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thesis of copper nanoparticles
supported on reduced graphene oxide and its
application as a new catalyst for the decomposition
of composite solid propellants†

Paulina L. Ŕıos,a Paula Povea,b Christopher Cerda-Cavieres,a Juan L. Arroyo,b

Cesar Morales-Verdejo,a Gabriel Abarca a and Maŕıa B. Camarada *a

The catalytic activity of graphene oxide (GO), reduced graphene oxide (rGO), copper nanoparticles (CuNP)

and rGO supported copper nanoparticles (rGO|CuNP) was investigated for the thermal decomposition of

ammonium perchlorate (AP). GO was synthesized using a methodology based on hydrophilic oxidation,

while an environmentally friendly and non-toxic reducing agent, L-ascorbic acid, was applied for the in

situ reduction of copper and GO. The supporting rGO reduced the mean size of the copper

nanoparticles from approximately 6 to 2 Å due to the presence of stabilizing functional groups on the

graphitic structure. Theoretical studies through Density Functional Theory revealed the important role of

the epoxy and carbonyl groups of rGO on the stabilization of copper. The thermal decomposition

process was studied based on DSC and TGA. GO, and rGO did not show a significant catalytic influence

in the decomposition of AP. CuNP reduced the decomposition temperature of AP in greater magnitude

than rGO|CuNP however, the synergistic effect of the rGO and CuNP increased the energy release

significantly.
1. Introduction

Among the different fuels used to propel a rocket, those based
on heterogeneous solid ingredients are commonly used in
modern vehicles due to their higher safety, reliability, and
stability in comparison to liquid systems.1,2 Composite solid
propellants (CSP) are based on three main compounds:
a binder, an oxygen-rich solid oxidizer, and a combustible metal
additive like aluminum.3 The oxidizer is the source of oxygen
and the major component of the composite solid propellant.
Ammonium perchlorate (AP) is the most common oxidizer due
to its excellent capabilities.4 The general performance of the
CSP mainly depends on the decomposition temperature of AP.
The lower the decomposition temperature of AP, the higher will
be the combustion rate. The nal decomposition temperature
and the burn rate of composite solid propellants can be easily
improved by adding a burn rate catalyst.5 Currently, burn rate
catalysts mainly include transition metal oxides, metal nano-
particles, and ferrocene derivatives. Unfortunately, they do not
accelerate the decomposition process as required.
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tion (ESI) available. See DOI:
Metal nanoparticles have larger surface area compared to
micron size catalysts and thus, exhibit higher surface energy
and can enhance the burn rate and thermal decomposition of
AP effectively.6–9 Because of their small size and high-surface-to-
volume ratio, pure transition metal nanoparticles are very
sensitive to oxygen and have led to more rapid thermal
decomposition of AP.10,11 Liu and coworkers investigated the
effect of metal nano- and micro-particles on thermal decom-
position of AP. The nanometric metal powders increased the
burning heat and rate decomposition of AP. The addition of Cu,
Ni and Al NPs (5% wt.) lowered the high-temperature decom-
position (HTD) peak of AP by 130 �C, 113 �C and 52 �C respec-
tively, more than the micrometric particles. Copper
nanoparticles (CuNP) were the best catalyst for promoting the
decomposition of AP.12 Among the studies related to copper
nanoparticles, most of them are directed to evaluate the activity
of copper oxide. Only a few of them are related to the evaluation
of neutral copper nanoparticles.12,13

Patil and coworkers,6 described the use of nano-copper oxide
and nano-copper chromite as burning rate catalysts of AP, the
latter exhibiting better results, lowering the HTD by 118 �C at
2% wt. Mahinroosta reported the application of 40 nm
commercial CuO nanoparticles, diminishing the HTD of AP by
108 �C with 3% wt. nanoparticles.14 More recently, Sharma
et al.15 reported the green synthesis of CuO by using the extract
of the leaves of a plant. The 30–40 nm nanoparticles decreased
This journal is © The Royal Society of Chemistry 2019
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View Article Online
the HTD of AP by 115 �C at 1% wt. Among the studies related to
neutral metallic copper nanoparticles, Dubey et al. studied the
effect of 20 nm CuNP on the thermal decomposition of AP.
Results indicated that nanoscale copper lowers the activation
energy for thermal decomposition of AP and produces a 74 �C
decay of the HTD of AP with 1% wt. catalyst.13

In search of new catalysts, Sabourin et al.16 evaluated gra-
phene (GR) as a catalyst of the combustion of composite solid
propellants. GR, which has a high thermal17 and electrical
conductivity,18,19 inuenced the propellant burn rate through
the acceleration of the electron transfers involved in the
decomposition of AP. GR not only catalyzes the combustion
reactions, but also participates energetically as a fuel, being
consumed without producing residual particulates. Graphene
oxide (GO), which consists of defect-rich graphene and residual
chemisorbed oxygen-containing moieties,20 offers a less expen-
sive alternative for the obtention of a graphene derivative:
reduced graphene oxide (rGO), which may be equally effective
for propellant applications as GR. However, the reduction of GO
to produce rGO in large scale involves not only the removal of
oxygen moieties but also the recovery or repair of the graphitic
network.21,22

By now, there are several methods to reduce GO that affect
the nal performance of the material.23 Among them, the
chemical approximation is simpler, cheaper and faster than
physical paths, giving high yields with controllable properties.
Several reducing agents have been assayed to resemble the
pristine graphene structure. The most extended one is hydra-
zine hydrate due to its ability to produce rGO sheets with high
electrical conductivity.24 However, this substance is very toxic to
the environment and the living organisms. As an alternative,
green reduction mechanisms have been explored by using
amino acids,25 organic acids,26 and sugars,27 among other
chemicals. The rst known environmental friendly reducing
agent of GO was ascorbic acid. Currently, it is the best non-toxic
alternative, giving similar nal characteristics to rGO compared
to the hydrazine-reduced GO.28

Graphene and its derivatives can also act as support and
stabilizer of metal nanoparticles29,30 like copper. In 2008, Lue-
chinger and coworkers31 reported a bottom-up approach to
synthesize copper nanoparticles coated with a protective shell
of graphene to be used as low-cost printable ink for electronics.
Zhang et al.32 produced rGO|CuNP composites by a chemical
reduction method with NaBH4, with application in surface-
enhanced Raman scattering. In 2014 two groups reported the
synthesis of rGO|CuNP with application in chemical trans-
formation reactions.33,34 Only one of the studies corresponded
to the in situ generation of the stabilized nanoparticles,
however, it implied a non-green chemical reductant.34

By now, a few studies are referred to the supported synthesis
of copper nanoparticles with direct use as an accelerator of the
decomposition of AP. During 2017 two groups described the
application of CuO supported on graphene derivatives as burn
rate catalyst of AP. Hosseini et al. enhanced the catalytic
performance, diminishing 111 �C the HTD by the application of
4% wt. of copper oxide nanoparticles supported on nitrogen-
doped graphene,35 while Paulose and coworkers introduced
This journal is © The Royal Society of Chemistry 2019
a nanocomposite of functionalized white graphene and copper
oxide, achieving a reduction of 50 �C of the HTD with 3% wt. of
the catalyst.36

To our knowledge, among literature, there are no reports
about the specic use of neutral copper nanoparticles sup-
ported on reduced graphene oxide (rGO|CuNP) as burning rate
catalyst of composite solid propellants, produced in situ by
a green chemical reductant as ascorbic acid. Therefore, in this
work, we report the rst in situ synthesis and characterization of
copper nanoparticles supported on rGO and their further
application as catalysts for the decomposition of AP. Although
CuNP exhibited better performance as catalyst than rGO|CuNP,
the latter increased importantly the energy release. The inter-
action between rGO and copper was also analyzed through ab
initio calculations, revealing the vital role of the functional
groups for the stabilization of the metal.
2. Experimental details
2.1. Reagents and characterization methods

Reagents were of analytical grade or the highest commercially
available purity and were used as received. Graphite, KMnO4,
H2SO4, H3PO4, H2O2, HCl, ethanol, L-ascorbic acid, NH3, and
copper dichloride dihydrate were purchased from Merck.
Aqueous solutions were prepared with in-house ultrapure water
of resistivity not less than 18 MU cm (Milli-Q, USA). Fourier
transform infrared spectroscopy (FT-IR) spectra were measured
using a Perkin Elmer Spectrum two UATR spectrometer in the
frequency range 500–4000 cm�1. UV-visible spectra were recor-
ded with a Merck Spectroquant Prove 300 spectrophotometer.
All measurements were taken at room temperature. Differential
scanning calorimetry (DSC) analysis were performed on an 822e
Mettler Toledo instrument at a heating rate of 5 �Cmin�1 under
a nitrogen blanket in the range of 140–500 �C. Scanning
transmission electron microscopy (STEM) and high-resolution
transmission electron microscopy (HRTEM) analyses were per-
formed with a FEI Titan Themis 80/300 microscopy at LNNano
(LNLS, Brazil), operated at 300 kV. High Z-contrast images were
acquired through STEM using a high-angle annular dark eld
detector (HAADF) and a semiconvergence angle of 27.4 mrad.
The typical resolution was greater than 0.01 nm. The samples
were prepared by directly applying the CuNP powder onto
standard TEM grids. TEM images were collected on a Hitachi
HT7700 equipment. The catalytic performance of the
compounds for the thermal decomposition of ammonium
perchlorate (AP) was investigated by adding the catalysts to AP
(20 mm size) in 1, 3 and 5% wt.
2.2. Synthesis and characterization of graphene oxide (GO)
and reduced graphene oxide (rGO)

Slightly modied Marcano' method was used to produce GO,37

which provides a greater quantity of hydrophilic oxidized
graphite material in comparison to the traditional Hummers
method,38 with higher yield and simpler protocol. Graphite
powder (3.0 g) and KMnO4 (18.0 g) was added to a mixture of
H2SO4/H3PO4 (360 mL/40 mL), and the reaction occurred at
RSC Adv., 2019, 9, 8480–8489 | 8481
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50 �C for 12 h. The mixture was cooled to room temperature and
poured onto ice (z400 mL) with 30% H2O2 (3 mL). The mixture
was centrifuged (6000 rpm, 2 h) and the supernatant decanted
away. The solid was washed with deionized water (200 mL), 30%
HCl (200 mL) and ethanol (200 mL, twice) and centrifuged in
each wash step. Then, the solid was coagulated with ether,
ltered (2 mm) and dried in a vacuum oven at 30 �C.

Chemical conversion of GO to reduced graphene oxide (rGO)
was completed by a green reductant, according to a reported
method:39 100 mg of GO were dispersed in 1000 mL of milli-Q
water. Then 1 g of L-ascorbic acid was added, and the mixture
was stirred and heated at 65 �C for 1 h. The pH value was kept at
10 by adding NH3 dissolution. Finally, the rGO was collected by
ltration. The resulting product, a black powder, was washed
several times with milli-Q water and was dried in a vacuum oven
at 30 �C.

2.3. Synthesis and characterization of copper nanoparticles
(CuNP) and copper nanoparticles supported on reduced
graphene oxide (rGO|CuNP)

Xiong' method with some modications was used in the
production of copper nanoparticles (CuNP).40 CuCl2$2H2O (25
mL, 0.2 M) was heated to 80 �C while stirring. L-ascorbic acid (25
mL, 0.4 M) was added dropwise, and the mixture was kept in
heating (80 �C) stirring overnight (12 h). The mixture was cooled
to room temperature, centrifuged (8000 rpm, 15 min) and
washed with milli-Q water. The supernatant was diluted to
50 mL in a volumetric ask. The CuNP (0.1 M) was kept up to 2
months.

In the case of rGO|CuNP, a novel synthesis was developed to
produce the in situ reduction of copper and graphene oxide:
previously synthesized GO (127.1 mg) was dispersed in CuCl2
dissolution (10 mL, 0.2 M) and then put in stirring heat (80 �C).
An L-ascorbic acid dissolution (10 mL, 1.23 M) was added
dropwise, and the mixture was kept in stirring heat (80 �C) for
12 hours. The pH was adjusted to 10 by adding NH3 dissolution.
Nanoparticles were kept in solution. TEM, UV-vis, and FT-IR
analysis were performed.

2.4. Computational details

Theoretical approximations explored the nanoarchitecture of
rGO and its interaction with CuNP. Because of the size of the
rGO system, it was represented by a 2 � 2 nm2 structure. The
structure of rGO was built according to a previous study of the
reduction of GO by ascorbic acid.39 The GO structure presents
epoxy, alkoxy, hydroxyl, carbonyl, and carboxyl groups. Epoxy
and hydroxyl groups are mainly located on the surface of the
graphitic network and are the most labile moieties. Aer the
reduction process, these groups are partly removed. The
chemical reduction of GO does not eliminate completely the
surface and the edge functionalities,41 which can stabilize metal
ions. The geometry of rGO was fully optimized at the density
functional theory (DFT) level using the Gaussian16 computa-
tional package.42 Copper nanoparticles were represented by an
eight-atom cluster (Cu8). With the aim of studying the most
stable site of coordination between copper nanoparticles and
8482 | RSC Adv., 2019, 9, 8480–8489
rGO, full geometry optimizations of complexation reactions
were performed using Becke's three parameters nonlocal hybrid
exchange potential with nonlocal correlation functional of Lee,
Yang, and Parr (B3LYP)43–45 without any symmetry restriction.
The triple-z 6-311G basis set was set for light atoms (C, H, O)
along with a relativistic effective core potential basis set with
pseudopotentials for copper atoms, LANL2DZ.46 A tight SCF
convergence criterion (10�8 a.u.) was used in all calculations. As
implemented in Gaussian16, the charge distribution of inter-
molecular interactions was calculated using natural population
analysis (NPA) method.47 Interaction energy (Eint) was dened as
the energy difference between the complex and energies of
constituent monomers and was calculated using the following
expression: Eint ¼ ErGO-Cu8

� ErGO(rGO-Cu8) � ECu8(rGO-Cu). The
computation of this quantity with nite basis sets introduces
error known as basis set superposition error (BSSE) because
different numbers of basic functions were used to describe the
complex and monomers for the same basis set. BSSE corrected
interaction energies were computed using Boys–Bernardi
counterpoise correction scheme.48 The effect on the conduc-
tivity of the coordination of copper to reduced graphene oxide
was estimated by the energy of band gap (EBG), which corre-
sponds to the energy difference between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molec-
ular orbital (LUMO).

3. Results and discussion
3.1. Synthesis of GO and rGO

The FT-IR spectra of graphite and GO are shown in Fig. S1a.†
The spectrum of GO revealed oxygen functionalities at 3280 (O–
H stretching vibrations), 1720 (C]O stretching vibrations), and
1230 cm�1 (C–O stretching vibrations), characteristic of the
interruptions of the graphene lattice by oxygen-containing
groups like alcohols, epoxides, and carbonyls. At 1615 cm�1

appeared C]C skeletal vibrations from un-oxidized graphitic
diamonds. The spectrum of pure graphite had absorption
bands at 3440 and 1040 cm�1 corresponding to the O–H and
C–O stretching vibrations respectively.49 The absorption peak at
1640 cm�1 was attributed to the skeletal vibrations of C]C.50

The GO spectrum is entirely different from the graphite spec-
trum, and contains fewer oxygen-containing functional groups,
conrming the successful oxidation of the graphite. In the case
of rGO, the O–H stretching vibrations were signicantly reduced
in comparison with GO as a result of the deoxygenation process
and the removal of most oxygen functionalities.

UV-visible spectra of the samples were also measured in
water (0.07 mg mL�1). As Fig. S1b† shows, in the case of GO two
bands were detected and assigned to the p/ p* transition (230
nm) of the aromatic rings and n/ p* of the carbonyl groups at
approximately 318 nm.51 Aer reduction of the functional
groups with ascorbic acid, rGO exhibits its characteristic band
at 270 nm. The bathochromic shiing of the bands is related to
the increase of electronic conjugation aer reduction.52 The
higher conjugation degree, the less energy needs to be applied
to produce the electronic transition, and thus, the peak wave-
length moves to longer values, associated with less energy. This
This journal is © The Royal Society of Chemistry 2019
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fact indicates rGO has more aromatic rings or aromatic
domains than GO.

Transmission electron microscopy images of GO and rGO
were taken. As Fig. 1a shows, the GO synthesis produced large
akes with wavy edges with multiple layers thick.

Aer its reduction with ascorbic acid to produce rGO, the
images (Fig. 1b) indicated the presence of more regular carbon
framework, where the atomic columns of the carbon are visible
with a spacing of approximately 3 Å, shown in the inset of the
Fig. 1b.
3.2. Synthesis of CuNP and rGO|CuNP

Particles at the nanoscale have unique optical characteristics. In
this sense, UV-vis spectroscopy has proved to be very useful for
the characterization of nanoparticles, due to the relation of the
position and shape of the peak with the size of the particles.
Copper nanoparticles were synthesized following the procedure
of Xiong et al.40 UV-vis spectroscopy was performed to reagent
and product samples.

Fig. 2a shows the CuCl2 spectrum with a peak at 230 nm (Cu–
Cu interaction) and a broad peak at 810 nm, assigned to the Cu–
H2O interaction.53 The CuNP curve at pH 1 (resulting from the
synthesis) shows shoulder type peaks at 200, 242 and 300 nm.
Additionally, a close up to the 300–600 nm region, exhibits
a third peak at 390 nm, caused by the change in the surface
plasmon resonance of CuNP and indicates the formation of
copper nanoparticles. The spectrum of rGO|CuNP exhibits
a peak a 270 nm, which is associated to rGO and the charac-
teristic peak of the copper nanoparticles at 200 nm, conrming
the effective reduction of GO and copper chloride. The
rGO|CuNP sample was also characterized by FT-IR spectroscopy
(Fig. 2b). In comparison to GO, the characteristic carbonyl C]O
band disappeared, while the C–O was also not registered. The
Fig. 1 TEM images of (a) GO and (b) rGO. TEM grids with lacey carbon

This journal is © The Royal Society of Chemistry 2019
O–H band also diminished its intensity. The new peaks at the
rGO|CuNP sample were associated with the ascorbic acid. All
this evidence conrms the effective reduction of GO to rGO.

The morphology and size distribution of the CuNP sample
was assessed by Transmission Electron Microscopy (TEM). As
Fig. 3a shows, the particles are in general spherical. The mean
particle diameter (6 nm), was determined by the histogram of
the size distribution, also shown in Fig. 3a.

The presence of CuNP was observed by HAADF-STEM
(Fig. 4a). The mean Cu particle size is 4.8 � 1.2 nm, being
calculated over a range of 100 particles (Fig. S2†). The d-spacing
of 0.212 Å is in a good agreement with the (111) plane of the fcc
phase of Cu(0). The presence of Cu was also probed by a single
particle STEM-EDS prole (Fig. 4b), where the identication of
the Cu Ka and Cu Kb evidence the presence of copper.

The rGO|CuNP sample was also examined by TEM. Fig. 3b
shows the histogram of the size distribution of the copper
nanoparticles, with a mean size of 2 nm. The decrease of the
CuNP size is related to the stabilizing effect of the functional
groups of rGO. GO has different functionalities like epoxy,
alkoxy, hydroxyl, carboxyl, and carbonyl groups. Epoxy and
hydroxyl groups are mainly located on the surface of the
conjugated carbon skeleton and are partially removed aer the
chemical reduction with ascorbic acid.41 Nevertheless, the edge
functionalities, such as –COOH, –C]O and –OH, remain in
position, being potential sites for the stabilization of metal
nanoparticles. The effect of each group on the coordination of
rGO to copper nanoparticles was explored by DFT, as discussed
in the following section.
3.3. Computational description of rGO|CuNP

The rGO structure was designed according to the results of De
Silva et al.39 who employed ascorbic acid for the reduction of
support films (Ted Pella Inc.) were used to prepare the samples.

RSC Adv., 2019, 9, 8480–8489 | 8483
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Fig. 2 (a) UV-vis spectra of CuCl2 0.2 mM and the synthesized CuNP and rGO|CuNP. (b) FT-IR spectra of rGO|CuNP, GO and ascorbic acid.
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GO. The rGO was fully optimized at B3LYP/6-311G level and
used as reference for the calculation of BSSE-corrected inter-
action energy (Eint). The following functional groups were
considered to analyze the energetic interaction with the eight-
atom copper cluster (Cu8): carboxylic acid, epoxy, alcohol and
carbonyl. The starting geometries of rGO|Cu8 complexes were
generated by placing the Cu8 cluster near the electron-rich sites
of the rGO structure. Five different coordination sites were
considered, as Fig. 5a shows: Cu8 interacting with (I) the
carbonyl group (C]O), (II) the carboxylic acid group (–COOH),
(III) the hydroxyl group (–OH) at edges of the rGO layer, and (IV)
the epoxy groups (–O–) and (V) the hydroxyl (–OH) on the
surface of the rGO layer.

Three initial conformations were tested at each coordination
site to search for alternative local minima. Table 1 summarizes
the most stable Eint at each coordination site, distances between
Fig. 3 Particle size distribution and TEM images of the synthesized (a) c

8484 | RSC Adv., 2019, 9, 8480–8489
the Cu8 cluster and the oxygen anchor atom, the charge for the
optimized complexes and the energy band gap.

The Eint analysis indicates that the most stable coordination
site is number (IV), with interaction at the epoxy site (Fig. 5b),
then complexes (I) and (V), with coordination to the carbonyl
and –OH on the surface of rGO, respectively. Fig. S3† shows the
optimized geometry of all complexes, in which bond lengths
and NBO charges at selected atomic sites are depicted. Complex
(IV) is 11.3 kcal mol�1 more stable than system (I). Moreover,
the coordination of the copper cluster to rGO at the epoxy group
presented the shorter anchor bond distance of all the set,
associated with a stronger interaction and stability.

The total NPA charge of the Cu8 cluster (Dqcluster) was also
analyzed. In the case of the most stable complexes, (IV) and (I),
there was a charge transfer from the copper cluster to the rGO,
while in the rest of the systems migration of the electron density
opper nanoparticles and (b) copper nanoparticles supported on rGO.

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 (a) Selected HAADF-STEM image of CuNP and (b) STEM-EDS profile of CuNP.
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occurred in the opposite direction, i.e., from the rGO ligand to
the metal cluster. The electron transfer had a direct impact on
the energy of the frontier orbitals of the systems. Complexes (IV)
and (I), with higher interacting energy, presented lower band
gap energies (EBG), as depicted in Fig. 5c. The presence of the Cu
nanocluster coordinated to specic functional groups of the
rGO structure, carbonyl and epoxy moieties, improved the
delocalization of electronic charge around rGO rings. As can be
seen from the electrostatic potential surface (EPS) of the opti-
mized structure of rGO (Fig. S4†), most of the electronic density
is located at the oxygen atoms belonging to the epoxy and
carbonyl functional groups. This evidence indicates that the
lone pairs of these oxygen atoms are highly available for the
interaction with metal atoms. According to these results, CuNP
will tend to grow close to –O– on the surface of the rGO layer or
next to the carbonyl sites of the edges, rather than other func-
tional groups of rGO.

3.4. Application as propellant catalysts

The use of nanostructured materials in ignition and combus-
tion area is rapidly increasing. In this work, the synthesized
systems were evaluated as catalysts for the decomposition of
Fig. 5 (a) The optimized structure of rGO at the B3LYP/6-311G level sho
complex (IV), NPA charges (a.u.) for selected atoms are displayed in italics
for each complex and rGO.

This journal is © The Royal Society of Chemistry 2019
ammonium perchlorate, the main component of composite
solid propellants. It is well known that the thermal decompo-
sition of ammonium perchlorate (AP) involves electronic
transfers and thus, the introduction of an electron transport
agent could facilitate and accelerate the decomposition reaction
of AP. It has been reported that graphene and graphene oxide
derivatives are capable of constructing a conductive network
that facilitates the heat and electron transfers during fuel
decompositions, producing an improved energy release and
decomposition of AP.54,55

Dey et al.56 evaluated graphene as a catalyst of the decom-
position of AP with a 5% wt., registering a rst exothermic peak
at 305 �C and diminishing the HTD process of AP by 6 �C. Zhao
and coworkers tested GO at 2% wt., observing two peaks for the
low- and high-temperature decomposition at 345 and 430 �C
respectively,57 diminishing the HTD by 3 �C. A study published
by Memon and coworkers54 reported that fast crash AP with
hand-mixed GO decreased the second decomposition temper-
ature of AP by 26 �C, while fast crash AP and GO reduced the
nal decomposition temperature to 32 �C.

GO, rGO, CuNP and rGO|CuNP were tested as catalysts for
the decomposition of AP. As Fig. 6 shows, the AP curve has the
wing the five possible coordination sites, (b) the most stable rGO|Cu8
, and bond lengths in Å, and (c) theoretical energy band gap, calculated
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Table 1 Cu–O anchor bond distances dO–Cu in Å. NPA derived atomic charges of the anchor atom qO, the bonded gold copper qCu and the total
charge of the metal cluster Dqcluster in a.u. BSSE-corrected and -uncorrected (in parenthesis). Interaction energy (Eint, kcal mol�1) for the studied
complexes. Energy band gap (EBG) in eV

Site Complex dO–Cu qO qCu Dqcluster �Eint EBG

(I) –C]O 1.93 �0.745 0.415 0.231 32.825 (37.257) 0.189
(II) –COOH 2.05 �0.672 0.414 �0.084 24.450 (30.189) 0.287
(III) –OH 2.11 �0.752 0.388 �0.036 21.787 (26.215) 0.282
(IV) Surface-O– 1.89 �0.871 0.530 0.578 44.088 (58.055) 0.204
(V) Surface-OH 2.06 �0.821 0.462 �0.070 25.547 (34.617) 0.288
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classical rst endothermic peak corresponding to the crystal
phase transition from orthorhombic to cubic phase (240–250
�C).58 Aer that, the exothermic low-temperature decomposi-
tion (LTD) and sublimation take place at approx. 300 �C with an
electron transfer, which is the most accepted mechanism.59

Finally, the high-temperature decomposition (HTD) step occurs
at 415 �C.

Differential scanning calorimetry curves (Fig. 6) were ob-
tained for the synthesized compounds, mixed with AP in 1, 3
and 5% wt. In all cases, the catalysts did not affect the crystal-
lographic transition process of AP. In the three GO-proles
(Fig. 6a), there is an initial endothermic peak at approxi-
mately 155 �C, corresponding to the release of CO, CO2, and
steam from the most labile groups, i.e., from the surface oxygen
functionalities on the graphitic net.24 The LTD of AP decreased
by approximately 4 �C with the introduction of GO. The further
decomposition of GO was detected between 380 �C and 433 �C,
Fig. 6 DSC curves for the thermal decomposition of pure AP and AP w

8486 | RSC Adv., 2019, 9, 8480–8489
associated to the removal of the most stable oxygen function-
alities located on the edges.60 GO at 5% wt. diminished the HTD
of AP by 12 �C.

Fig. 6b shows the DSC proles of rGO. Unlike GO, endo-
thermic processes (�150 �C) associated with the combustion of
oxygen moieties were not present, conrming the successful
reduction of GO to rGO by the green agent ascorbic acid.
Moreover, if the energy release is compared to GO, in the three
different mass percentages, the released energy amount
diminished, due to the lesser presence of functional groups. A
second decomposition process occurred between 360 and
370 �C, related to the removal of residual oxygen functionalities.
Considering 5% wt., the LTD decreased by 5 �C and 1 �C in the
case of the HTD. In comparison to GO, rGO lowers both LTD
and HTD and has no burning processes aer the AP decom-
position at approx. 415 �C. Therefore, all the energy is released
before the HTD of AP.
ith 1, 3 and 5% wt. of (a) GO, (b) rGO, (c) CuNP and (d) rGO|CuNP.

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 Summary of the effect of GO and rGO, copper nanoparticles
and supported copper nanoparticles on the HTD of AP. (*) Values
obtained in this work, superscript numbers correspond to the refer-
ences cited in this paper.
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Copper nanoparticles (Fig. 6c) and rGO supported nano-
particles (Fig. 6d) were also tested as burning rate catalysts of
AP. It has been previously described in the literature that AP is
extremely sensitive to the action of additives. The application of
nanoscale instead of microscale additives improves the catalytic
action sharply.9 Most of the studies regarding copper nano-
particles are derived from CuO. Only a few of them report the
use of copper nanoparticles. Sharma et al.15 lowered the HTD of
AP by 115 �C at 1% wt. by applying 30–40 nm copper oxide
nanoparticles, while Dubey et al. achieved a 74 �C decay of the
HTD by employing 20 nm CuNP with 1% wt. catalyst.13 Liu and
coworkers12 reduced the HTD by 130 �C using CuNP of 90 nm,
releasing 1.2 kJ g�1, 2.75 times higher than pure AP. In the
present work, with 3% wt. of CuNP, the LTD was diminished by
17 �C, while the HTD decreased by 97 �C. Most importantly, at
this concentration, the released energy almost duplicated the
value of pure AP (1.9 kJ g�1). At 5% wt. the LTD decreased even
more, by 36 �C. The second decomposition process occurred in
a single peak, 91 �C before pure AP, suggesting a single
decomposition process.

By now, there are a few studies applying graphene or gra-
phene derivatives as support for the synthesis of neutral copper
nanoparticles with direct use as accelerators of the decompo-
sition of AP. Moreover, to our knowledge, there are no reports of
the in situ production of copper nanoparticles supported on
reduced graphene oxide by an environmental friendly reducing
agent. Only copper oxide nanoparticles have been supported on
graphene derivatives as burn rate catalyst of AP. Hosseini and
coworkers35 enhanced the catalytic performance of AP by the
use of 4% wt. copper oxide nanoparticles supported on
nitrogen-doped graphene. They diminished the HTD by 111 �C
and multiplied the energy release by 3.2 times. Paulose et al.36

achieved a 50 �C decrease of the HTD of AP, with 3% wt. of
a nanocomposite of functionalized white graphene and copper
oxide.

In the present work, the rGO|CuNP DSC prole at 1 and
3% wt. exhibited a second endothermic peak, associated to the
melting of the ascorbic acid.61 The composite at 1% wt.
diminished the HTD of AP by 68 �C. It is important to note that
the CuNP assays contained the double amount of copper due
to the presence of rGO in the composite sample. Although the
HTD decreased by lesser amount in comparison to CuNP, the
energy release increased 3.5 times, higher than the CuNP
catalyst and the work reported by Hosseini and coworkers.35

The decrease in the decomposition temperature is close to the
value reported by Dubey13 and coworkers with CuNP of 20 nm
(74 �C). As rGO has a low impact on the modication of the
HTD of AP, the obtained result can be related to the effect of
the copper nanoparticles on the decomposition mechanism.
As Fig. 6b shows, rGO acts mainly as fuel during the
combustion of AP. On the other hand, rGO|CuNP presented
a higher effect on the decrease of the HTD compared to well-
known and typical AP catalysts, such as commercial copper
chromite62 (43 �C), ferric oxide63 (40 �C) and ferrocene64 (58 �C).
In the literature, it is possible to nd different copper-based
catalysts with better performance than the rGO|CuNP
system. Hu65 and coworkers reduced the HTD by 106 �C by the
This journal is © The Royal Society of Chemistry 2019
introduction of hollow mesoporous CuO, while nanohybrids
of rGO/CuFe2O4 (ref. 66) and a new copper metal–organic
framework (Cu–MOF)67 achieved similar results, reducing this
value by 96 �C.

The increase in the energy release at 1% wt. rGO|CuNP was
almost 1.8 times the energy of pure AP. In the case of
rGO|CuNP, the increment was much important, suggesting
a synergistic effect between reduced graphene oxide and the
copper nanoparticles.

In accordance with the traditional electron-transfer
decomposition theory of AP,59 there are two controlling
steps: the electron transfer from ClO4

� to NH4
+ and the

transformation from oxygen to superoxide. Therefore, gra-
phene derivatives can accelerate the electron transfer reac-
tions due to their high conductivity. On the other hand,
partially lled orbits of semiconducting nanoparticles play
a vital role as electron acceptors for the AP ions and the
intermediates.68 As Fig. 7 summarizes, GO and rGO have no
signicant catalytic inuence on the decomposition of AP.
Copper nanoparticles can reduce the HTD of AP in more
signicant amount than CuO. During combustion of AP, CuNP
are oxidized to copper oxide by the action of nitrogen oxide.69

With this oxidation, the Cu(II) center can act as an electron
receptor of AP ions. Moreover, CuNP have larger active surface
area and high-surface-to-volume ratio than CuONP and
therefore, can produce higher amounts of CuO nanoparticles
upon oxidation. The application of graphene as support of
copper nanoparticles35 give better results than reduced gra-
phene oxide. It is clear that the conjugation degree of the
graphitic network affects the conductivity and thus, the pres-
ence of oxidized functional groups on the surface and edges of
rGO has a direct impact on its efficiency as a catalyst.
Furthermore, the functional groups of rGO can bind copper
centers with higher energy than graphene, increasing the
stability of copper, but diminishing its catalytic effect on the
thermal decomposition of AP.
RSC Adv., 2019, 9, 8480–8489 | 8487
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4. Conclusions

In this work, a novel synthesis was developed to produce the in
situ reduction of copper and graphene oxide by a non-toxic and
environmental friendly reducing agent: L-ascorbic acid. The
experimental characterization conrmed the effective reduction
of copper supported on rGO. The CuNP and rGO|CuNP samples
were examined by TEM, giving an average particle size of 6 and
2 nm, respectively. The decrease of the CuNP size supported on
rGO, is related to the stabilizing effect of the functional groups
of rGO. Computational calculations highlighted the critical role
of carbonyl and epoxy groups on the stabilization of copper
nanoclusters. GO, and rGO did not affect the decomposition of
AP signicantly. CuNP decreased the HTD of AP by 97 �C, while
rGO|CuNP diminished the HTD of AP by 68 �C. Although the
HTD decreased by lesser amount in comparison to CuNP, the
energy release increased 3.5 times, being higher than the CuNP
catalyst and other reported works. This increase may be
attributed to a synergistic effect between the reduced graphene
oxide and the copper nanoparticles. The degree of conjugation
of the graphitic network affects the efficiency of the catalyst. The
presence of functional groups on rGO diminish the conductivity
and produces higher stabilization of copper nanoparticles,
increasing the necessary energy to separate the supported
nanoparticles and accelerate the thermal decomposition of AP.
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M. Burghard, J. Gómez-Herrero, F. Zamora and K. Kern,
Adv. Mater., 2009, 21, 4683–4686.

23 S. Pei and H.-M. Cheng, Carbon, 2012, 50, 3210–3228.
24 S. Stankovich, D. A. Dikin, R. D. Piner, K. A. Kohlhaas,

A. Kleinhammes, Y. Jia, Y. Wu, S. T. Nguyen and
R. S. Ruoff, Carbon, 2007, 45, 1558–1565.

25 D. Chen, L. Li and L. Guo, Nanotechnology, 2011, 22, 325601.
26 Z. Bo, X. Shuai, S. Mao, H. Yang, J. Qian, J. Chen, J. Yan and

K. Cen, Sci. Rep., 2014, 4, 4684.
27 C. Zhu, S. Guo, Y. Fang and S. Dong, ACS Nano, 2010, 4,

2429–2437.
28 K. De Silva, H.-H. Huang, R. Joshi and M. Yoshimura,

Carbon, 2017, 119, 190–199.
29 N. Li, Z. Geng, M. Cao, L. Ren, X. Zhao, B. Liu, Y. Tian and

C. Hu, Carbon, 2013, 54, 124–132.
30 Y. Yuan, W. Jiang, Y. Wang, P. Shen, F. Li, P. Li, F. Zhao and

H. Gao, Appl. Surf. Sci., 2014, 303, 354–359.
31 N. A. Luechinger, E. K. Athanassiou and W. J. Stark,

Nanotechnology, 2008, 19, 445201.
32 K. Zhang, Appl. Surf. Sci., 2012, 258, 7327–7329.
33 P. Fakhri, B. Jaleh and M. Nasrollahzadeh, J. Mol. Catal. A:

Chem., 2014, 383, 17–22.
34 Y. Yang, Z.-H. Lu, Y. Hu, Z. Zhang, W. Shi, X. Chen and

T. Wang, RSC Adv., 2014, 4, 13749–13752.
35 S. G. Hosseini, Z. Khodadadipoor and M. Mahyari, Appl.

Organomet. Chem., 2018, 32, e3959.
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra00789j


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
M

ar
ch

 2
01

9.
 D

ow
nl

oa
de

d 
on

 4
/1

3/
20

26
 1

2:
43

:3
5 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
36 S. Paulose, R. Raghavan and B. K. George, J. Colloid Interface
Sci., 2017, 494, 64–73.

37 D. C. Marcano, D. V. Kosynkin, J. M. Berlin, A. Sinitskii,
Z. Sun, A. Slesarev, L. B. Alemany, W. Lu and J. M. Tour,
ACS Nano, 2010, 4, 4806–4814.

38 W. S. Hummers and R. E. Offeman, J. Am. Chem. Soc., 1958,
80, 1339.

39 K. K. H. De Silva, H.-H. Huang and M. Yoshimura, Appl. Surf.
Sci., 2018, 447, 338–346.

40 J. Xiong, Y. Wang, Q. Xue and X. Wu, Green Chem., 2011, 13,
900–904.

41 R. Rozada, J. I. Paredes, M. J. López, S. Villar-Rodil, I. Cabria,
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