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Abstract: The surface structure and electronic properties of Mg vacancy defects on talc (001) and
impurity defects with Fe, Mn, Ni, Al, and Ca replacing Mg atoms were calculated by using density
functional theory. The calculation results show that the order of impurity substitution energy is
Mn < Ni < Al < Ca < Fe. This indicates that Fe impurity defects are most easily formed in talc crystals.
The covalent bonding between Si atoms and reactive oxygen atoms adjacent to impurity atoms is
weakened and the ionic property is enhanced. The addition of Fe, Mn, and Ni atoms makes the
surface of talc change from an insulator to a semiconductor and enhances its electrical conductivity.
The analysis of electron state density shows that surface states composed of impurity atoms 4S orbital
appear near the Fermi level.

Keywords: talc; DFT; point defects

1. Introduction

Talc is a layered magnesite silicate mineral belonging to the monoclinic crystal sys-
tem with space group C1 [1]. The lattice constant of talcis a = 529 A, b = 9.17 A, and
c=946 A [2,3]. The composition of talc is MgO 31.72%, SiO; 63.12%, and HyO 4.76%. It
is one of the common gangue ores in sulfide ore, such as molybdate and nickel sulfide
ores [4]. The surface of talc crystal is composed of the base plane and edge plane. The edge
surface is hydrophilic and consists of -SiOH and -MgOH. The base plane is hydrophobic
and consists of -5i-O-5i-. The hydrophobic surface accounts for 90% of the talc surface. Due
to the strong natural floatability of talc, it is easy to float into concentrate with bubbles in
the flotation process, resulting in a reduced concentrate grade. This property has a serious
impact on subsequent smelting processing [5,6].

It was found that the composition and flotation recovery of different talc deposits
differed in flotation practice. For example, Zhang [7] selected talc from Dandong, Liaoning
Province, (95% purity) for pure mineral experimentation without inhibitor and collector,
using Methyl isobutyl carbinol (MIBC) as foaming agent, and the talc recovery rate was
over 90%. Long [8] used talc from Haicheng, Liaoning Province, and the flotation recovery
was 80-90% in a pure mineral experiment. Ca?* was found in talc by the amount of ion
leaching from the mineral aqueous solution. Talc minerals used by Mahmoud [9] in an
experiment were from Egypt, with high Al,O3 and Fe,O3 content in the composition, so
the flotation results were somewhat different from those of talc from domestic mines. The
reason for the difference in flotation recovery of talc from different producing areas is
that talc is usually accompanied by different kinds of point defects due to differences in
mineralization conditions and environment. Mg atoms in talc are often replaced by Fe, Mn,
Ni, Al, and Ca atoms to form talc of different components [10-12]. Due to the presence
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of these impure atoms, the color of talc is also different, usually white, light yellow, light
green, etc. Therefore, the study on the properties and floatability of talc with different kinds
of point defects is beneficial to the selection and design of green, specific, and efficient
inhibitor molecules in the flotation process of talc [13].

Mineral flotation is an interface process. The adsorption and electron transfer of
reagent molecules take place at the mineral interface, so the electronic structure and prop-
erties of the mineral surface are the basis of the flotation interface [14,15]. The adsorption
capacity of talc with different impurity types to reagent molecules varies to some extent,
resulting in different flotation behaviors. In this paper, the structural properties, energy
band structure, state density, charge density, and Mulliken population of talc (001) with
point defects were studied at the atomic level by using the CASTEP module based on
density functional theory, and the surface structures and electronic properties of talc with
different point defects were obtained [16,17]. This can provide theoretical help for the
design and development of talc inhibitors for different types of point defects.

2. Computational Methods and Models
2.1. Calculation Parameters and Models

In this study, the Castep code in Materials Studio?.0 software (7.0, BIOVIA, San Diego,
CA, USA) is used for calculation, based on density functional theory and the plane wave
pseudopotential method [18]. First, the calculation parameters were tested. The structure of
the talc cell was optimized by using different exchange correlation functions, kinetic energy
cutoff of the plane wave basis, and the K-Point. The optimum parameters were selected
according to the error percentage of lattice parameters and the total energy of the system.
The geometric optimization criteria converged according to the following parameters: the
convergence threshold of atomic displacement was 0.001 A for self-consistent electronic
minimization, the Pulay density mixing method was employed with convergence tolerance
of 1.0 x 107 eV-atom~!; the energy tolerance was 1.0 x 1077 eV-atom!; and the force
tolerance was 0.05 eV/A. The calculated smearing value of the state density was 0.2 eV.
Ultra-soft was chosen as the pseudopotential method. All calculations took place in re-
ciprocal space. After testing, the thickness of the vacuum layer has little influence on the
structure of talc, but considering the large polysaccharide molecule, 20 A is selected as the
thickness of the vacuum layer for subsequent calculation. The generalized-gradient approx-
imation of Perdew-Burke-Ernzerhof (GGA-PBE) was chosen as the exchange correlation
function. A cutoff energy of 600 eV was adopted for subsequent calculation. K-Points was
4 x2x2

The valence electrons selected by atomic pseudopotential calculation were H 1s!,
0 2s22p*, Mg 2p°3s?, Si 3s23p?, Fe 3d®4s?, Ni 3d%4s?, Al 3s23p!, and Mn 3d°4s?. Spin was
not taken into account in the calculations, since talc itself is not magnetic. Considering the
Van der Waals force, dispersion correction for density functional theory (DFT + D) was
adopted in the calculation [19,20]. After the above convergence test, the GGA-PBE was
selected as the exchange correlation function, with cutoff energy of 600 eV and K-points of
4 x 2 x 2. The lattice parameters of talc are a = 5.33 A, b=921 A, c=946 A, x = 90.05°,
3 =91.16°, and 'y = 90.00°, which have a small error with the experimental values a = 5.29 A,
b=9.17 A, c=9.46 A, x = 90.46°, B =98.68°, and vy = 90.09°, and the calculated parameters
are reliable. The calculated band gap energy of talc is 5.40 eV, but the PBE function tends to
underestimate the band gap energy.

The point defect surface was constructed by replacing Mg atoms in the talc surface
with Fe, Mn, Ni, Al, and Ca atoms [21]. The primitive cell structure of talc is shown in
Figure 1.
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Figure 1. Primitive cell structure of talc.

2.2. Energy Calculation Method

The calculation method of the point defect formation energy is shown in Formula (1):

AE = E‘tioe?gld + EMg - E;J(iztruflect — Ex (1)

where E;‘Z?el ., Tepresents the total surface energy of talc with point defects, E;‘;tr‘? L Tepresents
the total surface energy of talc (001), Epjq represents the energy of a single Mg atom, and
E, represents the energy of a single impurity atom. The smaller the value of AE, the easier

it is for the defect to form [22].

3. Results and Discussion
3.1. Formation Energy of Point Defects

Table 1 lists the formation energy of the different point defects on the talc surface.
The calculation results show that the defect formation energy of the Mg atom replaced by
the Fe atom is the smallest, which is —162.72 KJ/mol, far less than the defect formation
energy of the other types of lattice. This shows that the reaction of the Fe atom replacing
the Mg atom in talc crystal can be spontaneous, and it is easier to form defects with other
impurities. The defect formation energy of Fe and Ca impurities is negative, indicating that
the substitution reaction of these two atoms with Mg atoms can be spontaneous.

Table 1. Point defect formation energy.

Point Defect Type Point Defect Formation Energy (KJ-mol—1)
Fe —162.72
Mn 265.77
Ni 139.78
Al 13.04
Ca —32.84
Mg vacancy 1111.68

The formation energy of Mn, Ni, and Al impurity defects and Mg vacancy defects
is positive, indicating that these four types of point defects cannot spontaneously occur
at room temperature (simulation calculation was carried out at 0 °K). However, high
temperature and high-pressure conditions often accompany the ore formation process.
Therefore, according to the calculation results, only Mg vacancy defects are difficult to form
under natural conditions.

3.2. Effect of Point Defects on the Surface Structure of Talc (001)

The parameters of the ideal talc surface and the point defect surface are presented in
Table 2. The table includes data such as talc layer thickness and bond length inside the
point defect surface. Point defects were found to change the thickness of the talc layer
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through the calculated data. Compared with other impurities, the thickness of the unit
layer containing the Ni impurity had the smallest change, and the difference between it and
the ideal surface unit layer thickness was 0.01 A. The Ca impurity defect had the greatest
influence on the talc unit layer thickness, and the difference between it and the ideal surface
layer thickness was 0.13 A. Point defects cause changes in bond lengths on the surface of
talc (001). From the data, compared with the ideal talc surface, the bond length of Si-O,
formed between Si atoms on the talc surface containing impurities and O atoms on the first
layer of the surface changed less than 0.01 A. In contrast, the Si-O, bond length formed
between Si atoms and the reactive oxygen species on the third layer of the surface varied
greatly. The bond length of Si-O, bond on the surface of the Al impurity defect had a
significant difference of 0.03 A from ideal talc.

Table 2. Surface parameters of ideal talc (001) and with point defects.

Tvoe (001) Surf Fe Mn Ni Al Ca Mg Experimental
M Impurity Impurity Impurity Impurity Impurity Vacancy Value
gﬁgﬁg 6.62 6.65 (0.03) 6.64 (0.02) 6.61 (0.01) 6.68 (0.06) 6.49 (0.13) 6.50 (0.12) 6.50
Si-0p /A 1.63 1.63 (0.00) 1.63 (0.00) 1.63 (0.00) 1.63 (0.00) 1.63 (0.00) 1.63 (0.00) 1.61
Si-0,/A 1.63 1.63 (0.00) 1.6 (0.00) 1.63 (0.00) 1.66 (0.03) 1.62 (0.01) 1.61 (0.02) 1.63
X-0./A 211 2.06 2.10 2.14 1.97 2.25 S 2.08
X-O011)/ A 2.06 2.01 2.05 1.99 1.90 2.25 — 2.05
O-H/A 0.97 0.98 (0.01) 0.98 (0.01) 0.98 (0.01) 0.98 (0.01) 0.97 (0.00) 0.97 (0.00) S
O,up-
Oudowr/A 2.27 2.23 (0.04) 2.26 (0.01) 2.29 (0.02) 2.19 (0.08) 2.33 (0.06) 2.34(0.07) 2.20

a Tepresents reactive oxygen atoms in oxy-silicon tetrahedron; ;, represents saturated oxygen atoms in the surface
layer of oxy-silicon tetrahedron; X represents point defect atoms: values in parentheses represent differences
between data of the point defect surface and the ideal surface. —— represents that the data does not exist.

The impurity atoms bond with both O(g.1y and O,, and the bond lengths of O 1),
are smaller than those of O,. Each unit layer of talc contains two relative reactive oxygen
species, and the distance between them changes due to the inclusion of impurities. Fe, Mn,
and Al impurities shorten the distance between the two layers of reactive oxygen species,
and Ni and Ca impurities and Mg vacancy defects increase the distance. This is consistent
with the increasing and decreasing rule of the X-O, bond length, and indicates that the
point defect changes the distance between the upper and lower layers of the Mg atomic
layer by changing the bonding length between impurity atoms and reactive oxygen species.

In order to facilitate the following analysis data to be presented more clearly, the ideal
state of the talc (001) surface (2 x 2 x 1) supercell model is presented in Figures 2 and 3.

Figure 2. Emmetropia of the (2 X 2 x 1) supercrystal cell on talc (001) surface under ideal condition.
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Figure 3. Top view of the (2 x 2 x 1) supercrystal cell on talc (001) surface under ideal condition.

3.3. Effect of Point Defects on Surface Charge of Talc

In the flotation process, adsorption between reagent molecules and minerals mainly
occurs in three layers of the mineral surface. Therefore, the surface atoms of talc layers
1-3 with point defects were analyzed. The surface atomic charge distribution is shown in
Figure 4. The first layer of the talc (001) surface is composed of O atoms, and the charge of
each O atom is —1.14 e. The total charge of the first layer of the 2 x 2 surface is —20.52 e.
The second layer is composed of Si atoms, each Si atom has a charge of +2.15 e, and the
total charge of the second layer is 12.90 e. The third layer consists of H atoms, each of
which has a charge of +0.39 e, and the total charge of the third layer is 2.34 e. Al, Ni, and
Mn impurities and Mg vacancy defects do not affect the charge of O atoms on the surface
of talc. Ca and Ni impurities change the charge of O atoms in the first layer of the surface
directly above the defect site to —1.15 e. This shows that the defects of the two impurities
will increase the negative charge of the O atoms directly above them, which is beneficial
for the adsorption of cationic inhibitors. All defects cause the charge of Si atoms to be
greater than the +2.15 e of the ideal surface. Mg vacancy changes the charge of the adjacent
Si atoms above to +2.19 e, which is larger than that of other point defects. This may be
due to the lack of Mg atoms to contribute electrons, resulting in an increase in Si atoms to
contribute electrons, so Si atoms lose more electrons.

pare] 1

Figure 4. Cont.
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Figure 4. Cont.
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(8)

Figure 4. Atomic charge distribution on the point defect talc surface: (a) ideal surface, (b) Fe impurity
defect surface, (c) Mn impurity defect surface, (d) Ni impurity defect surface, (e) Al impurity defect
surface, (f) Ca impurity defect surface, and (g) Mg vacancy surface.

Table 3 shows the Mulliken charge population of impurity atoms and their adjacent
atoms. It can be seen from the table that the s orbital of the Mg (12) atom on the ideal talc
surface loses electrons. Si (11) loses electrons in both the s and p orbitals. Mg (12) and Si
(11) atoms contribute electrons to O (32) atoms, resulting in more electrons for O (32) atoms
than for O (33) and O (28) atoms. According to the Mulliken population on the surface



Minerals 2022, 12, 69

8of 17

of Mg (12) atom vacancy defects, the number of electrons obtained by O (33) and O (32)
atoms directly bonded to Mg (12) atoms decreases due to the absence of Mg (12) atoms. The
number of electrons lost by Si (11) and H (6) atoms increases slightly. In the five impurity
defects, the electron loss of the impurity atoms is lower than that of Mg (12) atoms on the
ideal talc surface, and the electron loss of Si (11) atoms is slightly increased. The impurity
atoms of Fe, Mn, Ni, Al, and Ca mainly lose electrons in the s and p orbitals, and gain a
few electrons in the D orbitals. Among all impurity atoms, the electron loss of the Al atoms
is 1.36, which is the smallest difference to that of Mg atom (1.58). In general, the electron
distribution of the ideal surface atoms of talc changes due to the vacancy and substitution
defects of Mg atoms on the talc surface. As the atomic number increases, the charge of the
impurity atoms decreases. Mainly because of the strong electronegativity of the impurity
atoms, the ability to lose electrons is weak. This also leads to a decrease in the number of
electrons gained by O atoms adjacent to defect atoms and a slight increase in the number of
electrons lost by Si atoms on the second layer of the surface. However, it has little effect on
O atoms in the first layer of the surface.

Table 3. Mulliken population analysis of adjacent atoms with impurity defects.

Type Atoms s P d Charge/e
H (6) 0.61 0.00 0.00 0.39
0O (33) 1.90 5.24 0.00 —-1.14
Talc (001) Mg(12) 0.43 5.99 0.00 1.58
surface O (32) 1.91 5.34 0.00 —1.25
Si (11) 0.65 1.20 0.00 2.15
0O (28) 1.83 5.31 0.00 —1.14
H (6) 0.61 0.00 0.00 0.39
O (33) 1.88 5.13 0.00 -1.01
Fe impurity Fe 0.38 0.54 6.72 0.36
defect surface 0 (32) 1.88 5.25 0.00 —1.14
Si (11) 0.64 1.19 0.00 2.17
0O (28) 1.83 5.31 0.00 —1.14
H (6) 0.61 0.00 0.00 0.39
O (33) 1.88 5.13 0.00 -1.01
Mn impurity Mn 0.38 0.45 5.82 0.35
defect surface 0 (32) 1.88 5.25 0.00 —-1.13
Si (11) 0.64 1.19 0.00 2.17
0O (28) 1.83 5.31 0.00 —1.14
H (6) 0.60 0.00 0.00 0.40
O (33) 1.88 5.12 0.00 —1.00
Ni impurity Ni 0.45 0.59 8.55 0.40
defect surface O (32) 1.89 5.27 0.00 —1.16
Si(11) 0.64 1.19 0.00 2.17
O (28) 1.83 5.32 0.00 —-1.15
H (6) 0.63 0.00 0.00 0.37
0O (33) 1.87 5.20 0.00 —1.08
Al impurity Al 0.60 1.04 0.00 1.36
defect surface 0O (32) 1.88 5.30 0.00 —1.18
Si (11) 0.65 1.18 0.00 2.16
O (28) 1.84 5.30 0.00 -1.14
H (6) 0.60 0.00 0.00 0.40
0O (33) 1.88 5.21 0.00 —1.09
Ca impurity Ca 2.36 6.01 0.69 0.95
defect surface 0O (32) 1.89 5.32 0.00 —1.21
Si (11) 0.64 1.19 0.00 2.18

O (28) 1.83 5.33 0.00 -1.15
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Table 3. Cont.
Type Atoms s P d Charge/e

H (6) 0.58 0.00 0.00 0.42
O (33) 1.91 5.08 0.00 —0.99

Mg vacancy Mg (12) — S - R

defect surface 0 (32) 1.91 5.24 0.00 -1.16
Si(11) 0.63 1.18 0.00 2.19
O (28) 1.83 5.32 0.00 —1.14

3.4. Charge Density Analysis

Figure 5 shows the two-dimensional charge density diagram of the talc (001) surface
cut along the bonding direction of the point defect atoms. The cutting diagram is shown in
Figure 6. The two-dimensional electron density map is cut along two black lines.

As can be seen from the diagram, the covalence of impurity atoms bonding with
hydroxyl oxygen (O33) is generally stronger than that of impurity atoms bonding with
reactive oxygen (O32) in the oxy-silicon tetrahedron.

Figure 5. Cont.
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Figure 5. Cont.
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Figure 5. Charge density diagram of talc point defect surface: (a) Fe impurity defect surface, (b) Mn
impurity defect surface, (¢) Ni impurity defect surface, (d) Al impurity defect surface, (e) Ca impurity
defect surface, and (f) Mg vacancy surface.

Figure 6. Schematic diagram of charge density cutting.

This shows that the covalence of the inner surface of talc is stronger than that of the
outer surface when Mg atoms are replaced by impurity atoms. The O-H attached to the
impurity atoms inside the talc is tilted in the direction of the impurity atoms compared to
the ideal O-H. Except for the defect of Al impurity, the charge overlap density region of
other impurity atoms bonding with neighboring O atoms is larger than that of Mg atoms
bonding with O atoms. This shows that the covalence of bonds around impurity atoms is
enhanced after the impurity atoms replace Mg atoms. The charge density overlap region of
Si atoms bonded to reactive oxygen species above the Ca impurity defects and Mg vacancy
defects increases slightly, indicating that the covalence of the Si-O bonds on the surface is
enhanced by these two types of point defects. The overlap area of the charge density of
the Si atoms bonded with reactive oxygen species above the impurity sites of Fe, Mn, Ni,
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and Al decreases slightly, indicating that these impurities weaken the covalence of the 5i-O
bonds on the surface and enhance the ionic properties, thus affecting the hydrophilicity
of the talc surface. It is found that this rule is consistent with the change of bond length
between Si atoms and reactive oxygen species, and the covalence decreases when the bond
length increases.

3.5. Effect of Point Defects on Surface Band Structure of Talc

Figure 7 shows the band structure of the ideal talc (001) surface and the surface with
point defects. Obvious surface states of Fe, Mn, and Ni impurity atoms can be observed
near the Fermi level. The bandgap width values of the Mg vacancy surface and the Ca
and Al impurity defect surface are all over 5 eV, which is smaller than the ideal surface,
indicating that these defects have little influence on the conductivity of the talc surface.
The Fe, Mn, and Ni impurities make the state density of the talc surface layer pass through
the Fermi level, and the band gap decreases from 5.411 eV on the ideal surface to below
2 eV, which enhances the surface conductivity of talc. The minimum band gap width of
the talc surface containing Ni impurities is 0.058 eV. This shows that the presence of Ni
impurity greatly increases the electron concentration on the talc surface, so its electrical
conductivity increases.

—

Energy(eV)

m

-
T

Energy(eV)
o

m

Energy(eV)
o
m

Figure 7. Cont.
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Figure 7. Energy band structure of the ideal talc surface and the point defect surface: (a) ideal surface,
(b) Fe impurity defect surface, (¢) Mn impurity defect surface, (d) Ni impurity defect surface, (e) Al

impurity defect surface, (f) Ca impurity defect surface, and (g) Mg vacancy defect surface.

3.6. Effect of Point Defects on Talc State Density

Figure 8 shows the state density diagram of the ideal talc surface and the surface with
point defects. It can be seen from the general band structure diagram that the 3d orbits of
Fe, Mn, and Ni appear near the Fermi level. Except for Mg vacancy defects and Ca impurity
defects, the surface state densities of the other point defects all move to the deeper level.
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Figure 8. State density diagram of the ideal talc surface and the point defect surface: (a) ideal surface
(b) Fe impurity defect surface, (¢) Mn impurity defect surface, (d) Ni impurity defect surface, (e) Al
impurity defect surface, (f) Ca impurity defect surface, and (g) Mg vacancy defect surface.

4. Conclusions

In this paper, the CASTEP module is used to calculate the protocells of talc. Then, the
(001) surface point defect model is constructed, and its structure and properties are calcu
lated and analyzed.

The calculation and analysis results are as follows:

(1) After the parameter optimization test, the optimal parameters of cell optimization
were obtained. The exchange correlation function was the GGA-PBE (DFT-D modifi-
cation), and the lattice parameters of talc were obtained asa=5.33 A,b=9.21 A, and
c=946 A.
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(2)  According to the substitution energy data, the order of Mg atoms replaced by impurity
atoms is Fe > Ca > Al > Ni > Mn. Through the Mulliken population analysis of atoms,
it is found that point defects increase the electron loss of Si atoms on the talc surface.
The Mulliken overlapping population analysis of atom bonding on the talc surface
shows that the covalency of Si-O bonds above the defects of Fe, Mn, Ni, and Al is
weakened and the ionic property is enhanced. The results show that point defects can
change the hydrophilic and hydrophobic properties of the talc surface.

(3) The band gap and state density of the talc surface are analyzed. The results show that
the defects of Fe, Mn, and Ni decrease the band gap of the talc surface to below 2 eV,
and the gold property of the talc surface is enhanced. This indicates that the point
defects have a certain effect on the electrical conductivity of the talc surface.
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