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Abstract: The effects of benzene (CgHg) on the radial distribution function, coordination number,
spatial distribution function, physical and chemical properties such as density, viscosity, conductivity
and transport properties of triethylamine hydrochloride /chloroaluminate ([EtsNH] Cl1/AICl3) ionic
liquid were studied by first principle and molecular dynamics simulation. The stable geometry
and electronic properties of benzene and ionic liquids, as well as their optimized adsorption on Cu
(111) surface were obtained. The density, viscosity and conductivity obtained agreed well with the
experimental values. It is found that the adsorption of cations, anions and benzene on Cu (111) surface
is physical adsorption, and the adsorption capacity is [EtsNH] > CgHg > Al,Cl; ™. With the increase
of benzene concentration, the density of the system decreases gradually, the interaction between
cations and anions gradually weakens, resulting in the decrease of viscosity, the enhancement of
diffusion and the increase of conductivity. Since the diffusion and adsorption capacity of benzene are
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Ionic liquid, also known as room temperature molten salts, is an ionic system in the
liquid state at or near room temperature. It is usually composed of organic cations and
inorganic or organic anions [1,2]. It has the characteristics of a good thermal stability, wide
liquid temperature range, wide electrochemical window, good conductivity, non-volatile
and variable property combination. It has been extensively used in many fields such as
metal electrodeposition, electrochemistry, battery and catalysis [3-8]. In particular, it has
aroused great interest in electrodeposition and electrolysis of active metals [2,3,6,8].

Aluminum is the foundation and strategic material for national economy and na-
tional defense construction, strategic emerging industries, aerospace, etc. At present,
Hall-Héroult process, namely cryolite alumina molten salt electrolysis method, is usu-
ally used for industrial production of aluminum [9]. It has some disadvantages, such as
- high-energy consumption, large CO, emission, and serious equipment corrosion and so
on. Therefore, the research and development of new aluminum electrolysis technology
with high efficiency, energy conservation and environmental protection are of great signifi-
cance. The emergence of room temperature molten salt ionic liquid provides a possibility
conditions of the Creative Commons  {OT the development of low temperature electrolytic aluminum technology [10-20]. In
Attribution (CC BY) license (https:// 1992, Carlin et al. [10] electrolysis metal aluminum at room temperature with chloride-1-
creativecommons.org/licenses /by / ethyl-3-methylimidazole/chloroaluminate ([Emim]Cl/AlCl3) ionic liquid, which attracted
40/). great interest of researchers. In recent years, significant progress has been made in re-
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lated research [11-20]. Generally, aluminum electrodeposition and electrolytic refining
in ionic liquids mostly use imidazole chloride and chloroaluminate system, which are
sensitive to water and air and has relatively high cost. Therefore, it is necessary to find
an ionic liquid system with excellent stability and low cost. Quaternary ammonium
ionic liquids are favored by researchers because of their advantages of low cost, high
conductivity and superior quality of metal deposition layer [21-27]. Triethylamine hy-
drochloride/chloroaluminate ([EtsNH]CI/AICI3) is one of the most-used systems. The
values of conductivity of [EtsNH]C1/AICl; with an AlICl3 mole fraction of 0.667 is com-
parable with the corresponding data of I-butyl-3-methylimidazolium chloride ([Bmim]ClI)
system at the same temperature and the same mole fraction, even though the viscosity
value of [Et3NH]Cl/AICI; system is a little higher. From this comparison, it is believed
that [EtsNH]C1/ AICl; electrolyte is a good candidate to substitute [Bmim]Cl/AICl; system
in view of easy availability and low price. Recent years, [EtsNH]Cl/AlICl; has been widely
and successfully used in electrochemistry, cell, and catalysis fields [21-27].

It is found that electrodeposited aluminum or electrolytic refined aluminum in ionic
liquid can significantly reduce the temperature and DC unit consumption, and there are
no CO; and other gas emissions, which can effectively reduce energy consumption and
environmental pollution, and meet the requirements of green development. However, there
are still some problems with this method, such as poor quality of deposition layer, serious
dendrite phenomenon and low current efficiency, which need to be further solved [8,19].
The addition of inorganic or organic additives is one of the most used methods to solve
these problems. In recent years, the effect of additives on the quality of aluminum deposit
in imidazole-type ionic liquids has been studied, and some progress has been achieved [13].
Benzene (CsHg), as a cyclic aromatic compound with delocalized 7t electrons, has been
widely used as an additive in ionic liquid electrodeposition of aluminum [28-30]. It is noted
that a smooth and bright aluminum deposit can be obtained after the addition of benzene.
Xia et al. studied the effect of C4Hg on the properties of triethylamine hydrochloride ionic
liquid [Ets3NH]C1/ AIClI; electrolyte system [30]. It is noted that the addition of C¢Hg can
reduce the viscosity and increase the conductivity of the system. However, as a new green
solvent and electrolyte system, the related research of ionic liquid is not in-depth. How
to select efficient additives, the effects of additives on the microstructure, physical and
chemical properties of the system, and the mechanism of aluminum deposition are still
not clear. In recent years, first principles and molecular dynamics simulation have been
widely used to study the microstructure, physical and chemical properties and kinetic
characteristics of a condensed phase system, and achieved certain results [31-36], which
provides a good idea for the study of the action mechanism of additives.

In this paper, the low-cost and widely used triethylamine hydrochloride ionic liquids
[EtsNH]C1/AICI;3 [30] is taken as the research object. We mainly focus on the effect of
benzene addition on the micro-structure, physical and chemical properties, diffusion as
well as the adsorption behavior molecules or ions in [EtsNH]C1/AICl3 ionic liquids system
through ab initio calculation and simulation. The first principle calculation and molecular
dynamics are combined to systematically study the adsorption of benzene C¢Hg, cation and
anion of [Et3NH]Cl/ AlIClI;5 on the surface of Cu (111), the effect of benzene on the formation
of ions, interaction, physical and chemical properties, diffusion and transport characteristics
of particles in the [EtsNH]Cl/AlICl; system. The research work will provide the theoretical
guidance and support for the application and research of this kind of ionic liquids.

2. Materials and Methods

The geometry optimization and vibration frequency analysis of benzene C¢Hg and
[EtsNH]C1/ AICl; ionic liquids were performed at the 6-311++G(d,p) level by using the
B3LYP method of density functional theory in Gaussian 09 [37]. Firstly, the geometric
structures of anions, cations, ion pairs and benzene molecules are optimized with full
optimization. Then, vibration frequency analysis was implemented to confirm a stable
geometry structure, which is no negative frequency. After that the stable geometry was
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used to calculate the relevant properties of target molecules or ions, such as the highest
occupied molecular orbitals (HOMO), the lowest unoccupied molecular orbitals (LUMO),
and the electrostatic potential.

The effects of benzene on the microstructure, diffusion, and the physical and chemical
properties of [EtsNH]C1/AICl; were revealed by a scalable parallel molecular dynamics
package of MDynaMix 4.3 [38]. Optimized geometry of [EtsNH]*, C1~, AICl3 and C¢Hg
molecules are shown in Figure 1. AMBER force fields was applied, in which the force
field parameters of [Et;NH]* developed by Wang et al. [39] were used. The force field
parameters of CqHg were developed by Kim et al. [40], and the force field parameters of
Cl~ and AICl; were developed by Andrade et al. [41]. The atomic charge of the cation
[EtsNH]* is obtained by the restrained electrostatic potential (RESP) approach[42]. The
dipole moment of the [Et3NH]* obtained by the RESP method is 0.3685 D, which is in good
agreement with the 0.3662 D obtained by the first principle calculation, indicating that
the calculated RESP charge in the present manuscript is accurate. Various [EtsNH]*, C1~,
AICl; and CgHg molecules or ions are randomly placed in the simulation box with their
initial configuration in Figure 1. It is well-known that the predominant presence of anions
can be expressed as AICl;~ and Al,Cl;~, respectively. With the increase of mole fraction
of AlCl3, the molar concentration of Al,Cl;~ increases, when the mole fraction of AlCl3
is 0.667 in [EtsNH]C1/AICl3, the predominant presence of anions is Al,Cl; ™. Therefore,
the mole ration of 1:2 for [EtsNH]CI and AICl; are used for [EtsNH]C1/AICl; in present
work. In order to compare with the experimental results in ref. [30], the mole fraction of
benzene of 0, 0.19, 0.32, 0.41, 0.48, 0.53 on the structure and properties of [Et3NH]C1/AICl3
systems were studied. The particle number in the simulation system and the size of the
simulation box in equilibrium are shown in Table 1. Three-dimensional periodic boundary
conditions were implemented. The initial velocity is randomly generated from the Maxwell
distribution according to the simulated temperature of 298.15K. The electrostatic interaction
is treated by the Ewald summation technique. The motion equation is solved by Tuckerman-
Berne double time-step algorithm. The long-time and short-time steps are 2 fs and 0.2 fs,
respectively. Firstly, systems were equilibrated in NPT ensemble with 400 ps to reach the
equilibrium. The simulated density is in good agreement with their experimental value.
Then, the final equilibration configurations of the NPT ensemble were used as the initial
configurations to perform the simulation in NVT ensemble for 2 ns, and the trajectory was
saved every 10 steps for subsequent analysis and physical quantity calculation.

2P, 0,9, 9,9,
salalalalnlng

Figure 1. The stable geometry of molecules or ions in molecular dynamics simulation (a) and the
schematic diagram of different adsorption sites on Cu(111) surface (b).
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Table 1. Particle numbers, equilibrium box sizes, simulated density and experimental density of [Et3NH]C1/AICl3 with

different mole fractions of C¢Hg.

Mole Fraction

Equilibrium Sizes of

of CgH, [Et;NHIC1 AlCI3 CeHg Simulation Box (am?) Psim/g-cm—3 Pexp/g-cm=3 [30]
0 128 256 0 4.047 x 4.047 x 4.047 1.297 1.312
0.19 128 256 88 4.301 x 4.301 x 4.301 1.223 1.248
0.32 128 256 177 4.506 x 4.506 x 4.506 1.190 1.201
0.41 128 256 265 4.713 x 4.713 x 4.713 1.149 1.169
0.48 128 256 353 4916 x 4.916 x 4916 1.109 1.128
0.53 128 256 441 5.082 x 5.082 x 5.082 1.091 1.095

Since copper is commonly used as a cathode for the electrodeposition of aluminum
in ionic liquids, the adsorption of benzene, anion and cation on the copper surface Cu
(111) was studied in the present work by Vienna ab initio simulation package (VASP) code
of VASP 5.4.1 [43,44]. The exchange correlation functional of Perdew-Burke -Ernzerhof
(PBE) [45] of Generalized Gradient Approximation (GGA) in Density Functional Theory
(DFT) was utilized. The D3-B] method proposed by Grimme [46] was used to consider
van der Waals interaction. The convergence criterion of the force is 0.01 eV /A, the energy
convergence standard is 10~# eV. The cutoff energy is 400 eV, and the Methfessel Paxton
broadening is 0.2 eV. The lattice constant of the optimized Cu cell is 3.615 A, which is in
good agreement with previous experimental and theoretical results [47,48].

The Cu(111) surface was modeled using a four-layered model p(6 x 6) super cell (as
showed in Figure 1). As showed by Avalentin, four layers model can meet the conver-
gence requirements for molecules or ions adsorption on Cu(111) [49]. The supercell size
is 16.66 x 16.66 x 30.40 A% and the surfaces were separated by a vacuum layer of 22.91 A
The Brillouin zone is sampled by 3 x 3 x 1 k-points using the Monkhorst-Pack scheme [50].
We considered the adsorption of the molecules or ions at four different positions on Cu
(111) surface as showed in Figure 1. It is found that the target system is more inclined to
be adsorbed at the Hcp site of Cu (111). Therefore, we will just focus on the adsorption
of molecules or ions at the Hcp site of Cu (111). The adsorption energy is calculated by
Eads = E(mol/surf) — (Esur £+ Emol) , where En,o1/surf) i the total energy of stable adsorp-
tion structure of Cu (111) surface and the adsorbed molecules or ions. Egy¢ is the energy
of Cu (111) surface, where E is the energy of molecules or ions. Atomic charges of the
system were analyzed by Bader method [51], and the differential charge density diagrams
were obtained by VESTA software [52]. Frontier orbits and electrostatic potential diagram
were obtained by Multiwfn [53] and VMD [54] software according to the results of quantum
chemistry calculation.

3. Results and Discussion
3.1. Effect of Additives on Microstructure and Physicochemical Properties of the System
3.1.1. Density

The densities of [EtsNH]CI1/AICl; and C¢Hg at 298.15 K and 0.1 MPa obtained from
molecular dynamics simulation are 1.297 g/cm?® and 0.8511 g/cm? respectively, which are
in good agreement with the experimental values of 1.312 g/ cm? [30] and 0.874 g/ cm? [30].
It is shown that the applied force field is reliable. Table 1 indicates the density of the system
with different mole fractions of C¢Hg and its experimental values [30]. It can show in
Table 1 that the density of the system gradually increases with the increase of C¢Hg mole
fraction, which is in good agreement with the experimental results [30]. It further shows
that the force field selected in the present work is reliable.

3.1.2. Radial Distribution Function and Coordination Numbers

The radial distribution function (RDF) represents the distribution of other atoms in the
spherical shell of radius r from the central target atom and thickness dr. It reflects the struc-
tural characteristic of a particle in the system, and the coordination numbers of other parti-
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cles around the central atom can be obtained by integrating the RDF. In chloroaluminate-
type ionic liquids with the mole fraction of AICl3 is 0.667 (AICl3. chloroaluminate-type
ionic liquids is 2:1), aluminum ion mainly exists in the form of Al,Cl;~. Therefore, for the
convenience of discussion, we define it as AlXCly3X_Y. Figure 2 shows radial distribution
function between [EtsNH]" and AGClyB'X’y, [EtsNH]*" and CgHyg, AlXCly3X’Y and CgHg,
and their coordination numbers with different addition of C¢Hg. As can be seen from
Figure 2a, with the increase of the mole fractions of C4Hg, the peak position of the first
highest peak moves forward, and the peak becomes larger and larger. It can be seen from
Figure 2e that the coordination number of [Et;NH]* and AIXC1y3X’Y generally shows a slow
downward trend. It shows that the addition of benzene weakens the interaction between
anions and cations, and benzene occupies the position of original ions, which further
reduces the association degree of main ion aggregates in ionic liquids, which confirms the
experimental conclusion of Abbott et al. [55].
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Figure 2. Radial distribution functions and coordination number from molecular dynamics. (a) [Etg,NH]*-AlXCly?’X*Y,
(b) AGClysx_y—Cl_, (c) [EtsNH]* - C¢Hg, (d) AlXCIYBX_y—C(,Hé, and (e) coordination number.

It can be observed in Figure 2b that the peak value of the radial distribution function
of Al,Cl,>™Y and ClI™ is very large, and there is an obvious sharp peak at 3.35 A. This
indicates that an obvious C1~ polymerization layer is formed around Al,Cl,*>*~Y. With the
increase of C¢Hg, the peak value of the radial distribution function of AGCly3"_y and Cl1™
is higher and higher, indicating that the interaction between A1X(21y3'>"y and Cl™ is weaker
and weaker. It can be seen from Figure 2e that after the addition of C¢Hjg, the coordination
number of AlCl,®>*~Y and Cl~ is between 0.99 and 0.92, indicating that Al ion mainly exists
as Al,Cl; ™. As can be seen from Figure 2b,c, with the increase of the mole fractions of CgHg,
the peak value of the radial distribution function of [EtsNH]* and AGCly3X’y and CgHg in
the system gradually decrease. The radial distribution functions of [Ets3NH]* and C¢Hg had
a discernible peak, while the radial distribution functions of AGCly3X_y and CgHg had no
obvious peak, and their peak shoulders are wide. As showed in Figure 2e, with the increase
of CgHg mole fraction, the number density of C¢Hjg in the system increases, resulting in an
increase in the chance of contact with cations, so that the coordination numbers of [EtsNH]*
with CgHg, AGCly3X’y and C¢Hg gradually increase. This further shows that the addition
of C¢Hg weakens the interaction between cation and anion.
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3.1.3. Spatial Distribution Function

The spatial distribution function describes the geometric distribution of relevant
components in the system in three-dimensional space. According to the simulated data, the
spatial distribution function can be made with gopenmol software [53]. Figure 3 displays
the three-dimensional spatial distribution of [Et;NH]" and other ions around aluminum
coordination ions when the mole fraction of CgHyg is 0.41 (other mole fractions are similar).
Figure 3a shows the three-dimensional spatial distribution of C¢Hjg (green), C1~ (yellow)
and AGCly3"*y (red) around [EtsNH]*. The green area indicates the distribution when the
distribution density is 2 times the average density, and the yellow area and red area show
the distribution when the distribution density of CI~ and Al,Cly>*"Y is 5 times the average
density. Figure 3b displays the three-dimensional spatial distribution of C1™ (yellow) and
CsHe (green) around Al,Cl,>~Y. The distribution density of yellow and green areas is
5 times and 2 times of the average density respectively.

(a) (b)

Figure 3. The calculated three-dimensional spatial distributions. (a) C1~ (yellow), AlXCly3X*Y (red),
and C¢Hg (green) around [EtsNH]*; (b) C¢Hy (green), Cl1~ (yellow) around AIXCIY3X_Y.

From Figure 3a, we can find that benzene is mainly distributed on the side of [EtNH]*
and on the outer layer of chloride anions, but not between [Et;NH]* and AGCly3X’Y. Itis
consistent with the distribution law of the corresponding radial distribution function in
Figure 2a,b. It can be seen from Figure 3b that chloride anions distributed around chloride
anions is distributed around Al,Cl,**"Y, closer to the upper and lower sides of aluminum
atoms, while benzene is distributed around AIXC1y3X’Y and closer to chlorine atoms.

3.1.4. Self-Diffusion Coefficient

The diffusion coefficients are obtained from Einstein equation [56] as showed in
Equation (1), namely,

D; = Llim &< [ri(t) ~ i(0)] >, 1)
where [ri(t) —r;(0)] is the mean square displacement (MSD) of i particle. <-> is the
ensemble average, 7;(t) is the position of particle i at time £.

Figure 4 shows the mean square displacement (MSD) of [EtsNH]C1/AICls with CgHg
mole fraction of 0.19 and the effect of C4Hg on the diffusion coefficient of each particle
in the system. We can see in Figure 4a that the MSD of all ions are linear, which means
that the system is a homogeneous solution and attained a self-diffusion state. As shown in
Figure 4b, with the increase of C¢Hg mole fraction, the diffusion coefficients of [Et3NH]*,
AlyCl;~ and CgHg in the system continue to increase, and the diffusion coefficient follows
Ce¢Hg > AGCly3X_Y > [EtzNH]*. With the addition of C¢Hg, the interaction between anions
and cations in the system decreases also dilutes the electrolyte, therefore the diffusion
ability of anions and cations in the system increases, which will help to improve the electro-
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chemical properties of the system, such as reducing viscosity and increasing conductivity,
which is consistent with the experimental results.
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Figure 4. (a) MSD (xajc13 = 0.19) and (b) the diffusion coefficient of each ion in [Et3NH]CI/AICI;
with different mole fraction of C4¢Hg from molecular dynamics simulation.

3.1.5. Viscosity and Conductivity
Viscosity is obtained by Stokes-Einstein relation of Equation (2) [57],

1iDi = n;D;, (2)

where 77;, 17;, D;, D; represents the viscosity and self-diffusion coefficient of two liquids at
a specific temperature. The viscosity 7; and self-diffusion coefficient D; of water can be
selected as the standard, which are 1 and Djis9 x 10~* Pa-s and 2.30 x 10~? m?/s [58,59]
respectively at 298.15 K.

Conductivity () [60] is obtained from Nernst-Einstein equation in Equation (3),

2
t= p (D4 D) ®
where N is the number of ions in per unit volume, q is the electron charge, D, is the
self-diffusion coefficient of cation, D. is the self-diffusion coefficient of anion, and kg is the
Boltzmann constant (1.38 x 10~23 J/K).

Figure 5 shows the effects of C4Hg on the viscosity and conductivity of [EtsNH]C1/
AlCl; ionic liquid system. It can be seen from Figure 5 that with the increase of C¢Hg mole
fraction, the viscosity of the system continues to decrease and the conductivity gradually
increases, which is consistent with the change trend of experimental [30]. According to the
previous analysis, the addition of C¢Hg reduces the interaction between anions and cations,
and also dilutes the electrolyte, so the viscosity of the system decreases, the ion diffusion in
the system accelerates, and the conductivity of the system increases. When x < 0.4, the vis-
cosity of the system can be reduced rapidly by adding C¢Hg. When x > 0.4, the viscosity of
the system changes little by adding C¢Hp, indicating that the system is basically saturated.
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Figure 5. Effects of the C¢Hg mole fractions on viscosity (a) and conductivity (b) in
[EtsNH]C1/AICl; system.

3.2. Structure, Frontier Orbitals and Adsorption of Cations, Anions and Additives on Surface

According to the above molecular dynamics simulation and experimental results [30],
the main aluminum anions mainly exists in the form of Al,Cl;~ in [EtsNH]Cl/AICl3 ionic
liquid system. Therefore, for anions in the system, we only consider Al,Cl;~. Figure 6
shows the HOMO and LUMO distribution of [EtsNH]*, Al,Cl;~ and C¢H, obtained by
B3LYP/6-311++g(d,p) method. It can be seen from Figure 6 that HOMO of [Et3NH]" is
mainly distributed on the carbon atoms of three ethyl groups connected with N atom, and
the LUMO is concentrated on H connected with N atom. The HOMO of Al,Cl;~ is mainly
distributed on the chlorine atom connected to the aluminum with a single bond. LUMO
contributes almost every chlorine atom, while the HOMO and LUMO of benzene are
concentrated on the ring. Therefore, [EtsNH]*, Al,Cl;~ and C¢Hg may be adsorbed on the
metal surface in parallel, which agrees well with the results obtained from frontier orbitals.

Figure 6. The calculated HOMO and LUMO from B3LYP/6-311++G(d,p) for (a) EtzNH"; (b) Al,Cl;~ and (c) C¢Hg. The
green and blue color in the figure represents the positive phases and negative phases of the orbital respectively.

Figure 7 shows Electrostatic potential distribution diagram of [Et;NH]*, Al,Cl;~ and
CgHg obtained by B3LYP/6-311++G(d,p) method. From the Figure 7, it can be seen that
the whole positive electrostatic potential surface of [Ets3NH]" is distributed in the outer
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layer; the maximum electrostatic potential comes from the H atom(HO0) bonded with central
N atom and the region between the hydrogen atom (H1, H3 and H5) in the methyl on
the ethyl chain and the hydrogen atom (H2, H4 and H6) in the methylene on the other
ethyl chain, such as the zone between the H1 and H6, the zone between H2 and H3, as
well as the zone of H4 and H5. The electrostatic potential in these regions is greater than
100 kcal/mol. The negative electrostatic potential is distributed outside of Al,Cl;~, which
is mainly distributed on Cl atoms. For benzene molecule, the positive electrostatic potential
is distributed in the outer layer, while the negative electrostatic potential is distributed in
the inner layer, mainly distributed around C atoms.

(b) (©)

Figure 7. Electrostatic potential mapped molecular vdW surface of calculated by B3LYP/6-311++G(d,p) for (a) EtsNH*;
(b) AI,Cl;~ and (c) C¢Hg. Green and blue represent positive and negative electrostatic potential distribution respectively.

The yellow and green points represent the maximum and minimum values of electrostatic potential respectively.

Figure 8 gives the optimized adsorption configuration of [Ets3NH]*, Al,Cl;~ and C¢Hj
adsorbed on Cu(111) surface. It can be observed from Figure 8a that [EtsNH]* is absorbed
on the Cu(111) surface in parallel, which is consistent with the results of frontier orbital
and electrostatic potential analysis. The nearest distances between H atom bonded to N of
[EtsNH]* and Cu atoms on the surface are 2.548 A for H3-Cu3, 2.596 A for H4-Cu4, 2.621 A
for H1-Cul, 2.620 A for H2-Cu2, respectively. It can be seen that the three nearest lengths
between Cu and H are greater than the sum of their covalent radii of 2.07 A, and close to
the sum of its van der Waals radii of 2.8 A, where the covalent atomic radius of Cu and H
is 1.28 A and 0.79 A and the van der Waals radius is 1.4 A and 1.2 A. Therefore, it suggests
that the adsorption process of [EtsNH]* on Cu (111) surface is a physical adsorption.

Figure 8. Optimized adsorption configurations of ions adsorbed on Cu(111) surface for (a) EtsNH*; (b) ALL,Cl;~ and
(c) CeHe.



Crystals 2021, 11, 1532

10 of 14

As showed in Figure 8b, Al,Cl; ™ lies flat on the Cu(111) surface in the form of four
Cl atoms in contact with the Cu atoms of Cu(111) surface. In Figure 8b, we found that the
minimum distances between Cl atom of Al,Cl,~ and Cu atoms of surface are 2.684 A for
Cu3-Cl5,2.799 A for Cu2-CI2 and 3.008 A for Cul-Cl1, and 3.225 A for Cud-Cl6, respectively.
However, the three minimum distances between Cu and Cl are greater than the sum of
their atomic radii of 2.27 A, and close to the sum of its van der Waals radius of 3.15 A,
where the covalent atomic radius of Cu and Cl are 1.28 A and 0.99 A, and the van der
Waals radius are 1.4 A and 1.75 A, respectively. It means that the adsorption of Al,Cl;~ on
Cu(111) surface is also a physical adsorption process.

It can be observed in Figure 8c that the benzene ring plane is adsorbed on the Cu(111)
surface in parallel, which is consistent with the results of frontier orbital and electrostatic
potential analysis. The nearest distance between the six C atoms in the benzene ring and
the Cu atoms on the Cu(111) is 2.626 A for Cul-C2, 2.637 A for Cu2-C4, 2.646 A for Cu3-C6,
2.988 A for Cul-C1,2.999 A for Cul-C3 and 3.005 A for Cu3-C5, respectively. The distances
of the six nearest Cu and C are located at the sum of the covalent atomic radii of Cu and
C of 2.05 A and the sum of its van der Waals radius 3.1 A, where the atomic radii of Cu
and C are known to be 1.28 and 0.77 A, and the van der Waals radii are 1.4 A and 1.70 A,
respectively. Therefore, the adsorption of benzene on Cu surface is a physical adsorption
process, which is consistent with other research results. [27,28]

It can be seen from Table 2 that the order of adsorption energy of [Et;NH]*, Al,Cl;~
and CgHg on the Cu(111) surface is [Ets3NH]* > CgHg > Al,Cl;~. Combined with the
structural analysis of adsorption and the results of molecular dynamics simulation, the
diffusion of benzene is fastest in [EtsNH]CI/ AlCl; ionic liquid system, and benzene is easier
to be adsorbed to the cathode electrode surface than Al,Cly anion in the electrolysis process,
so as to reduce the effective surface area of the cathode and slow down the reduction speed
of Al,Cly ion on the cathode surface. At the same time, the protruding part tiled on the
electrode surface plays a certain leveling role. Therefore, a bright metal deposition layer
can be obtained in the deposition process [55-58].

Table 2. The adsorption energy total charge transfer (Ag) of [EtsNH]*, Al;Cl;~ and C¢Hg on Cu(111).

Adsorption Ecya1n (€V) E ol (V) E cua11)-Mol (€V) E,4s (kJ.mol—1) Agle)

Cu(111)/[EtsNH]* —567.2566 —117.3809 —689.5731 —476.2151 0.277
Cu(111)/CeHg —567.2566 —76.3256 —644.6412 —~102.1741 —0.045
Cu(111)/AlCl;~ —567.2566 —38.7584 —604.0223 192.2199 —-0.172

Figure 9 shows the calculated differential charge density of [EtsNH]*, Al,Cl;~ and
CgHg adsorbed on Cu(111) surface. Charge accumulated is negative in Figure 9. The yellow
part represents the area of charge accumulation, and blue part represents the area of charge
reduction. It can be seen from Figure 9a that the four hydrogen atoms and the whole region
of the cation [Et3NH]" near Cu(111) surfaces are yellow, indicating that it is the area of
charge accumulation, while the blue area around the lower copper atom indicates that the
surface charge of Cu (111) is reduced. The three ethyl chains are blue regions, indicating
that their charge decreases after adsorption, which is consistent with the fact that the alkyl
chain is an electron donor group. The changes of Bader charges after adsorption are shown
in the last column in Table 2. It can be seen from Table 2 that Cu(111) transfer a charge of
0.277 e to [Et3NH]*. The results demonstrate that the interaction between [Et;NH]* and
Cu(111) is strong, which is consistent with the results of adsorption energy.
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Figure 9. Differential charge density diagram of molecules or ions on the surface of Cu(111) for (a) EtsNH*; (b) Al,Cl;~ and

(c) CgHg. The yellow color represents the area of charge accumulation and blue color represents the area of charge reduction.

It can be seen from Figure 9b that three chlorine atoms near Cu(111) surface on Al,Cl;~
are blue, indicating that the charge in this area is reduced. Some atoms on Cu(111) in the
region below Al,Cl;~ are yellow, indicating that the charge in these areas increases. It can
be seen from Table 2 that Al,Cl;~ transfers a charge of 0.172 e to Cu(111) surface. As can
be observed in Figure 9¢, the ring of benzene is adsorbed on Cu(111) surface in the form of
mi-7t stacking. The carbon atoms on the benzene ring are blue, indicating that the charge
in this area is reduced, and the carbon atoms in the first and second layers of Cu(111) are
yellow, indicating that the charges in these areas are increased. It can be seen from Table 2
that benzene transfers a charge of 0.045e to Cu(111).

As discussed above, the addition of benzene into the [Et3NH]C1/ AlCl5 ionic liquid
system reduces interaction between the cation and the anion. It decreases the viscosity of
the system and improves the diffusion ability of cation and anion in the system. Therefore,
it enhances the conductivity and improves the electrochemical properties of the system.
The results of first principle calculation show that the adsorption energy between benzene
and metal is stronger than that of aluminum ion, so benzene would be easier to adsorb on
the electrode surface, so as to reduce the effective surface area of the cathode, slow down the
reduction speed of Al,Cl;~ on the cathode surface and increase the over-potential, which
is consistent with the experimental CV curve results [30]. At the same time, benzene is tiled
on the protruding part of the electrode surface to play a certain leveling role. Therefore, for
the electrodeposition of aluminum in ionic liquids, the addition of benzene is conducive
to the refinement of sediment grains. This is consistent with the research results that
benzene can be used as an additive in most ionic liquid electrodeposited aluminum to
obtain grain-refined deposition layers [29,61,62].

4. Conclusions

The effect of benzene on the radial distribution function, coordination number, spatial
distribution function, physical and chemical properties such as density, viscosity, con-
ductivity and transport properties of [EtsNH]Cl/AlCl; ionic liquid were studied by the
combination of first principle calculation and molecular dynamics simulation. It was found
that the density of the system decreases gradually with the addition of benzene. Benzene is
situated near to the cation [EtNH]* of ionic liquid, which weakens the interaction between
cation and anion, reduces the viscosity of the system, increases the diffusion of ions and
increases the conductivity. Aluminum coordination is in the form of Al,Cl; ™ in the present
system. The order of the diffusion coefficient is C¢Hg > AGCly3X_Y > [EsNH]*. The
simulated density, viscosity and conductivity agree well with the experimental values. The
order of the adsorption energy of ions on metal is [EtsNH]* > C¢Hg > Al,Cl; ~, indicating
that benzene is more easily adsorbed on the electrode surface than the electroactive ions
Al,Cl;~. Therefore, benzene would be easier to adsorb on the electrode surface, so as
to decrease the effective surface area of the cathode, slow down the reduction speed of
Al Cl;™ on the cathode surface and increase the over-potential. At the same time, benzene
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is absorbed on the protruding part of the electrode surface to play a certain leveling role,
so the grain refined deposition layers can be obtained in electrodeposition.
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