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ABSTRACT: In this study, a highly flexible, patternable multiwalled-carbon
nanotube (MWCNT) paper electrode was specially designed and fabricated.
The addition of a nitrocellulose (NC) polymer binder at less than the critical
amount (<2 wt %) was found to be effective for maintaining both the flexibility
and electrical conductance of the resulting MWCNT paper electrode. The
fabricated MWCNT paper electrode was then employed as a heating platform
to ignite Al/CuO nanoparticle-based nanoenergetic materials (nEMs). The
nEM layer was drop-cast on the surface of the MWCNT paper electrode with

'''' Applying Voltage &
Ignition Test

specially patterned shapes using a plotter, and its ignition was evaluated by

applying various voltages through the MWCNT paper electrode. To increase the adhesion between the nEM layer and MWCNT
paper electrode and to decrease the sparking sensitivity of the nEM layer, it was essential to incorporate NC in the nEM matrix.
However, the combustion and explosion properties of nEM layers deteriorated with the addition of NC, enabling the estimation of
the optimum amount of NC to be incorporated. The fabricated igniter can be employed in various thermal engineering applications,
such as in the ignition of explosives and propellants, and in pyrotechnics. To demonstrate this, a compact, flexible, and patternable
igniter composed of the NC/nEM layer (NC/nEM = 2:8 wt %) on an MWCNT paper electrode was used to successfully ignite solid

propellants for launching a small rocket.

KEYWORDS: multiwalled-carbon nanotubes, nitrocellulose, paper, electrodes, nanoenergetic materials

B INTRODUCTION

Nanoscale energetic materials (nEMs) consisting of nano-sized
fuels (e.g., Al, Si, and Mg) and oxidizers (e.g., CuO, Fe,0;, and
KMnO,) have chemical energies that can be rapidly trans-
formed into explosive pressure and thermal energy when
ignited through critical external energy inputs.'"® Once
ignited, a self-sustaining exothermic reaction occurs, which
can be applied in various thermal engineering applications,
such as explosives and propellants, and for pyrotechnics.
Traditional mechanical impact-, electric spark-, and flame-
based ignition methods are very effective for igniting
nEMs.” "> However, they have several limitations in that
they require large, complex, and rigid mechanical and electrical
parts.

To realize a compact and flexible igniter, many research
groups have employed metal thin-film (e.g, Al, Ag, Cu, etc.)
electrode-based heaters.'*™"? Such igniters have the advantages
of high electrical conductivity and mechanical strength.
However, their performance can be rapidly impaired because
they are oxidized under atmospheric conditions, and
mechanical damage occurs when they are bent and twisted
so as to fit them into compact spaces. In addition, they require
some designed masks for obtaining specialized patterns in
various chemical and thermal vapor deposition processes.
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Therefore, they have limitations as compact, stable, and flexible
electrodes in various thermal engineering applications.

To replace the metal thin-film electrodes, multiwalled-
carbon nanotubes (MWCNTSs) are suggested as one of the
representative carbon materials, such as carbon fibers, carbon
cloth, and graphene. It is because MWCNTSs have the
advantages of low cost, high electrical/thermal conductivity,
high oxidation resistance and mechanical strength.zo_26 Since
MWCNT-cross-linked thin films are relatively stiff and easily
broken by external forces, we employ normal papers as
promising platform materials to support MWCNT thin-film-
based electrodes because they are inexpensive, very flexible,
and can be easily patterned using commercial plotters.”” To
combine nEMs with the MWCNT paper electrode, suitable
binders are required. Nitrocellulose (NC) is suggested as one
of the promising binders because it is known to be a highly
flammable polymer to incorporate with nEMs for promoting
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Figure 1. Schematic of the fabrication process and ignition test for the nEM-coated MWCNT paper electrode.

the combustion process in modern gunpowder and propel-
lants.”*~** In addition, NC can be easily dissolved in organic
solvents and is hydrophobic, owing to which it is frequently
used as an industrial polymer for coating plastics, membranes,
and wooden materials.*' ="’

In this study, we aimed to develop a compact, flexible, and
patternable igniter, for which an nEM-based thin film was
fabricated on the surface of an MWOCNT-coated paper
electrode. The simple, easy-to-use, and portable igniter was
assembled by coating an nEM thin film on the surface of an
MWCNT-coated paper electrode. Specifically, aluminum
nanoparticles (Al NPs) and copper-oxide nanoparticles
(CuO NPs) were employed as the fuel and oxidizer,
respectively, in the nEM. The paper substrate with the
entangled MWCNT network formed by vacuum deposition
was employed as a heat-generation and transfer medium as
well as a flexible and patternable substrate. Further, the role of
NC as a polymer binder was examined by varying the amount
of NC incorporated in the MWCNT thin film. The
mechanical, electrical, and thermal properties of the nEM-
coated MWCNT paper electrode were systematically examined
under external deformations and different applied voltages.
Finally, the remote ignition of the nEM-coated MWCNT
paper electrode was demonstrated to showcase its suitability
for igniting solid propellants loaded in a combustion chamber
of a small rocket.

B EXPERIMENTAL SECTION

Fabrication of an nEM-Coated MWCNT Paper Electrode. In
this study, we used commercial MWCNTs (purity, ~95%; CNT Co.,
Ltd., Korea), Al NPs (NT Base Inc., Korea), CuO NPs (NT Base Inc,,
Korea), and NC (collodion solution, Sigma-Aldrich) without further
treatment. NC was obtained by completely evaporating the collodion
solution, which consisted of 4—8% of NC dissolved in ethanol/diethyl
ether. Figure 1 shows a schematic for the fabrication of the nEM-
coated MWCNT paper electrode. First, the MWCNTs were dispersed
in ethanol to obtain a 0.3 wt % colloidal dispersion by sonication at
200 W and 40 kHz for 30 min. Then, the MWCNT colloid was
deposited on the surface of a piece of paper with a diameter of ~4.5
cm by a vacuum filtering process. Subsequently, the paper with
MWCNT thin film formed on its surface was immersed in a ~5 wt %
NC solution in acetone to facilitate strong binding between the
MWCNT thin film and paper. After drying, the MWCNT paper
electrode was cut into various shapes using a plotter (Scan & Cut
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CM?700, Brother Sewing Machine Inc., Korea). Finally, an NC/nEM
composite solution was dropped onto the surface of the MWCNT
paper electrode and dried to obtain the NC/nEM composite thin-
film-coated MWCNT paper electrode. The nEM was prepared by
dispersing Al NPs and CuO NPs at the Al/CuO ratio of 3:7 wt % in
ethanol by sonication at a power of 200 W and frequency of 40 kHz
for 30 min, which was previously found as the maximum exothermic
reaction condition.**”*® Upon drying the so-obtained nEM
suspension was dried for 10 min in a convection oven at ~80 °C,
an Al/CuO NPs-based nEM composite powder was obtained, which
was then dispersed in the NC solution at a mixing ratio of NC/nEM =
2:8 wt %.

Physical, Electrical, and Thermal Characteristics of the
nEM-Coated MWCNT Paper Electrode. To evaluate the physical,
electrical, and thermal characteristics of the MWCNT paper
electrode, various characterization methods were used, such as field-
emission scanning electron microscopy (FE-SEM, acceleration voltage
= 10 kV, S-47, Hitachi, Japan), high-resolution transmission electron
microscopy (HR-TEM, acceleration voltage = 200 kV, Talos F200 X,
Thermo Fisher Scientific), 3M tape-based standard adhesion test
(ASTM D3359—97), contact angle measurement (water droplet
volume = 7.5 ul, FM40Mk2, KRUSS, Germany), bending test
(compression range = 5 mm, compression speed = 50 mm-min”’,
JSV-H1000, Japan Instrumentation System Co. Ltd., Japan), twisting
test (twisting range = 90°, homemade twister), and infrared thermal
camera measurement (operating temperature = —40 to +650 °C,
FLIR T630sc, FLIR Systems, Inc.).

To investigate the ignition sensitivity of the nEM-coated MWCNT
paper electrode, an electrostatic discharge simulator (ESD,
capacitance = 330 pF, accelerating voltage = 30 kV, maximum
discharge energy = 150 mJ, KES4021, Kikuchi Electronics Corp.,
Japan) was used. The electrical energy stored in the 150 pF capacitor
with a specific voltage (0—30 kV) was instantaneously discharged
through a cylindrical wire-type electrode to artificially generate an
electric spark. The spark energy was calculated as, E = 0.5CV? where
C is the capacitance of the capacitor in farads (F) and V is the voltage
in volts (V). The distance between the grounded sample stage and
spark tip was fixed at ~1 mm. The ignition threshold spark energy
(ITSE) was determined using the “go/no go” method. If the ignition
and successive explosion occurred at specific spark energy, lower spark
energy was selected as the ITSE for the tested sample. Each kind of
sample was tested repeatedly, at least ~10 times. A high-speed camera
(frame rate = 30 000 FPS, FASTCAM SA3 120 K, Photron Co. Ltd.,
Japan) was also utilized to observe the ignition and combustion
processes of the nEM-coated MWCNT paper electrode. The pressure
traces of the NC/nEM composites ignited in a closed vessel were
obtained using a pressure cell tester (PCT) system. The measurement
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Figure 2. Scanning electron microscopy (SEM), transmission electron microscopy (TEM), and elemental mapping images, as well as size
distributions of the MWCNTs, Al NPs, and CuO NPs. (The inset in the TEM image of Al NPs displays the passivated oxide layer with a thickness
of approximately 8 nm. ﬁp is the average diameter of MWCNTs, Al NPs, and CuO NPs).

was conducted by placing the test NC/nEM specimen in the sealed
pressure cell and then igniting it with a hot tungsten wire at a current
of 2 A and voltage of 4 V. The explosion pressure was measured using
a piezoelectric pressure sensor (113A03, PCB Piezotronics) attached
to the pressure cell. Simultaneously, the detected pressure signal was
amplified and transformed into a voltage signal with a combination of
an in-line charge amplifier (422E11, PCB Piezotronics) and signal
conditioner (480C02, PCB Piezotronics). Finally, the signal was
captured and recorded using a digital oscilloscope (TDS 2012B,
Tektronix).

B RESULTS AND DISCUSSION

SEM, TEM, and scanning TEM (STEM) images presented in
Figure 2 show that the average diameter and length
distribution of the MWCNTs are ~23 + 1.3 nm and 1-25
um, respectively. The average particle sizes of Al NPs and CuO
NPs are 80 = 2.3 and 160 =+ 5.3 nm, respectively.

Figure 3a,b shows the images of an as-prepared NC-coated
MWCNT paper electrode. The top- and cross-sectional
structures of NC-coated MWCNT paper electrodes with
different NC concentrations were observed by FE-SEM
(Figure 3c—h). It is clearly observed that the thickness of
the NC-coated MWCNT layer formed on the surface of the
paper electrode increased with increasing NC concentration,
which resulted from the formation of a more viscous
suspension of the NC polymer and MWCNT mixture. In
addition, it is noted that the interspaces among MWCNTSs
were filled with NC polymers for the cases of NC
concentration of >1 wt % (Figure 3e—h), indicating that NC
penetrated through the MWCNT layer to some extent and
that both NC and MWCNTSs were strongly bonded together.
However, the MWCNTSs seemed to be freely standing for the

cases of NC concentration of <1 wt % (Figure 3c,d). This was
corroborated by adhesion tests described in Figure S later.

To examine the effect of NC on the hydrophobicity of a
normal paper and MWCNT paper electrode, we measured
water contact angles, as shown in Figure 4. Without NC
coating, the contact angles of the normal paper and MWCNT
paper electrode were ~49 and ~69°, respectively, because the
water droplet smeared on the paper itself and the MWCNT
networks formed on the surface of the paper. However, the
contact angle of the NC-coated paper without the MWCNT
layer (Figure 4g—1) increased with increasing the amount of
NC, indicating that the NC coating layer has a hydrophobic
property to some extent. Therefore, with increasing the
amount of NC on the MWCNT paper electrode, the resulting
contact angle was also increased from 69 to 108° (Figure 4a—
f). This result suggests that the NC coating layer prevented
water permeation, and the resulting NC-coated MWCNT
paper electrode can maintain relatively high hydrophobicity in
humid environments.

To examine the state of adhesion between the NC-coated
MWCNT layer and paper substrate, cross-cut and tape tests
were conducted using 3M Scotch 610 tape following the
ASTM D3359—97 guidelines. First, a six-cut lattice pattern
with 1 mm spacing in each direction was made on the surface
of the NC-coated MWCNT layer. Next, 3M tape was attached
to the lattice pattern and then detached. The state of adhesion
between the NC-coated MWNCT layer and paper substrate
was finally evaluated using a classification chart given in Figure
5. Upon detaching the tape, the NC-coated MWCNT layer
was partly removed and the white surface of the paper
substrate was exposed. In the case of the MWCNT paper
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Figure 3. (a) Top- and (b) cross-sectional views of the NC-coated
MWCNT paper electrode. Cross-sectional views of the MWCNT
paper electrode coated with NC at solution concentrations of (c) 0 wt
%, (d) 1 wt %, (e) 2 wt %, (f) 3 wt %, (g) 4 wt %, and (h) S wt %.
(The insets present the HR-SEM images of NC-coated MWCNT
layers formed on the paper electrode).
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Figure 4. Evolution of the contact angle for the MWCNT paper
electrode coated with NC at concentrations of (a) 0 wt %, (b) 1 wt %,
(c) 2wt %, (d) 3 wt %, (e) 4wt %, and (f) S wt %. The evolution of
the contact angle for the normal paper electrode (without MWCNT
layer) coated with NC at concentrations of (g) 0 wt %, (h) 1 wt %, (i)
2 wt %, (j) 3 wt %, (k) 4 wt %, and (1) S wt %.

electrode without NC coating (0 wt %), a large part (i.e., 35—
65% area) of the MWCNT layer was removed when the tape
was detached, which indicates that the adhesion force between
the MWCNT layer and paper was very weak. However, in the
case of the MWCNT paper electrode coated with NC using

~5 wt % NC solution, only a small part (i.e., <5% area) of the
MWCNT layer was removed upon detaching the tape, which
indicates that the NC was not only coated on the MWCNT
layer, but it also penetrated the MWCNT layer so that the NC
polymer chains facilitated strong binding between the
MWCNT network layer and paper substrate.

To examine the effect of the deformation of the NC-coated
MWCNT paper electrodes on their electrical resistance, they
were repeatedly twisted or bent at an angle of 90° for 500
cycles. The electrical resistance was measured every 50 cycles.
Figure 6a shows the evolution of the electrical resistance of the
NC-coated MWCNT paper electrodes subjected to twisting
deformation. The relative electrical resistance did not change
appreciably when the MWCNT paper electrode was coated
with NC using less than 3 wt % NC solution. However, it
significantly increased when the MWCNT paper electrode was
coated with NC using >4 wt % NC solution, and the
MWCNT paper electrode even tripped out after ~150 cycles
of twisting. The evolution of the relative electrical resistance of
NC-coated MWCNT paper electrodes under repeated bending
tests is shown in Figure 6b. The relative electrical resistance
did not change appreciably for NC coating obtained using less
than 3 wt % NC solutions. However, this electrode also
suddenly tripped out after ~100 cycles of bending when the
NC was coated using >4 wt % NC solution. The smallest
change in the electrical resistance after both bending and
twisting deformation tests was observed for the MWCNT
paper electrode coated with NC using a 2 wt % NC solution.
This result suggests that the flexibility of the fabricated
MWCNT paper electrode decreases significantly with the
increase in the thickness of the NC layer so that the repeated
twisting and bending deformation stresses damaged the NC
layer and the MWCNT paper was locally broken as a result.
Therefore, it is necessary to optimize the NC coating solution
concentration for maintaining the electrical conductivity and
flexibility of the MWCNT paper electrode.

To investigate the potential of the NC (2 wt %)-coated
MWCNT paper electrode as a heater, various voltages from 2
to 10 V were applied to it, and the temperature distribution of
the specially designed bow tie-shaped MWCNT paper
electrode with a neck distance of ~2 mm and a total area of
~120 mm? was determined using an infrared thermal imaging
camera, as shown in Figure 7a. In general, the center of the
narrow neck area of the bow tie-shaped electrode was rapidly
heated in less than few seconds. As shown in Figure 7b, the
maximum temperature of the electrode increased linearly with
the applied voltage. Interestingly, the electrode was ignited and
it burned when the applied voltage reached ~10 V. The flame
started to spread from the neck area to the edge of the
electrode, and then it finally extinguished. In addition, to
examine the effect of the pattern and size of the MWCNT
paper electrode on temperature variation as a function of an
applied voltage, we fabricated various bow tie-shaped electro-
des with different neck distances. As the neck distance
increased, the resulting electrical resistance of the bow tie-
shaped electrode decreased so that the maximum temperature
of the electrode increased under the same applied voltage, as
shown in Figure S1 in the Supporting Information. It is also
noted that there were no physical and electrical damages of the
NC-coated MWCNT paper electrode by increasing the applied
voltages until the electrode was completely disconnected at
~10 V (see Figure S2 in the Supporting Information). This
result suggests that the NC-coated MWCNT paper electrode
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can be used as a stable heating platform to ignite nEMs when
an appropriate voltage is applied.

To realize a compact and flexible igniter, the Al/CuO NP-
based nEM dispersed in EtOH was drop-cast to form an nEM
layer on the central area of the bow tie-shaped NC-coated
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Figure 7. (a) Infrared thermal images and (b) evolution of the
maximum temperature of the NC (2 wt %)-coated MWCNT paper
electrode under various applied voltages (The inset is the picture of
the fabricated bow tie-shaped MWCNT paper electrode with a neck
distance (D) of 2 mm and a total area (A) of 120 mm?).

MWCNT paper electrode after rapid solvent evaporation, as
shown in Figure 8a. The cross-sectional SEM image of the
nEM-coated MWCNT paper electrode shows that the nEM
layer was weakly bound to the NC/MWCNT layer through
van der Waals attraction forces. After a series of twisting tests
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layer (10 wt % without NC) and NC/nEM layer (NC/nEM = 2:8 wt %) after the application of different electrical sparks.

followed by bending tests at a deformation angle of 90° for 10
cycles each, the nEM layer was found to be easily separated
from the surface of the NC-coated MWCNT paper electrode.
To increase the bonding force between the nEM and
MWCNT layers, we incorporated NC into the nEM layer at
an NC/nEM ratio of 2:8 (in wt %) (see Figure 8b). With the
addition of NC into the nEM layer, the primary NPs in nEMs
were strongly bound together and the NC-coated nEM layer
was strongly attached to the surface of the NC-coated
MWCNT layer, as shown in the cross-sectional SEM image
(Figure 8b). It is interesting to note that the NC (<2 wt
%)-coated MWCNT layer partly separated during the drying
of the NC/nEM composite suspension coated onto the central
part of the bow tie-shaped MWCNT paper electrode,
presumably because of the strong tension generated due to
the evaporation-induced aggregation between NC and nEM in
the NC/nEM composite, which resulted in the peeling off of
the NC-coated MWCNT layer located on the bottom. In
addition, we applied various voltages for the NC/nEM layer-
coated MWCNT paper electrode to examine the interfacial
reactions, as shown in Figure S3 in the Supporting
Information. However, the nEM layer did not react with NC
and MWCNT paper electrode at less than 8 V. It was only
exploded at an applied voltage of 10 V, which is much greater

than the ignition temperature of the nEM layer. This result
suggests that an optimum amount of NC is required for
protecting the nEM layer and enabling its strong binding to the
NC-coated MWCNT paper electrode so that a compact,
stable, and flexible igniter can be realized for various thermal
engineering applications.

The electrical spark sensitivity of the NC/nEM layer formed
on the central area of the MWCNT paper electrode was tested
using an ESD simulator, as shown in Figure 9. The electrostatic
discharge tip was located on top of the NC/nEM layer at a
distance of ~1 mm (Figure 9a). The ITSE of the nEM layer
without the added NC was observed to be only ~1.8 mJ. Since
the normal activity of human body can generate an
electrostatic energy of ~15 mJ, the nEM layer seemed to be
electrically sensitive enough to be easily ignitable. However,
when NC was added to the nEM layer (NC/nEM = 2:8 wt %),
the NC/nEM layer was not ignited even when we repeatedly
applied a maximum electrical spark energy of ~150 m]J in the
ESD simulator (Figure 9b). This result suggests that the
insensitivity of the nEM layer can be improved significantly by
adding the NC polymer so that easy and safe handling of the
compact and flexible igniter can be realized for practical
thermal applications.
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To examine the effect of the NC content on the explosion
characteristics of the nEM layer, we performed a series of
pressure cell tests. NC/nEM layers with a fixed total mass of
~10 mg and varying NC content formed on the surface of the
MWCNT paper electrodes were installed in a closed vessel,
and then they were manually ignited using a tungsten hotwire
to trace the pressure generated by their explosion. NC
exhibited an exothermic behavior with the onset temperature
of ~180 °C and the total heat energy of ~270 J-g”/, as shown
in Figure S4 in the Supporting Information. Figure 10a shows
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Figure 10. (a) Pressure traces and (b) pressurization rates for NC/
nEM layers with different NC/nEM ratios formed on the surface of
MWCNT paper electrodes ignited in a closed vessel of a pressure cell
test system.

the pressure traces for various NC/nEM layers with different
NC/nEM mixing ratios. The highest pressure generated by the
explosion of the nEM layer reached ~3.5 MPa when no NC
was incorporated into the nEM matrix (i.e.,, NC/nEM = 0:10
wt %). However, as the NC content in the nEM matrix
increased, the maximum pressure decreased, and simulta-
neously, the rise time to the maximum pressure increased. This
is presumably because NC in the nEM matrix perturbed the
aluminothermic reaction of the nEMs to some extent. It is also

interesting to note that the second satellite peak in each
pressure trace, especially for the cases of NC/nEM = 6:4 and
8:2 wt %, is much stronger. This is probably due to higher
combustion gas generation resulting from the active thermal
decomposition of NC included in the nEM matrix. Figure 10b
shows the pressurization rates determined by calculating the
ratio of the maximum pressure (i.e.,, the first pressure peak
mostly generated by the aluminothermic reaction of nEMs) to
the rise time. It is clear that the pressurization rate decreased
significantly with increasing NC content in the nEM matrix,
which suggests that it is necessary to optimize the amount of
NC added into the nEM matrix to control the explosive
pressure resulting from its ignition.

Further, compact, flexible, and patternable igniters com-
posed of NC/nEM layers formed on MWCNT paper
electrodes were fabricated and tested, as shown in Figure 11.
First, the bow tie-shaped MWCNT paper electrode with an
NC/nEM layer coated on the central area was wrapped on the
surface of a ~5 mm diameter cylindrical wooden stick, and
then it was successfully ignited and exploded within 2—4 s with
the application of a fixed voltage of ~10 V (Figure 11a). Then,
the MWCNT paper electrode was patterned into the
alphabetic characters of “pnu” by cutting with a plotter.
Thereafter, the NC/nEM layer (NC/nEM = 2:8 wt %) was
coated between the characters of “p” and “u” and then the
coated layer was successfully ignited and exploded (Figure
11b). This experiment demonstrates that a compact igniter can
be fabricated with high flexibility and easy patternability using
our paper electrodes for various thermal engineering
applications.

To demonstrate the practical application of the compact,
flexible, and patternable igniter composed of the NC/nEM-
coated MWCNT paper electrode, we performed a rocket
launch, as shown in Figure 12. Specifically, potassium nitrate/
sucrose-based solid propellants were filled in a poly(vinyl
chloride) (PVC) pipe that was completely sealed at both ends
with clay to serve as a combustion chamber, and then a hole
was drilled in one of the ends to form a gas exhausting nozzle.
The folded compact igniter was installed in the combustion
chamber, and then connected to a bluetooth sensor for remote
ignition, as shown in Figure 12a,b. Here, the compact igniter
was specially patterned with two connecting lines of three
ellipse-shaped electrodes and pretested for remote ignition, as
shown in Figure 12c. By transmitting an input signal to the

(a)

NC/nEM layer

ML YL AN

(b)

Figure 11. Snapshots of ignition and combustion reactions for compact, flexible, and patternable igniters composed of NC/nEM layer-loaded

«

pnu’.

28592

MWCNT paper electrodes, which were (a) wrapped on a cylindrical wooden stick and (b) specially patterned with the alphabetic characters of
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Figure 12. (a) Schematic of a rocket launch system composed of a PVC pipe-based combustion chamber, a bluetooth-based remote signal sender
and receiver, and potassium nitrate/sucrose-based solid propellant. The still images represent the ignition process of the compact igniter composed
of three ellipse-shaped MWCNT paper electrodes coated with the NC/nEM layer (NC/nEM = 2:8 wt %). (b) Sequential still images of the field
rocket launch test using the aforementioned remote NC/nEM layer-coated MWCNT paper igniter.

bluetooth sensor using a smartphone, the solid propellant in
the combustion chamber was successfully ignited and the small
rocket was finally launched, as shown in Figure 12d. This
experiment suggests that the NC/nEM layer-coated MWCNT
paper electrode can be used as a compact, flexible, and
patternable igniter for various thermal engineering applica-
tions.

B CONCLUSIONS

In this work, a compact, flexible, and patternable igniter
composed of an Al/CuO NP-based nEM layer coated on the
surface of an MWCNT paper electrode was designed and
fabricated. First, the effects of NC addition on the hydro-
phobicity, adhesion, and electrical properties of MWCNT
paper electrodes were systematically examined. As the amount
of added NC increased, the hydrophobicity and adhesion of
the resulting MWCNT paper electrodes were significantly
improved. However, the electrical resistance of the NC-coated
MWCNT paper electrodes increased significantly under the
bending and twisting deformation tests when an excessive
amount of NC was incorporated using NC solutions of >2 wt
%, owing to the physical damages suffered by the NC-coated
MWCNT paper electrode. This suggests that an optimal
amount of NC (<2 wt %) should be incorporated in the
MWCNT paper electrode to maintain its relatively high
electrical conductivity and flexibility under deformation.
Second, Al/CuO NP-based nEMs were drop-cast on the
surface of the NC-coated MWCNT paper electrode to
fabricate a compact and flexible igniter. It was essential to
add NC into the nEM matrix so as to decrease the sensitivity
and increase the adhesion of the nEM layer formed on the
surface of the MWOCNT paper electrode. However, the
addition of an excessive amount of NC (>2 wt %) into the
nEM matrix was found to significantly deteriorate its
combustion and explosion properties. Therefore, the optimal
amount of NC addition (<2 wt %) was determined to achieve

controlled sensitivity and combustion properties of the nEM
matrix. Finally, compact, flexible, and patternable igniters were
specially designed and assembled to demonstrate their use in
the launch of a small rocket as an example of their potential
thermal engineering application. The compact, flexible, and
specially patterned igniter composed of the NC/nEM layer
(NC/nEM = 2:8 wt %)-coated MWCNT paper electrode was
folded and installed in the combustion chamber of a small
rocket, and then it was remotely ignited to successfully launch
the rocket.
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