Adjusting N-doping to balance conductivity and polarization for superb electromagnetic wave absorption properties of SiO2
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Supporting Information
2 Experimental Section
2.2 Preparation of SiO2-Nx and p-SiO2
According to the traditional Stöber method, 50 mL of ethanol absolute was mixed with 2 mL of NH4OH and 1 mL of deionized water at 200 rpm for 5 minutes. Next, 1.5 mL of TEOS was added drop by drop, and the mixture was stirred and allowed to react for 12 hours at room temperature before being centrifuged. The final product was dried at 60°C, and ground to white powder (SiO2). As shown in the Fig.1e, SiO2 is formed by hydrolysis and condensation of TEOS, in which water comes from the reaction of monohydrazine hydrochloride with oxygen. The reaction equations involved are as follows [1]:
                         (S1)
                 (S2)
                         (S3)

Table S1 Specific proportions of raw materials for different groups of samples.
	Sample
	Monohydrazine hydrochloride/g
	TEOS/mL
	DMF/mL

	SiO2-N1
	0.685
	2.2
	20

	SiO2-N2
	1.370
	2.2
	20

	SiO2-N3
	2.055
	2.2
	20

	SiO2-N4
	2.740
	2.2
	20




2.3 Characterization
2.3.1 Materials Studio simulation
All density general function theory (DFT) based calculations were done using Materials Studio's CASTEP module. OTFG Ultrasoft pseudopotential method was adopted to describe the interaction between valence electrons and ion cores. The generalized gradient approximation (GGA) with Perdew-Burker-Ernzerhof (PBE) functional was used to describe the exchange-correlation effects. For geometrical optimization, the convergence criterion for energy, maximum force, maximum stress, plane-wave energy cutoff and vacuum gap were set at 1.0e-6 eV/atom, 0.03 eV/Å, 0.05 GPa, 400 eV, 15 Å, respectively [2]. When performing characteristic calculation, the paths of the k-point was chosen from the Ref. [3]. The structure optimization of SiO2 (Scheme S1a) was performed, and simulated band structure diagram was shown in Scheme S1b. After that, the surface structure optimization of SiO2 was based on the above operation.
[image: ]
Scheme S1 (a) SiO2 crystal structure model, (b) schematic diagram of the energy band structure of SiO2.
2.3.2 COMSOL simulation
Based on the electromagnetic parameters of SiO2-N4, the macroscopic electromagnetic field of SiO2-Nx is simulated with the main model shown in Scheme S2a and the thickness of the simulated layer is 2.5 mm. The Z-axis negative direction is set as the EMW incidence direction. The electric field mode and the electric energy density distribution at the frequency point of 13.68 GHz are calculated respectively. At the same time, the RL variation law from 2~18 GHz is simulated to verify the correctness of the model establishment (Scheme S2b).
According to the characterization and analysis results, the model of SiO2-Nx is simplified here as an N-layer clad SiO2 (Scheme S2c), i.e., the overall rectangular block with a scale of 20*20*2 μm. SiO2 core volume is 15*15*1 μm. Meanwhile, the block is uniformly distributed, and a suitable interfacial distance is set in order to avoid error reporting in meshing. 
[image: ]
Scheme S2 (a) SiO2-N4 macroscopic model, (b) comparison of simulated and actual RL curves of SiO2-N4 at 2.5 mm thickness, (c) microscopic left view and top view of SiO2-N4.


3 Results and discussion
[image: ]
Fig.S1 (a) XRD and (b) FT-IR patterns of p-SiO2.
The presence of insignificant Si-N absorption peaks for p-SiO2 results from the influence of NH4OH.

[image: ]
Fig.S2 (a) Atomic ratio statistic diagram of SiO2-Nx and p-SiO2, (b) C 1s region XPS spectra of SiO2-N4.

[image: ]
Fig.S3 TEM images of (a) p-SiO2 and (b) SiO2-N4, (c) corresponding Si,O,N element maps of SiO2-N4, (d,e) HRTEM and (f) SAED image of SiO2-N4. 
0.3056 nm lattice spacing of SiO2-N4 corresponds to the (331) crystal plane of SiO2 (Fig.S4e), which again confirms the XRD and previous characterization results. As shown in Fig.S4f, the selected area electron diffraction (SAED) pattern taken from Fig.S4e exhibits multiple diffraction rings, indicating the amorphous state of SiO2-N4.

[image: ]
Fig.S4 2D reflection loss graph of p-SiO2 with absorber thickness from 1 mm to 3.5 mm at a filler loading of 60 wt.%.


Table S2 Summary of EMW absorption characteristics of all samples.
	Sample
	RLmin/dB
	The thickness corresponding to RLmin/mm
	EAB/GHz
	The thickness corresponding to EAB/mm

	p-SiO2
	-3.17
	3.5
	-
	-

	SiO2-N1
	-7.00
	3.5
	-
	-

	SiO2-N2
	-32.20
	3.5
	5.20
	2.5

	SiO2-N3
	-32.41
	3.5
	4.72
	3

	SiO2-N4
	-34.48
	3
	5.28
	2.5




[image: ]
Fig.S5 The real and imaginary part of relative complex permittivity, dielectric loss tangent of p-SiO2.

[image: ]
Fig.S6 C0 - frequency function graph of SiO2-Nx and p-SiO2.
Combined with the analysis of the SiO2-Nx eddy current coefficients (C0), as shown in Fig.S6, the trend of C0 with frequency is almost the same for the four groups of absorbers. The existence of obvious fluctuations before 4 GHz indicates that the eddy current loss is not the dominant magnetic loss [4-6], while the change of C0 tends to flatten out after 4 GHz, indicating that the magnetic loss present at high frequencies is dominated by eddy current loss. Meanwhile, the C0 coefficient of p-SiO2 is compared, which are consistent with the above analysis. When evaluated along with the samples' magnetic parameters, the magnetic loss of p-SiO2 and SiO2-Nx is negligible in comparison to the dielectric loss.

[image: ]
Fig.S7 ε’’ c and ε’’ p plots of p-SiO2.

[image: ]
Fig.S8 Cole-Cole plot of p-SiO2.

[image: ]
Fig.S9 (a) Schematic of PDOS of Si and Bridge-O on SiO2 surface, (b) schematic of PDOS of Si, Bridge-O and surface N on SiO2-Nx surface.

[image: ]
Fig.S11 When p-SiO2 is macroscopic monoliths, (a) the electric field mode distribution on the upper surface of the material and (b) the electricity density distribution on the cross section along the direction of EMW propagation.
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