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HFEO (Ag0~0.2)iF, A2 mg NCSKJEM. barkeri-
NCSAEMZRMA R, EI2 R, Kk
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G2 F20 S-TWINZET & i B 7 BB TEM) R Z, I8
i it i AE TEM [ X -Max N g & €0 X 2646 0 2%
(EDS) /W AE Mtk KRR M TG R A . X LRATH
i (XRD)FKH H A 1 H: XRD-60007! X 5 28 fi7 5 1 ik
FTE, PACultKaZk(ENFRSTIE, TAEHEN40 kV,
TAEHLIA 30 mA, FHEE E 9 1°/min, HRGVEH 50
~80°%7 ff FHI 35 [ 22 2R K AUIS 50 FTIRM 2 e 7. it 7A% e
4T SNFTIR)E 3%, {81 F Thermo ESCALA 250 XPSt
WA RGBT REWS 04T, PAAISEK oZRE N EE SR, Wl
AR H30 eV, HEITXPS PEAKA #4416,
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TE1.0M11.5 kHz T 5ER5- BRI, R R R
CHI 660EHL4b 2% T ARG AT IR (-0 R FRAL 2 FH P s
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N TAE R, B R AN AN 2R B R 2 591 ket B B AT
%t

FIFH Sigma-Aldrich MAKO037 52 &3R5 & & i
JF /BB FEEFIINADH/NAD) LU AE, LIPS COL3E J5
CHL M. barkeriffl WAL R 2824k, FIH]
Sangon Biotech BSP02— Dy 4 B i 1 8 A H A7
EHEEM. barkerii&MEE H, FF I Thermo Scientific
Pierce BCAZE )5 73 il 7 & I e 2 2 DR 2. A
Qiagen RNeasy Miniis il G5 AN [F] 5644 T (A4 %4k
R B BEATRNA R SR BN 264k, 2640 RN A i
KR118 FastKing gDNA Dispelling RT SuperMixirfl
B ICDNARR. £ XS Ech, Vht, Hdr, mcrAFIH
BIWrpod 1B T HIBISI WM, Bra sImBaRs
g e 2 S L (PCR)SAIE. - SEIN %€ 't € B PCR(qPCR)J
IdRoche LightCycler 480 RFtHAT. KRNI R SAAF
420 uL, 4510 pL iTaq Universal SYBR Green Super-
mix, 1 mmol/LEEK RS9, 3 uLIGH K F150 ng
cDNA. BA60°CHIR K&, #EAT401 14 1.

FTA LR AT T =R, RAAGK, P<0.05
NAFAERFEVEZ S, AR

3 ZR55
3.1 RARBRIE N FIRRAE
FESEM&: B ( 1(a)) iR, CAIHRAE R A JEURE i) %
FINCSHIRL 2 0 H B S AR IR T T, AR5 23331
2 N28F121 pm, HEA 2170k 45 0, RIINCSH
IHEREE T SRAek R G T S S5 K. B FESEME
B (E1(b) I TEME & (B 1(c))i#t—FEH], NCSHiHI
KM Z AL R W s, s nAiE R
HIFLE, XN RIRARIE Y SR C R P . &
BECOBRME T AR, phsh, XRDEE(E ()
TN, TE22° K A AFAE R Ve T ST 0, X RIATE AR T I o
JEFAEMECT. XPSEEE(E1(e), ()%, NCSTEETF
fEC, O, NHMISHFhTE, Juik &b nlh74.93%,
20.02%, 2.94%F12.11%. XHAC 1sFEELGREN
284.8, 286.3F1288.6 eVALAH = AMFFEIE, IXFKEINCS
HAEIEC-C, C-NR,FIO-C=0%""; O 1sl & HEEL:
AREN532.0, 533.511536.0 eVAL A PUAMEFAEIE, X
HINCSH1{£#EC=0, C-OHFO-C=0""""; N 1s#E45 4
AEH399.8H1401.1 eVALA FREIE, X EANCSHIFLE
Ik 7 %8 (pyrrolic-N) R AL B 4 (oxidized-N)>*;
S 2pfELE A AEN168.9F1170.1 e VAN H- LIS, XK W
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Bl 1 (W& E)E BIINCSEURLRALE. (a), (b) FESEMEIE; (c) TEMEIZ; (d) XRDEJE; (e) XPS4J6i; (f) C, O, NAISHTT

EHIXPS i

Figure 1 (Color online) Characterizations of the NCS. (a), (b) FESEM image; (c) TEM image; (d) XRD pattern; (e) XPS spectra of survey; (f) XPS

spectra of C, O, N and S.
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FE KL
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1 E2(a) a5, ZALIINCS 5M. barkeri B AN
(ISR EEH. I\ BERIRIIM. barkeri SNCSH R (3%
fih, HEM. barkeritk NBINCSZE ), M B0E
FRAD AR R . TEM R A RS 18 (B2(b) ot &
I3 Ai(E2(d) s B oR, M. barkeri-NCSAEMI A4k ik &
FEHC, O, NFISIUMITRA L H MBI s). It
A, BT FTIRYGIE (K2(c)) 2R, M. barkeri-NCS )4+
Ak R 22 b B B AR AE UG, X SRRRAE U R AR )
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EIRJRCO, P =CH, I FE B AL, shak, HAthE el
TESCHRAT G A KA RS, HEA B AR
e, MIFM. barkeri-NCSEY) ik R BB
Bm g i fa e k.

3.3 M. barkeri-NCSH:H)Z2AbAK Z Y6 ik

NTHIRM. barkeri-NCSAM) AR R 1K) H P
e, ATEXINCSHIREH AT TIE. B Ih-
AT UL [ 98 2 S i (B3 (a)) T, NCSHEAR T 17
B B8 5 (E ) £0°92.06 eV (g =599 nm), /T CdSZfi )
P Gk b e ) X B R ENCS B A E AR A
HR I RE Ty, SERE-H AR RS R EOR, RS
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Figure 2 (Color online) Characterizations of the M. barkeri-NCS biohybrids. (a) TEM image; (b) TEM high-angle annular dark-field image; (c)

FTIR spectra; (d) elements mapping images of C, O, N and S by EDS.

il 2% INCSHEAL A& n BURFIE 1 3K, XA F]TFCO, M)
IR R, FIAMERE AR, BT ONCS AL 1)
BARAR S5 T HE(LUMO) H—1.05 V vs. Ag/AgCl
(=0.85 V vs. b A H M (NHE)). AT EINCSHE1k 5]
) S5 BT K L6 T —0.85 eV, i A COLE S5 A CH, i
SEALE S HL A SR et B (B3 (o))t — R AR
WA RGO RE. S5 REOR, EMIRRLE
DGR E 6 R AL BV IS I, BT R 420.05~0.10 pAfr)
JeHR, EFICIRE SRR, M2, M. bar-
keri-NCSAEV) M AA RFDE R = T HNCS. XK
BIM. barkerin] U BEZIRINCSF=AE /G L, {2
B TR BTILA 45 R (E3(d) it — HAEE
S, YGRS R M. barkeri-NCS EW) 204k 22 BAT 5/
) G THT FEL A7 5 R LB, X 5 e 2R 5 SR — 2

3.4 M. barkeri-NCSA:¥) 2401k £ 72 CH M AE

BATE IR FAF 0 BRIE 1 SRS KA
YEARFICYysSIR BEXT M. barkeri-NCSA¥) ALk 72 CH,
PEREM sz m . SEI AR EIR, UHEAL1.0+

0.2 mW/em’. RARBEIE N SR I & A2 mg/mL. 4
PEIR TR B N0.3 W%, AW 44k ik 7= CH, M BEIA
Pk Rk, EE PRI T PRI SEOT
BB MR, WE4) s, BEE BT
M. barkeri-RINIKE - R AR R = CH, EZ
W, BB = KI5, M. barkeri-NCSAEMIZALIA R
FECH, & [1A51+4.5 umol/g, Z&EREEMTM. bar-
keri-CdS X M. barkeri-Ni 75y,:CAS AV ARALAR F (K4
(b)). BT Nigg 750,:CdSKCASEEH % FF 8K
(2.66~2.68 eV), 7 EHSRFDGIRIEOR. AT L8
(G IE FR e  BARGT AR, PRI T M. barkeri-CdS
M. barkeri-Ni750,: CASEV FANAR F A L7 (17 A2
FAHIK, NS H —Hr=CH,EXA R EER, W
10.6 pmol/g/iAi. 7 it — WM. barkeri-NCSH:
YAk 26 AL CH, 1 B IR B IR 1, FRAT it
TSR SES. w4 TR, BAIM. barkerift B
26 AF 7242 T A CHL(£93.9 umol/g), 1X 7] g/ H
M. barkerift 35 7%k 72 5% B 1) Hh AR =9 5] i
U, ERAESCIR AR N, FAiM. barkeriff)CH,/E B
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AR R M. barkeri-NCSEMIZALAE R -t (20 /20 5); (d) NCSHIM. barkeri-NCSHEY) 044 2 (1) BHAE

Figure 3 (Color online) Photoelectrochemical tests of the M. barkeri-NCS biohybrids. (a) Band gap plot of NCS; (b) Mott-Schottky curves of NCS;
(c) I-t curves of the M. barkeri-NCS biohybrids with a light on/off cycle (20 s/20 s); (d) electrical impedance diagrams of NCS and M. barkeri-NCS

biohybrids.
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A RESBHESM.  barkerift IE & £ HAR M L CH, 14
B AL, BRI SR AL R COLE P CH,
IR AR F ol i ™), (EAHE T b B NS 4
RN T JL AP 4ECH,, XA RER I TNCSH
AHTF 5B PSEE ARG T BT M. bar-
kerid A BT Y. FEIR RO, FTHIANCS
(11 15 AT B COLIE JF NCO/IE /1(CO4+2H +2e—
CO+H,0, E=—0.53 V vs. NHE, pH=7.0), iZid#£ /g
FE4oa T, HETT IR HICH, 4 Y. 7 SNCS 1A £
rhoR I 21 (1) 2 B CO(5.46+0.31 pmol/g) ¥ iiF 1 X it ]
RE. WLAh, M. barkeri-NCSAEWN A AR RTE BIEAAF T
MICH A B L B AR 4L, BTz AE ) b ik &R 7=
CH I 2 7 BAE IR S T AT, T i — DA CH, 1)
V5, LAPCHRTIINaH " COL1E A B U5 Al HL T 32 A T
JE R AL EhRiC S, &5 BAUKR I E P CH, (m/z=17)
1 CO(m/z=45) IR EE (E14(c)), 3 LA A
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3.5 M. barkeri-NCSHH) 24tk & 7= CH ML

BATXI M. barkeri-NCS HEW) 244K & 7= CH, AL
HIHEATHEFS. NADH/NADHEMRER, 7fEXHIETF,
M. barkeri-NCS EP) Ak & 22 B AT T & 0 e o ik 5
Ar(FE5(a)), XFRIGAE HL7 7] AZEGH T N fi &K NADH
b A T 2 AR N ADH AT LU A4 G F
TR, XA R T REIEE T CH, =2, Bl G BRI [A]
IAERZ, 240 A INADHIK B 12 2 BR A, X ] B8 B T4
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Figure 4 (Color online) Photocatalytic performance for CH4 production with the M. barkeri-NCS biohybrids. (a) The CH, yields of different
treatments; (b) the CH, yields with different semiconductor biohybrids; (c) C-labeled plot; (d) the CH, yields under light-dark cycle conditions.

IR T 6 T BUR &R S A B BRI AN W3
n, BETISEN T M. barkeriffIil . BAh, ARG E H1E
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Figure 5 (Color online) Molecular mechanism of M. barkeri-NCS biohybrids for CH, production. (a) NADH variation; (b) biomass variation; (c)
relative transcript abundance of Ech, Vht, Hdr and mcr4 in the M. barkeri-NCS biohybrids (* indicates significant correlation, P<0.05; ** indicates

extremely significant correlation, P<0.01).
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Visible light-driven Methanosarcina barkeri-natural carbon-based
semiconductor for methane production

ZHANG YiYun', REN GuoPing', HU AnDong', JIN ShuGuang’, YE Jie' & ZHOU ShunGui'

: College of Resources and Environment, Fujian Agriculture and Forestry University, Fuzhou 350002, China;
? Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences, Beijing 100085, China

The reduction of carbon dioxide to methane with high calorific values by a semi-artificial photosynthetic system (nonphotosynthetic
microorganism-semiconductor biohybrids) contributes to the alleviation of the global greenhouse effect and energy crisis. As a key
component, the structure and properties of semiconductor nanoparticles significantly affect the biohybrid performance. In this study,
rape pollen is used as the raw material to successfully construct Methanosarcina barkeri-natural carbon-based semiconductor
biohybrids (M. barkeri-NCS) for carbon dioxide reduction to methane. The results indicate that the prepared natural carbon-based
semiconductors have distinct advantages, such as a good visible light response and a large pore volume. Meanwhile, the M. barkeri-
NCS biohybrids have excellent photoelectrical properties, and the methane yield of which reaches up to 51+4.5 umol/gunder visible
light irradiation (1.0£0.2 mW/cmz). The performed real-time quantitative polymerase chain reaction (QPCR) analysis further reveals
that the genes related to the membrane-bond hydrogenase and cytochrome of M. barkeri, especially EchB (2.47+0.25 times) and VhtC
(2.8340.15 times), are significantly up-regulated, indicating their key roles in photoelectron transfer, trap, and utilization. The results
are expected to provide theoretical support for constructing an efficient semi-artificial photosynthetic system.

photocatalysis, methanogenesis, biohybrid, Methanosarcina barkeri, natural carbon-based semiconductors
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