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ABSTRACT: Ammonium perchlorate (AP) is commonly used in 25

propulsion technology. Recent studies have demonstrated that two-

dimensional (2D) nanomaterials such as graphene (Gr) and hexagonal = 20

boron nitride (hBN) dispersed with nitrocellulose (NC) can £

conformally coat the surface of AP particles and enhance the reactivity E1s

of AP. In this work, the effectiveness of ethyl cellulose (EC) as an &

alternative to NC was studied. Using a similar encapsulation procedure 2 10

as in recent work, Gr and hBN dispersed with EC were used to & ok
synthesize the composite materials Gr—EC—AP and hBN—EC—AP.  %° T "BNECA?
Additionally, EC was used because the polymer can be used to disperse — MoS2-ECAP
other 2D nanomaterials, specifically molybdenum disulfide (MoS,), 00 o 1(')0 2(.)0 2300 200 500

which has semiconducting properties. While Gr and hBN dispersed in
EC had a minimal effect on the reactivity of AP, MoS, dispersed in EC
significantly enhanced the decomposition behavior of AP compared to the control and other 2D nanomaterials, as evidenced by a
pronounced low-temperature decomposition event (LTD) centered at 300 °C and then complete high-temperature decomposition
(HTD) below 400 °C. Moreover, thermogravimetric analysis (TGA) showed a 5% mass loss temperature (Tyss,) of 291 °C for the
MoS,-coated AP, which was 17 °C lower than the AP control. The kinetic parameters for the three encapsulated AP samples were
calculated using the Kissinger equation and confirmed a lower activation energy pathway for the MoS, (86 kJ/mol) composite
compared to pure AP (137 kJ/mol). This unique behavior of MoS, is likely due to enhanced oxidation—reduction of AP during the
initial stages of the reaction via a transition metal-catalyzed pathway. Density functional theory (DFT) calculations showed that the
interactions between AP and MoS, were stronger than AP on the Gr or hBN surfaces. Overall, this study complements previous
work on NC-wrapped AP composites and demonstrates the unique roles of the disperagent and 2D nanomaterial in tuning the
thermal decomposition of AP.

Temperature (°C)
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B INTRODUCTION

Ammonium perchlorate (AP) is an oxidizer that is ubiquitous
in the solid propulsion industry due to its high specific impulse
(Isp), reliable decomposition behavior, and excellent stabil-
ity.'"~* AP decomposition rates can be enhanced or reduced

AP decomposition is typically studied from a solid-state
chemistry perspective in which the reaction is initiated at
defects in the solid lattice that serve as nucleation sites for
decomposition.”” ™" AP crystals undergo a phase transition
from orthorhombic to cubic at 240 °C, and the decomposition
behavior of both polymorphs has been studied extensively in

with chemical additives, which allows predictable control over
burn rate for different propulsion applications.” In a typical
solid propellant, AP comprises 60—90% of the formulation, so
propellant behavior is highly dependent on AP properties.*”
Thus, a significant body of previous work has sought to
establish a fundamental understanding of AP decomposition in
an effort to guide improvements in propulsion technologies.'
Despite these research efforts, no consensus has been reached
on the AP decomposition mechanism because the reaction
involves a complex interplay between solid state and chemical
phenomena.
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previous work.””® However, the exact mechanism remains
unclear due to the complexity of solid-state chemical reactions
and the factors that affect such processes, including (1) particle
size, (2) particle morphology, (3) reaction temperature
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(isothermal reactions), (4) heating rates (nonisothermal
reactions), (S) pressure, (6) adsorption/desorption of product
gases, and (7) the presence of chemical impurities or
additives.”' Thermal decomposition of AP is complex; for
instance, pure AP typically shows two decomposition events
during nonisothermal heating: (1) low-temperature decom-
position (LTD) below 300 °C and (2) high-temperature
decomposition (HTD) above 300 °C. After undergoing LTD,
the resulting AP particles show morphological changes with
the formation of porosity on the particle surface, which
significantly increases the particle surface area, but without
introducing chemical differences from pristine AP.”''”"?
Decomposition typically ceases after LTD until the AP
particles are heated to higher temperatures (>300 °C), and
this inactivity between events has previously been attributed to
the exhaustion of defects (nucleation sites) during LTD.
Consistent with this hypothesis, fine AP particles (<10 xm)
typically do not show an LTD event because smaller crystals
typically have lower defect levels and, thus, fewer nucleation
sites than larger crystals.®

An alternate hypothesis for LTD cessation proposes that the
adsorption of product gases (e.g, ammonia) onto the solid
surface inhibits the decomposition reaction.'"'¥'® This
hypothesis is supported by the differences in AP reactivity
when studied in sealed containers where product gases cannot
escape compared to open containers in which product gases
can easily be removed. For example, AP typically shows two
exothermic events representing LTD and HTD in a sealed
container.”' In contrast, AP decomposition in an open
container or vacuum shows an exothermic LTD event and an
endothermic HTD event, with the latter event representing the
sublimation of AP.” Therefore, surface chemistry also plays a
role in AP decomposition and can significantly alter the
reaction mechanism. Overall, AP decomposition is a complex
solid-state process where the exact mechanism depends on a
variety of factors, such as defects and gas adsorption, which
should be specified for meaningful comparison between
studies.

Although most previous studies have focused on solid-state
phenomena, AP decomposition should also be considered
from a chemical perspective. The AP decomposition products
have been studied by thermal analysis techniques coupled with
mass spectrometry (MS) as well as Fourier transform infrared
spectroscopy (FTIR), which show the formation of NH;, H,O,
NO, O,, HCl, N,O, and NO, gases among other minor
byproducts.”" """ A proposed chemical mechanism for this
decomposition process has been reported previously and is as

follows'*'”

NH,CIO,(s) — NH;(g) + HCIO,(g) (1)

4HCIO,(g) — Cly(g) + 50,(g) + 2ClO,(g) + 2H,0(g)
(2)

2Cl,(g) + 2H,0(g) — 4HCI(g) + O,(g) (3)

2NH;(g) + 2ClO,(g) — N,0(g) + Cly(g) + 3H,0(g)
(4)

N,0(g) + 0,(g) = NO(g) + NO,(g) (s)

Reaction 1 is a dissociative sublimation process that liberates
NH; and HCIO, gases and is facilitated by proton transfer
between the ammonium cation and the perchlorate anion."”
The HTD event is endothermic under low-pressure conditions

and is typically affiliated with reaction 1.” Reaction 2 involves
the decomposition of HCIO, into oxidizing species such as
ClO, and O,, which can oxidize NHj; to form N,0O, NO, and
NO, as shown in reactions 4 and 5. Thus, two chemical
pathways occurring in AP decomposition are proton transfer
between the ammonium cation and the perchlorate anion to
form the conjugate acid—base pair and oxidation—reduction
(redox reaction) between NH; and HCIO, decomposition
products. In early studies, electron transfer between
ammonium and perchlorate ions in the solid state was
proposed to be critical to the decomposition pathway and
help explain the formed decomposition products.”'" However,
an electronic structure study showed that ammonium
perchlorate is a dielectric with a large band gap (5.6 eV),
which makes the electron transfer pathway unlikely in the solid
state.”'® Alternatively, the electron transfer steps were
determined to occur as secondary reactions in the gas phase
or condensed phase on the solid surface after reaction 1
occurs.”"? LTD is an exothermic process under most reaction
conditions and is hypothesized to be affiliated with these
electron transfer pathways, likely on the AP crystal surface after
sublimation and aclsorption.l’10 Because reaction 1 is a
necessary step before reactions 2—4 can occur, both
sublimation and redox reactions occur together during LTD,
with the former process becoming dominant as AP
decomposition reaches the HTD event.

Recent studies have focused on improving the reactivity of
AP via enhanced proton and electron transfer mechanisms. In
particular, transition metals and metal oxides have been
studied as AP burn rate enhancers, which likely catalyze AP
decomposition via electron transfer pathways."” For instance,
molybdenum disulfide (MoS,) has been used as a decom-
position catalyst for AP with improved safety due to the dry
film lubricant properties of MoS,.*" Although metal com-
pounds have a demonstrated catalytic effect, a new approach to
AP decomposition catalysis involves the use of carbon-based
materials such as polymeric carbon nitride, carbon nanotubes,
graphene oxide (GO), and pristine graphene (Gr) as scaffolds
to support transition metal catalysts.”'~>® These carbon
materials exhibit high thermal stability and electrical
conductivity, thereby enhancing electron transport between
the metal catalyst and the AP substrate, and have demonstrated
a synergistic effect when combined with metal catalysts, which
is likely due to enhanced electron transfer.”” For example, in a
study on Mn;O, nanoparticles combined with Gr, the Gr—
Mn;0, catalyst showed enhanced decomposition of AP but Gr
alone showed negligible catalytic effects.”” However, in more
recent work, AP conformally coated with nitrocellulose (NC)
and Gr demonstrated excellent catalytic properties for LTD
without the use of a transition metal catalyst, which is likely
due to the intimate contact between the materials that
facilitated effective electron transfer.”® In addition to
promoting electron transfer, catalytic materials can be used
to promote proton exchange for the sublimation reaction. This
mechanism was observed in a study on AP combined with
boron nitride (BN) materials, which showed no catalytic
effects on their own but significantly lowered decomposition
temperatures when modified with amines.”” Despite these
advances in AP catalysis, few studies have focused on the
conformal coating of AP particles with “pristine” 2D
nanomaterials, and the subsequent kinetic parameters and
physical models.
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In an effort to address this knowledge gap, this work
elucidates the kinetic and physical models for AP catalysis by
investigating the decomposition behavior of AP after
encapsulation with Gr, hexagonal boron nitride (hBN), and
MoS, (2H-phase) using an ethyl cellulose (EC) dispersion and
wrapping agent. Surprisingly, the use of EC as a dispersion
agent showed a less pronounced LTD peak for Gr and a
thermally stabilizing effect for HTD decomposition for 2D
nanomaterial/EC coated AP, in contrast to previous work.?
The encapsulated AP nanocomposites were studied using
differential scanning calorimetry (DSC) and thermogravimet-
ric analysis (TGA) to examine relative thermal stability. TGA
coupled with mass spectrometry (MS) was also performed to
examine the decomposition products and gain chemical
mechanistic insight. Additionally, the systems of AP interacting
with the 2D nanomaterials (Gr, hBN, and MoS,) were studied
computationally, using periodic density functional theory
(DFT), to determine the most likely interaction configurations
and gain insight into the differences in AP decomposition in
the presence of these 2D nanomaterials. Finally, the solid-state
reaction kinetics were studied using the Kissinger and
Friedman models to calculate kinetic parameters as well as
understand the physical models governing the decomposition
processes of the modified materials. This work highlights the
differences in AP decomposition with EC (dispersion agent)
and different 2D nanomaterials (Gr, hBN, and MoS,). Most
prominently, AP showed significantly enhanced reactivity
when combined with MoS, where the reaction appears to be
limited by diffusion rather than nucleation, as has been
observed in previous studies.

B EXPERIMENTAL SECTION

Materials. Solvents were purchased from Fisher Scientific, and all
reagents were used as received. Ammonium perchlorate (reagent
grade) was purchased from Alfa Aesar. Gr—EC and hBN—EC
powders were prepared as detailed in previous reports.*”>' The Gr—
EC and hBN—-EC dispersions, prior to fabricating the AP nano-
composites, were prepared in a manner similar to previous work,
replacing NC with EC.*® MoS,~EC powder was prepared by shear
mixing the bulk MoS, powder (Sigma-Aldrich) with EC (Sigma-
Aldrich, 4 cP) in ethanol. The dispersion was then centrifuged,
flocculated with aqueous NaCl (4 vol %), vacuum filtered, and rinsed
with deionized water. The MoS,—EC powder contained 11 wt %
MoS,, as confirmed by TGA. The final MoS,—EC dispersion used to
fabricate the AP nanocomposites was prepared by bath sonicating a
10 mg/mL loading of the MoS,/EC powder in ethanol. Details on
characterization methods and kinetic calculations can be found in the
Supporting Information (SI).

Fabrication of AP Nanocomposites. The synthesis of uncoated
and coated AP crystals with 2D nanomaterials composed of Gr—EC,
hBN—EC, and MoS,—EC incorporates a process similar to the one
demonstrated in recent work.”® Briefly, 500 mg of neat AP solid was
dissolved in 10 mL of methanol, and then a few drops of
nanomaterials/EC solution was added to the mixture. The resulting
solution was bath sonicated until the AP was completely dissolved.
Once dissolved, the dispersion was added dropwise to a fast-stirring
solution of chloroform, leading to the precipitation of AP nano-
composites. The bulk solvent was removed via decantation, and then
the particles were dried in a vacuum desiccator overnight to remove
the residual remaining solvent.

Calculation Methodology. To describe the graphene, hBN, and
MoS, surfaces, a repeated-slab approach was used. The unit cells of
graphene,32 hBN,** and MoS,** were made into 7 X 7, 4 X 4, and 4 X
4 supercells, respectively, and rotated from hexagonal to ortho-
rhombic cells. The supercells were then allowed to fully relax the
positions of the atoms, and the cell parameters were allowed to relax

as long as the system stayed in the orthorhombic phase. Each slab of
graphene and hBN consisted of a single layer of atoms of either only
carbon for the graphene surface or an alternating pattern of boron and
nitrogen for the hBN surface. The slab of MoS, had three layers, with
a Mo layer in the middle and two S layers above and below. The slabs
of atoms were separated by a vacuum layer larger than 20 A along the
c-axis to prevent interactions from period images in that direction.
The lateral dimensions for the graphene supercell were 14.80 X 17.10
X 35.02 A% while the lateral dimensions of the hBN surface were
10.04 X 8.70 X 35.00 A%. The lateral dimensions of the MoS, surface
were 12.61 X 10.96 X 35.00 A’. We note here that the lattice
parameters for graphene and hBN optimized at the DFT level with
the PBE-D3BJ functional are very close to the experimental values,
within 0.6 and 0.5%, respectively.”>** MoS, was slightly farther from
experimental lattice parameters, at around 0.2% along the a-direction
and 3% along the b-direction, and the slab did not initially want to
optimize with vacuum space between the periodic images in the c-
direction.**

All surface calculations were completed using the Quantum
ESPRESSO program, version 7.13%% The calculations were
performed with plane-wave basis sets with an energy cutoff of 50
Ry (~680 eV); the projector augmented wave (PAW) method®” was
used to describe the valence—core electron interactions. The
generalized gradient approximation (GGA) exchange—correlation
functional of Perdew, Burke, and Ernzerhof (PBE),%'39 augmented by
the empirical D3 dispersion correction of Grimme et al. with the
Becke—Johnson damping,** was adopted in order to describe the
nonspecific interactions occurring between the AP and the 2D
nanomaterials. In order to examine the extent of charge transfer in
these NHC systems, Bader charges were evaluated*' (while it is
difficult to assess the accuracy of atomic partial charges, these charges
have an estimated error of less than 15%).** A 2 X 2 X 1 Monkhorst—
Pack k-point grid was used for geometry optimizations for the unit
cells both with and without AP, while a 12 X 12 X 1 Monkhorst—Pack
k-point grid was used for self-consistent total-energy calculations. The
Gaussian™ occupation scheme with a smearing of 0.01 Ry (0.14 eV)
was used for Brillouin zone integrations in the calculations.

Geometry optimizations were performed using the Broyden—
Fletcher—Goldfarb—Shanno (BFGS) quasi-Newton algorithm** until
the forces were <0.0001 au (8.24 X 107'* N) for calculations on each
of the surfaces. To compensate for possible dipole—dipole
interactions between the asymmetric slabs, a dipole sheet was
inserted into the vacuum gap.

Gas phase calculations of AP were performed using the Gaussian
16 program suite.*> The AP geometry was optimized, and frequencies
were calculated at the B3LYP-D3BJ/aug-cc-pVTZ level to ensure that
a stationary point was found. The optimized geometry was then used
in the periodic DFT calculations, placed above the 2D nanomaterials
to create the different configurations examined.

The AP molecule was chosen to have 8 different orientations which
could interact with the 2D nanomaterials, each with different numbers
and types of atoms that could initially interact. These orientations are
denoted 1H down, 2H down, 3H down, 10 down, 20 down, 30
down, 1H 10 down, and 2H 20 down. These configurations can be
seen in Figure S1. The different orientations of AP were then placed
in different locations on the 2D nanomaterial surface. The
combination of an orientation of AP and a location in the unit cell
will be called a configuration. The AP was started 3 A above the
topmost atom of the surface before geometry optimization. On the
hBN surface, four different locations were chosen, assuming that each
location was symmetry equivalent throughout the supercell (Figure
S2). Those locations are directly above a boron atom, directly above a
nitrogen atom, directly above the mid-point of a B—N bond, and
directly above the center of a 6-membered ring containing both B and
N, denoted above B, above N, mid B—N bond, and ring center,
respectively. On the graphene surface, four different locations were
also used. These locations are similar to the hBN locations but are
denoted above the top right C, above the bottom right C, mid C—C
bond, and ring center. The two different carbon positions were
deemed symmetry inequivalent when the AP was added to the
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surface, potentially leading to interactions with different electronic
environments (directly near a carbon atom or above the center of a 6-
membered carbon ring). On the MoS, surface, five different locations
were used. Four of these locations were similar to the hBN and
graphene surfaces, denoted above Mo, above S, mid Mo—S bond, and
ring center, but the multilayered structure of MoS, suggested that
there may be another location in the middle of four S atoms that may
have some influence on the interaction of AP with MoS,, which is
denoted above S diamond center.

B RESULTS AND DISCUSSION

Differential scanning calorimetry (DSC) was performed on the
AP control, Gr—EC—AP, hBN—EC—AP, and MoS,—EC—AP
to determine the thermal transitions (Figure 1). All materials

= Gr-EC-AP

——— hBN-EC-AP

Heat Flow (W/g)
=

! — MOS2-EC-AP

0 50 100 150 200 250 300 350 400
Temperature (°C)

Figure 1. DSC results for AP and conformally coated AP samples
(curves are offset in the y-axis for clarity). Analysis was performed on
AP samples in sealed, hermetic pans with a pinhole at 10 °C/min.
The LTD dashed line represents the upper limit temperature of LTD
thermal events, and the HTD dashed line represents the onset of
HTD decomposition for the uncoated AP.

showed an endothermic transition peaking between 247 and
249 °C, which represents the phase transition from the
orthorhombic to cubic structure. This event had a consistent
endotherm enthalpy (AH,,4,) for all AP composites ranging
from 100 to 112 J/g and was comparable to the value reported
previously with nitrocellulose-wrapped AP (94—99 J/g).**
Thus, the result implies that the EC or the wrapping agent (i.e.,
2D nanomaterial) does not affect the crystalline structure or
phase transitions of AP. A detailed analysis of the powder XRD
(PXRD) (Figure S3) reveals subtle crystallinity differences not
shown in the DSC data. The peak heights/intensities of the
indexed reflections [101], [200], and [210] change, which may
indicate crystal habit modification.”® Scanning electron
microscopy (SEM) images show that the particle sizes varied
depending on the 2D nanomaterial. This implies that the
judicious choice of 2D nanomaterial disperagent could have an
effect on the morphology of the AP nanocomposites (Figures
S4-S6).

Following the orthorhombic to cubic phase transition, the
exothermic decomposition of AP was observed. An LTD peak
for the AP control was not observed in this study, likely due to
small particle size (<20 ym), thus leading to a fewer number of
defects available to initiate AP LTD.” The AP control began to
decompose at 340 °C but did not fully react below 400 °C,
which was the upper-temperature limit for the DSC instru-
ment. In comparison, the 2D-AP nanocomposites showed
more complete exothermic events. Gr—EC—AP had a small,
broad peak centered at 300 °C representing LTD, but the peak

was much smaller than the LTD peak observed in previous
studies with NC used as the wrapping agent.”® This result
implies that the nanomaterial formed from EC and Gr does not
have a strong catalytic effect on AP decomposition like that of
NC and Gr.”® In previous work by Secor et al, printed
graphene with NC showed enhanced conductivity compared
to EC, which is likely the reason for the differences in reactivity
for Gr—EC—AP compared to Gr—NC—AP."” The hBN—EC—
AP composite did not show an LTD event but did show a low-
temperature shoulder that could represent an enhanced HTD
event, which is similar to the decomposition behavior of the
NC analogue in previous work.” Interestingly, MoS,—EC—AP
showed a significant LTD event centered at 300 °C (Figure
S7), then complete HTD below 400 °C. Thus, MoS, enhanced
the decomposition behavior of AP compared to the control
and other 2D nanomaterials.

The enhanced reactivity of AP mixed with MoS, has been
demonstrated in previous work in which MoS,—AP powders
were prepared from the 2H-MoS, (semiconducting) and 1T-
MoS, (metallic) phases.”® In that previous work, AP had
significantly enhanced decomposition when combined with
1T-MoS, but only at high loading (20 wt %).2° At low loadings
of 1T-MoS, (1 wt %), the previously reported 1T-MoS,—AP
composite demonstrated decomposition behavior similar to
that of the MoS,—EC—AP composite in this study, which
involves the 2H-phase (Figure $8).>° This comparison implies
that the conductivity of MoS, is likely not the most significant
factor in catalytic activity. Furthermore, considering that
graphene is an electrical conductor and hBN is an insulator,
the 2H-MoS,—EC—AP composite would be expected to have
intermediate reactivity compared to the other 2D nanomateri-
als if conductivity was the dominant factor, but the improved
reactivity of MoS,—EC—AP indicates that other properties
play a larger role in enhanced AP decomposition. One
potential hypothesis for the enhanced MoS, reactivity is that
the 2D nanomaterial decomposes to provide a transition metal
catalyst (MoO, species) for enhanced electron transfer
reactions. MoQ; has previously demonstrated a catalytic effect
on AP decomposition and is typically formed from the
oxidation of MoS,.***” Thus, the formation of catalytic MoO,
was hypothesized to occur during the early stages of MoS,—
EC—AP decomposition with the initial products (HCIO,, O,,
ClO,, and Cl,) accelerating the oxidation of the MoS,
nanomaterial. To check this hypothesis, TGA was performed
on both EC—MoS, and EC in nitrogen and air to determine
the thermal and thermo-oxidative stability (Figures S9 and
S10). EC and MoS,—EC both decomposed at a low
temperature in air (<300 °C), and MoS,—EC showed
additional mass loss above 400 °C, which likely represents
oxidation of MoS,. Therefore, this TGA experiment in air does
not support the hypothesis that MoS, is oxidized to MoOj as
the active catalyst for MoS,—EC—AP decomposition, but the
possibility cannot be completely ruled out because other
decomposition products (such as HCIO, and ClO,) have
greater oxidizing power than O,. Another potential hypothesis
could be an increased number of sulfur vacancies on the MoS,
that provide catalytic sites at defects in the 2D nanomaterial,
which have previously been exploited for other reactions, such
as hydrogen synthesis.”’ Solution-processed 2D materials, as
used in this case, are known to produce a larger concentration
of defects.”’ X-ray photoelectron spectroscopy (XPS) on
MoS,—EC showed a stronger oxysulfide-related peak com-
pared to the S2p peak, which indicates a high sulfur vacancy
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content (Figure S11). As a result, these MoS, defect sites may
also play a role in the enhanced decomposition of MoS,—EC—
AP if the MoS, does not oxidize during the initial stages of the
reaction.

Thermogravimetric analysis (TGA) was also performed on
the AP materials (Figure 2). TGA showed slightly different
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Figure 2. TGA results for AP and conformally coated AP samples
(Heating Rate: 10 °C/min) showing (a) mass loss and (b) derivative
mass loss versus temperature.

decomposition behavior due to the different sample containers
and flow rates used for TGA analysis, which results in different
pressure and heat distributions that can affect decomposition
behavior.” Unexpectedly, the Gr—EC—AP and hBN—EC—AP
had slightly higher decomposition temperatures than the AP
control under these conditions. At a heating rate of 10 °C/min,
the temperature at 5% mass loss (Tyg) for Gr—EC—AP and
hBN—EC—AP were 304 °C and 315 °C, respectively,
compared to 308 °C for the AP control. In contrast, the
MoS,—EC—AP had the lowest Ty, at 291 °C. The
temperature at 10% mass loss (Tygy) further showed these
differences in reactivity. The AP control had a Ty, of 323 °C,
whereas Gr—EC—AP and hBN—EC—AP had slightly higher
values at 325 and 330 °C, respectively. Mirroring the Tgso
trends, MoS,—EC—AP had a significantly lower Tyq9 at 300
°C, which was 23 °C lower than the control and highlighted
the catalytic behavior of MoS,. The LTD event for MoS,—
EC—AP involved a 20% decrease in mass before the inflection
point, which was more pronounced than the LTD event
observed for Gr—NC—AP in previous work.”

The TGA derivative curves provide additional clarity and
further highlight the differences in reactivity between the
control and coated AP composites. MoS,—EC—AP showed an
LTD event peaking at 304 °C and a larger HTD peak at 385

°C. These two events were consistent with the DSC results for
MoS,—EC—AP. Gr—EC—AP had a less pronounced LTD peak
than MoS,—EC—AP at 300 °C that merged with the HTD
peak. The small LTD peak for Gr—EC—AP further
demonstrates that EC—Gr has a less significant effect on AP
decomposition than MoS, and NC—Gr as reported pre-
viously.”® The HTD event for Gr—EC—AP peaked at 392 °C,
which was 16 °C higher than the AP control peak
decomposition temperature at a 10 °C/min heating rate.
Additionally, hBN—EC—AP had a shoulder peaking at 336 °C
that merged with the main decomposition event that peaked at
389 °C, which is consistent with the DSC results. Overall,
MoS,—EC—AP had a significant LTD peak, but the HTD
peaks of all 2D nanomaterial composites were shifted to higher
temperatures than the AP control. The use of EC as a 2D
nanomaterial dispersion agent thermally stabilizes the AP as
will be described in the kinetics section of this paper.

To further study thermal stability, the AP composites were
also analyzed via simultaneous DSC/TGA (SDT) thermal
analysis, which allowed for higher temperature DSC analysis
(>400 °C) and showed the heat flow of decomposition in an
open pan environment (Figure 3). The TGA curves were
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Figure 3. Thermal results from the simultaneous DSC/TGA (SDT)
analysis showing (a) heat flow (DSC) and (b) mass loss (TGA) of
decomposition. Samples were analyzed at S °C/min in an open
crucible under argon gas. DSC curves were y-offset for comparison.

consistent with the results in Figure 2, as expected, but the
DSC curves generally showed less pronounced, broader
exotherms than Figure 1. This behavior is typical for AP
decomposition in open pans because the competing sub-
limation mechanism becomes more favorable compared to
closed-pan environments due to the facile removal of product
gases.”' All AP materials had an endothermic peak at 425 °C
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Figure 4. GC-MS results from the decomposition gases of the AP composite materials.

that represents sublimation at the end of the decomposition
reaction and has been reported in previous studies.””” MoS,—
EC—AP showed decomposition behavior similar to AP, Gr—
EC—AP, and hBN—EC—AP at temperatures >300 °C, but a
sharp exothermic peak was observed at 275 °C, representing
the LTD event. This peak further highlights the catalytic effect
of MoS, in promoting AP decomposition and suggests that the
catalytic effect is likely due to an oxidation—reduction
mechanism rather than dissociative sublimation, which would
show a larger endotherm considering AP sublimation is an
endothermic process.

The decomposition gases were analyzed via GC-MS during
SDT thermal analysis to obtain additional insight into the
decomposition mechanism of the AP composites (Figure 4).
NH;, H,0, NO, O,, HCl, N,O, and NO, are known
byproducts of AP decomposition, so mass-to-charge ratios
(m/z) of 17, 18, 30, 32, 36, 44, and 46, representing the
maximum m/z ratios for each ionized species, respectively,
were studied. CO and CO, (peak m/z values at 28 and 44,
respectively) are other possible byproducts resulting from EC
decomposition and were considered. However, no peak was
observed for CO, indicating that the EC amount is likely too
low for the detection or the EC is fully oxidized to CO, and
could not be differentiated from N,O. The HCl (Figure S12)

and NO, signals were weak for all AP materials. For HC], this
signal was likely low due to the reaction of the strong acid with
the transfer line prior to MS analysis.”® The absence of a NO,
peak implies that the N,O does not fully oxidize under these
reaction conditions.

Compared to the composites with 2D nanomaterials, the
GC-MS results for pure AP showed divergent decomposition
product gas distributions. For the AP control, small amounts of
NH,;, H,0, NO, O,, and N,0/CO, were observed at 300 °C
during LTD. Because NH; and NO were observed
simultaneously, the m/z = 44 peak most likely represents
N,O, which is a product of NH; oxidation rather than CO,.
During HTD of the AP control at 400 °C, significant amounts
of all five decomposition products were observed. Considering
that the SDT DSC results show an endotherm during HTD,
sublimation is the dominant mechanism during this reaction,
but the presence of NH; as well as oxidized NH; products
(NO, N,O) also implies that a mixed mechanism with
oxidation—reduction is occurring simultaneously. As was
observed in previous work, oxidation—reduction reactions
between the perchloric acid decomposition products and NH;
can occur in the gas phase after sublimation, which explains
why these products are also observed when sublimation is the
predominant mechanism during HTD.""? Thus, as a baseline
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Table 1. Kinetic Parameters for AP Decomposition Calculated Using the Kissinger Model

2D material wrapping agent E, (kJ/mol)
none none 137 (HTD)
Gr NC 145 (LTD)
121 (HTD)

Gr EC 153 (HTD)
hBN NC 129 (HTD)
hBN EC 132 (HTD)
2H-MoS, EC 86 (LTD)
190 (HTD)

2H-MoS, none 178 (HTD)
1T-MoS, none 120 (HTD)

A (s7h) R? reference
3.69 x 107 0.9897 28
1.77 x 10* 0.9783 29
2.03 X 10° 0.9933
3.65 x 10® 0.9657 this work
9.23 X 10° 0.9501 28
5.11 x 10° 0.9850 this work
1.90 x 10* 0.9854 this work
7.63 x 10" 0.9677
1.11 X 10'%¢ 0.9671 20
5.68 X 10°° 0.9940 20

“Values were calculated from the previous study using reported data and the Kissinger equation.
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for comparison, the decomposition of the AP control showed a
mixed mechanism with sublimation and formation of
oxidation—reduction products in the gas phase. The same
decomposition behavior was observed for Gr—EC—AP and
hBN—EC—AP, except that the LTD events were less
pronounced for these materials, which was expected and
consistent with the DSC, TGA, and SDT results. In contrast,
MoS,—EC—AP showed significant amounts of all five
decomposition products at 275 °C during LTD. The LTD
peak heights for NH;, H,O, and NO were roughly half the
intensity of the respective HTD peak heights during MoS,—
EC—AP decomposition, and the O, and N,O LTD peak
heights were larger than the respective HTD heights. The
exothermic event in the SDT DSC results, as well as the
relatively large O, peak at 275 °C, imply that MoS, promotes
reduction of HCIO,, which releases significant amounts of O,
gas upon decomposition (eq 2). Also, exothermic events are
typically affiliated with oxidation—reduction of AP (typically in
high-pressure, sealed container analyses), so oxidation—
reduction is likely the predominant mechanism occurring
during LTD of MoS,—EC—AP, with sublimation playing a
minor role.”'? Additionally, the relatively large N,O peak
shows an increased rate of partial NH; oxidation during LTD,
which is likely due to higher concentrations of NH; and O,
gases after the reduction of HCIO,.

The TGA results at different heating rates (1, S, 10, 1S, and
20 °C/min) were analyzed using the Kissinger model to
determine the activation energy (E,) and Arrhenius factor (A).
The model was applied to LTD and HTD events for the AP

26805

composites when the two events showed distinguishable peaks
in the TGA derivative curves at all five heating rates. The
calculated values for this study are summarized in Table I,
which also includes relevant results from previous studies for
comparison. Gr—EC—AP had an E, value of 153 kJ/mol for
the HTD decomposition event, which was larger than the AP
control (E, = 137 kJ/mol) and Gr—NC—AP (E, = 121 kJ/
mol) in the previous study.”® Thus, EC—Gr appears to
promote greater thermal stability in AP despite the presence of
graphene and unlike NC—Gr. In contrast, hBN—EC—AP had
an E, of 132 kJ/mol, which was similar to hBN—NC—AP (E, =
129 kJ/mol) in the previous study.”® The E, values for hBN-
coated AP confirm that hBN does not have a significant
catalytic effect on AP decomposition because hBN is an
electrical insulator and does not impact oxidation—reduction.
This finding was also observed in a previous study by
Grossman et al. on amine-modified BN—AP composites,
which showed no catalytic effect by multiple forms of BN
except when combined with primary amines.”” However, the
high thermal conductivity of hBN can promote better heat
transfer to AP, which likely contributes to the slightly lower
calculated E, values of the hBN—AP materials compared to the
control. More notably, MoS,—EC—AP had an E, value of only
86 kJ/mol for LTD, which further demonstrates the catalytic
effect of MoS, on AP decomposition. For the HTD event,
MoS,—EC—AP had a significantly higher E, value at 190 kJ/
mol, which is comparable to the 178 kJ/mol observed with 2H-
MoS, (no wrapping agent) in a previous study.20 MoS,—EC—
AP also possesses a significantly higher A value compared to
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Figure 6. Relationships between E, and « for the deconvolved (a) LTD and (b) HTD events for Gr—EC—AP, hBN—EC—AP, and MoS,—EC—AP.

the other AP materials at 7.63 X 10*! s7!, which demonstrates
a larger number of successful collisions and enhanced reaction
rate. The observed kinetic behavior for MoS,—EC—AP is
typical for transition metal-catalyzed AP decomposition. For
example, a GO-triaminoguanidine nickel complex also showed
relatively low E, and A values during AP L'TD of 120 kJ/mol
and 8.91 X 10% respectively, but much higher values were
observed during the HTD event (E, = 181 kJ/mol and A =
2.34 X 10°).”° This reaction behavior was also observed for AP
decomposition using a carbon nitride—CuO catalyst.”" Thus,
MoS, likely has a catalytic mechanism similar to other
transition metal complexes based on the comparable kinetic
behavior with other studies, which typically involves enhanced
oxidation—reduction.

Additionally, the decomposition kinetics of the AP materials
were analyzed using the Friedman model, which is a derivative
isoconversional model that allows kinetic parameters to be
calculated at different degrees of conversion (a)>>% Although
the Kissinger method is useful for kinetic calculations and is
commonly reported in the literature, the method is limited
because the equation only calculates the parameters at one a
value (the peak decomposition temperature). Also, the
Kissinger model assumes a first-order reaction mechanism,
which may not fully represent the actual solid-state mechanism.
Therefore, isoconversional models were also explored to gain
more insight into the entire decomposition reaction and
potentially determine the solid-state reaction mechanism.

The kinetic parameters calculated from the Friedman
method are shown in Figure S, and slight differences in
reactivity were observed for the various AP nanocomposites
during HTD when compared to the Kissinger model results.
The Friedman plots from the TGA results had linear fits for
each AP material at each @ value with R* > 0.97, except for
MoS,—EC—AP at a between 0.80 and 0.95, which had R* >
0.93 (Tables S2—S4 and Figures S13—S14). Gr—EC—AP had
the highest E, values for the decomposition reaction. At a =
0.05, Gr—EC—AP had a low E, of 116 kJ/mol, likely
representing the small LTD shoulder observed in the derivative
TGA and DSC curves. However, for the remainder of the
reaction, Gr—EC—AP had E, values between 144 and 160 kJ/
mol, which was higher than the values reported previously for
the AP control.”® The kinetic parameters for hBN—EC—AP
were inconsistent for a values between 0.05 and 0.20 with an
initial value of 116 kJ/mol that peaked to 141 kJ/mol (a =
0.10) and then decreased to 124 kJ/mol at a = 0.20. The
erratic kinetic values imply a complex LTD mechanism likely
representing multiple reactions occurring simultaneously,

26806

considering the reported values from isoconversional models
represent a composite value for all reactions at a given a. This
result would be expected because the low-temperature peak for
hBN—EC—AP completely overlaps with the HTD peak at
~330 °C at a 10 °C/min heating rate (Figure 2). At a > 0.25,
the kinetic parameters for hBN—EC—AP become more
consistent and had E, values between 127 and 141 kJ/mol.
In comparison, MoS,—EC—AP had the lowest E, values over
the course of the reaction for all AP materials. For o between
0.05 and 0.25, the E, values ranged from 83 to 115 kJ/mol.
The initial E, value was 106 kJ/mol and decreased to a
minimum of 83 kJ/mol at a = 0.15. For a > 0.25, the E, values
(114—135 kJ/mol) were consistently higher than the initial
stages of decomposition but still lower than the other AP
materials. Thus, even though the DSC and TGA results only
showed enhanced LTD, the Friedman model suggests that
MoS, has a catalytic effect on AP decomposition by promoting
low-energy decomposition pathways throughout the entire
decomposition reaction (LTD and HTD). This hypothesis was
also confirmed after analyzing the data with the Flynn—Wall—
Ozawa (FWO) method, which is an integrative isoconversional
method (these additional results are summarized in Tables
S2—S4). Finally, natural-log-scale A values were also plotted in
Figure 5, which showed the same trends as the E, values for
each AP material, likely due to the kinetic compensation effect,
which describes the linear relationship between E, and A for
similar reactions.”>*

Due to the significant differences in kinetic parameters
during the initial stages of the decomposition reactions, the
peaks from the TGA derivative curves were deconvoluted
using the Fraser—Suzuki method to gain more insight into the
decomposition reaction at different stages. After deconvolu-
tion, the Friedman model was applied to the resulting curves to
determine the kinetic parameters, and the E, values are shown
in Figure 6 for the LTD and HTD events. Gr—EC—AP had
consistent LTD E, values between 107 and 109 kJ/mol up to
= 0.75 but then showed a slight but steady decrease to 103 kJ/
mol by a = 0.95 (Figure 6a). In the previous study on Gr—
NC—AP, the LTD event did not show consistent E, values
over the course of the reaction and had a high initial E, of 141
kJ/mol that gradually decreased to 72 kJ/mol, which was
attributed to an electron transfer mechanism from pristine Gr
to initiate LTD.”® In the same study, NC—AP had steady but
significantly lower E, values during decomposition between 79
and 89 kJ/mol due to catalysis from nitrocellulose.”® Thus,
considering the Gr—EC—AP LTD decomposition behavior is
more similar to NC—AP than Gr—NC—AP, the small catalytic

https://doi.org/10.1021/acsami.3c04021
ACS Appl. Mater. Interfaces 2023, 15, 26799—26811


https://pubs.acs.org/doi/suppl/10.1021/acsami.3c04021/suppl_file/am3c04021_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c04021/suppl_file/am3c04021_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c04021/suppl_file/am3c04021_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.3c04021?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c04021?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c04021?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c04021?fig=fig6&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c04021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

effect observed for Gr—EC—AP LTD may involve a similar
proton transfer mechanism from ethyl cellulose, which was
observed with nitrocellulose only, with negligible enhance-
ments from Gr. This difference in reactivity for Gr—EC versus
Gr—NC is likely due to the differences in conductivity between
the two materials, which was observed in a previous study.”” In
contrast to Gr—EC—AP, MoS,—EC—AP had a comparable
initial E, value of 109 kJ/mol at @ = 0.05, which more
drastically decreased to 78 kJ/mol. For MoS,—EC—AP, the
kinetic behavior was like that of Gr—NC—AP in the previous
study and suggests that electron transfer is a more likely
pathway than a proton transfer kinetic mechanism.”® The
HTD events for all three coated AP materials showed
consistent E, values after deconvolution, and the kinetic
parameters showed the same trends, with Gr—EC—AP having
the highest E, values and MoS,—EC—AP having the lowest
(Figure 6b).

Finally, the physical mechanisms for the AP composite LTD
and HTD events were explored after the deconvolution of the
derivative peaks (Figure 7). This process was performed in a
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Figure 7. Normalized kinetic curves for the AP materials compared to
common kinetic models for the (a) LTD and (b) HTD events. The
kinetic models used as a baseline for comparison were the two-
dimensional and three-dimensional growth of nuclei models (A2 and
A3), the diffusion models (D2 and D4), and the random scission
model (L2).

previous study in which the A’ values [A’ = A*f(a)] were
normalized with the A’ value at @ = 0.50, and the resulting
values [f(a)/f(0.5)] can be compared to the normalized values
for the physical kinetic models.”> This technique assumes a
constant A factor over the course of the reaction, which may be
an oversimplification due to multiple reaction mechanisms
occurring simultaneously, but it still provides deeper insight
into physical reaction phenomena.”® For the LTD results, Gr—
EC—AP showed a good fit with the random scission model

(L2), which is typically applied to polymer decomposition.>
Hypothetically, the L2 model may appropriately represent the
decomposition of the polymeric EC wrapping agent. However,
an LTD event was not observed for hABN—EC—AP, which also
contained EC, and the SDT-MS results showed AP
decomposition products (NH;, H,0, NO, N,O) during the
Gr—EC—AP LTD event in addition to the potential EC
decomposition products (H,0, CO,, but no CO). Thus,
although the normalized Gr—EC—AP LTD data closely fit the
L2 model, the more accurate description would be random
nucleation rather than random scission since experimental
evidence shows that the solid AP decomposition products
predominantly form, and the EC polymer decomposition
products could not be distinguished separately. The MoS,—
EC—AP LTD event did not have a good fit with any of the
typical models but was most similar to the diffusion models
(D2 and D4), considering the f(a)/f(0.5) values were large at
the initial stages of the reaction and then rapidly drop as the
reaction progresses. In the previous work by An et al, the
decomposition behavior of AP changed from a contracting area
or volume model (R2 or R3) for the pure, unmodified material
to a two-dimensional growth of nuclei model (A2) after the
addition of transition metal catalysts, which implied the metal
centers act as nucleation sites for decomposition.25 In contrast,
this work shows a diffusion-based model for the MoS,
catalyzed LTD of AP, and this model fit implies that the
reaction may be limited by diffusion of reactants between the
interface of the two solid materials (AP and MoS,) or removal
of product gasses from the reaction interface.”>>” Considering
the AP particles are conformally coated with the MoS, 2D
nanomaterial, the former scenario is likely because the distance
between the two solids is initially small but grows as the
reaction progresses. Moreover, this study focused on TGA data
for the kinetics of AP-coated crystals, which has a low-pressure
environment that favors endothermic sublimation. In contrast,
a previous study performed kinetics analysis on DSC results
that were collected in a higher-pressure exothermic environ-
ment.”® Thus, the low-pressure environment in this study likely
promotes the diffusion mechanism observed in this study over
the nucleation mechanism observed in previous work that
focused on closed-pan experiments. As a result, the reaction
rate of MoS,—EC—AP slows significantly toward the later
stages of LTD (a > 0.4) due to the larger distance between the
AP and Mo-based catalyst as the reaction progresses.

For the HTD events, all three AP materials had similar curve
shapes with the highest f(@)/f(0.5) values at a values between
0.15 and 0.30. The curve shapes for all three materials showed
the closest resemblance to the A2, A3, and L2 models for a <
0.35, but the f(a)/f(0.5) values were typically much higher
than for the standard model. For Gr—EC—AP, the initial value
of f(a)/f(0.5) rapidly increased and peaked at & = 0.1S, which
did not correlate well with any of the standard models. At o >
0.20, the HTD behavior of Gr—EC—AP resembles the D2
model, which implies a diffusion-limited process under these
reaction conditions. This behavior was also observed for the
HTD events of hBN—EC—AP and MoS,—EC—AP, which had
lower maximum f(a)/f(0.5) values than Gr—EC—AP during
the initial stages of the reaction but still followed the D2 model
at a > 0.35. However, hABN—EC—AP did show some deviation
from the D2 model at a > 0.90. Overall, the HTD behavior for
all AP materials was similar to the contracting area/volume and
nucleation models at lower @ values but matched the diffusion
models at higher a values, which implies two competing
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mechanisms occur simultaneously. Although the f(a)/f(0.5)
values were much higher than the standard A2, A3, and L2
models at @ > 0.5, this discrepancy was likely due to competing
oxidation—reduction and sublimation mechanisms during the
initial stages of HTD. The SDT results also showed a mixed
mechanism of sublimation and oxidation—reduction (with the
latter potentially occurring as a secondary reaction in the gas
phase as well) in which sublimation becomes predominant at
the end of the reaction. Thus, the reaction behavior most likely
matches the A2/A3 and L2 models initially when oxidation—
reduction is dominant and limited by particle surface area/
volume and nucleation. At higher « values, the diffusion
models are more representative of HTD for all AP materials
because sublimation becomes the dominant mechanism, and
the removal of product gases becomes the limiting process
with the open pan reaction conditions.

Calculation Results. Following the optimization of the AP
molecule in different orientations above the unique locations in
each 2D material supercell, the minimum energies were
compared to determine which were accessible at room
temperature. For AP above the hBN surface, 21 of the 32
configurations studied were within 25.1 meV of the ground
state configuration. For reference, the thermal energy at room
temperature (298.15 K) is 25.7 meV. For AP on Gr, 27 of the
32 configurations were within 23 meV of the ground state,
minimum energy configuration. With AP above the MoS,
surface, only 13 of the 40 configurations were accessible at
room temperature, but S5 additional configurations were
accessible within an additional 20 K of thermal energy. At
the higher temperatures required for AP decomposition (300
°C for LTD and 400 °C for HTD), a larger number of the
configurations of AP were found to be accessible on each 2D
material. The AP above hBN had 1 additional configuration
accessible at LTD, compared to room temperature, and no
additional new configurations accessible at HTD, for a total of
22 configurations accessible at both LTD and HTD. AP on Gr
had 3 additional configurations accessible at LTD and no
additional new configurations accessible at HTD, for a total of
30 configurations accessible at both LTD and HTD. AP on
MoS, had the largest increase in the number of configurations
accessible at LTD, going from 13 at room temperature to 34
accessible configurations at LTD, and 1 additional config-
uration was accessible at HTD, for a total of 35 configurations
accessible out of the 40 studied. Upon further inspection of the
optimized positions of AP on the surfaces, the AP on hBN was
found to optimize in a similar orientation, in a similar position
within the unit cell, hence the similar energies of the overall
interacting system. These large numbers of configurations that
are thermally accessible at room temperature suggest that the
interaction between the AP and the 2D nanomaterial is not
very dependent on the initial configuration because the desired
interactions between the AP and the surfaces are fairly specific,
which is seen in catalytic interactions.

One way to confirm the strength of binding interactions is
by comparing the interaction energies. The interaction
energies are calculated by subtracting the energies of the
isolated components from the energy of the entire interacting
system, and a negative value of the interaction energy means
that the combined interacting system is more energetically
favored than the isolated components. The lowest energy
configurations of AP on the hBN, Gr, and MoS, surfaces each
had the largest interaction energies of the configurations
studied. Figure 8 shows the most energetically favored

(a) Optimized AP on Graphene  Shortest distance:
? OppCourface= 3-32 A

AN

— . 0=0—0—0—0~0—0—0—0-0—0—0
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Figure 8. Minimum energy configurations of AP on the 2D
nanomaterial surfaces (a) graphene, (b) hBN, and (c) MoS, as
optimized by DFT (PBE-D3BJ/PW). The shortest distances between
the different H, O, and N atom types in AP with the surface atoms are
presented. The AP atoms were initially 3 A above the top of the
surfaces. Smaller distances indicate attractive interactions between the
AP and the 2D nanomaterial.

configurations for AP on each 2D nanomaterial and the
interatomic distances between the AP and the corresponding
surface atoms. The interaction energy of the 10 down
orientation of AP above the bottom right C configuration on
Gr was —0.53 eV. The interaction energy of the 3H down
orientation of AP above a ring center configuration on hBN
was —0.68 eV. The interaction energy of the 10 down
orientation of AP above a Mo atom configuration on the MoS,
surface was —2.85 €V. This was a four- or five-time increase in
the interaction energy for AP on the MoS, surface compared to
the hBN and graphene surfaces.

Another confirmation of binding in these systems is to look
at the interatomic distances between the AP and the 2D
nanomaterial surface before and after geometry optimization.
The AP atom(s) that were oriented closest to the surface were
initially 3 A above the topmost atom of the 2D nanomaterial
surfaces. Figure 8 shows the most energetically favored
configurations for AP on each 2D nanomaterial and the
interatomic distances between the AP and the corresponding
surface atoms. It should be noted that the distances presented
in Figure 8 are not accounting for the thermal vibrations,
rotations, and translations that are going to occur at the
temperatures observed in the experiments and DSC/TGA
analysis. The NH," and ClO,” ions are going to be able to
move freely,' and the surface—molecule distances are going to
change accordingly. The variation within the N—H bonds in
the lowest energy configuration for each 2D nanomaterial was
at most 10% (AP on Gr). The variation within the CI—-O
bonds in the lowest energy configuration for each 2D
nanomaterial was at most 6% (AP on Gr). The 10 down
above bottom right C configuration on Gr had a HAPQ—Cng]1ene
distance of 2.38 A, which is shorter than the initial 3 A distance
before geometry optimization. This decrease in distance
between the AP and the surface suggests increased interactions
between the surface and the adsorbate. The AP on the hBN
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surface had a smaller distance with a H,p—Nypy distance of
2.17 A. The closest distance between the AP and the MoS,
surface was the Hup—Sy,s, distance of 2.42 A. These AP-
surface distances follow the same trend as the interaction
energy for the Gr and the hBN surfaces, but the MoS, surface
is an outlier.

While the closest distance between the AP and the surface
does not exactly follow the trend of the interaction energies,
there may be additional factors at play contributing to the total
interaction energy. The AP in the lowest energy configurations
on each surface has a similar orientation relative to the surface,
one H atom of the ammonium is closest to the surface, and 3
oxygen atoms of the perchlorate closest to the surface are all
approximately in the same plane, which suggests that more
than just the closest hydrogen may be available to interact with
the surface, even if they are weaker interactions at larger
distances. By looking at the surfaces alone, the Gr and hBN
surfaces should have the same amount of charge density
available in the same surface area to interact with the AP
because they are isoelectronic, whereas MoS, has a larger
charge density because of the atoms that comprise this surface
naturally have more electrons. The extra charge density may
lead to stronger interactions with any adsorbates even at
slightly longer distances (2.42 A for MoS, vs 2.17 A for hBN)
compared to surfaces with smaller charge density at slightly
smaller distances.

The amount of charge or electrons transferred between the
surface and the AP can give insight into the systems at hand.
Charge transfer can be determined by separately summing the
Bader charges of the atoms in the surface and those in the AP
adsorbate. The Bader charges for the total system, surface, AP,
and components of AP can be found in Table 2. There is

Table 2. Bader Charges Calculated from DFT-Optimized
Geometries (PBE-D3BJ/PW) for the Ground State,
Minimum Energy Configurations of AP on Different 2D
Nanomaterial Surfaces”

Bader charges (lel)

interaction
surface total  surface AP NH,* ClO,~ energy (eV)
Gr 0.124 0.15 —0.03 0.82 —0.85 —0.53
hBN 0.004 0.05 —0.0S 0.84 —-0.89 —0.68
MoS, —0.003 0.05 —0.05 0.82 —0.87 —2.85

“The values are presented as the sums of the Bader charges of the
individual atoms in each component. Negative values show that the
component has more electrons than expected from the number of
valence electrons at the start of the DFT calculation. The interaction
energy was calculated as the energy of the interacting system minus
the energies of the individual components. Negative values mean that
the interacting system was more energetically favored.

electron transfer from the surface to the AP and specifically to
the anionic perchlorate portion of AP. The minimum energy
configuration of AP on Gr had the smallest amount of electron
transfer at around 0.03 lel (where lel is only the magnitude of
the charge of an electron). The minimum energy config-
urations of AP on hBN and MoS, had similar values around
0.05S lel, but the amount of electron transfer from MoS, to AP
was slightly larger than from hBN to AP. The DFT calculations
did not show any proton transfer in the minimum energy
configurations of AP on these 2D nanomaterials surfaces, but
they do show hydrogen bonding within the AP. This hydrogen

bonding may be a first step in the proton transfer processes
required in the decomposition of AP, which may occur at the
elevated temperatures seen in the DSC/TGA experiments.

These computational results confirm that the AP on the
MoS, system has the strongest interactions and AP on Gr and
hBN had the weakest interactions, consistent with the
experimental results. The Bader charges show that there is
electron transfer from each of the surfaces to the perchlorate
anionic portion of AP. Further calculations looking into the
interactions of AP on a MoS, surface with sulfur vacancies and
AP with potential transition metal catalysts can be performed
to determine their effects on the interaction energies and
electron transfer, compared to the baseline of AP interacting
with the MoS, surface presented here.

B CONCLUSIONS

This study demonstrated the effects of the wrapping agent on
the decomposition behavior of encapsulated AP composite
materials as well as improved knowledge of AP decomposition
in low-pressure environments. MoS,—EC—AP showed en-
hanced reactivity despite its semiconducting nature, which
implied that MoS, forms an active transition metal catalyst
during the initial stages of decomposition or promotes catalysis
via defect sites (sulfur vacancies). At the chemical level, MoS,
promoted oxidation—reduction of AP or the initial product
gases, which indicates an enhanced electron transfer process.
DFT calculations confirmed stronger, catalytic-like interactions
and increased electron transfer for AP on MoS, compared to
the hBN and Gr surfaces. The LTD event of MoS,—EC—AP
was most similar to a diffusion-based model (D2 or D4),
indicating that the enhanced reaction becomes limited by the
transfer of reactants between the solid interfaces or the
removal of products. Collectively, this work demonstrates the
roles of the dispersion agent and 2D nanomaterial for tuning
AP reactivity while providing additional insights into the
physical models governing AP decomposition.
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