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1. Introduction

Li-ion batteries have dominated the whole world of conve-
niently transported electronics and are considered as the best
foremost technologies to power electric vehicles. Even these Li-
ion are used as a good materials in the area of renewable sources
(wind and solar) for balancing recurrent with user requirements.
On the other hand, intended for this technology to sustain such
hefty-volume markets, endeavors must be engrossed on growing
their energy density and slashing their costs, at the same time as
concurrently tackling viability concerns. A substantial study has
been stanched to surrogated layered oxides, which revealed the
capabilities as lofty as 250 mA h/g for an average voltage of
3.8V vs Li*[Li [1]. Even as these layered oxides have a reasonable
energy densities, it has great cost because of the transition met-
als (Co and Ni) and also due to the synthesis of active phases
make them less viable for large-volume applications. On the
other hand, many attempts are being intended for the develop-
ment of Fe-based polyanionic compounds, for instance for
LiFePO4 [2], Li,FeSiSO4 [3], Li,FeP,O; [4], and LiFeBO3 [5]. This
has been found that the Fe-based compounds has the low-cost
compensation owed to both the profusion of their component
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elements and the viability, in nearly all casing, by means of com-
petent synthesis methods to set up them. Comparatively to the
layered oxide materials, the Fe-based materials give much lower
energy densities. Consequently, joining the electro negativity of
fluorine and the inductive effect [6] improved by the company
of a SO2~ polyanion in the structure, Subban et al. [16] urbanized
a novel family of fluorosulfates of the general formula AyMSO4F,
where A =Li, Na, K and M =3d metals [7-15]. Among them, LiF-
eSO4F seems to be the mainly appealing on behalf of crystal
chemistry and electrochemical performance. It is well-known
that there are two polymorphs for LiFeSO4F, these are tavorite
and triplite, with redox potentials 3.6 and 3.9 Volts vs Li*/Li°
respectively [7,13,15]. LiFeSO,OH possess the highest Fe*3/Fe*?
redox voltage among any inorganic compound. The triplite poly-
morphs of LiFeSO4F exhibit a theoretical energy density of about
577 W h/kg, in close agreement to that obtained from LiFePO,4
[16]. Moreover, Subban et al. [16] illustrated that this phase
can be completed at room temperature via mechanochemical
synthesis, which recommend simple scalability and small price
preparation [11]. Subban et al. [16] report the preparation of
these symmetries along with the tenacity of their crystal config-
uration and their characteristic (electrochemical). In addition, the
author isolate transitional Li-free M3(SO4)>(OH), (M = Fe, Co, Mn
and Ni) phase which carry the composition of Mgsz(SO4),(OH),
(mineral caminite).
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2. Computational method

The first principle calculations reported in this article are executed within the
Engel-Vosko GGA (EVGGA) [17] approximation, based on the density functional
theory (DFT) [18-20] as employed in the WIEN2K computer package [21], using
the full potential linearized augmented plane wave (FPLAPW) technique [22-28].
In the FPLAPW technique, the potential is expanded into lattice harmonics inside
the individual sphere of atom of a compound as well as the charge density is ex-
panded as a Fourier series inside the interstitial section. In this technique, the unit
cell is separated into two parts: (1) non-overlapping atomic spheres and (2) an
interstitial section. Using the high-resolution neutron powder diffraction data of
LiFeSO4OH taken from Subban et al. [16], we have optimized the structure by min-
imizing the forces acting on each atom using EVGGA, these are presented in Table 1.
The optimize structure of LiFeSO4OH compound is shown in Fig. 1. From the relaxed
geometry we have calculated the electronic band structure, partial and total density
of states, electronic charge density, optical and thermoelectric properties. In our
calculation, we have used RytKmax = 7, the convergence parameter that assess the
shape of the matrix. The maximum value of the angular quantum number inside
the atomic region is Inax = 10. The self-consistent iterations are chosen to ensure
the convergence of total energy within 107> mRy. For the structure properties of
our investigated compound Li,FeSO,OH, we use the local density approach (LDA)
[29], generalized gradient approach (GGA) [30] in the form of Perdew-Burke-Ern-
zerh (PBE) and Engel-Vosko GGA (EVGGA) approach.

Here in this work, we calculate electronic structure, opto-electrical properties
i.e. dielectric function, reflectivity, energy loss function, absorption co-efficient,
refractive index and extension co-efficient by means of ab initio total energy
calculation based on the density functional theory (DFT), within the more exact
all-electrons full potential technique. We also calculate and study thermoelectric
properties as a function of carrier concentration at different temperatures using
BoltzTraP code.

Table 1
Lattice constant and atomic positions of LiFeSO40H.
Exp Caltd
Lattice parameters
a(A) 9.5147 9.5147
b (A) 5.5087 5.5087
c (A) 73755 7375
Atomic co-ordinates
Atom X y z X y z
Fe 0.5551 0.2635 0.6261 0.5477 0.2621 0.6164
S 0.7922 0.5615 0.9853 0.7782 0.5568 0.9849
0] 0.5733 0.4246 0.3739 0.5549 0.4235 0.3657
0] 0.6490 0.9345 0.5328 0.6374 0.9403 0.5433
(o] 0.7647 0.0471 0.2989 0.7451 0.0631 0.2908
0] 0.1566 0.1833 0.0162 0.1711 0.1885 0.0222
0] 0.0954 0.9209 0.3656 0.1023 0.9158 0.3696
Li 0.0759 0.924 0.822 0.0865 0.9403 0.8186
H 0.3322 —0.0090 0.0932 0.3434 0.9864 0.1057

Fig. 1. Molecular structure of LiFeSO,OH.

3. Result and discussion
3.1. Electronic structure

In Fig. 2(a-c), we displayed the dispersion of calculated
electronic band structure (BS) of the layered polyanionic hydroxy-
sulfate LiFeSO40H along the high symmetry points in the irreduc-
ible Brillouin Zone (IBZ). The calculation show that the valence
band maximum (VBM) and the conduction band minimum
(CBM) are positioned at the G-Z-points of IBZ. Thus LiFeSO40OH is
narrow direct band gap semiconductor. The value of the calculated
band gap using LDA, GGA and EVGGA are displayed in Table 2. Fol-
lowing Table 2, the band gaps are analytically underestimated in
first principle studies, and this is an intrinsic characteristic of the
density functional theory (DFT), because DFT being a ground-state
theory is not appropriate for explaining excited-state properties of
the electronic system, such as the energy gap. Therefore, we pre-
ferred the EV - GGA correction which improves the band gap as
compared to LDA and GGA, for further structural analysis of our
investigated compound LiFeSO4OH. The total density of states
(TDOS) and partial density of states (PDOS) projected in lithium,
iron, sulfur, oxygen and hydrogen atoms spheres and interstitial
sections are shown in Fig. 3(a-d). Following this figure one can
see that, the region from —14.0 eV to —12.0 eV is mainly covered
by the s orbital (0.85states/eV) of S atoms. The orbital p
(1.8 states/eV) of S atom and orbital s (0.24 states/eV) of O atoms
exhibit high contribution, while the orbital s (0.02 states/eV) of
both H and Li atoms and s (0.04 states/eV) and p orbital
(0.02 states/eV) of Fe atom posses small contribution to the PDOS
in the energy range from —12.0 eV to —9.0 eV in the valence band
(VB). In the energy region from —9.0 eV to —6.0 eV, the prominent
contribution arise from the p orbital (2.24 states/eV) of O atoms,
the small contribution appear due to s orbital (0.43 states/eV) of
H atoms and orbital s (0.14 states/eV) of both Fe/S atoms, and neg-
ligible contribution from the s (0.01 states/eV), p (0.04 states/eV)
orbitals of Li/Fe atoms is observed. In the second last part of the va-
lence band (VB), which start from energy range —6.0 eV to —3.0 eV,
the orbital p (1.7 states/eV) of O atoms and the orbital d (0.61
states/eV) of Fe atom indicate major support while the remaining
display small contribution to this part of the valence band. The last
part of the valence band which lies just below the Fermi level rang-
ing from —3.0 eV to 0.0 eV, is supported strongly from the orbital d
(11.15 states/eV) of Fe atoms and small support from p orbital
(0.14 states/eV) of O atom and the rest for example s orbitals of
H/Fe atoms and p orbital of Fe atom have negligible contribution
to this portion of the valence band. From TDOS, one can note that
the whole structure is shifted toward high energy as we move from
LDA to GGA then EVGGA approaches, respectively as illustrated in
Fig. 3a.

3.2. Electronic charge density

The electronic charge densities visualize the nature of the bond
character, explaining the charge transfer and bonding properties of
LiFeSO,OH. The effect of each individual atom i.e. Li, Fe, S, O and H
on the total electronic charge density is also studied. Fig. 4(a-c)
indicates the 2D contour plot in the planes (110), (100) and
(001) for the total electronic charge density of the compound LiF-
eSO40H. The Pauling electronegativity of the atoms Li, Fe, S, O and
H are 0.98, 1.83, 2.58, 3.44 and 2.20, respectively. It is obvious from
Fig. 4(a and b) that there is a covalent bonding between O and H/S
atoms because of small electronegativity difference between them.
The difference of the electronegativity between Fe and O atoms is
(1.61) indicate the polar covalent bond. The electronegativity dif-
ference between O and Li atoms is greater (2.46), which depicts
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Fig. 2. Calculated band structure of LiFeSO4OH using (a) LDA (b) GGA-PBE and (c) EVGGA.

Table 2

Calculated band gap of LiFeSO4OH using (a) LDA (b) GGA and (c) EV-GGA.
Compound LDA GGA EVGGA
LiFeSO4,OH 0334 0.580 1.114

the difference of the charge transfer toward the O atom due to high
electronegativity than Li. From these 2D contours plots one can see
that the bonding nature of the compound LiFeSO4OH, is mainly
covalent, that leads to the conducting nature of the material.

3.3. Optical properties

From the density functional theory, we calculate the imaginary
part of the complex dielectric function &(w), which can be derived
by summing up the total transitions from the occupied states to
unoccupied states for energies larger than those of phonons:

i V€2 cr S
(0) = s [ PR (enlPillr) < (enfPilk o (1~ o)

nn’'

X 3(Ey — &xn — how) (1)

Here in the above equation the term (py, py. p;) = p stands for the
momentum operator, fi, stands for the Fermi distribution and
stands for the wave function of the crystal associated to the

eigenenergy &, with momentum vector k. Since, by symmetry
the investigated crystal LiFeSO,4OH is monoclinic, which has sev-
eral non-zero tensor components, but we will focus only on the
diagonal components (£, ¢”, £), which correspond to the parallel
component of the electric field E||z and perpendicular component
of the electric field E L z to the crystalline axis (consider c-axis).

In order to explain the effect of local density approximation
(LDA), generalized gradient approximation (GGA) and Engel-Vosko
GGA (EVGGA), we computed the average value of the imaginary
part of the dielectric function &§”¢(w) for the investigated com-
pound LiFeSO4OH as illustrated in Fig. 5a. Following Fig. 5a, it is
clear that EVGGA present a significant shift as compared to LDA
and GGA along the entire spectral region. The shift in the calculated
spectra of £3”¢(w) is in agreement with the investigated band struc-
ture (BS) and corresponding electron density of states (DOS) of LiF-
eSO40H. The fundamental absorption edges are found to be at
0.03 eV, 0.16 eV and 0.64 eV for LDA, GGA and EVGGA, for &5*¢(w)
respectively, which provide a threshold for the direct optical tran-
sitions from the occupied states (valence band) to unoccupied
states (conduction band). LDA and GGA underestimation in the
band gape are responsible for the difference in the values of the
optical absorption edges. This is mostly due to the detail that
LDA and GGA are based on simple model assumptions which are
not adequately tractable to reproduce sufficiently the exchange
correlation (XC) energy and its charge space derivative. The EVGGA
approach is better than LDA and GGA, and reproduces better ex-
change correlation (XC) potential.
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Fig. 3. Calculated total density state (DOS) and partial density of states (PDOS) of LiFeSO4OH structure.

Fig. 5b shows the imaginary part &§*(w), & (@) and &% (w) of the
corresponding dielectric function ¢(w).The imaginary part of the
complex dielectric function &(w) indicates small anisotropy be-
tween &% (w) and £%(w), while &§*(w) exhibit significant anisotropy
with & () and &Z(w) at the energy region between 0.0 and 3.0 eV,
5.0 and 8.0 eV and from 10.0 eV and above. In the energy range less
than 1.0 eV, &(w) show high transparency and no absorption arise
in this range. The first absorption edge starts from the transition of
electron from Fe-3d and Fe-3p states in the VBM to O/S-2p and
S-2s in CBM. In the energy range from 1.0eV to 3.0eV, &/ (m)
and &%(w) show high peaks as compared to &(w).

In the energy range from 5.0 eV to 7.0 eV, there exist another
two main structures. One can see that the three components of
&(w) are contribute. The maximum value of peaks for &¥*(w),
&Y (w) and &%(w) are observed at 9.91, 9.71 and 9.86 eV respec-
tively (Fig. 5¢). These structures are belonging to the transitions
from S-2p, H-2s, states to Li-2s and Fe-2s states. At higher energy
beyond 12.0 eV, the compounds show high reflectivity and minute
absorption.

The components and average value of the real part of the
complex dielectric function &*(w), & (w), e#(w) and &{**(w) are

acquired from the imaginary part of the complex dielectric tensor
components by using the Kramers-Kronig dispersion relation
[31,32] as displayed in Fig. 5(c and d). The calculated static values
of £¥(0), 7(0), €%(0) and &$*¢(0) are presented in Table 3. Follow-
ing Table 3, the values of £{*¢(0) are presented for LDA, GGA and
EVGGA, thus according to Ref. [33-35], smaller band gap material
yield bigger static values of ¢;(0), which is explained on the basis of
Penn model [36] following the expression &(0)= 1+ (hw,/Eg)>.
Here E, represent the average band gap i.e. related to the real en-
ergy gape and is inversely proportional to the ¢0) [37-39].

By knowing the real and imaginary parts of the complex dielec-
tric function ¢(w) (frequency dependent), we can calculate the
reflectivity R(w), energy loss function L(w), refractive index n(w),
extension co-efficient K(w) and absorption co-efficient I(w). The
frequency dependence of reflectivity R(w) is shown in Fig. 5e.
There is considerable anisotropy between R**(w), R”Y(w) and R¥*(w)
(spectral components) along the spectral region up to 13.0eV,
except in the energy range from 8.0 eV to 9.5 eV, the three compo-
nents show isotropic behavior. The reflectivity spectra consist of
four main peaks. In the visible and UV regions, the reflectivity of
the investigated compound show stable reflectivity about 16%.
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Following Fig. 5e all the spectral components show maximum va-
lue of reflectivity at 13.8 eV.

The calculated absorption coefficient I(w) as a function of fre-
quency is plotted in Fig. 5f. At lower energy range (3.0-5.0 eV), there
exists isotropic behavior between (), P*(w) and F*(w). In the en-
ergy region between 5.0 and 9.0 eV the spectral components of
absorption coefficient '*(w), P¥(w) and () depict small absorp-
tion peaks. At higher energy beyond 9.5 eV the absorption co-effi-
cient I(«) show many peaks and reaches its maximum value at
energy 13.6 eV due to the excitation of phonons. It is clear that
PY(w) and () show small anisotropic behavior but with the ()
have considerable anisotropy along the whole spectral region.

We also calculate the real and imaginary part of the complex
refractive index 7n(w) along the crystallographic directions (x, y
and z-axis), which can be written as [40]:

fi(w) = n(w) + ik(w) (2)

where n(w)=normal refractive index and k(w)=extension co-
efficient.

The complex refractive index 71(w) is found from the following
expression:

()] = &1(w) + iz () (3)

Fig. 5g shows the calculated refractive index n(w). The relation
given below which correlate the static values of n(0) and &(0) is
valid at frequency (w = 0), is:

n(0) = v/ (0) “)

The calculated static values of refractive index n(0) along the
crystallographic axes are given in Table. 3. The average of the static
values of n(0) is equal to1.75. The calculated extension co-efficient
K(w) is shown in Fig. 5h. K(w) possesses greater value along the
crystalline axes at energy 13.5eV (K*(w)), 9.8 eV (K*(w)) and
9.9 eV (K#(w)) respectively.

At last, the energy lose function L(w) is plotted in Fig. 5i, which
is obtained from the real ¢;(w) and imaginary ;(w) parts of the
complex dielectric function &(w). It is obvious from Fig. 5i that Y(-
w) and [#(w) depict small anisotropy but have considerable
anisotropy with [*(w) along the entire spectrum ranging from
1.0 eV to 13.0 eV except from 3.0 eV to 5.0 eV and from 9.0 eV to
10.0 eV all the three components show isotropic nature. The com-
ponents [YY(w) and L¥(w) of energy loss function posses larger val-
ues at 2.38 eV (0.332) for [*’(w) and at 2.40 eV (0.65) for [*(w),
while the x-component of energy loss function L*(«) has the low-
est energy loss value at 1.69 eV (0.05). There are some other peaks
appear for the energy loss function L(w) in the energy range from
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Table 3
Calculated value of £§%¢(0), &¥(0), €7 (0), €%(0), *(0), n°¥(0), n**(0).
€e0) 0 ) O mN0)  m(0)  n1%0)
LDA 10.15 3.56 10.60 16.28 - - -
GGA 5.47 3.01 5.92 7.46 - - -
EVGGA 3.09 241 3.27 3.59 1.55 1.81 1.89

5.0 eV to 13.6 eV along the entire spectral region, and all spectral
components of energy loss function (I*(w), *(w) and L#(w))
reaches its maximum value at 12.6 eV (I*(w)=0.51), 13.04 eV
(I(w)=0.666) and at 13.09 eV (L%*(w) = 0.664) respectively. All
these peaks correspond to the plasmon peaks in the energy loss
L(w) spectra for the identical polarization.

3.4. Thermoelectric properties

We also investigated the electronic transport properties, like
electrical conductivity o, thermal conductivity x, Seebeck co-effi-
cient S and power factor S?¢ as a function of carrier concentration
n at different temperatures (T) of LiFeSO,0H, which is based on the
band structure using the Boltzmann theory. It is very simple

execution because it needs only one electronic structure calcula-
tion per compound to carry out the electronic transport coeffi-
cients [41,42].

In Fig. 6a average value of electrical conductivity ¢%V¢/t is plot-
ted as a function of carrier concentration at different temperatures
from 300 K to 750 K. It is clear from Fig. 6a that the electrical con-
ductivity 6"/t exhibits strong variation due to carrier concentra-
tion (n) and also with the temperature (T). The total carrier
concentration is defined as the difference between the hole and
the electron concentration. While the electron and holes carrier
concentration are define as:

2

P:§/BZ /‘/B[l — fo(T. &, p)]de )
2

n=g [ [ fTemds (6)

In the above equation, the integral is performed over the Brill-
ouin Zone (BZ) as well as over conduction band (CB) for electrons
(n) or valence band (VB) for holes (p). The electrical conductivity
%[t shows anisotropy as shown in Fig. 6a. Following Fig. 6a,
the anisotropy of electrical conductivity ¢“*¢/t of n-type doping
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Fig. 6. Calculated transport coefficients of LiFeSO4OH as a function of carrier

concentration: electrical and Thermal conductivity, Seebeck coefficient and power
factor.

is greatly influenced by the greater carrier concentration. The ¢*"¢/
7 along the z-direction indicate better value as compared to the x
and y directions. One can also see from Fig. 6a that anisotropy of
%[t also increases due to the increase in the temperature ranging
from 300 K to 750 K. For n-type doping, the anisotropy of ¢“/7 is
greater as compared to the p-type doping is shown in Fig. 6a. In
spite of n-type or p-type doping, electrical conductivities boost
with increasing carrier concentration, which is in accord with elec-
trical conductivity proportional to the carrier concentration.

Fig. 6b shows that the thermal conductivity x“**/7 as a function
of carrier concentration at different value of temperatures (T). It is
clear from Fig. 6b that at 300 K thermal conductivity "¢/t of Li,.
FeSO,OH is smaller than that of x®¢/t at other temperature
(450 K, 600 K, and 750 K). The smaller value of thermal conductiv-
ity ¥“*¢/7 of the corresponding compound at 300 K means that it is
good thermoelectric material. The thermal conductivity x®¢/t
increases due to the increase in temperature from 300 K to 750 K
at the same carrier concentration as displayed in Fig. 6b. Further-
more, thermal conductivity x®¢/t shows greater anisotropy in
n-type doping as compared to p-type doping due to which the elec-
tron can easily flow than that of holes. At high temperature, we
ignore lattice thermal conductivity x; as compared to the thermal
conductivity of electron r, i.e. x is mainly due to the ..

The Seebeck co-efficient S*¢/7 is plotted versus carrier concen-
tration at different temperatures from 300 K to 750 K as shown in
Fig. 6¢. The Seebeck coefficient S*¢/t is lying in the range of
—400 pV/K to 400 pV/K, which is comparatively best i.e. other
familiar thermoelectric materials [43-47]. We observed that both
n-type and p-type possess the same contribution to the Seebeck
co-efficient S/t with the same carrier concentration at the same
temperature, which is attributed to the DOS structure. The bipolar
conduction also takes place in the entire range of temperature be-
cause of small band gap. Due to the increase in the temperature
from 300K to 750 K, the Seebeck co-efficient S**/t decreases at
the same carrier concentration.

We calculate the power factor S% ¢ from the calculated See-
beck co-efficient S*® and electrical conductivity ¢*"¢, which is also
plotted as a function of carrier concentration at different tempera-
ture from 300K to 750K is shown in Fig. 6d. The power factor
S* & for n-type doping exhibits greater anisotropy than that of
p-type doping that is mainly due to the anisotropy of electrical
conductivity ¢®¢/t. Hence, the n-type doping of LiFeSO40H indi-
cate enhanced thermoelectric lznroperties as compared to p-type
doping and display greater S ¢ along the z-direction, which is
also good for thermoelectric properties. The power factors S%¢ ¢
of n-type as well as of p-type doping is very appreciable and in
comparison to other renowned thermoelectric materials [43-
4547].

4. Conclusions

The purpose of this research work is to study the electronic
structure and optical properties of the layered polyanionic
hydroxysulfate LiFeSO4,OH using density functional theory (DFT).
From the calculated result of band structure, it is found that LiFeS-
040H is a direct band gap semiconductor. The electronic charge
density is obtained, which present the covalent bonds between S,
0O, and H and polar covalent bond between O and Fe. All the
frequency dependent optical properties are investigated, which
suggest that the investigated compound has preeminent photo-
electric properties and can be used in opto-electronic device. Using
the Boltzmann transport calculation, we also analyze the thermo-
electric properties as a function of carrier concentrations, of heav-
ily electron doped LiFeSO4OH at different temperatures ranging
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from 300K to 750 K. The value of the calculated Seebeck co-effi-
cient is large as 400 pV/K, which is enormously rare and report that
LiFeSO4,OH is excellent thermoelectric material. The calculated
value of the power factor is also appreciable in these ranges of tem-
perature and carrier concentration.
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