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Abstract 

The poor thermal stability and high sensitivity severely hinder the practical application of 

hexanitrohexaazaisowurtzitane (CL-20). Herein, a kind of novel core@double-shell CL-20 based 

energetic composites were fabricated to address the above issues. The coordination complexes 

which consist of natural polyphenol tannic acid (TA) and FeIII were chosen to construct the inner 

shell, while the graphene sheets were used to build the outer shell. The resulting 

CL-20/TA-FeIII/graphene composites exhibited simultaneously improved thermal stability and 

safety performance with only 1 wt% double-shell content, which should be ascribed to the intense 

physical encapsulation effect from inner shell combined with the desensitization effect of carbon 

nano-materials from outer shell. The phase transition (ε to γ) temperature increased from 173.70 ℃ 

of pure CL-20 to 191.87 ℃ of CL-20/TA-FeIII/graphene composites. Meanwhile, the characteristic 

drop height (H50) dramatically increased from 14.7 cm of pure CL-20 to 112.8 cm of 

CL-20/TA-FeIII/graphene composites, indicating much superior safety performance after the 

construction of the double-shell structure. In general, this work has provided an effective and 

versatile strategy to conquer the thermal stability and safety issues of CL-20 and contributes to the 

future application of high energy density energetic materials. 

Keywords: CL-20; Double-shell structure; Thermal stability; Safety performance; Tannic acid; 

Graphene sheets 

 

1. Introduction 

With the rapid development of modern weapon systems, energetic materials that possess both 

high detonation energy and good safety performance are in high demand [1, 2]. 

Hexanitrohexaazaisowurtzitane (CL-20), as the third generation of a single explosive, has attracted 

tremendous attention from researchers [3–8]. The superior comprehensive properties of CL-20 

endow it with huge application potential for the formula design of composite explosives in the 

future. However, the intrinsic high sensitivity and poor thermal stability (low crystal transformation 

temperature) still strictly limit the practical applications of CL-20 so far. 

In recent years, several strategies have been developed to inhibit the crystal transformation 

and decrease the sensitivity of CL-20. These include coating [9–13], doping [3, 14], 

co-crystallization [5, 6, 15] and recrystallization [16, 17] strategies, etc. Among those strategies, 

coating technology possesses the advantages of easy processing and high efficiency. Therefore, it is 

widely used to improve the thermal stability and safety performance of CL-20. Due to the merits of 

facile preparation, superior coating effect and strong interfacial interactions, the in situ 

polymerization of dopamine approach has been employed for coating various kinds of energetic 

materials including CL-20 [12, 13, 18, 19]. Yang et al. modified CL-20 crystals with polydopamine 

(PDA) and the phase transition temperature achieved a noticeable retardation of 11 ℃ for 

CL-20@PDA composites with about 1.1 wt% PDA coating content [13]. Pan et al. had investigated 

the effects of different polymer coatings on the crystal transformation of CL-20 [12], and they found 

that the crystal transformation temperature significantly increased about 40 ℃ through using 

dopamine polymer as the coating material. The increase of the crystal transformation temperature 

should be ascribed to the intensive encapsulation effect derived from the uniform and dense PDA 

coating layer, which can effectively restrain the volume expanding of CL-20 during crystal transition. 
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In addition to polymer coating materials, inorganic carbon materials were also used to enhance the 

safety performance of CL-20. Song et al. fabricated CL-20/rGO composites for the desensitization of 

CL-20 and both impact and friction sensitivity were obviously improved [9], due to the lubricating 

effect of rGO which can dramatically diminish hotspots under the stimuli of external force. Moreover, 

in order to strengthen the interface interaction between CL-20 and carbon materials, researchers 

have utilized unique polycations as intermediate layers to enhance the interfacial interaction 

between CL-20 and GO via an electrostatic self-assembly process [10, 11]. Through this method, the 

thermal stability and sensitivity of CL-20 composites can be further enhanced. 

Despite the progresses above, some basic issues still need to be solved. The in situ 

polymerization of dopamine approach is time consuming (taking over several hours) which 

severely limits the production rate. In addition, the desensitization effects of polymer coatings to 

CL-20 were not as good as which of inorganic carbon materials while inorganic carbon materials 

are useful for decreasing the sensitivity but not helpful for improving thermal stability. In a word, to 

develop an effective, simple and fast preparation strategy which can simultaneously improve both 

the thermal stability and safety performance of CL-20 remains a challenge. 

Recently, as a substitute of dopamine, the natural polyphenol tannic acid (TA) have been used 

to modify the surface structure of materials. The large amount of phenolic hydroxyl groups in TA 

allows it to coordinate with metal ions to form a metal-phenolic network [20–22]. Typically, the 

metal-phenolic network constructed by the chelating reaction between TA and iron (III) ions (FeIII) 

was demonstrated to be capable of adhering intensively to almost any substrates including bulk 

materials, films, and nanomaterials, etc [23, 24]. Moreover, the coating process can be completed in 

just a few minutes using the one-step assembly of coordination complexes, which is much faster 

than the traditional PDA coating strategy. In the meantime, the phenolic hydroxyl groups as well as 

the π-π structure of TA endow it with the capability to strengthen the interfacial interactions 

between composites, owing to the formed hydrogen bonds and π-π interactions [25, 26]. 

Herein, we demonstrate a simple, rapid and effective method to simultaneously improve the 

thermal stability and safety performance of CL-20. The coordination complexes of TA and FeIII were 

employed to coat CL-20 through the fast one-step assembly process. The construction of TA-FeIII 

layer on the surface of CL-20 could be completed within several minutes. Our results had shown 

that the TA-FeIII layer could effectively inhibit the phase transition of CL-20 and increase the thermal 

stability. On the other hand, in order to further decrease the sensitivity of CL-20 composites, the 

nano-carbon material of graphene was incorporated to modify the CL-20/TA-FeIII composites. 

Through this simple and rapid manner, the double shell of TA-FeIII and graphene could be 

successfully constructed on the surface of CL-20 crystals. In the end, the resulting 

CL-20/TA-FeIII/graphene (denoted as CL-20/TA-FeIII/G) composites exhibited both superior 

thermal stability and safety performance. We believe that this work has provided a promising and 

versatile strategy for simultaneously enhancing the thermal stability and safety performance of 

energetic materials. 

2. Experimental section 

2.1. Materials 

The CL-20 crystals were provided by the Institute of Chemical Materials, CAEP, China. Tannic 

acid (TA, ACS reagent) and iron (III) chloride hexahydrate (FeCl3·6H2O) were purchased from 

Sigma-Aldrich. The water soluble graphene sheets with about 5 μm in width and 2 nm in thickness 

were purchased from Deyang Xitan Nano Technology Co., Ltd. China, which were shown in Fig. S1 in 

Supporting Information. Deionized water prepared by the purification machine was used through 
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the entire experimental process. 

2.2. Preparation of CL-20/TA-FeIII composites 

Firstly, 50 mL of aqueous solution consisting TA and FeCl3·6H2O were prepared in which the 

concentrations of TA and FeCl3·6H2O are 40 and 10 mg/mL, respectively. After vigorously stirring 

the solution for 1 minute, 5 grams of CL-20 crystals were added to the solution and then stirred for 

an additional 5 minutes. Washing and filtering the composites with deionized water repeatedly for 

three times. The resulting CL-20/TA-FeIII composites were obtained after drying at 60 ℃ in a 

vacuum oven for 8 hours. 

2.3. Preparation of CL-20/TA-FeIII/G composites 

The above obtained CL-20/TA-FeIII composites were added into the aqueous graphene 

dispersion and stirred for 5 min. After filtration and drying, the CL-20/TA-FeIII/G composites could 

be finally obtained. The content of graphene in the composites was fixed at 0.5 wt%. For 

comparison, the CL-20 crystals coated with graphene sheets alone (denoted as CL-20/G composites) 

were also prepared with the same preparation procedures above.  

2.4. Characterization 

The morphologies of the CL-20 crystals and composites were characterized with 

Field-Emission Scanning Electron Microscope (FESEM, JSM-6390LV, Zeiss). X-ray diffraction (XRD) 

tests were conducted using an X’Pert PRO (PANalytical) diffractometer operating at 40 kV and 40 

mA with monochromatic Cu Kα radiation (λ=1.54 A ). Raman spectra of the composites were 

recorded using a 532 nm laser source (HORIBA JobinYvon XploRA) with a wave range of 500–3500 

cm-1. Fourier transform infrared spectrometer (FT-IR) spectra were conducted on a Nicolet 6700 

spectrometer at room temperature over a frequency range of 500–4000 cm-1. The 

High-performance liquid chromatography (HPLC, Elite P230, China) was conducted to determine 

the CL-20 content in CL-20/TA-FeIII composites. The thermal behavior of the composites was 

analyzed using a thermogravimetric-differential scanning calorimetry (TG-DSC) with heating rates 

of 5, 10, 15 and 20 K/min under nitrogen atmosphere. The impact sensitivities of the raw CL-20 and 

composites were tested using a Bundesanstalt für Materialprüfung (BAM) Fall hammer device. 

3. Results and discussion 

3.1. Construction and characterization of the double-shell structure 

The construction process of the double shell of TA-FeIII and graphene on the surface of CL-20 

crystals was schematically shown in Fig. 1(a). When the CL-20 crystals were added into the aqueous 

solution consisting of FeCl3 and TA, the TA-FeIII layer could form on the surface of CL-20 quickly, 

which made the color of CL-20 turn from white to brown (as shown in Figs. 2(b) and 2(c)). The 

content of TA-FeIII layer in CL-20/TA-FeIII composites was calculated as 0.5 wt% based on the HPLC 

characterization (as shown in Table S1 in the Supporting Information). The limit content of TA-FeIII 

layer contributed to the preservation of the high detonation performance of the CL-20 composites. 

Due to the intensive encapsulation effect of TA-FeIII layer, the particle size of CL-20/TA-FeIII was 

closed to that of CL-20 (as shown in Fig. S2). With further coating of graphene sheets, the black 

CL-20/TA-FeIII/G composites were obtained (Fig. 1(d)). Here, large quantities of oxygen-containing 

groups (such as phenolic hydroxyl groups) as well as the π-π structure of TA-FeIII (specified in Fig. 

1(a)) contribute to form strong interfacial interactions with graphene sheets (these interactions 

include hydrogen bonding and π-π interactions), making the interfacial interactions between CL-20 

and graphene enhanced effectively, endowing the CL-20/TA-FeIII/G composites with increased 

particle size relative to that of raw CL-20 (Fig. S2). Through this method, the double shell of TA-FeIII 

and graphene could be successfully constructed on the surface of CL-20. 
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Fig. 1. Schematic diagram for the construction of a double shell consisting of TA-FeIII and graphene 

on the surface of CL-20 crystals. 

 

The surface morphologies of the explosive crystals characterized by FESEM are shown in Fig. 2. 

The raw CL-20 crystals exhibit a relatively flat and smooth surface with clear edges (Figs. 2(a) and 

2(b)). This phenomenon in the change of surface morphologies after construction of TA-FeIII was in 

consistent with previous reported study [24]. After modification with TA-FeIII complexes, as shown 

in Figs. 2(c) and 2(d), the surface morphologies of CL-20/TA-FeIII crystals turn rough and curled in 

which some TA-FeIII aggregates can be found (indicated by the red ovals in Fig. 2(d)). For the 

CL-20/G crystals, it can be seen that the explosive crystals are not well coated by the graphene 

sheets and a large amount of graphene sheets are separated from the crystals (indicated by the red 

arrows and circle in Figs. 2(e) and 2(f)) due to the weak interaction between CL-20 and graphene. 

In contrast, with the construction of the core@double-shell structure, the graphene sheets are 

tightly adhered to the explosive crystals resulting in quite coarse surface morphologies for 

CL-20/TA-FeIII/G composites (shown in Figs. 2(g) and 2(h)). The reason should be ascribed to the 

strong hydrogen bonding and π-π interactions formed between graphene and TA molecules, which 

effectively enhance the interactions between graphene and CL-20. 
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Fig. 2. FESEM images of the surface morphologies of the explosive crystals of (a, b) CL-20; (c, d) 

CL-20/TA-FeIII; (e, f) CL-20/G; (g, h) CL-20/TA-FeIII/G with different magnifications, respectively. 

 

Raman spectroscopy can also provide information about the chemical structure of CL-20 

during the coating process. As shown in Fig. 3(a), for raw CL-20, the characteristic peaks at about 

818, 1306, 1624 and 3046 cm-1 are ascribed to the symmetrical vibration of CL-20 skeleton, 

symmetric stretching vibration of nitro group, anti-symmetric stretching vibration of nitro group 

and stretching vibration of C-H group, respectively [4, 10]. In terms of graphene, the characteristic 

peaks at 1582 and 2705 cm-1 correspond to the G and 2D band, respectively [27, 28]. While for 

TA-FeIII, the peaks observed around 1600 and 1700 cm-1 indicate the ester groups and aromatic 

rings of TA, respectively [29]. After constructing a double shell of TA-FeIII and graphene, the 

intensity of the characteristic peaks of raw CL-20 was significantly weakened while the intensity of 

the characteristic peaks of graphene was preserved in Cl-20/TA-FeIII/G composites (as indicated by 

the yellow region in Fig. 3(a)). Due to the enhanced interfacial interactions, the graphene sheets 

were tightly adhered to the surface of the CL-20 crystals in Cl-20/TA-FeIII/G composites, thus, 

during Raman characterization, the main signal of characteristic peaks presented was for graphene. 
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Besides, the FT-IR spectra of the composites exhibited a similar change trend to Raman spectra 

(shown in Fig. S3), both of which indicate successful construction of the double shells of TA-FeIII and 

graphene on the surface of CL-20 crystals. Moreover, the XRD characterization was also used to 

investigate whether the coating process would cause a phase transition of CL-20 or not. As shown in 

Fig. 3(b), the corresponding energetic composites after coating exhibited similar characteristic 

peaks compared with which of raw CL-20, revealing that the coating process would not influence 

the crystal form of CL-20. This result is helpful for the modified CL-20 composites to maintain the 

superior detonation performance and contributes to the practical application of the coating strategy 

for the enhancement of thermal stability and safety performance of CL-20. 

 

Fig. 3. (a) Raman spectra of raw CL-20, TA-FeIII, graphene and Cl-20/TA-FeIII/G; (b) XRD patterns of 

raw CL-20, CL-20/TA-FeIII, CL-20/G and Cl-20/TA-FeIII/G, respectively. 

 

3.2. Thermal stability and safety performance of the modified CL-20 composites 

The thermal stability of CL-20 is closely related to its reliability in use and its storage safety 

performance. Due to the polymorphic characteristics of CL-20, under the stimulus of high 

temperature condition, the phase transition of CL-20 crystal could occur, which would result in the 

volume expansion of CL-20 explosive. Consequently, the cracks could be generated and severely 

threaten the safety performance of the explosive part of weapon system. Thus, to strictly inhibit the 

phase transition phenomenon of CL-20 is of great importance for its practical applications. As 

shown in Fig. 4, the phase transition phenomenon of raw CL-20, CL-20/TA-FeIII, CL-20/G and 

CL-20/TA-FeIII/G happened at 173.70 ℃, 182.51 ℃, 173.73 ℃ and 192.42 ℃, respectively. It 

signifies that coating the coordination complexes of TA-FeIII endowed the composites with a 

noticeable increase in phase transition temperature (about 9 ℃), demonstrating the TA-FeIII coating 

layer presented good encapsulation effect to CL-20 and inhibited that the volume expansion during 

the heating process. Moreover, the coating process of TA-FeIII could be completed within several 

minutes (detailed information was shown in Fig. S4), which was much shorter than the commonly 

used in situ polymerization of dopamine approach (over several hours), indicating the high 

production efficiency of this coating strategy here. In comparison, coating the graphene sheets 

alone did not cause a observable change in the phase transition temperature, revealing the weak 

constraint effect of graphene to CL-20, which was possibly due to the absence of strong interactions 

between CL-20 and graphene sheets. Furthermore, with the construction of core@double-shell 

structure, the resultant CL-20/TA-FeIII/G composites exhibited a highest phase transition 

temperature of 192.42 ℃, which was nearly 20 ℃ higher than that of raw CL-20. The strong 

interfacial interactions between TA-FeIII and graphene sheets contributed to the intense adhesion of 

graphene to CL-20. As a result, the encapsulation effect to CL-20 was further enhanced by the 
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double coating layers of TA-FeIII and graphene sheets, which should be responsible for the superior 

thermal stability of CL-20/TA-FeIII/G composites. In addition, the differences in thermal 

decomposition temperature of the energetic composites were quite small (less than 2 ℃), indicating 

the good compatibility between the coating agents and CL-20 crystals [10, 11]. 

 

Fig. 4. DSC curves of raw CL-20, CL-20/TA-FeIII, CL-20/G and Cl-20/TA-FeIII/G, respectively. The 

heating rate is 10 ℃/min. 

 

To further study the effect of the coating process on the thermal stability of the CL-20, the 

corresponding activation energy of raw CL-20 crystals and CL-20/TA-FeIII/G composites was 

figured out using the Kissinger-Akahira-Sunose (KAS) method. The KAS’s equation is described as 

follows [30, 31]: 

2

R 1
ln   ln   

R PP

A E

E TT

    
= −   

  
 

where Tp is the peak temperature of the exothermic process (K), A is the pre-exponential factor, E is 

the activation energy (J/mol), R is the ideal gas content (8.314 J·K-1·mol-1) and β is the heating rate 

(K·min-1). The above equation signifies that the ln(β/Tp2) and 1/Tp exhibit a linear relationship. The 

DSC curves of CL-20 and CL-20/TA-FeIII/G under different heating rates were shown in Figs. 5(a) 

and 5(b). The fitted results based on the above equation were shown in Figs. 5(c) and 5(d) and the 

corresponding linear correlation coefficients are quite close to 1, which demonstrates the usability 

of the introduced KAS method. Subsequently the E values of CL-20 and CL-20/TA-FeIII/G were 

calculated as 231.46 and 517.51 kJ/mol, respectively. After the construction of the double shell of 

TA-FeIII and graphene, the activation energy of CL-20 dramatically increased, indicating much 

superior thermal stability of CL-20/TA-FeIII/G composites compared with that of raw CL-20 crystals. 

The improved thermal stability was possibly due to the intensive constraint effect resulted from the 

created double shell structure in this study. 
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Fig. 5. DSC curves of (a) raw CL-20 and (b) CL-20/TA-FeIII/G and fitting results of (c) raw CL-20 and 

(d) Cl-20/TA-FeIII/G with KAS method. 

 

The high sensitivity of CL-20 was another key problem which severely hindered its practical 

application. Here, the desensitization effect of the constructed double shell structure to CL-20 was 

investigated based on the standard BAM method. As shown in Table 1, the H50 (characteristic drop 

height) of raw CL-20 was only 14.7 cm, indicating the high sensitivity of CL-20 to the external 

mechanical stimuli. When the TA-FeIII layer was constructed, the CL-20/TA-FeIII composites 

presented only a small increase in H50 (from 14.7 to 20.3 cm). On the other hand, when the 

graphene sheets were coated on the surface of CL-20, an obvious increase in H50 (from 14.7 to 74.2 

cm) occurred for CL-20/G composites. Finally, as the double shell structure was created, the 

CL-20/TA-FeIII/G composites exhibited the best safety performance, for which the H50 was over 7 

times of that of raw CL-20 and also higher than that of CL-20/G composites. The above phenomena 

signified that for the desensitization of CL-20, the layer of graphene sheets contributed more than 

the layer of TA-FeIII, which was mainly ascribed to the lubrication effect of graphene sheets on CL-20 

under external mechanical stimuli. In terms of TA-FeIII layer, it successfully acted as a link bridge (as 

shown in Fig. 6) which largely enhanced the interfacial interactions between graphene sheets and 

CL-20, endowing the CL-20/TA-FeIII/G composites with superior desensitization effect to that of 

CL-20/G composites. 

Table 1 

The impact sensitivity of raw CL-20 and the corresponding composites. 

Sample H50/cm 

CL-20 14.7 

CL-20/TA-FeIII 20.3 
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CL-20/G 74.2 

CL-20/TA-FeIII/G 112.8 

 

 

Fig. 6. Schematic of the link bridge function of TA-FeIII to enhance the interfacial interactions 

between CL-20 and graphene sheets. 

 

3.3. Interaction behaviors among the interfaces of CL-20, TA-FeIII and graphene 

In order to further specify the interfacial interactions among CL-20, TA-FeIII and graphene shell 

quantitatively, the molecular models for graphene as well as TA-FeIII segments were constructed and 

optimized using molecular mechanics, as shown in Figs. 7(a) and 7(b). The 3×3×2 super cell of 

ε-CL-20 was constructed and cleaved along two main crystalline directions (0 0 2) and (0 2 0) [32]. 

Then graphene with density of 2.2 g/cm3 and TA-FeIII segment with density of 2.12 g/cm3 were put 

onto the CL-20 surfaces respectively to form interface models, as shown in Figs. 7(c) and 7(d). 

Besides, the interface model of graphene and TA-FeIII was also constructed, as shown in Fig. 7(e). All 

the interface models were geometric optimized and energy minimized using molecular mechanics. 

Consequently, molecular dynamics simulation under the ensemble of constant particle number, 

volume and temperature (NVT) and COMPASS force field were performed on the interface models at 

normal temperature of 298 K [33, 34]. Each simulation lasted 500 ps to ensure the equilibrium of 

both energy and temperature. 
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Fig. 7. (a) Molecular models for graphene segment; (b) TA-FeIII segment; (c) Graphene segment on 

CL-20 (0 0 2) surface [G-CL-20 (0 0 2)]; (d) TA-FeIII segment on CL-20 (0 0 2) surface [TA-FeIII-CL-20 

(0 0 2)]; (e) Graphene on TA-FeIII (G- TA-FeIII). 

 

The calculated interface energy (Einter) as well as the contribution of van der Waals force (vdW) 

and electrostatic interaction (ES) based on the above models are shown in Table 2 [35]. It can be 

seen that, the interaction energy between TA-FeIII and CL-20 interface is much stronger than that 

between graphene and CL-20 interface, directly demonstrating the intensive constraint effect of 

TA-FeIII coating layer on CL-20 crystal. The greatly enhanced interaction energy between TA-FeIII 

and CL-20 interface, compared with that between graphene and CL-20 interface, is mainly ascribed 

to the much stronger vdW as well as the ES and for the latter, there is almost no ES. The reason can 

be concluded as the abundant phenolic hydroxyl groups in TA-FeIII can interact with the nitro 

groups in CL-20, forming large quantities of relatively strong interactions such as hydrogen bonds, 

then obviously strengthening the interfacial interactions. What is more, the interaction energy 

between graphene and TA-FeIII is also stronger than that between graphene and CL-20, signifying 

that the TA-FeIII segment can act as a link bridge to increase the interfacial interactions between 

graphene and CL-20, which is helpful for further improving both the physical constraint and 

desensitization effects of the constructed double shell structure on CL-20 crystals. 

Table 2 

Interaction energy for the different interfaces. 

System Einter/(kcal·mol-1) vdW/(kcal·mol-1) ES/(kcal·mol-1) 

G-CL-20 (0 0 2) -142.83 -136.53 0.00 

G-CL-20 (0 2 0) -97.00 -91.67 0.00 

TA-FeIII-CL-20 (0 0 2) -559.89 -252.66 -291.31 

TA-FeIII-CL-20 (0 2 0) -477.67 -233.46 -230.06 
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G-TA-FeIII -173.64 -171.55 0.00 

 

4. Conclusions 

Here we have successfully constructed a double-shell structure on the surface of CL-20 crystals 

which improved the thermal stability and safety performance of CL-20 simultaneously. The inner 

shell of TA-FeIII mainly contributed to inhibiting the phase transition phenomenon of CL-20 under 

high temperature conditions while the outer shell of graphene sheets mainly exhibited a 

desensitization effect on CL-20. Moreover, owing to the link bridge function of TA-FeIII which largely 

increases the interfacial interactions between graphene sheets and CL-20, a synergistic 

enhancement effect occurred in the thermal stability and safety performance of the final 

CL-20/TA-FeIII/G composites. The corresponding phase transition temperature, H50 and activation 

energy had dramatically increased to 192.42 ℃, 112.8 cm and 517.51 kJ/mol, which were about 

20 ℃, over 6 times and 286 kJ/mol higher than those of raw CL-20 crystals and also much superior 

to the performance of CL-20/TA-FeIII and CL-20/G composites. In addition, the coating process of 

TA-FeIII complexes could be completed within only 5 min, which was much quicker than the 

traditional PDA coating strategy and greatly sped up the production rate of the final composites. We 

believe this effective, simple and fast preparation strategy is quite promising for simultaneously 

enhancing the thermal stability and safety performance of energetic materials with high energy 

density and contributing to their practical applications. 
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