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Abstract: Microbial electrosynthesis (MES) stands as a cutting-edge and promising technology that harnesses the
metabolic capabilities of microbial cells to drive the conversion of carbon dioxide (CO,) into a diverse range of value-
added chemicals, with electrons derived from the cathode serving as the critical reducing power. This innovative
approach not only offers a potential solution to mitigate anthropogenic CO, emissions but also presents a sustainable
route for the production of high-value compounds, bridging the gap between environmental remediation and industrial
biotechnology. However, despite the significant progress made in recent years, several key limitations persist in the

field of MES. A major hurdle lies in the incomplete mechanistic understanding of the underlying processes, particularly
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regarding the intricate interactions between the microbial cells and the electrode surfaces, as well as the precise
regulatory mechanisms governing electron uptake and carbon fixation. Additionally, the efficient utilization of one-
carbon conversion pathways from various substrates remains a challenge, with many pathways exhibiting suboptimal
activity or being restricted to specific substrates, thereby limiting the versatility and applicability of MES systems.
Given these constraints, a comprehensive analysis of different types of MES devices and their operational
characteristics is of paramount importance. Each device configuration, whether single-chamber, dual-chamber, or more
advanced designs, possesses unique features that influence mass transfer, electron transfer efficiency, and microbial
growth conditions. By gaining a deep understanding of these device-specific properties, researchers can tailor and
optimize one-carbon bioconversion pathways to match the requirements of different substrates, thereby maximizing the
overall efficiency and productivity of the MES process. This customization of pathways based on device characteristics
represents a crucial step towards unlocking the full potential of MES technology. Furthermore, the selection and
implementation of nanomaterials in MES systems are closely intertwined with the design and basic principles of the
MES devices. Nanomaterials, with their unique physicochemical properties such as high surface area, excellent
conductivity, and tunable surface functionalities, have emerged as promising modifiers to enhance MES performance.
However, the effectiveness of nanomaterials is highly dependent on the specific device architecture and operational
parameters. For instance, in devices with limited mass transfer, nanomaterials that facilitate electron transfer at the
electrode-microbe interface may be more beneficial, whereas in systems where microbial adhesion is a limiting factor,
nanomaterials that promote biofilm formation could be prioritized. Thus, a thorough analysis of the interplay between
MES devices, nanomaterials, and their strengthening mechanisms is essential to develop synergistic strategies for
efficiency enhancement. In this context, we delve into the analysis of various MES device configurations, elucidating
their core operational principles and highlighting their respective advantages and limitations. Concurrently, we evaluate
the strengths and weaknesses of different biological one-carbon conversion pathways, considering factors such as
energy requirements, carbon flux distribution, and product specificity. Moreover, we explore the multifaceted roles of
nanomaterials in augmenting MES efficiency, with a particular focus on their ability to modulate extracellular electron

transfer (EET) processes. Nanoparticles have been shown to exert significant effects on the expression of functional
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genes involved in EET, thereby enhancing the electron uptake capacity of microbial cells and promoting more efficient

communication between the microbes and the electrodes. Despite the current challenges, including low Faradaic

efficiencies, suboptimal substrate conversion rates, and limited product synthesis yields that relegate MES to the early

stages of development, the technology holds immense promise as one of the most viable CO: conversion strategies for

the future. Its inherent sustainability, coupled with the potential for integration with renewable energy sources to power

the electrochemical reactions, positions MES as a key player in the transition towards a low-carbon economy. By

addressing the existing limitations through interdisciplinary research that combines microbiology, electrochemistry,

materials science, and metabolic engineering, MES has the potential to make a substantial contribution to advancing

sustainable biotechnology strategies and realizing a more environmentally benign and resource-efficient future.

Keywords: microbial electrosynthesis; CO, fixation; electron transfer; nanobiotechnology; biosynthesis
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Methanococcus vannielii H#:AMES Co, CH, 0.185+0.012 58.9+0.8 [3]
Clostridium ragsdalei H#: A MES Co, TR 0.5 38 [46]
Ralstonia eutropha E#::UMES Co, PHB 87.54 mg/L n.a. [47]
WA A H#%AMES CO,/ 2.1 0.269 +/- 0.009 g-L™"-day™' 92.54% [48]
A HEVE B UMES CO,/ /R TR 8.6+/-02gL" n.a. [49]
Saccharomyces cerevisiae (8] #% 5 MES CO,-2.1% CiEayi 1.8140.14 gL' n.a. [43]
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IRR IR #5eD> . Br CBBE 4N, rTCA JEH /&
o TCATEMAE Ay LA
&, HARSMBEE, 1M TCAEAE N TCATE
BN BUIB U 8| TR R N B S S
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PIMEF T AR 2 AR . H 2 BR M 5-F EE-THF, Jf
BE— 2 B Ak g TR B R AN 2 BE-CoA, AT HE N
R, S EA A ™. @ FTL #4k F IR 1Y
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B2 AR —RELRT. 955055 BRE-6-BE (F6P), HIMEE-3-BEfR (G3P). FRéER-4-BEMR (E4P). ZFhBER:
(AcP). WEFRIGEENEER (PEP). ZFEHE (GAL)

Fig. 2

illustrates the one-carbon conversion pathways in microorganisms. The abbreviations include fructose-6-phosphate (F6P),

glyceraldehyde-3-phosphate (G3P), erythrose-4-phosphate (E4P), acetyl phosphate (AcP), phosphoenolpyruvate (PEP), and
glycolaldehyde (GAL)
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MR . H AT, BFAE KIS T CO,K
R, HRBRREME AW T, XK
M T B A IR A S H 2 R 222008 .
I rGly #1375 ZEAE B = A CO, MK BE R A B iz
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Electron

@ Nanomaterials

B, CDsZES. oneidensis MR-1 ] MES 7 0] & B
B BRI AR i AT AR 8, MR R
3R ¢ 70 G AL IR JE A TA) A JoT B AR R TR %082, (E
J53 7% [6) 3R AT A0 5 40 i S R) R AR 0, O
AN AR N, (R T R A SR A IS T A
T () % P A% 38 250 DA KA v g AR SR R
S YESEAE R . DIl 44 i CDs 5 S. oneidensis
MR-1 152 & A H T 5816 MES, /2 3&H ) MES 2%
HRIGIRTTR .

B3 M (A MAMEM (B) HIBLHIE (RF: 3R FMN: HERBZHK) .
Fig. 3 Schematic diagrams of the mechanisms of electrode modification (A) and cell modification (B)

(RF:Riboflavin, FMN:Flavin Mononucleotide)
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K BH B A 2 A 7 1 B AT S AR o B Ak
FRG, BHAEMSCBRER. BT, b
HLAR A SR BH O, P2 AR L RO o I R A
MEFIE KB S P EAH ., FEYR R IX L o
CO, IR F NA M AR (B4, HHEMBAIRM
TEAG I EERE, FOG B AR AT R WSS R AL
2 R B EAER, 46 TSRS RS
W A DR, ERXFEM RS, JbH
I AR e A 7)o o ROOR B« 7= A FL T A 4L CO,
MG IR ARG BORHEMIEH . BftE T RBMAE,
1SR DA BLE B, A OR BE I TR ) AR e
PE, A BT BT MK K BH RE B A D O E 1AL
a0

I IR = B P [R] AR B AL FL -, Zhang S5
H Ralstonia eutropha VN EVIEALT], HEE T BAA
HeEH % CoPeFe,0,/g-C N, I MES 24, HTAME
$23E T H2lE (PHB). CoP 5 Fe,0,/g-CN, 1A 12
BTN A R, TG T
PrE B, FF N CO, B ARt 184k )38 I R
[F Y, PR IR R B R, BN T PHB
e, FRHIZTE-1.05 V'R, CoPeFe,0,/g-CN,H13k
37 87.54 mg/L ¥ PHB, X LV fii B 1) 7= i v

a|npow ABlau3g

Y= ff. 7E-0.9 VI, PHBKE I — BNz
142.20 mg/L ", [FFEH, LiZE7E MES &% st
¥ BiVO, H ¥k TR /E RuO,-IrO,/Ti MR 25 44 1, il
& 7 B A KRS E AT JE 1l 7 ) BiVO,-RuO,-
IrO/Ti A6 AN, 22 FRAR T A B2 & R JF 1 o
THTE M (OER) fi¢ /1, KH BiVO,-Ru0,-1rO,/
Ti A #% 1 ZIF-67/g-C,N, J't HL ] 1 i) MES % 4 1
14 KA LA-0.9 VAHX T Ag/AgCLI 2 AF R, 3R1G T
0.46 g/L/d ) 1R 357~ & ™. Priyanka Gupta FI| FH 75
PEBR T 4E (ACF) $1 3K 1) g-C.N,-NiCoWO, )it [ 1
A g-CN, E W 1 B 1) o6 8 Bl MES & 42 b, ) CO,
AR R R R TR AR

BRI 25 2 T A6 MR W) B A e 1R O R
M, RO BT oz e, R e #
CO, A h Z WAL S IR B A PR ™ e
Yo B B IRE S B IR AR A
B aE . B, —ANEAT AR R TT R R
(SRR W R O S SRR LN UE e A it s
FIEAL RE JT . DBl SRR IR R B Be JF 77 B W
T, AREER R B R ARG R,
AR IEMES ™. Yu &, il T —Fh Sporomusa
ovata F1 Rhodopseudomonas palustris [ 429 2 22 &
B2, FFHBECO, MIN, [l & ¥ iZBA R
7 O B8 W Sporomusa ovata, ¥ CO,IE i A 4

H .

HCO;
CH,COO"

CH,COO"
HCO;~

H+

B4 OLHARS A REIHLE] 24T

Fig. 4 Analysis of possible mechanisms of photo-electric coupling
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