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Experimental

Materials

NR latex (NRL) with a total solid content of 60 wt% was supplied by Maoming Shuguang Rubber
Farm. SBR latex (SBRL, Intex 132, solid content of 60 wt %, styrene content is 25 wt%), was
manufactured by Lanzhou Petrochemical Co. Ltd. Graphite powder was purchased from Shanghai
Colloidal Co. Ltd. Poly(diallyldimethylammonium chloride) (PDDA) was purchased from
Sinopharm Chemical Reagent Co., Ltd. Calcium chloride (CaCl,) and hydrazine hydrate was
provided by Guangzhou Chemical Reagent Factory. Octyl phenol 10 (OP-10) was supplied by
Sinopharm Chemical Reagent Co. Ltd. Rubber additives such as zinc oxide (ZnO), stearic acid
(SA), N-cyclo-hexylbenzothiazole-2-sulphenamide (CZ), 2,2’-dibenzothiazole disulfide (DM), 2-
Mercaptobenzimidazole (MB) and sulfur (S) were obtained from Guangzhou Longsun technology
Co., Ltd. All the rubber ingredients were industrial grade and were used as received.

Preparation of PDDA functionalized graphene (f~GE)

Graphite oxide (GO) was firstly synthesized according to our previous work!. ~GE was then
prepared by reducing GO with hydrazine hydrate in the presence of PDDA. Specifically, 0.5 g GO
was well dispersed in 200 ml water to produce the homogeneous graphene oxide (GO)
suspensions, followed by the addition of 0.8 g PDDA to obtain a homogeneous dispersion by a
sonication process. Afterwards, 900 uL hydrazine hydrates was added into the obtained

homogeneous dispersion and the mixed solution was then subjected to a chemical reduction



reaction at 95 °C in an oil bath for 2 h to obtain a homogeneous black suspension.

Preparation of SBR/NR composites

The SBR/NR composites were prepared by a latex compounding technology. Typically, the
above-obtained f~GE suspension was diluted to the appropriate amounts of f~GE aqueous
suspension, accompanied with sonication for 1 h. Then, NRL, SBRL and vulcanized aqueous
suspension (the crosslinking agent sulphur and other rubber additives) was uniformly mixed with
the /~-GE suspension under intense stirring. Subsequently, the mixtures were poured into an acetic
solution tank, causing the coagulation. Then, the obtained solids were filtrated and washed
repeatedly with deionized water, and then vacuum dried in an oven at 55 °C for 24 h. After that,
the dried solid compounds were compress molded at 150 °C for cure time (Tqy) under a pressure
of 10 MPa. The obtained composites with a double-interconnected network were coded as
SBR/NR-GE-x. For comparison, un-modified graphene was employed to prepare SBR/NR
composites without a double-interconnected network following the similar procedure, which was
coded as SBR/NR/GE-x. Herein, x represents the /~GE or GE content as parts per hundred parts of
rubber, which was controlled to be 0, 0.25, 0.5, 0.75, 1.0, 2.0 and 4.0 phr (parts per hundred parts
of rubber) in the composites. The formulation of the SBR composite is listed in Table S1.
Characterization

Transmission electron microscopy (TEM) was performed on a JEOL2100 microscope. Scanning
electron microscopy (FESEM) was analyzed by a Nova NANOSEM 430. Fourier transform
infrared spectroscopy (FT-IR) was recorded on a Bruker Vertex Fourier Transform Infrared
Spectrometer. Thermogravimetric analysis (TGA) was collected on a Netzsch TG209F1 apparatus
with a heating rate of 20 °C/min under nitrogen atmosphere. Zeta potential measurements were
performed using a Zetasizer Nano-ZS. Tensile test experiments were measured by a U-CAN UT-
2060 instrument at room temperature with a cross head speed of 500 mm/min. The electrical
conductivity of all samples was measured by a two-point measurement using a digital source-
meter according to our previous work?. The resistance change in the stretching-releasing process
was measured according to our previous work3*#. The stretching process and stretching-releasing
process of the samples were conducted at room temperature using a digital force gauge (CK-50HB,
Fuzhou Aipu Instruments Co., Ltd) with a constant strain rate, and the strain rate can be adjusted

from 0 to 40 min’!. In the experiment, the strain rate was set as 4 min’'. Accordingly, the



corresponding resistance changes of the samples during the stretching or releasing process were
recorded using a TEGAM 1740 micro ohmmeter (data acquisition rate was 20 s™!). Notice that two
copper sheets were attached tightly on the samples with clamps for tightly contacting the test
samples. In the test, the micro-ohmmeter was used to record the initial resistance (Rj) and real-
time resistance (R) under strain. Then the resistance changes shown in the manuscript ((R-
Ry)/Ry=AR/Ry) was obtained by data conversion. The detailed device architecture can be shown in

the Fig. S1.
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Fig. S1 Digital photograph of device architecture including digital micro-ohmmeter and digital

force gauge.
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Fig. S2 FT-IR spectra (a) and UV-Vis spectra (b) of GO, PDDA and f~GE; (c) TGA curves of GE,

PDDA and f-GE.
Fig. S2(a) shows the FT-IR spectroscopy results of GO, PDDA and f~GE. The peaks located at
1043, 1226, 1398, 1620, 1727 cm! in the GO spectrum are assigned to C-O stretching vibrations,
C-OH stretching band, C-O-H deformation band, C=C stretching vibrations, and C=0 stretching
of COOH groups, respectively, suggesting the existence of hydroxyl, carboxyl, and epoxide
groups on the surface of GO. With regard to the PDDA and f~GE, The two spectrums of the
samples show the -CH,- deformation vibration around 1470 cm!, and the bending vibration of
adsorbed water molecules located at 1630 cm!. Notably, those peaks ascribed to the oxygen-
containing functional groups are not observed, suggesting the efficient reduction of GO.
Furthermore, we used UV-vis spectrum to characterize the GO, PDDA and f-GE, as shown in Fig.
S2(b). Pure PDDA shows no characteristic peak in the spectrum. As for GO, two characteristic
peaks at 230 and 300 nm are observed, respectively. The peak at 230 nm of GO shifts to 269 nm
for /~GE, indicating that GO is effectively reduced.

Fig. S2(c) shows the TGA curves of GE, f~-GE. The slight weight loss occurs at 30~900 °C for

GO, corresponding to the loss of the residual oxygen-containing groups onto the GE sheets. For
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pure PDDA, PDDA starts to lose weight (60.5%) even below 90 °C, and exhibits decomposition
behavior (9.5% weight loss) as the temperature increases from 250 to 360 °C because of the labile
pendant groups on the main-chains. Another observed drop (13% weight loss) occurs at 380~610
°C, which is due to the pyrolysis of the carbon skeleton of PDDA. With respect to f~GE, the mass
loss of f~GE largely decreases, suggesting the effective functionalization of GE by PDDA. The

residual weight implies that the grafted PDDA content onto the GE sheets is about 18.0 wt%.
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Fig. S3 (a) Zeta potentials of NRL, GO and f~GE as a function of pH. (b) Digital photographs of
NRL, f~GE and f~GE/NRL containing of 0.42 vol% f-GE.

Zeta potential measurement was employed to verify the assembly process between f~-GE and
NRL, the results were shown in Fig. S3. It is evident that GO sheets possess a negatively charged
surface (zeta potential = -30 mV ~ -40 mV) at the PH range from 2 to 10, which is due to the
ionization of carboxylic acid and hydroxyl groups on the GO sheets®. After functionalized by
PDDA, f~GE present a positively charged surface (zeta potential = +35 ~ +48 mV). Regarding to
NRL, owing to the existence of the adsorbed amphiprotic proteins®’, its surface charge switches
from positive (zeta potential = +45.6 mV) to negative (zeta potential = -81.0 mV). Herein, the
pH conditions is selected at PH=6, where the assembly process can be successfully occurred
between NRL (negative charge with zeta potential of -38.6 mV) and f~GE (positive charge with
zeta potential of +41.5 mV), and we observed an ideal assembly that almost all the NRL particles

are encapsulated with GE sheets, leaving a transparent aqueous sublayer (Fig. S3(b)).



Fig. S4 Typical TEM images of NRL (a) and /~GE/NRL (b).
TEM observations provide visual evidence for the assembly. As shown in Fig. S4(a), neat NRL
particles with diameters of 200-1000 nm exhibit smooth un-textured surfaces. As for NRL//~-GE
(Fig. S4b), /~-GE compactly encapsulated NRL particles were observed due to a strong electrostatic

attraction interaction.

Fig. S5 Typical SEM images of SBR/NR-GE-0.42 (a,b) and SBR/NR/GE-0.42 (c,d). Region A

corresponds to the SBR phase and region B represents the NR phase containing /~GE.
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Fig. S6 (a) Dependence of the G’ of the uncured neat SBR/NR, SBR/NR-GE and SBR/NR/GE

compounds on the strain, (b) My and My of the SBR composites.
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Fig. S7 (a) The modulus at 300% strain, (b) the tensile strength, and (c) the typical stress-strain
curves of SBR/NR-GE. (d) ¢* as a function of A/ in the SBR/NR composites based on the
Mooney-Rivlin equation.

The Mooney-Rivlin plots were performed to evaluate the elastomeric network by plotting the
reduced stress (o*) against the reciprocal of the extension ratio (1). The equation is listed as follow,
o* =0/(A-/-2). As shown in Fig. S7(d), o* of composites presents a large and abrupt upturn at low
-1, which is attributable of the restriction of the mobility of the rubber chains. For all SBR/NR-GE
samples, o* is dependent of 4 upon deformation, which is because the strong interfacial adhesion
between NR and f~GE can effectively constrain the mobility of the NR chains. It is clearly
observed that the value of the 2~/ at which the upturn point shifts to lower extension ratios with
increasing f~-GE content. This is because that the increasing f~GE amount means a more developed
interconnected network, leading to more restrictions on extensibility of the rubber chains. Such

observations are consistent with the resulted analysis of the TEM observations.
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Fig. S8 (a and b) The representative extension-relaxation curves of SBR/NR-GE (a) and
SBR/NR/GE (b) after 300% strain. (c and d) The elastic recovery after 300% strain (c) and Shore

A hardness (d) of the double-interconnected SBR/NR-GE and non-interconnected SBR/NR/GE.



Table S1 The experimental formula for preparation of SBR/NR composites.

NO.  Neat fGE-025 f£GE-0.5 f£GE-0.75 fGE-1.0 f£GE-2.0 fGE-4.0

Jf-GE 0 0.25 0.5 0.75 1.0 2.0 4.0
SBRL 83.4 83.4 83.4 83.4 83.4 83.4 83.4
NRL 83.4 83.4 83.4 83.4 83.4 83.4 83.4
ZnO 5 5 5 5 5 5 5
SA 2 2 2 2 2 2 2
MB 1 1 1 1 1 1 1
Ccz 1.5 1.5 1.5 1.5 1.5 1.5 1.5
DM 0.5 0.5 0.5 0.5 0.5 0.5 0.5
S 1.5 1.5 1.5 1.5 1.5 1.5 1.5
OP-10 3 3 3 3 3 3 3

“parts per hundred parts of rubber

Table S2 The comparison of electrical behavior (e.g. percolation threshold, the corresponding

conductivity) of GE/elastomer composites previously reported.

. Percolation .
Rubber Filler Conductivity (S'm") Ref.
threshold
NR GE 0.62 vol% ~107 8
SBR GE ~1.76 vol% ~107 9
NR GE 0.21 vol% ~108 10
SBR GE 0.55 vol% ~108 2
TPU® GE 0.05 vol% ~101 11
ENR) GE 0.23 vol% ~10-10 12
SBR/NR GE 0.30 vol% ~107 This work

2 Thermoplastic polyurethane;

b Epoxidized natural rubber.
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Table S3 Strain sensors based on elastomer composites previously reported.

Matrix Filler Max strain (%)  Gauge factor Ref.
PDMS? SWCNT 280 0.82 13
PDMS CNT 150 0.004 14
PUP MWCNT 403 4 15
PDMS CNT 300 1 16
PDMS GE/Nanocellulose 100 7.1 17
PDMS AgNWs 70 14 18
NR GE 800 35 19
PDMS GalnSn 60 2 20
NR CNT 100 43.5 21
PDMS GE 7.1 14 22
TPE® CB 80 20 23
PU CNT 400 69 24
PDMS CB 150 29.1 25
SBR/NR GE 120 82.5 This work

a Polydimethylsiloxane;

b Polyurethane;

¢ Thermoplastic elastomer;
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