elements, enrich the existing catalyst library, and provide innovative ideas for the modern development of energy technology and power generation technology.



Second, extracellular electron transfer between microorganisms and the electrode builds the bridge between characteristics of microorganisms and electrochemical catalysis. The precise electron transport mechanisms on the electrode biofilm are yet to be illustrated. Direct contact with higher energy has limited response sites to carry high output current. Various modification strategies have been studied to improve the disadvantages of low energy density, short lifetime, and instability in biotechnological applications. Nevertheless, the development of genetic engineering and synthetic biology techniques has limited indirect contact. Therefore, combining interdisciplinary fields, such as genomics, gene editing technology, cellular rebreathing, and nanotechnology, can regulate the extracellular electron transfer pipeline, improve biological metabolism, and secrete electron shuttle, promoting microbial biofilm formation and microbial intracellular metabolism. Relying on the natural ability of microorganisms to promote the electron transport process is also a promising method to enhance biotechnological performance.



Finally, advanced observation technology to analyze the structure–activity relationship of electroactive microbial materials is urgently demanded in practical application. In this regard, advanced in situ characterization techniques, such as in situ X-ray absorption, in situ Raman and Fourier transform infrared, etc., enable a comprehensive analysis of the transfer mechanism of microbial reaction intermediates and active sites. A theoretical calculation can also be adopted to analyze the electronic structure of multiple electron systems at the atomic scale. This would enable exploration of the electrochemical properties of energy materials and the optimal adsorption/desorption energy for the reaction process from the structure–activity relationship.
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Figure 1. (a) Common methods for the internal and external modification of viruses. Reprinted with permission [48]. Copyright 2016, Royal Society of Chemistry. (b) Three mechanisms of electron transfer in microbial cells. Reprinted with permission [54]. Copyright 2019, Elsevier. 
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Figure 2. (a) Schematic illustration for the preparation and application of Ni-Ni3P@NPC/rGO. (b) Free energy diagram of different samples for HER. Reprinted with permission [64]. Copyright 2020, Elsevier. Schematic diagram for the fabrication process (c) and field emission scanning electron microscopy images (d) of Co2P-Co3O4/rGO/C. Reprinted with permission [65]. Copyright 2020, Royal Society of Chemistry. (e) Schematic illustration for the growth and reduction of electroactive microorganisms. Reprinted with permission [62]. Copyright 2022, Springer Nature. (f) X-ray photoelectron spectroscopy survey spectrum of Au in Au@NC. Reprinted with permission [66]. Copyright 2016, Wiley. 
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Figure 3. A scheme of electrochemical enzymatic biosensors. Reprinted with permission [40]. Copyright 2020, American Chemical Society. 
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Figure 4. (a) Schematic diagram of the bioenzymatic cascade reaction of κ-carrageenan. (b) The kinetic curves of the potentiometric biosensor toward 1–100 ppm κ-, ι-, and λ-carrageenan by using the separate solution method. Reprinted with permission [96]. Copyright 2019, Public Library of Science. (c) A schematic diagram of a typical whole cell-based biosensor. Reprinted with permission [97]. Copyright 2017, MDPI. (d) Schematic depiction of the single chamber batch-mode cube microbial fuel cell as the shock sensor. Reprinted with permission [98]. Copyright 2014, Elsevier. 
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Figure 5. Transmission electron microscopy image of strain W51W57 (a) and the pili harvested from strain W51W57 (b) (scale bars represent 100 nm). (c) Height measurement of strain W51W57 pili with a white line at the indicated location. Reprinted with permission [114]. Copyright 2016, Wiley. (d) Transmission electron microscope images of the purified nanowire network (scale bars represent 100 nm). (e) V0 from the top and bottom pairs of electrodes after the devices are closed to the water surface. (f) Voltage produced by the moisture gradient between the two top electrodes. Reprinted with permission [56]. Copyright 2020, Springer Nature. 






Figure 5. Transmission electron microscopy image of strain W51W57 (a) and the pili harvested from strain W51W57 (b) (scale bars represent 100 nm). (c) Height measurement of strain W51W57 pili with a white line at the indicated location. Reprinted with permission [114]. Copyright 2016, Wiley. (d) Transmission electron microscope images of the purified nanowire network (scale bars represent 100 nm). (e) V0 from the top and bottom pairs of electrodes after the devices are closed to the water surface. (f) Voltage produced by the moisture gradient between the two top electrodes. Reprinted with permission [56]. Copyright 2020, Springer Nature.



[image: Molecules 28 04372 g005]







[image: Molecules 28 04372 g006 550] 





Figure 6. (a) Schematic showing the synthesis of carbonaceous rGO/E. coli composite. (b) Fourier-transform infrared spectroscopy spectra of the prepared samples. Reprinted with permission [126]. Copyright 2016, Royal Society of Chemistry. (c) Schematic fabrication procedure of Rhizopus hyphae balls; (d) scanning electron microscope image of Rhizopus hyphae carbon fiber from Rhizopus hyphae; (e) binding energies of Li atom with O-doped carbon, N-doped carbon, and P-doped carbon. Reprinted with permission [125]. Copyright 2022, Wiley. 
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Figure 7. (a) Confocal laser scanning microscopy images of the Shewanella biofilms on rGO/Ag. (b) Voltage output of double-chamber MFCs with different electrodes. (c) Comparison of the calculated turnover frequencies for the biofilms on the carbon paper, rGO, and rGO/Ag electrodes. Reprinted with permission [137]. Copyright 2021, American Association for the Advancement of Science. (d) Digital image of production per vial in incubations with 1.0 cm3 of methane seep sediment. Reprinted with permission [138]. Copyright 2016 American Association for the Advancement of Science. (e) Proposed model of biological production of electricity from methane in MFCs. Reprinted with permission [139]. Copyright 2017, Springer Nature. 
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Table 1. The analytes and sensitivities of different types of microbial sensors.
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	Bacteria
	Target Analyte
	Sensitivity
	Ref.





	E. coli
	Arsenic
	0.74–69 µg L−1
	[86]



	E. coli
	Arsentate
	<10 µg L−1
	[87]



	E. coli
	Benzene, toluene, and xylene
	40 µM
	[88]



	E. coli
	Chromate
	100 nM
	[89]



	Deinococcus radiodurans
	Cadmium
	1–10 mM
	[90]



	Salmonella typhimurium
	Single-stranded DNA
	10 nM mitomycinC
	[91]



	Pseudomonas putida
	Phenol
	3 µM
	[92]



	Burkholderia sartisoli
	Naphthalene and phenanthrene
	0.17 µM
	[93]



	Saccharomyces cerevisiae
	Nitrosamine
	>1 × 10−10 g L−1
	[94]



	Agrobacterium
	2,4-Dichlorophenoxyacetic
	12.5 µM
	[95]
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Table 2. The electrochemical properties of MFCs with different electrode materials and bacteria species.
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	Electrode
	Bacteria
	Culture
	Current Density

(mA cm−2)
	Power Density

(mW cm−2)
	QE
	Ref.





	Graphite fiber brush
	Mix
	/
	0.8
	0.143
	/
	[143]



	Carbon paper
	Mix
	/
	0.28
	0.05
	/
	[143]



	Graphene/PANI
	Shewanella MR-1
	Luria–Bertani broth medium
	0.58
	0.031
	/
	[144]



	VA-CNT
	Geobacter
	Sodium acetate medium
	0.26
	0.083
	61%
	[145]



	CNT textile fiber
	Mix
	Sodium acetate medium

(conductivity: 7.0 mS cm−1)
	0.5
	0.11
	/
	[146]



	rGO/Pt
	Shewanella MR-1
	M9 buffer solution containing 18 mM sodium

(fed-batch mode)
	0.69
	0.148
	69%
	[147]



	3D chitosan hydrogel
	Pseudomonas

aeruginosa
	Luria–Bertani broth medium
	0.55
	0.153
	/
	[148]



	rGO/Ag
	Shewanella MR-1
	The medium with lactate as the nutrient

(fed-batch mode)
	3.85
	0.66
	81%
	[137]



	Steel/CNT
	Geobacter
	Sodium acetate medium
	/
	/
	16%
	[149]



	Carbon fiber/Ti
	Mix
	Nitrate-containing MBG11-S medium

(genetic engineering)
	0.73
	0.52
	/
	[142]
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