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Fig. S1 A special hot plate device designed for small samples of low thermal conductivity materials is used for thermal conductivity measurements. The sample size used is 50 mm × 50 mm and 10-12 mm in thickness (put in the middle). In order to be consistent with measurements according to the European Standards calibration measurements were carried out using conventional expanded polystyrene samples measured once in the standard test equipment and then cut into smaller pieces to be measured in a second run in the smaller apparatus
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[bookmark: _Hlk201205662]Fig. S2 The relationship between silica content to darkness. a Absorption spectra of different silica content carbon-silica composite aerogels. b Density and thermal conductivity of different silica content carbon-silica composite aerogels. c Appearance of different silica content carbon-silica composite aerogels
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[bookmark: _Hlk201205855][bookmark: _Hlk187423112]Fig. S3 Optical photos of various 3D patterning SiO2-RF composite aerogels printed with different ink recipes listed in Table S1
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Fig. S4 Lightweight performance of the printed aerogel. a Ultralight RF-SiO2 aerogel on the flower. b Visual weighing test (inset shows the length of the aerogel cube, each small grid represents 0.1 mm)

[image: ]
[bookmark: _Hlk201206347]Fig. S5 Particle size distribution of silica aerogel particles
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[bookmark: _Hlk167809348][bookmark: _Hlk201178662]Fig. S6 Optical photos of 3D patterning silica-based nanocomposite aerogels a during 3D printing, b after ScCO2 drying, and c after carbonization (printed with SP2.5 ink)
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Fig. S7 The silica-based nanocomposite aerogels with regular dimensions
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[bookmark: _Hlk201206452]Fig. S8 Basic characterizations of silica-based nanocomposite aerogels. a FT-IR curves. b XRD curves. c Pore size distribution curve of CA via MIP method
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[bookmark: _Hlk201179747][bookmark: _Hlk201188361]Fig. S9 Dynamic vapor sorption performance of silica-based nanocomposite aerogels. a DVS adsorption and desorption curves, weight of water vapor absorbed in function of relative humidity. b Sorption kinetics, the blue region represents change in mass, while the pink represents change in RH%
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Fig. S10 Microstructure of silica-based nanocomposite aerogels. a Scanning electron microscopy (SEM) images of RF-derived carbon aerogels (from ink SP2.5). b Magnification SEM images of RF-derived carbon aerogels (from ink SP2.5). c Transmission electron microscopy (TEM) images of SiO2-RF derived carbon-SiO2 aerogels (from ink SP2.5). d Magnification TEM images of RF-derived carbon aerogels (from ink SP2.5)
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[bookmark: _Hlk201183841][bookmark: _Hlk168577655]Fig. S11 Mechanical properties of silica-based nanocomposite aerogels. a Stress-strain curves during uniaxial compression of reference 3D patterning aerogels and silica-based aerogels. b Maximum stress of reference 3D printed aerogels and silica-based aerogels during uniaxial compression. c Young’s modulus of reference 3D printed aerogels and silica-based aerogels during uniaxial compression. d Young's modulus values of selected aerogels with low densities
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[bookmark: _Hlk201182879]Fig. S12 Extended data for thermal management test. a Physical diagram of the hot stage test of three kinds of insulation materials (SiO2-RF composite aerogel, PU foam, and cement brick materials) of the same size (5.0 cm×5.0 cm) and thickness (1.0 cm) from the top view, the thermocouples were tightly attached to the upper surface of the samples, d1=d2=d3=5.0 cm. b Side view of the test samples, h1=h2=h3=1.0 cm. c Use tape to reduce the reflectivity of the metal hot stage
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[bookmark: _Hlk201206738][bookmark: _Hlk201183164]Fig. S13 Thermal conductivity of composite aerogels with different SiO2 content (from 0 to 100%)
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[bookmark: _Hlk201186801]Fig. S14 Hydrophobic and hydrophilic performance of silica-based nanocomposite aerogels. a Optical photos of water droplets on SiO2-RF and carbon-SiO2 composite surfaces, the water droplets cannot maintain on the carbon-SiO2 composite surface due to the hydrophilicity. b Water contact-angle measurements of SiO2-RF and carbon-SiO2 composite aerogels
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[bookmark: _Hlk201184245]Fig. S15 Diffuse reflectance spectra of silica-based nanocomposite aerogels in the solar spectral range (280-2500 nm)
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Fig. S16 Transmittance spectra of silica-based nanocomposite aerogels in the solar spectral range (280-2500 nm)
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Fig. S17 Photothermal response performance under dry environment. (a) IR images of 3D patterning SiO2-RF aerogel and carbon-SiO2 aerogel under 1.0 sun illumination in the dry environment. (b) Temperature response curves of silica-based nanocomposite aerogels
Electrical Performance
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[bookmark: _Hlk201186505][bookmark: _Hlk168759182][bookmark: _Hlk172303478][bookmark: _Hlk168760286]Fig. S18 Electrical performance of 3D featured carbon-SiO2 composite aerogel. a Physical diagram of a designed circuit. b Optical photos of different printed aerogel samples. c Magnification of the red-boxed region in b, showing the simplified route model on 3D printed carbon-SiO2 composite aerogel surface, one wire is always fixed at 0, and the other wire is connected from point 1 to 4. d Physical diagram of a circuit. e Short connect circuit diagram. f A circuit constructed with carbon-SiO2 composite aerogel. g A circuit constructed with SiO2-RF composite aerogel. h-k Conductive stability via different paths from h 0-1, i 0-2, j 0-3, and k 0-4, insert is the column of corresponding resistance detected by the ohmmeter, showing the path-independent resistance performance. l Electrical impedance of Bode plot in the thickness direction of carbon-SiO2 composite aerogel (inset: testing method). m Cyclic voltammograms of carbon-SiO2 composite aerogel at a scan rate of 20 mV s-1 in a dry two-electrode system
Apart from their intricate spatial structures, the introduction of non-conductive phases during printing process might have dominant influence on conductivity performance. To better understand the conductive path of the carbonized composites and their 3D structured features, we developed a circuit to test the obtained carbon-SiO2 composite (Fig. S18a). Conductive clips were attached to the sample (Fig. S18b) and connected to LED bulbs. The circuit detection shows that the carbon composite is conductive, whereas the RF composite is completely non-conductive (Figs. S18 d-g). 3D printing can create a conductive pattern that facilitates mass transfer by reducing electron diffusion resistance. To better illustrate this, a simplified 2D plane coordinate system (x, y) of the 3D printed aerogel is shown in Fig. S18c. The brightness of the LED bulbs visually displays the resistance changes of carbon-SiO2 under different specific paths from 0-1, 0-2, 0-3, and 0-4, corresponding to the lattice path in Fig. S18c. We also tested the resistance values under different specific paths (Figs. S18h-k and Movie S2) using the probe contact method via a multimeter. The corresponding resistance values are all 1.2 ± 0.1 kΩ, indicating the path-independent resistance performance. For electrochemical performance, the Bode impedance (Z) in Fig. S18l is expressed as electrical conduction in the thickness (T) direction of a rectangular body with cross-section dimensions (length L, width W) and thickness T. The impedance of the carbon-SiO2 composite membrane with 1mm thickness shows a stability of 6.1-6.2 kΩ at a wide frequency range of 1 to 1000 Hz. The carbon-SiO2 composite does not show any supercapacitor potential, as displayed in the cyclic voltammetry curves (Fig. S18m), due to the addition of non-conductive silica. Yet, it exhibits stable voltammograms cycle performance, which means this material is stable under electrical condition, and can be used for any case that need some conductivity but not change with external conditions.
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Fig. S19 Conductive mechanism of super-black silica-based nanocomposite aerogels
[bookmark: _Hlk181641120]For the super-insulation material, both the RF matrix and SiO2 particles are non-conductive. In consequence, electrons cannot be transported, result in no conductivity path inside. As for the super-black material, it is composed of conductive carbon matrix and non-conductivity silica. As vividly shown in Fig. S19, despite the transportation of electrons might encounter difficulties when faced with non-conductivity SiO2 particles. They can still flow smoothly through the abundant conductive carbon layer and thus form various conductive paths. The introduction of the non-conductive phase, combined with the uniformity of 3D printing, enables the integration of non-conductive microphases and conductive pathways.
Table S1 SiO2-RF composite aerogel ink compositions and properties
	Inks
	R
	F
	1-Pentanol
	P750P20 (PP)
	SP a
	PPGNH
	ρ

	
	g
	ml
	g
	g cm-3

	SiO2 ink
	-
	-
	26
	5
	5.0
	4
	0.22±0.02

	SP5.0 ink
	0.7
	7.5
	26
	5
	5.0
	-
	0.28±0.03

	SP2.5 ink
	0.7
	1.5
	26
	2.5
	2.5
	-
	0.16±0.02

	SP2.5PP0 ink
	0.7
	1.5
	26
	0
	2.5
	-
	0.12±0.05


a. SP, refers to SiO2 aerogel particle purchased from Cabot Corporation.
[bookmark: _Hlk201207071]Table S2 Synthesis conditions used for the preparation of the different silica-RMF alcogels, prior to gelation. The second line represents the molar percentage of silica species over silica plus RMF species, while the third line represents the same ratio in weight percentage
	Name
	S100
	S90
	S75
	S63
	S52
	S31
	S10
	S05
	RMF a

	b SiO2 %nom
	100
	90.0
	74.8
	63.3
	52.1
	30.9
	10.0
	5.0
	0

	c SiO2 %nom,wtc
	100
	90.4
	75.6
	64.3
	53.2
	31.9
	9.6
	4.8
	0

	P750 Sol (mL)
	40.0
	39.4
	38.2
	37.0
	35.4
	25.2
	17.7
	8.0
	0

	RMF Sol (mL)
	0
	0.6
	1.8
	3.0
	4.6
	9.6
	22.3
	32.0
	40.0


a. RMF, Resorcinol–Melamine–Formaldehyde
b. The nominal silica content (SiO2 %nom) can be calculated using the following equations:
                                        (S1)
c. The nominal silica weight content (SiO2 %nom, wt) can be calculated using the following equations:
                               (S2)
[bookmark: _Hlk168577631]Table S3 Thermal conductivity comparison with different state-of-art materials including commercial materials, conventional and 3D printing aerogels
	Materials
	Density
(g cm-3)
	Thermal conductivity
(mW m-1 K-1)
	Refs.
	Group

	PU
	0.025
	30
	 [S1]
	Commercial

	
	0.050
	20
	
	

	EPS
	0.030
	33
	 [S2]
	

	
	0.055
	38
	
	

	Mineral wool
	0.06
	56
	 [S3]
	

	
	0.08
	40
	
	

	
	0.10
	46
	
	

	
	0.12
	58
	
	

	
	0.20
	64
	
	

	Glass fiber
	0.17
	44
	 [S4]
	

	
	0.20
	50
	
	

	PI foam
	0.03
	35
	 [S5]
	

	
	0.06
	60
	
	

	Foamed ceramic
	0.30
	57.9
	 [S6]
	

	
	0.42
	82.6
	
	

	Foamed cement
	0.40
	80
	 [S7]
	

	
	0.57
	200
	
	

	Silica aerogel
	0.184
	17.8
	 [S8]
	Conventional

	
	0.218
	19.3
	
	

	
	0.261
	23.3
	
	

	PMSQ aerogel
	0.125
	41
	 [S9]
	

	
	0.075
	38
	
	

	
	0.105
	36
	
	

	
	0.141
	44
	
	

	RF aerogel
	0.060
	20.2
	 [S10]
	

	
	0.074
	19.6
	
	

	
	0.082
	16
	
	

	
	0.102
	16.7
	
	

	PI aerogel
	0.114
	30.9
	 [S11]
	

	
	0.141
	31
	
	

	PI aerogel
	0.137
	33.4
	 [S12]
	

	
	0.124
	33.6
	
	

	
	0.246
	66.8
	
	

	
	0.300
	45.3
	
	

	PUA aerogel
	0.354
	33.5
	 [S13]
	

	
	0.344
	41.3
	
	

	
	0.414
	34.3
	
	

	BN aerogel
	0.032
	36
	 [S14]
	

	
	0.093
	32
	
	

	
	0.096
	31
	
	

	
	0.097
	31
	
	

	
	0.029
	25
	
	

	SiC aerogel
	0.305
	34
	 [S15]
	

	
	0.378
	49
	
	

	
	0.446
	58
	
	

	Si3N4 aerogel
	0.192
	60.7
	 [S16]
	

	
	0.164
	49.1
	
	

	
	0.164
	45.9
	
	

	GO aerogel
	0.005
	21
	 [S17]
	

	
	0.019
	28
	
	

	Alginate aerogel
	0.015
	31.5
	 [S18]
	

	Alginate aerogel
	0.036
	33.2
	 [S19]
	

	
	0.052
	37
	
	

	Cellulose aerogel
	0.147
	36.7
	 [S20]
	

	
	0.199
	43.2
	
	

	
	0.235
	50.7
	
	

	Cellulose aerogel
	0.024
	24
	 [S21]
	

	
	0.033
	27
	
	

	
	0.023
	18
	
	

	Chitosan aerogel
	0.094
	24.1
	 [S22]
	

	
	0.121
	25.7
	
	

	
	0.144
	27.9
	
	

	
	0.167
	30.9
	
	

	
	0.225
	36.3
	
	

	3D SiO2
	0.17
	17.4
	 [S23]
	3D printing

	
	0.18
	15.9
	
	

	
	0.2
	17.2
	
	

	
	0.18
	15.5
	
	

	
	0.22
	18
	
	

	3D PI/SiO2
	0.135
	20.3
	 [S24]
	

	3D Cellulose
	0.0558
	24.4
	 [S25]
	

	
	0.065
	26.5
	
	

	
	0.068
	26.5
	
	

	
	0.072
	27.7
	
	

	
	0.09
	31.2
	
	

	
	0.085
	33.5
	
	

	
	0.094
	31.9
	
	

	
	0.089
	36.7
	
	

	
	0.105
	45
	
	

	
	0.109
	48
	
	

	
	0.115
	42.5
	
	

	
	0.132
	55.2
	
	

	
	0.152
	42.5
	
	

	
	0.166
	50
	
	

	3D SF/SiO2
	0.13
	33
	 [S26]
	

	
	0.17
	39
	
	

	3D Ceramic
	0.157
	26
	 [S27]
	

	3D Ceramic
	0.31
	35
	 [S28]
	

	
	0.25
	34.4
	
	

	
	0.21
	36.2
	
	

	
	0.36
	35.2
	
	

	
	0.32
	33.5
	
	

	
	0.3
	32.6
	
	

	
	0.36
	45.8
	
	

	
	0.33
	43.3
	
	

	
	0.3
	44.6
	
	

	3D patterning aerogel
	0.12
	15.8
	This work
	

	
	0.23
	25.1
	
	


[bookmark: _Hlk201207135]Table S4 Photothermal conversion efficiency comparison with different state-of-art materials including foam, hydrogel and aerogel materials
	Materials
	Evaporation rate
	Photothermal efficiency
	Ref.

	
	(kg m-2 h-1)
	(%)
	

	C/PANI
	1.497
	87.3
	 [S29]

	Fe3O4/PET
	1.59
	80.35
	 [S30]

	Carbon
	1.48
	86
	 [S31]

	MoS2/SA
	1.92
	90
	 [S32]

	C/PAN
	1.2
	82
	 [S33]

	PDMS/CNT
	1.44
	84
	 [S34]

	Activated carbon
	2.6
	91
	 [S35]

	CuS/PAM
	1.46
	87.5
	 [S36]

	Ppy/PANI
	1.83
	82.2
	 [S37]

	Ppy/Ag
	1.37
	88.7
	 [S38]

	MnO2/Chitosan
	1.78
	90.6
	 [S39]

	Cellulose/Alginate/C
	1.33
	90.6
	 [S40]

	Cellulose/TiO2/SiO2/TiN
	1.853
	77.39
	 [S41]

	CA
	1.29
	87.51
	 [S42]

	GA
	1.41
	86.2
	 [S43]

	CNT
	1.9
	91.4
	 [S44]

	Fe3O4/C
	2.1
	90.5
	 [S45]

	ZrC/PVA/PU
	2.89
	90.3
	 [S46]

	Ppy/rGO
	2.08
	86.3
	 [S47]

	MWCNT
	2.0
	85.7
	 [S48]

	Ti3C2Tx/C
	1.48
	92.3
	 [S49]

	CNF/MXene
	2.2
	88.2
	 [S50]

	rGO/SA/Cellulose
	2.25
	88.9
	 [S51]

	rGO/CNTs/Cs0.32WO3
	1.93
	85.9
	 [S52]

	3D patterning aerogel
	2.25
	94.2
	This work


[bookmark: _Hlk194347732]Supplementary Notes
[bookmark: _Hlk201207156]Note S1 Calculation of photothermal conversion efficiency

[bookmark: _Hlk201204696]The evaporation rate () was calculated by following formula [S53]:

[bookmark: OLE_LINK5]where m represented the water mass change during the evaporation, S represented the projected area of the carbon aerogel, and t represented the evaporation time, respectively.
[bookmark: _Hlk201208947]The energy efficiency (η) for solar-vapor conversion could be calculated by the following formula [S54]:

[bookmark: _Hlk200744740][bookmark: _Hlk200742448][bookmark: _Hlk200742513][bookmark: _Hlk200743208]where m is the water evaporation rate,  is the equivalent evaporation enthalpy of water in aerogels, Copt refers to the optical concentration on the absorber surface, and P0 is the solar irradiation power of 1.0 sun (1 kW m-2). The evaporation rate of the carbon aerogel was 2.25 kg m-2 h-1.
To obtain the actual vaporization enthalpy, a controlled experiment was conducted [S55]. The bulk water and aerogels with same surface area were simultaneously placed in a dark and closed container together under ambient air pressure and temperature around 25 ℃. The equivalent evaporation enthalpy could be estimated by evaporating water of the samples assuming equal energy input (Uin):

[bookmark: _Hlk201209069]where h0 and m0 are evaporation enthalpy and mass change of bulk water under dark condition, respectively. mg is mass change of aerogels in the same condition. Therefore, the equivalent evaporation enthalpy () could be estimated according to the equation. For the evaporation enthalpy of bulk water (h0) was 2440 kJ kg-1, the ratio of mass change of bulk water over the mass change of the aerogel was 0.615. The resulted equivalent evaporation enthalpy was 1500 kJ kg-1.
For the evaporation enthalpy of bulk water (h0) was 2440 kJ kg-1, the ratio of mass change of bulk water over the mass change of the aerogel was 0.615. The resulted equivalent evaporation enthalpy was 1500 kJ kg-1, the average optical concentration in the solar spectrum range was 99.56%, the solar irradiation power under 1.0 sun was 3600 kJ m-2. Accordingly, the corresponding energy efficiency (η) of the carbon aerogel could be calculated.
Note S2 Qualitative analysis of the printed aerogels in the heat loss part
Both the printed composite aerogels can be divided into three regions in the TGA curves.
Stage I (<200 °C): The derived carbon aerogel exhibits significantly lower weight loss (3.3%) compared to the silica-based aerogel (4.7%) in this initial region, indicating reduced moisture/solvent content. 
Stage II (Main decomposition): Crucially, the onset temperature of major decomposition shifts dramatically from 322 °C for the silica-based aerogel to 523 °C for the carbon aerogel. Furthermore, the derived carbon aerogel shows remarkably low weight loss at 500 °C (only 4.5% total). Regarding the weight loss in this region, for the silica-based aerogel, it is primarily caused by the pyrolysis of RF in air. In contrast, for the derived carbon aerogel, the weight loss is more concentrated and predominantly occurs above 500 °C. This is mainly attributed to the reaction of amorphous carbon within the derived carbon aerogel with air.
Stage III (700-800 °C): Both the silica-based aerogel and derived carbon aerogel demonstrate high-temperature residue retention, maintaining 65.6% and 64.3% residue at 800 °C, respectively.
This comprehensive quantitative analysis unequivocally confirms the superior thermal stability of the derived carbon aerogel across all temperature regimes, attributed to the formation of a robust carbon skeleton and structurally reinforcing Si-O-C crosslinked networks during pyrolysis.
Other Supporting Information includes the following:
[bookmark: OLE_LINK427]Movie S1. 3D patterning process of self-supporting structure
Movie S2. Electrical performance of silica-based nanocomposite aerogels
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