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ABSTRACT: We report an intrinsically stretchable conductive
elastomer containing fluorine rubber and micrometer-sized silver-
coated copper fillers, in which ionic liquids were incorporated to
improve the performance. The effects of the miscibility between
the ionic liquids and fluorine rubber on the stretchability and
conductivity of the composites were particularly focused. The
miscibility was analyzed by differential scanning calorimetry
(DSC) and small-angle X-ray scattering (SAXS). We compared
three different ionic liquids and found that the ionic liquids that are
miscible with the rubber can more effectively plasticize the composites to improve the conductivity under stretching, giving a fracture
strain more than 400% where the resistance remains below 40 Ω. The effects of the size and shape of the silver-coated copper fillers
and the viscosity of the casting solutions were also studied to optimize the performance of the composites. Furthermore, the fluorine
rubber was cross-linked to enhance the elastic recoverability of the composites. The cross-linked film shows a fracture strain up to
340% and a good cyclic stretching durability even with the usage of large flakes (15−20 μm) as the conductive fillers.
KEYWORDS: fluorine rubber, ionic liquids, silver-coated copper fillers, miscibility, conductive elastomers

1. INTRODUCTION
Stretchable conductors are primarily used as electrodes and
interconnections that can endure large deformation,1 potential
for various applications, such as electronic skin,2−4 optoelec-
tronics,5−7 energy harvesters,8−10 sensors,11 and electronic
textiles.12 One promising strategy to prepare intrinsically
stretchable conductors is the blending of rubbers and inorganic
fillers to form composite conductive elastomers,13,14 where the
low electrical conductivity of rubbers is greatly improved by
the conductive fillers, such as carbon nanotubes (CNT),15−18

carbon black (CB),19,20 and metal particles or wires.21,22 To
achieve a sufficient high conductivity, the fillers are necessary
to contact one another in rubbers. However, a severe
aggregation of the fillers leads to a low stretchability of the
composites. Thus, the dispersion of the fillers in a rubber
matrix is the key factor that determines the electrical and
mechanical properties of the composites.12,15,23 Serval methods
have been developed to improve the dispersion of the fillers in
rubbers, including surface modifications of fillers24−27 and
incorporation of additives, such as surfactants12 and ionic
liquids (ILs).28−30

The interest in ILs has grown dramatically due to their
unique characteristics, such as high polarity, nonflammability,
high thermal stability, and high ionic conductivity.31,32 Another
important advantage of ILs is their diverse chemical
compositions that can impart desired properties, which can
be achieved by pairing a variety of organic cations with a wide

range of either inorganic or organic anions.33 ILs have been
widely used as additives to enhance the properties of polymers
or polymer composites.34−36 For example, highly stretchable
conductors were obtained through the addition of ILs into the
originally brittle polymers, such as the poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS) complex 3 7− 3 9 and po ly[3 -d imethy l -
(methacryloyloxyethyl) ammonium propanesulfonate]
(PDMAPS).40 ILs were also used as effective dispersants of
fillers to enhance the conductivity and stretchability of the
composites. One example is that the agglomeration of CNTs
treated with imidazolium-based ILs within poly(vinylidene
fluoride) (PVDF) is greatly alleviated due to the cation−π
interaction between IL and CNT.41,42 Another example is that
the hybrid conductive fillers of micrometer-sized silver flakes
and silver nanoparticle-decorated multiwalled CNTs were
mixed with ionic liquids to form highly conductive gels, which
could then be well dispersed in PVDF to realize highly
conductive stretchable composites.43 Although numerous
studies have reported the efficacy of ILs to improve the
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mechanical and electrical properties of composites, most have
mainly focused on the specific interactions between fillers and
ILs that facilitate filler dispersion in polymers.44−47 The effect
of the miscibility between ILs and polymers is rarely
explored.48

In this study, we fabricated the free-standing films of
stretchable conductive elastomers through the solvent casting
method, containing fluorine rubber (F-rubber) as the flexible
matrix, micrometer-sized silver-coated copper particles and
flakes as the conductive fillers, and ILs as the additives. Silver-
coated copper fillers combine the benefits of the low cost of
copper and the oxidation resistance of silver that forms a thin
protection layer surrounding the readily oxidizable cop-
per.49−51 ILs with negligible volatility, high ionic conductivity,
and strong affinity with metals are suitable for working as
plasticizers and dispersants in the rubber/metal filler
conductive elastomers. Three ILs were used in this work,
and they show high, moderate, and low miscibility with F-
rubber, respectively. The effects of several factors on the
conductivity and stretchability of the composites were
investigated, including the miscibility of the ILs with F-rubber,
the size and shape of the silver-coated copper fillers, the
viscosity of the solutions used to cast films, and the cross-
linking of the rubber. The key finding is that the addition of
ILs can effectively plasticize the F-rubber and disperse fillers to
improve the conductivity of the elastomers under stretching,
especially for the ILs that are miscible with F-rubber.

2. EXPERIMENTAL SECTION
2.1. Materials. F-rubber, poly(vinylidene fluoride-co-hexafluor-

opropylene) (Mn = 123 000 g/mol), was purchased from Daikin
Industries, under the trade name of Dai-el G801. Ionic liquids,
including 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)-
imide ([EMIM][Tf2N]), 1-ethyl-3-methyllimidazolium trifluorome-
thanesulfonate ([EMIM][TfO]), and 1-ethyl-1-methylpyrrolidinium
bis(trifluoromethylsulfonyl)imide ([EMPY][Tf2N]), were purchased
from Sigma-Aldrich. The chemical structures of F-rubber and the ILs
are shown in Figure 1. The solvent, 4-methyl-2-pentanone (MIBK),
was purchased from Honeywell. The cross-linking agents for F-rubber,
1,3(4)-bis[1-(tert-butylperoxy)-1-methylethyl]benzene (Luperox F)
and 1,3,5-triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione (TAIC),
were purchased from Arkema and Sigma-Aldrich, respectively.
Silver-coated copper particles and flakes (Ag−Cu) were supplied by
Wellion Trade Company, Taiwan. The size, shape, and SEM images

of the Ag−Cu fillers are shown in Table S1 of the Supporting
Information.
2.2. Sample Preparation. To prepare the solutions for film

casting, F-rubber, Ag−Cu fillers, and ILs at varying weight ratios as
noted in the text were added into MIBK and stirred until uniformly
mixed. The weight ratio of F-rubber/MIBK was fixed at 1:3. The
solutions were degassed, transferred to glass Petri dishes, and then
dried at room temperature for 1 day to remove most MIBK. The films
were further dried under a vacuum at room temperature for another
day to remove the residual MIBK. The films were ∼0.3 mm in
thickness and were peeled from the Petri dishes in a free-standing
form for experiments. The optimized cross-linking procedure for F-
rubber is as follows. F-rubber and MIBK at a 1:4 weight ratio were
mixed, and subsequently, the cross-linking agents Luperox F and
TAIC were added to the mixture at a F-rubber/Luperox F/TAIC
weight ratio of 1:0.05:0.13. The solutions were then stirred with two-
staged heating, 80 °C for 1 h and then 160 °C for 4.5 h, for precuring
in the liquid state. The Ag−Cu fillers and ILs were added into the
precured solutions and stirred at room temperature for 1 day. The
mixtures were degassed, transferred to Petri dishes, and then dried for
1 day. After drying, the films were again treated with two-staged
heating, 80 °C for 1 h and then 160 °C for 4.5 h, for curing in the
solid state. The free-standing cross-linked films were peeled from the
dishes for experiments.
2.3. Characterization. Differential scanning calorimetry (DSC)

was measured using a TA Instruments Q20 with a heating/cooling
rate of 10 °C/min under a nitrogen atmosphere. Small-angle X-ray
scattering (SAXS) was conducted on the beamline BL23A in National
Synchrotron Radiation Research Center (NSRRC), Taiwan. The
scattering intensity (I) profiles were plotted as functions of wave
vector q, where q = 4π sin(θ/2)/λ, θ is the scattering angle, and λ is
the wavelength of the incident X-ray. The scanning electron
microscopy (SEM) images of the cross-sectional structures of films
were taken by a JEOL JSM-6700F field-emission SEM at an
accelerating voltage of 10 kV. The films were first cut into pieces
after quenching in liquid nitrogen. Before imaging, the samples were
sputtered with platinum. The element analysis was performed on the
energy dispersive spectrometer (EDS) equipped on the SEM
instrument. The resistance vs strain curves were measured using a
Step-Syn 103H7123-0440 stepping motor (Sanyo Denki, Tokyo,
Japan) at a stretching step of 10% strain. The upper limit of the strain
for the equipment is 400%. Cyclic stretch-release tests were
conducted at 75% strain in a speed of 0.29 mm/s up to 100 cycles.
The steady-shear and dynamic rheology were conducted on a TA
Instruments AR2000ex stress-controlled rheometer using parallel-
plate geometry with a Peltier temperature control at 25 °C. The
strain−stress curves were measured on a JSV-H1000 testing machine
(JISC, Japan) at a stretching rate of 20 mm/min.

3. RESULTS AND DISCUSSION
3.1. Miscibility between ILs and F-rubber. The

miscibility between the ILs and F-rubber was studied using
DSC, determined by the change in glass transition temperature
(Tg) of F-rubber with the weight ratio of IL to F-rubber,
denoted as I0. The DSC data of the three pure ILs are shown in
Figure S1. The Tg’s of [EMIM][Tf2N], [EMIM][TfO], and
[EMPY][Tf2N] are at −85.5, −98.5, and −83.6 °C,
respectively. [EMIM][Tf2N] and [EMIM][TfO] show the
melting temperatures (Tm) around −20 °C, both in a liquid
state at room temperature, whereas [EMPY][Tf2N] with a Tm
around 88 °C is a crystalline solid at room temperature. The
DSC data of the IL/F-rubber blends at I0 from 0 to 0.5 are
shown in Figure S2, and the changes in Tg of F-rubber with I0
for the three ILs are plotted in Figure 2. The Tg of pure F-
rubber is at −17.6 °C. As [EMIM][Tf2N] is incorporated into
F-rubber, Tg decreases with I0, down to −33.8 °C at I0 = 0.5.
[EMIM][TfO] also lowers the Tg of F-rubber, but not

Figure 1. Chemical structures of F-rubber and the ILs used in this
work.
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significantly at I0 < 0.3, and the Tg drops to −25.4 °C at I0 =
0.5. The decay rate of Tg in the [EMPY][Tf2N] case is in
between at I0 < 0.3, and interestingly, Tg increases instead at I0
> 0.4. In Figure S2c, the melting peaks of [EMPY][Tf2N] can
be seen at I0 > 0.4. The increase in Tg can therefore be
attributed to the [EMPY][Tf2N] crystallites formed at a high I0
that hinder the chain motion of F-rubber. Judging from the
DSC data at I0 < 0.3, the miscibility of the ILs with F-rubber is
in the order of [EMIM][Tf2N] > [EMPY][Tf2N] > [EMIM]-
[TfO]. The ILs containing [Tf2N] anions bearing two
trifluoromethyl groups (−CF3) show a higher miscibility
with F-rubber. Compared to [TfO], the size of [Tf2N] anion is
larger, and thus its charge density is lower, which implies a
lower electrostatic attraction between [Tf2N] and the paired
cations. Along with the two −CF3 groups that can interact with
F-rubber, the ions of [EMIM][Tf2N] and [EMPY][Tf2N] are
more likely to dissociate and homogeneously mix in F-rubber.

The structures of F-rubber mixed with the ILs were
investigated by SAXS, and the data are shown in Figure 3.
F-rubber is a copolymer composed of multiple blocks that tend
to assemble into hard and soft domains.52,53 The hard domains
are packed by the regular poly(vinylidene fluoride) blocks, and
the soft domains are formed by the random copolymer
segments of vinylidene fluoride with hexafluoropropylene.53

The SAXS profile of pure F-rubber (I0 = 0) is featureless, with
an intensity monotonically decreasing with q, indicating that
the contrast of the electron density between the soft and hard
domains is insufficient to produce the characteristic X-ray
scattering. As [EMIM][Tf2N] is incorporated, the SAXS data
for all of the I0’s are essentially the same as that of pure F-
rubber (Figure 3a), which implies that [EMIM][Tf2N] is
uniformly dissolved in F-rubber and the contrast of the
electron density in the blends remains unchanged, as illustrated
in Figure 4a. This is consistent with the DSC thermograms
that reveal a highly miscible nature of [EMIM][Tf2N] with F-
rubber. For the [EMIM][TfO] cases, the low-q slopes of the
SAXS profiles at I0 ≥ 0.2 become steeper than that of pure F-
rubber, as shown in Figure 3b. Such a slope change generally
suggests a larger structure formed in the samples, presumably
the F-rubber-rich and IL-rich domains (Figure 4b) caused by
phase separation due to the low miscibility between [EMIM]-
[TfO] and F-rubber.

Instead of the monotonic changes, the SAXS profiles of the
[EMPY][Tf2N]/F-rubber blends show humps in the q range
between 0.02 and 0.03 Å−1 (Figure 3c), corresponding to a
domain size ∼20−30 nm. A plausible explanation for this
scattering characteristic is that [EMPY][Tf2N] is selectively
dissolved in the soft domains where the random copolymer
segments are arranged in a disordered manner while the hard
domains are nearly intact due to the closer packing of the
regular poly(vinylidene fluoride) blocks (Figure 4c). This is

Figure 2. Tg of IL/F-rubber blends as functions of I0, the weight ratio
of IL to F-rubber.

Figure 3. SAXS profiles of F-rubber blended with the ILs at varying
I0: (a) [EMIM][Tf2N], (b) [EMIM][TfO], and (c) [EMPY][Tf2N].
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supported by the DSC data that show a moderate miscibility of
[EMPY][Tf2N] in F-rubber. Such a distribution of the IL alters
the electron density of the soft domains and causes a contrast
sufficient to reveal the scattering feature of the hard domains as
the humps.54,55 At I0 = 0.5, the slope at low q significantly
increases, which results from the crystallization-induced phase
separation that leads to large pure crystal domains of
[EMPY][Tf2N], in agreement with the DSC data.

The appearance of the films shown in the photographs of
Figure S3 confirms the DSC and SAXS results. The
[EMIM][Tf2N]/F-rubber film remains transparent at I0 =
0.5, indicating that the IL and F-rubber are homogeneously
mixed even at high I0. By contrast, the [EMIM][TfO]/F-
rubber film is slightly hazy at an I0 as low as 0.1 and becomes
cloudier as I0 increases, evidencing the occurrence of phase
separation that causes strong light scattering. [EMPY][Tf2N]
shows moderate miscibility with F-rubber, mainly dissolved in
the soft domains, and tends to form crystalline aggregates that
scatter light at high I0. This explains why the [EMPY][Tf2N]/
F-rubber films are transparent at I0 < 0.3 and become cloudy at
I0 > 0.4. The stress−strain curves of F-rubber and its blends
with the ILs at I0 = 0.2 are compared in Figure S4, and the
mechanical properties are listed in Table S2. The well-mixed
[EMIM][Tf2N] can effectively soften F-rubber and causes the
lowest modulus and tensile strength. [EMIM][TfO] that is
phase-separated from F-rubber and [EMPY][Tf2N] that is
selectively dissolved in the soft domains are less effective in
softening and thus give rise to higher moduli and tensile
strengths at the same I0. This provides other evidence
supporting the distributions of the ILs in F-rubber deduced
from the SAXS data.
3.2. Effects of Shape and Size of Ag−Cu Fillers. The

effects of the Ag−Cu fillers with different shapes, including
spherical particles and flakes, and different sizes on the
stretchability and conductivity of the composites were
examined. Here, the highly miscible [EMIM][Tf2N] was
adopted for the tests, and the weight ratio of F-rubber/Ag−
Cu/[EMIM][Tf2N] was fixed at 1:3:0.5. The resistance R vs
strain curves for the fillers are shown in Figure 5. Overall, the
stretchability drastically decreases with increasing size for both
spheres and flakes. The composites with a filler size smaller
than 5 μm can endure strains higher than 350%, and those with
a size larger than 5 μm break at strains below 100%, among
which the fracture strain caused by the 15−20 μm flakes is only
20%. The variation in stretchability correlates with the voids
formed in the composites during solvent casting, as shown in
the SEM images of Figure S5. For smaller spheres, only small
holes occur in the composites and the rubber form continuous
phase that can withstand a high strain, while for larger flakes,
the rubber is unable to fill the space between flakes, thus
leaving large voids that cause a low stretchability. In contrast to
the stretchability, the fillers with larger size show a higher

conductivity and the flakes outperform the spheres. This is
because larger flakes with high aspect ratios are more capable
of forming percolated networks for electrons to transport. The
resistance of the composite with 15−20 μm flakes is about 1 Ω
before fracturing. Among the fillers, the 3−5 μm flakes show a
balanced performance of stretchability and conductivity, with a
fracture strain above 400% where the resistance remains below
140 Ω.
3.3. Effects of ILs on Stretchability. The 3−5 μm Ag−

Cu flakes were used as conductive fillers to investigate the
effects of different ILs on the mechanical and electrical
properties of the composites. The weight ratio of Ag−Cu flakes
to F-rubber was fixed at 3, and I0 varied from 0 to 0.5. Figure 6
shows the resistance R as a function of strain for the three ILs,
and the normalized resistance with respect to the initial value
(R/R0) is shown in Figure S6. The fracture strain of the
composite without ILs is only 20%. For [EMIM][Tf2N] that is
highly miscible with F-rubber, the fracture strain greatly
increases with increasing I0 and exceeds 400% at I0 = 0.4 and
0.5, between which the composite at I0 = 0.4 exhibits a lower
resistance variation with strain. By contrast, the fracture strains
of the composites with [EMIM][TfO] that show a low
miscibility with F-rubber are rather low for all I0’s. The highest
one is 140% at I0 = 0.1, and the fracture strains fall to 20% at I0
> 0.3, a similar level to that without IL. In the case of
[EMPY][Tf2N] that is moderately miscible and crystallizable
at room temperature, the fracture strain drastically increases
with increasing I0 until 0.3, and then decreases as I0 further
increases. The composite at I0 = 0.2 shows the best
performance with a fracture strain more than 400% and a
resistance below 40 Ω.

The above results manifest that the miscibility between ILs
and F-rubber is crucial to the mechanical and electrical
properties of the composite elastomers. [EMIM][Tf2N] is
highly miscible in the rubber and can homogeneously mix with
the rubber to facilitate the motion of polymer chains and Ag−
Cu flakes, which results in a good stretchability as I0 increases.
The conductivity decreases with I0 due to the dilution of the
flakes, and the composite reaches a balanced performance at I0
= 0.4. When F-rubber is blended with [EMIM][TfO], the
mixture phase-separates into IL-rich phases and F-rubber-rich

Figure 4. Schematics of the distributions of the ILs in F-rubber: (a)
[EMIM][Tf2N], (b) [EMIM][TfO], and (c) [EMPY][Tf2N].

Figure 5. Resistance vs strain curves for Ag−Cu fillers with varying
shapes and sizes. The weight ratio of F-rubber/Ag−Cu/[EMIM]-
[Tf2N] was fixed at 1:3:0.5.
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phases because of their low miscibility. The presence of the
mechanically weak IL-rich phases should be responsible for the
low fracture strains of the composites. For [EMPY][Tf2N] at
low I0, ∼0.2, the IL dissolves in the soft domains of F-rubber
where it is in an amorphous and mobile state and can work as
an effective plasticizer. Along with the intact hard domains that
maintain the mechanical strength (Figure 4c), the composite
thus exhibits superior performance. At I0 > 0.3, however, the
tendency of [EMPY][Tf2N] to closely pack results in the

crystallization-induced phase separation that forms the pure,
rigid IL crystals in the composites, which in turn makes a
negative impact on the stretchability and conductivity.
3.4. Effects of Solution Viscosity. Because the sizes of

the Ag−Cu fillers are on the micrometer scale, such large
particles inevitably settle from the solutions due to gravity
during the casting process. The sedimentation velocity
correlates to the distribution of the fillers in the composite
films after solvent evaporation, which can significantly affect
the properties of the composites. The major factor that affects
the sedimentation velocity is the viscosity of the solutions.
Here, the viscosity was controlled by the solvent (MIBK)
fraction, and its effect on the performance of the conductive
elastomers was investigated. The solutions with a varying
MIBK/F-rubber weight ratio (S0) at a fixed weight ratio of F-
rubber/Ag−Cu/[EMIM][Tf2N] = 1:3:0.5 were prepared. The
size of the flakes used in this test is ∼1 μm. The viscosities of
the solutions at S0 = 2, 3, and 4 are 7, 1.5, and 0.3 Pa s,
respectively (Figure S7), decreasing with increasing S0 due to
the dilution effect. Figure 7 shows the resistance vs strain

curves of the composites cast from the solutions at different S0.
The best stretchability of the composite occurs at S0 = 3, with a
fracture strain of 350%, much higher than the others. Although
the resistance decreases with S0 and the composite at S0 = 4
shows the lowest resistance, its fracture strain is less than 50%.
For all of the Ag−Cu fillers used in this work, the optimal S0 is
3 and the solution viscosity is ∼1.5 Pa.s.

The corresponding cross-sectional SEM images of the
composite films cast from varying S0 are shown in Figure 8.
The distribution of the flakes in the films is regulated by the
competition between the sedimentation velocity and the
solvent evaporation rate. The layer thickness of the flake
sediments at the bottom increases with S0, because in the
solution with a lower viscosity, a higher sedimentation velocity
allows the flakes to travel a longer distance before the films are
frozen upon drying. The flakes are more evenly dispersed in
the film at S0 = 2 and thus unable to effectively form
conductive channels to enhance the conductivity. At S0 = 4, the
large amount of the flakes sedimented at the bottom are
advantageous to the conductivity. However, the sediment

Figure 6. Resistance vs strain curves of the composites with the ILs at
varying I0: (a) [EMIM][Tf2N], (b) [EMIM][TfO], and (c)
[EMPY][Tf2N]. The 3−5 μm Ag−Cu flakes were used, and the
weight ratio of F-rubber/Ag−Cu was fixed at 1:3.

Figure 7. Resistance vs strain curves of the composites cast from the
solutions at different MIBK/F-rubber weight ratios S0. The ∼1 μm
Ag−Cu flakes were used, and the weight ratio of F-rubber/Ag−Cu/
[EMIM][Tf2N] was fixed at 1:3:0.5.
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where the flakes densely stack lacks a continuous rubber phase
between the flakes to provide ductility. Cracks are thus readily
created in the flake layer, leading to the low fracture strain of
the composite. The viscosity (1.5 Pa s) of the solution at S0 = 3
is optimal for the flakes and rubber to form the structure with a
balanced performance in this system. The bottom flake-rich
layer offers a high conductivity while containing a sufficient
rubber phase to prevent cracking upon stretching. The top
rubber-rich layer can hold the film and prevent the film from
fracture, which makes a major contribution to the high
stretchability of the composite. Note that the optimal viscosity
of the solution may vary with systems and processes and
requires it to be determined on a case-by-case basis.
3.5. Performance of Cross-linked F-rubber. An

important design principle for stretchable electronics is to
increase the durability of the materials. To achieve this
purpose, F-rubber in the composites was cross-linked by the
reagents of Luperox F and TAIC to enhance the elasticity and
mechanical strength. The cross-linked samples are named with
a c-F sign prefixed. Figure S8a shows the storage modulus G′ of
F-rubber without and with cross-linking treatment as functions
of frequency. The G′ of F-rubber after cross-linking is about 2
times higher than that without cross-linking. The G′s of the
cross-linked F-rubber in the presence of the ILs are shown in
Figure S8b, where I0’s for [EMIM][Tf2N], [EMIM][TfO], and
[EMPY][Tf2N] are 0.5, 0.1, and 0.2, respectively, which are
the optimized ratios for each IL. A decrease in G′ can be seen
as the ILs are incorporated, evidencing the ILs as plasticizers to
mobilize chain segments and soften F-rubber.

The resistance vs strain curves of the cross-linked
composites with 15−20 μm Ag−Cu flakes at a weight ratio
of F-rubber/Ag−Cu fixed at 1:1.5 are shown in Figure 9.
Although the 15−20 μm flakes cause a low fracture strain of
the composites, they give the lowest resistance among the
fillers used in this work (Figure 5) and can reach the same
conductivity level as that of the 3−5 μm flakes at half of the
amount. The composites with ILs show a slower increase in
resistance with strain and a higher fracture strain than that
without IL (c-F-rubber) does, among which c-F-[EMPY]-
[Tf2N] at I0 = 0.2 outperforms the others, with a fracture strain
up to 340%. The cross-sectional SEM images of the cross-
linked composite films are shown in Figure S9, where the flake-
rich layers are sedimented at the bottom covered by the
rubber-rich layers on the top. The stress−strain curves of the
cross-linked composites are shown in Figure S10 and the
mechanical properties are listed in Table S3, which are
consistent with the effects of the ILs on the stretchability of the
composites revealed in Figure 9.

To examine the durability of the cross-linked composites,
the cyclic stretch-release tests up to 100 cycles were conducted,
and the data at 75% strain are shown in Figure 10. Both c-F-
rubber and c-F-[EMPY][Tf2N] (moderate miscibility) are able
to endure 100 stretching cycles. The resistance of c-F-
[EMPY][Tf2N] slowly increases with the number of cycles,
∼103 Ω at 40 cycles and below 106 Ω at 100 cycles, apparently
more stable than that of c-F-rubber, which increases to nearly
108 Ω (the upper limit of the instrument) at 60 cycles. c-F-
[EMIM][TfO] (low miscibility) breaks at 90 cycles, and
surprisingly, c-F-[EMIM][Tf2N] (high miscibility) almost
loses conductivity immediately upon cyclic stretching and
breaks at 60 cycles. The c-F-[EMPY][Tf2N] film was utilized
to serve as the conductive and flexible conductors in a circuit
to light up a bulb, as shown in Figure S11. The bulb
maintained high illumination when the film was repeatedly
bent, folded, 360° twisted, and cyclic stretched at 125% strain.

Lastly, the explanation for the inferior performance of the c-
F-[EMIM][Tf2N] composite is proposed. The highly miscible
nature of [EMIM][Tf2N] with F-rubber is favorable for the
conductive elastomers. However, the interactions between ILs
and Ag−Cu fillers may be another factor that affects the
performance of the conductive elastomers, which should also
be considered. To clarify this point, Cu particles were placed in
pure [EMIM][Tf2N], and the sample was heated to 160 °C for
4.5 h. As shown in Figure S12, the sample turned dark green in

Figure 8. Cross-sectional SEM images of the composites cast from the solutions at (a) S0 = 2, (b) S0 = 3, and (c) S0 = 4. The ∼1 μm Ag−Cu flakes
were used, and the weight ratio of F-rubber/Ag−Cu/[EMIM][Tf2N] was fixed at 1:3:0.5.

Figure 9. Resistance vs strain curves of the cross-linked composites
with the ILs at the optimized I0. The 15−20 μm Ag−Cu flakes were
used, and the weight ratio of F-rubber/Ag−Cu was fixed at 1:1.5.
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color, and F, Cu, S, and O elements were detected in the solid
products by EDS. This change does not occur for the other
two ILs. In other words, the Cu fillers tend to chemically react
with [EMIM][Tf2N], especially after the high-temperature
treatment during the cross-linking process. Such a reaction
causes two effects. First, [EMIM][Tf2N] may be adsorbed
onto Ag−Cu flakes due to the strong interaction, which
explains why the composites require a high amount of
[EMIM][Tf2N] (I0 > 0.4) to achieve high stretchability.
Second, the oxide products on the flake surface may lower the
conductivity, and the change in chemical structure of the IL
after reaction may be responsible for the lower stretchability of
the composites.

4. CONCLUSIONS
In this work, we studied the effects of the miscibility between
the ionic liquids and fluorine rubber, the size and shape of the
conductive fillers, and the viscosity of the casting solutions on
the stretchability and conductivity of intrinsically stretchable
conductive elastomers containing fluorine rubber, silver-coated
copper fillers, and ionic liquids. Three ionic liquids of high,
moderate, and low miscibility with fluorine rubber respectively
were used, as evidenced by DSC and SAXS. The ionic liquids
with high and moderate miscibility can significantly enhance
the stretchability and conductivity of the composites, which
manifests the key role of the miscibility between the additive
and matrix in the composite conductive elastomers. Particular
attention should be paid to the possible chemical reactions
between ionic liquids and metal fillers that may cause negative

effects on the composites. In addition, the distribution of the
conductive fillers in the films was manipulated through varying
the viscosity of the casting solutions to acquire the optimal
structure with appropriate bottom filler-rich layer and top
rubber-rich layer that impart conductivity and stretchability,
respectively. The fluorine rubber was further cross-linked,
which was demonstrated to improve the resilience and
durability under cyclic stretching. The conductive elastomers
developed in this work are potential for applications in flexible
electronics and the fundamental findings can serve as the
design principles for the exploitation of new stretchable
conductors.
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