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Electro-assisted carbon dioxide biotransformation
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Academy of Sciences, Tianjin 300308, China; *University of Chinese Academy of Sciences, Beijing 100049, China)

Abstract: The increasing emission of CO, has resulted in severe climate problems, prompting global actions to
reduce CO, emission or fix the atmospheric CO,. In 2020, China set targets for carbon peaking and carbon neutrality,
making it an urgent need to develop carbon-fixation technologies. Attributed to the rapid emergence of synthetic

biology in recent years, CO, biotransformation through biochemical reactions catalyzed by enzymes and microbes has
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achieved a series of significant progress, in the design and engineering of enzymes, metabolic pathway, as well as the
construction of in vitro/vivo systems. Many products, such as fuels, amino acids, starch, single-cell proteins, bio-based
plastics, and other biocommodities, have been synthesized. Consequently, CO, is considered as the resource for third-
generation biomanufacturing. The crucial step in CO, biotransformation is the activation of CO, molecules through the
introduction of external energy. Compared to light, heat, and chemical energy, electrical energy is favored due to cost
effectiveness, miniaturized apparatus, and convenience, attracting significant attention from both academia and
industry. Electrical energy can be utilized in two ways for CO, biotransformation. In one way, CO, is electro-activated
directly and biotransformed. In the other way, electrical energy facilitates the production of C1 intermediate such as
formate, carbinol, CO, and the C, intermediates are then transformed by coupled microorganisms or enzymes, or the
production of reducing forces such as NADH and H,, which participate essentially in CO, biotransformation. This
review comprehensively introduces research advancements in both approaches, analyzes potential carbon-fixation
mechanisms, and discusses the advantages and disadvantages of different methods. Furthermore, the review proposes
potential synthetic biology strategies to address efficiency concerns in CO, biotransformation, such as mining highly
active carbon-fixing enzyme, enzyme engineering to improve the electron transfer efficiency between the enzyme and
the electrode, metabolic engineering to enrich products of carbon-fixing microorganisms and improve the carbon-fixing

efficiency, aiming to enable practical applications and the achievement of carbon neutrality goals.

Electro-assisted CO, Biotransformation
[ C products o
Organic acids

Alcohols
Starch
Amino acids
Chemicals
Bioplastics
Single-cell proteins
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Fig.1 Schematic diagram of common strategies for electro-assisted carbon dioxide biotransformation
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A GEIR AT R Z AT, SR TR A I B AR ) 2
THERWG, 1B RS SE IR N AR G M B AR R BE AT B CO,
EWEACH R, iz U KR K R IR R
21

1 WAL CO,

BEfEAL [ € CO, ¥ Ik Z A, A48 IR Bt &

i (formate dehydrogenase, FDH). — % fL % i

Z M (carbon monoxide dehydrogenase, CODH) .
2[5 2 B (remodeled nitrogenases, RN) &

LSS (carboxylases) ™. H:#F FDH. CODH #i
RN ¥ J& TSI JR B 2K, RefEEAL CO,IE JE 73 il ™
AR COBCH K. i F M AL i 2 CO, Mk R 1
I ity [ 52 7E AR R T, JE I Ah 4 R SR L sk
W CO,MIL R, RARMW R, 5 THME, &% 7 4EY
&N R A I B 2R, A A CO, 7 Ak &K
g AL R R P BRI T AL IE R 1)
FaE M A TS M DL G S A 2 TA) Y H 1 A% 3k
R B DUR R AR O kR £ B 1) = KA Ak
JER il PR F R AL R TR, IR N R A i B AH G 2E

JEMR T 2L 1
1.1 PERSEBEW

FDH J& — K Z 4745 T B 2R S 1 8 Ak ik SR 1
Re i A0 F R /CO, P 0 B4k o AR LA AL O AN [A]
AT 43 AE 4 T O A IR it S A 46 S K R A
RGBS B Wik 1 Frow,  JE &8 A i
IR I Al = 22 ALNAD (PO HAE RE R+, T4 @K
) R B A 2248 LU (molybdenum, Mo)
B (tungsten, W) 43 4.0 %) FDH. FDH
Refifh CO IR JF = AR =l R E MR, WnlfE
LA CO, 9 JFBHAE 77 iy 75 SRAG S il IR 36— 20 K S g
5 H A B 34T 6. DRIk, FDH J2 — Fh il B i
51 1A CO, A= M fe 7] B
L11  3F2 Bk AV B8 0L 208

& BB A FDHEHE AT HEEY, 25
R AR R Ak, i RSy, R,
FDH PANAD(P)'/NAD(P)H £y B T 52 AR Bl fit 4,
PA] ik S A Pk A NAD (PO H A 84 HH R B & Bl s DA
C/FDH A#I (K2, fEEMHIEFEY, 5 NAD'4
Hr . NAD' [0 00 B i B4 265 fg 51 N« iR R 2 245 ) 1

R AR Y R I U < A A Y R R i SR AL CO, 38 JR

Table 1 Metal-independent and -dependent formate dehydrogenases for CO, reduction

IS Bt LIRS ESL LT Ak 225 R
Classification Enzymes Organism Classification Electron donor References

Metal-independent CbFDH Candida boidinii NAD -dependent NADH 0.1 [32]

T5FDH Thiobacillus sp. KNK65SMA NAD -dependent NADH 0.3 [33]

M(FDH Mpyceliophthora thermophila NAD -dependent NADH 0.1 [34]

CmFDH Candida methylica NAD"-dependent NADH 0.01 [35]

CtFDH Chaetomium thermophilum NAD"-dependent NADH 0.02 [36]

PoFDH Pseudornonas oxalaticus NAD"-dependent NADH 3 [37]

Metal-dependent SFDH-1 Syntrophobacter fumaroxidans W-containing MV* 0.04 [38]

SfFDH-2 Syntrophobacter fumaroxidans W-containing MV* 0.01 [38]

DvFDH Desulfovibrio vulgaris Hildenborough W-containing MV* 3 [39]

TkFDH Thermoanaerobacter kuvui W-containing H, 2654 [40]

CcFDH Clostridium carboxidivorans W-containing NADH 0.08 [41]

EcFDH Escherichia coli Mo-containing MV’ <1 [42]

CIFDH Clostridium ljungdahlii Mo-containing NADH 0.01 [43]

RcFDH Rhodobacter capsulatus Mo-containing NADH 1.48 [44]

DdFDH Desulfovibrio desulfuricans Mo-containing MV’ 46.6 [45]

CnFDH Cupriavidus necator Mo-containing NADH 11 [46]

RaFDH Rhodobacter aestuarii Mo-containing NADH 0.8 [47]

AwFDH Acetobacterium woodii Mo-containing H, 28 [48]
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Fig.2 Three-dimensional structure and active center of CtFDH

Gb, 5 RERIR GG BB e, NAD B -
(R BUR T 70 5 5 Thr257/Asp283/His312/Ser3 14 F i
S, AR T 5 His312/Ser348/Gly349 J& il A i .
Ry T —NEIRET 5 le9d 1) 4 & &M
Asnl20 B A L A #, H—1MaET5
His312 [ & b &R 1+ Arg259 il 55 w5 A 2 5%
A Je NAD BRI 38 1 1) 408 1 0 A B, AT i
I NAD R BERZ R DUAL,  CARIF Ak i R A ™,
3k 4 &8 #H 2Y FDH i X CO, T ik Y R (¥ AL il 38 &
ik A 72 NADH il HCO; 2 i) . T H & ¥ % .
HCO, 13 2| NADH [ HL ¥, Bl J5 i S BE BT ¢, 49 3]
H R F 8T, NADH A N NAD, HERM
NAD' B8 & & FF A0 148 B k& 8 f#i (1) FDH
i1k CO, it JR K #i T NADH, T %1% NADH f{]
BN RRAS, TR TR B G ON 53 A R 2L I A R A
INNADH FiA:, SR, 51N F Al B AR 4 2 38
RNAR R R, BHrwn S m . Mz
T, HRALE BN R B LR BT BLIE S NAD R AR
NADH, HEHREIMAINFEAd S, LG B i
WREIME R BB HEES . U EL RS
J& 1< #51 1Y) FDH ¥4 2 1) CO, i i 1k 38 JR K R
WL R LI 78 (IR T % %) FINAD' I
F=“E NADH, 2 EI7EH iK1 NADH I/EH .

4k < J& WO Y FDH H {4638 5 CO, 7 3B i) 31
2042 804FAR, Weaver % " f PoFDH 5 - T {444
Bl——7p BB LHH (p-type indium phosphide, p-InP)
M4ia, JFUREER MV BRI,
SCHL Y 65 S FDHIE JR CO,. Kim &5 ) 15 Yk
1 CbFDH B AR &, DLRE & Jm b Ay 2 f) 4
8 HRRAE N TR A RHEE A NAD (38 7, £ 1.0 V
vs Ag/AgClHL & T~ HI R 7™ A2 80 % 5 2.1x107° umol/
(mg ChFDH min) o #t — B O0AGBH AL A HL TR
TE R AR A, IR R R e m 1 3%, &
6.28x10”° pmol/(mg ChFDH-min) ', H LA I,
P R 1 IR A RL R4 I8 J5L NAD [R5 2, AT 4
71 FDH I J/ CO, [F1 %% . Srikanth %5 ") 1 KA 22
T H-Cell (PR %= &G, @il k2 Ry s F
38 JF NAD", £ HLUAR W i 2 1) COFDH G i CO,
(38 23X 0.15 pmol/(mg ChFDH-min) , {HJif &5 1
CbFDH FE MBI, 1E 1.0 VI LR T R e PR e
ORFF45 min, X FER BT AN E AR 7R 2
B AR == 51 1 B AR F A pH B P AIG,  0fd CbFDH
K& o Zhang 55l i DL Y b ik 2 B #R 12 1
Nafion J& i ¥] Nafion /i # [ 5& CPFDH, M i {3
CbFDH %32 pH A BRI K0T, Hilf B, 1%
kR FaE e m T 3150 b. Barin % ¢ % ChFDH



1196 BRENE F45E

] 52 7E T IR LI A K 47 4 EAF S B F A 7E 20 d 5
LR FF 40% FO3E M, @ e it — S
CbFDH A2 @ T — MR UL, K iy [ 2 76 Fi b
B LA BT m AR E v, I L K i A
TAERE . 554N, CO,7E & i T ¥ il M,
KA R R G CO, HHMFEHHR KL —, ET U,
Jiang 2573 53l DLt B 20 W i (PED 7. 2 ik 4L
R HP-UiO-66-NH, [ E 3 (b) 1 B Al 4 >k ZIF-
8@FDH@SNF [ 3(a)] "™ [#l %2 CPFDH, X%t
AR B R AR, B X CO, B — & IR T RE
73, 8 I 3G B R 5 H CO, 19 B T 4 0 Co,
AR

TE B H AL T, BiETE LR b 0 [ 52 A %

Cathode

Q NRr\'d
NR

T —

5l 2 18] AR 0 A A . IS A R DA R
VI gs& B EER W, Gl By E Bk B e
] 5 R A O B b 1 R 8l 5 H A 2 (R) ) H AR 0
X%, Song%5 ' f% TyFDH () 262 (L4 & MR 585
bR, 1S B mR AR b ORI 4 oKk
(CuNPs) figfig il it Cu—S B M4, LT
TSFDH {E bR B [ g [E3Ce) ], 72 kA
b AR R oy TR R [ € 4 X NADH,
BRI T CO,BIARE, HER”&IA 8.5 mmol/L,
AE PR N 11.8 umol/(mU-h) ", b4k, Reginald
S Y E K CmFDH 5 45 6 1/ (gbp) #E4T
A& ik, & T CmFDH 5 & WRMgs & 1, I
HLN iy i A 2% 08 0] g 7 bEYE 1A #2 e, D FDH

CO, enrichment

*ﬁ——-————-——————"

(a) ZIF-S@FDH@SNFE’%CO;”J
(a) CO, enrichment with ZIF@FDH@SNF construction!*’!

LY PEM
~."Ir -------------------------------
I
il
! I'jr:\_-j L E
¢ 0, i co, "H\ ”;,. « NAD* MV ¢
\ ANy ’f
H* ___: & & 2NN, @ 9
H,O : NADH MV*
Anode # Cathode

e Sodium acetate <% PVP K30

(b) FI| FTHP-UiO-66-NH, [& 52 By 3 % £C0,1
(b) FDH immobilization with HP-UiO-66-NH,**

HCOOH

(c) B 4r T 5E 7] [&] g1
(c) FDH oriented immobilization!®"!

B3 dE4Jm il FDH il Ak i 540 SR g
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TE R ) R, 3 BUR N H A 05 P )
NAD" & B 5 [ B IR 3047 1 B A P PRk, 4R
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(MV*). 1, 1- R -4, 4 BRI g iR (DCH %%,
BOF R E . AMKEEM AN TiH 7%, 7

e N 3E 4 8 O/ AL FDH F i A CO, 38 J5 12 138 (1)
ffR T %8 e gy R I AU L AL COL It R
MEsE TR,
112 & BARM AL W BB 2.5

4 JB {2 FDH 2 45 DLUAH /45 XGRS 1 15 0e —
BH BAE NSO — 3K FDH, & d 0l
% HH (molybdenum, Mo) (%3 (tungsten, W)
SR, BH/AY SR T EH AN SRS 1 A R IR DA
P [ s . & @ KA FDH 450 2 7, ALHE -
AR E E L 0K B R R ORJE 1 FDH-H (E. coli
formate dehydrogenas H) [ 4(a)]™; Hyi — %

®2 FRRMEN L CO LR

Table 2 FDH electrocatalyzes carbon dioxide reduction

) L 3 HL g o . .

W1t . - PR P SHI

. Potential Current density .
Enzymes Cathode material /(V vs SHE) HuAfem?) Productivity Product References
Vs pA/cm

PoFDH p-type indium phosphide -0.51 n.d. 1.5% Formate [51]
ChFDH Cu foil -0.8 n.d. 2.1x107? Formate [52]
ChFDH Cu nanocrystals -0.8 n.d. 6.8x107? Formate [53]
CbhFDH Plain graphite rod -0.8 -3.09 0.15? Formate [54]
ChFDH Graphite -0.8 -0.20 28.9% Formate [55]
CbFDH Copper foam -0.9 n.d. 3.6 Formate [56]
ChFDH PEI@SBA-15 -0.51 n.d. 88.7% Formate [57]
ChFDH UiO-66-NH, -0.51 nd. 1017 Formate [58]
ChFDH ZIF-8 -0.51 n.d. 76% Formate [59]
T5FDH Cu nanoparticles -0.81 n.d. 3.6% Formate [60]
CmFDH Screen-printed gold -0.81 =35 n.d.® Formate [61]
ChFDH Carbon felt -0.81 n.d. 0.02" Formate [62]
DAFDH Pyrolytic graphite disk -0.5 -0.1 n.d.? Formate [66]
SfFDH Pyrolytic graphite -0.6 -80 n.d. Formate [67]
DvFDH Gold or graphite electrodes -0.66 -300 0217 Formate [68]
DvFDH Gold disk electrode -0.6 -14.4 n.d. Formate [69]
CIFDH Polyaniline (PANi) hydrogel -0.6 -3.02 1.427 Formate [70]
Me-FoFDH Glassy carbon -0.54 —20 000 6% Formate [71]
DVFDH P(SS-GMA-BA) -0.59 -533 0.05% Formate [71]
CIFDH Pyrolytic graphite electrode -0.8 -1200 981? Formate [72]
DvFDH 10-TiO, electrode n.d. -99 0.185% Formate [73]
DVFDH (ITO)/TiO, -0.6 -100 0.1027 Formate [74]
DvFDH Perovskite/ITO-TiO, -0.47 -4.75 77.3% Formate [75]
DVFDH TiO, n.d. n.d. 2.7x107°® Formate [76]
CcFDH, FaldDH, ADH  Cobalt phosphate/a-Fe,O, -0.6 -480 0.021? Methanol [77]
CbFDH, FaldDH, ADH ZIF-8 nanocrystals -0.5 =400 0.013% Methanol [78]

@ #ALA pmol/(em-h) .
@7 N pmol/(min-mg)
@n.d. TR
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Fig. 4 Structural models of metal-dependent formate dehydrogenases from different sources
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Fig. 7 Structure of C:CODH and catalytic mechanism of CODH
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R AKIE A B HE, BLCO, AME—BRiR, S
W7 RS CBRMEASMEBEAE R, Hr, BN
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FH e bR R 77 TR TR I R B RRABL I AR AR S IR BT,
AT 1H 7 ) FH 26 40 v B L B B R I R R AN T
G TP BE R e R AR . S A I B RLRRORA RE, R
FA Sk B AFARTET T R A ) S A= P o B R AT T Kk
150 d Y HL A s 3, SRR I e KAE P2 Il 48 v &2
17.25 mmol/(L-d)[1.04 g/(L-d) ], 20 d N L& K2
B IR 175 mmol/L. 38 i 5l A4 0 41 B o A A B

i R M B8 AE b AR M A Rl E AR T
I, 3R CR R E B R R L R AR SR
BIAMTE. BT HRAEYR WA RS, Bk
AR B A A vi5 P % R P A 2 e R AN PR AR
HEF . Flexer 55 " HiE T 7E PUR B b A=
K Z Mg K% (carbon nano tubes, CNT),
T 111 22 FL = 456 R R T 3502E 0 1) B A0 AE )
BT i, ELRe i e R B, 3 Tz R AE )
FEL A K 2T 1) HL A 2 R L DB AR A A PR R 1) PRI
WS R TG, CRAETHREBRG T 2.6 ff.
Jourdin & " G 220 2 IR LR B IR AN S 1 7R 4
% i A A T R 5 E RVC UK L L TR 42 B ik 4
KETHEN =4 Z LM K EPD-3D ML &, 72 4R
(R ik 685 g/(m™d), IAF| T Tk R R AEF=K
o T REGRATERS, TR A e R
PR B ) FBAR, SR T Labelle 55 ™ $50E 7 #
HEYIHBRBEARYE (pH 6.5) HEEFITHAR, B
SRS H BT R = AR R, RN 2.6 kg/(m™d)
H7P* 2B Rk 3.1 kg/(m™d), 77 H B Kk
0.7 kg/(m*-d), NFAEY LA BREERIFI A LR 32
BB B . 7R SRR AR P I AR R HER ) CO, T8 A
ER AR, MY AL, NIE, Rovia-
Alsina 2 " FIH R A5 e R AW E B, 15
50 °C NHHTHUZEI A R, 23T 150 d I RFE: K1
J5, BB 52 g/L, XAl i
CO, 7= A 38 55 £ Bl 15 iR AR F ) 1 100
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Table 3 The main product of microbial electrosynthesis
7= A L) %ﬁﬁﬁﬂ . %%#}: 7R
Product Microorganism Cathode Potentiostatic control Highest productionrate References
/(V vs SHE) /[g( L-d)]
Acetate Microbial community Granular graphite -0.59 0.24 [110]
Microbial community Granular graphite -0.59 1.04 [111]
Microbial community Carbon felt -1.26 0.06 [112]
Microbial community Reticulated vitreous carbon foam n.d. 0.24 [113]
Microbial community VITO-CoRE™ -0.40 0.57 [114]
Microbial community EPD-3D -0.85 0.39 [115]
Microbial community Granular graphite -0.6 3.10 [116]
Microbial community Reticulated vitreous carbon foam n.d. 18.72 [117]
Microbial community 3D-reticulated vitreous carbon -1.10 77 [118]
Microbial community Carbon cloth -0.6 0.03 [119]
Sporomusa ovata Graphite sticks -0.6 0.045 [120]
Sporomusa ovata rGO-TEPA-modified carbon cloth -0.69 0.17 [121]
Sporomusa ovata 3D-graphene/carbon felt -0.6 0.12 [122]
Sporomusa ovata PEDOT: PSS modified carbon cloth -0.69 0.17 [123]
Sporomusa ovata Copper foam coated graphene -1.0 1.46 [124]
Sporomusa ovata Synthetic biofilm by 3D bio-printing -0.6 0.68 [125]
Sporomusa ovata Ni-PHFs modified carbon nanotubes -0.4 0.17 [126]
Sporomusa ovata Co-P alloy -0.54 1.6 [127]
Clostridium ljungdahlii Graphite plate -0.8 0.138 [128]
Moorella thermoacetica Carbon cloth -0.4 0.35 [129]
Butyrate Microbial community Carbon cloth -0.8 0.16 [130]
Microbial community Graphite felt n.d. 0.54 [131]
Microbial community Carbon felt -0.85 32 [132]
Caproate Microbial community Carbon felt -0.85 0.95 [132]
Ethanol Microbial community VITOCore® GDE -0.79 0.42 [23]
Microbial community Carbon fiber brushes -0.46 0.87 [133]
Clostridium ljungdahlii Microbial reverse-electrodialysis -0.58 0.48 [134]
Electrosynthesis cell
Methane Microbial community Graphite fiber brush -0.501 0.01% [135]
Microbial community Carbon felt -0.751 0.13% [136]
Microbial community Titanium mesh -0.7 0.13% [137]
Microbial community Granular activated carbon -0.72 0.14% [138]
and graphite granules
O#AA L/,

A AR E R AR R, EE™Y2
L, MTHEKBEMENR, WTR. CR%
AR I A =g e, H i b F B AR K F
B . Ganigue 55 " HRIE T B CO, N ME— R IE
AT ARG T R, HAEMHEEN
1.82 mmol/(L-d), *HEAK, JFiLtEhE LBEAT
BEMI AR . Raes % Y il $E my IR (9.3 A/m”)

BT A PRI E A 0.54 g/(L-d), HIEHAD
BER A B, AR B & A O R
TR A B A R C &N B TR 48 A sk
G ER KA, (5 H §7AK I T 2P
ARG R A, R EAL T TRTSE, B
BEM) CR A& BUCR EAK . Jourdin 25 1 JRIE T 7E K
B R B AT AR A R TR IR I e R R
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[0.95 g/(L-d], ZWE AW FEE =M N LK
[9.8 g/(L-d], HXKNTEK [32gL-dD]. WMAED
HL A OB AR 1T R 9 LR A Bk % 6 & L) — 5%
HEPRL, MHEHBMNS, BRSO RE
RER R, (HISIFHALKEME E, BT
FEVIE BRI, FBUR & E N R IIEE AR,
S Ab BN G B pRAS v SRR ] G PR N A o T
KEER A VLR ™ & npa, B A i # d m sl
PR INE Ao BRI, EE P RE N, RS
7= BN 7 AR R A L A HLIR ol Ak gk A
(I 57 A
2.1.2 w4 mBEk

MR Ol TEEAERNBRREIRHTTZ,
TR i & R 2R A BT 40 A TR )
PRIV . AR SR AEIROFER. R
BN A — 20 0 JiE 77 AR A B S ) AT IR,
ERPRR —E A PIRE, B2 L 7 e B
()38 i, 1T AR SR B B BE (3R 3) . Sandipam
& R ARSI AR T T IA 90 d AR
MG ORI S0, 25 R ILAE KRV, HIR
LTREANR I = R R, 1R N T 24
40 B, LA, BIRARBER, LM
REIK21 gL, M THNIBRHHRERE (13 gL).
Jos¢ 55 1 U B 3@ I 4% A AL IR I 1 3 2 AE 4
4 ¢ COD/LI, A BT 42 S E Ve A HLRE &
AH N B 1 & 77 B . Abdul Hakeem 25 M7 %t L #JF
FUT RS AN AN AN AR B B S AN (R H AR A
BHEMAEI A B OB R, 2RI, f
FEG TR B B TR & FL Al T DASE s LR R, M
Mt E LR B MR &, Arends % " HE T
SHREERA R, FRIE33 g/(m>d), XWZEEFIK
X R A R AR IE . H R TR A R
B2 (A 9T A0 b T RS AP M B, Bl T A R AR R B
FRANRMI R, Xl FEEER WM RS
FCFE I B B SIS, KRR A RS 0 R A
(A A, KIS T D o0 1 B R AR e ME 2L SR B A . B
I, BN EERM AR, JEEMAEY
HL A A HLIR A R EAT LA G BG W RE 2 fi k
R RE SR P A )RR I T B
2.1.3 &R T

B R RRL S, 78 B AR TR A Tl 3

AIZH N o A A R b — 2k R i R
M. B, WEEIRTEA8EA, &
B B AR, BRI B Al
s Wk, =GR R TS KA e FE R
A S A e A (R3). Cheng % "™ &
ARIE T 72 AR 35 0 V8 B A R LA
FH LR b B B AR COL I TR o e, HAE ™
W FE AL N 9.6 mL/d. Jiang % " N - 950 mV
vs. Ag/AgCL I\ HL IR, 3 A BE (0 AR Pl R4 T &2
129.32 mL/do e (K7 A2 AT DA B ZE ) B AN R
R B A, 7 R B ) A P A I SR SR CO,
AL FEMAEYI RS, EERTHEEE R T
VR R, BEMEMBERASY, A58
A4 B B AR S A se K E1E R . B,
S8 n F AR R R AR L 2 T AR R A A AR R T
TPV R 077 Liuss N @ 78 N R
o 3 7S I R R A SR UKL A Dy F AR AR, AR —
FREE B4R T T AR R LR AR, BB TR
Ve B A AE VAR IR T B, AT B3 e T
Fe =& [65 L/(m>d) ] Wb AL 7= il & & 2
T w1 s A B AN W] AR R B )
fIN, Yong % '@ TREAL 6 A B FE AR R
B (Rhodopseudomonas palustris) SEHLLE =&
R T OGIR BN A b A G, O b A R R TR
B .

2.2 SEMEVBER

FHEE TR & BB AE P A s, R Al 7
AP B s B v, S TS A B R A
[F I, 2l T AT AR B T AR ) A E A A EAE AL
R, FETNER LAY RS R R
G R B R R DL m PR RE . AN, AR ERAE
AAR I 1 2 1 8 7] BE 32 i Tl A M & B H AR )
)L —vEF = . H ETRIE 1 fe B4R A A Ak
TR CO, I YA U E 1 W (Sporomusa
FKIE IR B (Clostridium ljungdahlii)
IEERR R IKE (Moorella thermoacetica) 5 M,
22.1 P EIEFHE BA R

Y S A TR — R TR R AE Y, AT R A
W b1 B 7 [ 2 CO, = AR WAL 2 i o Nevin &5 1)

ovata) ",



1208 BRENE F45E

HIRIIE TEA SR EAEKPINEATE T E
P20 ] R T [ 2 COL A LR AN 2- AR T R
Fi& . Lehtinen %5 " ¥4 la & o AP Bk 47, DA
P SRA T R 7 A I S BRAVE NI, 1E Acinetobacter
baylyi H A AE K BERE 3L B . bR T B A, 0 EAR
RMEAT B 1R — P82 = 00 A LB R 1
HTF B B, Chen%s " FIH A 58 dH M -7
WL A B A IE e B2 (GO-
TEPA) [P HLB 2 OF A1+ B, WS T CO,
F BRI CR [E 11 ], Wk, B
WA R A S8 0 B A M RE DL B A R
(3,4-W & e 5 Wy ) . BRI R
(PEDOT:PSS) FA&W "™ LA LI J5 A1 8 )6 E A
FLE A " SR A A, A R OR L
THRAMPREI K, MiiEEFIH CO, i LR
., Christakopoulos % " g ¥ 8 F 3D T ED 4 A 4T
B TGO TR M S REMIE”, DLSeE
A W AE E R (1 R 3 2 ] P F A 3 R
W77 TR )RR T 2 104 g/(m>d), I TAL4E
B R B RS, P ORNEERE T 4
=g

R e S AR AE BAR AL, [-R-R =M
V1) ) J55 A A2 B Tl 2 0 FR S R R R ) — A R
K 2 . Bian %5 " SR Z fLER 47 4 (porous

nickel hollow fibers, Ni-PHFs) 1&1ffi [ CNT 1E N

co, CH,COOH+H,0

Bacteria o~ = S g
No T _\mf::> : » B
HN NH TSN =3 . L%
N \ - 3
rGO-TEPA — _

(a) rGO-TEPAE [ift = Sporomusa ovatalt] & H!12
(a) rGO-TEPA modification enhances the enrichment of
Sporomusa ovatal'*!]

B AR A L, A3 F CO, W B 32 A3t 48 ) 1) [
B, b4 m TR S PR . A ASE N
IR CO, Tk, HAEHRE AR E =M
s R RN 2 B RS W 7= 28 . Bergel 55 1 R,
75 LAGP S0+ B M R 1) L& R R, BL20 mL/min
HEBANASERBARBEOL AN CRE
2fi%. Rodrigues % "7 JF R T & HAL K FLIRAE
NEARREENT [E11Mb ], HI0 M T EA
PEORKERRE T 196, CRIFHRHEN
6.4 g/L, JEHHBCRIE100%, VLIEW] 7 # & A
SHER, Rt —EfEE LRSI ER TR RS
B ORI P AR, IR E T AR A A A e
JoR R PR R T AT 1. ER T B SR AT B R A R
AR, TEE R RS, FER AR K AR I A R
N IR0 3 R KA FEAE A, N T e RiX —
B, Shi %% U Xf O B B AT I AN, 3R
PR AETE 0.5%~5% F A & & T IEH A K%
k.
222 Kk RARH BE K

KB SRR R T AL RE B RS, TIAE CO,.
COMH, A& A K, FHEmE My
(. T MK (Wl . ZEAE2011 4
R IEA R T IEE S, R TR
A A R R U 1R PR R R 21

W® (Clostridium autoethanogenum) "7 F1 3% [ 42

[H,],<[H,]
Two factors { U

k <k,

co, €O,

hemicals Chemicals

0 Microbe
2H' H, . + 2H* . 2] Emulsion|
: : : : mm Electrode |

Scenario 1 Scenario 2

(b) ERABRIUKILTHR B E LR
(b) Perfluorocarbon nanoemulsion improves hydrogen
mass transfer!!?7

B Y S i A A SR

Fig. 11 Optimization strategy of microbial electrosynthesis system
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Moorella thermoacetica with CdS!'>*!

Cys

—Reduction

—Oxidation
Bioprecipitation

KA SRS R IR B A R A . 1R
EREPORRENAM AN, KK TR R
5 YR 2 B AR R AOR, B AR T A
THeagE [E120)] 7,

A ) H A e AR AR Ry — P g £ ) ] e B R
1 B0 BRI 138 4 A2 77 o HAEHE ) T
W ACHERE b, ZARA I — PR . R
FERCRA E B RO — . AR R
T R AR AN A P 2 D) DL R i TR TR R A% 8 R
T I E AR A RS U R ) T B
— Ul geAh, LA A T B OO T A A i )
RYHI& AR T S B Bl = L= A, G Tan 55 T 3@
T X R R R AT B, SEBL CO, B R Rk
B TR, NI &5 U 3 i RE 4N e sE B CO, B 4
. WHBMZEREZFAEMER. &7
FEL Y fRC2E P B A B 1 R 4 e Lt AT AR it
¥ B B mMAED S R ZCR. FE A,
HBETTHE SN Z S ARAE CO, L Tk ERIN . ik,
F A A R P T AR S BELRS 12 T e R Tk %
M EE K. Yong 25 " il il & s AW 2% F B AE
Y1 i 3% 1 Rk fe 5 48 A ELAE 1 curli 99 K £ 4k,
WA T A A S AN [ AR BAE A, A
15BN AN B IE S A, A B PR AR R A
AV A R H R, — S S BR oAR IR
BRI, BN AN — & AR G 1
CO,#Ab Tl R EEZAEH . (HIERA Y A R

e s}; ===, v
S[H] vl § 7 i\\\
F ] ) ie o 01
" i [ ] : i\
{ AuNCs ol _—Cys
8[H] i 1
| | I [ - L
hsef | I-2c0, 00, ™ (A .
2 v : [T 3 CySs
Wood- I e ® :: ¥
Ljungdahl | e w I
th ]
Sl 5
v il
Acetyl-Coa—IHCH,COOH N ;
| | ] i
¥ I, Acetyl-Co
" — I I "OH ::
i 10MMAss
]
: 3 .\\0 - CH.COOH
i i Biomass® |
]‘ Moorella [} 2 I
I.’mrmmwerfcy e o &&, ® Mediators
3
§\= "# \*_E;:sf& ® AuNCs

(b) NSRRI G BT R KU
(b) photosynthetic Moorella thermoacetica
implanted with gold nanoclusters!'>!!

Bl12 T AEERSR K ROGIRS) & ik &

Fig. 12 Light-driven electrosynthesis system based on Moorella thermoacetica



1210 BRENE F45E

HIE A7 AE — BB 5 iR D A RS R, B n H T Y
HLTE CE DA B [ B R A IR, R AW
F I B8k RE 70 0 R A2 s B v A%k I e ) SR B BB A, O
i BUEY) A BOR S5 A N TR e Y2 I i 1 ) Al
JefF, IR AR W e A 4 i v BE AT AR i AR E A
TR RAZ R R A ROR AR . IR, RUEMIAIR S
P bW 2 ] DA B 2 4 B L 2 P ) R A L
AT A AT, 35 WA AR R T A% S L RE D R 4 LT
PR ANSE e AR R R E AR T

3 BRI CO, LM LR

52 PR T A B AL R« SR P i A A
S RH LT AR R SRR R, T B il B B
() B AL B B RCRAR T, X MR,
RE A1 12 4 B CO, ZE MR SR M 1 — T R Ak ok 7
o LUK ik =i ] 42 oL BE A B CO, A= W ¥ 1
1o, SRR RAEL-EM A S B
TR R b A A AN K P - R Y A

+ A
it

3.1 (CEEEC-EMIECRSEK

b 2 o {4k W] s CO, 38 JR N C/C, P2 W,
CO. WIR. Wi, ZWE. ZBR%E 1> e HH pg
WA ST BB R, A, HAEC—CIR
BT RE 1%, RMEA R EZ =) (C,, n>3),
MM S, LLC/CONIRYD, @il APtk i 7
X, RE G LI =PI B B e
I, AR A &, R E AT R
s LI CO, i ML — P A 2k 42 [EI13Ca) ],
KAIX— 1%, Zheng 55 U My T — R H-LEY 2R
G &G, WG B CO, L Ab It J5 it 72
R RE R T, SEBL T CO, 1) #4548 1) i UG AL
[E 13 ]. fEZFRGH, CO,H Jeididfh 2 s fi
7720, BANI-N-C 55 746 7R Cu v LA 1L
7, AW PIEER LT, RIGULLRNIEY,
T R BE R G R T R RE . A RN A
U S, P AR OE 2R ] A 31 8.90 pmol/(grh) .
ZFfBlHh, Hann 25 V7 8 I FD BLAEILTOE CO,
R gL, B — D UL R 3 B IR 3k AT I B

R E WA SREEN TR B 7R, SO R
A 4K (B 13 ]. th4h, Zhang %5 U i@
A - R, ME T — AL R
VI B - A AR R GE, ST CO, I H K
BRI RL R DT RR B (PHA) HI%E4L, PHA #£24 h
I B EATIE R 556.2 mg/L [E13(d]. 2R
I [T AT AR R VE N LT 3k . Liao 55 M
FA AR TEAE N A AR A R AL CO, I JRAE 7= R, IFRAE
PREE R SR TR 3- - T RN A
BRI, ZH A R R AE 100 h P74 T 140 mg/L
(T BE, HZMRHE IR R CO, i 2 A 7= A i P 4R
BUSE ANFR 0 0 B W kA ) LA R R A AR
o Ak, Song % M7 i I R Mt SR LA AL 5 Hy
HEALFIE JF CO,, PHB {7 &k 485 mg/L.

RE GG CENS T —2 gt g, HAHCH
FATBAE T WGP B, T A SR PR, 4 2 1k
RIVBARBEENEREE, XMBREE 5L E
AT B AR R Z SRR AL, FRH
SR R A VA BB OCH . Ik a8 LA AL
A, MERIRA -, SOE Y A&
AR R G A S e B AR R AR A B
9

3.2 HECHEEFBE-EVECRSERKR

TEAEYEAIE JF S R, 38 5 ) FE A 2 Bl
Bl 7 (51 NADH. NADPH £5) #0772 gy
RO AR R i m i e B R, TR
B, HAR bR AT DL B AR I B R b, s
I FF AR PP R A A TR T T AR - AR AL
RlA ] o % Al O PR AR B IR, SER E U
ik #E [ 14Ca)]. NADPH K i 5L i 5 52 AL B
Al DUKG CO, e o B ST ARG B IR 7= 4
Ceda-Losada %5 "7 ] i H 35 5 K6 45 1 1 7K 58 e s
NADP"i4 Ji il A EL &7 Pk 4 B9 A R A0 3L [ 7 21 H
W b, SEHLNADPH ) L AR A 2S- 205 55 P — It ik
ARG (B 140 ], L4758 ROR AT s %
Al 43 ) IE #) 92%+6% A (1.6£0.4) pmol/(ecm™h) .
Wu 55 OOl B A SRR R T AR S 2 A T LA R
&, A4 CO, M NH,, RIh& k7 H &R
LB 14Ce) Jo H 2R 1 55t i 5 0 3 28 RV 56 A%



% 4% www.synbioj.com

1211

Chemical electrocatalysis
Route 1 CO,

Bio-catalysis
> C/C, > C

(a) b5 s AL A A TRl & [ R ER 4 P
(a) Roadmap of integration of chemical electrocatalysis and bio-catalysis for CO, fixation
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(b) BAEALCO,IE G Rl & B B R B & VB B 0 & Bl fEn s e
(b) Schematic illustration of the sugar synthesis system via
integration of electroreduction of CO, and yeast fermentation!'**!

L —

(c) HALEE-E MR & RELEECO, L it g mE
(c¢) Schematic illustration of the combined electrochemical-biological
system to produce food from CO,!“™

(d) - F i B it T-CO, & M 2 RIPHAS Y & Blad 8 7R & EUes)

(d) Schematic illustration of conversion of CO, to bioplastics PHAs via a chem-bio interface design!'™!
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Fig. 13 Chemoelectrocatalysis-biocatalytic carbon sequestration strategy

Al 43 5k 8.69 mg/(L-h) F196.8%. H T H T4 H
FHA R RIE T i, HCE IE M H AR A R
e 288 [ 5 A R DA R A A 3 1 L R A R R
&k, ol DU AR R 7 AR, g
DS A [Tl R

3.3 HKFS-EVECRSERKR

FEL AR 7K 7 - AR D A i [ o 2 S A — R )
P RER B CO, AL MR AL K 77 3o H, AU AE 40 14
EREEAN R SE A AL R AR, R AE [ T
A A, COL/HR I e AL W W B H/H N 8%
Ao B K ) L, T S AR ) A B TR L S
B G 1R B 1) 22 A R AT R ) . LR K
PR E VAR BRI AR 0 B 15O BT

AR FAR = A A SR SR CO, BN A 72
WAV G B IR AR ad, 5 EERMAEY
HE A FE, %A ZE R A B G BE,
JS7 S [ B Pl R B IE IR AR TE CO,. H,
MO REAMA AT B FRAEK M EMAEY RS
Berh, %R i B R A E AR AR B SRR ik
J&71, % CO, MM AT AN, FEOHHE-
B-¥2 T M2 (poly-B-hydroxybutyrate, PHB). A
i &5 1 R AT S AR B R T CO, AR M
B REE ., Houds " I &R EIRANIB
f¥) B 99 K A o o) £ B Ni@N-C B A RE, 72 HL 11
VR AR I 60.02%+1.00%, — 8 P9 PHB [¥77 &
1% 384 mg/L. Shi % " FEAE G AE Y LA Ui R
LA IO — B AT SRR T R B A, 2H RO
FIMAR 2o 2k RS B PIAAH L, 4 90 84 1 18



1212 BRENE F45E

Bio-catalysis
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I Electro-regeneration I

(a) HRAEACAEER T P A~ Y 1 R 2 51 sk i 22 P
(a) Roadmap of integration of electro-regeneration of cofactors and bio-catalysis for CO, fixation
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(b) Schematic illustration of the stereoselective C—C bond formation via couple of
bio-electrocatalytic cofactor regeneration and CO, fixation!'™!
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(c) Schematic of the enzymatic electrosynthesis of glycine based on a
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Fig. 14 Electrocyclic cofactor regeneration-biological carbon fixation strategy
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Electrolysis
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> H, > C
Bio-catalysis

(a) FEAEA = S-A M L R & E  R 2R [
(a) Roadmap of integration of electrolysis water-splitting to hydrogen and bio-catalysis for CO, fixation
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(b) Schematic illustration of isopropanol synthesis from a hybrid
microbial-water-splitting catalyst system
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(c) Schematic illustration of artificial starch anabolic pathway via a
chemical-biochemical hybrid pathway
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Fig. 15 Electrolytic aquatic hydrogen-biological carbon fixation strategy'
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