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1. Characterizations
1.1. Field Emission Scanning Electron Microscopy (FESEM)

FESEM (Zeiss 54800, Carl Zeiss AG, Oberkochen, Germany) was used to characterize
the fracture morphology of Multiwalled Carbon Nanotube (MWCNT)/ Natural Rubber
(NR) and the dispersion of MWCNT in NR at an accelerated voltage of 10 kV. Samples
were frozen in liquid nitrogen for 5 min, and then bending forces were applied to break
samples to obtain new fracture surfaces. Gold-sprayed treatment was carried out on the
fracture surface of the sample to improve the conductivity and obtain better FESEM im-
ages. In this work, composite samples prepared by different processing method were
tested.

1.2. Transmission Electron Microscopy (TEM)

The dispersion and exfoliation of MWCNTs in NR were characterized by TEM (FEI
Talos F200s, Thermo Fisher Scientific, MA, USA). The samples of TEM with a thickness of
80 nm were prepared under freezing conditions by Leica UC7 instrument and then col-
lected on a copper network.

1.3. X-Ray Diffraction (XRD)

XRD was used to characterize the aggregation and stacking of MWCNTs in NR. Spec-
tra were performed under Cu Ka radiation and a reflection mode at 2°/min between 5°
and 90°.

1.4. Fourier Transform Infrared (FTIR)

Attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR)
(Thermo Scientific IS5, Thermo Fisher Scientific, MA, USA) used to prove the interfacial
interaction between MWCNTs and NR in this work, the analysis was carried out at the
resolution of 4 cm™ and the wavenumber range of 4000400 cm™.

1.5. Raman Spectroscopy

Raman spectroscopy (HORIBA Scientific LabRAM HR Evolution, HORIBA Jobin
Yvon, Paris, France) was used to analyze the interface with a Raman shift of 800-2000
cm,
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1.6. Stress-Strain

The stress-strain characteristics of the dumb bell standard specimens (according to
ISO 37:2005(E)) were measured by a tensile and compression test system (DDL-10) with a
maximum load of 10 kN controlled by displacement at ambient temperature, and the load-
ing rate was 200 + 5 mm/min according to ISO 37:2005(E). The number of samples in each
experiment was no less than three.

1.7. Conductivity

To measure the electrical conductivity of the MWCNT/NR composites, the electrical
signals (all sizes are 40 mm x 10 mm x 1 mm) were measured with a Keysight 34410A
device (Keysight Technologies, Inc., CA, USA). The two-wire method was used to directly
measure the resistance of the samples under all conditions. To ensure good contact be-
tween the crocodile-snout clamp and the sample, copper sheet and conductive silver glue
are used.

According to the resistance value, the volume conductivity of samples was calculated
by combining Equations S(1)-5(3).

The resistance and conductivity are directly related to the geometry of samples:

t
R=p— s1
P (S1)

where R is the resistance of the samples, t is the thickness, A is the cross-sectional area and
p represents the resistivity. The conductance G has the following relation with re-
sistance:

1

=— S2
G z (52)

Conductivity is defined as the current flowing through 1 cm? of the material per unit
potential. The relationship between the conductivity and conductance is shown below:

o=t_gl_L (S3)
Yo A RA

where O represents the volume conductivity.

Figure S1. The diameter and micromorphology of original multiwalled carbon nanotubes are char-
acterized by transmission electron microscopy. (Note: the data of Figure S1 is provided by the
Chengdu Organic Chemicals Co., Ltd., Chinese Academy of Sciences, China).
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Figure S2. XRD spectrum of (a) pure MWCNTs, (b) 6 wt.% MWCNT/NR and (c) 6 wt.% CTAB/NR of the flocculation
method. (XRD: X-ray diffraction; MWCNT: multiwalled carbon nanotube; NR: natural rubber; CTAB: cetyl trimethyl am-

monium bromide).
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Figure S3. Mechanical properties: (a) tensile strength, (b) modulus at 100% strain, and (c) elongation at break of the
MWCNT/NR composites prepared by the three processing. (MWCNT: multiwalled carbon nanotube; NR: natural rubber).
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Regarding both the solution method and flocculation method, it is clear that the ten-
sile strength (TS) of the MWCNT/NR composites significantly increases when the
MWCNT content increases at low loading (Figure S3a); these TS reach maximum values
at 3 wt.% and 2 wt.% MWCNTs, respectively. And then the TS of these composites de-
crease when the MWCNT content continues to increase due to the stress concentration
caused by a high filler content. However, it is surprising to note that the TS of composite
prepared by the two roll method increases almost linearly with the MWCNT content (Fig-
ure S3a). For instance, the TS of 6 wt.% MWCNT/NR composite prepared by the two roll
method is 2.5 times and 2.1 times higher than that of composites from the flocculation
method and solution method, respectively; additionally, the TS is increased by 99% when
compared with neat NR, indicating that the two roll method does not cause severe filler
aggregation and that the stress concentration is weak. Regarding the two roll method, the
increase in moduli at 100% strain (M100) (Figure S3b) is slow at first and then increases
rapidly. In contrast, the other two methods demonstrate a stable increase with an increas-
ing filler content. Furthermore, the elongation at break for the composite from the solution
method decreases gradually with an increasing filler content, as shown in Figure S3c. Re-
garding the other two systems, the elongation at break first increases and then decreases
gradually with the filler content, and reached the highest value at their respective thresh-
olds. At a fixed filler loading of 6 wt.%, the elongation at break of the two roll method
merely decreases by 24% with respect to NR and is 2.7 times and 2.6 times that of the
solution method and flocculation method, respectively.
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Figure S4. Ln (Gauge factor) of 6 wt.% MWCNT/NR prepared by solution method as function of
applied strain. (MWCNT: multiwalled carbon nanotube; NR: natural rubber).



Nanomaterials 2021, 11, 1845

5 of 7

% ) enlargemejgl

N . ’ "
¥ =

Figure S5. The cross-section micro-topography of 6 wt.% MWCNT/NR composites under (a) flocculation method and (b)
solution method. (MWCNT: multiwalled carbon nanotube; NR: natural rubber).

Figure S5 is the FESEM morphology of the composites prepared by flocculation and
solution method. Figure S5a shows that there are many and dense holes in the flocculation
composites, as shown by the dotted green circle and the inset, and the existence of these
holes affects the mechanical properties of the composites. Figure S5b shows the presence
of a large number of MWCNT agglomeration bands in the solution method composites,
as shown by the green line in the Figure S5b.

Figure S6. Micromorphology of CTAB/MWCNT/NR composite without flocculant. (CTAB: cetyl
trimethyl ammonium bromide; MWCNT: multiwalled carbon nanotube; NR: natural rubber).

In order to verify that the large number of holes in the flocculating method in the
main document are related to the existence of flocculant, we carried out microscopic mor-
phology experiment on the composite without flocculant, as shown in the Figure S6,
which shows that holes not appear on the micromorphology of the cetyl trimethyl ammo-
nium bromide (CTAB)/MWCNT/NR composite without flocculant, indicating that the ex-
istence of holes in Figure S5(a) should be related to flocculant.
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Figure S7. Schematic diagram of H-bonding interactions between MWCNTs and NR. In the figure,
the diagram of single-walled carbon nanotube is used instead of multi walled carbon nanotube,
which does not affect the meaning of the figure. (MWCNT: multiwalled carbon nanotube; NR: nat-

ural rubber).

Table S1. Review of nanocomposite strain sensor literatures.

Reference Nanofiller Strain Gauge Materials
Number Content (%) Factor

[1] 0.2 vol. 667 35 Graphene/Natural rubber

[2] 35 vol. 80 20 Carbon Black/Silicone

[3] N/A 280 0.82 SWCNT/PDMS

[4] 0.21 vol. 20 2.6 MWCNT/vinyl ester

[5] 0.143 vol. 403 4 MWCNT/PU

[6] 0.63 vol. 90 6.9 Graphene/Natural rubber

[7] 0.011vol. 30 5.4 Graphene/TPU

[8] 2.45 vol. 30 4.36 CNTs/PDMS

[9] 15 wt. 80 5.5 Carbon Black/ PDMS

[10] N/A 150 14 Graphene/Nylon covered rubber

[11] 4.0 wt. 135 6.8 CNTs/TPU
CNTs/poly(m-phenylene

[12] 4.5 vol. 220 5.4 isé’phflgalafni dg

[13] 1.0 wt. 45 7 MWCNT/TPU

[14] 6.0 wt. 20 8 CNTs/CB/SEBS

[15] 0.9 vol. 160 149 Graphene/Natural rubber

This work 6 wt. 109 974.2 MWCNT/Natural rubber
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