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Flexible silica/ MXene/ Natural Rubber film strain sensors with island chain structure for Healthcare Monitoring
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[bookmark: _Ref133307125][bookmark: OLE_LINK1]Fig. S1 (a) Ti 2p XPS spectrum of NM2Si10 nanocomposite (b) XRD patterns of Ti3AlC2, and Ti3C2Tx (c) SEM image of etched Ti3C2Tx.
The material phase transformation is seen in the X-ray diffraction (XRD) pattern (Fig. S1b). After the removal of the Al layer, the (002) peak of Ti3AlC2 at the 9.5° vanishes, and the sharp peaks of MXene film at 6.9°, 14.0°, and 28.4° can match well with the (002), (004), and (008) distinctive crystal planes of MXene, demonstrating the transition from MAX phase to MXene. [1]Single or few layer Ti3C2Tx flakes (~1μm) can be observed in Fig. S1c.
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Fig. S2 (a) Conductivity of NR/MXene films and(b) corresponding fitting curve, (c) conductivity of NR/MXene/SiO2 films
The electrical conductivity of composites is generally described by a scaling law according to classical percolation theory shown in Equation (1): [2]
       (1)
where,  is the σ of the composite,  is the  of MXene fillers,  is the weight fraction of the conductive filler,  is the percolation threshold,  is the critical exponent. It is expected to vary for different materials with calculated values of ≈1~1.3 and t>1.9 for two-and tree-dimensional networks, [2] respectively. As displayed in Fig. S2b, the value of t is 2.1, indicating the formation of a 3D network structure, and the best fitting value for  of NR/MXene composite is 1.99wt%.
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[bookmark: _Ref134468921]Fig. S3 The cross-sectional SEM images of NR/MXene and NR/MXene/SiO2 films with different filler contents: (a) NM1,(b) NM2, (c) NM4, (d) NM6, (e) NM2Si20, (f) NM2Si50, (g) NM2Si70 , (g) Ti, Si elemental distribution of NM2Si50.
The morphologies and structure of films were shown in Fig.3, when the content of MXene is relatively low, MXene can be uniformly dispersed inside the NR  matrix and no aggregates were discernible (Fig. S3a-b). And when the percentage of MXene in the sample increases even more, numerous big aggregates start to form, as seen in Fig. S3c-d by the red ring. Intriguingly, the introduction of SiO2 into NM2 composites resulted in the formation of a unique "island-chain structure" on the inner surface, as opposed to huge MXene aggregations (Fig. S3e). Furthermore, the multilayer distribution of the island-chain structure was evident as the SiO2 level increased (Fig. S3f). 
To deeply explore the island-chain structure, NM2Si50 were also selected to analyze the MXene and SiO2 distribution in the NR matrix. Fig. S3g is the energy spectrum of NM2Si50. Elements Ti is from MXene, element Si is from SiO2 [3]. It can be observed that Si elements are mainly concentrated in the SiO2 agglomerates while Ti elements are mainly concentrated in the MXene. When the SiO2 content is 50wt%, it is closely arranged inside the NR matrix, forming a multilayer island chain structure, with only a small amount of MXene between adjacent SiO2, which hinders the construction of the conductive network. In addition, both MXene and SiO2 particles can be uniformly dispersed in the NR matrix, this is attributed to both MXene and SiO2 are negatively charged and repel each other during the mixing process, weakening the internal forces and thus the severe aggregation behavior disappeared [4]. Moreover, whether the SiO2 is arranged in a single layer or multiple layers, MXene can be uniformly distributed within the NR matrix, further confirming the island-chain structure formed by the volume exclusion effect of SiO2 can promote the dispersion of MXene.
[image: ]
[bookmark: _Ref121260166]Fig. S4 Typical stress-strain curves of (a) NR/MXene and (b) NR/MXene/SiO2 films
Fig. S4 compares the mechanical properties between NR with different MXene, and NM2 with different SiO2. Fig. S4a showed that the tensile strength of NR/MXene films increased with the increasing MXene content, while elongation at break showed a reverse phenomenon, which indicates the excellent reinforcement of MXene. However, the mechanical property showed a decrease after 5wt% MXene. And Fig. S4b showed the mechanical properties of NR/MXene films after adding SiO2. It can be observed that mechanical properties showed an increase before the SiO2 content at low filler content (10wt%), but after that, the mechanical properties of NR/MXene/SiO2 film decrease. 
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[bookmark: _Ref125956323]Fig. S5 WCA of (a) NR/MXene and (b) NR/MXene/SiO2 films
Fig. S5 shows the WCA of NR/MXene and NR/MXene/SiO2 films. It can be observed that the WCA of pure NR is 92.51°, when the content of MXene decrease, the WCA gradually increases from 49.44° for pure MXene to 86.14° for NM1 , this is due to the hydrophobic nature of MXene, when the content of MXene increases, the hydrophilicity of NR/MXene composites also increases, which leads to a smaller WCA. However, after the addition of SiO2, the WCA of the material increased in the lower content range (<10wt%) and then decreased with the further increase of silica content,  but it is still higher than the NR/MXene films. This is attributed to the volume exclusive effect of SiO2, which makes surface of composite film more compact, but at higher content, a large amount of SiO2 is accumulated in the rubber matrix, forming a large number of pores, which hinders the formation of a flat and tight surface, so the WCA decreases.
[image: ]  
[bookmark: _Ref133306955]Fig. S6 WAC and Photographs of the film after immersion in water for 30 min for the (a) NM2 and (b) NM2Si10 films and corresponding top-view SEM images, (c) variation in water resistance of composites after the addition of SiO2 and (d) the sensing performance of the strain sensor after immersing 30min.
The addition of SiO2 forms an island chain structure, which makes the molecular chains of NR more tightly arranged and therefore improves the hydrophobicity of the material to a certain extent. As shown in Fig. S6a and Fig. S6b, due to the more compact surface of NM2Si10, the water contact angle (WCA) increases form 79.44° for NM2 to 99.97° to NM2Si10, thus leaving less water on the print paper after 30 min of immersion. Fig. S6c shows the change in their electrical conductivity at different immersion times, the ΔR/R0 of NM2 decreases rapidly with increasing immersion time. However, only a slight decrease can be seen in the curve for NM2Si10, during the first 15 minutes of immersion the ΔR/R0 of NM2Si10 does not change significantly, and then a decrease occurs. Simulated saltwater intrusion experiments were conducted to further investigate the stability of the film during exercise. As shown in Fig. S6d, after 30 minutes of immersion, the NM2Si10 can still detect the bending of the finger, which indicates the obtained sensor has potential applications in a humid environment.


Table S1 Comparison of electrical conductivity of MXene based elastomers

	Matrix
	Mxene content
	Electrical conductivity (S/m)
	Ref.

	NR
	2 wt%
	13.5
	This work

	SBR
	4 phr
	[bookmark: OLE_LINK4]1.73×10-4
	 [1]

	PVA
	——
	4×10-3
	 [3]

	SBR
	3.85 wt%
	3.74×10-4
	 [5]

	Epoxy
	15 wt%
	105
	 [6]

	Epoxy
	4.25 wt%
	184
	 [7]

	NBR
	4 vol%
	1.95×10-5
	 [8]

	SBR
	4 phr
	8.96×10-4
	 [9]

	NR
	2 wt%
	8.2×10-5
	 [10]

	NBR
	2 vol%
	9×10-5
	 [11]

	NBR
	14 vol%
	1×10-3
	 [12]

	SBR
	4 phr
	4.87×10-4
	 [13]
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