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ABSTRACT: In this study, a new covalently modified energetic
graphene oxide (CMGO) was synthesized by introducing the
energetic component 4-amino-1,2,4-triazole on GO sheets through
valence bond bonding. The morphology and structure of CMGO
were studied by scanning electron microscopy, energy-dispersive
spectroscopy, Fourier transform infrared spectroscopy, Raman
spectroscopy, X-ray diffractometry, and X-ray photoelectron
spectroscopy, and the results showed that CMGO was successfully
synthesized. Then, CMGO/CuO was prepared by loading nano-
CuO onto CMGO sheets using an ultrasonic dispersion method.
Furthermore, the catalytic effect of CMGO/CuO on the thermal
decomposition of ammonium perchlorate (AP) was investigated
using differential scanning calorimetric technique and thermogravi-
metric analysis. The results revealed that the high decomposition temperature TH and Gibbs free energy ΔG⧧ of the CMGO/CuO/
AP composite decreased by 93.9 °C and 15.3 kJ/mol compared with those of raw AP, respectively. The CMGO/CuO composite
exhibited more significant catalytic effect on the thermal decomposition of AP than GO/CuO, and the heat release Q of CMGO/
CuO/AP was greatly increased from 132.9 to 1428.5 J/g with 5 wt % CMGO/CuO. The above results demonstrated that CMGO/
CuO is an excellent composite energetic combustion catalyst, which is expected to be widely used in composite propellants.

1. INTRODUCTION
Ammonium perchlorate (AP) is an excellent oxidizer with a
high effective oxygen content, good thermal stability, and
chemical stability, and it has been widely used in composite
solid propellants, accounting for about 60−90% of the
system.1−4 Relevant studies have shown that the energy output
of propellant systems is largely affected by the combustion
performance of AP, so it is necessary to improve the
combustion performance of AP as much as possible to
effectively increase the energy output of the propellant.5−7

In recent decades, transition metals and transition-metal
oxides have been widely used to accelerate the thermal
decomposition of AP due to their good catalytic perform-
ance.8−10 Among the transition-metal oxides, CuO has
attracted considerable attention due to its good catalytic
activity, chemical stability, and environmental friendliness.11−14

The morphology and structure of CuO are also the key factors
affecting its catalytic performance. For example, CuO nano-
particles can improve the catalytic performance of AP due to
its larger specific surface area and more catalytic active
sites.15,16 However, as said “every coin has two sides”, nano-
CuO also has fatal defects even if it has excellent catalytic
properties on AP. Nano-CuO has a serious agglomeration

phenomenon due to its high surface energy and small particle
size. This problem would significantly reduce the catalytic
active sites exposed on the surface of the nano-CuO, resulting
in a decrease in the catalytic performance.
Numerous researchers have conducted a large number of

experiments to solve the agglomeration of nano-CuO and
improve its catalytic activity. For instance, Fertassi17

successfully prepared G/CuO nanocomposite by loading
CuO nanosheets on graphene (G) sheets using a simple
hydrothermal method. The results show that the G/CuO
nanocomposite reduced the decomposition temperature of AP
from 432 to 325 °C, which was 25 °C earlier than that of
single-component CuO. The apparent activation energy was
also significantly reduced from 129 to 71.47 kJ/mol, indicating
that CuO loaded on graphene sheets had a better catalytic
effect. Zhu18 formed a CuO/GO nanocomposite by loading
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nano-CuO particles on GO sheets with an in situ deposition
method. It was found that the high decomposition temperature
(TH) and heat release (Q) of the nanocomposite was 315 °C
and 1347 J/g in the presence of 2 wt % CuO/GO (the mass
ratio of CuO to GO was 2:1), demonstrating the excellent
catalytic performance of CuO/GO nanocomposite on AP.
This approach takes advantage of the large specific surface area
of graphene oxide to improve the dispersion of metal oxide
nanoparticles, which effectively solves the agglomeration
problem and promotes the extensive use of metal oxide
combustion catalysts in propellants.
Nowadays, improving the energy output of solid propellants

is one of the tasks that need to seek breakthroughs in the
research and application, and it is an effective way to introduce
combustion catalysts with energetic components into the
propellant.19−23 This is due to the ability of energetic
combustion catalysts to modulate the combustion performance
of the propellant and to increase its energy output. Moreover,
some studies have shown that adding about 3 wt % energetic
combustion catalysts into the propellant can improve the
specific impulse of the system by 1−3 s, which greatly
compensates for the energy loss caused by the introduction of
inert combustion catalysts.21,24 The GO sheets contained
many oxygen-containing functional groups (such as hydroxyl
and carboxyl groups), which provides the possibility to carry
out many functional modifications such as esterification and
amidation.25−28 Hostert29 obtained the imidazole (IMZ)-
functionalized GO (GOIMZ) by modifying 1-(3-aminopropyl)
imidazole (API) on the GO surface via an amide bond, using
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and
N-hydroxysuccinimide (NHS) for activating the carboxylate
sites of GO. Furthermore, Sa’at30 successfully prepared
functionalized graphene oxide (f-GO) by covalently modifying
phenylisocyanate on the surface of GO, and then obtained a
catocene/f-GO composite catalyst through physical interaction
between catocene and GO. By means of covalent modification,
energetic components are modified on the surface of GO, so as
to promote the perfect combination of excellent physical and
chemical properties between GO and energetic materials.31,32

In this study, 4-amino-1,2,4-triazole (ATA) with the amino
group (−NH2) was chosen as the energetic component to
obtain covalently modified high-energy graphene (CMGO) by
functionalizing the oxygen-containing groups on the surface of
GO through nucleophilic substitution.33−35 Further, nano-
CuO particles were dispersed on the surface of CMGO by an
ultrasonic dispersion method, and the covalently modified
energetic graphene/nano-CuO (CMGO/CuO) was obtained.
The prepared CMGO/CuO composite has two unique
advantages: CMGO has the energy to increase the energy
output of the system, and the layered structure and large
specific surface area of CMGO can also greatly reduce the
agglomeration of nano-CuO particles, thus effectively exerting
the catalytic activity of nano-CuO. In addition, the
combination of CMGO and nano-CuO effectively solves the
defect of limited catalytic ability of a single component and
gives full play to the synergistic catalytic ability of two
components, which is expected to be widely used in the
propellants.

2. EXPERIMENTAL SECTION
2.1. Materials. AP was purchased from Dalian Perchloric

Acid Ammonium Factory. CuO was supplied by Sinopharm
Chemical Reagent Co. Ltd. GO was purchased from Suzhou

Tanfeng Graphene Technology Co., Ltd. 1-Ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC), N-hydroxysucci-
nimide (NHS), 4-amino-1,2,4-triazol, and triethylamine were
purchased from Shanghai Macklin Biochemical Co., Ltd.
Methanol and ethyl acetate were purchased from Nanjing
Chemical Reagent Co., Ltd. All reagents are of analytical grade
and were used directly without further purification.
2.2. Synthesis of CMGO. First, the dispersed graphene

oxide solution (0.5 mg/mL) was obtained by adding graphene
oxide into deionized water and ultrasonically dispersing it at 20
°C for 30 min. Then, the crosslinking agent EDC/NHS was
added to the GO solution at a dosage of 0.3 mmol/1 mg GO
(the molar ratio of EDC to NHS was 1.5:1) in the stirred state,
and the reaction lasted for 30 min to obtain the mixed solution.
Further, the PH of the solution was adjusted to 7.0 by adding
some triethylamine to the mixed solution. Then, the pre-
prepared deionized water dispersion of ATA (ATA dosage:
5.04/1 mg GO) was slowly added to the mixed system after
the reaction continued for 2 h. Next, the solution was stirred at
50 °C for 12 h, and the product was separated by
centrifugation after complete cooling. Finally, the product
was washed repeatedly with deionized water and methanol 5
times and freeze-dried in vacuum for 24 h to obtain CMGO.
The schematic diagram of the preparation of CMGO can be
observed shown in Figure 1. The type and proportion of the

crosslinker and the pH of the solution are all important factors
in the synthesis of CMGO; it is essential to select raw materials
and conduct experiments based on the nature of the
crosslinker itself and the interaction between the different
substances.
2.3. Synthesis of CMGO/CuO. CMGO/CuO was

prepared by the ultrasonic dispersion method. First, 0.05 g
of CMGO was weighed into a beaker with 30 mL of deionized
water, and a homogeneous CMGO suspension could be
obtained by ultrasonic dispersion for 30 min. Next, 0.05 g of
nano-CuO was added in 20 mL of deionized water and
ultrasonicated for 30 min to obtain the suspension of nano-
CuO. It is worth noting that the mass ratio of CMGO and
nano-CuO is 1:1. Then, the suspension of nano-CuO was
slowly poured into the suspension of CMGO under the
condition of stirring, and the mixed suspension was placed in
the magnetic stirrer for mixing and stirring for 2 h. Finally, the
CMGO/CuO could be obtained by vacuum freeze-drying for
12 h. Furthermore, GO/CuO was obtained with the same
mass ratio and the above preparation method. The preparation
process of CMGO and CMGO/CuO is shown in Figure 1.

Figure 1. Schematic diagram of the preparation of CMGO.
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2.4. Synthesis of Different Composites. The CMGO/
CuO/AP composite was synthesized by the mechanical
grinding method. AP was dried in an oven for 24 h before
the experiments. First, CMGO/CuO and pure AP were added
to a mortar with the mass ratio of 5:95, then the samples were
mixed by slow grinding after adding 1 mL of ethyl acetate. It is
worth noting that the grinding strength should be controlled to
avoid changing the size of the particles. Finally, the CMGO/
CuO/AP composite containing 5 wt % CMGO/CuO was
obtained by drying in an oven at 60 °C for 20 min.
Furthermore, GO/CuO/AP, CMGO/AP, CuO/AP, and
GO/AP can be prepared with the same mass ratio and the
same method.
2.5. Measurements. Scanning electron microscopy (SEM)

tests were performed using a high-resolution thermal field
scanning electron microscope (Quanta 400 F). Fourier
transform infrared (FT-IR) of the samples was carried out
(Nicolet iS10) in the range of 4000−500 cm−1. Raman
spectrometry was performed with a LabRam HR Evolution
instrument equipped with a 532 nm laser wavelength. The
crystal forms of the samples were determined using an
Advanced D8 X-ray diffractometer. In addition, X-ray photo-
electron spectroscopy (XPS) measurements were performed
using an ESCALAB 250Xi spectrometer equipped with a pass
energy of 30 eV, a power of 100 W (10 kV and 10 mA) and a
monochromatized Al Kα X-ray source. The thermal analysis
experiment was performed using a METTLER TOLEDO
TGA/DSC3+ system; the N2 flow rate was 50 mL/min, the
selected heating rate was 5, 10, 15, and 20 °C/min, and the
system was heated from 50 to 500 °C. The kinetic parameters
for the exothermic decomposition of pure AP and AP
composites were obtained using the Kissinger method.36

3. RESULTS AND DISCUSSION
3.1. Micromorphology of Composites. The micro-

morphology of different composites was investigated by
SEM, and the results are shown in Figure 2. Figure 2a shows
that GO presents curled clusters and folded sheets, which may
be caused by the uneven oxidation degree on the surface of
GO during the preparation process, and the form of GO
resembles the shape of silk during dancing. As shown in Figure
2b, the surface folds of CMGO increased significantly, which
was caused by the destruction of the integrity of the graphene
lattice during the covalent modification of graphene oxide, and
it led to the uneven distribution of surface tension of graphene
oxide. Figure 2c shows that the CuO nanoparticles are
spherical with uniform particle size distribution, but there is an
obvious agglomeration phenomenon, which could significantly
reduce its catalytic performance. Figure 2d,e shows the
microscopic morphology of GO/CuO and CMGO/CuO
composites, and nano-CuO is well loaded on GO and
CMGO. The good dispersion of nano-CuO on the surface of
CMGO facilitates the synergistic catalysis between CMGO and
CuO.6,8

Elemental analysis was used to characterize the combination
effect of the two composites, as the SEM images of GO/CuO
and CMGO/CuO show similar microscopic morphologies,
and the results are shown in Figure 3. It clearly shows that
GO/CuO contains the three elements C, O, and Cu. The three
elements can be observed at different positions in the image,
inferring that nano-CuO was uniformly dispersed on the
surface of GO. CMGO/CuO exhibits a more uniform
distribution of elements, and the presence of N element

confirms the successful preparation of CMGO. It can also be
found that the distribution of different elements in CMGO/
CuO is denser than that of GO/CuO, especially the Cu
element. The above conclusions demonstrate that CuO
nanoparticles can be better combined with CMGO, resulting
in a more uniform dispersion of nano-CuO on CMGO, which
is related to the ATA on the surface of GO.8,23

3.2. Structures of Different Samples. The structures of
GO, CMGO, CuO, GO/CuO, and CMGO/CuO were
analyzed using FT-IR and Raman to verify the successful
modification of ATA on GO sheets using covalent bonds, and
the results are shown in Figure 4. As can be seen in the
spectrogram, GO shows characteristic peaks at 1052, 1224,
1735, 3386 cm−1, etc. The characteristic absorption peak of
GO at 1052 cm−1 is associated with the anti-symmetric
stretching vibration of C−O−C, and the characteristic
absorption peaks at 1224 and 1735 cm−1 correspond to C−
OH and C�O, respectively. The characteristic peak at 3386
cm−1 is attributed to the stretching vibration of the O−H bond
in GO. CMGO shows distinctive characteristic peaks at 954,
1048, 1381, 1563, 1648 cm−1, etc. Among them, the
characteristic absorption peak at 1648 cm−1 corresponds to
the bending vibration of N−H. The new vibrational absorption
peak of CMGO near 1381 cm−1 is associated with the bending
vibration of C−N. The C−N may be derived from the amide
bond (−CO−NH−) formed by the covalent modification of
GO and ATA, and it may also be the C−N bond in the
energetic component of ATA. The new absorption vibrational
peaks at 1563 and 954 cm−1 correspond to the skeletal
vibration of the triazole ring in ATA, which proves the
presence of ATA in energetic graphene. In addition, the
absorption peak of GO at 1052 cm−1 is the anti-symmetric

Figure 2. SEM images of different samples: (a) GO; (b) CMGO; (c)
CuO; (d) GO/CuO; and (e) CMGO/CuO.
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stretching vibration absorption peak of C−O−C, correspond-
ing to the absorption peak of energetic graphene at 1048 cm−1.
The epoxy group (C−O−C) in GO may also undergo a ring-
opening reaction with the amino group (−NH2) in ATA,
resulting in a significant reduction of the absorption peak
intensity observed for CMGO. The nano-CuO exhibits strong
characteristic peaks at around 3419, 1633, 583, and 539 cm−1.
The peaks located at 3419 and 1633 cm−1 are attributed to
stretching and bending vibrational peaks of the O−H bond,
which may be caused by a small amount of water molecules
adsorbed on the surface of the nano-CuO. The diffraction
peaks at 583 and 539 cm−1 are assigned to the stretching
vibration of the Cu−O bond. In the GO/CuO composite, the
characteristic peaks of both GO and CuO were observed
simultaneously without any additional diffraction peaks,
indicating physical mixing between GO and CuO. The
diffraction peaks of the CMGO/CuO composite are ascribed
to the diffraction peaks of CMGO at 954, 1048, 1223, 1381,
1563, 1648, and 1706 cm−1, as well as the characteristic peaks
of CuO at 3419, 1633, 583, and 539 cm−1, indicating the

successful preparation of the CMGO/CuO physical mix-
ture.17,18,37,38

Raman spectra of GO and CMGO are shown in Figure 5. As
can be seen in Figure 5, the D-peak of the GO sheet at 1346
cm−1 reflects its characteristic of disorder. The characteristic

Figure 3. Mapping patterns of GO/CuO and CMGO/CuO.

Figure 4. FT-IR spectra of GO and CMGO.

Figure 5. Raman spectra of GO and CMGO.
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peak at 1594 cm−1 corresponds to the G-peak of sp2-hybridized
carbon atoms on GO sheets, which reflects the symmetry and
crystal integrity of GO. The intensity ratio (ID/IG) of the D
and G peaks is usually used to probe the degree of defects in
GO sheets and the degree of covalent modification of CMGO.
The large ID/IG ratios imply more covalent bonding of
functional groups on the surface and edges of GO and CMGO.
It can also be found that the ratio of ID/IG in CMGO increases
from 0.95 to 1.05, which is due to the disruption of the
covalently modified lattice of GO and further increase of
defects in the GO sheet. The above phenomena are consistent
with the conclusions drawn from SEM, which further confirms
the successful preparation of CMGO.17,18

Figure 6 shows the X-ray diffraction (XRD) patterns of GO,
CMGO, CuO, GO/CuO, and CMGO/CuO. As shown in
Figure 6, the most intense peak at around 2θ = 11.04°
corresponds to the (002) reflection of GO. It can also be
observed that the diffraction peak of GO at (002) disappears
due to the introduction of the amino group, confirming the
formation of CMGO. A sharper diffraction peak than GO
appears in CMGO near 24°, while the tiny diffraction peak at
42.9° disappears, both of which were associated with the
successful addition of amino group. The nano-CuO shows
strong diffraction peaks at 2θ = 32.2, 35.3, 38.4, 48.5, 53.2,
58.1, 61.3, 66.1, 67.8, 72.2, and 75.0°, corresponding to the
crystalline planes of (−1 1 0), (0 0 2), (1 1 1), (−2 0 2), (0 2
0), (2 0 2), (−1 1 3), (−3 1 1), (−2 2 0), (3 1 1), and (0 0 4).

Figure 6. XRD patterns of different samples.

Figure 7. XPS (a) survey spectra of GO and CMGO; (b) peak-fitting spectra of N 1s of CMGO; (c) peak-fitting spectra of C 1s of GO; and (d)
peak-fitting spectra of C 1s of CMGO.
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The presented diffraction peaks of nano-CuO are consistent
with the standard PDF card (PDF: 45-0937), inferring that the
crystalline form of the nano-CuO is monoclinic. In the GO/
CuO composite, the diffraction peaks of nano-CuO appear
with those of GO, confirming that the two samples are
physically mixed without chemical interaction, while the lower
content of GO leads to a reduction in the intensity of the
diffraction peak at (0 0 2). Moreover, it also shows the
diffraction peaks of nano-CuO in the CMGO/CuO composite,
without additional diffraction peaks being generated and
disappeared. The above findings confirm the successful
synthesis of CMGO and the physical mixing of GO/CuO
and CMGO/CuO.21,22,37,38

XPS was employed to verify the chemical-binding relation-
ship between GO and the energetic ligand (ATA), and the
results are shown in Figure 7. Figure 7a shows that only two
elements (O and C) are detected in GO, while three elements
(O, C, and N) appeared in the spectrum of CMGO, and the
presence of N at 399.1 eV confirms the successful preparation
of CMGO. Figure 7b illustrates the high-resolution spectrum

of N 1s region in CMGO. The results demonstrate that the N
element in CMGO has three chemical states: 401.5 eV (C−
N), 399.9 eV (N−H, −N−N−), and 398.8 eV (�N−), in
which N−H, −N−N− and �N− are unique valent-bond
fitting peaks of ATA, illustrating the covalent binding of ATA
to GO. In addition, Figure 7c displays the high-resolution
spectrum of C1 s in GO. It can be found that the C element in
GO has three chemical states, which are at 284.6, 286.9, and
287.9 eV, and they are attributed to the sp2 hybrid lattice
carbon (C−C), carbon in epoxy group (C−O−C), and carbon
atom on carbonyl group (C�O), respectively. Compared with
the C 1s spectra in GO, the content of carbon atoms in
CMGO decreased significantly, and a new peak of C−NH at
287.0 eV was generated in Figure 7d. The above findings
further demonstrate the successful preparation of CMGO by
combining the amino groups in ATA with GO flakes.8,16,17

3.3. Catalytic Performance of Different Composites.
TG−DSC−DTG were performed on raw AP and different
composites with the heating rate of 10 °C/min to explore the
catalytic performance of different samples, and the results are

Figure 8. TG−DSC−DTG curves of AP and AP composite samples. (a) AP, (b) GO/AP, (c) CuO/AP, (d) CMGO/AP, (e) GO/CuO/AP, and
(f) CMGO/CuO/AP.
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shown in Figure 8. The basic data on the thermal
decomposition properties of the different samples are shown
in Table 1.
As can be seen in Figure 8 and Table 1, there are two

decomposition stages in the thermal decomposition of AP; the
peak at 297.9 °C is the low-temperature decomposition peak of
AP, and the peak at 419.2 °C is the high-temperature
decomposition peak of AP. GO, CMGO, and CuO nano-
particles all exhibit a significant catalytic effect on AP, resulting
in a significant decrease in the thermal decomposition
temperature of AP and a considerable increase in its heat
release, especially the nano-CuO. The high-temperature
decomposition peak of GO/CuO/AP is significantly advanced
due to the presence of 5 wt % GO/CuO. When using 5%
CMGO/CuO rather than GO/CuO as the catalyst for AP, the
high-temperature decomposition peak of AP was found to
overlap with its low-temperature decomposition peak. The TH
of GO/CuO/AP advances from 419.2 to 328.2 °C, which is
69.3 °C earlier than that of the GO/AP composite, and it is
also 7.1 °C earlier than that of the CuO/AP composite. The
above conclusions fully demonstrate the excellent synergistic

catalytic effect of GO and CuO. Furthermore, the Tm value of
GO/CuO/AP is also significantly advanced, which also
indicates the good catalytic effect of the GO/CuO composite.
The introduction of GO improves the dispersion of nano-CuO
particles and inhibits the agglomeration of CuO nanoparticles,
which improves the overall catalytic activity. The advance
values of Te (259.9 °C) and Tc (341.6 °C) also indicate that
the GO/CuO composite is more conducive to accelerate the
thermal decomposition of AP. As shown in Table 1, the heat
release of the GO/CuO/AP composite (1180.8 J/g) is
significantly higher than that of AP (132.9 J/g) and other
composites. In addition, the CMGO/CuO/AP composite also
shows a huge advantage in heat release (1428.5 J/g), and it is
about 1.2 times higher than that of the GO/CuO/AP
composite. These results indicate that the CMGO/CuO
composite not only inherits the excellent catalytic performance
of the GO/CuO composite but also greatly improves the
overall energy output of the AP system. Furthermore, the
CMGO/GO composite has better catalytic effect and higher
heat release for AP, indicating that it is a good composite
energetic combustion catalyst.9−11

Table 1. Basic Data of Thermal Decomposition Performance of AP and AP Composite Samplesa

sample Te/°C Tc/°C Tm/°C TL/°C TH/°C Q/(J/g)

AP 276.8 417.6 406.6 297.9 419.2 132.9
GO/AP 264.5 396.8 389.1 289.6 397.5 352.1
CuO/AP 255.9 343.4 333.4 266.8 335.3 1101.8
CMGO/AP 258.6 398.9 371.3 298.3 353.7 834.2
GO/CuO/AP 259.9 341.6 327.9 328.2 1180.8
CMGO/CuO/AP 258.6 334.7 325.6 325.3 1428.5

aTe is the initial decomposition temperature; Tc is the terminal decomposition temperature; Tm is the temperature at maximum weight loss; TL is
the low decomposition temperature; TH is the high decomposition temperature; Q is the heat release.

Table 2. Effect of Different Catalysts on the Thermal Decomposition Performance of APa

LTD HTD

samples M % β°C·min−1 raw AP composites
decrease of LTD

temperature raw AP composites
decrease of HTD

temperature refs

AP/GO 20 10 °C·min
−1

301.78 261.62 40.16 358.63 350.71 7.92 39

AP/GO + Co + AMTZ 5 10 °C·min
−1

312.1 410.7 314.32 96.38 40

AP/CuO 4 20 °C·min
−1

441.3 346.6 94.7 41

AP/CuO (flake) 2 20 °C·min
−1

424.4 328.3 96.1 42

AP/CuO (linear) 2 20 °C·min
−1

424.4 327.9 96.5 42

AP/CuO (rod) 2 20 °C·min
−1

424.4 321.7 102.7 42

AP/CuO (spherical) 2 20 °C·min
−1

424.4 320.3 104.1 42

AP/GO/Fe2O3 (1:10) 3 10 °C·min
−1

455 378 77 43

AP/GO/Fe2O3 (3:20) 3 10 °C·min
−1

455 384 71 43

AP/GO/Fe2O3 (3:10) 3 10 °C·min
−1

455 387 68 43

AP/GO/Fe2O3 (1:1) 3 10 °C·min
−1

455 408 47 43

AP/GO/Fe2O3 (3:1) 3 10 °C·min
−1

455 425 30 43

CMGO/AP 5 10 °C·min
−1

297.9 298.3 +0.4 419.2 353.7 65.5 this
work

CMGO/CuO/AP 5 10 °C·min
−1

297.9 419.2 325.3 93.9 this
work

aLow-temperature decomposition (LTD); high-temperature decomposition (HTD).
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In addition, the catalytic effect of the CMGO and CMGO/
CuO prepared in this study was compared with the catalytic
effect of different catalysts in the literature, and the results are
shown in Table 2. It clearly shows that various catalysts
provided good catalysis for the thermal decomposition of AP,
especially the high-temperature decomposition (HTD) peak of
AP. It can also be found that CMGO shows better catalytic
effect on AP than GO, and the dispersion of CuO on the
surface of CMGO also exerts an excellent catalytic effect on
AP, even with a low content of CuO.
To further study the pyrolysis of AP and different

composites, DSC tests were carried out on different samples
at different heating rates, and the results are shown in Figure 9.
As can be seen in Figure 9, the thermal decomposition
temperature of different samples shows a significant hysteresis
effect with the increase of the heating rate, which was caused
by the uneven heating of the samples when the heating rate
was increased. GO, CMGO, and CuO all have catalytic effects
on AP and advance its exothermic peak. GO/CuO and
CMGO/CuO have more obvious synergistic catalytic effect on
AP with only one significant exothermic peak. Especially, the
CMGO/CuO/AP composite has the largest exothermic peak,

confirming the obvious catalytic performance of CMGO/CuO
on AP.7

According to the TH at different heating rates in Figure 9, a
linear fit was performed with 1000/Tp and ln(β/T2 P) as the
horizontal and vertical coordinates, respectively. The ln(β/T2
P)−1000/Tp diagram of AP and different composites were
obtained, as shown in Figure 10.
The Kissinger method was employed to calculate the

thermal decomposition kinetic parameters of AP and different
composites, and the equation is shown in eq 1

i

k
jjjjjj
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{
zzzzzz

i
k
jjjjj
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zzzzz= +
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E

ln ln
p
2

a

p a (1)

where β is the heating rate (K/min), Ea denotes the activation
energy (kJ/mol), A is the pre-exponential factor (min−1), and
R represents the molar gas constant (8.314 J·mol−1·K−1).
Further, Ea and A of AP and different composites could be

obtained according to the linear fitting equations in Figure 10,
and the results are summarized in Table 3.

=T T a b ci i i ip0 p
2 3

(2)

Figure 9. DSC curves of AP and AP composite samples at different heating rates.
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where Tpi is the decomposition temperature at the heating rate
of βi, Tp0 (K) is the decomposition peak temperature at which
β tends to 0, kB represents the Boltzmann constant (1.381 ×
10−23 J/K), and h denotes the Planck constant (6.626 × 10−34

J·s); ΔS⧧, ΔH⧧, and ΔG⧧ are the activation entropy, enthalpy
and Gibbs free energy, respectively.
The thermal decomposition of raw AP and different

composites can be described by ΔS⧧, ΔH⧧, and ΔG⧧, and
the peak temperature (Tp0) can be calculated from eq 2. Then,
eqs 3−5 could be used to calculate the relevant parameters,
and the results are shown in Table 3.
As can be seen in Table 3, the ΔG⧧ values of GO/CuO/AP

and CMGO/CuO/AP are significantly lower than those of AP,
GO/AP, CuO/AP, and CMGO/AP. Among them, CMGO/
CuO/AP shows the lowest ΔG⧧ value (168.2 kJ/mol),
indicating that the CMGO/CuO/AP composite is more
susceptible to thermal decomposition than the other samples,
suggesting a more significant catalytic effect of CMGO/CuO
on AP. The ΔS⧧ values of GO/CuO/AP and CMGO/CuO/
AP are 28.2 and 40.8 J·mol−1·K−1, respectively, which are
significantly higher than those of AP and other composites,
indicating that the GO/CuO/AP and CMGO/CuO/AP
systems have a higher disorder of the system when the
activation of the molecules occurs. In addition, it can also be
found that the Tp0 values of CuO/AP (300.6 °C), GO/CuO/
AP (301.8 °C), and CMGO/CuO/AP (299.2 °C) are
significantly advanced, especially the CMGO/CuO/AP
composite. The above phenomenon fully demonstrates the
more obvious catalytic performance of CMGO/CuO on AP.23

4. CONCLUSIONS
In this study, the energetic components (ATA) were
successfully modified on GO sheets to obtain CMGO through
covalent modification, and then nano-CuO was loaded on the
surface of GO and CMGO through the ultrasonic dispersion
method to obtain the new composite energetic combustion
catalysts of GO/CuO and CMGO/CuO. The results of SEM,
EDS, IR, Raman, and XRD confirmed the successful
preparation of the composite catalyst. The CuO nanoparticles
were uniformly dispersed on the surface of CMGO, as well as
GO. Furthermore, TG and DSC were used to investigate the
catalytic performance of GO, CuO, CMGO, GO/CuO, and
CMGO/CuO on AP. The results showed that CMGO/CuO
has a more significant catalytic effect on the thermal
decomposition of AP than GO/CuO due to the fact that
CMGO is an energetic combustion catalyst, and the heat
release of AP considerably increased with 5 wt % CMGO/
CuO from 132.9 to 1428.5 J/g. The excellent catalytic effect of
CMGO/CuO was attributed to the synergistic catalytic effect
of CMGO and CuO. Furthermore, the nano-CuO loading on
CMGO greatly improved its dispersion and facilitated its
catalytic performance on AP. Overall, these results show that
the successful preparation of CMGO/CuO provides a basis for
the development of composite energetic combustion catalysts,
and the CMGO/CuO composite prepared in this study is
expected to be widely used in the field of propellants. For
example, the synthesized CMGO, as an energetic material, can
be used directly as a combustion catalyst for propellants to
improve the thermal decomposition and combustion perform-
ance of propellants. In addition, CMGO can be used as a
carrier for combustion catalysts to improve the dispersion of
the nanocatalysts, thus giving full play to the catalytic effect of
nanocatalysts and improving the performance of propellants.
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