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Interfacial diffusion is of great importance in determining the performance of solid-state reactions. For
nanometer sized particles, some solid-state reactions can be triggered accidently by mechanical stress owing
to their large surface-to-volume ratio compared with the bulk ones. Therefore, a great challenge is the
control of interfacial diffusion for solid state reactions, especially for energetic materials. Here we
demonstrate, through the example of nanowire-based thermite membrane, that the thermite solid-state
reaction can be easily tuned via the introduction of low-surface-energy coating layer. Moreover, this
silicon-coated thermite membrane exhibit controlled wetting behavior ranging from superhydrophilic to
superhydrophobic and, simultaneously, to significantly reduce the friction sensitivity of thermite
membrane. This effect enables to increase interfacial resistance by increasing the amount of coating
material. Indeed, our results described here make it possible to tune the solid-state reactions through the
manipulation of interfacial diffusion between the reactants.

olid-state reactions are one of the most important chemical reaction categories, and have the advantages of

solvent-free and low cost in material synthesis and energy generation fields'>. In solid state reactions,

interfacial diffusion usually determines the reaction velocity. However, condense states of the precursors
are usually in irregular powder forms, which make it difficult to carefully engineer the interfacial diffusion and the
subsequent chemical reaction* . Therefore, mass transport between the reactant plays a dominant role in solid-
state reaction. Here, we investigate solid-state reaction based on thermite reaction from the point of view of
interfacial diffusion.

Thermite reaction, a classic example of the solid-state reaction, is a self-propagating, highly exothermic
reaction. Recently, thermite reaction has been gaining intense research due to the great potential for practical
use in civilian purposes, particularly in micro-electromechanical systems (MEMS)’~. Significant progress has
been made in the synthesis of various thermite composites'®'?. For instance, some thermite composites com-
posed of micrometer-sized particles feature the large diffusion distance between fuel and oxidizer. With the
development of materials engineering and science, these considerations can be changed or eliminated by using
different assembly technology'*'*. The self-assembly strategy has great advantages in the synthesis of advanced
functional materials'>™". In the present work, we introduce aluminum nanoparticles into one dimension-based
membrane to prepare novel thermite membrane based on the electrostatic interaction and self-assembly. This
fabrication method presents a way to maximally decrease the diffusion distance and increase intimate contact.
Given that most of solid-state reactions were heterogeneous, the reaction velocity of solid-state reaction was
governed by the heat conduction and interfacial diffusion. For instance, reduced-sensitivity MnO,/Al thermite
can be obtained by enclosing metal oxide inside carbon nanofibers'®. Therefore, spatial distribution between
reactants and surface modification are supposed to be an alternative way to influence interfacial diffusion'".
Here, the friction of thermite membranes can be manipulated by adjusting the interfacial diffusion to influence
the thermite solid-state reaction. Moreover, functional surface silicon coatings not only can change the wetting
behavior of thermal thermite membrane from superhydrophilic to superhydrophobic resulting in the long-time
stability, but also can be regarded as “sheath” that increases interfacial resistance between the oxide and fuel.
Friction sensitivity studies reveal that there was a dramatic reduction for the silicon-coated thermite membrane as
compared to the pristine thermite membrane (less than < 5 N). Furthermore, this assembly method can be
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applied to prepare CuO/Al thermite membrane. This thermite mem-
brane possess robust and portable property with a tunable friction
sensitivity, which makes it them as new energetic materials.

Results

Figure S1 describe the fabrication process of free-standing thermite
membrane. This novel and flexible thermite membrane can be
obtained after simple suction filtration. A typical sample of the
thermite membrane with square shape is shown in Figure la. The
shape of thermite membrane can be easily manufactured according
to the specific demand. A scanning electron microscopy (SEM)
image in Figure 1b shows a cross sectional view of the nanowire
membrane consisting of many randomly oriented nanowires, which
are interconnected and assembled with each other. We hypothesize
that the excellent mechanical flexibility attributes to this mutual
involvement. The average size of the original aluminum nanoparti-
cles was about 80 nm (Figure S2). Each aluminum nanoparticle was
covered by about 3 nm thick amorphous alumina passivation layer
(Figure 1c). The passivation oxide shell will account for a significant
content for nano-scale aluminum and has a critical impact on the
behavior of the thermite reaction (Supporting Information Figure
$3)?*. Taking into consideration the hydration of aluminum, the time
of exposure in the water should be limited. In addition, NH,H,PO,
was added into the aqueous solution as an inhibitor>. There was no
obvious deterioration for passivation layer after in aqueous solution
with the help of the NH,H,PO, (Supplementary Information, Figure
S4). Figure 1c—d shows the low- and high-magnification TEM image
of the MnO, nanowires. The lattice fringes is the {110} and {400} with
a d-spacing of 0.23 nm and 0.25 nm, respectively. It is expected that
aluminum nanoparticles can be closely packed into this nanowire-
based membrane. The three dimensional assembly clearly displays
interpenetrating nanowire networks with aluminum nanoparticle
(Fig. 1f).

One of the unique advantages of the self-assembled thermite
membrane was a water-based method rather than pure organic solu-
tion method such as isopropanol. Hydrogen bond plays a critical role
in the formation of this network membrane in aqueous solution
because MnO, nanowires obtained by hydrothermal method were
highly functionalized with hydroxyl groups***°. In order to improve
dispersion and intimate contact of reactants in aqueous solution, the

Figure 1| (a) Optical image of the as-obtained thermite membrane
(dimensions 5 cm X 5 cm X 0.1 mm) containing MnO, nanowires and
aluminum nanoparticles after vacuum filtration. (b) SEM image of cross-
sectional area of the thermite membrane, showing a layered structure. The
inset image demonstrates the flexibility of the thermite membrane.

(c) High-magnification TEM image of aluminum nanoparticles shows
amorphous passivation alumina layer. (d) The TEM image of the MnO,
nanowires. (e) High-magnification TEM image of MnO, nanowires and
the corresponding auto-correction images. (f) The three dimensional
schematic diagram of the thermite membranes.

MnO, nanowires were modified to get positively charged by a long-
chain polyelectrolyte PDDA (Figure 2a)**”. Thus, the surface of
PDDA-modified MnO, nanowires featured with positively charged
will capture negatively charged aluminum nanoparticles by electro-
static attraction (Figure 2b). The SEM image of thermite membrane
in figure S5 confirms the electrostatic assembly that can greatly
improve the distribution of aluminum nanoparticles. For pure
MnO, nanowire membrane, there was a pore size distribution cen-
tered about 18 nm (Figure S6). However, pore size distribution curve
was smooth after adding aluminum nanoparticles, indicating that
aluminum nanoparticles have packed into these pore structure.
Elemental mapping spectrum in Figure 2c was carried out to invest-
igate the interior distribution of components. These results confirm
that aluminum nanoparticles are well embedded in the nanowire-
based membrane. There is no doubt that this bottom-up assembly
will not only drastically decrease the diffusion distances and trans-
port limitation and increase the number of contact points between
the reactants, but also will prevent the oxidation of aluminum. The
thermite membrane with different equivalence ratio can be tailored
by adding the different amount of aluminum nanoparticles (see
Table 1 for more details).

To realize the modification of thermite membrane, we employed a
simple vapor deposition technique to coat a low-surface-energy
layer®. The MnO, nanowires and aluminum nanoparticles are uni-
formly coated with a layer with thickness up to several nanometers
(Supplementary Information, Figure S7). Compositional analysis of
this layer reveals the presence of silicon and oxygen by energy-dis-
persive X-ray spectroscopy (Figure S8). Fourier transforms infrared
(FTIR) spectroscopy indicates the presence of SiO and CH3-Si group
(Figure S9). These volatile silicon molecules will deposit and subse-
quently crosslink on the surface of the thermite membrane, leading
to change the surface wetting property of the membrane.
Interestingly, the superhydrophobic and superhydrophilic behavior
of thermite membrane can be changed at elevated temperatures by
removing this hydrophobic molecule (Figure 3a). This means that
silicone coated layer with functional hydrophobic groups will be
released during the thermite reaction. Figure 3b shows the relation-
ship between pH and water contact angle on the superhydrophobic
membrane surfaces. There was no noticeable change of the water
contact angle over the pH range from 1 to 14 (more than 150°).
Notably, the superhydrophobicity of the silicone-coated thermite
membrane remains essentially constant after 3 months of storage
in air. It is expected that this coating layer can significantly prevent
the aging process so as to increase shelf-life. The atomic force micro-
scopy topography image in Figure 4a clearly shows that there were
many pores on the surface of thermite membrane with highly rough
structure. Stress-strain curves (Figure 4b) show that silicon-coated
thermite membrane becomes more fragile than pristine thermite
membrane. This observation is expected owing to the PDMS heat
treatment (Supplementary Information, Figure S10). It should be
noted that the superhydrophobicity of the silicone-coated membrane
remains unaltered after being immersed in water (Figure 4c—e and
Supplementary Video), which shows full silicon coating on surface
coverage throughout both sides of the thermite membrane. In addi-
tion, thermal properties of the thermite membrane were character-
ized by differential scanning calorimeter (Supplementary
Information, Fig. S11). The heat of reaction was lower than the
theoretical values, we hypothesize that this result from an alumina
passivation layer as well as the silicon coating layer.

Discussion

These silicon-containing layers with functional hydrophobic group
can not only create a low-energy surface, but also reduce friction
sensitivity of thermite membrane. According to the international
standards, the product is not allowed to be transported on public
roads if the friction sensitivity is below 80 N***°. Friction sensitivity
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Figure 2 | (a) lllustration of charge transformation process for MnO, nanowires by PDDA and the chemical structure of PDDA. (b) Zeta potential of the
MnO, nanowires, aluminum nanoparticles and PDDA modified MnO, nanowires (from left to right). (c) Low-magnification SEM image of the as-
obtained thermite membrane. Scale bars, 100 pm. Elemental mapping taken form the red square show the homogeneous distribution of the aluminum

nanoparticles.

of pristine thermite membrane was less than 5 N. It is extremely
necessary to increase the safety of energetic materials allowing for
practical application. In order to investigate the relation of the silicon
coatings and friction sensitivity, control experiments for thermite
membrane were carried out. TEM images show that with the increase
of PDMS treatment time, the thickness of SiO-containing layer
increases (Figure 5a—c). Figure 5d shows the relation of PDMS
treatment and friction sensitivity of MnO,/Al thermite membrane.
There was a dramatic decrease in the friction sensitivity from less
than 5 N to 240 N with increasing amount of coating materials
(Figure 5e), leading to moderately sensitive products. Therefore, this

silicon-coating layer has a significant influence on interfacial dif-
fusion between the reactants.

Friction occurs during sliding contact of reactants alone with the
transformation of energy. Friction is usually converted into heat,
which raises the interface temperature in turn. According to the
hot spot theory***!, local temperature will heat up and reach a certain
temperature. Then molten aluminum will spurt and initiate the
thermite reactions as the alumina barrier rupture. In this silicon
coated nanothermite membrane, fuel and oxidizer were separated
by alumina and silicon coating layer. It is logical to assume that the
presence of silicon coating layer as a barrier hinders effectively the

Table 1 | Characteristics of MnO,/Al thermite membrane with different equivalence ratio

MnO, Nano-wire Active aluminum mass Active aluminum mass MnO, oxidizer TMD*
Sample n-Al (g) (9) faction’ (Wi%) factiont (W1%) mass® (W1%) (g/cmd) %]
S1 0.026 0.04 25 14.5 60.5 4.294 1
S2 0.031 0.04 27.6 16.9 56.4 4.253 1.2
S3 0.036 0.04 30.3 17.5 52.2 4.139 1.4

composites.*Fraction of oxidizer mass in the total composites. *The theoretical maximum densities (TMD)

“Fraction of active aluminum in the total composites. Active aluminum content is determined from thermo-gravimetric analysis (Supplementary Fig. S3). * Fraction of alumina mass in the total

is defined as a mixture with no voids and a density equal to that of the densities of its component parts

multiplied by their respective mass ratios. The ratio of fuel to oxidizer (&) is defined as the fuel stoichiometric coefficient.
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Figure 3| (a) Representation of the reversible transition between superhydrophilic (top) and superhydrophobic (bottom) states of the nanothermite
membrane. (b) The relationship between a series of pH and contact angle on the superhydrophobic surfaces. Inset: video snapshots of a water droplet on

the membrane with pH 1 and 14, respectively.

thermal diffusion so as to prevent the generation of hot spots to some
extent. To further examine condensed-phase reaction during the
initiation of thermite reaction, interfacial diffusion between fuel
and oxidizer was simplified as an infinite plate model. An illustration
of this is shown in Figure 5f, a formula of the thickness of silicon
coating layer with temperature difference is derived (Details can be

At
found in Supporting Information Figure S12). S= — AA Where S is

the thickness of silicon coating layer, Q is the resistance of thermal
diffusion, 4 is the thermal conductivity of silicon coating layer, A is
the area of silicon coating layer, At is temperature difference caused
by friction. For pristine thermite membrane, /—0 and S—0, hot spot
can easily generate during friction without being any impeded. For
silicon-coated thermite membrane, A increases, leading to more
obstacles. The thicker silicon coating layer was, the harder it was
for heat caused by friction to pass this inert layer. The threshold to

243.84nm

7 8

Figure 4 | (a) Three-dimensional AFM appearance of thermite membrane
surfaces. The inset shows typical water contact angle measurements of the
silicone-coated thermite membrane. (b) Stress-strain curves for pristine
thermite membrane and silicone-coated thermite membrane made based
on the S2 composition. (c—e) Photographs of the silicone-coated thermite
membrane immersed in water remain unaltered its wetting behavior.

initial the thermite reaction was proportional to the thickness of
silicon coating layer. For micrometer-sized aluminum, given that
the high ignition temperature and the high burn pressure compared
with nano-sized aluminum, we suspect that it is difficult to initiate
the reaction. Experimental result shows that the friction sensitivity
was higher than 360N using micro-sized aluminum, leading to com-
pletely insensitive products (Supporting Information Figure S13).
These results show that the introduction of inert molecular layer
leads to a considerable reduction in the friction sensitivity. The
thicker silicon coating layer means more resistance during interfacial
thermal diffusion.

To further examine the thermite reaction, the reaction residues
were collected for the X-ray diffraction analysis (Figure S14).
Manganosite is formed by reoxidation of the formed manganese
metal with oxygen due to fierce exothermic reaction. The presence
of alumina shows that aluminum and MnO, reacted as mentioned
the reaction 3 in supporting information. Moreover, these results are
not limited to MnO,/Al thermite membrane, but are expected to
apply to other free-standing thermite membrane. Nanobelts CuO/
Al thermite membrane was obtained through this assembly strategy.
It is found that this simple silicon coating method is a viable tech-
nique to tune the friction sensitivity of CuO/Al thermite membrane
(Details can be found in Supporting Information Figure S15). A
potential property of the silicone coated thermite membrane is the
release of gas during the thermite reaction, which may enhance the
combustion front velocity. Other characteration need to further
quantitative verification.

In summary, we demonstrate the electrostatic interaction-based,
bottom-up fabrication methods to prepare a novel thermite mem-
brane with tunable friction sensitivity performance. This achieve-
ment of thermite membrane attributes to the hydrogen bond
nanoscale networks in an aqueous environment. The introduction
of silicon coating molecular layer exhibit controlled wetting behavior
ranging from superhydrophilic to superhydrophobic and, as an obs-
tacle, to significantly reduce friction sensitivity of thermite mem-
brane. This effect enables to increase interfacial resistance with the
help of coating materials. The present work presents a way to desens-
itize other dangerous energetic materials. Remarkably, the versatility
of the present assembly strategy allows us to easily achieve the syn-
thesis of other thermite membrane. This portable membrane-based
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Figure 5| (a—c) TEM image of thermite membrane coated with SiO-containing layer with different treatment time (from left to right): 30, 60, and
120 minutes, respectively; scale bar 20 nm. (d) The friction sensitivity of thermite membrane prepared at different amounts of PDMS stamp. (e) The
friction sensitivity of thermite membrane prepared at different PDMS treatment time. (f) Diagram illustration of the spatially distribution of reactants.
Here, the aluminum and MnO, nanowires were simplify to be uniformly sheets with certain thickness of X¢ and X,.

nanothermite should have practical applications in the design of next
portable and safe energetic materials.

Methods

Synthesis of a-MnO, nanowires. Ultra-length a-MnO, nano-wire was synthesized
using a hydrothermal method®. The precursor materials were composed of
manganese sulphate monohydrate (MnSO,4.H,0), ammonium per sulfate
((NH,4),S,05), and ammonium sulfate (NH,),SO, in a molar ratio of 1:1:3 in 36 ml of
distilled water. The mixture was continuous stirred at room temperature to form a
transparent solution and transferred to a Teflon vessel held in a stainless steel vessel.
The sealed vessel was placed in an oven and heated at 180°C for 12 h. The product was
washed with water a couple of times to remove impurities.

Synthesis of CuO nanobelts. The synthesis of CuO nanbelts is prepared by a simple
wet chemical method™®. In the typical experiment, 178.48 mg CuCl, were dissolved in
200 mL H,O with a magnetic stirrer. Then, 1.2 mL of 6 M NaOH was added
dropwise into the CuCl, solution keeping stirring. A blue precipitate of Cu(OH), was
soon produced. The Cu(OH), precipitate gradually turned into a black color and aged
at 90°C for 1 h. The colloid solution was centrifuged and washed with deionized
water.

Preparation of the PDDA-modified a-MnO, NWs and stable aluminum
nanoparticles solution. PDDA was added to &-MnO, nanowires suspension solution
by vigorously stirring for 30 min to ensure the PDDA absorbed on the surface of
nanowires. Excess PDDA was subsequently removed and decanted from the solution
by centrifugation at 5000 rpm (5 min). Aluminum nanoparticles were dispersed and
stabilized in NH,H,PO, aqueous solution, and the colloids were sonicated using a
Uibra-cell ultrasonic probe system at 150 W for 1.5 min, with 5s pulses separated by
5 s. The aluminum nanoparticles used in this work was purchased from Beijing
Nachen S&T Ltd. It is worth to note that the aluminum nanoparticles were stable in
NH,H,PO, (0.1 Wt%) aqueous water over several weeks, whereas the particles were
oxidized and disappeared in a few days when dispersed in liquid water. Therefore,
ammonium dihydrogen phosphate is a very effective inhibitor of the hydration of
aluminum nanoparticles.

Preparation of the thermite membrane silicone coating procedure. The PDMS
coating of the thermite membrane was performed through a simple vapour

deposition technique®. In a typical experiment, a thermite membrane and a freshly
prepared PDMS stamp were placed together in a sealed glass container heated 235°C
for some time and then allowed to cool to room temperature naturally. The thermal
degradation of PDMS through heterolytic cleavage of the Si-O bonds leads to a
mixture of volatile, low-molecular-weight products that form a conformal layer on
the surface of the thermite membrane. The silicone coated nanowire-based
membrane exhibited a water contact angle of more than 150°.
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