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HMX/rGO/G composites via in situ reduction of
graphene oxide
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Composites of 1,3,5,7-tetranitro-1,3,5,7-tetrazocane/reduced graphene oxide/graphite (HMX/rGO/G) were
successfully prepared via an in situ chemical reduction coating method. The morphology, composition and
thermal decomposition characteristic of the composites were analyzed by field-emission scanning electron
microscopy (FE-SEM), X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), Raman
spectroscopy and differential thermal analysis (DTA). rGO together with G exhibited a better
desensitizing effect than fullerene and carbon nanotubes. When 1.0 wt% GO and 1.0 wt% G were added
as desensitizing materials, the impact sensitivity of raw HMX decreased from 100% to 8% and the friction
sensitivity decreased from 100% to 0% after in situ chemical reduction coating. Meanwhile, DTA results
indicated that rGO and G were compatible with HMX. These combined properties suggest that rGO
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Introduction

1,3,5,7-Tetranitro-1,3,5,7-tetrazocane (HMX), a typical nitr-
amine explosive, is extensively used as the main component of
various munitions and propellants in current military applica-
tions.” Owing to the cyclic or cage structure of nitramine, HMX
offers several significant advantages, such as high energy,
density, burn rate, detonation velocity, and detonation pres-
sure. The superior explosive performance of HMX, however,
indicates poor sensitivity to impact, friction, shock waves, and
electrical sparks etc. thus seriously hindering its widespread
application in military and civilian fields.* Therefore, desensi-
tization methods for high-energy explosives have received
considerable interest. Current reports about the desensitization
of high explosives have mainly focused on crystal size and
shape, removal of impurities and defects via recrystallization,
energetic cocrystals, and polymer-bonded explosives."**°
Furthermore, researches have focused on the addition of
common insensitive materials, including wax, stearic acid,
polymers*** and carbon materials to high-energy explosives.
Other studies have focused on the desensitization of high-
energy explosive material via coating techniques, such as
water slurry coating, crystallization coating, spray-drying
coating, and in situ polymerization coating."*"” Nevertheless,
the addition of desensitizing materials results in a poor insen-
sitivity effect, uneven coverage, and low energy release. These
problems affect the sensitivity and stored energy of the high-
energy explosive material.
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sheets along with graphite can be utilized as co-desensitizers in HMX explosives.

Reduced graphene oxide (rGO), a new type of two-
dimensional nanomaterial, occupies a unique place in nano-
science given its exceptional electrical, thermal, chemical and
mechanical properties, as well as rich pore structure and large
surface area.'® These excellent properties indicate that rGO is
a potential desensitizing component for high-energy explo-
sives.™ In recent years, extensive research has been carried out
on the preparation and application of graphene nanomaterials
in energetic materials.**** Examples of these nanomaterials
include insensitive HMX/GO composites, surface-coated
insensitive HMX with Viton and GO, HMX coated with gra-
phene oxide by electrostatic self-assembly, graphene nano-
platelet-lead styphnate composites with depressed electrostatic
hazards, CL-20 hosted in graphene foam, and insensitive -
HNIW with binders and graphite.”>*® Some of the most
important research focus is graphene nanomaterials, which can
be utilized as carriers of energetic components via coating or
encapsulation. The graphene-coated or graphene-encapsulated
energetic components can form advanced nanostructures with
superior performance, thus improving the safety of energetic
systems.

In this study, GO together with G were selected as co-
desensitizers, and through an in situ chemical reduction
coating method, 1,3,5,7-tetranitro-1,3,5,7-tetrazocane/reduced
graphene oxide/graphite (HMX/rGO/G) composites were
successfully prepared. Morphological and structural character-
ization revealed that the surface of the HMX crystal was well
coated by rGO and G, and the DTA results showed that the
decomposition temperature of HMX changed little, which
revealed that the added graphite and graphene oxide did not
influence the energy output of HMX and were compatible with
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HMX. Meanwhile, sensitivity tests also indicated that the coated
energetic system expressed depressed mechanical sensitivity
with a superior balance between high energetic performance
and low sensitivity.

HMX(O) € > N,HH0

HMX(o N,H,H,0,

water-bath
90°C

somca’uon somcaﬁon

Fig. 1 Preparation procedure of HMX/rGO composite.
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Results and discussion
Preparation

HMX/rGO composites were successfully prepared via an in situ
chemical reduction coating method. The overall process of
synthesis was simple, including three stages. The first step was
the key ultrasonic stage which decided the coating effect, and
the second step—the real reaction stage—was where GO was
reduced by hydrazine hydrate and the in situ coating process
occurred simultaneously. Then, the final step was the treatment
of the reaction solution including centrifugation, washing, and
vacuum-drying. HMX/rGO/G was also prepared via an in situ
chemical reduction coating method. To highlight the desensi-
tization effect of G, a blank experiment—the preparation of
HMX/G—was executed under the same experimental conditions
via the in situ chemical reduction coating method. The observ-
able experimental phenomenon indicated the completion of
sample preparation was the change in solution color and the
final mixed solution contained a black precipitate after the

Fig.2 SEMimages of (a) HMX, (b) rGO sheets, (c) graphite, (d) HMX/rGO, (f) HMX/rGO/G EDS spectrum of HMX/rGO (e) and HMX/rGO/G (g), the
corresponding elemental mapping images for C, N and O of HMX/rGO (h—j) and HMX/rGO/G (k—-m).
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reaction. The preparation of HMX/rGO composites and an
image of the reaction solution are shown in Fig. 1. Fig. 1 also
presents the preparation of HMX/rGO/G. The specific experi-
mental details of the prepared composites are provided in the
experimental section.

Morphological analysis

Field-emission scanning electron microscopy (FE-SEM) was
employed to characterize the morphology and composition of the
products. Fig. 2a and b show SEM images of HMX and rGO sheets.
HMX was irregular and angular in shape, and the rGO sheets were
flat with wrinkling and folding on the surface and edge. The SEM
images of G (Fig. 2c) revealed a layered structure. The angular
HMX gradually turned into the rounded HMX/rGO (2d) and
spherical HMX/rGO/G (2f) via the in situ chemical reduction
coating process. To further test the outcome of the coating, energy
dispersive spectroscopy (EDS) was performed and elemental
mapping images for C, N, and O were obtained. The EDS spectra
of HMX/rGO and HMX/rGO/G are shown in Fig. 2e and g, where
the ratio of C, N, and O changed because of the changing C
content. The C contents of HMX/rGO (27.8%) and HMX/rGO/G
(57.37%) were markedly higher than that of HMX (16.2%)
because GO and G are mainly composed of carbon. The elemental
mapping images of HMX/rGO and HMX/rGO/G were presented in
Fig. 2(h-j) and (k-m). The C elemental mapping images of HMX/
rGO and HMX/rGO/G were more uniform and compact than those
of the N and O elemental mapping images. This indicated that
HMX coated by rGO and G had been successfully prepared.

Structure analysis

X-ray photoelectron spectroscopy (XPS) is a well-known char-
acterization method for the surface of microparticles. XPS
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efficiently detects the coating structure of numerous inorganic
and organic systems.” To further illustrate the structure
between two units, XPS was used to characterize the elemental
content of the samples. The results are shown in Fig. 3. Fig. 3a
and b show the XPS spectrum of HMX and HMX/rGO, in which
the characteristic peaks at the binding energies of 286.9, 406.2
and 535.3 eV correspond to C 1s, N 1s, and O 1s, respectively.
The peak intensities of C 1s, N 1s, and O 1s in the two spectra
were different, especially the C 1s peak. This indicated that the
C, N and O contents have altered. As determined via XPS, the
actual C, N, and O contents of HMX/rGO were 46.49, 24.8 and
28.71 wt%, respectively, whereas those of HMX were 34.83,
31.46, and 33.71 wt%, respectively. These data were also
consistent with the changes in peak intensity. Meanwhile, the C
1s spectra of HMX/rGO (3c) showed characteristic peaks at
284.5, 285.9, 288.1 eV which corresponded to C-C, C-OH and
C=O0 bonds, respectively. Fig. 3d shows the C 1s spectrum of
rGO that was adapted from ref. 23. Four different components
at binding energies of 284.5, 285.1, 286.3, and 288.2 €V corre-
spond to sp’> hybridized C atoms, C-OH (alcohol/phenol),
C-O-C (epoxy/ether) groups, and C=O (carbonyl/carboxyl),
respectively.** Both HMX/rGO (3c) and rGO (3d) possessed the
same peaks at 284.5 (C-C), 285.9 (C-OH) and 288.2 (C=0).
Moreover, the C-C peak intensity in HMX/rGO (3c) was as
strong as that in rGO (3d). These outcomes indicated that GO
has been reduced to rGO and the surface of HMX crystal was
also coated by rGO during the in situ chemical reduction coating
process.

Raman spectroscopy, which is based on inelastic light scat-
tering, is a rapid and nondestructive route for graphene char-
acterization.* Carbon allotropes exhibit universal Raman shifts
ataround 1350 cm ™' and 1580 cm ™}, which are known as the D
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Fig. 3 XPS spectra of HMX (a) and HMX/rGO (b), the C 1s spectra of HMX/rGO (c) and reduced GO (d) adapted from ref. 23.
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Fig. 4 Raman spectra patterns of graphite, GO, rGO, HMX, HMX/rGO
and HMX/rGO/G.

and G peaks, respectively. The intensity and width of these
peaks allow specific classification. The G band arises from the
doubly degenerate E; phonon of sp” carbon atoms.* The D
band results from disorder on the atomic level. These atomic
disorders include edge effects, ripples, functional groups, and
charge puddles.*** In the present study, the structures of the
prepared samples were investigated by Raman spectra. The
outcomes of the tests are shown in Fig. 4. As shown in Fig. 4, the
characteristic sharp peaks of carbon allotropes exhibit universal
Raman shifts in the vicinity of the D and G peaks in the spectra
of G, GO, and rGO. The change in D/G intensity ratio (Ip/Ig)
between GO and rGO suggested that GO has been reduced to
rGO. Both the Raman spectra of HMX/rGO and of HMX/rGO/G
displayed the two stronger distinctive peaks of rGO. Mean-
while, compared with the characteristic sharp peak intensity of
HMX Raman shifts at around 833 cm ™', 881 ecm ' and 951
ecm™’, the characteristic sharp peak intensities of HMX/rGO
Raman shifts at the three positions were distinctly reduced,
and the intensities of the HMX/rGO/G Raman shifts at the same
three positions were lower than those of raw HMX. These results
showed that the surface of the HMX crystals may have changed
and indicated that rGO along with G was coated on the surface
of HMX during the in situ reduction coating process.

To further confirm the relationship between the two indi-
vidual units and investigate the crystal structure and compo-
nent state of the prepared samples, X-ray diffraction (XRD)
analyses were conducted. The XRD patterns of the above
samples are shown in Fig. 5. The figures show that the GO and
rGO sheets possess an amorphous structure with characteristic
sharp peaks at 20 = 10° and 26 = 22°, whereas HMX (mono-
clinic, P2,/c) shows a clear crystalline structure with character-
istic diffraction peaks that were determined in previous work
(JCPDS card no. 42-1768, respectively). After in situ reduction
coating, the typical diffraction peaks of the explosive crystals
were preserved, indicating that the coated products maintained
high crystallinity. Interestingly, the diffraction intensity of
several peaks changed slightly after rGO coating. Compared
with that of raw HMX, the sharp peak intensity of HMX/rGO
increased at 2¢ = 14.7° and decreased at 20 = 23°. In
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Fig.5 XRD spectra patterns of graphite, GO, rGO, HMX, HMX/rGO and
HMX/rGO/G.

addition, the peak intensity of HMX/rGO/G decreased at 20 =
23° and 26 = 27°. Crystals in the powder samples present an
original orientation distribution and this change is likely
caused by rGO and graphite coating on the crystal surface. More
specifically, the increased peak intensity of the composites
likely resulted from the exposure and detection of crystals in
their preferred orientation, leading to the variations in diffrac-
tion intensity.'® Meanwhile, the XRD patterns of HMX/rGO and
HMX/rGO/G revealed the absence of the characteristic sharp
peaks of GO, rGO, and G at approximately 26 = 10°, 22°, and
26°, respectively. These results confirmed that rGO with G were
well composited with HMX. Similar results were also found in
a previous report.>**?

Thermal analysis

Thermal performance is regarded as a key property for energetic
materials and influences their preparation, storage, processing
and application.*** Therefore, the thermal stabilities of the
prepared samples were investigated via differential thermal
analysis (DTA). The DTA analyses were performed under an air
flow of 50 mL min~" with approximately 2 mg of sample and o-
Al, O3 as the reference material. As shown in Fig. 6, two peaks
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Fig. 6 DTA curves for HMX, HMX/rGO and HMX/rGO/G.
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Fig. 7 DTA curves for HMX/rGO (a) and HMX/rGO/G (b) at different heating rates.

were found in the DTA curve of HMX: a sharp endothermic peak
at approximately 547.7 K, which corresponds to melting; and
a decomposition peak at 554.6 K. These results are consistent
with the literature values.?*3” After the addition of rGO and G,
the thermal decomposition peak temperatures of HMX/rGO
(554.1 K) and HMX/rGO/G (553.7 K) did not markedly change
compared with the decomposition peak at HMX (554.6 K),
where the change between the samples was less than 2 K, and
this negligible change indicated the compatibility of rGO and G
with HMX.?73839

To determine the kinetic parameters of the thermal
decomposition of the samples, thermal performance was
further evaluated using the Kissinger method.*® Kissinger's
equation*"* is presented as follows:

g AR E,

ln<T—pz) = ln(Ea) ~RT, )]
where § is the heating rate (K min~"), T, is the temperature of
the exothermic peak (K), R is the ideal gas constant (8.314 ]
mol™' K™'), E, is the activation energy, and A is the pre-
exponential factor. The DTA analyses of prepared samples
under 5,10, 15 and 20 K min ™" heating rates are shown in Fig. 7.
According to eqn (1), In(8/T,%) varies linearly with 1/T},, yielding
the kinetic parameters of the activation energy (E,) from the
slope of the straight line and pre-exponential factor from the
intercept. The calculated activation energies of HMX/rGO and

Table 1 Mechanical sensitivities of HMX and prepared composites

Impact Friction
Samples Proportion sensitivity (%) sensitivity (%) Reference
HMX 100 100 100 43 and 44
HMX/ 99/1 100 100 43
[60]fullerene 1
HMX/ 99/1 90 100 43
[60]fullerene 2
HMX/ 99/1 60 70 43
[60]fullerene 3
HMX/CNTs-1  99/1 72 76 44
HMX/CNTs-5  95/5 28 72 44
HMX/rGO 98/2 16 100
HMX/G 98/2 40 30
HMX/rGO/G 98/1/1 8 0

This journal is © The Royal Society of Chemistry 2017

HMX/rGO/G were 341.2 k] mol™" (R* = 0.991) and 328.7 kJ
mol ' (R* = 0.992), respectively. Compared with the activation
energy of HMX 350.9 k] mol " (R* = 0.999),?® the small change
in activation energy of the prepared samples showed that the
added rGO with G did not affect the decomposition of HMX.

Sensitivity analysis

Sensitivity is a key index of explosive safety and considerably
influences the storage, transportation, packaging, and applica-
tion of energetic materials. Therefore, an impact sensitivity test
was conducted in accordance with the GJB-772A-97 standard
method as follows: a 50 mg sample was placed between steel
anvils and hit by a 10 kg hammer that was dropped from
a height of 25 cm. Friction sensitivity was then investigated as
follows: a 30 mg sample was placed between steel anvils and hit
by a 1.5 kg pendulum hammer fixed on 90° tilt angle. Gauge
pressure was 3.92 MPa. Twenty five samples were tested for
friction sensitivity and impact sensitivity, and the explosion
probability (P, %) was calculated as a sensitivity indicator. A
larger P indicated higher sensitivity.”® The sensitivity results for
the samples are listed in Table 1. Furthermore, to provide
a rough estimate of the desensitizing effect of rGO and G, the
mechanical sensitivities of HMX/[60]fullerene and HMX/carbon
nanotubes (CNTs) are summarized in Table 1. These results
indicate that rGO sheets along with G present distinct advan-
tages over [60]fullerene and CNTs as co-desensitizers in
explosives.

As can be seen from Table 1, the impact sensitivities of HMX/
rGO evidently decreased compared with those of raw HMX.
When the added GO content was 2.0 wt%, the explosion prob-
ability of impact sensitivity decreased from 100% to 16%, but
friction sensitivity did not change markedly. To decrease the
friction sensitivity, we introduced G into the system. Both the
impact and the friction sensitivities of HMX/G decreased,
especially the friction sensitivities. With the addition of 2.0 wt%
G, the explosion probability of friction sensitivity decreased
from 100% to 30%. Therefore, the final formula HMX/rGO/G
was synthesized. When 1.0 wt% G and 1.0 wt% GO were
added, the explosion probability of HMX/rGO/G impact sensi-
tivity decreased from 100% to 8%, and the explosion probability
of HMX/rGO/G friction sensitivity decreased from 100% to 0%.
This finding indicated that rGO with G as co-desensitizers

RSC Aadv., 2017, 7, 32275-32281 | 32279
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exerted an excellent desensitization effect on HMX. This
desensitization effect might result from the high specific
surface area of rGO, which could form a dense layer on the HMX
surface and transmit heat between each HMX crystal under
certain stimuli. Therefore, fewer hot spots could be generated,
leading to a great reduction in the sensitivity.*> rGO sheets can
be readily extended to up to hundreds of microns in the lateral
dimension.***” When mechanical forces act on the explosives,
larger rGO sheets are beneficial for dissipating the energy.

Conclusions

Insensitive HMX/rGO/G composites were successfully prepared
via in situ reduction of GO. The results of SEM, XRD, and Raman
spectra analysis revealed that raw HMX was evenly coated by
rGO together with G. Meanwhile, the DTA results indicated that
rGO and G were compatible with HMX. Compared with [60]
fullerene and CNTs, rGO sheets along with G were better co-
desensitizers in explosives. When 1.0 wt% GO and 1.0 wt% G
were added, through in situ chemical reduction, the impact
sensitivity of raw HMX decreased from 100% to 8% and the
friction sensitivity decreased from 100% to 0%. The reasons for
the insensitivity, however, are not yet fully understood. Thus,
further studies should investigate desensitizing mechanisms.
The results of the present study provide a route for adjusting the
sensitivity of high-energy explosives.

Experiment section
General

Graphene oxide (GO, 1-2 layers) with a content of over 99%,
graphite (99%) and hydrazine hydrate (85%) were purchased
from the market. The raw HMX was provided by the Institute of
Chemical Materials, Chinese Academy of Engineering Physics.
Ultrapure water (18.25 MQ cm) was prepared by a Millipore
Milli-Q system and used throughout the experiment. Ultrasonic
dispersion was conducted with an SK-250H ultrasonic bath (250
W) and centrifugation was conducted on a SF-TGL-16M high-
speed refrigerated centrifuge at a rotation speed of 9000 rps
for 6 minutes. Field-emission scanning electron microscopy
(FE-SEM) and energy dispersive spectroscopy (EDS) images for
measuring the morphology and element of the samples were
made on an Ultra 55 microscope system (Zeiss, Germany). X-ray
photoelectron spectroscopy (XPS) was acquired from a Thermo
VG 250 (USA) instrument. X-ray diffraction (XRD) patterns were
obtained by using X'Pert Pro X-ray diffractometer (PANalytical,
Netherlands). Raman spectra were recorded by an Invia Raman
Spectrometer (Renishaw, England) with an excitation wave-
length of 785.5 nm and a wavelength range of 100 cm ™" to 3000
cm ' Differential thermal analysis (DTA) curves were recorded
on a WCR-1B analyzer at heating rates of 5, 10, 15 and 20 K
min~" under an air flow 50 mL min~ " with the reference a-
Al,O5. The impact sensitivity of the samples was tested with
a WL-1 drop hammer impact instrument and the friction
sensitivity was determined on a WM-1 pendulum friction
apparatus.
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Preparation of HMX/rGO

10 mg of GO (the theoretical mass fraction was 2%) was put into
50 mL of ultrapure water and ultrasonically dispersed for 1 h,
until the GO was completely dispersed in water. Then, 490 mg of
HMX was added into the mixed solution and uniformly ultra-
sonically dispersed for 1 h with the help of ultrasonic vibration.
Afterwards, 200 pL of hydrazine hydrate was added into the
mixed solution and the above solution was heated in a water
bath at 90 °C with magnetic stirring. The reaction continued
under reflux for 2 h and the reaction solution was cooled to
room temperature. After centrifugation, washing, and evapo-
ration in vacuo at 50 °C, 355.3 mg of HMX/rGO was obtained as
a black solid with a yield of 71%.

Preparation of blank HMX/G

10 mg of graphite (G) was added into 50 mL of ultrapure water
and ultrasonically dispersed for 1 h. Then, 490 mg of HMX was
added into the mixed solution and uniformly ultrasonically
dispersed for 1 h with the help of ultrasonic vibration. After-
wards, 200 uL of hydrazine hydrate was added into the mixed
solution and the above solution was heated in a water bath at
90 °C with magnetic stirring. The reaction continued under
reflux for 2 h and the reaction solution was cooled to room
temperature. After centrifugation, washing, and evaporation in
vacuo at 50 °C, 405.5 mg of HMX/G was obtained as a hoary solid
with a yield of 81%.

Preparation of HMX/rGO/G

5 mg of GO and 5 mg of graphite (G) were put into 50 mL of
ultrapure water and ultrasonically dispersed for 1 h, until the
GO was completely dispersed in water. Then, 490 mg of HMX
was added into the mixed solution and uniformly ultrasonically
dispersed for 1 h with the help of ultrasonic vibration. After-
wards, 200 uL of hydrazine hydrate was added into the mixed
solution and the above solution was heated in a water bath at
90 °C with magnetic stirring. The reaction continued under
reflux for 2 h and the reaction solution was cooled to room
temperature. After centrifugation, washing, and evaporation in
vacuo at 50 °C, 365.6 mg of HMX/rGO was obtained as a black
solid with a yield of 73%.
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