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Abstract: With the escalating challenge of global climate change, the development of efficient and sustainable
carbon dioxide (CO,) conversion technologies has become a forefront priority in energy and environmental research.
Among the diverse strategies, the upgrading of CO, into high-value, long-chain hydrocarbons (C;,) not only alleviates
the greenhouse effect but also provides a transformative pathway toward carbon neutrality and a circular carbon
economy. Electrocatalysis and biocatalysis have each demonstrated unique advantages, including mild operating
conditions, tunable selectivity, and modular integration capacity. Nevertheless, when deployed independently, both
approaches suffer from intrinsic bottlenecks, such as limited carbon fixation efficiency, suboptimal product selectivity,
and long-term instability. In recent years, electro-microbial hybrid systems have emerged as a promising solution by
synergistically coupling electrochemical reduction with microbial metabolism. In such systems, electrical energy can
directly fuel microbial CO, fixation, or electrocatalysts can reduce CO, into C,/C, intermediates (e.g., CO, formate,
acetate) that subsequently serve as versatile carbon feedstocks for microbial pathways. Through rationally engineered
metabolic networks, these intermediates are further upgraded into multicarbon products, such as butanol, hexanoic acid,
and olefins, thereby bridging the gap between simple reduction chemistry and complex biochemical synthesis.
Depending on the degree of spatial, temporal, and energetic coupling, these systems can be broadly classified into in
situ electro-microbe interfaces and ex situ cascade configurations, each offering distinct advantages and challenges.

This review provides a comprehensive overview of recent advances in electro-microbial CO, conversion, with
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emphasis on key scientific and technological frontiers: (i) control of product selectivity through pathway engineering

and catalyst design, (ii) elucidation of direct versus mediated electron transfer mechanisms, (iii) strategies for designing

robust and conductive bio-electrode interfaces, and (iv) approaches to enhance system durability and scalability.

Finally, by highlighting the convergence of synthetic biology, materials science, and systems engineering, we outline

future research opportunities, including precision genetic regulation, high-throughput catalyst-microbe screening, and

integrated device architectures. This review aims to deliver mechanistic insights and design principles that will guide

the next generation of electro-microbial technologies for carbon-neutral chemical manufacturing.

Keywords: electrocatalysis; microorganism; hybrid system; CO, fixation
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Fig.2 Design of different electrode materials and schematic diagram of the MES systems
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Glucose

.\-
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(a) Schematic llustration of long-chain fatty acids production™”!
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(b) Schematic illustration of CO.-to-bioplastics conversion™"

B4 4727V MES R4
Fig. 4 MES for C,, product synthesis
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A5 (H BRI AGIE A ot R R 588
PRI AE), RS MY I E o
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(1) HLAR AL AL 5 0 72 LA H, 9 T P A
FIMES R4, PR S RLE 2 5 R G Bk e
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AR EER L™,

Nocera [ BA 22 56 5K 1 — i B A 4 25k 44 £k, 771
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W CO M NS RN EE, SEIL T RER AR &
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H &5 CoPi FHIR 5MKEEME Y Co-P & &I AH S,
BT R ER, % MES # R AE 4l COo, Al
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B 1 Co ZEMEALTR AL, oAt I 4 8 A1 R
AR R T A ERE . B0, Nichols 5 A F H Pt
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barkeri #¢, T — ML/ KB MES 7 & ,
B SEIET K BH BE 3K B0 i 7K 43 i R s AR 1 CO, %
WHRHRE, FECRCR RIS 86% “Y Ib4bh, Jiang %
ARGV T Iny Zn. Ti Al Cu 25 VU Fh & J&8 B B 7E
TRE IR MES 24t (13RI Y, RIW Zn B2 IR AE
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ALl i, Bajracharya 55 A 3@ HOOUH W% FiC & B
BT SARIERRH R RS, @ 5] Nk M B
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i A 4% R DR B R G ke € 1 I G 8E . Bajracharya
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KA RGE R 1.3 mM/d, [F I AR BE— 2 & b 2k
B RN II160 RiisAT Y, REFE W AR
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SR 30 HH A I B 39 26 1k AN AR A PR Bk R

Rk, BT N 2 YT R AR S R
A e Cantb R 5 S Y D L e HE R H
AL RS Y. IRE S pHAE ) B R
4i PPt . Blanchet 55 AR HI-0.66 V I FELAZ IR B K H
i r= A H,, FE RIS LR P & RS 2904 mg/L
T A 2R VR DR BT PR AE B Rl IR, ISR AR
N CO,EF b A E— PR KD, pHIE
X TR A BOR R B A R Y Jourdin 8 AR
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] 0 B 15 100 T AT AR P e R AR, SRR
BERI. FEHEAMAMKE-1.1V (vs SHE) B,
Z Y5 AT {E HLI A FE ~200 A/m? R SEEE 99% [ H 5%
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pH. HL AL 5 R R R 2 72 4 3) CO,
AL R OE . 0 8B B A AR
A T TaE, WneE T RAREREE
REDR A1 o
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(c) Superaerophobic cathode-enhanced performance schematic of H,-mediated MES reactor™
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Fig. 5 H,-mediated enhancement strategies for MES-1
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gy, RERPAMN R FWEY, B RKER
FE, e SIZ) T MES BOR M) SERR TAENH, PRt
A W BARF R 52 TV 52 2% RS R P [ R T o
Roy 5 N B IR Z A AR G0 1) Tolk. co, CRIET
M) PESD AT MES, RILEIRTTE K] & LW
Desulfovibrio-
Sulfurospirillum~ Proteiniphilum 1 Bacteroides 15 £
TR A R IR T4l 3% C. ljungdahlii 11 £
P = B AL - R, AR B HH B SR ) CO, 1) FH RE
B THeE e SRR IR G W R R

PL  Acetobacterium. Pseudomonas-

U T ARG RITE, S MES RGAE Tk AT
TR E SR T O SR IR -

(3D B9 W [F) SR W (4 4 3 55 B i i 4k 7
MES R4t Gl A= Wi 1 5 ] Bk R0 3 AN AN 32 T vl
A5 AR RE T 120, RS2 B AR R LR
HE . YRR AR RER LR R EL
TR A b R R . Rk, MEEEM S H
AR E R Y S R LN R & S =N
s PR BRI ROE R ThREaR AL, O AT
MES HJF 7t ) 3 24 JE 7 11

i 10 8 IR EE R R, AT AE > TORP B
WOR A Y [ B AW B, TR TE H AR 7 9 1



%£6% www.synbioj.com 013

ARG R . Ammam 5 N JE G 7E RE 7% 5 P 0GR
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FORI, FLLeRg ARy el i AR AR H,, B
HEZ 5B THRUHLHICEYER K. YulH
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Wu 25 AU i — 25 F) F MES “F & fl TF21L R,
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Fig. 6 H,-mediated enhancement strategies for MES-2
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Fig. 7 Schematic of enhanced CO,-to-CH, energy efficiency via redox-mediated cathode functionalization in MES™”
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Fig. 8 Construction of an artificial photosynthesis system by integrating a photoelectrochemical system with genetically

engineered cells expressing rhodopsin and an outer-membrane conduit MtrCAB™
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Fig. 9 Three integrated modes of electrocatalytic-microbial ex situ coupling systems for CO, conversion
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Fig. 10 An integrated electromicrobial process for converting CO, into higher alcohols
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for efficient B-farnesene synthesis from CO,"™
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