J Nanopart Res (2020) 22: 240
https://doi.org/10.1007/s11051-020-04974-9

RESEARCH PAPER

Molecular dynamic investigations of aluminum

®

Check for
updates

nanoparticles coated by the mixtures of ethanol
and diethyl ether with different molecular proportions

Pingan Liu - Penghua Sui - Zhichao Feng - Song Gao -

Naimeng Song - Ruochen Sun

Received: 9 April 2020 / Accepted: 4 August 2020 / Published online: 9 August 2020

© Springer Nature B.V. 2020

Abstract Aluminum nanoparticles (ANPs) are consid-
ered energetic, economical, and eco-friendly additives.
In this investigation, advanced ReaxFF molecular dy-
namics (MD) simulation has been used to discover the
mechanism of coating ether and ethanol molecules on
ANPs. Those MD results generally reveal the dynamics
process of ethanol and ether adsorption. It is found that
the adsorption of ethanol and ether molecules is not a
physical adsorption process only. Newly generated
aluminum-oxygen bonds are formed between oxygen
atoms and aluminum atoms. Those oxygen atoms come
from both ethanol and ether molecules. Moreover, eth-
anol and ether molecules generate ethyl and new ethanol
molecules during the adsorption process. The radial
distribution function curves and adsorption curves are
used to describe the adsorption process. The results
show that the adsorption amount of ethanol molecule
is significantly higher than that of the ether molecule. It
is observed that the outermost aluminum atoms form an
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organic-provided alumina layer, the inside of ANPs is
active aluminum atoms, and the outside is the organic
coating layer. Heating could eliminate the hydrogen-
bonding between solution molecules. High pressure
and high temperature destroy the external structure of
aluminum particles, which makes atoms migrate to the
interior of aluminum particles. Finally, the oxidation
resistance test shows that at 300 K, the organic coating
layer can maintain good stability and oxidation
resistance.

Keywords Molecular dynamic simulation - Aluminum -
Nanoparticle - Coating - Energetic additives

Introduction

Metal particles have been well applied as high energy
carrier materials, due to good chemical stability and
physical density (Sundaram et al. 2017). Compared with
other metal materials, aluminum sources are abundant in
nature. As a typical metal fuel, the energy density of
aluminum is high, and its combustion products are
nontoxic (Ab Wahid and Ali 2010; DeLuca 2018).
Therefore, micro-sized aluminum particles have been
widely used as additives in solid propellants (Marion
et al. 1996). However, there are still such defects caused
by the size limitation. In contrast to those large particles,
ANPs have better reactivity, lower melting tempera-
tures, and higher combustion rates, due to its high spe-
cific area and potential energy storage on the surface
(Dreizin 2009; Yetter et al. 2009; Zha et al. 2014).
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However, the limitation on the manufacture and storage
of ANPs is still existing. Numerous studies showed that
the drawback of ANPs’ size was usually determined by
the oxide coating on the surface of the particles under
certain conditions (Yetter et al. 2009). It was reported
that the alumina content of nanoparticles was much
larger than that of micro-sized particles (Sundaram
et al. 2015). As a result, alumina greatly reduces the
energy content of nanoparticles (Chung et al. 2011), but
bare ANPs cannot maintain their high reactivity in the
air for a long period. Thus, it is of great significance to
study surface coating materials for ANPs.

In the past, a variety of coating materials have been
considered. One is metallic coating materials, which
mainly include transition metals, metal oxides, and met-
al complexes (Foley et al. 2005; Sangeetha and
Kalaignan 2015). ANPs coated with metallic coatings
can be synthesized by wet chemical test method (Foley
et al. 2005), electric explosion method (Gromov et al.
2006), and electroplating method (Lin et al. 2003).
Another available type of coating material is organic.
Considered as metal additives, ANPs covered by organ-
ic materials have better processability and compatibility
(Sundaram et al. 2017). Therefore, many researchers
have researched ANPs coated with organic materials.
Ding et al. (2017) used poly (isobutyl vinyl ether) for
chemical surface modification of alumina under low-
temperature vacuum. Their experiments have proved
that the formation of the coating improved the fluidity
of the particles and extends the storage time of
aluminum particles. Chung et al. (2009) studied the
effect of epoxy compounds on the synthesis and passiv-
ation of ANPs. Their studies showed that 96% of the
aluminum in the coated particles after passivation still
had high activity. Besides, epoxy hexane— and epoxy
dodecane—coated aluminum particles could remain sta-
ble in air.

Ethanol and ether serve commonly as solvents in
the laboratory (Comyn 1997). Hydrogen bonds will
be formed between molecules in an ethanol solvent
due to the strong polarity of hydroxyl groups. Etha-
nol molecules produce aggregation due to hydrogen
bonding. Ether solvent is a nonpolar solvent. A small
number of hydrogen bonds can also be formed be-
tween ether and ethanol molecules, but the addition
of ether increases the bonding distance of hydrogen
bonds between ethanol molecules, which alleviates
the aggregation between solution molecules. Besides,
ethanol is an excellent liquid fuel. The addition of

@ Springer

ANPs in ethanol fuel significantly has been proved to
reduce ignition delay time and increased combustion
time (Gan and Qiao 2011; Tyagi et al. 2008). Com-
paring with conventional methods, MD simulations
provide a novel solution for detailed microscopic
studies at the molecular scale. Hong and van Duin
(2015) studied the oxidation mechanism of ANPs by
using the ReaxFF force field. Their results are in
good agreement with the existing experimental liter-
ature on aluminum oxidation kinetics. Also, Zhang
et al. (2018) investigated the oxidation of ANPs by
ethanol using an MD simulation on the base of the
ReaxFF force field. The simulation results showed
good agreement with the first-principle calculations.

In this study, we select the mixture of ethanol and
ether as coating materials for ANPs and chose MD
simulation as the research method. The performance of
ethanol and ether molecules on bulk aluminum mate-
rials with FCC crystal structure will be studied. Then,
we study the adsorption process of annealed aluminum
particles with 4 nm in diameter. We also discuss the
changes in the adsorption process in molecular systems
near the actual concentration with different molecular
proportions and different temperature conditions, re-
spectively. Finally, the oxidation resistance of the coat-
ing will be detected.

Simulation methods and processes
Research tools

Different from current experimental conditions, MD
simulation uses Newton’s classical mechanics to calcu-
late the trajectories of multiple molecules in phase
space, and which can be generally displayed as a func-
tion of time. The dynamic behavior of the molecule
makes it easy to understand the evolution of coating
behavior under certain conditions. During the coating
process, the general force field may not be applicable
because of the chemical bond breaking and hydrogena-
tion reactions, ReaxFF force field can be a suitable
choice (Senftle et al. 2016). ReaxFF uses a distance-
dependent bond order function to represent the effect of
chemical reactions on potential energy. The relationship
between bond order and bond is the core of the ReaxFF
potential. The bond order is determined by the distance
between atoms and updates continuously during each
MD simulation or energy minimization iteration. Now
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ReaxFF force field is integrated as a USER-REAXC
package in LAMMPS (Large-scale Atomic/Molecular
Massively Parallel Simulator) (Aktulga et al. 2012). As
a classic MD open-source program, LAMMPS was
applied for all MD simulations in this study.

In this study, the ReaxFF force field file was devel-
oped by Van Duin et al. (Hong and van Duin 2015).
This force field file contains atoms including aluminum,
carbon, hydrogen, and oxygen. The total energy of the
ReaxFF force field system has considered bond energy,
over-coordinated energy, under-coordinated energy,
lone pair energy, valence angle energy, torsional angular
energy, Coulomb energy and Van der Waals energy.
This force field file has been applied to describe AI-O
bonds, Al-C bonds, Al-H bonds, and other aluminum-
containing materials effectively (Hong and van Duin
2015; Hong and van Duin 2016). In our previous studies
(Liu et al. 2018; Sun et al. 2019), the ReaxFF force field
has been proven to simulate the reaction between etha-
nol, ether molecules, and aluminum atoms. Additional-
ly, VMD (Humphrey et al. 1996) and OVITO
(Stukowski 2010) programs are used as post-
processing and visualization software, which also plays
a critical role in the establishment of simulation data and
analysis of simulation results.

CASTAP is a modern quantum mechanics basic
program specially designed for solid materials science.
It uses the density functional theory (DFT) plane-wave
pseudopotential method to perform first-principles
quantum-mechanical calculations. The typical applica-
tions include surface chemistry and bond structures
(Bouhemadou et al. 2007a; Bouhemadou et al. 2007b;
Chen et al. 2014).

Simulation system and setup

This study includes two aluminum nanomaterials. One
is block particles; the other is spherical particles. In Al
nanomaterials with a crystal type of face-centered cube
(FCC), tetrahedron interstice and octahedron interstice
are independent of each other. Al block with (1 1 1)
surface and (1 0 0) surface was set, which would give
truncated octahedra. Due to the surface steps and kinks
produced by cutting, spherical aluminum particles were
annealed to eliminate the edge effect on the surface. The
entire annealing process was performed under the ca-
nonical (NVT) ensemble. Berendsen method like a ther-
mostat during the heating is the most efficient method to
control the temperature. The damping constant was

selected as 10 fs. ANPs were rapidly heated to 1200 K
to ensure being melted completely. Next, the cooling
process was carried out by the temperature decrement of
10 K. Particle is equilibrated for 10,000 steps at each
temperature. The steepest descent method was selected
to minimize the energy of particles. Finally, annealed
aluminum particles are used as the initial configuration
for subsequent simulations.

Ethanol and ether molecules are important adsorbates
in this research. The molecular configuration was
established by DFT calculations. The energy conver-
gence tolerance was set to 5 x 10°¢ eV/atom. Figure 1
shows the chemical configuration of ether and ethanol
molecules. In the ReaxFF potential, the distance be-
tween the bonding atoms determines their relative ener-
gy and reaction. The bond lengths of ether and ethanol
models are shown in Table 1.

For the case of studying nano-aluminum block, snap-
shots of the initial configuration are shown (Fig. 2a, b).
The simulation box was set to 40 A x40 A x65 A.
Aluminum block was located below the box, and etha-
nol and ether molecules were placed above 6 A from the
Al surface. There were 30 ethanol molecules and 30
ether molecules randomly distributed in the box. The
position distribution of these molecules was completed
by the Packmol package (Martinez et al. 2009), which
made it a stoichiometric mixture. All simulations were
performed under the NVT ensemble. The time scale of
the simulation is difficult to be consistent with that of the
real experiment so that a larger temperature (kinetic
energy) of solvent molecules is selected to facilitate
the adsorption process. The temperature of the alumi-
num block was maintained at 300 K to avoid particle
deformation caused by high temperature (Kornherr et al.
2006). The temperature of the ethanol and ether mole-
cules was maintained at 500 K to speed up the simula-
tion speed. At the beginning of the simulation, the
simulated system was performed the energy minimiza-
tion to ensure that the whole system stays in the ground
state. A time step of 0.5 fs for 2 x 10 iterations (up to
100 ps) was assigned because 0.5 fs describes the ad-
sorption, dissociation, and diffusion of ethanol and ether
molecules efficiently (Liu et al. 2019).

For the case of studying annealed ANPs, the simula-
tion box was set up as a cubic box of 80 x 80 x 80 A,
and annealed ANPs with a diameter of 4 nm were placed
in the center of the box. In our simulations, 300 ethanol
molecules and 300 ether molecules were randomly
added in the box by the Packmol package, which made
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Fig. 1 Chemical structures for
(a) ether and (b) ethanol
molecular C3

Cl

it a stoichiometric mixture. A blank area of 7 A was
reserved between the coating solution molecules and the
aluminum particles as a buffer area. A snapshot of the
initial simulation system is shown (Fig. 2¢). The simu-
lation process of the ANPs case is the same as the case
of nano-aluminum block. Differently, higher tempera-
tures (700 K) were given to ethanol and ether molecules
to make up for the deficiency of the simulation scale.
The total running time length was about 100 ps. After
the adsorption process, we cooled the system and then
evaporated the excess ethanol and ether at low
concentrations.

For the evaluations of coating, coated ANPs were
placed in an oxygen environment. We also performed
simulations of models with mixtures of different molec-
ular proportions. For the specific setup, we will detail in
the “Oxidation test for coated layer” section and the
“Adsorption process of high concentration system”
section.

Results and discussion

Reaction of ethanol and ether mixture
over nano-aluminum block

Di Tommaso et al. (2011) revealed that a large number
of ether molecules easily generate unstable peroxides

Table 1 Bond lengths for ether and ethanol models

Molecular Bond Ry (A)

Ether C-0 1.415
Cl1-C3 1.513

Cl-H 1.108

C3-H 1.098

Ethanol Cl1-C2 1.519
C-H 1.100

C-0 1.436

O-H 0.978
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through autoxidation or peroxidation due to a self-
propagating process of molecules. Liu et al. (2020) used
MD simulations based on the ReaxFF force field to
study the oxidation of ether over ANPs. We simulated
the reaction of ethanol and ether molecules in a cubic
box with dimensions of 40 A x 40 A x 40 A. The results
show that molecules can maintain their respective integ-
rity in the mixed system. Moreover, the ethanol and
ether molecules aggregated more significantly at low
temperatures. This shows that heating can effectively
inhibit the formation of hydrogen bonds between mole-
cules during MD simulation, which is beneficial to the
coating process of ANPs (Fig. 3).

We investigated the adsorption process of ethanol
and ether mixed systems on nano-aluminum blocks.
Figure 4 shows the snapshots of the adsorption process.
At 1 ps, a few ethanol and ether molecules were
adsorbed on the surface of the aluminum substrate.
The number of molecules adsorbed gradually increases
over time. Ether molecules tend to lay flat on the surface
of particles, which have no fixed direction, but the
ethanol molecules will gradually adjust their orientation
so that the polar hydroxyl groups point to aluminum
atoms. In addition, we have to consider the thermal
vibrations of surface Al atoms due to the high temper-
ature. It was found that the oxygen atoms of the ether
molecules and the hydroxyl groups of the ethanol mol-
ecules were detached from the molecule when adsorbed
on the Al surface. The oxygen and hydrogen atoms in
the hydroxyl group would also be separated from each
other. The separated atoms spread to the interior of the
aluminum block surface to form new bond pairs. The
minimal distance between the oxygen atom above the
surface of the aluminum substrate and the surface alu-
minum atom is about 2.4 A. The length of new Al-O
bond pairs is about 1.9 A. The remaining functional
groups, such as ethyl, were present in the solution after
atomic separation and adsorbed around aluminum
atoms by Coulomb force, Van der Waals force, etc.
The adsorption of ethanol and ether molecules affects
the local charge of the aluminum atoms on the surface so
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Fig. 2 Initial configuration of nano-aluminum block with (1 0 0) surface case (a) and nano-aluminum block with (1 1 1) surface case (b).

Annealed ANP case (c)

that these aluminum atoms show a positive charge (Fig.
4d). The formation of AI-O bonds causes the charge of
Al atomic to the peak.

Compared with the aluminum block with (1 0 0)
surface, (1 1 1) surface aluminum block arranged more
closely at the same layers. Atoms in solution molecules
are harder to get inside of Al particles. Figure 5 shows
that the surface aluminum atoms show lower positive
charges, which indicate fewer Al-O bonds are formed.
This suggests that aluminum atoms on loose surfaces are
more likely to form new bond pairs with solution
molecules.

From the above analysis, we can conclude that etha-
nol and ether molecules can maintain the stability of
their molecular properties in the mixed solution, respec-
tively. During the adsorption process, we divide the
adsorption methods into two methods. The first occurs

on the surface of aluminum substrate where the mole-
cules adsorb on the surface through the Coulomb and
Van der Waals forces. These molecules maintain their
structure completely. The second occurs inside the alu-
minum substrate where new bond pairs formed between
the atoms of the solution and aluminum atom. The
residue continues can be adsorbed around the aluminum
atom.

Adsorption mechanism on the bare ANPs

The “Reaction of ethanol and ether mixture over nano-
aluminum block™ section reveals that the adsorption of
ethanol and ether molecules on the surface of aluminum
particles is not simple physical adsorption. We are more
interested in the adsorption process on anneal ANPs. In
order to facilitate observation, the number of ethanol
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Fig.3 aInitial configuration. b Final configuration at 700 K. ¢ Final configuration at 300 K of 30 ethanol molecules and 30 ether molecules

in a simulation box measured as 40 A x 40 A x 40 A
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molecules and 30 ether molecules
on the aluminum substrate with (1
0 0) surface. a 1 ps, b 5 ps, ¢

25 ps, d 25 ps (colored by charge
value)

Fig. 4 Snapshots illustrating an d ™ S
adsorption process of 30 ethanol % "“ ’

and ether molecules added to the simulation box was
controlled. A dense coating layer was formed on the
ANPs’ surface after adsorption (Fig. 6). Previous studies
have shown that oxygen atoms play an important role in
the adsorption process. We used the oxygen atoms as a
characterization to count the number of ethanol and
ether molecules within the 7 A range of the ANPs’
surface. Figure 6 shows the adsorption curves of ether/
ethanol molecules on the surface of ANPs as a function
oftime. Initially, there are abundant free adsorption sites
on the surface of ANPs. Ethanol and ether molecules
can be quickly adsorbed on the surface of aluminum
particles by two adsorption methods. The rate of adsorp-
tion curves gradually decreases due to the limitation of
decreasing adsorption sites on the surface. Eventually,
the number of adsorbed molecules will reach saturation
values. In this simulation, the adsorption of ANPs on the

Fig. 5 Snapshots illustrating an
adsorption process of 30 ethanol
molecules and 30 ether molecules
on the aluminum substrate with (1
1 1) surface. a 25 ps and b 25 ps
(colored by charge value)
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surface might not be complete because of the limitation
of the number of solution molecules and the aggregation
phenomenon. The method to solve this problem can use
multiple coating cycles or increase the molecular density
of the solution.

After the adsorption process, analyzing the structure
of the solution and the coating layer on the surface of
ANPs is very meaningful for the study. It is seen from
the adsorption curve that the adsorbed number of etha-
nol molecules is significantly greater than that of ether
molecules. We calculated the radial distribution function
(RDF) between different atom pairs for further analysis.
Figure 7 shows the RDF curves of the AI-O pairs
formed by aluminum atoms and oxygen atoms of
ethanol/ether molecules. The peaks of ethanol mole-
cules are generally high. The polar hydroxyl groups of
the ethanol molecules are more likely to be attracted by
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Fig. 6 Adsorption curves of
ether/ethanol molecules as a
function of time and changes of
their system configurations
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aluminum atoms. The length of the ethanol molecules is
much shorter than the ether molecule. Therefore, etha-
nol molecules are prone to stacking, which is why the
adsorbed number of ethanol molecules is more.

The first peak of the g (Al-O) curve appears around
1.9 A, which is consistent with the length of Al-O bond
previously simulated on the aluminum substrate. This

40 50 60 70
Time(ps)

data illustrates that the O atoms contacting with Al
atoms closely are converted to Al-O bonds due to the
rough surface of the annealing ANPs. Valley values
appear at 2.1-2.9 A, corresponding to the hydrocarbon
group or other products left by the dissociation/
autoxidation of solution molecules. Subsequently, there
are no large peaks on g(Al-O) curves, which indicates

Fig. 7 Radial distribution 90 7
function curves of AI-O pairs 1 —— g(Al-0O) Ethanol
formed by aluminum atom and 80 - Al-O) Ether
the oxygen atom of ethanol/ether 1 & 0) Ethe
molecule 70
60
I
O 20+
2 -
B0 40
30
20
10
0 I 'J I ¥ I 1 I I I I 1
0 1 2 3 4 5 6 7 8 9 10

Distance(10"'nm)
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Fig. 8 Ethanol and ethyl ether formed by ethanol/ether through a
self-propagating process of autoxidation

that the molecules in the peripheral solution are relative-
ly loose.

In the study of the “Reaction of ethanol and ether
mixture over nano-aluminum block” section, we ob-
served free ethyl groups. During the coating process of
the annealed ANPs, we also observed the products in the
dissociation/autoxidation of ether/ethanol molecules,
such as ethanol and ethyl (Fig. 8). The follow-up
showed that the reaction mechanism was consistent with
the study by Di Tommaso et al. (2011). These products
could be well adsorbed around ANPs. Eventually, no
other products such as H, and H,O were found in the
adsorption process which indicates that no strong chem-
ical reaction occurred.

For the coated ANPs, we expect the internal alumi-
num atoms to remain highly active. Figure 9 shows the

0A

Fig. 9 Final configuration colored by the Al atomic displacement
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final configuration of aluminum atoms colored by the
atomic displacement regarding the initial configuration.
The atoms on the surface of ANPs move at a certain
distance, while the internal aluminum atoms remain in
the annealed structure. It is considered that the structure
inside the aluminum particles remained stable. The sur-
face of coated ANPs is saturated by the ethanol and
ether molecules. The charge analysis of the final con-
figuration shows interesting characteristics (Fig. 10). It
is found that the outermost Al atoms in full contact with
the ethanol and ether molecules show a positive charge
due to the AI-O bonds built, which is considered to be a
chemical adsorption layer. The negatively charged
atoms distribute around the ANPs. Then, external atoms
constituted the physical adsorption layer, which is adja-
cent to the adsorption layer due to the effect of Coulomb
force and Van der Waals force. The charge of the
internal Al atoms is lower than external Al atoms. It is
considered that this part of aluminum atoms still main-
tains high reactivity.

Oxidation test for coated layer

After the adsorption process, we cooled the solution
down to 300 K within 1 ps. Subsequently, we removed
the unabsorbed ethanol and ether molecules. Using this
method, we obtained a stable structure of the adsorption
layer of ethanol and ether molecules. The density of
oxygen is 0.0014 g/cm® at standard atmospheric pres-
sure. Considering the limitation of size and time scale in
MD simulation, 200 oxygen molecules were randomly
placed around the coated ANPs. Here, the density of
oxygen was calculated as 0.027 g/em’. Snapshots of
initial configuration and final simulation result are
shown in Fig. 11.

We counted the number of adsorbed oxygen
atoms during the oxidation process at 300 K
(Fig. 12). After the simulation of 100 ps, the
adsorbed oxygen atoms tend to a saturation value
of approximately 220. We observed no H,O and
CO, molecules generation during the oxidation
process, which indicates that the integrity of the
coating layer has not been damaged. We calculated
the average distance between the adsorbed oxygen
atoms and the center of the aluminum particles
was 23.98 A. This distance is located in the range
of the organic coating layer. From the above anal-
ysis, the coating layer shows good stability and
oxidation resistance at 300 K.
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Fig. 10 a Final configuration of the ANP coated by ethanol and ether molecules. b Cross-sectional view of the final configuration. ¢ Cross-
sectional view of final configuration colored by charge

Fig. 11 a Initial configuration of
200 oxygen molecules and coated
ANP. b The final configurations
after the oxidation process at

300 K

Fig. 12 Number of absorbed
oxygen atoms during the
oxidation process
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Table 2 Parameter settings of eight initial adsorption simulation systems

Systems number Content 1 Number of content 1 Content 2 Number of content 2 Temperature (K)
1# Ethanol 1200 Ether 1200 500

24 Ethanol 1200 Ether 1200 700

3# Ethanol 1200 Ether 1200 900

44 Ethanol 1200 Ether 1200 1100

S# Ethanol 1480 Ether 920 500

6 Ethanol 1480 Ether 920 700

TH# Ethanol 1480 Ether 920 900

8# Ethanol 1480 Ether 920 1100

Adsorption process of high concentration system

For the case of studying high concentration solu-
tions, the simulation box was extended to 90 A x
90 A x90 A. Table 2 summarizes the eight-initial
system in the study of this section. Of all those
systems, numbers 1# to 4# target the same molecu-
lar amount of ethanol and ether under different tem-
perature conditions; numbers 5# to 8# are designed
to the same mass of ethanol and ether under differ-
ent temperature conditions. The density of ethanol
solution is 0.7893 g/cm® and that of ether solution is
0.7364 g/em®. As for pure solutions, it is expected
that more than 6000 molecules of ethanol or more
than 3600 molecules of ether will be needed to reach
the level under standard conditions. In this study,
there were 2400 solution molecules around the
ANPs. Other simulation parameters are similar to
the “Adsorption mechanism on the bare ANPs”
section.

Figure 13 shows the snapshots of the final configu-
ration after 1 ns of simulation in systems 1#-4#. It can

be seen that a large number of solution molecules ag-
gregated. Since the adsorption effect, the aggregate
formed by the ethanol and ether molecules was pre-
ferred around ANPs. Moreover, some atoms were ob-
served to penetrate the outer layer of aluminum parti-
cles. The main reasons are as follows: (1) the number of
ethanol and ether molecules in this study is relatively
large. A large number of solution molecules form a high
external pressure, which destroys the structure of the
aluminum particles. (2) The aluminum particles selected
in this study were annealed. The surface of aluminum
particles is rough, resulting in some surface properties
change. Atoms of solution molecules are easy to form
new bond pairs with aluminum atoms on rough surfaces
as discussed in the “Reaction of ethanol and ether mix-
ture over nano-aluminum block” section. Through these
analyses, we can imagine that the actual adsorption
process will be more complicated.

Snapshots of the system configuration reveal that the
aggregate of solution molecules becomes looser with
increasing of temperature. The radial distribution func-
tion (RDF) g(r) is often used to analyze the structure of

3 Hay R f_;‘,
n?h "?"i"- ."."_4',,'»

Fig. 13 Snapshots of the final configuration of the ANPs coated with ethanol and ether molecules in the system 1#-4#. a system 1#, b

system 2#, ¢ system 3#, and d system 4#
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Fig. 14 Radial distribution function curve of different atomic pairs. a O—H pairs, b O-O pairs, and ¢ Al-Al pairs

the system (Fig. 14). The first highest peak of the g(O—
H) curve corresponds to hydroxyl groups. With the
increase of temperature, the subsequent peak values
decrease obviously. Moreover, the values of the g(O—
0O) curve peaks show a downward trend in addition to
the first peak. All of the above findings indicate that as
the distance of the solution molecules increases, the
structure of the system becomes loose. The effect of
solution temperature on aluminum particles is also note-
worthy. RDF is also used to reflect the structural infor-
mation of aluminum particles. The first highest peak
distance of the g(Al-Al) curve represents the nearest

Al-Al bond length. The first peak decreases with in-
creasing temperature, which indicates that the surface
particle structure gradually changes from order to disor-
der. Hydrogen atoms and oxygen atoms are easier to
diffuse inside the aluminum particle.

The adsorption curves of ether/ethanol molecules
are shown in Fig. 15. Adsorption curves of ether
molecules increase linearly within 25 ps and that of
ether molecules within 50 ps. Their total adsorption
quantities vary greatly. Compared with the “Ad-
sorption mechanism on the bare ANPs” section,
the adsorption rate and the number of adsorbed
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Fig. 15 Adsorption curves of ether/ethanol molecules as a function of time. a Systems 1#-4#. b Systems 5#-8#

molecules are significantly increased by increasing
the solution concentration. There is no obvious
effect on the total adsorbed number during changed
the two molecular quantity configurations, but the
adsorbed number of ethanol/ether molecules is pos-
itively correlated with their concentration.

In previous studies, we observed that there was
dissociation/autoxidation on solution molecules.
We counted the composition information of the
organic coating layer. The standard proportion
values of each atom were calculated according to
the chemical formula of ethanol molecule (C,HO)
and ether molecule (C4H;¢O). The result of Table 3
shows that the ratio of oxygen atoms in the coat-
ing layer is higher than the standard value. The
snapshots of the final structure and the g(Al-H)
and g(Al-C) curves of system 2# are also used to

Table 3 Composition information of organic coating layer

demonstrate the dissociation/autoxidation on solu-
tion molecules (Fig. 16). Meanwhile, the product
can be well adsorbed around the ANPs.

Conclusion

In this study, we performed MD simulations with
ReaxFF force field to uncover the coating process
of ethanol and ether molecules on ANPs. The re-
sults show that coated ether molecules have no
fixed direction, while the hydroxyl groups of etha-
nol molecules are always attracted by aluminum
atoms and adsorbed on the aluminum particles.
The thermal vibrations of surface Al atoms can
cause the separation of atoms in solution molecules.
Shorter AI-O bonds are formed between these

System Coating material Total adsorbed atoms C (%) H (%) O (%)

Single Ethanol Standard value 222 66.7 11.1
1# 3661 21.8 65.6 12.6
2# 3519 223 65.3 12.4
3# 3342 21.6 65.5 12.9
4# 3380 20.3 652 14.5

Single Ether Standard value 26.7 66.7 6.7
1# 2342 264 66.5 7.1
2# 2583 26.7 65.5 7.8
3# 2546 26.3 65.6 8.1
44 2481 254 65.8 8.8

@ Springer



J Nanopart Res (2020) 22: 240

Page 130f 14 240

G-

—— g(Al-H) Ethanol
—— g(Al-IT) Ether

Distance(10"'nm)

a

119
—— g(Al-C) Ethanol
107 —— g(Al-C) Ether
9
g
7
Q 6
K
% 39
4
9
R
0 T T T T T T T T T 1
o 1z 3 1 5 6 7 8 9 10
Distance(10™'nm)

Fig. 16 Radial distribution function curve of different atomic pairs in system 2#. a Al-H pairs. b Al-C pairs

oxygen atoms and aluminum atoms, especially on
(1 0 0) surfaces. The surface of annealed aluminum
particles generally presents loose, rough, and irreg-
ular shape. There are dissociation and autoxidation
on ethanol and ether molecules, but the whole ad-
sorption process is not a chemical reaction typical-
ly. Those reaction products can be well adsorbed
around the aluminum particles. The adsorption
amount of ethanol molecules is significantly higher
than that of ether. From the analysis of system
structure, we conclude that the outermost aluminum
atoms tend to form an organic-provided alumina
layer. The core of the particles is active aluminum
atoms, and the outside is the organic coating layer.
Oxidation tests show that the coating layer can
maintain its integrity and protect aluminum particles
from oxidation at 300 K.

For the study of high concentration solutions, it is
found that the adsorption rate and the number of
adsorbed molecules are both significantly higher
than before. The adsorbed number of ethanol and
ether molecules is positively correlated with the mo-
lecular concentration. High concentration generates
high external pressure, which makes further H
atoms, O atoms, and C atoms diffuse inside the
nanoparticle more easily. High temperature can ef-
fectively eliminate hydrogen bonding nets between
solution molecules. However, heating also makes the
surface structure of aluminum particles more disor-
dered. It provides more active reaction sites on the
surface and therefore promotes the motion of oxygen
atoms to the inside of the aluminum particles.
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