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Ammonium perchlorate (AP) as an oxidizer is widely employed in composite solid propellants (CSPs),
and the thermal decomposition kinetics of AP can significantly affect the combustion behavior of CSPs.
Therefore, the more apparent specific heat release at lower high-temperature decomposition (HTD)
temperature of AP poses a challenge for the development of highly active catalysts.In this work, well-
designed synergistic catalysts, cobalt nanoparticle embedded N-doped porous graphitized carbon
(Co-NPs@NC), were obtained by straightforward high-temperature pyrolysis of the zeolite imidazolate
framework-67 precursor under an argon atmosphere, among which Co-NPs@NC-800 exhibits excellent
heat release ability and catalytic activity. The differential thermal analysis results indicated that the HTD
temperature and apparent activation energy of AP with Co-NPs@NC-800, respectively, decreased by
133.0 °C and 86.3 kJ mol™, while the heat release was increased by 5.4 times compared with that of
pure AP. The excellent comprehensive properties of Co-NPs@NC-800 are attributed to the high
catalytic activity of well-dispersed Co-NPs, the intrinsic adsorption capacity of Co-NPs for NHs, and the
synergistically enhanced effect of N-doped porous graphitized carbon to achieve good electrical
conductivity and increase heat release, which facilitate its potential application as a high-efficiency

rsc.li/materials-advances

1. Introduction

Composite solid propellants (CSPs) mainly contain a binder
(hydroxyl-terminated polybutadiene), a metal fuel (aluminum
powder), and an oxidizer (ammonium perchlorate (AP)), of
which AP usually accounts for more than half of the CSPs."
Moreover, the thermal decomposition kinetics of AP can signifi-
cantly affect the combustion behavior of CSPs.” In general,
lower high-temperature decomposition (HTD) temperature and
higher heat release of AP can achieve the increase of the
combustion rate, high specific impulse, and low-pressure expo-
nent of CSPs.>* In order to enhance the combustion perfor-
mance of CSPs, the catalytic thermal decomposition of AP was
extensively studied via utilizing the catalytic activity of nano
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catalyst for the thermocatalytic decomposition of AP.

metals®® and nano metal oxides.”** In contrast to nano metal
oxides, the corresponding nano metals have a better ability to
catalyze the thermal decomposition of AP,">™'” mainly because of
its special electronic effect of lattice defects'®'® and oxidation
exothermic enhancement effect.'® Among the nanometals,
cobalt nanoparticles (Co-NPs) revealed excellent catalytic perfor-
mance compared with other nanometals.'® However, nanome-
tals face the common problems of aggregation and oxidation
caused by high surface free energy, resulting in a decrease in
catalytic activity and spontaneous combustion or explosion,
respectively. To solve these problems, stabilizing the nano-
particles on support materials as an effective strategy is usually
adopted.>® Considering that the heat release of AP can also
significantly influence the combustion behavior of CSPs, carbon
materials, for instance, carbon nanotubes, graphene, and amor-
phous carbon, which can not only increase the heat release rate
due to its exothermic reaction with oxidizing gas produced by
thermal decomposition of AP, but can also reduce the HTD
temperature,”’>* were often selected as the ideal supports to
construct nanocomposites'>>>>° However, these nanocompo-
sites are usually fabricated through a bottom-up method, in
which nanoparticles are first prepared and then loaded on.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The bottom-up method is aimed at the realization of efficient
dispersion and loading of nanoparticles, but due to the aggrega-
tion caused by the higher surface free energy of the smaller-sized
nanoparticles, the low surface area of the support, and the lack
of strong interactions between nanoparticles and substrates, it
cannot be achieved.

Fortunately, metal-organic frameworks (MOFs), especially
zeolitic imidazolate frameworks (ZIFs) with ultrahigh surface
area, well-defined structure, uniform particle size, and accurate
designability, have been sufficiently demonstrated to be promis-
ing in catalysis. Metal ions or clusters are periodically distributed
in ZIFs, which are suitable for the preparation of nanocompo-
sites using a top-down approach. Hence, ZIFs have been used
as precursors and have been converted, via high-temperature
pyrolysis under an inert atmosphere, to metal nanoparticles
or even single-atomic well-dispersed particles, which have been
anchored on the resultant N-doped porous graphitized carbon
(NC) that partially inherits the characteristics of ZIFs.***

Therefore, zeolitic imidazolate framework-67 (ZIF-67), as a
Co-based MOF material, was rationally used as a precursor to
fabricate Co-NPs embedded NC (Co-NPs@NC) catalysts in this
work, which may not only realize the catalytic synergistic effect
of Co-NPs and NC, but also ensure high catalytic activity and
stability of Co-NPs by inhibiting migration and agglomeration.
To the best of our knowledge, the thermocatalytic activity of Co-
NPs@NC remains unexplored. Herein, detailed characteriza-
tion of thermocatalytic decomposition of AP is carried out and
the catalytic mechanism is discussed.

2. Results and discussion
2.1 Synthesis and characterization

As illustrated in Fig. 1a, the ZIF-67 precursor was fabricated via
a coordination reaction between Co(NO;),-6H,0 and 2-methyl-
imidazole in methanol, and then the ZIF-67 precursor was
pyrolyzed under an argon atmosphere at different temperatures
(600, 800, and 1000 °C), in which 2-methylimidazole was pyr-
olyzed to NC, and then Co®" would be reduced by NC to cobalt
single atoms (Co-SAs) and most will further aggregate to small
size Co-NPs that are embedded on the NC, denoted as Co-
NPs@NC-T, in which the T represents the pyrolysis temperature.

The powder X-ray diffraction (XRD) patterns of the ZIF-67
precursor showed strong and sharp characteristic diffraction peaks
and are similar to the XRD patterns obtained from theoretical
simulation (Fig. Sla, ESIt). The Fourier-transform infrared (FTIR)
spectrum of the ZIF-67 precursor showed a characteristic peak at
431 cm™ " for the 1{Co-N); in comparison with 2-methylimidazole
the characteristic peak at 1840 cm™" for the 1{N-H) disappeared
(Fig. S1b, ESIt) due to the deprotonation and coordination reac-
tions of 2-methylimidazole. The scanning electron microscopy
(SEM) images showed clear rhombohedral features with a uniform
size of about 1 um (Fig. 1b). These results indicate that the structure
of the ZIF-67 precursor was as we expected.

The SEM and high-resolution transmission electron micro-
scopy (HRTEM) of Co-NPs@NC-800 reveal that the resultant
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Fig.1 (a) The schematic illustration of the synthesis of Co-NPs@NC-T
catalysts. (b) SEM of the ZIF-67 precursor. (c) SEM, (d) HRTEM, (e) SAED
pattern, (f) TEM, and (g) TEM elemental mappings of Co-NPs@NC-800.

nanocage has a rhombic dodecahedron shape with a plicated
rough surface (Fig. 1c), and the lattice spacings are 0.20 nm and
0.34 nm, corresponding to the (111) plane of Co-NPs and the
(002) plane of NC, respectively. The Co-NPs with a uniform size
of about 5 nm were completely embedded in the NC layers
(Fig. 1d); meanwhile, the strong interaction between the NC
and Co-NPs*>™” resulted in a highly stable structure in Co-
NPs@NC-800. Besides, the selected area electron diffraction
(SAED) pattern also exhibited the diffraction rings of Co-NPs
and NC (Fig. 1le). Moreover, TEM elemental mappings also
displayed the uniform distribution of C, N, and Co elements,
revealing the successful encapsulation of Co-NPs in NC. Similar
morphology and construction are also observed for Co-NPs@
NC-600 (Fig. S2, ESIt). By contrast, the morphology of Co-NPs@
NC-1000 shows markedly folds and thickened NC shells
(Fig. S3a, ESIT) due to the good catalytic activity of Co-NPs for
graphitizing carbon-rich 2-methylimidazole during the increasing
pyrolytic temperature. In addition, the increase in the pyrolysis
temperature causes the sublimation of NC to further increase the
Co content, which in turn causes the distance between Co atoms
to decrease and agglomeration,”” resulting in a significant change
in the size of Co-NPs in Co-NPs@NC-1000 from a uniform 5 nm to
more than 50 nm for Co-NPS@NC-600 and Co-NPsS@NC-800
(Fig. 1d and Fig. S2b, ¢, S3b, ¢, ESIT).

The XRD patterns showed that Co-NPs@NC-T all exhibit
characteristic peaks at 44.6°, 51.6°, and 76.2°, which are attributed
to the (111), (200), and (220) planes of Co-NPs (Fig. 2a),
respectively.®® It is also worth noting that the full-width at half
maximum of the peaks for Co-NPs@NC-T has gradually decreased
with the increase of pyrolysis temperature, indicating the
improved crystallization and larger size of Co-NPs, which are
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Fig. 2 (a) The XRD patterns, (b) the Raman spectra, and (c) the N,
adsorption—desorption isotherms of Co-NPs@NC-T.

consistent with the results of HRTEM (Fig. 1d and Fig. S2b, S3b,
ESIt). In addition, the Co-NPs@NC-1000 compared with Co-
NPs@NC-800 and Co-NPs@NC-600 exhibits an additional peak
at approximately 26.2° for the (002) crystal plane of graphitized
carbon, indicating the higher graphitization degree of carbon with
the increase of pyrolysis temperature.*® The carbon structure in
Co-NPs@NC-T was further investigated using Raman spectra. The
results showed that two characteristic bands located at 1350 cm ™"
and 1580 cm ™ * (Fig. 2b) can be assigned to the disordered carbon
(D band) and the graphitic carbon (G band),*” respectively.
Generally, the lower relative intensity ratio of the D to G band
(In/Ig) value indicates a higher degree of graphitization. The Ip/Ig
value of Co-NPs@NC-1000 is significantly lower than that of Co-
NPs@NC-800 and Co-NPs@NC-600, suggesting the increased
degree of graphitization due to the good catalytic activity of Co-
NPs produced at a higher pyrolytic temperature for graphitizing
carbon-rich 2-methylimidazole during the pyrolytic process,**"
which agreed well with the XRD results (Fig. 2a). Moreover, it is
also worth noting that the higher graphitization degree of
Co-NPs@NC-1000 with an increase in the electrical and thermal
conductivity will benefit the thermal decomposition of AP.** The
specific surface area and porous structure of Co-NPs@NC-T were
investigated using nitrogen adsorption-desorption isotherms
(Fig. 2c). The Co-NPs@NC-600 exhibited a type I isotherm, which
displays a significantly increased uptake at a relatively low nitro-
gen pressure (P/P, = 0-0.1) and less obvious hysteresis loop at high
nitrogen pressure (P/P, = 0.5-0.99), indicating the coexistence
of micropores and mesopores.*> The Co-NPs@NC-800 and
Co-NPs@NC-1000 respectively presented the type IV and type V
isotherms, which all display obvious hysteresis loop at high
nitrogen pressure (P/P, = 0.5-0.99) in the main concomitance
with micropores. The porous architecture of Co-NPs@NC-T has
also been verified by pore size distributions (Fig. S4, ESIt). Due to
the structural collapse caused by the higher pyrolytic temperature,
as expected, the Co-NPs@NC-600 and Co-NPs@NC-800 respec-
tively possesses Brunauer-Emmett-Teller surface areas of
222.7 m> g ' and 241.9 m* g~ ', which are much higher than that
of Co-NPs@NC-1000 of 56.9 m> g~ *. The large specific surface
area coupled with high porosity of Co-NPs@NC-800 would facili-
tate the exposure of active sites and boost the gas diffusion and
mass transport, thus enhancing the thermal catalytic process.
X-ray photoelectron spectroscopy (XPS) was performed to
investigate the surface chemical composition and elemental
valence states of Co-NPs@NC-7T. The XPS survey showed that
Co-NPs@NC-T are mainly composed of C, N, and Co elements
(Fig. S5, ESIt). The high-resolution C 1s spectra of Co-NPs@NC-T
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can be deconvoluted into three species (Fig. S6, ESIT),
corresponding to the graphitic C (284.4 eV), pyridinic C
(285.5 eV), and carbonyl C (over 288.0 eV).** The high-
resolution N 1s spectra of Co-NPs@NC-T changed significantly
with the increase of pyrolytic temperature (Fig. S7, ESIt).
Among them, the high-resolution N 1s spectra of Co-
NPs@NC-600 can be deconvoluted into four species (Fig. S7a,
ESIt), corresponding to pyridinic N (398.1 eV), Co-N,, (399.2 eV),
pyrrolic N (400.2 eV), and graphitic N (401.8 eV).”> As the
pyrolytic temperature increases, the nitrogen element subli-
mates and the Co element agglomerates, resulting in the
remaining pyridinic N (398.1 eV), Co-N,, (399.2 eV), and pyrrolic
N (400.2 eV) of Co-NPs@NC-800 (Fig. S7b, ESIt), and pyridinic
N (398.1 eV) and pyrrolic N (400.2 eV) of Co-NPs@NC-1000 (Fig.
S7c, ESIT). Due to the spin-orbit coupling, the high-resolution
Co 2p spectra of Co-NPs@NC-T were divided into two pairs at
about 781.0 eV (Co 2p3/2) and 795.0 eV (Co 2p1/2), which were
deconvoluted to Co° (778.8/793.6 V), Co®* (780.1/795.9 eV) of
Co0,0; produced by oxidizing the metal cobalt exposed on the
surface by air, and satellite (786.1/804.2 eV).***” Notably, as the
pyrolytic temperature increases, the signal of Co° relative to
Co®* gradually increases (Fig. S8, ESIt), which is consistent with
the results of XRD and HRTEM. Since the nitrogen element is
not and the Co element is decisive active species that catalyze
the thermal decomposition of AP, their content has a signifi-
cant impact on the catalytic properties. Therefore, the content
of the Co element in Co-NPs@NC-T was determined by XPS
and inductively coupled plasma optical emission spectrometry
(ICP-OES). The results of XPS showed that as the pyrolytic
temperature increases, the content of Co and N elements in
Co-NPs@NC-T gradually decreases (Table S1, ESIt), which is
mainly due to the Co-NPs catalyzing carbon-rich 2-methyl-
imidazole to form a more highly graphitized and thicker carbon
shell on the surface of Co-NPs at a higher pyrolytic temperature.
However, XPS is only a characterization of the surface chemical
composition of Co-NPs@NC-7, and the use of ICP-OES can
more accurately measure the overall chemical composition.
The results of ICP-OES show that as the pyrolytic temperature
increases, the sublimation of carbon is accelerated, and the
content of cobalt gradually increases. The content of Co element
in Co-NPsS@NC-600, Co-NPs@NC-800, and Co-NPs@NC-1000
reached 37.8 wt%, 43.3 wt%, and 56.9 wt% (Table S1, ESIT),
respectively.

2.2 Catalytic activity and mechanism

Differential thermal analysis (DTA) was performed to investi-
gate the effect of catalytic activity of Co-NPS@NC-T and ZIF-67
on the thermocatalytic decomposition of AP. As we all know,
the crystallographic system of AP changes from orthogonality to
cubic during heating, which is accompanied by an endothermic
peak at 242.7 °C. As the temperature continues to increase, the
AP undergoes thermal decomposition accompanied by two
violent exothermic peaks, corresponding to low-temperature
thermal decomposition (LTD) at about 299.6 °C and HTD at
about 430.8 °C, respectively (Fig. S9a, ESIT). Due to the content
of catalyst in AP having a significant effect on reducing the HTD

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ma01038k

Open Access Article. Published on 18 April 2023. Downloaded on 4/21/2026 11:29:16 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

26 gy W00

508
<
< 269

10K min”

SK min*

skt S\
= Y

a0 s00 100 200 300 400 00
X Temperature ('C)

R 14 12 L1 s

. Y : 20 40 60 80 100 120 140 160
S 1000:7,

¥ AT('C)

Fig. 3 (a) The DTA curves of AP with different contents of Co-NPs@NC-
800 at a heating rate of 10 K min™™. (b) The DTA curves of AP with 10 wt%
Co-NPs@NC-800 at different heating rates. (c) The HTD temperature of
pure AP and AP with 10 wt% ZIF-67 or Co-NPs@NC-T mixture at a heating
rate of 10 K min~™. (d) The AH/AHp (ratio of heat release) of AP with 10
wt% ZIF-67 or Co-NPs@NC-T compared with pure AP. (e) The fitting curve
dependence of In(f/T,?) on 1000/T, of pure AP and AP with 10 wt% ZIF-67
or Co-NPs@NC-T mixture based on the Kissinger method. (f) The com-
parison of the AE, and AT of AP with 10 wt% ZIF-67 or Co-NPs@NC-T with
reported catalyst/AP mixture in the literature.

temperature,*®*® the catalytic decomposition process of AP

with 2, 4, 6, 8, and 10 wt% Co-NPs@NC-T was explored
(Fig. 3a and Fig. S9b, c, ESIt). The results indicated that with
the increasing content of Co-NPs@NC-T7, the exothermic peaks
of the HTD process are significantly reduced compared with
that of pure AP, and even overlap with the LTD process.
Considering the uniform dispersion of catalysts Co-NPS@NC-
T or ZIF-67 in AP, AP with 10 wt% catalysts was chosen for a
thermocatalytic decomposition kinetics study by DTA at heat-
ing rates 2, 5, 10, 15, and 20 K min~" (Fig. 3b and Fig. S9d-f,
ESIt), typically taking a heating rate of 10 K min™" as an
example for comparison of catalytic activity. After adding
catalysts ZIF-7 and Co-NPs@NC-T, the crystal transformation
temperature of AP did not change obviously, but the HTD
temperature significantly reduced compared with that of pure
AP, respectively up to 326.9, 312.6, 297.8, and 307.0 °C (Fig. 3c).
The ratio of apparent specific heat release (AH/AH,p) obtained
according to the HTD peak area of AP with catalyst comparison
with pure AP (Table S2, ESIt) remarkably increases, which is
3.0-5.4 times that of pure AP (Fig. 3d). Due to the thermo-
catalytic decomposition of AP, ZIF-67 needs to undergo an
oxidation process, ZIF-67 is first converted to cobalt oxide or
chloride embedded NC,"® where the intrinsic catalytic activity
of cobalt oxides or chlorides is lower than that of Co-NPs, while
the conversion of 2-methylimidazole in ZIF-67 to NC is an
endothermic process. Therefore, ZIF-67 is lower than Co-
NPs@NC-T in reducing HTD temperature and increasing AH/
AHp, as expected. Besides, it should be noted that among the
Co-NPs@NC-T catalysts, Co-NPs@NC-800 exhibits the best
catalytic activity, instead of showing a consistent pattern with
pyrolysis temperature. In general, the smaller the size of the
metal NPs, the higher the catalytic activity. However, ZIF-67
derived Co-NPs@NC-T are mainly composed of NC and Co-NPs,
and a higher content of Co-NPs is also beneficial to the

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Materials Advances

improvement of catalytic activity. In this work, as the pyrolytic
temperature increases, the size of Co-NPs in Co-NPs@NC-T
gradually becomes larger (Fig. 1d and Fig. S2b, S3b, ESIt), and
the content of Co-NPs increases (Table S1, ESIt). The Co-NPs@
NC-800 has a moderate size and content of Co-NPs, and
exhibited the best catalytic activity.

In addition, variations in the heating rate can result in
significantly different HTD temperatures for the same sample.
The faster the heating rate, the significant the HTD peak
movement toward a higher temperature, which has a strong
correlation with the HTD temperature and the heating rate and
can be used for calculating important kinetic parameters based
on the Kissinger method (eqn (1)).>®

In (i) =In (A—R) _ L (1)
T E.) RT,

where f corresponds to the heating rate (K min™"), E, is the
apparent activation energy (k] mol '), T, is the peak tempera-
ture of HTD (K), A is expressed as a pre-exponential factor, and
R is an ideal gas constant (8.314 J mol ' K™ '). According to
eqn (1), a straight line can be described utilizing the linear
variation of In(B/T,,?) with 1000/T}, and the kinetic parameters
can be obtained from the slope and the intercept of the straight
line, such as A and E,. The calculated E, of the pure AP
approach is about 217.3 k] mol " in the HTD process. Never-
theless, when ZIF-67 and Co-NPs@NC-T were introduced into
AP, the E, of AP was significantly decreased to 99.3, 136.1,
131.0, and 132.4 k] mol ", respectively (Fig. 3e). Because the
HTD temperature and E, are heavily influenced by the test
conditions, a rigorous metric is needed to compare the catalytic
activity of different catalysts. In this regard, the AT and AE, are
the metrics employed, where AT and AE, respectively are the
differences in the E, and the HTD temperature between the
pure AP and catalyst/AP mixture obtained under consistent test
conditions. The higher AE, and AT indicate faster decomposi-
tion of AP at lower HTD temperatures, leading to better catalytic
activity. The AT and AE, of Co-NPs@NC-T are significantly
higher than those of HOPC,*> CNTs,*> CuO/CBW,>” 1T-MoS,,%°
2H-Mo0S,,% a-Fe,0; NPs,” Co;0, NPs,** [Pr(BTF),(H,0)s],,°" and
[Ag(tntrza)],.>” The AT values of Co-NPs@NC-T are significantly
lower than those of Co;0, NWs>' and mesoporous f-MnO,,*?
but it is the exact opposite for AE,. However, the situation is
reversed for ZIF-67 and CuO NPs** with Co;0, NWs and B-MnO,.
The catalytic activity of ZnO nanocrystals and Co-NPs@NC-T is
comparable, but the AH/AHp value of 1.9 of the ZnO nanocrystal
is much lower than the 4.0-5.4 of Co-NPs@NC-T (Fig. 3f and
Table 1). From a macroscopic point of view, the excellent
comprehensive properties of Co-NPs@NC-T are attributed to
the high catalytic activity of uniformly dispersed Co-NPs and
the synergistically enhanced effect of NC to increase heat release
and achieve good electrical conductivity.

In order to better understand the high catalytic activity of
Co-NPs@NC-T, the mechanism of the catalytic decomposition
process of AP was analyzed in detail (Fig. 4). The thermal
decomposition of pure AP is a multistage process mainly includ-
ing LTD, stagnation decomposition (SD), and HTD processes.
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Table 1 The catalytic properties of various catalysts in the thermal
decomposition of AP

HTD
Content peak AT® AE,” AH]/

Catalysts (wt%) (°C) (°C) (kJ mol™") AHp® Ref.
ZIF-67¢ 10 326.9 103.9 118.0 3.0 This work
CO-NPS@NC—GOOd 10 312.6 118.2 81.2 4.7 This work
CO-NPS@NC-SOOd 10 297.8 133.0 86.3 5.4 This work
CO-NPS@NC-lOOOd 10 307.0 123.8 84.9 4.0 This work
Co-SAs@NC* 10 327.9 100.5 78.3 2.9 50

Co Nps/ 5 301.7 151.5 — — 16

Ni NPs/ 5 335.6 105.0 — 3.7 15

Co30, NWs 9 278.0 114.0 33.0 1.9 51

Co3;04 NPs 5 301.8 152.0 53.0 1.9 52
Mesoporous -MnO,? 2 273.1 153.2 1.8 44 53

CuO NPs 5 331.6 90.4 119.9 1.9 54
«-Fe,0; NPs 5 367.6 54.3 67.9 15 55

ZnO nanocrystal 4 272.0 125.0 90.7 1.8 56

CNTs/ — 364.2 113.9 63.9 3.2 22
Graphene 10 336.5 69.7 — 34 21
Nitrated GO 10 350.0 106.0 — 3.4 23

HOPC 10 365.3 75.6 75.1 8.1 42
CuO/CBW 5 340.8 88.3 86.9 7.2 27

GT-Co 3.2 307.6 101.7 — 1.2 29
[Ag(tntrza)],* 10 335.2 85.5 61.3 — 57
(CO);Mn-s-Ic’-CoCp*® 5 326.0 84.0 — 2.3 58
[Pr(BTF),(H,0)5], 10 379.8 54  70.0 — 59
1T-MoS, 5 405.7 27.7 54.7 10.4 60
2H-MoS, 5 416.9 16.5 2.7 — 60

“ AT is the difference of the HTD peak between pure AP and the
catalyst/AP mixture obtained with a heating rate of 10 K min™" except
as specially marked. ” AE, is the difference in the apparent activation
energy between pure AP and the catalyst/AP mixture. ¢ AH/AH,p is the
ratio of apparent specific heat release of the catalyst/AP mixture
compared with pure AP obtained with a heating rate of 10 K min™"
except as specially marked. ¢ The AH/AHxp was determined from the
ratio of the HTD peak area of the ZIF-67/AP and Co-NPs@NC-7/AP
mixture compared with pure AP according to the data in Table S2 (ESI).
¢ The Co-SAs@NC is denoted as Co@NC in the literature. ” The HTD peak,
AT, and AH/AH,, were obtained with a heating rate of 20 K min™". ¢ The
HTD peak, AT, and AH/AH,p were obtained with a heating rate of 5 K min™".

For the LTD process, AP mainly undergoes a gas-solid phase
reaction, where the intermediate products HCIO, and NH; are
generated based on the electron transfer from ClO,~ to NH,',
which is generally considered to be one of the controlling
steps.®? The NC and Co-NPs in Co-NPs@NC-T respectively with
high electrical conductivity and a partially filled 3d orbital can
accelerate the electron transfer process to crack the controlling
step.>#*%%37%¢ 1n addition, the generated HCIO, and NH; are
both adsorbed on the AP surface, which has a chance to undergo
a redox reaction with each other. However, HCIO, is unstable
under LTD temperature conditions and is easily decomposed
into O,, Cl,, ClO;, ClO, and H,0, which can quickly leave the AP
surface before oxidizing the adsorbed NH;. Thus, the NHj
accumulation on the AP surface consequently inhibits its decom-
position. Subsequently, the SD process occurs following the LTD
process. As the temperature gradually increased in the HTD
process, the NH; was desorbed from the AP surface and entered
into the gas phase, where it was completely oxidized by the
oxidizing gas. For the whole decomposition process of AP
mentioned above, the accumulation of NH; on the surface of
AP was confirmed to be the one of critical factors that inhibit its
thermal decomposition.’® In the DTA curves of AP with Co-
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Fig. 4 (a) The 3D FTIR spectrum of gaseous products of themal decom-
position of AP with 10 wt% Co-NPs@NC-800 mixture at a heating rate of
10 K min~% (b) The FTIR spectra of gaseous products during themal decom-
position of AP with 10 wt% Co-NPs@NC-800 mixture at representative tem-
peratures. (b) The proposed AP thermocatalytic decomposition mechanism.

NPs@NC-T, the HTD process and the LTD process already over-
lap (Fig. 3b and Fig. S9d, e, ESIT), which indicated the presence
of Co-NPs@NC-T to eliminate the SD process caused by the
accumulation of NH; on the surface of AP. The results of the
three-dimensional (3D) FTIR spectrum (Fig. 4a) and the corres-
ponding FTIR spectra of gaseous products in the representative
temperature range of 230-350 °C (Fig. 4b) show that there is no
characteristic N-H bending vibration absorption peak of NH; at
about 960 cm ™~ and 930 cm ™', indicating that there is no NH;
overflow during the violent decomposition of AP.®”°® Mean-
while, the spin-polarized first-principles DFT calculation was
also used to investigate the adsorption and dissociation beha-
viors of NH; on the different planes of Co-NPs in Co-NPs@NC-T
and CoNj sites in Co-SAs@NC. The binding energies of NH; on
the (111), (200), (220) planes of Co-NPs and CoN, sites are
—1.046, —0.628, —1.088, and —0.524 eV, respectively (Fig. 4c).
And Co-NPs have a higher binding energy of NH; than the CoN,
sites, showing better catalytic activity (Table S3, ESIT). Therefore,
there are reasonable reasons to believe that the Co-NPs@NC-T
can directly capture NH; from the AP surface, eliminating the
SD process by weakening the accumulation of NH; on the AP
surface, and exhibiting excellent catalytic activity. In addition,
the binding energies of NH,, NH, and N species for all planes
show a gradually decreasing trend (Fig. S10 and S11, ESIY),
which indicates the clear trend of dissociation of NHj;, and
then the NH; dissociated species, protons, and NC react
with the adsorbed oxidizing species by Co-NPs®*’° to generate
N,O (2180-2260 cm™ ' and 1250-1330 cm '),”' NO (1750-
1840 cm '),”> NO, (1560-1650 cm™'),”*> CO, (2350 cm™' and
670 cm"),%” H,O (3480-3625 cm™ '), and HCI (2685-3025 cm™ )"
(Fig. 4b), while the Co-NPs@NC-T gradually oxidize and burn to
release heat, which in turn promotes the AP thermocatalytic
decomposition process (Fig. 4c). Therefore, the Co-NPS@NC-T
exhibit excellent catalytic activity in line with expectations.

3. Conclusions

In summary, Co-NPs@NC-T with well-dispersed active species
Co-NPs was successfully prepared using a top-down ZIF-67

© 2023 The Author(s). Published by the Royal Society of Chemistry
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precursor pyrolysis strategy. The size and content of Co-NPs in
Co-NPs@NC-T were regulated by adjusting the pyrolysis tem-
perature under an argon atmosphere, and Co-NPs@NC-800
with excellent heat release ability and catalytic activity was
obtained. The DTA results indicated that the AT and AE,
of Co-NPs@NC-800, respectively, reached 133.0 °C and
86.3 k] mol ', while the heat release was increased by 5.4 times
compared with that of pure AP. The excellent comprehensive
properties of Co-NPs@NC-800 are attributed to the high cata-
lytic activity of well-dispersed Co-NPs, the intrinsic adsorption
capacity of Co-NPs for NH;, and the synergistically enhanced
effect of NC to achieve good electrical conductivity and increase
heat release, which facilitate its potential application as a high-
efficiency catalyst for the thermocatalytic decomposition of AP.
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