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posite formed of wrinkled rGO
sheets wrapped around copper azide nanowires
with higher electrostatic safety as a green primary
explosive†

Xuwen Liu, ab Yan Hu,*ab Tingting Li,ab Yinghua Yeab and Ruiqi Shenab

A green primary explosive with high energy density and electrostatic safety was synthesized in this work. A

precursor consisting of wrinkled reduced graphene oxide sheets wrapped around copper nanowires

(CuNWs@rGO) was fabricated through a facile one-pot hydrothermal approach. The as-prepared

precursor was deposited on a silicon wafer by electrophoretic deposition technology, which significantly

reduced the safety risks of directly handling the powder sample in the azide reaction. Wrinkled rGO

sheets wrapped around copper azide nanowires (CANWs@rGO) were prepared in situ by reaction of the

precursor with HN3 gas. The initiation capability was tested by using it to detonate hexogen (RDX)

against a lead plate with a thickness of 5 mm, and its detonation performance was found to be better

than that of commercial diazodinitrophenol (DDNP). The electrostatic sensitivity of the CANWs@rGO

composite was investigated, and the result shows that the discharge energy at 50% (E50%) of

CANWs@rGO was 0.96 mJ, which indicates that it has a much higher electrostatic safety than that of

pure copper azide (0.05 mJ).
1. Introduction

A primary explosive is an essential element in explosive systems
which is extremely sensitive to stimuli.1–3 Once initiated, the
primary explosive can rapidly transition from deagration to
detonation, and consequently initiate a more substantial charge
of a less sensitive secondary explosive that is usually safer to
handle. Due to their excellent initiation efficiency and high
ame sensitivity, lead azide (LA) and LS are the most commonly
used primary explosives which have been used for more than
one century.4–7 However, the use of these explosives is harmful
to the environment and public health because of the toxicity
and carcinogenicity of lead. Moreover, the energy density of
lead-containing primary explosives can hardly meet the
requirements of the micro-initiator for energy due to the
miniaturization of the ignition device.8–12 Hence, developing
a green substitute for lead-based primary explosives with high
safety and energy density is urgently needed.

Copper azide (CA) as a replacement of primary explosives
containing lead has shown advantages in terms of initiation
properties and environmental friendliness.13–16 Its high output
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energy enables CA to meet the dosage limitation and assembly
requirements in miniaturized explosive systems.17–21 Unfortu-
nately, its high electrostatic sensitivity, which is a crucial
parameter to assess safety performance, limits the wide range of
applications of CA, only 0.05 mJ discharge energy caused by
collision and friction will induce an explosion. Previous studies
have investigated some strategies for reducing the sensitivity of
several existing primary explosives.22–24 For instance, graphene
and carbonized metal–organic frameworks (MOFs) have been
utilized as a carbon conductive matrix by us and others to
prepare energetic composites with low sensitivity.1,25,26 Copper
oxide particles were loaded into oriented carbon nanotubes
with open ends prepared using a self-supporting alumina lm
as a template to reduce copper oxide to copper in a hydrogen
atmosphere.27 In order to simplify the preparation of CA@CNT
composites, copper particles were also deposited in oriented
carbon nanotubes directly by electrochemical deposition and
then underwent azidation by hydrogen azide gas.28 In spite of
these developments, there are still few reports of an insensitive
energetic composite based on CA.29,30 Moreover, most of these
methods require tedious synthesis processes and involve high
costs and safety risks during preparation.

The crucial factor for promoting the properties of CA is the
precursor.31–34 CA can be in situ fabricated by a gas–solid phase
azide reaction. Nanowires or nanorods provide the essential
advantages of a high surface area and features that facilitate
self-assembly.35–38 The effectiveness of the nanowire
This journal is © The Royal Society of Chemistry 2020
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morphology to react with gaseous HN3 appears to be particu-
larly advantageous where particle morphology sometimes
fails.39 The application prospects of self-assembled functional-
ized graphene sheet nanocomposites in energetic materials are
extensive.40,41 CuNWs@rGO with its extraordinary electrical
properties and small charge transfer resistance value provided
by rGO,42 as the precursor, can effectively depress static elec-
tricity accumulation on the surface of CA, thereby reducing the
electrostatic sensitivity of the energetic composite.

The work presented in this paper used CuNWs@rGO ob-
tained through a simple one-pot hydrothermal reduction as the
precursor. The high sensitivity of CA posed signicant safety
risks. Hence, the CuNWs@rGO precursor was deposited on
a silicon substrate by electrophoretic deposition, a binder-free
coating method,43 which greatly reduced the uncertainty of
directly handling the powder sample. Aer 48 h of the in situ
azide reaction, the CuNWs@rGO precursor was reacted with
HN3 gas and completely transformed into copper azide nano-
wires (CANWs)@rGO. The samples were characterized and
tested by scanning electron microscopy (SEM), transmission
electron microscopy (TEM), X-ray diffraction (XRD), differential
scanning calorimetry (DSC), Raman spectroscopy, and an elec-
trostatic sensitivity tester. The detonation capability was also
evaluated by testing its ability to detonate secondary explosives
(RDX).
2. Experimental
2.1 Synthesis of CuNWs@rGO

The GO (15 mL, 5 mg mL�1) was dispersed in ultrapure water
and ultrasonicated for 20 min. Cu(NO3)2 (30 mL, 0.1 M) was
added into the beaker containing GO. The mixture was stirred
unceasingly for 30 min under magnetic stirring. Cu2+ ions were
attached to the functional groups on the GO surface through
electrostatic interactions. Then EDA (15 mL, 0.13 M) was added,
leading to a color change to deep violet (for Cu(EDA)2

2+) with
stirring for 15 min (Fig. S1†). The as-prepared mixed solution
was transferred to a three-necked ask containing NaOH (300
mL, 15 M) and heated in a water bath at 80 �C for 1 h. Catechin
(0.6 g) was added to the solution and used as a reducing agent,
then ultrasonicated again in a water bath at 80 �C for 1 h. Upon
hydrothermal treatment, rGO was obtained by reducing gra-
phene oxide and simultaneously CuNWs grew readily using
EDA as the complexing agent for Cu2+. The solution was cooled
to room temperature naturally, then the CuNWs@rGO
composite was precipitated through centrifugation. Aer
repeated centrifugation/washing cycles, the unreacted catechin
and excess EDA were removed. The samples were re-dispersed
and ultrasonicated in ultrapure water for 15 min and then
transferred to centrifuge tubes. All samples prepared were kept
under N2 in a glovebox.
2.2 Electrophoretic deposition

In the general process of depositing the composites by elec-
trophoretic deposition (Fig. 1), a monocrystalline silicon wafer
was adopted as the cathode while graphite was used as an anode
This journal is © The Royal Society of Chemistry 2020
material. Aluminum nitrate (2.4 mg) was dispersed in a mixture
of ethanol (10 mL) and acetone (20 mL), then NaOH (100 mL,
0.005 M) was added into the solution to adjust the PH. The
electrophoretic suspension was prepared by adding the as-
prepared CuNWs@rGO (80 mg) composites to the solution
with stirring for 15 min and ultrasonicating for 20 min. The two
electrodes were inserted vertically into the suspension and
placed parallel to each other with a constant distance of 20 mm.
The CuNWs@rGO lms were electrophoretically deposited at
25 V for 20 min on a monocrystalline silicon wafer (the size was
30 mm � 13 mm � 0.2 mm) from the CuNWs@rGO suspen-
sion. Through the deposition–drying–deposition treatment, the
thickness of the as-deposited CuNWs@rGO lm can be
controlled.
2.3 In situ synthesis of CANWs@rGO

The in situ gas–solid phase azidation reaction was carried out in
a custom device for 48 h. Ultrapure sodium azide (0.2 g mL�1)
was dispersed in deionized water to a total volume of 10 mL. A
glass dish containing the solution was placed at the bottom of
the device. The sample was placed on a polyurethane sieve xed
in the middle of the reaction vessel. The azidation reaction was
air-sensitive in terms of the energetic products, so all joints
must be greased to prevent contamination by O2. The right neck
of the device was connected to a glass tube inserted into
a beaker containing KOH, which had the effect of ltrating the
unreacted HN3. Before the reaction, N2 was introduced from the
le neck to ensure an inert atmosphere in the reaction vessel.
HNO3 (30 mL, 4 M) was added dropwise (from a dropping
funnel) to the glass dish. The reaction vessel was heated by an
oil bath at 100 �C for 48 h. Once the azidation reaction has
started, the air-tight seal of the device must be ensured. In order
to take out the azide product safely aer the reaction, a positive
ow of inert gas must be introduced again to ultimately ensure
there is no more unreacted gaseous HN3 in the device.
3. Results and discussion
3.1 Structural characterization of the CuNWs@rGO and
CANWs@rGO composite

The morphologies of the fabricated energetic composites
depend primarily on the morphologies of the CuNWs@rGO
precursors.

The presence of EDA is necessary for the anisotropic growth
of CuNWs. Fig. S3–S7† display the representative TEM images of
CuNWs and urchin-like copper nanoparticles grown using
constant concentrations of Cu(NO3)2 (30 mL, 0.1 M) and cate-
chin (6 mM) and increasing concentrations of EDA. In the
composite, CuNWs with fewer tiny nano-thorns were prepared
in the presence of 1.8 mM EDA. When a higher concentration of
EDA (3.6 mM) was applied, the nano-thorns on CuNWs became
denser and thicker. Nanowires are approximately 1 mm and
100 nm in length and diameter. As depicted in Fig. S7,† in the
presence of a higher concentration of EDA (7.2 mM), copper can
be found in the form of urchin-like nanoparticles with diame-
ters about 400 nm. These results suggest that nano-thorns were
RSC Adv., 2020, 10, 30700–30706 | 30701
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Fig. 1 A schematic diagram of the electrophoretic deposition process.
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grown from the exposed side faces of CuNWs under low
concentrations of EDA, showing that EDA molecules preferen-
tially cover their side faces. The higher the EDA concentration,
the more molecules cap the end of the wire, leading to the
formation of urchin-like nanoparticles.

To provide meaningful insights into the growth mechanism
of CuNWs, we also studied the effect of reaction time on the
morphology of copper. To investigate the anisotropic growth
characteristics and propose a possible formation mechanism of
CuNWs, we evaluated the effect of reaction time on the
morphology change of CuNWs. Under optimal conditions, the
mixture was continuously stirred at 80 �C for various reaction
time durations (15 min, 30 min, and 60 min), and the products
were further characterized by electron microscopy, respectively.
A possible formation mechanism of CuNWs was proposed by
studying the morphology evolution of copper under different
reaction times. TEM images of these precipitates (Fig. 2)
revealed the anisotropic growth process of the CuNWs. Aer
reaction for 15 min, urchin-like Cu nanoparticles 1.5 mm in
diameter were observed (Fig. 2(a)). Upon heating the solution
for 30 min, as shown in Fig. 2(b), the urchin-like seeds under-
went a rolling process, conical copper wires that grew out of
nanoparticles were formed. Aer being reacted for 60 min,
CuNWs with thick nano-thorns were found to be longer and
thinner and no nanoparticles were observed, as depicted in
Fig. 2(c).

Fig. 2(e and f) displays higher magnication TEM images of
the CuNWs@rGO precursor composite, revealing that the
CuNWs were wrapped with an ultra-thin layer of wrinkled
sheets of rGO, supported by the SEM image depicted in
Fig. 2(h). From the high-resolution transmission electron
microscopy (HRTEM) image (Fig. 2(d)), the interplanar spacings
of the composite are determined to be 0.34 nm and 0.208 nm,
which correspond to the crystallization of rGO and the (111)
30702 | RSC Adv., 2020, 10, 30700–30706
plane of Cu. The bright lattice fringes indicate that the
composite material has high-grade crystallinity.

The nitric acid solution reacts with NaN3 to produce gaseous
HN3 at normal temperatures (reaction eqn (1)). The gas–solid
phase azide reaction of CuNWs with gaseous HN3 can synthe-
size CA (reaction eqn (2)).

HNO3 + NaN3 / HN3 + NaNO3 (1)

Cu + 3HN3 / Cu(N3)2 + NH3 + N2 (2)

Aer the azidation reaction, the SEM images reveal that the
morphology of the nanowire precursor was still retained
(Fig. 2(i)). The diameter of the CuNWs precursor increased and
more protrusions were formed on the surface due to grain
growth. The microstructure and compositional distribution of
the energetic composites were further investigated by TEM-
energy dispersive spectroscopy (EDS) mapping. Elemental
mapping indicates that the CANWs@rGO composite was
mainly composed of C, N and Cu (Fig. 2(g)). Cu and N were
homogeneously distributed in the CANWs, and the density was
relatively high. Due to the coating of rGO, C was widely spread
in the CANWs@rGO composite.

Fig. 3(a) shows the XRD pattern of the azide product of the
CuNWs@rGO composite. It can be seen from the gure that
strong characteristic diffraction peaks appeared at 11.785�,
16.371�, 27.946�, 31.936�, and 36.727�, which correspond to the
(110), (120), (230), (021) and (131) crystal planes of Cu(N3)2,
respectively, which indicates that Cu(N3)2 was formed aer 48 h
of the gas–solid phase azide reaction. The sample was charac-
terized when the reaction progressed to 36 hours, and the
results show that the product was cuprous azide (Fig. S13†).

We acquired the Raman spectrum of GO and CuNWs@rGO,
which revealed that GO was reduced into rGO using catechin as
the reducing agent. The oxygen anions of catechin readily
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 TEM images of the copper morphology after (a) 15; (b) 30; and (c, e and f) 60 min of reaction; (d) HRTEM of CuNWs@rGO; (g) TEM-EDS
mapping of CANWs@rGO; and SEM images of (h) CuNWs@rGO and (i) CANWs@rGO.
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opened the functional groups on the surfaces of GO through
SN2 nucleophilic substitution. As displayed in Fig. 3(b), the
Raman spectra reveal two distinct peaks corresponding to the D
band (due to the doubly degenerate E2g mode at the Brillouin
zone center) and the G band (arising from the defect-mediated
zone-edge phonons). The D- and G-bands are at 1347 and
1584 cm�1, respectively, for GO, while they are at 1339 and
1592 cm�1, respectively, for CuNWs@rGO. The D-band and G-
band intensity ratios (ID/IG) of the GO and CuNWs@rGO are
0.85 and 0.81, respectively, revealing that some of the oxygen-
containing groups can be removed when a prolonged reduc-
tion is performed under heating, leading to a decrease in the ID/
IG value. The electric conductivity of graphene is strongly
dependent on the quality of its sp2 carbon domain, which can
be evaluated by ID/IG. The electrical transport property of GO
was enhanced by removing the oxygenic groups. The electrical
transport property of GO was enhanced by removing the
oxygenic groups. This result indicates that the graphitization
degree of GO was improved during the reduction process.

3.2 Properties of the CANWs@rGO composite energetic
materials

Fig. 3(c) shows the results of the DSC analysis of the CAN-
Ws@rGO composite energetic materials and the heating rate
was 5 �C min�1. It can be seen from Fig. 3(c) that there is only
This journal is © The Royal Society of Chemistry 2020
one exothermic peak in the heating process, the exothermic
reaction starts from 172.9 �C, the termination temperature is
207.1 �C, the peak temperature is about 190.4 �C, and the
shaded portion of the exothermic peak curve has been inte-
grated and the exotherm is about 1497.1 J g�1. The results show
that CANWs@rGO has a sharp heat release process. In this
work, 0.14 mg of the sample was tested by DSC. The DSC results
for a smaller amount (0.1 and 0.12 mg) of the samples shows
that the onset (172.7 and 173.1 �C) and peak temperature (187.3
and 189.2 �C) of the exothermic process are slightly advanced,
and the amount of the exotherm remains basically unchanged
(1479.8 and 1489.8 J g�1) (Fig. S14†). The DSC result shows that,
as a composite energetic material, the energy release of CAN-
Ws@rGO is lower than that of the pure CA lm previously re-
ported (1650 J g�1),15 but higher than that of the CuN3 lm (1200
J g�1).16

As a detonator, the two most notable performances are
detonation capability and safety. In order to test the detonation
ability of CANWs@rGO, it was used as a primary explosive to
detonate the secondary explosive (RDX) loaded in the detonator.
The detonation effect was evaluated through the experiment of
the lead plate. The detonator designed in this work is shown in
Fig. 3(d). The diameter of the iron tube was about 6mm, and the
thickness of the lead plate was about 5 mm, pyrotechnics were
used to stimulate the CANWs@rGO primary explosive. The
RSC Adv., 2020, 10, 30700–30706 | 30703
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Fig. 3 (a) The PXRD pattern of CANWs@rGO (JCPDS card no. 21-0281); (b) the Raman spectrum of GO and CANWS@rGO; (c) the DSC curve of
CANWs@rGO; and (d) a schematic diagram of the detonation ability test process of CANWs@rGO.

Fig. 4 A schematic diagram of the mechanism of electrostatic sensitivity for CA and CANWs@rGO.

30704 | RSC Adv., 2020, 10, 30700–30706 This journal is © The Royal Society of Chemistry 2020
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experimental results showed that 50 mg of the CANWs@rGO
primary explosive could successfully detonate 500 mg of RDX.
Compared with commercial DDNP (70 mg),44 CANWs@rGO
showed a better detonation performance, which emphatically
proves that CANWs@rGO as a primary explosive has an excel-
lent ability to detonate secondary explosives.

In order to test how much the electrostatic safety of the
CANWs@rGO composite energetic materials has been
improved compared to pure CA, we conducted a test of elec-
trostatic sensitivity (Fig. S9, Tables S1 and S2†). As illustrated in
Fig. 4, the 50% electrostatic ignition energy of the composite
energetic material was 0.96 mJ, signicantly higher than that of
pure Cu(N3)2 (0.05 mJ).1 For the CANWs@rGO composite
energetic materials, due to the conductivity of rGO, the elec-
trostatic charge did not accumulate on the CA surface, which
caused the primary explosive to explode, and the charge was
dispersed on the surface of rGO. Therefore, the electrostatic
safety of CANWs@rGO can be effectively improved.
4. Conclusions

CuNWs provide the essential advantage of a relatively high
surface area. The effectiveness of the nanowire morphology to
react with gaseous HN3 and be wrapped by wrinkled rGO sheets
appears to be particularly advantageous. The work presented in
this paper used CuNWs@rGO obtained through a simple one-
pot hydrothermal reduction as the precursor. Aer 48 h of the
in situ gas–solid phase azide reaction, the precursor completely
transformed to an energetic composite, rGO with its extraordi-
nary electrical properties can effectively depress static electricity
accumulation on the surface of CA, thereby reducing the elec-
trostatic sensitivity of the energetic composite. As a primary
explosive, CANWs@rGO also demonstrated a better detonating
ability than commercial DDNP. In summary, we have designed
and obtained a high-energy and insensitive primary explosive,
which shows broad application prospects.
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