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ABSTRACT: The optical response, lithium doping, and charge 1 2o

transfer in three Sn-based existing M;SnC, MAX phases with l ?" » j f f
electron localization function (ELF) were investigated using ||| || O

density functional theory (DFT). Optical calculations show a || 'D osn & & (4

slight optical anisotropy in the spectra of different optical s ¥, ° f 0‘,;&‘9&‘9 L

parameters in some energy ranges of the incident photons. The ), ‘ ' f&f& s &

peak height is mostly slightly higher for the polarization (001). The - (A

highest peak shifts toward higher energy when the M-element Ti is ‘ i o &¢ o

replaced by Zr and then by Hf. Optical conductivity, refractive . 8 v S &

index, extinction coefficient, and dielectric functions reveal the 040 "/: e f " ﬂ ﬂ ﬂ
a” b —

metallic nature of Ti;SnC,, Zr;SnC,, and Hf;SnC,. The plasma
frequencies of these materials are very similar for two different
polarizations and are 12.97, 13.56, and 14.46 eV, respectively. The formation energies of Li-doped Zr;SnC, and Hf;SnC, are
considerably lower than those of their Li-doped 211 MAX phase counterparts Zr,SnC and Hf,SnC. Consistently, the formation
energy of Li-doped Ti;SnC, is lower than that of the corresponding 2D MXene Ti;C,, which is a promising photothermal material.
The Bader charge is higher in magnitude than the Mulliken and Hirschfeld charges. The highest charge transfer occurs in Zr;SnC,
and the lowest charge transfer occurs in Ti;SnC,. ELF reveals that the bonds between carbon and metal ions are strongly localized,
whereas in the case of Sn and metal ions, there is less localization which is interpreted as a weak bond.

1. INTRODUCTION two ceramic layers. The metallic properties possessed by MAX
phases are electrical and thermal conductivity, relative ductility

and more recently borides with the chemical formula M, ,;AX and easy machinability, and resistance to thermal shock,
(n = 1,2 3)." In their chemical formulas, M is ar:+earl; damage tolerance, and plastic behavior at high temperatures.”
- ) ) M )

transition metal (Sc, Lu, Ti, V, Zr, Nb, Mo, Hf, Ta, Cr, and Thfe ceramic propertlefs that MAX plllasgs p?f;sess alre ox(;datl.on
Mn), Ais an A—group element ( Al Ga, In, T1, Si, Ge, Sn, Pb, P, resistance, extreme refractoriness, elastic stifiness, low density,

. . s
As, S, Se, and Te) or now any late transition metal (Fe, Cd, Zn, anl(i/thg?d}f orr051hon reslistance. ttracti terials f
Ir, Cu, and Au), and X is C, N, or B.73 Depending on the ‘phases have become very atlractive materials lor

layer index n, the MAX phases are classified into several sub- various technological and engineering applications due to the

families suc}’1 as MAX (211), M;AX, (312), and M,AX combination of the above-mentioned properties. MAX phases
il 2 ) 3 2 ) 4 3 . . . .

(413) phases for n = 1, 2, and 3, respectively.* This family of have a wide range of applications, such as high-temperature

compounds crystallizes in the hexagonal space group (no. 194) operational materials, porous exhaust gas filters for automo-

and consists of hexagonal M, X, layers and planar A-atomic blle;s, borLd—ctoat k}ilyers mn the:@al l;arrleni Cto_atl?g (’lcht:)
sheets along the c-direction.” Atoms in M,,,X, layers are systems, - heat -exchangers, coalings for electrcal contacts,

covalently bonded, and these layers have a ceramic nature, potential accident tolerant fuel claddings in third-generation

whereas A-atomic sheets are metallic in nature. These metallic light-water reactors, heating elements, wear- and corrosion-

and ceramic layers and sheets alternately stack along the c-axis,

MAX phases represent a family of ternary carbides, nitrides,

and this arrangement is the key for the MAX phases’ unusual Received: May 24, 2023
combination of metallic and ceramic characteristics.® As the Accepted: June 20, 2023
layer index n increases, the ceramic layers in the unit cell of Published: July 6, 2023

MAX phases are more numerous than the metallic sheets. In
fact, a metallic sheet is separated by (1 + 1) ceramic layers as in
the 211 MAX phases (n = 1), a metallic sheet is separated by
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protective surface coatings, and solar receiver and storage tank
in concentrated solar power units. Additionally, they have
potential uses as electrodes, resistors, capacitors, biocompatible
materials, rotary electrical equipment contacts, nozzles, and
tools for die pressing and impact-resistant materials such as
projectile-proof armors.”’ ™' In recent times, MAX phases
have become prevalent for use in nuclear reactors as neutron
radiation-resistant materials.'”> MAX phases have become
popular in the production of their 2D derivative “MXene”
for use as energy storage materials and electrodes in micro-
supercapacitors, electrochemical capacitors, and batteries."’

Zhao et al.'* determined the interesting electrochemical
performance of Nb,SnC in Li-ion electrolytes, which has
sparked great interest in the scientific community for Sn-
containing MAX phases. Following this report, two Sn-based
MAX phases were synthesized, and lithiation in the Sn-based
211 MAX phases was performed theoretically.">~"” Moreover,
a set of theoretical studies have reported different physical
properties of Sn-based MAX phases. The structural, electronic,
mechanical and lattice dynamical properties of Sc,SnC,
including defect processes, in comparison to those of existing
M,SnC MAX phases are reported in a recent study.’ In
another study, the V,SnC MAX phase was predicted as a
chemically stable, damage- and radiation-tolerant thermal
barrier coating (TBC) material.'® The electronic structure,
bonding nature, and defect processes in Sn-based 211 MAX
phases Ti,SnC, Nb,SnC, Hf,SnC, Zr,SnC, and Lu,SnC were
reported in 2019."” The mechanical behavior, lattice thermal
conductivity, and vibrational properties of the Lu,SnC MAX
phase have also been investigated.”’

The 211 MAX family has a comparatively large number of
Sn-based compounds, and more studies have been conducted
on them. Conversely, there are only three Sn-based
compounds in the 312 MAX family, and research conducted
on them is also relatively less. Ti;SnC, is the first Sn-containing
compound in the 312 MAX phase family, synthesized in
2007.”" Zry;SnC, and Hf,SnC, were first predicted in 2014 and
synthesized in 2017.”> A notable comprehensive theoretical
work on three Sn-based compounds of the 312 MAX family
was published in 2018.>* This work included the mechanical,
thermal, and electronic properties along with defect processes
and theoretical Vickers hardness. The electron localization
function (ELF), charge transfer, and optical response have not
been extensively discussed for the Sn-based 312 MAX phases.
Here, we aim to investigate these properties along with the
formation energy of Li-doped systems using density functional
theory (DFT).

2. COMPUTATIONAL APPROACHES

The CASTEP code”* was the main DFT tool in this study. The
Perdew—Burke—Ernzerhof (PBE) functional within the
generalized gradient approximation (GGA)> was applied to
evaluate the electronic exchange correlation potential.
Generally, spin-polarization calculations using DFT + U need
to be considered for compounds containing transition metals.
All MAX phases contain transition metals. But, for MAX
phases, it has been established that spin-polarization
calculation is essential only for phases containing Mn, Cr,
Ni, or Fe. These MAX phases are known as magnetic MAX
phases. Previously, we calculated the sépin—polarized band
structure of Nb,CuC and found no effect.”® Therefore, here we
avoided the spin-polarization based DFT + U calculations. The
Vanderbilt type ultrasoft pseudopotential’” was picked to

model the interaction between the electron and the ion core. A
I'-centered k-point mesh of a 17 X 17 X 2 grid under the
Monkhorst—Pack (MP) scheme”® was used to integrate over
the first Brillouin zone in the reciprocal space of a hexagonal
unit cell of the compounds studied here. A plane-wave cutoff
energy of 700 eV was applied in this study to expand the
eigenfunctions of the valence and nearly valence electrons of
atoms comprising the systems. The Broyden—Fletcher—
Goldfarb—Shanno (BEGS) algorithm™ was applied to
minimize the total energy as well as the internal forces to
optimize the geometry. The convergence tolerance for the total
energy is set to 5 X 107° eV/atom, the maximum ionic
Hellmann—Feynman force to 0.01 eV/A, the maximum ionic
displacement to S X 107* A, and the maximum stress to 0.02
GPa. A supercell of 3 X 3 X 1 size with 108 atoms was
constructed for each phase for the calculation of formation
energy of Li-doped systems, and the geometry of supercells
was optimized using a plane-wave basis set cut-off energy of
450 eV and a I'-centered k-point mesh of 3 X 3 X 2-grid in the
MP scheme. ELF and Bader charge analysis were performed
with the VASP code®® under the optimization conditions used
for optical and other calculations.

3. RESULTS AND DISCUSSIONS

3.1. Optical Properties. The interaction of a photon with
an electron in a crystalline system can be described considering
the time dependent perturbations of the ground state
electronic states of the system. Now, CASTEP offers two
methods for calculating optical properties; the first one is based
on standard DFT Kohn—Sham orbitals and the other one is
grounded on time-dependent DFT (TD-DFT) theory, which
is more accurate but much more computationally intensive.
Here, we performed standard DFT optical calculations. In this
method the excited states are treated as unoccupied Kohn—
Sham states. The transition between occupied and unoccupied
states is caused by the photon’s electric field (the effect of the
magnetic field is weakened by a factor of v/c). When these
excitations are combined they are called plasmons, which are
most easily observed by electrons passing rapidly through the
system rather than photons, because transverse photons cannot
excite longitudinal plasmons. Conversely, if the transitions are
independent they are known as single particle excitations. The
spectra arising from these excitations can be assumed to be the
joint density of states between the valence and conduction
bands, modeled by accurate matrix elements, as given by the
selection rules associated with optical transitions.

Owing to the hexagonal crystal symmetry of the MAX
compounds, the polarization direction (100) of the incident
photon is at right angles to the direction of the associated
electric field, and the polarization direction (001) is parallel to
the crystallographic c-axis. As MAX materials are partially
metallic, their intraband transitions have a momentous effect in
the lower energy part (i, far infrared region) of the
spectrum.’** CASTEP does not include intraband transitions
by default to directly probe the optical properties of insulators
and semiconductors. When calculating the optical properties of
metallic compounds using CASTEP, the intraband contribu-
tion to the optical properties is ensured by including a semi-
empirical Drude term in the optical conductivity through the
plasma frequency ®, and the damping parameter yp. The
Drude damping parameter accounts for the spectral broad-
ening as a result of electron—electron scattering (including the
Auger process), electron-phonon scattering and electron-defect
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Figure 1. Optical properties of three Sn-based 312 MAX phases: (a) absorption coefficient, (b) optical conductivity, (c) real part of the dielectric
function, and (d) imaginary part of the dielectric function. The upper panels are for the polarization (100) and the lower panels are for the

polarization (001).

scattering. Usually, the plasma frequency, , ranges from 2 to
10 eV and the Drude damping coefficient, yp, varies from 0.02
to 0.08 eV for metallic crystals. For partially metallic MAX and
MAX-like compounds, good results are obtained when the
plasma frequency is chosen close to 3 and 0.05 eV is used as
the Drude damping parameter.’’** In this calculation, we
therefore used 3 and 0.05 eV as the plasma frequency and
Drude damping, respectively. Furthermore, in all optical
property calculations we used 0.5 eV as Gaussian smearing
for the metallic Sn-based 312 MAX phases.

The frequency-dependent complex dielectric function, &(w)
= &,(w) + ie,(w), consisting of a real, &;(@), and an imaginary
part, &(w), is a leading optical parameter. Among the two
parts, the imaginary part, £,(®), leads to the calculation of the
other optical parameters and can be expressed as

2 2
& (w) = SZ—E”Z (ylu-rly )P 5(Ef — E} — E)
0 k,v,c

1

where @ refers to the photon frequency, e denotes the
electronic charge, Q2 defines the unit cell volume, u is the unit
vector parallel to the polarization direction of the incident
electric field, and yf and y{ stand for the wave functions linked
to the conduction and valence band electrons at a specific k,
respectively. The expressions for other optical functions such
as reflectivity, refractive index, optical conductivity, absorption
coefficient, and energy loss function can be derived from &,(@)
and these expressions are available in the literature.'”** All
optical parameters of Sn-based 312 MAX phases are calculated
using conventional unit cells for photon energies up to 20 eV.

Figure 1a shows the optical absorption coefficient a(w) as a
function of photon energy. The upper panel exhibits a(®) for
the polarization (100) and the lower panel for the polarization
(001). Absorption coefficient a(®) is a measure of how far
light of a specific wavelength will penetrate a material before it
is completely absorbed. It also delivers information about
optimal solar energy conversion efficiency. Notably, static
absorption coeflicients represent universal non-zero values for
the M;SnC, MAX Bhases studied here, as in other metallic
hexagonal systems.'”*>*® The spectral features are slightly
different for the two different polarizations and the peak
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heights are slightly higher for the polarization (001). Up to 2.5
eV, the absorption rates for all three Sn-based 312 MAX phases
are the same for both polarizations. Between 2.5 and 4.5 eV of
photon energy, the absorption rate is the highest for Ti;SnC,
and lowest for Hf;SnC,. The highest peak shifts toward higher
energies when the M-element Ti is replaced by Zr and then by
Hf. Above photon energies 6.1 and 5.3 eV, the absorption rates
of light for Hf,SnC, are the highest for the polarizations (100)
and (001), respectively. In the energy range between 13.8 and
15.5 eV, the absorption rates of the three Sn-based MAX
phases drop to zero for both polarizations.

Figure 1b shows the optical conductivity o(w) of three Sn-
based 312 MAX phases as a function of incident photon
energy. The upper panel exhibits o(w) for the polarization
(100) and the lower panel for the polarization (001). Optical
conductivity of a material is an essential optical parameter that
indicates its electrical conductivity in the presence of an
alternating electric field. This parameter is again a good
predictor of the photoconductivity of a material.’”” A sharp
peak in the spectra of optical conductivity due to both
polarization directions in the region near the zero frequency
(energy) indicates the metallic conductivity of the M;SnC,
MAX phases. As the photon energy increases, the optical
conductivity spectrum shifts from the base of the sharp peak to
another broad peak. The order of height of these broad peaks
for the polarization (100) follows the order of Ti, Zr, and Hf in
the periodic table. The opposite trend is observed for the
polarization (001). In the lattice of MAX phases, the direction
[100] implies the basal “ab” planes, while the direction [001]
indicates the direction perpendicular to the basal planes. The
carrier velocity in the basal plane is higher than that along the
direction perpendicular to the basal plane. As the optical
properties mainly depend on the electronic structure of the
compound, the difference in carrier velocity in different
directions may be the reason for optical anisotropy in the
MAX phases under study. These peaks shift toward higher
energies when the M-element Ti is replaced by Zr and then by
Hf for both the polarizations. None of the compounds in the
M,;SnC, family exhibit optical conductivity above 15 eV of
photon energy.

https://doi.org/10.1021/acsomega.3c03645
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Figure 2. Optical properties of the three Sn-based 312 MAX phases: (a) energy loss function, (b) optical reflectivity, (c) refractive index, and (d)
extinction coefficient. The upper panels are for the polarization (100) and the lower panels are for the polarization (001).

Figure lc exhibits the real part, &;(w), of the dielectric
function as a function of photon energy. The upper panel
reveals £,(w) for the polarization (100) and the lower panel,
for the polarization (001). The real part, & (w), of the
dielectric function represents the ability of the material to store
electrical energy (electronic polarizability) or to allow an
electric field to pass through it. In both panels, the large
negative value of £(w) in the low energy part of each
spectrum reveals the Druid-like behavior of the Sn-based 312
MAX phases. Again, the real part £,(@) moves from negative
to zero, indicating the metallic nature of these MAX
compounds. The non-zero value of & (w) indicates the
possibility of large availability of free charge carriers in these
metallic systems. For the polarization (100), all spectra reach
their maximum peaks in the range of 0.75—0.89 eV of incident
photon energy (refer to the inset of the figure). Within the
above mentioned range of photon energies, the spectrum for
Ti;SnC, touches its highest peak at the lowest energy, and the
spectrum for Hf;SnC, arrives at the highest peak at the highest
energy. The peak height is higher for Hf;SnC, and lower for
Ti;SnC,. Spectral peak features are fairly different for the
polarization (001). For this polarization, the highest peaks lie
between 0.92 and 1.00 eV of incident photon energy (refer to
the inset of the figure). The highest peak is seen for Ti;SnC,
and the lowest peak, for Hf;SnC,. The spectra of &,(w) for
both polarizations in the range of photon energies from 1.96 to
12.96 eV reveal negative values. The negative part of the real
component of the dielectric constant simply states that the
displacement field D lags behind the electric field E due to the
inertia of the electrons. Materials with a negative value of
e(w) are of great technological importance for many
applications, such as perfect (super) lens microwave circuits,
antenna elements, optical switches and modulators. They
essentially enable access to parts of the electromagnetic
spectrum where conventional materials do not respond.
Therefore, the three Sn-based 312 MAX phases studied here
can be employed in these applications in a wide range of the
solar spectrum (1.96 to 12.96 eV).

Figure 1d represents the imaginary part &,(w) of the
dielectric function for the polarization (100) (upper panel)
and (001) (lower panel). The part &,(@) is associated with
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dielectric loss and is always positive and characterizes the loss
factor or energy absorbed by a material per its unit volume. It
actually indicates the ohmic resistance of the material. It also
describes the ability of a material to enduringly absorb energy
from a time-varying electric field. It approaches zero from
above (positive value) for both polarizations, indicating the
metallic nature of the Sn-based 312 MAX phases studied here.
The spectra due to &,(w) exhibit a distinct anisotropic nature
in the optical properties of MAX phases under consideration in
the photon energy range of 1.2—6.3 eV. A material with a high
imaginary part of the dielectric constant absorbs a lot of
electromagnetic energy.

Figure 2a shows the optical energy loss function L(®) of the
three Sn-based 312 MAX phases for the polarization directions
(100) (upper panel) and (001) (lower panel). This optical
parameter describes the amount of energy loss of a fast
electron traversing through a material. It correlates inversely
with the imaginary part of the dielectric function. In Figure 1d,
the imaginary part of the dielectric function shows a broad
spectrum for each polarization within the energy range from 0
to 10 eV, while the loss function exhibits no spectrum within
this range. This implies that the electron passes through the
material with the least energy loss, and the material shows
maximum optical conductivity. A large peak due to plasma
oscillations occurs in each spectrum of the energy loss function
in the energy range of 10—16 eV for both polarizations. The
midpoint of this peak can be assigned to a characteristic
frequency, which is known as the bulk plasma frequency
associated with each compound. The plasma frequencies of
Ti;SnC,, Zr;SnC,, and Hf;SnC, are almost the same for the
two different polarizations, and they are 12.97, 13.56, and
14.46 eV, respectively.

Figure 2b shows the optical reflectivity of the three MAX
compounds under study for the two polarization directions
(100) (upper panel) and (001) (lower panel). It is an
important optical parameter that is related to other optical
functions and provides information about the electronic
structure of materials. For both polarizations it can be seen
that the maximum (about 98%) light is reflected when the
photon is incident with lower energy (frequency). High
reflectance of light at low frequencies (with low photon
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energy) indicates high conductivity and low absorptivity of the
studied materials. Then the reflectivity decreases abruptly with
increasing photon energy and remains fairly constant in the
photon energy range of 0.56—3.54 eV. This range of photon
energies includes the visible light range (VLR) of 1.8—3.1 eV.
The average reflectivity in the VLR for Ti;SnC,, Zr;SnC,, and
Hf;SnC, for the polarization (100) is 53.6, 51.8, and 51.6%,
respectively, while for the polarization (001) these values are
51.0, 49.2, and 48.0%, respectively. A material should have a
reflectivity greater than 44% to be a coating material.”> The
studied compounds can be used as coating materials to reduce
solar heating. Considering the average for both polarizations,
the optical reflectivity is the highest for Ti;SnC, and lowest for
Hf;SnC, in the VLR. The reflectivity of the three Sn-based 312
MAX phases reduces when Ti is replaced by Zr and then by Hf
from the Ti;SnC, stoichiometry. From the higher energy edge
of VLR (2.48—3.31 eV) the reflectivity increases rapidly up to
7.41-9.15 eV for all three phases for the polarization (100).
For the polarization (001), outside the higher energy range of
the VLR, the reflectivity increases rapidly from the photon
energy of 3.36—4.24 to 7.31-9.76 eV. At higher photon
energies, the bound electrons of the metal atom begin to
respond to light rather than simply interacting with the valence
band electrons. As a result, Drude’s approach then tends to
deviate. Depending on the properties of the material, this leads
to a decrease in reflectivity. The reflectivity decays fast at a
distinctive frequency, known as the material’'s plasma
frequency. The optical anisotropy in reflectivity is slightly
pronounced for Ti;SnC, and very negligible for Hf;SnC,.

Figure 2c shows the real part of the refractive index n(w),
shortly known as the refractive index; the upper panel for the
polarization (100) and the lower panel for the polarization
(100). It is an important optical property of a material,
indicating the phase velocity when the electromagnetic waves
propagate through the material. The spectra due to n(w) for
the two different polarizations for each of the Sn-based 312
MAX phases show no significant signs in the anisotropic nature
in the optical properties. The large static value (~84) of n(0)
signifies the metallic nature of the three studied MAX phases.
The higher the refractive index, the slower light travels through
the medium, the more the light bends, and ultimately—the
more efficient the refraction.

Figure 2d exhibits the extinction coefficient k(w), the
imaginary part of the refractive index, the upper panel for the
polarization (100) and the lower panel for the polarization
(100). It describes the attenuation of electromagnetic waves
through a material and determines how intensely the material
absorbs radiation at a specific wavelength per mass density or
per molar concentration. It is related to the material’s
conductive properties. A very large value of k(®) is assigned
to a metallic material, whereas a very small value of k(w) is
associated with a semiconductor material. On the other hand,
dielectric materials are essentially non-conductors with a k(w)
value of zero. A large static value of k(0) indicates metallic
conductivity of the Sn-based 312 MAX phases under study. A
slightly anisotropic nature is observed in the visible light region
and on both sides of it.

3.2. Lithium Doping. For Li-containing systems in the
minimum energy interstitial position in the Sn-based 312 MAX
phases, the formation energy, AH, upon addition of Li atoms
to the system can be determined using the equation given
below

AH = E(Li—doped system) — E(pristine system)
— xE(Li)

where E(Li-doped system) and E(pristine system) represent
the total energy of the system after and before lithium doping,
respectively, and x is the number of Li atoms used as the
interstitial. In our case, x = 1. Likewise, E(Li) is the total
energy associated with a single Li atom. To determine the total
energy of a Li atom, a body-centered cubic cell of a Li crystal is
constructed and then its geometry is relaxed. The obtained
total energy is divided by the number of Li atoms within the
cell for finding the total energy of a single Li atom. Table 1 lists

Table 1. Formation Energy of Li-Doped Sn-Based 312 MAX
Phases and Other Systems

compounds formation energy (eV) references
Ti;SnC, 2.93 this work, calc.
Zr3SnC, 1.66 this work, calc.
Hf;SnC, 1.95 this work, calc.
Ti,SnC 2.83 literature'”
Zr,SnC 1.76 literature'”
Hf,SnC 2.10 literature'”
Lu,SnC 0.36 literature'”
Nb,SnC 2.26 literature'”
V,SnC 2.80 literature'”
Sc,SnC 0.94 literature'”
Zr,C 0.30 literature®
Ti,C 2.26 literature™
Ti;C, 4.40 literature™*!
V,C 0.96 literature™
Sc,C 0.31 literature*’

the formation energy of Li-doped Sn-based 312 MAX phases
under consideration, and Figure 3 shows their structures. From
Table 1, it is clearly inferred that the Li-doping in the Sn-based
312 MAX phases studied here is endothermic as the formation
energy AH is greater than 0.5 eV (in the case x = 1), signifying
structural instability.”® A Zr-based structure has a much lower
formation energy compared to Ti- and Hf-based structures, for
the reason that the electrostatic repulsion between Zr and Li is
weaker than that between Ti and Li and between Hf and Li.
Moreover, the formation energies of Li-doped Zr;SnC, and
Hf;SnC, are lower than those of their Li-doped 211 MAX
phase counterparts Zr,SnC and Hf,SnC. The formation energy
of Li-doped Ti;SnC, is lower than that of the corresponding
2D MXene Ti;C,, which is an effective light-to-heat conversion
material. In a recent paper, it is predicted on the basis of Li
ions up taken by pristine MAX phases by reducing their
particle size to a submicrometer scale by ultrasonic treatment
that there are reasons to believe that many of the MAX phases
have great potential to be next-generation anode materials,
replacing graphite, tin, or silicon as high-rate electrodes for Li-
ion capacitors.” It is reasonable to believe that it is possible to
significantly improve the electrochemical performance of MAX
phases by further reducing the particle size and engineering the
structure and composition of the materials.”

3.3. Charge Transfer. The amount of charge transfer
between atoms of a compound can give a clear picture of the
degree of ionicity of that compound. MAX phases are a family
of ternary compounds having a mixture of chemical bonding of
ionic, covalent and metallic. For this type of compounds the
study of charge transfer between atoms is important to

https://doi.org/10.1021/acsomega.3c03645
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MAX phases.

quantify the level of ionicity in these compounds. Here we
used the Mulliken and Bader methods to analyze the charge
transfer in Sn-based 312 MAX phases. The Mulliken method
gives the Mulliken charge as well as the Hirschfeld charge,
while the Bader method gives the Bader charge. Unlike the
local basis based Mulliken method, the Bader method uses
only a spatial gradient of charge density to analyze the charge
density of each atom. According to the Bader technique, the
charge density is spread out in space and separated into regions
around the atom. These regions, known as Bader regions or
volumes, are defined by a 2D surface on which the charge
density is a minimum perpendicular to the surface. More
precisely, along these surfaces the electron density gradient
that is perpendicular to the surfaces, has no component .
Usually in molecular systems, the charge density reaches its
minimum at a point between the atoms and this point is a
natural point of separation of the atoms from each other. A
good estimate of the total electronic charge of the
corresponding atom is obtained from the charge enclosed
within the Bader volume. The charge distribution serves as a
useful tool for determining the multipole moments of
interacting atoms or molecules. Bader’s analysis can also be
used to determine the hardness of an atom, which helps
measure the cost of removing charge from that atom. Bader
charge and Bader volume are shown in Table 2 along with
Mulliken and Hirschfeld charges.

The charges in the table are the differences in the number of
valence electrons, and these values have been calculated using
different techniques for each of the Sn-based 312 MAX

Table 2. Mulliken, Hirshfeld, and Bader Charges (in lel) and
Bader Volume (in A3)

Mulliken Hirshfeld Bader Bader
compounds elements charge charge charge volume
Ti;SnC, Til 0.67 0.25 0.9929 10.97

Ti2 0.44 0.16 0.8246 12.96
Sn —0.11 0.07 —0.3844 23.23
C —0.72 —-0.32 —1.1290 10.20
Zr;SnC, Zrl 0.77 0.28 1.1631 15.63
7r2 0.45 0.18 0.9220 18.19
Sn —0.09 0.04 —0.4294 25.32
C -0.79 —-0.33 —1.2888 10.74
Hf;SnC, Hfl 0.79 0.27 1.1095 15.04
Hf2 0.33 0.18 0.8512 17.74
Sn 0.31 0.00 —0.3879 24.20
C —0.87 —-0.32 —1.2120 10.21

compounds. The values obtained from the Bader technique
and the values obtained from the Mulliken analysis are usually
not identical. Among the values in the table, those that are
positive indicate the transfer of electrons from the atom and
those that are negative indicate the acceptance of electrons by
the atom. In the results obtained by the Bader method, only
the M-atom transfers its charge to both the Sn and C atoms.
According to the results obtained from the Mulliken method,
in the case of Hf;SnC,, the M-atom along with the Sn-atom
participates in charge transfer, and in this system, only the C
atom accepts charge. Otherwise, in the case of Hirshfeld
charge, the M-atom of Ti;SnC, and Zr;SnC, as well as the Sn
atom also participate in charge transfer, and in these systems,
only the C atom accepts charge. The Sn atom of Hf;SnC, plays
a neutral role, ie, it does not play any role in charge
acceptance and transfer. Bader charge has a higher magnitude
than Mulliken and Hirschfeld charges. Although Mulliken
charge analysis is widely used, Bader charge analysis is more
acceptable than Mulliken and Hirschfeld charge analysis
because it is based on a stronger theoretical foundation. In
relation to Bader analysis, maximum charge transfer takes place
between atoms of Zr;SnC, and minimum charge transfer
comes to pass between atoms of Ti;SnC,.

3.4. Electron Localization Function. We calculate the
ELF, which was introduced by Becke and Edgcombe™ as a
dimensionless indicator of electron localization. It is related to
the electron probability density of a same-spin electron pair
and ranges between 0 and 1. It provides additional information
on the strength and location of the bonds. Regions that
demonstrate high ELF values (near unity) are regions with
high electron localization, whereas lower values (approaching
0.5) correspond to lower localization. An ELF at 0.5
corresponds to full delocalization, similar to that of an electron
gas, while lower values than that exist in areas where there is
minimal concentration of electron density.***°

In Figure 4, the calculated ELF maps for the [001] and
[100] planes are shown. Also, the [011] surface has been
plotted in Figure S in order to visualize the area around the
carbon atoms. Additional 3D maps are shown in Figure 6. The
regions around the metal ions and the carbon cores show
higher electron localization, with typical circular domains
(characteristic of the electron shells). The bonds between
carbon and metal ions are expected to be strongly localized.
This is in agreement with the calculated ELF maps which show
a combination of highly localized regions surrounded by low
localization (blue—red areas), whereas in the case of Sn and
metal (yellow—green areas), there is smaller localization that is
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interpreted as a weaker bond. Differences among the different
M,SnC, structures are related to the core radius and the
number of electron shells. However, the ELF method should
be used with caution when applied to transition metal atoms.
For transition metal atoms, the ELF displays very low values
that are always lower than 0.5, as shown in Figure 6 (for the
isosurface n = 0.5).**

4. CONCLUSIONS

In summary, DFT was employed for the first time to
comprehensively investigate the optical response, Li-doping
and charge transfer in Sn-based 312 M;SnC, MAX phases with
ELF. The spectral characteristics are slightly different for the
two different polarization directions of incident light, and the
peak height is mostly slightly higher for the polarization (001).
The highest peak due to light absorption shifts toward higher
energy when the M-element Ti is replaced by Zr and then by
Hf. Above photon energies of 6.1 and 5.3 eV, the absorption
rates of light for Hf;SnC, are highest for the polarizations
(100) and (001), respectively. A sharp peak in the optical
conductivity spectra due to both polarizations in the region
near zero frequency (energy) specifies the metallic con-
ductivity of the M;SnC, MAX phases. The large negative
values of £;(®) in the low energy part of each spectrum reveal

° 4
am -y TisSNC,

Hf3SnC2

Zr3SnC,

Figure 6. 3D ELF maps with n = 0.0 (upper panels) and n = 0.5
(lower panels) for the three M;SnC, MAX phases.

the Drude-like behavior of the Sn-based 312 MAX phases.
Again, the real part &(w) goes from negative to zero,
indicating the metallic nature of these MAX compounds. The
non-zero value of & (w) indicates the possibility of large
availability of free charge carriers in these metallic systems. A
large peak due to plasma oscillations occurs in each spectrum
of the energy loss function and the plasma frequencies of
Ti;SnC,, Zr;SnC,, and Hf;SnC, are almost the same for the
two different polarizations, and they are 12.97, 13.56, and
14.46 eV, respectively. The average reflectivity for the three
MAX phases under study is sufficient for them to be a coating
material to reduce solar heating. The large static values of n
and k indicate the metallic conductivity of these compounds. A
slight optical anisotropy is visible in the spectra due to different
optical parameters in some energy ranges of the incident
photons. The formation energies of Li-doped Zr;SnC, and
Hf;SnC, are lower than those of their Li-doped 211 MAX
phase counterparts Zr,SnC and Hf,SnC. The formation energy
of Li-doped Ti;SnC, is lower than that of the corresponding
2D MXene Ti;C,, which is a promising photothermal material.
Bader charge is higher in magnitude than Mulliken and
Hirschfeld charges. According to Bader analysis, maximum
charge transfer occurs in Zr;SnC, and minimum charge
transfer occurs in Ti;SnC,. ELF reveals that the bonds between
carbon and metal ions are strongly localized, whereas in the
case of Sn and metal ions, there is smaller localization that is
interpreted as a weaker bond.
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