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ABSTRACT

Researching on green primary explosives with lead-free and excellent ignition performance is of
significance for practical applications. In this work, we have developed a novel, green and facile
strategy to synthesize copper azide@porous carbon hybrids (CA@PC) based on ionic
crosslinked hydrogel with the low-cost cellulose derivatives as starting material, in which the CA

nanoparticles are uniformly distributed in the porous carbon skeletons. The detailed
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characterizations and control experiments demonstrated that such outstanding performance
origins from the excellent electric conductivity of nano-scale carbon cages. With the favorable
unique structures, the as-prepared hybrids can greatly benefit the new type of energetic materials,
which exhibit much low electrostatic sensitivity of 1.06 mJ. Interestingly, it possesses the high
ignition ability and the flame sensitivity can even achieve 47 cm, superior to those well-
developed CA based materials reported previously. This work paves the way toward the

designing and developing next generation highly efficient energetic materials.

1. Introduction

The solid energetic materials, especially nitrogen-rich salts and compounds, are sensitive and
powerful primary explosives. Among them, the energetic materials containing lead, such as lead
azide (LA) and lead styphnate (LS), are the most-used effective and reliable primary explosives
at present, which have been utilized in almost all chemical detonators.' However, due to the high
toxicity” and weak power for Micro-Electro-Mechanical System (MEMs),>* a large numbers of
researches are inspired by utilization of novel complex based on typical nitrogen-rich heterocycle
ligands, including 1,1-di(nitramino)tetrazole and 4,5-bis(dinitromethyl)furoxanate derivatives.”™
Nevertheless, owing to the complex synthesis paths and conditions, high cost and environment
factors, these energetic materials are still restricted in practical application. Therefore, it’s urgent
to develop environmental-friendly, easily-prepared and high-level powerful energetic materials

as primary explosive to balance the sensitivities and explosive performances.

As an environment-friendly and brisance energetic material, CA has attracted much attentions

9-12

recently.” ~ However, the inherent high mechanical and electrostatic sensitivity hinder its further

practical applications.'> Although many efforts have been devoted to constructing various CA
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based materials to reduce the mechanical and electrostatic sensitivity, including the synthesis

of CA based composites by mixing with carbon materials (graphene, graphite or activated

16-18 jt is still difficult to

carbons), and the CAs confined into the inside of carbon nanotubes,
realize highly dispersion of CA in the composite systems to achieve high efficient

and security primary explosive.

Porous carbon with high specific surface, excellent mechanical and thermal properties is
regarded as promising candidate support materials, which provides amounts attachment sites for
CAs loading on carbon skeletons and can be prepared easily from some cheap raw materials,
such as sodium alginate (SA),"” cellulose® and cellose-derived materials, by a template-free

chemical carbonization process. 2%

Besides, the honeycomb structural units of porous carbon
act as conductive explosion-proof cages (like Faraday cages: an enclosure used to block
electromagnetic fields) for the sensitive energetic materials because that an external electrical
field would cause the uniform distribution of electric charges within the cage’s conducting
material (such as carbon frameworks) leading to eliminating the field’s effect of the internal
cages. When the electrostatic charges are transferred onto the surface of the sample, it would be
conducted along with the carbon framework as an electrostatic shield. Therefore, introducing
CAs into these nano-scale Faraday cages will largely decrease the electrical sensitivity of the
whole system. In this regard, we have developed an efficient strategy to create the uniform
dispersion of CA on carbons with the enhanced efficiency of azidation and reduced electrical
sensitivity, which is of significance for the future practical applications.'® Therefore, to satisfy
the increasing demands for green and safe primary explosives, the effort on exploring and

researching new fabrication routes for high efficient and secure CA based explosives is urgent,

which is still challenging.
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Herein, we reported a novel three-step synthetic pathway to facilely fabricate copper azide-
porous carbon (CA@PC) hybrids based on ionic crosslinked hydrogel using low-cost cellulose
derivatives as starting material, in which CAs are uniformly distributed on porous carbon
skeletons. By means of this strategy, the CA@PC material is formed with much low electrostatic
sensitivity of 1.06 mJ. Moreover, its flame sensitivity can achieve 47 cm, showing a higher
ignition ability than those previous reported CA based composite materials. This work provides
the opportunity for the facile construction of next generation energetic materials with high

performance and security in various functional energy-related fields.
2. Result and Discussion

The schematic synthesis process of CA@PC is illustrated in Figure 1. For preparation of
CA@PC, the cupric carboxymethyl celluloses (CMC-Cu) hydrogel is first prepared with cupric

2334 in which the metal

acetate as ionic crosslinker without any organic solution (Figure 1a, b),
ions can be well dispersed in the organic molecular chains, similar to the metal organic frames
(MOFs).>>* The detailed process and characterization are shown in supporting information
(Figure S1-84).22'*!"% Considering the slightly ionic-linked hydrogel swelling would lead to
the continued increasing of water content in the whole system until achieving the equilibrium
between H3;0" (including H" ionized from water) and the metal ionics (A", Ca*" or Fe')
binding on hydrophilic groups like -COOH on polymer chains which results in the mechanical
instability and the considerable loss of Cu®" of hydrogel, the CMC-Cu hydrogel is cross-linked
by adding excess Cu®" which acts as coordination sites with carboxyl of CMC chains, leading to
a well-dispersion of Cu*" in hydrogel networks (Figure S2). Interestingly, the as-formed CMC-
Cu hydrogel exhibits high swelling resistance as a result of excessive ionic-linking also shows

23-25

self-healable action to a certain extent during the purifying process (Figure S1). Moreover,
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the residual Na', CH;COO™ and Cu®" of the obtained CMC-Cu hydrogel can be directly removed
by simple rinse-standing treatment, which is totally different with the conventional post process.
After lyophilization, the obtained CMC-Cu hydrogel is then carbonized at 400 °C for 2 h under
nitrogen flow.***> During this process, the copper nanoparticles are gradually doped into carbon
frameworks to form the Cu-porous carbon (Cu@PC) composite (Figure 1c). Detail
characterization and morphology of Cu@PC are shown in support information (Figure S5-8 and
Table S1). Finally, the CA@PC product with CAs highly distributed on the porous carbon

frameworks (Figure 1d) is successfully obtained without any by-products through azidation

46-49

reaction process (Figure S10-12).

b) CMC-Cu

Heating in N,(g)
at400°C

d) CA@PC c)Cu@PC

‘(-CH3COO' @ Cuz* / HN, )v Carbon frameworks ‘Coppernano-particles #Copperazide

Figure 1. a) The molecular structure of commercial carboxymethyl cellulose (CMC), inset is the
digital of CMC solution; b) ionic-linked hydrogel prepared from CMC and Cu*" (CMC-Cu),

inset is the digital of the formed hydrogel; ¢) Cu nano-particles well-distributed in carbon
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frameworks (Cu@PC); d) CA nano-crystals adhering to the carbon frameworks (named as
CA@PC).

The transmission electron microscope (TEM) images in Figure 2a-d show the porous
nanojunction structures of CA@PC with nanosheets cross-linking together. The typical scanning
transmission electron microscopy (STEM) images (Figure 2e and S13) reveal that the C, O, N
and Cu elements are uniformly distributed all over the as-prepared CA@PCs basal plane,
consistent with the TEM images (Figure 2d). Besides, the content of Cu(N3), obtained from
coupled plasma atomic emission spectrometry (ICP) data is about 56.40%, in which the N
content is 32.11%, much higher than LA (28.86%). The X-ray diffraction (XRD) spectra of
CA@PCs exhibit the typical Cu(N3), patterns (Figure 2f), suggesting the successful azidation
reaction process for Cu@PCs. In contrast, the peaks related to copper disappeared, indicating the
copper are completely transformed into CAs without any by-products (such as cuprous azide).
From the XPS data of the final product, it can be seen that the sample only contains CA/C
without other impurities (Figure S12). The differential scanning calorimeter (DSC) curve in
Figure 2g exhibits a sharp peak at 210 °C according to thermal decomposition of CA, also
confirming the successful transformation of copper into CA. In addition, thermal properties of
Cu(N3), in CA@PC composite are also investigated, which still keeps its ignitability. The peak
at 342 °C is related to decarboxylation and oxygen reduction of detonation product, which could
also be found on the DSC curve of CA@PC (Figure 2g) and the DSC curve of Cu@PC (Figure
S9). It means that during ignition process, there will be extra energy released besides the
explosion of CA. The CA@PC exhibits relative high density of 1.85 g cm™ measured by helium

displacement methods, and the heats of formation process of CA@PC is calculated to be
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ca.1392.88 kJ mol™ (or 2.68 MJ kg™). Detail method and data on the calculations are given in

the Supporting Information (Section 1).
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Figure 2. a—d) TEM images; e) energy dispersive X-ray spectroscopy (EDS) mapping; f) P-XRD
pattern (JCPDS card No. 21-0281) and g) DSC curve of CA@PC.

In order to evaluate the stability and ignition performance, the electrostatic and flame sensitivity
of CA@PC are investigated (Figure 3). For comparison, the mixtures of LA/LS and the
CA/carbon (CA/C) composites are also prepared under the similar conditions (Figure 3).
Sensitivity test and explosive test are carried out by the same methods and equipments reported
in our recent work.">'® The electrostatic sensitivity of CA@PC is tested by observing its safety
under a certain amount of electrostatic stimulus, shown as Esg (the energy for 50% probability of
ignition, mJ). Interestingly, electrostatic sensitivity of CA@PC in Figure 3b is about 1.06 mJ,
much lower than those mixtures containing lead, which are 0.23 (LA/LS=1:2), 0.61 (LA/LS=1:3)
and 0.1 mJ (LS), respectively, and far lower than the electrostatic sensitivity of CA (0.05 mlJ)

(Figure 3d). In comparison with those of physically mixed CA/C composites, including wet-
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impregnated and vacuum-impregnated products (CA content is 45%), CA@PC can keep low
electrostatic sensitivity with higher content of CA (Figure 3d and S14). The flame sensitivity,
related with ignition ability, is shown as Hsy (the height from standard black powder pellets to
sample for 50% probability of ignition, cm). Interestingly, flame sensitivities of all the three
well-dispersed CA/C composites, including CA@PC, MOF-CA (Copper azide and carbon
composite prepared by MOF template method) and VC/CA (Copper Azide Mixed with Activated
Carbon by Vacuum Impregnation), are higher than those of physically-mixed CA/C composites
and LA/LS (Figure 3c and e), indicating that carbon frameworks could improve thermal
conductivity rate™ of the whole system, leading to the easy ignition. Different with the negative
impact on ignition performance caused by doping carbon (only pure carbon), CA@PC exhibits
the outstanding ignition ability, in which its Hso can reach 47 cm, even higher than CA (45 cm)
and MOF-CA (42 cm). In fact, when the height is changed into 52 cm (Hs of LS, which is
usually used as ignition composition), the ignition probability of CA@PC still reaches as high as
38%, indicating the excellent ignition ability. Considering both electrostatic sensitivity and flame
sensitivity, CA@PC has a good performance on safety and ignition ability compared with

common primary explosive (Figure 3f).
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47 Figure 3. (a) Schematic of the electrostatic sensitivity tester; b) electrostatics sensitivities and c)
49 flame sensitivities of CA@PC and mixtures of LA and LS, respectively; d) electrostatics
o1 sensitivities and e) flame sensitivities of CA@PC, CA, MOF-CA, CA/C, and VC/CA; f) The

54 whole sensitivities comparison of CA@PC, mixtures of LA/LS and CA/C.
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As shown in Figure 4, the mechanism of reduction of electrostatic sensitivities in CA@PC and
other CA/C composites are proposed. It is believed that the electrostatic sensitivity of CA based
primary explosive increases with the increase aggregation percentage of CA. Therefore,
electrostatic charges built by simply mix up the CA and carbon materials couldn’t conduct timely,
especially on the part of CA separated with carbon, probably due to the uneven distribution of
CA in carbon skeleton. In contrast, as nano-scale Faraday cages, the unique porous carbon
frameworks decorated with well-dispersed CA nanoparticles can effective control the sensitivity
and preserve its power, as well as reduce its liability to ignition caused by small amount of
electrostatic charges, thus leading to the high safety of whole system. Besides direct physical
mixing and impregnation, the enhanced physical-mixed CA/C composite is also prepared to
validate this idea based on vacuum-impregnated precursor (VC/CA). The corresponding TEM
images and EDS mapping of VC/CA are shown in Figure S15. Evidently, most CA and C are
distributed separately with only little amount of CA overlapped in the carbon frameworks.
Therefore, combined with electrostatic sensitivity data and CA content, it indicates that the
dispersion degree of CA among carbon frameworks is the key to reduction of electrostatic

sensitivities.

10
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Figure 4. Schematics illustration of the mechanism of electrostastic sensitivity for CA, CA/C

48 and CA@PC.

50 The ignition process of CA@PC is recorded by high-speed photography at a ratio of 2000 fps
52 (Figure 5 and Movie S1). It can be seen that the time between the spark contacting sample and

explosion is less than 10 ms, which also proves to some extent that it has good ignition capability.

59 11
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Specifically impact sensitivity and friction sensitivity are both determined using the BAM drop
hammer method and friction tester, respectively. The impact sensitivity of CA@PC is 1 J, and
the friction sensitivity of CA@PC is 5 N. These values are comparable to those of LA and high

5-8,51-53
d.”™

performance primary explosives reporte Therefore, the unique porous carbon framework

makes the CA nanoparticles more accessible and much safer during preparation and

transportation.

‘.

Figure 5. The ignition process of CA@PC during flame sensitivity test. The spark droped into
the copper cap carring 10 mg CA@PC in the initial 7 ms. After 10 ms, the sample was ignited

successfully and pushed the copper cap away.

12
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3. Conclusion

In summary, we have demonstrated a novel three-step synthetic pathway to facilely fabricate the
CA@PC hybrids, in which CAs are uniformly distributed on oxygen-rich porous carbon
skeletons. The as-prepared CA@PC material exhibits much low electrostatic sensitivity and high
ignition ability with the flame sensitivity of 47 cm, superior to most of reported CA based
composites. This work provides new opportunities for the construction of energetic materials as
well as other composite involving carbon and metal (in metal oxide) in various functional

energy-related fields.

4. Experimental Section

Materials: Sodium carboxymethyl cellulose (CMC, MW=90000, DS=0.7, 50-100mpa s) is
purchased from Aladdin. Copper acetate monohydrate (Cu(OOCCHj3),-H,0, Cu(OAc),), acetic
acid and Stearic acid were of analytical grade and purchased from Beijing Chemical Works.
Sodium azide was analytical grade and purchased from Xiya Reagent. Other chemicals were of
analytical grade and used without further purification. All solutions were prepared with distilled

water.

Synthesis of CMC-Cu hydrogel: 3 g CMC was dissolved in 50 ml distilled water under stirring
to make sure CMC is totally dissolved. Then 0.5 ml acetic acid was added under stirring to keep
the system slightly acidic. 4 g Copper acetate was dissolved in 60 ml distilled water, and the
solution was added into the CMC system drop by drop to achieve the gelation. After treated by
ball mill, the homogenate of CMC-Cu hydrogel particles was allowed to stand overnight for self-
healing and collected. The hydrogel was rinsed in distilled water under ultrasonic or ball-milling

at room temperature to make sure it became homogenate again. Then the homogenate was

13

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Applied Materials & Interfaces

allowed to stand for at least 10h or be centrifuged in low speed. Then supernatant was taken
away. The hydrogel left was used to repeat this step several times in order to wash away impurity
ions, like Cu*", Na" and CH3COO'. The spearmint powder was collected after lyophilization and
gringing.(Figure S16a,b) Ty (5 °C min™): 250.6 °C, 313.1 °C; IR (KBr): 3383 (m; w(H-0)),
2891 (w; W(CHy)), 1594(s; vas(C=0)), 1415 (m; vs(C=0)), 1335(m; v(C=0)), 1056(vs; v(1,4-

glycosidic)). Anal. caled for (Cj48H2030122Cu7),: C 40.55, H 4.78; found: C 40.37, H 4.27.

Preparation of in-situ Cu nanoparticles doping in porous carbon frameworks (Cu@PC):
The freeze-dried CMC-Cu gel powder was carbonized with a nitrogen flow at 400 °C for 2h. The
Heating rate was 10 °C min™'. The produce was cooled down naturally to room temperature. The
resulting loose powder in dark brown was needed to keep dried for azidation. (Figure S16c¢, d)
Pore size distribution was measured by nitrogen adsorption—desorption tests carrying out at 77 K
using a ASAP 2020 V4.02 (Micromeritics, USA). Tgec (5 °C min™): 339.1 °C; IR (KBr): 2923 (w;

W(C=H)), 1704 (s; vas(C=0)), 1602 (m; v4(C=0)).

Preparation of in-situ copper azides@porous carbon hybrid (CA@PC): The gaseous
hydrazoic acid was generated by heating a mixture of sodium azide with excess stearic acid at
more than 120 °C. The mixture was set in a round-bottom three-neck flask on the side neck
equipped with an argon gas inlet valve and a stopper. The middle neck was equipped with an
adaptor containing about a drying top-opened reagent tube. The powder was randomly deposited
in the reagent tube held by a group of cotton wool for more surface area exposure to HN3 gas.
The adaptor was connected to a KOH solution as a scrubber for the unreacted HN; gas. After the
reaction was over, the KOH scrubber solution was connected with ceric ammonium nitrate
solution to neutralize the azide discharged with an argon flow. Caution! Hydrazoic acid is highly

toxic and metal azides are always energetic and especially sensitive. The entire system must be

14
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set up behind an explosion proof shield in a well-ventilated hood."'®*" The obtained black fluffy

powder should be taken lightly.(Figure S16e,f). Taee (5 °C min™): 210.8, 342.0 °C.

Preparation of physically mixed VC/CA composite based on vacuum-impregnated
precursor: 100mg Carbon were added into 10ml saturated copper acete solution (containing
0.72g copper acete) and string under vacuum. After washed with ethanol and dried overnight,
this sample was also treated in a tube furnace at 400 °C for 2h in order to obtain physically
mixed C-Cu composite.*** After azidation, VC/CA(Copper Azide Mixed with Activated Carbon

by Vacuum Impregnation) composite was finally prepared.

Electrostatic sensitivity test: The test parameters: the charge capacitance is 500 pF, the

electrode gap length is 0.12 mm. The test energy was given by the formula:

1
E=—CV’ 1

5 6]
where C is the capacitance of the capacitor (Farads, F); V is charge voltage(volt, V). Samples
were tested using the up and down method for each condition, and the electrostatic sensitivity
(Eso) for 50% probability of ignition was calculated. A schematic of the apparatus used is shown

in Figure 3a.

Flame sensitivity test: 20 mg of the complex was compacted to a copper cap under the press of
39.2 MPa and was ignited by black powder pellet. Samples were tested using the up and down
method for each condition, and the flame sensitivity (Hso) for 50% probability of ignition was

calculated.

15
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Characterizations: SEM and TEM were performed using S-4800 (HITACHI, Japan) at 15kV
with a point resolution of 1.0 nm and Tecnai G* F30 (FEIL, USA) at 300kV with a point
resolution of 0.20 nm. Both SEM and TEM were equipped with an EDX/EDS system. All FT-IR
spectra were recorded using FT-IR spectrometer (Nicolet 170, SXFT/IR spectrometer, USA)
from KBr discs in the range of 4000—400 cm™. Thermogravimetric analysis (TG) of CMC-Cu
gel powder was determined by STA6000 (Perkin-Elmer, USA) under a helium flow of 50mL
min~' coupled with mass spectrometry analysis (SQ8MS, Perkin-Elmer) of evolved gases with
m/z scanning range set as 16~500. The sample (12 mg) was heated from 40 °C to 600 °C at a
heating rate of 10 °C min'. The MS ion source (70 eV) was maintained at 250 °C and
temperature of injection port was set at 280 °C under a helium carrier. Differential scanning
calorimetry (DSC) of CA@PC and Cu@PC were determined by CDR-4P (INESA Instrument,
China) with 10 °C min"' while heated up to 500°C in air atmosphere. The decomposition
temperatures were given as peak maximum temperature. X-ray photoelectron spectroscopy
(XPS) measurements were performed with a Thermo Scientific Escalab 250Xi using the
monochromatic Al Ka line (1486.7 eV). Powder X-ray diffraction patterns were carried out with
a Bruker D8 Advance diffractometer using Cu Ka radiation (A = 1.5406 A) at 40 kV and 40 mA.
C, N and H contents were measured by EuroEA Elemental Analyser. Cu content was measured

by PE optima 7000 with standard curve method.
ASSOCIATED CONTENT
Supporting Information.

The supporting information is available free of charge on ACS Publications website at.

Detail method and data on the calculations, additional characterization data, supporting table and
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figures (Tables S1 and Figures S1-S16) (PDF)

Video showing brief description (AVI)
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SYNOPSIS

An efficient primary explosive composed of porous carbon frameworks uniformly decorated
with copper azide nanoparticles is fabricated based on ionic crosslinked hydrogel through a
novel, green and facile strategy. The as-prepared hybrid exhibits much low electrostatic
sensitivity and superior ignition ability, indicating the promising application in future functional

energy-related fields.
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