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Supplementary Figures and Tables
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Fig. S1 Schematic diagram of the multilayer Ti3C2TX
[image: ]
Fig. S2 TEM image of single layer or few layer Ti3C2TX nanosheets
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Fig. S3 XPS survey spectra of the Ti3C2TX
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[bookmark: _Hlk180745984][bookmark: _Hlk181089104]Fig. S4 High-resolution XPS spectra of Ti 2p and C 1s for Ti3C2TX
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Fig. S5 Schematic diagram of films cooling test process: Transfer from 85 ℃ hot plate to room temperature cooling platform
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Fig. S6 Infrared thermal images of ITO/perovskite and ITO/ Ti3C2TX-modified perovskite films under a cooling test
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Fig. S7 Comparison image of perovskite precursor solution without and with Ti3C2TX
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Fig. S8 AFM images of perovskite films without and with 0.01 wt%, 0.03 wt%, 0.05 wt%, 0.10 wt% Ti3C2TX
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[bookmark: _Hlk181090034]Fig. S9 EDS spectra of 0.03 wt% Ti3C2TX-modified perovskite film
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Fig. S10 I–V curves (log–log plots) of the pure perovskite device with the structure of ITO/PVK/Au and ITO/PVK-0.03 wt% Ti3C2TX/Au
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Fig. S11 J–V curves (log–log plots) of the pure hole device with the structure of ITO/PEDOT:PSS/PVK-Ti3C2TX/Spiro-OMeTAD/Au
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[bookmark: _Hlk180509102]Fig. S12 Nyquist plots of the PSCs with and without Ti3C2TX under dark condition
Equation S1 Carrier mobility calculation formula

J is the measured current density, Veff is the effective voltage defined as the difference between the applied voltage (Vapp) and the built-in voltage (Vbi), L is the film thickness,0 is the vacuum permittivity, r is the relative dielectric constant, and μ is the carrier mobility.


[bookmark: _Hlk199336216]Table S1 Comparison of thermal conductivities of various thermally conductive materials
	Thermally conductive materials
	Thermal conductivity

	h-BN
	51.1 W m-1 K-1

	Al2O3
	~20-30 W m-1 K-1

	SiO2
	~5 W m-1 K-1

	Zeolite
	1 W m-1 K-1

	Ti3C2TX
	55.8 W m⁻¹ K⁻¹


Table S2 Input parameters for the simulation of PSC
	Input parameter
	ITO
	SnO2
	Perovskite
	Spiro-OMeTAD
	Au

	Thickness (nm)
	100
	50
	500
	350
	50

	K (W·m-1·k-1)
	10
	5
	0.413
	0.49
	318

	h (W·m-2·k-1)
	3.1×108
	-
	-
	-
	9.6×109

	ρ (kg·m-3)
	7120
	6950
	4000
	4128
	19300

	Cp (J·kg-1·K-1)
	345
	350
	258
	262
	128


Table S3 The fitting parameters of TRPL
	Simple
	A1
	τ1 (ns)
	A2
	τ2 (ns)
	ave (ns)

	PVK
	0.943
	7.628
	0.344
	868.744
	[bookmark: _Hlk180506734]848.50

	0.03wt% Ti3C2TX-modified PVK
	0.824
	9.276
	0.369
	931.975
	911.91


Table S4 The photovoltaic parameters of the PSCs
	PSC
	Voc (V)
	Jsc (mA/cm2)
	FF (%)
	PCE (%)

	PVK
	1.145
	25.18
	82.2
	23.70

	0.01wt% Ti3C2TX-modified PVK
	1.151
	25.22
	81.6
	23.69

	0.03wt% Ti3C2TX-modified PVK
	1.177
	25.29
	84.4
	25.13

	0.05wt% Ti3C2TX-modified PVK
	1.167
	25.28
	82.4
	24.30

	0.10wt% Ti3C2TX-modified PVK
	1.157
	25.24
	80.9
	23.62




Table S5 Literature survey of the works on the thermal stability (85 ℃) of unencapsulated PSCs based on other thermal management strategies
	Year
	Strategy
	Champion PCE (%)
	Aging time (h)
	PCE/PCE0 (%)
	Refs.

	2020
	Enhancing the thermal conductivity of Spiro with Al2O3
	21.20
	720
	60
	[S1]

	2021
	Enhancing the thermal conductivity of Spiro with SiO2
	22.29
	1468
	67
	[S2]

	2021
	Enhancing the thermal conductivity of PCBM with PS
	18.34
	100
	64
	[S3]

	2023
	Enhancing the thermal conductivity of Spiro with zeolite
	23.42
	720
	61
	[S4]

	2023
	Enhancing the thermal conductivity of PVK with h-BN
	19.8
	300
	85
	[S5]

	2025
	Enhancing the thermal conductivity of PVK with Ti3C2TX
	25.13
	1000
	86
	This work


Table S6 Literature survey of the works on the thermal stability (85 ℃) of unencapsulated PSCs based on PVK/Spiro-OMeTAD
	Device’s structure
	Aging time (h)
	PCE/PCE0 (%)
	Refs.

	ITO/SnO2/PCBM/PVK/Spiro-OMeTAD/Au
	1000
	85.0
	[S6]

	FTO/SnO2/PVK/Spiro-OMeTAD/Au
	27
	85.0
	[S7]

	FTO/SnO2/PVK/Spiro-OMeTAD/Au
	100
	90
	[S8]

	ITO/SnO2/PVK/Spiro-OMeTAD/Au
	450
	92.0
	[S9]

	FTO/bl-TiO2/mp-TO2/PVK/Spiro-OMeTAD/Au
	245
	0
	[S10]

	FTO/c-TiO2/mp-TO2/PVK/Spiro-OMeTAD/Au
	100
	80.0
	[S11]

	ITO/SnO2/MoO3/PVK/Spiro-OMeTAD/Au
	558
	90.0
	[S12]

	ITO/SnO2/TMPU/PVK/TMFS/Spiro-OMeTAD/Au
	500
	94.2
	[S13]

	ITO/SnO2/MgAc2/PVK/Spiro-OMeTAD/Au
	1250
	80.0
	[S14]

	FTO/TiO2/SnO2/PVK/Spiro-OMeTAD/Au
	200
	60.0
	[S15]

	FTO/SnO2/PVK/Spiro-OMeTAD/Au
	310
	85.0
	[S16]

	FTO/SnO2/PVK/Spiro-OMeTAD/Au
	500
	92.4
	[S17]

	FTO/SnO2/PVK/Spiro-OMeTAD/Au
	140

	70.0
	[S18]

	ITO/SnO2/PVK-Ti3C2TX/Spiro-OMeTAD/Au
	1000
	86.0
	This work
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