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S1 Characterization 
[bookmark: _Hlk217295640][bookmark: OLE_LINK43]Scanning electron microscopy (SEM) images were obtained using a Nova NanoSEM 450 field-emission SEM. X-ray diffraction (XRD) patterns were recorded on an X’Pert PRO diffractometer using Cu Kα radiation (λ = 1.5406Å) at 40kV and 40mA, scanned from 10° to 60° at a rate of 10° min⁻¹. X-ray photoelectron spectroscopy (XPS) was performed using a Kratos Axis-Ultra DLD-600 W system. UV-visible absorption spectra were measured using a SolidSpec-3700 UV–vis–NIR spectrophotometer. The simulated AM 1.5G solar spectrum with an intensity of 100 mW cm-2 was calibrated using a certified monocrystalline silicon reference cell (Newport, model 91150V). J-V characteristics were measured from 1.2V to -0.2V at a scan rate of 100mV s-1, using a mask with a circular aperture of 0.1018cm2. Incident photon-to-current conversion efficiency (IPCE) was recorded using a 150W xenon lamp (Oriel) with a Cornerstone 74004 monochromator. Electrochemical impedance spectroscopy (EIS) and thermal admittance spectroscopy (TAS) was carried out under dark and open-circuit conditions using a ZAHNER Zennium electrochemical workstation over a frequency range of 100mHz to 1MHz. Transient photocurrent (TPC) measurements were carried out using a CHI1000C multichannel electrochemical workstation. The TOF-SIMS depth profiling was conducted using a GAIA3 TOF-SIMS 5-100 spectrometer (ION-TOF GmbH). The work function was measured using a Kelvin probe scanning system (SKP5050, Kerui Company). PL intensity and lifetime mappings were conducted using a multifunctional laser scanning confocal fluorescence imaging system (FLIM300, TIME-TECH SPECTRA). A 405nm pulsed laser with a repetition rate of 5MHz and an excitation intensity of 100mWcm-2 was used. 
S2 Sample Preparation
For XRD samples, the carbon layer of p-MPSCs was mechanically removed using tape prior to test. For TOF-SIMS sample, p-MPSCs were sent as prepared. For the PL mapping samples, to prevent the influence of moisture and oxygen during measurements, the device cross-section was well encapsulated by cover glass and UV-curable resin. In the case of XPS and UV-vis samples, the perovskite thin films were prepared by the two-step spin coating method. The perovskite precursor solution was deposited on the FTO glass at 1,000 rpm for 10 seconds and 6,000 rpm for 30 seconds with accelerations of 200 and 2,000 rpm, respectively. In the second step, 70μL of chlorobenzene anti-solvent was dropped onto the spinning substrate. The resulting sample was dried on a hot plate at 100 °C for 30 minutes before the measurement. 
[bookmark: _Hlk217225043]S3 Device Stability Measurement
The device was encapsulated by hot-pressing a cover glass and EVA gel to ensure a robust seal. Following encapsulation, it was subjected to accelerated aging in a solar simulation chamber under controlled environmental conditions: an ambient temperature of (55 ± 5) °C, relative humidity of (55 ± 5) %, and continuous illumination from a halogen lamp at 100 mWcm-2 without a UV filter. During the aging process, the device’s performance was continuously monitored at its maximum power point to assess its long-term operational stability.
S4 Supplementary Figures and Tables
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Fig. S1 a Schematic of screen-printing technique used for fabricating mp-TiO2/mp-ZrO2/porous carbon scaffold. b Schematic of the p-MPSC structure




Fig. S2 Molecular structure of PCPA
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Fig. S3 Cross-sectional SEM images of p-MPSCs a without and b with PCPA
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Fig. S4 Full XPS spectra of perovskite films a without and b with PCPA, and c pure PCPA powder
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Fig. S5 a UV-vis spectra and b Tauc plots of perovskite thin films without and with PCPA
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Fig. S6 WF of perovskite film without and with PCPA obtained by Kelvin Probe test

Table S1 Detailed parameters of each layer in the PSC used for simulations [S1-S4]
	Material parameter
	TiO2
	Perovskite-1
	Perovskite-2

	Thickness (nm)
	50
	800
	2000

	Bandgap Eg (eV)
	3.20
	1.55
	1.55

	Electron affinity χ (eV)
	4.10
	3.88
	3.88

	Relative dielectric constant εr
	100
	30
	30

	Effective CB density NC (cm-3)
	1×1021
	2.0×1018
	2.0×1018

	Effective VB density NV (cm-3)
	2×1020
	1.8×1019
	1.8×1019

	Electron mobility µn (cm2/V/s)
	6×10-3
	50
	5

	Hole mobility µp (cm2/V/s)
	6×10-3
	50
	50

	Acceptor doping concentration NA (cm-3)
	0
	0
	0-1×1017（linearly increasing）

	Donor doping concentration ND (cm-3)
	5×1020
	1×1014
	1×1014

	Radiation recombination coefficient r (cm-3/s)
	0
	1×10-11
	1×10-11

	Charged defect type
	Positive
	Negative; Positive
	Negative; Positive

	Electron capture cross section σ- (cm2)
	1×10-18
	10-16；10-15
	10-16；10-15

	Hole capture cross section σ+ (cm2)
	1×10-19
	10-15；10-16
	10-15；10-16

	Distribution form of defect energy level
	Gaussian
	Gaussian
	Gaussian

	Defect energy level position
	Above VB
	Above VB； Below CB
	Above VB； Below CB

	Depth of defect energy level Et (eV)
	0.6
	0.15；0.45
	0.15；0.45

	Defect state density Nt (cm-3)
	1×1017
	5×1015；1×1014
	5×1015；1×1014



Table S2 Defect densities at the interfaces for simulations [S1-S4]
	Interface defect parameter
	TiO2 / Perovskite

	Charged defect type
	Positive

	Electron capture cross section σ- (cm2)
	1×10-18

	Hole capture cross section σ+ (cm2)
	1×10-19

	Distribution form of defect energy level
	Single

	Defect energy level position
	Below CB

	Depth of defect energy level Et (eV)
	0.32

	Defect state density Nt (cm-3)
	1×1012
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Fig. S7 Photo image of exciting a single point in mp-ZrO2 region by a 405nm pulsed laser for analyzing the carrier diffusion behavior in mp-ZrO2
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Fig. S8 PL intensity images of the perovskite within the mp-ZrO2 layer at different time intervals without and with PCPA 
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Fig. S9 Nyquist plots of p-MPSCs without and with PCPA
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Fig. S10 The temperature dependent -FdC/dF plots derived from the temperature dependent C-F plots of devices without and with PCPA
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[bookmark: OLE_LINK50]Fig. S11 Mott-Schottky plots of p-MPSCs without and with PCPA
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Fig. S12 TPC decay curves of p-MPSCs without and with PCPA

Table S3 Fitted TPC results of p-MPSCs without and with PCPA
	
	τ1 (µs)
	A1 (%)
	τ2 (µs)
	A2 (%)
	τave (µs)

	control
	3.42
	77.00
	24.10
	23.00
	8.18

	with PCPA
	2.08
	84.05
	21.30
	15.95
	5.14


The average carrier lifetime is calculated by the equation:



[image: ]
Fig. S13 Statistics of PV parameters of p-MPSCs fabricated with varied concentrations of PCPA (20 devices per group)

Table S4 Averages of PV parameters of devices fabricated with varied concentrations of PCPA (20 devices per group)
	concentration 
	VOC (mV)
	JSC (mA cm-2)
	FF
	PCE (%)

	0 mg/ml
0.75 mg/ml
1.5 mg/ml
3 mg/ml
	1005.90±13.54
1034.05±13.62
1057.10±10.36
1046.55±10.83
	24.71±0.26
24.78±0.29
24.96±0.24
24.87±0.20
	0.783±0.007
0.787±0.009
0.792±0.009
0.790±0.005
	19.47±0.41
20.16±0.53
20.91±0.42
20.57±0.38

	5 mg/ml
	1040.55±12.97
	24.83±0.24
	0.788±0.009
	20.35±0.34





[bookmark: _Hlk217224461][image: ]
Fig. S14 FF Analysis of nonradiative recombination loss and transport loss for p-MPSCs without and with PCPA
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[bookmark: OLE_LINK56]Fig. S15 Forward J-V scans of p-MPSCs without and with PCPA

Table S5 Detailed parameters of forward scan and reverse scan for devices with and without PCPA
	
	scan
	VOC (mV)
	JSC (mA cm-2)
	FF
	PCE (%)
	HI (%)

	control
	reverse
	1019
	25.12
	0.78
	20.05
	4.64

	
	forward
	1020
	24.95
	0.75
	19.12
	

	with PCPA
	reverse
	1061
	25.26
	0.81
	21.63
	4.02

	
	forward
	1067
	25.21
	0.77
	20.76
	


The HI is calculated as:
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Fig. S16 IPCE spectra of p-MPSCs without and with PCPA

Table S6 Initial and final PCEs of p-MPSCs without and with PCPA for the stabilized power output
	
	initial PCE
	final PCE

	W/O
	19.71%
	19.71%

	W/
	21.62%
	21.51%



Table S7 Comparative PCEs of p-MPSCs and PSCs featuring planar, low-temperature-processed carbon electrodes
	Device structure
	Highlight
	Year
	PCE 
	Refs.

	High temperature processed HTL-free mesoporous perovskite solar cells

	FTO/c-TiO2/mp-TiO2/mp-ZrO2/carbon
	Apply polymer additive for defect passivation
	2023
	18.33%
	[S5]

	FTO/c-TiO2/mp-TiO2/mp-ZrO2/carbon
	Mange oxygen vacancies in ETL
	2023
	18.96%
	[S6]

	FTO/c-TiO2/mp-TiO2/mp-ZrO2/carbon
	Optimize electron extraction and transport in ETL
	2024
	22.2%
	[S7]

	FTO/c-TiO2/mp-TiO2/mp-ZrO2/carbon
	Optimize wettability of perovskite solution to the mesoporous films
	2025
	20.27%
	[S8]

	FTO/c-TiO2/mp-TiO2/mp-ZrO2/carbon
	Dual back surface fields for hole transport
	2025
	20.79%
	[S9]

	Low-temperature processed planar perovskite solar cells

	ITO/SnO2/PVSK/bi-layer HTL/carbon
	Employ bi-layer HTL for optimizing charge carrier loss
	2023
	19.2%
	[S10]

	ITO/SnO2/PVSK/P3HT-NiOX/carbon
	Construct the protective buffer layers for preventing corrosion
	2023
	20.14%
	[S11]

	[bookmark: OLE_LINK5]FTO/SnO2/PVSK/ carbon
	Construct 2D/3D p-n heterojunction to regulate energy level alignment
	2024
	20.08%
	[S12]

	FTO/SnO2/PVSK/ carbon
	Construct Pb/Sn-based perovskite heterojunction
	2024
	19.89%
	[S13]

	ITO/SAM-NiOX/PVSK/C60/SnOX/carbon
	First demonstrate carbon as an electron-collecting rear cathode
	2025
	21.8%
	[S14]

	FTO/SnO2/PVSK/Spiro-OMeTD/carbon
	Employ graphene oxide doped HTL to enhance charge extraction
	2025
	23.6%
	[S15]
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