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A B S T R A C T

Recently, urea additive has been demonstrated to benefit the formation of cathode nanomaterials through spray
flame synthesis with improved homogeneity in lithium atoms distribution. Nevertheless, its intrinsic mechanism
has not been well understood. In this study, reactive molecular dynamic simulations are performed to gain
atomistic insights into the pyrolysis and oxidation mechanisms of a lithium precursor droplet with or without
urea additive. A series of comparisons involving the reaction kinetics and pathways of lithium clusters, along
with the gas release, energy profiles and morphological characteristics of droplets, is conducted to elucidate the
role of urea additive at 1500 K and 0.1 MPa. Urea additive is observed to exert a homogenising impact on the
distribution of lithium atoms within the synthesized nanoparticles, as evidenced by the decreased number of
large-sized lithium agglomerates and less concentrated lithium element. This can be ascribed to changed reaction
pathways of lithium clusters due to urea additive, where the lithium clusters are prone to decompose into fine
nanoparticles through initial bonding with urea atoms, followed by bond-breaking to generate gases. The
increased amount of gas released from the decomposition of precursor with urea additive leads to a more violent
droplet microexplosion, which in turn results in droplet breakup and thus fine droplets. As the ambient tem-
perature is elevated, the presence of urea additive facilitates the formation of fine-sized nanoparticles with
enhanced homogeneity of lithium atoms.

1. Introduction

Experiments have demonstrated that urea (CO(NH2)2) can serve as a
promising agent for producing fine-structured nanomaterials, through
both hydrothermal approaches and scalable flame spray pyrolysis (FSP)
[1–5]. Specifically, the conventional synthesis process of the widely-
used cathode material Li(Ni0.8Co0.1Mn0.1)O2 (NCM811), which is
generally time-consuming and expensive, can be significantly improved
with urea additive via FSP [1,2]. Enhanced homogeneity of lithium
atoms within the nanoparticles can be achieved with urea additive via
FSP, thereby greatly reducing the calcination time required for the
formation of the desired crystal structure and ultimately lowering the
manufacturing cost for NCMmaterial [1,2]. To achieve a comprehensive
understanding of the role of urea additive in FSP, Deng’s group con-
ducted a series of experiments of NCM811 nanomaterials production via
urea-assisted FSP, along with one-dimensional macroscopic numerical
modelling for a single precursor droplet [1,2]. They visualized the
concentration gradients of key elements within the synthesized nano-
particles via FSP as well as the morphological characteristics of a single

precursor droplet. Microexplosion of the precursor droplet is observed to
become intensified, triggered by urea additive, which leads to finer final
products with uniform element distribution.

Despite extensive recent efforts [1–4], the underlying mechanism for
the role of urea additive in the enhanced quality of NCM811 nano-
materials with improved lithium homogeneity [1,2] has not been well
understood. Without a fundamental understanding of the role of urea
additive in the FSP process, further improvement in the production of
nanomaterials via scalable and controllable FSP is difficult to be ach-
ieved. Some researchers proposed that the intensified microexplosion is
the cause for the improved lithium homogeneity [5–7], but how urea
additive influences microexplosion remains unknown. Meanwhile, pre-
vious droplet experiments were conducted away from the typical FSP
conditions, as common experimental methods face significant chal-
lenges under realistic FSP conditions. Furthermore, existing theoretical
and/or numerical studies have generally adopted a macroscopic
approach with restrictive empirical assumptions, which are unable to
gain atomistic insights into the detailed role of urea additive in the FSP
process.
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Therefore, this study aims to shed light on the formation of lithium
nanoparticles by performing the reactive molecular dynamic (MD)
simulations [8], revealing atomistic mechanisms at play, with a focus on

the role of urea additive. Extensive investigations into reaction kinetics
and pathways of lithium clusters formation, along with the decomposed
gaseous products, energy profiles and morphological variations of

Fig. 1. Impact of urea additive on the physical properties of precursor droplets, as indicated by the radial distributions of (a) total density and (b) lithium element
density at different time instants, and temporal evolutions of (c) normalized droplet diameter cubed and (d) variation rate of droplet diameter cubed, Ta = 1500 K.
The solid and dashed lines denote the results with or without urea additive, respectively.

Fig. 2. Impact of urea additive on the dynamics of precursor droplets, as indicated by slice views of the droplet (a) without additive and (b) with urea additive, and
profiles of total energy (c) without additive and (d) with urea additive, and (e) profiles of potential and kinetic energies with urea additive, Ta = 1500 K. The
thickness of slices in the z direction is 2 nm. ‘LNT’ denotes lithium nitrate.
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droplets with or without urea additive are conducted under various
ambient temperatures. As a result, the effects of urea additive on gas
formation, droplet microexplosion and lithium agglomeration are
unravelled.

2. Materials and methods

In this study, the bond-order based reactive molecular dynamics
method [8] implemented in the LAMMPS package [9] is employed. The
force fields for Li/N/O/H/C interactions [10] trained with the quantum
mechanics-calculated database are utilized to predict the chemical re-
actions. A commonly used bond-order cutoff of 0.3 Å is applied to
identify the bond connections among various atoms. A spherical pre-
cursor droplet with an initial diameter of 10 nm and temperature of 373
K, is constructed in a cubic simulation box with each side length of 40
nm. The ambient, defined as the region from the droplet surface to the
lattice boundary, is filled with oxygen gas, and the ambient density is
adjusted to maintain the ambient pressure of 0.1 MPa and the ambient
temperature range of 1500–3000 K. During the initial heating up period
(before 10 ps), the droplet is heated up to a high temperature value,
identical to the ambient temperature. The temperature and concentra-
tion distributions inside the droplets are set to be homogenous at the
start of each simulation. It should be noted that the size of droplets in
practical FSP is in the micrometer range, while the adopted droplet size
in this study is in the nanometer range due to the excessive computa-
tional cost of the ReaxFF MD simulations. It should be emphasized that
such a difference in scales would not affect the usefulness of the present
study, as the properties of particles produced by practical FSP are
determined by key phenomena such as molecular diffusion, chemical
reactions and nucleation occurring at the atomic/molecular scales.
Therefore, our study aims to provide atomistic insights into the varia-
tions in reaction kinetics caused by urea additive and the dynamics of
agglomeration of lithiummetal atoms within nanoparticles during flame
spray pyrolysis. The precursor is composed of lithium nitrate (LiNO3)
with a concentration of 2 mol/L dissolved in water. It is noted that this
study is not intended to reproduce the NCM811 system studied in the
experimental works [1,2]; instead, we focus on unravelling the roles of
urea additive and microexplosion in the redistribution of Li atoms in a
multi-component Li/N/C/O/H system. To study the effect of urea ad-
ditive, 2.5 wt% of urea is added, which aligns with the conditions of
experiments conducted by Deng et al. [1,2]. The simulation results with

higher urea concentration have been presented in Appendix A. The
droplet interface is determined by the commonly utilized ’90–10’
approach [11], which is calculated based on the densities of the liquid
phase and the surrounding. Correspondingly, the equivalent droplet
diameter and volume can be identified. Herein, the density is calculated
for each radial segment with the same thickness. In each simulation case,
a canonical ensemble (NVT) is employed with constant particle/atom
number (N), constant volume (V) and constant temperature (T) in the
system. The constant temperature is maintained via a Nose-Hoover
thermostat by adding dynamic variables coupled to the atom veloc-
ities. More details for the simulation configuration can be found in Ap-
pendix A as well as our previous work [12].

3. Results and discussion

3.1. Reaction mechanism of precursor droplets with or without urea
additive

In this section, the pyrolysis and oxidization mechanisms of lithium
precursor droplets with or without urea additive are investigated under
the ambient condition of 1500 K. Figs. 1(a) and 1(b) depict the spatial
evolutions of the total and lithium element densities at different time
instants, while Figs. 1(c) and 1(d) present the temporal evolutions of
normalized droplet diameter cubed and its variation rate, respectively.
Figs. 2(a) and 2(b) show the slice views of droplets with or without urea
additive, respectively, while Figs. 2(c) and 2(d) present the total energy
profiles for these droplets, and Fig. 2(e) displays the potential and ki-
netic energy profiles of a droplet with urea additive. The text inside the
brackets in the chemical symbols in Fig. 2 indicates the source of these
atoms. For example, ‘O[ambient]’ denotes oxygen atoms from the
environment. To identify the composition of synthesized lithium com-
pounds, Figs. 3(a) and 3(b) demonstrate the temporal evolutions of
proportions of clusters containing different numbers of lithium atoms
and differences in lithium clusters with various types of atoms with or
without urea, and Figs. 3(c) and 3(d) illustrate the temporal evolutions
of lithium bond number and gas molecular number, respectively.

Throughout the entire droplet lifetime, the total density of the pre-
cursor droplet gradually diminishes over time, as illustrated in Fig. 1(a).
Concurrently, the peak location of the total density gradually shifts away
from the droplet core until 15 ns. The droplet diameter keeps increasing
before 15 ns, as seen in Fig. 1(c) and Figs. 2(a) and 2(b). This

Fig. 3. Impact of urea additive on lithium clusters and gaseous products, as indicated by the temporal evolutions of (a) proportions of clusters containing different
number of lithium atoms (PLimX), and (b) differences in proportions of lithium compounds with or without urea (DLi clusters), and (c) number of lithium bonds
(NLi bonds), and (d) number of gas molecules (Ngas moles), Ta = 1500 K. PLimX and DLi clusters are determined by multiplying the number of LimX by n, and calculating the
difference in the proportions of clusters with or without urea (PLimX,urea − PLimX,noUrea), respectively. The solid lines in darker colours with greater thickness and the
dashed lines in lighter colours with thinner thickness in (a), (c) and (d), represent the results with or without urea, respectively.

R. He and K.H. Luo



Chemical Engineering Journal 497 (2024) 154822

4

phenomenon can be attributed to the competition among the precursor
consumption, thermal swelling due to increasing temperature, and
volume expansion by the growing internal bubble. The energy profiles in
Figs. 2(c)–2(e) reflect the dynamics of the precursor droplets. For the
droplet with urea additive, it is in the liquid state without any internal
bubble at the initial stage (5 ps). The absolute value of potential energy
within the droplet exceeds that of kinetic energy by approximately 10
times, as depicted in Fig. 2(e). This leads to a negative value of total
energy (the sum of potential and kinetic energies) inside the droplet in
Fig. 2(d). The potential energy in the droplet interior gradually increases
with time, signifying the production of gases with the less-ordered
structure within the droplet.

Despite the seemingly negligible effect of urea additive on the
droplet diameter cubed and its variation rate, as shown in Figs. 1(c) and
1(d), the dynamics of the precursor droplets with or without urea exhibit
significant disparities. Specifically, the presence of urea facilitates the
consumption of the precursor (tending to reduce the droplet size), as
indicated by the lower total density of droplet in Fig. 1(a). Conversely,
more gases are released during the decomposition of precursor with urea
additive in Fig. 3(d), which would lead to volume expansion of droplet
due to the enlarged internal bubble, as indicated by the expanded region
with the increased total energy inside the droplet at 18 ps in Figs. 2(c)
and 2(d). The detailed effect of released gas on the droplet and simu-
lation system can be found in Appendix A. Consequently, the combined
effects of precursor consumption and gas production contribute to a
small overall difference in droplet size in the cases with or without urea.
More importantly, urea additive gives rise to the more uniformly
distributed lithium atoms within the droplet, as observed from the
density profile of lithium element in Fig. 1(b). The decreased number of
large-sized lithium agglomerates (Li3+X) also implies the improved ho-
mogeneity of lithium atoms inside the droplet, as evidenced by the
cluster profile in Fig. 3(a) and snapshots in Figs. 2(a) and 2(b). These
results indicate that urea additive facilitates the formation of fine-
structured metal oxidate nanoparticles at the atomistic scale, in quali-
tative agreement with experimental results [1,2].

It was proposed that droplet microexplosion became more intensi-
fied due to urea additive, ultimately contributing to the enhanced uni-
formity of lithium atoms within final nanoparticles [1]. Here we analyse
the underlying mechanism of role of urea additive in the reaction
pathways from the precursor clusters to fine lithium products. Firstly,
the intensity of droplet microexplosion is indeed observed to be elevated
with urea additive. In the case without urea, a gas bubble appears in the
centre of the droplet, which bursts by 20 ps in Fig. 2(a). However, the
droplet as a whole has not broken up; instead, it retracts to form a

deformed droplet by 25 ps. Throughout this process, the lithium atoms
are concentrated in certain areas. In contrast, droplet microexplosion
becomes more intensified with urea additive. The strengthened micro-
explosion causes a rapid disintegration of the entire droplet, followed by
the formation of a child droplet at 20 ps in Fig. 2(b). The elevated in-
tensity of microexplosion mainly stems from the increased quantity of
gaseous products released and trapped in the droplet interior. As
depicted in Fig. 3(d), more hydrogen gas and carbon oxides are pro-
duced with urea additive, which results in an enlarged internal bubble at
18 ps, as compared in Figs. 2(c) and 2(d).

At the fundamental level, the influence of urea additive on the for-
mation of fine lithium products can be explained by the variations in the
reaction pathways of precursor clusters. Three typical reaction pathways
of lithium clusters comprising different numbers of lithium atoms with
urea additive are illustrated in Fig. 4. With urea additive, the bond
connections among different lithium atoms become weak, as evidenced
by the reduced number of Li–Li bonds in Fig. 3(c). Instead, they tend to
bond with atoms in urea molecules to form lithium compounds with the
chemical formula of LimNxOyCzHi, as inferred by the positive differences
in the proportions of LimNxOyCzHi in Fig. 3(b). Taking Li9NxOyCHz in
Fig. 4(a) as an example, it is generated via bonding among lithium,
oxygen, carbon and nitrate atoms from urea molecules. However, the
numbers of Li–O and Li–N bonds are not increased as expected, as seen
in Fig. 3(c). This is because the bonds connecting lithium, oxygen, car-
bon and nitrate atoms from urea molecules rapidly break down, as
depicted in Fig. 4, decomposing the large lithium cluster and finally
yielding several small lithium oxides products, i.e., LiOH and LiO2H2.
Similarly, lithium clusters comprising five and two lithium atoms in
Figs. 4(b) and 4(c), respectively, decompose into fine lithium nano-
particles, such as Li3O3 and Li2O2H. The differences in lithium bond
number with or without urea additive become noticeable from 8 ns
onwards (Fig. 3(c)), and the variations in the probabilities of large
lithium clusters (Li3X and Li3+X) start from the same time instant (Fig. 3
(a)), which also demonstrates the role of urea additive in forming fine
lithium clusters by altering their bond connections. Throughout this
process, several by-products of urea, such as ammeline and ammelide
(CiNxOyHz) are captured, as indicated by the grey dashed circle in Fig. 4
(a), which is aligned with thermogravimetric experimental results of
urea [13–15]. In general, urea additive prevents the accumulation of
lithium atoms into clusters by altering the reaction pathways of lithium-
related reactions.

Fig. 4. Reaction pathways of lithium clusters with urea additive (a) clusters containing nine Li atoms, (b) clusters containing five Li atoms and (c) clusters containing
two Li atoms, Ta = 1500 K. The primary bond breaking involving lithium and urea atoms is illustrated, and the chemical formulas in blue signify finer lithium
products induced by urea additive. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.2. Impact of urea additive at various ambient temperatures

Unlike the nearly constant variation rate of droplet diameter cubed
at 1500 K in Section 3.1, the precursor droplets with or without urea
additive feature distinct behaviours at higher ambient temperatures
ranging from 2000 to 3000 K, as displayed in Fig. 5(a). Taking the case
with urea at 2000 K as an example, the variation rate of droplet diameter
cubed initially increases to a peak value of 1.27 ps− 1 at 21 ps and then
promptly decreases. However, as the ambient temperature is further
elevated, the influence of urea additive on the droplet characteristics
gradually diminishes, reflected by the reducing difference in droplet
diameter cubed. To quantify the composition of synthesized lithium
nanoparticles, Fig. 5(b) shows the proportion of synthesized clusters
containing various numbers of lithium atoms at the time when the
droplet fragments. As the ambient temperature rises from 1500 to 2000
and 3000 K, the proportion of agglomerates containing more than five
lithium atoms (Li5+X) rapidly decreases from 21 %, 9 % to 3 %. Mean-
while, the proportions of LiX and Li2X progressively climb from 49 %,
56 % to 55 % and 12 %, 21 % to 26 %, respectively. These observations
suggest that urea additive enhances the production of fine lithium
nanoparticles with increasing ambient temperature.

4. Conclusions

This work has elucidated the role of urea additive in nanoparticle
synthesis by conducting reactive MD simulations of lithium precursor
nanodroplets exposed to various ambient temperatures. Comprehensive
analyses of reaction kinetics and pathways of lithium clusters, along
with the gas products, energy profiles and morphological characteristics
of droplets are carried out. The presence of urea additive facilitates the
uniform distribution of lithium atoms within the synthesized nano-
particles, as indicated by the less concentrated density profile of lithium
atoms and the decreased amount of large lithium agglomerates. The
underlying cause for the formation of fine lithium nanoparticles lies in
the changed reaction pathways of precursor clusters due to urea addi-
tive. Specifically, large lithium clusters decompose into several small
oxide nanoparticles through initial bonding with urea atoms and then
bond-breaking. Additionally, the changed reaction pathways caused by
urea additive trigger more intensified droplet microexplosion into
smaller droplets, evidenced by the enlarged internal bubble stemming
from the increased amount of decomposed gases trapped in the droplet
interior, such as carbon oxides and hydrogen gases. As the ambient

temperature rises from 1500 to 3000 K, the effect of urea additive on the
improved homogeneity of lithium atoms within the nanoparticles first
picks up and then moderates.
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