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ABSTRACT

Highly crystalline and pure lithium metasilicate (Li,SiO3) and lithium disilicate (Li>Si20g)
nanomaterials were synthesized by hydrothermal method and characterized by PXRD technique.
The changes in the morphology and particle size of the synthesized nanomaterials with reaction
time were investigated using SEM technique. The UV-Vis and photoluminescence spectra of the
compounds were studied. The intensity of the bands in the emission spectra increased with
increasing reaction time in both compounds. The electronic band structure along with density of
states (DOS) calculated by the DFT method that indicated Li;SiO3 and Li,Si,Og had an indirect
energy band gap of 4.575 eV and 4.776 eV, respectively. The optical properties, including the
dielectric, absorption, reflectivity and energy-loss spectra of the compounds were calculated by
DFT method and analyzed based on the electronic structures.

Keyword: Hydrothermal method; Lithium silicates; Nanomaterials; Optical properties; DFT
calculations.

1. INTRODUCTION

Silicates are the most abundant and most fields as catalysis, microelectronics, biomedicine,
complicated class of minerals on earth that have photonics, and traditional glass and ceramic
tremendous technological applications in such industries [1]. In particular, the crystalline lithium
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silicates are present as important phases in silicate
glass ceramics [2]. They are of research interest
because of their technological applications in areas
such as CO, was captured [3-6], lithium battery
cathode materials [7], fast ion conductors [8],
optical wave-guides [9] and tritium breeding mate-
rials [10, 11].

Synthesis of lithium silicates has been
performed using different methods, such as solid
state reaction [7], precipitation, sol-gel method [9,
13], extrusion-spherodisation process [12, 14],
rotating melting procedures [15], combustion [16],
electrochemical method [16] and recently via
hydrothermal method in different condition and
synthesized materials morphologies [16]. However,
most of the time, a mixture of Li,Si03, Li,Si,05,
Li4SiOy4 [7, 9] and SiO, [13, 15] were synthesized.
On the other hand, the synthesis of nanocrystalline
ceramic materials imposes a challenge on the
traditional solid state synthesis methods which fail
to offer a sufficiently narrow size distribution and
desired homogeneity at the nanometer level [17].
However, the hydrothermal synthesis method has
an advantage for the production of highly crys-
talline and pure nanoparticles [18].

To the best of our knowledge, there is no report
on the hydrothermal synthesis of lithium silicates,
including lithium disilicate and nanoflower lithium
metasilicate. Moreover, despite some significant
experimental achievements, our knowledge on the
electronic structure and optical properties of the
crystalline lithium silicates is still rather limited.
The electronic structure of the lithium metasilicate
(Li,Si03) and lithium disilicates (Li,Si,O5) are
previously calculated. However, the optical
properties of these materials were not calculated.

Herein, we will report the synthesis of the
highly crystalline and pure lithium metasilicate and
lithium disilicate nanomaterials through a mild
condition via hydrothermal method. Moreover, the
powder X-Ray diffraction (PXRD) and scanning
electron microscopy (SEM) analysis, as well as the
UV-Vis and photoluminescence spectra of the
synthesized materials will be discussed. Also, we
will present the electronic and optical properties of
the synthesized materials through the density

functional theory calculations.
2. EXPERIMENTAL

2.1. Materials and methods

All chemicals were of analytical grade, synthesized
from commercial sources and used without further
purification. Phase identifications were performed
on a powder Siemens D5000 X-Ray diffractometer
using Cu-K,, radiation. The morphology of the
synthesized materials was examined using Philips
XL30 Scanning Electron Microscope. The absorp-
tion and photoluminescence spectra were recorded
on a Jena Analytik Specord 40 and a Perkin Elmer
LF-5 spectrometer, respectively.

2.1.1. Synthesis of lithium metasilicate

LiNOj5 (0.136 g, 2 mmole) was added to a solution
of silicic acid (0.404 g, 4 mmole) in 30 mL of hot
0.01 M aqueous solution of NaOH while stirring.
The resultant solution was stirred for further 15 min
and then diluted to 60 mL. The obtained mixture
was transferred to a 100 mL Teflon-lined autoclave
and heated for 48, 72 or 96 h at 180°C. The
resulting Li,S105 nanomaterials were filtered and
dried at 110°C.

2.1.2. Synthesis of lithium disilicate

The preparation of Li;Si,O5 was similar to that of
Li,SiO3 except that the amounts of LiNO3 and
silicic acid were changed (0.136 g, 2 mM and 0.606
g, 6mM, respectively). The obtained mixture was
transferred to a 100 mL Teflon-lined autoclave and
heated for 48, 72, 96 or 120 h at 180°C. The
resulting compound Li2Si205 nanomaterials were
filtered and dried at 110°C.

3. COMPUTATIONAL DETAIL

The electronic band structures along with density of
states (DOS) of the compounds were calculated by
density functional theory (DFT) using one of the
three non-local gradient-corrected exchange-
correlation functionals (GGA-PBE).

Calculations were performed using the CASTEP
code [19, 20], which uses a plane wave basis set for
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the wvalence electrons and norm-conserving
pseudopotential (NCP) [21] for the core electrons.

The number of plane waves included in the basis
was determined by a cutoff energy Ec of 500.0 eV.
The summation over the Brillouin zone was carried
out with a k-point sampling using a Monkhorst-
Pack grid [22] with parameters of 5X5X5 and 4x5x2
for Li,SiO3 and Li,Si,O5 respectively. Pseu-
doatomic calculations were per-formed for
Li-2s2, Si-3s23p2, and O-2s22p*.

The parameters used in the calculations and
conver-gence criteria were set by the default values
of the CASTEP code, e.g., reciprocal space
pseudopotentials representations, eigen-energy
convergence tolerance of 1x10-¢ eV, Gaussian
smearing scheme with the smearing width of
0.1 eV, and Fermi energy convergence tolerance of
1x10°7 eV.

4. RESULTS AND DISCUSSION

4.1. PXRD analysis

Figure 1 in supplementary data represents the
PXRD patterns of the obtained Li,SiO3
nanomate-rials after reaction time of 48, 72 and
96 h. The PXRD measurements confirm that when
the Li:S1 mole ratio in the reaction mixture is 1:2, a
pure phase of the Li,Si03
(space group of Cmc2, [23, 24]) is formed.

In contrast, as shown in Figure 2 in
supplementary data, with the Li:Si mole ratio of 1:3
in the reaction mixture, a mixture of meta-stable
Li,S1,05 (space group of Pbcn [25, 26]) and
Li,Si0O5 is obtained after 48 h. By increasing the
reaction time to 72, 96 or 120 h, a pure high
crystalline phase of meta-stable Li,Si,05 is
obtained.

A stable form of this compound crystallizes in
the space group of Cecc2 [27]. However, most
papers refer to a monoclinic cell [28] despite
noticing a discrepancy in diffraction peak
intensities between experiment and calculation.

The monoclinic cell has a different symmetry
but the same size as the Ccc2 stable form (B= 90°)
[29].

orthorhombic
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Figure 1: PXRD patterns of the synthesized Li,SiO3
nanomaterials after (a) 48, (b) 72 and (c) 96 h at 180°C.
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Figure 2: PXRD patterns of the synthesized Li2Si205
nanomaterials after (a) 48, (b) 72, (c) 96 and (d) 120 h at
180°C.

4.2. Microstructure analysis
The SEM images of the synthesized Li,SiO;
nanomaterials are given in Figure 3. With the
reaction time of 48 h, ununiform sheet like
nanoparticles of Li,SiO5 are obtained (Figure 3a).
The thickness, widths and lengths of the resultant
sheets are approximately 100 nm, 600 nm and 2 um
respectively. With increasing the reaction time to
72 h, the morphology of the obtained materials has
been changed to the very compact sheets with
heterogeneous morphology (Figure 3b). This is
while, with the reaction time of 96 h, uniform
flower like nanoparticles are obtained (Figure 3c¢).
Figure 4 represents the SEM images of the

139
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Figure 3: The SEM images of the synthesized Li,SiO3 nanomaterials obtained after (a) 48,
(b) 72 and (c) 96 h at 180°C.
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Figure 4: The SEM images of the synthesized Li,Si,O5 nanomaterials obtained after (a)
48, (b) 72, (c) 96 and (d) 120 h at 180°C.

synthesized Li,Si,05 nanomaterials. After 48 h, the time to 72, 96 and 120 h, the morphology of the

morphology of the obtained material is sponge like, obtained materials has been changed to the
consisting of sheet like and flower like nano- rectangular sheets and high homogeny in the size is
particles (Figure 4a). With increasing the reaction achieved.
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4.3. Spectroscopic studies

The electronic absorption spectra and also the
emission spectra of the synthesized Li,SiO5; and
Li,S1,05 nanomaterials are given in Figure 5 and
Figure 6 respectively. An intense absorption band at
276, 275 and 275 nm is observed in the electronic
absorption spectra of the Li,SiO; nanomaterials
obtained after 48, 72 and 96 h at 180°C,
respectively. A similar intense absorption band is
observed at 272, 274 and 277 nm in the electronic
absorption spectra of the Li,Si;O5 nanomaterials
obtained after 48, 72 and 96 h at 180°C,
respectively.
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Figure 5: The electronic absorption spectra of the
synthesized Li,SiO3 (a) and Li,Si>Og (b) nanomaterials
obtained after 96 h at 180°C.

In the excitation spectrum of the synthesized
Li,SiO3 and Li,Si;O5 nanomaterials, a band is
observed with maxima at 360 and 250 nm,
respectively. Accordingly, in the emission spectrum
of the synthesized Li,SiO; nanomaterials, an

intense peak appears at 410.03 nm. In comparison,
an intense peak at 291.45 nm is observed in the
emission spectrum of the synthesized Li,Si,Os
nanomaterials. With increasing the reaction time,
no shift is observed in the emission spectrum of
obtained Li,SiO3 and Li,Si,O5 nanomaterials.
However, an increment in the band intensities in the
emission spectra of both compounds is observed
with increasing in the reaction time.
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Figure 6: The emission spectra of the synthesized

Li,SiO3 (a) and Li,Si>O5 (b) nanomaterials obtained after
96 h at 180°C.

4.4. Structural optimization

The crystal structure and locations of the atoms of
the Li,SiO5 [30] and Li,SipOs5 [25] determined
from X-ray diffraction data, are used as a starting
point for total energy minimization. The experi-
mental and calculated lattice parameters and also
the calculated bond lengths and angles of the
optimized structures are given in Tables 1 and 2 in
supplementary data respectively. The optimized
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Table 1: The experimental and calculated lattice parameters of Li,SiO3 and Li,Si,Opg.
species |Space group experimental calculated
a(A) 9.392[44] 9.3825(a) 9.381(b) 9.381(c) 9.308913
Li»SiO3 Cmc2, b () 5.397 5.3985 5.398 5.403 5.363407
c(A) 4.660 4.6710 4.678 4.667 4.629192
a(A) 5.683[45] 5.814(d) 5815(e) 5.835(f) 5.825(g)| 5663537
LizSi;O5 Pbcn b (A) 4.784 4.793 4.749 4.806 4.796 4.755802
c(A) 14.648 14.630 14.630 14.540 14.560 | 14.457976

The cell parameters calculated from the PXRD patterns for the synthesized Li,SiO3 nanomaterials after (a) 48, (b) 72
and (c) 96 h and for the synthesized Li,Si,O5 nanomaterials after (d) 48, (e) 72, (f) 96 and (g9) 120 h at 180°C.

Table 2: Selected bond lengths () and angles (deg) of the optimized Li,SiO5 and LiySiyOs.

Li,SiO4
bond lengths:
Si-O1 1.563 Si-02 1.648
1.645
Li-O1 1.928 Li-O2 2.183
1.931
1.956
bond angles:
01-Si-01 116.599 02-Si-02 103.817
01-Si-02 108.733 Si-02-Si 126.638
109.098
01-Li-O1 106.274 01-Li-02 99.066
106.523 109.960
120.013 112.598
Li»Si»O5
bond lengths:
Si-O1 1.579 Si-02 1.552
Si-03 1.614 Li-O2 1.924
1.620 1.961
2.016
Li-O3 2.094
bond angles:
01-Si-02 115.213 01-Si-03 106.818
108.561
02-Si-03 109.296 03-Si-03 106.704
109.882
Si-O1-Si 160.668 Si-O3-Si 132.043
02-Li-02 97.448 02-Li-03 99.819
106.068 105.092
124.820 124.820
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unit cells of the Li,Si05 and Li,S1,04 are shown in
Figure 7 and Figure 8 in supplementary data
respectively. Optimization (relaxation) of the
atomic positions and crystal cell parameters was
performed befor the main calculations of the
electronic characteristics, total electronic energy,
band energy dispersion, density of electronic states
and optical properties.

Figure 8
Figures 7, 8: The optimized unit cells of the Li,SiO3 and
Li»Si50p.

4.5. Electronic structures

The calculated band structure of the compounds
along high symmetry points of the first Brillouin
zone is plotted in Figure 9, where the labeled k
points are present as G (0.000, 0.000, 0.000), Z
(0.000, 0.000, 0.500), T (-0.500, 0.500, 0.500), Y
(-0.500, 0.500, 0.000), S (0.000, 0.500, 0.000), R
(0.000, 0.500, 0.500) for Li,SiO5 and G (0.000,
0.000, 0.000), Z (0.000, 0.000, 0.500), T (-0.500,
0.000, 0.500), Y (-0.500, 0.000, 0.000), S (-0.500,
0.500, 0.000), X (0.000, 0.500, 0.000), U (0.000,

0.500, 0.500), R (-0.500, 0.500, 0.500) for
Li,Si,05. It is found that the top of the valence
bands (VBs) has a small dispersion, whereas the
bottom of the conduction bands (CBs) has a big
dispersion for both Li,SiO5 and Li,Si,Os. The
lowest energy (4.575 eV) of the conduction bands
(CBs) of Li,S105 is localized at the G point, and the
highest energy (0.00 eV) of VBs is localized at the
Z point. In the case of the Li,Si,Os, the lowest
energy (4.776 eV) of the conduc-tion bands (CBs)
is localized at the G point, and the highest energy
(0.00 eV) of VBs is localized at the X point.

i

Figure 9: Calculated band structure of Li,SiO3 (top)
Li,Si,Og5 (bottom).

As far as we know, the optical band gap of the
bulk Li,SiO5 and Li,Si,O5 has not been measured.
It is well-known that both LDA and GGA density
functional theory calculations systematically
underestimate the band gap of insulators and
semiconductors [1]. On the other hand, nano-
materials, compared to the corresponding bulk
materials, have wider band gap and therefore show
a blue shift in the electronic absorption and photo-
luminescence spectra [31]. In the orthogonalized
linear combination of atomic orbital (OLCAO)
calculations, the band gap of Li,Si05 and Li,S1,05
was found to be 7.26 and 7.45 eV respectively
[32, 33]. Also, a band gap of 5.7 ¢V [1] and 5.36 eV
[34] for Li,SiO5 and 5.5 eV [1] for Li,Si,05 is
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predicted by density functional theory (DFT)
calculations using the generalized gradient
approximation (GGA) within Perdew and Wang
(PWO91) scheme. However, according to our
calculations, the values of the calculated band gap
for Li,SiO3 and Li,Si,O5 are 4.575 eV and
4.776 eV respectively, which are comparable with
the experimental values (4.49 and 4.56 eV obtained
for Li,SiO53 and Li,Si,O5 nanomaterials obtained
after 96h at 180°C), measured from the electronic
absorption spectrum of the synthesized nanomate-
rials.
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Figure 10: Total and partial densities of states for
Li,SiO3. The position of the Fermi level is set at 0.0 eV.

The total density of states (TDOS) and partial
densities of states (PDOS) for Li,SiO3 and
Li,Si,O4 are shown in Figure 10 and Figure 11
respectively. The VBs at -19.42 eV to -15.00 eV for
Li,Si05 and at -19.61 eV to -15.00 eV for Li,Si,04
has significant contributions from O-2s states;

however, small contributions from Si-3s, 3p and
Li-2s, O-2p states still can be observed at these
energy intervals.

The most complex VBs are from -8.07 eV in
Li,SiO3 and -8.84 eV in Li,Si,O5 to the Fermi
level (0.0 eV). According to the partial density of
states, it is confirmed that the valence bands at these
energy intervals are essentially formed by O-2p for
both compounds, along with small admixture Li-2s,
while the contributions from Si-3s, 3p states in
Li,Si,04 are significant and cannot be neglected.
Such characteristic indicates that covalent bonds
could be formed among O-2p and Si-3p, 3s states in
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Figure 11: Total and partial densities of states for
Li,Si,O5. The position of the Fermi level is set at 0.0 eV.

Li,Si,05. However, in the case of Li,SiO3, these
contributions are weaker. The valence bands at
these energy ranges can be further divided into two
parts. Such a splitting characteristic of valence
bands reflects different bonding behaviors. The first
parts located at -8.84 eV to -5.19 eV (for Li,Si05)
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and -8.07 eV to -4.62 eV (for Li,Si,05) is due to
the bonding between Si-3s, 3p, Li-2s orbits and
O-2p orbits, while the second part from -5.19 eV
and -4.62 eV for Li,SiO; and Li,SiyOs
respectively to the Fermi level (0.0 eV) indicates
the small interaction between Si-3p, Li-2s orbits
and O-2p orbits. Analyzing the PDOS, also
suggests ionic interactions between Si-2s, 2p orbits
and O-2s, 2p orbits.

The conduction bands between 4.23 eV and
14.61 eV for Li,Si05 come from Si-3s, 3p states,
Li-2s states, and O-3s, 3p states. In comparison, the
bands between 4.23 eV and 10.00 eV for Li,Si,O5
come primarily from Si-3p states, with small contri
bution from Si-3s states, Li-2s states O-2s, 2p
states. The hybridization between Si-3s, 3p orbits
and O-2s, 2p orbits at upper valence bands is the
important structural character of the two
compounds.

4.6. Optical properties
The optical properties can be gained from the
complex dielectric function [33, 35]:

g(w) = g;0) +1gy(w) (1)

which is mainly connected with the electronic
structures and characterizes the linear response of
the material to an electromagnetic radiation, and
therefore governs the propagation behavior of
radiation in a medium. The imaginary part of the
dielectric function €,(w) represents the optical
absorption in the crystal, which can be calculated
from the electronic structure through the joint
density of states and the momentum matrix
elements between the occupied and the unoccupied
wave functions within the selection rules and is
given by:

2

5! (v

Where e is the electronic charge, and ¢ and
y, Y are the conduction band (CB) and valence
band (VB) wavefunctions at k, respectively.

The real part €;(w) is evaluated from the

Vst r) @

QSO k,v,c

imaginary part &(w) by the Kramers-Kronig
transformation. The other optical constants such as
the refractive index n(®), extinction coefficient
k(w), optical reflectivity R(®) absorption coeffi-
cient o(w), energy-loss spectrum L(®w) and the
complex conductivity function o(®w) can be
computed from the complex dielectric function
€1(w), through the following relations [35, 36]:

n(w)zJ | e() |+&,@)/2 3)

k@)= | £@) |- @)/2 @

(n—1Y +k*
(n+1) +k°

a(w)=2ko/ ©)
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The dielectric functions of Li,SiO5 and Li,Si,Os
were calculated based on the electronic structure.
The €,(®w) and &,(®w) as a function of the photon
energy are shown in Figure 12 for Li,SiO5; and
Li,Si,0s.
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Figure 12: Dielectric functions of Li,SiO3 (top) Li>Si>Og
(bottom).
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The imaginary part of €(®) in Li,Si05 has three
intense bands located at 9.02 eV, 11.11 eV,
14.35 eV. The first Peak corresponds mainly to the
transition from O-2p states (VBs) to the empty
Li-2s and Si-3s states (CBs) above the Fermi level.
The second and third peaks are mainly due to the
transitions from O-2p states (VBs) to the Si-3p and
Li-2s states (CBs) above the Fermi level. In
contrast, Li,Si,05 has a prominent absorption peak,
located at the photon energies of 9 eV and two
weaker bands located at 11.74 eV and 15 eV. The
main peak at the 9 eV is due to strong interband
transitions between the O-2p states (VBs) and Si-3p
empty states (CBs). It is noted that a peak in €,(®)
does not correspond to a single interband transition
since many direct or indirect transitions may be
found in the band structure with an energy
corresponding to the same peak [37]. The peak
amplitudes of Li,SiO5 are larger than those of the
Li,Si,05 crystals, due to the fact that the band
structures for the two compounds are not similar.

For the real part €;(w) of the dielectric function
¢(w), the most important quantity is the zero
fre-quency limit €,(0), which is the electronic part
of the static dielectric constant and depends
strongly on the band gap. A smaller energy gap
yields a larger £,(0) value. This could be ex-plained
on the basis of the Penn model [38]:

£1(0) = 1 +(ho, /E)? 9)

The energy gap (E,) could be determined from this

expression by using the values of €;(0) and the
plasma energy hw, The calculated and
experimental E, and also the calculated static
dielectric constants €;(0) of Li,Si05 and Li,Si,04
are listed in Table 3.

The experimental E, values calculated from the
UV-Vis spectra for the synthesized Li,SiO; and
Li,Si,05 nanomaterials after (a) 48, (b) 72 and (c)
96 h at 180°C. The calculated results on the
absorption, reflectivity and energy-loss spectra by
norm-conserving pseudopotentials were shown in
Figures 13-15.

According to the absorption spectra, the
absorption edges are located at 9.11, 11.85 and
14.70 eV for Lithium metasilicate and at 8.2, 11.60
and 15 eV for Lithium disilicate. The absorption
coefficients decrease rapidly in the low-energy
region, which is the representative character of the
semiconductors and insulators.

The calculated reflectivity for
metasilicate at 0-5 eV is lower than 10% and
amaximum value of roughly 35.0% is calculated at
about 17.53 eV. In comparison, the reflectivity for
lithium disilicate at 0-5 eV is calculated to be lower
than 2%. The calculated reflectivity spectrum of
lithium disilicate shows a maximum value of about
15% at 9.9 eV. According to the absorption and
reflectivity spectra, it is concluded that lithium
metasilicate and lithium disilicate are transmitting
for frequencies < 4.00 eV.

The energy-loss spectrum describes the energy-
loss of a fast electron traversing in the material [39].

lithium

Table 3: Theoretical and experimental energy gaps (Eg) and the calculated average static

dielectric constant of Li,SiO3 and Li,Si,Os.

Li,SiO,

Li,Si,0s

Calc.

Exp. Calc. Exp.

pseudopotentials | norm-conserving

norm-conserving -

4.49 (a) 4.56 (a)
Eq (eV) 4575 4.51 (b) 4.776 4.53 (b)
4.51 (c) 4.48 (c)

€4(0) 2.39 1.70 -
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Figure 13: Calculated absorption spectra of Li,SiO3 (top)
Li»Si;Og (bottom).
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Figure 14: Calculated reflectivity of Li,SiOz (top)
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Figure 15: Calculated Energy loss function for Li>SiO3
(top) Li»Si>O5 (bottom).

The main peak is generally defined as the bulk

plasma frequency [40]. At energies smaller than
5.0 eV, no distinct peak is calculated due to the fact
that £5(m) is still large at these energy values. The
main peaks of energy-loss spectra, as shown in
Figure 15, are calculated at about 12.82 eV and
15.55 eV for lithium disilicate and 19.5 eV for
lithium metasilicate. Such calcula-tions may
stimulate the experimental investigations.

5. CONCLUSIONS

This study describes the hydrothermal synthesis of
highly crystalline and pure lithium metasilicate and
lithium disilicate nanoparticles. The PXRD patterns
indicate that the pure lithium metasilicate and
lithium disilicate well crystallized under hydro-
thermal condition.

SEM images show the reaction time effect on
the morphology and homogeneity of the
synthesized materials. The intensity of the bands in
the emission spectra increases with increasing
reaction time in both lithium metasilicate and
lithium disilicate.

The electronic band structure along with density
of states (DOS) calculated by the DFT method
indicates that Li,SiO5 and Li,Si,O5 have an
indirect energy band gap of about 4.575 eV and
4.776 eV respectively. The hybridized interactions
between Si-3s, 3p orbits and O-2p orbits are
revealed as the important structural characteristics
of the two compounds, which leads to large band
gaps.

The optical properties, including the dielectric
function, absorption coefficient, reflectivity and
energy-loss spectra, also have been calculated by
DFT methods.

According to the calculated absorption and
reflectivity spectra, Li,SiO3 and Li,Si,O5 are
theoretically transmitting for frequencies < 4.00 eV.

Therefore, Li,SiO3 and Li,Si,O5 are the
excellent visible and IR transparent mate-rials,
which have been experimentally proved.
Furthermore, for both compounds, the imaginary
part €,(w) of the dielectric function €(®w) has been
discussed in detail according to the band structure.
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It is found that the peak intensities in Li,SiO5 are
obviously enhanced compared to that in Li,Si,Os.
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