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[bookmark: _Hlk165823172]S1 Supplementary Experiment Section 
[bookmark: _Hlk154250326][bookmark: _Hlk154499457]S1.1 Chemicals
Zirconium n-propoxide (Zr(OC3H7)4, 70% in n-propanol, stored in a glovebox), ethanol (C2H5OH, ≥99.8%, chromatographic grade), stearic acid (C17H35COOH, 98%), triethylamine (C6H15N, 99%), potassium silicate (K2O·nSiO2·xH2O), europium nitrate hexahydrate (Eu(NO3)3·6H2O, 99.99%) were purchased from Shanghai Aladdin Biochemical Technology Co., LTD. 
S1.2 Morphology, Structural and Compositional Characterizations
Surface morphologies were investigated by scanning electron microscopy (SEM, TESCAN RISE-MAGNA, Czech Republic) operated at 10 kV. Elemental distributions were examined by energy-dispersive X-ray spectroscopy (EDS, Oxford X-Max N20, UK) attached to the SEM. Submicrosphere size distributions and standard deviations were obtained using Nano Measurer software.
Microstructural and compositional analyses were carried out by high-resolution transmission electron microscopy (HR-TEM, Talos F200X, Thermo Fisher Scientific, USA) at 200 kV. Elemental mapping was conducted with a Super-X EDS detector in high-angle annular dark-field scanning TEM (HAADF-STEM) mode. Internal architectures were examined on ultrathin sections prepared at room temperature using an ultramicrotome (Leica EM UC7FC7, Germany). Atomic-resolution images were acquired on an aberration-corrected STEM (AC-STEM, JEM-ARM200F, JEOL, Japan) with a cold field-emission gun operated at 200 kV. EDS was performed with a JEOL JED-2300 detector using a probe convergence angle of 20.6 mrad and a collection semi-angle of 54-220 mrad.
The crystal structure was characterized by X-ray diffraction (XRD, Rigaku D/Max 2550 PC, Japan) using Cu Kα radiation (λ = 1.5406 Å) over 2θ = 10-80°, with an operating voltage of 45 kV and current of 200 mA. 
FTIR spectra were recorded either in transmission mode or using an attenuated total reflection (ATR) accessory (Thermo Fisher Nicolet S6700, USA) over 4000-400 cm-1, each spectrum was averaged over 64 scans. 
Eu and Zr contents were quantified by inductively coupled plasma optical emission spectroscopy (ICP-OES, iCAP PRO, Thermo Fisher Scientific, USA) after dissolution in hydrofluoric acid. 
X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha, USA) was used to probe the chemical states of O, Zr and Eu with a monochromatic Al Kα source (hν = 1486.8 eV, 12 kV, 6 mA). Spectra were collected at a pass energy of 50 eV with 0.1 eV step size under a base pressure of ~5 × 10-7 Pa, and all binding energies were referenced to the C 1s peak at 284.8 eV.
Electron paramagnetic resonance (EPR) measurements were performed on a Bruker EMXplus-9.5/12 spectrometer (Germany) operating at X-band (9.826 GHz) with 100 kHz field modulation. Data were acquired at room temperature with a modulation amplitude of 0.5 G and a microwave power of 200 mW.
Infrared radiative behavior was assessed using a thermal imaging camera (Guide Sensmart PT650, China) with a 640 × 480 pixel uncooled vanadium oxide detector, operating at 30 Hz. The instrument covers a temperature range of -40 to 150 °C with a thermal sensitivity of 30 mK, an accuracy of ±1 °C, and a spectral response of 7.5-14 µm. The emittance was set to 0.92. Thermal images and videos were processed using Guide ThermoTools software.
[bookmark: _Hlk196466504]S1.3 Fluorescence Lifetime and Thermometric Sensitivity Calculation
Fluorescence intensity is proportional to the population of ions in the excited state. After the excitation source is switched off, the emission decays with time, and the average fluorescence lifetime (τ) is defined as the time at which the intensity has decreased to 1/e of its initial value. The decay curves I(t) were fitted with a biexponential function [S1, S2]: 
                  (S1)
where  and represent the fast and slow decay components, I1 and I2 denote their amplitudes, and I0 is the residual background. The mean lifetime was calculated as:
                             (S2)
The absolute sensitivity (Sa) of the fluorescence intensity ratio (FIR) thermometry was evaluated from the Boltzmann-type relationship [S3, S4]: 
                      (S3)
where I548 and I606 are the integrated intensities corresponding to the 5D1→7F2 and 5D0→7F2 transitions of Eu3+, respectively. A is a proportionality constant related to the spontaneous emission probability and photon frequency, ΔE denotes the energy gap between the two thermally coupled levels, and kB is the Boltzmann constant.
Relative sensitivity (Sr) is a key figure of merit for luminescent thermometers, is defined as:
               (S4)
These analyses enable a quantitative assessment of the luminescent and thermometric performance of EZS and the corresponding metacoatings.
S1.4 Data analysis
The solar absorptance (αs) was evaluated from its measured reflectance R(λ) under the AM0 solar spectrum (IAM0(λ)) as:
                     (S5)
[bookmark: MTToggleStart][bookmark: MTToggleEnd]The hemispherical emittance (ε) was obtained using Kirchhoff’s law, assuming that in the mid-infrared the emittance equals the spectral absorbance (α(T, λ)):
 	                      (S6)
where the ideal blackbody spectral radiance (Ib(λ, T)) is:
                       (S7)
Here, h is Planck’s constant, k is Boltzmann’s constant, and c is the speed of light in vacuum.
S1.5 Calculations of net cooling power
The net radiative cooling power was calculated as:
𝑃𝑛𝑒t(𝑇) = 𝑃𝑟𝑎𝑑(𝑇) − 𝑃𝑠𝑜𝑙𝑎𝑟                                 (S8)
with the radiative power exchanged with deep space (background temperature, Tbg ≈ 3K) given by:
                       (S9)
where (σ = 5.67 × 10-8 W·m-2·K-4) is the Stefan-Boltzmann constant and T is the surface temperature. The absorbed solar power was evaluated as:
                         (S10)
where αs is the solar absorptance, S = 1367 W·m-2 is the solar constant, and θ is the solar incidence angle. These expressions were used to compare the net cooling performance of the metacoating with other all-inorganic radiative cooling coatings and to assess their suitability for spacecraft thermal management.
S2 Supplementary Figures and Tables
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Fig. S1 Morphology and composition of EZS precursors synthesized by forced alkoxide hydrolysis with concurrent Eu3+ coordination under hydrothermal conditions. a Low- and high-magnification SEM images showing uniform spherical particles with an average diameter of 0.876 μm. b HAADF-TEM image confirming a symmetric spherical morphology. c HR-STEM image revealing a predominantly disordered interior with only localized nanocrystalline fringes a few nanometers in size. d SAED pattern without discernible diffraction rings, consistent with an amorphous precursor. e HAADF-STEM and EDS elemental maps (O, Zr, C, Eu) demonstrating homogeneous elemental distributions and absence of Eu segregation, indicative of uniform Eu3+ incorporation within the ZrO2 submicrosphere precursor
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Fig. S2 a FTIR spectra and b XRD patterns of EZS and ZrO2 submicrosphere precursors
FTIR and XRD analyses were performed to examine the chemical composition and structural evolution of EZS precursors. Both EZS and ZrO2 submicrosphere precursors exhibit characteristic absorption peaks of organic functional groups, indicating residual organics in the as-prepared samples. After hydrothermal diffusion doping, the Zr−OH stretching vibrations at 3400-3560 cm-1 weaken significantly, suggesting coordination between Eu3+ ions and surface Zr−OH groups [S5]. The alkyl stretching bands at 2920 cm-1 and 2850 cm-1, as well as the bending mode at 1460 cm-1, are notably reduced, confirming that hydrothermal treatment promotes the hydrolysis and removal of propoxy groups [S6]. The sharper absorption bands between 400-600 cm-1 correspond to metal-oxygen bond stretching, while the new peak at 1386 cm-1 arises from the NO3− groups of europium nitrate solution. The XRD patterns of both EZS and ZS precursors display broad diffraction features, consistent with an amorphous structure. Together with HR-TEM observations, these results confirm that the EZS precursors remain predominantly amorphous after hydrothermal processing.
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Fig. S3 Low- and high-magnification SEM images and corresponding diameter distributions of EZS precursors after calcination at different temperatures: a 600 °C, b 800 °C, c 1000 °C and d 1200 °C
To obtain highly crystalline and spherical EZS, we examined the effects of calcination on diameter and microstructure. As shown in Fig. S3, calcination effectively removes organics from the precursors and promotes crystallization. At 600 °C, the average diameter decreases to 0.803 µm. Further calcination at 800 °C and 1000 °C reduces the diameter to 0.786 µm and 0.745 µm, accompanied by increased surface roughness. At 1200 °C, enhanced atomic diffusion produces faceted grains and a denser surface, with the diameter decreasing to 0.645 µm, indicative of grain growth and particle densification at high temperature. Across the studied range, the EZS retain a spherical morphology up to 1200 °C, while exhibiting a monotonic size reduction with increasing temperature.

[image: ]
Fig. S4 HR-TEM images of EZS after calcination at different temperatures: a 600 °C, b 800 °C, c 1000 °C and d 1200 °C
HR-TEM analysis was performed to study the evolution of grain structure at the edge of EZS after heat treatment at different temperatures, as shown in Fig. S4. After calcination at 600 °C, a large number of small primary grains appeared at the edges of the EZS. As the temperature increased to 1000 °C, the crystal growth accelerated under thermal driving, resulting in noticeably larger grains. At 1200 °C, the grain size further increased to several tens of nanometers, with significantly improved crystallinity and structural integrity. The edge regions exhibited a trend toward densification, which is closely related to the enhanced atomic diffusion and grain fusion induced by high temperatures.
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Fig. S5 a FTIR spectra and b XRD pattern of EZS after calcination at different temperatures
FTIR spectroscopy and XRD partterns were employed to characterize the chemical composition and crystal structure of the EZS after calcination. As shown in Fig. S5a, the FTIR spectra reveal a noticeable weakening and smoothing of the absorption peaks in the 900-4000 cm-1 range at 600 °C, indicating the removal of most organic components. When the heat treatment temperature was increased from 600 °C to 1200 °C, the FTIR peaks in the 750-400 cm-1 region became sharper, suggesting an improvement in crystallinity. These peaks correspond to localized bending and deformation vibration modes of metal-oxygen bonds. As shown in Fig. S5b, the XRD results indicate that the EZS transition from an amorphous state to a tetragonal phase after calcination. At 600 °C, characteristic diffraction peaks appear at 2θ = 30.1°, 35.1°, 50.3° and 59.9°, corresponding to the (101), (110), (112) and (211) planes of tetragonal ZrO2 (PDF#86-0338) [S7]. When the temperature is increased to 1000 °C and 1200 °C, these diffraction peaks become sharper, indicating a significant improvement in crystallinity. Additionally, secondary diffraction peaks appear at 2θ = 34.5°, 50.5° and 59.2°, corresponding to the (002), (200) and (103) planes of tetragonal ZrO2, respectively.
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Fig. S6 SEM images of EZS with different diameters: a 0.254 μm, b 0.525 μm, c 0.756 μm and d 1.049 μm
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Fig. S7 The SEM images, Zr, O and Eu elemental EDS-mapping and line scanning of EZS with different diameters: a 0.254 μm, b 0.525 μm, c 0.756 μm and d 1.049 μm.
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Fig. S8 Rietveld refinement of the XRD pattern for EZS
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Fig. S9 XPS a survey and b O 1s high-resolution spectra of EZS
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Fig. S10 PDOS of a 2.78, b 4.17% and c 12.50% Eu-doped ZrO2
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Fig. S11 Optical Eg of EZS after calcination at different temperatures
The optical Eg of EZS was determined from UV-Vis absorption spectra using Tauc-plot analysis. As the calcination temperature increased from 600 to 800 °C, Eg broadened from 4.69 to 4.96 eV, indicating improved crystallinity and a reduced defect density. When the temperature reached 1200 °C, Eg decreased to 4.81 eV, which is attributed to the higher concentration of VO defects associated with aliovalent doping. These impurity states introduce defect levels, thereby narrowing the apparent Eg.
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Fig. S12 FTIR spectra of EZS at different doping concentration
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Fig. S13 a Excitation and b emission spectra, and c fluorescence decay curves of EZS after calcination at different temperatures recorded at λem = 606 nm and λex = 395 nm
With increasing calcination temperature, the crystallinity of the EZS gradually improves, grain size enlarges, and the local coordination environment of Eu3+ becomes more stable, leading to a continuous enhancement in emission intensity. The sample treated at 1000 °C exhibits the strongest luminescence, while a slight decrease occurs at 1200 °C due to the generation of additional VO, which act as quenching centers that trap excitation energy and reduce emission efficiency. Fig. S13c presents fluorescence decay curves recorded at an excitation wavelength of 395 nm and an emission wavelength of 606 nm. All samples exhibit lifetimes on the millisecond scale, indicating partially forbidden transitions. The decay profiles fit a biexponential model with time constants of 1.875, 2.174, 2.399 and 2.110 ms, respectively. The lifetime first increases and then decreases with temperature, which is attributed to changes in local symmetry. Moderate calcination temperature enhances structural order and suppresses nonradiative decay, while higher temperatures introduce lattice defects that open additional nonradiative channels, thus shortening the lifetime. Considering both excitation and emission behavior, 1000 °C is identified as the optimal annealing condition for achieving the highest luminescence performance.
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Fig. S14 a Excitation and b emission spectra of undoped ZrO2 submicrosphere recorded at λem = 606 nm and λex = 395 nm
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Fig. S15 The low-magnification SEM images of metaoating with different EZS diameter: a 0.254 μm, b 0.525 μm, c 0.756 μm and d 1.049 μm
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Fig. S16 The low and high-magnification SEM images of metaoating with different volume fraction: a 15%, b 25%, c 35% and d 45%
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Fig. S17 Simulated reflectance spectra of metacoating with different a EZS diameter and b volume fraction. The typical experimental parameters are a diameter of 0.75 μm, a volume fraction of 35% and a thickness of 100 μm
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Fig. S18 a Grid search mapping of the optimal αs region for metacoatings at 35% volume fraction as a function of diameter and thickness. b Reflectance and emittance spectra for metacoatings with varying thicknesses



Table S1 Comparison of αs, ε and net cooling power of the all-inorganic space radiative cooling coatings
	Materials
	αs
	ε
	Net cooling power (W·m-2)
	References

	Zn2SiO4
	0.091
	0.949
	307.32
	 [S9]

	ZnO
	0.167
	0.88
	175.87
	 [S9]

	h-BN
	0.098
	0.916
	286.73
	 [S9]

	Ga2O3
	0.094
	0.877
	274.28
	 [S10]

	Ca3(PO4)2
	0.095
	0.878
	273.37
	 [S10]

	Zn-MCM-41
	0.154
	0.914
	209.26
	 [S11]

	Silica-supported ZnO
	0.145
	0.945
	235.80
	 [S12]

	Zn-SBA-15
	0.151
	0.936
	223.46
	 [S13]

	Hollow glass
	0.16
	0.85
	171.66
	 [S14]

	ZrO2 particles
	0.205
	0.84
	105.55
	 [S15]

	Mg0.13Zr0.87O1.87
	0.405
	0.873
	-152.69
	 [S16]

	Mg3(PO)4 and MgO
	0.33
	0.85
	-60.73
	 [S17]

	SR107-ZK
	0.17
	0.87
	167.18
	 [S18]

	S781
	0.18
	0.87
	153.51
	 [S19]

	NS-74
	0.17
	0.92
	190.14
	 [S20]

	TSSZ-2
	0.145
	0.945
	235.80
	 [S12]

	SAR-9
	0.09
	0.80
	244.39
	 [S21]

	S13G
	0.22
	0.90
	112.60
	 [S11]

	[bookmark: _Hlk214045073]YB-71
	0.12
	0.90
	[bookmark: _Hlk214045258]253.79
	 [S13]

	AZ-93
	0.15
	0.91
	[bookmark: _Hlk214045241]212.89
	https://www.aztechnology.com

	AZW/LA-II
	0.09
	0.91
	294.91
	

	AZ-2000-IECW
	0.25
	0.88
	62.41
	

	AZ-2100-IECW
	0.15
	0.90
	208.29
	

	AZ-400-LSW
	0.17
	0.89
	177.73
	

	AZJ-4020
	0.15
	0.88
	199.11
	

	SolarWhite
	0.18
	0.89
	162.69
	https://enbio.eu/thermal-control-coatings/

	EZS metacoating
	0.076
	0.931
	323.688
	Our work
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Fig. S19 Solar irradiance of the AM0 solar simulator as a function of time
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Fig. S20 Temperature evolution of the EZS metacoating and Al sheet during three independent measurements: a first, b second, c third measurement and d corresponding standard deviation
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Fig. S21 The reflectance and emittance spectra of TiO2, ZnO and Zn2TiO4 coatings with thickness of 100 μm at a volume fraction of 35%
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Fig. S22 The low and high-magnification SEM images of coatings using different oxide powders as pigments: a TiO2, b ZnO and c Zn2TiO4
Bare Al sheet exhibits pronounced intrinsic absorption in the UV-visible range (0.25-0.78 µm), yielding αs = 0.140 and ε = 0.081. Sprayed ZnO, TiO2 and Zn2TiO4 powders form uniform, well-adhered white coatings [S8]. In reflectance, the UV absorption edges of ZnO, TiO2 and Zn2TiO4 coatings occur at ~0.38, ~0.36, and ~0.32 µm, respectively, which leads to stronger UV absorption. SEM images at low and high magnification reveal granular surfaces. TiO2 coating consists of smaller particles (~0.1-0.3 µm), which maximize reflectance in the visible region but lead to reduced reflectance in the NIR range. ZnO and Zn2TiO4 coatings have larger particles and maintain higher NIR reflectance. Because all coatings were prepared at the same pigment volume fraction, their mid-IR emittance spectra are broadly similar. Residual differences are concentrated in the 3-8 µm and 15-25 µm bands and likely arise from intrinsic vibrational absorptions of the oxides and particle-size-dependent interfacial scattering.
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Fig. S23 Variation of intensity of 606 nm with temperature






Table S2 Comparison of λg and maximum Sr for the EZS metacoating and representative luminescent thermometric oxide
	Materials
	λg
	Sr (% K-1)
	References

	ZrO2: Eu3+
	0.258
	0.33
	 [S1]

	LaScO3: Eu3+
	0.281
	0.795
	 [S22]

	Sr2NaMg2V3O12: Eu3+
	0.4133
	1.61
	 [S23]

	ZrTiO4: Eu3+
	0.340
	1.11
	 [S4]

	Ca0.75Sr0.2Mg1.05Si2O6: Eu2+/Tb3+
	0.448
	0.6
	 [S24]

	La2.95Li3W1.99O12: Eu3+/Mn4+
	0.320
	0.7
	 [S25]

	Gd2GaSbO7: Bi3+/Eu3+
	0.293
	1.03
	 [S26]

	SrGa2B2O7: Bi3+/Eu3+
	0.276
	1.03
	 [S27]

	CaLa4(SiO4)3O: Dy3+
	0.339
	0.164
	 [S28]

	SrWO4: Pr3+
	0.272
	0.65
	 [S29]

	BaLa0.92La0.08LiTeO6
	0.343
	0.65
	 [S30]

	LiCa2Mg2V3O12: Dy3+
	0.397
	0.59
	 [S31]

	RbCaLa(VO4)2: Eu3+
	0.362
	1.125
	 [S32]

	La2LiSbO6: Bi3+/Eu3+
	0.388
	0.41
	 [S33]

	K3Y4Si2O7: Bi3+/Sm3+
	0.292
	0.673
	 [S34]

	Ba2LuNbO6: Er3+/Yb3+
	0.334
	1.81
	 [S35]

	Sr3WO6: Er3+
	0.342
	0.56
	 [S36]

	Gd2Mo3O12: Er3+/Yb3+
	0.343
	0.89
	 [S37]

	NaLaCaWO6: Bi3+/Eu3+
	0.423
	0.74
	 [S38]

	LiAl5O8: Cr3+
	0.225
	0.3
	 [S39]

	Ca3Al2O6: Bi3+/Eu3+
	0.299
	0.3
	 [S40]

	Ba2SrWO6: Eu3+
	0.332
	0.33
	 [S41]

	Ba2Al2/3TeO6: Eu3+
	0.253
	0.19
	 [S42]

	LiY6(BO3)3O5: Bi3+/Eu3+
	0.426
	1.87
	 [S43]

	Y3TaO7: Tm3+/Eu3+
	0.251
	0.541
	 [S44]

	EZS metacoating
	0.253
	0.797
	Our work
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Fig. S24 The low and high-magnification SEM images of EZS metacoating after a UV and b combined irradiations
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Fig. S25 Reflectance and emittance spectra of the EZS metacoating after 50, 100 and 150 thermal cycles between -196 °C and 150 °C
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Fig. S26 The SEM images of EZS metacoating after thermal cycling between -196 °C and 150 °C: a 50 cycles, b 100 cycles and c 150 cycles
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Fig. S27 a Temperature-dependent emission spectra (λex = 395 nm) of the EZS metacoating after combined irradiations. b FIR values before and after combined irradiation at different temperatures and the corresponding relative error


[bookmark: _Hlk206789502]Table S3 Comparison of αs of the space radiative cooling coatings before and after different irradiations
	[bookmark: _Hlk206788451]Materials
	Initial αs
	Irradiation type
	Final αs
	References

	Zn2SiO4
	0.091
	Proton
	0.193
	 [S9]

	ZnO
	0.167
	
	0.253
	 [S9]

	h-BN
	0.098
	
	0.241
	 [S9]

	NaZnF3/SiO2
	0.064
	
	0.193
	 [S45]

	Ga2O3
	0.085
	
	0.174
	 [S10]

	Ca3(PO4)2
	0.093
	
	0.143
	 [S10]

	ZnTiO3
	0.101
	
	0.521
	 [S46]

	SrTiO3
	0.125
	
	0.386
	 [S46]

	Z93C55
	0.15
	
	0.16
	 [S47]

	EZS
	0.076
	
	0.090
	Our work

	AZ-93
	0.138
	Electron
	0.301
	 [S48]

	AZ-2100
	0.272
	
	0.336
	 [S48]

	AZ-2170
	0.195
	
	0.3
	 [S48]

	AZW/LA-II
	0.096
	
	0.273
	 [S48]

	AZO/Al2O3-ZnO-Y2O3
	0.409
	
	0.426
	 [S49]

	ZnO
	0.138
	
	0.192
	 [S50]

	BaSO4
	0.088
	
	0.144
	 [S51]

	TiO2
	0.144
	
	0.263
	 [S51]

	ZrO2
	0.081
	
	0.171
	 [S52]

	Z93C55
	0.15
	
	0.36
	 [S47]

	EZS
	0.076
	
	0.110
	Our work

	AZW/LA-II
	0.096
	AO
	0.100
	 [S53]

	Z-93
	0.12
	
	0.15
	 [S54]

	S13G/LO-1
	0.13
	
	0.17
	 [S54]

	YB-71
	0.08
	
	0.14
	 [S54]

	EZS
	0.076
	
	0.088
	Our work

	PEO treated ZrO2
	0.205
	UV
	0.223
	 [S15]

	SolarWhite
	0.18
	
	0.24
	 [S55]

	SG121FD
	0.245
	
	0.452
	 [S56]

	Z-93
	0.15
	
	0.18
	 [S57]

	YB-71
	0.10
	
	0.19
	 [S54]

	EZS
	0.076
	
	0.159
	Our work

	YB-71
	0.090
	Electron and UV
	0.220
	 [S58]

	Z-93
	0.136
	Electron and UV
	0.225
	 [S57]

	S13G/LO-1
	0.165
	Electron and UV
	0.306
	 [S57]

	SG121FD
	0.245
	Electron and proton
	0.375
	 [S56]

	S781
	0.193
	Proton, electron and UV
	0.392
	 [S18]

	SR107-ZK
	0.160
	Proton, electron and UV
	0.604
	 [S18]

	EZS 
	0.076
	Proton, electron, AO and UV
	0.174
	Our work
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Fig. S28 Photographs of the EZS metacoating following pull-off testing: a before and b after combined irradiations
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Fig. S29 The low and high-magnification SEM images of the interface between the EZS metacoating and the Al sheet a before and b after combined irradiations
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Fig. S30 XPS spectra of EZS metacoating before and after various irradiations: a survey spectra, b O 1s, c K 2p and d Si 2p high-resolution spectra
[bookmark: _Hlk214053096]As shown in Fig. S30a, the XPS survey spectra confirm that the EZS metacoating primarily consists of Zr, O, Eu, K and Si. The high-resolution O 1s spectrum (Fig. S30b) of the pristine metacoating shows components at 529.17 eV (lattice oxygen, OL), 530.37 eV (hydroxyl, −OH) and 531.84 eV (Si−O). After proton and AO irradiations, a slight binding-energy shift toward higher values occurs. The −OH increases under proton exposure but decreases after AO irradiation, reflecting their distinct redox mechanisms: proton irradiation introduces hydrogen-related defects, whereas AO exposure promotes surface oxidation. Electron and UV irradiations cause more significant changes, shifting the O 1s peaks to 530.40 eV, 532.11 eV and 533.27 eV (electron) and to 530.52 eV, 532.07 eV and 532.97 eV (UV), accompanied by enhanced −OH intensity. These shifts arise from charge accumulation induced by high-energy electron bombardment or photoexcitation, which increases surface potential and promotes hydroxyl enrichment.
The K 2p spectra (Fig. S30c) further elucidate the chemical state of potassium. In the pristine metacoating, the K 2p3/2 and K 2p1/2 peaks appear at 292.64 eV and 295.34 eV with a spin-orbit splitting of 2.7 eV, characteristic of monovalent K+. Proton and AO irradiations have negligible effects, while electron and UV exposures shift the peaks to 293.26/296.02 eV and 293.16/296.95 eV, respectively, with slightly increased splitting (2.76/2.79 eV). These shifts suggest enhanced localization of the K electron shell, likely due to local charge redistribution.
As shown in Fig. S30d, the Si 2p peak of the pristine metacoating is centered at 102.68 eV, corresponding to Si−O bonding. Proton and AO irradiations induce only minor changes, whereas electron and UV exposures shift the peak to 103.14 eV and 102.98 eV, accompanied by peak broadening. This behavior indicates partial bond-length variations and nonlocal charge rearrangement within the Si−O network under irradiations, reflecting perturbations of the local chemical environment.
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Fig. S31 a FTIR spectra and b XRD patterns of EZS metacoating after proton, electron, AO and UV irradiations
[bookmark: _Hlk196753615]FTIR and XRD were employed to characterize the EZS metacoating after proton, electron, AO, and UV irradiations. As shown in Fig. S31a, the FTIR spectra display no discernible changes after proton or AO exposures. In contrast, electron and UV irradiations markedly increase the bands at 1629 cm-1 and 1398 cm-1, which are assigned to surface Si−OH vibrations or adsorbed H2O and to carbonate (CO32-) or physiosorbed CO2, respectively [S59–S61]. This enhancement suggests that high-energy electrons and UV irradiations generate surface defects that promote physisorption. XRD analysis (Fig. S31b) shows that the metacoatings after different irradiations retain the characteristic tetragonal ZrO2 pattern with no peak shifts or emergent reflections, indicating the absence of lattice distortion, phase transformation, or amorphization. Peak intensities and full widths at half maximum also remain essentially unchanged, implying minimal variation in crystallite size and overall crystallinity. 
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