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ABSTRACT

Adoption of nanoenergetic materials into large-scale applications is hindered by problems associated
with scalability, particle aggregation, stability, and electrostatic discharge (ESD) sensitivity. We report a
macroscale energetic graphene aerogel that simultaneously overcomes each of these problems while in-
creasing the energy production and flame speed with respect to neat nanothermite sample. The aerogel
is comprised of reduced graphene oxide (RGO), aluminum (Al) nanoparticles, and bismuth oxide (Bi,03)
nanoparticles. Synthesis of the aerogel requires chemical reduction and gelling that preserves the reac-
tivity of embedded fuel and oxide nanoparticles. A new gelation process is adopted in which ethylene-
diamine was added to a propylene carbonate dispersion to gel and reduce RGO while retaining material
reactivity. The energetic aerogel enhances the heat of reaction to 967 J/g, which is 36% higher than that
from loose Al/Bi,O3; powder. A combustion speed of 960+ 190 m/s under open ambient is measured for
RGO/AIl/Bi,03 gel, which is the highest value reported for an Al/Bi,O3 system. Further, the underlying

reduced graphene oxide scaffold reduces ESD sensitivity of the aerogel by three orders of magnitude.
© 2018 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

Nanoenergetic materials have superior energy density and reac-
tion rates that are unattainable with traditional micron sized mate-
rials [1,2]. Energetic nanocomposites further enhance the capability
to tune one or more physical, chemical, or mechanical attributes
of nanoenergetic materials and enables multifunctional combustion
systems with enhanced capabilities [3,4], including applications on
MEMS [5] and microchips [6]. One of the major classes of nanoen-
ergetic materials is a heterogeneous mixture of nanoscale metallic
fuel particles (aluminum (Al) [7], boron [8], magnesium [9], silicon
[10], etc.) with inorganic or organic oxidizer (metal oxide, such as
bismuth trioxide [11], fluorocarbon [9], etc.). Such nanocomposite
materials are known as nanothermite and produce self-propagating
exothermic reactions with adiabatic flame temperatures in excess
of 3000K when ignited [12]. Since the exothermic combustion re-
action is a solid-state diffusion process, it is essential to realize an
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arrangement of oxidizer and fuel that ensures maximized interfa-
cial contact area while discouraging particle sintering [13,14].

Physical processing methods, such as ultrasonic mixing and ar-
rested ball milling, produce thermites with a random distribution
of oxidizer and fuel particles [15,16]. The unstructured nature of
mixing forms composites with unreliable and irreproducible com-
bustion behavior. The optimum interfacial contact is realizable only
if all the components are homogeneously mixed without any phase
separation. Further, neat nanothermites are susceptible to unin-
tended ignition due to their high sensitivity to electrostatic dis-
charge (ESD), impact and friction [17]. Specifically, the threshold
ESD ignition energy for neat nanothermites is of the order of mi-
crojoules [18].

Scalable production of nanothermite materials to commercially
relevant quantities is hindered by ESD, impact sensitivity, and han-
dling concerns [17]. Traditional methods of creating macroscale
structures involves forming nanothermites into pellets under high
pressure, which is dangerous and results in reduced reaction ki-
netics [19-22]. Chemical synthesis routes to form nanoenergetic
microstructures or macrostructures of have required chemical sur-
factants such as PVP [23] or cause strong phase separation be-
tween fuel and oxidizer [24], which may reduce the energy release
severely.
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One particularly attractive means to enhance scalability of nan-
othermite that has yet to be explored is the integration of fuel
and oxidizer nanoparticles into the structure of graphene aerogels.
We have recently found that chemically functionalized graphene
can be engineered to facilitate directed self-assembly of dense
nanoenergetic composite pellets with enhanced energy release
[14]. By contrast, a graphene aerogel structure offers an ultralight
(~10 mg/cm?3) porous scaffold [25] that absorbs mechanical energy
[26], is thermally conductive [27], is electrically conductive which
may optimize ESD safety [28,29], facilitates chemical functionaliza-
tion [30], and may even be 3D printed [31]. Conventional graphene
aerogel synthesis methods, however, are not chemically compatible
with nanoenergetic material integration. For integration of nanoen-
ergetic NPs into the aerogel, the gelation process must not oxidize
the fuel or reduce the oxide particles, and the nanoparticles must
not interfere with the gelation process itself. Furthermore, the fuel
and oxide NPs must be adequately integrated into the aerogel ma-
trix to facilitate homogeneous integration.

Existing graphene aerogel synthesis processes involve a hy-
drothermal/solvothermal process [32,33] or a chemical reduction
method [25,34]. While these methods readily enable graphene-
based nanocomposites such as graphene/polymers [35] and
graphene/metal oxides [36,37], they are incompatible with nanoth-
ermite integration since it is necessary to keep both fuel (Al) and
metal oxide unreacted during the synthesis. Our experiments con-
firmed that the transformation of Al NP fuel to Al,0O3 after 8 h of
hydrothermal process under 180 °C or chemical reduction process
for GO using amines under 95 °C in water (Fig. S1A). Solvother-
mal processing in organic solvents can retain the activity of Al,
but we found that oxide NPs are reduced to pure metals, again
deactivating the reactivity of the composite (Fig. S1B). Therefore,
new methods are required to synthesize a macroscale nanother-
mite aerogel that retains the reactivity of embedded fuel (Al) and
oxidizer nanoparticles.

Here we report a novel one-step chemical reduction process
to obtain a highly reactive RGO/AIl/Bi,O3; ternary nanoenergetic
aerogel. The aerogel exhibits even greater reactivity than the neat
Al/Bi; 03 mixture, an outstanding non-confined burn rate, and re-
duced ESD sensitivity. The synthesis process utilizes ethylenedi-
amine (EDA) as the reduction and gelling agent to form a 3D
porous RGO structure in propylene carbonate (PC). Fuel (Al) and
oxidizer (Bi,O3) nanoparticles (NPs) are embedded homogeneously
within the RGO sheets comprising the aerogel walls, providing
an energy release of 967]/g and an unconfined burn rate of
960 + 190 m/s. Further, the ESD sensitivity of these RGO/Al/Bi;03
was reduced by more than three orders, potentially enabling safe
handling and secured operation. The methodology is extensible to
the formation of a rich variety of nanoenergetic aerogels mixtures
having other metal oxides and fuel NPs through minimal tailoring
of the process parameters.

2. Experiment
2.1. Chemicals

Graphite nanoplatelets (xGnP H-5) with a 5pm average parti-
cle size was purchased from XG Science, Lansing, MI and served
as a precursor for synthesizing graphene oxide (GO). Sulfuric acid
(H,S04), potassium permanganate (KMnO4), and hydrogen perox-
ide (H,0,) were purchased from Fisher Scientific. Sodium nitrate
(NaNO3) was purchased from Sigma-Aldrich. All of these chemi-
cals above were ACS reagent grade and used for synthesis of GO.
Aluminum particles, which have an average diameter of 80nm,
alumina (Al,053) shell thickness of 2.2nm and 79% active Al con-
tent as specified by the manufacturer, were purchased from Nova-
centrix, Austin, TX. Bi,O3; nanoparticle and Ethylenediamine were

purchased from Sigma-Aldrich. Propylene carbonate (PC, 99.7%) in
HPLC grade was purchased from Sigma-Aldrich. Tertiary butanol
used as free-drying agent was purchased from Fisher Scientific.

2.2. Synthesis process

2.2.1. Synthesis of graphene oxide (GO)

Graphene oxide was synthesized by oxidation reaction of
graphite using the modified Hummer’s method [14]. Briefly, 46 mL
H,S04 was added slowly into a beaker with mixture of 1g graphite
nanoplatelets and 1g NaNOs3 inside under cooling by ice bath and
magnetic stirring. After 10 min, 6g of KMnO4 was added into the
beaker and the solution was stirred for 1h under 35 °C. Subse-
quently, 80 mL of deionized water was added into the beaker drop-
wise and the water bath was heated to 90 °C and maintained for
half an hour. Then, 200 mL deionized water was added slowly into
the reacting agent. After cooling down to ambient temperature,
6 mL H,0, was dropped into the suspension, and the mixture color
changed to pale brown. A washing procedure was then employed
to remove impurities and purify GO product. The centrifuging and
dispersing washing step were carried out until the pH of surfac-
tant reached 6, when all the impurities were removed. The GO
was then dispersed into deionized water at a concentration around
5 mg mL~! and sonicated for 45 min to exfoliate the material
into flakes. The material was then centrifuged for another 30 min
at 4000rpm to remove the unoxidized graphite. The supernatant
was then transferred into a glass petri dish and heated in oven at
80 °C until the water evaporated. The resulting GO paper was then
removed.

2.2.2. Synthesis of RGO/Al/Bi,03 aerogel

To initiate the self-assembly process, GO paper, Al nanoparticles
and Bi, 03 nanoparticles were separately dispersed into propylene
carbonate and sonicated for 4 h. Detailed amounts of samples in
different equivalence ratio are listed in Table S1. Equivalence ra-
tio was calculated by the ratio of fuel/oxidizer over stoichiometric
value. Afterwards, the dispersions were mixed together by vortex-
ing for 10 min in a vial and rested for 16 h. Then 40 pL ethylene-
diamine was injected to the mixture to initiate gelation, and the
vial was moved to a 95 °C oven for 8 h. After the gelling process,
the product was cooled in ambient air to room temperature. The
organogel was then placed in a beaker filled with tert-butanol to
undergo solvent exchange. Lastly, the material was freeze-dried to
remove solvent. Optical pictures and material amounts are given in
Figs. S2, S3 and Table S1.

2.2.3. Synthesis of control sample

For the control Al/Bi; O3 sample made in IPA, we used the stan-
dard process reported in prior work [38]. For the control Al/Bi;03
sample made in PC, calculated amount of Al and Bi, O3 (200 mg in
total, ®=1.4) was weighed and dispersed in PC under sonication
for 4 h, respectively. Then the dispersions were mixed and soni-
cated for one more hour. The mixture was then moved to an alu-
minum foil bowl and dried under vacuum.

An additional control sample was sought that incorporated GO
with the Al/Bi,03. This control sample was produced from the
same material from which the aerogel was produced. After the
16-h resting step, a portion of the mixture was moved to an alu-
minum foil bowl and dried under vacuum (bypassing the gelation
and solvent change step).

2.3. Characterization
Both Zeta potential analysis and dynamic light scattering (DLS)

size distribution analysis were obtained using a Delsa Nano Poten-
tial and Submicron Particle Size Analyzer. The concentrations of Al
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