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1. Experimental Section

1.1 Materials and Synthesis.

All reaction reagents were purchased from commercial sources (Sigma-Aldrich, TCI, J&K,
Aladdin and Innochem, etc.) and are used without further purification. Solvents were purified
by standard methods and dried if necessary. Lead bromide (PbBr;), cesium iodide (Csl), 4-
tert-butyl pyridine (tBP) and lithium bis(trifluoromethanesulfonyl)imide (Li-TFSI) were
purchased from Sigma-Aldrich. The SnO. colloid precursor was obtained from Alfa Aesar.
Lead iodide (Pbl,) were purchased from TCI. Formamidinium iodide (FAI) and
methylammonium bromide (MABr) were synthesized as reported in the literaturel!.
Methylammonium chloride (MACI) was purchased from Shanghai Aladdin Biochemical
Technology Co., Ltd.. Spiro-OMeTAD was purchased from Derthon Optoelectronic Materials
Science Technology Co LTD. Anhydrous DMF, DMSO, iso-propanol (IPA), chlorobenzene
(CB), and acetonitrile (ACN) for devices fabrication were purchased from Sigma-Aldrich.

The synthetic routes to  2,6-bis(4-(bis(4-methoxyphenyl)amino)phenyl)pyrrolo[3,4-
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flisoindole-1,3,5,7(2H,6H)-tetraone (Pyr-TPA) was illustrated in Scheme S1. N’,N’-bis(4-

methoxyphenyl)benzene-1,4-diamine (2) was prepared as described in the literature?],
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Scheme S1. Synthesis of pyromellitic derivative 4. Reagents and conditions: a) 1-bromo-4-
nitrobenzene, Pd(OAc),, PPhs, NaOtBu, Toluene, 110°C (81%); b) Ha, Pd(C) MeOH, rt, Pam

(79%); c) AcOH, reflux (53%).

The target molecule Pyr-TPA was synthesized in three steps starting from bis(p-
methoxyphenyl)amine 1 (Scheme S1). Coupling reaction of 1 with 1-bromo-4-nitrobenzene
and successive hydrogenation of the resulting nitro compound at atmospheric pressure and
room temperature gave N’,N’-bis(4-methoxyphenyl)benzene-1,4-diamine 2 in good yield, as
reported in the literaturel?. Condensation of 2 with pyromellitic dianhydride 3 in refluxing
acetic acid afforded 4 in 53% yield after chromatographic purification. The preparation details
of 4 were described as follows.

Synthesis of 2,6-bis(4-(bis(4-methoxyphenyl)amino)phenyl)pyrrolo[3,4-f]isoindole-

1,3,5,7(2H,6H)-tetraone (4) Pyr-TPA
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In a round bottom flask equipped with a refluxing condenser and a magnetic stirrer N’,N’-
bis(4-methoxyphenyl)benzene-1,4-diamine (2) (350 mg, PM = 320.39, 1.09 mmol) and
pyromellitic dianhydride (3) (109 mg, PM = 218.12, 0.5 mmol) were dissolved in acetic acid
(2 mL) and the solution was refluxed for 20 h. After cooling, the solution was diluted with
water and the solid formed was recovered by filtration. The crude material was purified by
chromatography (silica gel, 100% CH2Cl) to afford the title compound as a brown-red solid
(220 mg, 53% vyield). 'H NMR (400 MHz, CDCls + 1%NH;NH,) & 8.43 (s, 1H), 7.19 (d, J =
8.9 Hz, 4H), 7.12 (d, J = 8.9 Hz, 8H), 6.99 (d, J = 8.9 Hz, 4H), 6.86 (d, J = 8.9 Hz, 8H), 3.81
(s, 12H). 8C NMR (101 MHz, CDCl3) & 165.72, 156.57, 149.24, 140.32, 137.30, 127.40,
127.08, 122.34, 119.58, 119.05, 115.01, 55.64.

1.2 Theoretical Calculations.

HOMO, LUMO and electrostatic surface potential (ESP): DFT calculations were carried out
with Gaussian 09 using the spin-unrestricted hybrid density functional B3LYPE! and the 6-
31G(d) basis set. The calculated molecular electrostatic surface potential (ESP) was obtained
with the Multiwfn 3.7 program[“l,

Interaction between perovskite and Pyr-TPA: All the calculations based on the density
functional theory (DFT) and the Projector Augmented Wave (PAW) potential were
implemented with the Device Studiol®l. Device Studio program provides several functions for
performing visualization, modeling, and simulation. Molecular geometry and the molecular
orbitals of PYZ07 simulation using BDF®*! software integrated in Device Studio program.
Kohn-Sham method, B3LYP density functional method with the extended basis set Def2-SVP
were implemented in the BDF package. For calculation of interaction mechanism, DFT
calculations were performed by using the DS-PAW! package in Device Studio program.
The Perdew—Burke—Ernzerhof (PBE) correlation exchange functional at the GGA level and a
plane wave basis set cutoff energy of 600 eV were adopted. A gamma-centered Monkhorst—

Pack k-point grid of 1 x 1 x 1 was adopted for each supercell. Geometry optimizations were
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carried out until the change in energy and the force on each atom are less than 1 x 107> eV per
atom and 0.05eV A, respectively. The lattice parameter of the perovskite supercell is 25.63
x 31.69 x 30 A with a vacuum layer of 18 A between the top and the bottom perovskite layers.
We use VESTAI for three-dimensional visualization of crystal, volumetric and morphology
data.

1.3 Fabrication of the devices.

The FTO substrate was sequentially washed with deionized water, acetone, and ethanol for 15
min, respectively. Then, dry clean substrates were treated by plasma for 12 min, and a thin
layer of SnO- nanoparticle film (SnO- colloid precursor diluted by deionized water, 1: 3.5,
weight ratio) was spin-coated on the FTO substrates at 3000 rpm for 30 s and annealed in
ambient air at 150 °C for 30 min. The substrates were then treated by plasma for 12 min
before transferring into the glovebox. A one-step deposition method was used to fabricate
perovskite films. CSFAMA perovskite precursor solution was prepared dissolving FAI (1.4
M), Pblz (1.53 M), MABTr (0.08 M), PbBr» (0.08 M) and MACI (0.5 M) in a mixed solvent of
anhydrous DMF and DMSO (8:1, volume ratio). After 30 min stirring, 35 uL of a Csl 1.5 M
stock solution in DMSO was added to the perovskite precursor solution. Then, the perovskite
precursor solution was spin-coated onto the substrates with SnO. in a two steps procedure at
1000 rpm for 10 s and 5000 rpm for 25 s in a nitrogen glove box. After entering the second
step, 200 pL of chlorobenzene was dropped on the spinning substrate at the last 5 s, and then
the sample was annealed at 100 °C for 60 min. For Pyr-TPA modified devices, the Pyr-TPA
was dissolved in chloroform (0.3 ~ 1 mg mL™?) and the solution was spin-coated onto the
perovskite surface at a spin rate of 4000 rpm, followed by thermal annealing at 100 °C for 5
min. For the spiro-OMeTAD solution, 72.3 mg of spiro-OMeTAD was dissolved 1 mL of
chlorobenzene and 17.5 uL of bis(trifluoromethylsulfonyl)imide lithium salt (Li-TFSI)
solution (520 mg mL™ in acetonitrile), and 28.5 uL of 4-tert-butylpyridine (tBP) solution were

added. Finally, 120 nm of the silver counter electrode was thermally evaporated under a high
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vacuum. For the devices of dopant-free Pyr-TPA as HTL, the Pyr-TPA was dissolved in
chloroform (2.5 mg mL™Y) and the solution was spin-coated onto the perovskite surface at a
spin rate of 4000 rpm, followed by thermal annealing at 100 °C for 10 min. Then, 80 nm of
the gold counter electrode was thermally evaporated under a high vacuum. The HTL-free
devices, 80 nm of the gold counter electrode was directly thermally evaporated on the
perovskite surface.

1.4 Characterization and Measurements.

H NMR and *C NMR spectra were recorded on a Bruker Avance 400 spectrometer (400 and
100.6 MHz, respectively). Chemical shifts are reported in ppm downfield from SiMes, with
the residual proton (CHCl3: 6=7.26 ppm) and carbon (CDCl3: 6=77.0 ppm) solvent resonances
as internal references. Thermogravimetric (TGA) measurements were carried out on a Mettler
Toledo apparatus at a heat ramp of 10 °C min™ under nitrogen. Ultraviolet-visible (UV-Vis)
absorption spectra were recorded on a Cary 5000 spectrophotometer. Cyclic voltammetry
measurements were carried out under nitrogen atmosphere using the CHI760E voltammetric
workstation with a N»-saturated solution of 0.1 M tetra-n-butyl ammonium hexafluoro
phosphate (BusNPFs) in dichloromethane as the supporting electrolyte. A glassy carbon
working electrode, a platinum wire counter electrode, and a silver chloride (Ag/AgCl)
reference electrode were employed, and the ferrocene/ferrocenium redox couple (Fc/Fc+) was
used as the reference for all measurements with a scanning rate of 100 mV s*. The surface
morphology was characterized by scanning electron microscopy (SEM, Apreo S) and atomic
force microscopy (AFM, Multimode-8J, America). The cross-sectional view morphology of
the perovskite films was observed using a field-emission scanning electron microscope (SEM,
Apreo S). Photoluminescence was measured at room temperature on a fluorescence
spectrophotometer (FLS980, Edinburgh Instruments). The steady-state PL emissions were
measured under 460 nm light source excitation using a monochromatized Xe lamp, while the

TRPL decays were carried out with a pulsed diode laser excitation source. The XPS was
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performed using an X-ray photoelectron spectroscopy system (Axis Supra, Shimadzu) with Al
Ka X-ray radiation (1486.6 eV) as the X-ray source, and C-C (C1s) peak at 284.8eV is used
as a charge correction reference. UPS measurement was conducted on a photoelectron
spectrometer (Axis Supra, Shimadzu) using a non-monochromated He | photon source (hv =
21.22 eV). FTIR analysis was performed wusing an FTIR spectrometer
(Thermo Scientific Nicolet iS50) with an ATR accessory. X-ray diffraction (XRD) patterns of
the films were obtained from an X-ray diffractometer (Rigaku Miniflex 600, Japan) with Cu
Ka radiation. The photovoltaic performance of devices was measured with a Keithley 2401
source meter using a solar simulator (SS-F5-3A, Enlitech) at 100 mW cm illumination (AM
1.5 G) equipped with a calibrated Si reference cell (SRC-2020, Enlitech). The J-V curves of
the PSCs were measured in reverse scan (from 1.2 to -0.1 V) or forward scan (from -0.1 to 1.2
V) modes with 200 mV/s. The active area of devices was defined by a metal shadow mask of
0.1 cm?. External quantum efficiency (EQE) was obtained on a computer-controlled quantum
efficiency measuring instrument (QE-R, Enlitech). Stability test: The dark long-term stability
assessment of the perovskite solar cells was carried out by repeating the J-V characterizations
over various times. The unsealed devices were stored under an ambient atmosphere with
~30%  relative  humidity at room  temperature. The hole-only  devices
(FTO/PEDOT:PSS/perovskite (with or without Pyr-TPA)/spiro-OMeTAD/Au) were
fabricated for the trap densities measurements. The dark J-V characteristics of the devices
were measured by a Keithley 2401 source meter in the range of 0-5 V. The trap density (Ny) is
determined by the trap-filled limit voltage (Vrr) based on the following equation (S1)12:

_ 2V1e &S

N, = 2
aL (S1)

t

Where L is the thickness of the perovskite film, VL is onset voltage of the trap-filled limit
region, & is the relative dielectric constant of perovskite (er = 46.9)%] & is the vacuum
permittivity, and q is the electron charge.

S6



WILEY-VCH

The electroluminescence (EL) spectra of the devices were measured using a fiber optic
spectrometer (QE65Pro, Ocean Optics). Electrochemical impedance spectroscopy (EIS)
measurements were carried out under dark at applied voltages (-0.7 V) using an
electrochemical workstation (Zennium Zahner, Germany) with an AC perturbation of 10 mV
ranging from 100 mHz to 1 MHz, at room temperature with 40-50% humidity.

2. Additional Figures and Tables
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Figure S1. *H NMR of compound 4 Pyr-TPA.
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Figure S2.13C NMR of compound 4 Pyr-TPA.

Figure S3. The single-crystal structure of Pyr-TPA.
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Figure S4. TGA curves of Pyr-TPA.
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Figure S5. Calculated UV-vis ultraviolet—visible absorption spectra, HOMO-1 and LUMO+5

of Pyr-TPA.
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Figure S6. FTIR spectra of a) perovskite, Pyr-TPA and perovskite/Pyr-TPA. b) Expansion

FTIR spectra from 1750 to 1650 cm for perovskite and perovskite/Pyr-TPA.

a b
—— Control
——Pyr-TPA
3 El
: .
k) s
z | £
a A \ 2
S g
£ IS
A JL A L
12 16 20 24 28
20 (°)

300 =
204 Control
2404 - L |Pyr-TPA
é 15
180. :E 104
54
120
125 13.0
20(°)
60+ —— Control
4 ——Pyr-TPA L
0 IJ—S—ﬁ v T Pr— —
12.5 13.0 135 14.0
20 (°)

Figure S7. XRD measurement of neat perovskite (control) and Pyr-TPA-coated perovskite

films.

S10



WILEY-VCH

34
- Control
p=] —_— -
s Pyr-TPA
8 2
=
(1]
2
o
n
2
< 14

600 700 800 900

Wavelength (nm)

Figure S8. UV-vis absorbance spectra of neat perovskite (control) and Pyr-TPA-coated
perovskite films.
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Figure S9. Top-view SEM and AFM images of neat perovskite (control) and Pyr-TPA-coated
perovskite films.
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Figure S11. Cross-sectional SEM images of Pyr-TPA-based device.
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Figure S12. J-V curves of control and Pyr-TPA-based devices in forward and reverse scan
directions.
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Figure S13. Dark J-V curves of control and Pyr-TPA-based devices.
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Figure S14. Equivalent circuit model for the Nyquist plots. Rs: series resistance

Ret:transfer/transport resistance. Rrec: resistance of interfacial recombination. C: capacitance.
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Figure S15. J-V curves of control and Pyr-TPA-based devices in forward and reverse scan
directions (before and after 6912 h aging).
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Table S1. Calculated electronic absorption spectra of Pyr-TPA by TDDFT.

Compound Electronic  Amax®®s  Excitation Main configuration Oscillator
transitions  (nm) energies (eV) strengths

Pyr-TPA So— Ss 294 4.22 HOMO — LUMO+1 84% 0.6218
So — S12 261 4.74 HOMO — LUMO+6 36% 1.1623

HOMO-1 — LUMO+5  35%

Table S2. Fitting parameters for time-resolved PL decay (carrier lifetime (zavg)) from neat
perovskite (control) and Pyr-TPA-coated perovskite films.

Samples Tavg (NS) 71(NS) 72(Ns) A1 Az
Control 87.55 14.76 92.87 0.32 0.68
Pyr-TPA 24.15 5.57 28.54 0.55 0.45

Table S3. Photovoltaic performance values scanned from reverse direction of the control and

Pyr-TPA-coated devices with concentration optimization.

Samples Voc (V) Jsc (MA cm?) FF (%) PCE (%)
Control 1.12 24.19 79.21 21.46
0.3mgmL™ 1.16 24.40 79.25 22.43
0.5mgmL™ 1.17 24.34 80.59 22.95
0.7 mgmL™ 1.14 24.24 80.12 22.14
1 mgmL? 1.13 24.27 79.05 21.68

Table S4. Photovoltaic performance values of control and Pyr-TPA-based devices scanned

from forward and reverse directions.

Samples Scan direction Voc (V) Jsc (MA cm?) FF (%) PCE (%) HI
forward 1.10 24.13 75.39 20.01

Control reverse 1.13 24.43 80.13 22.12 9.54
forward 1.16 24.61 79.62 22.73

Pyr-TPA reverse 1.17 24.86 81.59 23.73 421

Table S5. Average values of Voc, Jsc, FF, and PCE of 20 devices based on control and Pyr-

TPA scanned from reverse direction.

Samples Voc (V) Jsc (MA cm?) FF (%) PCE (%)
Control 1.12 £ 0.02 24.29+£0.29 78.62 +1.27 21.32+0.51
Pyr-TPA 1.15+£0.01 2455 +0.14 80.64+1.11 22.88 +0.49
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Table S6. EIS derived series resistance (Rs), transport resistance (Rct) and recombination

resistance (Rrec) for the control and Pyr-TPA-based devices under dark at -0.7V bias.

Samples Rs (Q) Ret (Q) Rrec(Q)
Control 8.64 16752 76792
Pyr-TPA 8.85 10191 122560

Table S7. Photovoltaic performance values of control and Pyr-TPA-based devices scanned

from forward and reverse directions (before and after 6912 h aging).

Samples Scan direction Voc (V)  Jsc(mA cm?) FF (%) PCE (%) HI
Control forward 1.10 24.13 75.39 20.01 954
reverse 1.13 24.43 80.13 22.12 )
forward 1.06 24.01 61.81 15.73
Control (aged) reverse 1.12 24.11 66.88 18.06 12.90
forward 1.15 24.60 79.75 22.56
Pyr-TPA reverse 1.16 24.46 81.20 23.04 2.08
forward 1.12 24.38 76.69 20.94
Pyr-TPA (aged) reverse 1.13 24.41 78.78 21.73 3.64
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