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Fig. S1 The synthetic process of the Bu, Ea RTMS and PEa poly-RTMS.
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Fig. S2 (a) The gel permeation chromatography (GPC) curve and (b) molecular weight distribution of the PEa Poly-RTMS.

As shown in Fig. S2b, taking log Mw=4.0 (Mw=10000) as the median molecular weight, the proportion of log
Mw>4.0 for PEa poly-RTMS reaches 76 %, while the proportion of log Mw<4.0 is only 24 %. The Mw/Mn represents
polydispersity with a value of 2.146. For the free radical polymerization of vinyl, the molecular weight distribution
of the product will be widened gradually when the reaction reaches the high conversion stage. Thus, the molecular
weight distribution and polydispersity indicate that the PEa poly-RTMS has relative narrow molecular weight

distribution.
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Fig. S3 'H NMR of the PEa poly-RTMS.
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Fig. S4 FTIR spectra of the Ea RTMS and PEa poly-RTMS. Compared with the Ea RTMS, the disappearance of the vibration peak of -CH=CH, group (3070

cm?) in the PEa poly-RTMS indicates the high purity of the poly-RTMS.
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Fig. S5 *H NMR spectra of the Bu RTMS, FAI+MABr and FAI+MABr+Bu RTMS (Bu RTMS: 0.3 mg/ml) mixed solutions, respectively.

A broad peak around 9 ppm is correspond to the protons bound to nitrogen atoms in mixed solution of FAI and
MABE, this peak splits into two new peaks due to interaction between the Bu RTMS and these protons upon addition
of Bu RTMS. Considering the amount of FAI is larger than MABr in perovskite precursor solution, we speculated

that this peak splitting might be related to the changes of the chemical environment of FA in the presence of Bu

RTMS.
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Fig. S6 'H NMR spectra of the Bu RTMS, MABr and MABr+Bu RTMS (0.3 mg/ml) mixed solutions.

To further ascertain the reaction, we conducted additional '"H NMR spectrum of only MABr solution to which Bu
RTMS was added and no clear peak shift and splitting were observed in Fig. S6. Comprehensive above results

corroborate that the peak splitting is attributed to hydrogen bonds of the amidinium moiety in FA.
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Fig. S7 *H NMR spectra of the a) Ea RTMS, FAI and FAI+Ea RTMS (Ea RTMS: 0.6 mg/ml) mixed solutions and b) PEa poly-RTMS, FAIl and FAI+PEa poly-

RTMS (PEa poly-RTMS: 0.13%) mixed solutions, respectively.

A broad peak around 9 ppm in the mixed solution is correspond to the protons bound to nitrogen atoms, which splits
into two new peaks due to interaction between the Ea RTMS (or PEa poly-RTMS) and these protons of FAI These

results verify that the peak splitting is attributed to hydrogen bonds of the amidinium moiety in FA.
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Fig. S8 XPS O 1s core level of the Ea- and PEa-modified perovskite films. The components of Pb-O, C=0 and C-O locate at 529.4 eV, 531.5 eV and 532.8
eV, respectively.>?
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Fig. S9 a) Job plot. Stoichiometry of the complexation between PEa poly-RTMS and Pb?* in DMSO-d6. Delta is chemical shift change of a-H. [PEa poly-
RTMS] +[Pb?*]o=5 mM. [PEa poly-RTMS]0 and [Pb?*]0 are the initial concentration of PEa poly-RTMS and Pb?*. b) Partial *H NMR spectra of PEa poly-
RTMS at the concentration of 1.5 mM with addition of Pb?*: (a) 0 mM; (b) 1 mM; (c) 3 mM; (d) 5 mM; (e) 7 mM; (f) 9 mM; (g) 11 mM; (h) 13 mM; (i) 15

mM; c) Benesi-Hildebrand plot and d) Scatchard plot for the complexation of Pb?* with PEa poly-RTMS.
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Fig. S10 a) Job plot. Stoichiometry of the complexation between Ea RTMS and Pb? in DMSO-d6. Delta is chemical shift change of a-H. [Ea
RTMS] +[Pb2+],=50 mM. [Ea RTMS], and [Pb*], are the initial concentration of Ea RTMS and Pb?*. b) Partial 1H NMR spectra of Ea RTMS at the
concentration of 2.5 mM with addition of Pb?": (a) 0 mM; (b) 1 mM; (c) 3 mM; (d) 5 mM; (e) 7 mM; (f) 9 mM; (g) 11 mM; (h) 13 mM; (i) 15 mM; c)

Benesi-Hildebrand plot and d) Scatchard plot for the complexation of Pb?* with Ea RTMS.
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Fig. S11 Inverse pole images of (a) control and (b) PEa-modified perovskite films with individual back scatter diffraction patterns. The scale bar

inimages is 1 pum.

The PEa-modified perovskite film exhibits good crystallinity, and its grain size is larger than that of the control

film, which are consistent with the observation in SEM measurement.
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Fig. S12 Top-view SEM (scale bar: 5 um) and optical microscopy images (scale bar: 20 um) of PEa poly-RTMS and Ea RTMS deposited onto the ITO

substrate.

The PEa poly-RTMS film shows good coverage and the Ea RTMS film exhibits obvious agglomeration, which

indicate that the film-forming property of the PEa poly-RTMS is better than that of the Ea RTMS.
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Fig. S13 XRD patterns of the control, Bu-, Ea- and PEa-modified perovskite films.

We conducted the XRD to further examine the effect of PEa poly-RTMS and RTMS monomers on the crystallization
of perovskite films. No obvious peak shift or new peak are observed, indicating the large cations of PEa poly-RTMS
and RTMS do not enter the perovskite lattice. A peak in control and Bu-modified films around 12.7° corresponding

to the cubic phase of Pbl,,? while we found no impurity phases in the XRD for Ea- and PEa-modified films.
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Fig. $14 UV-Vis absorption spectra of the control, Bu-, Ea- and PEa-modified perovskite films.
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Fig. S15 Dark current-voltage response of hole-only devices, device structure: ITO/NiOx/perovskite/Spiro/Au.
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Fig. S16 The trap density of states (t-DOS) of control, Bu-, Ea-, and PEa-modified PSCs measured by TAS at 300 K.
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The distribution in trap density of states can be derived from the equation: qWdwk BT,

BT
W 4 Where " biis the built-in potential, ¥ is the depletion, C is the capacitance,  is the

angular frequency, g is the element charge, kg is the Boltzmann’s constant, and 7 is the temperature.

The Vi and ¥ are obtained by Mott-Schottky plot though measuring the capacitance-voltage.
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Fig. S17 (a) Tauc plots and (b) UPS characterization of the control, Bu-, Ea-, and PEa-modified films. (c) Energy band diagram of these different layers

based on the parameters calculated from UPS spectra.

The bandgaps (Eg) derived from the UV—-Vis absorption spectra of these modified films is 1.59 eV. The left panel
(right) of the secondary-electron cut-off binding energies is 16.69 (1.10), 16.73 (1.19), 16.80 (1.23) and 16.82 (1.27)
eV for control, Bu-, Ea-, and PEa-modified films, respectively. The Er was obtained by 21.22 — E left panel, The VB

was obtained by FEg- Eright panel. The position of the CB with respect to the VB was defined by the optical bandgap

(1.59eV). The VB and CB of modified films exhibit similar to the control film, as shown in Fig. S17. The Fermi
level (EF) of the modified films have slightly shifted to CB, which is beneficial to the charge transfer from perovskite

film to electron transport layer.
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Fig. S18 J-V characteristic of the Bu-modified PSCs with different concentration of the Bu RTMS.
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Fig. S19 J-V characteristic of the Ea-modified PSCs with different concentration of Ea RTMS.
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Fig. $20 J-V characteristic of PEa-modified PSCs with different concentration of PEa poly-RTMS.
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Fig. S21 Photovoltaic parameters statistics distribution of (a) Js, (b) V.., (c) FF and (d) PCE for the devices prepared from the four different perovskite

films. (10 devices were collected from the different batch).
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Fig. S22 J-V characteristics of the (a) control, (b) Bu-, (c) Ea- and (d) PEa-modified PSCs under both the reverse and forward scan directions. The Hl in

inset table represents the hysteresis index of device.

The corresponding hysteresis index of these devices was calculated according to a formula: hysteresis index =
((PCE everse-PCEforward)/ PCE everse) ¥ 100. An inconspicuous hysteresis loop is observed from these optimized devices,
especially the PEa-modified device exhibits hysteresis-free behavior compared with the control device, which is
likely due to the high quality of perovskite film as well as the reduced defects and excellent carrier transport at both

anode and cathode sides.’
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Fig. S23 J-V characteristic of PSCs modified by PEa poly-RTMS with different relative molecular weights.

We have synthesized another two PEa poly-RTMS with different relative molecular weights (i.e., Mw=11327 Da

and Mw=55129 Da) by adjusting the reaction time between Ea monomer and AIBN initiator (i.e., Mw=11327 Da, 8

hours; Mw=24510 Da, 12 hours; Mw=55129 Da, 30 hours). Then, we investigate the effect of molecular weight on

the device performance. As shown in Fig. S23, the devices modified by PEa poly-RTMS with different molecular

weights show higher efficiency than that of control device. Among the PEa poly-RTMS modified devices, the PCE

of device modified by PEa poly-RTMS with a relatively low molecular weight (Mw=11327 Da) is 21.11%. By

contrast, the PCE of device modified by PEa poly-RTMS with a high molecular weight (Mw=55129 Da) decline to

19.47%. The PEa poly-RTMS is an ionic polymer, and a large relative molecular weight could cause the loss of its

own conductivity, which lead to sub-optimal efficiency of device.
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Fig. S24 Dependence of Vi on light intensity of the control, Bu-, Ea- and PEa-modified devices.

The dependence of Voc characteristic on the light intensity were performed to reveal more information on the

recombination mechanisms. The relationship between V

oc and light intensity (/) is determined by Vo =KT1q oy
trap-free conditions.! The PEa-modified device possesses the smallest slope of 1.16KT/q than that of the control

(1.48), Bu- (1.35), and Ea-modified device (1.21).
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Fig. S25 Nyquist plots of four type of devices obtained at a bias of 0.8 V in the frequency ranging from 1 MHz to 0.1 Hz in the dark. Inset: the equivalent

circuit model for fitting the plots.

As evidenced in Nyquist plots, the charge transport resistance (R.) and the recombination resistance (Rie)
corresponding to high-frequency and low-frequency are shown, respectively.® According to the equivalent circuit,
the fitting R ¢ (Rec) are 1326 (899), 945 (1204), 771 (1438), and 662 (1870) Q for control, Bu-, Ea-, and PEa-modified

devices, respectively.
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Fig. $26 Steady-state PCE measured under maximum power point tracking for 300 s of the (a) control, (b) Bu-, (c) Ea- and (d) PEa-modified PSCs.
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Fig. S27 Water contact angle measurements of the perovskite films based on the control, Bu, Ea and PEa.
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Fig. S28 Photographs of the PEa poly-RTMS dissolved in water.
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Fig. $29 (a) Photographs and (b) monitoring perovskite degradation of the control, Bu-, Ea- and PEa-modified films by UV-Vis absorption spectroscopy

after thermal ageing at 85 °C for different times at RH= 40+5% in outdoor environment.
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Fig. S30 Thermogravimetric analysis (TGA) of the Bu, Ea RTMS and PEa poly-RTMS.

The PEa poly-RTMS began to lose weight above 268 °C. When the test temperature increased to 347 °C, the thermal
weight loss rate reached the maximum. The termination temperature of thermal decomposition is about 460 °C. The

PEa poly-RTMS exhibits good thermal stability.
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Table S1. Summary of device performance for Bu-modified PSCs based on different concentration. The devices were measured under 100 mW/cm? AM

1.5 G illumination.

) Voc Jsc FF PCE
[V] [mA/cm?] [%] [%o]
0.05 mg/ml 1.09 22.37 76.72 18.79
0.10 mg/ml 1.10 22.51 77.96 19.30
0.30 mg/ml 1.10 22.63 78.77 19.61
1.20 mg/ml 1.10 21.87 77.75 18.78
control 1.09 21.77 76.52 18.16

a) represents the concentration of Bu RTMS relative to precursor solution.
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Table S2. Summary of device performance for Ea-modified PSCs based on different concentration. The devices were measured under 100 mW/cm? AM

1.5 G illumination.

- Voo Jse FF PCE

[V] [mA/cm?] [7o] [70]
0.10 mg/ml 1.09 22.26 78.79 19.06
0.30 mg/ml 1.10 22.36 78.86 19.40
0.60 mg/ml 1.11 23.37 80.73 20.94
0.80 mg/ml 1.08 22.83 78.57 19.37
control 1.09 21.77 76.52 18.16

a) represents the concentration of Ea RTMS relative to precursor solution.
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Table S$3. Summary of device performance for PEa-modified PSCs based on different concentration. The devices were measured under 100 mW/cm?

AM 1.5 G illumination.

- Vo Jo FF PCE
[V] [mA/cm?] [7o] [70]

0.003% 1.09 22.19 79.54 19.23

0.030% 1.10 22.63 80.60 20.15

0.130% 1.10 23.48 83.12 21.47

1.300% 1.10 23.30 82.14 21.06

control 1.09 21.77 76.52 18.16

a) represents the mass percentage of PEa poly-RTMS relative to mass of precursor PbBr;.
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Table S4. Literatures summary of perovskite solar cells with RTMS modifiers.

Device structure Molecular PCE Stability test Test conditions
(D)/bulk (B) Structure [%] results for stability

FTO/SnO,/FA .

MA ;bIZ Br0.75/ \l o 20.28% 97% PCE encapsulated devices,
o TR0 Y 7% after 360 h desiccator, RH=15%
Spiro/Au’

o
. - a. 50% PCE a. N, atmosphere, room
FTO/NiO,/MAPDI; O\ 19.3% after 190 h temperature
/PCBM/Ag? il e S bBWPCE atm(‘)’s oo, 80 °C
after 95 h T2 pRete,

FTO/SHOQ/FA()'% —

MA.17Pb(Io 53 NN __‘“/ 20.8% none -

BI’O.17)3 /Spiro/Au9 R

FTO/Nb,Os/PCBM
/MAPbBI,Cl;. cnd Eﬂﬂ 18.8% none -
/Spiro/Au'?
FTO/Cgy/ _ o _ o
MAPbBry/ /NSNQ 5.88% 65% PCE after RH. 20-30%,
) o 360 h ambient, 25 °C
Spiro/Au'!
FTO/Sn0O,
IFA¢9sMA o5 HOWN\I) -Hel 20.96% 94% PCE after ambient, dark, room
Pbl, 35Brq.15/Spiro N ' 840 h temperature
/Aul?
a. unencapsualted, ambient,
a. 80% PCE after RH=40 £ 5%, room
FTO/Ti0O,/MAPDI;/ B 700 h temperature
< 19.51
Spiro/Au'3 IKQA k/éx 95 b. 83% PCE after b. unencapsulated, 60 °C,
700 h MPP, Ar,
continuous light illumination
. C,F D
FTO/TiO,/(FAPbDI3) " - slight increase _
05s(MAPbBr3)) 15/ puis J/ 1538 PCE after Bopion jﬁf&fﬁfirk
Spiro/Au'4 =N 1248 h v ’

36

(continued on next page)



a. 90% PCE after

. HsC—NH ‘ 1000 h o
FTO/NiO/MAPbI; Al . . a. AM 1.5 irradiance
/PCBM/Ag! B O-g-cHy  19:58%D.80% PCEafter "y 4 ¢5 00, RH<20%
500 h
FTO/TiO,/MAPbI,/ ¢ 70% PCE after | umination, MPP, inert
: B (o 19.44 environment, unencapsulated
Spiro/Au'® NH 300 h )
device, 60 °C
ITO/TiO/ .
e oY PCE aft
C;HN:Pb,PFy B Mo S 730, 200 PC ha °r RH=57%
CuSeCN/Au'’ 960
FTO/SnO,/ _—
MAPDI;/Spiro/ B 6‘-9-:;»43 17.07% none
Au'? ©
FTO/ZnO/MAPbIL/ N ., 93.5% PCE after . o
Spiro/Aul® B \__T ot 13.5% 1030 h ambient, RH=35%
\NIJ;\W/\/
\—/
e CcC2:
. .
FTO/TiOy/MAPbI,/ e 19.21%  CC2 devices
Spiro/Au® 5 e CC3: maintained 53% i ation, MPP
P « 18.38% PCE after 480 h S
CN: Ar atmosphere
\N”/‘:\‘N/\CQ )
\—/ r 7N 16.34%
FTO/TiO,/
(Csp.05(MA,. p e 90% PCE for ambient,
FAO‘;;ZQSPng:gS B ‘Nr/%N’r 16:32% " 3600n RH=55-60%
Br0.15)3 SpirO/Au21 g
FTO/TiO,/MAPbs/ o
Spiro/Au?? B W ! 15.6% none -
K/\CH:,
FTO/TIO/MAPby NN pssy, | SS%PCE ) 0
Spiro/Au?? /o ' after 20 min 85 °C, RH=50%

(continued on next page)
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FTO/TiOy/ Sogerte] o e 94% PCE after  gark. RH=20%. 25 °C
MAPbL/carbon?*  © Wy 13.01% 840 h arke, B398, 2576,
3 illumination
[TO/CPTA/BACLF 20.05% a. 93% PCE after
i (fabricated 1000 h a. unencapsulated device, air
Ao'glcxj;cgtl)l;?kilszglm/ o PNREREOR S ambient b s0% P b. light, glove box
air) after 700 h HEIL B
FTO/NiO,/ T
[ -
(FAosMAg.17)o0s C . - By 95% PCE  ambient, illumination, 7075
CS0,05Pb(IO'9Br0.1)3/ B 19.8%
e BMUBCD KL after1885 h °C
/Cr/Au?® St
MA/EATZ
N/NHZ
[)F
o © N MA/EATZ 80% PCE for
MA/BATZ :20.03%  MA/OATZ
ITO/TiO,/MAPDI ’
O/S li(r);; Ay oL/ B " MA/BATZ  75% PCE for RH=40+5%,
Our Ir)evious work f/> S :18.72%  MA/BATZ, room temperature
P S MA/OATZ 68% PCE for
MA/OATZ :17.33%  MAJ/EATZ,
" after 3500 h
>
CEHW/\N/>
Our present work B W\Jr\@ 2 21 47% over 92% PCE ambient, illumination, 70-75
Ly ™ =7 % after 1200 h °C
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