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Fig. 1. Structure diagram of perovskite crystal.
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Fig. 2. Types of crystal defects!'%): (a) perfect lattice; (b) va-
cancy defects; (c) interstitial defects; (d) antisite substitu-
tion defects; (e) substitutional impurity; (f) interstitial im-

purity.
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Fig. 3. (a) Schematic diagram of KCl passivation defects!?; (b) schematic diagram of potassium xanthate passivation defects!*’);

(c) schematic diagram of APTES passivation PSCs interface defects!*®; (d) schematic diagram of DA passivation PSCs interface de-
fects!*; (e) diagram structure of HS; (f) structure of HOCO-R-NH;" at interfacel®l.
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—CH; A LA il S 56 =2 (R 2R A VR, 4 5
R R ) 2 o R, DT 2 PR R A B 4R
Shih %% ] L-IN4 MR (L-alanine, LA) f&4fi TiO,/
Perovskite %t i , fff PCE M 10.76% 3 i ] T
14.22% 061,

Sidhik & WA 5E T A s82 444K i (GnPs) 78
TiO, % MAPDI; #5840 K BH A8 H ith a1, i
T TiO, S5 )2 Z 81 5] A GnPs &M At
I, & B GnPs AT LA &bl b TiO, 21 if 2 B
A, B T BliALBRBEAL, GnPs i AT DL RS Ti0,
BRI 9 A2 BR 5% AT SZ ) T10, 1 BB 2544, 42
R T AR SR 5 R A SRR AR N 19.23%,
FHEARABM B TiO, g RIS T 27%, 1 HIR
RS /), RS AR IR . Chen MU
20 B2 SR Li B2 00 8o A1 (0 241 Ti0, 1Y 5 4
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1k TiO,/Perovskite FHIIHLEE, 7532 1 = 80k E 1Y
KA R FHRE L. & 5 A L T AL )2 Tio, 44
KEEH, XFhEEFIRY TiO, EA B LS Ay P RE 3.
i I FSE Li-TiOy B9 XPS & B, LitByA4E7E il LK
TiO, A% 1 TitHA J5 A Tid+, i g4k TiO,
an A T O 2307 5300 B T B R A BES .
THRBE AL, $E w5 T TiO, 1Y H a7 % i g

{5 %5 [ FL U % B (short-circuit current density,
Je) M 22.46 mA /em? H/NE] T 23.91 mA /em?, 7]
I, HEFE - (fill factor, FF) M 68.93% 2= %] T
74.11%, JFHEIE Voo M 1.01 V%] T 1.03 V,
F, S ) 3R R A A B B B R AR Db FE ORI
Voo BIHREE B T LitFRAR 7 80+ 1 2 5%,
PEE T BT AL AR, AR Li-TiO, 44
KEE B ZRCRIN 15.64% HERE T 18.25%.

25 TR, ANERRHE AR Bl 4 S A [A]
Ao A B T %) b R i s LB, T
AR E REMI R 7T AR5 B REATRANIE) , fliAkid bk
B A AR, Flan, —COOH AT LA i Ak 27 sl

#1
Table 1.

1k Ti0, KT O 25 Bk, —NH, W AT LU o S0
BEAL SR R ATHEG, S B 1T LURIAR 78 4 L7 1)
Pb JE Uik, MmEiILEpG. Spa it T LI
B 2 AR, (i f s iR 5 25, AT
5 PSCs yMERE. AR 1 BT LG ) B B
B A5 25 B I R AR, #3441 Ve, Jo 1 FF #5A AN
FERE b 48 . Y R O T A A OB Bl AL
ETL/Perovskite # 1A LA T 5 AMEH: 1) Bifk 5t
TR, BRI+ 1 A HER, WD ARAR I R
g, 45 PSCs 1 V,; 2) M L, 3 hnk mify
B, B v S R R Y 4 BE D B
3) BUEREGRL, (EHFEOR T MRS, D A A R
4) PERRREYE; 5) W/NERE. 8  H A AR SCR DA
Jxt PSCs 1y 5% v DL & #, B4 —COOH
—NH, ‘B ReA #53FXF as PR de A B 4w, A
AT DL fE ETL /perovskite FtTH B 6k, 38 0T LA
FTiO, 2 I, i 3 5T 48 0t 1 09 4% S, 15 m
Perovskite Y45 kL. PRIHCEA XA E RE AT A L
SR MOLTs i A e bRk

BifL FUABiML ETL/Perovskite H* IS S A BH B HL i 14 g

Performance of perovskite solar cells with and without passivation on ETL/Perovskite interface.

Interface to be modified Modifier Voo/V Joo/mA-cm 2 FF PCE/% SCHik
W 1.15 21.62 0.73 18.33

SnO,/MAPbLCL, , LiF 27]
W/0 1.08 20.40 0.71 15.60
W 1.12 21.82 0.79 19.44

Sn0,/MAPbI,Cl, , KCl [42]
W/0 1.08 21.59 0.76 18.12
W 1.06 20.70 0.75 16.30

TiO,/MAPbI,Cl, , CsBr (44]
W/0 0.99 18.70 0.69 13.10
W 1.06 22.61 0.70 18.41

SnO,/MAPbI, Xanthate 45]
W/0 1.03 21.74 0.73 16.56
W 1.06 20.84 0.66 14.69

SnO,/MAPbI, APTES SAM (46]
W/0 1.16 21.23 0.69 17.03
W 1.05 21.80 0.73 16.87

SnO,/MAPbI, DA SAM (48]
W/0 1.04 19.96 0.67 14.05
W 1.03 23.91 0.74 18.25

TiO,/MAPDI, Li-TiO, [52]
W/0 1.01 22.46 0.69 15.64
W 1.11 23.34 0.77 20.10

TiO,/MAPDI, HS [49]
W/0 1.09 21.29 0.74 17.20
W 1.00 19.20 0.62 12.00

TiO2/MAPbI, GABAH'I [50]
W/0 — — — 8.00
W 0.99 22.40 0.64 14.22

TiO2/MAPDI, LA [51]
W/0 0.95 17.08 0.66 10.76
W 1.00 23.67 0.69 15.14

TiO2/MAPbI, GnPs [41]
W/0 0.97 22.33 0.80 19.23
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4.2 BRTEEZERESFERMEEEL

TEFGERD R BH AR Fa it ] £ AR, IR G R A
SRS T B T AT MA BB S, SE07E i ik
FE M By S A AR 5E AL Y P JR T, TR
TR RIS 181, % ) 3T R 0 265 2 ST/ A L 7 32 1
FHL P25 1A 38 5 4 R At Ak A5 Bk v o A7 11
Pb F1 T S350 FL .

Noel &5 B4 7E g4 HTL 22 §ij FH 8% 5 1 g sy
L A PREG KA VR AT, 2 IR 5 i Ak 3 T
PIRRARAR SR S & A e, WA 4(a) FiR, 7E454KE™
Fti, TR KRR N S8 T A B, RsE AT
{0 P JR - H B E fL g, E5EK0 AR G
L RE R AT AR, Al 4(b) s, WEM FIn g rl
PLA R SE 2B Pb DUk HL I8 e S ol
Be o7 e p e, N TEGAL AT FRLIY Pb SlpE. AH oz i
T 13.1% BIRLR, i WEWMB I 2R RCR
15.3%, MLBEBMER RN 16.5%. A T BRALS
Qb BRES AR AT 2 1 AR TR XS R IR A 52 IR, Jain
5 159 SR ML BE 2695 (V-pyridine) £lifk MAPDI,; #
TR, RCRH 9.5% 3 T 18.5%.

Abate 55 U7 | A A 5K (IPFB) Ab 45 £k
W Fm Ak MAPbLCl, , 5 2,2,7,7-U [N,N-"" (4-
HA RS ) L 1-9,9-82 — 7)) (Spiro-OMeTAD)
T iR A R R 58 K S BR T IR A
IPFB % L e E A SRK T, 145 IPFB
B MAPbX;. IPFB & —F % 5 iz, © &M
KZEET (I, Br, Cl) JEAUBFECAY, WA 4(c)
JJi7n. TPFB 0] LU &bl b A5 Bk 2% 1 A fic 407 1)
K 2B, ISR 1 2R BT AT REAE S XA
B R S mab A A R, SRR E A, TR E
i) PSCs AYTERE.

Song %5 B9k 2,3,5,6-DU 9i-7,7,8,8- DU it -
bt (FATCNQ) f 4 v ] 2 & 1 MAPbI;/HTL
SHHl, FATCNQ A PMER: Rk A ms
Z=. I HER FATCNQ B SR TE R ab 51 A
FATCNQ, 1& i J5 #% 144 2% % i 15.3% ¥ hin 2|
18.1%. PL f 7 4% 4t & /R 46 1 I Bl b 4 B &2 &
KV G UE B BB A W > . 5 L R A,
FATCNQ W] LIAE N HL 32 1R 5 Bk 2 7 A e
AR T, 75 TP B p BIB 4, 1 AL B 4k
SIY R RE A W R Il R AT A S8 4 L i) S T R
A HTF FATCNQ £k 9855k 0™ K BH i FL b 3R 15

T 18.1% MR, IF HAE AR BT 814 1 25 <A
SEPEAT R THRT

A 8B (GO) i FRUE IS | il & A
% PR £ LA B b A B S S L e 758
W | T KRG A OG . Li 55 DK GO 1M 3t
B Z AR T 5k 5 28 7L i 2 5 , 184
Ja e B AR IR ) T 15.1%. XPS 45 K R
GO 5885 )2 &AM E MW IE K T Pb—O .
FHES 4338 XPS MR Pb 9 Af H0E, BWAFEE
) Pb JF T (K 5E4A ALY Pb) A FFAE 16 17 B [
%, BMEM S SR W R B P SRE IR

®

Halogen bond acceptor
(X, Lewis base)

Halogen bond donor
(IPFB, Lewis acid)

frrTT————
q 204

€ —¥—MAPDI, PCE=15.53%

i —a— MAPBI+TPA PCE=18.51%

e 15+

>

‘@

& 10

o°

5

£ 54

5

o SO0

0 ] Initerconnect perovskite
0 0.2 0.4 0.6 0.8 1.0

Voltage/V

Bl 4 (a) #54k0° 3 00 B F A BEOY 7™ 28 BY; (b) Mk e SR B 4l
b 5 HE L B (o) B SR 5 pd B B 22 ) a2 R A
MR B E T (d) TPA BB 80 3 ) FVilhk, iR
Jg TPA 4lifb i 3 151 DL K A5 4k M 1Y) SEM ] (60

Fig. 4. (a) Formation of perovskite surface traps; (b) sche-
matic diagram of pyridine passivation defects”; (c) sche-
matic of the halogen bond interaction between the IPFB
and halogen anion!”; (d) LV curves of TAP-doped per-
ovskite devices, illustrated diagrams is TAP passivation
schematic and SEM of perovskite films/6.
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A, e R GO gl R i )24l L
23 At )2 S TR (60,

W T 1% S 197 I R % ) 30T 0 e i AL B Bk A R 1
BRBG 2 A1, W A A DL A R A SR A ek il
I YE (2D) RSB AR AT V2 AR
(PR . B, 5 B IEE A DL Y KRR
2D FEERH B P i R B AR e . TR R, 3T
Z i TP 2D S50 A & IR 1 3 TRk,
HAFAEN “Th A8 W] IR AR T 25 R K 77
A4 R 1Y AR AR O S3 4k, R A
PUREER BEIERE M BE, 7T DABRAS 2D 54k 5™ A B i1
BEREFE FDIG PR E 162, 7E A 2D 458K 0 41k
XF 3D EHEKW AT R EEERT, 38 H 2 7E 3D 58K
WA b ELE R AT LR 1 S I B (IPA) I,
A o A A e B ok IR R . R 2D S Bk X
3D F5ERH AT RIS, HAT LUR JLA R 163.64;
1) R R R e v 2) I IL RE 4 i
(IVCHCEE, (i E 280 ISR A ) v 1) 4% 4 )2 61
WA, Yol B2 1) FE 5 A RN FL TR AR R 5 3) B
TRBREEAS B, RIS ek B 12 %%, A B TR
IO B R T IS R4 . Li 45 9] 3 1 /8 3D MAPDI,
IR LR —2 2D (ZnPc)y sMA,, Pb, 5, (ZnPc)
JE R 3D /2D Z5F B Ak T Bl ba, 5 m T AR
e R R, IR KSR S AR i MA+AT L)
M [PhIglt /T AHE SR g FFEG R fi ks, 3 35045

B R AT 38 (R 50 fide s s /K PE R ZnPs W] LA
BB [PDIg)t /N THARHESL, BH1E MA+EFF, M
T4 B B R K . R E M. TEIREE 85 °C L IRJE
45% MWIFREE NCE 250 h, SRR LR T ARE
10%. Hi T B FE D, A4 0% a4 A 280 .
Hou 45 6] YEF5ERA™ Hiy K A W A — 2 B A XF
KPR (TPA), fedk 75 fbb B A= <. 4
E 4(d) B, E5ERAT dokr b B B0 T R0 Y Atk
i i dre TS A LT 7 T A ) ST A
BRI HLZE B AE— L, T AR B4 HE R A R
JBE, [RIAsFBAIG T b A B BB BRIz Ah, TPA
Y2 S AR i iy T2 (A 2 R i &S B
YERL, AT LA TAYITERE, B mdm ek rAs e 1.
1€ n-i-p &5, Blifk Perovskite/HTL 3t fi
I 193] T 8 245 AR iR, BT LIFESEL
MY S T ] 77 2% B I 300 o 405 A A SR B2 ) 2 i
WA AN 23 X B AR YR A IR A R
F). ANV BT A ek 2338 S T AN [R] P A 2 SRR Bl
L ST AL BRI, U S A B, D) TR
YRR L S2 O TT LI i 8 i R SR b 2 R
R OVBF B 5 WAy re 45 AR T LURIR 58 42T
LY Pb JE RO B AL Pb 5| S ) 1F B far Sl F
— LAY T LU Pb—O f bR 58 e Re
1) Pb BFE; 2D G548 B ASER0T B T H A AR B 451
AT LAHE I ES PR A% ARG M, 0 SR B 1

F 2 HEFIAEIL Perovskite/HTL 54k A BHBE i AP A

Table 2. Performance of perovskite solar cells with and without passivation on Perovskite/HTL interface.

Interface to be modified Modifier Voo/V Joo/mA-cm 2 FF PCE/% ik
w 1.06 23.38 0.67 15.70

MAPDBI,Cl; ,/Spiro-OMeTAD IPFB [47]
Ww/0 1.02 23.80 0.57 13.00
w 1.03 20.00 0.72 14.50

MAPDI;/Spiro-OMeTAD GO [59]
Ww/0 0.93 18.50 0.64 10.00
w 0.95 20.70 0.68 13.10

MAPbBI,Cl; ,/Spiro-OMeTAD Thiophene (54]
Ww/0 1.02 21.30 0.68 15.30
w 0.95 20.70 0.68 13.10

MAPbI,Cl, ,/Spiro-OMeTAD Pyridine (54]
Ww/0 1.05 24.10 0.72 16.50
w 1.15 22.00 0.73 9.50

MAPbI,/Spiro-OMeTAD V-pyridine 55]
Ww/0 0.80 19.20 0.63 18.50
W 1.04 19.40 0.70 15.30

MAPbI;/Spiro-OMeTAD F4TCNQ [56]
Ww/0 1.06 20.30 0.75 18.10
w 1.09 23.23 0.77 19.56

MAPDI,/Spiro-OMeTAD ZnPc (65]
Ww/0 1.08 22.93 0.76 18.83
w 1.05 23.49 0.75 18.51

MAPbDI;/Spiro-OMeTAD TAP [66]
Ww/0 0.99 22.09 0.71 15.53
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T o 43 A S Sl A R X PSCs P R RY S0 AT LUK
BEALAE 0 LR FoRb: 1) Ak S e pa, FRAR it
PSR, WM TR G 2) dGE A, /2
PR TAL 5 3) Bl Btk Ak, 7= i
POEA IR T, 4) #25 PSCs B E T, i
TR AL AT DAL BH S K 34 HIOW 5 R0 18 B4 B 3K
5) AR S UF AR T I 4 . 38 3 % He 26 2 HhOR A4
R BRSO AT LR R, M IE 28 IR Sl A5 Ak 22 T
R LIRS SN A ., R 28R A B ES Sk R
T — A G aE B k.

5 gk T A Sl i AL,
P, X R R IR S BUY 2 LB, TR
B AR SR 2R Y 2R iR, AR SO A
T LiF, KCI, CsBr % i {64 i 4l 1k 7 28 5 %t F
A BHES T2 (e, BFOY R B4 TR K5 1
A LAEEAL 2SR XA —NH, B BER sifL
R B R T NH,y--T SV A AR F I 1 25
A7 B BE BB B B T aX 2B A5 BK Y Bk G A
—COOH WIS TiO, tHEAEH M TiEE{L TiO,
T O 25 7 sk B, F — 25 BF 9 & B Lit o] LUK
TitHARJF K Tidt, AR O 25 I i i TR Bk %ot
SRR R FLR RG] DL A 2 R AN
1% 75 W B 1) - 25 (A RN RT3 AR i M T A Tl A
GO M LU it Phb—O 41k A& 58 B 1) Pb,
BliALHE IE B A Pb BREG; 2D 2500 9854k i T
o 1) R M DL B AR S 0 o R PR T B T Rl

Interface defects
passivation

Suppress
vacancy
defect

Kl 5 A Bl 12 ARG AL i DL B2
Fig. 5. Summary of all passivation methods and passiva-

tion mechanism.

3D FHERE R AY BRI, HFFE R, 2D F5ERE A L
[ 52 3D B ERA™ S -, 0 2 L BRI I, TR
I i g e ARG PE.

5 REL5RE

EHERET R FHRE L AT D RUOR FHAE LML, 280
VAR R, TEATRHL R AT TR EUS T R
IZRAE, AR B i8R E 2205 31 23.7%. HAT, K
AT ST TARECH T 845 PR K FH fE L it 5t 1
PRI, ST R BEAEATRE. AR SO 41 T SRR IYIE
JUA BT P BE A MR, SR BE AR 2 i K B
REFLML AL T & L AT Ve R PERL K
IR JE g BT BT UK [ R BV,
Jo. LA S FF, AT 530 PCE MY 5. 3 2 S i i
PERARLBR 1 R RIBH e A5 BE A, ik m ke S5 i 12
TRESAHES, R R ek, PR ATELSE.

BEERA L Y SE R T C T TR R B R,
(RGN HEOR ML | Rl Al 2 SR AR NS5 2L figp ik
R 2L it Bt R e A HL 285 A Bl
AR AR = 85 A A BH AE HL I E 1) R AL A5G
LA =07 MR AR E TR E A 1) BF
FEIT e HAT EARIBREE | AR E 1Y L ff A2, D
ST s 2) BT USSR | 38 R R A il 5
TR ZIIREBEALRIRE, DBl I Y R A 7 g v
At EYE; 3) PLALESERE KEHRE R M % T2, 1
B BRAT BB PRI AL

S 30k

[1] Kojima A, Teshima K, Shirai Y, Miyasaka T 2009 J. Am.
Chem. Soc. 131 6050

[2] NREL https://www.nrel.gov/pv/assets/pdfs/best-reserch-cell-
efficiencies.pdf [2019-03-31]

[3] Christians J A, Schulz P, Tinkham J S, Schloemer T H,
Harvey S P, Tremolet de Villers B J, Sellinger A, Berry J J,
Luther J M 2018 Nat. Energy 3 68

[4] WuY, Xie F, Chen H, Yang X, Su H, Cai M, Zhou Z, Noda
T, Han L 2017 Adv. Mater. 29 1701073

[5] Lin Y, Bai Y, Fang Y, Chen Z, Yang S, Zheng X, Tang S,
Liu Y, Zhao J, Huang J 2018 J. Phys. Chem. Lett. 9 654

(6] Ball J M, Petrozza A 2016 Nat. Energy 1 16149

[7] Meggiolaro D, Mosconi E, De Angelis F 2017 ACS Energy
Lett. 2 2794

[8] Kieslich G, Sun S, Cheetham A K 2014 Chem. Sci. 5 4712

9] Travis W, Glover E N K, Bronstein H, Scanlon D O,
Palgrave R G 2016 Chem. Sci. 7 4548

[10] Cai B, Xing Y, Yang Z, Zhang W H, Qiu J 2013 Energy
Environ. Sci. 6 1480

158803-9


http://dx.doi.org/10.1021/ja809598r
http://dx.doi.org/10.1021/ja809598r
http://dx.doi.org/10.1021/ja809598r
http://dx.doi.org/10.1021/ja809598r
http://dx.doi.org/10.1021/ja809598r
https://www.nrel.gov/pv/assets/pdfs/best-reserch-cell-efficiencies.pdf
https://www.nrel.gov/pv/assets/pdfs/best-reserch-cell-efficiencies.pdf
http://dx.doi.org/10.1038/s41560-017-0067-y
http://dx.doi.org/10.1038/s41560-017-0067-y
http://dx.doi.org/10.1038/s41560-017-0067-y
http://dx.doi.org/10.1038/s41560-017-0067-y
http://dx.doi.org/10.1038/s41560-017-0067-y
http://dx.doi.org/10.1002/adma.v29.28
http://dx.doi.org/10.1002/adma.v29.28
http://dx.doi.org/10.1002/adma.v29.28
http://dx.doi.org/10.1002/adma.v29.28
http://dx.doi.org/10.1002/adma.v29.28
http://dx.doi.org/10.1021/acs.jpclett.7b02679
http://dx.doi.org/10.1021/acs.jpclett.7b02679
http://dx.doi.org/10.1021/acs.jpclett.7b02679
http://dx.doi.org/10.1021/acs.jpclett.7b02679
http://dx.doi.org/10.1021/acs.jpclett.7b02679
http://dx.doi.org/10.1038/nenergy.2016.149
http://dx.doi.org/10.1038/nenergy.2016.149
http://dx.doi.org/10.1038/nenergy.2016.149
http://dx.doi.org/10.1038/nenergy.2016.149
http://dx.doi.org/10.1038/nenergy.2016.149
http://dx.doi.org/10.1021/acsenergylett.7b00955
http://dx.doi.org/10.1021/acsenergylett.7b00955
http://dx.doi.org/10.1021/acsenergylett.7b00955
http://dx.doi.org/10.1021/acsenergylett.7b00955
http://dx.doi.org/10.1021/acsenergylett.7b00955
http://dx.doi.org/10.1039/C4SC02211D
http://dx.doi.org/10.1039/C4SC02211D
http://dx.doi.org/10.1039/C4SC02211D
http://dx.doi.org/10.1039/C4SC02211D
http://dx.doi.org/10.1039/C4SC02211D
http://dx.doi.org/10.1039/C5SC04845A
http://dx.doi.org/10.1039/C5SC04845A
http://dx.doi.org/10.1039/C5SC04845A
http://dx.doi.org/10.1039/C5SC04845A
http://dx.doi.org/10.1039/C5SC04845A
http://dx.doi.org/10.1039/c3ee40343b
http://dx.doi.org/10.1039/c3ee40343b
http://dx.doi.org/10.1039/c3ee40343b
http://dx.doi.org/10.1039/c3ee40343b
http://dx.doi.org/10.1039/c3ee40343b
http://dx.doi.org/10.1021/ja809598r
http://dx.doi.org/10.1021/ja809598r
http://dx.doi.org/10.1021/ja809598r
http://dx.doi.org/10.1021/ja809598r
http://dx.doi.org/10.1021/ja809598r
https://www.nrel.gov/pv/assets/pdfs/best-reserch-cell-efficiencies.pdf
https://www.nrel.gov/pv/assets/pdfs/best-reserch-cell-efficiencies.pdf
http://dx.doi.org/10.1038/s41560-017-0067-y
http://dx.doi.org/10.1038/s41560-017-0067-y
http://dx.doi.org/10.1038/s41560-017-0067-y
http://dx.doi.org/10.1038/s41560-017-0067-y
http://dx.doi.org/10.1038/s41560-017-0067-y
http://dx.doi.org/10.1002/adma.v29.28
http://dx.doi.org/10.1002/adma.v29.28
http://dx.doi.org/10.1002/adma.v29.28
http://dx.doi.org/10.1002/adma.v29.28
http://dx.doi.org/10.1002/adma.v29.28
http://dx.doi.org/10.1021/acs.jpclett.7b02679
http://dx.doi.org/10.1021/acs.jpclett.7b02679
http://dx.doi.org/10.1021/acs.jpclett.7b02679
http://dx.doi.org/10.1021/acs.jpclett.7b02679
http://dx.doi.org/10.1021/acs.jpclett.7b02679
http://dx.doi.org/10.1038/nenergy.2016.149
http://dx.doi.org/10.1038/nenergy.2016.149
http://dx.doi.org/10.1038/nenergy.2016.149
http://dx.doi.org/10.1038/nenergy.2016.149
http://dx.doi.org/10.1038/nenergy.2016.149
http://dx.doi.org/10.1021/acsenergylett.7b00955
http://dx.doi.org/10.1021/acsenergylett.7b00955
http://dx.doi.org/10.1021/acsenergylett.7b00955
http://dx.doi.org/10.1021/acsenergylett.7b00955
http://dx.doi.org/10.1021/acsenergylett.7b00955
http://dx.doi.org/10.1039/C4SC02211D
http://dx.doi.org/10.1039/C4SC02211D
http://dx.doi.org/10.1039/C4SC02211D
http://dx.doi.org/10.1039/C4SC02211D
http://dx.doi.org/10.1039/C4SC02211D
http://dx.doi.org/10.1039/C5SC04845A
http://dx.doi.org/10.1039/C5SC04845A
http://dx.doi.org/10.1039/C5SC04845A
http://dx.doi.org/10.1039/C5SC04845A
http://dx.doi.org/10.1039/C5SC04845A
http://dx.doi.org/10.1039/c3ee40343b
http://dx.doi.org/10.1039/c3ee40343b
http://dx.doi.org/10.1039/c3ee40343b
http://dx.doi.org/10.1039/c3ee40343b
http://dx.doi.org/10.1039/c3ee40343b
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y 32 % 3R Acta Phys. Sin. Vol. 68, No. 15 (2019)

158803

[11]

[12]

(13]

[14]
[15]
[16]
17]
18]

[19]

[20]

[29]

(30]

31]

(32]

(33]

(34]
(35]
(36]

37]

Xing G, Mathews N, Lim S S, Yantara N, Liu X, Sabba D,
Gritzel M, Mhaisalkar S, Sum T C 2014 Nat. Mater. 13 476
Stranks S D, Eperon G E, Grancini G, Menelaou C, Alcocer
M J P, Leijtens T, Herz L. M, Petrozza A, Snaith H J 2013
Science 342 341

Chen B, Bai Y, Yu Z, Li T, Zheng X, Dong Q, Shen L,
Boccard M, Gruverman A, Holman Z, Huang J 2016 Adv.
Energy Mater. 6 1601128

Sahli F, Werner J, Kamino B A, et al. 2018 Nat. Mater. 17
820

Bush K A, Palmstrom A F, Yu Z J, et al. 2017 Nat. Energy 2
17009

Li B, Ferguson V, Silva S R P, Zhang W 2018 Adv. Mater.
Interfaces 5 1800326

Liu N, Yam C 2018 Phys. Chem. Chem. Phys. 20 6800

Yin W J, Shi T, Yan Y 2014 Appl. Phys. Lett. 104 063903

Li W, Liu J, Bai F Q, Zhang H X, Prezhdo O V 2017 ACS
Energy Lett. 2 1270

Xiao Z, Yuan Y, Wang Q, Shao Y, Bai Y, Deng Y, Dong Q,
Hu M, Bi C, Huang J 2016 Materials Science and Engineering
R1011

Sherkar T S, Momblona C, Gil-Escrig L, Avila J, Sessolo M,
Bolink H J, Koster L J A 2017 ACS Energy Lett. 2 1214
Queisser H J, Haller E E 1998 Science 281 945

Shao Y, Xiao Z, Bi C, Yuan Y, Huang J 2014 Nat. Commun.
5 5784

Collins J 2015 ECS J. Solid State Sci. Technol. 5 R3170

Ran C, Xu J, Gao W, Huang C, Dou S 2018 Chem. Soc. Rev.
47 4581

Conwell E, Weisskopf V F 1950 Phys. Rev. 77 388

Yuan S, Wang J, Yang K, Wang P, Zhang X, Zhan Y, Zheng
L 2018 Nanoscale 10 18909

Hou Y, Chen W, Baran D, Stubhan T, Luechinger N A,
Hartmeier B, Richter M, Min J, Chen S, Quiroz C O, Li N,
Zhang H, Heumueller T, Matt G J, Osvet A, Forberich K,
Zhang Z G, Li Y, Winter B, Schweizer P, Spiecker E, Brabec
C J 2016 Adv. Mater. 28 5112

Tress W, Marinova N, Inganis O, Nazeeruddin M K,
Zakeeruddin S M, Graetzel M 2015 Adv. Energy Mater. 5
1400812

Kim H S, Mora-Sero I, Gonzalez-Pedro V, Fabregat-Santiago
F, Juarez-Perez E J, Park N G, Bisquert J 2013 Nat.
Commun. 4 2242

Snaith H J, Abate A, Ball J M, Eperon G E, Leijtens T, Noel
N K, Stranks S D, Wang J T, Wojciechowski K, Zhang W
2014 J. Phys. Chem. Lett. 5 1511

Yoon H, Kang S M, Lee J K, Choi M 2016 Energy Environ.
Sci. 9 2262

Unger E L, Hoke E T, Bailie C D, Nguyen W H, Bowring A
R, Heumiiller T, Christoforo M G, McGehee M D 2014
Energy Environ. Sci. 7 3690

Ahn N, Kwak K, Jang M S, Yoon H, Lee B Y, Lee J K,
Pikhitsa P V, Byun J, Choi M 2016 Nat. Commun. 7 13422
Leijtens T, Eperon G E, Noel N K, Habisreutinger S N,
Petrozza A, Snaith H J 2015 Adv. Energy Mater. 5 1500963
Aristidou N, Eames C, Sanchez-Molina I, Bu X, Kosco J,
Islam M S, Haque S A 2017 Nat. Commun. 8 15218

Aristidou N, Sanchez-Molina I, Chotchuangchutchaval T,
Brown M, Martinez L, Rath T, Haque S A 2015 Angew.
Chem. Int. Edit. 54 8208

38]
[39]
(40]

[41]

[42]
[43]

(44]

(45]
[46]

[47]

(48]

(49]

[50]

[51]
[52]
[53]
[54]

[55]

[56]

[57]

[58]

(65]
[66]

158803-10

Leijtens T, Eperon G E, Pathak S, Abate A, Lee M M,
Snaith H J 2013 Nat. Commun. 4 2885

Du M H 2015 J. Phys. Chem. Lett. 6 1461

Jiang H, Jiang G, Xing W, Xiong W, Zhang X, Wang B,
Zhang H, Zheng Y 2018 ACS Appl. Mater. Interfaces 10
29954

Sidhik S, Panikar S S, Pérez C R, Luke T L, Carriles R,
Carrera S C, de la Rosa E 2018 ACS Sustainable Chem. Eng.
6 15391

Wang P, Wang J, Zhang X, Wang H, Cui X, Yuan S, Lu H,
Tu L, Zhan Y, Zheng L 2018 J. Mater. Chem. A 6 15853

Son DY, Kim S G, Seo J Y, Lee S H, Shin H, Lee D, Park N
G 2018 J. Am. Chem. Soc. 140 1358

Li W, Zhang W, Van Reenen S, Sutton R J, Fan J,
Haghighirad A A, Johnston M B, Wang L, Snaith H J 2016
Energy Environ. Sci. 9 490

Wang Z, Kamarudin M A, Huey N C, Yang F, Pandey M,
Kapil G, Ma T, Hayase S 2018 ChemSusChem 11 3941

Yang G, Wang C, Lei H, Zheng X, Qin P, Xiong L, Zhao X,
Yan Y, Fang G 2017 J. Mater. Chem. A 5 1658

Abate A, Saliba M, Hollman D J, Stranks S D,
Wojciechowski K, Avolio R, Grancini G, Petrozza A, Snaith
H J 2014 Nano Lett. 14 3247

Hou M, Zhang H, Wang Z, Xia Y, Chen Y, Huang W 2018
ACS Appl. Mater. Interfaces 10 30607

You S, Wang H, Bi S, Zhou J, Qin L, Qiu X, Zhao Z, Xu Y,
Zhang Y, Shi X, Zhou H, Tang Z 2018 Adv. Mater. 30
1706924

Ogomi Y, Morita A, Tsukamoto S, Saitho T, Shen Q, Toyoda
T, Yoshino K, Pandey S S, Ma T, Hayase S 2014 J. Phys.
Chem. C 118 16651

Shih Y C, Lan Y B, Li C S, Hsieh H C, Wang L, Wu C I, Lin
K F 2017 Small 13 1604305

Hou X, Zhou J, Huang S, Ou-Yang W, Pan L, Chen X 2017
Chem. Eng. J 330 947

Hou X, Pan L, Huang S, Wei O Y, Chen X 2017
Electrochimica Acta 236 351

Noel N K, Abate A, Stranks S D, Parrott E S, Burlakov V M,
Goriely A, Snaith H J 2014 ACS Nano 8 9815

Jain S M, Qiu Z, Higgman L, Mirmohades M, Johansson M
B, Edvinsson T, Boschloo G 2016 FEnergy Environ. Sci. 9
3770

Song D, Wei D, Cui P, Li M, Duan Z, Wang T, Ji J, Li Y,
Mbengue J M, Li Y, He Y, Trevor M, Park N-G 2016 J.
Mater. Chem. A 4 6091

Hayashi H, Lightcap I V, Tsujimoto M, Takano M, Umeyama
T, Kamat P V, Imahori H 2011 J. Am. Chem. Soc. 133 7684
Gomez De Arco L, Zhang Y, Schlenker C W, Ryu K,
Thompson M E, Zhou C 2010 ACS Nano 4 2865

Li W, Dong H, Guo X, Li N, Li J, Niu G, Wang L 2014 J.
Mater. Chem. A 2 20105

Luo H, Lin X, Hou X, Pan L, Huang S, Chen X 2017
Nanomicro Lett. 9 39

Yang Z, Dou J, Wang M 2018 Solar RRL 2 1800177

Tsai H, Nie W, Blancon J C, et al. 2016 Nature 536 312

Yao K, Wang X, Xu Y X, Li F 2015 Nano Energy 18 165

Lin Y, Bai Y, Fang Y, Wang Q, Deng Y, Huang J 2017 ACS
Energy Lett. 2 1571

Li C, Lv X, Cao J, Tang Y 2019 Chin. J. Chem. 37 30

Hou X, Huang S, Ou-Yang W, Pan L, Sun Z, Chen X 2017
ACS Appl. Mater. Interfaces 9 35200


http://dx.doi.org/10.1038/nmat3911
http://dx.doi.org/10.1038/nmat3911
http://dx.doi.org/10.1038/nmat3911
http://dx.doi.org/10.1038/nmat3911
http://dx.doi.org/10.1038/nmat3911
http://dx.doi.org/10.1126/science.1243982
http://dx.doi.org/10.1126/science.1243982
http://dx.doi.org/10.1126/science.1243982
http://dx.doi.org/10.1126/science.1243982
http://dx.doi.org/10.1002/aenm.201601128
http://dx.doi.org/10.1002/aenm.201601128
http://dx.doi.org/10.1002/aenm.201601128
http://dx.doi.org/10.1002/aenm.201601128
http://dx.doi.org/10.1002/aenm.201601128
http://dx.doi.org/10.1038/s41563-018-0115-4
http://dx.doi.org/10.1038/s41563-018-0115-4
http://dx.doi.org/10.1038/s41563-018-0115-4
http://dx.doi.org/10.1038/s41563-018-0115-4
http://dx.doi.org/10.1038/nenergy.2017.9
http://dx.doi.org/10.1038/nenergy.2017.9
http://dx.doi.org/10.1038/nenergy.2017.9
http://dx.doi.org/10.1038/nenergy.2017.9
http://dx.doi.org/10.1002/admi.v5.22
http://dx.doi.org/10.1002/admi.v5.22
http://dx.doi.org/10.1002/admi.v5.22
http://dx.doi.org/10.1002/admi.v5.22
http://dx.doi.org/10.1002/admi.v5.22
http://dx.doi.org/10.1039/C8CP00280K
http://dx.doi.org/10.1039/C8CP00280K
http://dx.doi.org/10.1039/C8CP00280K
http://dx.doi.org/10.1039/C8CP00280K
http://dx.doi.org/10.1039/C8CP00280K
http://dx.doi.org/10.1063/1.4864778
http://dx.doi.org/10.1063/1.4864778
http://dx.doi.org/10.1063/1.4864778
http://dx.doi.org/10.1063/1.4864778
http://dx.doi.org/10.1063/1.4864778
http://dx.doi.org/10.1021/acsenergylett.7b00183
http://dx.doi.org/10.1021/acsenergylett.7b00183
http://dx.doi.org/10.1021/acsenergylett.7b00183
http://dx.doi.org/10.1021/acsenergylett.7b00183
http://dx.doi.org/10.1021/acsenergylett.7b00183
http://dx.doi.org/10.1016/j.mser.2015.12.002
http://dx.doi.org/10.1016/j.mser.2015.12.002
http://dx.doi.org/10.1016/j.mser.2015.12.002
http://dx.doi.org/10.1016/j.mser.2015.12.002
http://dx.doi.org/10.1016/j.mser.2015.12.002
http://dx.doi.org/10.1021/acsenergylett.7b00236
http://dx.doi.org/10.1021/acsenergylett.7b00236
http://dx.doi.org/10.1021/acsenergylett.7b00236
http://dx.doi.org/10.1021/acsenergylett.7b00236
http://dx.doi.org/10.1021/acsenergylett.7b00236
http://dx.doi.org/10.1126/science.281.5379.945
http://dx.doi.org/10.1126/science.281.5379.945
http://dx.doi.org/10.1126/science.281.5379.945
http://dx.doi.org/10.1126/science.281.5379.945
http://dx.doi.org/10.1126/science.281.5379.945
http://dx.doi.org/10.1038/ncomms6784
http://dx.doi.org/10.1038/ncomms6784
http://dx.doi.org/10.1038/ncomms6784
http://dx.doi.org/10.1038/ncomms6784
http://dx.doi.org/10.1039/C7CS00868F
http://dx.doi.org/10.1039/C7CS00868F
http://dx.doi.org/10.1039/C7CS00868F
http://dx.doi.org/10.1039/C7CS00868F
http://dx.doi.org/10.1103/PhysRev.77.388
http://dx.doi.org/10.1103/PhysRev.77.388
http://dx.doi.org/10.1103/PhysRev.77.388
http://dx.doi.org/10.1103/PhysRev.77.388
http://dx.doi.org/10.1103/PhysRev.77.388
http://dx.doi.org/10.1039/C8NR05504A
http://dx.doi.org/10.1039/C8NR05504A
http://dx.doi.org/10.1039/C8NR05504A
http://dx.doi.org/10.1039/C8NR05504A
http://dx.doi.org/10.1039/C8NR05504A
http://dx.doi.org/10.1002/adma.201504168
http://dx.doi.org/10.1002/adma.201504168
http://dx.doi.org/10.1002/adma.201504168
http://dx.doi.org/10.1002/adma.201504168
http://dx.doi.org/10.1002/adma.201504168
http://dx.doi.org/10.1002/aenm.201400812
http://dx.doi.org/10.1002/aenm.201400812
http://dx.doi.org/10.1002/aenm.201400812
http://dx.doi.org/10.1002/aenm.201400812
http://dx.doi.org/10.1038/ncomms3242
http://dx.doi.org/10.1038/ncomms3242
http://dx.doi.org/10.1038/ncomms3242
http://dx.doi.org/10.1038/ncomms3242
http://dx.doi.org/10.1038/ncomms3242
http://dx.doi.org/10.1021/jz500113x
http://dx.doi.org/10.1021/jz500113x
http://dx.doi.org/10.1021/jz500113x
http://dx.doi.org/10.1021/jz500113x
http://dx.doi.org/10.1021/jz500113x
http://dx.doi.org/10.1039/C6EE01037G
http://dx.doi.org/10.1039/C6EE01037G
http://dx.doi.org/10.1039/C6EE01037G
http://dx.doi.org/10.1039/C6EE01037G
http://dx.doi.org/10.1039/C6EE01037G
http://dx.doi.org/10.1039/C4EE02465F
http://dx.doi.org/10.1039/C4EE02465F
http://dx.doi.org/10.1039/C4EE02465F
http://dx.doi.org/10.1039/C4EE02465F
http://dx.doi.org/10.1038/ncomms13422
http://dx.doi.org/10.1038/ncomms13422
http://dx.doi.org/10.1038/ncomms13422
http://dx.doi.org/10.1038/ncomms13422
http://dx.doi.org/10.1038/ncomms13422
http://dx.doi.org/10.1002/aenm.201500963
http://dx.doi.org/10.1002/aenm.201500963
http://dx.doi.org/10.1002/aenm.201500963
http://dx.doi.org/10.1002/aenm.201500963
http://dx.doi.org/10.1002/aenm.201500963
http://dx.doi.org/10.1038/ncomms15218
http://dx.doi.org/10.1038/ncomms15218
http://dx.doi.org/10.1038/ncomms15218
http://dx.doi.org/10.1038/ncomms15218
http://dx.doi.org/10.1038/ncomms15218
http://dx.doi.org/10.1002/anie.201503153
http://dx.doi.org/10.1002/anie.201503153
http://dx.doi.org/10.1002/anie.201503153
http://dx.doi.org/10.1002/anie.201503153
http://dx.doi.org/10.1002/anie.201503153
http://dx.doi.org/10.1038/ncomms3885
http://dx.doi.org/10.1038/ncomms3885
http://dx.doi.org/10.1038/ncomms3885
http://dx.doi.org/10.1038/ncomms3885
http://dx.doi.org/10.1038/ncomms3885
http://dx.doi.org/10.1021/acs.jpclett.5b00199
http://dx.doi.org/10.1021/acs.jpclett.5b00199
http://dx.doi.org/10.1021/acs.jpclett.5b00199
http://dx.doi.org/10.1021/acs.jpclett.5b00199
http://dx.doi.org/10.1021/acs.jpclett.5b00199
http://dx.doi.org/10.1021/acsami.8b06020
http://dx.doi.org/10.1021/acsami.8b06020
http://dx.doi.org/10.1021/acsami.8b06020
http://dx.doi.org/10.1021/acsami.8b06020
http://dx.doi.org/10.1021/acssuschemeng.8b03826
http://dx.doi.org/10.1021/acssuschemeng.8b03826
http://dx.doi.org/10.1021/acssuschemeng.8b03826
http://dx.doi.org/10.1021/acssuschemeng.8b03826
http://dx.doi.org/10.1039/C8TA05593A
http://dx.doi.org/10.1039/C8TA05593A
http://dx.doi.org/10.1039/C8TA05593A
http://dx.doi.org/10.1039/C8TA05593A
http://dx.doi.org/10.1039/C8TA05593A
http://dx.doi.org/10.1021/jacs.7b10430
http://dx.doi.org/10.1021/jacs.7b10430
http://dx.doi.org/10.1021/jacs.7b10430
http://dx.doi.org/10.1021/jacs.7b10430
http://dx.doi.org/10.1021/jacs.7b10430
http://dx.doi.org/10.1039/C5EE03522H
http://dx.doi.org/10.1039/C5EE03522H
http://dx.doi.org/10.1039/C5EE03522H
http://dx.doi.org/10.1039/C5EE03522H
http://dx.doi.org/10.1002/cssc.v11.22
http://dx.doi.org/10.1002/cssc.v11.22
http://dx.doi.org/10.1002/cssc.v11.22
http://dx.doi.org/10.1002/cssc.v11.22
http://dx.doi.org/10.1002/cssc.v11.22
http://dx.doi.org/10.1039/C6TA08783C
http://dx.doi.org/10.1039/C6TA08783C
http://dx.doi.org/10.1039/C6TA08783C
http://dx.doi.org/10.1039/C6TA08783C
http://dx.doi.org/10.1039/C6TA08783C
http://dx.doi.org/10.1021/nl500627x
http://dx.doi.org/10.1021/nl500627x
http://dx.doi.org/10.1021/nl500627x
http://dx.doi.org/10.1021/nl500627x
http://dx.doi.org/10.1021/nl500627x
http://dx.doi.org/10.1021/acsami.8b10332
http://dx.doi.org/10.1021/acsami.8b10332
http://dx.doi.org/10.1021/acsami.8b10332
http://dx.doi.org/10.1021/acsami.8b10332
http://dx.doi.org/10.1002/adma.v30.22
http://dx.doi.org/10.1002/adma.v30.22
http://dx.doi.org/10.1002/adma.v30.22
http://dx.doi.org/10.1002/adma.v30.22
http://dx.doi.org/10.1021/jp412627n
http://dx.doi.org/10.1021/jp412627n
http://dx.doi.org/10.1021/jp412627n
http://dx.doi.org/10.1021/jp412627n
http://dx.doi.org/10.1021/jp412627n
https://onlinelibrary.wiley.com/doi/full/10.1002/smll.201604305
https://onlinelibrary.wiley.com/doi/full/10.1002/smll.201604305
https://onlinelibrary.wiley.com/doi/full/10.1002/smll.201604305
https://onlinelibrary.wiley.com/doi/full/10.1002/smll.201604305
https://onlinelibrary.wiley.com/doi/full/10.1002/smll.201604305
http://dx.doi.org/10.1016/j.cej.2017.08.045
http://dx.doi.org/10.1016/j.cej.2017.08.045
http://dx.doi.org/10.1016/j.cej.2017.08.045
http://dx.doi.org/10.1016/j.cej.2017.08.045
http://dx.doi.org/10.1016/j.electacta.2017.03.192
http://dx.doi.org/10.1016/j.electacta.2017.03.192
http://dx.doi.org/10.1016/j.electacta.2017.03.192
http://dx.doi.org/10.1016/j.electacta.2017.03.192
http://dx.doi.org/10.1021/nn5036476
http://dx.doi.org/10.1021/nn5036476
http://dx.doi.org/10.1021/nn5036476
http://dx.doi.org/10.1021/nn5036476
http://dx.doi.org/10.1021/nn5036476
http://dx.doi.org/10.1039/C6EE02544G
http://dx.doi.org/10.1039/C6EE02544G
http://dx.doi.org/10.1039/C6EE02544G
http://dx.doi.org/10.1039/C6EE02544G
http://dx.doi.org/10.1039/C6TA00577B
http://dx.doi.org/10.1039/C6TA00577B
http://dx.doi.org/10.1039/C6TA00577B
http://dx.doi.org/10.1039/C6TA00577B
http://dx.doi.org/10.1039/C6TA00577B
http://dx.doi.org/10.1021/ja201813n
http://dx.doi.org/10.1021/ja201813n
http://dx.doi.org/10.1021/ja201813n
http://dx.doi.org/10.1021/ja201813n
http://dx.doi.org/10.1021/ja201813n
http://dx.doi.org/10.1021/nn901587x
http://dx.doi.org/10.1021/nn901587x
http://dx.doi.org/10.1021/nn901587x
http://dx.doi.org/10.1021/nn901587x
http://dx.doi.org/10.1021/nn901587x
http://dx.doi.org/10.1039/C4TA05196C
http://dx.doi.org/10.1039/C4TA05196C
http://dx.doi.org/10.1039/C4TA05196C
http://dx.doi.org/10.1039/C4TA05196C
http://dx.doi.org/10.1039/C4TA05196C
https://link.springer.com/article/10.1007/s40820-017-0140-x
https://link.springer.com/article/10.1007/s40820-017-0140-x
https://link.springer.com/article/10.1007/s40820-017-0140-x
https://link.springer.com/article/10.1007/s40820-017-0140-x
http://dx.doi.org/10.1002/solr.v2.12
http://dx.doi.org/10.1002/solr.v2.12
http://dx.doi.org/10.1002/solr.v2.12
http://dx.doi.org/10.1002/solr.v2.12
http://dx.doi.org/10.1002/solr.v2.12
http://dx.doi.org/10.1038/nature18306
http://dx.doi.org/10.1038/nature18306
http://dx.doi.org/10.1038/nature18306
http://dx.doi.org/10.1038/nature18306
http://dx.doi.org/10.1038/nature18306
http://dx.doi.org/10.1016/j.nanoen.2015.10.010
http://dx.doi.org/10.1016/j.nanoen.2015.10.010
http://dx.doi.org/10.1016/j.nanoen.2015.10.010
http://dx.doi.org/10.1016/j.nanoen.2015.10.010
http://dx.doi.org/10.1016/j.nanoen.2015.10.010
http://dx.doi.org/10.1021/acsenergylett.7b00442
http://dx.doi.org/10.1021/acsenergylett.7b00442
http://dx.doi.org/10.1021/acsenergylett.7b00442
http://dx.doi.org/10.1021/acsenergylett.7b00442
http://dx.doi.org/10.1021/acsenergylett.7b00442
https://doi.org/10.1002/cjoc.201800469
https://doi.org/10.1002/cjoc.201800469
https://doi.org/10.1002/cjoc.201800469
https://doi.org/10.1002/cjoc.201800469
https://doi.org/10.1002/cjoc.201800469
http://dx.doi.org/10.1021/acsami.7b08488
http://dx.doi.org/10.1021/acsami.7b08488
http://dx.doi.org/10.1021/acsami.7b08488
http://dx.doi.org/10.1021/acsami.7b08488
http://dx.doi.org/10.1038/nmat3911
http://dx.doi.org/10.1038/nmat3911
http://dx.doi.org/10.1038/nmat3911
http://dx.doi.org/10.1038/nmat3911
http://dx.doi.org/10.1038/nmat3911
http://dx.doi.org/10.1126/science.1243982
http://dx.doi.org/10.1126/science.1243982
http://dx.doi.org/10.1126/science.1243982
http://dx.doi.org/10.1126/science.1243982
http://dx.doi.org/10.1002/aenm.201601128
http://dx.doi.org/10.1002/aenm.201601128
http://dx.doi.org/10.1002/aenm.201601128
http://dx.doi.org/10.1002/aenm.201601128
http://dx.doi.org/10.1002/aenm.201601128
http://dx.doi.org/10.1038/s41563-018-0115-4
http://dx.doi.org/10.1038/s41563-018-0115-4
http://dx.doi.org/10.1038/s41563-018-0115-4
http://dx.doi.org/10.1038/s41563-018-0115-4
http://dx.doi.org/10.1038/nenergy.2017.9
http://dx.doi.org/10.1038/nenergy.2017.9
http://dx.doi.org/10.1038/nenergy.2017.9
http://dx.doi.org/10.1038/nenergy.2017.9
http://dx.doi.org/10.1002/admi.v5.22
http://dx.doi.org/10.1002/admi.v5.22
http://dx.doi.org/10.1002/admi.v5.22
http://dx.doi.org/10.1002/admi.v5.22
http://dx.doi.org/10.1002/admi.v5.22
http://dx.doi.org/10.1039/C8CP00280K
http://dx.doi.org/10.1039/C8CP00280K
http://dx.doi.org/10.1039/C8CP00280K
http://dx.doi.org/10.1039/C8CP00280K
http://dx.doi.org/10.1039/C8CP00280K
http://dx.doi.org/10.1063/1.4864778
http://dx.doi.org/10.1063/1.4864778
http://dx.doi.org/10.1063/1.4864778
http://dx.doi.org/10.1063/1.4864778
http://dx.doi.org/10.1063/1.4864778
http://dx.doi.org/10.1021/acsenergylett.7b00183
http://dx.doi.org/10.1021/acsenergylett.7b00183
http://dx.doi.org/10.1021/acsenergylett.7b00183
http://dx.doi.org/10.1021/acsenergylett.7b00183
http://dx.doi.org/10.1021/acsenergylett.7b00183
http://dx.doi.org/10.1016/j.mser.2015.12.002
http://dx.doi.org/10.1016/j.mser.2015.12.002
http://dx.doi.org/10.1016/j.mser.2015.12.002
http://dx.doi.org/10.1016/j.mser.2015.12.002
http://dx.doi.org/10.1016/j.mser.2015.12.002
http://dx.doi.org/10.1021/acsenergylett.7b00236
http://dx.doi.org/10.1021/acsenergylett.7b00236
http://dx.doi.org/10.1021/acsenergylett.7b00236
http://dx.doi.org/10.1021/acsenergylett.7b00236
http://dx.doi.org/10.1021/acsenergylett.7b00236
http://dx.doi.org/10.1126/science.281.5379.945
http://dx.doi.org/10.1126/science.281.5379.945
http://dx.doi.org/10.1126/science.281.5379.945
http://dx.doi.org/10.1126/science.281.5379.945
http://dx.doi.org/10.1126/science.281.5379.945
http://dx.doi.org/10.1038/ncomms6784
http://dx.doi.org/10.1038/ncomms6784
http://dx.doi.org/10.1038/ncomms6784
http://dx.doi.org/10.1038/ncomms6784
http://dx.doi.org/10.1039/C7CS00868F
http://dx.doi.org/10.1039/C7CS00868F
http://dx.doi.org/10.1039/C7CS00868F
http://dx.doi.org/10.1039/C7CS00868F
http://dx.doi.org/10.1103/PhysRev.77.388
http://dx.doi.org/10.1103/PhysRev.77.388
http://dx.doi.org/10.1103/PhysRev.77.388
http://dx.doi.org/10.1103/PhysRev.77.388
http://dx.doi.org/10.1103/PhysRev.77.388
http://dx.doi.org/10.1039/C8NR05504A
http://dx.doi.org/10.1039/C8NR05504A
http://dx.doi.org/10.1039/C8NR05504A
http://dx.doi.org/10.1039/C8NR05504A
http://dx.doi.org/10.1039/C8NR05504A
http://dx.doi.org/10.1002/adma.201504168
http://dx.doi.org/10.1002/adma.201504168
http://dx.doi.org/10.1002/adma.201504168
http://dx.doi.org/10.1002/adma.201504168
http://dx.doi.org/10.1002/adma.201504168
http://dx.doi.org/10.1002/aenm.201400812
http://dx.doi.org/10.1002/aenm.201400812
http://dx.doi.org/10.1002/aenm.201400812
http://dx.doi.org/10.1002/aenm.201400812
http://dx.doi.org/10.1038/ncomms3242
http://dx.doi.org/10.1038/ncomms3242
http://dx.doi.org/10.1038/ncomms3242
http://dx.doi.org/10.1038/ncomms3242
http://dx.doi.org/10.1038/ncomms3242
http://dx.doi.org/10.1021/jz500113x
http://dx.doi.org/10.1021/jz500113x
http://dx.doi.org/10.1021/jz500113x
http://dx.doi.org/10.1021/jz500113x
http://dx.doi.org/10.1021/jz500113x
http://dx.doi.org/10.1039/C6EE01037G
http://dx.doi.org/10.1039/C6EE01037G
http://dx.doi.org/10.1039/C6EE01037G
http://dx.doi.org/10.1039/C6EE01037G
http://dx.doi.org/10.1039/C6EE01037G
http://dx.doi.org/10.1039/C4EE02465F
http://dx.doi.org/10.1039/C4EE02465F
http://dx.doi.org/10.1039/C4EE02465F
http://dx.doi.org/10.1039/C4EE02465F
http://dx.doi.org/10.1038/ncomms13422
http://dx.doi.org/10.1038/ncomms13422
http://dx.doi.org/10.1038/ncomms13422
http://dx.doi.org/10.1038/ncomms13422
http://dx.doi.org/10.1038/ncomms13422
http://dx.doi.org/10.1002/aenm.201500963
http://dx.doi.org/10.1002/aenm.201500963
http://dx.doi.org/10.1002/aenm.201500963
http://dx.doi.org/10.1002/aenm.201500963
http://dx.doi.org/10.1002/aenm.201500963
http://dx.doi.org/10.1038/ncomms15218
http://dx.doi.org/10.1038/ncomms15218
http://dx.doi.org/10.1038/ncomms15218
http://dx.doi.org/10.1038/ncomms15218
http://dx.doi.org/10.1038/ncomms15218
http://dx.doi.org/10.1002/anie.201503153
http://dx.doi.org/10.1002/anie.201503153
http://dx.doi.org/10.1002/anie.201503153
http://dx.doi.org/10.1002/anie.201503153
http://dx.doi.org/10.1002/anie.201503153
http://dx.doi.org/10.1038/ncomms3885
http://dx.doi.org/10.1038/ncomms3885
http://dx.doi.org/10.1038/ncomms3885
http://dx.doi.org/10.1038/ncomms3885
http://dx.doi.org/10.1038/ncomms3885
http://dx.doi.org/10.1021/acs.jpclett.5b00199
http://dx.doi.org/10.1021/acs.jpclett.5b00199
http://dx.doi.org/10.1021/acs.jpclett.5b00199
http://dx.doi.org/10.1021/acs.jpclett.5b00199
http://dx.doi.org/10.1021/acs.jpclett.5b00199
http://dx.doi.org/10.1021/acsami.8b06020
http://dx.doi.org/10.1021/acsami.8b06020
http://dx.doi.org/10.1021/acsami.8b06020
http://dx.doi.org/10.1021/acsami.8b06020
http://dx.doi.org/10.1021/acssuschemeng.8b03826
http://dx.doi.org/10.1021/acssuschemeng.8b03826
http://dx.doi.org/10.1021/acssuschemeng.8b03826
http://dx.doi.org/10.1021/acssuschemeng.8b03826
http://dx.doi.org/10.1039/C8TA05593A
http://dx.doi.org/10.1039/C8TA05593A
http://dx.doi.org/10.1039/C8TA05593A
http://dx.doi.org/10.1039/C8TA05593A
http://dx.doi.org/10.1039/C8TA05593A
http://dx.doi.org/10.1021/jacs.7b10430
http://dx.doi.org/10.1021/jacs.7b10430
http://dx.doi.org/10.1021/jacs.7b10430
http://dx.doi.org/10.1021/jacs.7b10430
http://dx.doi.org/10.1021/jacs.7b10430
http://dx.doi.org/10.1039/C5EE03522H
http://dx.doi.org/10.1039/C5EE03522H
http://dx.doi.org/10.1039/C5EE03522H
http://dx.doi.org/10.1039/C5EE03522H
http://dx.doi.org/10.1002/cssc.v11.22
http://dx.doi.org/10.1002/cssc.v11.22
http://dx.doi.org/10.1002/cssc.v11.22
http://dx.doi.org/10.1002/cssc.v11.22
http://dx.doi.org/10.1002/cssc.v11.22
http://dx.doi.org/10.1039/C6TA08783C
http://dx.doi.org/10.1039/C6TA08783C
http://dx.doi.org/10.1039/C6TA08783C
http://dx.doi.org/10.1039/C6TA08783C
http://dx.doi.org/10.1039/C6TA08783C
http://dx.doi.org/10.1021/nl500627x
http://dx.doi.org/10.1021/nl500627x
http://dx.doi.org/10.1021/nl500627x
http://dx.doi.org/10.1021/nl500627x
http://dx.doi.org/10.1021/nl500627x
http://dx.doi.org/10.1021/acsami.8b10332
http://dx.doi.org/10.1021/acsami.8b10332
http://dx.doi.org/10.1021/acsami.8b10332
http://dx.doi.org/10.1021/acsami.8b10332
http://dx.doi.org/10.1002/adma.v30.22
http://dx.doi.org/10.1002/adma.v30.22
http://dx.doi.org/10.1002/adma.v30.22
http://dx.doi.org/10.1002/adma.v30.22
http://dx.doi.org/10.1021/jp412627n
http://dx.doi.org/10.1021/jp412627n
http://dx.doi.org/10.1021/jp412627n
http://dx.doi.org/10.1021/jp412627n
http://dx.doi.org/10.1021/jp412627n
https://onlinelibrary.wiley.com/doi/full/10.1002/smll.201604305
https://onlinelibrary.wiley.com/doi/full/10.1002/smll.201604305
https://onlinelibrary.wiley.com/doi/full/10.1002/smll.201604305
https://onlinelibrary.wiley.com/doi/full/10.1002/smll.201604305
https://onlinelibrary.wiley.com/doi/full/10.1002/smll.201604305
http://dx.doi.org/10.1016/j.cej.2017.08.045
http://dx.doi.org/10.1016/j.cej.2017.08.045
http://dx.doi.org/10.1016/j.cej.2017.08.045
http://dx.doi.org/10.1016/j.cej.2017.08.045
http://dx.doi.org/10.1016/j.electacta.2017.03.192
http://dx.doi.org/10.1016/j.electacta.2017.03.192
http://dx.doi.org/10.1016/j.electacta.2017.03.192
http://dx.doi.org/10.1016/j.electacta.2017.03.192
http://dx.doi.org/10.1021/nn5036476
http://dx.doi.org/10.1021/nn5036476
http://dx.doi.org/10.1021/nn5036476
http://dx.doi.org/10.1021/nn5036476
http://dx.doi.org/10.1021/nn5036476
http://dx.doi.org/10.1039/C6EE02544G
http://dx.doi.org/10.1039/C6EE02544G
http://dx.doi.org/10.1039/C6EE02544G
http://dx.doi.org/10.1039/C6EE02544G
http://dx.doi.org/10.1039/C6TA00577B
http://dx.doi.org/10.1039/C6TA00577B
http://dx.doi.org/10.1039/C6TA00577B
http://dx.doi.org/10.1039/C6TA00577B
http://dx.doi.org/10.1039/C6TA00577B
http://dx.doi.org/10.1021/ja201813n
http://dx.doi.org/10.1021/ja201813n
http://dx.doi.org/10.1021/ja201813n
http://dx.doi.org/10.1021/ja201813n
http://dx.doi.org/10.1021/ja201813n
http://dx.doi.org/10.1021/nn901587x
http://dx.doi.org/10.1021/nn901587x
http://dx.doi.org/10.1021/nn901587x
http://dx.doi.org/10.1021/nn901587x
http://dx.doi.org/10.1021/nn901587x
http://dx.doi.org/10.1039/C4TA05196C
http://dx.doi.org/10.1039/C4TA05196C
http://dx.doi.org/10.1039/C4TA05196C
http://dx.doi.org/10.1039/C4TA05196C
http://dx.doi.org/10.1039/C4TA05196C
https://link.springer.com/article/10.1007/s40820-017-0140-x
https://link.springer.com/article/10.1007/s40820-017-0140-x
https://link.springer.com/article/10.1007/s40820-017-0140-x
https://link.springer.com/article/10.1007/s40820-017-0140-x
http://dx.doi.org/10.1002/solr.v2.12
http://dx.doi.org/10.1002/solr.v2.12
http://dx.doi.org/10.1002/solr.v2.12
http://dx.doi.org/10.1002/solr.v2.12
http://dx.doi.org/10.1002/solr.v2.12
http://dx.doi.org/10.1038/nature18306
http://dx.doi.org/10.1038/nature18306
http://dx.doi.org/10.1038/nature18306
http://dx.doi.org/10.1038/nature18306
http://dx.doi.org/10.1038/nature18306
http://dx.doi.org/10.1016/j.nanoen.2015.10.010
http://dx.doi.org/10.1016/j.nanoen.2015.10.010
http://dx.doi.org/10.1016/j.nanoen.2015.10.010
http://dx.doi.org/10.1016/j.nanoen.2015.10.010
http://dx.doi.org/10.1016/j.nanoen.2015.10.010
http://dx.doi.org/10.1021/acsenergylett.7b00442
http://dx.doi.org/10.1021/acsenergylett.7b00442
http://dx.doi.org/10.1021/acsenergylett.7b00442
http://dx.doi.org/10.1021/acsenergylett.7b00442
http://dx.doi.org/10.1021/acsenergylett.7b00442
https://doi.org/10.1002/cjoc.201800469
https://doi.org/10.1002/cjoc.201800469
https://doi.org/10.1002/cjoc.201800469
https://doi.org/10.1002/cjoc.201800469
https://doi.org/10.1002/cjoc.201800469
http://dx.doi.org/10.1021/acsami.7b08488
http://dx.doi.org/10.1021/acsami.7b08488
http://dx.doi.org/10.1021/acsami.7b08488
http://dx.doi.org/10.1021/acsami.7b08488
http://dx.doi.org/10.1038/nmat3911
http://dx.doi.org/10.1038/nmat3911
http://dx.doi.org/10.1038/nmat3911
http://dx.doi.org/10.1038/nmat3911
http://dx.doi.org/10.1038/nmat3911
http://dx.doi.org/10.1126/science.1243982
http://dx.doi.org/10.1126/science.1243982
http://dx.doi.org/10.1126/science.1243982
http://dx.doi.org/10.1126/science.1243982
http://dx.doi.org/10.1002/aenm.201601128
http://dx.doi.org/10.1002/aenm.201601128
http://dx.doi.org/10.1002/aenm.201601128
http://dx.doi.org/10.1002/aenm.201601128
http://dx.doi.org/10.1002/aenm.201601128
http://dx.doi.org/10.1038/s41563-018-0115-4
http://dx.doi.org/10.1038/s41563-018-0115-4
http://dx.doi.org/10.1038/s41563-018-0115-4
http://dx.doi.org/10.1038/s41563-018-0115-4
http://dx.doi.org/10.1038/nenergy.2017.9
http://dx.doi.org/10.1038/nenergy.2017.9
http://dx.doi.org/10.1038/nenergy.2017.9
http://dx.doi.org/10.1038/nenergy.2017.9
http://dx.doi.org/10.1002/admi.v5.22
http://dx.doi.org/10.1002/admi.v5.22
http://dx.doi.org/10.1002/admi.v5.22
http://dx.doi.org/10.1002/admi.v5.22
http://dx.doi.org/10.1002/admi.v5.22
http://dx.doi.org/10.1039/C8CP00280K
http://dx.doi.org/10.1039/C8CP00280K
http://dx.doi.org/10.1039/C8CP00280K
http://dx.doi.org/10.1039/C8CP00280K
http://dx.doi.org/10.1039/C8CP00280K
http://dx.doi.org/10.1063/1.4864778
http://dx.doi.org/10.1063/1.4864778
http://dx.doi.org/10.1063/1.4864778
http://dx.doi.org/10.1063/1.4864778
http://dx.doi.org/10.1063/1.4864778
http://dx.doi.org/10.1021/acsenergylett.7b00183
http://dx.doi.org/10.1021/acsenergylett.7b00183
http://dx.doi.org/10.1021/acsenergylett.7b00183
http://dx.doi.org/10.1021/acsenergylett.7b00183
http://dx.doi.org/10.1021/acsenergylett.7b00183
http://dx.doi.org/10.1016/j.mser.2015.12.002
http://dx.doi.org/10.1016/j.mser.2015.12.002
http://dx.doi.org/10.1016/j.mser.2015.12.002
http://dx.doi.org/10.1016/j.mser.2015.12.002
http://dx.doi.org/10.1016/j.mser.2015.12.002
http://dx.doi.org/10.1021/acsenergylett.7b00236
http://dx.doi.org/10.1021/acsenergylett.7b00236
http://dx.doi.org/10.1021/acsenergylett.7b00236
http://dx.doi.org/10.1021/acsenergylett.7b00236
http://dx.doi.org/10.1021/acsenergylett.7b00236
http://dx.doi.org/10.1126/science.281.5379.945
http://dx.doi.org/10.1126/science.281.5379.945
http://dx.doi.org/10.1126/science.281.5379.945
http://dx.doi.org/10.1126/science.281.5379.945
http://dx.doi.org/10.1126/science.281.5379.945
http://dx.doi.org/10.1038/ncomms6784
http://dx.doi.org/10.1038/ncomms6784
http://dx.doi.org/10.1038/ncomms6784
http://dx.doi.org/10.1038/ncomms6784
http://dx.doi.org/10.1039/C7CS00868F
http://dx.doi.org/10.1039/C7CS00868F
http://dx.doi.org/10.1039/C7CS00868F
http://dx.doi.org/10.1039/C7CS00868F
http://dx.doi.org/10.1103/PhysRev.77.388
http://dx.doi.org/10.1103/PhysRev.77.388
http://dx.doi.org/10.1103/PhysRev.77.388
http://dx.doi.org/10.1103/PhysRev.77.388
http://dx.doi.org/10.1103/PhysRev.77.388
http://dx.doi.org/10.1039/C8NR05504A
http://dx.doi.org/10.1039/C8NR05504A
http://dx.doi.org/10.1039/C8NR05504A
http://dx.doi.org/10.1039/C8NR05504A
http://dx.doi.org/10.1039/C8NR05504A
http://dx.doi.org/10.1002/adma.201504168
http://dx.doi.org/10.1002/adma.201504168
http://dx.doi.org/10.1002/adma.201504168
http://dx.doi.org/10.1002/adma.201504168
http://dx.doi.org/10.1002/adma.201504168
http://dx.doi.org/10.1002/aenm.201400812
http://dx.doi.org/10.1002/aenm.201400812
http://dx.doi.org/10.1002/aenm.201400812
http://dx.doi.org/10.1002/aenm.201400812
http://dx.doi.org/10.1038/ncomms3242
http://dx.doi.org/10.1038/ncomms3242
http://dx.doi.org/10.1038/ncomms3242
http://dx.doi.org/10.1038/ncomms3242
http://dx.doi.org/10.1038/ncomms3242
http://dx.doi.org/10.1021/jz500113x
http://dx.doi.org/10.1021/jz500113x
http://dx.doi.org/10.1021/jz500113x
http://dx.doi.org/10.1021/jz500113x
http://dx.doi.org/10.1021/jz500113x
http://dx.doi.org/10.1039/C6EE01037G
http://dx.doi.org/10.1039/C6EE01037G
http://dx.doi.org/10.1039/C6EE01037G
http://dx.doi.org/10.1039/C6EE01037G
http://dx.doi.org/10.1039/C6EE01037G
http://dx.doi.org/10.1039/C4EE02465F
http://dx.doi.org/10.1039/C4EE02465F
http://dx.doi.org/10.1039/C4EE02465F
http://dx.doi.org/10.1039/C4EE02465F
http://dx.doi.org/10.1038/ncomms13422
http://dx.doi.org/10.1038/ncomms13422
http://dx.doi.org/10.1038/ncomms13422
http://dx.doi.org/10.1038/ncomms13422
http://dx.doi.org/10.1038/ncomms13422
http://dx.doi.org/10.1002/aenm.201500963
http://dx.doi.org/10.1002/aenm.201500963
http://dx.doi.org/10.1002/aenm.201500963
http://dx.doi.org/10.1002/aenm.201500963
http://dx.doi.org/10.1002/aenm.201500963
http://dx.doi.org/10.1038/ncomms15218
http://dx.doi.org/10.1038/ncomms15218
http://dx.doi.org/10.1038/ncomms15218
http://dx.doi.org/10.1038/ncomms15218
http://dx.doi.org/10.1038/ncomms15218
http://dx.doi.org/10.1002/anie.201503153
http://dx.doi.org/10.1002/anie.201503153
http://dx.doi.org/10.1002/anie.201503153
http://dx.doi.org/10.1002/anie.201503153
http://dx.doi.org/10.1002/anie.201503153
http://dx.doi.org/10.1038/nmat3911
http://dx.doi.org/10.1038/nmat3911
http://dx.doi.org/10.1038/nmat3911
http://dx.doi.org/10.1038/nmat3911
http://dx.doi.org/10.1038/nmat3911
http://dx.doi.org/10.1126/science.1243982
http://dx.doi.org/10.1126/science.1243982
http://dx.doi.org/10.1126/science.1243982
http://dx.doi.org/10.1126/science.1243982
http://dx.doi.org/10.1002/aenm.201601128
http://dx.doi.org/10.1002/aenm.201601128
http://dx.doi.org/10.1002/aenm.201601128
http://dx.doi.org/10.1002/aenm.201601128
http://dx.doi.org/10.1002/aenm.201601128
http://dx.doi.org/10.1038/s41563-018-0115-4
http://dx.doi.org/10.1038/s41563-018-0115-4
http://dx.doi.org/10.1038/s41563-018-0115-4
http://dx.doi.org/10.1038/s41563-018-0115-4
http://dx.doi.org/10.1038/nenergy.2017.9
http://dx.doi.org/10.1038/nenergy.2017.9
http://dx.doi.org/10.1038/nenergy.2017.9
http://dx.doi.org/10.1038/nenergy.2017.9
http://dx.doi.org/10.1002/admi.v5.22
http://dx.doi.org/10.1002/admi.v5.22
http://dx.doi.org/10.1002/admi.v5.22
http://dx.doi.org/10.1002/admi.v5.22
http://dx.doi.org/10.1002/admi.v5.22
http://dx.doi.org/10.1039/C8CP00280K
http://dx.doi.org/10.1039/C8CP00280K
http://dx.doi.org/10.1039/C8CP00280K
http://dx.doi.org/10.1039/C8CP00280K
http://dx.doi.org/10.1039/C8CP00280K
http://dx.doi.org/10.1063/1.4864778
http://dx.doi.org/10.1063/1.4864778
http://dx.doi.org/10.1063/1.4864778
http://dx.doi.org/10.1063/1.4864778
http://dx.doi.org/10.1063/1.4864778
http://dx.doi.org/10.1021/acsenergylett.7b00183
http://dx.doi.org/10.1021/acsenergylett.7b00183
http://dx.doi.org/10.1021/acsenergylett.7b00183
http://dx.doi.org/10.1021/acsenergylett.7b00183
http://dx.doi.org/10.1021/acsenergylett.7b00183
http://dx.doi.org/10.1016/j.mser.2015.12.002
http://dx.doi.org/10.1016/j.mser.2015.12.002
http://dx.doi.org/10.1016/j.mser.2015.12.002
http://dx.doi.org/10.1016/j.mser.2015.12.002
http://dx.doi.org/10.1016/j.mser.2015.12.002
http://dx.doi.org/10.1021/acsenergylett.7b00236
http://dx.doi.org/10.1021/acsenergylett.7b00236
http://dx.doi.org/10.1021/acsenergylett.7b00236
http://dx.doi.org/10.1021/acsenergylett.7b00236
http://dx.doi.org/10.1021/acsenergylett.7b00236
http://dx.doi.org/10.1126/science.281.5379.945
http://dx.doi.org/10.1126/science.281.5379.945
http://dx.doi.org/10.1126/science.281.5379.945
http://dx.doi.org/10.1126/science.281.5379.945
http://dx.doi.org/10.1126/science.281.5379.945
http://dx.doi.org/10.1038/ncomms6784
http://dx.doi.org/10.1038/ncomms6784
http://dx.doi.org/10.1038/ncomms6784
http://dx.doi.org/10.1038/ncomms6784
http://dx.doi.org/10.1039/C7CS00868F
http://dx.doi.org/10.1039/C7CS00868F
http://dx.doi.org/10.1039/C7CS00868F
http://dx.doi.org/10.1039/C7CS00868F
http://dx.doi.org/10.1103/PhysRev.77.388
http://dx.doi.org/10.1103/PhysRev.77.388
http://dx.doi.org/10.1103/PhysRev.77.388
http://dx.doi.org/10.1103/PhysRev.77.388
http://dx.doi.org/10.1103/PhysRev.77.388
http://dx.doi.org/10.1039/C8NR05504A
http://dx.doi.org/10.1039/C8NR05504A
http://dx.doi.org/10.1039/C8NR05504A
http://dx.doi.org/10.1039/C8NR05504A
http://dx.doi.org/10.1039/C8NR05504A
http://dx.doi.org/10.1002/adma.201504168
http://dx.doi.org/10.1002/adma.201504168
http://dx.doi.org/10.1002/adma.201504168
http://dx.doi.org/10.1002/adma.201504168
http://dx.doi.org/10.1002/adma.201504168
http://dx.doi.org/10.1002/aenm.201400812
http://dx.doi.org/10.1002/aenm.201400812
http://dx.doi.org/10.1002/aenm.201400812
http://dx.doi.org/10.1002/aenm.201400812
http://dx.doi.org/10.1038/ncomms3242
http://dx.doi.org/10.1038/ncomms3242
http://dx.doi.org/10.1038/ncomms3242
http://dx.doi.org/10.1038/ncomms3242
http://dx.doi.org/10.1038/ncomms3242
http://dx.doi.org/10.1021/jz500113x
http://dx.doi.org/10.1021/jz500113x
http://dx.doi.org/10.1021/jz500113x
http://dx.doi.org/10.1021/jz500113x
http://dx.doi.org/10.1021/jz500113x
http://dx.doi.org/10.1039/C6EE01037G
http://dx.doi.org/10.1039/C6EE01037G
http://dx.doi.org/10.1039/C6EE01037G
http://dx.doi.org/10.1039/C6EE01037G
http://dx.doi.org/10.1039/C6EE01037G
http://dx.doi.org/10.1039/C4EE02465F
http://dx.doi.org/10.1039/C4EE02465F
http://dx.doi.org/10.1039/C4EE02465F
http://dx.doi.org/10.1039/C4EE02465F
http://dx.doi.org/10.1038/ncomms13422
http://dx.doi.org/10.1038/ncomms13422
http://dx.doi.org/10.1038/ncomms13422
http://dx.doi.org/10.1038/ncomms13422
http://dx.doi.org/10.1038/ncomms13422
http://dx.doi.org/10.1002/aenm.201500963
http://dx.doi.org/10.1002/aenm.201500963
http://dx.doi.org/10.1002/aenm.201500963
http://dx.doi.org/10.1002/aenm.201500963
http://dx.doi.org/10.1002/aenm.201500963
http://dx.doi.org/10.1038/ncomms15218
http://dx.doi.org/10.1038/ncomms15218
http://dx.doi.org/10.1038/ncomms15218
http://dx.doi.org/10.1038/ncomms15218
http://dx.doi.org/10.1038/ncomms15218
http://dx.doi.org/10.1002/anie.201503153
http://dx.doi.org/10.1002/anie.201503153
http://dx.doi.org/10.1002/anie.201503153
http://dx.doi.org/10.1002/anie.201503153
http://dx.doi.org/10.1002/anie.201503153
http://dx.doi.org/10.1038/ncomms3885
http://dx.doi.org/10.1038/ncomms3885
http://dx.doi.org/10.1038/ncomms3885
http://dx.doi.org/10.1038/ncomms3885
http://dx.doi.org/10.1038/ncomms3885
http://dx.doi.org/10.1021/acs.jpclett.5b00199
http://dx.doi.org/10.1021/acs.jpclett.5b00199
http://dx.doi.org/10.1021/acs.jpclett.5b00199
http://dx.doi.org/10.1021/acs.jpclett.5b00199
http://dx.doi.org/10.1021/acs.jpclett.5b00199
http://dx.doi.org/10.1021/acsami.8b06020
http://dx.doi.org/10.1021/acsami.8b06020
http://dx.doi.org/10.1021/acsami.8b06020
http://dx.doi.org/10.1021/acsami.8b06020
http://dx.doi.org/10.1021/acssuschemeng.8b03826
http://dx.doi.org/10.1021/acssuschemeng.8b03826
http://dx.doi.org/10.1021/acssuschemeng.8b03826
http://dx.doi.org/10.1021/acssuschemeng.8b03826
http://dx.doi.org/10.1039/C8TA05593A
http://dx.doi.org/10.1039/C8TA05593A
http://dx.doi.org/10.1039/C8TA05593A
http://dx.doi.org/10.1039/C8TA05593A
http://dx.doi.org/10.1039/C8TA05593A
http://dx.doi.org/10.1021/jacs.7b10430
http://dx.doi.org/10.1021/jacs.7b10430
http://dx.doi.org/10.1021/jacs.7b10430
http://dx.doi.org/10.1021/jacs.7b10430
http://dx.doi.org/10.1021/jacs.7b10430
http://dx.doi.org/10.1039/C5EE03522H
http://dx.doi.org/10.1039/C5EE03522H
http://dx.doi.org/10.1039/C5EE03522H
http://dx.doi.org/10.1039/C5EE03522H
http://dx.doi.org/10.1002/cssc.v11.22
http://dx.doi.org/10.1002/cssc.v11.22
http://dx.doi.org/10.1002/cssc.v11.22
http://dx.doi.org/10.1002/cssc.v11.22
http://dx.doi.org/10.1002/cssc.v11.22
http://dx.doi.org/10.1039/C6TA08783C
http://dx.doi.org/10.1039/C6TA08783C
http://dx.doi.org/10.1039/C6TA08783C
http://dx.doi.org/10.1039/C6TA08783C
http://dx.doi.org/10.1039/C6TA08783C
http://dx.doi.org/10.1021/nl500627x
http://dx.doi.org/10.1021/nl500627x
http://dx.doi.org/10.1021/nl500627x
http://dx.doi.org/10.1021/nl500627x
http://dx.doi.org/10.1021/nl500627x
http://dx.doi.org/10.1021/acsami.8b10332
http://dx.doi.org/10.1021/acsami.8b10332
http://dx.doi.org/10.1021/acsami.8b10332
http://dx.doi.org/10.1021/acsami.8b10332
http://dx.doi.org/10.1002/adma.v30.22
http://dx.doi.org/10.1002/adma.v30.22
http://dx.doi.org/10.1002/adma.v30.22
http://dx.doi.org/10.1002/adma.v30.22
http://dx.doi.org/10.1021/jp412627n
http://dx.doi.org/10.1021/jp412627n
http://dx.doi.org/10.1021/jp412627n
http://dx.doi.org/10.1021/jp412627n
http://dx.doi.org/10.1021/jp412627n
https://onlinelibrary.wiley.com/doi/full/10.1002/smll.201604305
https://onlinelibrary.wiley.com/doi/full/10.1002/smll.201604305
https://onlinelibrary.wiley.com/doi/full/10.1002/smll.201604305
https://onlinelibrary.wiley.com/doi/full/10.1002/smll.201604305
https://onlinelibrary.wiley.com/doi/full/10.1002/smll.201604305
http://dx.doi.org/10.1016/j.cej.2017.08.045
http://dx.doi.org/10.1016/j.cej.2017.08.045
http://dx.doi.org/10.1016/j.cej.2017.08.045
http://dx.doi.org/10.1016/j.cej.2017.08.045
http://dx.doi.org/10.1016/j.electacta.2017.03.192
http://dx.doi.org/10.1016/j.electacta.2017.03.192
http://dx.doi.org/10.1016/j.electacta.2017.03.192
http://dx.doi.org/10.1016/j.electacta.2017.03.192
http://dx.doi.org/10.1021/nn5036476
http://dx.doi.org/10.1021/nn5036476
http://dx.doi.org/10.1021/nn5036476
http://dx.doi.org/10.1021/nn5036476
http://dx.doi.org/10.1021/nn5036476
http://dx.doi.org/10.1039/C6EE02544G
http://dx.doi.org/10.1039/C6EE02544G
http://dx.doi.org/10.1039/C6EE02544G
http://dx.doi.org/10.1039/C6EE02544G
http://dx.doi.org/10.1039/C6TA00577B
http://dx.doi.org/10.1039/C6TA00577B
http://dx.doi.org/10.1039/C6TA00577B
http://dx.doi.org/10.1039/C6TA00577B
http://dx.doi.org/10.1039/C6TA00577B
http://dx.doi.org/10.1021/ja201813n
http://dx.doi.org/10.1021/ja201813n
http://dx.doi.org/10.1021/ja201813n
http://dx.doi.org/10.1021/ja201813n
http://dx.doi.org/10.1021/ja201813n
http://dx.doi.org/10.1021/nn901587x
http://dx.doi.org/10.1021/nn901587x
http://dx.doi.org/10.1021/nn901587x
http://dx.doi.org/10.1021/nn901587x
http://dx.doi.org/10.1021/nn901587x
http://dx.doi.org/10.1039/C4TA05196C
http://dx.doi.org/10.1039/C4TA05196C
http://dx.doi.org/10.1039/C4TA05196C
http://dx.doi.org/10.1039/C4TA05196C
http://dx.doi.org/10.1039/C4TA05196C
https://link.springer.com/article/10.1007/s40820-017-0140-x
https://link.springer.com/article/10.1007/s40820-017-0140-x
https://link.springer.com/article/10.1007/s40820-017-0140-x
https://link.springer.com/article/10.1007/s40820-017-0140-x
http://dx.doi.org/10.1002/solr.v2.12
http://dx.doi.org/10.1002/solr.v2.12
http://dx.doi.org/10.1002/solr.v2.12
http://dx.doi.org/10.1002/solr.v2.12
http://dx.doi.org/10.1002/solr.v2.12
http://dx.doi.org/10.1038/nature18306
http://dx.doi.org/10.1038/nature18306
http://dx.doi.org/10.1038/nature18306
http://dx.doi.org/10.1038/nature18306
http://dx.doi.org/10.1038/nature18306
http://dx.doi.org/10.1016/j.nanoen.2015.10.010
http://dx.doi.org/10.1016/j.nanoen.2015.10.010
http://dx.doi.org/10.1016/j.nanoen.2015.10.010
http://dx.doi.org/10.1016/j.nanoen.2015.10.010
http://dx.doi.org/10.1016/j.nanoen.2015.10.010
http://dx.doi.org/10.1021/acsenergylett.7b00442
http://dx.doi.org/10.1021/acsenergylett.7b00442
http://dx.doi.org/10.1021/acsenergylett.7b00442
http://dx.doi.org/10.1021/acsenergylett.7b00442
http://dx.doi.org/10.1021/acsenergylett.7b00442
https://doi.org/10.1002/cjoc.201800469
https://doi.org/10.1002/cjoc.201800469
https://doi.org/10.1002/cjoc.201800469
https://doi.org/10.1002/cjoc.201800469
https://doi.org/10.1002/cjoc.201800469
http://dx.doi.org/10.1021/acsami.7b08488
http://dx.doi.org/10.1021/acsami.7b08488
http://dx.doi.org/10.1021/acsami.7b08488
http://dx.doi.org/10.1021/acsami.7b08488
http://dx.doi.org/10.1038/ncomms3885
http://dx.doi.org/10.1038/ncomms3885
http://dx.doi.org/10.1038/ncomms3885
http://dx.doi.org/10.1038/ncomms3885
http://dx.doi.org/10.1038/ncomms3885
http://dx.doi.org/10.1021/acs.jpclett.5b00199
http://dx.doi.org/10.1021/acs.jpclett.5b00199
http://dx.doi.org/10.1021/acs.jpclett.5b00199
http://dx.doi.org/10.1021/acs.jpclett.5b00199
http://dx.doi.org/10.1021/acs.jpclett.5b00199
http://dx.doi.org/10.1021/acsami.8b06020
http://dx.doi.org/10.1021/acsami.8b06020
http://dx.doi.org/10.1021/acsami.8b06020
http://dx.doi.org/10.1021/acsami.8b06020
http://dx.doi.org/10.1021/acssuschemeng.8b03826
http://dx.doi.org/10.1021/acssuschemeng.8b03826
http://dx.doi.org/10.1021/acssuschemeng.8b03826
http://dx.doi.org/10.1021/acssuschemeng.8b03826
http://dx.doi.org/10.1039/C8TA05593A
http://dx.doi.org/10.1039/C8TA05593A
http://dx.doi.org/10.1039/C8TA05593A
http://dx.doi.org/10.1039/C8TA05593A
http://dx.doi.org/10.1039/C8TA05593A
http://dx.doi.org/10.1021/jacs.7b10430
http://dx.doi.org/10.1021/jacs.7b10430
http://dx.doi.org/10.1021/jacs.7b10430
http://dx.doi.org/10.1021/jacs.7b10430
http://dx.doi.org/10.1021/jacs.7b10430
http://dx.doi.org/10.1039/C5EE03522H
http://dx.doi.org/10.1039/C5EE03522H
http://dx.doi.org/10.1039/C5EE03522H
http://dx.doi.org/10.1039/C5EE03522H
http://dx.doi.org/10.1002/cssc.v11.22
http://dx.doi.org/10.1002/cssc.v11.22
http://dx.doi.org/10.1002/cssc.v11.22
http://dx.doi.org/10.1002/cssc.v11.22
http://dx.doi.org/10.1002/cssc.v11.22
http://dx.doi.org/10.1039/C6TA08783C
http://dx.doi.org/10.1039/C6TA08783C
http://dx.doi.org/10.1039/C6TA08783C
http://dx.doi.org/10.1039/C6TA08783C
http://dx.doi.org/10.1039/C6TA08783C
http://dx.doi.org/10.1021/nl500627x
http://dx.doi.org/10.1021/nl500627x
http://dx.doi.org/10.1021/nl500627x
http://dx.doi.org/10.1021/nl500627x
http://dx.doi.org/10.1021/nl500627x
http://dx.doi.org/10.1021/acsami.8b10332
http://dx.doi.org/10.1021/acsami.8b10332
http://dx.doi.org/10.1021/acsami.8b10332
http://dx.doi.org/10.1021/acsami.8b10332
http://dx.doi.org/10.1002/adma.v30.22
http://dx.doi.org/10.1002/adma.v30.22
http://dx.doi.org/10.1002/adma.v30.22
http://dx.doi.org/10.1002/adma.v30.22
http://dx.doi.org/10.1021/jp412627n
http://dx.doi.org/10.1021/jp412627n
http://dx.doi.org/10.1021/jp412627n
http://dx.doi.org/10.1021/jp412627n
http://dx.doi.org/10.1021/jp412627n
https://onlinelibrary.wiley.com/doi/full/10.1002/smll.201604305
https://onlinelibrary.wiley.com/doi/full/10.1002/smll.201604305
https://onlinelibrary.wiley.com/doi/full/10.1002/smll.201604305
https://onlinelibrary.wiley.com/doi/full/10.1002/smll.201604305
https://onlinelibrary.wiley.com/doi/full/10.1002/smll.201604305
http://dx.doi.org/10.1016/j.cej.2017.08.045
http://dx.doi.org/10.1016/j.cej.2017.08.045
http://dx.doi.org/10.1016/j.cej.2017.08.045
http://dx.doi.org/10.1016/j.cej.2017.08.045
http://dx.doi.org/10.1016/j.electacta.2017.03.192
http://dx.doi.org/10.1016/j.electacta.2017.03.192
http://dx.doi.org/10.1016/j.electacta.2017.03.192
http://dx.doi.org/10.1016/j.electacta.2017.03.192
http://dx.doi.org/10.1021/nn5036476
http://dx.doi.org/10.1021/nn5036476
http://dx.doi.org/10.1021/nn5036476
http://dx.doi.org/10.1021/nn5036476
http://dx.doi.org/10.1021/nn5036476
http://dx.doi.org/10.1039/C6EE02544G
http://dx.doi.org/10.1039/C6EE02544G
http://dx.doi.org/10.1039/C6EE02544G
http://dx.doi.org/10.1039/C6EE02544G
http://dx.doi.org/10.1039/C6TA00577B
http://dx.doi.org/10.1039/C6TA00577B
http://dx.doi.org/10.1039/C6TA00577B
http://dx.doi.org/10.1039/C6TA00577B
http://dx.doi.org/10.1039/C6TA00577B
http://dx.doi.org/10.1021/ja201813n
http://dx.doi.org/10.1021/ja201813n
http://dx.doi.org/10.1021/ja201813n
http://dx.doi.org/10.1021/ja201813n
http://dx.doi.org/10.1021/ja201813n
http://dx.doi.org/10.1021/nn901587x
http://dx.doi.org/10.1021/nn901587x
http://dx.doi.org/10.1021/nn901587x
http://dx.doi.org/10.1021/nn901587x
http://dx.doi.org/10.1021/nn901587x
http://dx.doi.org/10.1039/C4TA05196C
http://dx.doi.org/10.1039/C4TA05196C
http://dx.doi.org/10.1039/C4TA05196C
http://dx.doi.org/10.1039/C4TA05196C
http://dx.doi.org/10.1039/C4TA05196C
https://link.springer.com/article/10.1007/s40820-017-0140-x
https://link.springer.com/article/10.1007/s40820-017-0140-x
https://link.springer.com/article/10.1007/s40820-017-0140-x
https://link.springer.com/article/10.1007/s40820-017-0140-x
http://dx.doi.org/10.1002/solr.v2.12
http://dx.doi.org/10.1002/solr.v2.12
http://dx.doi.org/10.1002/solr.v2.12
http://dx.doi.org/10.1002/solr.v2.12
http://dx.doi.org/10.1002/solr.v2.12
http://dx.doi.org/10.1038/nature18306
http://dx.doi.org/10.1038/nature18306
http://dx.doi.org/10.1038/nature18306
http://dx.doi.org/10.1038/nature18306
http://dx.doi.org/10.1038/nature18306
http://dx.doi.org/10.1016/j.nanoen.2015.10.010
http://dx.doi.org/10.1016/j.nanoen.2015.10.010
http://dx.doi.org/10.1016/j.nanoen.2015.10.010
http://dx.doi.org/10.1016/j.nanoen.2015.10.010
http://dx.doi.org/10.1016/j.nanoen.2015.10.010
http://dx.doi.org/10.1021/acsenergylett.7b00442
http://dx.doi.org/10.1021/acsenergylett.7b00442
http://dx.doi.org/10.1021/acsenergylett.7b00442
http://dx.doi.org/10.1021/acsenergylett.7b00442
http://dx.doi.org/10.1021/acsenergylett.7b00442
https://doi.org/10.1002/cjoc.201800469
https://doi.org/10.1002/cjoc.201800469
https://doi.org/10.1002/cjoc.201800469
https://doi.org/10.1002/cjoc.201800469
https://doi.org/10.1002/cjoc.201800469
http://dx.doi.org/10.1021/acsami.7b08488
http://dx.doi.org/10.1021/acsami.7b08488
http://dx.doi.org/10.1021/acsami.7b08488
http://dx.doi.org/10.1021/acsami.7b08488
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 68, No. 15 (2019) 158803

SPECIAL TOPIC—Perovskite optoelectronic devices and physics

Research progress of interface passivation of
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Abstract

In recent years, organic-inorganic hybrid perovskite solar cells have aroused the interest of a large number
of researchers due to the advantages of large optical absorption coefficient, tunable bandgap and easy
fabrication. Recently, the power conversion efficiency of organic-inorganic hybrid perovskite solar cells has been
enhanced to more than 23% in laboratory. In solution processed perovskite solar cells, perovskite and charge
transport layer are stacked together, due to the different crystallization rates leading to lattice mismatch near
the surface region of perovskite film, resulting in a lot of interface defects, especially at the interface between
perovskite and charge transport layer. What is more, the photo-induced free carriers must transfer across the
interfaces to be collected. But the defects near the interface can trap photogeneration electrons, thus reducing
the carrier lifetime and causing the charges to be recombined, which greatly influence the performance and
stability of perovskite solar cells. Therefore, reducing and passivating these defects is critical for obtaining the
high performance perovskite solar cells. Now, there have been made tremendous efforts devoting to advancing
passivation techniques, such as doping and surface modification, for high efficiency perovskite solar cell with
improved stability and reduced hysteresis. These approaches also contribute to improving the energy band
alignment between carrier transport layers and perovskite absorber improving device performance, or resistance
moisture to enhance device stability. In this review we mainly introduce the formation and the effect of defects
on perovskite solar cells, analyze the mechanism for passivating the interfacial defects between charge transport
layer and perovskite photo absorption layer for different materials, compare the effects of different passivation
materials on the photovoltaic performance of perovskite solar cells, and summarize the role of these materials in
passivating the defects. Finally we discuss the research trend and development direction of passivation defects

in perovskite solar cells.

Keywords: perovskite solar cell, passivation defects, interface modification
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