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S1 Supplementary Calculation Formula
S1.1 Thermal Storage Calculation Formula
The calculation formula of impregnation ratio (R), are as follows.

where Hm, PCMs represent the melting and freezing enthalpy of composite PCMs, respectively. Similarly, Hm, PEG represent the melting and freezing enthalpy of PEG.
S1.2 Photothermal Conversion Calculation Formula
The photothermal conversion efficiency (η) was calculated according to the equation as follows:

Where m and S denote mass and surface area of PEG-MXene@CuS composite PCMs, respectively; P represents the solar irradiance; and t1 and t2 signify the onset and termination times of the phase transition.
S1.3 Microwave Absorption Calculation Formula
S1.3.1 Electromagnetic Parameters
Electromagnetic parameters are crucial for evaluating the electromagnetic performance of electromagnetic wave absorbing materials. The dielectric and magnetic properties of materials can be characterized by the complex permittivity (εr) and complex permeability (μr):


where εr' denotes the real part of the complex permittivity, εr'' denotes the imaginary part of the complex permittivity, μr' denotes the real part of the complex permeability, and μr'' denotes the imaginary part of the complex permeability. The real parts represent the ability to store electrical and magnetic energy, while the imaginary parts represent the ability to dissipate electrical and magnetic energy. For electromagnetic wave absorbing materials, larger values of the imaginary parts of εr and μr imply greater attenuation of incident electromagnetic wave, thereby indicating better electromagnetic wave absorption performance. Typically, the degree of electromagnetic wave loss is characterized by the dielectric loss tangent (tanδε) and magnetic loss tangent (tanδμ):


where ε describes the phase lag of a material's internal electric induction field (D) relative to the external field, μ describes the phase lag of its magnetic induction field (B) relative to the external field. The loss tangent represents the ability of a material to absorb electromagnetic wave energy and convert it into heat. A higher value of the loss tangent indicates a stronger ability of the material to absorb electromagnetic wave.
S1.3.2 Cole-Cole Semicircle
[bookmark: _Hlk228376238]When the frequency of the alternating electric field increases to a certain extent, the polarization process cannot synchronize with the electric field, resulting in a phase difference between the electric field and polarization. As the frequency of the alternating electric field further rises to a specific level, it leads to the loss of electric field energy, namely the polarization relaxation phenomenon. The relaxation of dipole polarization can be described by Debye theory, and the real and imaginary parts of the complex permittivity can be expressed by Debye theory as follows:



where εs denotes the static permittivity, ε∞ represents the high-frequency (optical) permittivity, ω is the angular frequency, and τ stands for the relaxation time. According to the above formula, the real part of the permittivity decreases with increasing frequency, while the imaginary part reaches a peak when ωτ = 1. This phenomenon of frequency-dependent permittivity is referred to as dielectric dispersion. When plotting the real part of the permittivity on the horizontal axis and the imaginary part on the vertical axis (Cole-Cole plot), the above equation can be rearranged to obtain:

The simplified form is obtained as follows:

It can be inferred that the dielectric polarization process manifests as semicircles in the Cole-Cole plot.
S1.3.3 Impedance Matching Property
[bookmark: _Hlk203073577][bookmark: OLE_LINK2]The surface impedance of the material is jointly determined by the complex permittivity and complex permeability, which can be expressed as Z. The impedance matching characteristic serves to evaluate the ability of electromagnetic wave to penetrate into absorbing materials, which essentially reflects the matching relationship between the absorption and reflection of electromagnetic wave. The impedance matching property is typically denoted by "Z". It is jointly determined by the complex permittivity and complex permeability, and can be quantified by calculating the ratio |Zin/Z0|. The specific calculation formula is as follows:

[bookmark: OLE_LINK1]where Zin represents the input characteristic impedance, and Z0 denotes the free space impedance. f is the frequency of electromagnetic wave, d is the thickness of the absorbing material, and c is the speed of light. RL stands for reflection loss. μ0 is the magnetic permeability in vacuum, with a value of 4π × 10-7 H/m, and ε0 is the dielectric constant in vacuum, with a value of 8.854 × 10-12 F/m. μr represents the relative magnetic permeability (µr), and εr represents the relative dielectric constant (εr).
S1.3.4 Reflection Loss
Reflection loss (RL) is a widely adopted metric for assessing the electromagnetic wave absorption performance of materials. Leveraging the transmission line theory and the measured electromagnetic parameters, and in conjunction with the specified sample thickness, the RL value of the material can be computed. The detailed calculation formula is presented as follows:


RL value of -10 dB implies that the absorbing material has absorbed 90% of the incident electromagnetic wave. When the RL value reaches -20 dB, it means that the material can achieve an electromagnetic wave loss rate of up to 99%. Evidently, as the RL value decreases, the loss rate of the material for electromagnetic wave increases correspondingly. Conventionally, a RL below -10 dB is defined as effective absorption, and the width of the corresponding frequency range is called the effective absorption bandwidth (EAB).

S1.3.5 Characteristic Impedance
In the frequency bands with a large attenuation constant, when the impedance matching coefficient Z=|Zin/Z0| is equal to or close to 1 (i.e., the two impedance values of the electromagnetic wave absorbing material are similar), the material can achieve ideal impedance matching and exhibit the optimal electromagnetic wave absorption performance. 
S1.3.6 Dielectric Loss
[bookmark: OLE_LINK62]The dielectric loss of electromagnetic wave absorbing materials includes conduction loss () and polarization loss (), which can be simulated by connecting resistors and capacitors in series and parallel circuits. The  and  are calculated according to the formula: 


where  is the conductivity, τ represents the polarization relaxation time, and ε0 (8.85 × 10-12 F/m) denotes the vacuum permittivity.
S1.4 Radar Cross Section Simulation
The radar cross section (RCS) simulations were performed in CST software based on the far-field response. The simulation model consists of an upper wave-absorbing layer and a lower perfect electrical conductor (PEC) layer. The model was placed in the XOY plane, and a plane wave was incident along the negative Z direction. Open boundary conditions were applied to simulate the free-space environment. The RCS performance of the samples was evaluated by the following equation:

where S is the area of the layer of the simulated plate, and λ is the electromagnetic wave wavelength. Es and Ei represent the electric field intensity of scattered electromagnetic wave and incident electromagnetic wave, respectively.

S2 Supplementary Detail
S2.1 RCS simulation
[bookmark: OLE_LINK4]The simulation model consisted of a 180 mm × 180 mm square absorbing layer deposited on a perfect electric conductor (PEC) substrate of the same lateral dimensions. The thicknesses of the PEG-MXene@CuS absorbing layer and the PEC substrate were 1.88 mm and 1.0 mm, respectively. The simulations were performed using the Integral Equation (IE) Solver in CST Studio Suite 2024. A plane wave was used as the excitation source under open boundary conditions. The azimuth angle was fixed at 90°, and the incident angle (θ) was varied from -60° to 60°. The simulations were conducted at a representative frequency of 14.9 GHz using the experimentally measured complex permittivity and permeability obtained by the coaxial-line method.
S2.2 DFT calculation
All the density-functional theory (DFT) computations were performed using the Cambridge Sequential Total Energy Package (CASTEP)[1] based on the pseudopotential plane wave (PPW) method. Electron-ion interactions were described using the ultrasoft (USP) potentials[2]. A plane-wave basis set was employed to expand the wave functions with a cutoff kinetic energy of 400 eV. For the electron-electron exchange and correlation interactions, the functional parametrized by Perdew-Burke-Ernzerhof (PBE)[3], a form of the general gradient approximation (GGA), was used throughout with the Hubbard U values of Cu is 4.5 eV and 2.5 eV for Ti. The vander Waals interaction was described using the DFT-D2 method that proposed by Grimme[4].
During the geometry optimizations, all the atom position were allowed to relax. In this work, the Brillouin-zone integrations were conducted using Monkhorst-Pack (MP) grids[5] of special points with the separation of 0.05 Å-1 for the model cell. The convergence criterion for the electronic self-consistent field (SCF) loop was set to 1×10-6 eV/atom. The atomic structures were optimized until the residual forces were below 0.03 eVÅ-1.

S3 Supplementary Figure
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[bookmark: OLE_LINK75]Fig. S1 SEM image of MXene
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Fig. S2 FT-IR spectra of MXene[6]
[image: ]
Fig. S3 EDS elemental mapping of MXene@CuS-1
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Fig. S4 EDS elemental mapping of MXene@CuS-2
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Fig. S5 EDS elemental mapping of MXene@CuS-3
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Fig. S6 SEM images of MXene@CuS-1
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Fig. S7 SEM images of MXene@CuS-2
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Fig. S8 SEM images of MXene@CuS-3
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Fig. S9 XPS spectra of MXene@CuS: a C 1s, b O 1s
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Fig. S10 TGA curves of MXene@CuS
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Fig. S11 Leakage test experiment of PEG and PEG-MXene@CuS
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Fig. S12 SEM images of a PEG-MXene@CuS-1, b PEG-MXene@CuS-2, and c PEG-MXene@CuS-3
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Fig. S13 a XRD patterns of PEG-MXene@CuS. b XRD patterns of MXene, MXene@CuS-2, PEG, and PEG-MXene@CuS-2
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Fig. S14 a FT-IR spectra of PEG-MXene@CuS. b FT-IR spectra of MXene, MXene@CuS-2, PEG, and PEG-MXene@CuS-2
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Fig. S15 DSC curve of PEG-MXene@CuS-2 for the 1st and the 100th cycles
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[bookmark: OLE_LINK37]Fig. S16 FT-IR spectra of PEG-MXene@CuS-2 for the 1st and the 100th cycles
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Fig. S17 Cyclic photothermal conversion curves of PEG-MXene@CuS-2
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Fig. S18 Fitting curves of the output voltage and current of PEG-MXene@CuS-2 varying irradiation intensities
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Fig. S19 Electromagnetic parameters a εʹ, εʺ and b μʹ, μʺ of PEG-MXene@CuS-2
[image: ]
Fig. S20 3D representations and 2D projection graphics of the RL value for a, b PEG-MXene@CuS-1; c, d PEG-MXene@CuS-2; e, f PEG-MXene@CuS-3
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Fig. S21 tanδε and tanδμ of PEG-MXene@CuS-2
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[bookmark: _Hlk229062165]Fig. S22 Impedance matching diagram of a PEG-MXene@CuS-1, b PEG-MXene@CuS-2, c PEG-MXene@CuS-3
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Fig. S23 Linear fitting of ε' versus εʹ/2πf based on the Debye relaxation model
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[bookmark: _Hlk229062502]Fig. S24 a Conduction loss and polarization loss of PEG-MXene@CuS-2. b Ratio of conduction loss and polarization loss

[image: 图形用户界面, 图表, 直方图

AI 生成的内容可能不正确。]
[bookmark: _Hlk229062515]Fig. S25 Electromagnetic parameters a εʹ, b εʺ, c μʹ, and d μʺ of PEG-MXene@CuS-2 before and after heating














S4 Supplementary Table
Table S1 Elemental composition (Atomic %) of MXene@CuS samples
	Sample
	C
	Ti
	Cu
	S

	MXene@CuS-1
	73.12%
	20.45%
	3.46%
	2.97%

	MXene@CuS-2
	65.46%
	25.57%
	4.89%
	4.09%

	MXene@CuS-3
	50.70%
	32.23%
	8.85%
	8.22%




Table S2 Thermal characteristics of PEG and composite PCMs
	Sample
	Melting process
	Crystallization process

	
	[bookmark: OLE_LINK3]Tm (℃)
	[bookmark: OLE_LINK17][bookmark: OLE_LINK44]Hm (J·g-1)
	Tc (℃)
	Hc (J·g-1)

	[bookmark: _Hlk227573168]PEG
	61.1
	152.83
	44.6
	140.07

	[bookmark: OLE_LINK11]PEG-MXene@CuS-1
	61.6
	100.74
	45.4
	99.57

	PEG-MXene@CuS-2
	60.2
	99.06
	45.2
	99.36

	[bookmark: OLE_LINK13]PEG-MXene@CuS-3
	60.2
	98.10
	46.2
	97.41




Table S3 Thermal conductivity
	Sample
	[bookmark: _Hlk217851942]Thermal conductivity (W·m-1·K-1)

	PEG
	0.25

	PEG-MXene
	0.41 

	PEG-MXene@CuS-1
	0.56

	PEG-MXene@CuS-2
	0.68

	PEG-MXene@CuS-3
	0.62






Table S4 Photothermal conversion efficiency of PEG-MXene@CuS
	Sample
	Photothermal conversion efficiency

	PEG-MXene@CuS-1
	89.6%

	PEG-MXene@CuS-2
	94.5%

	PEG-MXene@CuS-3
	91.1%






[bookmark: OLE_LINK43]Table S5 Comparison of output voltage and photothermal efficiency for composite PCMs
	Sample
	Output voltage (mV)
	Photothermal efficiency
	Light intensity (mW·cm-2)
	Refs.

	TRIS/EG
	93.1
	87.0%
	47.7
	S7

	PW-CNT/rGO
	150.0
	90.3%
	150
	S8

	SA-BC/graphene
	151.9
	90.8%
	200
	S9

	TD-ACW/Fe3O4
	196.6
	89.8%
	150
	S10

	PEG-PI/KNF/CoFe2O4/PPy
	259.7
	84.8%
	200
	S11

	PEG-PPy
	318.0
	86.0%
	250
	S12

	PW-PVP/GO/AgNPs
	200.5
	92.6%
	100
	S13

	PEG-PU/NR/MXene
	410.0
	92.0%
	200
	S14

	PEG-MoS2/Mt
	458.0
	96.5%
	200
	S15

	PEG-PVA/HNT/PPy
	587.0
	90.4%
	300
	S16

	PEG-BC/MoS2/CuS
	157.0
	93.6%
	100
	S17

	PEG-CKF@Co/C
	309.0
	94.4%
	100
	S18

	PEG-MXene@CuS
	288.6
	94.5%
	100
	This work




Table S6 Photoresponsive thermoelectric performance of PEG-MXene@CuS-2
	Irradiation (mW·cm-2)
	Output voltage (mV)
	Output current (mA)
	Power density (W·m-2)

	50
	254.6
	57.9
	16.3

	100
	288.6
	67.7
	21.7

	150
	334.9
	77.5
	28.8

	200
	380.0
	88.2
	37.2

	300
	438.5
	99.0
	48.2




[bookmark: _Hlk228798078]Table S7 Comparison of microwave absorption performance for composite PCMs
	Sample
	EAB
(GHz)
	RLmin
(dB)
	Thickness
(mm)
	Filler mass ratio (%)
	Refs.

	LA-CKF@Fe3O4
	1.7
	-17.3
	5.5
	9.5%
	S19

	PEG-CMF/rGO/MoS2
	4.8
	-32.5
	2.4
	7.9%
	S20

	PW-CMF@Co/NC
	3.8
	-57.9
	3.0
	39.8%
	S21

	PW-MXene/CoNi-C
	3.1
	-49.3
	4.5
	28.0%
	S22

	PW-MoS2@CNTs
	4.3
	-28.0
	2.0
	50.3%
	S23

	PW-C-LDH@MXene
	3.9
	-20.9
	2.0
	30.4%
	S24

	PEG-SWCNT/PDMS
	2.5
	-51.7
	1.8
	36.5%
	S25

	PEG-PI/Graphene/Fe3O4
	2.6
	-38.5
	2.8
	15.8%
	S26

	PW-MXene/CNF@MoS2
	4.3
	-61.3
	1.4
	33.5%
	S27

	PW-Co-MnS/CF@MoS2
	6.2
	-63.2
	1.9
	34.2%
	S28

	PEG@FGA
	5.8
	48.7
	2.1
	8.6%
	S29

	ADGW/PEG
	4.9
	-41.4
	2.5
	16.7%
	S30

	PI/PPy-CNTs@PEG
	2.6
	-42.0
	5.5
	10.8%
	S31

	PEG-MXene@CuS
	5.3
	-55.5
	1.9
	33.0%
	This work
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