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The catalytic activity of nanoparticles of cobalt hydroxide supported on reduced graphene oxide,
Co(OH),|rGO, was studied for the decomposition of ammonium perchlorate (AP), the principal
ingredient of composite solid propellants. Co(OH),|rGO was synthesized by an in situ reduction method,
which avoided the application of extremely high temperatures and harsh processes. rGO stabilized the
nanoparticles effectively and prevented their agglomeration. The performance of Co(OH),|[rGO as
a catalyst was measured by differential scanning calorimetry. Co(OH),|rGO affected the high-
temperature decomposition (HTD) of AP positively, decreasing the decomposition temperature of AP to
292 °C, and increasing the energy release to 290 J g~' The diminution of the HTD of AP by
Co(OH),|rGO is in between the best values reported to date, suggesting its potential application as

rsc.li/rsc-advances a catalyst for AP decomposition.

1. Introduction

One of the critical aspects of the outer-space race is the devel-
opment of a safe, stable, and more efficient fuel. Systems based
on liquid fuels are usually more unstable than solid propel-
lants.*” In this scenario, composite solid propellants appear as
a safer option. However, their energy release is still too low to
reach faraway destinations with only one charge. The major
ingredient of composite solid propellants is the oxidizer, the
source of oxygen, commonly ammonium perchlorate (AP).
Though, considering the limited loading of AP in a rocket, it is
crucial to improve its decomposition efficiency by the produc-
tion of more significant amounts of energy with a higher
combustion rate. The decomposition properties of AP can be
tuned by adding a burn rate catalyst,* which can alter its highest
decomposition temperature, and therefore increase the
combustion rate. Traditionally, ferrocene derivatives®® and fine-
grained metal oxides have been used as burn rate catalysts. The
effect of metal micro and nanoparticles (NP) on the decompo-
sition of AP has been widely assessed. The high surface area to
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volume ratio of nanoparticles provides an enormous reactive
interface between the nanoparticle and AP. By now, it is well
known that NP of transition metals, with a higher surface area,
have a better catalytic effect than microparticles.” Of the tran-
sition metals that are typically ferromagnetic, cobalt has tech-
nological and theoretical importance because of the existence of
two stable structures: uniaxial hexagonal close-packed and face-
centered cubic structures.® Cobalt oxide and cobalt nano-
particles have been widely explored as nanocatalysts. Among
the transition metal nanoparticles as catalysts of AP, cobalt has
a high impact on the high-temperature decomposition (HTD)
process of AP compared to other catalysts.>'® Hongzhen and
coworkers' published one of the first reports, where cobalt
nanoparticles of 42 nm average were produced by DC hydrogen
plasma method. The authors found that metallic cobalt was
more unstable and active than CoO species and also concluded
that the sensitivity is directly connected to the oxidation state of
the transition metal nanoparticles; neutral NPs are more
sensitive to oxygen and can improve better the thermal
decomposition of AP.">** In 2009, Liu et al.** studied the effect of
the shape of cobalt nanoparticles on the decomposition
mechanism of AP. Independent of the shape, the two decom-
position peaks of AP merged into one when the nanoparticles
were added. On the other hand, Sharma and coworkers® re-
ported the synthesis of Co3;0, nanoparticles using leaves
extracts of a plant, and as previously reported, cobalt oxide
nanoparticles showed lower performance as catalysts than
metallic cobalt nanoparticles.'>*® Other authors have produced
Co30,4 nanoparticles by calcination of cobalt hydroxides'”*® and
oxalates™ at temperatures higher than 350 °C, with positive
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catalytic effects on the decomposition of AP. Cobalt nanowires
of Co;0, have also been produced by calcination, showing
better catalytic activity at 9 wt% than microspheres and nano-
particles of cobalt oxide.?® More recently, Liang and coworkers>*
evaluated nanoflowers and micro-rods of Co;0, synthesized by
chemical bath deposition and the hydrothermal method. Owing
to the higher specific surface area and larger pore volume,
nanoflower Co;0, had better catalytic performance than micro-
rods for AP thermal decomposition. Cheng and coworkers*
tested a cobalt complex based on dinitropyrazine and reported
the in situ formation of active CoCO;, Co3;0,, Co0O, and
Co(NH3)e, which accounted for the higher catalytic activity of
the complex for the thermal decomposition of AP. Alloys with
cobalt have also been explored. Singh et al.*® prepared different
nickel alloys; Ni-Co was the best as a catalyst at 1 wt%,
surpassing zinc and copper alloys. The catalytic effect of
composites of CuO and Co0,0; (ref. 9) revealed that the nano-
particles could easily facilitate the thermal decomposition of
AP, while Co,0; alone has a better catalytic effect at higher
temperatures as compared to CuO nanoparticles. Bimetallic
nanocatalysts of copper and cobalt* produced by calcination
improved the combustion properties of AP by the synergistic
effect of both metals.

Most of the production procedures of cobalt nanoparticles
require calcination as a final step, which is an energy-
consuming process, requires specialized equipment, and has
a direct impact on the final price of the catalyst. One approxi-
mation to reduce the costs, harsh synthesis pathways, or to
decrease the energy demand is the use of cobalt hydroxide
nanoparticles as a catalyst. Wang et al.>® have reported the
synthesis of flower-like o-Co(OH), particles of 300-400 nm
diameter. The addition of 3 wt% to AP decreased the decom-
position temperature of AP in 158 °C and increased the
decomposition heat. The application of Co(OH), in the
decomposition of AP as nanoscopic burning rate modifiers is
problematic because of the agglomeration of the particles,
which can decrease the specific surface area and diminish the
mass transfer between the catalyst and reactants.”® In this
sense, graphene and its derivatives state as a potential support
to load NP due to oxygen-containing functional groups.

Graphene (GR) can influence the propellant burn rate through
the acceleration of the electron transfers involved in the
combustion.>” Graphene oxide (GO), a chemically modified gra-
phene containing oxygen functional groups,”® offers a less
expensive alternative for the obtention of graphene derivatives.
Our group has tested previously reduced graphene oxide (rGO) as
burning rate catalysts of AP.*® This system catalyzes moderately
the decomposition process, but takes part energetically as fuel,
contributing significantly to the energy release. Graphene and its
derivatives have also been assayed as support and stabilizer of
metal nanoparticles.**** Yang and coworkers®* successfully
synthesized nanosized Co;0, stabilized by GO for application in
high-performance lithium-ion batteries by the pyrolytic decom-
position of cobalt phthalocyanine deposited on graphene,
reduced by thermal methods. Xu et al.** reported the synthesis of
C030,~GO composite by the in situ deposition of the nano-
particles onto the surface of the graphitic surface with an average

23166 | RSC Adv, 2020, 10, 23165-23172

View Article Online

Paper

size of 100 nm. Although the HTD of Co30,-GO and pure Co;0,
were quite close, Co;0,-GO presented a higher exothermic heat
with almost 400 J g~ " more than pure AP. In 2018, Hosseini and
coworkers® prepared cobalt and nickel-cobalt bimetallic nano-
particles supported on nitrogen-doped graphene (Co@3D-(N)G
and NiCo@3D-(N)G, respectively) by a chemical reduction
method. A good dispersion of the nanoparticles was achieved by
their stabilization on the 3D-(N)G structure. The catalytic activity
of NiCo@3D-(N)G was better than Co@3D-(N)G due to the
synergistic effect between the two metals.

To the best of our knowledge, there is no report about the
application of composites of reduced graphene oxide and cobalt
hydroxide nanoparticles (Co(OH),|rGO) as burning rate modi-
fiers for the decomposition of AP. In this work, Co(OH), nano-
particles were effectively stabilized by rGO without the
application of high temperatures or a calcination process. The
supporting effect of rGO reduced the agglomeration of the
nanoparticles. An in situ synthesis pathway was followed to
ensure the stabilization of the cobalt nanoparticles on rGO and
to control the agglomeration by the rGO layers. The effects of
Co(OH),|rGO on the decomposition of AP were compared to
other cobalt nanocatalysts synthesized by energy-consuming
methods. The material reported in the present work dimin-
ished the HTD of AP and increased the energy release. Its
performance is in between the best catalyst cobalt-based
nanoparticles reported to date.

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. Cobalt dichloride
hexahydrate, ethanol, hydrazine hydrate, and sodium hydroxide
were purchased from Merck. Aqueous solutions were prepared
with in-house ultrapure water of resistivity not less than 18
MQ 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 450-4000 cm ™.
UV-visible spectra were recorded with a Merck Spectroquant
Prove 300 spectrophotometer. All measurements were taken at
room temperature. Differential scanning calorimetry (DSC)
analyses were performed on a Perkin Elmer DSC 4000 instrument
at a heating rate of 5 °C min~" under a nitrogen blanket in the
range of 140-500 °C. The thermogravimetric analysis (TGA) was
performed on a Perkin Elmer TGA 4000 equipment, at a heating
rate of 5 °C min~ ' between 50 and 450 °C. The catalytic perfor-
mance of the compounds for the thermal decomposition of
ammonium perchlorate (AP) was investigated by adding the
catalysts to AP in 1, 3, and 5 wt% TEM images were collected on
a Hitachi HT7700 equipment. The samples were prepared by
directly applying the sample powder onto standard TEM grids.
The structural crystallite of the samples was examined by X-ray
diffraction (XRD) using a Bruker D2 equipment with cobalt
radiation at a scan rate of 0.02° s~'. XPS measurements were
carried out using a Kratos AXIS Ultra DLD instrument. The
chamber pressure during the measurements was 5 x 10 ° torr.
Wide energy range survey scans were collected at pass energy of

This journal is © The Royal Society of Chemistry 2020
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80 eV in hybrid slot lens mode and a step size of 0.5 eV. High-
resolution XPS data on the C 1s, O 1s, and Co 2p photoelectron
peaks were collected at pass energy of 20 €V over energy ranges
suitable for each peak, collection times of 5 min, and step sizes of
0.1 eV. The X-ray source was a monochromated Al K, emission
run at 10 mA and 12 kV (120 W). The energy range for each pass
energy (resolution) was calibrated using the Kratos Cu 2ps/,, AZ
3ds),, and Au 4f;), three-point calibration method. The data was
charge corrected to the reference carbon adventitious signal at
284.8 eV. Micro Raman spectroscopy was performed using
a Horiba Jobin Yvon LabRAM HR Raman microscope. Spectra
were acquired using a 532 nm laser (at ~0.2 mW power), a 100x
objective, a 600 lines per mm rotatable diffraction grating, and
a 200 pm confocal pinhole. The spectral resolution in this
configuration is better than 1.7 cm ™. Single point spectra were
collected over the range 800-3500 cm ' (2 spectral windows)
using 30 s integration time, repeated once, to automatically
remove the spikes due to cosmic rays and improve the signal-to-
noise ratio, from five random locations. Temperature pro-
grammed reduction (TPR) of the catalysts was performed using
a Micromeritics 3Flex instrument. Typically, 15-30 mg of the
catalyst in a quartz reactor was heated gradually at 10 °C min~*
until 800 °C in a mixture of 10% H,/Ar (100 mL min~"). A cold
trap (liquid nitrogen with isopropanol) was placed between the
reactor and the TCD to remove water formed during reduction.

2.2. Synthesis of cobalt hydroxide nanoparticles supported
on reduced graphene oxide (Co(OH),|rGO)

GO and rGO synthesis and characterization was previously
performed and described by our group.* The synthesis protocol
of Co(OH),|rGO is based on Bai's method* with some modifi-
cations and simplifications. Briefly, previously synthesized GO
(32.7 mg) was dispersed in cobalt dichloride hexahydrate
ethanol solution (5 mL, 0.111 M) with sonication in heat (68 °C,
60 min). A hydrazine hydrate (5 mL, 3.53 M) and sodium
hydroxide (1.11 M) ethanol solution were added drop-wise, and
the mixture was kept in stirring heat (68 °C) overnight. The
nanoparticles samples were kept in solution.

3. Results and discussion
3.1. Characterization of GO, rGO, and Co(OH),|rGO

Fig. 1a shows the FT-IR spectra of GO and rGO. The spectrum of
GO revealed oxygen functionalities at 3280 (O-H stretching
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vibrations), 1720 (C=O0 stretching vibrations), and 1230 cm !
(C-O stretching vibrations), characteristic of the interruptions
of the graphene lattice by oxygen-containing groups like alco-
hols, epoxides, and carbonyls. At 1615 cm™ " appeared the C=C
skeletal vibrations from un-oxidized graphitic diamonds. The
spectrum of pure graphite had absorption bands at 3440 and
1040 cm™ ' corresponding to the O-H and C-O stretching
vibrations, respectively.*® The absorption peak at 1640 cm ™" was
attributed to the skeletal vibrations of C=C.*” The O-H
stretching vibrations diminished in the rGO sample as a result
of the deoxygenation process and the removal of most oxygen
functionalities.

In the case of Co(OH),|rGO (Fig. 1a), we detected the pres-
ence of water, as well as the typical peaks associated with rGO.
Cobalt hydroxide has two stable structures characterized
previously by FT-IR.*® The a-structure has two strong signals at
667 and 489 cm ™', while the B-cobalt hydroxide has only one
peak at ca. 590 cm~'. The synthesized Co(OH),|tGO sample
presents an energetic vibration at 585 cm™, attributed to the
Co-O stretching vibrations* of the B-cobalt hydroxide structure.

We also obtained UV-vis spectra of the reagents and
product samples. As Fig. 1b shows, GO has two bands, one
assigned to the @ — 7* transition of the aromatic rings and
the other to the n — w* of the carbonyl groups at approxi-
mately 230 nm and 318 nm, respectively.*® After the reduction
of GO with hydrazine, rGO exhibits its characteristic band at
270 nm. The bathochromic shifting of the bands is related to
the increase of electronic conjugation after the removal of the
oxygen groups of GO and partial restoration of conjugation.*
The higher conjugation degree, the less energy needs to be
applied to produce the electronic transition. The CoCl, spec-
trum presents a broad absorption band at 510 nm assigned to
the weakly allowed d — d transition, forbidden by Laporte
rule, which disappeared after the addition of hydrazine. The
Co(OH), |rGO sample presents the characteristic peak of rGO
at 270 nm and a second band at 466 nm. Jayashree and
coworkers reported the UV-vis spectra for the two structures of
cobalt hydroxide.”” The o-form profile shows a signature
absorption of tetrahedral Co>" above 620 nm, whereas the -
hydroxide exhibits an absorption maximum at 470 nm, which
agrees with the peak registered in this work. The following
information and the data from the FT-IR analysis confirm the
B-hydroxide form in the Co(OH),|rGO sample.
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(@) FT-IR spectra of GO, rGO, and Co(OH),|rGO, and (b) UV-vis spectra of GO, rGO, CoCl,, and Co(OH),|rGO in water.
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Fig. 2 Particle size distribution and TEM images of the synthesized Co(OH),|rGO nanoparticles.

The morphology and size distribution of the Co(OH),|rGO
sample was assessed by Transmission Electron Microscopy
(TEM). Fig. S11 shows the distribution of Co(OH), at 1 um scale.
Most of the nanoparticles are near the rGO layers. Fig. 2 shows
two images at a smaller scale and the histogram of the
Co(OH),|rGO nanoparticles. As other authors have reported, the
nanoparticles have cauliflower-like shape.™

The mean size of the Co(OH), nanoparticles is 30 nm. The
aggregation of the sample is low, with a size distribution
centered between 25 and 35 nm. rGO stabilizes Co(OH),
nanoparticles by the remaining functional groups after reduc-
tion, like epoxy and hydroxyl moieties.** The layers of rGO might
also hinder the aggregation of the nanoparticles physically.

Fig. 3 shows the XRD patterns of the synthesized nano-
particles. GO, and rGO have been widely characterized by XRD.
As described by Fan and coworkers,** GO has a sharp and
intense diffraction peak at 10.3°, associated with the (001)
lattice plane.

After reduction, the interlayer distance decreases due to the
removal of some functional groups. rGO presents a sharp peak
at 23.4° related to the C (002) plane, and two smaller peaks at
42.9 °C (100) and 77.4 °C (100).” In the Co(OH),|rGO sample,
we detected all the rGO peaks and assigned the rest of the
signals to Co(OH), (ICSD collection code 010357). FT-IR, UV-vis,
and XRD analysis confirmed cobalt hydroxide in the Co(OH),-
|[rGO catalyst. However, the presence of Co;O, cannot be
entirely discarded in this sample by the XRD analysis. The peaks
of cobalt oxide could be hidden by the signals of rGO and
Co(OH), at similar places in the XRD. To get more insights into
the composition of the sample, we conducted XPS and RAMAN
analysis.

Intensity (a.u.)

| 1

20 40 60 80
Degree (20)

Fig. 3 XRD pattern of Co(OH),|rGO, showing the typical signals of
rGO (marked with an asterisk) and cobalt hydroxide.
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With XPS, we evaluated the chemical composition of the
surface of GO, rGO, and Co(OH),|rGO. The C/O atomic
percentage was calculated from XPS wide-scan (see Fig. S27),
revealing an increase from 2.1 for GO to 6.1 for rGO, which was
consistent with FT-IR and XRD results.*® Fig. S31 presents the
high-resolution C 1s spectra of as-made GO and rGO, with
binding energies referred to literature.*” With GO, a large
amount of oxygen functional groups was detected (C-O/C=0
and O-C=0), that could be associated with the destruction of
the sp” structure of graphene.*® rGO exhibits the same oxygen
functional groups, but with reduced intensities. These features
are consistent with the Raman analysis. Fig. 4 presents the
Raman spectrum of rGO (light blue) and Co(OH),|rGO (red),
with two Raman peaks; at ~1350 cm™* and other at ~1607 cm ™!
which are D and G bands, respectively. The intensity of D and G
signals (Ip/Ig) indicate more structural defects after incorpo-
rating the Co(OH), nanoparticles, reducing the sp> hybridized
carbon sites in the matrix, which confirms the XPS results.**°

Fig. S47 displays the complete wide-scan XPS spectra of the
Co(OH),|rGO sample, indicating Co, O, and C, as expected.
Furthermore, Fig. 5a shows the high-resolution Co 2p XPS
region of the Co(OH),|rGO, which presents two broad peaks at
780.0 eV and 794.9 eV associated with Co 2pz, and Co 2py,,,
respectively. As it can be noticed, these values correspond to
cobalt in different oxidation states (Co®>" and Co®*),** which can
be related to the presence of Co(OH), and Co30, in the
Co(OH),|rGO sample. Moreover, Co(OH), nanoparticles present
a significant contribution of Co-OH and Co-O species, sup-
ported by the O 1s XPS spectra (Fig. 5b). In fact, the peak at
531.4 eV implies that Co(OH), is the predominant species of
Co(OH),|rGO.”> Presumably, the surface of the Co(OH),

GO
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>
s
2
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c
[J]
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™ ¥
800 | 1200 ' 1600 2000
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Fig. 4 Raman analyses of rGO and Co(OH),|rGO.
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Fig. 5 XPS measurements of (a) Co 2p and (b) O 1s of the Co(OH),|rGO sample. (c) H,-TPR profiles of the synthesized catalysts.

nanoparticles is easily oxidized to Co;0, during the sample
storage analysis, where the majority of the oxide is placed in the
outermost layer of the nanoparticle.®® We relate the oxidative
process to the incident photon energy of 1486 eV, where the
inelastic mean free path of photoelectrons ejected for Co(OH),
is around 2 nm.* Indeed, if we considered that Co(OH),NP
possesses a mean particle diameter of 30 nm, it is expected
a small quantity of Coz;0,, surrounding and passivating the
surface of the Co(OH),NP as a thin layer.

To explore the thermal reduction behavior Co(OH), |rGO and
correlate the presence of Co;0,4, we performed a TPR analysis.
Fig. 5¢ shows the H,-TPR profile of Co(OH),|rGO, with a typical
reduction behavior: a low-temperature peak (311 °C) associated
with Co**/Co** reduction, and a high-temperature peak (394 °C)
associated to Co”**/Co® reduction, respectively. Finally, it is
clearly observed the stretched reduction peak between 581 °C
and 793 °C, corresponding to rGO reduction.” All the analyses
performed above confirm the presence of CozO, in the
Co(OH),|rGO sample, which consists mainly of cobalt
hydroxide and cobalt oxide in a lesser amount.

The synthesis procedure of Co(OH),|rGO was almost equiva-
lent to the synthesis of CoNP,>® with mainly two modifications:
the introduction of GO as a stabilizing agent and the use of
a higher amount of hydrazine to reduce GO. These modifications
affected the final oxidation state of the nanoparticles, resulting in
cobalt hydroxide. This difference can be related to the stabilizing
effect of the functional groups of GO. According to the in situ
reduction path, in the first step of the reaction, the cations and

(@

SARALSQ
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1%
3%
5%

100

Sample Weight (%)

111

200 300 400

Temperature (°C)

GO get in contact through stirring or sonication to favor the
interaction of the GO electron-rich groups with the ions.* This
step is critical to allow direct contact between both materials and
generate an effective stabilization of the ions before adding the
reducing agent. Unlike the in situ procedure, the direct mixing of
rGO and metal nanoparticles neglects the initial stabilization
procedure, and therefore, the close contact of the nanoparticles
with the rGO surface is not assured. Finally, when hydrazine is
added to the solution, its strong reducing potential (—1.49 V vs.
NHE)” leads first to the partial reduction of GO (reduction
potential of —0.79 V vs. NHE).*® The reduction reaction of Co®" to
Co® has a reduction potential of —0.28 V vs. NHE, and it is ex-
pected after the reduction of GO. However, the cobalt ions are
previously stabilized by the functional groups and surface of GO,
and thus, the energy required to reduce them is higher, favoring
the partial reduction of GO instead of the cobalt ions. The
hydroxyl groups coming from the hydrazine hydrolysis and the
sodium hydroxide promote the precipitation of the cobalt centers
as Co(OH), on the rGO surface.

3.2. Application as propellant catalysts

In this work, we tested nanostructured materials derived from
cobalt in the combustion of ammonium perchlorate, the
primary component of composite solid propellants. We ob-
tained TG analysis (Fig. 6a) and differential scanning calorim-
etry curves (Fig. 6b) for the synthesized catalyst, mixed with AP
in 1, 3, and 5 wt%.

(b) = mx 32 Co(OH),|rGO
—
(=2
% 3% 1917Jg’ e
= 4 361°C
® ;
] 1% 177539
T 388°C
1 ar 1788 )" =

300 400

Temperature (°C)

200

Fig. 6 Thermal decomposition of pure AP with 1, 3, and 5 wt% of Co(OH),|rGO measured by (a) TGA and (b) DSC.
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From Fig. 6a, it is evident that Co(OH),|rGO affects the
thermal decomposition of AP. As shown in the TG curves, the
thermal decomposition of AP has two decomposition processes.
By incorporating the catalyst, the two-step decomposition of AP
changed into a rapid single-step decomposition. The highest
weight percentage of catalyst diminished the most the decom-
position temperature of AP.

Fig. 6b shows the DSC profiles of the thermal decomposition
of pure AP and AP with cobalt-based catalysts in different
percentages. We also measured the performance of rGO and
Co(OH), nanoparticles (Fig. S51) as catalysts of AP. Co(OH),
nanoparticles were synthesized following the same Co(OH),|rGO
methodology, without adding rGO as support. The thermal
decomposition of pure AP showed three stages: an endothermal
peak related to the classical first endothermic crystal phase
transition from orthorhombic to cubic phase (240-250 °C),*® and
two further exothermic processes. The first one, the low-
temperature decomposition (LTD), is associated with an elec-
tron transfer between both ions (298 °C), which is the most
accepted mechanism.® The second peak corresponds to the
high-temperature decomposition (HTD) step.

As already pointed, a burning rate additive could signifi-
cantly reduce the HTD. As Fig. 6b shows, Co(OH),|rGO does not
influence the crystallographic transition temperature of AP,
while we observed significant modifications in the exothermic
peaks. At the highest concentration of catalyst, i.e., 5 wt%, both
LTD and HTD peaks merged into a single exothermic peak,
observed at 292 °C. An increase in the additive loading, lowered
the HTD peak and increased much more the heat release of AP
in 290 ] g~ '. Although at 5 wt% Co(OH), had better performance
as burning rate catalyst (Fig. S5at) compared to Co(OH),|rGO
(the HTD is 17 °C lesser), only Co(OH),|rGO increased positively
the heat release of AP. At 3 wt% Co(OH), the heat release is
comparable to the one of Co(OH),|rGO at 5 wt%. However, the
HTD increased from 275 °C to 304 °C. Therefore, a combination
of high exothermic heat and low HTD can only be achieved by
the use of the Co(OH),|rGO catalysts.

As published before by our group,® rGO has no significant
influence on the diminution of the high-temperature decom-
position of AP. As Fig. S5bf shows, rGO acts mainly as fuel
during the combustion, increasing the energy release.

It is useful to compare the catalytic activity of the Co(OH),-
|[rGO with cobalt nanoparticles and cobalt oxide nanoparticles
that have been previously tested as burning rate catalysts of AP.
Duan et al.** reported the introduction of cobalt nanoparticles
at 2 wt%, diminishing the decomposition temperature of AP to
298 °C, while Co;0, nanoparticles presented a HTD peak at
337 °C. The shape has also been described in the catalytic
activity of nanoparticles;' snow-flake like nanoparticles
decreased the HTD to 284 °C and merged the LTD and HTD into
one peak. Li and coworkers” studied CoO nanocrystals
synthesized by a solvothermal method using hydrazine (44 nm).
The HTD process disappeared utterly, and the catalyst dimin-
ished the maximum decomposition temperature of AP to
approximately 308 °C. Mixtures of cobalt oxide and neutral
cobalt nanoparticles have also been tested.®* Ultra-long cobalt
chains diminished the highest thermal decomposition of AP to
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Table 1 Summary of the effect of different cobalt-based nano-
particles on the HTD of AP

Peak HTD
Burning rate catalyst Amount (Wt%) (°Q) Reference
Co NP 7 298 11
Co NP 2 284 14
Co0;0, NP 2 292 62
Co;0, NP 2 300 63
Co3;0,4 nanowires 9 288 20
CoO/Co NP chains 8 303 61
rGO|Co0;0, NP 2 303 33
Co(OH), NP 3 281 25
Co(OH),|rGO 5 292 This work

303 °C. Xu et al® reported the synthesis of Co30,~-GO
composite by the in situ deposition of the nanoparticles onto the
surface of the graphitic surface, decreasing the HTD to 303 °C
and increasing the exothermic heat of AP in almost 400 J g~ .
Wang and coworkers explored the use of a-Co(OH), NP.>® The
HTD decreased to 281 °C, 11 °C less than Co(OH),|rGO.
However, the authors do not inform the energy release increase,
which is probably lower than the value reported in this study,
due to the absence of rGO. Table 1 summarizes this informa-
tion. The catalytic activities are compared based on peak
temperature corresponding to the HTD (DSC) and the
percentage of additive. The lower the value of the peak, the
higher the catalytic activity.

Most of the nanoparticles cited in Table 1 were obtained by
hydrothermal or solvothermal methods, using synthesis temper-
atures above 100 °C, and requiring calcination as a final step, with
temperatures above 300 °C. These methodologies are energy-
consuming and increase the final cost of the propellant. In the
present work, we synthesized the nanoparticles with lower
temperatures and, thus, lower energy demands. Co(OH),|rGO
catalyst is in between the cobalt catalysts with the highest activity.
The higher activity of CoNP as a reducer of the HTD of AP can be
related to the superior activity of neutral cobalt nanoparticles
compared to the oxidized species."™ The oxidation state of the
transition metal nanoparticles is directly connected to the sensi-
tivity: neutral NPs are much more unstable to oxygen and thus, can
improve better the thermal decomposition of AP.">** The influence
of Co(OH),|rGO on the decomposition mechanism of AP will be
further discussed in the next section.

3.3. Catalytic mechanism of Co(OH),|rGO on AP

Following the traditional electron-transfer decomposition
theory of AP, there are two controlling steps: the electron
transfer from ClO,” to NH," and the transformation from
oxygen (0O,) to superoxide (O, 7). In the first stage, the ions NH,"
and ClO,  are transformed into NH; and HCIO,. During the
second stage, oxygen is formed from HClO, and then produces
O, . These ions with other gaseous products help in the final
decomposition of NH;.

The addition of any material that supports the electronic
transfers will speed up the decomposition of AP. In the case of
Co(OH),|rGO, rGO can accelerate the electron transfer reactions

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Scheme of the catalytic thermal decomposition process of AP accelerated by Co(OH),|rGO.

due to its high conductivity; the movement of electrons in this
material is rather faster than in metals and travel a much longer
distance without being scattered.

The catalytic performance of Co(OH),|rGO shows the hybrid
material can promote both LTD and HTD process. As before
mentioned, Co(OH),|rGO has a high surface and adsorption
capacity to support gaseous intermediates on the surface, which
is traduced as an increase in the contact area and better cata-
lytic influence. The exothermic and fast reaction of cobalt with
gaseous species like Cl, and O, may accelerate the decomposi-
tion of AP.

According to the experimental characterization analysis,
Co(OH),|rGO has an oxidized thin layer of Co;0,, mixed with
cobalt hydroxide. The mixture of Co®>" and Co®" oxidation states
provides alternative channels for the redox decomposition
reaction of AP:*

Co’" + NH," — Co** + NH; + H'

Co* +Clo,” - Co*" + ClO,

The partially filled orbitals of cobalt can benefit the electron
transfer by acting as an electron acceptor of AP ions and inter-
mediate products.® With the accelerated electron flow, NH," and
ClO4~ can be easily transformed into NH;, H', and ClO}. Subse-
quently, the radicals react to produce perchloric acid
(Clo; + H —HCIO,), which further decomposes like NH; into
small molecules, such as H,0, NO,, Cl,, N,, HCI, H, and O,. O, is
subsequently transformed into O, that could help and accelerate
the NH; decomposition (Fig. 7).% Unlike traditional CoO systems,
Co(OH),|rGO provides two alternative paths of reaction, favoring
tandem catalysis and facilitating the decomposition of AP.

4. Conclusions

In this work, we followed an in situ synthesis of cobalt
hydroxide nanoparticles supported on reduced graphene
oxide (Co(OH),|rGO) without high energy-consuming steps or
special equipment. rGO stabilized the nanoparticles effectively
and avoided their agglomeration, as pointed by the TEM
analysis. Cobalt hydroxide nanoparticles with an average size
of 30 nm were mixed with a fine layer of cobalt oxide, detected
by XPS analysis. The catalytic activity of Co(OH),|rGO was

This journal is © The Royal Society of Chemistry 2020

assessed by DSC. The top activity of Co(OH),|rGO as a reducer
of the HTD of AP can be related to the superior reactivity of the
cobalt centers of different oxidation states, Co>" and Co>".
Co(OH),|rGO affected the energy release due to the presence of
rGO as fuel. The diminution of the HTD of AP by Co(OH),|rGO
is in between the best values reported to date, suggesting its
potential application as catalysts in composite solid
propellants.
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