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Biophotovoltaics: an environmentally friendly technology for solar

energy utilization
ZHU Huawei, LI Yin

(CAS Key Laboratory of Microbial Physiological and Metabolic Engineering, State Key Laboratory of Microbial Resources, Institute
of Microbiology, Chinese Academy of Sciences, Beljing 100101, China)

Abstract: Biophotovoltaics (BPV) is an environmentally friendly power generation technology that uses self-
renewing photosynthetic microorganisms to absorb solar energy and convert it into electricity. BPV is an energy
transduction process that involves photochemical reactions occurring in photosynthetic cells, extracellular electron
transfer occurring at cell-electrode interfaces, and electrical current generation occurring in bioelectrochemical systems.
However, the intrinsic light-dependent exoelectrogenic activity of photosynthetic microorganisms is extremely weak,
which hampers the electrical outputs of BPV systems. In recent years, different electron transfer strategies have been
developed to more efficiently extract photosynthetic electrons. These include the exogenous electron mediators-based
strategy, conductive nanomaterials-based strategy, and synthetic microbial consortia-based strategy. Among them, the
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exogenous electron mediators-based strategy could improve the instantaneous efficiency; however, the improvement
tends to be unstable. The conductive nanomaterials-based strategy can hardly achieve a targeted distribution of
nanomaterials, and the cost of nanomaterials is also an issue. The synthetic microbial consortia-based strategy shows
great potential in enhancing the power output and prolonging the lifetime of BPV systems. This review gives an
overview of the development history of BPV technology, and summarizes the fundamental principles, advantages, and
disadvantages of different strategies for electron extraction. Moreover, we also discuss different biotic/abiotic
approaches that have been taken to improve the electrical outputs of BPV systems. These approaches mainly include
broadening available photosynthetic materials, remolding intracellular metabolism and electron transfer, developing
advanced electrodes with new materials and structures, and designing high-performance devices with novel
configurations. Furthermore, we envision the real-world applications of BPV technology in the future, e.g., running
small electronic sensors on environmental and agricultural internet of things, driving hydrogen production, and even
being applied in space scientific research. To this end, the scale-up of BPV systems is required to amplify the output
voltage and output power. Lastly, we propose that it is crucial to understand the molecular mechanisms behind the
exoelectrogenesis of photosynthetic microorganisms in order to facilitate the advancement of BPV technology. One
possible approach is to utilize synthetic biology to reconstruct transmembrane molecular wires using multi-heme

cytochromes or nanowires.

Keywords: biophotovoltaics; photosynthetic electron transfer; extracellular electron transfer; synthetic microbial

consortia
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Fig. 1 Schematic diagram for BPV systems

(The photosynthetic electrons, generated by photolysis of water at PS Il , pass through photosynthetic electron transfer and extracellular electron

transfer, finally flow towards the cathode, thus forming electrical current. Theoretically, the photosynthetic electrons generated at PS Il can be

directly exported outside from PS 1 or PS I in the form of excited electrons, or indirectly exported outside from the reduced energy carriers such as

PQ/PQH,, NADPH or organics.)
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JRVN I NADP A 2 = e i, HAZI R T
MK 3HREBEE R . BRI ESL, Shlosberg
L IR KR MU NADPH 2 5 1 H A% % 2% Dunalliela
salina 5 ¥ £ R ¥ 2K Ulva sp. 6 I 72 4
Hatano % ™ J& iz BH W7 4 758 1) % 18 LI 0 3% 428 DA ik /D
NADPH W4 i, KRIEE GBI 7B, &
B NADPH Xt W5 8 ety P AR R 2. (H2, %
IE—WF R R, TWwBPV RGEirS5E, f£H
ARV P R K I B NADPH (AR 2, H B AR ) 5%
Jt B 5 NADPH Al 2 o6 B A7 e w22 Y 25 B
Fii&, NADPH & 75 1E i i 1) ] v i 73tk H
ROATAFAE 4, 75 B3k — 25 ik 9 oK 1) BH P9 Y5 1
AR ) 5y T it o

Brc Rt KB . 9K S LA TE T3
ah, MBI H S KRR Z . SE (S-layer)
R A1 B J 4 45 AR TT B 22 S G A UE W R
WS, Kusama 2§ Y F H CRISPRi 5 AR T 5 7%
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AL, R AR CRADE FR AR T AR
o BEAL, X AR AT AR A ) B A
KBURT DABR 0 UL, R W 58 B I 4 M 45 A 2
TS AL BEAT T DRI, W55 40 A5 A 2 1R
e 5 5 P A 33 RO ) — AT A

3.3 ETSHIMRMHIPREGBFEES

KA B R A BN RS R 3 B
MV, O 2 B T2 a3k 40 i 1) 25 5
i, Biota MM MmIEL S A
(K20 ],

SHEAYZE—RENFE I RGKM
BE, B SR T OE L ar,  R) DAY 5 40 i 5 F A IR
MAHEAER . ®HKSEREESYE R R KK
(polyaniline, PAND. ZEHtH (polypyrrole; PPy).
K Z EH (polydopamine, PDA). % (3,4-4.4% —
A EWy ) (PEDOT) HIHEER &% (Os-polymer) %% .
Zou %5 B | Fl PANI A PPy £ 50l & 41 i 31 s Al 2
F AL, HRRAREERS. £/ R
G0N, ZouZE ™ GINT B A YKL PPy, i
IREERE T 45/ REESDLLE FBEER
(electron hopping) W77 AT 1518, HEE
G R 2 FE B S5 R R AR A AL R L
Gorton it 7t 4144 2 Fh A A B SRR & W B A T 38
UL BHAZER DY ARG AR, Ak
T 17 20~60 5 NG . TR S dHH B AT K
A B RAH O i 1E B A IR B L, BRIR A AT L
R R AF 5> T S 28 T 6E Y. Reggente 25 ™ F|H]
PEDOT 1 4 e 15 B B 8] 1) 7 + S 2k, H4 06
Synechocystis W16 P& & 1 6 f5 . H A J7 1,
Cevik 25 ™ F| FH # # IR K 43 7 (ferrocene cored
polyamidoamine, FcPAMAM) #4564 B B 16 HL
Vit T 40 1

T 49 oK A4 L0 ik 48 K % (carbon nanotube,
CNT) 0] BA A 5 40 i A0 H A [) 1) B 1 A% 3 o
Sekar 25 "7 FI| 2 BERR 44K & (multi-walled CNT,
MWCNT) 3 7 # #-MWCNTs 2 & R4, A%
e VA S R R B R AR
Giraldo % ™ W 4% 3| FLBEfR 40 K % (single-walled
CNT, SWCNT) W] LL# 3 # iz 3| i 2% 14 5 B

SWOCNT B4 N2 5y 1 W R 4 1) e K HL 4% 38 T
R, fAEHERS T 3. B, Antonucci
S R IV A B 1 SWONT RE % B K Hh 28 1
WAV 4 M BE I 35 EE Oy A AE I 20 i A R IX 3
SWCNT 1R A fie 75 W5 ¥ 40 . vh B B 1 85 i 4y 1 %
4, AW T W EOGHRR K E. BREaKR M
BEAL, & 9K UL P9 A 21 15 352 41 B P9 1 0T DA /&
JEHLL, 3 B AR N G RSO $2 v AR
AR P X SR T AR R S 0 A
MG ERE 1. M0, 9UKRM B A T
AW G A AR B A 3 4 i R T B A 2 T
PR AR IR I AR, T SR IR il o g oK b R
SRR AR M OHE . R, 9K R
5590 Mo AH B AR F ) B AR AL s A H AR s i AR, DA
J AN K AR XS 4 A B A I 1 52 ) 55 i) L R
RN

BRI EREG OGN, 2RO
HLF i RIS . Ryu 55 Y IR R 7 R B2/
T30 nm AU GOK FE R, SR AN SR B A R A Al L
BHRBOGH 7. ERYPUORBRER F, 2R A
Ntk — PR T HEEHES Ak R RS, Sl
[F N Z A G Al R iR O T, K TR
o ZJa, Kim%E PR T —FhEE . m AL
Hh K DR BN A A AR A N K AR B T, 1%
TEAMUAE T REMIBCK, R A7 DU R4 +F
B 40 BRI

25 [89-90
/}ﬁ [89-90]

3.4 ETFERMEMANERRFEE

G i A W B PR Bl LA O RO A HL A
EIEPEARR 59, AR R BUR. S T3
PR3 L K AR AR T LAY 3 B TR T AR 0
B AN R R T MR A7 AR A0 R B 5 064 S S )
A, HARR RS G G 40 TR B Rk HOR A
. DR, T R A fR T A 3 SR B AE AL AT
FEJe G MED L 52 B0 RE IR - i A7 21 4
Yo g s Al A AL . BB A T O & A ALK
0 F 7 RE 6 e A0 A% 3 B AR b, B IRA B
S LR IR F RS . D IE, T RAE R OL A
AW E IR S, MEL G-
AH, NMHTEMCR RS (K2 ],
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T 3 ' A -7 HL A A 4 4 o T B 1 T O A
BRI (3], Nishio % ) ki 7 A4
TISE P A ¥ (Chlamydomonas reinhardtii) F1 &
JE AT (Geobacter sulfurreducens) F4 il T A=
YIZH, WEW] T OGEE S L RE I AL AL B A AR
F) R F2 A LA SR . Liu %5 ™ R 07 A4 Bk
#E Synechocystis 5 #; TL X W Shewanella oneidensis
MR-1 8 2 AEVDGAR RS AT AFREE 7 HL 13 K. 1E
P b, Liu % P 4k gl 5] N 55— 7= e o R
Hi SRR M0 B Pseudomonas aeruginosa PAO1, F4 %
SR ARG, &L T 600 mW/m® I B
RIJFRERE . £ LR JLI 5, ARG &3
AP AR, R RE A Wb/ B ) [ e e A HL AR
RN, ABES 7 AR A W R ) 1 L L T
MR 7O E AR B U E N RE R

T R PR FE RO G B 3 m) R B AE A
AV A BT T — M E A E 18 TR UUE
MW, ZMAEYHE A TR E RN —
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LA LR AR (B3] i, TR
W SN, ROtREAF MR D-ALR T, &
[N D 2 DR L T U A
EET @427 A fift . D-FLIRAE 1% & M A
ENREEEE, IO EMAEDR EMENZ
[ {1 e B A% o 12 R A 38 T DUKE K20 10% 1Y)
W € 6 BE A7 1 B D-FLIR 8K T H T R RE
RBIEE. &%, ZE AR RGN &R R
HJEIEF) 150 mW/m?®, 17 5 T IO E AE B HUA 1
AEVIH ARG, VW B R E R R R B R
MAEMA, KIeE BT E LS, LR
AR

TR, AR RE 1Al T DY A
EMAHRIEVDCR RS B35 Za i
Py 28 1 T i W . AR SOE I OR A
TR B Ay BO B A AN B IE B AT B 2 . e
BT ] 58 ' BE PR AR AEFERE 0 T, K
Jo AT VA 0 SRS R #2408 D-FLIR . Ay BO B IR TR
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(a) Jo% E BE B B A 1 OB A e 4L

(a) A two-species microbial consortium without a defined energy carrier
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(b) A two-species microbial consortium with D-lactate as an energy carrier
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(c) A four-species microbial consortium with sucrose as a primary energy carrier
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Fig.3 BPV systems based on different synthetic microbial consortia
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I R AT B 9 5TR D-FLIR e A AL, R 4
L JF 77 AR R . AT B S — AR XU AR MO AR &R
gt, WA ICR R S8R LUK 2 70% 1 18 5E
REAF il (£ 4] S e B A RDBERE 70 7o, i3t — 2D 4R
B REERE. B, B E AT E 5
AR A DL IR AR R 2R3t — b A, R
AE B 2R i A7 1 L A RO R . I T A
YR &R GE I fe K D)3 FEIE 2 1700 mW/m?®, 4
ERITEGSERE =351 S SR BUR K1Y RS e SR 2 R/
BUZ, U] 7 BA R Ak & 1 5 i KB
FI T 3 KW AP T A B0 PROTE A0 634 T AT B
8 G L A2 B B A R A M . %, I
AR RCED LB T F 2 i E AR, IR
P A EYDE R, TR E B AT
AU b RS RW, R A R il A 4 241 55
AT LUK RE G 15 0 A e 9 B AR RIS, $R AR
JeAR By D R AN R G T

4 g B R i aEfa HH RO SEi fie

FLAE a0t T B 2RO IR R SR RE A% 0 4R
Pro ATEER, BHEEZOIF R T ASE K TR,
Pl m e IR L RE sy, B B
WY RAVF R TR R s TR E A
CENS R LU N S RN QI iR R TR R LB Ui
BT R RS R AAERESE

4.1 BEHRKET XEDFRETRRER
B AR RS DS A EEARE

W EAZERMCE W =R, W, &
3 B Wk RV 4E J 8 Synechocystis sp. PCC 6803 ) 3. F
B Ay R0 280 s TSl 8 S8 Gynechocystis sp.
PCC 6803 2 LA ERAN, HARL 1.6 pm. 55 5h,
FEREE)E (Synechococcus sp.) 1EAEW)HeAR A A
F Al g 22 Do on el b {f TR R T B PR L
A BETIEEHE (Spirulina platensis) "', & ¥k EE
(Nostoc punctiforme) “" ", 44 %3 (Microcystis
aeruginosa) "™ M523 (Leptolyngbya sp.) " &,
FAZ B, B 2 1) 2 G AN X R R
SRR F B AE (Chlamydomonas) """ /NER

¥ (Chlorella) "™, ¥ K (Dunaliella) ™" 25, #E
BEEEA =MW igEE (Phaeodactylum tricornutum)
AR % B ¥ % % (Thalassiosira pseudonana)
S0 T, O B R A B 4 T B A O A
SRS, IF HOH AR RO LA R v T
A AR T

FHEC A5 FR vk, AR & W B R A F R
BTN 321, HOw A R IR ] DR &
BILJSR (1 B4 A AP A% 38 1 2 . Malik 25 7 I i
WU AU KA E Pl M T B T A
HARBBEMAEY KGR, FFHER 7R
= A R S G R BB R R — 3. Zou
S U R A RO AR AR, 55 3R 5 T O
BV, R0 6E AR Pt B A TE R Ot e
J% . Darus 55 "% MCAS [] X 38R B 1 P9 47 T 7K 2 ol
Y, BEIEH T HERES ESROCEEWE, v
PAFE 12 hoa /12 h RIS 2% A R AR 3A ™ R i, JF
REFFE TR EEHOCAER T, I ik A7
1E R EAE T BT B 2 T A ” IS,
KRB AENE R B, B E EERELE
BHUS ) o3 file, TG TG a2 FE8H
T A AR R Y BARE AR A
R ARG E, BHEEEFLERENR
PRI ], —BHE1~270H.

4.2 EEIRESEURARFEERERE

NS N B R AR A, WE R T 2
Bl R 7 AL, o — Bl & FDP (flavodiiron
protein) HLFith, &R DAFEHELPS 1 N AR 22 it
T . FDPH4FWA, KKk % NFIlvi~4,
BATLL R U = AR Fivl/3 8% Flv2/4 1T R K 35 1)
Ae, MALEAIRFEIEERUK, HAFFIvl/3 A
AR 2 S — B AR A WL e A o e e A
B WP HE AR A, E I A v T T A AR
Ji o W R OR wi AL B 3 R, AL bd BT A
b (Cyd). 4iM a3 c AALEE (COXO FIEAR
Y AR i A AL (ARTO) . fEAEW Gk, ixis
JeRT IR AAE S THAER T, 380 R AME 3
(L TEE RN . NI, Bradley 2% B i o ik R
R IR AT AN [ 2R v S A g R 2R (1) RAB R, FFRAR AT T
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e e v R TS SR RN < 1) iz e
fot. 4 RKBL, FF§E Cyd A1 COX M MR
AT R EACER AL IR AR 118 £, 3MPR
Uiy 480 A T () IR R 2k DU A6 2k TRUAK B AL G AR
24 % o 3 oK i A A B[R] B R 2R EE A T LN L
i POy N I A T RS R A N SR RN
0.2% $2& i 2] 7 10%. Saar %5 U [A] i} fi bk ¥ 3
Synechocystis 1 1] 3 B K ¥t A AL B (Cyd. COX.
ARTO) F1FDPs (Flv1/3 Ml FIv2/4) . #H LGS A= A
PR, RADBR ) B K D 2% FE N 270 mW/m’ #2 15
#) 540 mW/m’.

AR, WEPAFEAEd cMARORED
JIT ) 56 ) 5 P AR B IR AR . (H, AT DL g
R TR ECS B AEY) 5 T Besl AU EET i 4%,
K B 75 B K E I MtrCAB 38 12 5k B FF 3 1
OMC (outer membrane cytochrome, 4 Ji& 41 ffg &
) &/, Sekar & " 1E #5 ¥ Synechococcus
S Y AR OR U B AR c A Rt R R E
OmeS. F 1k OmeS M B AR B I 1 BG4 A 5 bk
B IR IR IR 3, [ I A R T R AR
e FL b B AR B = T 9 f% . Dong &5 M 7E [ 4
AR H 2R I8 OmeS, $& 5 7 M AR A F AR 31 15 52
JEL A AR R, AR A T 1365, A
PR AE 7 PR AR W5 2234 OmeS, R ILHIAN
NADH /K Tha, AR E4# e ™. Mgk, £
KB — ) ¢ B 40 i 5 3 B 1 AN Al DT I 9 A i
Y B% . Schuergers 55 " 43 #1 71E W R R R
15 EREMirCAB E A R ME 5, BLHEa F 3R08
iz, FMARMBEEREDRNRAS I T, B
HEAEAEMIEMAES: . XTI EE 4 AR 74
& ZHHFRIEE )N, RS T A s
MHEFRAEEHE SIS NEETBZEN AT, HHE
HH L T o R it €1 2R AR ) R A R 3 I T LS
6%~ 10% A KBRS (% . #ZE H AT, MIfE
WA R D R IA e EET i 2 1R GE .

4.3 BiRIEECFREBTFESE

AR T, BN (FE =ik R RN
TAREMD AT e 5 A0 A% R B
A E R G, 0 HAR A A R R

()5 e AR A AE A A . R
XA K, B ARIE BB & R TG 4 i
B 55 1) ) B 5 R RV B 1R g v . IR A, AR R
AR AR ) R 2

AEWCAR BT R R 7T 23 A DY ARBR BT B
— AR AR F AL Rk A ()~ T AR, AN ANER
WL WL B A, W T e AR
VRS R AR ER, (HAR T4, =
PEZE U ARHAR AT A BRA R &, BLAERRES
WA L BRARST. AR CRD PO RE R P A AL
F M Y EARIEA . AR, kA
ARRE 2T, A F) T 66 240 B B & A0 A= P R 1
TE R, BEAMIE BA AR AL 22 Ve SR . 4R
M, BxERAENECNFAREFHEASLE, HE
L L 42 B HL AR 1 ~2 M E 2.

TE AR AL B, DL 2 L1 R 0 6 Ry
AE ) =AM T 4G H B o — A PR AR AR 9 T 95 4 i
KNI BT, FALARIE & 065 40 i & 3o 2
FEiL, R 2 AL R T AL BIE 79 8. =
RERAEH &G FERMM, ANy R4S g
R P 5 ik 1T AR, B i 20 R AN R A TR] FRAH AR
ALY (indium tin oxide, ITO) A5 24 A1k
#) (fluorine-doped tin oxide, FTO) K EFH R IFH
GV M, IR RN Tz A AR B AR A
i} 2221, Thorne 55 M F| F — AL KM &I R T
ZARALKRANZ LN, 1EREIRE FTO 1 1L
AAFoME, Fib/hERELE 2 LA IR EY)
JBE o B, %2 AL AR AR I D A R B R
M AR 16 i o 2 oK AL H AR 3 B 3E H T 40 i B AR A
KIVEZER: T RN BN IEEE, fek
FLERA K FL R T REBE & B . Wenzel 55 M7 |
ITO M BIIT A 1 R M FLEREE & 7 i =M e b, BL4E
TALE M . AL (FLAE 10~40 um) AIghK
FLE (FL12 10~100 nm) . K Synechocystis il
Nostoc punctiforme 53 il ¥ 72 T = Fp i K 1in, 45
REIR, AL AR AL AR B A O B
FHEG TC AL AR & T 300 1% o ffL FEL AR o] DAL 3 35
S MR NS FLEE A, BEOR 4 i 5 FL R 2 A i) B
T AR s T 4K AL R B ERAS RE LR 4 I B RN
PR FLEE R, AR AT DU b4 i 2 i 5 H AR i
AU BN R T A S A B ik . AT
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WY R AR % T 5 M F AR 55 A0 PR AR EL AR R
B, R LA 9K AL R AR N T Aot
RIWE J7 o i, Chen % ) @i = B Mt 41 ER
TR, FIHIITO UERBURL S % 1 —Fh 73 B EE 51
HLAR B BP-ITO, A 1 28 PUAC S P RE A= D6 AR B
e [ 4Ca) Jo ZHRAEM R EE . JEREF A&
ANHL 7 A5 38 R S Ty P RE DL, A28 2k T AhIR
HL 7 R 77 2R T 245 mA/em® (RDOG R B, N H
A0 IE ) fe G LK P IR EEBE ORI,
FL R M ek e 28 T 435 A o s A 4 R A L AR A TEL A D
fie #t F i R T A% 3 AN R R BPV R G R AR
AR

4.4 FREWEQIHESRAEFMERE

BB MR H B A AR AR R G AR T AL
. WBH RN AL AR AR Ty 2 R4 AR A 0 1 AE
WK R B R G A BRI AR ekt
SR B B R ke AT DA R AR R, TRIRA T,
eI R N EY R REEB (FHR
=) £ 10~500 mL 2 [a], T 43k AL B P 6 AR 1 4
FRALE 0.2~500 uL 2 [

AW AR 1) ik Y Ak B 5 AT I8 B #2006 4,
Chiao &5 " # 7 T AAF N 16 pL (B2 A etk
EHE, PPET 04 0W/m' YR . Bombelli & P
PR T 150 nL AR R B AE (R 25 B, FoAE T
1.2 mW/m* B &3 . Bombelli 25 ) Fl| F 8 %) b 5
A TR HA 0.4 uL (ORI E, BIhRE
FEMNZ BT 10 mW/m® LA R $2 = 2 T 105 mW/m’.
Saar 25 B i F R R 40 pl 30807 A M e AR
BeE, B 7 H AR AN B AT B SRR
b, BEKIREER ] 500 mW/m® [ 4(b) ],

Choi Bff 78 4L R BUI T VDGR R 4t
IR, R T RMEB YRR, AR
7E50~300 pL %5, 8 (1 1 #k58 Synechocystis
AN INAME T B . R — AR AR R &R
G AL G SRR, DLIE B 4 AR A N B
WAl ThEREEFE N 0.07 mW/m* ", 5 AR
R RGN T AN, F BB = AR R
FLE, BEARIET A BT ORI AR,  TH0 e
SRR, 2B NHNE — R 2.3 MQ

NEI470 kQ, THRZEHREE 9 mW/m® Y, 5
ARG AP R R G A S /PTFE B & F Ak AR
BET AT R AR 0, B =R AR
BN T RGN, TR 002 M A O FH S0k 58
JEABRACHE T AR e, B, TR R R
27 mW/m?, HAE4ERF 10 KM, 5 =R AL
fili b, Liu%§ ™ JFR T LS RGP0 N B A R
TR 56 438 SR 3 AR A ORIk R 4, K6 D)
R LI P 438 mW/m?, 77K 20 K. Liu
2 DR A AR R GHIE R E TR AED
A, SERERIE™AET 18 VK HHBE,
15 2 G 70 18 LG IR FE AR E -

W AEVCR R G MRS R R, MEE
B [ A R R A R T R G OK R SE bR S A .
Mohammadifar 5 "**' F] F 25 i 7K 8 i 25 4 4% 45 11
W, M T LESEYREE, BXTH
BRI RS, WA LLZA, RG] RE8 ™
4K o Ng %5 U R F i 8 T Y 7K 458 J2 % /I 3K 9 [
8RR b, SEL T AR ] e A 2 R 2
¥, MEREHEIWLBTHRRE S T 20%. Sawa
N OB s | WA E L A = ] o | S 1
BPV #%4t, JefEdiik LITEHICNT R ZE, R
EGHE LITMEES, SO AR it
Pk g it (4o ]. 4R5KITENRI At
R AR RN AL, JEE AR TR A
K, 20k 8 RIS AT LAOK B 32 4T /N B K 7 i b
AME T # LED. Liu % "0 W R T —Fp 2 T 4K
sk OB AE YRR R G, DUARTKONIEIR, RIRER
T T R S WA BRI T FE 2 R E T A 1
R, oG ZH 2% R R BPV 241, HE K
FAL I % R R B K 1) 2% B2 43 9] 3K 3] 650 mA/m’ Al
107 mW/m®.

HAhJ71H, Kim & 7 IR R T A AR A
G 9 K ORLZH R 28 Ak G B AR, ) R 4k 6 R
SRR TS B RN, 5RELAIERES,
AT R T R AEE [B4(d]. Roxby &
¥ o A Al PR 7R — SV A -0 B AR e
(Fabry-Perot cavity), il id 628K 56 5175 H
LR 2 I s RE AR G, B O AR IR WSORN R A
R, RAKEHBRRBCR T HE [E4e)].
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BP-ITO

Power delivery "
A i o Anode  ©
(a) 3DAT ED 43 H AR 51 B AR BP-1TOH F T 40 i 61 8RSt e FR (b) fi&RE S TR REMLER A AR AR B At Ak
(a) 3D-printed branched pillars electrode BP-ITO favoring biocatalyst (b) Decoupling the storage and power delivery processes
loading and light utilization allows individual optimization
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(c) Developing paper-based BPV system through digital (d) Hybrid photoanode composed of cyanobacteria, Au nanoparticles and
printing of cyanobacteria ZnO nanorods could harness the broadband spectra of visible light
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(e) Enhancing photocurrent generation by confining microalgae in a Fabry-Perot microcavity
B4 HRaEA ook s as s v 7

Fig.4 Novel approaches for improving the electrical outputs of BPV systems
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5 EMIRIREIRH

A AR R G A I R TR 0.2~
0.6 VZIE, THEE10~100 uW L4 ", Hig |k,
A= AR AT DA% B O AR B 2 AT AR Ak B 51
K, [F 53w R R T R, LA B HT
BUHUE KT ETHEMBKR B R, £
PR — ANV LE B At 2 IR Th R B 7 28 4F, Wtk
RS ARRB P PIR: —RKEAMH AR
JE R AT IN BAE SR 3 — R AL A

HEr, 2T AR C ok 2 Fos il
RUAEJRAT o T B 200 H I UK K 20, Chouler
S 0T IR R T ORI K A R R P AR A e AR A IR
A%, ArmE R ) R BE R PR E A 0.27 mmol/L.
Tucei & M R FH B 20 700 AT 40 1) 0% & oL AR I8 1
JREL, TFR T kIR EL R 2R A0 G W B A AL SR
I Y T 25 T i A 4 R 1 R 3, Kawshik 28 0 JF
RTEVCRARGH T BRI, 0 E
0.005%~10% A0, S [ 7 10 s AP,
H H A3 B o] LR A7 3 S H B . Roxby 46 M
FER T 65 R I 1 5 1) AR W AR A 4 R
B, KD PRAK 2 50 nmol/L. b4k, A¥aihik
Wor R H FAMNGRS . MRESEXREE S
Wyl DA ) R K A T N R AR ) T
&= A,

TEARTh R W7 2 AR i 5 THD,  JE o IR S
AMUREE, ALk 2 BIE B AT LLEK B E 1T
UK I P AU T3 LED @0 3 559, [ 5 W IR (1)
R, ALK TC B AR B SRR B AR LR, 1
A G5 Fe b, G B PR AT 7 PR R A PR ) A . R
B TE A RN ER S 400, A SRR A% 1 AT T BT A i
X, WIHELERE. 0T EAT R BRI
FEOAE T 0T, Liu &5 YR 15 AN AR e AR
RO R OIFRHES, DD IR B — S I A K
WS R T HLE I W 2 P s I TE 2R A X
{5 . Bombelli %5 ™" FH 48 H 1B N BH A R, TF
RT—BEWCR RS, WRINKs— G
MR FFSEAT T 6N H o Howe 25 "™ J5 i, Xt
BPV R Gtk 47 e B ORI 1 n] LUK B & 1 4
HIR (mW~W), M TFRE S 2 16 8 AT RE,
WEREFHL il A IS S DR T, H
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