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Abstract: Biohybrid materials for light-driven biocatalysis, also named semi-artificial photosynthesis, are efficient
light-harvesting materials that couple with highly specific biocatalysts for solar-to-chemical energy conversion. The
natural photosynthesis that converts solar energy to chemical compounds is limited by the low efficiency of light
absorption and the limited understanding of complicated cellular metabolism. Artificial photosynthesis, mimic to
natural photosynthesis, has the potential for highly efficient solar-to-chemical energy conversion. However, the

production of compounds containing two or more carbons with higher value through such a pathway is still
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challenging. Recent development in synthetic biology enables biological systems to produce more high valued and
specifical chemicals. The semi-biological approaches have been developed for complementary advantages in materials
science and biology, which gain new opportunities for solar-to-chemical energy conversion. The hybrid systems have
been elaborated in a variety of ways, such as biological antenna as a light-harvester for nanoparticle catalysts or
materials functioning as a light capturer to couple conversion catalyzed by enzymes and bacterial whole cells. The
biological photosensitizer-material hybrids that use photosystems I/Il and photosensitizing proteins to harvest light
energy for synthetic materials through catalyzing the reduction reactions have been studied with a focus primarily on
hydrogen production. The pure isolated biological photosensitizers are good candidates for exploring the electron
transport pathway. However, photosystems [/l can only maintain activity for a couple of hours, making them difficult for
applying to industrial processes, but the material antenna-based biohybrids take the advantage of more stable
semiconductors that can be engineered to produce lots of specific chemicals. In this article, advantages and recent

processes on the application of the hybrid systems are commented, and their future development is highlighted.
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Fig. 1 Diagram for natural photosynthesis and artificial photosynthesis

(a) Schematic diagram of natural photosynthesis with light reaction (lower) and dark reaction (upper). Photoreaction uses light energy to generate
NADPH and ATP, and in the dark reaction, NADPH and ATP are used to drive CO, fixation through the CBB cycle. (b) The artificial photosynthesis
composed of a semiconductor material system and an electrode system '*'? The semiconductor material absorbs light and generates electron (¢”),
¢ transitions from the valence band (V.B.) to the conduction band (C.B.) to reduces H" to HZM. The holes (h") left on V.B. are consumed using water
as reducing agent and O, is released. (c) The photoanode material oxidizes water to generate O, and provide e, and the electron is transferred to the

photocathode for reducing H' to H,"”’
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Fig. 2 Diagram for biological photosensitizer-material hybrids

(a) PSI photosensitizer harvests light and generates e”, which is then transferred to non-biological catalyst for reducing H" to HZH‘”. (b) PS1I and Ru/
SrTiO,:Rh form a Z-scheme structure. Photoelectrons from PS Il neutralize h* on V.B. of Ru/SrTiO,:Rh, leaving electrons with higher reduction
potential on C.B. of Ru/SrTiO,:Rh to reduce H' to HZHSJ. (¢) PS Il and DPP dye form a Z-scheme electron transfer structure, and together with
formate dehydrogenase (H,ase) or formate dehydrogenase (FDHase) to build semiconductor-enzyme hybrid. Electrons on C.B. of DPP dye

participate in catalytic reaction of enzyme to reduce H' to H, or fix carbon dioxide into formate*. (d) PS Il acts as photoanode to catalyze water

splitting to provide electrons, and enzyme at photocathode uses the electrons to drive reduction reaction” *’**
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(Triethanolamine) (Ascorbic acid) (2-[4-(2-Hydroxyethyl) piperazin-1-yl] ethanesulfonic acid)  (Formic acid) (Water)

(c) HTHt4% (Electron donors)

rive LT g 0
D_@_ \iﬁ\\(om Q 0 Q
(0]

OH OH OH  OH(OP,")

FH L HE 8
(Methy1 viologen) (Flavin) [Cp*Rh(bpy)H0] N

(d) BAEE A B (Redox mediators)

B3 ARk A A0 b i 32 B R )
@) 3 RO 2 320 A R ORBON, Sk 2 T M WG BRI AT S 4R D7 (o) T Mo R b -l 2% A 1 o 3 1
g Bl (o EEHTAEMERR, BTFEEATAERLER DS R, REBT, ERBITFESHET 57 (D ST R B4
#R, FHLCp*Rh(bpy) H,01* FINAD(PYH £ i I /32 (R4 5t B7; PSP—lfit i 1t )
Fig.3 Diagram for components in materials-enzymes hybrid systems
(a) Major photosensitizers including proteins, organic photosensitizers and semiconductor materials®”. (b) Representative enzymes used in the
material-enzyme hybrids™. (c) Major electron donors””’. (d) Redox mediators. [Cp*Rh(bpy)H20]2+ and NAD(P)H are the most widely used media-

tors”®”). PSP—Photo-sensitive protein™

Al AR EPEAL SRR S R B R RS ] DL AR H,. H AT CA 2R gk kbl 5 Sl
¥EM S AR EE (fa1 [FeFe] &l . BRI A T Ak, BLEE CdS . CdTe . ik
[NiFe] &ff. [NiFeSel &l . LK kl-A ALTio, N 25, Brown £ MYl i #E CdS F
BRI, N4 T A [Fe-S1 RIAREHIEEF L, B3-S EE R, (EH R Am, BdFag
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(a) Bl PR (b) A5 T (c) #RI-R A b1k
(Direct electronic transfer) (Indirect electronic transfer) (Photosynthetic microbial hybrid systems)
(R | QAR |
heiibeatog| el U /+E. coli —> "EAIEREL REY, #Hk
CO,+H, CH,COO EseET T se e ay
c;:\ g ELf s T

I FE
I
50 b E a!/ 5 5‘?EE&ACH Co0
—bcﬁ;w;gs: . \\L ié)ﬁ 3

(d) HAR-ANE 244k % (Photoelectrochemical Electrode biohybrids)

B4 MR- AR
(R 2 SRS AR SRR 2 IR R b, PR T A A ESE TR (O AEETER 0 7 ek
etk (o) v, MBITTUAMARENBIS, ANMLRE L RIZNAL PR, AR E RGBT SR, RN EER AR B &

AN A (D HAWERGENEEARSE D > )

Fig. 4 Diagram for materials biohybrid systems

[In semiconductor/electrode-enzyme hybrid systems, there are two electron transfer routes: direct (a) and indirect electron transfer (b)™*"; In

semiconductor-microbial hybrid systems (c), the nanoparticles are distributed at different sites of the cell, including extracellular, surface and

intracellular™; Electrode-bacteria hybrids (d) include free and immobilized cell systems

HAK AT IR [Fe-Fel SABBEREBIM IR, £
ToE 405 nm FEHESRAT T, SRR E 10°h,
BRI 20%. R [FeFel ZBEH ™ 205
B, RN O HBUR, ER 0,2 B A Y
15 3% 7. [NiFeSe] ZMgX O, B A B fif 52 74,
A LASEIAE 2 S 4610 R Hye Reisner 5 7 30k
7l Ru i 1) TiO, SAPIR LR  (D. baculatum) K

13,9, 61]]

U5 [NiFeSe] EMEE G, # Rul5 &M [H W [E &
7E TiO, 3R TH, 4 RuE IR %A F =L 7
LI B AR O IEEES, B8] DLl S E
Birt, ATWOGIREN A, HAEUL 1x10°h . 5
4h, Reisner 25 " RIEHE T A ALY RIELY (EY)
5 [NiFeSel AMEE &, 1% AARTE To &1 2% 14
N, EY WO AR RBOR H T B A% 3 B ST T
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Hty, AE7E H RO 5x10° ', R IE SE 1% 4%
R fE A B ENE.

bR T A BE 2 A, BEEHE TSN TR
) 22 A A28 B T CO, I8 T, 580 [ i AT P450 25
HEAK ) AL IS R f2 B . Armstrong 25 35 T IR B 1o
87 Ru-MERE () TiO, NPs  (RuP-TiO, NPs) 145
EEFL I — R A RS ([NiFeJCODHD, #4%
TEECHE A AL R G0 CO,IE JFLE CO ™, RuP I
W W, RS T RN TIO, M Sy, HE—20
L D-#% 3 A[NiFeJCODH, £t [Ni4Fe-4S] #%
FIIAEEHIE R 02 5 CO,IR i . RuP b2 /0E
AW g SR (WWMES. EDTAZ5) #24Ef
Tah4, B FEA . Erwin Reisner 28 Y %k
H Desulfovibrio Hildenborough (DvH) ] F R A
fiff 45 4 /£ RuP-TiO, NPs 4 J& ALY i b, 7E7]
WIS N AR AT, B -& 8 A
R ESE CEY 8N B, % Co,itk)E
R . Brown %5 U ) %E CdS 5 MoFe [& & 1)
TR R, B IREEIE RSN N, [# 2 & B NH, (1 #H
RO, F [ 0 268 AR [ U 64%. bR R
FH L T A% 3 5 R k) - Tl 2 Ak A4 A &R R
TR P 3% i O R R A o
3.1.2  JA) 3% A% 38 IR ) 64 BEAE AL R

B (PR e S A5 A 00, IR PTG AR A B
B, BARFTIRZ A A BT AR
R EL I R AR EEREERI
R, Mg R AT E AT,
REFL TR ML TR B BEAL I8, JF AL R Fd. FdfE
NH TR, S5 FNR RN, ARG RS
[INADPH. M %% 2 38T MK I 6 i it 72 o 28 357 3K
BHTF 7, RO,

5 BRI EERZERL, AoRk-Bg e A ik & A A
2 A FE D RE IG5 W15 CO, Ik J5AH G I
e E T E I R A (M, AR RIS A
i, ISR (MVP) . NAD(P)HE ] kN5
ML AR, A RESEILEMAER . B4R,
TEH e A MR T fE 2 OB IR IR D A
RIBHEHET, MU ZRBFER BT, RAEHED)
e A A B AR 7 64T R Al Rl NADH B A o7
PRy S T R DX SR S 1, R TR AL R G
AISCHE M ARAE R, RELEIR A1 R AR 7 A H

TAL B BB IE E R O o 2 ADMRE-BE G 1 AL B R
4, WA NADH % B K HE 20 B 00 S A8 S5 R,
AT AHb 42 v il T (1) P 2 2880 26 R R 1 A () 22 T %
T8 O 50 A A A I R R B O B B, i R R K 2 X
e A1 Al 3 45 A= ke 9 400 M &5 ) Pl SR AL
ke (g-CN,), A 778 oL 4% 0 /1 Joit o 2R 2R
% HEEE BRI E  ([Cp'Rh(bpy) H,OT*) [N,
i1k NAD' & J5i 5 £ NADH, NADH 7 X B 2 h J&
A RE =R 100%, TG HFAEIEA R, A
RN 50% ", fEHEERE F, ZBINERET —
Pl 2B 4 R AR, WA R T Co R
T CN, 9K LR (Co/CN), LB JE
A7 FF A2 NADH 9K 2 S04 Tt 20 B RE 25 H O 5 Rl o
HEE, AR IA 100% 7

JEIPRE- T A A0 A4 T ' DX B A A T 7 v B
fRE LR TR, (H1% R SR TG P K 3 2 i)
B OIEIR LA K S AR 2 ot i A, BRI
e RL B> T AR 2R s @ LT 7E G R Ui 7 AR
Mty 2 [ AR 2 o Jeile, REEK % 22 58 Xk 9t ]
BA 52 R O B R O AR b R T A% 0 R0 Bl
TRt AL S R, @ TE g-C N, K [H 15 i
LCp Rh(bpy) H,O* ML TiO, iR 2, — J7 &4
it o S B AN B g-C N, AT [Cp'Rh (bpy) H,O " #lI ],
F— U7, g-CN, A 7 B B4R 3 5 E i A AL
TiO, £ i% 45 [Cp'Rh (bpy) H,O1* , J& i F 4E
NADH, #& i F1Eid BRI 8 IR b B 5 230X
HE, ARSI AN PSSR PR, 5%A
BT g-C N AR, B AR IS PR = T 4.2 6%,

FR PR R Z N R, Y
WAL R HH Z DR, SREEIR A A E
JRYIA B BRI . Seelajaroen 55 7K FER i &
Wt FE TR I R R SO ] R s b
il A, AR R AR B REVEON BT Ak AR
NADH, {1k iy 2 B ) SR 4T, CO, ik Ji i H
B, YRR AUEIE 12%.

3.2 #H-MEMREE

4 Ll % A AAOG R R AL 2 Pl N2 Tl
HE 2L 7 B 0 B AL A0 2 0™ i B 45 B N IR BT Ot
LT AEADRE S B 5y 1 2 TR A 1 R AL BE 4R
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BEE SR, 5T T MR- AR A A AR A AN
o REME-MRUEREA FREZMHA, H
AR RA LA M E . OBGR 5 5 ali g 12
ok R HAE SR B P AR E T @M BEA S
DL S AE A A 3k R v = A 10 P 40 5 o0 il i P
;s @ EERINASS B AR ), T HLOR
o R T EBR BT [Cp*Rh(bpy) H,0 " &
kT AL, fH [Cp*Rh(bpy) H,O1™ LA 58
H AT AR I & @ O BT @R kG
TVESEILFR AR H EAE R DT X e SRR ) T
TR~ 21 A AR 5 K B i 2 48w 1) 7 M 2 R B
LpRL-Bg A4 AR AR B, TR A M Re AT B
FEHIA FIRABE, 40P A 3545 0 e 0 2%
AT DASEI B R AL 2 OB, R 8 ARy e A ey R
SRR AL, 77 A2 TR RE- B A A AR TC VG R
A= " MRL-4H B A A AR A% O 2 25 B
KRS AR RIR S, R EHER
JEWBR, A AR ARy AT, IR
ARDEAER TR, S 5RE &P, M
Mk MG B AR [E4eo]. B, ©
SR YRl m T AR S AN R 4E i R
&, WISl T 2 ERE N TOEEH M
BE-TIEY) R A
3.2.1  FFAR-A MY AR
ETERE-EME AN T CEER, H
AKFe RO T Al 7, HHAL S
WY, Z25RNRERNY (B4 ], fERPIDE
HENF-AEME AR EN TSR RN R, &
BRI 7 R AAES 2R B (M. thermoacetica)
MHEREHFIS, BEAEMHEENES T
(Cd) Hafudtissr, it fEd, 4% 4L
TH] J& A % B IE R CdS NPs. JEHE R, >R H CdS
NPs [0 A4 i 7 i 4 i, 38 1S Wood-Ljundahl
BEZ 5 CO MM N GBI IR, HOGREH W N &
BR ) B 1 AR 2.4%. [RIRE, BT 50N O & A
0 (R. capsulata) 5EALT) TiO,-MV* £ 4t AH 1
B, TEMIREN T2 A RE £ H, " Wang
LR ABEICBRERE (R palustris) 5
CdS NPs H & LWL - AW o ik &, 4ml WG I
CdS NPs 24 (164 WL TR 12 R. palustris (1) CO, ik
JRAVE A C, A5 A i, ezt #2941, CBB

PRI P ) AT ol i -3- 5 R . B, SRR bR
IR -2 5T FRBR ) = 35 3

br T EIRBFRWAEY, MBI R AR R AE
SIFEAEY RS . Wang 28 U @ fE4H il R
IHUR CdS NPs fie e & MKt B (E. colid
TERA KA T A= H,o Bl G Wei 55 7 75 5L Al 1
F 3R 1 B8 RBUE E. coli 41 J 3R TH R AL A 6 Al
HAEYMAEPEN CAS NPs, A 5] N A RES
RS, XIS RANEAEEHRFARM TH
AEIESE " Hyo GuoZs "™ fERRIEEERE (S, cerevisiae)
MR MBS (InP) KA R, FHROLH
4= NADPH, mMDysEIl 7GR 5)) 5 75 40 i & i FE 5
B2 HAT, OF Z M I8 0 e an oe e 5 S
(S. ovata) ", ELIKHHE\EIKE (M. barkeri) ™
B REEE (R, eutropha) " FEh i @ B
G I RE A BT AP A AR . 7R IR IR & A A Ak
rh, A W A R e A R S A S AR 3 1) H T B
IR 2, R A AN R R AR AT S R
RL, TG IR BN A Al 2 i BRRE IR A KL . BRith
Gb, WEFCFATIR I T ARE-T0 A P 2% A A At T 1)
BIREF G ] U DR A A AL T AR R IR R TS
AKIE B TT R, R A P an ke T e
JR AT (Geobacter sulfurreducens)-CdS 7L 4%,
TR 8~ A8 JE AR A G B R (MOD .
R R G — LB T EHZIEE MO, 7—if
I3 AR R AT MO ARt Ji,  H AR
BRI T FH SR CAS ARk an g B, ko IE IR
R S Ol T —Foe M R B A R g, i
TE A7 L K3259 (Shewanella algae K3259, S. algae)
T A& B AuNPs il & 7 R R G, FIH
S. algae ()RR HL AR BN, 598 1 B MR K
BRIEMARK, BARIFIPUMIREIEH.

B TSGR L, B B RS ROR )
MR, WRE AR Mt E T . LiSiRkERDN RS
(Z15nm) 1) AuNPs A 3k N\/NERJEE (C. zofingiensis)
R [ 4Ceo ], $2wm PSI A B S B 5 i i
R BIE UK, TR 2R % & ™
&= s R EI"Y FER E CdS-M. thermoacetica
TACAR ) TAE B, R AR W0 AH 25 10 B 4 1O IR
Wz 5] S K% (AuNCs) fRE CdS, 1K
MBS e A G e EEYE: AuNCs 7] DLE
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PN E MM, ERAN AR T,
Gifl T ARIBIE R, RALESME RIS CO,
B, 5CdS ERMMM L &E TR ERE S
33%. AT E— R E RS R Y A R S 1
MEAEM, Ding%E ™ it 7 Z2MZ MM ET
& (QDs), Jirfi QDs ¥y HfiifLss (ZnS) Ah5et
F, R8I A B T IRAE U E Y 4 R AN 5
ANFRIEHABRARZE (His-tag) 1 HFRACEEE (F] 0
Al [EAE) . ZnSHh5enl LAE QDs F¢ 45 &
Fik His-tag M, EOGIEAMETT, QDs LA
THBGIHEN, AR EICIRE)H, ™ &M
N, ([ 58 2056 R S BIOY R 119 v RO W 2 1 1)
AL, FEHER BB S A B A O
I % & 4t (periplasmic photo sensitized biohybrid
system, PPBS), ¥§1E A GHFH CulnS,/ZnS QDs
J A R A Ak TR 1 Ak B 35 S A T 48 R R
N, SEELT A ORFH Re i & PPBS #E 1] I
DGR N R R SR e A, s T
U FH QDs B 4H A

e R BE G AR - O, AR
ML TR NGH 2 5 M A SR, BRI A RS 4
Ji0 2 8] %) 5 THT F A e % 2 52 M AR -l A A 21k A A
PEREI BB 3R, BFTC N 01 H AT ITF R 1 34 - 1
AR, MR AT TR AR . A
. MAREE &R EX LRI AR A [F]
I st [ 4o 1. fEAF R 2 Ak &
H, A L AR T AR R R, G TRk —
T
322 FH/EmaT-ASRK

GRS o R SRR AR O AR H T RO
BRI, A PG A 2 S AR PR AR, BT R L
B, B E AN YR e
VHAEHESHARE S, AR TR R a1
AN

EY. NMBARFD Ru-Hik e Je Rk 55 MR 3% T2 T
RADEH . FEMAEY T RIETE R P450, 7
[l F IR PR IR B F, SKRIET NADPOH 524
L 75 208 R AR AR BT B 4 RE A% 1 B P450 s
O WE AR s B B, Park &5 U B SU R BLEY R LA
ZE I E. coli (AN E NI N, o e 1t 45 6 31 41
PR FIE [ PAS0 FE (11 Heme 3 P4 70 X 3K, EY (1)

JAE L R DL A 8 B Heme 0TS INAUR N, SE
DAEAFRIKIE AR B I 261 4E 5 PASO 5 3
%45 RN K RIS B A TE T P4S0 S 4k —Fp 4
() SFEE , R i) e o 3 oK 4K B A B8 R AE AR 1Y) P450
KILHRAEH ) o

FEAF TR AT K T — RIIVAE N & T e
FIA KL, Blan, JeiEtEEE TR (F-2LRED
fmE Y (PFP) 5 i 4 (Synechococcus sp.
PCC7942, Syne) ifiid i L4 R 16 2 1 A AL Ak,
PFP . 55 1) 58 APt 3R B8 /) 2 & $2 /% T Syne 156
FH, WETHTFERER, PR S
TER B BR " JE BT 44 (PDD IR
PFP JE Bl p-n 5 i 45 |27 %5 T M. thermoacetica 40}l
FMAERNCHGR, 40 B K ] LA PFP/PDI 57 Jifi 45
JERASE R BT, B it Wood-Ljundahl i 12 [i] &
CO, &R ZEBNETF R T HA Rt
() 05 PR AR 5 O 3 2K 26 W 20 55 ) -Rh Fie & 9
(OPV-Rh), JLERTH w7 IE L7, 5 20 i o A0 R
5, A AE 40 BN A6 R K NADP 4k
NADPH, MG RHFEE TN (PHB) AV R
B AMa ke teAh, Zhou % ¥ Kk BB A 446
WSCRITIZE 21 6 R 5 1 SR A 0 5 CRIR- e g FEY -3 7)
(PBF) nJ LR & H % /NEK i (C. pyrenoidosa)
PSI (3P, Bl JG ik — D4 v PSIL i P DAY 58 28
HeAVEH, PBF % PST A1 PSI 2 8] IR 25 4% e,
Ik 7ot& W FAEE, 37 0,. ATP 1 NADPH
(77 . Qi U WE 5T R B FH 40 i 2B R i AR e
WAL BT LE C. pyrenoidosa 41 fi 22 1T JE AL & BOG 76
PERFE M 2 (PPE), PPEIEIEY K6k s
FE] R 0 3 498 PR R 1 IR A% 3 AT 3 5 M Y ATP (1)
A

H AT, 768 @M R -50AE P Z= A AR T 50
KT YL/ e o F i AR X 8020, T R AT g 2 A
BT EME, JBESRENRED, HiEe
ML, FRAEIE JE AL T OREGR
() A6 i AT LA I B e A48 1 A0 4 ) 3R A T Sk T 4
HRAREERATEE, BENDRZREY,
BN ZE . b, 1% I TH I AE A 2 MR
IAEE A M A ) A
323 WA A MK

ST -HEME AN TREE
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AR RAHEG, WA -TA P 2 A A4 B 8 B 1 AT i
PEFN AT AEPE . AR 40 B 5 B AR AR ELAE 7
AR - AR s AR T Ay T 4D ] OiF B
ARG, A i L B % 20 B FRL AT
AR P A2 (1 L 5 L B AL IE R A B & AR A8
B, REHEMAEDFIE, QBEEhRS, WME
VI e e AR B, AR AR T B S S
MAE .

W¥s 75 I A VR IR A2 Y R 3t — AN e figK
i1 TiO, 6 FH B A5 B H, B9 p-InP-Pt 't B AR 4L 5 ) D't
HLAL 22t S B B R T i (M. barkeri) 56 4%
RS, ERRIIEMETN, M barkeri 7] LAF]H B
W= AW H PR NI R 7, WR3h CO,IE JFE B H Ht
% ARG T d R B BN 4.24 mmol, VAR AL
2N 74%. Nocera 4] B\ K H LRI SR mG , W& T
CoPi [ A1 Co-P [I#K, H& MM TREMUEMN S
TR (R. eutropha) &, SEILIN™ AR H,
Wz CO, I IEMZMmmEEN ZmHEY: R
G-BET]RE .. AR, 2T EN3-HFHE-1-T
BE o BT RGO AR R 4% 1O L 3G 4 3% 3R T IA 18%,
BT ZRE, LRHEW-R eutropha Z ALK BE
R A I R R BRI 10%, DGR 4 N 2E 5
RORIBIL 7% ™, 5 R E A P R f v I
TE R AR TR 56 T OGRE B e A A Y (5%~
7%) "o BR T 2 4b, Nocera FBAKE Tk K
5E & E (HIRE A E X autotrophicus) &,
I FH B 7 oK B g 11 ] EUROBE 1% R Gt R
M HAE N30, B a . H2,
1T HL R KV R L AR H K (0.79 mmol/L)  H.
TE AR G 1A% 386 I ARG, DRI PR 7 8B A R 4t
M RE AL B % . B, Liu BN ™ F) FH 54k ik
KA H, R, $2 1, 0% 3 280 i
AW 2 P S BE e R HR B, B HL B BN S, ovata
LR CO, & LRI R 1.91% -

WA RS A SR b, Bk ERgH
FRTRHEBAIEMEM R T8k H, oL E%E
R NN 2 5 AT [ 4D .
¥ 55 25 HTBA Y 76 2015 4F B CH REGUK B 51 5
S.ovata 846, WAEVAMEE SERAIKE E, B
BRI REGUOR & B4R 775 M pHL TE 5 B
A TREIZAF T, 3K 3h M P Wood-Ljungdahl i& 1% [#

E CO, B TR G A UGN E. colin] LLEL
PR CBRAE R, G B IR 44 27 i A0
25y (B 4D ] ARG/ A FEsE ] J 5 H
JERERE CO, MK EAL N Z ik &4, HHOGRE R
b2 RE AL R AN 0.4%. T, ¥ 5% AR5
4 T e A LR T pH AR T RE T, PR
YR 5 AR Y SR TAE B, ST R A
B S ARSI 45 A . L RS CO, b R
LI %5 B 31 0.65 mA/em?, X B BE BIAL 2 BE 4%
AR = 2 3.6%, 7 LU 48 KE 0 KRB H
VEFI R AL R (4% ~5%) o« 249 [ 5 3 Hi %
RMAF T HTALE, EAEBHEL, 4610EHR
3 THI P 240 B 22 e, AR — e SR FE I H
SEETE AR R R T, At 2 0 % H AR B IR O
R, TE— @ TR b PR sk -8 TR Y &R Sk R
AL RE AL RR . BRI, B R AR - T A=
AR BB, TEYT KA 45 & 47 2 1 R I R
W R AN & A, B st =4k 2 ALK,
A R T2 v F AR -TICAE WDAR ELAE RN AR v e e
LV e

4 e

H FI R 2R Z A AR 56 3R AR ) A B R I8
TR, RN R IBRE. RS
10 e MR AN ] R SR DL RS AL 55, 38 TG VR 2
SEBR L R oK o U b Tl R OGS R IR N B
fE MR- TR AP ST AR BAE A, R AR AR
PEANAE YA NE, DG e & 5 LA A8 S 1 AL A%
1 0% DA S AR AR ZR e R R .

2T A] AR B A R R G B, HEEE A
BHMEZ A BT R e, #2652 008 B0 kS
TR R B AR O TR R
&6 45 7 T 3E AT AR AR AL, AT DL Gt i
IR AP A R AL SR A o 1 A 1 S B R 2
MRL-E AR iR R B WA B, R R
1 BA 0 Sl I R RS R (M. thermoacetica) 3
HAEZEEAIMELR (MOFs) ME, A%
(0 2% A AT LA R BRI AA FR vh 0 1 4 B el R 0 4
W EEYE, REEmAERRREME. HNAh, Wik
WA Sy (AR M Bl e 1 A E A AR
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BREFESEME T, R SCEM RS T P g
Mo T ah & (o AmfEdn e o AR b 4 A
WA PSS & HAR B D, AT S 82 Dl e 14 1 2
otk .

TAEIAE A B W A A G 3 B R B
YER, B A B B 5T A B 32 22k 3 3k Bk
FAHRE R, MR- AR B R
AP REIR, HMAEY 2 98 A 2 Bk Ei
N — S fif S AR R AR ) AR TR o il o Bk
% WL AR 5 R0 G AR A A At FE N RO
B XA, XA AT 2 Fh 2 R s
AALAL, B 3t — 2 ¥ 8 A RE-AE W 2R A AR ) B 7T 2
B . B RITERE, MBS HEMRS S D€
PO Ca Y/ aala S =AU P = S 1 B W NS A B i DU - g & DR E
AR N, RIMAEDEMEES G,
JiL N 22 o 2 AN A BT A [F) R B2 b E B R
Hrp 5 ae B WA G AL (4 NADH it &0
ATP &%) w3 B, FFE6IRshg KA KL A i
WIEHEE ZRe m MU Y. AN, HETE X T
A e A AR = AR TR FL T T N A ) R, DO
AT (BSOS . B L AN EED) R
LT A= T 1) M. thermoacetica MK A S 5
s, HAFAfEHALRAE U, (2B AR TR
BEE AR, B, Xiong %5 M @it # k5 PSII
Dife sk K IS4 R AT R A, diaaH
T AP, KA B BN AT fE 2 PQ.
KAt — GG H = ek A A AR
WA A A B, BT BE B R H ar OE A BB AE )
F TR AL 38 I N A F A% o 0 B K e N
IR SE T, XA A R T T4 7 4 M Y e =
PRI R R, B S E R TR B A2
P B B A O, AR R AR I AR N A e
TRtz 2 T, MR- Y A A AR A S G H
BRI Al B -

S, N T IRIUE & O RE Bk A RE I B AL
B, BT MOR-A M AR DG IR A P A SR S
THBGCEMEHMAN T CEERMIRSE, KT
VB 77 E2 0 MM RE . BAEY) DA MR- A i B
HIAEZ TR AR, &SI -4k
AR B FUASEAL R
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