Supplementary Information (SI) for Chemical Society Reviews.
This journal is © The Royal Society of Chemistry 2025

Supporting information

Supramolecular engineering in hybrid perovskite optoelectronics

Tzu-Sen Su'?, Anurag Krishna’**, Chenxu Zhao®, Junhao Chu', Hong Zhang*!~’
IState Key Laboratory of Photovoltaic Science and Technology, Shanghai Frontiers Science Research Base of
Intelligent Optoelectronics and Perception, Institute of Optoelectronics, Department of Materials Science, Fudan
University, Shanghai, China.
’Graduate Institute of Energy and Sustainability Tech, National Taiwan University of Science and Technology,
No. 43, Keelung Rd., Sec. 4, Da’an Dist., Taipei City 106335, Taiwan.
3Imec, imo-imomec, Thin Film PV Technology, Thor Park 8320, 3600 Genk, Belgium.
4 Hasselt University, imo-imomec, Martelarenlaan 42, 3500 Hasselt, Belgium
3> EnergyVille, imo-imomec, Thor Park 8320, 3600 Genk, Belgium
SInstitute of Chemical Sciences and Engineering, Ecole Polytechnique Fédérale de Lausanne (EPFL), Lausanne
CH-1015, Switzerland.
"Key Lab of Modern Optical Technologies of Education Ministry of China, Soochow University, Suzhou 215006,

China.

*Correspondence to: hzhangioe@fudan.edu.cn (H.Z.)

Table S1. Summary of the photovoltaic parameters for the reported supramolecular engineering PSCs

Supramolecular Device Structure Enhancement Control PCE PCE Voc Jsc FF Stability Year
Agent ratio (%) (%) (%) (\%) (mA/cm?) (%)
n-i-p PSC Retained 50% of
(FTO/TiO,/PVSK/ PCE after more than |, ¢,
Phenylalkylamine Spirzo- 10.98 17.3 19.2 1.12 23.6 73.0 | four months’
OMeTAD/Au) exposure o
moisture air
Retained 98.1% of
Mercapto- n-i-p PSC PCE after 1000 h
tetrazolium (S) and | (FTO/cp-TiOy/mp- under full solar light
phenylammonium Ti0,/PVSK/Spiro- 8.85 19.2 209 1135 240 7.0 soaking at 60 °C in 20182
(N) moieties OMeTAD/Au) Ar (unencapsulated)
. Retained 90% of
S-ammonium nl-:l:r%l;ls_% JEAPbI PCE after 300 h
valeric acid iodide ( /Sl izro— 160.88 7.3 18.9 1.08 25.1 70.0 | under MPP tracking | 2019°
(AVAI) ONieTgD /Au) with  white light
illumination
Retained >80% of
n-i-p PSC B . !
Dibenzo 24-crown- | (FTO/cp-TiO,/mp- unaer tracking
8 (DB24CS) TiO,/PVSK/Spiro- 10.23 21.5 23.7 1.15 25.8 79.5 Wlth' fpll solar | 2020*
OMeTAD/Au) illumination (AM
1.5 G, 100 mW/cm?
in N, 25°C).




(unencapsulated)

n-i-p PSC
2D black | (FTOTIO/PVSK/ 16.99 17.0 198 | 112 239 738 | - 2020°
phosphorene (BP) Spiro-
OMeTAD/Ag)
Chloropropyltrimet n-i-p PSC Retained ~85%
. (FTO/PEDOT:PS
hoxysilane (CPS) . 18.71 17.1 20.3 1.12 24.8 73.0 | PCE after 30 daysat | 2021°
S/ PVSK/Spiro- RH=35%
OMeTAD/Ag)
n-i-p PSC Retained 92% of
(FTO/ZnO- PCE after 1000 h
18-crown-6 (18C6) | ZnS/TiO,/PVSK/S 20.12 17.1 20.5 1.06 24.4 79.2 | under ambient | 20217
piro- condition
OMeTAD/Au)
Retained 90% of
nip PSC PCE afzer 5000 h at
(FTO/modified AL63%% and room
NiP-supramolecule ZnO/mp- 5.78 22.8 242 1.17 255 81.01 P 2o 20218
TiOy/PVSK /phthal Retained  90%  of
ocyanine/Au) PCE after 3000 hiat
85 °C with
RH=~55%
2- 3 0
phenylethylammoni | n-i-p PSC ;R,étlguz.ir ng()(z)ﬁh 2£
um (PEA) and 2| (FTO/cp-TiO,/mp- 10.20 19.6 216 - - - | operation 2021°
(perfluorophenyl)et | TiO,/PVSK/Spiro- ' ' ’ P
hylammonium OMeTAD/Au)
(FEA+) moieties
Retained 85% of
PCE under an
RH=40-50%
ortho-isomers of | n-i-p PSC (unencapsulated);
(phenylene)di(ethyl | (FTO/cp-TiO,/mp- Retained 75% of 10
ammo nium) iodide | TiO,/PVSK/Spiro- 9.02 21.9 23.9 116 24.8 835 PCE after 1000 h at 2021
(0o-PDEALI) OMeTAD/Au) 85 °C in a nitrogen
atmosphere
(unencapsulated)
n-i-p PSC Retained >90% of
(FTO/cp- PCE after 1000 h in
15-crown-5 (15C5) TiO,/PVSK 12.51 19.2 21.6 1.16 242 76.6 | the dark under RH= | 2021"
/Spiro-OMeTAD/ 35-40%
Au) (unencapsulated)
Target  perovskite
Dibenzo-21-crown- | (FTO/cp-TiO,/mp- . i
7 (DB21C7) TiOy/PVSK/Spiro- 14.62 21.2 243 1.17 25.5 81.9 | while the control | 2021"
film degraded
OMeTAD/Au) STal
completely within 5
days
3D star-shaped
polyhedral
oligomeric p-i-n PSC Retained ~93% of
silsesquioxane- (ITO/NiOy/ PCE after 6000 h
poly(trifluoroethyl PVSK+PPP/PCB 18.74 18.6 22.1 1.13 232 84.1 | under a RH= 40% | 2021"
methacrylate)-b- M+C60/BCP/Cr/A (unencapsulated)
poly(methyl u)
methacrylate) (PPP)
polymer
Retained 94% of
) p-i-n PSC PCE after 1000 h in
ﬁ:g‘i‘rll‘gton; N Ig?i‘;f (ITO/PEDOT:PSS I:;ly glovebox 3822
TR / Pb-Sn 10.94 18.6 20.7 0.82 33.0 76.2 . 20214
tetraphenylmalondi degradation  after
. PVSK/C60/ BCP/ .
amide [TPMA] Ag) continuously heated
& for 100 h at 80 °C
(unencapsulated)
Carbazole-based n-i-p PSC -1.03 195 193 118 217 750 Retained >90% of 202115

material

(FTO/TiO,/PVSK/

PCE after 550 h




(CgoHsF4IN;05) HTMs/Au) under MPP tracking
(PFI) with a TS80 of
~2600 h
Retained 95% of
n-i-p PSC PCE after 4080 h
1-butyl-3-methylim | (FTO/SnO,/(FAPb in ambient dry-air
idazolium-based ILs | 13)g95(MAPbBI3).0 6.65 21.9 234 1.20 24.7 79.0 | storage and 80% of | 2022'¢
([BMIM]X) 5/Spiro-OMeTAD/ PCE after 1400 h
Au) continuous light
illumination
Retained 92% of
PCE after 1600h
under ambient
n-i-p PSC El?rrllgrlltclz}r)lssulated)'
Chenodeoxycholic | (ITO/SnO,/PVSK/ 11.51 209 233 | 116 25.4 789 | Almost unchanged | 202217
acid (CDCA) CDCA/Spiro- fter heati o
OMeTAD/Au) after heating at .85
C for 500 h in a
nitrogen
atmosphere
(unencapsulated)
Retained 89.7% of
. PCE after 1500 h of
p-i-n PSC maximum  power
2, 4, 6-tris(4- | (ITO/NiOx/PTAA/ ot tracking o
aminophenyl)-s- TAPT/PVSK/PCB 9.88 22.4 24.6 1.16 26.1 812 | P o g 2023'8
triazine (TAPT) M+C60/BCP/Cr/A 91.9 % of PCE after
) 1065 h of 85 °C heat
treatment
Potassium  cation- lz;:l“pOI;Sr():O +18C6 Retained ~90% of
2
igﬁ‘l’;‘f;rés (eltgérG—E + 6.52 203 206 | 113 24.1 79.5 ggr]zge i‘fgrry D001 5030
K,SO4/PVSK/Spir
+
K9 0-OMeTAD/Ag)
Retained a long T
80 lifetime of 510 h
i M i
1-aza-18-crown-6 (FTO/SnO,/PVSK : i 2
(A18C6) / A18C6/Spiro- 9.91 21.9 24.1 1.17 25.0 82.2 ?ﬁ&minatizguwale;l: 2023
OMeTAD/ Au) around 20 °C in an
inert  atmosphere
(unencapsulated)
Retained >95% of
3-fluoro-4-methoxy i-p PSC PCE after 1000 h
4,47 bis((4-vinyl (m}?o SHOFA. under MPP
benzyl ether) 2093 tracking; Retained a
methyl)) MA;_O/SPbS(IOi_:gl_BrO_OS 7.21 225 24.1 1.18 244 83.5 95% of PCE after 2023
triphenylamine ON316T ApD / Au) 2000 h at air
(FTPA) ambient of
RH~50%
n-i-p PSC Retained ~88% of
biphenyl-4.4"- (FTO/cp-TiO,/Li- PCE after 2000 h
di?hiily(mﬁ doped mp-TiO,/ 573 22.7 24.0 1.20 254 79.0 | under MPP tracking | 20232
PVSK/spiro- at 40 °C and 1 sun
OMeTAD/ Au) illumination
n-i-p PSC
1 4. (ITO/ cp-SnO, or Retained 87% of
diazabicyclo[2.2.2] ok 15.12 205 26 | 117 2438 gl6 | Lonoverionh | 2003
octane (DABCO) S“OZ VS under SQS_
spiro-OMeTAD/ standard conditions
Ag)
Retained 81.5% of
Ammonia-docked n-i-p PSC PCE after 1200h
(DCAP) (FTO/NiOx/Perov 12.37 22.5 253 1.15 25.6 85.6 | under light (1 Sun | 2024*
skite/PCBM/Ag) illumination)  and
heat (65 °C)
-1~ 1 0
15-crown-5 (15Cs) | " PSC 12.10 19.2 215 | 116 242 766 | Retined >90% of | 5,

(ITO/PEDOT:PSS

PCE after 1000 h in




/PVSK/P3HT/Ag) the dark under
RH=35%—40%;
17% PCE loss at
85°C for 200 h
Retained 92% of
PCE after 1224 h of
p-i-n PSC agir}g in an N,
Dibenzo-18-crown- (ngéNsig)gszc 11.91 208 233 L13 24.6 83 E:S;éil()cr;r;lselﬁ;ted) 2024%
6 (DB18C6) z rown : 0 : ' ’ | Retained 89% PCE
cthers/ after 1000 h of
PCBM/BCP/Ag) . .
aging in
RH=30%—-40%
(unencapsulated)
p-i-n PSC Retained >73% of
B cyclodextrin (B- (ITO/SAM(Meo- PCE after 320 hours
CD) 2PACz)/ 10.31 19.4 21.4 1.14 235 80.2 | of testing at 50-60 | 2024%
PVSK/C60/ °C. (0.5% of B-CD
BCP/Ag) treated condition)
Retained ~80% of
n-i-p PSC PCE over 300 h at
dibenzo-21-crown- (FTO/TiO,/PVSK/ 85 °C under
[7] (DB21C7) Crown 18.00 5.0 5.9 1.5 5.5 73.0 | nitrogen 2024%7
ethers/Spiro- atmosphere, or
OMeTAD/Au) ambient
temperature
n—-i—p PSC Retained 99.6% of
Benzo-18-crown-6- | (ITO/SnO,/PVSK/ PCE after 1080 28
ether (B18C6) PEABt/spiro- 364 195 206 121 205 83.0 hours of storage in 2024
OMeTAD/ Au) air (unencapsulated)
n-i-p PSC . N
Alkylthiophene- (FTO/SnO/FA, g gétl;un:\?er 82364’ da"sf
substitutedpolythiop | Csg17Pb(Ig7Brg3)s/ 8.11 17.8 19.2 1.23 20.9 75.1 nder RH= 45_500/}/ 2024%
henes (PT4T-2F) Interlayer/Spiro- unde 0
OMeTAD/Au)
Retained ~96.5% of
PCE after 960 h in
ambient air with
n-i-p PSC RH=40 + 10%
1-aza-15-crown5- (FTO/SnO,/PVSK (unencapsulated) 20
ether (A15C5) /A15C5/Spiro- 1084 218 241 1.14 253 83.6 Retained 75.3% of 2024
OMeTAD/Ag) PCE after 360 h
under N2
atmosphere and 85
°C (unencapsulated)
Retained 90.5% of
PCE after 1000
hours of storage in
n-i-p PSC the dark
15-crown-5 + CDT- | (FTO/cp-TiO,/mp- (unencapsulated); a3
S and CDT-N, TiO,/PVSK/Spiro- 8.88 212 231 1135 2435 81.6 Retained  80.83% 2024
OMeTAD/Au) under MPP tracking
for 1000 h
(unencapsulated)
Retained 86% of
. PCE after 1500 h
n-i-p PSC under MPP tracking
Crown cther | (ITO/SnO,/PVSK/ 19.23 20.8 248 | L19 25.5 81.6 | with  continuous | 20247
derivative (PC15) PC15/Spiro- illumination (1-sun)
OMeTAD/Ag)
and a temperature of
25+5°C
. Retained > 96.6% of
n-i-p PSC PCE after 1050 h of
(FTO/cp-TiO,/mp- .
PEAI+DB21C7 . . 12.54 22.6 25.4 1.18 25.8 83.4 | continuous 20243
TiO,/PVSK/Spiro- .
OMeTAD/Au) oper.atlon' ur}der 1
sun illumination
benzo[c][1,2,5]thiad | n-i-p PSC 591 186 197 ) ) ) Retained >80% of 2024%

iazol-4-

(FTO/cp-TiO,/mp-

PCE after 1000h




methylammonium Ti0,/Csg0sFAgooM under MPP tracking
(BTDZ) halide (X = A0v05Pb(IOV95Br0V05)3
1, Br) / BTDZ/Spiro-
OMeTAD/Au)
n-i-p PSC
Benzo-18-crown-6 (FTO/ cp- Retained 80% of
(Be] 886) cro TiO,/mp- 11.30 19.3 215 1.17 24.8 74.0 | PCE after 300 h at | 20243
Ti0,/PVSK/spiro- RH =85%
OMeTAD/ Ag)
Retained 80% of
nsien PSC PCE after 1000 h
P,M-(1-methylene- p(FTO / cp- under MPP tracking
3-methyl- . TiO,/mp- -0.48 20.9% 208* | 1.10% 24.1% 76,8 | With ull solar |50, 45
imidazolium)[6]heli . . illumination (AM
S TiO,/PVSK/spiro- A
cene iodides OMeTAD/ Ag) 1.5 G, 100mWem2,
g N2, and 25°C).
(unencapsulated)
Retained 89.8% of
2;:2n7t337;l:130-r0 ropyla PCE after 1000 h
ﬁl ine hy dr(lzchﬁ) >;1 de n-i-p PSC under MPP tracking
1 2
(PFPACI) and 3,3,3- | (ITO/SnO/PVSK/ 13.20 208 %6 | 117 247 81.5 ;’V‘ﬁl 10.?1 mWem =043
triflupropylamine Spiro- 1g t. 1 ummatlgn
. OMeTAD/Au) provided by white
hydrochloride .
(TFPACI) LED and in N,
(unencapsulated)
n-i-p PSC Retained 95% of
18-crown-6  ether | (FTO/TiO,/PVSK/ PCE after 1500 h 18
(18C6) Spiro- 8.74 20.4 22.1 1.24 21.3 84.1 under MPP tracking 2025
OMeTAD/Au)
. Retained 86% of
n-i-p PSC
Phenylethylammoni (FTO/SnO,/PVSK gSC Ecig(:gigge}tl)oﬁ
1 1 39
um acetate (PEAAc) /passnsz?)tilr(z)r_l layer/ 10.18 22.6 24.9 1.19 26.5 78.7 without 2025
OMeTAD/Au) illumination
(unencapsulated)

Note: *average data; Enhancement ratio (%)= (PCEcated — PCEcontrol )/ PCEcontrot ¥100%
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