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Abstract—The binding energies in complex anions formed from the components Al–F, Zr–F, Al–O–F, and
Zr–O–F are calculated by the ab initio Siesta molecular dynamics simulation. The formation of the anions
is related to the dissolution of the ZrO2 and Al2O3 oxides in MF–AlF3 (M = Li, Na, K) f luoride melts. The
influence of the element compositions of the anions and the cation from the second coordination sphere on
the binding energies of the complex anions is determined. Among the oxygen-containing anions, the

 and  anions are shown to be most stable. Under identical conditions, the anions formed
by zirconium are characterized by the lowest energy of the determining bond. The replacement of the cation
in the second coordination sphere in the series from K to Li decreases the binding energy in the M2Al2O2F6
and M2Zr2O2F6 anions.
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INTRODUCTION
It is desirable that cast aluminum would have a

fine-grained structure, because the latter improves the
mechanical properties and service characteristics due
to the higher homogeneity and decreased porosity.
Grain grinding in aluminum and its alloys is usually
conducted by the addition of metal-grain grinders.
Transition metals, such Ti, Sc, Zr, V, and Cr, are used
as grain grinders for aluminum and aluminum alloys
[1–3]. In particular, very insignificant additions of zir-
conium and aluminum (not more than 0.28 wt %) give
very fine grains close in sizes. Zirconium can be intro-
duced into molten aluminum before casting by the
addition of zirconium salts (K2ZrF6, NaZrF4) into a
coating salt f lux [4, 5]. However, the use of this chem-
ical compound results in unpredictable and detrimen-
tal sequences, such as the evolution of gaseous f luo-
ride components (AlF3, ZrF4) to atmosphere.

The methods of preparing alloys and Al–Zr master
alloys using ZrO2 oxide seem to be more promising. In
particular, there the aluminothermic reduction of
ZrO2 was studied in the following systems: CaO–CaF2
at 1600°C [6, 7], KClO3–S or NaNO3–S at 1725°C
[8], and KF–AlF3 at 750–800°C [9, 10]. Owing to the
high yield of zirconium (up to 99.5%), low tempera-
ture, and possibility to organize the permanent pro-
duction of alloys and Al–Zr master alloys with the zir-
conium content up to 15 wt %, it seems most energet-

ically efficient to reduce ZrO2 oxide by aluminum
under electrolysis conditions in oxide–fluoride melts
based on the KF–AlF3 and NaF–AlF3 systems with
additions of Al2O3 and ZrO2 oxides [11–14]. However,
the reduction kinetics and the synthesis parameters
depend, to a great extent, on the composition of zirco-
nium complexes that form upon the dissolution of
ZrO2 in an oxide–fluoride melt.

The search for alternative methods for the electro-
lytic preparation of aluminum resulted in the necessity
to study the stability of aluminum oxychloride and
aluminum oxide [15] and to analyze the role of the f lu-
orine anion in the conventional solubility of alumina
in chloride melts [16]. An idea of the possible electri-
cal isolation of aluminum from the chloride–fluo-
ride–oxide melts was also advanced [17]. All the stud-
ies suffer from a lack of information on the structures
of the formed ionic complexes.

Modeling methods look like very promising tools
for obtaining data on the structural and energetic
properties and an information about vibrations in
complex anions. The use of software for computations
in the framework of the density functional theory
(DFT) makes it possible to take into account exchange
and correlation effects, and the volume of calculations
decreases by two orders of magnitude compared to the
Hartree–Fock method. All geometry optimizations
can be performed without any fixed symmetry using
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the DFT method. The geometry optimization of the
anions shows that an aluminum atom is always pen-
tacoordinated; i.e., it exists in the environment of four
fluorine atoms and one oxygen atom [17].

To compare the energies of all complexes, it is pref-
erable to calculate their binding energies. Based on
these calculations, one can directly compare the rela-
tive stabilities of the complexes. The aluminum com-
plexes were comprehensively examined [17, 18] due to
which the data obtained in the present work can be
verified.

The purpose of this work is to reveal the most stable
complex compounds in the molten M–Al–Zr–O–F
systems (M = Li, Na, and K) by the calculation of the
binding energy and to compare the data obtained with
the binding energies of the aluminum complexes.

A significant number of scientific technical prob-
lems about the influence of this or another factor on the
processes of electrolytic aluminum production has
recently been solved using model calculations [19–21].
Therefore, along with the extension of concepts on
complex formation in the KF–Al3, NaF–Al3, and
LiF–Al3 melts with additions of Al2O3 and ZrO2, the
data obtained in this work can be used for modeling
the processes that occur in a melt and at the electrodes
in the traditional cryolite–alumina melt with addi-
tions (impurities) of LiF, KF, and ZrO2.

CALCULATION PROCEDURE

The DFT method [22, 23] is the most efficient
approach to the calculation of binding energies and
crystal lattice dynamics. The essence of the method is
described by the following theorem: the energy of the
ground state of the system of interacting electrons in
the atomic nuclei field is single-valued electron den-
sity functional ρ(r) (Kohn–Sham functional). When
ρ(r) is varied, the functional reaches its extreme (min-
imum) equal to the energy of the ground state of the
system on the valid electron density distribution. This
statement can be written as the following condition:

(1)

To calculate the total energy of the system, it is nec-
essary to determine a set of wave functions Ψi(r) that
minimize the Kohn–Sham functional. They are
determined from Eq. (1). Exchange correlation poten-
tial VXC(r) can be determined hrough the functional
derivative

(2)

where  and  is the exchange
correlation energy of the homogeneous electron gas
with density ρ per electron.
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As a result, we have the local density approxima-
tion in which the density of the exchange correlation
energy at the point r is equal to the exchange correla-
tion energy density in the homogeneous electron gas
with the same density ρ(r).

The generalized gradient approximation (GGA) is
an exact approximation for the exchange correlation
energy. In this case, the exchange correlation func-
tional depends not on the density only but also on its
first spatial derivative as follows:

(3)

The specific form of the GGA approximation pro-
posed by Perdew et al. [24] is often used for the calcu-
lation of the electronic properties of solids. We used
the standard procedure of orbital expansion over a
basis set, and planar waves were chosen as the basis set.
In this case, the wave functions can be written as the
expansion

(4)

As a result, the Kohn–Sham equations take the
form of the following system of linear algebraic equa-
tions determining the  coefficients:

(5)

where Vion is the static electronic–ionic potential,
VH is the Hartree potential for electrons, and εi is the
eigenvalue of the Kohn–Sham equation [23]. This
system of equations is a standard problem of linear
algebra for finding eigenvalues.

The calculations were performed using the Siesta
software package. Geometric optimization was per-
formed using GGA in the Perdew–Burke–Ernzerhof
form by the diagonalization method without fixing
coordinates. Three-exponential basis set and polariza-
tion functions were used in all calculations. Network
cutting equal to 300 Ry was applied in the inverse spa-
tial expansion of the charge density. The convergence
criterion for the energy of the self-consistent field
(SCF) cycle was chosen to be 10–3 eV. The binding
energies were calculated using the equation

(6)

where EOMF, EM, EF, and EO are the total energies of
the complex, single metal atom (Al3+, Zr4+), f luorine
(F–) ion, and oxygen (O2–) anion, respectively, and
NM, NF, and NO are the numbers of metal, f luorine,
and oxygen atoms, respectively, in the system.

All obtained binding energies for the complexes
formed by Al and Zr cations are presented in Table 1
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Table 1. Binding energies (eV) for various Al- and Zr-containing complexes (x is the number of f luorine atoms in a com-
plex)

Complex
x

1 2 3 4 5 6 7 8 9

– – –65.0 –69.5 –69.6 –63.0 – – –

– – – –92.0 –98.6 –97.5 – – –

–73.9 –80.0 –79.7 –72.4 – – – – –

–89.8 –103.1 –109.1 –107.7 – – – – –

– – – –142.7 –149.1 –151.0 –146.7 –138.4

– – – –173.3 –189.9 –202.2 –207.6 –209.3 –206.3

– –153.4 –158.4 –158.6 –156.2 –150.8 – – –

– –183.8 –199.5 –209.5 –219.2 –220.1 –216.5 – –

– – – –160.1 –172.5 –179.1 –180.4 –176.3 –171.1

– –170.9 –181.5 –186.4 –190.7 –186.2 –177.3 – –
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Fig. 1. Calculated binding energies for (j) AlFx and
(d) ZrFx complex anions. The data for AlFx are compared
with (m) data in [17].
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together with the binding energies of the hypothetical
complexes formed simultaneously by Zr and Al.

RESULTS AND DISCUSSION

Binding energies in the  and  Complexes

The binding energy is equivalent to the energy nec-
essary for disintegrating the whole system into compo-
nents. The system bound in the complex usually has a
lower potential energy than the sum of its components.
In other words, the parts of the system are retained
together due to this energy. It often means that the
energy is evolved when the bound state is formed. The
compound is stable if the overall potential energy of its
components is negative. In this work, we will follow
this definition of the binding energy (see Eq. (6)).

The dependences of the binding energies obtained
for the  and  complexes are shown in
Fig. 1. The binding energy of the  complex
obtained earlier [17] is also presented. An insignificant
deviation of the values of Ebind is caused by the use of
the program package and the exchange correlation
potential differed from those applied earlier [17].

The following conclusions can be drawn on the
basis of the dependences shown in Fig. 1. First, 
(–69.51 eV) and  (–69.56 eV) are the most stable
among all aluminum complexes presented, which is
consistent with the published data [18]. The result
obtained earlier [18] indicates that the molten
MF‒AlF3 (M = Li, Na, K) systems mainly consist of

complexes  and . Second, the zirconium
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complexes are characterized by a stronger bond (more
negative binding energy) than similar aluminum com-
plexes. Third, the  complex is characterized by
the strongest bond and, correspondingly, the lowest
energy characterizing the bond (–98.57 eV).

Binding Energies of the  Complexes

The binding energies of the  complexes
(where X2 is the complexing agent (Zr2, Al2, and
ZrAl), and y is the number of f luorine atoms) are
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Fig. 2. Binding energies for the  complexes,

where X2 is (d) Zr2, (j) Al2, or (m) ZrAl.
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shown in Fig. 2. The binding energies obtained for the

 aluminum complexes are lower (by 5–7%)

than the previously determined binding energies of the

corresponding complexes [17]. However, the position

of the binding energy minimum and the dependence

for this complex coincide with similar characteristics

obtained earlier [17].

The following conclusions can be made on the

basis of the dependences shown in Fig. 2. First, the

 complex anion is characterized by the stron-

gest bond (–220.14 eV). Second, a comparison of the

binding energies for the  complexes (where

X2 = Al2, Zr2, and ZrAl) at equal y shows that the

bonds become weaker (the absolute value of binding

energy increases) on going from the zirconium com-

plexes to the mixed aluminum–zirconium com-

pounds and further to the aluminum complexes. As

can be seen from Table 1, this correlation is valid for all

cases under study. Third, the binding energy minima
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Table 2. Bond lengths (A) for the   

Zr–Zr Zr–F Zr–O

– 2.07 1.88

– 2.02 1.99

3.10 2.03 1.97

Li2Zr2O2F6 3.07 1.98 1.92
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were observed in the y range from 4 to 6 for all consid-
ered groups of the complexes.

Structures of the Most Stable Complexes

The 3D structures of four zirconium compounds,

   and Li2Zr2O2F6, are dis-

played in Fig. 3. These compounds are most stable in
their group and have the lowest binding energies,
which is seen from the data in Table 1. The bond
lengths calculated for these compounds are given in
Table 2. The following conclusions can be made from
these data: (1) each of the considered compounds has

pronounced symmetry, (2) the Zr4+ ion is the center in
all compounds, and (3) the Zr–F and Zr–O bond
lengths in all compounds considered are fairly close.

Influence of the Second Coordination Sphere

Figure 4 shows the influence of the second coordi-
nation sphere (chemical potential of the cation in the
system) on the binding energy in the M2Al2O2F6 and

M2Zr2O2F6 (M = K, Na, Li) systems. As can be seen

from Fig. 4, the insertion of M atoms decreases the
binding energy. This fact is explained by a change in
the geometric structures of these complexes (see
Fig. 2), which can be seen for compound Li2Zr2O2F6

as an example. The hypothetical joining of the alkaline

metal and compound  appreciably decreases
the binding energy of the complex. The strongest
decrease in the binding energy is observed for the
insertion of Li atoms into the complex.

Based on the data in Fig. 4, the following conclu-
sions can be drawn. First, the correlation between the
binding energies for the zirconium and aluminum
compounds is retained: the zirconium complexes also
have a lower binding energy than similar aluminum
compounds. Second, each additional cation intro-
duces its change to the binding energy: the addition of
Li is accompanied by the lowest binding energy, and K
is characterized by the highest binding energy. Third,

−
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 and Zr2Li2O2F6 complexes

F–F F–O O–O F–Li

2.88 3.09 – –

2.73 3.13 – –

2.87 2.94 2.65 –
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Fig. 3. 3D structures of some complex anions.
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the lithium-containing complexes are most stable: the

binding energy of the aluminum compound

(Li2Al2O2F6) is –182.153 eV and that of the zirconium

compound (Li2Zr2O2F6) is –235.705 eV.
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Fig. 4. Binding energies for the M2Al2O2F6 and

M2Zr2O2F6 (M = K, Na, Li; X = (d) Zr or (j) Al) com-

plexes calculated taking into account the geometric neigh-

bors from the second coordination sphere.
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CONCLUSIONS

This study extends the concepts on the complex
formation processes in the melts based on the KF–
NaF–AlF3–ZrO2 systems used for the production of

alloys and Al–Zr master alloys. The obtained results
can briefly be generalized as follows.

(1) Compound  has the lowest binding
energy of all zirconium complexes under study if the
influence of the second coordination sphere is
neglected.

(2) The zirconium complexes are the most stable
compared to similar aluminum–zirconium and alu-
minum complexes.

(3) The binding energy in the compound with two
complexing agents Al and Zr is lower than that in sim-
ilar aluminum complexes.

(4) The addition of Li+, Na+, or K+ cations to com-

pound  where X2 = Al2 or Zr2, increases the

stability of the system for both the zirconium and alu-
minum complexes. The Li-containing complexes are
characterized by the lowest binding energy, and the
complexes containing K have the highest binding
energy.

−2

2 2 6Zr O F

−
2 2 6X O F ,

z

 8



786 VOROB’EV et al.
(5) In all groups of the systems, there are complexes
with the lowest binding energy indicated by a mini-
mum in the corresponding energy dependence.

(6) Compound Li2Zr2O2F6 shows the strongest

bond (–235.705 eV) among the complexes presented
in this work.
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