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The photocatalytic, transport, photophysical, and structural properties of Tl;oHg3Cl;s single crystals are
investigated by means of density functional theory in order to investigate its suitability to be used as
an active photocatalyst. The calculation show that this compound possesses a narrow direct band gap.
The obtained values of the fundamental energy band gap are about 0.82 eV (LDA), 0.88 eV (PBE-GGA),
and 0.97 eV (mBJ). The absorption edge of Tl;oHgsCl;¢ occurs at A = 742.3 nm, and the optical band gap
is estimated to be 1.67 eV. For use in photocatalytic water splitting, the optical band gap of the photocat-
alyst material must be sufficiently large to overcome the endothermic character of the water-splitting
Trans : reaction, i.e., higher than 1.23 eV therefore, Tl;oHg3Cl;¢ (Eg = 1.67 eV) is expected to be an active photo-
port properties A > N o
Ultrafast scintillator materials catalyst. The calculated density of states reveals the orbitals that form the conduction band minimum and
mBJ the valence band maximum, and the existence of hybridization. The transport properties are calculated to
investigate the suitability of Tl;oHg5Cl; as a thermoelectric power generator, as an active photocatalyst
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for clean energy resources, and as an ultrafast scintillator for medical imaging.

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

Ultrafast scintillators are needed for medical imaging, nuclear
physics, and high-energy physics [1]. The use of near-edge emis-
sion from a material with fast electron-hole recombination is pos-
sible. It has been reported that by n-doping ZnO and CdS with Ga
and In under reducing conditions, quenching could be reduced
and edge emission with high luminosity could be realized [1].
Among such materials, Tl;oHgsClig is a potential candidate for
novel scintillators [2], ionizing radiation detectors [3], ion-
selective electrodes [4-6], and temperature sensors |[7]. Tl;oHgsClg
contains two heavy elements (Hg and TI) [8,9]. Therefore, a careful
analysis of their crystal structure is essential to understand the
structure-to-property relationship of the compound. The structure
of Tl;oHgsClyg (tetragonal; space group I4/m; a=3849,0(2) pm,
c=2372,9(6) pm) was determined by X-ray structure analysis
[2]. This compound consists of HgCl, tetrahedra and linear
Cl—Hg—Cl units, which are completed by four additional chlorides
as distorted (2 +4) HgClg octahedra [2]. Recently, Khyzhun et al.
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have grown a single crystal of the ternary halide Tl;oHgsCl; using
the Bridgman-Stockbarger method [10]. They have reported that
the surface of Tl;oHgsClg is very sensitive to Ar* ion bombardment,
which causes significant changes of the element stoichiometry,
resulting in an abrupt decrease of Hg content in the top surface lay-
ers [10]. This treatment makes the top surface of Tl;oHg3Cl;¢ free of
Hg and hence free of risk, which makes it possible to use in
advanced technological applications [11-13].

Photocatalytic water splitting is one of the most promising
strategies for clean and renewable solar-to-hydrogen energy con-
version [14-20]. The development of visible-light-responsive pho-
tocatalysts has attracted several workers in recent years [21].
Among the various types of visible-light-responsive photocata-
lysts, Tl;oHgsClie could be considered because of its optical gap
(1.67 eV, A=742.3 nm), well matched with the solar spectrum,
and its sufficiently negative conduction band potential for reduc-
tion of H*/H, [22-24].

Thermoelectric power generators are a good alternative solu-
tion for energy and environment problems, which can directly con-
vert heat into electricity [25]. Tremendous research work has been
done on thermoelectric materials to enhance their thermoelectric
properties for technological applications [26-35]. The develop-
ment of thermoelectric materials has attracted a great deal of
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interest due to their significant potential applications, ranging
from clean energy to photon-sensing devices. Thermoelectric
materials can make a significant contribution to solving global sus-
tainable energy problems. These materials are used not only in
generating electricity from waste heat but also as solid-state Pel-
tier coolers [36].

To the best of our knowledge, no comprehensive work either on
experimental data on transport and optical properties or on first
principles calculations of the structural, electronic, transport, pho-
tocatalytic, and optical properties of Tl;oHgsCl;¢ have appeared in
the literature. Therefore, as a natural extension to previous exper-
imental work of Brodersen et al. 2], a detailed depiction of the
electronic structure, transport, photocatalytic, and optical proper-
ties of Tl;oHgsClyg using a full potential method is timely and
would bring us important insight into the origin of the band struc-
ture, density of states, and photocatalytic and photophysical prop-
erties. Hence, it is very important to use a full potential method
based on density functional theory (DFT). The full-potential
method [37], with different types of exchange correlation (XC)
potentials, namely the local density approximation (LDA) [38],
general gradient approximation (PBE-GGA) [39], and modified
Becke-Johnson potential (mB]) [40], is used to ascertain the influ-
ence of the XC on the resulting band gap and hence on the ground
state properties of Tl;oHg3Clye.

In this work, ab inito calculations from first- to second-
principles methods are performed to investigate the suitability of
Tl oHgsClyg as an active photocatalyst in the visible light region.

2. Details of calculations

The full-potential linear augmented plane wave plus local orbi-
tals (FPLAPW + lo) method as implemented in WIEN2k code [37]
within the generalized gradient approximation (PBE-GGA) [39]
are used to optimize the experimental structural geometry of Tl;o-
HgsCli [2]. The criterion for convergence of maximum force
among atoms is 1 mRy/a.u., at which the structural geometry is
relaxed. The resulting structural geometry of Tl;oHgsCl;s in com-
parison with the experimental data [2] is given in Table 1. The opti-
mized crystal structure of Tl;oHgsClyg is depicted in Fig. 1. The
structure consists of HgCl, tetrahedra and linear Cl—Hg—Cl units,
which are completed by four additional chlorides to form distorted
(2 +4) HgClg octahedra [2]. We have used the optimized crystal
structure as input data to calculate the electronic band structure,
density of states, electronic charge density distribution, and photo-
catalytic and optical properties using different types of exchange
correlation (XC) potentials to ascertain the influence of the XC on
the resulting properties. Furthermore, we have calculated the
transport properties based on the semiclassical Boltzmann theory,
as incorporated into the BoltzTraP code [41] within the limits of
Boltzmann theory [42-44] and the constant relaxation time

approximation [41]. We have used a mesh of 800 k points in the
irreducible Brillouin zone (IBZ) to achieve self-consistency. The
self-consistent calculations are converged, since the total energy
of the system is stable within 0.00001 Ry. The photophysical,
transport, photocatalytic, and structure properties are determined

within 20,000 k points in the IBZ. In the recent years, due to the
improvement of computational technologies, it has been proven
that first-principles calculation is a strong and useful tool for pre-
dicting the crystal structure and properties related to the electron
configuration of a material before its synthesis [45-55]. We should
emphasize that several researchers have used first-principles cal-
culation to explore new photocatalysts and found good agreement
with experimental results [56-62].

3. Results and discussion
3.1. Electronic band structure and density of states

Schematic diagrams of charge transfer and photocatalytic
mechanism of Tl;oHgsCl;s are shown in Fig. 2a. When the photo-
catalyst absorbs radiation from sunlight, it produces electron and
hole pairs. The electron of the valence band becomes excited when
illuminated by light. The excess energy of this excited electron pro-
motes the electron to the conduction band, creating a negative
electron (e~) and positive hole (h") pair. This stage is referred as
the semiconductor’s photoexcitation state. Since the photocatalytic
activities are directly related to the material’s electronic structure
[63], the electronic band structure along the high-symmetry direc-
tions of the first BZ and the total density of states of the tetragonal
Tl oHgsClyg are calculated to explore the bands’ dispersion and the
nature of the fundamental energy band gap, as shown in Fig. 2b.
We set the zero point of energy (Fermi level, Ez) at the valence
band maximum (VBM). It has been found that the conduction band
minimum (CBM) and VBM are located along the Z and I" directions,
resulting in a direct band gap. The calculated value of the funda-
mental energy band gap is about 0.82 eV (LDA), 0.88 eV (PBE-
GGA), or 097 eV (mBJ). These values are much higher than
0.22 eV, which was obtained from previous calculations using the
full-potential linear muffin-tin orbital (FP-LMTO) method within
LDA. It is well known that both LDA and GGA underestimate the
energy band gap [64], and since the experimental value has not
yet been reported, we performed the calculation within the mB]J.
The mB], a modified Becke-Johnson potential, allows the calcula-
tion of band gaps with accuracy similar to that of the very expen-
sive GW calculations [40]. It is a local approximation to an atomic
“exact-exchange” potential and a screening term. In Fig. 2c, we
enlarge the electronic band structure to visualize the bands around
the Fermi level that govern the energy band gap. Since mB] suc-
ceeds by a large amount in correcting the calculated energy gap
to be closer to the expected experimental one, we select to show

Table 1

Crystallographic data for Tl;oHgsCl;¢ (tetragonal; space group I4/m).
Element Wyckoff X exp. X opt. y exp. y opt. Z exp. Z opt.
Hg(1) 2a 0.0 0.0 0.0 0.0 0.0 0.0
Hg(2) 4d 0.0 0.0 0.5 0.5 0.25 0.25
TI(1) 16i 0.1689(3) 0.1677 0.3641(3) 0.3637 0.0896(1) 0.0889
TI(2) 4de 0.0 0.0 0.2581(3) 0.2578
cl(1) 4e 0.0 0.0 0.0995(12) 0.0991
cl(2) 8h 0.3315(22) 03311 0.1526(19) 0.1521 0.0 0.0
Cl(3) 4e 0.0 0.0 0.3971(17) 0.3968
cl(4) 16i 0.2404(16) 0.2400 0.1624(13) 0.1617 0.1865(7) 0.1860

Notes: The experimental lattice constants are a = b = 8.490(2) A and ¢ = 23.729(6) A [2].

the optimized lattice constants are a = b = 8.411 A and ¢ = 23.688 A. The experimental atomic positions, in comparison with the optimized atomic position after we minimized

the forces acting on the atoms, are less than 1 mRy/a.u.
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Fig. 1. Crystal structure of a Tl;oHg3Cl;¢ single crystal, which show that the Tl atoms have octahedral and tetrahedral surroundings and the Hg atoms have only tetrahedral
surroundings. The structure consists of HgCl, tetrahedra and linear Cl—Hg—Cl units, which are completed by four additional chlorides to distorted (2 + 4) HgClg octahedra.

Also, it shows the TICl;o decahedra, TIClg hexagons, and HgCls octahedra.

the results obtained by mB]J, as illustrated in Fig. 2b and c, which
confirm the fundamental energy band gap value of about 0.97 eV.

Further, the angular-momentum-resolved projected density of
states (PDOS) using LDA, PBE-GGA, and mB]J is obtained from the
calculated band structure by means of the modified tetrahedron
method. The calculated PDOS using mB] is shown in Fig. 3a-i.
The PDOS enables us to identify the angular momentum characters
of the various structures the VBM is formed from Cl3-p, Cl4-p, TI1-
s, TI2-p, and Hg2-d states, whereas the CBM is originated from
Hg2-s/d and CI2-p states. The energy region extending from
—10.0 eV up to Eg is originated from Hg1-s/p/d|f, Hg2-s/p/d|f, TI1-
s/d[f, TI12-s/d|f, ClI1-s/p, CI2-s/p, CI3-s/p, and Cl4-s/p states, while
the energy region from the CBM and above is mainly originated
from Hgl-s/p/f, Hg2-s/p/f, and TI1-p/d/f with small contribution
from Cl1,2,3,4-s/p states. It has been noticed that there exist some
weak/strong hybridizations between the states, which may lead to
partly covalent bonding. The covalence degree depends on the
strength/weakness of the hybridization. We should emphasize that
our calculated partial density of states for Tl;oHgsCly¢ is in concor-
dance with those in other compounds containing Tl, Hg, and Cl ions
[65-67].

With the aid of the calculated angular momentum decomposi-
tion of the atoms’ projected electronic density of states (Fig. 3a-
¢) we can elucidate the chemical bonding characters. In the valence
bands between —8.0 eV and Eg, we have obtained a total number of
electrons/eV (e/eV) for the orbitals in each atom of Tl;oHg3Cl;¢ as
follows: Hg2 atom 14e/eV, Hgl atom 100e/eV, TI2 atom
3.0e/eV, ClI1 atom 25e/eV, CI2 atom 9e/eV, CI3 atom 5 e/eV,
and Cl4 atom 20 e/eV. It is clear that some electrons from Hg, Cl,
and Tl atoms are transferred into valence bands and contribute
to covalence interactions between the atoms, according to the con-
tribution of each atom to the valence bands. The strength/weak-
ness of the covalence interactions arises from the degree of
hybridization and the electronegativity differences between the
atoms. Thus, the angular momentum decomposition of the atoms’
projected electronic density of states helps us to analyze the nature
of the bonds, following the classical chemical concept. This concept
is very useful in classifying compounds into different categories
with respect to different chemical and physical properties.

3.2. Valence electronic charge density

To support the above statement and to gain further understand-
ing of the bonding features, we have calculated the valence charge
density distributions. To investigate the anisotropic nature of
chemical bonding in Tl;oHg3Cl;, we have calculated and presented
the electronic charge density distribution in two crystallographic
planes, namely (100) and (101), as shown in Fig. 4a-c. The crystal-
lographic planes show clear maps for the electronic charge sur-
rounding the atoms. The crystallographic plane (100) shows only
Hg and Cl atoms, and the Hg atoms have only tetrahedral sur-
roundings. The crystallographic plane (101) shows TI, Hg, and Cl
atoms. The Hg atoms have only tetrahedral surroundings and the
Tl atoms have octahedral and tetrahedral surroundings.

The nature of bonding among the atoms of Tl;oHgsCl;5 can be
explained using the map of the electronic charge density distribu-
tion. The transfer of charge between the anion and cation can be
utilized to explain the ionic character, whereas sharing the charge
between anion and cation is related to the covalent character. It
has been found that Hg and Cl atoms form partial ionic/covalent
bonding in the linear Cl—Hg—Cl units. The unconnected Tl atoms
form an ionic bond, while the Cl atom that is far from the Tl atom
also forms an ionic bond. According to the Pauling scale, the elec-
tronegativities of Cl, Hg, and Tl are 3.16 > 2.00 > 1.62, which shows
that the Cl atom possesses the highest electronegativity in Tl;oHgs-
Clye. For the description of the bonding character, the difference of
the electronegativity (Xa-Xg) is crucial [68], where X, and X
denote the electronegativity of the A and B atoms in general. With
increasing difference, the ionic character of the bonding increases.
The percentage of ionic character (P) of bonding can be obtained
following the relation [68]

P(%) = 16(Xa-Xa) + 3.5(Xa-Xp)*. (1)

The calculated values of the ionic character are given in Table 2.
It is clear that the Tl in the TICl;¢, decahedra and TIClg hexagons
forms mostly covalent and partially ionic bonds with the surround-
ing Cl atoms also, the Hg atom in the HgClg octahedron forms
mostly covalent and partially ionic bonds with the surrounding
Cl atoms, whereas Hg atoms form very strong covalent bonds with
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Fig. 2. (a) Schematic diagrams of charge transfer and photocatalytic mechanism of Tl,oHgsCl;s. When the photocatalyst absorbs radiation from sunlight, it produces electron
and hole pairs. The electron of the valence band becomes excited when illuminated by light. The excess energy of this excited electron promotes it to the conduction band,
creating a negative electron (e~) and positive hole (h") pair. This stage is referred as the semiconductor’s photoexcitation state. (b) The calculated electronic band structure
along with the calculated total density of states and the first Brillouin zone. (c) The enlarged electronic band structure, which clearly show the conduction band minimum, the
valence band maximum, and the energy band gap.
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Fig. 3. The calculated partial density of states of Tl;oHg3Cl;6 single crystals: (a) the TDOS of Hg1 and TI1 atoms, (b) the TDOS of Hg2 and TI2 atoms, (c) the TDOS of Cl1, Cl2,
CI3, and Cl4 atoms, (d) the PDOS of Hg1-d and Tl1-d states, (e) the PDOS of Hg1-s, Hg2-d, and TI2-s/p states, (f) the PDOS of Hg1-p, Tl1-s/p, and TI2-d states, (g) the PDOS of
Hg1-f, Hg2-f, TI1-f, TI2-f, C13-s, and Cl4-s states, (h) the PDOS of Hg2-s/p and CI2-s states, (i) the PDOS of Cl1-s/p, Cl2-p, CI3-p, and Cl4-p states.
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Fig. 4. Calculated electronic charge density distribution: (a) crystallographic plane
(100), which shows that the Hg atoms have only tetrahedral surroundings, (b)
crystallographic plane (101), which shows that the Hg atoms have only tetrahedral
surroundings and the Tl atoms have octahedral and tetrahedral surroundings, (c)
thermoscale.

Table 2

The calculated values of the ionic character.
Bonds P (%)
Hg—Cl 13.85
Hg—TI 6.58
ClI—TI1 32.94

Tl atoms. The calculated Hg—Cl bond lengths in the HgClg octahe-
dra are shorter than the TI—CI bond lengths in the TICl;o poyhedra
and TIClg octahedra (Table 2). The crystallographic planes show
that a charge transfer toward Cl atoms occurs, as shown by the
blue uniform spheres surrounded the Cl atoms, indicating the max-
imum charge accumulated according to the thermoscale (Fig. 4c)
[69]. To provide a quantitative comparison between theoretical

and experimental values of the bond lengths and angles, we have
calculated the parameters for the Tl;gHg3Cl;g crystal, as shown in
Tables 3 and 4. It is clear that there is good agreement with the
experimental data [2]. This reveals the accuracy of the method
used here, and therefore we can conclude that our calculated
energy band gap could be in close agreement with the expected
experimental value. The bond lengths and the two crystallographic
planes reveal that the Tl;oHgsCl;s single crystal possesses consid-
erable anisotropy.

The photocatalytic oxidation of the materials is mainly attribu-
ted to the participation of superoxide radicals (O3 ), hydroxyl rad-
icals (‘OH), and photogenerated holes [70] see Fig.2a. To
understand the photocatalytic mechanism of TloHgsClys, the
reduction and oxidation potentials of the conduction band and
the valence band edge at the point of zero charge can be calculated
following the expressions given in Ref. [71],

Ecg = 1 — E — (Eg/2), 2)

Evg = Ecg + Eg, (3)

where Ecg and Eyg are the potentials of the conduction band and the
valence band edge, respectively, E€ is the free energy corresponding
to the hydrogen scale, and the value is ~4.5 eV [71], and E; and 7,
are the band gap and the electronegativity of semiconductors,
respectively. x is defined as the geometric mean of the absolute
electronegativities of the constituent atoms. The absolute elec-
tronegativity of an individual atom is the arithmetic mean of the
atomic electron affinity and the first ionization energy [71]. The
Ecg and Eyp values of TlioHgsClig are 0.292 and 1.962 eV, respec-
tively. It can be clearly seen that the CB edge potential is less than
the VB potential, indicating that Tl;oHgsCl;s has a strong reduction
power for H, production. Generally, an appropriate band gap width
and suitable CB edge position together contribute to optimal H,
production activity under light irradiation. Therefore, a balance
between the light absorption capacity and the reduction power in
the investigated material leads to higher efficiency of light-driven
photocatalytic H, production.

3.3. Photophysical properties (linear optical response)

The tetragonal symmetry exhibits three nonzero components of
the second-order dielectric (optical) tensor along the polarization
directions [100], [010], and [001]. These correspond to the elec-
tric field E being directed along the a, b, and crystallographic axes.
Two of them along [100] and [010] are equal, and therefore, two
tensor components completely define the linear optical response.
The imaginary parts can be obtained using an expression taken
from Ref. [72],

o T 33 g Pl W) 11 - £, k) - o],

4)

where m, e, and h are the electron mass and charge and Planck’s
constant, respectively. f. and f, represent the Fermi distributions
of the conduction and valence bands, respectively. The term pi, (k)
denotes the momentum matrix element transition from the energy
level c of the conduction band to the level » of the valence band at a
certain k-point in the BZ, and V is the unit cell volume.

The calculated imaginary part of the optical function’s disper-
sion (Fig. 5a) shows pronounced structures of the nonzero major
tensor components, &5*(w) and &% (w). The absorption edge (thresh-
old) of &5*(w) and &% (w) is located at 0.97 eV. It has been noted that
the &§*(w) tensor component exhibits four main spectral features,
which we denoted as E1, E2, E3, and E4, whereas the £%(w) exhibits
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Table 3

Calculated bond lengths in comparison with the experimental ones [2,10].
Bonds This work Exp. Bonds This work Exp.
Hg(1)—Cl(1) 2311 2.360(3)° TI(1)—Cl(4) 3.400 3.404(14)"
Hg(1)—Cl(2) 3.001 3.098(17)° TI(1)—CI(4) 3.616 3.639(15)"
Hg(2)—Cl(4) 2413 2.451(5)° TI(1)—CI(1) 3.402 3.416(4)
TI(1)—TI(1) 2.667 3.681(4) TI(1)—CI(3) 3.002 3.055(5)"
TI(1)—CI(2) 3.009 3.106(14)° TI(2)—Cl(4) 3.611 3.625(15)"
TI(1)—TI(2) 3.463 3.470(16)" TI(2)—Cl(4) 3.421 3.432(13)"
TI(1)—CI(2) 3.337 3.349(14)" TI(2)—CI(1) 3.722 3.760(3)"
TI(1)—Cl(4) 3.201 3.216(15)" TI(2)—CI(3) 3.298 3.300(4)
C(11)—C(12) 4379 43820 C(13)—C(14) 4.478 4.484P
C(11)—C(14) 4520 4.528b C(13)—C(12) 4631 4.636°

Table 4

Calculated bond angles in comparison with the experimental one [2].
Bond angles This work Exp.
Cl(1)—Hg(1)—Cl(2) 90.0° 90.0°
CI(1)—Hg(1)—CI(1) 180.0° 180.0°
Cl(4)—Hg(2)—Cl(4) 112.0° 112.2°

five spectral features, E1, E2, E3, E4, and E5. In the energy regions
0.97-2.0 and 4.0-8.0eV there exists considerable anisotropy
between &§*(w) and &¥(w), which indicates that Tl;oHgsClys is a
uniaxial crystal. The E1 and E2 spectral features belong to the opti-
cal transitions from TI2-s, Tl1-s/p, Hg2-d, C13-p, Cl4-p, and CI2-p

@ ‘
TlioHg3Clio

Energy (eV)

0.6 r

TlioHg3Clio

R(a))

Energy (eV)

valence bands to Hg2-s/d, Tl1-s, and CI2-s/p conduction bands.
The fundamental spectral structure, which is situated between
4.0 and 7.5 eV, consists of the spectral features E3 for both &5*(w)
and &%(w), and E4 for ¢¥(w) are due to the transitions from
TI2-s, Hg2-s/d, TI-1-s/p, Cl3-p, and Cl4-p valence bands to
Hg2-s/d, Hgl-s, Tl-p, Cl1-p, Cl2-p, ClI3-s, and Cl4-s conduction
bands. The tail (E5 for &5(w) and E4 for &*(w)) comes from the
optical transitions between Hgl-d, Hg2-d, Tl1-s/d, Tl-2-s, and
Cl1-s/p valence bands and TI2-p/d[f, TI1-p, Hg1-p/f, Hg2-s/f, TI1-f,
Cl2-s, CI3-s, and Cl4-s conduction bands.

By means of the Kramers-Kronig transformation [73], we can
derive the real part of the corresponding principal complex tensor

b 8
" TlioHg3Clio

Energy (eV)

TlioHgsClio

I(w) 10'cm™

0 5 10 15
Energy (eV)

Fig. 5. (a) Calculated &§*(w) (dark solid curve-black color online), £ (w) (light long dashed curve, red color online), (b) calculated &}*(w) (dark solid curve, black color online),
&#(w) (light long dashed curve, red color online), (c) calculated R*(w) (dark solid curve, black color online), R#(w) (light long dashed curve, red color online), (d) calculated
I*(w) (dark solid curve, black color online), I(w) (light long dashed curve, red color online). (e) The optical band gap value of the semiconductor materials can be solved as
follows: The square of absorption coefficient I(w) is linear with energy (E) for direct optical transitions in the absorption edge region, whereas the square root of I(w) is linear
with E for indirect optical transitions. The calculated electronic band structure confirms the direct nature of the band gap of Tl;oHgsCly6. It is clearly shown that the square of
I(w) versus E is linear in the absorption edge region. This plot suggests that the absorption edge of Tl;oHgsCly6 is caused by direct transitions. We can conclude that the
absorption edge of Tl;oHgsCl; occurs at A = 742.3 nm, and the optical band gap is estimated to be 1.67 eV. (f) Calculated L™ (w) (dark solid curve, black color online), L# ()
(light long dashed curve, red color online), (g) calculated n*(w) (dark solid curve, black color online), n%(w) (light long dashed curve, red color online), (h) calculated
birefringence An(w) of Tl;oHg3Cly6 single crystal. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5 (continued)

components from the existing information about the imaginary
part. The obtained real part &/*(w) and &%#(w) is shown in Fig. 5b.
The vanishing frequency value of the dielectric function that
defines the static electronic dielectric constant &, = & (w = 0)
can be obtained from &{*(0) and &#(0), as shown in Table 2. With
the aid of these values, we can estimate the value of the optical
gap following the Penn model [74]. Also, the uniaxial anisotropy
(0e) shows that this crystal possesses positive uniaxial anisotropy
(Table 5). Furthermore, the plasmon oscillations wy* and w7, which
are associated with the existence of plasma oscillations (plas-
mons), can be obtained at the energies where &f*(w) and &#(w)
cross zero. These values are given in Table 5.

From the existing information on the imaginary and real parts
of the optical function’s dispersion, we can calculate the reflectivity
spectra R(w), refractive indices n(w), loss functions L(w), and
absorption coefficient I(w). The reflectivity spectra along the
[100] and [001] polarization directions are represented in Fig. 5c.
In the low-energy region (0.0-5.0 eV), both R*(w) and R*(w) spec-
tral components exhibit low reflectivity <20.0% as average it is
clear that R*(w) behaves as the dominant component with

Table 5

The calculated &/(0), &7(0), de, wy*, i, w*(0), n*#(0), and An(0).
Component This work
&*(0) 4319
£#(0) 5.086
gaverase ) 4.702
5 0.163
g 6.870
wF 7.768
n(0) 2.078
n#(0) 2.255
An(0) 0.177

reflectivity about 20.0%. The reflectivity spectra of the two spectral
components vary along the energy scale to reach a maximum value
(57.0%) at around 13.5 eV, which results from the transitions of s-
states of valence bands to p-states of conduction bands. The first
reflectivity maximum (~34.0%) occurs at around ~7.5 eV, followed
by the first reflectivity minimum, which is situated at around
~11.0 eV, confirming the occurrence of collective plasmon reso-
nance. The first reflectivity maximum and minimum occur accord-
ing to the transition from p-states of Cl and Tl atoms (valence
bands) to s-states of Hg and Cl atoms (conduction bands).

The calculated absorption coefficient I(w) of the two spectral
components is illustrated in Fig. 5d. The calculated absorption
coefficient shows the fundamental optical absorption edge at
around 0.97 eV, and then the absorption coefficient increases dras-
tically up to a maximum value at around 13.5 eV. It is clear that the
Tl oHgsClyg single crystal exhibited a wide optical transparency
region. The absorption coefficient spectra consist of low-
absorption and high-absorption regions. The optical band gap val-
ues of the semiconductor materials can be solved as follows: the
square of the absorption coefficient I(®) is linear with energy (E)
for direct optical transitions in the absorption edge region, whereas
the square root of I(w) is linear with E for indirect optical transi-
tions [56,57]. Since the calculated electronic band structure con-
firms the direct nature of the band gap of Tl;oHgsCl6, the data
plots of the square of I(w) versus E are shown in Fig. 5e. It is clearly
shown that the square of I(w) versus E is linear in the absorption
edge region. This plot suggests that the absorption edge of Tl;oHgs-
Cly is caused by direct transitions. Following Fig. 5e, we can con-
clude that the absorption edge of Tl;oHgsClyg occurs at
A=7423 nm, and the optical band gap is estimated to be
1.67 eV. The narrow optical band gap of photocatalyst material
not only benefits the absorption of more photons from sunlight,
but also promotes the excitation of photogenerated electrons from
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the VB to the CB, which makes the photocatalyst capable of visible-
light H,_production activity. In addition to the effect of the optical
band gap value, the CB edge position of the photocatalyst material
is another important factor for effective photocatalytic H, produc-
tion [75]. For photocatalytic water splitting, the optical band gap of
the photocatalyst material must be sufficiently large to overcome
the endothermic character of the water-splitting reaction, i.e.,
wider than 1.23 eV [76] therefore, Tl;oHgsClig (Eg=1.67 eV) is
expected to be an active photocatalyst. The other important factor
for a photocatalyst is the range of light absorbed (see Fig. 4e). The
optical absorption induces the transfer of e from the VB to the CB,
generating the e-h pairs, which can thence migrate to the surface
to participate in oxidation and reduction reactions, respectively
[77,78]. Usually, the locations of the VBM and the CBM determine
the oxidation and reduction capabilities of photogenerated holes
and electrons, respectively [77]. The reduction potential level of
the electron-accepters should be energetically below the CBM,
whereas the oxidization potential level of the electron-donors
should be above the VBM [79].

(@) \

Energy(eV)

® 15

n(e/uc)

I
0 200

I
400
Temperature (K)

The loss function’s peaks are initiated at the values of the
plasma frequencies wy* and @y (Fig. 5f). These peaks represent
the negative parts of &*(w) and &¥(w). The calculated refractive
indices, as shown in Fig. 5g, confirm the existence of considerable
anisotropy, and from n(0) we can estimate the value of the optical
band gap (n = v/€). Furthermore, the values of the birefringence
An(w) can be obtained from n**(w) and n**(w), as shown in Fig. 5h
and Table 5.

3.4. Transport properties

To understand the photocatalytic mechanism in Tl,oHg5Cl;6, we
have investigated the influence of the temperature on the carrier
concentration (n) of Tl;oHgsCl;s at a certain value of the chemical
potential (¢ = Ef). It has been found that n increases almost lin-
early with increasing T, as illustrated in Fig. 6a, and the positive
sign indicates that the Tl;oHgsCl;¢ exhibits p-type conductions.
To support this statement, we have investigated the n in the vicin-
ity of E at three T values, as shown in Fig. 6b. It has been noticed

I I
600 800

Fig. 6. (a) The temperature-induced carrier concentration of Tl;oHgsCl;s single crystals per unit cell (e/uc) versus temperature, (b) calculated carrier concentration as a
function of chemical potential (u — Er = +£0.2 eV) at three constant temperatures (300, 600, and 900 K), (c) the electrical conductivity versus the temperature, (d) the
electrical conductivity as a function of chemical potential (u — Er = +0.2 eV) at three constant temperatures (300, 600, and 900 K), (e) the electronic thermal conductivity
versus the temperature, (f) the electronic thermal conductivity as a function of chemical potential (u — Er = £0.2 eV) at three constant temperatures (300, 600, and 900 K), (g)
the Seeback coefficient versus the temperature (h) the Seeback coefficient as a function of chemical potential (it — Er = 0.2 eV) at three constant temperatures (300, 600, and
900 K), (i) the power factor versus the temperature, (j) the power factor as a function of the chemical potential (1 — Er = £0.2 eV) at three constant temperatures (300, 600,

and 900 K).
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that the difference between chemical potential and Fermi energy
(1 — Er) is positive for valence bands and negative for conduction
bands. It has been found that Tl;oHgsCl;¢ exhibits a maximal n in
the vicinity of Eg.

It is well known that the temperature difference between the
two ends of a material is responsible for producing thermoelectric
voltage. To achieve high thermoelectric efficiency, it is necessary
that the material possess high ¢ /7, high S, and low k/t [80]. There-
fore, to show the high ¢ /7, high-mobility carriers is required. To
achieve this, a material with small effective mass is needed. It
has been noticed from the electronic band structure (Fig. 2) that
the high k-dispersion bands around Fermi level (Eg) possess low
effect masses and, hence, high-mobility carriers (Table 6), which
favor the charge transfer process the effective mass provides
essential information to see the photocatalytic mechanism. The
mobility of the photogenerated carriers significantly influences
the photocatalytic efficiency [81,82] and the higher photogener-
ated carrier mobility enhances the photocatalytic performance
[83]. Moreover, the great effective mass difference (D = m;/m;)
between electron (e) and hole (h) (Table 6) can facilitate e and h
migration and separation, and finally improve the photocatalytic
performance. The effective mass of e is greater than that of the h,
resulting in a significant difference in the mobility between e and
h. The mobility of photoexcited carriers can be indirectly assessed
by their effective mass (1, = et./m; and 1, = et,/m;},). Here we call
the mobility # to distinguish between the mobility and the chem-
ical potential (u). The large mobility difference is useful for the
separation of e and h, reduction of e and h recombination rate,
and improvement of the photocatalytic activity. It is clear from
Table 5 that the effective masses of the e and h are small, and thus,
we can deduce that the photogenerated carrier transfer can be fast
along different directions.

To ascertain that Tl;oHgsCl;¢ is expected to give maximum effi-
ciency at Eg, we have investigated ¢/t as a function of T at a certain
value of chemical potential, as shown in Fig. 6¢, which represents
the temperature variation of the /7. It is clear that ¢/t increases
with T to reach its maximum value of about 6.0 x 10'® (@ ms) ' at
900 K. It is clear that ¢/t shows slight deviation from linear tem-
perature dependence. Therefore, at a certain chemical potential, n
and o/t are temperature-dependent. In addition to this, we have
calculated o/ as a function of chemical potential at three constant
temperatures (300, 600, and 900 K), as shown in Fig. 6d. It is clear
that above Ef, a significant increase in /7 occurs to reach a max-
imum value of about 2.343 x 10" (Qms)™' at p—Er=+0.1eV,
while below E; it is about 2.859x 10" (Qms)' at
U — Ep=—0.18 eV. It is clear that the temperature has an insignifi-
cant influence on ¢/t in the chemical potential (u — Er) range
between —0.2 and +0.2 eV.

The thermal conductivity (k) has two parts the electronic contri-
bution k. (electrons and holes transporting heat) and the phonon
contribution k; (phonons traveling through the lattice). BoltzTraP
code calculates only the electronic part k. [41]. We have calculated
k./t of TlioHgsClie as a function of T at Fermi level (a certain

Table 6

Calculated effective masses.
Effective mass Value
m;/m, 0.01854
m;, /M, 0.07091
mj, /my 0.02487
D = my, /m; 3.82470
D = my/mj, 0.26145
D = myj, /m; 1.34142
D = my/mj, 0.74547

chemical potential value u=Er), as shown in Fig. 6e, which
represents the T variation of the k. /7. It is clear that k. /7 increases
lineally with increasing T. The results show that k./7 is
temperature-dependent. In addition to that, we have calculated
k./7 as a function of chemical potential at three constant tempera-
tures, as shown in Fig. 6f. It is clear that a significant increase in k. /t
occurs with increasing T, and the temperature 900 K induced the
highest k./t values, while 300 K induced the lowest k./t values,
confirming that 300K is the optimal temperature that gives the
lowest k. /7 values in the chemical potential range pt — Er = 0.2 eV.

The very important quantity that is related to the electronic
band structure of the materials is the Seebeck coefficient (S). Thus,
we have calculated S as a function of T at a certain value of chem-
ical potential, as shown in Fig. 6g. At low T <200 K, the Seebeck
coefficient exhibits its highest value of about 233 nuV/K and then
it drops to the lower value with increasing T. Further, we have cal-
culated S as a function of chemical potential at three constant tem-
peratures (Fig. 6h). One can see in the vicinity of Eg the S exhibits
pronounced structures at Er, and above Eg. In the vicinity of Eg, S
exhibits two pronounced structures just below and above Er with
the highest value of S at 300K (180 and —-180 uV/K) and
+180 uV/K at pu — Er = +0.18 eV. From Fig. 6h, it is clear that the
obtained values of S are negative/positive for the entire range of
the chemical potential, suggesting the presence of n/p-type charge
carriers. The sign of S indicates the type of dominant charge
carriers: S with positive sign represent the p-type materials,
whereas n-type materials have negative S [41,84-86].

One can see that the power factor, defined as P = S%a/1, is
directly proportional to S* and ¢/t. Therefore, to gain high P, one

need to maintain the values of S* and /7. It is well known that fig-
ure of merit is a very important quantity for calculating the trans-
port properties of the materials. The dimensionless figure of merit

is written as (ZT = S*6T/k. + k) [87,88], which shows that P comes
in the numerator of the figure of merit thus P is an important quan-
tity and play a principal role in evaluating the transport properties
of the materials.

We have investigated the influence of T variation on P (Fig. 6i),
and it is clear that, in a T range between 50 and 500 K, P increases
linearly with T. Above 500 K, P reaches the saturated value. Fur-
thermore, to ascertain the influence of varying the chemical poten-
tial on P, we have calculated P at three fixed temperatures as a
function of chemical potential, as shown in Fig. 6j. It has been
found that Tl,oHgsCl;s exhibits the highest P just below Eg. It is
interesting to see that increasing the temperature causes signifi-
cant increases in P. The increase of the Seebeck coefficient also
leads to a maximum of P at the vicinity of Eg, it is slightly shifted
compared with the maximum of the Seebeck coefficient due to
the decreasing conductivity.

We would like to mention here that, in our previous works
[89-92], we have calculated the transport properties using the
FPLAPW method within BoltzTraP code for several systems whose
transport properties are known experimentally, and very good
agreement with the experimental data was obtained. Thus, we
believe that our calculations reported in this paper would produce
very accurate and reliable results.

4. Conclusions

The full potential method within the generalized gradient
approximation (PBE-GGA) was used to optimize the experimental
structural geometry of Tl;oHgs;Cl;g compound. Three types of
exchange correlation potentials, namely LDA, PBE-GGA, and mBJ
are used to perform the calculations of the electronic band struc-
ture, density of states, electronic charge density distribution, and
optical and transport properties. Calculations show that an energy
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band gap of about 0.82, 0.88, and 0.97 eV is obtained using LDA,
PBE-GGA, and mB]J, respectively. These values are much higher
than 0.22 eV, which is obtained from previous calculations using
the full-potential linear muffin-tin orbital (FP-LMTO) method
within LDA therefore, we expected our obtained results are more
accurate based on our experiences on using mBJ. We would like
to mention here that in our previous work we have used mB] to
calculate the energy band gap of several systems whose energy
band gaps are known experimentally. In those previous calcula-
tions, we found very good agreement with the experimental data.
Thus, we believe that our calculations reported in this paper would
produce very accurate and reliable results. The calculated density
of states reveals the orbitals that form the conduction band mini-
mum, the valence band maximum, and the existence of hybridiza-
tion. In order to understand the bonding feature, we have
calculated the valence charge density distributions, which show
that there exist ionic and covalent bonding. The obtained optical
properties help to uncover the electronic structure, and the calcu-
lated transport properties reveal that the investigated compound
could be an attractive candidate for use in clean energy.
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