
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
A

ug
us

t 2
01

9.
 D

ow
nl

oa
de

d 
on

 1
1/

25
/2

02
4 

5:
59

:4
8 

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
View Journal  | View Issue
Controllable syn
aSchool of Chemical Engineering, Nanjing

Nanjing, 210094, China
bThe First Academy of China Aerospace Scie

100048, China
cNational Key Laboratory on Science and Te

Mathematics, Beijing, 100076, China
dSchool of Environmental and Biological En

and Technology, Nanjing, 210094, China

Cite this: RSC Adv., 2019, 9, 23888

Received 22nd May 2019
Accepted 17th July 2019

DOI: 10.1039/c9ra03865e

rsc.li/rsc-advances

23888 | RSC Adv., 2019, 9, 23888–238
thesis of multi-shelled NiCo2O4

hollow spheres catalytically for the thermal
decomposition of ammonium perchlorate

Wenchao Zhang, *a Bin Jiang,a Xiaohang Ma,a Jiaxin Wang,a Jiaqi Liu,b Runhui Wu,c

Zilong Zheng,a Jingping Liua and Kefeng Ma*d

The compatible catalytic structure of NiCo2O4 was modified into multi-shelled hollow spheres by one-pot

synthesis, followed by heat treatment. X-ray diffraction (XRD), scanning electron microscopy (SEM),

transmission electron microscopy (TEM), and Brunauer–Emmet–Teller (BET) and N2 adsorption–

desorption approaches were used for the characterizations of nanoparticles and multi-shelled hollow

porous structures and the morphologies and crystal structures of these hollow spheres, respectively.

Differential scanning calorimetry (DSC) was adopted for comparing the thermal decomposition

performances of ammonium perchlorate (AP) catalyzed by adding different contents of multi-shelled

NiCo2O4 hollow spheres. Impressively, the experimental results showed that the NiCo2O4 hollow

spheres exhibited more excellent catalytic activity than NiCo2O4 nanoparticles as a result of their large

specific surface areas, good adsorption capacity and many active reduction sites. The decomposition

temperature of AP with multi-shelled NiCo2O4 hollow spheres could be reduced up to 322.3 �C from

416.3 �C. Furthermore, a catalytic mechanism was proposed for the thermal decomposition of AP over

multi-shelled NiCo2O4 hollow spheres based on electron transfer processes.
1. Introduction

Solid propellants are required to have favorable combustion
performances and design compatibility for applications as
rocket fuels, which is one of the research hotspots in space
propulsion projects.1–4 AP as a high-energy component accounts
for 60–90% of the solid propellant content. Therefore, its
combustion performance is important for further consider-
ations in order to understand its thermal decomposition
behavior.5 The regulation in its thermal decomposition
temperature is quite signicant for both ignition delay time and
boosting the burning rate.6 From this point of view, a number of
transition metal oxides and complex compounds with satis-
factory performances were synthesized.7–12 However, the prob-
lems of agglomeration, slowmass transfer5 and improvement in
thermal decomposition temperatures still need scientic
attention. Morphological and microstructural modications
can be conducted to achieve highly efficient performances.13–15
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This work is expected to help nd more details on a simple and
quick preparation process, highly exposed specic surface area,
fast mass transportation and numerous catalytic active sites.

Hollow sphere nanocomposites with a controlled number of
shells have aroused widespread concern in the past several
years because of their special structures, due to which they are
potential materials for applications in photocatalysis,16–18 drug
delivery vehicles,19–21 storage systems and energy conver-
sion.22–26 In the latest reports, many scientists have made
considerable efforts to fabricate hollow spheres with multiple
shells. For example, Lai et al. reported the preparation of multi-
shelled hollow microspheres (MFe2O4; M ¼ Cd, Co and Zn) by
means of sequential templates.27 Lou and co-workers adopted
carbonaceous spheres as hard templates to prepare ZnCo2O4

and CoMn2O4 hollow spheres with complex internal structures
using a “penetration-solidication-annealing” treatment.28

Wang et al. prepared shell-controllable CoFe2O4 (CFO) hollow
microspheres using a hydrothermal–calcination method.29 Li
et al. reported the synthesis of hollow layered double hydroxides
(LDHs) with polystyrene beads as the template.30 Yao et al.
successfully synthesized multi-shelled hollow spheres via
a sacricial template using polystyrene divinyl benzene
spheres.31 Despite these innovative advances, the majority of
these reported methods are only suitable for specic multi-
shelled hollow spheres.28,32,33 Furthermore, these reported
methods cannot realize a precise control of the number of shells
and are difficult to be applied for mass production as well.27,34
This journal is © The Royal Society of Chemistry 2019
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Therefore, it is highly desirable to develop a universal method to
construct hollow spheres of multiple compositions with
a controllable number of shells.

Binary transition metal oxides (BTMOs) are more susceptible
to electron transfer between multiple cations due to their more
unlled electron orbitals when compared with single transition
metal oxides. As a result, they can exhibit excellent catalytic
performances under the synergistic effect of composite metal
oxides.35 In this study, shell-controllable NiCo2O4 hollow
spheres were successfully synthesized by a simple and rapid
preparation process. By the direct introduction of metal salts
into aqueous glucose solutions before a hydrothermal treat-
ment, remarkable properties such as large specic surface area,
fast mass transfer and multiple catalytic active sites were ach-
ieved. As far as we know, the reported research on NiCo2O4

hollow spheres as a catalyst to promote the thermal decompo-
sition of AP is scarce. Besides, the structure and morphology of
the as-prepared NiCo2O4 hollow spheres were characterized to
propose a formation mechanism. Their catalytic performances
for the thermal decomposition of AP were examined using DSC
in order to suggest a catalytic mechanism.
2. Experimental section
2.1 Materials

The chemical reagents Co(NO3)2$6H2O, Ni(NO3)2$6H2O,
glucose, diethylene glycol, deionized water, ethanol and
NH4ClO4 were purchased from Sinopharm Chemical Reagent
Co., Ltd. All chemicals were of analytical grade and used
without further purication during all synthetic procedures.

The X-ray diffraction (XRD) patterns of the as-prepared
samples were obtained on Bruker D8 Advance equipped with
monochromatized Cu Ka radiation (l ¼ 0.15406 nm). The
morphologies were characterized by scanning electron micros-
copy (SEM, Hitachi S-4800) and transmission electron micros-
copy (TEM, (JEOL) JEM-2100). Nitrogen adsorption/desorption
isotherms of the samples at �196 �C were described using
a Micromeritics TriStar II 3020 porosimetry analyzer. Pore size
distributions and surface areas were calculated according to the
Barrett–Joyner–Halenda (BJH) and Brunauer–Emmett–Teller
(BET) methods, respectively. The thermal decomposition
process of AP was measured by a differential scanning calo-
rimeter (DSC, Mettler Toledo) under the nitrogen ow of 20
mL min�1 at a heating rate of 20 �Cmin�1 from 50 �C to 500 �C.
Fig. 1 The XRD patterns of (a) NiCo2O4 nanoparticles and (b) single-
shelled, (c) double-shelled, and (d) triple-shelled NiCo2O4 hollow
spheres.
2.2 Synthesis of the multi-shelled NiCo2O4 hollow spheres

Multi-shelled NiCo2O4 hollow spheres were synthesized as
follows: in general, certain amounts of glucose, Co(NO3)2$6H2O
and Ni(NO3)2$6H2O were dissolved in 60 mL water at a molar
ratio of 3 : 4 : 2. Aer vigorous stirring for 30 min, the resultant
uniform and transparent solution was transferred to a 100 mL
Teon-lined autoclave for a 6 h hydrothermal reaction at 180 �C.
The precursors were then collected aer washing with ethanol
and water several times and dried in a vacuum oven overnight.
The double-shelled hollow spheres were nally obtained aer
the precursor was heated at a rate of 10 �C min�1 up to 500 �C
This journal is © The Royal Society of Chemistry 2019
and then maintained at this temperature for 3 h in a muffle
furnace under air. The number of shells could be controlled by
the regulation of the heating rate during calcination. For
example, the triple-shelled NiCo2O4 hollow spheres can be
achieved at the heating rate of 5 �C min�1. The preparation of
single-shelled NiCo2O4 is as follows: rst, we dissolved 5.4 g of
glucose in 60 mL of water to obtain a 0.5 M glucose solution.
Second, the resulting solution was transferred to a 100 mL
Teon-lined autoclave for a 6 h reaction at 180 �C. Third, the
obtained carbon spheres were immersed in a mixture of
Ni(NO3)2 and Co(NO3)2 (molar ratio, 1 : 2) at a concentration of
2 M for 20 min. Finally, the single-shelled hollow spheres were
obtained aer the precursor was heated at a rate of 20 �C min�1

up to 500 �C and then maintained at this temperature for 3 h in
a muffle furnace under air.

2.3 Measurements of catalytic activities

For the evaluation of the catalytic performance of the as-
obtained samples on the thermal decomposition of AP, the
mixture of either NiCo2O4 nanoparticles, single-shelled, double-
shelled, or triple-shelled NiCo2O4 hollow sphere powder with AP
was ground in a glass mortar for 30 min to ensure the homo-
geneous dispersion of the as-obtained samples. The mass ratio
of AP : sample was taken as 49 : 1. The thermal decomposition
of neat AP without NiCo2O4 was also reviewed for comparison.
Meanwhile, a variety of mixed samples of AP and as-obtained
NiCo2O4 were investigated in different weight ratios. The cata-
lytic effect of the NiCo2O4 hollow spheres on AP was evaluated
by the same analyses for obtaining the decomposition temper-
ature of AP.

3. Results and discussions
3.1 Physical characterizations

The crystal phases of the NiCo2O4 nanoparticles and NiCo2O4

hollow spheres were inspected by XRD, as revealed in Fig. 1. All
NiCo2O4 nanocomposites, which were synthetized under
different experimental conditions, exhibited similar XRD
patterns, where all the diffraction peaks of (111), (220), (311),
RSC Adv., 2019, 9, 23888–23893 | 23889
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(222), (400), (422), (511) and (440) tted well with the standard
diffraction data of NiCo2O4 (JCPDS 20-0781).36 Furthermore, the
absence of additional peaks indicated that the precursor
completely transformed into NiCo2O4 aer the annealing
treatment. The clearly dened and strong peaks also revealed
the crystallinity and high purity of the produced NiCo2O4

samples.
Fig. 3 The SEM images of (a) the precursors of the NiCo2O4 hollow
spheres, (b) single-shelled NiCo2O4 and (c) double-shelled NiCo2O4

hollow spheres; the TEM images of (d) the precursors of the NiCo2O4

hollow spheres, (e) single-shelled NiCo2O4 hollow spheres, (f and g)
double-shelled NiCo2O4 hollow spheres, (h and i) triple-shelled
NiCo2O4 hollow spheres.
3.2 Formation mechanism

The formation procedure of the double-shelled NiCo2O4 hollow
spheres is illustrated in Fig. 2. At the primary stage of the
reaction, rst, the glucose dehydration reaction produces
oligosaccharides and aromatic compounds. Then, the oligo-
saccharides are dehydrated at a higher temperature to cause
intermolecular crosslinking and nally, the resulting nuclei
grow to form carbon spheres with reactive functional groups.37

The metal salt is captured into the carbon sphere during this
process, forming a composite structural material, whose
components are mainly carbonaceous particles and metal salt
hydrates. The precursors for the double-shelled NiCo2O4 hollow
spheres were fabricated by means of a chemically initiated
dehydration process using the carbonaceous particles and
metal salt hydrates as starting materials. Subsequently, on
increasing the calcination temperature, the metal oxide
hydrates began to crystallize on the outermost shell before the
carbonaceous spheres contraction. When the calcination
temperature increased up to ca. 350 �C, themetal oxide hydrates
could speed up crystallization to form a thermally stable shell of
metal oxide before the carbonaceous layer started to burn.
Finally, as the annealing temperature rose to a critical value
(e.g., 350–500 �C), the combustion of the carbonaceous layer
provided enough energy for the separate between cores and
shells.33 Therefore, the hollow spheres with a controllable
number of layers can be obtained via this facile one-pot
approach. It is noteworthy here that this protocol should be
expected to be qualied for a variety of metal oxides to realize
multishell formation based on the templates of these carbo-
naceous spheres.

The SEM and TEM images are displayed in Fig. 3 for the
precursors of carbon spheres and hollow multi-shelled micro-
spheres, which were prepared at different calcination temper-
atures as high as 500 �C. As observed from Fig. 3a and d, the
prepared precursors of the carbon spheres have a smooth
Fig. 2 The schematic illustration for the formation of double-shelled
NiCo2O4 hollow spheres.

23890 | RSC Adv., 2019, 9, 23888–23893
surface and a uniform particle size. As a whole, these precursors
demonstrate good conguration with few grain boundaries and
regional defects microscopically and thus, they can be adopted
as good templates for hollow spheres. It can be seen from
Fig. 3b and e that the surface of the single-shell hollow spheres
is smooth and transparent. Double- and triple-shelled NiCo2O4

hollow spheres, obtained by a change in the heating rate during
calcination, are displayed in Fig. 3c and f–i. Their surfaces have
irregular pleats, which may be caused by the uneven distribu-
tion of metal salts inside the carbon spheres. This morphology
also helps increase the number of surface activation sites in the
sample.

The as-synthesized samples were investigated by phys-
isorption of N2 and the resulting curves are exhibited in Fig. 4. It
can be obviously seen that the isotherm has the characteristics
of a “type II” isotherm with H3 hysteresis loops (Fig. 4a).38–40 On
the basis of the BET method, the specic surface areas of the
single- and triple-shelled NiCo2O4 hollow spheres were calcu-
lated to be 48.6 m2 g�1 and 88.2 m2 g�1, respectively. Besides,
the specic surface area of the double-shelled NiCo2O4 hollow
Fig. 4 (a) The nitrogen adsorption–desorption isotherms and (b)
pore-size distributions of NiCo2O4 hollow spheres with different shell
numbers.

This journal is © The Royal Society of Chemistry 2019
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spheres was surprisingly 102.7 m2 g�1, which was the largest
value among all the values of the hollow spheres investigated
here. The pore sizes of the three kinds of NiCo2O4 hollow
spheres were mainly between 2–4 nm and 8–20 nm, as displayed
in Fig. 4b. The formation of pores (2–4 nm) may be due to
particle accumulation, while the large pores (8–20 nm) are
supposed to be caused primarily by gas diffusions during the
calcination process. The pores (8–20 nm) can provide a pathway
for gas emission. From Fig. 4b, it can be seen that the pores
become increasingly smaller from single- to double- to triple-
shelled NiCo2O4, which may be attributed to the lower heat-
ing rate. The macropores of hollow spheres are highly condu-
cive for gaseous intermediates to enter, due to which plenty of
active sites will be provided for their electron transfer.
3.3 Catalytic performances of multi-shelled NiCo2O4 hollow
spheres towards AP

The DSC curves are displayed in Fig. 5 for neat AP and the
mixtures of AP with NiCo2O4 nanoparticles or NiCo2O4 hollow
spheres with different shell numbers. The thermal decompo-
sition process of neat AP can be split into three steps as follows
(Fig. 5a): the rst stage is an endothermic process for the crys-
talline transformation of AP from an orthorhombic to a cubic
phase, and its transition temperature is 240–250 �C with its
peak temperature of 242.0 �C; this is in agreement with the
reported data.41–43 On increasing the temperature, the decom-
position of neat AP can exothermically suffer one low-
temperature decomposition (LTD) and one high-temperature
decomposition (HTD) process, which can begin at 282.0 �C
and 354.0 �C with the peak temperatures of 306.4 �C and
416.3 �C, respectively. At last, AP can be completely decomposed
to produce volatile products such as HCl, H2O, Cl2, O2, NO, N2O
and NO2.44 The HTD temperature of AP can be reduced by
36.4 �C due to the presence of NiCo2O4 nanoparticles (Fig. 5b).
This indicates that the transition metal oxides can exert a posi-
tive effect on the decomposition of AP. Compared with NiCo2O4

nanoparticles, the NiCo2O4 hollow spheres exhibited stronger
Fig. 5 The DSC curves of the AP decomposition in the absence and
presence of different layer numbers of NiCo2O4 hollow spheres: (a)
neat AP, (b) AP + NiCo2O4 nanoparticles, (c) AP + single-shelled
NiCo2O4, (d) AP + double-shelled NiCo2O4, (e) AP + triple-shelled
NiCo2O4.

This journal is © The Royal Society of Chemistry 2019
catalytic activities. The single-shelled NiCo2O4 hollow spheres
could decrease the HTD temperature of AP to 366.4 �C (Fig. 5c),
but the double-shelled hollow spheres caused the lowest drop of
64.9 �C (Fig. 5d), which was the best catalytic performance
among all shelled spheres investigated here. It is easy to explain
that the best catalytic performance from the double-shelled
hollow spheres should be attributed to their largest specic
surface area.

The dependence of AP decomposition on different contents
of the double-shelled NiCo2O4 hollow spheres was studied
using DSC tests, as displayed in Fig. 6. The thermal decompo-
sition process of AP changed obviously on increasing the
addition of the double-shelled NiCo2O4 hollow spheres (Fig. 6).
According to the analyses of the DSC data, the double-shelled
NiCo2O4 hollow spheres showed negligible effects on the
temperature of the crystal transition during the process of AP
thermal decomposition. All incorporations of different contents
of the double-shelled NiCo2O4 hollow spheres could lead to
a more or less decrease in both the LTD and HTD peak
temperatures of AP. When the weight percent of the double-
shelled NiCo2O4 hollow spheres was 1 wt%, the LTD and HTD
peak temperatures decreased to 280.5 �C and 366.4 �C, respec-
tively. On increasing the content of double-shelled hollow
spheres till 10 wt%, the HTD peak temperature of AP was
reduced gradually from 366.4 �C (Fig. 6b) to ca. 320.0 �C (Fig. 6f–
g). Furthermore, the NiO microspheres, which were previously
reported as the catalyst for the thermal decomposition of AP,
could just reduce the HTD peak of AP from 460.0 �C to
386.0 �C.45 Deng and co-workers adopted the Ni–P alloy sample
as a catalyst, whichmade the HTD peak of AP locate in the range
from 340.0 �C to 394.0 �C.46 The LTD peak of AP disappeared
when the content of the double-shelled hollow spheres was
more than 6 wt%. Compared with neat AP, the double-shelled
hollow spheres decreased the HTD peak temperature by
94.0 �C when the content was 8 wt%. It can be concluded that
the double-shelled NiCo2O4 hollow spheres remarkably
promote the AP decomposition with a considerable reduction in
their decomposition temperatures. However, when the quantity
Fig. 6 The dependence of the AP decomposition examined by DSC
curves on the different amounts of double-shelled NiCo2O4 hollow
spheres: (a) neat AP, (b) AP + NiCo2O4-1wt%, (c) AP + NiCo2O4-2wt%,
(d) AP + NiCo2O4-4wt%, (e) AP + NiCo2O4-6wt%, (f) AP + NiCo2O4-
8wt%, (g) AP + NiCo2O4-10wt%.

RSC Adv., 2019, 9, 23888–23893 | 23891
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of double-shelled NiCo2O4 hollow spheres increased to a certain
extent, their catalytic activity weakened as a result of the
reduction in their specic surface area and active sites. Mean-
while, the reduction trend for the peak temperature of AP was
gradually maintained.3,47,48
3.4 Catalytic mechanism for the multi-shelled NiCo2O4

hollow spheres on AP

The decomposition process of AP is a solid–gas multiphase
reaction.49 At a relatively low temperature range, AP initially
decomposes into a small amount of intermediates, some of
which further dissociate and sublimate to form NH3 and HClO4:

NH4ClO4(s) / ClO4
� + NH4

+ / HClO4(s) + NH3(s) /

HClO4(g) + NH3(g)

However, the reaction could not be completed between the
intermediate products NH3 and HClO4 since the unreacted
NH3 was adsorbed on the surface of AP. When the surface of
AP was entirely covered with NH3, the decomposition reaction
of AP was suspended (Fig. 7). As the temperature continued to
rise, the absorbed NH3 on the AP surface started to react with
HClO4 again, thus resulting in the formation of volatile
products.50

When the multi-shelled NiCo2O4 hollow spheres were added
as a catalyst, due to an unlled orbit from the composite tran-
sition metal oxides, ClO4

� could be easily accepted and trans-
ferred to the surface of the catalyst. Subsequently, NH4

+ could
accept an electron to decompose into NH3 and ClO4

� was
converted to HClO4. At this point, the presence of Co2+/Co3+,
Ni2+/Ni3+ and Co3+/Ni2+, located on the surfaces of NiCo2O4

lattices as the active sites for reduction, could trigger electron
transfers and provide channels for electron transfers for cata-
lytic reactions. The reaction process can be described as
follows:51–53

Ni3+ + ClO4
� / Ni2+ + ClO0

4

Co2+ + NH4
+ / Co3+ + NH0

4

Ni2+ + NH4
+ / Ni3+ + NH0

4

Co3+ + ClO4
� / Co2+ + ClO0

4

Fig. 7 The schematic diagram of the thermal decomposition process
of AP in the absence and presence of the multi-shelled NiCo2O4

hollow spheres.

23892 | RSC Adv., 2019, 9, 23888–23893
In addition, the gaseous intermediates, which were
produced during the thermal decomposition of AP, were
adsorbed onto the surfaces of the multi-shelled composite
metal oxide hollow spheres as a result of their high specic
surface area and high adsorption capacity (Fig. 7). This led to
a considerable increase in the active sites and contact areas for
the catalytic reaction, which further guaranteed its continua-
tion. Finally, the gaseous intermediates, which were adsorbed
initially on the surfaces of the multi-shelled NiCo2O4 hollow
spheres, were desorbed from pore walls immediately aer the
electron transfer on the active sites to form nal products such
as HCl, H2O, Cl2, O2, NO, N2O and NO2. Therefore, the multi-
shelled NiCo2O4 hollow spheres showed more excellent cata-
lytic capabilities than NiCo2O4 nanoparticles.

4. Conclusions

In conclusion, multi-shelled NiCo2O4 hollow spheres were
prepared by a facile hydrothermal–calcination method with
smooth surfaces and uniform particle sizes. The catalytic
results from our designed experiments revealed that the multi-
shelled NiCo2O4 hollow spheres displayed a remarkable cata-
lytic effect on the thermal decomposition of AP due to their
special structure with a large specic surface area, numerous
active sites for reduction and strong adsorption capacity.
Furthermore, the NiCo2O4 hollow spheres demonstrated better
catalytic activity than the NiCo2O4 nanoparticles in the same
test conditions. In the end, a mechanism was proposed based
on the electron transfer processes for AP decomposition in the
presence of the prepared NiCo2O4 hollow spheres.
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