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Molecular dynamics study on evaporation of metal
hitrate-containing nanodroplets in flame spray

Dingyu Hou,i Geng Wang, Jingqi Gao and Kai H. Luo ‘&' *

Flame spray pyrolysis (FSP) provides an advantageous synthetic route for LiNi;_,_,CoMn,O, (NCM)

materials, which are one of the most practical and promising cathode materials for Li-ion batteries.

However, a detailed understanding of the NCM nanoparticle formation mechanisms through FSP is

lacking. To shed light on the evaporation of NCM precursor droplets in FSP, in this work, we employ clas-

sical molecular dynamics (MD) simulations to explore the dynamic evaporation process of nanodroplets
composed of metal nitrates (including LINO3, Ni(NOz),, Co(NOg3),, and Mn(NOs), as solutes) and water (as
solvent) from a microscopic point of view. Quantitative analysis on the evaporation process has been per-

formed by tracking the temporal evolution of key features including the radial distribution of mass density,

the radial distribution of number density of metal ions, droplet diameter, and coordination number (CN)

of metal ions with oxygen atoms. Our MD simulation results show that during the evaporation of an
MNO3-containing (M = Li, Ni, Co, or Mn) nanodroplet, Ni%*, Co?*, and Mn?* will precipitate on the droplet
surface, forming a solvent—core—solute—shell structure; whereas the distribution of Li* within the evapor-

ating LiINO3-containing droplet is more even due to the high diffusivity of Li* compared with other metal

ions. For the evaporation of a Ni(NOs),- or Co(NOs),-containing nanodroplet, the temporal evolution of
the CN of M—OW (M = Ni or Co; OW represents O atoms from water) suggests a “free H,O" evaporation
stage, during which both CN of M—OW and CN of M—ON are unchanged with time. Evaporation rate con-

Received 4th January 2023,
Accepted 23rd February 2023

DOI: 10.1039/d3nr00060e

rsc.li/nanoscale

1. Introduction

LiNi;_,_,Co,Mn,0, (NCM) is one of the most promising
cathode materials for Li-ion batteries (LIBs) today." Currently,
commercial NCM materials for LIB cathodes are produced
mainly by the solid-state method or the co-precipitation
method.>” However, both of these synthetic routes require
complex mixing, drying, and high-temperature (>750 °C) sin-
tering process, making it hard to reduce the cathode material
production cost, thus impeding the expansion of commercial
markets of Electric Vehicles (EVs). In contrast, flame spray
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stants at various conditions are extracted by making analogy to the classical D? law for droplet evapor-
ation. Unlike Ni or Co, CN of Mn—-OW keeps changing with time, yet the temporal evolution of the
squared droplet diameter indicates the evaporation rate for a Ni(NOs),-, Co(NOs),-, or Mn(NO3),-con-
taining droplet is hardly affected by the different types of the metal ions.

pyrolysis (FSP) provides an alternative and promising synthetic
route for NCM materials.>* The advantages of FSP include
controllable particle morphology with specifically engineered
functionalities, wide particle sizes ranging from the nanoscale
to several microns, a reduced number of processing steps, the
capability to produce particles with desirable uniformity of
different components, and the potential for scalable
synthesis.”™® In addition, it is more environmentally friendly
than the traditional methods that can result in large volumes
of ion-containing liquid wastes. Furthermore, a recent techno-
economic analysis of cathode material production pointed out
the minimum cathode material selling price (MCSP) of FSP is
17% lower than the traditional co-precipitation pathway, and
could be further decreased if the process is integrated with
in situ sintering.”

In the synthesis of NCM materials by FSP, the first step is to
atomize the precursor solution into precursor droplets. Metal
nitrates dissolved in deionized water are one of the most
common choices for the precursor solutions.>'" After atomiza-
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tion, the metal nitrates-containing precursor droplets usually
enter a preheat zone (~450 K) first before they are delivered to
the high-temperature flame region (can reach ~2000 K), where
they undergo a series of processes including evaporation of
the solvent, thermal decomposition of the metal nitrates, par-
ticle inception, coagulation, and sintering before they are even-
tually transformed into the desired NCM materials.? Although
FSP has been demonstrated to be a promising approach to
synthesizing NCM cathode materials in lab-scale experiments,
a detailed understanding of the NCM particle formation
mechanisms in FSP is still lacking, which can hinder the
further development of the FSP technology. Knowing how par-
ticles form from liquid precursor through flames is of vital
importance for active control/design of the properties of the
flame synthesized products, otherwise the optimal operating
conditions to obtain the desired products have to be deter-
mined by engineers through trial and error.

Among the aforementioned FSP processes, the very first
step, i.e., solvent evaporation, which is always accompanied by
solute diffusion and precipitation within the droplet, can have
a significant effect on both the size and morphology of the
final product. According to a comprehensive review article,'?
by carefully choosing the types and concentrations of precur-
sors, designing the drying condition, and adding certain sup-
porting materials, particles in various morphology can be
obtained, such as dense spherical particles, porous particles,
hollow particles, encapsulated particles, or even doughnut-
shaped particles. A detailed understanding of the solvent evap-
oration, as well as the simultaneous solute diffusion inside the
droplet, is beneficial to design the process of synthesizing
NCM materials via FSP. However, the typical time scale of
droplet-to-particle conversion in high-temperature flames can
be extremely short (usually on the order microseconds),
making it difficult to investigate the evaporation process
merely based on experimental instruments.®'® Besides, in an
FSP experiment, it is challenging to isolate the droplet evapor-
ation process for examination, as the solvent evaporation may
be coupled with other processes during the droplet-to-particle
conversion, such as collisions of the droplets, thermal
decomposition of the solute, particle inception, etc. In this
regard, as a complement to current experimental techniques,
the molecular dynamics (MD) simulation method presents to
be a powerful tool to provide atomic insights into the droplet
evaporation process in the context of FSP synthesized NCM
materials. In MD simulations, besides intermolecular inter-
action potentials, no prior assumptions (such as the absence
of temperature gradient within the droplet) are required to
describe the droplet evaporation.'** In fact, MD simulations
have already been successfully deployed to investigate the
evaporation of nanodroplets in various scenarios from a micro-
scopic point of view. For example, Gong et al.'® and Xiao
et al.'” studied the evaporation of a single hydrocarbon fuel
droplet under both sub- and super-critical nitrogen environ-
ments, and proposed the criterion to determine the transition
of the dominant mixing mode from evaporation to diffusion
during fuel-ambient gas mixing. Wu et al.'® simulated the
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dynamic evaporation process of a difluoromethane (CH,F,,
also called “R32”) nanodroplet under different conditions to
analyze the effects of different parameters on the evaporation
rate. More complicated conditions such as evaporation of
water droplets with dissolved salt (LiCl, NaCl, and KCl) in the
presence of an electric field"**° or the evaporation of a nano-
droplet with net charges® > have also been investigated, as
such knowledge is important for understanding the electro-
spinning and electrospray mass spectrometry experiments.

However, the evaporation of droplets composed of tran-
sition metal nitrates (i.e., Ni(NO;),, Co(NO3),, Mn(NO3),) as
solute and water as solvent is less explored both experimentally
and computationally. One of the reasons for the lack of
research in such area may be that FSP synthesis of NCM
materials using metal nitrates solutions as the precursor is
just emerging. To the best of the authors’ knowledge, the ear-
liest report of FSP synthesized LiNi, gCoy1Mng 0, (NCM811)
particles dates back to the work of Abram et al.® in 2019. The
nickel-rich cathode material NCM811 has been regarded as the
cathode materials for next-generation LIBs mainly owing to its
higher capacity and lower cost compared with its preceding
counterpart—LiNij 33C00 33Mng 330, (NCM111). In the afore-
mentioned pioneering experimental study of Abram et al.,?
besides NCM811, the authors also synthesized NCM111 for
comparison. The precursor solutions for NCM811 and
NCM111 were prepared by dissolving Ni(NO3),, Co(NO;),, Mn
(NO3),, and LiNO; in deionized water in the required pro-
portions (molar ratios of Ni*":Co* :Mn*" = 8:1:1 for
NCMS811; 1:1:1 for NCM111), while the total concentration of
transition metal ions (Ni**, Co®", Mn®") and lithium ions (Li")
were kept the same. Interestingly, the morphology of the FSP
synthesized NCM811 and NCM111 particles is quite different.
Most as-synthesized NCM111 particles are spherical in shape
while NCM811 particles appear much irregular. However, no
conclusive explanations exist for the distinct morphology of
the FSP synthesized NMC811 and NMC111 particles, although
the authors suspected that it might be caused by the different
evaporation behavior of the NCM811 and NCM111 precursor
droplets in flame.

In this work, we employ MD simulations to explore the
dynamic evaporation process of nanodroplets composed of
transition metal nitrates as solute and water as solvent from a
microscopic point of view. Since this is the first step towards
providing a fundamental understanding of the evaporation of
NCM precursor droplets, we examine the dynamic evaporation
process of nanodroplets containing only one metal nitrate, i.e.,
a nanodroplet with Ni(NO3),, Co(NO3),, Mn(NO3), or LiNO;
being the solute and water being the solvent, because such
knowledge serves as building blocks for understanding the
evaporation of droplets containing multiple metal nitrates.
More specifically, in this work, we investigate the evaporation
of a nanodroplet composed of metal nitrates (M(NOs), M = Li,
Co, Mn, Ni) and water suspended in ambient nitrogen in a
temperature range of 1000-3000 K using classical MD simu-
lations. The evaporation rate of the solute-containing nanodro-
plets is compared with that of a pure water droplet. The effects

This journal is © The Royal Society of Chemistry 2023
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of temperature, solution concentration, and metal ion type on
the dynamic evaporation process of a nanodroplet are deter-
mined based on the simulation results.

2. Simulation methods

2.1. Simulation setup

Fig. 1 illustrates the initial configuration for MD simulation of
the evaporation of a nanodroplet with Ni(NOs), being the
solute and H,O being the solvent suspending in the ambient
nitrogen. The size of the simulation box is 500 x 500 x 500 A®,
and periodic boundary conditions are used in all three dimen-
sions. The initial diameter of the nanodroplet is ~10 nm and
the nanodroplet is placed at the center of the simulation box.
The initial atom coordinates of the central nanodroplet shown
in Fig. 1 are generated in two steps: (1) Randomly pack 315
Ni*, 630 NO;~, and 17 518 H,O within a confined spherical
region with diameter = 11 nm using the PACKMOL software.>®
This corresponds to a solution concentration of 1 mole solute
per liter solvent, ie., H,O. For solutions of other concen-
trations (see Table 1 for all simulation conditions), different
number of metal ions and nitrate ions are used to build the
initial structure in the same manner. (2) Equilibrate this nano-
droplet in a vacuum simulation box at 300 K for 500 ps. Fig. S4
in the ESIT shows the potential energy of the system versus
time during equilibration, suggesting 200 ps is enough for the
Ni(NOj3), nanodroplet to reach an equilibrium state at 300 K.
Hence, three configurations after 200 ps are randomly selected
(in uniform distribution) from the equilibration trajectory to
serve as the initial configurations for the evaporation simu-
lation. The canonical ensemble (i.e., controlled particle
number, volume and temperature, NVT) is used during the
equilibration process with a 1.0 fs time step. Constant temp-

(a)
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Table 1 Simulation conditions

Solution concentration

Solute Solvent (mol L™" H,0) Ambient N, T (K)

Ni(NO;), 17518 H,0 1, 3,5.4° 1000, 1500, 2000,
2500, 3000

Co(NO3), 5.4 2000

Mn(NO;), 5.4 2000

LiNO;3 5.4 2000

— 17518 H,O 0 1000, 1500, 2000,
2500, 3000

“The solubility of Ni(NO;), in H,O at 298 K is 5.4 mol L™ H,0.?

erature is maintained by the Nosé-Hoover thermostat with a
damping constant of 100 fs.

To simulate the evaporation process, the equilibrated Ni
(NO3), nanodroplet is then surrounded by hot ambient gas.
The initial configuration of the ambient nitrogen is generated
by randomly packing 30580 N, molecules in the region
outside the nanodroplet and inside the simulation box using
the PACKMOL software.>® This corresponds to an ambient
pressure of 10 atm which is higher than that of the FSP experi-
ment condition (usually 1 atm), however, increasing the
number of the surrounding N, molecules can enhance heat
transfer from the ambient N, to the nanodroplet by increasing
the collision frequency between N, molecules and the central
droplet, so that the dynamic evaporation of the nanodroplet
can be observed within a reasonable amount of computational
time. In fact, this is a common technique used in MD studies
to accelerate the process that is concerned as the typical time
scale that MD simulations can handle currently is on the order
of nanosecond. For example, Zhan et al.”” investigated the
evaporation of a 6 nm single wastewater droplet surrounded by
N, using MD simulations, in which the ambient pressure of N,
was set at ~15 atm instead of 1 atm.

AmbientN, /S
Thermostat region .._1-/
Outside D =30 nm
sphere

Ni(NO;), nanodroplet
d, ~10 nm; Contains
17518 H,0 molecules

@ Ni
O N {(inNOy) e i

@ 0 (inNOy) //' BN
. \.
@ H/O inwater Box L=50 nm ?

O N{(inN,)

Fig. 1

Initial configuration for evaporation simulation of a 10 nm nickel nitrate (Ni(NOs),)-containing nanodroplet suspended in the nitrogen

ambient. The thermostat region is placed outside the 30 nm sphere as illustrated by the blue dashed circle (a); Zoomed-in orthographic view of the
nanodroplet (b); Zoomed-in view of the nanodroplet with water molecules (c1) and without (c2). Ni atoms are in reddish-orange; N atoms in NOz~
are in yellow; O atoms in NO3™ are in orange; H and O atoms in water are in cyan; N atoms in N are in light yellow.

This journal is © The Royal Society of Chemistry 2023
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For each evaporation case, we start the MD simulation with
potential energy minimization using the conjugated gradient
(CG) algorithm to eliminate possible irrational initial geometries,
which may be induced by assembling the nanodroplet with the
surrounding N, molecules. As mentioned earlier, the heating
method is used to initiate the evaporation of the nanodroplet. As
shown in Table 1, the temperatures of the ambient N, are in the
range of 1000 K-3000 K, which cover the typical flame tempera-
ture in FSP; while the initial temperature of the droplet is 300 K.
The evaporation simulations are performed using the micro-
canonical ensemble (i.e., controlled particle number, volume and
energy, NVE). The region outside of the sphere with a radius of
15 nm as shown by the dashed blue circle in Fig. 1 is the “ther-
mostat region”. The translational velocities of the N, molecules
located in this region are rescaled every time step according to

Lol 3TksN;
i i 2E)

new __

v (1)
where Ej represents the total kinetic energy of the N, atoms in
the thermostat region, v*" is the velocity of molecule i after
scaling, 199 is the velocity before scaling, T indicates the target
ambient temperature, kg is the Boltzmann constant. In this way,
the temperature of this region could be kept at a constant target
value. In addition, an H,O molecule will be removed if one of
its atoms enters the thermostat region, so that the influence of
vapor phase water molecules on the droplet evaporation process
is eliminated, and the evaporation of the nanodroplet can be
thought of as taking place in an infinite space.’®'”*” A 1.0 fs
time step is used during the droplet evaporation simulation.
The total simulation time for evaporation depends on the
specific simulation conditions listed in Table 1 and is in the
range of 1 to 10 ns. For each condition, the evaporation simu-
lation will not end until the number of H,O molecules within
the droplet reduces from 17518 to a value that is equal to the
number of Me(NO;), (Me = Ni/Co/Mn) or LiNO; within the
droplet, ie., the water-salt-ratio (WSR) reduces to 1. For post-
processing, atomic positions are collected every 10 ps from the
MD simulation trajectories. MD simulations in this work are
performed using the Large-scale Atomic/Molecular Massively
Parallel Simulator (LAMMPS) package.”® The MOLTEMLATE
software is used to facilitate generating the LAMMPS data file.”®
Snapshots are prepared by OVITO.*°

2.2. Force field parameters

In MD simulations, positions and velocities of the atoms are
updated according to the interatomic potential and the 2nd
Newton’s Law. Table 2 lists the parameters of the inter-
molecular potential used in this work for describing the
dynamic evolution of various aqueous metal nitrates solution.
The non-bonded interaction between a pair of atoms i, j, is
described by the Lennard-Jones (L-J) 12-6 potential and the

coulombic potential:
o \12 /5O
! [(r,»j T ?
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Table 2 Atomic charges and parameters of the Lennard—-Jones (L-J)

intermolecular potentials for the agqueous metal nitrate solution and
ambient nitrogen molecules

Atom type Charge &; (keal mol™) oii (A) Ref.
Li* 1.0 5.950 x 107> 2.343 31
Ni** 2.0 1.179 x 1072 2.446 32
Mn** 2.0 2.960 x 1072 2.614 32
Co* 2.0 1.636 x 1072 2.502 32
N(in NO;") 0.8603 2.001 x 107* 3.9 33-35
O(in NO;") —0.6201 1.551 x 107* 3.154 33-35
O(in H,0) —0.8476 1.553 x 107* 3.166 36
H(in H,0) 0.4238 0.0 0.0 36
N(in N) 0.0 7.239 x 1072 3.32 16

where &, is the vacuum permittivity, g; and ¢; are the charges
on atoms i and j, r;; is the distance between atoms 7 and j, o is
the zero-energy separation distance, and ¢; is the potential
well depth. For interactions between atoms of different types,
the Lorentz-Berthelot mixing rules®”

oy =21 JZF U ey = oy (3)
are applied to calculate the corresponding o; and e
Truncated distances are set to 10 A. The long-range coulombic
force is calculated using the particle-particle particle-mesh
(PPPM) technique.*® The interactions between water molecules
are characterized by the extended simple point charge (SPC/E)
rigid model.*® This model has been widely used to investigate
various dynamic processes involving nano-sized water dro-
plets, such as evaporation of water nanodroplets® and wett-
ability of water nanodroplets on solid substrates.® The
ambient nitrogen molecules are modelled as a two-site rigid
body.'®'” Geometry parameters of H,0, NO;~, and N, mole-
cules are presented in Table 3. Bonds and angles of water
molecules, nitrate ions, and nitrogen molecules are fixed by
the SHAKE algorithm.*>

2.3. Force field validation

Before simulating the evaporation of a solute-containing nano-
droplet, two simpler cases are carried out to verify the force
field parameters. We first simulated the evaporation of a pure
water droplet, the initial diameter of which is 10 nm, and it is
suspended in 10 atm ambient N, at T = 1000 K. Fig. S1(a)f
shows the temporal evolution of the droplet temperature and
the number of water molecules within the droplet during the
evaporation process. According to Fig. S1(a),t the evaporation

Table 3 Geometry parameters of nitrate ion, water molecule and nitro-
gen molecule

Molecule Bond length (A) Bond angle (°) Ref.

NO,™ ¢ dn.o=1.27 Oo-n-0 = 120° 40 and 41
H,0 (SPC/E) don=1.0 Ono-n = 109.47° 36

N, dnn = 1.106 16

“NO;™ has a planar structure.

This journal is © The Royal Society of Chemistry 2023
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of the water droplet achieves a quasi-equilibrium state at
~1500 ps, after when the droplet temperature stabilized at
~450 K, i.e., the boiling point (Tj,,) of water in 10 atm ambient
N, is ~450 K based on our MD simulations, which is in good
agreement with Ty, = 452.9 K for saturated water at 10 atm
based on theoretical calculations*® (since the droplet is evapor-
ating, it is at the saturation state). Fig. S1(b)f illustrates the
radial distribution of mass density of the water droplet after it
enters the quasi-equilibrium evaporation state. Based on
Fig. S1(b),t the mass density inside the droplet is around
0.88 g cm™*, which is close to the calculated mass density of
saturated water at 10 atm: p = 0.887 & em™3,

We also calculated the diffusion coefficient of Ni** (Dy;) in
bulk Ni(NO,), solution with a concentration of 1.1 mol L™" at
300 K using MD simulations. Detailed procedures of calculat-
ing Dy; are provided in the ESL{ Dy; = (5.45 + 0.457) x 107*°
m?> s' is obtained based on five replica MD runs, which is
comparable to the experimental data for the diffusion coeffi-
cient of Ni** in unbounded aqueous solution: Dy; = 6.61 x
1071° m? s71.**® Note that in MD simulations Dy; is calcu-
lated in 1.1 mol L' Ni(NOs), solution while the available
experimental data is for Ni** diffusion in Ni(NOj;), solution of
infinite dilution. The different solution concentration between
MD simulations and experimental conditions could lead to
slight deviation of the MD simulated Dy; from the experi-
mental value, however, it is less practical to simulate Ni(NOj3),
solution in infinite dilution.

3. Results and discussion

3.1. Dynamic process of evaporation of a nickel nitrate
droplet

Fig. 2 illustrates the dynamic evaporation process of a 10 nm
Ni(NOj3), nanodroplet suspended in ambient N, at 2500 K. As
the solvent H,O molecules are evaporated from the droplet,
the droplet diameter is decreasing with time, until most of the

@ Ni

O N (in NOy)
® 0 (inNOy) i
@ H/O in water : %
O N (in N,)

3440 ps

View Article Online
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H,0 molecules are evaporated. The snapshots in Fig. 2 clearly
show that the Ni(NO;), solute tends to precipitate on the
droplet surface during evaporation, forming a solvent(H,0)-
core-solute(Ni(NO;),)-shell structure, as demonstrated by the
slice view of the droplet at ~2180 ps. Complete animations
(ortho view and slice view; each animation contains 400 frames
in total, which are extracted every 10 ps along the simulated
trajectory) of the dynamic evaporation process of the Ni(NO;),-
containing nanodroplets are provided in the ESL.}

To quantitatively describe the evaporation process, the
droplet is divided into a series of concentric spherical shells
with a thickness & = 1.0 A as illustrated in Fig. 3. By calculating
the mass density of each shell, the radial distribution of mass
density of the droplet can be obtained. Fig. 3 shows the radial
distribution of mass density at different times during the evap-
oration of a 10 nm Ni(NO); droplet with an initial solution
concentration of 5.4 mol L' in 2500 K N,. Before 1040 ps,
mass density of the entire droplet is almost at a constant value
of ~1.5 g ecm™ except for the interface region between the
droplet surface and ambient N,. However, the mass density
shows an obvious gradient versus radial position at 2010 ps
and 2180 ps, suggesting an inhomogeneous distribution of the
solute (Ni(NOs),, molar mass M = 182.7 ¢ mol ') and solvent
molecules (H,0, M = 18.0 g mol™") within the droplet. As the
evaporation continue, the mass density gradient along the
radial direction disappears as illustrated by the radial distri-
bution of p at 3440 ps in Fig. 3. This is because at this stage,
almost all of the solvent H,O molecules are evaporated,
leaving the dehydrated Ni(NOs), solutes. The radial distri-
bution of mass density is also useful to estimate the droplet
radius. Take the initial state of evaporation (¢ = 0) as an
example. The mass density in the inner region of the droplet
(i.e., at radial position r ~ 20 A) can be regarded as the bulk
density of Ni(NO;), solution (p = 1.48 g cm™>). In the interface
region between the droplet and ambient N,, mass density of
the spherical shells decreases rapidly with increasing r. The
radial position at which the mass density decreases to half of

t3= 1040 ps

7,

2180 ps t,= 2010 ps

Fig. 2 Snapshots (slice view) at several typical time during the evaporation of a 10 nm Ni(NOs),-containing nanodroplet. The initial solution con-
centration is 5.4 mol L™, Ambient nitrogen is at 2500 K. Ni atoms are in reddish-orange; N atoms in NOs~ are in yellow; O atoms in NOs~ are in
orange; H and O atoms in water are in cyan; N atoms in N; are in light yellow.

This journal is © The Royal Society of Chemistry 2023
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o (g/cm?3)

r (&)

Fig. 3 Radial distribution of mass density during the evaporation of a 10 nm Ni(NOs),-containing nanodroplet at different times. The initial solution

concentration is 5.4 mol L™, Ambient nitrogen is at 2500 K.

the bulk density is estimated as the radius of the droplet (r, =
55 A at ¢ = 0). In this way, droplet radius is calculated every
1 ps during evaporation, so that the evolution of droplet size
during evaporation can be tracked and analyzed as suggested
in Fig. 5.

Fig. 4(a) illustrates the temporal evolution of the micro-
structure, ie., Ni-O atom pair, during evaporation of a Ni
(NO3),-containing nanodroplet. The coordination number
(CN) shown in Fig. 4(a) measures the number of O atoms
around a Ni** ion within a predefined cutoff distance, which is
averaged over all Ni** ions within the droplet. In this work, an
atomic distance cutoff 2.5 A is employed to perform the coordi-
nation analysis based on the radial distribution function
(RDF) of the Ni-O atom pair within the droplet. Fig. S57 illus-
trates the Ni-O RDF diagram at different time during the evap-
oration of a Ni(NOs),-containing nanodroplet, suggesting the
location of the first peak of gni_o(r) is almost independent with
the solution concentration inside the droplet, i.e., the water—

salt-ratio (WSR, which can be calculated as ny,0/fnigno,), With
t, t, t,
T T T
B hren e — S — i
! : '"...""'.u«-. :
— 5 i : : .“.T..n.”."'”n
[} i i ]
Q0 i 1 i
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ny,o being the number of H,O molecules and nyinos). being
the number of solute molecules, ie., Ni(NOs),, within the
droplet). The coordinated O atoms are divided into two groups
according to whether it is from a nitrate ion (denoted as ON)
or a solvent water molecule (denoted as OW). As suggested by
Fig. 4(a), at the beginning stage of droplet evaporation (before
time ¢,), both the coordination number (CN) of Ni-ON and Ni-
OW are constant. On average, one Ni** is coordinated with ~4
O atoms from H,0 and ~2 O atoms from NO;~, leading to a
total Ni-O coordination number equal to 6. As the evaporation
process proceeds, Ni** will be gradually dehydrated from water
molecules and will interact with the NO;~ ions more fre-
quently, which can be reflected by the decreasing CN of Ni-
OW and increasing CN of Ni-ON. The total CN of Ni-O keeps
decreasing with time. After time ¢, (corresponds to WSR = 1),
when most of the H,O molecules are evaporated, CN of Ni-OW
is close to zero, while CN of Ni-ON is basically stable over time
at some value below 5. The snapshots in Fig. 2 clearly show
the formation of Ni(NOj3), clusters/shells at this stage.
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Fig. 4 Temporal evolution of the Ni—O coordination number during the evaporation of a 10 nm Ni(NOz3), nanodroplet (a); temporal evolution of
the droplet temperature (left y-axis) and the water—salt-ratio (WSR; right y-axis) during the evaporation of a 10 nm Ni(NOs3), nanodroplet (b). The

initial solution concentration is 5.4 mol L™, Ambient nitrogen is at 2500 K.
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Fig. 4(b) shows the temporal evolution of the water-salt-
ratio (WSR) during the evaporation process. On the basis of
Fig. 4(a) and (b), the evaporation of a Ni(NOs), droplet can be
divided into four stages as illustrated by the vertical dash-
dotted lines labeled from ¢; through ¢, to assist quantitative
analysis of the evaporation process. The first stage starts from
the very beginning to ¢;, which can be regarded as the preheat-
ing stage. ¢, is determined as the time when 1% of the water
molecules are evaporated. During the preheating stage, WSR of
the droplet is nearly unchanged while the droplet temperature
rises from 300 K to around 400 K due to the heat transfer from
the ambient N, molecules to the droplet through collisions
between the molecules. From ¢, to ¢,, as water molecules keep
evaporating from the droplet, WSR of the droplet decreases
from ~10 to ~6. However, during this stage, the coordination
number of both Ni-OW and Ni-ON are unchanged, meaning
that the micro-structure of Ni**~H,0-NO;~ cluster is hardly
changed. Therefore, the ¢;-t, stage is named as the “free H,O”
evaporation stage. ¢; denotes the time when the coordination
number of Ni-OW is equal to that of Ni-ON. It marks the time
when the micro-structure of the Ni*'-H,0-NO; ™~ cluster is con-
verted. Before t;, Ni*" is coordinated with more H,O molecules
than NO;™. After t;, Ni*" is coordinated with more NO;~ than
H,0 molecules. t, corresponds to the time when WSR of the
droplet decreases to 1, ie., the number of H,O molecules
equals to the number of metal ions within the droplet. At ¢,,
evaporation almost finishes as most of the water molecules
have been lost, hence ¢, can also be regarded as the lifetime of
the droplet during evaporation.

Besides WSR, Fig. 4(b) also shows the temporal evolution of
the temperature of the Ni(NOj), droplet during evaporation.
As the interface between the droplet and ambient gas can be
ambiguous during droplet evaporation, here the droplet temp-
erature is estimated based on the kinetic energy of all atoms of
H,O0 molecules, Ni** ions, and NO;~ ions within the D = 30 nm
spherical region. With the solvent H,O molecules being evap-
orated constantly, the droplet temperature increases rapidly. It
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is worth mentioning that the thermal decomposition tempera-
ture of Ni(NO;), is around 600 K based on experimental
measurements,*”*® while our MD simulation results show that
the droplet temperature reaches ~1000 K when WSR decreases
to ~2. This indicates that the evaporation of the solvent H,O
molecules and the thermal decomposition of the solute Ni
(NOj3), may be coupled with each other during the evaporation
of a Ni(NOj;),-containing nanodroplet, causing the problem
more complicated. Further investigations using reactive mole-
cular dynamics simulations are to be conducted.

To make comparison with the classical droplet evaporation
model, ie., the D* law,"®° the temporal evolution of the
squared droplet diameter (normalized by d%, where d, is the
initial droplet diameter) during the evaporation of a 10 nm Ni
(NOj3),-containing droplet is illustrated in Fig. 5. According to
the D* law, the square of droplet diameter will decrease line-
arly with the time supposing the droplet is in the quasi-equili-
brium evaporation state:

dy — d*(t) = Kevapt + b (4)
where d, is the initial droplet diameter, d(¢) is the instan-
taneous droplet diameter at time ¢, K is the evaporation rate
constant, and b is a fitting constant. Interestingly, Fig. 5(a)
shows that d*/d2 decreases almost linearly with time during
the “free H,O” evaporation stage, ie., from ¢ to ¢,. The
inserted table aside Fig. 5(a) provides the fitted evaporation
constant K., from three replica runs of a 10 nm Ni(NO;),-
containing droplet evaporating in 2500 K ambient N,, together
with the fitting quality (indicated by the value of R*) and the
number of fitting points used in each replica run. Multiple
runs are performed for the same evaporation condition
because MD simulations have statistical noise. As mentioned
in Section 2.1, the initial configurations of the Ni(NOs),-con-
taining nanodroplet in these replica runs are obtained by
sampling from the equilibration trajectory at different time
after the equilibrium state has been achieved at 300 K. Taking

(b)
. Kewli0tms) R JEEER
1 4172 0935 482
2 4371 0924 448
3 4.075 0.903 433
Avg.  4.206 +0.1509

Fig. 5 Temporal evolution of normalized square droplet diameter (left y-axis) versus time; temporal evolution of water—salt-ratio (WSR; right y-axis)
during evaporation of a 10 nm Ni(NOg3), droplet (a); The fitted evaporation rate constant K.,., from three replica simulations (b). The droplet initial

solution concentration is 5.4 mol L™%. Ambient N, is at 2500 K.
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the average of the three replica MD simulations, the evapor-
ation rate constant of a 10 nm Ni(NOj),-containing droplet
evaporating in 2500 K ambient N, is finally estimated as (4.206
+0.1509) x 10% m* s, After t,, d*/d? is still decreasing with
time, yet the scatters gradually deviate from the D” law. This is
because the solution within the droplet is becoming more and
more concentrated as the evaporation proceeds, hence it is
becoming more and more difficult for the remaining H,O
molecules to overcome the strong attraction from the solute
ions (i.e., Ni**, NO;") and evaporate into the gas phase. d*/d2
does not reduce to 0 because the Ni(NO;), solute will remain
after most of the H,O molecules are evaporated. Finally, d*/d2
~ 0.6 at the end of droplet evaporation.

3.2. Effect of initial solution concentration and ambient gas
temperature on droplet evaporation

To study the effect of initial solution concentration and
ambient gas temperature on the dynamic evaporation process
of a solute-containing nanodroplet, the evaporation of Ni
(NO3),-containing nanodroplets with various initial solution
concentrations suspended in ambient N, at different tempera-
tures ranging from 1000 K to 3000 K has been investigated
through MD simulations. Fig. 6 illustrates the temporal evol-
ution of the radial distribution of mass density during the
evaporation of a 10 nm Ni(NOs),-containing droplet, the initial
solution concentration of which is 1.0 mol L™ (more dilute
than the case discussed in section 3.1) and the ambient N, is
at 1500 K (cooler than the case discussed in section 3.1). In
contrast with the droplet evaporation starting from a much
higher solution concentration and being surrounded by much
hotter ambient N,, no obvious mass density gradient along the
radial direction within the droplet can be observed throughout
the evaporation process, suggesting that the solute (Ni** and

- t=0

327 ps
+ 2157 ns
- 3009 ns
3986 ps

330ps 2160 ps 3010 ps

3990ps 5000 ps

Fig. 6 Radial distribution of mass density during the evaporation of a
10 nm Ni(NOg3),-containing nanodroplet at different times. The initial
solution concentration is 1.0 mol L™ and the ambient N, is at 1500 K.
The snapshots below are slice view of the droplet at different times
during evaporation. Refer to the legend of Fig. 2 for correspondence

between colors and atom types.
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NO;~ ions) and solvent (H,O molecules) are evenly distributed
inside the droplet as the evaporation proceeds.

To systematically investigate the effect of the initial solution
concentration on the dynamic evaporation process of a salt-
containing nanodroplet, we have carried out MD simulations
on the evaporation of a Ni(NOj),-containing nanodroplet of
three different initial solution concentrations, namely 1, 3,
and 5.4 mol L™'. The temperature of the ambient N, is kept
the same at 2500 K. Fig. 7 shows the radial distribution of
mass density when water-salt-ratio (WSR) of the droplet
decreases to 1. The highest initial solution concentration, ie.,
5.4 mol L, leads to the most obvious H,0O-core-Ni(NO;),~
shell configuration, as suggested by the inserted snapshots of
the slice view of the droplet and also the mass density gradient
along the radial direction from r = 10 to 40 A. Although for
lower initial solution concentrations, the solute Ni(NO;), also
tends to precipitate on the droplet surface, the H,O-core-Ni
(NOj3),-shell structure is less evident.

Fig. 8 demonstrates the effect of ambient N, temperature
on the radial distribution of mass density at the end stage of
evaporation of a 10 nm Ni(NO;),-containing droplet, i.e., at the
time when water-salt-ratio (WSR) decreases to 1. According to
Fig. 8, at WSR = 1, the radius of the remaining nanodroplet is
similar for all five cases, which is ~45 A. However, the distri-
bution of the solute (Ni** and NO;~ ions) and solvent (H,O
molecules) inside the droplet is very different as indicated by
the distinct radial distribution of mass density under different
evaporation temperatures. For droplet evaporating in ambient
N, at 3000 K, the slice view of the droplet clearly shows a H,O-
core-Ni(NOs),-shell structure at WSR = 1. As the temperature
of ambient N, decreases from 3000 K to 1000 K, the H,O-core—
Ni(NO;),-shell structure becomes less evident. In obvious con-
trast to evaporation at 3000 K, if the same droplet is evaporat-
ing in much cooler ambient N, at 1000 K, the H,O molecules
and the Ni(NOj3), solute are almost evenly distributed inside

Fig. 7 Radial distribution of mass density during evaporation of a 10 nm
Ni(NO3),-containing nanodroplet with different initial solution concen-
trations (c = 1, 3, 5.4 mol L™ at the time when water—salt-ratio (WSR)
decreases to 1. The ambient N, is at 2500 K. Inserted snapshots are slice
view of the droplet at WSR = 1. Refer to the legend of Fig. 2 for corre-
spondence between colors and atom types.
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Fig. 8 Radial distribution of mass density during evaporation of a
10 nm Ni(NOgz),-containing nanodroplet suspended in ambient N, of
different temperatures (1000-3000 K) at the time when water—salt-ratio
(WSR) decreases to 1. The initial solution concentration is 5.4 mol L™%.
Inserted snapshots are slice view of the droplet. Refer to the legend of
Fig. 2 for correspondence between colors and atom types.

the droplet. This is because at 3000 K, the solvent, i.e., H,O
molecules evaporate much faster than the solute ions, i.e., Ni**
and NO;~ diffuse within the nanodroplet. Hence in a very
short time, a large number of H,O molecules leave the droplet
entering the gas-phase, leaving the Ni** and NO,~ precipitate
on the droplet surface and forming a solute shell. By contrast,
at 1000 K, the solvent H,O molecules evaporate at a much
lower rate due to reduced heat transfer between the ambient
N, and the suspending nanodroplet, so that the solute — Ni**
and NO;~ have enough time to redistribute themselves within
the droplet as H,O molecules are constantly leaving the
droplet. Therefore, the slice view of the droplet evaporating in

View Article Online
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1000 K ambient gas shows almost evenly distributed solute
and solvent.

Fig. 7 and 8 suggest that both the initial solution concen-
tration of the droplet and the ambient gas temperature can
influence the distribution of the solute ions - Ni** and NO;~
and the solvent - H,O molecules within the nanodroplet
during evaporation. To draw some more quantitative con-
clusions, we calculated the evaporation rate constant Key,p of a
10 nm Ni(NOj3),-containing droplet with different initial solu-
tion concentrations evaporating at different ambient N, temp-
eratures. To achieve results with statistical significance, for
each evaporation condition, three replica MD runs are per-
formed with different initial configurations of the Ni(NO;),-
containing nanodroplet. Then the evaporation rate constant
Keyap is obtained by fitting d* and time ¢ into eqn (4) using the
data points during the “free H,O” evaporation stage, i.e., from
t; to t,. The averaged Keyap Of the three replica runs is finally
taken as the K, for the certain ambient temperature and
initial solution concentration. The evaporation rate constant
Kevap of a pure H,O nanodroplet evaporating in ambient N, at
of different temperatures can be obtained following the same
manner. Fig. 9 summarizes the calculated Key,p of 2 10 nm Ni
(NO3),-containing droplet evaporating from different initial
solution concentrations at various temperatures. To clearly
show the effect of solute on the evaporation rate of a nanodro-
plet, in Fig. 9 the evaporation rate constants are normalized by
Keyap of a pure water droplet (d, ~ 10 nm) at corresponding
temperatures, which is equivalent to an initial solution con-
centration being 0. The originally calculated Kyap (before nor-
malization) as well as the standard deviation based on three
replica runs are provided in Table S1 in ESI.T Fig. 9 shows that
compared with a pure water droplet, addition of Ni(NO;),
solute decreases the evaporation rate constant. For a given
temperature, the higher the solution concentration, the lower
the Keyap. This is reasonable because Ni** and NO,~ within the
droplet tend to attract H,O molecules around them, thus the

1¢ .
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Fig. 9 Evaporation rate constant of a 10 nm Ni(NOs), droplet with different initial solution concentrations in ambient N, at different temperatures.
Kevap is Normalized by the evaporation rate constant of a pure H,O nanodroplet at corresponding temperatures.
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higher the concentrations of Ni** and NO;, the larger the re-
sistance H,0 molecules would need to overcome for evapor-
ation. Fig. 9 also suggests that the effect of the initial solution
concentration on K,p at a lower temperature such as 1000 K
is less significant than its effect on Key,p at a higher tempera-
ture such as 3000 K. This may be explained as follows. When
the ambient N, is not hot enough, the rate-limiting process for
droplet evaporation is the heat transfer between the ambient
N, and the droplet. Therefore, the solution concentration of
the droplet only has limited effect on its evaporation rate. In
contrast, if the ambient temperature is very high, heat transfer
between the ambient N, and the droplet is no longer the rate-
limiting step for droplet evaporation. Instead, the interaction
between the solute ions (Ni** and NO;") and H,0 molecules
within the droplet becomes more dominant on the evapor-
ation rate. Another interesting finding is that for a given solu-
tion concentration, K..., decreases linearly with increasing
temperature. The fitted parameters (m and n) for the excellent
linear relationship between Ke,,, and temperature T are also
presented in the table beside Fig. 9.

3.3. Effect of metal ions on droplet evaporation

When synthesizing NCM materials through flame spray pyrol-
ysis, the precursor solution is usually prepared by dissolving
LiNO;, Ni(NOj),, Co(NO3),, and Mn(NO3), at desired pro-
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portions into deionized water. In Sections 3.1 and 3.2, the
evaporation of a Ni(NO;j),-containing nanodroplet with
different initial solution concentrations suspended in ambient
N, of different temperatures has been examined in detail. The
evaporation process of other metal nitrates besides Ni(NO;), is
also worth examination. To study the effect of different metal
ions on nanodroplet evaporation, we simulated the evapor-
ation of a nanodroplet with LiNO;, Co(NOj),, or Mn(NO3),
being the solute respectively. For all of the four evaporation
cases, the ambient N, is at 2000 K and the initial solution con-
centration is 5.4 mol L. Fig. 10 illustrates the radial distri-
bution of mass density (a) as well as the radial distribution of
the number density of metal ions (b) during evaporation of a
10 nm LiNOj;, Ni(NO;),, Co(NOj3),, and Mn(NOj3), nanodroplet
at the time when water-salt-ratio (WSR) decreases to 1. As indi-
cated by Fig. 10, except for LiNO;, other three metal nitrates -
Ni(NOj3),, Co(NO3),, and Mn(NOj3), will precipitate on droplet
surface during evaporation, forming a solvent-core-solute-
shell configuration at WSR = 1. Although Fig. 10(b) also
suggests a slight Li" number density gradient along the radial
direction, the tendency of Li' precipitating on the droplet
surface is much weaker compared with other three metal ions.
The more even distribution of solute ions and solvent H,O
molecules within a LiNOs-containing nanodroplet during its
evaporation can be attributed to the much higher diffusivity of

@ 0(inNOy) |

@ H/O in water |
ON (inN,) "

Fig. 10 Radial distribution of mass density (a); and radial distribution of the number density of metal ions (b) during evaporation of a 10 nm LiNOs-,
Ni(NO3),-, Co(NO3),-, and Mn(NOs),-containing nanodroplet at the time when water—salt-ratio (WSR) decreases to 1. The ambient N, is at 2000 K
and the initial solution concentration is 5.4 mol L™%. The snapshots below are slice view of the droplet at WSR = 1. Ni atoms are in reddish-orange; Li
atoms are in purple; Co atoms are in green; Mn atoms are in magenta; N atoms in NO3z™ are in yellow; O atoms in NO3™ are in orange; H and O

atoms in water are in cyan; N atoms in N are in light yellow.
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Li" compared with other metal ions, as Li is the lightest metal
(the molar mass of Li, Ni, Co, Mn are 6.94, 58.693, 58.933, and
54.938 g mol " respectively).

To further reveal the evolution of the micro-structure of the
solute ions and the solvent H,O molecules during droplet
evaporation, the coordination number (CN) of metal ions with
oxygen atoms from nitrate ions (denoted as ON) and water
molecules (denoted as OW) has been tracked. Fig. 11 shows
the temporal evolution of CN of M-OW and CN of M-ON (M =
Li, Ni, Co, or Mn) during evaporation of a nanodroplet with
LiNOj3, Ni(NOj3),, Co(NO;),, or Mn(NOj3), being the solute and
H,O0 being the solvent. According to Fig. 11(a) and (b), the tem-
poral evolution of CN of Ni-O and CN of Co-O are very similar
to each other. Initially, both Ni** and Co®" are surrounded by
~4 O atoms from H,O and ~2 O atoms from NO;~. Both CN of
Ni-O (including Ni-ON and Ni-OW) and CN of Co-O (includ-
ing Co-ON and Co-OW) keep unchanged with time during
droplet evaporation until ~800 ps. As mentioned previously in
Section 3.1, the stage with a constant CN of M-OW (M = Ni**
or Co*") can be regarded as the “free H,O” evaporation stage,
which has also been denoted by the semi-transparent blue
area in Fig. 11(a) and (b). In contrast with CN of Ni-O and CN
of Co-O, CN of Li-O and Mn-O evolve in different manners
during droplet evaporation. For evaporation of a droplet con-
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taining LiNO; or Mn(NO3),, CN of Li-OW and CN of Mn-OW
keep changing with time, so it is hard to define a “free H,0”
evaporation stage. According to Fig. 11, the total CN of Li-O
decreases from ~4.5 to ~4 at WSR = 1, while for the other
three metal ions, the total CN of M-O (M = Ni**, Co**, Mn*") is
6 initially and decrease to ~5. Li" is coordinated by fewer O
atoms because it is monovalent, hence the electrostatic inter-
action between Li* and O atoms is weaker compared with the
electrostatic interaction between O atoms and Ni**, Co*", or
Mn?**, which are divalent ions.

Fig. 12 illustrates the temporal evolution of squared droplet
diameter (normalized by the initial droplet diameter d,)
during evaporation of a 10 nm droplet containing four
different metal nitrates, namely LiNO;z, Ni(NO3),, Co(NOs),,
and Mn(NO;), respectively. For the evaporation of a nanodro-
plet with Ni(NO;), or Co(NOj3), being the solute, a “free H,0”
evaporation stage exists as suggested by Fig. 11(a) and (b).
Although the evaporation of a Mn(NO;),-containing nanodro-
plet demonstrates no “free H,O” evaporation stage based on
Fig. 11(d), scatters of d°/d? during the evaporation of a Mn
(NO3), nanodroplet almost coincide with those of a Ni(NO3),
or Co(NO;), nanodroplet, suggesting similar evaporation rate
of a MNOj;-containing (M = Ni, Co, or Mn) nanodroplet. By
contrast, the evaporation rate of a LiNO3z-containing nanodro-
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Fig. 11 Temporal evolution of the coordination number (CN) of M—O (M = Ni, Co, Li, or Mn) during evaporation of a 10 nm Ni(NOs), (a); Co(NOs),
(b); LINOs (c); and Mn(NOs), (d) nanodroplet. For all four droplets containing different metal nitrates as the solutes, the initial solution concentration
is 5.4 mol L™ and the ambient N, is at 2000 K. ON represents O atoms from nitrate ions while OW represents O atoms from water molecules.
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Fig. 12 Temporal evolution of squared droplet diameter during the evaporation of a 10 nm droplet with LiNOs, Ni(NOs),, Co(NOs),, or Mn(NO3),
being the solute respectively. For all four droplets containing different metal nitrates, the initial solution concentration is 5.4 mol L™t and the

ambient N, is at 2000 K.

plet is significantly larger than that of a Ni(NOs),-, Co(NO3),-,
or Mn(NOj),-containing nanodroplet. This is reasonable
because the electrostatic interaction between Li* and H,O
molecules is weaker than that between those divalent metal
ions and H,O molecules, causing the solvent H,O molecules
more easily to escape/evaporate from a LiNOj-containing
nanodroplet. Since Fig. 12 suggests similar evaporation rate
for a droplet with either Ni(NO;),, Co(NO3),, or Mn(NOj3),
being the solute, we further suspect that the dynamic evapor-
ation process of an NCMS811 precursor droplet should be
similar to that of an NCM111 precursor droplet, if the total
concentrations of the metal nitrates and the ambient gas
temperature are kept the same for evaporation. (The precursor
solutions for NCM811 and NCM111 in flame spray pyrolysis
(FSP) can be prepared by dissolving Ni(NO;),, Co(NO3),, Mn
(NO3),, and LiNO; in deionized water in the required pro-
portions (molar ratios of Ni*":Co**:Mn*":Li* = 8:1:1:1.05
for NCM811;1:1:1:1.05 for NCM111), while the total concen-
tration of transition metal ions (Ni**, Co>*, Mn®>") are kept the
same.?) Such an inference requires an additional assumption
that different metal nitrates have little influence on each other
within the same droplet during the evaporation process, which
will be examined in our future study. In the pioneering experi-
mental study of Abram et al,’> both NCM811 and NCM111
nanoparticles were synthesized successfully through FSP.
Although the total concentration of transition metal ions is the
same in precursor solutions for NCM811 and NCM111, the as-
synthesized NCM811 nanoparticles were found to be much
irregular in shape while most NCM111 products were spheri-
cal. The authors attributed the difference between the mor-
phology of the as-prepared NCM111 and NCM811 particles to
variation in solubility of those transition metal nitrates and
their relative solution saturation. Specifically, they suspected
that the relative solution saturation of Ni(NO3), is lower in 811
solutions, which can promote earlier precipitation of the salts,
forming a shell. This can inhibit evaporation of the remaining
water through the partially dried layer. As the particle con-
tinues going through the flame, this layer can buckle and
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collapse, explaining the irregular shape of the obtained
NCMS811 particles in comparison to the spherical shape of
the as-prepared NCM111 particles. However, this explanation
is not supported by our MD simulation results, which show
similar evaporation rate (see Fig. 12) and similar tendency of
forming a solute shell (see Fig. 10) during evaporation of a
nanodroplet with Ni(NO3),, Co(NO3),, or Mn(NO3), being the
solute, suggesting the much irregular shape of the as-syn-
thesized NCM811 nanoparticles compared with the spherical
NCM111 nanoparticles is less likely to be caused by any
difference during the evaporation stage of the precursor dro-
plets. This leads to another possible explanation that it may
be the different thermal decomposition properties of
different metal nitrates that are responsible for the different
morphology of the as-prepared NCM811 and NCM111
nanoparticles.

4. Conclusions

In this work, the evaporation of nanodroplets with metal
nitrates (including LiNO3, Ni(NO;),, Co(NO3),, and Mn(NO3),)
being the solute and water being the solvent has been investi-
gated using molecular dynamics simulation. To quantitatively
describe the droplet evaporation process, the temporal evol-
ution of a variety of key features including the radial distri-
bution of mass density, the radial distribution of metal ion
number density, droplet diameter, and coordination number
(CN) of metal ions with oxygen atoms have been tracked.
Evaporation rate constant is obtained by making analogy to
the classical D*> law for droplet evaporation. The effect of
initial solution concentration of the droplet, ambient gas
temperature, and metal ion type on the dynamic evaporation
process is examined in detail. The main conclusions are as
follows:

(1) During the evaporation process of a nanodroplet with Ni
(NO3), being the solute and H,O being the solvent, Ni(NO3),
tends to precipitate on the droplet surface, forming a solute—

This journal is © The Royal Society of Chemistry 2023
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core-solvent-shell structure. The Ni(NOj3),-shell-H,O-core
configuration forms more easily for those droplets with high
initial solution concentration (e.g., >5 mol L") evaporating in
ambient N, at a high temperature (e.g., >2500 K). This is
because under such conditions, the evaporation rate of H,O is
much higher than the diffusion rate of Ni** and NO;~ ions
within the droplet. Therefore, in a very short period of time, a
large number of H,O molecules will leave the droplet entering
the gas-phase, leaving Ni** and NO;™ ions precipitated on the
droplet surface, forming a solute shell.

(2) The temporal evolution of the CN of Ni-OW (O atoms
from water) and Ni-ON (O atoms from nitrate ions) during the
evaporation of a Ni(NOj),-containing nanodroplet suggests a
“free H,0” evaporation stage, during which both CN of Ni-OW
and CN of Ni-ON are unchanged with time. The squared
droplet diameter (%) is found to be linearly decreasing with
time in this stage. To make analogy to the classical D* law for
droplet evaporation, the evaporation rate constant K., for a
Ni(NO;),-containing nanodroplet is obtained by fitting d* and
time ¢ during the “free H,O” evaporation stage into the linear
relationship d2 — d* = Keyapt + b, where d,, is the initial droplet
diameter.

(3) Compared with a pure water droplet, addition of the Ni
(NO3), solute will decrease the evaporation rate constant Keyap.
Kevap decreases with increasing initial solution concentration
due to the stronger interaction between the solute ions (Ni**
and NO;7) and the H,O molecules at a high solution concen-
tration. K., increases with increasing ambient gas tempera-
ture due to enhanced heat transfer.

(4) By tracking the radial distribution of the number
density of metal ions during the evaporation of four nanodro-
plets with four different metal nitrates namely LiNOj; Ni
(NO3),, Co(NO3),, and Mn(NO;), being the solute respectively,
it is found that Ni**, Co**, and Mn** will precipitate on the
droplet surface, forming a metal nitrates shell. In contrast, the
distribution of Li" within the evaporating droplet is more even
due to the high diffusivity of Li" compared with other metal
ions.

(5) The temporal evolutions of CN of Ni-O and CN of Co-O
are similar to each other, both of which suggest a “free H,O”
evaporation stage when CN Ni-OW and CN of Co-OW are con-
stant with time. Although the coordination analysis for Mn-O
suggests CN of Mn-OW keeps changing with time, the evapor-
ation rate for a Ni(NO3),, Co(NOj3),, or Mn(NO;),-containing
droplet is hardly affected by the different types of metal ions if
the initial solution concentration and the ambient gas temp-
erature are kept the same.
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