
Simultaneously Altering the Energy Release and Promoting the
Adhesive Force of an Electrophoretic Energetic Film with a
Fluoropolymer
Yanjun Yin,*,§ Yue Dong,§ Mingling Li, and Zili Ma*

Cite This: Langmuir 2022, 38, 2569−2575 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Energetic coatings have attracted a great deal of
interest with respect to their compatibility and high energy and
power density. However, their preparation by effective and
inexpensive methods remains a challenge. In this work, electro-
phoretic deposition was investigated for the deposition of an Al/
CuO thermite coating as a typical facile effective and controllable
method. Given the poor adhesion of the deposited film and the
native inert Al2O3 shell on Al limiting energy output, further
treatment was conducted by soaking in a Nafion solution, which not
only acted as a fluoropolymer binder but also introduced a strong F
oxidizer. It is interesting to note that the adhesion level of Al/CuO films was improved greatly from 1B to 4B, which was attributed
to Nafion organic network film formation, like a fishing net covering the loose particles in the film. Combustion and energy release
were analyzed using a high-speed camera and a differential scanning calorimeter. A combustion rate of ≤3.3 m/s and a heat release
of 2429 J/g for Al/NFs/CuO are far superior to those of pristine Al/CuO (1.3 m/s and 841 J/g, respectively). The results show that
the excellent combustion and heat release properties of the energetic film system are facilitated by the good combustion-supporting
properties of organic molecules and the increase in the film density after organic treatment. The prepared Al/NFs/CuO film was also
employed as ignition material to fire B-KNO3 explosive successfully. This study provides a new way to prepare organic−inorganic
hybrid energetic films, simultaneously altering the energy release and enhancing the adhesive force. In addition, the Al/NFs/CuO
coating also showed considerable potential as an ignition material in microignitors.

■ INTRODUCTION

Thermites, a kind of composite energetic material (EM)
consisting of solid metal fuel and oxidizer particles, have been
applied in high-energy exchange components, such as
electronic packaging, self-propagating welding, and self-
propagating high-temperature diffusion welding.1,2 Reactive
films as the typical form of thermites, also termed thermite
laminates, have attracted a great deal of interest with respect to
their compatibility and high energy and power density
(superior to those of supercapacitors).3 Various applications
of reactive coatings have been realized in microelectromechan-
ical systems, microignitor devices, microelectronics, and
bonding of materials.4

The properties of energetic films with large specific surface
areas, low ignition delays, extremely high energy densities, and
output efficiencies have been greatly improved due to the
promotion of preparation technology, including magnetron
sputtering, atomic deposition, spin coating, drop coating, etc.5,6

Compared with the coating method mentioned above, the film
obtained by electrophoretic deposition (EPD) is more uniform
and has fewer surface cracks with more excellent controll-
ability.7,8 EPD, as an electrochemical method, is a process in
which particles with charges in suspension are deposited onto

the substrate to form films through the action of a direct
current electric field.9−12 EPD is used widely for electro-
phoretic paint and analysis and separation of natural colloid
components, including proteins, polysaccharides, and nucleic
acids.10,13

After development for decades, EPD has become an
important method for preparing thin film materials such as
ceramics, metals, and oxide coatings. In recent years, EPD has
been applied to the deposition of nanothermite films because
of its simple process, short production cycle, controllable film
thickness, shape, and high film quality.14 For instance, Al/
MxOy (M = Cu, Fe, Bi, Mo, Ni, Cr, etc.) thermite films can be
obtained by EPD. The parameters related to the EPD process
such as electrode type, electrode distance, dispersive medium,
surfactant, voltage, and deposition time of the deposited film
have been investigated in detail.15 The surface of the deposited
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film can be kept flat, smooth, and even. However, the surface
of the film is easy to fall off, chapped, and gapped and exhibits
other poor adhesion phenomena after being affected by strong
external forces, such as extrusion, friction, vibration, etc., which
is one of the problems to be solved urgently in the current
EPD process of the energetic films.9

Another problem for thermites is the native inert shell of
Al2O3 and newly formed Al2O3 layers during the combustion
process, which wrap the active Al fuel up and may hinder
further reaction.16−18 In addition, the agglomeration of Al
during the burning process can decrease the combustion
efficiency.19 Therefore, managing the surface alumina layer to
enhance the ignition and combustion of thermites is highly
interesting. Researchers have demonstrated that fluorine can
react with the dead Al2O3 layer forming a more volatile AlF3
intermediate, which would facilitate the exposure of fresh Al
for the further reaction.20 Hence, adding additional fluorine-
containing oxidizers to a system of thermites is a potential
solution for increasing the energy density.
In addition to oxides, organic matter fluoropolymers also

have been widely employed as oxidizers in Al-based energetic
composites to enhance their energetic performance focusing as
propellants, explosives, and pyrotechnics.16,21,22 Compared
with inorganic oxides, fluoropolymers are more flexible to
control. For example, three-dimensional (3D) printing
technology can be used to construct a gradient structured
polytetrafluoroethylene (PTFE)/Al composite coating.23 A
peak reaction heat of 7749.95 J/g was reached with a burning
rate of ∼130 mm/s. Although fluorine-containing materials can
effectively improve the exothermic performance of energetic
materials, the exploration of improving the adhesive force and
combustion performance of granular energetic films is basically
blank.24

Among them, Nafion is one of the most typical
fluoropolymers with a copolymer molecular architecture.25

Its molecule is characterized by a hydrophobic polytetrafluoro-
ethylene backbone chain [with the highest fluorine content
(∼76 wt %)] and regularly spaced shorter perfluorovinyl ether
side chains terminated with a sulfonate ionic group.26 Nafion
has been used in various fields, such as a polymer electrolyte
membrane, chloralkali electrolyzers, sensors, superacid cata-
lysts, etc., because of its excellent thermal, mechanical, and
chemical stability properties.27,28 Several commercial forms of
Nafion are available, including member, fiber, and dispersions
in aqueous alcohol solvents. As a film-forming resin, the
dispersion form in solvents is extensively employed to prepare
electrode films playing the role of an inorganic film-forming
additive.29 With regard to the application of Al combustion, it
provides not only a strong fluorine oxidizer but also stable
nanosized Al particles in ambient air.30

Given the fluorine-rich and outstanding film-forming
properties of Nafion, we were interested in tailoring the
electrophoretic deposited inorganic thermite film by using
Nafion. During the volatilization of the solvent, Nafion organic
molecules can seep into the gap between particles and form a
cross-linking net strengthening the connection between
isolated particles and the substrate. Here, the energy release
and adhesive force of hybrid energetic film were investigated.

■ EXPERIMENTAL SECTION
Reagents and Materials. Nano aluminum (50−100 nm, 99.9%,

activity of 93.5%), Cu(NO3)2·6H2O, sucrose (C11H22O11), H2O2
(30%), B (99%), KNO3 (99%), isopropyl alcohol (C3H8O), and

anhydrous ethanol (C2H6O) were commercially available from
Shanghai Alighting Biochemical Technology Co., Ltd., without
further purification. A Nafion 117 (NFs 117)-containing solution
(∼5 wt %) was provided by Sigma-Aldrich. A pure copper sheet (1
cm × 2 cm, 99.99%) worked as the electrode in the EPD process.
Deionized water was used throughout this study.

Fabrication of Porous Spherical CuO. For the preparation,
CuO, Cu(NO3)2·6H2O (1.938 g) and sucrose (0.3422 g) were added
in 25 mL of H2O by ultrasonication for 10 min, and 1 mL of H2O2 as
the oxidant was added to this mixture while it was being strongly
stirred. This solution was transferred to an autoclave, sealed, and
heated at 180 °C for 12 h. After cooling to room temperature
naturally, the product was centrifuged, washed with deionized water
and anhydrous ethanol three to five times, and dried at 80 °C for 8 h
in vacuum. Finally, the dried sample was annealed at 500 °C for 2 h to
obtain pure CuO.

Electrophoretic Assembly of Al/CuO Thermite Films. Nano-
Al and CuO were co-deposited on a copper sheet by EPD in a 50 mL
suspension of isopropyl alcohol containing nano-Al (0.05 g) and CuO
(0.1 g). The voltage for EPD was set at 150 V, and the deposition
time was 10 min. Prior to EPD, the copper sheets were polished with
sandpaper and ultrasonically cleaned for 10 min in ethanol, acetone,
and deionized water. Two copper sheets with a 1 cm × 2 cm exposed
area were placed inside the organic suspension at a distance of 10 mm.
The suspensions mentioned above for EPD were ultrasonicated for 10
min at room temperature. After EPD, Al/CuO coatings were dried for
3 h at 60 °C in a vacuum chamber.

Post-treatment of Al/CuO Thermite Coatings by NFs 117.
To modify the deposited energetic films, the NFs 117 organics were
first added to the Al/CuO system. Typically, the Al/CuO film was
immersed in different concentrations (0, 0.2, 0.4, and 0.8 wt %) of a
NFs 117 solution for 5 s, removed from the solution, and dried in
vacuum at 60 °C for 12 h. The sample was labeled as Al/NFs/CuO.
Scheme 1 shows the complete preparation procedure for the Al/NFs/
CuO films.

Combustion Performance of Al/CuO and Al/NFs/CuO. A
CO2 continuous laser irradiation with a rated output power of 60 W
and a laser spot diameter of <5.0 mm was employed to initiate the Al/
CuO and Al/NFs/CuO coatings on a copper sheet in air. It should be
noted that the length and width of the film to be measured should be
consistent, and the ignition test should be uniformly started from the
same end of the films. A standard optical ultra-high-speed industrial
camera at an imaging speed of 6000 frames per second was used to
characterize the combustion performance via capturing the flame and
calculating the sustained combustion rate.

Boron and potassium nitrate (B-KNO3), which were mixed at a
25:75 mass ratio, were used to characterize the initiation performance
of Al/NFs/CuO and Al/CuO coatings.

Characterization. The surface morphology was observed by field
emission scanning electron microscopy (FE-SEM, ZEISS Sigma 300)
and Fourier transform infrared spectrophotometry (FT-IR, Nicolet
IN10). X-ray diffraction (XRD) reflection patterns were recorded on a
Rigaku D/Max 2500PC diffractometer with Cu Kα radiation (λ =
0.15405 nm) at a scan rate of 5° min−1. Additionally, differential
scanning calorimetry (DSC, NETZSCH STA 449F3) was employed
to characterize the heat release in the reaction performed from 30 to
1000 °C in free-standing ceramic crucibles with a heating rate of 10
°C min−1 in a 99.999% argon atmosphere. Additionally, the ASTM

Scheme 1. Schematic Illustration of the Preparation
Procedure for the Al/NFs/CuO Films
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D3359-09 Standard Test Method for marking “X” Tape approved by
the Department of Defense was used to evaluate the film adhesion.

■ RESULTS AND DISCUSSION
Structural Characterization. We first carried out XRD

measurements to characterize the prepared CuO powder and
Al/CuO and Al/NFs/CuO films. As shown in Figure 1a, the

experimental XRD pattern of CuO nicely matches with
simulated XRD pattern of CuO (ICSD 69757), indicating
the successful preparation of CuO. Furthermore, the
representative diffraction peaks of CuO and Al were clearly
detected in the as-deposited composite film according to the
standard card of Al (ICSD 43423) and CuO (ICSD 69757). In
addition, the peak positions of 43°, 51°, and 74° are assigned
to the copper, which was from the copper substrate used to
deposit Al/CuO films. The results demonstrated that the Al/
CuO composite thermite coating was assembled efficiently via
EPD. Because XRD was insufficient to detect any evidence for
the presence of Nafion in the Al/NFs/CuO coating,
complementary IR spectra were recorded to verify the
presence of Nafion in the composite film. Figure 1b shows
the IR spectra of Al/CuO and Al/NFs/CuO. Compared to the
Al/CuO film, the Al/NFs/CuO film, which was post-treated

with a NFs solution, manifested more features in IR spectra.
The peaks at 1153 and 1224 cm−1 were associated with a CF2
symmetric stretching mode and an asymmetric stretching
mode, respectively.31 The peaks at 1052 and 966 cm−1

correspond to the stretching vibration of the SO3H group
and COC group, respectively.32 The results indicate that NFs
successfully filled the space between nano-Al and CuO
particles forming a hybrid energetic film.
The as-prepared CuO powder via a hydrothermal method

displays a porous microsphere shape (see Figure 2a). In the

enlarged view in Figure 2b, the surface of porous spherical
CuO is rough and has an inherent porosity because of the
burning of carbon during the calcination step.33 After EPD, the
Al/CuO composite coating was obtained on the copper sheet
and characterized directly by FE-SEM. As depicted in Figure
2c, with pearl-like nano-Al spheres evenly inlaid on the surface
of porous spherical CuO, the porous framework structure of
CuO provides a nice platform for the uniform dispersion of
nano-Al spheres. In a higher-magnification view in Figure 2d,
the nano-Al spheres are embedded inside the skeleton of CuO
compactly, which can increase the contact area between the
nano-Al and CuO. The size and morphology of CuO and
nano-Al do not change after EPD evidently, proving that EPD
is a nondestructive process for the deposition of target
particles.34

It is generally known that NFs 117 is a kind of
fluoropolymer with good film-forming ability. In the work
presented here, a NFs 117 solution was used to post-treat Al/
CuO thermite films with the goal of improving the adhesive
force and energy release. The morphology of the Al/NFs/CuO
energetic films impregnated with different concentrations of
NFs 117 was found to change greatly compared with the
pristine Al/CuO film, as shown in Figure 3. For the pristine
Al/CuO film, the nano-Al and CuO particles are loosely piled
together as judged from the low-magnification SEM image
(Figure 3a). In the higher-magnification SEM image (inset of
Figure 3a), the surface of the Al/CuO film is loose with cracks,
showing a honeycomb structure. It is found that the content of
the F element in the Al/CuO film gradually increases with an
increase in the NFs solution concentration [see the SEM EDX
mapping of the surface and cross section of the thermite film
(Figures S1 and S2)]. The higher F content could accelerate
the combustion of Al/CuO by exposing active Al, which is

Figure 1. Characterization of the composition of samples: (a) XRD
patterns of CuO and Al/CuO and (b) IR spectra of Al/CuO and Al/
NFs/CuO.

Figure 2. FE-SEM images of (a and b) CuO and (c and d) Al/CuO
films.
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consistent with the combustion test (Figure 5). During the
EPD process, the film forms usually due to the electrostatic
force between deposited particles and the substrate, and the
adhesive force is generally weak.35

It is interesting to note that the surface morphology of the
Al/CuO film changed significantly after treatment even with a
low concentration of NFs117 (see Figure 3b); most of the
isolated particles are covered by the organic Nafion film. The
thickness of the Al/CuO energetic film before and after
treatment with NFs is ∼10 μm (see the SEM images of the
cross section of the films in Figure S2). Moreover, the NFs 117
solution can permeate the gap between the deep particles and
contact the substrate and will cross-link after drying (see the
SEM images of the cross section of the films in Figure S2). We
can speculate that the cross-linked NFs films form a 3D-like
network, which can anchor the particles in the network and
enhance the adhesion. Upon observation at high magnification
(inset of Figure 3b), the film surface was smooth but with
many small holes because of the low concentration of NFs 117,
leading to the defective coverage of the organic network film.
We therefore increased the concentration of NFs solutions for
impregnation. When the concentration of NFs 117 increased
to 0.4%, the organic coverage of Al/CuO increased
significantly and the small holes on the surface of the energetic
films almost all disappeared, as shown in Figure 3c.
Unsurprisingly, the density of the film was further enhanced
when the concentration of NFs 117 reached 0.8% (see Figure
3d). One can clearly see that the nanoparticles were
completely covered with the organic film or fused with the
organic matter. No obvious cracks were observed.
Thermal Analysis and Combustion Performance. To

quantitatively measure the energy density of the thermite films,
the heat release of Al/CuO films before and after NFs
treatment was compared in an argon atmosphere. The DSC
curve shape of the four samples is similar consisting of two
exothermic peaks, as shown in Figure 4. The heat output was
obtained from the integral of the peak areas, which were 841,
2237, 2371, and 2429 J/g for the as-deposited Al/CuO film
and after treatment with different concentrations of NFs. The
results show that the heat release of the thermite films after
treatment with NFs 117 (0.8%) increased by 1588 J/g (∼2.9
times) compared with that of the pristine Al/CuO sample.
The four samples with the same mass (10 mg) were heated

from room temperature to 1000 °C at a rate of 10 °C/min, and

the melting point of Al nanoparticles did not change (660 °C)
in the four systems. In addition, the reaction of the Al/CuO
system began at 425 °C and ended at 900 °C. However, the
initial reaction temperature for the Al/NFs (0.2%, 0.4%,
0.8%)/CuO films was ∼350 °C, which was lower than that of
Al/CuO, and the end temperature was 900 °C. After treatment
with a NFs solution, the initial reaction temperature of the Al/
CuO system decreased, indicating the reaction was more
sensitive. The sensitivity may benefit for the following two
reasons. First, NFs, as an organic molecule, contains C, H, O,
F, and other elements, which has certain flammability and can
start the reaction at a lower temperature. Second, NFs has a
low melting point (96 °C) and becomes a molten state during
heating, which can bond nano-Al and CuO together well and
conduct heat effectively, enabling Al and CuO to react quickly
at a lower temperature. In addition, the Al/NFs (0.2%, 0.4%,
0.8%)/CuO DSC curves had only one exothermic peak, while
two exothermic peaks were observed in the Al/CuO system.
The main reason for the difference described above was the
film-forming property of NFs, which wrapped the nano-Al and
CuO into a denser composite, increasing their contact area and
thus making their exothermic process more concentrated.
There was only one exothermic peak in the range of 660−900
°C (i.e., after the melting of nano-Al) for the four systems. In
conclusion, the Al/CuO energetic films treated with NFs show
better exothermic performance, and the heat release of the
system increases with an increase in NFs concentration. There
are two main reasons for explaining the outstanding heat
release performance phenomenon. First, NFs 117, as an
organic compound, contains a variety of oxidizable elements
such as F, O, etc., which has a good combustion-supporting
property. Second, NFs 117 has good film-forming properties,
forming an organic network on the surface of the Al/CuO film,
binding loose particles, strengthening the density of the film,
and improving the heat transfer efficiency effectively.36−38

To test the combustion performance of the Al/CuO and Al/
NFs/CuO micronano structure thermite film, a laser igniter
was employed to trigger the sample and a high-speed camera
was used to capture the flame for calculating the sustained
combustion rate. After being irradiated with a laser, four
samples responded quickly and produced a bright flame,
accompanied by a self-propagating reaction with a violent

Figure 3. Typical FE-SEM images of the Al/CuO energetic films after
treatment by NFs 117 at concentrations of (a) 0%, (b) 0.2%, (c)
0.4%, and (d) 0.8%.

Figure 4. Heat release DSC plots of Al/NFs/CuO thermite films with
NFs 117 concentrations of (a) 0%, (b) 0.2%, (c) 0.4%, and (d) 0.8%.
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exploding sound, as depicted in Figure 5. In terms of the
overall effect, the burning intensity of the Al/NFs/CuO film
was significantly promoted versus that of the pristine Al/CuO
film, and the flame of the former sample was brighter with a
more prominent flame length and width. The deep reason for
the obvious difference in combustion performance was the
effect of NFs on the redox process of the Al/CuO system. The
combustion-supporting elements, especially F, in the organic
NFs structure strengthen the combustion of Al and CuO. The
burning intensity increased with an increase in NFs
concentration. The highest flame can reach ∼2.5 cm (see
Figure 5d). Additionally, the combustion rates of the four
samples are 1.3, 1.9, 2.7, and 3.3 m/s. These rates were
consistent with the results of heat release.
Evaluation of Adhesion. Adhesion is an important aspect

for evaluating the quality of micro/nano energetic material
films. The ASTM D3359-09 standard test method approved by
the U.S. Department of Defense was used to assess the
adhesion of Al/CuO and Al/NFs/CuO coatings on the copper
sheet. In the test process, a sharp and clean blade was operated
to draw an “X” diagonally across the film. It should be noted
that the “X” incision must penetrate the deposited film and
reach the substrate. 3M tape was then stuck on the film surface
seamlessly and tightly. Afterward, the tape was quickly peeled
off from one end of the film to observe the exfoliation area of
the powderous film for evaluating its adhesion level. There are
generally six grades of adhesion from 0B to 5B. To ensure the
authenticity, the tests described above were repeated three
times. The results show that the adhesion grade was 1B for the
Al/CuO film without NFs treatment, in which the surface of
the film was exfoliated seriously with a peeling area of >50%
(see Figure 6a). The adhesion of the energetic film was
gradually improved after treatment with different concen-
trations of the NFs organic solvent. The posttreatment of the
Al/CuO film with NFs 117 did not change the appearance of
the films appreciably. Amazingly, the exfoliation area of the Al/
NFs/CuO film was significantly decreased with an increase in
the concentration of the NFs 117 solution (Figure 6). In other
words, the adhesion of the Al/NFs/CuO film was enhanced
remarkably. In Figure 6b, only a small block of film fell off
close to the “X” part marked on the 3M tape. In panels c and d
of Figure 6, the films were still intact except for only a tiny
amount of shedding of powder accompanying the “X” mark.
The adhesion levels of Figure 6b−d were determined as grades
2B−4B, respectively. The adhesion test results of the thermite

film are consistent with the results of SEM morphology
analysis in Figure 3. The excellent film-forming ability of NFs
solidifies the loose particle-based film, thus strengthening the
adhesion of the film. When the particle-based film was post-
treated with NFs, a 3D cross-linked NFs network would form
and cross between particles and enhance the adhesion.

Figure 5. Combustion performance of Al/NFs/CuO thermite films with NFs 117 concentrations of (a) 0%, (b) 0.2%, (c) 0.4%, and (d) 0.8%.

Figure 6. Al/NFs/CuO film adhesion test results with different
additions of NFs 117: (a) 0%, (b) 0.2%, (c) 0.4%, and (d) 0.8%.
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Firing of B-KNO3. Boron-potassium nitrate (B-KNO3)
(25:75) is a well-known pyrotechnic composition, which is
widely used in small-caliber rockets as well as pyrogen igniters
for larger motors.39 Nitramine explosives such as cyclo-
trimethylenetrinitramine (RDX) and cyclotetramethylenete-
tranitramine (HMX) are widely used as ignition materials.40

However, they are highly sensitive, limiting their use. In
comparison with HMX and RDX, thermite-based energetic
coatings are more insensitive. In Figure 7, the firing process of

B-KNO3 by the Al/NFs/CuO film is presented. From the
sequence of high-speed video frames, the Al/NFs/CuO film
was first ignited via an electrical process and self-propagated
quickly (see Movie S1). When the flame reached the B-KNO3
explosive, a more violent and wider flame was observed (as
marked in Figure 7; see Movie S1), indicating the B-KNO3
explosive was fired successfully by the Al/NFs/CuO hybrid
coating. To compare the ignition of B-KNO3 by the thermite
film, we have provided the ignition of B-KNO3 via Al/CuO as
well (see Figure S3, the ignition of B-KNO3 via Al/CuO). The
Al/CuO film with low adhesion also can ignite B-KNO3, but
with a low level of self-propagation. These results highlight the
fact that the Al/NFs/CuO coating has considerable potential
for use as an ignition material in microignitors.41

■ CONCLUSIONS
In this work, NFs 117 was first introduced into the energetic
material system to enhance the adhesion of thermite coatings
prepared by EPD. After the treatment of NFs117, the loose
particles on the surface of the Al/CuO film are closely
connected. The NFs film acts like a net covering the film
surface, which strengthens the integrity of the Al/CuO film,
making the adhesion of the thermite film increase from grade
1B to 4B. Moreover, the film combustion performance and
heat release after treatment are promoted. In the Al/NFs
(0.8%)/CuO film, the flame length is 2.5 cm, the burning rate
reaches 3.3 m/s, and the heat release is 2429 J/g, which is
much better than that of the pristine Al/CuO system. The
excellent film-forming and combustion-supporting properties
of the NFs 117 organic matter enhance the adhesion of the
film, increase the effective contact area between particles, and
improve the combustion effect. Organic substances, especially
those containing fluorine, are expected to have outstanding
performance in thermic film adhesion, combustion, and heat
release and provide a research basis for the development and
application of new energetic devices upon introduction into
the field of energetic materials. In addition, the Al/NFs/CuO
coating also shows considerable potential as an ignition
material in microignitors.
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