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Introduction

Mechanisms of microexplosion-accelerated
pyrolysis and oxidation of lithium-containing
droplets: an atomistic perspectivet

Ruitian He? and Kai H. Luo (2 *@P

Microexplosion has been extensively studied in the context of fuel spray and droplet evaporation in
engines, while its existence, impact and atomistic insight have rarely been explored in the context of
flame synthesis of nanoparticles. In this study, reactive force-field molecular dynamics simulations are
performed to elucidate the mechanisms of pyrolysis and oxidation of an isolated lithium nitrate nanodro-
plet. During the pyrolysis process, the nucleation and growth of a bubble are observed inside the droplet,
which should be ascribed to the release of nitrogen and oxygen gases from the decomposition of lithium
nitrate, ultimately leading to rapid droplet fragmentation (microexplosion). To demonstrate the role of
microexplosion with various intensities, via altering ambient temperature and addition of oxygen gas into
the environment, thorough analyses of bond reactions, droplet morphology and compounds of the syn-
thesized lithium nanoparticles are carried out. With elevated ambient temperature, the droplet substan-
tially expands due to bubble growth and the time required for droplet disruption is shortened, which
implies the enhanced strength of microexplosion. Simultaneously, the connection between the lithium
and other atoms becomes weak, as evidenced by a decrease in the number of lithium bonds. These give
rise to a reduction in the quantity of large-sized lithium agglomerates and simultaneously an increase in
the amount of fine lithium nanoparticles. To further clarify the reaction mechanism for a lithium-contain-
ing droplet under various ambient conditions, three reaction modes, i.e., core-shell diffusion-controlled,
microexplosion-accelerated and microexplosion-dominated, are distinguished based on the intensity of
microexplosion and the quality of synthesized lithium nanoparticles. Fine lithium-containing nanoparticles
are expected to be produced in the microexplosion-dominated mode under high temperature
conditions.

in the academic community and are the droplet-to-particle and
gas-to-particle routes, respectively.® Generally, the former is

Flame spray synthesis (FSP), involving the atomization and
evaporation of precursor solution, followed by pyrolysis, oxi-
dation, coagulation and sintering processes,"* has emerged as
one of the most reliable and versatile methods to manufacture
nanostructured electrode materials for next-generation
lithium-ion batteries (LIBs).>> A thorough understanding of
physicochemical mechanisms in pyrolysis and oxidation is a
prerequisite for the production of well-structured homo-
geneous nanomaterials. Notably, two reaction paths for nano-
particle synthesis via FSP have gained widespread acceptance

“Department of Mechanical Engineering, University College London, Torrington
Place, London WCIE 7JE, UK. E-mail: k.luo@ucl.ac.uk

bShanghai Institute for Advanced Study, Zhejiang University, Shanghai 201203,
China

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4nr00592a

This journal is © The Royal Society of Chemistry 2024

associated with the precursor solution with low combustion
enthalpy density and consequently leads to the formation of
inhomogeneous particles owing to incomplete droplet evapor-
ation. In contrast, the latter is the dominant path for produ-
cing homogeneous ultrafine nanoparticles, where the
decomposition temperature of the precursor is lower than the
boiling point of the solvent component and the combustion
enthalpy density is sufficient.’

Taking into account the volatility differences in practical
precursors, superheating of the highly volatile component is
likely to occur in the droplet interior owing to the finite mass
diffusion rate in the liquid phase.” Besides, the precursor is
highly likely to decompose into gaseous products at exceed-
ingly high combustion temperatures and then will be trapped
in the droplet interior." These will give rise to a pressure differ-
ence inside and outside the droplet, ultimately leading to the
occurrence of microexplosion characterized by a rapid droplet

Nanoscale, 2024, 16, 16119-16126 | 16119


http://rsc.li/nanoscale
http://orcid.org/0000-0003-4023-7259
https://doi.org/10.1039/d4nr00592a
https://doi.org/10.1039/d4nr00592a
https://doi.org/10.1039/d4nr00592a
http://crossmark.crossref.org/dialog/?doi=10.1039/d4nr00592a&domain=pdf&date_stamp=2024-08-24
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr00592a
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR016034

Open Access Article. Published on 05 August 2024. Downloaded on 10/28/2025 5:08:05 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

disruption, which has received increasing interest in nano-
material synthesis."”** Microexplosion is usually associated
with improved atomization of precursor droplets and the
desired products of fine-sized homogeneous nanoparticles via
FSP.>* However, most existing research studies’™ focus on the
impact of microexplosion on the evaporation and combustion
characteristics of fuel spray and droplets within the context of
diesel engines.

Several experimental investigations'®™*? have been carried
out to understand the role of microexplosion in the chemical
reactions of metal precursors in nanoparticle synthesis.
Rosebrock et al.'® for the first time demonstrated the occur-
rence of microexplosion in a single burning droplet compris-
ing metal oxides. They emphasized the prominent role of
microexplosion in the synthesis of homogeneous nano-
particles, along with the minimal impact of precursor evapor-
ation and solvent composition. Nevertheless, microexplosion
can exert a negative effect on the synthesis of fine nano-
particles. Hollow inhomogeneous agglomerates can be
obtained even with microexplosion, which can be clarified by
the accumulation of condensed vapor at the droplet surface
and the ultimate flame extinction. Considerable research
studies have been directed towards elucidating the mechanism
underlying microexplosion in nanomaterial synthesis.''*?
Tang et al."” visualized the dynamics of burning micron-sized
aluminum agglomerations using a flat-flame burner at
ambient temperatures ranging from 800 to 1800 K and
ambient oxygen concentrations spanning from 0.5 to 5.5 mol
m~3. Considering that the measured droplet temperature at
the onset of microexplosion is close to the boiling point of
aluminum, microexplosion is speculated to occur resulting
from the evaporation of aluminum in the droplet interior. Li
et al.® employed rainbow spectroscopy to measure the evol-
ution of droplet size as well as the liquid core and surface
temperatures for a burning droplet with microexplosion. Their
results indicate the formation of a core-shell structure in the
droplet, as evidenced by a sudden temperature enhancement
at the droplet core and surface as well as a dramatic decrease
in the mass fraction of xylene at the droplet surface. The
highly volatile component is expected to be superheated and
then the produced vapor is trapped inside the droplet, which
eventually results in the onset of microexplosion.

Numerous numerical studies have been conducted to
understand the mechanism of microexplosion, and many cri-
teria have been proposed to identify the occurrence of
microexplosion.™*™® Law'* developed one of the first microex-
plosion models for multi-component miscible droplets based
on the experimental and fitted limits of superheat. In his
model, spontaneous evaporation occurs within the droplet
when the limit of superheat is locally reached, which would
lead to the generation of internal bubbles and consequently
microexplosion (or droplet fragmentation). Zeng and Lee'’
proposed a microexplosion model by describing bubble gene-
ration using homogeneous nucleation theory.'® Droplet frag-
mentation is hypothesized to occur when a disturbance vari-
able, depending on the droplet and internal bubble sizes,
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exceeds a constant threshold. Despite the fact that great efforts
have been made in the numerical modelling of microexplo-
sion, few studies have been devoted to gaining an atomistic
insight into the chemical reactions associated with microex-
plosion during nanomaterial synthesis,'” to the best of our
knowledge. Some researchers'® ! employed the classical mole-
cular dynamics (MD) simulation method to understand the
physics of microexplosion. However, the classical MD method
is only applicable for nonreactive interactions, inaccessible
when simulating chemical reactions due to its limited descrip-
tion of atom connectivity. This gives rise to the development of
a method recognized as the reactive force-field (ReaxFF).>>7>*
The ReaxFF is capable of gaining fundamental insight into
chemical reactions, because it enables the predictions of bond
breaking and formation through an empirical bond-order
formalism optimized based on a training set of quantum
mechanics (QM) calculations and experimental data.*® Li
et al.'”* conducted ReaxFF simulations to simulate the micro-
explosion-facilitated oxidation of molten aluminum nano-
particles. Their simulation results show that the violent evap-
oration of aluminum inside the nanodroplet leads to the for-
mation of hot spots inside the droplet and the occurrence of
microexplosion. Three oxidation routes for aluminum nano-
particles are identified under a wide range of ambient con-
ditions, suggesting a promising possibility for unravelling the
atomistic details of chemical reactions in the synthesis of LIB
nanomaterials.

Several investigations into the key parameters governing the
production of nanoparticles, e.g.,, the ambient oxygen
concentration,”’” ambient temperature’”*® and precursor
composition,***” have been conducted. Tang et al.'* identified
that the microexplosion of an aluminum droplet only occurs
when the ambient oxygen concentration exceeds a threshold
value. This is because the agglomerate temperature reaches
the boiling point of volatile aluminum with an enhanced heat
conduction rate in an oxygen-abundant ambient environment,
consequently leading to the synthesis of fine nanoparticles
assisted by microexplosion. Additionally, the surrounding
temperature is believed to have a substantial influence on the
phase change, bubble growth rate and microexplosion charac-
teristics of the droplet, ultimately altering the quality of metal
oxide nanoparticles.”?®

Though extensive efforts have been made to understand the
mechanisms of reactions with microexplosion in FSP, direct
experimental measurements for burning droplets and sprays
with microexplosion are still lacking."® The underlying physics
of bubble nucleation (or microexplosion) has not been fully
understood. Whether microexplosion stems from the preferen-
tial evaporation of the low-volatile component or the release of
gases produced from the thermal decomposition remains
unresolved. Besides, many crucial issues, e.g., the exact occur-
rence of bubble nucleation, degree of superheating and vapor
composition, are hardly accessible by experimental investi-
gations due to the small size of droplets in sprays and the
limited resolution of existing high-speed cameras.'” Moreover,
previous studies have focused almost exclusively on the
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measurement of morphological changes of synthesized nano-
particles or agglomerates. However, the intrinsic mechanism
of chemical reactions during pyrolysis or oxidation remains
obscure.

The aim of this study is to fill this gap by providing an ato-
mistic insight into the mechanism of nanoparticle synthesis
accompanied by microexplosion using reactive molecular
dynamic simulations. The precursor is lithium nitrate (LNT)
dissolved in water, which is one of the common choices for
the precursors in nanomaterial synthesis for LIBs. The impact
of ambient temperature and the presence of oxygen in the
ambient environment on the droplet microexplosion, bond
connection and quality of synthesized nanoparticles will be
comprehensively explored. The reaction modes will be categor-
ized to provide a better understanding of the relationship
between the microexplosion intensity and metal nanoparticle
synthesis with respect to different ambient conditions.

Simulation methodology and setup

In this study, ReaxFF molecular dynamics simulations®?
implemented in the LAMMPS package®® are conducted. The
Li/N/O/H ReaxFF force field optimized by Yang et al.>® based
on QM calculations is adopted. This interatomic potential has
been extensively validated against the experimental and QM
calculation results, including the bond dissociation energy in
water molecules, the equation of state of Li with a bcc struc-
ture and Li,O crystalline phases. A bond-order cutoff of 0.3 A
is adopted in this study to determine the bond connection
among various atoms, which is a commonly used criterion in
ReaxFF MD simulations.***!

A spherical precursor droplet with an initial diameter of
10 nm is constructed in a cubic simulation box with an edge
length of 40 nm. The precursor is composed of lithium nitrate
dissolved in water with a solution concentration of 5.4 mol L™"
H,0.>® The ambient pressure is set as 0 (vacuum) and 1 MPa
to simulate the pyrolysis and oxidation processes of the LNT
droplet, respectively, and the ambient temperature varies from
1500 to 3000 K. The vacuum environment is an ideal setup for
pyrolysis studies, which avoids any oxidative reactions. The
simulation case under 1 MPa pressure closely resembles the
realistic conditions of flame spray pyrolysis,>*° in which the
high-temperature ambient environment is occupied by oxygen
molecules. Detailed information about the initial configur-
ation is provided in our previous works.>®*" Prior to each
simulation, the minimization of potential energy is performed
with the conjugated gradient (CG) algorithm. Then, ReaxFF
MD simulations are carried out by employing a canonical
ensemble (NVT) with a constant number of particles (N),
volume (V) and temperature (T). Periodic boundary conditions
in three dimensions and a timestep of 0.1 fs are applied. In
addition, the Nosé-Hoover thermostat®? is utilized to raise the
droplet temperature during the heating-up period and main-
tain a constant temperature for the whole simulation system
with a damping parameter of 10 fs. The thickness of the stat-
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istical bin is set to be 0.1 nm based on our sensitivity analysis
for the number of atoms in each bin.

Results and discussion
Pyrolysis of an Li-containing droplet with microexplosion

In this section, the mechanism of pyrolysis of an isolated LNT
nanodroplet with microexplosion is investigated in a vacuum
environment. During the initial heating-up period, the droplet
is heated up to 2000 K (7, = 2000 K) within the first 10 ps
using the Nosé-Hoover thermostat,* and then an NVT ensem-
ble is employed for the whole simulation system. In this study,
the occurrence of microexplosion is defined as the time when
the droplet bursts,">'® indicated by the peak in the variation
rate of the droplet diameter, and the lifetime of the droplet is
defined from the start to the occurrence of microexplosion.
The interface between the liquid phase and ambient environ-
ment is determined wusing the widely used ‘90-10°
approach,®** where the outer and inner interfacial densities
are calculated as 0.1p; + 0.9p, and 0.9p; + 0.1p,, respectively. p
and p, refer to the densities of the liquid phase and ambient
environment, respectively. Fig. 1(a) depicts the radial distri-
bution of density and snapshots of the droplet at different
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Fig. 1 Dynamics of the pyrolysis of an isolated LNT droplet with micro-
explosion. (a) Radial distribution of density and snapshots of the droplet
at different time points. (b) Temporal evolution of the normalized
droplet diameter squared and its variation rate, T, = 2000 K. The origin
is defined as the mass center of the droplet and the star symbol signifies
the occurrence of microexplosion for the droplet.
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time points and Fig. 1(b) presents the temporal evolution of
the normalized droplet diameter squared and its variation
rate. During the initial heating-up period (before 10 ps), the
droplet diameter squared keeps rising, which seems to be
inconsistent with the observed trend of a decrease followed by
a rapid increase in droplet size over time in most existing
experiments."’*” This is due to the more pronounced bubble
growth inside the droplet and thermal swelling with elevating
temperature. A similar trend to that captured in the experi-
ments will be discussed at a lower ambient temperature in the
next section. Meanwhile, the density at the droplet core is
diminished to zero at 5 ps with a hollow structure in the slice
view in Fig. 1(a). These phenomena suggest the potential
occurrence of bubble nucleation inside the droplet.
Nevertheless, the inherent physics behind this phenomenon
remains unclear. Whether it originates from gaseous pro-
duction during the pyrolysis or preferential evaporation of the
highly volatile component in the precursor solution is still
controversial.

To verify the occurrence of bubble nucleation and unravel
its intrinsic physics, the temporal evolution of the normalized
numbers of lithium compounds, gaseous products and bond
numbers is illustrated in Fig. 2(a), (b) and (c), respectively.
Additionally, the density profiles of nitrogen atoms at different
time points are presented in Fig. 2(d). During the early
heating-up period, the amount of NO, resulting from the pyrol-
ysis of nitrates, e.g.,, NO, and NO,* is dramatically reduced
over time. This can be ascribed to the decomposition of NO,
into oxygen and nitrogen gases, as shown in Fig. 2(b), evi-
denced by the breakup of N-O bonds in NO, and the sub-
sequent formation of N-N bonds, as shown in Fig. 2(c). As the
oxygen and nitrogen gases are the primary products resulting
from the decomposition of nitrate®® at temperature exceeding
the decomposition temperature of LNT (>913 K),> the
decomposition of LNT is highly likely to occur during the
initial heating-up period. Besides, the nitrogen atom progress-
ively accumulates at the droplet core over time, as illustrated in
Fig. 2(d), which suggests the gradual liberation of nitrogen
gas. Therefore, it can be inferred that the bubble nucleation
should be attributed to the release of gases produced from the
thermal decomposition of the LNT precursor.

Over time, the internal bubble rapidly expands, as inferred
from the enlargement of the low-density region within the
droplet core and the hollow structure illustrated in Fig. 1(a).
This leads to a substantial increase in the droplet diameter, as
depicted in Fig. 1(b). Notably, microexplosion of the droplet is
observed to take place at 21 ps with an opening circular shape
of the droplet, as shown in Fig. 1(a). The variation rate of the
normalized droplet diameter squared (k) peaks at 180 ns*,
which also hints at the burst of the bubble inside the droplet.
Simultaneously, from 10 ps onward, the normalized number
of lithium oxides (Li,Oy), which are the desirable products in
FSP, demonstrates a slight increase with a progressively rising
variation rate. In contrast, the amount of large-sized lithium
complexes Li,N,H,0, significantly reduces. This can be inter-
preted by the almost constant Li-O bond number as well as
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Fig. 2 Temporal evolution of the normalized numbers of (a) lithium
compounds and (b) gaseous products during the pyrolysis of an isolated
LNT droplet. (c) Number of bonds (d) radial distribution of nitrogen
atoms at various time points, T, = 2000 K. The normalized number of
Li,X is calculated as n-m/N 1, where m is the number of molecules or
bonds and Nyt is the initial molecular number of lithium nitrate. For
gases excluding N, the normalized number is determined by dividing
their number of molecules by Nyt (i.e., m/N 1), whereas for N, it is cal-
culated as 2m/Nnt.

the reducing numbers of Li-Li and Li-N bonds, as described
in Fig. 2(c). A detailed illustration of the microexplosion role
in these synthesized products will be explored as follows.

Effect of ambient temperature on the pyrolysis of an Li-
containing droplet with microexplosion

In this section, a series of comparative studies with the
ambient temperature spanning from 1500 to 3000 K are per-
formed. The simulation settings of the heating-up period and
vacuum environment remain the same as those in the
Pyrolysis of an Li-containing droplet with microexplosion
section, in which the droplet is heated up to a desired value in
10 ps using the Nosé-Hoover thermostat.*> To evaluate the
intensity of microexplosion, the temporal evolution of the
droplet diameter squared is displayed in Fig. 3. The dashed
lines and numbers near the curves represent the slope of
curves at the end of the droplet lifetime and their variation
rate. With the ambient temperature elevated from 2000 to
3000 K, the normalized droplet diameter squared undergoes a

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Temporal evolution of the normalized diameter squared of an
isolated LNT droplet accompanied by microexplosion at T, =
1500-3000 K. (D/Do)? refers to the normalized droplet diameter
squared, and the dashed lines and numbers near the curves refer to the
slope of curves and their variation rate with units of ns™2, respectively.
The variation rate plateaus at the end of curves, implying droplet
fragmentation.

similar rapid increase to that at 2000 K but with a steeper slope.
Additionally, the variation rate of the droplet diameter squared
enhances from 73.3 to 144.2 ns '. Moreover, the elevating
ambient temperature causes droplet disruption and thus the
droplet lifetime undergoes a substantial reduction. These
suggest that the rising ambient temperature speeds up the
microexplosion and elevates the strength of microexplosion.

To evaluate the influence of microexplosion with various
intensities on the bond reactions and products of nano-
particles, the temporal evolution of the normalized numbers
of Li-Li, Li-N and Li-O bonds and the proportions of lithium
compounds after the occurrence of microexplosion at different
ambient temperatures are shown in Fig. 4(a), (b), (c) and (d),
respectively. With increasing ambient temperature, the nor-
malized numbers of lithium bonds sharply decrease, as shown
in Fig. 4(a), (b) and (c). Taking the Li-Li bond as an example,
as the ambient temperature increases from 2000 to 3000 K, the
peak value of the normalized number of Li-Li bonds is dimin-
ished from 1.8 to 1.5, as shown in Fig. 4(a), which leads to a
lower probability of forming lithium clusters. As depicted in
Fig. 4(d), the proportion of Li,H,O, (m > 2) shows a general
diminished trend, reducing from 22 to 12% as the ambient
temperature rises from 2000 to 3000 K, while that of Li,H,O,
(n < 2) containing fewer lithium atoms steadily increases. This
phenomenon suggests microexplosion with greater intensity as
the elevated ambient temperature suppresses the agglomera-
tion of metal atoms. Notably, unlike Li-N and Li-O bonds, the
normalized number of Li-Li bonds is always greater than
unity, as indicated by the grey line in Fig. 4(a). This can be jus-
tified by the small size of the lithium atom and the high
coordination number ranging from 2 to 8 measured in the
experiments.®’

In contrast to the high ambient temperature conditions
spanning from 2000 to 3000 K, the LNT droplet manifests
completely different behaviors at a relatively low ambient
temperature (1500 K), which is nevertheless consistent with
the results in most existing experiments on millimeter- or
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Fig. 4 Temperature effect on the formation of lithium compounds: (a)
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bonds, (c) normalized number of Li-O bonds, and (d) proportion of
lithium compounds when the droplet disrupts at T, = 1500-3000 K. The
normalized time in (a), (b) and (c) is determined by dividing the time by
the occurrence of microexplosion.

micrometer-sized droplets."’” A non-linear tendency of the

normalized droplet diameter squared over time is shown in
Fig. 3. A slightly swollen droplet and a nearly constant droplet
diameter are captured before 40 ps. This can be interpreted by
the competition between the internal bubble growth and pre-
cursor depletion due to evaporation and reaction, which is in
accord with the experimental result of a millimeter droplet
exposed to a furnace with a relatively low ambient temperature
ranging from 773 to 1073 K. After 50 ps, the droplet gradually
shrinks due to high evaporation and reaction rates, implying
the absence of violent microexplosion and the abrupt change
of droplet size. Correspondingly, during the pyrolysis without
strong microexplosion, more agglomerated lithium clusters are
expected to form at the end of the droplet lifetime. As depicted
in Fig. 4(d), as the ambient temperature decreases from 2000
to 1500 K, the proportion of Li,H,O, (m > 2) rapidly enhances
from 22 to 30%, whereas the amount of LiH,O, is reduced
from 39 to 36%. This phenomenon also confirms the positive
effect of microexplosion on the synthesis of Li-containing fine
nanoparticles at elevated ambient temperature.
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Reaction mechanisms of an Li-containing droplet with
microexplosion

In this section, the reaction mechanisms of an isolated LNT
nanodroplet in the presence of ambient oxygen are elucidated.
The ambient temperature is set at relatively low values, specifi-
cally 1500 and 2000 K, to achieve a comprehensive understand-
ing of the mechanism of reactions with low reaction rates. The
ambient pressure is maintained at 1 MPa in the presence of
oxygen in the surroundings, surpassing the pressure in the rea-
listic FSP process. This technique is commonly employed to
accelerate MD simulations.**® Fig. 5 and 6 present a series of
snapshots of the dynamics of an LNT droplet as well as the nor-
malized number of Li, X (n > 0) after the droplet fragmentation
and temporal evolution of lithium oxides under the conditions
in the presence and in the absence of oxygen at 1500 K.

The presence of oxygen in the ambient environment is
recognized to affect the droplet disruption and the formation
of lithium nanoparticles at 1500 K. Primarily, the droplet
structure is greatly altered during the reaction. In a vacuum
environment, a core-shell structure is captured at 42 ps, as
presented in Fig. 5(b), where the lithium atoms agglomerate
in the inner region, while other atoms are distributed in the
outer layer. Conversely, in the presence of ambient oxygen
gas, a more homogeneous distribution of lithium atoms is
observed inside the droplet. This is because of the elevated
heat transfer rate from the high pressure ambient environ-
ment to the droplet after the initial heating-up period (after
10 ps), which leads to accelerated atom motions and ulti-
mately a more homogeneous distribution of lithium atoms
and a decreased quantity of lithium agglomerates within the
droplet. Besides, the disruption events of the droplet are
varied in the presence of ambient oxygen gas. Under the
ambient oxygen concentration, prior to the final fragmenta-
tion, the formed bubble shifts from the inner region to the
droplet surface starting at 58 ps and results in puffing at
70 ps, as displayed in Fig. 5(a). It is worth mentioning that
puffing, generally regarded as microexplosion
accompanied by the deformation of the droplet, is character-
ized by gas ejection near the droplet surface.***° Alternatively,
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Fig. 5 Snapshots (slice view) of the dynamics of an LNT droplet under
(a) O, conditions and (b) vacuum conditions at T, = 1500 K.
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droplet after the droplet disruption (at 150 ps) at T, = 1500 K.

in the absence of oxygen, though the bubble is observed to
nucleate inside the droplet at 44 ps, the droplet does not
undergo a noticeable microexplosion but only deforms into a
near-spherical shape at 97 ps, as presented in Fig. 5(b).

Most importantly, the size and compounds of the synthesized
Li-containing nanoparticles are changed. In the absence of
ambient oxygen, several lithium clusters are observed, persisting
even after the droplet fragmentation (at 117 ps), as shown in
Fig. 5(b), whereas the lithium agglomerates cannot be captured
throughout the entire droplet lifetime under the oxygen con-
ditions, as shown in Fig. 5(a). The large reduction in the amount
of Li, X comprising more than one lithium atom (z > 1) and the
substantial increase in LiX, as shown in Fig. 6(a), also signify the
refined size of the synthesized nanoparticles. This should be
attributed to the accelerated heat transfer process from the high-
pressure and temperature ambient environment to the droplet
interior after the heating-up period and consequently the
enhanced intensity of microexplosion, compared to that in the
vacuum environment.>?® Additionally, the amount of the
desired Li,O, products substantially increases from 0.12 to 0.36
at 150 ps in the presence of ambient oxygen, as depicted in
Fig. 6(b). To better identify the impact of ambient gas, a com-
parative study using three simulation systems under vacuum,
nitrogen gas and oxygen gas conditions has been provided in
Fig. S1 and S2 in the ESL{

To clarify the reaction mechanisms of the Li-containing pre-
cursor droplet under a wide range of ambient conditions, three
reaction modes of the LNT droplet are identified, i.e., core-shell
diffusion-controlled, microexplosion-accelerated and microexplo-

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr00592a

Open Access Article. Published on 05 August 2024. Downloaded on 10/28/2025 5:08:05 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

(1) Core-shell diffusion-controlled

(> A

= Metal clusters

Synthesized
nanoparticles

— % b

(2) Microexplosion-accelerated

)

\ ’\J
X/
Bubble

(3) Microexplosion-dominated

‘ f\\ Droplet, @ \ ,’:,‘
\\\\7// fragmentation ‘">~ /', o

O
o O
OOO

Pufflng
Secondary
breakup

o W%
[T

Enhanced strength of microexplosion
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taining droplet accompanied by microexplosion with various intensities.

sion-dominated modes, as presented in Fig. 7. Primarily, in the
low-temperature vacuum environment, the pyrolysis of LNT can
be identified as the core-shell diffusion-controlled reaction,
characterized by a core-shell structure owing to the finite mass
diffusion rate inside the droplet. Microexplosion does not occur
instantaneously after the bubble nucleation. Instead, the droplet
appears to deform into a near-spherical shape and ultimately
bursts into multiple child droplets, which would probably lead to
the undesired formation of large-sized inhomogeneous lithium
agglomerates. Secondly, in the low-temperature environment in
the presence of oxygen, the reaction mechanism transitions into
the microexplosion-accelerated mode. Prior to the ultimate
droplet disruption, puffing, droplet deformation and secondary
breakup take place. The intensified microexplosion facilitates the
formation of fine Li-containing nanoparticles. Lastly, the micro-
explosion-dominated mode is demonstrated at very high ambient
temperatures. A strong microexplosion takes place promptly after
the nucleation and growth of the bubble inside the droplet,
which significantly accelerates the synthesis of fine Li-containing
nanoparticles and suppresses particle agglomeration due to the
weakened bond connection between lithium and other atoms.

Conclusions

Fundamental investigations have been performed to unravel
the role of microexplosion in the pyrolysis and oxidation pro-
cesses of a lithium nitrate nanodroplet as well as the synthesis
of lithium nanoparticles by the ReaxFF MD simulation
method. The primary conclusions are as follows:

(1) The bubble nucleation inside the lithium nitrate droplet
should be attributed to the release of nitrogen and oxygen gases
produced from the decomposition of lithium nitrate. As the
internal bubble grows, the droplet progressively expands and
ultimately microexplosion takes place, characterized by a peak
value of the droplet diameter and rapid fragmentation.

This journal is © The Royal Society of Chemistry 2024
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(2) The pyrolysis and oxidation of a single lithium nitrate
nanodroplet can be categorized into three types, i.e., core-shell
diffusion-controlled, microexplosion-accelerated and microex-
plosion-dominated modes, characterized by a progressively ele-
vating intensity of microexplosion. The synthesis of fine
lithium-containing nanoparticles is expected to occur in the
microexplosion-dominated mode under high-temperature
conditions.

(3) Microexplosion plays an essential role in the synthesis
of lithium-containing nanoparticles during the pyrolysis and
oxidation processes of a precursor nanodroplet and its
impact greatly varies with respect to the surrounding con-
ditions. As the ambient temperature elevates, the microexplo-
sion of the droplet becomes more violent, as inferred by the
substantial enhancement in droplet size and reduced time
required for droplet disruption. Meanwhile, the bond connec-
tion between the lithium and other atoms becomes weak.
These give rise to a lower probability of lithium agglomera-
tion and therefore a larger quantity of fine-sized lithium-con-
taining nanoparticles.
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