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A solution-processed conductive paper heater (CPH) with metallic features is used as a new class of
low voltage ignitor of nanoenergetic materials (nEMs). In contrast to conventional electrothermal igni-
tion techniques that typically require high operating voltages, the combustion of a paper substrate with
a relatively low ignition point generates high thermal energy instantaneously, which makes it possible to
ignite nEMs even at low voltages as low as ~1V. In addition, the ignition and explosion properties of
CPH-based low voltage ignitors are highly controllable and reproducible, mainly due to their simple fab-
rication and reliable electrical properties. Based on the low voltage ignition property, a compact remote
ignition system is demonstrated by integrating wireless a switching circuit, portable batteries, and heater
mounter in a small plastic package and operated remotely to ignite the nEMs.

© 2016 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

Over the past few decades, nanoenergetic materials (nEMs)
have gained significant attention in various military and civilian
applications because their stored chemical energy can rapidly be
released in the form of heat and pressure upon ignition, thereby
showing superior reactivity and energy density compared to their
micro and bulk counterparts [1-7]. A variety of potential applica-
tions of nEMs include micropropulsion systems [8-12], pressure-
driven actuators [13-17], automotive airbag propellants [18], safety
and arming devices [19], and antimicrobial energetic system [20].

To supply sufficient energy that can ignite nEMs, several strate-
gies have been considered such as flames, laser and flash pulses,
and electrothermal heating [10,21-29]. Of these, electrothermal ig-
nition based on a microheater has recently been considered as one
of the most feasible ways of developing micro-ignitors [10,26-29].
This approach uses the desirable characteristics of microheaters in-
cluding fast response, reliable electrothermal performance, and a
small footprint.

Despite recent advances in microheater technologies, there are
still some critical issues that hinder their use as micro-ignitors of
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nEMs in practical applications. The fabrication is quite complicated
and expensive, mainly due to the multistep micromachining pro-
cess involving several high-vacuum steps. In addition, a high in-
put voltage (typically higher than a few tens of volts) is required
to induce a electrical current sufficient to generate the ignition
temperature of nEMs. This probably due to two reasons: (1) the
temperature of a conventional microheater depends only on the
Joule heating effect, which is proportional to the electrical current,
and (2) considerable heat loss by conduction to the thermally con-
ductive supporting substrate inevitably occurs, resulting in severe
degradation of the voltage-to-heat conversion efficiency. This im-
plies that the conventional micro-ignitors need to be accompanied
by a bulky apparatus to supply the operation voltage, which would
critically hinder the miniaturization of an nEM ignition system.

To minimize conductive heat loss, microheaters have been also
fabricated in a freestanding form by entirely etching the substrate
parts underneath the device [10,27]. Although this approach en-
ables the ignition of nEMs at relatively low voltages by improving
the electrothermal performance of microheaters, fabrication com-
plexity and low production yield are unavoidable.

We present a novel approach for low voltage ignition of nEMs
based on a conductive paper heater (CPH) that consists of cellu-
lose fiber networks covered entirely with metallic features. The
unique architecture of the CPH helps achieve low voltage ignition
of nEMs in two ways. First, the temperature, which is elevated
instantaneously after ignition of the paper substrate, can generate
sufficient thermal energy to ignite the nEMs. In particular, because

0010-2180/© 2016 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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the ignition temperature of paper is typically much lower than
that of nEMs, nEMs on a CPH can be ignited at a much lower input
voltage. Second, heat loss by conduction does not occur because
Joule heat generated at the current paths fully contributes to
triggering the ignition of the adjacent cellulose fibers, resulting in
superior voltage-to-heat conversion efficiency. In addition, the ad-
vantages of a CPH also include facile and low-cost fabrication, high
electrical conductivity, and simple structure. To meet the growing
demand for miniaturized ignition systems, we demonstrate a com-
pact and portable ignition system for nEMs that can be controlled
remotely, based on the desirable characteristics of CPHs.

2. Experiment details
2.1. Fabrication of conductive paper heaters

Prior to the fabrication of our CPHs, aluminum (Al) paper was
prepared using a simple chemical solution process reported in our
previous works [30,31]. Briefly, pristine paper substrate was first
fully dried by storage in a dry oven at 85°C. The paper was im-
mersed in a catalytic solution consisting of 5 vol% of titanium iso-
propoxide (Ti(O-i-Pr)4) and 95vol% of dibutyl ether (O(C4Hg);),
and subsequently dried again in inert surroundings of argon (Ar)
or nitrogen (N;). The catalytically pretreated paper was then im-
mersed into an Al precursor ink solution of AIH3{O(C4Hg),} for
2 h. Because all of the cellulose fibers in the paper substrate were
catalytically pretreated, a very rapid decomposition of Al precursor
into Al, 1.5H,, and O(C4Hg), occurred.

Highly conductive Al nanostructures, such as films and parti-
cles, were well formed on the surfaces of the cellulose fibers and
densely packed into the spaces among the fibers. Consequently,
highly conductive Al paper was easily and successfully prepared.
CPHs were fabricated simply by cutting the prepared Al paper
according to heater designs using scissors. The fabricated CPHs
have the same width and thickness of ~1 mm and ~120pm, re-
spectively, but different lengths and geometry according to heater
model.

2.2. Preparation of nanoenergetic materials

Al nanoparticles (Al NPs; NTbase Co., Ltd.) with a diameter of
81 + 4nm and copper oxide nanoparticles (CuO NPs; NTbase Co.,
Ltd.) with a diameter of 98 + 5nm were used as a fuel and oxi-
dizer, respectively, because of their non-toxicity and natural abun-
dance [11,21,28,32-34]. To synthesize Al/CuO nEMs, Al NPs and
CuO NPs were first mixed together in ethanol solution with a mix-
ing ratio of Al:CuO=3:7 by weight. In all experiments, the mixing
ratio of Al and CuO was fixed since it had been optimized in our
previous works [21,28]. The mixture was then treated in an ultra-
sonic bath under a power of 200 W and an operating frequency
of 40 kHz for 5 min to ensure complete mixing of the NPs. Finally,
well-mixed Al/CuO nEMs were obtained by completely evaporating
ethanol solution in a convection oven at 80 °C for 30 min.

2.3. Fabrication of remote-ignition system

Our compact remote nEM ignition system is comprised of
three parts. (1) A commercially-available wireless switching circuit
(Compile Technology) that allows us to remotely control a supply
of the electrical current to CPH. (2) Portable batteries (9 V, Du-
racell) to supply the electrical power to the switching circuit and
CPH. (3) A heater mounter that can hold the CPH while connect-
ing it electrically to the portable batteries. The ignition system was
fabricated by manually integrating these three parts into a single
plastic package with a lid.

2.4. Characterization

Input voltage was supplied to the CPH using a direct cur-
rent (DC) power supply (E3649A, Agilent Technologies) while be-
ing controlled with commercially-available software installed on a
computer. The software was also used to record the electrical cur-
rent flowing through the CPH in response to the applied voltage in
real time. The initial electrical resistance (Rg) of the fabricated CPH
was measured using a digital multimeter (U1253B, Agilent Tech-
nologies). The sheet resistance (Rs) of the prepared Al paper was
measured using a four-point probe (FPP-HS 8, DASOLENG).

Detailed morphologies of the CPHs were observed using a field
emission scanning electron microscope (FESEM; S4700, Hitachi).

Electrothermal properties of CPHs with and without nEMs were
characterized by measuring the temperature in response to applied
voltage using a thermal imaging camera (Infravision 384, Seitron)
with a measurement accuracy of +2%. The electrothermal mea-
surements were conducted in a temperature range of 180-600 °C.
Ignition and explosive processes of nEMs were monitored in real
time by using a high speed digital camera (Fastcam SA3, Photron)
capable of recording images at 120K frames/s. In this case, 1 mg of
Al/CuO powder mixture was gently placed on the fabricated CPH
using a small spoon after precisely weighting with a microbalance.
Differential scanning calorimetry (DSC) analysis was conducted in
order to estimate the critical temperature needed to cause a ther-
mal explosion of Al/CuO nEMs by examining the total heat energy.

Repetitive tape tests were performed on the fabricated CPH
(Ry=0.6 Q) up to 100 cycles using a 3M Scotch™ adhesive tape
while monitoring the change in the electrical resistance of the de-
vice using a digital multimeter.

Crystal structures of CPHs were analyzed using X-ray diffraction
(XRD; Empyrean Series 2, PANalytical) with CuKe radiation.

3. Results and discussion

Figure 1a and b show SEM images of surface morphologies of
paper substrate before and after the solution-based Al coating pro-
cess, respectively. Compared to the pristine paper substrate, the Al
paper shows microscale cellulose fibers coated conformally with
Al features, clearly indicating continuous physical paths for elec-
tron transfer. Importantly, the solution-processed Al features were
formed inside the paper substrate as well as on the surface, as
shown in Fig. 1c, thereby resulting in superior electrical conduc-
tivity (Rs=50m¢$2/sq). The unique morphology of the Al paper is
a key contribution to generating high temperature even at low in-
put voltages. Figure 1d depicts the proposed novel mechanism for
low voltage ignition of nEMs based on CPH. In contrast to con-
ventional microheater-based micro-ignitor technologies, Joule heat
generated at the CPH contributes only to inducing the ignition of
paper by raising the temperature to the ignition point of paper
(typically < 250°C). Sufficient ignition energy of nEMs is subse-
quently provided by high temperature generated immediately af-
ter ignition of the paper, as illustrated schematically in Fig. 1d.
This means that the intermediate step (“ignition of paper”) plays
a key role in achieving the low voltage ignition of nEMs by pro-
viding sufficiently high thermal energy, and not depending only on
Joule heat to ignite the nEMs.

Figure 2a shows changes in the electrical current and temper-
ature of the fabricated CPH (Ry=0.79 €2) in response to applied
voltage. The input voltage was sequentially applied to the de-
vice with incremental steps of 0.1V and held for 3s. The initial
time (t=0s) is defined at the moment when the temperature
reaches ~180°C. The corresponding thermal images of the device
are shown in Fig. 2b. Similar to the electrothermal behavior of
typical microheaters, the current was increased by increasing the
input voltage, and the temperature of the device was increased
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Fig. 1. Conductive paper heater. Top-view SEM images of (a) pristine paper substrate and (b) CPH, scale bars: 100 um (inset: magnified SEM images; scale bars: 10 um), (c)
cross-sectional SEM images of CPH, scale bar: 50 pum (inset: magnified SEM images; scale bars: 10 um), and (d) schematic flowchart showing a mechanism for low voltage

ignition of nEMs using CPH.
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Fig. 2. Electrothermal properties of the fabricated CPH. (a) changes in the electrical current and temperature of CPH (#2) in response to applied voltage, and (b) correspond-
ing thermal images, (¢) changes in the initial resistance and ignition voltage of CPHs according to heater model (inset: digital images of the fabricated CPHs; scale bar: 5 mm,
thermal images of each CPH during combustion of paper substrate), (d) digital images, scale bar: 3 mm and (e) SEM images of CPH after combustion of paper substrate, scale
bar: 100 um (inset: magnified SEM image of the burnt area; scale bar: 10 pm), and (f) XRD patterns of CPH before and after combustion of paper substrate.

accordingly by Joule heating. The temperature of the device
reached ~250°C with an applied voltage of 1.2V, and the voltage
at this point was defined as the ignition voltage of the CPH
with consideration of the typical ignition point of paper. When a
voltage of 1.3V was applied, the temperature increased suddenly
to greater than 600 °C. This clearly suggests that the ignition of
paper by Joule heating is a direct cause of the sudden increase in
temperature. Although the input voltage of 1.3V was maintained,
the temperature of the device rapidly dropped to below 180°C
within 1s after the sudden increase occurred, showing a rapid
drop in the electrical current at the same time. This is due to

the fact that most of the current paths in the CPH are physically
broken during the flame propagation, as shown in Fig. 2b. A CPH
with a different Ry and geometry also exhibited a similar trend
in the electrothermal response except for the ignition voltage, as
shown in Fig. S1 in the Supporting Information (SI).

The effect of Ry and the geometry of the CPH on the ignition
voltage was further examined using four different CPHs (models
#1 ~ #4), as shown in Fig. 2c. CPHs #1 ~ #3 have a straight
shape with different lengths and CPH #4 has a serpentine shape.
In the case of the straight CPH model, the ignition voltage was
linearly proportional to Ry. This means that a higher input voltage
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Fig. 3. Repetitive adhesion tests. (a) change in the electrical resistance of the fabricated CPH (#1) according to test number for up to 100 cycles (inset: resistance change of
the device for the first 10 cycles), and (b) SEM image of the morphology of the device after repetitive adhesion tests, scale bar: 50 pm (inset: magnified SEM image; scale
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is required to induce the critical thermal ignition energy with
increasing Ry because the increase in Ry gives rise to a decrease
in current even under the same applied voltage. Interestingly,
although the resistance of CPH #4 (Ry=1.46 + 0.2 ) is higher
than CPH #3 (Rp=0.99 + 0.12 ), the ignition voltage tended to
decrease (from 1.67 £ 0.06V to 1.5 + 0.3V). This is probably due
to the geometrical advantage of CPH #4 because the serpentine
design is generally helpful in reducing convective heat loss to the
surroundings by reducing the edge area of the device. Although
there was relatively large deviation in the ignition voltages of
CPHs #4 mainly due to dimensional errors occurred during cutting
process, the deviation would be further reduced by using an
automatic plotting system instead of manual cutting. Nevertheless,
the results suggest that the electrothermal performance of the CPH
can be easily optimized by controlling the geometrical designs. In
particular, a very low ignition voltage of 0.9 &+ 0.01V was achieved
with CPH #1 having Ry=0.54 &+ 0.04 Q.

Figure 2d shows a digital image of the CPH after the combus-
tion of paper. The burnt area became black and crumbly due to
carbonization. The microstructure of the CPH at the burnt area
was more precisely observed by using SEM, as shown in Fig. 2e.
After being exposed at high temperature, the surface morphologies
on cellulose fibers in the CPH were severely deformed compared
to those of the as-prepared case (Fig. 1b). Figure 2f shows XRD
patterns of the CPH before and after the combustion of paper.
The XRD pattern of as-prepared CPH displays Al crystal peaks that
correspond to the (111), (200), (220), and (311) planes, clearly
representing the presence of Al features in the CPH. However, the
intensities of the Al crystal peaks weakened significantly after the
combustion of paper, as shown in the lower XRD pattern in Fig. 2f.
This is probably because a considerable portion of the Al features
in the as-prepared CPH was oxidized to amorphous alumina
(Al,03) by heat generated during the combustion of paper. This
suggests that there is enough heat to provide sufficient thermal
energy to ignite the nEMs.

In addition to the design flexibility, the mechanical reliability of
the CPHs is one of the most important requirements in practical
applications. In this regard, repetitive tape tests were conducted
on the fabricated CPH (#1). Although the electrical resistance of
the device was slightly increased after the first cycle, it was con-
stantly retained while maintaining the original morphology with-
out significant delamination of the Al features from the paper sub-
strate, even after testing for up to 100 cycles, as shown in Fig. 3.
This implies that the Al features firmly adhered to the support-
ing paper substrate and were conformally formed even inside the
CPH, resulting in electrical robustness against repetitive physical
damage.

The ignition and explosion characteristics of Al/CuO nEMs
heated by the CPH were evaluated using a thermal imaging camera

in order to check the usability of the CPH as a low voltage thermal
ignitor of nEMs. Figure 4a shows the change in the temperature
of CPH #1 loaded with Al/CuO nEMs in response to an applied in-
put voltage. The electrothermal response is consistent with that of
the CPH without nEMs. When an input voltage of 0.8V was ap-
plied, the nEMs exploded while releasing heat and light according
to the sudden increase in temperature. This means that the explo-
sion of nEMs placed on the CPH is not dependent only on Joule
heating. The entire explosion process was also visibly investigated
using a high speed camera, as shown in Fig. 4b. The explosion of
nEMs was found within a short period of time after ignition of
paper structures in the CPH. This demonstrates that the sudden
increase in temperature (> 600°C) stemmed from the ignition of
paper is an immediate cause of the explosion of the nEMs because
it was experimentally confirmed that Al/CuO nEMs were thermally
ignited at ~532.9°C by DSC analysis, as shown in Fig. 4c. Then,
the flames spread out along the heating lines and eventually dis-
appeared, leading to a disconnection of the current paths in the
CPH. As expected, the sequential reaction was also found on a dif-
ferent CPH model (#4), as shown in Fig. S2 in the SI. This suggests
a considerable freedom in designing heaters.

To evaluate the reproducibility of the proposed CPH-based low
voltage ignition technique, 100 identical CPHs (#1) were fabri-
cated and ignited. The voltage at the moment when the explo-
sion occurred is defined as the explosion voltage (Vex). Figure 4d
shows the distributions of Ry and Ve for the 100 CPHs, which ex-
hibit considerably uniform properties. The measured Ry and Vex
were 0.66 + 0.07 2 and 0.96 + 0.08 V, respectively. Thus, the
reproducible explosion performance originates from stable electri-
cal properties of CPHs with the electrical networks formed evenly.
Figure 4e shows the explosion voltage as a function of CPH model
(#1-#4). The voltage shows almost the same trend as the change
in the ignition voltage (Fig. 2c). This suggests that the explosion
voltage of a CPH can be optimized by controlling the heater design
with different Ry values and geometry, as shown in Fig. 4e.

Figure 5a shows digital images of a miniaturized remote igni-
tion system of nEMs, representing the three parts (switching cir-
cuit, portable batteries, and heater mounter) are integrated into a
135 mm x 105 mm x 30 mm plastic package. Based on the ability to
ignite nEMs at low voltages, a CPH can generate a sufficiently high
temperature with portable batteries rather than bulky power sup-
ply equipment, which makes it possible to demonstrate a compact
remote ignition system of nEMs. It is important to note that the
proposed ignition system should be operated in ambient air so that
the surrounding air can be used as an ignition source of the paper
substrate.

To show the applicability of the system as a remote ignitor of
nEMs in practical fields, remote explosion tests were carried out
using a handheld remote controller after equipping the system
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Fig. 5. Remote ignition system of nEMs. (a) digital images of remote ignition system integrated in a small plastic package (inset: digital image of the closed system; scale
bar: 50 mm), and (b) digital images taken during remote explosion test that was conducted at a distance 10 m away in an open space (inset: digital images of nEMs on CPH

(#1) in the initial and explosion states, scale bars: 5 mm).

with CPHs (#1) with Al/CuO nEMs. The whole explosion process
was recorded in real time using a digital camera during the tests.
Figure 5b shows digital images captured during a long distance
(10 m) remote ignition test that was performed in an open space.
When operating the remote controller, the nEMs were immedi-
ately exploded without significant time delay, as shown in Fig.
5b. In addition, a remote ignition test was conducted with an
obstacle to jam the transmission of the control signals that were
sent from the remote controller, as shown in Fig. S3 in the SI. The
explosion of nEMs in the remote ignition system located inside a
closed room was detected immediately after operating the remote
controller outside. Thus, the proposed remote ignition system
can be made more robust against environmental conditions that
hinder the transmission of wireless signals by using high perfor-
mance electronic circuits. Based on our results, we suggest that
the proposed ignition system can open up new application fields
because of its compactness, portability, and remote-controllability.

4. Conclusions

In this work, a novel low voltage nEM ignitor was demonstrated
with a CPH. The unique architecture of the CPH with cellulose fiber
networks covered conformally with Al features made it possible
to ignite a paper substrate at low voltages by transferring Joule
heat directly to the cellulose fibers without significant heat loss.
This allowed us to generate a sufficiently high temperature to ig-
nite the nEMs by inducing combustion of the paper substrate, re-
sulting in low voltage ignition of the nEMs. For fixed amount of
Al/CuO nEMs, the explosion voltage was controllable by changing
the geometrical designs of the CPHs. 100 identical CPHs showed
an initial resistance of 0.66 + 0.07 2 and an explosion voltage of
0.96 + 0.08V, representing considerable reproducibility in terms
of fabrication and performance. Finally, a compact remote ignition
system that can be powered by portable batteries has been demon-
strated in the form of a small package, and was successfully tested
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by remote control. From our experimental observations, we expect
that the proposed CPH-based nEM ignition technique can be used
in numerous practical applications in military and civilian fields
due to superior advantages such as low voltage operation, facile
and low-cost fabrication, simple architecture, reproducible perfor-
mance, and remote ignitability.
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