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Supplementary Figure 1. PCE comparison of n-i-p PSCs with Au or pristine Cu electrodes.
Devices of FTO/ZnTiO3/meso-TiO2/FA0.97MA0.03PbI2.91Br0.09/spiro-OMeTAD/Au (or Cu) were fabricated. The electron transport layer (ETL) ZnTiO3 is denoted as ZTO. Spiro-OMeTAD is denoted as spiro. Cross-sectional SEM images of whole n-i-p devices with (a) Au or (b) pristine Cu electrode, indicating that both Au and Cu electrodes have intimate physical contacts with spiro. (c) J-V plots and (d) statistics of 30 devices of PSCs with Au or pristine Cu electrodes. The optimized PCEs for Cu-devices and Au-devices were 18.81% and 22.55%, respectively. The sum up of 30 devices showed an average PCE of 16.28% for Cu and 20.02% for Au.
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Supplementary Figure 2. Energy band alignments and interfacial hole transport in pristine Cu-devices and Au-devices.
a, Magnified portion of the onset of secondary electron emission and the energy region close to the Fermi level in UPS of spiro-OMeTAD. b-c, KPFM images of evaporated Au and pristine Cu film. d, Mott-Schottky plots of the structure of FTO/spiro/metal electrode. e, EIS spectra of whole devices with Au or pristine Cu electrode at a bias voltage of 0.8 V under one-sun illumination. f, Schematic of energy band alignments and interfacial hole transport.

The energy band alignment at the HTL/pristine-Cu interface was studied. The energy levels of spiro were first studied by UPS data (Supplementary Figure 2a). Fermi level of spiro (-4.78 eV) was determined as the difference between the excitation energy (21.2 eV) and the position of the electron emission onset. The valence band of spiro (deposited on perovskite film) was -5.08 eV, consistent with the value reported previously1. Then the work functions of metal thin films were tested from KPFM images (Supplementary Figure 2b-c). The work function value was 4.85 eV for evaporated Cu without molecular modification and 5.10 eV for evaporated Au. Subsequently, the contact at HTL/pristine-Cu interface was analyzed with Mott-Schottky test (Supplementary Figure 2d). The contact between spiro and pristine Cu had a lower flat-band energy than the Au case. And the EIS results indicated a larger resistance for hole transfer in the Cu-device (124 ) than Au-device (55 ) (Supplementary Figure 2e). The mismatched energy alignments between spiro and Cu led to interfacial hole transfer barrier (Supplementary Figure 2f) and VOC loss in the Cu-electrode device (Supplementary Figure 1).
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Supplementary Figure 3. Storage and working stability of pristine Cu-devices and Au-devices. 
Storage stability: a-b, J-V curves of unencapsulated fresh and 20-day-aged Au-device and Cu-device. c-d, XRD patterns of fresh and 20-day-aged Au-device and Cu-device. Working stability: e, Continuous PCE output at maximum power point (MPP) under one-sun illumination of encapsulated Au-device and Cu-device in ambient air with 40-50% RH.

Pristine-Cu-electrode devices showed inferior storage and working stability to Au-electrode devices. The storage stabilities were tested with unencapsulated devices in ambient air with 30-40% relative humidity (RH). PCE of the top device with pristine Cu electrode decreased from 18.81% to 15.86% after 20-day storage, while PCE for Au-electrode device remained its original efficiency above 22% (Supplementary Figure 3a-b). After 20-day storage, perovskite phase in Au-device remained stable, but PbI2 was detected in the aged Cu-device (Supplementary Figure 3c-d). The formation of CuI indicates the iodide-assisted corrosion of pristine Cu electrode, which will decrease the device’s stability. In addition, under continuous output at MPP, the efficiency of the pristine-Cu-device showed an obvious decay, while the Au-device exhibited stable output efficiency (Supplementary Figure 3e).
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Supplementary Figure 4. Characterization of outer and inner surface of pristine Cu electrodes in fresh and aged devices after continuous MPP output in ambient air with 40-50% RH.
[bookmark: _Hlk72780327]a, Schematic of the outer and inner surface of pristine Cu electrodes in n-i-p devices. b, Resistances of the outer and inner surface of pristine Cu electrodes in the fresh and aged devices. c, Raman spectra of the inner surface of pristine Cu electrodes in the fresh and aged devices. d, AFM images of the outer and inner surface of pristine Cu electrodes in the fresh and aged devices.

The two surfaces of pristine Cu electrodes were characterized separately as shown in the schematic (Supplementary Figure 4a), in order to figure out the intrinsic reason for Cu oxidation after continuous output of the device. As shown in Supplementary Figure 4b, the surface resistance for the outer surface remained almost the same, while the resistance for inner surface obviously increased, which was harmful to vertical charge transfer from HTL to Cu electrode. Raman spectra (Supplementary Figure 4c) showed that CuO, Cu2O and CuI appeared at the inner surface of Cu2, indicating that inner surface of Cu-electrode suffered from oxidation under device’s working condition. As shown in AFM images (Supplementary Figure 4d), the outer surface of Cu remained the same while the inner surface showed increased roughness with the formation of small CuOx grains. There were already oxidized species on the Cu outer surface, which had little influence on the device’s PCE. Thus, it was the oxidation of Cu inner surface that led to instability of pristine-Cu-electrode devices. In summary, the above results indicated that the PCE attenuation of pristine-Cu-electrode PSCs was mainly attributed to corrosion and oxidation of the inner surface of pristine Cu electrode under device’s working condition.
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Supplementary Figure 5. Measurements for oxidation potential of Au and pristine Cu electrodes.
Cyclic voltammetry scans of (a) Au film and (b) Cu film using a three-electrode system in 0.4 M Na2SO4 solution (pH=7), with Ag/AgCl electrode and Pt electrode as the reference electrode and counter electrode, respectively. Na2SO4 solution was used as electrolyte to create neutral environment resembling the device condition. Then the potential referred to Ag/AgCl electrode was converted to the potential referred to reversible hydrogen electrode (RHE) using the Nernst equation (ERHE = E + E0 + 0.059  pH, where E is the measured potential versus the reference electrode in volts; E0 is the potential of Ag/AgCl in saturated KCl versus the standard hydrogen electrode (SHE); pH is the measured pH value of the solution). At pH=7, the oxidation potential of Au+/Au was calculated as 1.05 V relative to reversible hydrogen electrode (RHE) and the oxidation potential of Cu+/Cu was 0.50 V relative to RHE, according with the reported value. ERHE lies at -4.50 eV as compared to the vacuum level3,4. Thus, the EOX of Au+/Au was at -5.55 eV and Cu+/Cu was at -5.00 eV as compared to the vacuum level. From the aspect of EOX, Au electrode is much more stable than pristine Cu electrode.
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Supplementary Figure 6. Schemata showing the difference of pristine Cu and Au electrodes in n-i-p devices and p-i-n devices.
Device structures of (a) n-i-p device and (c) p-i-n device. TCO was short for transparent conducting oxide. ETL and HTL represented electron transport layer and hole transport layer, respectively. Schematic diagrams of energy level alignments of HTL and metal electrode in (b) n-i-p device and (d) p-i-n device. The blue arrow represents hole transfer; the purple arrow denotes electron transfer; the red arrow refers to unwanted oxidation pathway for metal electrode. As shown in the diagram, pristine Cu is a low-WF metal and Au is a high-WF metal (WF: work function); the former is closer to conduction bands of ETLs in p-i-n devices and the latter is closer to valence bands of HTLs in n-i-p devices. Thus, pristine Cu electrodes are more suitable in p-i-n devices to conduct electrons and Au electrodes are preferred in n-i-p devices to transfer holes. When used as positive electrodes in n-i-p devices, the high EOX of Cu/Cu+ (-5.00 eV) poses pristine Cu electrodes to oxidation from sustaining hole injection. In contrast, under working condition of p-i-n devices, negative charges (electrons) are injected from ETLs to metallic counter electrodes without posing oxidation threat to the metal electrodes.
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Supplementary Figure 7. a, PCE statistics of 30 devices using spiro-OMeTAD as HTLs and pristine Cu, Cu/MP-CF3 or Au as electrodes. b, IPCE curves and integrated JSC of the corresponding devices.
The sum-up of 30 spiro-based devices showed an average PCE of 21.02% with Cu/MP-CF3 electrode, much higher than the pristine Cu-devices (16.28%) and slightly higher than the Au ones (20.02%). The IPCE tests were carried out with optimized devices. IPCE-derived JSC was 22.47, 23.41 and 23.29 mA∙cm-2 for the devices with pristine Cu, Cu/MP-CF3 and Au electrode, respectively, in agreement with J-V measurements.


[image: 图片 15]
Supplementary Figure 8. Variation of VOC with light intensity dependence of pristine Cu-device and MP-CF3 modified Cu-device.
The slope of VOC versus ln(light intensity) line should be nkT/q for charge recombination. The three-fold smaller n value for the Cu/MP-CF3 device compared to pristine Cu one indicated less charge recombination in the Cu/MP-CF3 device.

[image: 图片 40]
Supplementary Figure 9. J-V curves under darkness of pristine Cu-device and MP-CF3 modified Cu-device.
The dark current densities of the Cu/MP-CF3 device in both reverse and forward directions are obviously lower than those of the pristine Cu device, indicating the prevention of current leakage and the increase in built-in potential.
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Supplementary Figure 10. EIS spectra of whole devices with Cu and Cu/MP-CF3 electrode at a bias voltage of 0.8 V under one-sun illumination.
The fitting index for carrier transport decreased from 124 (for the pristine Cu device) to 34  (for the Cu/MP-CF3 device), indicating enhanced vertical hole transport after modification.
[image: 图片 46]
Supplementary Figure 11. Depth profiles for electric field distribution of the devices under illumination in short circuit.
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Supplementary Figure 12. Surface KPFM images of Cu and Cu/MP-CF3 film. 
The probe was calibrated with freshly made Au film. The corresponding surface potentials of Au were shown in the insets.
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Supplementary Figure 13. KPFM tests for cross-sectional devices in the dark and at open circuit.
a, Phase images and (b) surface potential images of cross-sectional pristine Cu device. c, Phase images and (d) surface potential images of cross-sectional Cu/MP-CF3 device. e, Depth profiles for cross-sectional potential of the devices extracted from over five slow-scan lines in Supplementary Figure 13b-d. The vertical potential corresponds to Fermi level of each layer under equilibrium in the devices, verifying that MP-CF3 modification increases the work function of Cu electrode and optimizes interfacial energy alignments.
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Supplementary Figure 14. Mott-Schottky plots of Cu-electrode devices without or with MP-CF3 modification.
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Supplementary Figure 15. Cyclic voltammetry (CV) plots of Cu and Cu/MP-CF3 films.
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Supplementary Figure 16. Anti-oxidation effect of inner surface of Cu electrodes with MP-CF3 modification.
a, Raman spectra and (b) XPS Cu 2p of the inner surface of Cu and Cu/MP-CF3 in the fresh and aged devices. AFM images and corresponding roughnesses of the inner surface of (c-d) Cu and (e-f) Cu/MP-CF3 electrodes in the fresh and aged devices.

The properties of Cu-electrode inner surfaces in the fresh and aged spiro-based devices were examined. Raman spectra of Cu’s inner surface exhibited new peaks appeared at 144, 170, 220, 324 and 544 cm-1, indicating the generation of CuI, Cu2O and CuO on pristine Cu electrode after aging tests (Supplementary Figure 16a). In comparison, the Raman spectra remained unchanged for Cu/MP-CF3 in the fresh and aged devices. Moreover, XPS spectra of Cu 2p for Cu and Cu/MP-CF3 in the fresh and aged devices were presented in Supplementary Figure 16b. For pristine Cu inner surface, Cu 2p peak moved from 932.4 eV (Cu0) to 933.5 eV (Cu) after aging, referring to the generation of oxide species. And the XPS signal for Cu/MP-CF3 remained unaffected after aging. The protection effect of MP-CF3 on Cu was further confirmed by AFM (Supplementary Figure 16c-f). The increase in surface roughness and appearance of small grains indicated Cu oxidation5, while Cu/MP-CF3 maintained its original morphology. The above data indicated anti-oxidation capability of MP-CF3 modified Cu electrodes.
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Supplementary Figure 17. Raman spectra of Cu and Cu/MP-CF3 thin films after Tafel scans in NaI solution.
Cu/MP-CF3 remained stable after the electrochemical test, without the formation of oxidized species on Cu. Raman spectra of both aged samples further validated the anti-corrosion effect of MP-CF3 modification on Cu surface.
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Supplementary Figure 18. Storage stability of spiro-based Cu-devices in ambient atmosphere.
[bookmark: OLE_LINK1]a-b, J-V curves of the unencapsulated fresh and aged spiro-based devices stored in ambient air (30-40 RH%) for 20 days with pristine Cu electrode and Cu/MP-CF3 electrode. c, XRD patterns of the fresh and 20-day-aged devices.

Contrast with the pristine Cu-electrode device which showed obvious deterioration (from 18.81% to 15.86%), the device with Cu/MP-CF3 electrode exhibited an efficiency over 22.5% (close to its original one) after 20-day storage. The unencapsulated device with pristine Cu electrode exhibited the emergence of PbI2 and CuI signals6, while the device with Cu/MP-CF3 electrode remained stable after 20-day aging in ambient air.



[image: ]
Supplementary Figure 19. Cross-section SEM images and EDX mappings of 20-day-aged devices with (a-d) pristine Cu and (e-h) Cu/MP-CF3 electrodes.

Cross-sectional EDX mappings of aged devices attested the undesirable movement of Cu and I elements in the pristine device, with Cu migrating intensively at the grain boundaries of perovskite film. But in the Cu/MP-CF3 device, no Cu diffusion into the perovskite film was detected.
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Supplementary Figure 20. Depth-dependent XPS spectra of Cu-devices during etching.

XPS depth profiles of Cu 2p of the 20-day-aged devices with Cu or Cu/MP-CF3 electrode. The depth XPS of Cu 2p of the aged devices also confirmed the prevention of downward Cu migration with MP-CF3 modification.

[image: 图片 42]
Supplementary Figure 21. SEM images and EDX signals of the perovskite film surface in the aged devices with (a) pristine Cu and (b) Cu/MP-CF3 electrodes.
After tearing off Cu/MP-CF3 electrode and washing off spiro layer in the aged devices, the EDX signals of as-exposed perovskite upper surface were detected. Cu signal was detected on the perovskite film from the control device. As comparison, the absence of Cu signal on perovskite film from the Cu/MP-CF3 device illustrated that CF3MP modification could effectively block copper ion migration into perovskite layers.
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Supplementary Figure 22. XPS of I 3d spectra for the inner surface of Cu and Cu/MP-CF3 electrodes in the fresh and aged devices.
The emergence of I 3d peak (at 632 and 619 eV binding energies) in the control sample indicated the migration of iodide ions and the formation of CuI. With MP-CF3 modification, the unwanted I- migration was successfully inhibited.
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Supplementary Figure 23. J-V curves of spiro-based PSCs with different Cu-based electrodes.
The active areas of PSCs were 0.12 cm2. The spiro-Cu interfaces were modified by MP-based molecules with different substituents. The detailed data were shown in Supplementary Table S2.


[image: 图片 6]
Supplementary Figure 24. XPS of Cu 2p for pristine Cu and Cu/MP films.
The blue-shift of XPS peak for Cu 2p indicated decrease in electron density of Cu surface after MP modification.
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Supplementary Figure 25. XPS of (a) S 2p and (b) N 1s for pristine Cu, Cu/MP films and MP powder.
The peak for S 2p appeared in the spectrum of Cu/MP was blue-shift, indicating the formation of Cu-S coordination bonds7. N 1s peak located at 398.5 eV for Cu/MP sample showed no conspicuous shift compared with original N 1s in MP, corresponding to the Raman result that there was no Cu-N bond between MP and Cu surface.
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Supplementary Figure 26. DFT simulations of MP adsorbing on Cu(111) with (a) single-atom S binding or (b) double-atom S+N binding. c, Absorption energy comparison of MP on Cu (111) with different binding modes.
The binding energy for single-atom S binding mode with triple S-Cu bonds (5.8 eVnm-2) was larger than the one for double-atom S+N binding mode (5.0 eVnm-2), indicating that single-atom S binding structure is more stable for MP adsorption on Cu.
[image: 图片 47]
[bookmark: _Hlk83651350]Supplementary Figure 27. Charge density difference and Bader charge analysis of different MP-based molecules on Cu(111).
Yellow area means electron deficiency and cyan area means electron accumulation8.
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Supplementary Figure 28. KPFM images of pristine Cu and MP-based-molecule modified Cu films.
KPFM images show the surface potential of thin films referred to a conductive probe. Here, the surface potential of the probe was calibrated with freshly made Au film, of which the Fermi level is supposed to be -5.10 eV. The corresponding KPFM images for Au films were shown in the insets.
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Supplementary Figure 29. UPS spectra of the pristine Cu film and MP-based molecule-modified Cu film.
UPS data provide backup proof for Fermi levels measured from KPFM (Supplementary Figure 28).
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Supplementary Figure 30. Cyclic voltammetry (CV) plots of pristine and modified Cu films.
CV plots were measured with a three-electrode system in 0.4 M Na2SO4 solution (pH=7), with Ag/AgCl electrode and Pt electrode as the reference electrode and counter electrode, respectively. The oxidation potential from Cu(0) to Cu(Ⅰ) for each sample was calculated. The current for Cu oxidation and reduction process was limited for each MP-based-molecule modified sample, indicating anti-corrosion abilities of all MP-based molecular modifications.
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Supplementary Figure 31. UPS spectra of NiOx films.
The Fermi level and valence band of NiOx were determined to be -4.52 and -5.21 eV, respectively.



[image: ]
Supplementary Figure 32. J-V curves of NiOx-based PSCs with different Cu-based electrodes.
The active areas of above PSCs were 0.12 cm2. The NiOx-Cu interfaces were modified with MP-based molecules with different substituents. The detailed data were shown in Supplementary Table 5.
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Supplementary Figure 33. a, PCE statistics of 30 devices using NiOx as HTLs and pristine Cu, Cu/MP-SO2CF3 or Au as electrodes. b, IPCE curves and integrated JSC of the corresponding devices.
The sum-up of 30 NiOx-based devices showed an average PCE of 20.63% with Cu/MP-SO2CF3 electrode, much higher than the pristine Cu-devices (16.38%) and slightly higher than the Au ones (20.23%). IPCE-derived JSC was 22.74, 23.92 and 23.58 mA∙cm-2 for the devices with pristine Cu, Cu/MP-SO2CF3 and Au electrode, respectively, in agreement with J-V measurements of the optimized devices.
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Supplementary Figure 34. Operational stabilities and thermal stabilities of NiOx-based devices with pristine Cu, Cu/MP-SO2CF3 and Au electrodes.
a, i-t plots of unencapsulated NiOx-devices at maximum power point in air with 40-50% RH. b, Storage stabilities of NiOx-devices at 85 oC in N2 atmosphere.

To investigate NiOx-based Cu-device’s operational stability, the photo current outputs with a bias voltage at maximum power point were tracked (Supplementary Figure 34a). The pristine Cu-electrode device exhibited apparent photo current decrease and fluctuation. The device with Cu/MP-SO2CF3 showed stable output for over 400 s, comparable with Au-electrode device.
The thermal stabilities of NiOx-based Cu-devices were tested at 85 oC in N2 atmosphere (Supplementary Figure 34b). The PCE results were averaged from 5 separated devices. The device with Cu/MP-SO2CF3 showed good stability with 94% PCE left after 600-hour aging, which was more stable than the pristine Cu and even Au devices. The above data demonstrated the significant enhancement in both operational stabilities and thermal stabilities of Cu-electrode devices with MP-molecular modification.


Supplementary Table 1. Polarization parameters of pristine Cu, Cu/MP-CF3 and Au films.

	Entry
	Ecorr [mV]
	Jcorr [μAcm−2]
	corrosion rate [μmyr−1]

	Cu
	-290
	14.69
	171.2

	Cu/MP-CF3
	-191
	2.35
	27.39

	Au
	-286
	2.42
	28.20





Supplementary Table 2. Photovoltaic parameters of spiro-based n-i-p PSCs with different positive electrodes.

	Entry
	Jsc
[mA·cm-2]
	Voc
[V]
	FF
[%]
	Reverse scan
[%]
	Forward scan
[%]
	Series resistance []

	Cu
	23.92
	1.086
	72.42
	18.81
	17.65
	128

	Cu/MP-CH3
	23.71
	1.075
	73.22
	18.66
	18.28
	106

	Cu/MP
	23.99
	1.099
	73.49
	19.38
	18.55
	115

	Cu/MP-F
	24.50
	1.105
	76.34
	20.66
	19.75
	81

	Cu/MP-CF3
	24.62
	1.155
	80.52
	22.90
	21.80
	32

	Cu/MP-SO2CF3
	24.18
	1.131
	77.45
	21.18
	20.68
	36

	Au
	24.54
	1.134
	81.04
	22.55
	21.81
	30




Supplementary Table 3. Work functions of pristine and modified Cu films as well as dipole moments () in each system simulated from DFT calculations.

	Entry
	WF from DFT [eV]
	MD [D]
	ID [D]
	Net [D]

	Cu/MP-CH3
	4.33
	-0.902
	0.188
	-0.714

	Cu/MP
	4.42
	-0.769
	0.180
	-0.589

	Cu/MP-F
	4.64
	-0.389
	0.183
	-0.206

	Cu
	4.78
	
	
	

	Cu/MP-CF3
	4.90
	-0.026
	0.175
	0.149

	Cu/MP-SO2CF3
	5.03
	0.075
	0.172
	0.247


The adsorbing models are based on Cu(111). The positive  value indicates the electric dipole moment pointing from vacuum to metal surface, and the negative value refers to the dipole moment pointing from metal to vacuum. Net = ID + MD.



[bookmark: _Hlk105008827]Supplementary Table 4. Work functions and oxidation potentials of pristine and modified Cu films measured from experiments.

	Entry
	WF from KPFM [eV]
	WF from UPS [eV]
	EOX for Cu/Cu+ [eV]

	Cu/MP-CH3
	4.27
	4.37
	-5.03

	Cu/MP
	4.61
	4.68
	-5.11

	Cu/MP-F
	4.71
	4.77
	-5.21

	Cu
	4.85
	4.86
	-5.00

	Cu/MP-CF3
	5.06
	5.08
	-5.35

	Cu/MP-SO2CF3
	5.15
	5.18
	-5.40







Supplementary Table 5. Photovoltaic parameters of NiOx-based n-i-p PSCs with different positive electrodes.

	Entry
	Jsc
[mA·cm-2]
	Voc
[V]
	FF
[%]
	Reverse scan
[%]
	Forward scan
[%]
	Series resistance []

	Cu
	23.79
	1.057
	69.14
	17.38
	15.22
	106

	Cu/MP-CH3
	23.81
	1.028
	71.25
	17.44
	16.35
	112

	Cu/MP
	24.46
	1.037
	71.71
	18.19
	17.65
	78

	Cu/MP-F
	24.45
	1.056
	72.58
	18.73
	18.24
	53

	Cu/MP-CF3
	24.04
	1.123
	75.89
	20.49
	20.02
	27

	Cu/MP-SO2CF3
	24.65
	1.132
	77.46
	21.61
	20.39
	24

	Au
	24.52
	1.133
	78.62
	21.84
	20.26
	36
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