Supplementary Information

Interfacial engineering of rubber composites via metal coordination for superior mechanical performance
Ke Liu1, Juan Liu1, Shihao Shang1, Xiangdong Hua1, Yuan Li1, Yanchun Han1, Xiansheng Jia2, Jianming Zhang1, Shouke Yan1, Zejun Zhang1, *, Yongxin Duan1, *
1Key Laboratory of Rubber-Plastics, Ministry of Education/Shandong Provincial Key Laboratory of Rubber-Plastics, State Key Laboratory of Advanced Optical Polymer and Manufacturing Technology, Qingdao University of Science & Technology, Qingdao, 266042, People's Republic of China.
2School of Electronic Science and Technology, Eastern Institute of Technology, Ningbo, 315211, People's Republic of China.
*To whom correspondence should be addressed. Email: zzj@qust.edu.cn; dyx@qust.edu.cn

This PDF file includes:
Figures S1-15
Tables S1-8
References


[image: ]
[bookmark: OLE_LINK51]Fig. S1. Physicochemical properties of CBp and N660. a, XRD patterns of CBp and N660, showing that the main ash components on the surface of CBp are ZnS, ZnO, and SiO2. b, XPS spectra of CBp and N660, confirming that the main ash elements on the surface of CBp are S, Zn, and Si. c, Iodine adsorption value and oil absorption value of CBp and N660, indicating a lower structural degree of CBp compared with N660. d, Particle size of CBp and N660, showing that CBp has a larger particle size than N660. e, Surface pH values of CBp and N660, indicating an acidic surface for CBp and an alkaline surface for N660. f, BET specific surface area of CBp and N660, showing a larger specific surface area for N660.
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[bookmark: OLE_LINK36][bookmark: OLE_LINK39]Fig. S2. XPS spectra and FTIR spectra of CBp and NR. a, XPS spectra of CBp and NR, indicating a relatively high oxygen content in both CBp (9.51 At%) and NR (12.64 At%). b, FTIR spectra of NR, showing that the oxygen-containing functional groups present in NR include -OH, C=O, and -CO-NH-. c, FTIR spectra of CBp, indicating that the oxygen-containing functional groups in CBp are mainly -OH and C=O.
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[bookmark: OLE_LINK23][bookmark: OLE_LINK52]Fig. S3. The SEM-EDS images of CBp. Oxygen elements are uniformly distributed on the surface of CBp, which indicates that the oxygen functional groups in CBp are uniformly distributed.
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Fig. S4. The EXAFS fitting curves in k-space. The EXAFS fitting curves in K-space for a, Zn foil, b, ZnO, and c, NR/CBp-Z5.
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Fig. S5.  Raman spectra of NR/CBp and NR/CBp-Zn. In the composites, the G-band gradually shifts from a lower wavenumber (1586 cm-1) to a higher one (1600 cm-1) with increasing Zn2+ content, indicating the formation of Zn2+ coordination bonds. 
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[bookmark: OLE_LINK38][bookmark: _Hlk221223013]Fig. S6. The corresponding Young’s modulus-displacement curve from rubber matrix to CBp across interphase. a, b, The corresponding Young’s modulus-displacement curve of NR/CBp-Z5. c, d, The corresponding Young’s modulus-displacement curve of NR/CBp. This indicates that the NR/CBp-Z5 composite possesses a thicker interfacial layer compared with NR/CBp.
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Fig. S7. The loss factor (Tan δ) and RPA of NR/CBp, NR/CBp-Zn, and NR/N660. a, The loss factor (Tan δ) of NR/CBp, NR/CBp-Zn, and NR/N660. With increasing Zn2+ content, the loss factor gradually decreases. b, The RPA of NR/CBp, NR/CBp-Zn, and NR/N660. With increasing Zn2+ content, the storage modulus (G’) gradually increases.
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[bookmark: OLE_LINK54]Fig. S8. The Curing curves and crosslinking density of NR/CBp, NR/CBp-Zn, and NR/N660. a, The Curing curves of NR/CBp, NR/CBp-Zn, and NR/N660. With increasing Zn2+ content, the maximum torque (MH) first increases and then decreases, while the curing time gradually lengthens. b, The crosslinking density of NR/CBp, NR/CBp-Zn, and NR/N660. With increasing Zn2+ content, the crosslinking density gradually increases.
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Fig. S9. The Hardness, density, and DIN abrasion of NR/CBp, NR/CBp-Zn, and NR/N660. a, The Hardness, and density, of NR/CBp, NR/CBp-Zn, and NR/N660. With increasing Zn2+ content, both hardness and density gradually increase. b, The DIN abrasion of NR/CBp, NR/CBp-Zn, and NR/N660.With increasing Zn2+ content, the wear coefficient first increases and then decreases.
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[bookmark: _Hlk221231325]Fig. S10. The application of Zn2+ in the NR/N660 and IR/CBp systems. a, Stress-strain curves of the NR/N660 and NR/N660-Z5 composites. Zn2+ contributes only a minimal enhancement to the tensile properties of the NR/N660 system. b, The enhancement ratios of the modulus at 300% strain conferred by Zn2+ on the NR/N660 and NR/CBp systems. Zn2+ provides a significantly greater enhancement in modulus to the NR/CBp system than to the NR/N660 system. c, Stress-strain curves of the IR/CBp and IR/CBp-Z5 composites. Zn2+ provides essentially no enhancement to the tensile properties of the IR/CBp system. d, The enhancement ratios of the modulus at 300% strain conferred by Zn2+ on the IR/CBp and NR/CBp systems. Zn2+ provides a significantly greater enhancement in modulus to the NR/CBp system than to the IR/CBp system.


[image: ]
[bookmark: _Hlk223051559][bookmark: OLE_LINK2]Fig. S11. Effect of different zinc salts on the tensile properties of NR/CBp composites. a, (a) Stress-strain curves of NR/CBp and zinc salt-modified composites, including NR/CBp-Z5 (ZnCl2), NR/CBp-ZA5 (Zn (Ac)2), NR/CBp-ZN5 (Zn (NO3)2·6H2O), and NR/CBp-ZS5 (ZnSO4·7H2O). b, Corresponding tensile strength (left axis) and modulus at 300% strain (right axis). The incorporation of zinc salts significantly influences the reinforcement behavior of CBp in the NR matrix, leading to variations in stress–strain response, tensile strength, and modulus depending on the zinc salt species. It can be clearly observed that zinc chloride and zinc acetate exhibit the most pronounced enhancement in tensile performance, followed by zinc nitrate hexahydrate, whereas zinc sulfate heptahydrate shows little to no improvement compared with the unmodified composite.
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[bookmark: _Hlk222088736]Fig. S12. Proposed fracture mechanism of the NR/CBp and NR/CBp-Z5 composites. a, Proposed fracture mechanism of the NR/CBp composites. Initially, the NR molecular chains are cross-linked and entangled with each other, and are bonded to CBp through hydrogen bonds. Upon initial loading, the rubber chains begin to uncoil and extend, during which the weak hydrogen bonds between the chains and carbon black particles progressively break. As the loading further increases, fracture of the NR molecular chains occurs. b, Proposed fracture mechanism of the NR/CBp-Z5 composites. In contrast, in NR/CBp-Z5 composites, the NR molecular chains are bonded to CBp through both strong metal-coordination interactions and hydrogen bonds. Upon initial loading, the rubber chains begin to uncoil and elongate, during which the weak hydrogen bonds between the chains and carbon black particles progressively break. As the loading further increases, the strong coordination bonds start to rupture, releasing a substantial amount of energy during this stage. Ultimately, fracture of the natural rubber molecular chains occurs.
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[bookmark: OLE_LINK88]Fig. S13. Compression heat generation and compression permanent deformation of NR/CBp, NR/CBp-Zn, and NR/N660. The improvement of the interfacial interaction between CBp and NR contributes to reducing heat generation during a, compression heat generation. Moreover, this also enhances the deformation resistance of the composite material, thereby facilitating a reduction in b, compression permanent deformation.


[image: ]
[bookmark: _Hlk222091717][bookmark: _Hlk222091754]Fig. S14. The cyclic tensile behavior of NR/CBp and NR/CBp-Z5 composites. a, The first-cycle tensile curves of NR/CBp and NR/CBp-Z5 composites. b, The residual strain and deformation after one cycle of NR/CBp and NR/CBp-Z5 composites. Compared to the NR/CBp composite, the NR/CBp-Z5 composite exhibits smaller residual strain and larger recoverable strain, indicating a stronger resistance to deformation in the tensile direction.
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Fig. S15. The FTIR spectra of NR/CBp and NR/CBp-Z5 composites. Compared with the NR/CBp composite, the –OH absorption peak in the NR/CBp-Z5 composite becomes stronger and shifts from 3450 cm-1 to 3424 cm-1, which is attributed to the formation of Zn2+ coordination bonds.



Table S1. Elemental composition of CBp and NR
	[bookmark: OLE_LINK74]Samples
	C (At%)
	O (At%)
	N (At%)
	Others (At%)

	CBp
	84.45
	9.51
	-
	6.04

	NR
	84.63
	12.64
	1.94
	0.79




Table S2. Tensile strength of the CBp/NR-Z5 composites compared with other CBp-reinforced rubber systems
	Number
	Classification
	Materials
	Tensile Strength (MPa)
	Improvement (%)
	Reference

	1
	Physical grinding
	NR/CBp
	15.0
	10.6
	(18)

	2
	
	NR/mCBp
	16.6
	
	

	3
	
	NR/CBp
	23.3
	9.8
	(26)

	4
	
	NR/mCBp
	25.6
	
	

	5
	Acid/alkali treatment
	NR/CBp
	13.9
	7.9
	(28)

	6
	
	NR/CBp-HCl
	15.0
	
	

	7
	
	SBR/CBp
	14.1
	24.1
	(17)

	8
	
	SBR/dCBp
	17.5
	
	

	9
	
	NR/CBp
	18.3
	20.7
	(29)

	10
	
	NR/CBp-HCl-KOH
	22.1
	
	

	11
	Plasma treatment
	NR/CBp
	16.7
	2.4
	(19)

	12
	
	NR/CBp-NH3
	17.1
	
	

	13
	
	NR/CBp
	16.7
	3.0
	

	14
	
	NR/CBp-Ar
	17.2
	
	

	15
	Coupling agent
	NR/CBp
	16.2
	14.2
	(27)

	16
	
	NR/CBp/WPC
	18.5
	
	

	17
	
	NR/CBp
	22.4
	16.1
	(5)

	18
	
	NR/CBp/C2
	26.0
	
	

	19
	This work
	NR/CBp
	19.1
	26.7
	This work

	20
	
	NR/CBp-Z5
	24.2
	
	

	21
	
	NR/N660
	20.9
	
	




[bookmark: _Hlk223191086]Table S3. EXAFS fitting parameters at the Zn and Fe K-edge (Ѕ0 = 1) of as-prepared samples in this work
	Sample
	Path
	C.N.
	R(Å)
	σ2×10-3(Å2)
	ΔE0(eV)
	R factor

	Zn foil
	Zn-Zn
	6*
	2.66 ± 0.01
	12.4 ± 0.9
	-0.9 ± 0.9
	0.01

	ZnO
	Zn-O
	2.7 ± 0.4
	1.96 ± 0.01
	1.7 ± 0.1
	-1.0 ± 0.8
	0.02

	
	Zn-Zn
	11.6 ± 2.1
	4.32 ± 0.03
	3.2 ± 1.5
	
	

	NR/CBp-Z5
	Zn-O
	3.9 ± 1.2
	1.99 ± 0.03
	2.8 ± 1.6
	5.9 ± 2.2
	0.02
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Table S4. Mechanical properties of NR/CBp, NR/CBp-Zn and NR/N660 composites
	Samples
	[bookmark: OLE_LINK4]Tensile Strength (MPa)
	Tensile strength improvement (%)
	Toughness
(KJ·m-3)
	Toughness improvement (%)

	NR/CBp
	19.1 ± 0.4
	-
	3.81 ± 0.03
	-

	NR/CBp-Z1
	22.5 ± 0.2
	17.8
	4.33 ± 0.05
	13.6

	NR/CBp-Z3
	23.7 ± 0.9
	24.1
	4.79 ± 0.01
	25.7

	NR/CBp-Z5
	24.2 ± 0.4
	26.7
	4.79± 0.01
	25.7

	NR/CBp-Z7
	22.5 ± 0.9
	17.8
	4.36 ± 0.06
	14.4

	NR/N660
	20.9 ± 0.3
	-
	3.99 ± 0.03
	-





Table S5. Modulus at 100%, 200%, 300% strain of NR/CBp, NR/CBp-Zn and NR/N660 composites
	Samples
	Modulus at 100% (MPa)
	Modulus at 200% (MPa)
	Modulus at 300% (MPa)
	Modulus at 300% improvement (%)

	NR/CBp
	1.56 ± 0.01
	3.52 ± 0.18
	6.15 ± 0.12
	-

	NR/CBp-Z1
	1.99 ± 0.01
	4.53 ± 0.04
	8.12 ± 0.21
	32.0

	NR/CBp-Z3
	2.49 ± 0.02
	5.59 ± 0.07
	10.09 ± 0.13
	64.1

	NR/CBp-Z5
	2.59 ± 0.01
	5.84 ± 0.08
	10.54 ± 0.21
	71.4

	NR/CBp-Z7
	2.46 ± 0.04
	5.75 ± 0.06
	10.43 ± 0.03
	69.6

	NR/N660
	1.93 ± 0.02
	4.30 ± 0.11
	7.72 ± 0.28
	-




Table S6. Tear Strength of NR/CBp, NR/CBp-Zn and NR/N660 composites
	[bookmark: OLE_LINK3]Samples
	Tear Strength (MPa)
	Tear Strength improvement (%)

	NR/CBp
	28.1 ± 0.7
	-

	NR/CBp-Z1
	35.9 ± 1.1
	27.8

	NR/CBp-Z3
	42.9 ± 1.5
	52.6

	NR/CBp-Z5
	45.2 ± 0.4
	60.9

	NR/CBp-Z7
	44.5 ± 1.4
	58.4

	NR/N660
	36.5 ± 1.3
	-





Table S7. Formulations of the NR/CBp, NR/CBp-Zn and NR/N660 composites
	Component
	NR CV60/IR
	CBp/N660
	SA
	ZnO
	DM
	S
	ZnCl2

	phr
	100
	50
	3
	5
	0.6
	2.5
	0/1/3/5/7




[bookmark: OLE_LINK7][bookmark: OLE_LINK45]Table S8. Sulfur characteristic parameters of the NR/CBp, NR/CBp-Zn and NR/N660 composites
	[bookmark: _Hlk223195077]Parameters
	NR/CBp
	NR/CBp-Z1
	NR/CBp-Z3
	NR/CBp-Z5
	NR/CBp-Z7
	NR/N660

	ML（dN·M）
	1.51
	1.94
	1.57
	1.51
	1.75
	1.61

	MH（dN·M）
	10.71
	11.87
	14.08
	14.83
	13.29
	11.87

	MH-ML（dN·M）
	9.20
	9.93
	12.51
	13.32
	11.54
	10.56

	T10 （min）
	1.85
	2.81
	3.12
	3.23
	4.44
	2.24

	T90 （min）
	12.80
	13.58
	16.62
	20.34
	23.15
	12.24
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