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ABSTRACT: The incorporation of nanomaterials generated from
Prussian blue (PB) derivatives has emerged as a promising strategy to
significantly improve the properties of energetic materials. In this study,
we comprehensively investigated the influence of nanomaterials derived
from PB on the thermal decomposition characteristics of energetic
materials. To achieve this goal, we prepared nanomaterials using
coprecipitation and heat treatment methods with PB derivatives as
catalysts. Advanced techniques such as X-ray diffraction, scanning
electron microscopy, transmission electron microscopy, Brunauer—
Emmett—Teller (BET) analysis for specific surface area and pore size,
and X-ray photoelectron spectroscopy were employed to thoroughly
characterize these nanomaterials. Differential scanning calorimetry was
used to assess the thermal behavior of nitrocellulose (NC), and the
relevant kinetic parameters were determined through thermal decomposition kinetics calculations and analysis. This work revealed
the influence of catalysts on the NC decomposition process and provided comprehensive insights into the effect of integrating
nanomaterials derived from PB derivatives on the thermal decomposition performance of NC. The results of this work demonstrated
the possibility of using nanomaterials generated from PB derivatives as effective catalysts to enhance the thermal decomposition
characteristics of NC, offering interesting opportunities for their application in the field of high-energy materials.

@09

1. INTRODUCTION

A common element in creating smokeless powders, blasting
gelatin, dynamite, single-base and double-base guns, and rocket
propellants is nitrocellulose (NC)." The thermal properties of
NC have been extensively studied. Wang” studied the thermal
decomposition process of NC. Zhang® investigated the effect
of graphene oxide nanocomposites on the stability of NC.
Extensive research efforts have been dedicated to revealing
the thermal decomposition characteristics of NC. Under
ambient conditions, NC exhibits gradual degradation, while
significant decomposition occurs within the temperature range
of 70 to 160 °C.* High-molecular-weight NC molecules
decompose in the solid phase without melting during this
heterogeneous reaction-based breakdown process. Hu Rongzu
has meticulously investigated to better understand the complex
self-catalyzed reaction kinetics of NC,” employing thermal
analysis techniques. Furthermore, researchers such as Ning6
and Pan Qing have employed a synergistic approach,
combining Fourier-transform infrared spectroscopy and
thermal analysis techniques, to delve into the denigration
reaction kinetics of high-nitrogen content NC. Their efforts
have also shed light on the influence of lead—copper complexes
on the thermal decomposition process of NC. Additionally,
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Wei’s” researched the effects of nanometal oxides on NC in an
attempt to understand their effects on the thermal decom-
position performance of NC.

Prussian blue (PB), as a typical metal—organic framework
(MOF) material, has received wide attention in recent years
due to its low cost, simple preparation process, and unique
hollow framework structure.”’ Using these advantages, PB-
derived nanomaterials gain distinctive qualities that make them
highly desirable in a range of applications. In particular,
nanocatalysts, due to their small particle size, large surface area,
and high catalytic activity, have become a hot topic in explosive
research.'’”"> MOFs can form in situ metal (metal oxide)—
carbon-based complexes with combustion catalytic activity
during the combustion process of explosives.13 However, the
combustion process is inherently uncontrollable, making it
difficult to control the structural characteristics of the formed
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catalysts and adjust their catalytic activity. If MOFs are
transformed into their derivatives through controlled reaction
methods before use, apart from whether a new type of
combustion catalyst is obtained, the microstructure of the
catalysts can also be effectively regulated, which is advanta-
geous for studying their structure—activity relationships.'*"
Prior to use, MOFs can be converted into their derivatives
through controlled reaction methods. This not only enables
the production of a new type of combustion catalyst but also
allows for effective regulation of the catalyst’s microstructure,
which is advantageous for studying its structure—activity
relationship.

In summary, PB is a multifunctional and highly demanded
MOF material, and the synthesis of nanomaterials based on PB
creates interesting new opportunities for high-energy for-
mulations.'® With the current research exploration and
utilization of the unique properties of PB-derived nanomateri-
als, the fields of explosives and fireworks are expected to
experience significant progress and innovation.'” Ultimately,
this will enhance key applications in national security and other
fields."*

There is currently a dearth of study on the catalytic behavior
and catalytic breakdown processes of other energetic
molecules, with the majority of studies on MOF-based
combustion catalysts concentrating on their catalytic effects
on ammonium perchlorate propellants.”’ This work offers a
novel solution in response: PB analogues were created using
Ni—Fe, Ni—Co, and Ni—Fe—Co metals, and the resulting
compounds were then incorporated into NC as nanocatalysts.
We conducted a thorough investigation into how these loaded
nanocomposite metal oxides affected the thermal deterioration
of NC, and we produced valuable data to direct future
application-focused research.

2. EXPERIMENTAL SECTION

2.1. Reagents. The types, purities, and manufacturers of
the chemical reagents used in this paper are shown in Table 1.

Table 1. Reagents Utilized in the Synthesis Process

reagent purity manufacturer

nickel nitrate hexahydrate AR Guangdong Xi Long Scientific Co.,
Ltd

cobalt nitrate hexahydrate AR Guangdong Xi Long Scientific Co.,
Ltd

potassium hexacyanoferrate AR Shanghai Bide Pharmaceutical

(I10) ate Co,, Ltd

cobalt(Il) potassium cyanide AR Shanghai Aladdin Reagent Co.,
Ltd

potassium nickel tetra cyanate AR Shanghai Macklin Biochemical
Co., Ltd

sodium citrate AR Shanghai Aladdin Reagent Co.,
Ltd

2.2. Experimental Instruments. The following instru-
ments were used: FEI Company Quanta 250 scanning electron
microscope from the United States; test voltage: 10 kV.

TA Company TGA 550 thermogravimetric analyzer,
temperature range 50—800 °C, alumina crucible, sample
mass of about 2 mg, air flow of 20 mL min~'.

Nikaku smartlab9 equipped with an ultrahigh speed detector
X-ray diffractometer, which uses copper target K-a ray with a
wavelength of 1.54178 A to scan the sample and the scanning
Angle range of 10—80°.

X-ray photoelectron spectroscopy (XPS) measurements
were made on an ESCALAB 250Xi spectrometer (Thermo
Scientific, USA) equipped with a 30 eV pass-through energy,
100 W (10 kV and 10 mA), monochromatized Al Ka X-ray (hv
= 1486.6S eV) source. All samples were analyzed at pressures
less than 1.0 X 107" Pa. The spectrum was obtained by the
advantage software (Version 5.979) with a step size of 0.0S eV.

The non-isothermal differential scanning calorimetry (DSC)
measurements of the samples were carried out by the Nesch
DSC 204 Fl instrument. A stainless steel high-pressure
crucible, using a covered alumina crucible with a small
(needle-sized) hole in the center as an open environment,
refers to the gas produced by the thermal decomposition of the
sample that can escape from the crucible. The sample mass is
about 0.6 mg. The scavenging gas and the protection gas were
nitrogen, and the flow rates were 40 and 60 mL min~,
respectively. The samples were tested by DSC at heating rates
of 1,2, 5, and 10 °C min~’, in the temperature range of 50.0—
300.0 °C.

2.3. Synthesis of Prussia Blue Analogues (Ni Fe-PBA,
Ni Co-PBA, Ni—Co Fe-PBA). The nanocubes of PB
analogues, including Ni and Fe (NF-PBA), Ni and Co (NC-
PBA), and Ni, Fe, and Co (NFC-PBA) precursors, were
synthesized using a coprecipitation method. For the synthesis
of NF-PBA, 200 mL of deionized water was used to dissolve 6
mmol of nickel nitrate, 9 mmol of sodium citrate, and 4 mmol
of potassium ferricyanide (III) in a separate 200 mL of
deionized water. After mixing the two solutions, they were
allowed to sit at room temperature. The creation of uniformly
distributed precursor nanoparticles was caused by the effective
inhibition of precipitation processes by citrate ions. The upper
clear solution was decanted after a predetermined amount of
reaction time, and the bottom white powder was collected.
The powder was then extensively mixed with anhydrous
ethanol to act as a dispersant, and the mixture was then
centrifuged to collect the powder. This process was repeated
several times until the washing centrifugation was completed.
Finally, the powder was dried in a vacuum oven for 12 h to
obtain the nanocubes containing Ni and Fe (NF-PBA).*

The same procedure was used to make NC-PBA and NFC-
PBA nanocubes; however, for NC-PBA, potassium ferricyanide
in NF-PBA was swapped out for a 4 mmol solution of
potassium hexacyanocobaltate (III). A mixture of 2 mmol of
hydrated nickel nitrate, 6 mmol of potassium hexacyanoco-
baltate (II), and 5.14 mol of potassium hexacyanoferrate (III)
was employed to create NFC-PBA.

2.4. Synthesis of PB Oxide Composites. After synthesiz-
ing the precursors, a crucial step involves subjecting the
precursors to a thermal treatment process.””** By oxidizing the
metal ions to increase the catalytic activity, this procedure
attempts to enable the escape of organic ligands from the MOF
and produce pores within the structure. However, it should be
noted that the thermal treatment’s duration and heating
temperature have a significant impact on the final product’s
shape and structure.

This work involved heat treatment of the Ni—Fe PBA
precursor in an ambient air environment. Through this
process, the cyanide groups in the MOF oxidize to produce
carbon dioxide and nitrogen dioxide, which increases the
specific surface area and creates holes. Consequently, the
material’s catalytic performance is improved. Ni—Co PBA and
Ni—Fe—Co PBA precursors can also be thermally treated to
increase their catalytic performance while keeping their original
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framework architectures. It is feasible to maximize the
attributes of the final product, enabling increased catalytic
activity and pore creation, by precisely regulating the heating

2

temperature and length of the thermal treatment process.””

3. RESULTS AND DISCUSSION

3.1. Analysis of a Mass Change of Precursor during
Calcination. The precursors Ni—Fe PBA, Ni—Co PBA, and
Ni—Fe—Co PBA were all employed in this experiment, and
they all received thermal treatment in an environment of
outside air.””** The cyanide groups in the MOF were oxidized
during this reaction, generating carbon dioxide and nitrogen
dioxide. While simultaneously adding pores to the material, the
original framework structure was preserved, increasing the
specific surface area. As a result, the materials’ catalytic
performance was greatly improved.

In Figure 1, sample 1 represents Niz[Fe(CN),],, sample 2
represents Ni;[Co(CN)¢],, and sample 3 represents
Ni;[FeCo(CN)¢],. From Figure la, it can be observed that
sample 1 (Ni;[Fe(CN)¢],) undergoes four distinct decom-
position stages when heated in an air atmosphere. The first-
step weight loss of 21.4% is caused by the evaporation of
adsorbed water molecules present in the precursor and takes
place between 100 and 200 °C. The weight loss of 7.49% that
results from the second stage, which takes place between 250
and 300 °C, is predominantly caused by the evaporation of
crystalline water that is present in between Niy[Fe(CN)q],
molecules. The third stage takes place between 320 and 370
°C, and a weight reduction of 10.35% is the outcome. A weight
loss of 11.28% happens in the fourth stage, which takes place
between 400 and 650 °C. After 400 °C, the weight continues
to decrease, indicating a progressive oxidation of the interiors
of the particles above 400 °C and partial disintegration of the
precursor between 320 and 370 °C. The curve eventually levels
off around 600 °C, signifying stabilization. Equation 1
represents the reaction equation for the thermal decomposition
of Niy[Fe(CN)g], in the air atmosphere

Ni;[Fe(CN)s], + O, = NiO + Fe;O, + CO, + NO,
(1)
Sample 2 is the precursor Ni3[Co(CN)4], and Figure 1b
shows that when heated in an air atmosphere, the sample 2
precursor passes through two different stages of breakdown.
The first step occurs between 100 to 200 °C, resulting in a
weight loss of 22.94%, attributed to the evaporation of
adsorbed water molecules present in the precursor. The second
step occurs between 250 to 350 °C, leading to a weight loss of
28.29%, indicating the oxidation of cyanide groups within the
Ni;[Co(CN)g], MOF into carbon dioxide and nitrogen
dioxide. Beyond 350 °C, the weight continues to decrease,
suggesting incomplete decomposition of the precursor between
250 and 350 °C, and gradual oxidation of the particles’
interiors after 350 °C. The curve levels oft at 600 °C, indicating
stabilization. Equation 2 represents the reaction equation for
the thermal decomposition of Nij[Co(CN)4], in the air
atmosphere

Ni[Co(CN)], + O, — NiO + Co,0, + CO, + NO,
(2)
Sample 3 represents the Niy[Fe,Coys(CN)g], precursor,
and from Figure I, it can be observed that sample 3 precursor

undergoes two distinct decomposition stages when heated in
an air atmosphere. The first step occurs between 100 to 200
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Figure 1. Niy[Fe(CN),], (a), Nis[Co(CN) ], (b),

Ni;[Fe,sCoy5(CN)¢], (c) of TG and DTG curves heated in an air
atmosphere.

°C, resulting in a weight loss of 22.01%, attributed to the
evaporation of adsorbed water molecules present in the
precursor. The second step occurs between 250 and 350 °C,
leading to a weight loss of 27.15%, indicating the oxidation of
cyanide groups within the Niz[FeysCoys(CN)4], MOF into
carbon dioxide and nitrogen dioxide. Beyond 350 °C, the
weight continues to decrease, suggesting incomplete decom-
position of the precursor between 250 and 350 °C and gradual
oxidation of the particles” interiors after 350 °C. The curve
levels off at 600 °C, indicating stabilization. Equation 3
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represents the reaction equation for the thermal decomposition
of Niy[FeysCoys(CN)g], in the air atmosphere

Ni;[Fey sCoo(CN)], + O,
— NiO + Fe;0, + Co;0, + CO, + NO, (3)

According to the thermogravimetric data, the calcination
temperature of Ni—Fe PBA, Ni—Co PBA, and Ni—Fe—Co
PBA precursors was chosen at 600 °C under an air
atmosphere.

3.2. Analysis of Catalyst Surface Morphology.
3.2.1. XRD of NF-PBA, NC-PBA, and NFC-PBA. Figure 2
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Figure 2. XRD curves of Ni—Fe PBA, Ni—Co PBA, and Ni—Fe—Co
PBA.

shows the crystal structure of the precursor of NF-PBA, NC-
PBA, and NFC-PBA, which is consistent with the standard
diffraction card of Nis[Fe(CN)g],-10H,0, Ni;[Co(CN)gl,-
3H,0, Ni;[FeysCoys(CN)4],-10H,0 (JCPDS 46-0906,
JCPDS 22-1184, JCPDS 46-0906).>

3.2.2. SEM and TEM Characterization of NF-PBA, NC-PBA,
and NFC-PBA. The SEM pictures of the precursors and
calcined products are displayed in Figure 3. NF-PBA, NC-PBA,
and NFC-PBA are represented by Figure 3a—c, in that order.
The pictures show that the PB equivalents of several metals
have cubic structures. Of these, the average size of the
nanocube structures shown by NF-PBA is 180 nm, the average
size of the nanocube structures shown by NC-PBA is roughly
300 nm, and the average size of the nanocubes shown by NFC-
PBA is 400 nm. NF-PBA following high-temperature
calcination at 600 °C is depicted in Figure 3d,g. The calcined
product exhibits severe aggregation, a rougher surface, and
altered overall morphology with irregular forms and an average
size of 80 nm. The cubic structure is virtually preserved when
combined with the TEM image shown in Figure 3j. The lattice
spacing of 0.24 nm corresponds to either the (111) plane of
NiO or the (311) plane of Fe;0,.>’

The —CN group in NC-PBA is oxidized during the
calcination process, leaving behind metal oxides that constitute
the general framework. The calcined product of NC-PBA
shows a hollow cubic framework structure with an average size
of 200 nm, as shown in Figure 3e/h. It is evident from Figure
3k that the result is made up of fragment connections that form

a polygonal structure inside the cubic framework, and the 0.46
nm lattice spacing is in line with the Co;0, (111) plane.

Similar to this, metal oxides are still present in NFC-PBA
following the oxidation of the cyanide groups during air
calcination. Small pores are seen on the NFC-PBA surface
(Figure 3f;i), which largely preserves the 270 nm-average cubic
structure. The SEM image and Figure 3l demonstrate the
preservation of the cubic structure of nickel—iron—cobalt
oxides, with a lattice spacing of 0.24 nm corresponding to the
(111) plane of NiO or the (311) plane of Fe;0,.

Figure 4 shows the FT-IR spectrum of the PB analogues
after calcination. It can be seen from the figure that the
products after calcination did not show a strong absorption
peak between 2000 and 2200 cm™', and it can be concluded
that the cyanogen exercise of PB analogues during calcination
eventually transformed into a composite oxide catalyst.

3.2.3. XPS Analysis of Different Catalysts. 3.2.3.1. XPS
Analysis of NFO. Figure S shows the XPS analysis of the NFO
(Ni—Fe PBA) nanocube catalyst, which further validates the
specific composition of the calcined products and the
elemental valence states. In the Ni 2p3/2 region of the XPS
spectrum (Figure Sa), the main peak with a binding energy of
853.7 eV is attributed to NiO (II). Two satellite peaks are
observed at binding energies of 878.5 and 860.48 eV,
respectively. These satellite peaks indicate the presence of Ni
2p3/2 in a different chemical environment. Furthermore, in
Figure Sb, peaks at binding energies of 710.78 and 713.18 eV
indicate the coexistence of Fe (II) and Fe (III) species. The
XPS results confirm the presence of Fe;O, in the Ni—Fe
composite oxide. The O 1s peak can be deconvoluted into
three components, namely, C—O, MOx (M = Ni, Fe), and
C=O0, as shown in Figure Sc. The oxygen component mainly
originates from the metal oxides present in the Ni—Fe
composite, providing clear evidence that the Ni—Fe composite
oxide consists of NiO and Fe;O, components.

3.2.3.2. XPS Analysis of NC-PBA. The XPS spectra of Ni 2p
is shown in Figure 6a. Following peak analysis, distinctive
peaks belonging to Ni** are found. Ni** 2p3/2 orbitals are
represented by the binding energy of 853.7 eV, whereas Ni**
2p1/2 orbitals are represented by the binding energy of 871.87
eV. The peaks at 860.4 and 878.8 eV are satellite peaks
associated with the Ni*" 2p3/2 and 2pl/2 orbitals,
respectively. In Figure 6b, the XPS spectrum of Co 2p is
shown, and after peak analysis, two pairs of characteristic peaks
for Co* and Co®* are observed. The binding energy of 781.2
eV corresponds to the Co®" 2p3/2 orbital, while the binding
energies of 781.5 and 797 €V correspond to the Co®" 2p3/2
and 2pl1/2 orbitals, respectively. The peak at 785.6 eV is a
satellite peak associated with Co**. The XPS spectrum of O 1s
is shown in Figure 6c, and following peak analysis, the
distinctive oxygen peaks in metal oxides are found. The oxygen
in metal oxides is represented by the peak at 529.2 eV.
Furthermore, it is further confirmed that the calcined product
is a mixture of NiO and Co;0, by assigning the peaks at 532.4
and 530.6 eV to Co;0, and NiO,, respectively.

3.2.3.3. XPS Analysis of NCF-PBA. The complete spectrum
is shown in Figure 7e, which verifies that the NFCO
compound contains the elements Ni, Fe, Co, and O. The
XPS spectra of Ni 2p are displayed in Figure 6a. Following
peak analysis, distinctive peaks belonging to Ni** are found.
The Ni** 2p3/2 orbital has a binding energy of 853.7 eV,
whereas the Ni** 2p1/2 orbital has a binding energy of 871.87
eV. Satellite peaks linked to the Ni** 2p3/2 and 2p1/2 orbitals,
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500nm

Figure 3. SEM images of NF-PBA (a), NC-PBA (b), NFC-PBA (c), and the calcined products at 600 °C (d—i). The TEM images of the calcined

products are shown in (j—1).
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Figure 4. FT-IR of PB derivatives.

respectively, are located at 860.4 and 878.8 eV. Figure 6b
displays the XPS spectrum of Fe 2p, and after peak analysis,
characteristic peaks of Fe** are observed. The peaks at 709.68
and 712.65 eV indicate the presence of Fe(II) and Fe(IIl),
respectively, clearly indicating the existence of Fe;O, in the
Ni—Fe—Co composite oxide. In Figure 7c, the binding energy
of 781.2 €V corresponds to the Co®" 2p3/2 orbital, while the
binding energies of 781.5 and 797 eV correspond to the Co**
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Figure S. Full spectrum XPS spectra of (a) Ni 2p, (b) Fe 2p, (c) O 1s,
and (d) of NFO.

2p3/2 and 2p1/2 orbitals, respectively. The peak at 785.6 eV is
identified as a satellite peak (labeled as “shake-up”). Figure 7d
shows the XPS spectrum of O 1s, and the peak at 529.2 eV
corresponds to oxygen in metal oxides. This additional
evidence that NiO, Fe;O, and Co;0, make up NFCO
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Figure 6. Full spectrum XPS spectra of (a) Ni 2p, (b) Co 2p, (c) O 1s, and (d) of NCO.

comes from the metal oxides found in the Ni—Fe composite
oxide.

3.2.4. BET Test and Analysis of Nanocomposite Oxides. By
analyzing the N, physical adsorption—desorption isotherms at
77 K, the specific surface area and pore structure of PB
derivative materials treated at different temperatures can be
determined. It can be observed that the adsorption—desorption
isotherms of nickel—iron nanocomposite oxides belong to
Type II (Figure 8a), indicating the presence of abundant
mesoporous structures in nickel—iron nanocomposite oxides,
making them typical mesoporous materials with a BET surface
area of 26.40 m’/g. The pore size distribution calculated using
the Horvath—Kawazoe method for testing specific surface area
adsorption is mainly concentrated around 24.22 nm, with a
pore volume of 0.18 cm®/g (Table 2). Combining the SEM
images of nickel—iron PB derivatives in Figure 3d,g, it can be
inferred that the nanocomposite oxide materials exhibit partial
connectivity fractures and local structural collapse, while
fragments of the connectivity fill the pores.

Similarly, the adsorption—desorption isotherms of nickel—
cobalt nanocomposite oxides also belong to Type II (Figure
8b), indicating the presence of abundant mesoporous
structures in nickel—cobalt nanocomposite oxides, making
them typical mesoporous materials with a BET surface area of
19.63 m?/g. The pore size distribution calculated using the
Horvath—Kawazoe method for testing specific surface area
adsorption is mainly concentrated around 26.16 nm, with a
pore volume of 0.085 cm®/g (Table 3).

The adsorption—desorption isotherms of nickel—iron-cobalt
nanocomposite oxides also belong to Type II (Figure 8c),
indicating the presence of abundant mesoporous structures in
nickel—iron-cobalt nanocomposite oxides, making them typical
mesoporous materials with a BET surface area of 23.52 m?/ g
The pore size distribution calculated using the Horvath—
Kawazoe method for testing specific surface area adsorption is
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mainly concentrated around 19.52 nm, with a pore volume of
0.12 cm®/g (Table 3).

3.3. Effect of Ni—Co, Ni—Fe, Ni—Fe—Co Metal Oxide
Catalysts on the Decomposition Kinetics of NC.
3.3.1. NC Dynamic DSC Analysis of Different Catalyst
Loads. At a heating rate of 10 K/min, Figure 9 displays the
dynamic DSC curves of NC loaded with various catalysts
(nanocomposite oxides/NC in a 1:4 ratio), with the pertinent
values given in Table 3. Catalysts designed to enhance
detonation performance ought to have the least possible effect
on the material’s thermal stability. From Table 3, it can be
observed that these catalysts all have some influence on the
decomposition of NC. The starting decomposition temper-
ature of NC is 197.4 °C, the exothermic peak temperature is
207.8 °C, and the termination temperature is 225.4 °C. After
the addition of catalysts NFO, NCO, and NFCO, the starting
decomposition temperatures are advanced by 2, 0.7, and 0.5
°C, respectively. The peak temperatures are advanced by 2.5,
4.5, and 5.3 °C. The termination temperatures are advanced by
7.6, 11.6, and 14.8 °C. The decomposition temperature ranges
are 28.0, 22.4, 17.1, and 13.7 °C. This indicates that under the
conditions of catalyst loading, the thermal stability of the
mixed system of NC is slightly reduced, but the impact on the
decomposition of NC is relatively small.

3.3.2. Decomposition Dynamics Analysis Based on a
Model-Free Method. In the kinetic methods used in the field
of thermal analysis, it is generally accepted that the reaction
rate is only a function of temperature T and conversion @

da

— = k(T)f(a)
a KU )
where « is the conversion rate, t is the time, k is the reaction
rate constant, which can be expressed by the Arrhenius formula
(eq 5), and f(a) is the mechanism function.™
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Figure 7. Full spectrum XPS spectrum of NFCO (a) Ni 2p, (b) Fe, (c) Co 2p, and (d) O Is (e).

k=AeH/RT (8)

Based on the dynamic test results, the model-free method
can be used for thermodynamic analysis.”’ Among them, the
Friedman method is the most common differential method,
which is based on the principle of equal conversion, that is, the
reaction rate at some constant conversion is only a function of
temperature. When a = constant, f(@) is also constant.””*’
Taking the logarithm of eq 3, the expression of the Friedman
method can be obtained

E
In (d_a) =In[f(ax)A,] — —
dt a,i RTa,i (6)
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where i represents different temperature control methods, A
refers to the front factor, R refers to the gas constant, E refers
to the apparent activation energy, and T,; represents the
temperature when the conversion a is reached under the ith
temperature control method. For any given alpha value, the
value of E,, can be obtained from the linear slope obtained by
linear fitting of In(da/dt),, and 1/T,, Figure 10 shows the
dynamic DSC test curves of different catalysts supported by
NC.

Instrumental noise and baseline selection have a major
impact on the curves during the reaction process, especially in
the early and late phases. Therefore, in the analysis, only data
within the range of 0.1 to 0.9 conversion rate (@) are
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Figure 8. Nitrogen adsorption—desorption isotherms and pore size distribution plots of NFO, NCO, and NFCO.

Table 2. Structural Characteristics of the NFO, NCO, and
NFCO Materials

samples BET (m2 g_l) pore volume (cm3 g_l) pore size (nm)

NFO 26.40 0.18 24.22
NCO 19.63 0.085 26.16
NECO 23.52 0.12 19.52

Table 3. Summary of Decomposition Parameters of NC and
Different Catalyst Loads

Toee (°C) T, (°C)  T;(°C)  Q(/g)
NC 197.4 207.8 2254 1629
NC + NFO 195.4 205.3 217.8 1650
NC + NCO 196.7 2033 213.8 1697
NC + NECO 196.9 202.5 210.6 1559

considered. In Figure 11, two regions of fluctuation in NC
activation energy (E,) are observed. During the thermal
decomposition process of NC, E, slowly increases from 180.29
to 201.04 kJ mol™! in the range of 0.10 < a < 0.80 and then
decreases from 201.04 to 176.96 kJ mol™ in the range of 0.80
< a £ 0.90. The overall average value of E, throughout the
process is 190.40 kJ mol™'. However, after adding catalyst

NC+NFCO
NC+NCO
——NC+NFO
E |
z
E 203.3L
:
S
E 205.3L
207.8°C k
T T T
100 150 200 250

Temperature(°C)

Figure 9. DSC curves of transition-metal oxide catalysts added to NC
at 10 K/min NFO: Ni—Fe composite oxide; NCO: Ni—Co composite
oxide; NFCO: Ni—Fe—Co composite oxide.

NFO, the activation energy still shows two regions of
fluctuation. The first region appears within the range of 0.10
< a < 0.43, with E, fluctuating between 193.80 and 212.04 kJ
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mol™". The second region appears within the range of 0.43 < a
< 0.90, where E, gradually decreases from 212.04 to 206.23 kJ
mol™" and then rapidly drops to 174.01 kJ mol™". The overall
average E, value is 204.97 kJ mol ™.

Similarly, after adding catalyst NCO, the activation energy
also exhibits two regions of fluctuation. The first region occurs
within the range of 0.10 < a < 0.40, with E, increasing from
188.21 to 229.67 kJ mol ™. The second region appears within
the range of 0.40 < @ < 0.90, where E, rapidly decreases from
229.67 to 177.10 k] mol™". The overall average E, value is
212.72 kJ mol™". Moreover, with the addition of catalyst
NECO, the activation energy continues to fluctuate in two
regions. The first region appears within the range of 0.10 < a <
0.35, with Ea increasing from 183.91 to 232.97 kJ mol™". The
second region occurs within the range of 0.35 < a < 0.90,
where E, rapidly decreases from 232.97 to 159.10 kJ mol™".
The overall average E, value is 205.53 kJ mol™'. From the
graph, it is evident that the activation energy curve shows
significant fluctuations, and it is not straightforward to define
NC’s decomposition as a single-step reaction.”

The graph above makes it clear that adding catalysts has a
big impact on NC’s activation energy. In particular, there is a
discernible difference in activation energy when NC is loaded
with NFO, NCO, and NFCO within the range of 0.10 < a <
0.40. The maximum values of these values are 212.04, 229.67,
and 232.97 kJ mol™!, respectively, and they are noticeably
higher than NC’s activation energy of 201.43 kJ mol™" at this
point. In the second region, the overall trend is more
consistent, but the sample with NFCO as the catalyst exhibits
lower activation energy, with a minimum value of 159.10 kJ
mol™". It can be inferred that for the first-step reaction, the
addition of all three catalysts can increase the barrier for NC
decomposition, and in the heat release, they are not
substantial. The aforementioned dynamic DSC studies,
however, demonstrate that the addition of catalyst will cause
the decomposition temperature to advance and the reaction
process to shorten, indicating that the decomposition will
occur more quickly and that the specific heat difference will
not be significant.

3.3.3. Dynamic Analysis Based on a Model Fitting
Method. In order to determine certain reaction models and
their kinetic parameters—which are assumed to reflect the
connection between reaction rate and conversion—the model-
fitting method was utilized.*>*® Model fitting was used to
examine the decomposition kinetics of NC and NC loaded
with catalysts to precisely explain the decomposition process of
NC and NC loaded with various catalysts. The reaction model
of NC was examined using the generalized master plot method,
as demonstrated in Figure 12. The first stage of NC’s thermal
decomposition process and the first step of NC’s thermal
decomposition process with additional catalysts are extremely
compatible with the mechanism function C,,. Furthermore,
the mechanism function F, is in excellent agreement with NC’s
second step and its thermal breakdown process when
additional catalysts are applied. They subsequently established
their kinetic models using a “model-based” methodology.
Different kinetic models were chosen based on their close F-
test result of 1, high R?, and low S2. The fitting curves and the
experimental curves at 10 K min~" are displayed in Figure 13,
and the final kinetic model parameters are reported in the
table.

Based on the previously mentioned reaction mechanism, a
self-catalytic + Nth model was created for this study. The
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Figure 12. Experimental values and main diagram results established

for each reaction type at a heating rate of 10 K min™".

model fitting results are shown in Figure 12, and the relevant
kinetic parameters are shown in Table 4.

The two-step model constructed showed good agreement
with the experimental curves. The kinetic model for the
thermal decomposition of NC (Figure 13a) can be described
as A —» B—C. After adding the NFO catalyst (Figure 13b), the
n-value for the nth-order reaction in the first step A — B
increased from 1.07 to 1.46, with A and E, values increasing
from 101624 to 101824 (s™) and 177.13 to 187.38 (kJ
mol™"), respectively. The m-value in the m-order autocatalytic
reaction increased from 0.83 to 1.56, while the contribution
factor decreased from 0.40 to 0.27. Regarding the second step
B — C, it can be noted that the kinetic model changed from
C,n to F,. The n-value for the nth-order reaction increased
from 2.09 to 2.78, with A and E, values increasing from
1020.73 to 1027.31 (s™') and 206.76 to 264.14 (k] mol™"),
respectively.

The n-value for the first step A—B reaction increased from
1.07 to 1.28 when the NCO catalyst was added (Figure 13c),
whereas the values of A and Ea decreased from 10'** to 10'5**
(s7') and 177.13 to 160.31 (kJ mol™"), respectively. While the
contribution factor dropped from 0.40 to 0.27, the m-value in
the m-order autocatalytic reaction rose from 0.83 to 1.56.
Regarding the second step B — C, it can be noted that the
kinetic model changed from C,,, to F,. The n-value for the nth-
order reaction increased from 2.09 to 3.22, with A and E,
values increasing from 10*°7 to 10°*%® (s7') and 206.76 to
346.14 (kJ mol™"), respectively, indicating that adding NCO
can promote the first step A — B.

After adding the NFCO catalyst (Figure 13d), the n-value
for the nth-order reaction in the first step A — B increased
from 1.07 to 1.32, with A and E, values decreasing from 10'¢*
to 10" (s7!) and 177.13 to 188.67 (k] mol™"), respectively.
The m-value in the m-order autocatalytic reaction increased
from 0.83 to 4.85, while the contribution factor increased from
0.40 to 0.55. Regarding the second step B — C, it can be noted
that the kinetic model changed from C,,, to F,. The n-value for
the nth-order reaction increased from 2.09 to 5.25, with A and
E, values decreasing from 10**7 to 107%* (s7') and 206.76 to
59.62 (kJ mol™").

4. CONCLUSIONS

In this study, PB analogues and their derivatives are prepared,
and their effects on the performance of thermal degradation
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Table 4. Kinetic Model Parameters of Thermal
Decomposition of NC, NC + NFO, NC + NCO, NC +
NFCO

NC + NC + NC +
NC NFO NCO NECO
reaction type: C,,, step: A~ B
equation:
% = Aa"(1 + Autopreexp bm)exp(— lf;")
E,/(kJ] mol™) 177.13  187.39 160.31 188.67
logA, A/S™! 16.24 18.24 15.44 18.57
n 1.07 145 1.28 1.32
logAutocatpre exp, 1.87 1.46 1.24 3.236
A/sT!
autocat power m 0.83 1.56 1.56 4.85
contribution 0.40 0.27 0.27 0.55
reaction type: F, step: B—> C
equation:
d(b - ¢) u E,
—dt = Ab exp(—ﬁ]
Ea/(kJ mol™") 206.76 264.14 346.30 59.62
logA, A/S™H 20.73 2731 36.68 7.64
n 2.09 2.78 322 5.25
contribution 0.60 0.73 0.73 0.445

when added to NC are examined. The structural morphology
and elemental composition of the PB analogues and their
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derivatives in porous nanocube composite materials were
studied.

Through thermal decomposition experiments, it was found
that PB derivatives have a significant influence on the thermal
decomposition process of NC. After adding nanocomposite
oxides, the peak temperatures were advanced by 3.9, 3.3, and
4.8 °C, and the termination temperatures were advanced by
7.6, 11.6, and 14.8 °C, respectively. Additionally, the
decomposition temperature profiles were 28.0, 22.4, 17.1,
and 13.7 °C. Moreover, the addition of nanocomposite oxides
also led to an increase in activation energy to some extent.
Particularly, when compared to the kinetic models of NC-
NFO, NC-NCO, and NC-NFCO, the addition of NFO and
NCO primarily affected the contribution factor and m-value
(from 0.83 to 1.56) of the m-order autocatalytic reaction in the
first step (A — B). The contribution factor also dropped from
0.40 to 0.27 at the same time. On the other hand, the
introduction of NFCO had a more notable impact on NC,
demonstrating a rise in the first step’s rate of thermal
decomposition contribution as well as a notable increase in
the m-value and pre-exponential factor of the m-order
autocatalytic process. Furthermore, considering the differences
in contributing variables at each phase, it seems that the
addition of NFO, NCO, and NFCO significantly altered the
thermal degrading reaction of NC.
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