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Scheme S1. Synthetic route of the TPDI-BTI.
Synthetic route of the TPDI-BTI (M, = 6.3 kDa, PDI = 1.60). Detailed information can be found in the
supplemental methods.



Supplemental methods
Synthetic details of the TPDI-BTI according to our previous work (ACS Appl. Mater. Interfaces 2023, 15,
1639)

Synthesis of 1,6-dihydropyrimido[4,5-g]pteridin-2,4,7,9-tetron (2).

5-aminourracil (10.0 g, 78.7 mmol) and KOH (17.8 g, 317 mmol) were dissolved in 200 mL of water and
cooled to 8 °C. A 250 mL aqueous solution of potassium hexacyanoferrate (lll) (81.6 g, 248 mmol) was
added dropwise over the course of 1 h and stirred at room temperature for 1 h. The precipitate was
collected by filtration and washed by using 1 M HCI. After drying, the product (1.5 g, yield: 16%) can be
used in the next step without further purification.

Synthesis of 3,6-diaminopyrazine-2,5-dicarboxylic acid (3).

Compound 2 (0.44 g, 1.77 mmol) and 10 mL aqueous KOH (0.6 g, 10.64 mmol) solution were placed in
an autoclave reaction vessel. Then the vessel was sealed in a vacuum oven and reacted at 170 °C under
7 atm. for 2 h. A bright yellow solution was then filtered and the pH was adjusted to ~3 by using 6 M HCI,
resulting in the formation of a substantial amount of red precipitates, which was subsequently collected by
filtration and dried in vacuum (0.25 g, yield: 45%).

Synthesis of 3,6-dibromopyrazine-2,5-dicarboxylic acid (4).

Compound 3 (0.10 g, 0.5 mmol) was dissolved in 3 mL hydrobromic acid (48%) and cooled to 0 °C. Then
a solution of sodium nitrite (0.14 g, 2 mmol) in 5 mL of water was added. The mixture was stirred for 1 h
at 0 °C and poured into a solution of cupric bromide (0.67 g, 3 mmol) in 20 mL of water following by stirring
for another 3 h at room temperature. The aqueous solution was extracted for three times with ethyl acetate
(EA), and the combined organic layer was dried over anhydrous sodium sulfate and filtered. After that, a
pale-yellow solid product (45 mg, yield: 38%) was obtained, which can be used for the next step.

Synthesis of dimethyl 3,6-dibromopyrazine-2,5- dicarboxylate (5).

Compound 4 (0.5 g, 1.53 mmol) was dissolved in 30 mL methanol. Then 0.2 mL concentrated HCI (37%)
was added into the reacting vessel, following by heating and stirring under reflux for 18 h. After that, the
solvent was removed, and the residue was dissolved in saturated NaHCOs3 aqueous solution. The mixture
was then extracted for three times with DCM, and the combined organic layer was dried over NaxSO4. The
residue was purified by column chromatography on silica, yielding a white solid (0.21 g, 39%).

Synthesis of dimethyl 3,6-bis(3-(methoxycarbonyl)thiophen-2-yl)pyrazine-2,5-dicarboxylate (6).
Compound 5 (0.5 g, 1.41 mmol), methyl 2-(trimethylstannyl)thiophene-3-carboxylate (1.29 g, 4.24 mmol),
Pd(PPhs)s (50 mg) and DMF (7 mL) were added to an air-free reaction tube under a nitrogen atmosphere
and was heated to 140 °C for 4 h under microwave irradiation. Once cooling to room temperature, the
DMF was evaporated under a reduced pressure. The residue was purified by column chromatography
over silica to obtain a white solid product (0.4 g, yield: 40%).

Synthesis of 3,6-bis(3-carboxythiophen-2-yl)pyrazine-2,5-dicarboxylic acid (7).

Compound 6 (0.9 g, 1.89 mmol), KOH (1.06 g, 18.9 mmol), THF (25 mL), H>O (5 mL) and EtOH (25 mL)
were added to a round bottom flask, and was refluxed overnight. After cooling to room temperature, the
solvent was removed under a reduced pressure. The residue was then cooled to 0 °C, and 10 mL of dilute



HCI was added into the vessel. The resulting precipitate was filtered and washed with 30 mL H2O, yielding
compound 7 (0.85 g, yield: 98%).

Synthesis of 3,6-bis(3-(chlorocarbonyl)thiophen-2-yl)pyrazine-2,5-dicarbonyl dichloride (8).

Compound 7 (1 g, 2.38 mmol) and 6 mL of thionyl chloride (SOCI,, 82.6 mmol) were added to a round
bottom flask, and was heated to 80 °C overnight. The excess solvent was then evaporated under a reduced
pressure. The crude compound 8 can be used directly in the next step.

Synthesis of TPDI.

A mixture of 2-octyldodecan-1-amine (1.44 g, 4.87 mmol) and compound 8 (2.38 mmol) was heated to
120 °C for 3 h. After cooling to room temperature, the reaction mixture was purified by silica gel column
chromatography. A yellow solid was obtained (0.22 g, yield: 10%).

Synthesis of TPDI-2Br.

The mixture of compound TPDI (0.2 g, 0.21 mmol), iron (lll) chloride (5 mg) and Br. were dissolved in
CHC I3, and then heated to 60 °C and stirred overnight. After cooling to room temperature, an aqueous
solution of Na,SOs was added while stirring. The reaction mixture was extracted for three times with DCM,
and the combined organic layer was dried over anhydrous Na>SO4 and filtrated. The solvent was removed
under reduced pressure to obtain a yellow solid, which was then purified by silica gel column
chromatography (46 mg, yield: 20%).

Synthesis of polymer TPDI-BTI.

To a flame-dried glass tube were added with TPDI-2Br (53.3 mg, 0.0484 mmol), distannylated BTI (52.9
mg, 0.0484 mmol), Pdx(dba)s (0.66 mg, 0.000726 mmol), and P(o-tolyl)s (1.76 mg, 0.0058 mmol). The tube
was stired at 140 °C for 3h under microwave irradiation. Subsequently, 0.1 mL of 2-
(tributylstanny)thiophene and 0.2 mL of 2-bromothiophene were added together and stirred at 110 °C for
0.5 h. After cooling to room temperature, the solution was dropped into 100 mL methanol. The formed
precipitates were collected and subjected to Soxhlet extraction by using methanol, acetone, hexane,
dichloromethane and chloroform. The final chloroform fraction was concentrated and precipitated into
methanol. Ultimately, the solid was collected and dried under vacuum to obtain the polymeric product,
TPDI-BTI (56 mg, yield: 83%).
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Figure S1. SEM image of the device.
Enlarged view of cross-sectional SEM image of the device.
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Figure S2. Photovoltaic performance of different TC-5 devices.
J-V curves of the TC-5 ETLs fabricated by different concentrations of TPDI-BTI-Ceo precursor solutions.
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Figure S3. Photovoltaic performance of different TC-5 devices.
J-V curves of the TC-5 ETLs annealed at different temperatures.
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Figure S4. Certification report of the top-performing TC-5 device.

Certified performance of the top-performing TC-5 device from the accredited independent photovoltaic
calibration laboratory, Shanghai Institute of Microsystem and Information Technology, Chinese Academy
of Sciences (SIMIT). This report was produced with the permission of SIMIT.
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Figure S5. External quantum efficiency measurement of the TC-5 device.
External quantum efficiency spectra and the calculated Jsc value of the TC-5 device.
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Figure S6. Steady-state output performance of the TC-5 device.
Steady-state output performance at maximum power point of the TC-5 device.
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Figure S7. Hysteresis test of the TC-5 device.
J-V curves of the TC-5 device under different scanning directions.
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Figure S8. Comparison of the PCE of different TC-5 devices.
Comparison of the PCE for the TC-5 devices based on different batches of the TPDI-BTI (Batch A was

synthesized in 2023 and Batch B was synthesized in 2024).



q’g 54 V, =116V
G Jg. = 25.90 mA cm?
.10 FF=084
> PCE = 25.13%
c -15-
©
I
S .20 1
3
(@]
-25 4

00 02 04 06 08 10 12
Voltage (V)

Figure S9. Photovoltaic performance of the TE-Ceo device.
J-V curve and photovoltaic parameters of the TE-Cgo device (TE-Ceo represents for the thermally-
evaporated Ceo film).



Figure $10. Soluble situation of different samples.
The soluble situation of TC-0 (Ceo-only), TC-2.5, TC-3.3, TC-5, TC-10 and PCBM under the same

concentration of 25 mg mL-" with the DCB solvent. PCBM (99.5%) and Ceo (99.9%) powders are obtained
from commercial channels.
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Figure S11. Solubility test of Ceo.
(a) UV-Vis absorption spectra of Ceo solutions with different concentrations. (b) The fitted line and equation

of the Absorbance points. The absorption value of saturated solution at 407 nm is 0.40.
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Figure S12. Solubility test of Cgo in TC-5 sample.
(a) UV-Vis absorption spectra of TC-5 solutions with different concentrations. (b) The fitted line and

equation of the Absorbance points. The absorption value of saturated solution at 407 nm is 0.47.
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Figure $13. HPLC analysis of different samples.

(a) Relation between the integral peak areas and the mass of Ceo obtained from HPLC. (b) HPLC
chromatogram for the separation of mixed solutions washed off from the TC-X films.
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Figure S14. UV-Vis spectra of different samples.
UV-Vis spectra of the TC-0, TC-2.5, TC-3.3, TC-5 and TC-10 in (a) thin-film state and (b) solution state,

respectively.
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Figure S15. Thermogravimetric analysis of different samples.
Thermogravimetric analysis of (a) Cso and (b) TPDI-BTI-Ceo, respectively.
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Figure $S16. Water contact angle measurements of different films.
Water contact angle measurements of (a) Ceo, (b) TPDI-BTI, and (c) TC-5films, respectively.
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Figure S17. J-V curves of different electron-only devices.
J-V curves of different electron-only devices based on the PCBM, TE-Cgo, TC-2.5, TC-3.3, TC-5 and TC-

10 films. Inset is the statistical electron mobility values of different films. (TE-Ceo represents for the
thermally-evaporated-Ceo film)
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Figure S18. Relations between roughness, surface current and electron mobility of different films.
Diagram combining roughness, surface current and electron mobility values of PCBM, TE-Ceo, TC-2.5,
TC-3.3, TC-5 and TC-10 films. (TE-Ceo represents for the thermally-evaporated Ceo film)
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Figure $19. UPS spectra of different films.
UPS spectra of the TC-0, TC-2.5, TC-3.3, TC-5 and TC-10 films.
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Figure S20. Tauc plots of different films.
Tauc plots of the TC-0, TC-2.5, TC-3.3, TC-5 and TC-10 films.
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Figure S21. Calculated energy levels of different ETLs.
Energy levels of the TC-0, TC-2.5, TC-3.3, TC-5 and TC-10 films calculated by UPS spectra and Tauc

plots.



0.002 0.002
PVK PVK/TC-5 PVK/PCBM
Mﬂ\\}\ M)M o,noo-mW% W 0.0004% vﬁ@
i : ) N A
i f# -0.002 i
L\« |Mff 5-0.002 v 5
Wi e —50ps | © 0.004{
< —110ps < ——110ps
f <-0.004 540 ps 4 0006 540 pa
1.0ns - 1.0ns
a 20ns 20n
0.006 s
3.0ns -0.008 1 3.0ns
—T72ns ——72ns
| : , . -0.008 0010
650 700 750 800 650 700 750 800 650 700 750 800
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure S22. TAS curves of different films.
TAS curves of perovskite, perovskite/TC-5 and perovskite/PCBM films recorded at different delay times.
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Figure S23. TAS signal decay traces of different samples.
TAS signal decay traces of the GSB peaks of perovskite, perovskite/TC-5 and perovskite/PCBM films.



Figure S24. Simulated interacting situation of Ceo-perovskite.
The simulated interacting situation between Cso molecule and perovskite surface visualized from the back
view. (Brown: carbon, purple: iodine, grey: lead, blue: nitrogen, white: hydrogen)



Figure S25. Simulated interacting situation of Ceo-perovskite.
The simulated interacting situation between Ceo molecule and perovskite surface visualized from the front
view. (Brown: carbon, purple: iodine, grey: lead, blue: nitrogen, white: hydrogen)



Figure S26. Simulated interacting situation of Ceo-perovskite.
The simulated interacting situation between Cgso molecule and perovskite surface visualized from the top
view. (Brown: carbon, purple: iodine, grey: lead, blue: nitrogen, white: hydrogen)



Figure S27. Simulated interacting situation of TPDI-BTI-perovskite.
The simulated interacting situation between TPDI-BTI monomer and perovskite surface visualized from
the back view. (Brown: carbon, purple: iodine, grey: lead, blue: nitrogen, white: hydrogen, red: oxygen,

yellow: sulfur)



Figure S28. Simulated interacting situation of TPDI-BTI-perovskite.
The simulated interacting situation between TPDI-BTI monomer and perovskite surface visualized from
the front view. (Brown: carbon, purple: iodine, grey: lead, blue: nitrogen, white: hydrogen, red: oxygen,

yellow: sulfur)



Figure S29. Simulated interacting situation of TPDI-BTI-perovskite.
The simulated interacting behavior between TPDI-BTI monomer and perovskite surface visualized from
the top view. (Brown: carbon, purple: iodine, grey: lead, blue: nitrogen, white: hydrogen, red: oxygen,

yellow: sulfur)
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Figure S$30. XPS spectra of different samples.
The XPS spectra of perovskite, perovskite+Ceo, perovskite+TPDI-BTI and TPDI-BTI samples.



Table S1. Photovoltaic parameters of different TC-X devices. Listed in the brackets were the
parameters of each champion devices.

ETL Voo (V) Jsc (MA cm2) FF PCE (%)

TC-10  1.09¢0.01 (1.09)  23.67+0.66 (24.68)  0.79+0.01 (0.80)  20.57+0.55 (21.53)
TC-3.3  1.15:0.01 (1.15)  25.20+0.26 (25.53)  0.79+0.01 (0.80)  22.99+0.29 (23.49)
TC-25  1.10£0.01 (1.10)  24.64+0.63 (25.31)  0.80£0.01 (0.80)  21.55+0.59 (22.27)




Table S2. Photovoltaic parameters of different TC-X devices. Listed in the brackets were the
parameters of each champion devices. (Type 1: MAPbIs, Type 2: Cso.05(FA0.92MA0.08)0.95Pb(lo.92Bro.08)3,
Type 3: Cso.05(FA0.95MAo.05)0.95Pb(lo.95Bro.05)3)

ETL  Perovskite Voc (V) Jsc (MA cm2) FF PCE (%)
PCBM Type 1 1.12+0.01 23.7610.28 0.81+0.02 21.51+£0.24
(1.13) (23.63) (0.82) (21.87)
PCBM Type 2 1.16+0.01 24.5040.21 0.81+0.01 23.14+0.36
(1.15) (24.68) (0.84) (23.77)
PCBM Type 3 1.14+0.01 24.67+0.22 0.81+0.01 22.89+0.34
(1.14) (24.85) (0.82) (23.14)
TC-5 Type 1 1.13+0.02 24.57+0.59 0.80+0.02 22.30+0.71
(1.13) (24.19) (0.82) (22.39)
TC-5 Type 2 1.16£0.01 26.22+0.18 0.82+0.01 25.06+0.19
(1.16) (26.38) (0.84) (25.60)
TC-5 Type 3 1.15+£0.01 24.90+0.92 0.82+0.03 23.3610.33
(1.15) (26.14) (0.79) (23.66)
TC-0 Type 1 0.89+0.12 21.37+1.53 0.54+0.07 10.05+0.85
(1.04) (23.43) (0.53) (11.54)
TC-0 Type 2 0.98+0.09 24.13+0.99 0.59+0.05 13.77+0.41
(1.06) (22.15) (0.63) (14.65)
TC-0 Type 3 0.95+0.07 23.37+2.05 0.53+0.17 12.69+0.49
(1.05) (20.68) (0.63) (13.68)




Table S3. The comparison of device PCE between this work and literatures. (SP and TE represents
for solution-processed and thermally-evaporated, respectively)

Method Device structure PCE (%) Ref.
SP ITO/PEDOT:PSS/PVK/Ceo/BCP/AI 3.0 Adv. Mater. [S1]
SP ITO/PEDOT:PSS/PVK/Ceo/bis-Ceo/Ag 15.44 Adv. Energy Mater. [S2]
SP ITO/PEDOT:PSS/PVK/Ceo:Cr0/Ag 14.04 J. Power Sources [S3]
SP ITO/Cégo:C70/PVK/spiro-OMeTAD/Au 16.7 ACS Appl. Mater. Interfaces [S4]
SP ITO/PEDOT:PSS/PVK/Ceo:C70/BCP/Ag 15.8 ACS Appl. Mater. Interfaces [S4]
SP ITO/Ce0/Ceso-NPs/PVK/spiro-OMeTAD/Au 19.45 J. Mater. Chem. A [S5]
SP ITO/NIOYPVK/ZnO@Ceo: TPFPB:LiClO4/Ag 15.19 Adv. Mater. [S6]
SP ITO/Ceo:DBU/PVK/spiro-OMeTAD/Au 19.98 J. Mater. Chem. C [S7]
SP FTO/NiOx/PVK/Ceo:Co-TiO2/BCP/Ag 22.13 Adv. Sci. [S8]
SP ITO/Ce0:APTES/PVK/C 18.64 Angew. Chem. Int. Ed. [S9]
SP ITO/PTAA/PVK/Ceo:PCs1BM/BCP/Ag 19.8 Chem. Eng. J. [S10]
SP ITO/NIOYPTAA/PVK/CC2/BCP/Ag 21.7 Angew. Chem. Int. Ed. [S11]
TE ITO/2PACZz/PVK/Ceo/BCP/Ag 24.3 Science [S12]
TE ITO/P3CT-N/PVK/Ceg/BCP/Ag 23.5* Science [S13]
TE ITO/PTAA/PVK/Ceso/BCP/Ag 24.3* Science [S14]
TE ITO/NiO«/PVK/Ce/BCP/Ag 24.7 Energy Environ. Sci. [S15]
TE ITO/2PACZz/PVK/Ceo/SnO/Ag 24.2* Joule [S16]
TE ITO/Me-4PACZz/PVK/Ce/BCP/Ag 24.5 Nat. Energy [S17]
TE ITO/MeO-2PACz/PVK/Ce/BCP/Ag 24.2* Science [S18]
TE ITO/Me-4PACZz/PVK/Ce/BCP/Ag 24.7* Science [S19]
TE ITO/PTAA/PVK/LIiF/Ce0/SnO/ITO/Cu 245 Nat. Energy [S20]
TE ITO/2PACZz/PVK/Ce/BCP/Ag 25.0* Nature [S21]
TE ITO/ATOYSAM/PVK/Ce/BCP/Ag 25.06* Nat. Energy [S22]
SP ITO/NiOyMe-4PACz/PVK/TC-5/BCP/Ag 25.60 This work
SP ITO/NiO/Me-4PACz/PVK/TC-5/BCP/Ag 25.09* This work

* Certified PCE



Table S4. The integral peak area of HPLC chromatogram for the TC-X and calculated compositions
in thin-film state.

Film Integral peak area of Ceo  Mass of Ceo Mass of TPDI-BTI Weight ratio
Mg /100 pL Mg /100 pL TPDI-BTI/(TPDI-BTI+Ceo)
TC-10 11265118 58 8 13.8%
TC-5 13216468 68 4 5.9%
TC-3.3 13355633 69 2.64 3.8%

TC-2.5 13956318 71 2 2.8%




Table S5. Different statistical data of the TC-X films.

Sample Roughness (nm) Current (pA) Electron mobility (x10* cm? V-' s7)
PCBM 0.9910.39 8.1712.76 3.83+£0.28
TC-10 0.9810.32 1.71+0.90 2.69+0.10
TC-5 0.94+0.36 20.45+3.08 5.60+0.16
TC-3.3 2.39+1.73 23.3819.47 6.00£0.26
TC-2.5 4.00+1.26 25.191£10.36 6.05+£0.23
TC-0 11.22+4.37 30.18+£15.03 6.32+0.18




Table S6. Specific molecular energy between different molecules.

Sample A-B A B Theoretical Actual Eint*
(eV) (eV) A+B A+B (eV)
(eV) (eV)
Ce0-Co0 -557.7003765 -557.7005714 -1115.400948 -1115.458975 -0.058
TPDI-BTI-TPDI-BTI  -468.0221698 -468.0689433 -936.0911131 -936.4554975 -0.364
Ceo-TPDI-BTI -557.7459665 -467.9118075 -1025.657774 -1026.253785 -0.596

* Eint = (Actual A+B) — (Theoretical A+B)
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