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Abstract
A new family of metal-free and energetic graphene oxide (GO)-based burning rate catalysts (FGO 1–6) with excellent 
catalytic and desensitization performances for ammonium perchlorate (AP) were synthesized by nucleophilic substitution 
reaction of energetic functional groups with acylated GO. The chemical structures, thermal stabilities, catalytic properties 
and desensitization performances of the functionalized GO were determined. It was shown that the functional groups on the 
nanosheets of GO imparted its energetic performance and thermal stability, and the catalytic properties and desensitization 
performances were also enhanced. The reduced mass loss rate along with enhanced residues formation indicated significant 
improvement in thermal stabilities for FGO 1–6 compared with GO. Besides, not only did FGO 1–6 lower the decomposition 
temperature, but also enhanced the overall heat for the thermal decomposition of AP. The FGO 1–6 decreased the exothermic 
peak of the high-temperature decomposition process of AP by 88.1, 93.4, 98.3, 85.8, 90.7 and 79.8 °C, corresponding to the 
decomposition heat of AP increased significantly from 655 to 2707, 2915, 3529, 3002, 3642 and 2718 J g−1, which exhib-
ited better catalytic activity than that of GO. In addition, the mechanical sensitivities of AP/GO and AP/FGO 1–6 mixtures 
decreased obviously in comparison with pure AP were also obtained.

Electronic supplementary material  The online version of this 
article (https​://doi.org/10.1007/s1097​3-019-08938​-7) contains 
supplementary material, which is available to authorized users.

 *	 Jian Cheng 
	 chengjian09@foxmail.com

 *	 Jingchun Yan 
	 jcyan@issas.ac.cn

 *	 Rui Wang 
	 hades44@126.com

 *	 Zhenming Li 
	 lizmzf@163.com

1	 Department of Safety Science and Engineering, Zhejiang 
University of Technology, Hangzhou 310014, China

2	 Key Laboratory of Soil Environment and Pollution 
Remediation, Institute of Soil Science, Chinese Academy 
of Sciences, Nanjing 210008, China

3	 School of Chemistry and Chemical Engineering, Jiangsu 
University, Zhenjiang 212013, China

4	 School of Chemical Engineering, Nanjing University 
of Science and Technology, Nanjing 210094, China

http://crossmark.crossref.org/dialog/?doi=10.1007/s10973-019-08938-7&domain=pdf
https://doi.org/10.1007/s10973-019-08938-7


2112	 J. Cheng et al.

1 3

Graphic abstract
A new family of metal-free and energetic GO-based burning rate catalysts with excellent catalytic properties and desensitiza-
tion performances for ammonium perchlorate were developed. 
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List of symbols
GO	� Graphene oxides
FGO	� Functionalized graphene oxide
AP	� Ammonium perchlorate
CMGO	� Chemically modified graphene oxides
CSP	� Composite solid propellants
HTPB	� Hydroxyl-terminated polybutadiene
HMX	� 1,3,5,7-Tetranitro-1,3,5,7-tetraazacyclooctane
RDX	� 1,3,5-Trinitro-1,3 5-triazine
CL-20	� Hexanitrohexaazaisowurtzitane
TNA	� 2,4,6-Trinitroaniline

TENA	� 2,3,4,6-Tetranitroaniline
NTO	� 3-Nitro-1,2,4-triazole-5-one
TANPyO	� 2,4,6-Triamino-3,5-dinitropyridine-1-oxide
FOX-7	� 1,1-Diamino-2,2-dinitroethylene
DNI	� 2,4-Dinitroimidazole
AGO	� Acylated graphene oxides
DMF	� N,N-dimethyl-formamide
LTD	� Low-temperature decomposition
HTD	� High-temperature decomposition
TNT	� Trinitrotoluene
Ea	� Activation energy
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Introduction

CSP are widely used in a variety of aerospace and military 
applications, such as launch vehicles for spacecraft, satel-
lites as well as in modern and advanced missile systems 
[1–5]. The CSP formulations mostly contain AP as an 
oxidizer and aluminum powder as metal fuel. The AP and 
aluminum powder particles are commonly held together 
by a binder called HTPB, which is also a less energetic 
fuel compared with metal. Additional ingredients for 
improving the properties of the propellants are burning 
rate catalysts, bonding agents, plasticizers and cure cata-
lyst [1]. The combustion behavior of CSP is sensitive to 
the burning rate catalysts, which can influence the pressure 
exponent and burning rate [6–8]. Due to the limitation of 
loading characteristics of the CSP, it is critical to improve 
the decomposition efficiency of AP to achieve high-energy 
generation at low burning temperature. Transition met-
als, metal oxides and complex oxides are commonly used 
as burning rate catalysts in the thermal decomposition of 
AP [9–11]. However, the catalysts were non-energetic and 
would decrease the total energy of the propellants, which 
was one of the most important performance parameters. 
To overcome the disadvantage of the non-energetic burn-
ing rate catalysts, various energetic burning rate catalysts 
such as energetic complexes and salts with high catalytic 
activities were developed [12–18]. Although the energetic 
burning rate catalysts could overcome the above deficien-
cies, the disadvantages of high toxicity of heavy metal ions 
and produced solid oxide were still existed in combustion, 
which resulted in environmental pollution, especially high 
signature in combustion process. The signature is impor-
tant in modern and advanced missile systems as detection 
of military launch location is an area of primary concern 
[19]. The high signature of CSP in combustion process 
would greatly affect the stealth and penetration abilities of 
the modern and advanced missile systems. Furthermore, 
due to the development of low vulnerability munitions, the 
safety problem of the CSP during their manufacture, stor-
age, transportation and operation processes has attracted 
more and more attention. The main components of the 
CSP include AP and aluminum powder, leading to high 
sensitivity of the CSP. Meanwhile, in order to improve the 
energetic performance of CSP, increasing the high-energy 
contents (such as HMX, RDX and CL-20) in the CSP has 
brought about security issues [20]. The desensitization of 
AP has become one of the key technical ways to enhance 
the survivability of modern and advanced missile systems. 
Herein, it is highly desirable to develop environment-
friendly, metal-free and energetic burning rate catalysts 
with good desensitization performance, which would 
become a new research field for the investigation of AP.

GO has plenty of oxygenic groups on the basal plane 
and the edge of the nanosheets, which offered tremendous 
opportunities to derive CMGO [21]. CMGO have significant 
interest in the scientific community due to their excellent 
mechanical, electrical and thermal properties, which were 
better than carbon nanotube and fullerene counterparts. It 
is worth pointing out that the advantages of metal-free GO 
and CMGO as “green” catalysts over the traditional metal-
containing catalytic materials are environmentally friendly, 
inexpensive, biocompatible, stable and readily available 
[22–24]. Previous studies indicated that the presence of 
oxygenic groups enhanced the multifunctionality using GO 
as nanocatalyst support in solid propellants [25]. Besides, 
the mechanical sensitivity of high energetic materials was 
also reduced, due to the capability of GO to very efficiently 
dissipate mechanical shock, heat and electrostatic discharge 
on a molecular and a macromolecular level [26–28]. Notice-
ably, GO is deemed as a potential energetic additive for the 
solid propellants because it is thermally unstable and can 
readily undergo violent exothermic decomposition, produc-
ing amounts of heat [29]. GO has been utilized as nano-
catalyst support to prepare nanocomposites with Co3O4, 
Mn3O4 and CuO, which exhibited extremely high catalytic 
activities on the thermal decomposition of AP [30–33]. 
Thus, it seems that GO could be used as an ideal multi-
functionality additive in AP-based propellants. However, 
it was surprised that pristine GO exhibited almost weaker 
or no catalytic activities [30–33]. Although the GO-based 
nanocomposites had enhanced catalytic activity, there were 
also accompanying the common disadvantages. It is well 
known that TNA, TENA, NTO, TANPyO, FOX-7 and DNI 
(Fig. 1) were thermal stable aromatic multinitro compounds 
with good energetic and safety performances [34], which 
could be used as ideal intermediates to produce other new 
high-performance energetic materials by way of chemi-
cal transformation. To the best of our knowledge, covalent 
functionalization of GO with these functional groups was 
insensitive, heat resistant and high-energy energetic materi-
als, which would derive a new family of CMGO, and might 
also impart GO with enhanced energetic performance and 
thermal stability, as well as catalytic activity on the thermal 
decomposition of AP. To date, few research articles have 
appeared using metal-free GO-based materials in the cataly-
sis reaction of AP. In this study, a new family of high-energy 
materials functionalized GO (FGO 1–6, Fig. 2) were synthe-
sized by nucleophilic substitution reaction of TNA, TENA, 
potassium salts of NTO (K-NTO), TANPyO (K-TANPyO), 
FOX-7 (K-FOX-7) and lithium salt of DNI (Li-DNI) with 
AGO (Fig. 2). This work demonstrated the functional groups 
on the nanosheets surface of GO-enhanced energetic perfor-
mance and thermal stability, as well as excellent catalytic 
and desensitization performances. This work provides a new 
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family of environment-friendly, metal-free, highly thermo-
stable and energetic burning rate catalysts for the thermal 
decomposition of AP, which might point out the direction of 
research on the design and synthesis of burning rate catalysts 
in the future.

Materials and method

Materials and instrumentation

Thionyl chloride (99.9 mass%), DMF (99.8 mass%), tri-
ethylamine (99.9 mass%) and AP (AR, 99.5 mass%) were 
obtained from Aladdin (Shanghai, china). GO were pur-
chased from commercial sources, purity ≥ 98 mass%, thick-
ness, 1.0–1.77 nm, sheet diameter, 10–50 μm, layer, 1–5. All 

chemicals used were analytical grade, as received without 
further purification.

The FTIR analyses were conducted with use a Bruker 
(55FTIR) FTIR spectrometer (500–4000  cm−1). Raman 
spectra were measured with a inVia spectrometer using a Ar 
laser (λ = 514.5 nm). XRD measurements were carried out 
on Bruker D8 Advance X-ray diffraction (Cu K radiation, 
λ = 0.154178 nm). XPS was performed with an American 
Thermo ESCALAB 250 electron spectrometer using Al Kα 
irradiation. DSC analyses were recorded on a TA-DSC-Q20 
from 25 to 500 °C, and TG-DTG analyses were conducted on a 
TGA/SDTA851eMETTLER TOLEDO from 25 to 900 °C. The 
detailed microscopic structure and the chemical composition of 
the FGO 1–6 were investigated using high-resolution scanning 
transmission electron microscopes (Cs-corrected HR-STEM, 
JEM2010F and JEM2200FS operating at 200 kV, JEOL).

Fig. 1   Molecular structures of 
the functional groups
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The conditions of TG-DTG and DSC were: sample mass, 
about 1.0–1.5 mg; N2 flowing rate, 30 cm3 min−1; heating rates 
(β), 2.5, 5, 10 and 20 °C min−1, furnace pressures, 0.1 MPa; 
reference sample, α-A12O3; type of crucible, aluminum pan 
with a pierced lid.

Sensitivities toward impact and friction were tested using 
standard procedures [35, 36].

Synthesis of intermediates and FGO 1–6

General caution

TNA, TENA, K-NTO, K-TANPyO, K-FOX-7 and Li-DNI are 
energetic materials and tend to explode under certain condi-
tions. Appropriate safety precautions should be taken during 
the synthesis, test and measurement processes, especially 
when these compounds are prepared on a large scale and in 
dry states.

Synthesis of intermediates

TNA [37], TENA [38], K-NTO [39], K-TANPyO [40], 
K-FOX-7 [41] and Li-DNI [42] were prepared according to the 
literature, and the procedures are shown in the Experimental 
Part in Supporting Information, respectively.

Synthesis of FGO 1–6

The mixture of 0.5 g GO, 200 mL thionyl chloride and 10 mL 
DMF was subject to a 500-mL three-necked flask and refluxed 
at 75 °C for 24 h in nitrogen atmosphere. The AGO was fil-
trated and washed three times by DMF and ice water, respec-
tively, and dried at 75 °C under vacuum for 24 h. 0.3 g AGO 
was sonicated for 5 h in a 40 mL anhydrous DMF solution with 
0.3–0.5 g intermediates. After 0.5 g triethylamine was added, 
the mixture was held at 100 °C under stirring for 48 h in a N2 
atmosphere. The synthesized FGO 1–6 products were filtrated 
and washed three times by DMF, and dried at 60 °C under vac-
uum for 48 h. Eventually, 0.25–0.35 g FGO 1–6 were obtained.

Preparation of AP/GO and AP/FGO 1–6 mixtures

AP mixtures (AP, d50= 12.0 μm) were prepared by dry mixed 
for 48 h. The GO and FGO 1–6 contents in the AP mixture 
were 2.5 mass%.

Results and discussion

Structural characterization

In this work, FGO 1 was chosen as the representative com-
pound to characterize the microstructures of these new 

carbon materials. Figure 3a–c shows the HRTEM images 
of FGO 1, which indicated the layer structure of FGO 1 
lamella. Meanwhile, the layered structure and wrinkled 
texture of graphene nanosheets were retained after modifi-
cation. Elemental mapping analysis of FGO 1 in Fig. 3d–f 
also suggested the presence of C, N and O components 
in the FGO 1. Figure 1S (Supporting Information) shows 
the FTIR spectra of GO and FGO 1–6. For GO, the char-
acteristic peaks appeared at 1722, 1621, 1405, 1223 and 
1045 cm−1 were assigned to the carbonyl C=O, aromatic 
C=C, carboxy COOH, epoxy and C–O, respectively [43]. 
After modification, the peaks of the oxygenic groups were 
reduced significantly. A new weak peak at about 1650 cm−1 
was corresponded to the amide carbonyl stretch, and a 
new weak peak at about 1560 cm−1 was for C–N in-plane 
stretching, which indicated that the functional groups were 
grafted onto the nanosheets of AGO by NH–CO and N–CO 

Fig. 3   HRTEM images of FGO 1 (a–c) and corresponding elemental 
mapping images of C, N, O (d–f)



2116	 J. Cheng et al.

1 3

bonds [44]. X-ray diffraction analysis was used to deter-
mine the crystalline structures of the FGO 1–6. As shown 
in Fig. 4, all of the FGO 1–6 exhibited a peak centered 
at about 24.00°. Furthermore, FGO 3–6 exhibited a peak 
centered at about 10.00°, corresponding to the inter-planar 
spacing of GO [30], but for FGO 1 and 2, the peak at the 
same position almost disappeared. The data obtained here 
revealed that some of the oxygenic groups on the FGO 1 
and 2 had been removed during the acylation and modifi-
cation process, but the basic structure of GO remained in 
the materials. Raman spectra of GO and FGO 1–6 were 
measured to give a more complete picture of the chemical 
bonding structure. As shown in Fig. 5, all GO and FGO 

1–6 spectra exhibited two prominent bands at about 1356 
and 1604 cm−1, corresponding to the D-band and G-band 
of carbon materials, respectively. The D-band and G-band 
of FGO 1–6 were downshifted by 5, 6, 14, 9, 8, 7 and 21, 
24, 34, 31, 29 cm−1 compared to that of GO sample, respec-
tively. Furthermore, it was clear that the intensity ratios 
(ID/IG) of FGO 1–6 (1.05, 1.08, 1.10, 1.18, 0.99 and 1.17, 
respectively) were slightly increased compared with that of 
GO (0.82). The D-band raised from the structural imperfec-
tion, and the G-band corresponded to the band stretching of 
all pairs of sp2 carbon atoms in both rings and chains [45]. 
The data obtained here were well agreed with the previous 
report [45], which suggested that the nanosheets of FGO 
1–6 had higher defect content relative to the GO sample, 
while the basic structure of GO remained in these materials 
after functionalization. By XPS measurement, the chemical 
composition of FGO 1–6 can be further confirmed (XPS, 
Table 1 and Fig. 2S, Supporting Information). All of the 
FGO 1–6 showed new XPS peaks in N 1s and O 1s curves 
(at about 400.0 and 533.0 eV, respectively), which were 
attributed to the presence of NH–CO and N–CO bonds 
in these new carbon materials. This observation strongly 
supported our initial postulation that the functional groups 
were grafted to the nanosheets of AGO by nucleophilic 
substitution reactions. In addition, the N 1s and O 1s 
peaks at about 405.0 and 533.0 eV (−NO2) were origi-
nated from the functional groups, since they were grafted 
to the nanosheets of AGO. The presence of the N 1s and O 
1s peaks for the −NO2 groups in FGO 1–6 indicated that 
nucleophilic substitution reactions between the functional 
groups and AGO indeed took place.

Thermal decomposition of GO and FGO 1–6

It is believed that GO is thermally unstable due to the 
oxygenic groups on the basal plane and the edge of the 
nanosheets [46, 47]. The lowered thermal stability can 
also be ascertained to the reduced van der Waals interac-
tion between the layers [45]. As shown in Fig. 6 from the 
TG curve of GO, the mass loss for GO was initiated almost 
immediately above room temperature. The most severe mass 
loss for GO occurred at about 200 °C, which was due to 
the removal of oxygenic groups, and release of H2O, CO 
and CO2 [48]. By contrast, FGO 1–6 showed a difference 
thermal decomposition behaviors compared with that of 
GO. There was no significant mass loss for FGO 1–6 before 
500 °C, and the most severe mass loss occurred at about 
700 °C. The mass loss rate with temperature of FGO 1–6 
was also significantly lower and extremely more residues 
were formed, indicating enhanced improvement in thermal 
stabilities of FGO 1–6.
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Catalytic effects of FGO 1–6 on the thermal 
decomposition of AP

To evaluate the potential application of FGO 1–6 used as 
burning rate catalysts in CSP, the catalytic effects of GO 
and FGO 1–6 on the thermal decomposition of AP were 
evaluated by using TG, DTG and DSC measurements and 
analyses (Figs. 7, 8 and Table 2). The thermal decomposition 
of pure AP (d50= 12.0 μm) was studied in detail in our pre-
vious work [49]. As shown in Fig. 7, when GO was added, 
the thermal decomposition behavior of AP catalyzed by GO 
had no obvious changes compared with that of pure AP: The 
exothermic peak of LTD process for the AP/GO (312.3 °C) 
was 19.9 °C, which was slightly lower than that of pure AP. 
Strikingly, the exothermic peak of HTD process for the AP/

GO (443.0 °C) was 10.5 °C, which was higher than that of 
pure AP. Furthermore, the TG and DTG curves of AP/GO 
exhibited that the thermal decomposition of AP/GO mixture 
started at higher temperature than that of pure AP in the 
temperature at about 375.0–450.0 °C. It seemed that GO 
exhibited somewhat negative catalytic effects. The overall 
heat for HTD and LTD processes (1588 J g−1) was 933 J g−1, 
which was higher than that of pure AP. The TG and DSC 
results of AP/GO indicated that GO exhibited almost no 
catalytic effects on the thermal decomposition of AP, which 
was well agreed with the previous work [30–33].

The DSC curves of AP/FGO 1–6 mixtures revealed 
that the addition of FGO 1–6 had no obvious effect on 
the crystal transition temperature, but lead to significant 
changes in the decomposition patterns. DSC curves of AP/

Table 1   The fitted N 1s and O 
1s XPS spectra of the functional 
groups, GO and FGO 1–6 

Samples N 1s/eV O 1s/eV

NO2 N(H)–CO N=C NO2 N(H)–CO C=O C–OH COOH

GO – – – – – 531.8 531.1 532.4
NTO 405.6 – 400.4 532.0 – 530.7 – –
FGO 1 406.5 400.9 399.6 533.4 532.4 531.5 531.0 –
FOX-7 404.5 – – 533.0 – – – –
FGO 2 404.0 400.0 – 534.7 533.2 531.8 530.8 –
Li-DNI 404.6 – 398.8 531.0 – – – –
FGO 3 405.7 399.8 398.9 534.1 533.2 531.9 530.9 –
TNA 405.1 – – 533.1 – – – –
FGO 4 405.1 400.3 – 533.4 532.6 531.6 530.9 –
TENA 405.2 – – 532.0 – – – –
FGO 5 405.8 399.9 – 533.4 532.9 531.8 531.0 –
K-TANPyO 405.8 – 398.8 530.7 – – – –
FGO 6 406.0 401.1 399.7 533.6 532.8 531.0 530.3 –
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FGO 1–6 mixtures showed a completely difference thermal 
decomposition behaviors compared to that of pure AP and 
AP/GO samples. Typically, the HTD process of AP/FGO 
1–6 mixtures disappeared completely, and the thermal 
decomposition processes of AP/FGO 1–6 exhibited only 
a broad and flat peaks, with the peak temperature slightly 
higher than that of pure AP observed in LTD process. 
From Fig. 7, the LTD processes of AP containing FGO 1–6 
mixtures (344.4, 339.1, 334.2, 346.7, 341.8 and 352.7 °C, 
respectively) were 88.1, 93.4, 98.3, 85.8, 90.7 and 79.8 °C, 
which were lower than that of pure AP. More notably, the 
decomposition heat of 2707, 2915, 3529, 3002, 3642 and 
2718 J g−1 was observed in the presence of FGO 1–6, 
about five times of the decomposition heat for pure AP, 
which could be a major breakthrough for the investiga-
tion of AP thermal decomposition. Meanwhile, the TG and 
DTG curves of AP/FGO 1–6 mixtures also indicated that 
the thermal decomposition of the mixtures proceeded in 
almost one step (only a peak at 340.4, 335.5, 328.2, 331.8, 
336.1 and 344.0 °C in DTG curves, respectively), and the 
decomposition rate of AP was accelerated significantly in 
the presence of the FGO 1–6. The date obtained was well 
agreed with the corresponding DSC results.

It is widely considered that addition of catalyst low-
ered the Ea of the reaction. A decrease in the Ea can be 
directly related to the catalytic activity of the catalyst from 
investigation. In the present work, FGO 6 was chosen as 
the representative compound to further evaluate the cata-
lytic activity of these new carbon materials on the ther-
mal decomposition of AP. The Ea value of the decomposi-
tion reaction of AP/FGO 6 mixture in LTD process was 
calculated following the Kissinger method [50], and the 
corresponding results are shown in Fig. 3S (Supporting 
Information) and Table 3. Compared with the results of 
our previous work [49], the Ea of thermal decomposition 
of AP decreased to 155.7 kJ mol−1 in LTD process in the 
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Fig. 8   TG (a) and DTG (b) curves of pure AP, AP/GO and AP/FGO 1–6 at the heating rate of 10 °C min−1

Table 2   Summary of DSC 
results for pure AP, AP/GO and 
AP/FGO 1–6 in LTD and HTD 
processes at the heating rate of 
°C min−1

Tendo, crystal transition temperature of DSC curve. To, onset temperature of decomposition for DSC curve. 
Te, end temperature of decomposition for DSC curve. Tp, peak temperature of decomposition for DSC 
curve

Samples ΔH/J g−1 Tendo/°C To/°C Tp/°C Te/°C

Pure AP [49] 655 242.3 304.3, 363.1 332.2, 432.5 353.9, 443.6
AP/GO 1588 250.5 275.5, 406.4 312.3, 443.0 340.6, 462.9
AP/FGO 1 2707 246.8 304.0 344.4 358.2
AP/FGO 2 2915 246.7 302.2 339.1 353.4
AP/FGO 3 3529 246.8 311.4 334.2 347.0
AP/FGO 4 3002 247.2 306.9 346.7 357.6
AP/FGO 5 3642 246.4 310.1 341.8 356.5
AP/FGO 6 2718 246.4 303.7 352.7 362.5

Table 3   Summary of DSC and kinetic parameters results of AP/FGO 
6 in LTD process

Sample β/°C min−1 ΔH/J g−1 Tp/°C Ea/kJ mol−1 R2

AP/FGO 6 2.5 1052 325.8 155.7 ± 4.7 0.9972
5 1568 340.0
10 2718 352.7
20 3164 365.8
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presence of FGO 6. It could be seen that FGO 6 exhibited 
an obvious catalytic activity in the thermal decomposition 
of AP, which was consistent with the TG, DTG and DSC 
results. The above results revealed that the thermal decom-
position of AP was accelerated significantly by addition of 
FGO 1–6, and it is worth noting that the catalytic activities 
of FGO 3 and 5 were more active than the others.

The catalysis activities of various burning rate catalysts 
(transition metals, metal oxides, complex oxides, energetic 
complexes/salts and some nanocomposites) on the thermal 
decomposition of AP have been fully evaluated in the studies 
[9, 51]. However, all of the above burning rate catalysts have 
common disadvantages, that is, the existence of heavy metal 
ions, resulted in environmental pollution and high signature 
in combustion process. In contrast, not only did FGO 1–6 
lower the decomposition temperature, but also significantly 
enhanced the overall heat for the thermal decomposition of 
AP. Besides, FGO 1–6 could effectively avoid the defect of 
metal-containing burning rate catalysts. In conclusion, FGO 
1–6 could be used as metal-free and energetic burning rate 
catalysts in AP-based CSP.

Possible thermal decomposition path ways of AP 
catalyzed by FGO 1–6

It is interesting to note that when the typical carbon materi-
als (graphene, GO and carbon nanotubes) were utilized as 
nanocatalyst support for transition metals, metal oxides and 
energetic complexes, which exhibited extremely high cata-
lytic activities on the thermal decomposition of AP [30–33, 
49]. However, all of these pristine carbon materials showed 
weaker or no catalytic activities [30–33]. GO was sensi-
tive to heat because of the oxygen-containing groups on the 
basal plane and the edge of the sheets [46, 47]. The main 
decomposition of GO occurred in the temperature ranged 
about 200–300 °C, and left behind vacancies and topologi-
cal defects throughout the nanosheets of reduced GO, which 
inevitably affected its electronic and mechanical properties 
and catalytic activity on the thermal decomposition of AP 
[47]. Compared with GO, the thermal stability of graphene 
and carbon nanotubes was significantly enhanced, while 
there was no obvious improvement in the catalytic activity 
of them. Amazingly, when the functional groups were cova-
lently functionalized onto the nanosheets of GO, it imparted 
GO excellent catalytic activities. Furthermore, the DSC 
curves of AP/FGO 1–6 mixtures revealed that the transition 
stage between LTD and HTD processes of AP was com-
pletely disappeared, under the catalysis of FGO 1–6. To the 
best of our knowledge, NH3 played an important role in LTD 
process of pure AP, which increased the induction period 
and reduced the reaction rate and suppressed sublimation 
completely [7]. The incomplete oxidation of NH3 was also 
the main reason for the formation of transition stage [7]. In 

addition, Liu et al. have found that HMX can accelerate the 
thermal decomposition of AP, and the main reason is that the 
product of NO2 from HMX thermal decomposition can oxi-
dize the NH3 generated in AP dissociation process, speeding 
up the primary and secondary decomposition processes of 
AP [52]. It could be deduced that the functional groups on 
the nanosheets surface of GO might play a key role in the 
oxidative reaction between NH3 and HClO4. Based on the 
above results, a possible thermal decomposition path way 
of AP catalyzed by FGO 1–6 was proposed and is shown 
in Fig. 9.

In primary decomposition of AP/FGO 1–6 mixtures, 
FGO 1–6 were more likely to expose active sites to adsorb 
HClO4 and NH3 [53], which covered on the FGO 1–6 and 
AP surface. At the same time, the –NO2 on the functional 
groups started to decompose and released some oxidizing 
gas (NO2 or NO) [52, 54], as well as an amount of heat, 
which would oxidize the NH3 [55, 56]. Thus, with the help 
of the oxidizing gas (NO2 or NO), the incomplete oxidation 
and supersaturated atmosphere of NH3 will not occur, which 
brings about the combination of LTD and HTD processes of 
AP, as well as disappearance of the transition stage. It would 
be an important step for the catalysis reaction of AP/FGO 
1–6 mixtures. The excellent electrical conductivity and ther-
mal stability of reduced GO possibly lead to improvement of 
heat and electron transfer during the thermal decomposition 
of AP/FGO 1–6 mixtures. The reduced GO also participated 
in the oxidation reaction with HClO4, which served as a fuel 
and released an extra amount of heat [57]. The processes 
of NH3 oxidation and transformation of O2 to O2

− would 
be accelerated. Therefore, the FGO 1–6 could speed up the 
primary and secondary decomposition processes of AP/FGO 
1–6 mixtures and the synergistic effect of the functional 
groups and nanosheets of GO in FGO 1–6 molecules for the 

Go Functional group

AP

CO2

Cl2

HCl

O2

H2O

nitrogen

+

+

+

+

+

GO with defect

HCIO4 NH3 NO2 and NO

compounds

Fig. 9   Schematic of the thermal decomposition of AP catalyzed by 
FGO 1–6 
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thermal decomposition of AP might be concluded. It should 
be note that how did the functional groups impart GO with 
catalytic activity on the thermal decomposition of AP were 
not clear yet, and further studies to explore the mechanism 
of thermal decomposition of AP catalyzed by FGO 1–6 are 
in progress.

Mechanical sensitivities of AP in the presence of GO 
and FGO 1–6

Previous researches have demonstrated that GO sheets have 
distinct advantage than fullerenes and carbon nanotubes as 
a desensitizer in explosives [59, 60], which were due to the 
efficiently dissipate mechanical shock, heat and electrostatic 
discharge on a molecular and a macromolecular level of GO. 
The mechanical sensitivity tests on the pure AP, AP/GO 
and AP/FGO 1–6 mixtures were performed to evaluate the 
desensitization performances of GO and FGO 1–6, and the 
results are listed in Table 4. It was found that the impact and 
friction sensitivities of AP/GO and AP/FGO 1–6 mixtures 
decreased obviously in comparison with pure AP and RDX. 
When the mass ratio of GO and FGO 1–6 was 2.5 mass%, 
the impact and friction sensitivities of AP reduced from 8.0 
to 12.8, 9.5, 11.7, 9.5, 9.4, 9.4, 12.3 J and 120 to 225, 206, 
217, 198, 204, 205, 218 N, respectively. The obtained data 
revealed that the introduction of functional groups on the 
nanosheets of GO did not affect its basic structure and desen-
sitization performances. The trend in desensitization perfor-
mance for GO and FGO 1–6 was shown to be in the order of 
FGO 1 ≈ FGO 3 ≈ FGO 4 ≈ FGO 5 < FGO 2 ≈ FGO 6 < GO, 
probably due to desensitization effects of amino groups on 
the molecular structures of FGO 2 and FGO 6 [34].

Conclusions

In summary, a new family of metal-free, energetic and 
highly thermostable burning rate catalysts FGO 1–6 were 
synthesized and characterized. The data obtained revealed 
that the functional groups was grafted onto the nanosheets 
of GO by NH-CO and N-CO bonds. FGO 1–6 exhibited 
better catalytic activity on the thermal decomposition of AP 
in comparison with GO. Not only did FGO 1–6 lower the 
decomposition temperature, but also significantly enhanced 
the overall heat for the thermal decomposition of AP. The 
excellent catalytic activity of FGO 1–6 is likely attributed 
to the synergistic effect of the functional groups and the 
nanosheets of GO in FGO 1–6 molecules. The functional 
groups could accelerate the processes of NH3 oxidation 
and transformation of O2 to O2

−, and the reduced GO pos-
sibly lead to the enhance of heat and electron transfer in 
the thermal decomposition of AP/FGO 1–6 mixtures, which 
would speed up the primary and secondary decomposition 
processes of AP mixtures. In addition, FGO 1–6 exhibited 
similar desensitization performance for the mechanical sen-
sitivity of AP by comparing with GO. It can be anticipated 
that FGO 1–6 could be used as multifunctionality additives 
in the CSP. When FGO 1–6 were added into the CSP, the 
combustion behavior, energetic and safety performances 
would be greatly improved while the heavy metal-containing 
materials emissions during the combustion process will be 
significantly reduced as well.
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