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dioxide (CO,) conversion technologies has become a forefront priority in energy and environmental research. Among
various strategies, the upgrading of CO, into high-value, long-chain hydrocarbons (C;, ) not only alleviates the
greenhouse gas effect, but also provides a transformative pathway toward carbon neutrality and a circular carbon
economy as well. 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 low carbon fixation efficiency, poor product selectivity, and
instability for long-term operation. In recent years, electro-microbial hybrid systems have emerged as a promising
solution through 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 assimilable carbon feedstocks for microbial metabolism.
Through rationally engineered metabolic networks, these intermediates are further upgraded into targeted 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 as in sifu electro-microbe interfaces and ex sifu cascade configurations, each offering distinct
advantages and challenges. This review provides a comprehensive overview of recent advances in electro-microbial
CO, conversion, with 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.
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(a) Schematic illustration of interactions between single Co atom electrocatalysis and microorganisms™”!
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el Ri& LU, T H BT S R A EE
JIaR 4 FHLE] . S MES B b 2 ) i 5 AR T
(R e

E TREAL N H 7, Liv % P JF kR TG EE
I MES V& H TR ALE S % £-0.5 VKA
KR, RS 92H T 318.5 mol/(m*d) i) CO, 1k,
& 292 2 97%, FILH 5 1% G0 Py 23 5 ik T
M ERMYERE . AR R T BoR, LR
P2 WOkt B Methanothrix 1 E DET 8¢ 71 1Y
Actinobacillus 1= FE &4, H—DUEH T € M & E U
AW 55 B AR ST P [ AR FHAE CO, iy R e i o
BAEH

(3) ZEMER: MC B C KL

BE & MES i 70 A RE 5™ i n) i (B A0 22 i FE
ZWAVR (WAR. SR FKE7YWNEm
B RSB FE AR . Wang 25 B RG H 9R
KU EETCRRE, ST g CEKREA
(B4 ]: RKEENLUHARKR (C) AFE (40.1%ik
B, mMEEEREEMNCRKR (C) MEmR
Bl (12.8%) o JCHE KA 73 BT 48 75 12 5 A2 U5 T i 17
TR A=) 4 % (fatty acid biosynthesis, FAB) i i

—t
'

G
 /
© o
S :
‘lectrotrophic
acetogen
\ Planktonic PHB
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bacteria
(b) MES A5 CO, A4 64k A A M B RbR B e B
(b) Schematic illustration of CO,-to-bioplastics conversion
with MES™"

A % PHB
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‘

B4 20PN MES &4 1

Fig. 4 MES for synthesizing C,, products
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HEIEKINRE R M E 4. %W 750 T S MRk
S 5 QU R A2 5T MES P40 5 a3 i i iz O /R
RANUEDE CO, VR E S T i

Ak, LefE MM T —/NAITER— RN AR A
SECO,~>H3-FR AT IRE (PHB) #ALH— 4k
MES #%4 [F4(b)]. ZARGEL BHIGH= LR H
5 PHB R LA Je 85 9%, 7E2.5V N PHB 7 &
I 71475 . HEHFHRESDR BB GE, R4
LR AN PHB f= St — DA s . TUEMA 5 i
KUY, ZRGF CO,EJE 5 A U 1P R AL AL
HF LK AR e 4EFFE, R T MES R4ifE a4
YIRERLE BT TH AT 5

R B AT ER B R 5 7= 5 £ MES
RO CERH RIFMERE, (HIELZ ™K KA R
P, XA (O MRFERURR, BRI T H A A
APRHET M. RECAM R ERETREE
HEAG I SR L A RE 0 Y, EAREREMIEE. A
B 2 G R A TR A T R A . U
Ab, THF A K MES & 4005 5t TR, BOR e A
Dhgesr TE W FEAREIRE DM “ G RUERE”, 4G
CRISPR 7l Qi % H 25k mg, s28 COo, 2
SR AN RSN ol i N €2 X

1.2 |ET&#E: R DET BRHIRIMEISRES

JLE DET ML R A @ @ 20 2 9,
{H I AE S B B T I — R AR, e Y
IR oxk r AR A Rk ey AR DA 2 H A £ 8 285 %
PeshtE K&, Nk, FRFHFREFZDEE
TIETHLH, {ENDET A 17 5 BRI E.

IET 8 H 8 1 5] N o] F AR i P 3k, s
AR (HY BURNE AR E A Cln F R R0
VLIS, RS 2 MR “HB ik
M7, Ao IR AR 47 B A R AN S B R T ) 45 A
i [ 1) ] R AL F, EAIE E A R 1R
IoF) W 3% THI 1 50 R A 3 TN, B i T B a6t
IS HEN TR AR B, PR A MR A A
PE AL, SR CRHERENT, NRUED
FEHE CO, I JF AT L S5 )
1.2.1  HA~-F49 & TR 8 SRk

fEMES &4, HER—FRRN. 515 Hig

TR, £E CO, A B b R B AR
B FH 2% RUF IS SR A B T R RS e
o B A M A T RS e AR SR ok . A BT
DET #30, H, /5 i 18] #5452 77 30T 22 o i
5 A A AR 3 2 T RS S AN DL ) e, i
R GA e S R TR R

ANEAN R I7
Methanosarcina barkeri F1 Moorella thermoacetica
S, PG m A A AR T IX LS A
R A AR ERL LR ARKER S E
NADH 8¢ Fd ), AT 3R Z) CO, 7] A LA & ) 1) 3%
JRR AR, SRR E E 18] H AR = 2. T
T2 5 22 WAL & D e RO A

(1) HARARHE LA SR

TELLH, BT HAFIMES 244, BT A
BESIATERR LU AV ES I/ L &Sl
KEEHE . BT H AR S BRI RE
FEOF R PE O AR, IR R 2. BRi HoAR E
T SRR, X TR R SR e 1RTF M
HAFIEHE CO, 1 e (B 3 B R L™,

Nocera BIBA 7 Z256TFR T —FhBRAN Bl BE A A0 771
CoPi (ESBEEAYD, HARMGE AL T RILE AR
R K PR RE . 2 AR SE T MES R4,
IR BN [E 5% B Acetobacterium~ Clostridium ¥4 CO,
AR S R, LI T B AR ik
J1% ER3.2% M RFIE4T, 5N EE K L IA B
216 mg/L. #RTMT, 1% RGAENCHALRAE KA BIR
77 A R T S ) TR A R A ) BR A
TP BN AR E N . DRtk LR ]
J& SRR AT b A i A AR A AL Y, SR T
H 12 & CoPi A 5AKEE 1 Co-P & & PIRA L,
ARk TR R, % MES £ 2 AE 4l CO, #
A COME MR & S R B AL RR.

Br 1 Co EMEALFIAL, oAt 5w AR 2
LR RIHT AR RE. 140, Nichols 55 " FI HJ Pt
5 a-NiS 1E Jy s AL A1 RE, 5 I Bk 7 R e TR M
barkeri #y &, FE T — AL/ IS MES 1 &
BRI T K BH e 9K 50 1) 7K 73 A v 233 1) CO, e
WARTEE, FECHREIL86%. LAk, Jiang %5 ™Y
RGVPL T Iny Zn. Ti Al Cu 250U Rl 42 8 B % 75 1R
FHFFMES RGP IR, K Zn FEPIRAE LR

Wl Ralstonia eutropha-
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AT AL A IR, H R RME T IIREY B, BN E . R R R SRR
BFE T AR, R R - BRI B KRR AE MES RGP, IR
AR [ 5], RV S 7 A RACR R A . AR

EAERKE, BRABAMCGERT SR T, L EA RS AR A R R B

o
A
(a) MES % J& LB (0 (5

(a) Screening of metal electrodes for MES P!

CH,C00

pll?(g-lljc Gas out
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[eXe) Gas - >
' recirculatin | .
m Scrubbing
%: pump gL/ bottle
o®
=24
% 2 @ Polyethelene carrier
o © Gas bubble
® ©> Microbe
Anode |9
Mass flow
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CO, in
CEM  ‘Cathode °

(b) L3R4 MBBR X I 4 S 7 i 1) 02
(b) Schematic diagram of the electro-MBBR reactor'®”

& Y
L Production rate T 27%
- bioconversion rate Max rate 2.31 L/(L-d)
@& t 1
St CH
Poor 4
1 mass transfer H,Ka T 129% CH,
Etiedil, 1 t Dissolved H,
t C ic , ¢
O = Large bubbles Micro-bubbles D ' O
0O Qo . o
v O
Electrode modification
3 > |
+ |
CoP-NiF N

(c) HH I HIRTI AN T MES RS 81k g iR g 1 )
(c) Superaerophobic cathode-enhanced performance of H,-mediated MES reactor (53]
B5 A0S MES B iL -1 B
Fig.5 H,-mediated enhancement strategies for MES-1%"*
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JEBE T, B RIE SRR AR R, T R A
FEAE R VRN . AL, IEECRMPARE TR S H
WAV SN, B4R BRI HIT RS
VBl B R NS TR R B B, BOR A S
CNT9E &8 5 M R R E Bl i =, B
S SR AE P I A 5 A A T AR E 1

AN, R 2 B Bk H b T B R B e T
M IREBEYD, A% 88 MES J M #% /1 FH AR AT 48
RLF= A R0 S8R RS, IR T Rt
BAT . EFXTiZI 8, Rohbohm %5 V7 $EH T —Fhi&h
B A 5 T H A S 6 1 G I PR 3 MBS IV 2%
KH 2 Fhk BB A BLBC & 20 1, A Sl A
ARMIIKEIFREFRKRG A S E, MNSCH
T B TR LE DR SRR 1 e Ak B e A, S
TR 99.4% M EEC R . RAEZEIE R E T
RG G ItEem 1 aaE, HAK s AT 7 i
JE AN mR AL A R AR BRI, R 7 LR AR AR E T AT
RSB 7 Th ik — AR A .

MR e KA Rk R G2
MES 23 CO, S E F AL Z DI T 2 — o KR
Ak — 0 A5G N LR AE AR Bl 1) HR 25 A AL AL
JRALRAE T B A A T AEH, U AZ
DR fEAL F AR A BB TF A, DU 4 WA R 25
HEZN MES F 4t [v) ] 458 82 A0 AT Tk A6 3 3 33k

(2) St S 2 S RefE Tt

MES & 4t H1 1] CO, i Jif ik 72 8 K d T HLAE A
B A, AR O 2R 5 A W ] ik 23k 6 v BE A
Ko BRI, HIT H,E KA I M LG, A%
2, HIREREEN AR TR, RN RS
PEREFE T E BB, PR, AL, R
R B S S8 ES 8, C RO T H A H R
N MES % 1% BE (1) B 220 5077 [

A S 8L 2 e v T BLRE K S A SN 2% Y I
B I B] O G oA B R, Be A AR = R GMERE
Cai %6 ™ JF R T —Fh T M A ML B 2 2 IR
AP BiAE (MBBR B 28), A RGEF T H 4%
USRI RER S T PR [1.42 L/(L-d ],
FHmEE RG24 [E5Mb) ], X — 25 LI
KW, EmBEREET, HA MR8 A KR
$& 5 MES [ 724 7= 8 A1 RE 2K

25, Bajracharya &5 $i H XU A B Bic & Bk &

TS ARG M R G, i 50 NEL B A {2
BENTEUR L, 45 SR R SR A S -7 T A e
T B2 8 TS, ovata AL R CO, 7] 4R A 4 4L
ROR B, ZRME AR T M AEMFIH, 4
T T RS RER R, RRT MmN
Xt &R GE M RE ST 109 77

TE SR AL H, R4 (R [RIB,  32 T F A 3 1T 19 <R
FEJRBCR IR B R EE ., Gao % ™ K — M H <
HL A SR WS, 3 Ik CoP gh oK 2R A& i M ¥k 4% (CoP-
NiF) H e F BB R, B RN SRR
CHH 300 pm % 2 100 pm) , & A A% i R 20 7
129% [E5(e)]. fERIA 166.67 A HILEE T,
Z ARG B R R 27%, 5 # 231 L(L-d), H
JFE SRR T 80%. LMK, AR L
FELE SR T H A5 3 R R Ak s TR A B A B
ER, NIRRT T

B4k, Rodrigues 55 0 1] 14 Hb 5] N 4 Bk
(PFC) YK FLBAE MR M B AN TR, HUEMRT
& G K ARAR Z b HL VS AR FE AN 218 1] . PFC 40K
FLE I A R S R BRI S T ML [ AR ) R T 1)
feid, fif LIRS R THE 190%, He ST 100%
M B 3R, CRWRE ik 6.4+ 1.1 g/L. %
7RI TE MES & 409 L7 FI 2R 5 7 ik B 1
PO T S S RHR ST

MES # 4t It K 2 17 11 B 45 1R i 7% 45
¥ AR S HE I sh A& Ak, R X 1847 4 1R AT
i 20 VA 28 R DR B 3R G e 1M I G 8 . Bajracharya
& R HIR A W B S Clostridium ljungdahlii B4
Ri9%, fE-1.1V (vs Ag/AgCD) HLAL RSBl T 21
B KA G 2 1.3 mmol/(L-d), &I R — & &
FeE . fENHI160 KRIIEITH, REGFH L™
o A 26%, AH 5 B T w4 BT AR
5 i HH o JE I N7 3 5 P RN ACAE i 1 PR Bk AR

Rk, BT N 2 YT R AR S B,
A e Can bk 5 G Y D L R
Bz L R L S pHE T 8 R
4174l o Blanchet 55 " SR H1-0.66 V [ HL A7 3K 7)) 7K
M= A H,, IR SEI R 7 B R IA 2904 mg/Ls
T A FH R V8 DR sl PR AR N B R R, TR SRR
N CO, BRI /. HE— PR kD, pHIA
X R A R R B A SR . Jourdin 5 17 R
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W, pH 5.2 RG¢Jm1A] PE &AL, FIAEA G I
700 R 0L R A R R TR R ER AR, LR R R
FiTt . EHAMKE-11V (vs SHE) I, R&n[
£ HLI # B 249 200 A/m? 26 T SEEIL 99% (1 L T %
N g [ Kik 1330 g/m*>d) ], RASERT
pH. AL 5 AR R R R 12 72 4 3h CO, 2
A 2 OE . R 6 & R AR,
ARG T EE, BN T RERBEMEG S
REVA A1 AL

2 IR B9 MES F 5t 32 2R w4l CO,L 1E
IR, SR CAV R S i) CO, Ml 5 2 Fh 2 i
Moy, FRERFAMNSTEMEY, L RK
HEIFEY, PEEGIZ) T MES BRI SERR TREN
DA LG A 0 AR 2R R I 52 Mk 52 2% B /<0 1R Ak A 2 [
B T BF o Roy &5 ' 8 IR R AT AR 15 A 1) Tk
CO, CRIZT M KD #EATMES, Kbl
15 KB 4 1 UL Acetobacterium Pseudomonas
Desulfovibrio~ Sulfurospirillum~ Proteiniphilum
Bacteroides Jy - 3 W 1R & B HE 22 0t A0 T 4l 15 57
C. ljungdahlii (") ZTR 7 A1 I 2, R H B
SR CO, M RE ) Lt FHLE . B FLRAE TR &
BREE 2R T RS E B, v MES RGEAE
AV RASAE T HES B R A 7 B S e K

(3) A v [R] S (1) 44 2 5 Dy e sk

fEMES R4, ARG 5 B AN
S Fl A B AR BE S 2, BE 2 B RRA R
MR . W3 sR B . ARV R T 2R K PR AR
REEZTAN R E . Bk, @M
W55 AR TR B ) S, DA S B E T AR FE AR
g KA P IEFEE IR T R RE D RE SR AL, K
N HT MES BiF 78 ) B 2K e U7 1)

BRI I RTE I S e i
WO A A P [ B ARG B, AT B T B AR R A
A GEF . Ammam 25 7 38 i 7F 55 77 356 R 04
BRdh, REWRETS ovata T EEEEARNERIL, W
AL T AL Ji Ml AN FR R M U, AT B 5ER T Wood-
Ljungdahl (WL) [& fi AU 30 B% (1 BRI HR L o XA
DA< J& & T RO B i 4 7 X, BOR TRt
TR E IR RUE TR T 1) BT T

seAh, FERE K R, ETAESMAEES A
T3 B 10 S N R Y R4 N HT R . 3 Jiang

85 BOUAE 2020 FE OB AL, SR FH R R TE PR R A U
IR, A TR N R T AR S R AR, i
W T O G AE BCE TR, RERA T L
e i, XS @ R ST e g
VAT, SEEL TR A AR, AR RS
R AR s R AL TR T B

B T AMEPE HL PR BT AR AL, R 2
FRIL, FLef A Yyl i AR AR H,, B
HEZ 5B THRUHLHILE Y EFHR. Yuld
A B4R Fe i, fEMES B = A, fAEY AR E
AN H, KA R &, nT i ik SR TR N AR A H,
F T 4 F7 38 FOR S A A K B0 . ZALH B T 1
PR 2 B R FE NIRRT, iR
FHH R B BRI T R S

BE—2, Villano % " M T — R T AE
TR B AR B R G0, RO R CO, 8 H
o ZRGGAEFEZR [(0.055 £ 0.002) mmol/
(d'mgVSS) ] MHFHKME (>80%) Ji1H &I
5. WEAR, BT A B A2 BE ARG I H,
IR A%, e s A Y 4 DET Si . {8
BERMLZ, ZWF R RBLDET & 508 7 87 H i
W E A B 7T, FF B R R LG AL E S
BH A% H A7 2 AR 9 o X — R B0 T AR W v A
A B B R, JF 94T MES R 401 B 1 F
PRI T k1% .

B 7B E AN, H RO OREAE B AR
B CAEPIThRE” BRI XieE T R,
HAREMN TR S, ovata T, BALZEK ) iR 7R
SR T BB Z AN E R, W40 S
ATP AR SRR ) [Ble(a)]. M T4 %
H,HER 5 5, MR- e YRS & 4k R T 1) CO, 7%
TR N <80% #2 T+ E>95%, W FHMAL T LR
R, X RER T B B BAL I
HRO R AR AR A A B S T RO, A RE-AE
Yo ST R PR T E AR . Z R 25
HEBN 10y fe 4 RHE T T AR P Be & IS AR
R EE LRI GR, BT . 8
IR MES &4t, NG N T AEY ARG W
e BRI T 65 R B E Bl

T A= 42 B [0 S % P9 A% oo 7 T 308 Jo 56 oA O 4% ik
AW . MR, R AR TSR B DR A ELAR
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Fig. 6 H,-mediated enhancement strategies for MES-2U""
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FTEZHAEDR G, R R N
M%7,

Bolognesi 55 ! $& T — Fi ¥ MES 5 5= 77 14
MRFERA MWD T2, TR 7 M COo, F
A R R EE . Z RS E U LR
W N, 7E MES R B 4% Hok CO, LG RN 21
(B RIRFEEATIE 13 g/L), 5 BRI &N 2% H /KA
NEFRER, R RKAMER R &%,
T8 20 M R R AR S A B 22%, A R
1 kg CO, ] 7=t 0.03 kg W3 . MERBEFT A 1 CO,
B R 2R A R AE AR R RS, R
RRGEMNS, NSRS o Ok & Bl
T ErE

R. eutropha VE R QI B & Mk, D HMURE 1Y)
FARWRE W 58S R, O ZNHTF 2 me
Y& U 7 . Di Stadio 5 7 FFR T — R E IR K
BRI RS, B H,. O, M Co, =&, M
T H 7% B 3% R eutropha & HF 2 5 N5 Wi 1R 15
(PHA) . 1% 540 LA HL AR K™ A AR FE H, N e R
, SEHENTEFR, RERT PHAKARS
B (RESEEIE69.2 %) AfFE (1.71gL), A
F % CO, B v] [ AR B R AL & BRER R 255 T HIR
LRl

Wu %5 U0 U] 3k — 5 %) F MES 7 & f1 TR R,
eutropha, SEIL T M CO, R H, JE L2 & B IR K28
BREMARNEDEHR [Ke(b]. ARG EL
HIAR BT SN B AR R S e IR 5 0y, EE AUl S
WA R RS B A R . EREEIE,
B USRI LT IR S N CO, K IE, RGBT RESZI
1.73 mg/L B AL R M7 8, RO 4L 5 MES X4
IR, Tl A E R R T A8
AR,

i A EIE N BT 2. TIREZ FEIR
R, TIZ T ER AR AT R
WRRLEE Z A8k . Krieg 55 7 25T R. eutropha 1)
FERME TR, W T RIER R (MVA) @
WAL - A, A H AR P2 o7 7T o
TEFRFRFEA T, Hp= %A F%) 10 mg/g CDW; 1EH
FREM T H N 63 mg/L, B A=Kk (0.13 +
0.01) mg/(L-h). SBRAUHMEM =, B 5T HIB i —
WAEHFEAMH TSI AMES V&, @il # B Bk

E¥F S H fE 45, R DL CO, A ME— Bk, SKIl [
YA Re B 5P R A A% . E T R JE
W, o-AITIEI R 2 (108 £2.5) mg/L, /=
KT A (17.0 £ 5.1) mg/g CDW, I &=/ E K
(0.08 £ 0.01) mg/(L-h), BAdq HIRFMRTFE—
5. WHFA T I T MES RGTE 2 KR =Y
G AT S AR, HESh T RIKE R
WA [ AS A A 2 i ST 3 2

122 AT & FARAF 358 AR AT

LS

M T H, 0 T B AR TE MES & 40 10 11 198 i
B BR 1) 5 AL B R G, N TR R T —
T 75 A A% B BRI AT 7E F AR 5 AR ) 2 TA) e I F
T HIBAAHLE] o %A 5 Sy v IR A AL 5
gy, BeAE A ARGE 55 AR ORI L, AT
IR AR I 78 A 8 5 S B o B AR AN T AL T
BT HERBGE, WA ERE LR 7 iRt
HE&E IR, 1RO E S MES R 4811
HETTMZ—

RN N TR 2 8 B EHS (MV)
A e 2L (NR) %5 /b 7y 7 S A I8 5 3 KL S
Steinbusch %5 7 Jf k| — P T HILEORS I MES &
G, FHRAEVE DA OB @RI MY
Ik, CEEFEEIRTE T 6%, WEEEF(13.5+0.7)
mmol/L, FF & FHME| 7RI AR . AT, H
T H SR AR A SR T I AN W R SN, g
1R 5 RJaivd g, SR ARG, X—/R
PESR R, $RTFHL A AR 0 AT AR e S
FRELIBAT I OCHE .

b4k, Song % U7 AR, HIERSORS I BT b A
A FH AT B2 o5 i A A 8 1 5 ), BHLIT WL ]
B 8 2 v TR AR A BB R, A T AR R R A R
FEIRAE MES 44 % v 4030 458 18 2% 18 50k it 9 A
W . SRR, B MV A7 LE X I L 30 )
R U, R Y B WA )

AT LA B AR E M S H AR - A B S T Y
PrAIME, Seelajaroen 25 U LLHE T NR 5 5 Fp 21 5%
Methylobacterium extorquens " 7= F B Y] 52 i . Hff
FRW, R E L E SR N/CEHE, ReFE A
I8 FE S A WD AE AR R THT R B S A R, PR
THRM™&E. X—FdEE 7ok T A i



550 BRENE BT7E

SXoF HEL AW -l A A TELAE R R 9

TR, RAR ISR S5 46 A a0 R -2, 6- Tk
2 (AQDS) %Z#|)iz K ™. Yang %5 " R4t
F& ¥ NR AT AQDS A& 1 B AR ot Y Joe A= i F) 1 ik R R
(B 7. Z3RER, CHAERERENRFAQDS X
PEBIRL R 20 A B2 T 5.8 5 A1 3.5 fiF, £ 350K 4y il
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R A B R 2H B 25 4R T X e PR R AR A T
T NR/AQDS S A fE#t 1 MI4h v 74538, FEAC T A
A, IR T AE R P AR .

REFEEN R TR MR ERILR I,
AR EW N S8 8k FH= o s aif
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B NG, DASR T H A% 288 2803 A e AR )
i

Luo % ™ XM (PPy) REH AN~
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25 VAR BORIET 36 £ . KIA 960 h IS 1T 5
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DK H - A AR A P T 4% = AN R . @ A B
= MG CRURR- F V- A D, A LRESE SR
TARE A, I AT HR ef A B REAN AR
B, IR IR EA MES R4 CO, HAL R .

(1) R R S50 B v 1

FEHR-FAE R RS, BRACUR T 1%
B Z DA, ERSIEMAENNE . AL
KB A o OB R A At 1 v i LR TR
T HTEE . B EEE T DL R AR R . T
b, KREAA®ERTR. &S BREMREY
AL AR AL RE, SR ERT CO,IE IR AR IR 2 it 5
Wz
P BATOK- 9K 2 B FLai i itk Cangy
JERDIREES . A0 R M 28 55) AR B W] R 2%

® Hydrogenotrophic methanogens
# Acetotrophic methanogens

§ Acidogenic bacteria
PPy
# RMs # Microbes

Biocathode

B7  SEAIEE A B AR T MES # %t CO, 7™ e g B0 2 1

Fig. 7 Schematic of enhancing CO,-to-CH, energy efficiency via redox-mediated cathode functionalization in MES™



$£7% www.synbioj.com 551

PE AR P EE AR TR, AT D R TS M A A A
WA, IR S A R e .
A, XKML T AR B E R A S CO, M
YHOEBIE, ARG, 3T = S A
(S R 2. i 4n, Jourdin 25 M) 78 R IR 28 A Tk
FOH JE A A K MWONT, g T — Mk 2 99
KAEVMEEE N RS B =4 R %
AR 70 B2 2 AL B B o T A M E S
HEWIRETE RBE T, TE CO U EDDE Ak &b, L
MEES LR BB AR B BT T 1.7 f5 A0
2.6 fi5, FRArURBL T 45 A A 4 X R 1 e 4 T
TEF .

AR, HanZE ™ PR T =41 20 -
CNT Z: bt Rk, 44 2 & 20 MES A= 4 B A
ZMERE R A H R EER S OB T1& S
B, YA SR R T AR IS R 2 TR
M St E, WERRB TS, BREE
2P B BRI T 445545, @RI H
PRIt MEHEE R R EIL 344.17 mYg, NAZEYIR
T EENMESRE, MR T AEWREEE;
@R & 2%, 8T NAD/NADH T~ 75 1 74 5
N, AR AT S AR R AR 1R CO, [ E S 2R
AR RS, HE— iR R ARG RE . 1%
WF 72 S B AR AL ) 3 R Ak B T 5 A AR A
FERRAL IR AL T BrE .

Zhang A1 B I R S T ED TS, R
MEMIE ATO) FeKBkiigg B AR RS
A oK 45 1 R AIE 1 B8R B 0 AR O Kz AR S
WAHREREEMSG, RUEMY XEWREEE
EmHrEEmY, SERZILEWRME, Bk
LT RAS . AP S FE R T 2 600 um BF, H
% AT 3R A5 Ik 245 pnA/em? (15 B I B5 B B2 29% (1)
HRERE TR, B EE R, X ORI
T ERT AWM -V A RV RERIR ,
WoAMEZ DIRE . mE R = 4E AR A 1 HOR R
2k 5 4 R

(2) FHi ATk

EH-TAED I E R G, B AR B A
VI AL AR T IR B CO, A= W % Ak 1) O i 3R
W, R R BOER . PR R SR
O H & . TG, e o

P52 IR T 05 L TR A ROR AR, APt E 95
WS PR RSP . B, e AR A
FimA PR . faE Bl B EiE, o
HE5) MES £ 4t 1% B RK T 1) 228 5T 7 1)

HHT,  FETT I AL 36 ORI A SR
BERETHEREARERZ: H—2HKAESKHRS
MM S AR WA S VR B A A R, S = 4
B 2% Gl AT REAL KR4 07 50, 1 R sk A
VMG 5 M 7S R RE /s e o Bt Bl Al B T
F ST, 52U A VDA T TR L 3k 5 5 [ AR
AR J2 T 2 e B A ik e A e

TE AR RME AL 7T, Song &6 ) R I A7 22 4
AL (GOY VTR, A8 BhRE Y R A8 iR S
Fgdt 7 =458 5 A S E A GO /A
HEEN, RERA TR A RIEREFFERRR
WEH . 1325 T rGO 1) i 3 LM 5 AR W) B ) AR 45
A, MES RGAEIEAT 40 KGRI oK, M
WEEIE(T1+£03) g/, FECBEIETI%, B#H
T RBEMXTEA . ZF AR, FRAESEE
Y5 E T EE 03D TG R, 2Rk
S v A H A B AR 8 I AT I R B AT

B 7 a5t TR, MRIOW R T # R ML K
XA RN AT Dh e B Mt R I B R 7. Xia
U IR A e ZAE NI E SR B TR O,
I X A AR U A K e SRR A L R B R R K
M B RE G SR S AR L BT A H . BT
R, HERE B RN iy 1S T H A 4 R
Wl R TR S 2, REERA T HER™
K [#£)215.7 mmol/(m>d) | MiEH HHE (4
94.2%) . ZHUR IR T AR T S5 0 R 4R AR
MES A I BOULAE AL, g A S 18 5E 1) F T3
ERAL 7 ER K 5 o k.

BE— DML, RhA) TR R LR Dy — Rl aa
16 N N R = SR O T S/ S 5 S K
MES % B8 [ 81 £5 i o Liu 55 ™ 75 B R E AT T
Wt 55 T Rhodopseudomonas palustris 5 7= L. TR W 2
6] ) BB AR DG &R, R I H Tl H, 51 R D
ity SEBLCO,mBMREIR N T . BHERRZ, R
palustris 7] £8 B A0 M €85 ¢ F1 T gl oK 20K HL1
BHEAE R R, #Em S 58 iR 1) E AL
5B BEA R, SEPUBOE JE A RE = B R . %



552 GRENE 75

HERGT, CO,HAiE R 44.6%~48.2%,
B W B b B ik 85.1%, EHLH RIF AR
JE M5 R R AR

TESCIEA b, Vu 55 5 3 — 20 5] N5 B Rk
W 9K RLFAE 9 N TP, AR 7 e
VIR B R TR . SR ER, BT E
5 %) (0.37 £ 0.009) L CH,/g COD, % 18 4H 4% &
42%; AW HE T2 9.6 mA. fEHRLS
AR TN T T S X R TR B S VA R I S
B ARGV T N PHL 55 R Ay R FELREL, 08 i 2 ) K
A o X — SRS JE A R T AR SR A TR A
it, ATRMEMES &4 T R4 gt 7 o 47
HEAT

(3) TS AR IE v T

MAEY S BN MFERY, S BEEE S
ROk B AR PR e N R R KRR B B AT
Kentho BEAE H-TEYRF R SAE CO, & H 7 4k 4
BRI RS IR N R JE,  WART FT Rk AR A A TR R AR
ey 7 PR A2 ol Jeg B 4R T ST P [RD R0, i R HE Bl
MES M SRl AF 57 7 ) TR 40 N FH 9 DG B 2R 1T . Jd
RS BRI E R, A AT ST T
BB N SR 3k, BEREMEAS SR
PERY M A DA & O T RE SRR G 26
FARSEHE R G TT R

AR X A 5 S HUR S SR A0I, SEY 2
I AL R PR BN Z T e, Hor, 3
P (ROS) M2 JL N o 75 58 b T A% B A
W, FEA RL ROS By 4744 Z 00 4E R A= 1 Bk 2
ARG KR E BT A e R . 8 R
WS AL FE 51N B BE L A Y W ROS 4y i
AP, G MK HIRE, SR R R AR R
WS 2 BN LB AR Tk . Bl Wa 55T TR C
necator P 5| AT LR G &R, KKHEmE 7 aiE
Xof B AR R I 2 1, SCEL T AR PO MR S B
FEAFAE . 10 Zhu FIBA ¥ g TR
AL 2% TH & 78 1) C. necator # Bk LA 23 i 2135 41 i &
AR & 7 H 2L, 77 R LR C. necator
WS R 7427 5. XL RGP LA B 3 $2
T T AR RS R R R LA RE T, R
JREX} 22 4 FE IR BRI a R A 1 BH Itk (T 2

TE S bR 2 SR, Rk S R BRI D CAIE
SE R — o KR T ARG B AR A T v . JE R K

bnde e LA, R DAUR I B AR PR B B R B iE
I 5 [ 5 B8 D = VR RE A . Im % Y RSt
F T BB HUYIIR B . W46 pHAE S AR HLAL X 24
BR A s . S5 R LW, I pH E AT {2 1 CO,
H, [ IR AL, MRS ERY, 08V E
~1.0 'V ¥ B A LA X 8] 2 B HE SE T 100% F) 2 2K
B, fE-1.0 VM NI T EEm R E . %A
J9 R 2 A R A5 R A AR AT v B T SR
Hehilt

FE [R] I 4% SR WE DU S MES & 4t 7 1 5 5 ) Ih
Re T ¥R . Li 55 Y LUK X G 1 18 Shewanella
oneidensis MR-1 NWF AR G, MWETHTKiZS
T A U 00 % 3 i 2 B P o B I O Rk AR R
HBGEK B EERN (mtrB. mtrC. omcA), LAKJE
W CO, it J5 A SR FE K (i nadE fdhAl. nadD) ,
S THRSENEERA, Bm AN
5.59 f [3.50 mmol/(L-pg & F 5D . 1% 57 AL
RGN 7 TR aE 5B Z RN G R R,
W AR I & AR 2 T Bt 2 e AU MES TR AR
ft7yEs. EICIERE B, i G RS R EiE—
T A YRt HL A e Y8 . Tu &5 Y
L ¥ B R & B Gloeobacter rhodopsin 5 S.
oneidensis MR-1 ff] MtrCAB & & 1A 3t £ & T R
eutropha, T T HEICIRSAI IR EE 10N TG
HGIER RS (H8) . ZRGH KIS ATP &
B, [E S A SR I IR 2 &, YRR CO, [#]
EMAEY AR . B — 5] NBRBR B IE 1 CO,
MBI AR A AR, WEIE R AR . 1R
RET “MER-EER” RS T R ik [ e+
R, RILHGC-H-AEY S A I RS AHE /).

2 HHIE-TUEY AR O R G

B CO, BHIRAL A TR A B K, 1% 50
LR E R RES M R FRAENE R R G
S VE T T IZ B R W 2 RS R ARG R g
AR SRR A SRR S A
AV R R B E EHAT R, WRAE
LR T T RN SRR AN GRS R, N
PR R« TR A - RE P B IR A ZR 3R
(NS



%£7% www.synbioj.com 553

Electrode
AP NADH €C

q) =
co, \G\NADPH*““\"M

Blosynthems M<;B>

Rhodopsin-based photosynthesis

Light source

Carbon cloth
Nafion membrane

Flavin shuttle
Water splitting

Engineered cells
Stainless steel mesh

Magnetic stirrer

B8 ALt RIE: RECH RS S RIEME LR -FME T R ) TR

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™

21 RIUBSEARRESHR

S AL A B R R — ol i I S A R S Rk
A0 I8 TR 5 Ak A 0 e A 3t A A B 2 T R Js .
i) b SEILA R BRI F B, B E i AR
PAREE RGP BR- A AR . R
MRULL =)y B ARG M . RS T
155 AL 2 B R R RS R, MRS
R FEERAHE T R RS . A O BRI DL
TEATE . OF T BAEH R, R T
R RY . F AR BB R ty FELASE R A v M R o
W RgmA e @RMNAMFIIRGIEREE, T
L S HE Y AR S B pHy IRFE.

JE S5 2 AF N ARSI AT, AT H2 T B A B A R
@ a4 o R S R AR, AL T A T
PRI s A Ai L R, A BT S LI A
WHAE S REE MM BT

2.2 RIBERFERIKE

MR 28 G0 5 AR FE 15 B JRE BB o 1 2 FE A
M, SAMa RGP N=MERLEE (H9):
O — AR (B9 ], MMM 55
A REAE [F] — SONLEs A B R A AR, R

1A 7 49 1%) B I A% A sk B v ROR o, LAY S L i A2
M REFEIRMIILE: @F @ (B9 ], HifE

WS LY R A2 A By BG,  BRARE 3 B
AR A FOER A0, AL R

GG @nen Bl [KFoeo], WS H
AW TG Ay MIAE S S A B s AT, P&t
aifh . WA ERMARMAEYED, BHREN T
ZLRAGE A TV JBORTE 71 AR B KA O AE
TR A R MRBE R, /)
eI A CO BN C~C P a e
(WHR. 4. CO%), HAHTREMADR
2B A A C e M B A 22, S E0 i B 2 fif
oy 72340 P

Horp, B CO, IR RAE B Bt R A2, &R
I 25 S R B TR T R PR ) oy B S R 2 OCE
Bl RS0 H AL FL I LR AR T 2 B S PR AR LT
AR AEBOR RS, U4 KB A0 Kk e Hh 22 il A H ff
R R A, AR A (MEA) . SR B AR
(GDE) [ Mi#%. [ B ss, RERI T
CO,IEJF VAR 5 =i 3k

A, MRGEBMMER, 1ERAL G R
RIEZH, EEUUEA — AL BB R B A 3,
JE 8 — B N RS e E A RS
B £ — R E AR L FR B H D Re o



554 BRENE BT7E

Power supply

&

S
Formate ‘9%“ _.—

Pump

(a) JRAL — A 52 R 85 4 A

(a) Integrated reactor system

Power supply

Pump

®

Formate

]Products
Pump ',t

(b) BB RS

(b) semi-separated ex situ coupling

Power supply

() FEA 5 AR AL &
(c) fully separated ex situ coupling
B9 HEA-TEY AR A CO, AL R G = Fh A s = ™

Integrated modes of electrocatalytic-microbial ex situ coupling systems for CO, conversion”

Fig. 9



$£7% www.synbioj.com 555

F) P 50 T i o DU e ok 7 458 U P 0 ) JE il 8
AN RNAERE, N RAIAL . R AL 5 R iE AT R
THTRE.

SRR A RATE CO, 1) i M IME =) e Ak v e
I B RS YES T R 0 RL I ). 8 e AR
TR . H AR S5 4G L AR TR PR DA R ST
AR, FEMEERESR. BT, RS8BT
1) “H-TAERERTE 67, Sk A g )
GRS .

22,1 JRAZT—ARIC B R % 4R A%,

Ji Ar — Ak e B2 B R B A H R IR R 1)
L - AE D AL R A R, HAZOE T
B — I s IR ] 58 i L AR AL COL I8 JiR 5 1 A P i
W 2, SIS A RS ) 7 (8] E S
5Ihee s . SEENEMEEG RaM, %%
1% BRI B4 IR B e L2 R AL, AR A
MU AR T B A 52 [ R 8] P24 (R . 1R
CO%) WIHEEARSUE R, makE fmgs
AR B H A e, DRI A U 2R —F “ oL
a7 MRrE. R RG AT E2ERD.
)R- Y T 1 =T sl T /b e 1
Shr B i B IE, BRD T R RS IR SOA
QA MAR LA, WA 5 TR ) B AT LE A7
F2&F o REAT, BT REGFHMNS TEER;
@RG M E RIEMW R, EHTHEERL, 1K
REFE B AL AR R

BT RS, B E O 2 R m Rk
B R LA, T CO, 1) e B INE Ak & P 1) v R
o Li%E P 5Bt I S0l 7 —Fh LAY 1) A —

AR N AR EE R Gt R A B S TR
PHENB IR T — DM s A (E10). fE
ZRGT, CO,H At BB Bt E o8 FR,
VB e B I L 25 Ja 22 M A6 ks R, ik H
HA S fe =i R 68 10 R. eutropha H164E N T
FfE F, @A TR A PHB & k12, If
8 g FON F R i S IS A AR ), (E R
R EbRREL. BAT S, & el
i 1) R. eutropha H16 B R AE LA CO, Al HLBE M HE— filk
WSRRER AT, L7 5 TS 3-Fi-1-T
P S5 AH A R RL I & B, &R K B T
140 mg/L, U0FE 7 1% R GAE K R 5 S 0 g IR ) %
DT T

R B RN BRI, AR A — Ak
SN2 B AR O RS AE T A 2 5 5T
A7 AT AN MRS o B AR AL 5 T A7
(A I R PR B AE AR 2R, T A P 2 % HL AL
7 B O RS BT, A TR M DA SE AR B
AT, REWIL, fENESERGEMERTE R
GUEIHT B, AL — R A R R AR A T B
HEHRIFOIMERE X
222 ¥ BARFALAGE

1E R AL & R g oS e L, s
FEALAE G AR G0 AR AE FL-TIUAE V) W [R] CO, 2 AL AT
PR Z RE, AR S OB d 5 2L
LR 2R LRI R el 5 TRER M. W
KOO BT, bR RGN B ALE IR 5 A M %
IS AR W B AR AN AR B ) R B e,
8 AR A o7 S B (R PR s S e .

A

i N

P LT

. 5 4N

! \
| Anode  Cathode \
Ceramic cup \\
\

Electricity

Synthetic

pathway

Biofuels

B10  —FhEp Al - IS RS I CO, Il e R O e Al )

Fig. 10 An integrated electro-microbial process for converting CO, into higher alcohols®™”



556 BRENE BT7E

LT R RS, e MR T AR S A
Z A B, KT TP T RGN %
f CanpH. R HBALE) BRSRST IR RE T,
BRI T4 AR AL S R e -

HONEIEWZ, AL RF W FE & RIEAT,
BF 9035 368 5 10 TH A3 15 PR R b BT A 00 P AR B AR &R
55 T A W R T P 7 1 3 7R O B B B A A,
T R A ] = ) I e 5 4 SRR, b R
FEPE T BRI FE AL OR . HTIZRmE, 21> CO, %
& O, SEEL T M C, A a4k B B A
ZH PN 2 B B A . B, Zhang &5 P 3
T A AR - AR ) e S Bl [ A S,
7 — A~ %4 N EMC, C(electro-microbial conversion
with C,) &% (B 1) . EiZR% T, WMshEm
SR EY BUEH (GDE) 4 CO,H B JE N C,
FEWEY (s, BEJE IS R AEIR A E
Yol N RS TG o BT 5T I BA X Pseudomonas
putida WHRHEAT TG TRESOE, $£F-HX C, =9
(it 52 PE AL A RE J, BT S I T AT A W e A T
HEE PHA 6 . 1T FEA R IR T H-T A48
GAERR TR R AR R, MRS T AR
TR ER 0 1138 RBT R A

FECTE 7 B B i - AR & R IR Gi
5 () B ST AN OB R 3% e P AR R B 5 X Rl
A I AR AR B, DA R s IR AR R0 R LR AL
PERE B R CRE 2 B B AT fe R A R BH B 1 D0 R
) R0) o TG IR ) 8, Cui 5 VY PR T — B
PR ff e 7 S8 AL B AE FEL AR VR P 3 AR 1 [
IF, I N R AR ZHL AR R S F AR AR T R . VLR
B B RR (1) 822 72 N Paracoccus communis $21 728

LT oAb R IR EE, Z RGBT 0.114 OD
AL/ TR B E K R A 2.6 L AR T EMZR,
oo B R A RIA 45%,  HLRE B AR W R I #E
WRHIE 9.2%. % LAEE RGN UL T i
5 A6 OB H A e 28 v 1), 5 S A AR
Wi, FHEE—DIRSEAE.

155 — TR EME TAEF, LimSE " JFRT —
Ay BB G, HTSBNAA COo, 3|
PHB s &k (- 12). % RS SR IR
S A6 TR 1SR IR AR CO, FRLIE RN HRR
T8 I 11 R R Gk R s A AR ) R T LG
H R. eutropha 40 B ¥4 F i 46y PHB.  E AL 1
XM, RSAE 120 N3RS T 1.38 ¢ JPHB, 1~
RILF|11.5 mg/h, J& I H A AL 7= 1w AR )
M5 Z R AR RIFYFE.

e Gy A S 6 M A R g0 A R b IE B A
AT T R AL R G A ) AL AR R R, A
RICHL 38 1 FEL A 27 B 358 0T Ak 2B 4 9 PR TR TR S
Al SEBL T AN 7 R G2 8] 1) 3 g B R 5 54k
M, RIS Oy . KRS
G5 ) AT L 28 25 v 1) S 3550 AR 1 | 7= AR
W, WoNE LB RN . B S TR
KM TSR, SR, XK RGEDHIE RS
IR A AR T P RS B[R] 5 P DG i 45
Bodik, JCIHAERR G Al B, LA
T3 5 5 A ok AR A AT RE I 9 Bl M R ARRE ) AT
i — 2.

223 RAHSHEFIGE

R BB E R MER L, NiE— B

P B Ik R RS A R 3 S R G R ) et T

Gaseous
product

Ethanol Acetate
/INADH
- Acetaldehyde
; ENM)H Acetate!
v
Acetyl-Co/
- "
N Major metabolism
P | A "
I

Synthclif pathway

Integrated EMC, system

B ERXEMC, RGREE Y
Fig. 11  Schematic illustration of the integrated EMC, system™



$B7% www.synbioj.com

557

Formate feed .
e m e —————— I— —————————— g With C. necator , = = = -I—
’ ~ »
’ Co, Culture medium Anolyte ‘\ ’ I
'J' +gas products € +formate +0, ¢ \ I
1 t 1‘ | : '
\ p ' e 1 I
] L 1 | C.necator
1 Sn H BT E 1 !
1 catalyst 1 catalyst = : : o,
1 1
\ Co 1O 1 :
' H, HCOOH<=» HCOO +H'V e ! Filtering r | L
1 1 : C.necator 1 % | He
: co, CO,RR: CO+2H"+2¢ : OER s T ! <
1 = HCOOH I 1 T "
! 2H ! HO I
I HCOO =Y ° : I
I Carbon I TiDL . s |
- paper . y Pure I
] ' 1 medium 1
o T Nafion ! ;|
‘\ t GDE ' membrane ! 'l' ﬁL]:rl ]t‘“;l\?cr
\ €O, Culture medium Phosphate / \ Culture medium
- (Physlological catholyte) buffer o 6 | B with C.necator

—— -

—— - — -

1

30°C,pH 6.8
HCOO

Fermenter

\h———————-————————-————‘

CO, Electrolyzer
Bacteria free

4= Without C.necator

With C. necator

Bl12 LR - A CO, MR- R I R G = ]

Fig. 12 Schematic of the continuous-flow biohybrid CO, electrolysis-fermentation system'

102]

WETEN B J e — g B A B R B AR —— 2 = 0
BRI E RG. ZARGRK AN CO,E R 5
A A R A W B A ) AR AR A, S T R
B2 2% AF AN Bl R AZ TP, /P T &
GLRENS 1L %% B 1 e P 3 58 A ST 3B AT FORS 41 45
XA R AL SR Ry T 2 G0 1R € 1k AN R e L 2
R, WOARRBEIAL BT . T ZRTBOR AN dh kE
AR AR T R 5 TR .

N =
HO 2

Y @
co, co

Effluent

[ ‘#
!I
-
\ y
\\\

"

\
|
|

f

e e

Long-ch_a_i.rT (_:-nmpounds
(for example, glucose)

Feedstock @ !

Bioreactor

H,0

Gas products
. T

BT %A, Zheng 55 U KEE T — AN H-AED)
TlEfER R G (E13), I Co, it v 5
T B R T R ER R EE Ok, 58 A 1 AN T BB R I K
B v B IE = M A AR A . AT o SR R
BB R T AL TR (NI-N-C) Kf CO, i £ M ik iR
9 CO, 4RI AE R E AR AL R E H Tk — ik R o &
1. BE S5, @i &K TR & Saccharomyces
cerevisiae, W& T HFIH 208 A B %) 6 S 4L {52

H,0

&

CH,COOH

Pump
=

-

Acetic acid

B3 NI A & R I - P TR R G ]

Fig. 13 Schematic illustration of the electro-microbial cascade system for the artificial synthesis of glucose

[103]



558 BlENE

ENE

RE BRI RE 71, B0 T 1% R A TE CO, M 21k
REVE A& WL A b B SEBR AT AT 1

Bi %5 WY ik — PR R T %R g, ¥ CO, HLfE1L
P4 R AN TR 3 S A A A 4 ) il 0 AR i 2
B, BV EHB-MAEMTEETBERMERR
(E 14>, FER T & R B e A= P R oRk——B-i%
Je M. HARTE, B0 BRI G2 g o S R
B CO, L FAMTF RS AR, FFEE Y hikk
5 AE R R T IR ) At 25 AR AR BUE 1) Yarrowia

lipolytica. Fx#SZH T (14.8£0.23) g/L ] p-1 JE ¥
PR, TR PRI TN R ARG A A R
BV IE s ER .

P —TRF 9, Zhang &5 U IR R T —FhR)
HES FHRBEESBLERENES B RS
(B 15), @ #5 s BB 1) Bi,O, 4K A 4h 77 i 4%
¥ CO A N TIR, 405 A IE 80%. Bl 5,
o R AE R ME— R IRMEZE R, eutropha AT K%, %
#1099.6 mg/(L-d) [ Z 50 | PHB HIFFEEAH &

C!.‘)].ild
[-Famesene “
HCOOH
i Concentrated Concentrated
acetic acid  formic acid
| —>———
@ Aas

Fermenter or shake flask

CH,COOH

Electricity
generated from
renewable sources

Solid electrolyte reactor

Bl14  Hifb% CO LR (CORR) SRS B RE, HT L8 CO, M B-I%Je i i m & pk ™

Fig. 14 Schematic of the spatially separated electrochemical CO, reduction reaction (CO,RR) and microbial fermentation process

for the efficient synthesis of B-farnesene from CO,™

| b2 o i Artificial biosynthesis I
;s 7
I = Ve PHB I
1o @ ho v 4 ] !
I o g HCOOH |
I Ll o |
| SReRE: —~ =G0, // / Sterile air I
I e MFC /s 7/ I
: e 2 Fermenter |
| S —10GC , / |
- - S .: /7 rd
! Peristaltic e ;7 !
1 pump .'l P-Bi P 1
1 5,0 Il et 1
i \ J HCOOH , 7 C ) :
Anolyte #54
| y Electrosynthesis / % / Storage tank L_ I |

Bl15 CO, &L SMAEM KSR ARG rE, HT ANL&MRPHB ™

Fig. 15 Schematic of the sequential CO, electrolysis and microbial fermentation system for artificial synthesis of PHB!*



%£7% www.synbioj.com 559

— SRS AN TR 1 A% G R BT 2 2% T A A 1)
JRBR, o “apE kL HilE AL T ko R K A
T HHEE.

Fan %5 " 2 7 — B AL 25 - AR ) B AR AL
P&, LI T CO, I KR ) L A R B AR
(E16). %R G LA CuAg X4 Ja 1 A0 77 R 22 1 [ 25
LA T S B a b CO, IR RN B8 S 1R, it st %
AR o 1 K I AT B AR R R 5 R EIR A
BOSER G, B SEILT L-BE &R &= 14 0.6 g/L
A G R XSS H A T - A b [
RGAEE AR =W i (3&E F i 5

ARV P T — B CO, HLfELIE R
AR R S R - A R G, B
MEAFE A R G IE W) R B R G AT B it
SEHL T M CO, B 22 s B IR Tl = e fk . 1%
RGN ERBE N ARG N RENLTE,
T J A 34 JiE FH s R BR A A TR (Ag) AL
WA (Cu,0) GKFRL, LAAE N L 4k &
GBI . TEHR IS, ZHBEA RS
7E 55 e [ JE LA (MEA) J 3 88 HF SEE 1 2 F%
() Fe I P A vy FELUAL 5 FE I AT o 7E 130 mA/em’ (1]
B FKWE 5.8 h, LR FEE4EREL
25%, PP tE I LB TR A S T IE 86.6%, AR
¥ 8 240 mmol/L. 741 L BEAE AR IR AL 45 T2
WK H (E. colid) Witk, dBEmigiti AR T
b A AE 77 R 4 3R 15 482.6 mg/L 4K RE TR |

H,0 #& =3
3

... —

H,O

Gas produclsd-' ;

c0,Q ) ?
3 3
|

o —4

Abiotic catalysis

Blended
nexus molecules

® o

cascade catalysis

109.3 mg/L 57 5% F1295.1 mg/L PHB. %4k R K1E
T LA CO,RIE I ZBEAE 9 J5URHEEAT W] 4¢P
BIAATE, A O A R TR
ws (E17).

564 B R S A R A R G O A S A B )
R SHMAEERE, ST R MRS B A
Hirr= 2 e, R T RMBE S0 8
RGEkett. PR RS . K
e FEE B A P AR AR TR T LA S 4 R I T, R
AL, SREHE S SE AT G RS A
Je B K AR R AT 5t S R RS, i
AR CO, B RIS R 2 — . TERK, TEAeHD

B R G R R ) O R AE T R ) P ) A% B B T
Ak, SIS AR P R 1 AR A TE T
PAFR Tt 32 G B AR R IR D B 2k

3 &HigHRH

LB E P B[R] AR G A O — R X% 6 CO, il
Fetbpsis, e 7 REARRARRERKES
MAE K A0 M4, LI A. K s
ol i 5y T B R B AT . R AR S R
W& RGEFAR A GRL. K2, AW, S
e PN e =R 7 TR Y e AN % 2
A3 THI I 5 22 KB PR PR R A AR 2, 7 AE LA L

r,&-ﬁ 88

[
L-tyrosine Pharmaceuticals, food,
feed, and dietary supplements

\

1

1

: i

P { L-tyrosine = !

 _ production 1

H.CHOH= _ _\_ pathway !

ut1h7atlon Eand ¢ - e i
pathway )

) < ‘CH coor U |

\uuhzanon :

pathwa)g 1

]

”,

Cooperation effects

Biotic catalysis
Ei16 ST IARENM/EMBEAELRGNIRES Nexus 5T T CO, & 1l L-BE E IR A~ = K 1o

Fig. 16 Schematic illustration of L-tyrosine synthesis from CO, using a blended nexus molecular system based on an abiotic/biotic

[105]



560 BRENE BT7E

] 03.- Itaconic acid

o 1 ——O— K, sopopan
-':r } m Polyhydroxybutyrate
() JII T ]\ CO, A LK B 2 I R H A A F 2 3R 7

(a) Schematic illustration of the integrated electrocatalytic/biocatalytic platform system for the synthesis of long-chain compounds from CO

2

AL
——
W i
o

Tannic acid
Xoo —~ @
\
Metal Salts MPN NPs ) MPN(@deCOF

MPN@deCOP@Ag-Cu,0  MPN@deCOP
ﬁ CuAg! 0 120 C
Reduction

(b) MPN@deCOP@Ag-Cu,O HLIHE AL T & I il & i s =
(b) Schematic depiction of the fabrication process of the MPN@deCOP@Ag-Cu,O electrocatalytic platform

2 # 5k

o ks cetoacetate

; =

Z A3 s &

= &

E . [ Acetoacetyl-Co ] Acetone ]

o £ X 4»

2 )l\ gcs )‘ks/c"‘“ VO*S» Isopropan ol
OH

kS =

y %
(Ttaconic acid) [ Citric acid | [Afxt@ﬂcetﬂ CoA | [ Polyhydroxybutyrate |

'\/ ’j\ A

( Isocitric acid 3-Hydroxybutyryl-CoA |

(c) ZEER BRI @R

(c) Construction of the ethanol utilization pathway

B17 AT KEASYE R CO, BT & R R I 1

Fig. 17 Schematic diagram of the carbon dioxide electrocatalytic platform and microbial conversion for the synthesis of long-chain

compounds"””
ANTT I TT & R G M 7t 5 BT S - R o ARRHIEFT R R AR T4 i 1 T i -1 A= v
(1D NTREBAEY R 2 5 HE % Al R G0 & RE M IR S AL A i, S a e e TS

HTZ N A2 O KRR L, e ERIEE TR, AR RS EZAEA . W

AT AL RE A IR, B2 RGL IR H: RIARSTRE RIBSNE L TRM AR R,
B &, A LLSEBUE AU AR it 5@ AU= Y I SEEL CO, 21 2 i B AL dh FORS HE 5 Al



%74 www.synbioj.com

561

R RS S SRS RNE TR

Table 1 Representative work: in situ vs ex situ coupling
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