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a b s t r a c t

A compact and flexible multiwalled carbon nanotubes (MWCNTs)-coated paper electrode was fabricated
in this study. The shape of the paper electrode could be varied simply by cutting it. Further, its electrical
resistance did not change appreciably either when it was bent with different curvatures or when it was
subjected to repeated bending and stretching. An nanoscale energetic material (nEM)-on-MWCNTs pa-
per chip formed by depositing an nEM thin film on the MWCNTs-coated paper electrode could be stably
ignited by applying voltages higher than ~ 15 V. The ignition and explosion characteristics of the chip
were investigated systematically. It was found that the explosion reactivity of the chip increased with an
increase in the thickness of the nEM thin film. Finally, the remote ignition of the nEM-on-MWCNTs paper
chip was successfully demonstrated by explosively breaching a door, suggesting that such nEM-on-
MWCNTs paper chips can be used as compact, flexible, and versatile igniters in various civil and mili-
tary applications.

© 2016 Published by Elsevier Ltd.
1. Introduction

Carbon nanotubes (CNTs) are often called the jewel of nano-
technology owing to their unique properties, employed from
traditional mechanical, electrical and material engineering fields to
newly emerging energy, environmental and biomedical technolo-
gies [1e8]. The high rates of electron and heat transfer of CNTs are
among their most useful characteristics, making them attractive for
use in a wide range of applications. It is known that these proper-
ties are strongly affected by a number of parameters, including
whether the CNTs undergo transformations as well as by their
structure and the impurities present in them [9e23].

Nanoscale energetic materials (nEMs) consist of nanoscale fuel
and oxidizer materials, which contain chemical energy and can
rapidly release it in the form of pressure and thermal energy when
ignited by an external energy input [24e29]. Aluminum (Al) is
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this work as the first authors.
mainly used as a fuel material, while various metal oxides such as
NiO, TiO2, WO3, MoO3, Fe2O3, KMnO4 are used as an oxidizer. The
combustion and explosion reactivity of nEMs are strongly affected
by various characteristics, including the size, morphology and
chemical composition and degree of intermixing between fuel and
oxidizer. When nEMs are ignited by external energy input, a so-
called self-sustaining exothermic reaction occurs. These nEMs
with strong exothermic characteristics can be applied in various
thermal engineering fields such as explosives, propellants, and
pyrotechnics.

In order to ignite nEMs, a number of traditional methods exist
such as mechanical impact or those involving the use of a flame or
electric spark. Even though these traditional methods of igniting
nEMs are very effective, they have a few inherent limitations with
respect to their use in the field of thermal engineering, which can
involve relatively large, complex, and rigid mechanical parts and
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electric circuits. Therefore, inexpensive, compact, and flexible
heaters are often required for developing small thermal igniters for
both civil and military applications such as rocket motors, airbags,
and fire extinguishers [30e33].

When an electrode is made of pure metal-based thin films (e.g.,
Al, Cu, etc.), its electrical resistance can be easily increased due to
the formation of an oxide film [34e36]. In addition, the metal thin
films can be easily broken when it is bent, and thus the deposition
of metal thin films on flexible substrates is not easy to realize.
Unlike these metal thin films, CNTs have the advantages of reduc-
tion in oxidation problems and relatively easy formation of flexible
thin films. Multiwalled carbon nanotubes (MWCNTs), which are
potential electrode materials, are used widely in various electrical
and thermal engineering fields [37e43]. In this study, we aimed to
develop compact, flexible, and versatile igniters, in which a thin
film of nEM is fabricated on the surface of a MWCNTs-coated paper
electrode (hereafter labeled as an nEM-on-MWCNTs paper chip).
The nEM-on-MWCNTs paper chip is consisted of a compact, inex-
pensive, and flexible conductive paper electrode, and it is a simple,
easy-to-use, and portable igniter and allowed for remote ignition
and controlled explosion when combined with appropriately
designed electrical circuits.

The compact, flexible, and versatile igniter composed of an
nEM-on-MWCNTs paper chip was designed and manufactured by
coating an nEMs layer on the surface of a regular MWCNTs-coated
paper electrode. Specifically, Al nanoparticles (Al NPs) as fuel and
copper oxide nanoparticles (CuO NPs) as oxidizer were used as the
nEMs components. RegularMWCNT-coated paper was employed as
the heat generation and transfer medium as well as a flexible
substrate. The ignition, combustion, and explosion characteristics
of the nEM-on-MWCNTs paper chip were examined systematically
by using different applied voltages and nEMs-based thin films of
different thicknesses. Finally, the remote ignition of the nEM-on-
MWCNTs paper chip was demonstrated successfully by
combining it with a wireless electric signal processing system, with
Fig. 1. Schematics showing the fabrication of (a) the MWCNT solution, the MWCNTs-coated
coated paper electrode. Schematics showing the fabrication of (b) the nEM solution by mixin
paper electrode formed using the spin-coating process. Photographs of the nEM-on-MWCN
online.)
the aim of demonstrating its suitability for the remote explosive
breaching of doors.
2. Experimental

MWCNTs (CNT Co. Ltd, Korea) manufactured by the thermal and
chemical vapor deposition method were employed in this study.
The MWCNTs, which were used without further purification, had a
purity of ~95%, an average diameter of ~20 nm, length distribution
of 1e25 mm, and specific surface area of ~250 m2/g.

Fig. 1a shows a schematic of the first step, which was a MWCNT
thin film coated on the surface of a piece of regular nonconductive
paper by using the vacuum filtration method. In brief, the MWCNTs
(0.3 wt%) were dispersed in an ethanol solution and then ultra-
sonicated at 750 W and 20 kHz for 30 min. A circular piece of
regular paper with a diameter of 4.5 cm was placed on a filter
supporter in a suction flask, and a vacuum was formed using a
vacuum pump in the lower part of the flask. Next, ~3 ml of the
MWCNT solution was poured slowly into the vacuum filtering
equipment by using a micropipette. This resulted in the MWCNTs
being filtered on the paper, with the ethanol solution passing
through the paper and into the flask below. The MWCNT-thin-film-
coated paper was then dried at room temperature for 30 min and
cut into electrodes of the desired sizes and shapes. The electrical
resistance of MWCNT-thin-film-coated papers formed by various
experimental conditions was measured as shown in Fig. S1 in
supporting information. Electric lines and clips were connected to
the MWCNTs-coated paper electrode for applying various voltages,
which varied the temperature of the fabricated electrode.

In the second step, a simple spin-coating process was employed
to form an nEM thin film on the fabricated MWCNTs-coated paper
electrode, as depicted in Fig. 1b. Specifically, nEMs consisting of Al
NPs (NT base, Korea) with an average diameter of ~80 nm (used as
the fuel metal) and CuO NPs (NT base, Korea) with an average
diameter of ~100 nm (used as the oxidizer) was employed in this
paper formed using the vacuum filtration method, and the bow-tie-shaped MWCNTs-
g Al and CuO NPs in an ethanol solution and the nEM thin film on the MWCNTs-coated
Ts paper chip fabricated in this study. (A colour version of this figure can be viewed
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study. The nEM powder was fabricated by mixing the Al NPs and
CuO NPs (Al/CuO ¼ 30:70 wt%) for 30 min using ultrasonication
energy (Ultrasonic power input¼ 170W, frequency¼ 40 kHz) in an
ethanol solution. Next, ~10 ml of the nEM solution was drop cast on
the MWCNTs-coated paper electrode by using a micropipette
(3e25 ml), and the electrode was rotated using a spin coater at
300 rpm for 30 s to form an nEM thin film.

In the final step, different voltages were applied to the nEM-on-
MWCNTs paper chip to test its ignition and explosion characteris-
tics, which were monitored using a high-speed camera (Photron,
FASTCAM SA3 120K) at a frame speed of 30 kHz. The high-speed
camera used in this study had a maximum frame rate of
1,200,000 fps, sensor size of 17.4 mm � 17.4 mm (CMOS image
sensor), and pixel size of 17 mm � 17 mm. The electrical resistance
measurements and ignition tests of nEM-on-MWCNTs paper chip
were performed under normally RH 50% condition.
Fig. 2. (a) Photograph of the fabricated bow-tie-shaped MWCNT-coated paper electrode, side
a high-resolution SEM image of the top view of the MWCNT thin film), and high-resolution
the paper substrate. (b) Changes in the electrical resistance of the paper electrode with the ra
number of bending-and-stretching cycles (Insets are images of the paper electrode during r
temperature of the paper electrode as a function of the applied voltage and (e) snapshots of
figure can be viewed online.)
3. Results and discussion

Fig. 2a shows an image of a bow-tie-shaped MWCNT-coated
paper electrode having a length of 3 cm, width of 1.5 cm, and neck
width of 0.7 cm fabricated in this study. It also shows top- and side-
view scanning electron microscopy (SEM) images of the bow-tie-
shaped MWCNT-coated paper electrode. It was observed that the
MWCNTs were homogeneously cross-linked, with the thickness of
the MWCNT thin film being ~80 mm, which was very close to that of
the paper substrate. In addition, the MWCNT thin filmwas strongly
attached to the paper substrate. This was confirmed by 3M tape
peel-off and water washing tests as shown in Fig. S2 in supporting
information.

To examine the effects of the bending of the MWCNT-coated
paper electrode on its electrical resistance, the paper electrode
was manually wrapped on the surfaces of plastic tubes with
-view SEM image showing the MWCNT thin film coated on the paper substrate (Inset is
side-view SEM image showing the boundary layer between the MWCNT thin film and
dius of curvature and (c) electrical resistance of the paper electrode as a function of the
epeated bending and stretching at a radius of curvature of 2.5 mm). (d) Changes in the
the paper electrode under applied voltages of ~10 and ~15 V. (A colour version of this



Fig. 3. (a) SEM image (inset shows the particle size distribution), (b) TEM image (inset shows a high-resolution TEM image of the Al NPs with an oxide layer with a thickness of
~6 nm), (c) STEM image and elemental maps, and (d) DSC curve of the Al/CuO nanocomposite. (e) XRD spectra of the Al/CuO nanocomposite before and after ignition, and (f)
photograph and SEM image (cross-sectional view) of the spin-coated nEM thin film formed on the MWCNTs-coated paper electrode (the magnified images are high-resolution SEM
images of the boundary layer between the nEM thin film and the MWCNTs-coated paper electrode). (A colour version of this figure can be viewed online.)
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different curvatures, and the electrical resistance was measured 20
times at each experimental condition. The average value and error
range of resistance were presented after removing the highest and
lowest values, as shown in Fig. 2b. The electrical resistances for the
different radii of curvature were found to be R/R0 ¼ ~1.07
@R2.5 mm, R/R0 ¼ ~1.02 @R5 mm, and R/R0 ¼ ~1.00 @R10 mm,
indicating that the electrical resistance increased slightly with a
decrease in the radius of curvature. This was presumably because
microscale cracks formed in the MWCNT thin film, resulting in
tensile and compressive stresses on the top and bottom surfaces,
respectively, of the film. The resulting relaxation of the MWCNTs
and the microcracks formed caused a decrease in the electrical
mobility of the electrons, retarding their movement.

To examine the effects of the repeated bending of the MWCNT-
coated paper electrode on its electrical resistance, a series of
bending and stretching tests was performed, as shown in Fig. 2c.
The electrical resistance of the MWCNT-coated paper electrode did
not change appreciably even after being subjected to bending and
stretching for up to ~250 cycles, suggesting that not only did the
MWCNT thin film remain strongly attached to the paper substrate
but the MWCNTs also remained tightly bonded to each and readily
returned to their original structure once the bending force was
released.

To investigate the suitability of the fabricated MWCNT-coated
paper electrode as a heater, different voltages were applied to the
paper electrode. The temperature at the center of the narrow neck
area of the bow-tie-shaped electrode was measured using an op-
tical pyrometer (Testo 845, Testo AG. Co.), as shown in Fig. 2d. It was
observed that the temperature increased linearly with the applied
voltage. It is interesting to note that the electrode ignited and
burned at an applied voltage of ~15 V; this corresponded to a
temperature of ~430 �C, which is very close to the ignition
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temperature of regular paper (400e450 �C). Fig. 2e shows that the
neck area of the bow-tie-shaped electrode did not ignite at an
applied voltage of ~10 V. However, when the voltage was increased
to ~15 V, it ignited within 1 s. The flame started to spread from the
neck to the electrode and was suddenly extinguished owing to a
short circuit caused by the electrode separating completely into
two parts within 3e4 s. This suggested that the fabricated MWCNT-
coated paper electrode can be used as an ignition platform that
ignites when the appropriate voltage is applied.

Fig. 3a and b show SEM and TEM images of the used nEMs,
which were composed of Al NPs and CuO NPs. It can be seen that, in
the Al NPs/CuO NPs-based nEM powder, both the spherical Al NPs
and the agglomerated CuO NPs were closely connected to each
other. The average particle diameter of the Al/CuO nanocomposite
was approximately 90 ± 5 nm, and the thickness of the aluminum
oxide layer on the Al NPs was approximately 6 nm, as shown in
Fig. 3b and c. Fig. 3d shows the results of the differential scanning
calorimetry (DSC) measurements performed to evaluate the total
reaction heat energy generated by the nEMs. A distinct peak cor-
responding to an exothermic reaction was observed at tempera-
tures of 450e600 �C. The integration of the exothermic curve
Fig. 4. (a) Schematic of the confined pressure cell tester used, (b) snapshots showing the ig
the nEM thin film was ~150 mm), and (c) pressure traces and (d) pressurization rates of nEM
of this figure can be viewed online.)
yielded the total heat of the exothermic reaction, which was
approximately 1361 J/g. Fig. 3e shows the X-ray diffraction (XRD)
patterns of the Al/CuO nanocomposite before and after the ignition
test. The presence of both Al and CuO was confirmed before igni-
tion. However, after the flame-induced ignition and combustion of
the Al/CuO nanocomposite, the peaks related to Al and CuO dis-
appeared, while strong peaks related to Cu and Al2O3 appeared.
This suggested that the nEM underwent a phase change owing to
the ignition and combustion processes, as per the following redox
reaction: 2Al þ 3CuO / Al2O3 þ 3Cu. Fig. 3f shows a photograph
and an SEM image (cross-sectional view) of the spin-coated nEM
thin film formed on the previously fabricated bow-tie-shaped
MWCNT-coated paper electrode. The nEM thin film was
composed of Al NPs and CuO NPs, as can be seen from the scanning
TEM (STEM) images in Fig. 3c. Further, the thin film had a diameter
of ~5 mm and a thickness of ~150 mm, and it was formed in the
center of neck of the bow-tie-shaped MWCNTs-coated paper
electrode. The images also showed that the nEM thin film and the
MWCNTs-coated paper electrode were in good contact with each
other.

The ignition and explosion characteristics of the nEM-on-
nition and subsequent explosion of the nEM-on-MWCNTs paper chip (the thickness of
-on-MWCNTs paper chips with nEM thin films of various thicknesses. (A colour version



Fig. 5. (a) Schematic and (b) snapshots of the transmission of a wireless signal to initiate explosive door breaching by using the nEM-on-MWCNTs paper chip. The door breaching
process consisted of the following four steps: (i) the nEM-on-MWCNTs paper chip was placed on the upper part of the door knob, (ii) it was ignited and subsequently exploded by a
remotely transmitted signal, (iii) the door hinge was destroyed by the explosion of the nEM-on-MWCNTs paper chip, and (iv) this completely removed the door hinge, resulting in
the opening of the door. (A colour version of this figure can be viewed online.)
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MWCNTs paper chip were examined by varying the amount of
nEMs; this was accomplished by controlling the thickness of the
nEM thin film formed on the paper electrode. The nEM-on-
MWCNTs paper chip was ignited in a confined pressure cell
tester, as shown in Fig. 4a, by applying a voltage of approximately
15 V. The ignition and explosion responses of the chip were
monitored continuously by using a high-speed camera. Fig. 4b
shows that the initial ignition and subsequent explosion of the
nEM-on-MWCNTs paper chip occurred successfully, owing to the
heat generated on the application of a voltage of ~15 V. The com-
bustion characteristics of the nEM-on-MWCNTs paper chip were
determined in terms of the ignition delay time, which was
~110 ± 20 ms, the burn rate, which was ~70 ± 10 m/s, and the total
burning time, which was ~5.7 ± 0.5 ms. The pressure generated by
the ignition of the chip was recorded in situ by using a pressure
sensor system installed, as shown in Fig. 4c and d. An nEM thin film
with a higher thickness resulted in a higher pressure in a short
period. The pressurization rate, which can be defined as the ratio of
the maximum pressure to the rise time, was found to increase
linearly with an increase in the thickness of the nEM thin film. This
suggested that one can readily control the magnitude of the pres-
sure generated as well as the pressurization rate simply by varying
the thickness of the nEM thin film used in the nEM-on-MWCNTs
paper chip. In this study, the maximum pressure and pressuriza-
tion rate for Al NP/CuO NP-based thin film with the thickness of
150 mm ignited by MWCNTs-coated paper chip were found to be
approximately 5.0 MPa and 0.55 MPa/ms, respectively, as shown in
Fig. 4c and d. The same Al NP/CuO NP-based thin film was ignited
using tungsten hot-wire for comparison, and its maximum pres-
sure and pressurization rate were found to be approximately
5.7 MPa and 0.57 MPa/ms, respectively, which are very similar with
that of nEM-on-MWCNTs paper chip. This suggests that nEM-on-
MWCNTs paper chip can be an effective igniter to generate the
sufficient explosion reactivity of nEMs.

The nEM-on-MWCNTs paper chip was used for remote explo-
sive door breaching, which is a technique that can be used for
evacuation under civil andmilitary emergency situations. To breach
the door, the nEM-on-MWCNTs paper chip was connected to a
power supply such that it would ignite upon receiving an externally
transmitted signal, as shown in Fig. 5a. In this study, the size of
nEM-on-MWCNTs paper chip was 1.5 cm in width and 3 cm in
length. The thickness of the nEM thin film was ~150 mm was used.
The chip was placed on a door hinge and ignited remotely by an
electric signal transmitted from a signal input button, which caused
a voltage of ~15 V to be applied to the chip. As shown in Fig. 5b, the
door hinge was successfully destroyed by remotely igniting and
subsequently exploding the nEM-on-MWCNTs paper chip placed
on it. This suggested that the nEM-on-MWCNTs paper chips fabri-
cated in this study have potential for use as versatile igniters for
both civil and military applications, as they are compact, flexible,
portable, stable, and inexpensive.

4. Conclusions

In this work, a MWCNTs-coated paper electrode was fabricated
using a vacuum filtration method. With the assistance of peel-off
and water washing tests, the adhesion between MWCNTs and pa-
per was found to be strong by van der Waals attraction forces. The
electrical resistance was also not appreciably changed by bending it
with various curvatures. After applying various applied voltages to
the bow-tie-shaped MWCNTs-coated paper electrode, flame was
found to suddenly start from its neck area to the electrode at the
applied voltages of ~15 V. TheMWCNTs-coated paper electrodewas
then used as a platform to support a nEM thin film, which was
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coated on the MWCNTs-coated paper using a spin-coating process.
The nEM-on-MWCNTs paper chip was finally assembled, and then
it was tested as a compact and flexible igniter connected to a power
supply operated by remote signal transmittance system. Finally, the
remote ignition and explosionwas successfully demonstrated using
the nEM-on-MWCNTs paper chip for realizing a door breaching
technique, suggesting that such nEM-on-MWCNTs paper chips can
be used as compact, flexible, and versatile igniters in various civil
and military applications.
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