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ABSTRACT: Currently available conductive inks present a challenge to
achieving electrical performance without compromising mechanical
properties, scalability, and processability. Here, we have developed
blends of carbon black and the commercially available triblock copolymer
(BCP), poly(styrene-ethylene-butylene-styrene)-g-maleic anhydride
(SEBS-g-MAH) (FG1924G, Kraton), that can be readily applied as a
conductive coating via a spray-coating process, for a wide range of
insulating materials (fabric, wood, glass, and plastic). Simple but effective
mechanical and chemical modifications of the ingredients can increase
the electrical conductivity (∼100 S/m) by an order of magnitude more
than previously reported for carbon black composites; moreover, the
coatings display excellent mechanical flexibility (tensile strain ε ∼ 5.00
mm/mm). To correlate electrical conductivity and nanoscale structural changes with mechanical deformation, small-angle X-ray
scattering (SAXS) during in situ tensile testing was performed. We show that the nanocomposite can be produced using low-cost
ingredients (∼$ 10/kg), ensuring scalability for fabrication of large-scale devices without specialized material synthesis. Equally
important, the phase behavior of block copolymers can enable recovery from physical damage via thermal annealing, which is critical
for product longevity.
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■ INTRODUCTION

The conductive ink market is projected to rapidly expand to a
billion-dollar market1 with the development of sensing,2 internet
of things (IoT), and machine-learning technologies.3 Electric
paint (E-paint) is one type of conductive ink that converts
insulating surfaces into electrically conductive ones and
additionally creates a human/electronic interface.2−4 However,
these materials are still in their infancy and cannot enable diverse
interactive experiences because of their poor mechanical
properties and low scalability. Therefore, new functional
materials must be developed that simultaneously possess high
mechanical flexibility, electrical conductivity, and critical
scalability at low cost.2,3

Elastic and conductive nanocomposites (CNCs) have been
extensively used for stretchable electronics,5−7 strain gauges,8,9

wearable devices,4,10 actuators,11 and filtering membranes.12

Elastomers such as rubber, polyurethane, and poly-
(dimethylsiloxane) are commonly filled with conductive
nanofillers such as gold nanoparticles,13 silver nanowires,14,15

or carbon-based materials to introduce electrical conductiv-
ity.6,10,16−18 The conductivity can be increased by adding large
amounts of fillers, but, at a certain point, material flexibility can
be compromised.19−22 Moreover, the conductivity exponen-
tially decreases after stretching when disruptions to percolating

networks of fillers occur.18 Therefore, it is not sufficient to
simply have a high-performance electrical and mechanical
material. Design strategies for damage recovery are also required
to prolong lifetime and durability.
In addition, CNCs are currently limited by the high cost of

conductive fillers22 (i.e., Ag flakes: ∼$ 1390/kg, Inframat). This
becomes a critical bottleneck for device fabrication when
scaling-up from millimeters to meters.6,7,12 Carbon black is
routinely used in CNCs because of its low cost and high
conductivity.23−26 In general, carbon black has a weak
interaction with polymer chains and forms agglomerates that
compromise the mechanical and electrical properties.27 Such a
deleterious effect is hard to overcome using the most commonly
applied melt-mixing process because of high viscosity and
limited input energy (i.e., processing time, temperature, and
rotational mixing speed), which results in low electrical
conductivity of the final CNC (0.1−20 S/m).25,28−30
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Here, we introduce a low cost (∼$ 10/kg), yet mechanically
flexible (tensile strain ε ∼ 5.00 mm/mm), CNC (∼100 S/m)
material made from the commercially available elastomer,
poly(styrene-ethylene-butylene-styrene) (SEBS) (Kraton),
modified with maleic anhydride and carbon black, for spray-
coating applications with no substrate limitation. The crucial, yet
less studied, fundamental relationship between mechanical
deformation and electrical conductivity is examined using
small-angle X-ray scattering (SAXS) during in situ tensile
testing coupled with conductivity measurements. Simple
treatments of the ingredients can increase the conductivity
more than ten times than the previously reported values as well
as maintain conductivity over tens of S/m, when stretched (ε ∼
1.60 mm/mm) until the formation of nanocavitation in the
CNC. In addition, the damaged CNC coatings can be recovered
by thermal annealing. The SEBS/carbon black blends enable
electronics manufacturing at the meter-scale and at low cost,
making them practical and highly attractive for device
fabrication.

■ EXPERIMENTAL SECTION
Materials. Polystyrene-co-ethylene-co-butylene-co-styrene-g-maleic

anhydride (SEBS-g-MAH) was provided by Kraton Polymers LLC
(FG1924G); carbon black (Black Pearls 2000 Carbon Black) was
purchased from Cabot. SEBS without MAH (cylindrical) and SEBS-g-
MAH (cylindrical) were MD6971 and FG1901G, respectively
(Kraton). The SEBS was dried at 50 °C in vacuo for an hour. The
carbon black was ground and then oxidized under vacuum using a
plasma cleaner for 10 min. The oxygen-treated carbon black was
suspended in a 1:1 volume ratio of toluene/tetrahydrofuran and
sonicated for an hour using a Fisher ultrasonication bath followed by
probe-type sonication using a “1 s on 1 s off” cycle for 40 min. The mass
ratio of the formula of the solution SEBS/carbon black/toluene-
tetrahydrofuran = 1:0.5:9. Finally, the solvents were evaporated to the
concentration of ∼50 mg/mL using a rotary evaporator to achieve a
desired viscosity for the spraying process. Thermal annealing was
performed at 70 °C under vacuum for 12 h. The annealed samples were
slowly cooled at room temperature.
Mechanical and Conductivity Testing. Uniaxial tensile tests

were performed on a screw-driven mechanical testing machine
(Instron-5933, Norwood, MA) with a 2 kN maximum load cell. The
SEBS and carbon black solution was dried in a custom-designed Teflon
mold at room temperature. All dried films (thickness of∼300 μm) were
cut into dog-bone samples with an ASTM D1708 cutting die, with the
exception of the sample ( f CB = 0.27) that was cut into a 5 × 30 mm2

rectangular cross-section; specimen gauge lengths were set at 22 mm.
Testing was carried out at room temperature at a cross-head speed of 10
mm/min for the tensile tests and 2 mm/min for the cyclic tests (to
observe theMullins effect31). More than five samples for each condition
were tested. The cyclic tests were performed under load control in
ambient air, using a servo-hydraulic MTS Tytron 250 mechanical
testingmachine (MTS Systems Corporation, Eden Prairie, MN). Loads
were applied at frequencies of 5 and 10 Hz (sine wave). Electrical
conductivity was measured using the automated four-point probe
resistivity measurement system (Miller Design FPP-5000) and two-
point probe methods with a commercial multimeter while stretching.
Characterization. X-ray photoelectron spectroscopy (XPS)

measurements were performed with a PerkinElmer Phi 5600 using a
monochromatic Al Kα X-ray source operated at 350 W. A charge
neutralizer was used with an emission of 1 μA to inhibit charging of the
samples. Transmission electron microscopy (TEM) imaging was
performed on a FEI Tecnai 12 TEM at an accelerating voltage of 120
kV. Annealed samples were embedded in resin (Araldite 502, Electron
Microscopy Sciences) and cured at 60 °C overnight. Thin sections,
about 60 nm in thickness, were microtomed using an RMC MT-X
ultramicrotome (Boeckler Instruments) and picked-up on copper TEM
grids on top of water. For samples without the annealing process, cryo-

microtoming was carried out. Scanning electron microscope (SEM)
imaging was performed on a Hitachi S-5000. Atomic force microscope
(AFM) imaging was conducted with a Bruker Dimension Edge AFM in
the tapping mode using RTESPA-150 probes with a resonant frequency
of ∼150 kHz.

Tensile Testing andDryingwith in Situ SAXSMeasurements.
Using the same preparation procedures as for the dog-bone-shaped
tension samples, the specimens were loaded in tension while being
simultaneously exposed to synchrotron X-rays at beamline 7.3.3 in the
Advanced Light Source synchrotron radiation facility (Lawrence
Berkeley National Laboratory, Berkeley, CA). The uniaxial tensile
tests were performed in a Linkam TST-350 stage with a 45 N load cell
(Omega, LC703-10) to measure the force. Such an experimental setup
allows for SAXS data collection to be recorded in real time during the
measurement of load−displacement curves. The mechanical tests were
performed at room temperature at a displacement rate of 12 mm/min.
The energy of the X-rays was 10 keV with a wavelength (λwave) of 0.127
nm. A Pilatus 2M detector (Dectris Ltd., Baden, Switzerland) was used
to collect two-dimensional (2D) scattering patterns with the resulting
data calibrated using a Ag-behenate standard sample.

Adhesion Test. Peel tests (180°) were performed on a mechanical
testing machine (Instron-5933) following ASTM Standard D903.32

■ RESULTS AND DISCUSSION

To prepare the flexible CNC (Figure 1a), a commercially
available elastomer was blended with carbon black (∼$ 0.1/
kg).33 Block copolymer (BCP) elastomers such as poly(styrene-
ethylene-butylene-styrene) (SEBS) have high durability, thus
making them an attractive CNC matrix. The microphase
separation of BCP can be controlled via thermal34 or solvent35,36

Figure 1. (a) Schematic drawing of the large-scale coating of designed
SEBS/carbon black blends using a sprayer. (b) Transmission electron
microscopy (TEM) images of the blends (volume fraction of the carbon
black f CB ∼ 0.20). (c) The design of the blends as elastic conductive
nanocomposites. The spherical region (green) represents the
polystyrene region and the outer polymer matrix (blue) represents
the poly(ethylene-butylene) region. Black particles represent the
carbon black.
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annealing or by an applied external field.37,38 Upon microphase
separation, the particles can be selectively incorporated into
specific domains, which enables a controlled dispersion within
the matrix.19−21,34,36,39 However, proper mechanical and
chemical treatments of carbon black are required to properly
disperse the fillers. In addition, the effect of BCP morphology
and composition on the physical properties can also play a role.
Carbon Black Treatments. Increasing the energy of mixing

can break down the agglomerates of carbon black and induce
good dispersions in a polymer matrix. Figure 2a shows that the

conductivity can be increased if a higher energy of mixing is
provided, such as with probe sonication as opposed to stirring.
Favorable filler−elastomer interactions are needed to disperse
the nanoparticles.27 Plasma treatment of carbon black
introduces hydrophilic oxygen-containing functional groups
onto the filler surface such as hydroxyl groups.40−43 X-ray
photoelectron spectroscopy (XPS) results show high-intensity
peaks at 285.0−289.1 eV, which correspond to the regions of
aromatic hydroxyl, carbonyl, and carboxyl bonding42,44 (Figure
2b). XPS confirmed that the overall ratios of carbon and oxygen
on the surface of carbon black were 89.9 and 10.1%, respectively.
Indeed, solvent mixing can help to achieve a higher conductivity
than melt mixing.25,28−30

Polymer Matrix Selection. The properties of the CNC
depend on chemical modification of the BCP and on its
morphology. In SEBS, the poly(ethylene-butylene) segment is
functionalized with maleic anhydride (MAH) groups (1−1.7 wt
%) that may form covalent bonds with the hydroxyl groups45 on
the modified carbon black; considering the dimensions of
carbon black, the polymeric chains can favorably interact with

other polar groups on its surface. Upon incorporation, the
carbon black should act as a means of cross-linking to bridge the
polymer chains in the BCP matrix, as schematically shown in
Figure 1c. Three candidate composite compositions were tested
with the following polymer matrices: polystyrene cylindrical
morphology with and without MAH and spherical morphology
with MAH.
Weak interactions between polymeric chains and fillers can

induce chain/filler slip in elastomers, which results in cyclic
stress softening;46 this is known as theMullins effect.31 To verify
the effect of MAH, the Mullins effect in SEBS/carbon black
blends ( f CB = 0.20) was investigated (Figure 2c). During the
first and second cycles, the cyclic stress-softening effect of SEBS
without MAH was more dramatic than with the other two
polymers with MAH. In addition, Figure 2d shows that the
amount of dissipated energy in the SEBS-g-MAH was 10−15%
lower than that of SEBS without MAH, which results from a
higher interaction between the fillers and polymer chains.
Conductivity tests also show that MAH improves dispersions

( f CB = 0.20) of carbon black (Figure 2e). In the case of SEBS
without MAH, the bottom surface has higher conductivity than
the top. It means that carbon black aggregated at the bottom
while the solvent evaporated. However, for SEBS-g-MAH, the
overall conductivity increased, showing higher conductivity on
the top than at the bottom.
The BCP morphology could be another important parameter

because a percolation network47 of carbon blackmust be formed
to achieve electric conductivity. The BCP morphological effects
on the conductivity were investigated using static SAXS. The
SAXS results reveal that carbon black agglomerates with a
spherical morphology of the polymer matrix are less inter-
penetrated than with a cylindrical morphology (Figure 3a). The

slope of the intensity as a function of the scattering vector q
observed in a log−log plot (q < 0.1 nm−1) is determined by the
mass fractal dimension (dm);

48−53 the latter term is described in
detail in Supporting Information, Note 1 and Figures S1 and S2.
In the case of dilute dispersions of carbon black, the structure
factor of the carbon black fractal aggregate dimension is close to
−1.8.48,49,51 The measured dm values for the spherical and

Figure 2. (a) Comparison of the electrical conductivities after different
sample preparation methods ( f CB ∼ 0.20). (b) XPS spectra of the
plasma-untreated and -treated carbon black confirming surface
modification. (c, d) Stress−strain curves under cyclic loading and the
comparison of dissipated energies by different polymer matrices ( f CB∼
0.20). (e) Comparison of electrical conductivities (top and bottom
surfaces) for different polymer matrices. (f) Flow chart for the
preparation of the blend.

Figure 3. (a) Static SAXS results of cylindrical and spherical
morphology of SEBS. The dry-cast films made of different polymer
morphologies (scale bar: 50 mm); (b) SAXS intensity curves when
spraying (initial) and drying.
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cylindrical morphologies are −1.6 and −1.5, respectively. Thus,
a spherical morphology helps to achieve better dispersions of
carbon black, which results in higher conductivity than a
cylindrical morphology.
Other advantages are evident when using SEBS-g-MAH,

which forms a spherical morphology with polystyrene. The
spherical morphology (13 wt % of polystyrene) is more flexible
than the cylindrical morphology (30 wt %) because of a lower
concentration of rigid polystyrene. Additionally, the spherical
morphology develops upon solvent evaporation without further
treatment, which is ideal for nonequilibrium, rapid CNC
processes, such as spraying. As shown in the TEM image of
the designed SEBS/carbon black blends (Figure 1b), the carbon
black can be seen to be well dispersed within the SEBS matrix.
In situ SAXS was also used to monitor nanoscale structural

changes during the CNC drying process that was performed
during spray coating. Initially, the coating was in the liquid state
with the value of dm close to the ideal value (dm ∼ −1.8) for
dilute dispersions of carbon black (Figure 3b). After the solution
dried, dm increased to −1.6. Considering that dm ∼ −1.6 of our
sample is closer to−1.8 than the previously reported dm value for
carbon black composites (−0.749 to −1.350), our in situ drying
results verified that carbon black was well distributed within the
SEBS matrix, not only in the liquid state but also in a dried state.
Relationship between Mechanical and Electrical

Properties. The conductivity γ of SEBS/carbon black blends
is shown in Figure 4a. As f CB increases, the conductivity of the

composite increases exponentially. At 20 vol % carbon black
loading, the blends show a conductivity of ∼100 S/m. Further
increases in the filler loading to 27 vol % leads to a conductivity
of ∼315 S/m. This range of electrical conductivity can be
applicable to many electronic devices such as printed circuit
boards,54 tracking sensing boards,2,3 or electroencephalogram
(EEG) monitoring systems.4 The conductivity here was fitted
using a well-known power-law theory for a percolating
network.47,54 The calculated values of the bulk conductivity of
the carbon black (γ0), the critical volume fraction at percolation
( fc), and the power-law exponent (s) were found to be 3.3 × 104

S/m, 0.11, and 2.48, respectively.

The mechanical properties of the SEBS/carbon black blends
were measured by performing uniaxial tensile testing. The test
samples were solvent-cast without further treatment to mimic
the spray-coating process. The inclusion of the rigid carbon
black markedly changed the mechanical behavior of the blends
(Figure 4b). The measured values of Young’s modulus (E)
increased exponentially as f CB increased from 0 to 0.27 (Figure
4c); the corresponding values of strain at break εBreak decreased
with increasing f CB, as expected. For more in-depth studies, the
SEBS/carbon black blend ( f CB = 0.20) was selected because the
targeted CNC should possess appropriate flexibility and
electrical conductivity.

In Situ SAXS with Tensile Testing. Since the conductivity
of CNCs is governed by the number of conductive particles in
contact, the electric conductivity varies with the deformation of
the composites, thereby demonstrating piezoresistivity.25 The
critical challenge here is that the electrical conductivity
exponentially decreases after the onset of plastic deformation,
which can result in the original electrical properties being
severely degraded.18,54 However, little is known about the
relationship between the nanoscale structural changes and
electrical conductivity during the deformation of CNCs.
Therefore, SAXS/conductivity measurements during in situ
tensile testing were performed to study how nanoscale plastic
deformation can affect the conductivity (Figure S3).
Figure 5a shows the SAXS/conductivity measurements taken

in situ during the tensile tests. Initially, at a strain ε of zero, a
radially symmetric two-dimensional scattering pattern appears,
which means that the carbon black particles are randomly
distributed in the polymer matrix. This is consistent with the
proposed structure shown in Figure 1c. Stretching to the yield
point (ε = 0.60) gradually induces a “butterfly-shaped”
scattering pattern in the low q (q < 0.1 nm−1) region. At this
point, the electrical resistance barely increases. However, the
butterfly-shaped pattern starts to deform at a strain of ε ∼ 1.50
and evolves into a “lemon-shaped” pattern when stretched near
the fracture point (ε > 3.00); at this transition, at a strain of ε =
1.66, the resistance starts to dramatically increase.
Schematic drawings in Figure 5b are shown to illustrate the

nanoscale structural changes represented by each of the
isotropic, butterfly-, and lemon-shaped SAXS patterns. The
butterfly-shaped pattern at ε = 0.60 is attributed to the nonaffine
deformation of the composite because the strong intensity along
the stretch direction is due to the banded structures, lying at
right angles to the tensile axis, that is formed by deformed
carbon black aggregates separated by polymer chains.48,49,55

With increased stretching of the sample, the transition from the
butterfly- to the lemon-shaped pattern occurs concomitant with
the appearance of nanocavitations, on the order of 90 × 105 nm
in size;48 further discussion of these nanocavitations is provided
in Supporting Information Note 2 and Figure S4. The above
two-dimensional pattern changes can also be qualitatively
observed in Figure 5c with the intensity variations as a function
of the azimuthal angle (Ψ). Figure 5d shows the change in the
normalized scattering invariant Q/Q0, which is a ratio of the
integral of the intensity over all reciprocal space with Ψ in the
low q range before and after deformation. At the lemon- to
butterfly-shaped transition, Q/Q0 increases exponentially as
well, which indicates the onset of a disruption in the carbon
black aggregate network.48,49 Strikingly, the resistance starts to
exponentially increase as well at this point. Hence, the in situ
SAXS/conductivity measurements during tensile testing not
only confirmed the existence of nanocavitations but also

Figure 4. (a) Electrical conductivity γ changes as a function of f CB. The
solid line is the fitted curve based on experimental results with a
percolating network theory. (b) Uniaxial tensile stress−strain curves of
the blends. (c) Changes in Young’s modulus E and fracture strain εBreak.
(d) Thermogravimetric analysis of the blends.
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indicated that the nonaffine deformation of carbon black
agglomerates (below a strain of ε < 1.51) barely contributes to
the change in the conductivity. Accordingly, it is clear that our
CNC can be bent and stretched while still maintaining good
electrical conductivity.
Schematic drawings in Figure 5b are shown to illustrate the

nanoscale structural changes represented by each of the
isotropic, butterfly-, and lemon-shaped SAXS patterns. The
butterfly-shaped pattern at ε = 0.60 is attributed to the nonaffine
deformation of the composite because the strong intensity along
the stretch direction is due to the banded structures, lying at
right angles to the tensile axis, that is formed by deformed
carbon black aggregates separated by polymer chains.48,49,55

With increased stretching of the sample, the transition from the
butterfly- to the lemon-shaped pattern occurs concomitant with
the appearance of nanocavitations, on the order of 90 × 105 nm
in size;48 further discussion of these nanocavitations is provided
in Supporting Information Note 2 and Figure S4. The above
two-dimensional pattern changes can also be qualitatively
observed in Figure 5c with the intensity variations as a function
of the azimuthal angle (Ψ). Figure 5d shows the change in the

normalized scattering invariant Q/Q0, which is a ratio of the
integral of the intensity over all reciprocal space with Ψ in the
low q range before and after deformation. At the lemon- to
butterfly-shaped transition, Q/Q0 increases exponentially as
well, which indicates the onset of a disruption in the carbon
black aggregate network.48,49 Strikingly, the resistance starts to
exponentially increase as well at this point. Hence, the in situ
SAXS/conductivity measurements during tensile testing not
only confirmed the existence of nanocavitations but also
indicated that the nonaffine deformation of carbon black
agglomerates (below a strain of ε < 1.51) barely contributes to
the change in the conductivity. Accordingly, it is clear that our
CNC can be bent and stretched while still maintaining good
electrical conductivity.

Spray-Coating Applications. The conductive SEBS/
carbon black blends can be sprayed with a commercial spray
to form uniform films on a range of substrates (shown in
Supporting Information Movie 1). Figure 6a shows the SEBS/

carbon black blend-coated substrates (three-dimensional (3D)-
printed polymers, woods, metal, glass, and fabrics) connected in
series. These results confirmed that a high electrical conductivity
can be readily attained, sufficient to light a light-emitting diode
(LED) with a 5 V power supply with a 5 kΩ resistance.
For porous substrates like fabric and paper, the SEBS/carbon

black blends can seep through the pores to provide electrical
conductivity via large conducting interfaces. Scanning electron
microscopy (SEM) images revealed that the pores in the fabric,
which are typically sized in the tens of micrometers, are
electrically bridged by the blends (Figure 6b). The coatings can
span the pores and are flexible enough to maintain conductivity
at high frequencies (10 Hz) despite the rapid vibration and
deformation. In an adhesion test, the coating also exhibited a
reasonable adhesion force (∼1.9 N) on a metal plate, some 30%
lower than that of the commercial 3 M Scotch tape (Figure 6c).

Damage Recovery via Thermal Annealing. All measure-
ments up to this point were made on as-sprayed films with no

Figure 5. (a) Change in the stress−strain curve and electrical resistance
of the SEBS/carbon black blends ( f CB ∼ 0.20), with 2D SAXS patterns
taken before and at the selected strains while stretching longitudinally
along the axis of the specimen (a black arrow). (b) Schematic drawings
of the nanoscale structural changes of SEBS/carbon black blends during
uniaxial tensile stretching. The black arrow is the tensile direction and
the red elliptical shapes are the nanocavitations. (c) Plots of the
intensity as a function of the azimuthal angle (Ψ) in the low q (q < 0.1
nm−1) region. (d) The change of the normalized scattering invariant
(Q/Q0) in the low q when stretching.

Figure 6. (a) Electric circuit made with different coated substrates:
plastic, wood, metal, glass, and fabric. (b) Comparison of the electrical
sheet resistance (Rs) of differing substrates when coated with the SEBS/
carbon black blends. Inner SEM images show the coating status of
rubber and fabric. (c) Comparison of adhesion forces with a 3M Scotch
tape.
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further treatment. Initially, it was shown that the films have good
elastomeric and conductive properties. However, after repeated
stretching or use at strains above the yield strain, these films will
degrade; consequently, to be incorporated into long-lasting
functional materials, the properties must be recoverable.
Thermal annealing gives polymer chain mobility and thereby
provides a means for the films to restore their original structure
and electrical conductivity. We performed mechanical and
conductivity analysis of the annealed SEBS/carbon black blends
and compared the results with those from nominally identical
samples that had not been annealed. It was observed that the
mechanical strength and electrical conductivity were both higher
in thermally annealed samples (Figure 7a,b). Interestingly, heat

treatment at temperatures below the glass-transition temper-
ature of polystyrene (T < Tg,polystyrene) can be simply applied
using a commercial heat gun (shown in Supporting Information
Movie 2); following such treatments, the conductivity was found
to recover, specifically, by increasing 20% in a mere half minute.
Thermal annealing also recovers any damage to the CNC and

resultant disruption of the percolating networks of the carbon
black. After stretching a coated substrate (SBR) a thousand
times at a frequency (5 Hz) with a strain, ε ∼ ± 0.50 (Figure
7c,d), the samples were clearly damaged based on the SEM
images (Figure 7e,f); in particular, the electrical conductivity
was reduced by 20% from its initial value (Figure 8c). After
annealing, however, the structure regained electrical conductiv-
ity and the porosity was eliminated (Figure 7g).
As BCPs order upon thermal annealing, we reasoned that

both the BCP and incorporated carbon black can be rearranged
during the annealing process. Figure 8a,b shows the TEM
images of the SEBS/carbon black blends before and after
thermal annealing. To see this thermal annealing effect, the

coated substrates were again stretched, and then thermally
annealed at 70 °C. Figure 8c shows that the conductivity rarely
changed even after stretching 5000 times; indeed, the recovery
of the electrical conductivity can be achieved continuously in
four additional loading and annealing cycles.

■ CONCLUSIONS
We have presented in this study a composite based on a
commercially available and functionalized block copolymer
elastomer and carbon black for elastic conductive coating
applications. BCP-guided dispersions of nanoparticles were
achieved using plasma-treated carbon black, which results in
electrical conductivity ten times higher than the previously
reported values for carbon black composites and with a ductility
(or breaking strain) of over 5 mm/mm. The structure of the
nanocomposite was monitored while simultaneously measuring
conductivity to provide insight into the structure/conductivity
relationship. This functional CNC can easily be sprayed onto
diverse substrates. Moreover, if its mechanical and electrical
properties degrade after multiple use, they can be continuously
recovered by thermal annealing due to reordering of the BCP
matrix. Accordingly, we believe that the manufacturing of large-
scale elastic conductive coatings is definitively feasible with this
low-cost, recoverable BCP-based nanocomposite.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.9b20817.

Figure 7. (a, b) Mechanical stress−strain curves and electrical
conductivity measurements of the annealed vs unannealed SEBS/
carbon black blends. (c, d) Cyclic tests on the SEBS/carbon black
blend-coated SBR. (e) Cross-sectional SEM image showing physical
damage resulting from plastic deformation of the coating (f, g). Top
surface SEM images of the CNC-coated rubbers when damaged and
after recovery.

Figure 8. (a, b) TEM images of unannealed and annealed states of the
SEBS/carbon black blends. Inset: the Fourier transform (FFT) image.
(c) The conductivity changes in the SEBS/carbon black blends during
5000 stretching cycles at 5 Hz, followed by thermal annealing (red
arrows). Inset: graph shows the first cyclic test.
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Mass fractal dimension, dm; size of the nano-caviations;
schematic drawings of carbon black object, cluster, and
the elliptically deformed cluster; experimental set-up for
the synchrotron SAXS (PDF)

Video_S1. Small angle X-ray scattering results (MP4)

Video_S2. Heat treatment at temperatures below the
glass-transition temperature of polystyrene (MP4)
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