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Organic-inorganic Co-addition to Improve Mechanical Bending and
Environmental Stability of Flexible Perovskite Solar Cells
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Abstract: Recently, perovskite solar cells have developed marvelously of which power conversion efficiency (PCE)
achieved 26.1%, but the mechanical bending and environmental stability of flexible perovskite solar cells (F-PSCs)

have remained major obstacles to their commercialization. In this study, the quality and crystallization of perovskite
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thin films were enhanced by adding agarose (AG). The interaction mechanism, PCE, mechanical bending and

environmental stability of the assembled F-PSCs were investigated. It was found that the perovskite films modified by

the optimal concentration of AG (3 mmol/L) exhibited denser and smoother morphology, higher crystallinity and

absorbance, the lowest defect state density, and lower charge transfer resistance of 2191 Q. Based on the optimal

photoelectric properties, PCE increased from 15.17% to 17.30%. TiO, nanoparticles (0.75 mmol/L) were further

introduced to form a synergistic interaction with AG (3 mmol/L), which provided a rigid backbone structure, and thus

enhanced the mechanical and environmental stability of perovskite layers. After 1500 cycles of bending (3 mm in
radius), the AG/TiO, co-modified F-PSCs maintained 84.73% of initial PCE, much higher than the blank device
(9.32%). After 49 d in the air, the optimal F-PSCs still maintained 83.27% of initial PCE, superior than the blank

device (62.21%). This work provides possibility for preparing highly efficient and stable F-PSCs.

Key words: flexible perovskite solar cell; additive engineering; bending stability; environmental stability
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HFK. K EEB A EDE 20~30 min J&5, HETE
80 C 1§46 T45 8~10 min. ITO-PEN ZEP:3:AR
FE R SnO, Z 1 2L Hh BLAH AR BE 30 min, ZFRFEH
A LR, e/ K ik A
1.2 SnO, BF & ERTIK KA Hl &

KL L) SnO, IR 73 BOBR (AL (IV),
Ji B A H 15%, Alfa)FH 25 77K B 10 1 AR B i
7% SnO, HL A4 [ il SRR (51 5293 48 7.5%), W il
VARV & SR AN
1.3 RIEREPERISSERE B IR R Ay il &

351K 0, 3, 6,9, 12 mmol/L (I35 A5 KE(E 24) 1%
W, 1.2 mol/L FRIMALER (3R SRR )i RN R ST e
(E R MRT 1-F 2 -2-ME S e B (NMP, BTz 7))
5 N, N-—H R H B (DMF, Bild T )RR & S
(R A 1:3.33), FR7E 65 Chn#diis: 4 h, 15
BV INAS FRFE AG FASERE /T IR - ARFE IIN AG
I EE, P85 R B 2 5 9 xAG-P (x=0, 3, 6, 9,
12), FHRESERH K BH BE LI 9% 5 xAG-PSC (x=0,
3,6,9,12).
1.4 RMMERBEHE/TIO, B AT BIIK KA HI &

Jeliedl 0, 0.75, 1.50, 2.25, 3.00 mmol/L TiO, 44
KBRL(25 nm, [ 25)/) NMP #, 60 CHiHE 12 ho
FAFEAFIRE TiO/NMP BRI E] 3 mmol/L AG
ESERA BT IR, 78 65 Chn#ditsE 6 h, 155
TiO, F1 AG 45 2 AR FT IRV . AR I TiO,
IR B, K85 8K R w5 8 3AG-yTiO,-P (=0,
0.75, 1.50, 2.25, 3.00), AHRAGERH K FH RE B it 4 5
N 3AG-yTi0,-PSC (=0, 0.75, 1.50, 2.25, 3.00). /it i
Al FH 2R A 98 £ 075 (PVDF) B /K 14 0.45 pm FLAZ B HL
SURSE SN
1.5 Z7EHERIIR &R S &

¥ 135 mg 141 2,2",7,7'-DU[N, N-—(4-F 5 R L)
& 3£1-9,9'- 1% — 7 (Spiro-OMeTAD, T 3EFRF) ¥ it 15
1.5 mL SUREFITH T, B RER AN 54 pl 4-50
TREMEIE () 31.5 uL 520 mg/mL XU =5 LA
P IV 1% 4 (Li-TFST, 5 347 ) I & (BT 1) ¥ VR
16.5 pL 300 mg/mL —[4-F0 T J&-2-(1H-ML me-1-J5) itk
WE N (D), = (1,1,1- = F-N-[( = 5 28 ) fiff o 2% )
Bt T I 8 )(FK 209, Ak RHE) I 21 (BT 42 T ) ¥
W, 1927 XA E AT IR, B IR R
1.6 BEFHIERE

78 FLAE AL F JE () ITO-PEN I L 4000 r/min F%%
R SnO, BTIRIE 30 s, FFLL 150 Cn#k 30 min;
£ SnO, HL 452 E LA 5000 r/min ()55 38 g 445 4k

W RTLRE 30 s, FEAEER 6 s N 300 uL PR L%
#, ZJG LA 105 CHI#k 15 min; ¥ 90 mg/mL %5 /A%
HZ BRI LA 4000 r/min AR AR AR R b iR
20s; THAMETEE P24 100 nm Ag MK,
77~5x10"* Pao il % 2$4F A ZUE AR N 0.1657 ecm’,

2 GRS

2.1 IRAEPERUMESSHRT BIRMR . RS

KA T B AB(SEM)MEE AG 54K
R G RIS . B 1(a~e)EoR T 1E ITO-PEN/
SnO, EUTFIARFEIIRE AG ASERY K SEM
B . 0AG-P KTH-FHE, SR, M AbRE &L
TEANRGTR, BUELHALHTER2ES T SnO, 3
K. 3AG-P REFHCFRE., 8%, L&A, BT
1. BEE AG WREEIE R, B5Ekn v % i
(RURE RS FEE 386 m, H B ™ A PR S R AR R . I RN
AG ERKET, 7545 d i 2 nT DU 78 85 SR 0 v
R, SR R INECE, 1 AG FEE
B, SR AT IR, K& AG o F
AR S A, AR SRR AR HT R, SRR
T AR RS 33 i1

T RN TR AG XESARE S AT R
M, K H XRD F A AR S U AG (185 R 7
Z %S B 1(HN xAG-P (x=0, 3, 6, 9, 12)i]
XRD K. 'EAIHE 20=14.25°. 28.61°. 32.04°Fl
37.91°4b 35 87 tH 3 i B AT 5 0, X BT DY 7 A 4
ERETHI(110). (220). 310)F0321)dnm !, BB
AG JG, BRI IS AR S A L . sk S1 BT,
5 0AG-P MLk, 3AG-P & B 1) -0 55 /), KB AG
IS O 5 e 45 R AT 1 45 o, R A A R T R A
BRI, R i 45 R B T 1k B F-PSCs
s EEI AN B AG IREERR, S5ERTRHE
e Py e P R BRI, X2 T iR IE I AG 7 T3
TEEESERD R SR T, 8 RS R R A 2R, A
F T 0 BT B 3 1 45 Ak A T )

UV-Vis WG AT 3E— P ER 5T AG X5 2R
IR S RE e, 25 R 1(g)fir. 5 0AG-P
MBI EL, xAG-P (x=3, 6, 9, 12)T# I 7E 400~800 nm
W Bl N R L B S OGBS AG IRE
K, BHERH L R E R OR, X ATREVAE T AG 4>
TFER e 3R AE 71 A SRR IS R 0 3% T 1)
S B RS BT e R, B Uv-vis Jti K
¥ H B3 B0 Taue S (B 1(h) AT A, A o8



480

AL M OB IR

(@) 0AG-P

/(b) 3AG-P

(c) 6AG-P:

- 3 ® —oAGP | & 3|0
; _L | 3AcP < vt § § — 0AG-P
s 2 = A B | o
=y )l | T Wl § —12AGP | — 'g . 9AGP
g 9AG-P o~ 8 | .« 12AGP
R 2 5 £
)  12AGP| g S =
10 15 20 25 30 35 40 45 50 55 400 500 600 700 800 1.4 1.5 1.6 1.7 1.8 680 730 780 830
20/ (°) Wavelength / nm Photon energy / eV Wavelength / nm
K1 £ ITO-PEN/SnO, LRI xAG-P (x=0, 3, 6,9, 12)FE AR AR . & A 45 R R G 225 1

Fig. 1

Morphologies, crystal structure and optical properties of xAG-P (x=0, 3, 6, 9, 12) films deposited on ITO-PEN/SnO,

(a-e) SEM images; (f) XRD patterns; (g) UV—Vis absorption spectra; (h) Tauc plots;
(i) Photoluminescence emission
Colorful figures are available on website
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Fig. 3 Photovoltaic performance and stability of xAG-PSC (x=0, 3, 6, 9, 12)
(a) SV curves; (b) External quantum efficiency (EQE) curves; (c) /-V plots based on space charges limit current model; (d) Nyquist plots;
(e) Bending stability; (f) Environmental stability
Colorful figures are available on website
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PCE 1] 60.24%. 3 Jii AG 7> FHE M I, Al LAgrh
BN SR RLAEA RS, J7 (0 4, B ARASERn HEE r
REtE, MR T A5 AT A 0 2 th e 120, 5
Ah, AW LLEL T xAG-PSC (x=0, 3, 6, 9, 12) KIH1E
Faat, gRWE 3OFfR. EXRRSAORE
(2545) °C, FHREEE>70%). I3 %4 N iETE 36 d
Ji, 0AG-PSC fiH T ¥4 PCE [ 62.21%, i
3AG-PSC £ % T #¥14f PCE 1] 76.63%. Xt Bk
B AG HEAMN HE R & IS R SRR
FRCAE Bk X 45 45 1 J, AT IE 2 MAPDILs @i bn, By ik
MAPDI; [ ff, #fi b ALK EBE, [ MAPDI, i
JE B A TR U B K I, AH R R MR B A S K
R E .

PLEWFFEAERE, R AG X8R PERE
Aifa e HEBE —E M NGE . AG B THF MR, BB
T O3 R S P SR, (YT 488 o v B P A LG 1
RE T TH R R AE . TEHLE 8 SE A g K Uk 3R T &5
BEERE, BEREMRDEE. DIHE)E
FALY I TIO, R, BARH FES b 1%

W, DR R RRI A T S0
FIFH TiO, HL T e 11 L5 38 FiL Ay 29 5, e 20k B 2l
MRS iR E N E P U RET
3AG-P, RFHHLEBEMY) TiOy GRBURLAE AR
InFs, R T A BE X A R R R L SR AR AT
R e R A ME T B2
2.4 TiO, 4K BRI M AG-MAPDI; HEEHIH
2R

SEM [ /i 78 T 3 mmol/L AG FIAS R FE TiO,
SEE AN ES SR SR TS Ak, Wl 4(a~e) BT
TR ATRLERE BT A A AR VR I B0 T L S B4
BT SnO, Bk, BEE TiO, MK, #54k0
L THT (1 it R IZR T AR /S, IX AT BB FH T TiO, 4K
RLHRBEA AN 1 RO AL A, RS BT e 3 5 fd
SEARRAZ, T 2 T T A AR R G AR K P

Kl 4(f)8 3AG-yTiO,-P (=0, 0.75, 1.50, 2.25,
3.00)E [ XRD Bk . Frf I /E 26=14.08°,
28.44°, 31.92°F1 37.80°4b A fiT 4TI, XK. MAPbI;.
WK S4 PR, I TIO, J&, AT S i) 2 U 5 K A2 38
th, XERE TiO, FIFEREm 785 8K0 45, o T
BT R

* M UvV-Vvis W o6 3 B T TIO, X
3AG-yTiO,-P (y=0, 0.75, 1.50, 2.25, 3.00)7 fE 5 6 i
Reftsem, i 4(g) N . fEnT WHEYaE i, AT
JIEE 5 7t AR UL IR R e B R, LW WA O 1 ) R A AR
U AL, RN TiO, AN 2 o 40 45 Sk A v 5 (1)
R

K 4(h) &R T PURAE ITO-PEN/SnO, %K I
3AG-yTiO,-P (=0, 0.75, 1.50, 2.25, 3.00) 7% & () fa 24
PL G . 45 % 8], 3AG-0TiO,-P A 3AG-0.75TiO,-P
VT S HH AR L FLR R R 5 e R KR, B TiO,
WREEM R, RICHE KA RIS o X B R T 1
TiO, 75 I8/ 5 56 5 & A GBS R 1 f 74 57 T
BABAER, TiO, 40KBikE 2, nl e IE a4
B, AFIT WESET ZHE B0 A 7 DK AR5
LA )E

M FT-IR Yeilk#F 7T TiO, 49K Bk fE AG-P i
JEGIRGEFE R BIEA, W&l 4)FEE S5 Fion. TiO,
FE~3415 cm™ ' SORFRAEIR Wi, X VA AT TiO, K1
—OH Z:H MM 4aiRal. M TiO, J5, AG 711
C-O-C F1-OH £ [4], MAPbI; i) C—H A N—H & [41 (¢
FREUEIERE . X R B TiO, R -OH M5 AG &
T C-O-C RHEIERKL T &AW . [FE TiO, R
~OH H: [ 5E54K0 TF i) CH;NH; 2t B s S B,
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' (a)3AG-0TiO,-P

(b) 3AG0.75TiO,-P

(c) 3AG-1.50TO;-P

(d)3AG2.25TIO,P

(€) 3AG-3.00TO,-P

B 2 3AG3WTIOP| i —_ ~ TiO, 1
~ADE Eew e T g vemes | B ® g W
o | AC2BTOR | & T 3AGLSOTIONP & | e 3acorsTiON Z %W
Sl e | Z —— 3AG225TiOxP ~ | e 3aG.1.50TiosP P
> 3AG-LS0TiO-P 3 — 3AG3.00TiO=P 2 | < 3aG225TiONP g |© AG-TiO, ‘cog
é‘- _J J A g B | e 3aG2.00TiONP 5 W
g 3AG-0.75TiO»P | © E " A
e L A A 8 | g 3AG-P “C-H N-H
Ny 7] . - ry
= . ooy 2 2 E; 3AG-075Ti0P NH
10 20 30 40 50 400 500 600 700 800 650 700 750 800 850 4000 3000 2000 1000
20/(°) Wavelength/nm Wavelength/nm Wavenumber / cm™

Kl 4 £ ITO-PEN/SnO, Ui 3AG-yTiO,-P (3=0, 0.75, 1.50, 2.25, 3.00)# R TS . o A 45 4 AT 2R
Fig. 4 Morphologies, crystal structure, and optical properties of 3AG-yTiO,-P (y=0, 0.75, 1.50, 2.25, 3.00) films
deposited on ITO-PEN /SnO,

(a-e) SEM images; (f) XRD patterns; (g) UV-Vis absorption spectra; (h) Photoluminescence emission spectra;

(i) FT-IR spectra of TiO,, AG, AG-TiO,, 0AG-P, 3AG-P, and 3AG-0.75Ti0,-P films
Colorful figures are available on website

12 oaF X 61.09%
: 04} 3AG-0TiO,-PSC
0.9
12F
@ 508 )
H 06 O 04l 3AG-0.75TiO,-PSC 83.27%
& =9 1.2
B oal =08 ?—M
& 3AG3.00TiOPSC 5 041 3AG-1.50TiO,-PSC 13%
E 0F <« 3AG225TiO,PSC S 08 : N
z —&—3AG-1.50TiO,-PSC 041 3AG-225TiO,-PSC 9278%
0.3 | —=—3AG-0.75TiO,-PSC 08F
—e— 3AG-0TiO,-PSC 04 [ 3AG-3.00TiO,-PSC 79.14%
_06 1 L L 1 1 L L L L L L 1 1
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Bending cycle number

Time /d

Bl 5 3AG-yTiO,-PSC (=0, 0.75, 1.50, 2.25, 3.00)[](a)Z5 il & 1 A1 (b) PR 885 A2 2 vk
Fig. 5 (a) Bending stability and (b) environmental stability of 3AG-yTiO,-PSC (y=0, 0.75, 1.50, 2.25, 3.00)

Colorful figures are available on website

Fa B F5 kA k. 7E 3AG-0.75TiO,-P # i TiO,
KIMM-OH 25 AG 7T HBEBIE s &9, Bilk
B BN 1 K SR, A KR R R 1 R T AE
. BN, TIO, B AT FEAK AG 23 T-I45 &8, Fa [l 45
KR dmAA, 7 ISR AR A AR AR, RS R LA
JIIAER
2.5 TiO, KT e AG-MAPDI; HEERY2E
HraEM

AT % 3AG-yTiO,-PSC (y=0, 0.75, 1.50, 2.25,
3.00) AT 7 1500 KAEAZ MK (2 #2123 mm),
Wl 5(a)frs . MR 45 LR, 3AG-0TiO-PSC R R
B2 T %144 PCE 1] 60.24%, 3AG-0.75TiO,-PSC 7] {4 &4
¥4k PCE 1] 84.73%. iXFRHITIE TiO, YK Bk 5
W AG 55 IAE B 5 A B T st 28 0 1 25
faett. RS T 3AG-yTiO,-PSC (=0, 0.75,
1.50, 2.25, 3.00) R8RS E 1, @il S(b)Aiw . 1E3

B SREQRSES) C, MXHEE>T70%). 4%
- FHEFE 49 d J&, 3AG-0TiO,-PSC VA% T #1144
PCE ] 61.09%, ifi 3AG-0.75TiO,-PSC 4] {4 B4 %]
G PCE 1 83.27%. X&RF ARINIEE AG A TiO,
AT TE O S R &5 O 10 TR B A e B, T4 T
B IR R s R,

3 Zig

AW AT LA o A R R AT A R U,
BRI AG SUERIF AG/TIO, B & et 5 £k i
JERITES . kgt . JertERELL & F-PSCs JhiR
P e A AR 5 ME A S0 . MAPDIs 85 £k 5 9K inoN
WE (3 mmol/L)AG &, AG 4r F1E4 it e &4
ORI PR, RS ERE an ok A B TR B L
WA 2% S AL, S AR IR B R, SR>, AR
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WL MR

i %395

TR AT AR, [R] A3 TR R B D B K A DA K
FME . TEMEIAE B 1500 (S #2428 3 mm) G,
0AG-PSC HAREA¥I4E PCE(15.17%) /1 9.32%, Tfi
3AG-PSC W] & ¥ #] 4 PCE(17.30%) 1 60.24%,
3AG-0.75TiO,-PSC TR E T #)4f PCE 1] 84.73%. fE
WIS (RE25+5) C, MHXTRE>T0%). Tk
%A Fi%1E 36 d J5, 0AG-PSC R B T ¥4 PCE (1)
62.21%, 3AG-PSC /'] fR B ¥146 PCE 1 76.63%. {E
FIRESEE T IE 49 d )5, 3AG-0.75TiO,-PSC 1A {#
FEVI4G PCE 1) 83.27%. UNINIE & TiO, #E— 5 i3k
T F-PSCs WIZHiAIRER e, A TAE NS
KA RS E AR A T —SFRE AR, AT AL
T ) R PR R K B g FLB IR A R

FhFEATH

ASHFANFEAT R T B 5% https://doi.org/10.15541/
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S1 58 HEENRIEFE

K 3% % 3t H8 7 45 4 HE %5 (FE-SEM, TESCAN
MIRA4, Oxford ULTIM-max 40)F /45 ERH" ik 2%
TSR, #eAE i A /N 20 ke Vo @I X 5
LRATHHY(XRD, Rigaku-TTRII, H A)FMEF5EkH
(IIAHZE R SRR 55, 5 4F UK 40 kv, HLR 60
mA, FAHTEHE 260=5°~80°. K X 5t TR
X (XPS, ESCALAB 250Xi, 3% E)EREH A e 4
B A SE B AL SRS S o SR R AT I e e A
(UV-Vis, Hitachi, H 2% 7085 SR v B 14 R,
FITEREN 300~1100 nm. 5% B 20486 RE 4
(Nexus 670, 3 [E)RAEES G0 #ME 0 K 1m0 2L [, 3
#i 75 300~4000 cm™ . K HEA 466 nm fki 4
Iy e AL 5% % % W5 A% (FLS1000, Edinburgh, i &)l
A MR BRSBTS R
J2 S B B T R A AR K MR .
S2  FTMHFEHH KPHRER AT IERERIE

IR B S AR K B i R T ) FL R
— L (J-P) i e il 4 SR B2 (TIS-KA6000, D't #k
Bhisz, o B AR K BH GBI A8 (SS-F5-AAA, b
B, EDAH A NS R, b r ot iR e
AMI1.5G(100 mW-cm2), il 3 1 I k5 SRC-2020
fik K BH B8 FL SR AR R PR RE o J—1 il2R 1k
YEEIN-0.1~1.2 V, FAHIEAEN 50 mV/s. L FME
B2 18 5 (57HS56-3004-001, v [E))FIkE 25 2 Ik
J& B (2021-1021) 3 AT 48 48 (1) 98 28 25 dh 33k, 25 ih
42N 3 mme FAF AR E PRI AR PR SR (R
FE(25+5) 'C, MXHEE>70%)iHE1T . KA ELERT
i BHHT(EIS, PGSTAT302N, Metrom, AUT86802, i
) XoF 8 A BT O T A e R AT R AL, A A%
R TR IN-1.0 V &, 555K U H
107'~10° Hz, %52 b % 2 3 i3 ZSimDemo %444
HAFFIT . R 2% 18] Hfar R ) B 3AE (SCLC) 7 5%
BB T T () R B S o RE AT R, MK M

FTO/ETL/Perovskite/PCBM/ Ag 4fi Hi, T~ 3%t . SR I &8
AT (1 BB R Se(7-SCSpec, LTD, H E)i:
TEF AR R TiO, G4 KRR XS 45 KA K [ fHE H i 4
A EQE)FZM, KK H 400~800 nm.

FS1 AEREIRIEHVERIE MAPDIL, HIEH
XRD $5EIEHIETE(E2/(°)
Table S1 FWHM of XRD peaks of MAPbI; films
modified with different agarose concentrations/(°)

Sample FWHM1 9 FWHM@g FWHMgp FWHMay,
0AG-P 0.220 0.183 0.196 0.271
3AG-P 0.165 0.136 0.149 0.257
6AG-P 0.210 0.146 0.156 0.261
9AG-P 0.208 0.199 0.156 0.260
12AG-P 0.239 0.221 0.223 0.276

& S2 AG. 0AG-P#I3AG-P £ E
BEREFM FT-IR MERINEMFE R
Table S2  Stretching vibration peaks corresponding to the
main functional groups of AG, 0AG-P abd 3AG-P

Sample Veo-clem ™t vo_p/om™! Vn-p/om ™!
AG 1076 3444

0AG-P 1452
3AG-P 1454

& S3 TEREIRBEMERME MAPDL, HER
F-PSCs JtEEERES E
Table S3 Photoelectric performance parameters of F-PSCs
based on MAPbDI; films with different agarose concentrations

Sample  J/(mA-cm?) V,/V FF/% PCE/%
0AG-PSC 19.66 1.09 70.58 15.17
3AG-PSC 22.89 1.06 71.12 17.30
6AG-PSC 20.17 1.06 64.18 13.65
9AG-PSC 18.31 1.03 68.45 12.86
12AG-PSC 17.53 1.00 64.35 11.20
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Table S4

AERE TiO, Bt MAPbOIL; FHEH
XRD $HEIEFIETERES/(0)
FWHM of XRD peaks of MAPDI; films

modified with different concentrations of TiO,/(°)

% S5 TiO,, AG, TiO,-AG, 0AG-P, 3AG-P Hl
3AG-0.75TiO,-P EEE HEAH FT-IR REHRZNEGE R
Table S5 Stretching vibration peaks corresponding to the

main functional groups of TiO,, AG, TiO,-AG
0AG-P, 3AG-P and 3AG-0.75TiO,-P

Sample  FWHM 10 FWHM 20, FWHM 310 FWHM 1)
3AG-0TiO,-P 0.165 0.136 0.149 0.257
3AG-0.75TiO»-P  0.188 0.183 0.196 0.255
3AG-1.50TiO»-P  0.169 0.193 0.189 0.263
3AG-225TiO»P  0.146 0.169 0.174 0.254
3AG-3.00TiO»P  0.161 0.179 0.189 0.246

Sample Ve-o-clem !t voplem ™ ve_y/em ! vy_p/em™!
TiO, 3415
AG 1076 3444
TiO,-AG 1099 3448
0AG-P 2871 1452
3AG-P 2873 1454
3AG-0.75TiO,-P 2873 1456




