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Highly ﬂexible transparent self-healing composite
based on electrospun core–shell nanoﬁbers
produced by coaxial electrospinning for
anti-corrosion and electrical insulation
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Coaxial electrospinning was used to fabricate two types of core–shell ﬁbers: the ﬁrst type with liquid resin

20

monomer in the core and polyacrylonitrile in the shell, and the second type with liquid curing agent in the

20

core and polyacrylonitrile in the shell. These two types of core–shell ﬁbers were mutually entangled and
embedded into two ﬂexible transparent matrices thus forming transparent ﬂexible self-healing composite
materials. Such materials could be formed before only using emulsion electrospinning, rather than coaxial
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electrospinning. The self-healing properties of such materials are associated with release of healing agents
(resin monomer and cure) from nanoﬁber cores in damaged locations with the subsequent polymerization

DOI: 10.1039/c5nr04551g

reaction ﬁling the micro-crack with polydimethylsiloxane. Transparency of these materials is measured and

www.rsc.org/nanoscale

the anti-corrosive protection provided by them is demonstrated in electrochemical experiments.

1.

Introduction

Metal-framed structures such as buildings, bridges, and
vehicles are inevitably vulnerable to corrosion induced by
moisture in the air or rain, together with atmospheric oxygen.
Thus, corrosion is an important issue that must be addressed
to ensure the sustainability and reliability of metallic structures. According to a US federal report, the total estimated
annual cost required to face the issue of corrosion was $276
billion.1 In lieu of treating the corrosion issue directly, ceramics and polymer materials have been suggested as alternative
structural materials. However, these are subject to microcracks by external shocks2,3 that can result in catastrophic
failure, which is worse than corrosion. The prevention of corrosion and micro-cracks is thus important for both the safety
of human life and economic feasibility. For these reasons,
various approaches have been proposed to protect structures
from corrosion and micro-cracks. In one study, a corrodible
substrate underwent surface modification with an anticorrosion material.4 However, this type of surface modification
proved to be a temporary treatment, because corrosion even-

a

55

School of Mechanical Engineering, Korea University, Seoul 136-713, Republic of
Korea. E-mail: ayarin@uic.edu, skyoon@korea.ac.kr
b
Department of Mechanical and Industrial Engineering, University of Illinois at
Chicago, Illinois 60607-7022, USA
c
Petrochem. Research Chair, Department of Chemistry, College of Sci., King Saud
University, Riyadh 11451, Saudi Arabia

This journal is © The Royal Society of Chemistry 2015

tually occurred through small cracks in the anti-corrosion
material. As an alternative, the use of self-healing materials
has been proposed; these form physical protective barriers as
well as provide in situ repair or healing capabilities when the
structures to which they are applied are damaged.5–11
Polydimethylsiloxane (PDMS) has been widely used because
of its chemical stability in air, water, and even industrial
chemicals.12–14 In addition, PDMS is transparent and flexible;
these properties oﬀer significant advantages in uses in optical
and electronic devices, such as displays, touch screens, solar
cells, smart windows, and interactive electronics.
There are various methods of embedding self-healing
agents in diﬀerent materials and composites. Namely, microscopic capsules and core–shell nanofibers have been demonstrated as means to embed self-healing agents in diﬀerent
materials and composites. When a metal is in direct contact with
a corrosive environment due to the presence of micro-cracks, the
healing agents can be released from the capsules and/or nanofibers and undergo polymerization reaction due to the catalysts
embedded in the surrounding matrix or cure released from separate capsules and/or nanofibers. As a result, the micro-cracks are
filled with the polymerized material and the metal surface is protected again.8,10,15–18 Notably, however, the approach based on
capsule with healing agents suﬀers from high manufacturing
cost, poor connections between capsules, and their non-uniform
distribution in the surrounding matrix. In addition, the length
scale of most capsules is in the range of tens of microns, which
is structurally burdensome to carry and incommensurate with
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the material characteristic scales, especially for vehicular applications in automobiles, tanks, and aircraft.
The approach based on core–shell nanofiber containing
healing agents can circumvent the above-mentioned problems
associated with capsules. First, the diameters of the fibers are
in the range of a few hundred nanometers. Second, the fibers
are entangled and thus inter-connected, which enables the
eﬃcient transport of healing agents through the three-dimensional network formed by the fibers.6,9,19 Third, such fibers
are much lighter than the aforementioned capsules, thus reducing the burden of the payload. Fourth, the fibers can become
a part of highly transparent composites.20,21
Micro-fibers can be formed by melt blowing,22 wet spinning,23
force spinning,24,25 solution blow spinning,26,27 and electrospinning.28 Herein, we fabricated core–shell nanofibers carrying a
healing agent and curing catalysts separately inside the cores of
the diﬀerent nanofibers. These core–shell fibers were formed
using coaxial electrospinning (co-electrospinning) of the core and
shell materials from the core and the surrounding annular
nozzle, in distinction from the previous works of this group,
where similar core–shell fibers were formed using the emulsion
electrospinning.29,30 Although coaxial electrospinning has been
widely reported in creating core–shell nanofibers with only one
of the core or shell working fluids having electrospinnability, very
limited publications investigated the usage of functional liquids
as the core parts of core–shell nanostructures.20,21,31–33 Once the
core–shell fibers co-electrospun in the present work were cut
open, the healing and curing materials were released, and underwent polymerization to form a protective layer.

2. Experimental
35

2.1.

Materials

Three solutions were used to co-electrospin core–shell nanofibers containing either resin monomer or cure in the core. For
the shell solution, polyacrylonitrile (PAN, Mw = 150 kDa) and

N,N-dimethylformamide (DMF, 99.8%) from Sigma-Aldrich were
used. An 8 wt% PAN solution in DMF was prepared by magnetic stirring for 24 h at room temperature. For the core solutions, either liquid dimethylvinyl-terminated dimethyl
siloxane (resin monomer) or methylhydrogen dimethyl siloxane (curing agent, referred to henceforth as “cure”), both from
i-Nexus, and n-hexane from Duksan Pure Chemicals were
used. The two core materials (the resin monomer and the
curing agent) could be released and start interacting only
when the PAN shell has been torn. Then, polymerization of
PDMS took place and healed the damaged place. In the corrosion test, an acetic acid solution and steel substrates were
obtained from Wako Pure Chemical Industries.
2.2.

Co-electrospinning of self-healing core–shell nanofibers

In the self-healing core–shell nanofibers, either the resin
monomer, or the cure, were embedded in the core, while PAN
formed the shell. Two syringes were used to simultaneously
co-electrospin the resin monomer-PAN (R-PAN) and cure-PAN
(C-PAN) nanofibers, which were simultaneously deposited on
the drum collector (Fig. 1). A large-area self-healing nanofiber
mat in which both R-PAN and C-PAN nanofibers were intertwined was formed. The flow rates of the core and shell components were controlled by using two syringe pumps (Legato
100, KDS); with the volumetric flow rates of 70 and 900 μL h−1,
respectively. In the case of the R-PAN solution, n-hexane was
admixed with the liquid resin monomer in the volume ratio of
1 : 2 to enable stable co-electrospinning, which was impossible
with the pure resin monomer. The DC voltage applied to both
R-PAN and C-PAN solutions was 13 kV, and the distance
between the nozzle and the substrate was 9 cm. The inner
diameters of the core and shell nozzles were 0.61 (EFD
20 gauge) and 1.54 mm (EFD 14 gauge), respectively. Homogeneous deposition of the two types of core–shell nanofibers
on the rotated collector was ensured by the identical volumetric flow rates and strengths of the electric field employed
to form R-PAN and C-PAN nanofibers.
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Fig. 1 Schematics of the coaxial electrospinning process. Detailed schematic of the core–shell nozzle (left). Schematic and the images of the
cores–shell droplet issuing core–shell jets resulting in a large-area core–shell nanoﬁber mat on a drum collector in the co-electrospinning setup
with two core–shell syringes (right).
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2.3.

Characterization

Images of the intact and ruptured self-healing core–shell nanofibers were obtained using scanning electron microscope
(SEM, FE-SEM S-5000, Hitachi, Ltd). To identify the core–shell
structure of the nanofibers, transmission electron microscope
(TEM, JEM 2100F, JEOL Inc.) was used under the operating
conditions of 200 kV.
Thermal Gravimetric Analysis (TGA) and Derivative Thermogravimetric Analysis (DTG) (SDT Q600, TA Instruments) were
conducted at a flow rate of 100 mL min−1 of argon gas. All
samples in the 1.5–1.9 mg weight range were heated from
room temperature to 800 °C at a heating rate of 10 °C min−1.
To obtain the transmittance data of the self-healing core–shell
nanofiber-embedded composite, indium tin oxide (ITO) glass
(2.5 × 2.5 × 0.07 cm3) was used as the substrate and a UV/VIS
spectrophotometer (Optizen POP, MECASYS Co., Ltd) was used
to identify the transmittance values.
An electrochemical test was conducted by applying the
Scanning Vibrating Electrode Technique (SVET),30,34,35 in
which the electric current values were measured by a source
meter (Model 2400, Keithley Instruments) and a field strength
of 5 V was applied for 200 s.

25

3. Results and discussion
3.1.

30

Co-electrospun self-healing core–shell nanofibers

Because all electric charges mostly accumulated on the outer
surface of the Taylor cone of the shell, the flow rate of the core
solution was significantly lower than that of the shell solution.36 The velocity diﬀerence between the core and shell solu-

Paper

tions generated a viscous force, which resulted in the
entrainment of the core into the shell and formation of the
core–shell fibers. According to Reznik et al.,36 the ratio of the
radii of the core and shell nozzles (rcore/rshell ) should be below
0.6, because multiple jets instead of a single core–shell jet are
formed above this value. Accordingly, in the present experiment,
the rcore/rshell ratio was 0.4. The stable core–shell Taylor cone
was maintained for many hours because of that and the fact
that no polymerization reactions occurred between any single
healing agent on the core and shell PAN solution in the shell.
Fig. 2a and b shows the SEM images of R-PAN and C-PAN
nanofibers. The nanofibers are suﬃciently uniform and no
bead were observed. The diameter of the core–shell nanofibers
is in the 300 to 350 nm range.
The presence of the core materials in the nanofibers was
confirmed by pressing nanofibers that had been deposited on
steel substrates with a tweezer. In Fig. 2c and d, the liquid core
materials (the healing agents) are observed to have leaked after
the nanofibers were ruptured. It should be emphasized that
the liquid state of the core materials was maintained during
the entire co-electrospinning process, even after solvent evaporation and precipitation and solidification of the shell.37,38 To
further corroborate the core–shell structure of the nanofibers,
TEM images were obtained as shown in Fig. 3. The TEM
samples were prepared by depositing nanofibers onto a copper
grid for a few seconds. The interfacial boundary lines between
the core and the shell are clearly visible in both R-PAN and
C-PAN nanofibers. The whole core–shell and the core diameters of the R-PAN nanofiber are ∼293 and ∼189 nm, respectively, and in the C-PAN nanofiber, the whole core–shell and
the core diameters are ∼360 nm and ∼195 nm, respectively.
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Fig. 2 SEM images of core–shell nanoﬁbers. (a) R-PAN nanoﬁbers, (b) C-PAN nanoﬁbers, (c) ruptured R-PAN nanoﬁbers, (d) ruptured C-PAN
nanoﬁbers. Nanoﬁbers shown in panels (a) and (d) were ruptured using a tweezer to observe release of agent materials from the core. The scale bar
is 6 μm.
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Fig. 3

TEM images of core–shell nanoﬁbers. (a) R-PAN nanoﬁbers. (b) C-PAN nanoﬁbers. The scale bar is 200 nm.
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3.2. Thermogravimetric analysis (TGA) and derivative
thermogravimetry (DTG)
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To determine the amount of core or shell material injected
into each nanofiber, TGA and DTG measurements were conducted, cf. Fig. 4.29,30 By comparing TGA results (Fig. 4a) and
the phase transition temperatures in the DTG results (Fig. 4b),
once can determine the weight losses of the materials in question. In the temperature range of 0–800 °C, the weight losses
of pristine PAN, cure, and resin in the nanofibers were 52, 24,
and 8%, respectively, consistent with the previous
studies.29,39,40 The weight loss of cure was higher than that of
resin because the resin volume encapsulated in the R-PAN
nanofiber was smaller than the cure volume encapsulated in
the C-PAN nanofibers, because the resin was mixed with
n-hexane for stable co-electrospinning, as mentioned in
section 2.2. Because of the high evaporation rate of n-hexane,
most n-hexane evaporated before samples for thermal analysis
were prepared. Therefore, n-hexane was not detected in the
TGA results, i.e. no weight loss corresponding to n-hexane was
detected (not shown here). Fig. 4 also shows the results for the
mutually entangled R-PAN and C-PAN nanofiber mats, which
are denoted as RC-PAN nanofibers.
3.3.
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Transmittance

The application of such self-healing nano-textured coatings to
optical devices (such as opto-electric sensors, solar cells, displays, and electronic touch screens) is important to enhance
the sustainability and to hasten the development of the nextgeneration devices. However, co-electrospun polymer nanofiber mats are generally white in color with low optical transmittance, because of the light-scattering eﬀect caused by the
nano-scale non-woven structure of the nanofibers commensurate with the wavelength of light. Accordingly, typical selfhealing core–shell nanofiber mats or films have poor optical
properties.
However, the optical properties of self-healing core–shell
nanofibers can be improved by embedding the nanofibers into
a transparent composite layer, such as PDMS and epoxy-based
negative photoresist SU-8, as demonstrated in our previous
studies.29,41 First, both the R-PAN and C-PAN nanofibers were

4 | Nanoscale, 2015, 00, 1–8

45
Fig. 4 Thermal analysis of PAN, R-PAN, C-PAN, and RC-PAN nanoﬁbers. (a) TGA curves. The right-hand column lists the total weight loss of
the core and shell materials within the nanoﬁbers (gray: PAN, green:
resin monomer, blue: cure, and purple line is added for estimating the
weight loss of cure). Inset graph shows the TGA results for RC-PAN ﬁber
mats. (b) DTG curves. The phase transition temperatures of the core and
shell materials are marked (black diamonds at 288, 420 °C: PAN; green
rectangles at 660 °C: resin monomer; blue circles at 180, 660 °C: cure).
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55
co-electrospun onto a substrate (i.e. an ITO glass and a steel
substrate) attached on a drum collector (Fig. 1). Next, a proper
amount of liquid PDMS was poured onto the RC-PAN nano-
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fiber-coated substrate. Finally, the composite film was dried to
permit solidification at room temperature for 48 h (although
the solidification time can be decreased to a few hours by
adjusting the drying temperature to above 70 °C). Fig. 5a
shows the transmittance (T ) values of the RC-PAN nanofiberembedded composites on an ITO substrate compared to pristine PDMS on ITO (T = 100% in the latter case). T for 550 nm
light is decreased from 90 to 10% as the deposition time tdep is
increased from 5 to 120 min. The deposited amount of
RC-PAN nanofibers for tdep = 5 min is only 1.065 µL on the
substrate size of 3 × 3 cm2. And the poured PDMS amount is
458.37 µL on that of size. That is, 0.23% [= (1.065/458.37) ×
100] is the loading percentage of tdep = 5 min case. Although
such a few RC-PAN nanofibers were embedded in the case of

Paper

tdep = 5 min (T = 93%) (Fig. 5b), the self-healing composite
revealed suﬃcient ability to protect the base substrate from
corrosion, as described in the following section. Note that T
can be increased not only by shortening the deposition time
but also by reducing the embedded fiber diameter as our previous study (not studied here) where PAN nanofiber-embedded
SU-8 composite was studied for LED and OLED application.41
Furthermore, this self-healing nanofiber-embedded composite
can be used without a substrate by detaching the composite
from the latter, as shown in Fig. 5e. As depicted in Fig. 5f and
g, the nanofibers containing healing agents are well-entangled
in the PDMS layer, and are capable of repairing any microcracks regardless of crack size and propagation direction, in
distinction from the capsule-type self-healing composites. In
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Fig. 5 (a) Transmittance versus wavelength of the RC-PAN nanoﬁber-embedded composite ﬁlm on ITO glass; photographs of ﬁlms at diﬀerent
deposition times tdep: (b) tdep = 5 min, (c) tdep = 30 min, and (d) tdep = 120 min. (e) Photograph of the ﬂexible transparent self-healing composite
removed from the ITO substrate (tdep = 5 min). (f, g) Cross-sectional SEM images of the composite ﬁlm (tdep = 120 min).
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Fig. 6 Corrosion test images associated with the presence of the RC-PAN nanoﬁbers in the composite layer on a steel substrate. Corrosion test
images of (a, b) tdep = 0 min (scratched metal with pristine PDMS coating), (c, d) tdep = 5 min (metal with nanoﬁber-composite coating). Samples
shown as time passed: (a, c) 0 min and (b, d) 60 min. SEM images of the tested samples for (e, g) tdep = 0 min and (g, h) tdep = 5 min.
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the latter case, the reparability of micro-cracks is limited
because it is hard to disperse the capsules uniformly and
cracks can propagate in the spaces between them.21,42,43
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3.4.

Self-healing performance

Fig. 6 shows the corrosion test results of the pristine PDMS
and the self-healing core–shell nanofiber-embedded composite, both deposited on steel substrates. All films were
scratched deeply with crossed lines using a knife. After that,
the samples were left for 48 h. Then, an acetic acid solution
was poured onto the films. In contrast to the pristine PDMS
case, in which complete corrosion occurs (Fig. 6b, e and g),
the self-healing composite exhibits perfect anti-corrosive performance (rusting prevention) (Fig. 6d, f and h) after both coatings were damaged. Note that clots, indicated by yellow
dashed circles in Fig. 6h, result from polymerization of the
released resin monomer in the presence of the released cure,
which is also evident in the SEM images in Fig. 5f and g.
In addition to anti-corrosive performance, electric-insulation performance is also important for practical industrial
applications.44–46 For this reason, we conducted an electrochemical test to better characterize the insulating performance

6 | Nanoscale, 2015, 00, 1–8

of our self-healing composite, as shown in Fig. 7 and 8. The
pristine PDMS and self-healing composites were prepared on
steel substrates with diﬀerent deposition times; all samples
were identically scratched as depicted in Fig. 7a. After 48 h,
open-bottomed cylinders were placed on the samples with no
gaps between the edge of the holes and the samples. The cylinders were filled with acetic acid as an electrolyte (Fig. 7b). Electric wires from a current measurement device were directly
connected to the electrolyte and the base of the steel substrate,
respectively. As depicted in Fig. 7c, the self-healed sample
forms a protective layer between the steel and the electrolyte.
However, the pristine PDMS does not oﬀer this protection, and
indeed, these results are confirmed through the electrochemical test, as plotted in Fig. 8. The pristine PDMS (tdep = 0 min)
yields an electrical current of 10–25 mA, indicating the
exposure of the base steel substrate to the electrolyte because
of the absence of the self-healing phenomenon. Meanwhile,
perfect electrical insulation, demonstrated by a current of
0 mA, is exhibited by self-healing composites with tdep ≥
30 min. (R2-2) A non-zero current was detected in the case of
tdep = 5 and 10 min (not shown). This indicates that tdep ≤
10 min is not suﬃcient to create an intact anti-corrosive

This journal is © The Royal Society of Chemistry 2015
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Fig. 7 Electrochemical test. (a) Scratched composite ﬁlms on steel substrates. (b) Schematic of the electrochemical test setup. (c) The tested
samples.
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from the fiber cores, polymerized and restored integrity of the
barrier. The self-healed was being able to protect metal surface
underneath from corrosion, when submerged into acetic acid.
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Fig. 8 Results of electrochemical test with RC-PAN nanoﬁberembedded composite ﬁlm with diﬀerent deposition times tdep on steel
substrates (the current, I → 0 mA for tdep ≥ 30 min cases, for which all
straight lines are overlaid one to another as all of their current values
approach to zero, indicating the complete electrical insulation with selfhealed materials).

coating, and tdep ≥ 30 min is required to fabricate a coating
with both anti-corrosive and electrically insulating properties.

4.

Conclusion

Coaxial electrospinning was shown to be capable of forming
dual mutually-entangled nanofiber mats comprised of core–
shell nanofibers with healing agents with either liquid dimethylvinyl-terminated dimethyl siloxane (resin monomer), or
methylhydrogen dimethyl siloxane cure in the core. Being
embedded in transparent matrices, either PDMS or SU-8, these
core–shell nanofiber mats formed flexible transparent selfhealing composites. Their light transmittance in the
400–800 nm wavelength band was about 90%. Being deposited
on metal surface, these composites created an anti-corrosive
barrier. When this barrier was scratched, it revealed selfhealing properties, i.e. the resin monomer and cure released
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