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The structural evolution of MgCl2-based materials is of considerable interest due to their current and potential
applications in numerous technologies, such as electrolyte in magnesium electrolysis, secondary coolant for
high-temperature reactors, and a new generation heat transfer fluid for concentrated solar power systems. How-
ever, their intrinsic feature is poorly understood and difficult to obtain with experimental techniques. In this
work,first-principlesmolecular dynamics simulations (FPMD) are adopted to investigate the structural evolution
of molten MgCl2-KCl fused salt. Examination of the radial distribution function, probability distribution of coor-
dination numbers and bond angle distribution of the melts reveals that the local geometry of the Mg converts
from mainly tetrahedral to a distorted octahedral with one-two anion vacancies as the concentration of MgCl2
is increased. Accompanied by this structural change, there are also corresponding variations in the stability
and dynamics of the system. Further analysis of the stability and the lifetime of the Mg\\Cl bond indicate that
the coordinated Cl− anions around Mg2+ cations are more dynamic in MgCl2 richer compositions. Moreover,
this study shows that the addition of MgCl2 will inhibited the formation of isolated structural units and promote
the extension of Mg chains. In conclusion, the simulations successfully reproduce the structural features of
MgCl2-KCl melts and highlight the application prospects of FPMD simulations in revealing the local structure
of molten salts.

© 2020 Published by Elsevier B.V.
1. Introduction

Nowadays, it is still an attractive issue to explore the microstructure
and its evolution of MgCl2-based molten salts. These salts are mainly
used as electrolytes in the electrolysis process, in which magnesium
chloride is decomposed into magnesium and chlorine. In actual engi-
neering applications, MgCl2 can not be used alone because of its charac-
teristics of a high melting point, low electrical conductivity, and being
easy to hydrolyze. Generally, magnesium electrolytes are complex and
pluralistic systems, in which KCl, NaCl, and CaCl2 are frequently added
[1]. The additives complicate the structures of the electrolytes, thus
resulting in changes in the electrochemical behavior and physicochem-
ical properties of the electrolytes. The optimization of components is
commonly a practical way to improve the performance of electrolytes,
which implies that it is often empirical and at an engineering level. Un-
like aluminum electrolyte, in-depth studies of magnesium electrolytes
are very limited. Therefore, the structural evolution of magnesium elec-
trolytes has not been researched systematically. In addition, a deep
vironmental Engineering, East
237, China.
knowledge of the intrinsic feature of MgCl2-based materials is required
for the correct interpretation of their spectroscopic data [2,3]. In conclu-
sion, there is a growingneed for a generalmethod to explain and predict
the microstructure evolution of MgCl2-based materials.

The ability to examine structural evolution at an atomic level may
contribute to a better design of the electrolyte formula and an in-
depth understanding of electrochemical behavior. The density func-
tional theory based first-principles molecular dynamics simulations,
which computes the forces acting on the nuclei from electronic struc-
ture calculations, are successfully employed to study thermodynamic
properties of many kinds of molten salts and effectively reproduces
their structural characteristics observed in experiments [4–10].Most re-
cently, FPMD simulations were employed to study the ionic structure
and transport properties of KF–NaF–AlF3 fused salt [11–13], and the
evolution of [UCl6]n- (n = 2, 3) groups in UCln-NaCl (n = 3,4) systems
[14]. FPMD simulations extremely enriched our understanding of the
characteristics of molten salts. Despite its obvious advantages, it should
be noted that a price has to be paid for performing FPMD simulations:
the simulation cell and simulation time are much smaller than what is
affordable by classical molecular dynamics.

In previous works [15–19], systematic results of molten alkali chlo-
rides have been presented from MD simulations. More recently, we
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Fig. 1. The static structure factor S(q) for MgCl2-KCl mixtures at various MgCl2
concentrations. S(q) from our FPMD simulations are marked in black (dashes).X-ray
scattering data of KCl-50.00%MgCl2 and KCl-35.00%MgCl2 from reference [34] (red).

2 W. Liang et al. / Journal of Molecular Liquids 309 (2020) 113131
have performed some initial exploratory calculations on pure MgCl2
using FPMD simulations [20]. In practical terms, molten salt mixtures
are of far greater commercial significance because their performance
can be improved by adjusting the composition. Accurate structural in-
formation is helpful for us to understand and predict such characteris-
tics. However, for the MgCl2-ACl (where A is an alkali metal) molten
salts, the variation trends with the composition of the local structures
have not been uncovered yet, which deserve in-depth study.

In this paper, a representative MgCl2-ACl molten salt MgCl2-KCl is
studied using FPMD simulations. First, details of the computational
method for simulating MgCl2-KCl molten salt by FPMD are illustrated.
In the results and discussion section, the effect of MgCl2 concentration
on the structural evolution is addressed and compared with the exper-
imentalmeasurements to verify our FPMD results onmoltenMgCl2-KCl.

2. Computational methods

The Vienna Ab Initio Simulation Package (VASP) [21,22] based on
density functional theory (DFT) is employed for our FPMD simulations.
The Perdew-Burke-Ernzerhof (PBE) [23] functional of the generalized
gradient approximation (GGA) is used for the electron exchange-
correlation. The projector augmented wave (PAW) [24,25] method
has been employed for all the ion-electron interactions. TheMg3s2 elec-
trons, K 3s23p64s1, electrons and Cl 3s23p5 electrons are explicitly
regarded as valence electrons. The kinetic energy cutoff of 600 eV and
a 1 × 1 × 1 k-point mesh is chosen for FPMD simulations. We note
that the energy cutoff of 600 eV, adopted here and in previous work
[20], is not the best choice,which will definitely increase the cost of cal-
culation and limit the choice of a larger simulation cell. Therefore, a
value of 420 eV will be chosen in future research.

The initial configurations of 22.22, 33.33, 50.00 and 80.00 mol%
MgCl2 with KCl were generated by packing ions randomly into given
simulation cells using the Packmol code [26]. A series of simulation
cells containing 140 atoms were prepared and their volumes were pri-
marily estimated by the experimental density at a particular tempera-
ture. Each of the simulation cells was launched at 2000 K to initially
equilibrate the initial configurations. It was feasible to create converged
liquid structures from high-temperature calculations within timescales
of up to 10 ps at 2000 Kwith FPMD. RDFs showed that randomly placed
ions by Packmol were arranged in the form of ordered states(see Fig. S1
in the supporting information). Then the high-temperature liquidswere
quenched at a rate of 180 K/ps to 1073 K. After these runs, the equilib-
rium volume was optimized at five fixed volumes for each particular
composition. For each fixed volume, the total pressure (P) is evaluated
as the average of the last 90% of a 6 ps simulation. Starting from the
quenched liquids, 6 ps duration in FPMD is found to be long enough to
reach the convergence of energy and pressure(Fig. S2). For each compo-
sition, the total pressures were fitted to a third-order Birch–Murnaghan
equation of state [27,28] (Fig. S3), and the equilibrium volumewas eval-
uated as the cell volume corresponding to zero pressure. Finally, FPMD
simulation was carried out for 20 ps at this equilibrium volume for the
following analysis of structure and transport properties. A time step of
1 fs was adopted to reduce the energy drift.

It has been shown previously that the GGA/PBE exchange-
correlation functional will significantly overestimate the equilibrium
volume for molten salt systems, and the addition of van der Waals
(vdW) dispersion interaction will lower this overestimation [5,6].
Therefore, the semi-empirical DFT-D2 of Grimme [29,30] is introduced
in this work.

This research was conducted with a very small system since FPMD
calculations are very computationally intensive. Nevertheless, we
think it is acceptable compared with FPMD simulations reported in lit-
eratures [6,7,9,14]. All FPMDsimulations, apart from the quenching pro-
cess, are done in the NVT ensemble using a Nosé-thermostat with
periodic boundary conditions. The analysis of the static structure, in-
cluding radial distribution function, bond angle distribution and
structure factor, is conducted by the R.I.N.G.S. [31] code, and the cage
correlation function is computed using MDAnalysis code [32].

3. Results and discussion

3.1. Validation of simulation results

3.1.1. Structure factors
The static structure factor S(q) is calculated for MgCl2-KCl mixtures

to further verify the simulation results. The S(q) is calculated through
the following equation

S qð Þ ¼ 1
N

X
jk

b jbk eiq r j−rk½ �D E
ð1Þ

where bj and rj represent respectively the X-rays scattering length and
the position of the atom j. N represents the total number of atoms in
the system studied. The X-rays scattering is q point dependent with
bj = fj(q), see reference [33] for details.

We previously calculated the structural factor of pure magnesium
chloride, whichmatcheswell with the neutron scattering data obtained
by Biggin and Enderby. Fig. 1 shows static structure factors of theMgCl2-
KCl melts at 1073 K for each component. The calculated S(q) for KCl-
50.00%MgCl2 and KCl-33.33%MgCl2 matches well with the X-ray scat-
tering data of Fei Wu et al. [34], which provides confidence in our fol-
lowing analysis. In addition, it can be seen that an FSDP occurs at
roughly 1Å and appears predominantly in the structure factors, espe-
cially at high MgCl2 concentrations. The appearance of this FSDP is be-
lieved to be a direct manifestation of network formation. And it is
generally associated with intermediate-range order (IRO) on a length
scale substantially larger than the sum of any ionic radii. Besides, it
can be observed that the addition ofMgCl2 results in a smoothly increas-
ing of the FSDP intensity in S(q). This finding is also in agreement with
recent X-ray scattering experiments and MD simulations of molten
MgCl2-KCl [34], which exhibits a similar trend of the height of FSDP
with MgCl2 concentration. The underlying cause of this increment is
well discussed in the work by Fei Wu et al. [34]: The across-network
correlations ofMg2+ complex that does not belong to the same network



Fig. 2. Calculated density forMgCl2-KCl fused salts frompurely FPMD simulationswith the
NVT ensemble at 1073 K as a function of MgCl2 concentration.
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play a significant role on the origin of the FSDP. And the addition of
MgCl2 into the MgCl2-KCl mixtures will result in a larger density of
such across network correlations, and, finally, lead to an increment of
the intensity of FPSD in S(q).

3.1.2. Density
Fig. 2 shows that the densities of MgCl2-KCl melts derived from the

equilibriumvolumes. For themoltenMgCl2-KClmixtures, the calculated
densities increase from 1.470 to 1.594 g cm−3 as the concentration of
MgCl2 increased from 22.22 to 80.00mol%. Meanwhile, the experimen-
tal density obtained by Reding [35] and Grjotheim [36] increased from
1.508 to 1.657 g/cm−3 and 1.515 to 1.650 g/cm−3, respectively. FPMD
densities for MgCl2-KCl are underestimatedwith the deviation between
0.37 and 3.80% compared to the experiments, suggesting a slight under-
estimation of the interionic interaction in MgCl2-KCl fused salt by the
Fig. 3.Radial distribution functions RDFs forMg\\Cl,Mg\\Mg, Cl\\Cl, K\\Cl, and K\\Kpairs formo
(b), (c), and (d) are 22.22%, 33.33%, 50.00%, and 80.00%, respectively.
PBE exchange-correlation functional with DFT-D2 method. The local
structure of ionic species that we analyze in this work is largely deter-
mined by the short-range interactions, and hence, a slight underestima-
tion of the density should not affect the principal results of this work
significantly. Although the NPT dynamics, using the method of
Parrinello and Rahman [37,38], is now available in VASP, it shows a
larger error in calculated equilibrium volumes than that devised from
NVT calculations when compared with experimental values [39].

3.2. Local structure of the MgCl2-KCl system

3.2.1. Radial distribution function
The partial radial distribution function (RDF) is used to study the

local structure of magnesium atom in the fused salt, and the RDF was
defined as

gαβ rð Þ ¼ 1
4πρβr2

dNαβ rð Þ
dr

� �
ð2Þ

where ρβ is the number density ofβ ions andNαβ is themeannumber of
β-type ions around α ions at distance r.

The structural results of liquid MgCl2-KCl are described by the RDFs
of Mg\\Cl, Mg\\Mg, Cl\\Cl, K\\Cl, and K\\K as illustrated in Fig. 3.
Table 1 displays our calculated values of thefirst peak positions at an av-
erage temperature of 1073 K with varying concentrations of MgCl2
ranging from 22.22 to 80.00 mol%. The first peak positions for Mg\\Cl,
K\\Cl, and Cl\\Cl are 2.342, 3.092 and 3.903 Å, respectively, with
22.22%MgCl2 in the binarymixture. With the increasingMgCl2 concen-
trations, the first peak positions of Mg\\Cl pairs are relatively constant
over the concentration range studied. Rather, the peaks shift markedly
with composition in the case of K\\Cl and Cl\\Cl pairs. For the 80.00%
MgCl2 mixture, the first peak positions of Mg\\Cl, K\\Cl, and Cl\\Cl
pairs became 2.343, 3.232, and 3.648 Å. The changes of peak positions
of K\\Cl, Cl\\Cl pairs can be explained that small and doubly charged
Mg2+ can compete more favorably for the Cl− compared with K+ and
ur FPMD simulations forMgCl2-KClmixtures at 1073K. Themole fractions ofMgCl2 for (a),



Table 1
The first peak positions R in theMgCl2-KClmixtures estimated fromMDand derived from
the literature.

Systems (mol%) T(K) Method RMg-Cl(Å) RK-Cl(Å) RCl-Cl(Å) Reference

KCl-22.22%MgCl2 1073 FPMD 2.342 3.092 3.903 This work
KCl-33.33%MgCl2 2.344 3.156 3.781
KCl-50.00%MgCl2 2.357 3.153 3.704
KCl-80.00%MgCl2 2.343 3.232 3.648
100%MgCl2 1000 FPMD 2.353 – 3.632 Ref [20]

998 NDa 2.420 – 3.560 Ref [40]
100%KCl 1043 MD – 2.960 4.580 Ref [15]

a ND in this paper is an abbreviation for neutron diffraction.

Fig. 4. Fraction of each coordination number of Cl around Mg in the MgCl2-KCl mixture of
different MgCl2 mole fractions.
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therefore the addition of MgCl2 to the MgCl2-KCl mixtures will lead to a
decrement of Cl\\Cl distance and increment of K\\Cl distance. From
Fig. 3, it can be seen that the position of the first peak in gMg-Mg(r) is
roughly the same as that in gCl-Cl(r). This has also been observed in
pure MgCl2 and is attributed to the polarization effect, which allows
for an adjustment of the distance between Mg2+ cations to approxi-
mately equal to that between Cl- anions.

To the best of our knowledge, there are no available experimental
data on the nearest-neighbor positions for MgCl2-KCl melts. Even so,
our computed values of RMg-Cl and RK-Cl in the MgCl2 richest composi-
tion and the KCl richest composition are very close to that of pure
melts from the literature [15,20,40], which supports, at least in part,
the validity of our calculations.

3.2.2. Average coordination number and neighbor distribution
The average coordination number (CN) and neighbor distribution

are calculated to gain further insight into the geometrical structure of
the MgCl2-KCl mixture. The CN is defined as the mean number of β-
type ions lying in a sphere of radius Rmin centered on an α-type ion
and it can be evaluated through the following equation:

Nαβ ¼ 4πρβ

Z Rmin

0
gαβ rð Þr2dr ð3Þ

where Rmin is the position of the first peak valley of the RDF.
Table 2 shows the average coordination numbers (CNs) ofMg\\Cl in

liquid MgCl2-KCl mixture with different MgCl2 mole fractions. With the
increase of MgCl2 concentration, the average coordination numbers for
Mg2+ ions changes from approximately 4.215 to 4.784, which provided
a preliminary prediction that the Mg2+ ions accommodated within the
Cl− tetrahedral. Further, the probability distribution of coordination
numbers of Mg2+ ion is shown in Fig. 4. It can be seen that most of
the Mg2+ ions accommodated within the Cl−tetrahedral in the KCl
richer concentrations, substantiating the conclusion of several other in-
vestigations [2,3,41]. Besides, the population of 4-fold coordination de-
creases and the population of the 5-fold coordination increases with
increasingMgCl2 concentration, giving an explanation of the increment
of the average CN. We note that, even though there is an underestima-
tion of the fraction of 4-coordinated Mg2+ cations compared to the ex-
perimental data obtained by Raman spectroscopy [3], the trend of our
FPMD data and Raman result shows a good coincidence (as presented
by the Fig. 4).
Table 2
The coordination numbers and neighbor distribution in the MgCl2-KCl mixture at 1073 K
at various MgCl2 concentrations.

Systems (mol%) CN = 3 CN = 4 CN = 5 CN = 6 CN = 7 Average

KCl-22.22%MgCl2 0.785 78.301 19.557 1.356 0.000 4.215
KCl-33.33%MgCl2 0.750 69.365 26.137 3.698 0.050 4.329
KCl-50.00%MgCl2 0.929 53.376 39.907 5.752 0.036 4.506
KCl-80.00%MgCl2 0.600 36.093 48.224 14.482 0.600 4.784
3.2.3. Bond angle distributions
To further describe the local structure of molten alkali chloride salts

the bond angle distribution of Cl-Mg-Cl, which can reflect the bond ori-
entation, has also been analyzed. As is done in literature [42,43], the
bond angle distribution is normalized by sin(θ) in this paper to accu-
rately represent the bond angle probability, especially near θ = 180°.
We should note that the “bond” in this paper does not mean real cova-
lent bonds, just hypothetical lines connecting near neighbor ion pairs,
for example, an Mg\\Cl pair.

As shown in Fig. 5, when the initial MgCl2 concentration changes
from 22.22 to 80.00 mol%, the position of the most notable peak of the
Cl-Mg-Cl bond angle distribution decreases from 103 to 91°, gradually
away from the ideal value of 109.47° for a perfect tetrahedron with the
MgCl2 concentration. In addition, a relatively low peak appears at about
170° over a MgCl2 concentration range of 50 to 80.00%, and, however,
it disappears when the mole fraction of MgCl2 is less than 33.33%. Fur-
ther, the RCl-Cl/RMg-Cl ratios are 1.667, 1.613, 1.571, and 1.557 with
MgCl2 concentrations of 22.22, 33.33, 50.00, and 80.00 mol%, respec-
tively. The ratios of 1.667 and 1.613 are close to the value of (8/3)1/2 =
1.633 for a regular tetrahedral, and the ratios of 1.571 and 1.557 are
about halfway between that for regularly tetrahedral and octahedral
(21/2=1.414). These results indicate a gradual change in the local geom-
etry of the Mg2+ cation in the mixtures. And it is reasonable to infer that
the geometry structure of Mg2+ coordination shells has changed from a
mainly tetrahedral to a distorted octahedral (with vacancies) with the
Fig. 5. Bond angle distributions for Cl-Mg-Cl in the MgCl2-KCl mixtures at multiple MgCl2
concentrations.
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addition of MgCl2. Examples of distorted octahedral with one or two Cl-
missing and distorted tetrahedral are presented in Fig. S4 and Fig. S5 to
support our opinion. It is worth mentioning that there is some intensity
at 180° in the reverse Monte Carlo study of pure MgCl2 [44]. Neverthe-
less, this does not affect our conclusion that the local geometry of the
Mg2+ cation has changed since the positions of the second peaks are
very close to 180°.

3.3. Stability and lifetime of Mg\\Cl bond

3.3.1. Stability of the Mg\\Cl bond
It is not absolutely certain that a higher peak or shorter distance be-

tween anion-cation pairs leads to a more stable cation-anion bond.
Therefore, the barrier of an anion leaving its central cation is estimated
using the potential mean force (PMF), which gives an intuitive compar-
ison of the stability of the cation-anion bond. The PMF can be evaluated
from the following equation [45,46]

βWeff
ij rð Þ ¼ − lngij rð Þ−2 ln rð Þ ð4Þ

where β = 1/KBT, Wij
eff(r) is the effective interaction potential of i and j

atoms, and gij(r) is the corresponding partial RDF. The height between
the first minimum and the followingmaximum corresponds to the bar-
rier of a Cl− anion escape from the coordination shell of the central
Mg2+ cation. Remarkably, the Mg\\Cl barriers, as emphasized in
Fig. 6, decreased with the MgCl2 concentrations, giving evidence of the
decreasing Mg\\Cl bond stability.

3.3.2. Lifetime of the Mg\\Cl bond
The cage correlation function(CCF) is employed to evaluate the time

scale of the exchange of Cl− anions between the Mg2+ coordination
shell and the environment. The cage correlation function is defined as
below [19,47].

Cout tð Þ ¼ 1
NMg2þ

XNCl−

1

Θ 1−nout
i 0; tð Þ� �* +

ð5Þ

where Θ is the Heaviside step function. The lifetime is evaluated as the
time for which the cage correlation function takes the value of 1/e, as
conducted in the previous literature [48,49].
Fig. 6. The potential of the mean force to break the Mg\\Cl bond for each composition at
1073 K. The barriers correspond to 22.22, 33.33, 50.00, and 80.00 mol% MgCl2
concentrations are marked in red, black, green, and orange lines, respectively. All the
curves were aligned to the same height at the first minimum of KCl-22.22%MgCl2. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
Fig. 7 shows the Mg\\Cl cage correlation functions for MgCl2-KCl at
multiple MgCl2 concentrations. The lifetime of the Mg\\Cl bond is ap-
proximately 13 to 14 ps when the mole fraction of MgCl2 is less than
50.00% and it decreases to 6.2 and 4.1 ps when the mole fraction of
MgCl2 increases to 50.00 and 80.00%. It seems that the lifetime of the
Mg\\Cl bond in the KCl-33.33%MgCl2 system is slightly longer than
that in the KCl-22.22% MgCl2 system, as shown in Fig. 7. However, we
doubt this since there is a larger barrier when Cl− anions escape from
the coordination shell of Mg2+ cations in the KCl-22.22% MgCl2 system
and speculate that this may be caused by the small amount of Mg cat-
ions. The decreased lifetime of the Mg\\Cl bond is consistent with the
decreased Mg\\Cl bond stability, indicating that the Mg\\Cl coordina-
tion shell is less stable and more dynamic at high MgCl2 concentration.
3.4. Evolution of the network structures

The network structure is analyzed by classifying theMg\\Cl clusters
in MgCl2-KCl into different numbers of Mg cations connected by the
sharing of Cl anions. A Mg cation is considered linked to another if it is
closer than the position of the first minimum in theMg\\Mg radial dis-
tribution function (Fig. 3). As illustrated in Fig. 8 and Fig. S6, the popula-
tion of Mg\\Cl monomer is decreased, whereas the population of
Mg\\Cl polymer is increased with the addition of MgCl2 to the mixture.
In other words, the addition of MgCl2 will inhibit the formation of iso-
lated structural units and promote the extension of Mg chains. The
monomer is the main species for the Mg ions at the lowest MgCl2 con-
centration. Subsequently, the polymers begin to dominate when the
concentration of MgCl2 is above 50%. Eventually, essentially all Mg2+

cations are bridged by Cl− anions and forming a network. Besides, it is
suggested that there is an equilibrium between the monomers and
the dimers in the KCl richer compositions, which is also pointed out
by Dai [50].
4. Conclusions

First-principles molecular dynamics simulations are used to explore
the effects of MgCl2 concentration on the microstructural evolution of
the KCl-MgCl2 system. In conclusion, the local geometry of the Mg2+

cations, dynamics of Mg2+ first coordination shell, and the formation
of the network in the KCl-MgCl2 mixtures are to some extent affected
by the ratio of MgCl2.Based on the obtained results and analyses, tenta-
tive conclusions can be drawn as follows:
Fig. 7. Mg\\Cl cage correlation functions for the MgCl2-KCl mixture at multiple MgCl2
concentrations. The Mg\\Cl cage correlation functions correspond to 22.22, 33.33, 50.00,
and 80.00 mol% MgCl2 concentrations are marked in red, black, green, and orange,
respectively. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)



Fig. 8. Percentage of Mg ions involved in various species as a function of MgCl2
concentration.
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1. The local geometry of the Mg2+ cations converts from mainly tetra-
hedral to a distorted octahedral geometry with anion vacancies as
the concentration of MgCl2 is increased.

2. The coordinated Cl− anions in Mg2+ first coordination shell is more
dynamic in MgCl2 richer compositions.

3. The addition of MgCl2 will inhibit the formation of isolated structural
units and promote the extension of Mg chains.

In conclusion, FPMD simulations are confirmed to be a useful way of
predicting the structural characteristics of molten salt. It can eventually
contribute to the design of the electrolyte formula. This work is a pre-
liminary exploration and follow-up work of ternary Mg-based molten
salts is in progress.
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