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S1 Experimental Section
[bookmark: _Hlk185256014][bookmark: _Hlk180409252][bookmark: _Hlk165759697]The exfoliation of h-BN and magnetic modification of boron nitride nanosheets (M@BNNS) can refer to our previous work [S1, S2]. In specifically, the h-BN power undergoes a mixed alkali aqueous hydrothermal treatment and high-speed shearing to exfoliate into BNNS. And, the hybridization of BNNS and MnFe2O4 involved the in-situ synthesis of MnFe2O4 on the surface of BNNS. And, the mass ratio of BNNS to MnFe2O4 in the synthesized M@BNNS was deliberately set at 10:1. 
S1.1 Preparation of UPy
6-Methylisocytosine (MIC) was subjected to vacuum drying and dehydration treatment one day before the synthesis reaction. A total of 0.05 mol of MIC was placed in a three-neck flask connected to a double-manifold. Subsequently, 0.7 mol of hexamethylene diisocyanate (HDI) was added, and the mixture was stirred thoroughly to ensure uniformity. The system was then evacuated using the double-manifold and purged with nitrogen gas three times to maintain an inert atmosphere. The reaction temperature was set at 90°C, and the reaction was allowed to proceed for 12 h. Upon completion, the mixture was subjected to rotary evaporation to yield a white solid. The crude product was washed three times with a hexane solution via vacuum filtration to remove excess HDI. Finally, the solid was transferred to a vacuum oven and dried at 60°C for 24 h to obtain the final product, UPy.
S1.2 Preparation of U-BNNS
U-BNNS was synthesized through the reaction between the isocyanate groups at one end of UPy and the hydroxyl groups on the surface of BNNS. Specifically, 0.2 g of UPy powder was placed in a three-neck flask, followed by the addition of 20 mL of dimethylformamide (DMF). The mixture was stirred and sonicated for 30 min under a nitrogen atmosphere to ensure the complete dissolution of UPy. Subsequently, 2 g of BNNS was dispersed in 30 mL of DMF, which was also stirred and sonicated for 30 min under nitrogen to achieve uniform dispersion. The BNNS dispersion was then transferred into the three-neck flask containing the UPy solution. The flask was placed in an oil bath, and magnetic stirring was initiated while connecting it to a double manifold. To the mixture, 0.2 mL of dibutyltin dilaurate was added, and the reaction system was evacuated and purged with nitrogen three times, followed by continuous nitrogen bubbling to maintain a positive pressure atmosphere. The oil bath was then heated to 80°C and maintained at that temperature for 8 h. After the reaction, the oil bath was allowed to cool, and the mixture was centrifuged at 12000 rpm with deionized water for three washes to collect the white precipitate. The precipitate was subsequently transferred to a vacuum oven and dried at 60°C for 24 h to obtain the final product, U-BNNS.
[bookmark: _Hlk147778279]S1.3 Characterization
[bookmark: _Hlk70253295][bookmark: _Hlk70253347][bookmark: _Hlk181275579][bookmark: _Hlk181275621][bookmark: _Hlk181275601][bookmark: _Hlk148102737][bookmark: OLE_LINK5][bookmark: _Hlk181275462][bookmark: _Hlk181275417][bookmark: _Hlk181276080][bookmark: _Hlk119352683][bookmark: _Hlk147779665][bookmark: _Hlk180432300]Morphology and the corresponding EDS analyses were conducted using a scanning electron microscope (SEM Hitachi SU8010, Japan) at an accelerating voltage of 15 kV. Transmission electron microscopy (TEM) was performed on Tecnai G2 F20 S-TWIN (Thermo Scientific, USA) with a 200 kV accelerating voltage. Atomic force microscopy (AFM) was conducted on a DI Multimode V scanning probe microscope (Veeco Co., Ltd., USA) in the tapping mode. Fourier transform infrared (FTIR) spectra were obtained on a spectrometer (Bruker, Tensor-II) was used to obtain FTIR spectra. The X-ray diffraction (XRD) patterns of the samples and residues were conducted using an X-ray diffractometer (PAN alytical, X’ Pert-3, Netherlands) with Cu Kα radiation (λ = 0.15406 nm). A continuous scan mode with a step degree of 0.02° and a scan speed of 2.0° min−1 was utilized in the range from 5° to 90°. X-ray photoelectron spectroscopy (XPS) was conducted using an XSAM800 (Thermo Scientific, USA) with the Al Kα radiation (hv =1486.6 eV). The thermal behavior of all samples was evaluated via Thermogravimetry Analysis (TGA) performed on a STA449F3 thermogravimeter (NETZSCH, Germany) under nitrogen from 40 to 800 ℃ under nitrogen at the heating rate of 20 ℃·min-1. The mechanical property of samples was investigated on a mechanical property test instrument (Vance, ETM104B) with a gauge length of 50 mm and a loading rate of 2 mm/min. Each sample was tested five times, and the averaged data were reported. The system for LED thermal management testing was composed of a 30W LED lamp, water-cooled heat sinks, and an infrared camera for capturing the surface temperature evolutions with time. The thermal conductivity of pure WPU was measured by a heat source method (Hot Disk TPS 2500 S, Hot Disk AB, Switzerland). The through-thickness thermal conductivity (λ⊥) of composite films was calculated based on the equation λ⊥ = α × ρ × cp, where thermal diffusivity (α) was measured by a laser flash apparatus (LFA 467 Nanoflash, NETZSCH, Germany), The density (ρ) was measured by Archimedes method in silicone oil, and the heat capacity (cp) was used to measure at a heat ingrate of 10 °C min−1 by differential scanning calorimetry (DSC3, Mettler Toledo, Switzerland). 
[bookmark: _Hlk180409378]Table S1 Content of component of composites
	Sample No.
	WPU (g)
	M@BNNS (g)
	BNNS (g)
	U-BNNS (g)

	WPU
	10
	0
	0
	0

	Ho/WPU
	7
	3
	0
	0

	Ho/1-BNNS/WPU
	6.9
	3
	0.1
	0

	Ho/3-BNNS/WPU
	6.7
	3
	0.3
	0

	Ho/5-BNNS/WPU
	6.5
	3
	0.5
	0

	Ho/1-U-BNNS/WPU
	6.9
	3
	0
	0.1

	Ho/3-U-BNNS/WPU
	6.7
	3
	0
	0.3

	Ho/5-U-BNNS/WPU
	6.5
	3
	0
	0.5
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Fig. S1 (a) FTIR spectra of HDI, MIC, and UPy; (b) 1H NMR spectrum of UPy
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Fig. S2 AFM image of BNNS identifies the height of each line segment
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Fig. S3 In-plane thermal conductivity of composites with different structures


[bookmark: _Hlk147779723]S2 Finite Element Simulation
 S2.1 Heat transfer capacity of composites with different structures
[image: ]
Fig. S4 The models of the (a) Ho/WPU and (b) Ho/U-BNNS/WPU used in the COMSOL simulation
To evaluate the thermal conduction performance of composites with different structures, finite element simulations were performed using COMSOL Multiphysics on both the single-oriented Ho/WPU composite and the 3D-bridge structure composite Ho/U-BNNS/WPU. In the typical solid heat conduction model, a constant heat source of 120 °C was applied to the bottom of the composite, while a copper heat sink was placed at the top with its temperature set to 20 °C. The remaining boundaries were defined as thermal insulators and heat transfer was modeled as contact-based solid conduction. Based on literature and experimental data [S3], the thermal conductivities of filler and WPU were set at 300 W/m·K and 0.245 W/m·K, respectively. As shown in Fig. S4, the simulated temperature distributions of the Ho/WPU and Ho/U-BNNS/WPU composites reveal that the top surface temperature of the Ho/U-BNNS/WPU composite was higher than that of the Ho/WPU, indicating superior heat conduction. This enhancement is attributed to the limited vertical connectivity between layers in the unidirectionally aligned Ho/WPU composite, which impedes heat transfer. In contrast, the 3D-bridge structure composite facilitates vertical heat conduction through its interlayer bridges formed by distributed filler, resulting in significantly improved overall thermal performance.

S2.2 Diagrams of different composites used as TIM for silicon-based chips
[image: C:\Users\fengyecan\Desktop\S2.png]

Fig. S5 Finite element simulation model of composites as TIM in silicon chip thermal management applications
The multiphysics simulation software COMSOL was employed to simulate the thermal management efficiency of various films in cooling silicon chips. In a typical solid-fluid heat transfer finite element model, depicted in Fig. S5, the system comprises a silicon-based chip, interface filling material (TIM), and heat sink immersed in natural air convection. The heat generated by the silicon-based chip is conducted through the TIM to the heat sink and subsequently dissipated into the air. Specifically, a silicon-based chip (20 W) acts as the heat source, utilizing a copper heat sink, while air velocity is maintained at 1.0 m/s. Initial temperatures are uniformly set to 20 °C, and the TIM thickness is conFig.d to be one-quarter of the silicon-based chip thickness. The materials considered include pure WPU, Ho/WPU, and Ho/U-BNNS/WPU, with experimentally determined thermal conductivity values.
[bookmark: _Hlk185451947][bookmark: OLE_LINK2][image: C:\Users\fengyecan\Desktop\3.jpg]
Fig. S6 Digital photos of residual char of (a1) pure WPU, (a2) Ho/3-BNNS/WPU, and (a3) Ho/3-U-BNNS/WPU; (b) The mass loss curves, (c) SPR curves, (d) TSR curves, and (e) CO2PR curve of pure WPU and its composites obtained by cone calorimetry
Table S2 Detail of XPS high-resolution spectrum peaking of fillers
	[bookmark: _Hlk180409489]Spectrum
	Sample
	Peak position (eV)
	Description

	N 1s
	BNNS
	397.98
	[bookmark: OLE_LINK1][bookmark: OLE_LINK6]N-B

	
	UPy
	398.78
	N=C(O)

	
	
	400.18
	N-C(O)

	
	U-BNNS
	398.08
	N-B

	
	
	400.18
	N-C(O)

	Fe 2p
	MnFe2O4
	711.18
	Fe 2p1/2 of the Fe2+

	
	
	713.78
	Fe 2p1/2 of the Fe3+

	
	
	719.08
	Satellite peak

	
	
	724.38
	Fe 2p3/2 of the Fe2+

	
	
	727.48
	Fe 2p3/2 of the Fe3+

	
	
	733.08
	Satellite peak

	
	M@BNNS
	711.18
	Fe 2p1/2 of the Fe2+

	
	
	713.88
	Fe 2p1/2 of the Fe3+

	
	
	719.08
	Satellite peak

	
	
	723.88
	Fe 2p3/2 of the Fe2+

	
	
	726.78
	Fe 2p3/2 of the Fe3+

	
	
	732.38
	Satellite peak




[bookmark: _Hlk180410524]Table S3 The parameters for the calculation of thermal conductivity of the composite films
	Samples No.
	Through-plane thermal diffusivity (mm2 s-1)
	In-plane Thermal diffusivity 
(mm2 s-1)
	Density (g·cm-3)
	Specific heat capacity 
(J·g-1 K-1)

	Ho/WPU
	0.394
	4.351
	1.25
	1.98

	Ho/1-BNNS/WPU
	0.497
	/
	1.27
	1.97

	Ho/3-BNNS/WPU
	0.634
	/
	1.31
	1.94

	Ho/5-BNNS/WPU
	0.924
	4.422
	1.35
	1.93

	Ho/1-U-BNNS/WPU
	0.506
	/
	1.26
	1.95

	Ho/3-U-BNNS/WPU
	0.861
	/
	1.29
	1.94

	Ho/5-U-BNNS/WPU
	1.135
	4.518
	1.33
	1.91


[bookmark: _Hlk180410974][bookmark: _Hlk147778009][bookmark: OLE_LINK26]Table S4 The parameters for comparison of the thermal conductivity of the bridge architecture composite with the recent thermal conductivity composite
	Filler type and content
	Matrix
	Method
	λ// (W·m-1 K-1)
	[bookmark: _Hlk181353876]λ⊥(W·m-1 K-1)
	Refs.

	LC-CNT /15 wt%
	LC-PI
	TPS
	4.02
	0.55
	[S4]

	MgO@Ni@CNT /5 wt%
	Silicone
	TPS
	3.94
	3.94
	[S5]

	LM–VGA /75.9 wt%
	BPDMS
	LFA
	4.47
	7.11
	[S6]

	Al2O3/BN /86.6 wt%
	Silicone
	TPS
	2.9
	2.9
	[S7]

	β-Si3N4 /53 vol%
	EP
	TPS
	4.7
	4.7
	[S8]

	AgNWs@BNNS /50 wt%
	ANF
	TPS
	9.44
	0.75
	[S9]

	BNNS@AgNPs /20 wt%
	EP
	LFA
	1.13
	1.13
	[S10]

	AlN /90 wt%
	Polydibutene
	SSM
	4.21
	4.21
	[S11]

	AlN/BN /85 wt%
	Silicone
	LFA
	6.56
	6.56
	[S12]

	BNNS@MS /6 wt%
	PVA
	TPS
	1.12
	1.12
	[S13]

	M@BNNS/ 30 wt%
U-BNNS/ 5 wt%
	WPU
	LFA
	11.47
	2.88
	This work


1 [bookmark: _Hlk185254039][bookmark: _Hlk64250065]In the test methods, LFA for the laser flash method, TPS for the transient plane heat source method, and SSM for the standard steady-state method.
Table S5 TGA, MCC, and CCT results for WPU and its composites
	Sample No.
	Pure WPU
	Ho/3-BNNS/WPU
	Ho/3-U-BNNS/WPU

	T5% (°C)
	282.1
	276.6
	249.4

	Tmax-1 (°C)
	349.5
	333.8
	346.1

	R max-1 (%/°C)
	-0.29
	-0.19
	-0.27

	Tmax-2 (°C)
	407.8
	403.6
	402.5

	R max-2 (%/°C)
	-0.30
	-0.22
	-0.27

	Y (wt%)
	1.7
	30.6
	26.8

	pHRRmcc (W/g)
	298.9
	222.2
	210.8

	TTI (s)
	63
	76
	52

	Residual weight (g)
	0.7
	13.1
	13.2

	pCO2PR (g/s)
	1.10
	0.55
	0.48

	pSPR (m2/s)
	0.24
	0.08
	0.05

	TSR (m2)
	23.2
	11.7
	15.1

	pHRRcone (kW/m2)
	553.5
	301.3
	227.4

	THRcone (MJ/g)
	94.6
	59.0
	59.7


1 T5% and Tmax refer to the temperatures where at 5 wt% weight loss and the maximum weight loss rate occur, respectively;
2 R max refers to the maximum weight loss rate; Y refers to the Char residues at 800 °C;
3 pHRR refers to the peak heat release rate; THR refers to the total heat release.
4 pCO2PR and SPR refers to the peak carbon dioxide release rate and the peak smoke release rate of composites, respectively; TSR refers to the total smoke release rate of composites;
5 TTI refers to the time to ignition of composites during Cone test.
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