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Recent Advances in Microbial Biosynthesis of Inorganic Nanomaterials
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College of Biology, Hunan University, Changsha 410082, China)

(Key Laboratory of Analytical Chemistry for Biology and Medicine (Ministry of Education),
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Abstract: Inorganic nanomaterials are gradually playing important roles in a myriad of fields such as energy and
biomedicine. Therefore, the development of various protocols for the synthesis of inorganic nanomaterials has
attracted widespread attention in the last decades. Biomineralization common in nature endows living organisms
the ability to synthesize various inorganic nanomaterials with marvellous structures and diverse features. Inorganic
nanomaterials synthesized by microbes are eco-friendly, low-cost, and biocompatible, thus becoming an important
issue in nanomaterial science. In this review, we provide a brief overview of the recent research efforts on the
microbial biosynthesis of inorganic nanomaterials and their mechanisms, affecting factors as well as potential
applications. In addition, the current challenges and future perspective of microbial biosynthesis of inorganic

nanomaterials have also been discussed.
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(a) Proposed mechanism of AuNPs biosynthesis by fungi R. oryzae*’; (b) Proposed mechanism of AgNPs biosynthesis

mediated by c-type cytochrome subunit NapC in E. coli strain®!
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Fig.5 AuNPs with various morphologies and sizes synthesized by R. oryzae extract
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Table 1 Some inorganic nanomaterials synthesized by microbes and their properties

Microorganism Product Size / nm Shape Application Ref.
Pycnoporus sanguineus Au 10~40 Spherical Electrocatalyst [90]
Rhizopus oryzae Au 10 Spherical Water purification [91]
Rhizopus oryzae Au Diverse sizes  Diverse shapes — [61]
Plectonema boryanum Au 25 Cubic — [92]
Fusarium oxysporum Ag 1.6 Spherical Antibacterial [93]
Rhizopus oryzae Ag 15 Spherical Water purification [94]
Phaenerochaete chrysosporium Ag 50~200 Pyramidal — [95]
Pseudomonas stutzeri Ag 200 Diverse shapes — [26]
Shewanella oneidensis Cu 20~50 Spherical Catalyst [96]
Enterobacter sp. Hg 2~5 Spherical — [97]
Shewanella sp. Pd 13 — Electrocatalyst [98]
Sulfate-reducing bacteria Pt 50~300 Rectangular — [88]
Shewanella oneidensis Pd-Au alloy 4.95 — Electrocatalyst [99]
Magnetospirillum magneticum Fey0,4 20~30 Cubic — [100]
Shewanella oneidensis Pd/Fe;0,, Au/Fe;04, PdAu/Fe;0, 3~15 — Catalyst [101]
Actinobacter sp. v-Fex0s, FesS, 5~7 — — [102]
Fusarium oxysporum TiO,, Si0, 5~15 Irregular or spherical — [54]
Aspergillus flavus TiO, 12~15 — Photosynthesis [103]
Bacillus licheniformis 7Zn0O 200~1000 Flower Photocatalyst [104]
Lactic acid Bacillus Sh,0, 3~12 Cubic — [105]
Moorella thermoacetica CdS <10 — Photosynthesis [106]
Schizosaccharomyces pombe CdS 2~2.5 Hexagonal Diode [107]
Sulfate-reducing bacteria ZnS 2~5 Spherical — [59]
Yeast CdTe 2~3.6 — Bio-imaging [67]
Recombinant Escherichia coli CdSeZn, PrGd, CdCs, FeCo etc. Diverse sizes  Atypical shapes — [70]
Yeast CaCOs 4~6 — Drug delivery [108]
Bacillus subtilis Se 50~400 Spherical Biosensor [109]
Sulfate-reducing bacteria Graphene — — Electrocatalyst [110]

—: Not reported
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3.1 B FERGOKA R

H T O R IR B o 22 LA AR 1) 4 AR 4 0K
R WA 5 A W G BT BIL A oK sk Y TR B
BERLT A3 2 1) iZ B 5E128%1 0 1980 4F | Beveridge
SR LR LA B. subtilis BERE A AuNPs, T )5
2001 4F Mukherjee 55 & CF L& 5 AL T AuNPs!!
M AgNPs" | H 7 A2 & B8 2 FH 2 Fh il 4 o
U5 UEAT S AR S5 B8 ARAUKR AR, i 7 PR
HPHRIE T R. capsulata 75 W 4 9 K 42 | e il
Sreedharan 550 B T M B, subrilis 7 B T H
A B LR AR S AR AL HE IR RS U 4
BRAKR A BEAALAEIE SR b Bl 45, 36 R ARG |
HL | DU AR BE T T R PG S nT B A — 8 B T
7o FAA PR FR G O A AR 9K A R N ]
FEST R, A Duran %1 %@%ﬂ%(ﬁ‘
oxysporum) il £ i () AgNPs XJ 4 4 ¥ 17 Bt 7 4k Ak
B SR B A R A RV 9 Kb A B AR 2
P 1A 08 I K OISR AL | Joerger SRR
LA P. stutzeri AG259 A BRI T, J-4%
2 i e B 5T RN 40 T 5 Y AgNPs LA BB =0T R
TEAR AL b G R B A 5 T P % P R 1Y i B -Ag
SAMRL, X R RE P[] I A S TC AL A KL R
I D AR N, FH A 1) 5 125 7T LA 3SR 3 TE LA oK
AR5 A W 53 83X — BB AP IR I REAE — E

(a)

Simulated
Au* leachate

*

Catalysis

Bioreduction

Au@N-doped carbon

s © 4
§§‘!%<<j::::

FREE 4w AR, S E Sk AR W B B4 -
B b B B ST SR TR B A SRR L 2016 AF, NN R
2 2 v B 2R A RS BR D A R B TR A A R A A
A SO FH 200 BT A Sy v A 84 o3 B2 ) 6
AuNPs (LA PERE AT 1 2 75 1l 21 %% FL A (P,
sanguineus) 2 T F N T A B T AuNPs, 7% AuNPs
SR 280 Ar AR IR B IS U T A B 2
T LA BH(INC) 1) 200 B I | e 24 4 1 T 171 21 AuNPs
1R AB 24 3 2 A M BHAu@NC) (Bl 6), C N JTTEI
FIA R ZERE T AuNPs B AL APERE ,Au 5 NC Z
)7 AE K i L A B RS R B2, R Au@NC R I
XF BT &R (HER) M 48038 I 52 B2 (ORR) 5 R4 Y L 4
AT T OB T I A W, A 209 Kb s i T I
G ARGN AR 3 D RN N FH AR DARE SR AR
A TR 9K BRI PERE & BIOR 2 A 8 BH R
ZH ISR FH B 2% 5K A BUERTRI(S. oneidensis) e i 2 i 14
1) 22 BE AN K B (MWNTs) b JEAE A T 180 B 40 #Y)
AgNPs, 2CPE 5 9 MWNTs PLEAT K68 BOAZ A6 o5 1T 2%
Gk S. oneidensis 5 IR FE ST AgNPs, MWNTs
P51 L PR REIE W0 5 0 T Ag MEALRR AR 4-fiF 5
R IRE T B T 59K BRHES & —Le R W L
1) AuNPs & R4 5 5 E W 0 F A 5 41 8 56 )
T34 58 AuNPs 10 B sl fi AL M BB P 2 AuNPs
R AEWBIER, HEY G R AuNPs 163K 3
H L XT B AT AuNPs T 58 1Y) 3 11 3 58 $7 2 (SERS) 4K

Calcination

(b)

AuNPs were synthesized on the cell surface and in the cell, then Au/microbe composite was further calcined to prepare

Au@NC as an electrocatalyst for hydrogen evolution reaction andn oxygen evolution reaction
K6 (a) Au@NC 14 B s 2 K™ (b) Au@NC 1 SEM Bl 2R 4B A8 1) Au@NC 158 SR I AuNPs™;
(c) Au@NC 1J TEM K H1# AuNPs 20 T NC E HoRiAE N 10~40 nm®™
Fig.6 (a) Preparation of N-doped carbon-supported AuNPs (Au@NC)*%; (b)Fibrous morphology of Au@NC and bright
Au dots in SEM image™; (¢) AuNPs with sizes ranging from 10 to 40 nm loaded on N-doped carbon (NC) in

TEM image!™!
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NEB2 R T U MR R A B A RV 9 K R LA
TS A4 PEREIR ST A i R R AR R A T R
JU MR A AR B LRk R A R4 AR
YRR — R E T B, AR A T RETE KRR
A PR TS PR R
3.1.2  HAh 4R 91 oK+ ok

Z RN A A AR R R & AR
R AR AL S RO R aE S, Hop
Pd Pt P Fh 4 8 50 00 H A 68 09 82 1k R Ak
fig, FrLATE & GUAE Y& B Pd Pt 9K 4R J7 1 Bk
B REE Lloyd [ BN L2250 T LT R 2 |
FH R 5 H, 55 AN 5y v A 1) T f02E 0 o [l
WO WA P> IR AR B T Pd GIOKR R, JLAE S
Lengke 1 BAUSISCHIGCAE D465 G T Pe 48K UKL
BT Yt 4 B B AR D Pd P 48 K 0t
RLAEAT 23 T UE 1 20 b0 2 1T -k 240 Jf B A 200 0 ORI
E AR TS PRS2 TR e ST — A E

(@)

S. oneidensis KOH
OO 3h activation
_—
Q% Freeze drying

FHEEAR K Z AU SR g1 sk — 254t s i
A TIT LS. oneidensis & A% R F 18 4= 1% Pd-C
A FLA KA R LA 5 Pd 40 K JIURE 19 i 4k BE AN
HLPERE AT SE R A TR S, oneidensis i )
PACL>, TEANMIR TG M T AU Pd 90 K UKL
(Bio-Pd), 424 15] Pd 5 G4 W) AR & 3 Wb A
KOH = i 1 A K/t KOH 4 i I ACTE i 1y K0
SMA IR A T N LR, R AR
A2 Pd 2K UKL 1 2% i 148 A% 0 A FL B AR (B
Ta), T HLME RS AL AR AT RHE A B Y b R T AR EL
Pd 7EA LK b 23 HR 4 (B 7(b~c)), T Pd-C A
FLAN A RE 2 B L R A 0 A Al A i 4 R R B 1Y
AE 77 A4 5 52N H AR TR P A S BH U2 120A
FIH S. oneidensis 7£ TiO, 4K LRl & 4 T
Pd-TiO, B &ML, #E— 2P T A6 L
Pd KB RHESCAE AL ST W O BR T Pd P, TR
Yy U A 4 J 94 oK B R BE D AR B T A AP R

K17 (a)l1 S. oneidensis & L5148 Pd 94 AKRURL (1) 2% Ji 148 4 A FLAR A4 BL 7R B 02, (b) 400 °C i il 35 16
S. oneidensis AMLF Pd A4 AR SEM 102, () 400 CHEriRIG LS S. oneidensis A0 LN Pd 44K
WKLY TEM [E020; (d~f) S. oneidensis 75 48 Ml N K & A LT CuNPs 11 TEM &0

Fig.7 (a) Preparation of heteroatom-doped porous carbon materials with Pd nanoparticles synthesized by S. oneidensis

[121].
b

(b) SEM image of Pd nanoparticles and S. oneidensis cells after activation at 400 “C'"'; (c) TEM image of Pd

nanoparticles and S. oneidensis cells after activation at 400 C'""; (d~f) TEM images of large amounts of CuNPs

synthesized in S. oneidensis cytoplasm®
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K, 0 S. oneidensis 5 B Cu 44 K UKL (CuNPs) (Kl 7
(d~0)" 7 AT 18 J& (Enterobacter sp.) & M Hg 44 K i
KO FLRR A B Ti 40K BORLUS Z R A1 & 0 La
SEGN K RIS K BTy G Y 46 T A KR RER
A R0 B AR E M, WS 2 B YA
Z M a R AR RA EEAEEEX
3.1.3  W&EJRAIKbRL

M T U RO, R4 S A0 K A AR A 28 7
THT LY 455 Ja B 5T P AR B 5 H P81 A G T AR Ok R B T
VFZ G TR W& IO 4 Ja A0 K B B AT ST . Nair
H1 Pradeep! 5 YCHE i T L2 1 1] I 348 it 46 404 iy
RIEAIME N B IR Au-Ag & 4 99 KBRE 2047 T A=
Y1 BOWL 4 Ja 9K AR EE 259 )5 R Senapati
SEnpE — 20 R B WM AM A N Au-Ag & 48 91K B
BOFSGE 7T HMHUME, X — RO AR
B RORLE JE AR AR RE S 1R T2 G . Uk
PR Z 6 W 4 T 94 K A RH G G R B K
PR | BAT T 2 B AR R A 7 0, s DR
R ] ) AT B U2SRRE B i A0 5 R Au-Ag 1 42 0
KO H] T8 1 v Al 2 A% AR TR L R U 4 v T
5%, AHEAR S AL AU WU A 5 W S AR
FERE e B A Ak B 25 S BIOBURE A 58 45 ) g 1 71 PR
il 1 AR H A S R T X AR Al R
5 683 AR R R I 308 T B B E 5 T X 0 1 AT BRI
FIHAHTA S. oneidensis 3 T Ak A7 52075 (GO) Fl = 1
B Ak 3k R B B 4 — ik BH AR A ) i 2 3k 6 ] T
AT SEAE AN S, oneidensis 3% 1 4G fF A IR PACL, .
AuCL 75 B T A P 7 8 Pd-Au & & 8 R, 48
JE AR A W) I -Pd-Au AR T E— 2P TR B GO, &
Ji 38 2 KRR A T B = Y 2 AL A I AR 5
T4 Pd-Au & & /8 A A BIGCO)E &M
BE R AR A AR rGO 5 1 A M S 1 2 AR
Tt, JEHBUEHEAT GO HYALZE B0 T i T B AL I
KRR R S T E e LRI, K,
XA 4 A K AR 40 KB 0 20 2 D7 ks ROR
PTG KRB BH 2 v RE . R BIORA AR T
S X AN W TR QX PR o ISP 11
1A AT &AL R, M2 S. oneidensis —
IR EE T Pd-AghGO a3 E, TR HH] T
RIS G2, oo R T AN S. oneidensis TEH
I R - AR A R DT B R, B2 LS.
oneidensis S5 1R W) LB 5RO B A W) 38 I BE )k
B R SR AR AR T B RIR R 2], T

HE R F A TCHLA KB BEfEAL | A7 o
N Y i) B BRI
32 EERELYRMEBWmAWAMKA R

T AL 2, AT RUZE YR R G
J& ALY NG BB Y AR BB IR R & T i K
HOG R, G A0 TR R e B B R DL 4 T S AL
Yy 0 4 T A AL A R R R U E ) 2 — 1975 4F
Blakemore!™ 7t Science | UCJE 75 13X Fh g 75 240 ML
PN G IR AR R 2 K UL R B A B 5 /RS T 2 i 22
GRS, EREANTE REA T FeTEANIE N & R
AR T8 22552 M 1 Fe,0,.FesS, .
y-Fe,05 S5 1 40 K ORI PRI H— B 94 E A= 1)
WA B PR AR RN T AR 2 T R, AR
DR T ) UL B R W, (H AT E 2 b2
AIFRI A HALZ AT S T Fes04 FesSy,Cos0,,
FeS, SEREAE A0 K AP RIS 41 Bharde 552 F EL 1
JiL A1 3 0 2 P T A K AR T AR Fes0, A8K
UKL s Byrne 19 AT BAU1S2 55 1 A1) T 3 i b T 76 (G
sulfurreducens) & 18 Zn B 3 B BEER AT 40 K JORL A1 H
TARREAEDIR B R, i A G R B 2 Kb
HAVFZ MBI PEB ) 5 5 #EPEGUR R 25 5)
MBI A 28 rb TSR DR B T A4 R A
BAIOUF] H S, oneidensis MR-1 JCTEMIAN S T Fes0,
YURIBUORL , SR IGAE FesO, 2 11 7E— 20 8 i Az )3k i i
TG B T Pd/Fe;0, Aw/Fe;0, Hl PdAw/Fe;0, 44 K &2
GAEHIE 8), A MRS L BE A AU AL B figt A AL
15 YW, Feq0, 98 AR TIURE 1Y) A7 7230 (A5 Z A A0 57 mT L)
8 3 G IR Coker 55 1991 R J 1A [ BEAS- 2] T
Fe;0, 4K JUkz 1 2% 19 Pd 4L ; Watson 55 136137A
B TR £ 30 SRR 7 A Y FeS AT W B K v EE 4 s g
THIRESS, I H FeS REWS M it i 7 MK Hh 7315 i 5
PR B ¥eAk UK, — SR T A T L 1 1 M K
FHEA = B T RS | R AR AR 2 M
RN R, R A A ) B e LA ) R ) i
00 (401 Lisy 10 PH NSS4 41 8 v 42 26 0,
gryphiswaldense) & I #EVE DK AT BHE Ry 3 52511,
FH T B 200 B 0 % R R (MRT) ; Matsunaga 55218
LEIR T G AN A A U W) B R RE P A KR R A
Py & 2 G0 1 B4 245 ) i 1% DNA S B A i
Gy HTAE 3 R A W R R A K AR A
AR E BT B

AR TR mE A T, e mT LU 200 i B 2 T
RS0 T K T 8 A R R KA T A R R A Y
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Exopolysaccharide
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'8 i S. oneidensis MR-1 & % Pd/Fe;0, . Au/Fe;0, 1 PAAu/Fe;0, 44K & A # R 7R 22 ot
Fig.8 Biosynthesis of Pd/Fe;0,, Au/Fe;0, and PdAu/Fe;0, composites by S. oneidensis MR-11%1

Si0, B4Rk 52 A W 33 Rl i KOK I MY S & WF5E
FATAT LR R YA O 2 &R AR I R,
oxysporum B4 18 3 32 A W35 5 B9 K S T ik
I SiF 8 WA M TiO, F Si0, 99 K UKL S LL K
ZeF & WA B ZeO, ZUK ORI, LR B B A1 3E i
Sh™* & 8 T Sh,O5 AR ORI B T E IR AL W51,
U0,/ Ag,0M Ce0,™ Bi,04  CuO" 155 4 K 14
Y RE A= W LA 2 Tl KoK i s A S R L &
J AR B A 2 v — S RGO AR A BA
Hh 0 B O FL PR RE T W A AR R . BN | Raliya
SNSRI FH B B (A, flavus) LAM G BT RiE R L
ZUR Y TiO, ZHRIIURL  ALATTH TiO, WL £ 48 4 - 1f
JE AR T A A X R UE YA R
TiO, 94 K UKL B AT R 4F 19 ' #E A P BE F AR ) A1
25 1 Tripathi B9 1 BRI ] ] A< 2F 46 FF 1 (B.
FWT 0 MOk AE, I KW B
licheniformis 5 B ZnO BA7 BE5R (14 6 A Ak K f A
BL5 Be RIPERE

5 EARG EAY R PLE A BT V2 ok
Yy s B AL ) A K B R BE T S8 ok H TR E 4
J& 38 () HEPT . 1989 4F  Dameron S5 & I
B LUAE 2 5 IR AE /LTl Cd? i A A CdS
QDs ; Cunningham 1 Lundie™ 25 7 1993 4F45 i 2
bt 2 B A CACL, BB 18 K W #F 1 2% i DL IE HH CdS
KL, — Ny R R T A R R T iR AR
M, TS A AR ER S SR T AR ESE S
TUUTE M ARBRBEPE, WFCE NI 2R BB R TR X 7
TR A, BRI N & & 0 2 I & 4R
BT EAS IR WO Y rh R a2 R A 2 D = R
B PR ALY AR A A el T R 20 N B i g

licheniformis)

Jyi @, HEREE SR JCALAN K R AR RO 3
AN — BT — L AE 4 R B AL A8 K AR A
2 v gy Y A R L A 0 R A R TE A
CdS! PhSM! ZnSHAE Z RGN KA KL B T WERE T
ZMAEMWR Tz BA A L CASI ZnSPY PhSIH141
Ag, S0 HgSMHISI B S 1132 CuSUSIAE 4 J& Bt £k ) 1)
BT MHIE A AL A AT E , TCie 2 MR AL i
WG T 2 & R B AL 98 KRR RAF 1Y
RGN RAT, BOX SERRHR IF R4 T 2F
SR PERRY ) A% B AR PR TR 2 B 2R A S
RAEAECEAE I CO, 38 5 40 T B S F2K TG (M.
thermoacetica) M ML K G B T CdS 40K ks | Jf 38
i CdS 2 TR g4 K BURL 5 4 B Wood-Ljungdahl [
i IRAR W 255 SE I T ARG 40 T X K B B8 19 R4
Hlo 2SR CdS FEXE IR BRIE 7™ A= B ik L 7T LA
Z 53 EME M. thermoacetica i IR CO, B H
FHEEY T RO AEER A SR (K 9), JF H.
WP HRIRR] T 85% /A0, Kowshik Ay T BRUOA Kt
S 2L A TEBE (S pombe) T MUY CAS 44K & T 1
B R o TR R T AR B VR i
W HAT TAE R AR 1 [ L 3 R A5 RF A  3X BB AIF 5
RS AT O G R ARG KRR /N A
LT RN AT 2R E
3.3 HiteBUASHHKME

R Y/E SSIN - e R N €k 7/ B = N ey
B A Z T i 1 R RE ) Bl BCDUR A7 B AU SR
RO B R BE R Y Se 138 B HR AR AT Cd> 88
T B R AR AR G 75 L CdSe QDs, Ml {15 5
I FH T BE 20 B A DR H IR B AR OC I8 5t M il
Na,SeOs it 5 Se-Cys K G¥), K5 GWAES
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Fig.9 Depiction for biosynthesis of CdS nanoparticles and subsequent CO, reduction by nonphotosynthetic

bacteria M. thermoacetica™

HIKMAIEH TS Cd>45 & & IE 1 CdSe QDs (&
10a)™, fllfi1if i — 258 T CdSe QDs HFE il 75 Bl
RRCHERT, S5 RERUIEE CA>WF & ] A T
CdSe QDs Y HAZ AW AZ K, 277 nm 4 7EH
6.34 nm 7 A7 ,CdSe B KOG KW Z 218 (Kl 10
(b~d)), B FEEEEA L CdSe QDs 15 19 & JErERE
] 24 B K 27 SR 8% 56 R ™ PR 5 1Y A BRSO sE — 25 ) T
A CdSe QDs 1% B: 41 M VF S 28 S AR B K I 7K

Se-Cy®

=2/
Y

&

WAOP”

D=(2.77£037) nm

M) Cu>, HIRKSEH T A S QRN AR &
PR A AT e R AR AR T AR
IR TR R AR T B L A T BN R R AR
TETERE IS5 1L T CdTe()Ds,ﬂEﬂI%EFHH@ﬁF‘*ﬁEHQ
CdTe QDs [AlFEHAT RSP I | 5 e S5 550 1 4
M, IR H MG m%m%MWw@WLﬁCMe

QDs TEE e B P A J5 3 T LS 300 1 5 48 7 Doz
(DGR Ees

HWAR JH) 25 b S i T T N LA

5 um

B
B

D=(437£047) nm D=(634%1.68) nm

B2 Bk
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Intensity / a.u.
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&
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GSH: glutathione; Diameters(D) of CdSe QDs increased gradually after incubation with Cd* for a period of time; In situ laser confocal

scanning microscopy photographs and corresponding fluorescence spectra show that yeasts emitted green fluorescence, yellow fluorescence

and red fluorescence after incubation with Cd* for 12, 24 and 40 h respectively

10 (a) BEREA L CdSe QDs RUHLILIESS, (h~d) £
L2 FCAH B JEUAE 2 D' S

2 CAEE (b) 12.(c) 24 F(d) 40 h J5 B LE ) 5 45 W U 2O K4

Fig.10 (a) Proposed mechanism of CdSe QDs biosynthesis by yeast™; (b~d) In situ laser confocal scanning microscopy

photographs and corresponding fluorescence spectra of yeasts after incubation with Cd* for (b) 12, (c) 24, and

(d) 40 h, respectively™
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A KR AR A, A B 2R S LA
T I B4 IO FH S X O AR R A2 A R AN 1Y 25
W, R T AR TR A R A S LA K
WAL RE 1, Park SE0OF) FH 3 B 4 58 B2 R th 2B 9
BT Z R T DL A B AR R, AR
Al Py o A AT 0 2 K G BT RN 4 i ot 2 1 A A
SIAKBAFREE, B A st T CdZn.CdSe.
CdTe .SeZn .CdSeZn .PrGd .CdCs il FeCo 45 JC WL 44
PN S S L T o A I ISR L N )
Tl A BT R T AL K A AL 1) — SRR G REE—
B AW A BICHLA KA R Rl

AW A B CaCO;,.CaSO, 55 TCALE: 1Y B 1 7F
FUAR FEAr A S 3 UL, e a8 ad A 0 A A i 8
WY TORAER: A B A, A UE X Fp
AR ) 0T LA B — S8 TCHLER 28 9K AR, 191
U, ¥ g U S K 2 A A1 P A OS] ) g IR % 7=
B CO, TEAEY 0 F 513 T 5w Ca> R 1E
ML AL T CaCO; GHKURL | X P9 IR 1 9 CaCO,
AT LA S 2 AN, SR G AN pH W R Y
203 15 AR 1T R 2 B ST Ll R A SR R T
B8 O WE BE (P, pastoris) 3 W & T Cu B 242 1)
LaCoOs YA AL, Cu #9458 2% A4 RL 3R T 1Y 28 ) 15
e A 2 A 70 e P RS Y o) B I LA SR 1)

(a) L

HEACTE P AT T A 0 240 Jf A6 W 4 Ak 1) B 0 3 1 ]
TH AT, WL K 7 i 7 B R 20 1150l of $it
e T R 200 JHL 5 T A R R A T R 00 M R T i
PR E T — 2RI 5E, AP AUREE T
0L Y A A ), 3 AT DATE B Y AP AR R DA
A, BR T ERTCHLERAL, AR YR B T A R
SrCO{"™ BaTiO;"™ FePO L4 2 Bl 44 K b1 B, T
AWy AR R AR TR W & A H
A I H Ly FEE AR B TCALAA KA RS R T AT RE
34 HESEHKME

— SR G B T WA E T DL AR R R A
AR 42 B S AR B A Kb R R ]
—HES BT R Z B TR EAN Tz K,
1 Baesman A9 A1 BRI 2 Fl R A A AL T B AT
FRIRFBRAR 1Y Te 9 KIURL ; thRLBE & L BEDL W AIF
5 B X0 5 3 0 A1 BRUR B, subrilis & B Se 94
KR FNGN OK Z T T A 1,0, AR W 15 R
Lee MU0 2H ) H] A FU I 1 8 (Shewanella sp.)TE
REFMT AT As,S; WK, B I 18] (RS
YR I 45 b BRI U AR R B AL, e ™
T AsSs AsS 5 Z ALY ; As,O5 (LB TE AT LA
H AR 5 BAS B0 R T A A 5 R ) A e Dt
AE ) AN 2R Y R THI5 4, T 4ROk UE Wi BN T

0

400 600 800
Binding energy / eV

B (a) B IR ER 340 50 P70 2o A ) 3 i JO0 AR 98 2% 04 S8 B BH(N, S-G) Iy 7 ZE [ o,
(b) N, S-G BJ TEM 1% (¢) GO I N, S-G Y XPS [l 510
Fig.11 (a) Preparation of nitrogen and sulfur-doped graphene (N, S-G) by microbial reduction of sulfate-reducing bacteria'®,
(b) TEM image of N, S-G"% (c) XPS survey spectra of GO and N, S-G!""%
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B BBk 91 K A BL . Salas ' 2% 2k 06 iy [41 BA F1]
Shewanella sp 75 WA KA TR GO &1L T A
SRMEAPRE L M R 55 2 T 28 3 R AR A T Ay
Shewanella sp. 738 J5 GO B 2 F& AL AM R 1) 48 it
R ¢ HENT THAMNYB 75, W H407E A 7>
WH PR T AW S T A TR R i
FRues e RHBE Ak 2= B I BT X 2 3 B L R R R K
=7 T A PAT BRI 1 — 28 1) FH A PR 300 D R 3 D
GO 133 T ZRER AL 44 10 1 8205 A0 RN 11), T8 3L
FH T2 A0 CA> A P>y Fa Ak 2 A8 S o AT 20
R B BT A B R A TR 2T 4 R B AR S
AL IRIR S5 48 AR R B )12 T T B = e B 40 K A
el [ A 4y B PR B AT R L AR TR AN £ 2R
A T3 BB S A, R R R A & R Fl
A6 R GOR AR T 3, 5 R T T B9 RS I H
R A AR 6 8 9 KRR T i A
Tk,

4 BHEERE

i ZJLHAERE, ATE &M A 2 A
AL AR 2 T A R R B JOHL AR B, X L
BET IR W 1A 22 45 WA TEATL A R A AN L 58 Bl £
BTGB | AL 27 A U R AT R ) e
S WG AR b B SREE AU AR TR A=A
FNVELFSF R A R e AR MR R 5 T
AR B RHIX — U IE A WA B E AL A A R |
HEACSE DT T SE B TR0 N, RS X — 4 H R 2
WS T E R, (HARIEA VL TAR 2t
— T,

(i) Y AIESE B0 0 4 B TE LA K L
R 7 T JCHL A R R RE BURRAE . R AT E 2
RV Gl 2 0 1 e 2 AL A AN A A R A S b
RHEAE T AEAT AT AR 22 B W O 5 JODLBE e AN T
AN I HL pH A )R TR B IR A
BAORE S 1T B 2 49 233 e HAAR o 5 1 AR AT A A
3 2 H AT 20 A LA KRR 23 1
Ve T il e A AR, Xk, ATV 2 B ES)
T ANBE A K B Bl A S TEHL A KA R B LB
AT TR, SRR Vasylevskyil' i ] BAXT 2
YRR FAME G. sulfurreducens 15 18 AgNPs (1)
AWy oy T AT TREBESL, BT AR YL R R T
et B, AT B A= W) o0 1A AR Ak IR B A
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