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The structural, electronic, lattice dynamical, optical, thermodynamic, and CO, capture properties of monoclinic
and triclinic phases of LisSiO, are investigated by combining density functional theory with phonon lattice
dynamics calculations. We found that these two phases have some similarities in their bulk and thermodynamic
properties. The calculated bulk modulus and the cohesive energies of these two phases are close to each other.
Although both of them are insulators, the monoclinic phase of Li;SiO4 has a direct band gap of 5.24 eV while the
triclinic Li4SiO,4 phase has an indirect band gap of 4.98 eV. In both phases of Li,SiOs, the s orbital of O mainly
contributes to the lower-energy second valence band (VB;) and the p orbitals contribute to the fist valence band
(VB,) and the conduction bands (CBs). The s orbital of Si mainly contributes to the lower portions of the VB,
and VB,, and Si p orbitals mainly contribute to the higher portions of the VB, and VB,. The s and p orbitals of
Li contribute to both VBs and to CBs, and Li p orbitals have a higher contribution than the Li s orbital. There is
possibly a phonon soft mode existing in triclinic y-LisSiO4; in the monoclinic LisSiOy, there are three phonon
soft modes, which correspond to the one type of Li disordered over a few sites. Their LO-TO splitting indicates
that both phases of Li4SiO, are polar anisotropic materials. The calculated infrared absorption spectra for LO and
TO modes are different for these two phases of LiySiO,4. The calculated relationships of the chemical potential
versus temperature and CO, pressure for reaction of LiySiO4 with CO, shows that LisSiO, could be a good

candidate for a high-temperature CO, sorbent while used for postcombustion capture technology.
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I. INTRODUCTION

As solid electrolytes, lithium silicates (e.g., Li4SiO4 and
Li,Si03) are widely used in high-energy lithium secondary
batteries due to their better energies per unit weight, high
melting point, and high lithium ion conductivity."? Due to their
low chemical reactivity with water and excellent compatibility
with other materials, lithium ceramics are the best option for
tritium production and release through the °Li + n; — 3T +
“He reaction, which determines the possible application of a
tritium breeder material into the fusion reactors.>®

In recent decades, another possible application for lithium
silicates has been found: as CO, sorbents to fight global
warming.””!! Nakagawa and Ohashi®!® reported a novel
method to capture CO, from high-temperature gases though
the reversible reaction Li4SiO4 + CO, <> Li»SiO3 + Li, COs,
where LiySiO4 as CO, absorbent maintains its absorption
effectiveness during the cycle between absorption at 973 K
and emission at 1123 K in the case of following pure CO, at a
total pressure of 1.0 x 10° Pa.!>"14

In the literature, there are only few theoretical studies on
the electronic structure of crystalline lithium silicates. Based
on the linear combination of atomic orbitals and Hartree-Fock
(LCAO-HF) ab initio calculations, Munakata and Yokoyama'?
calculated the electronic state of Li4SiO4 and obtained a wide
band gap of 17.5 eV. With an ab initio approach, Uchino and
Yoko!®!” investigated the local coordination environments of
alkali cations (Li™ and Na™) in a cluster model of single- and
mixed-alkali silicate glasses. Their results demonstrated that
the average coordination number of alkali cations increased
from Li to Na, and each alkali cation is located in rather
individual local sites in both single- and mixed-alkali clusters.
Employing the orthogonalized linear combination of atomic
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orbitals method, Ching et al.’® calculated the electronic

structures of Li;SiO3 and Li,Si,Os and compared them with
x-ray photoelectron spectroscopy measurements. Their results
showed that the effective charge on Li is quite small (0.07e
in Li;SiO; and 0.02e in Li,Si»Os). Du and Corrales'®?
employed density functional theory (DFT) to characterize the
structural and electronic properties of alkali silicate glasses
[xM,0 — (100 — x)SiO,, where M = Li, Na, K], Li,SiO3, and
Li,Si,Os5. Their results revealed clear differences between the
bridging and the nonbridging oxygen ions through all valence
bands (VBs). With ab initio molecular orbital calculations,
Nakazawa et al.>! investigated the chemical nature of superfi-
cial hydrogen on the lithium silicate doped with B, Al, and Ga.
Their results showed that the iconicity of surface hydrogen is
strengthened by the interaction of the electron acceptor (dopant
units) with surface oxygen but weakened by a Li atom bonded
to nonbridging oxygen. Cruz et al.® analyzed the kinetics of
the thermal decomposition of LisSiO4 and Li,Si03 and found
that Li,SiO4 began to decompose between 900 °C and 1000 °C
and to melt above 1100 °C, whereas Li,Si0s3 is highly stable at
the temperatures studied. Assuming a mechanism of diffusion-
controlled reaction into a spherical system, they estimated that
the activation energy for this process is 331 kJ/mol. To our
knowledge, no comprehensive theoretical study on LisSiOy4
(specifically, the triclinic phase) has been done to investigate
the electronic and thermodynamic properties.

In this study, applying first-principles DFT, the electronic
and the lattice dynamical properties of monoclinic and triclinic
phases of LiySiO4 were thoroughly investigated. Based on
the calculated energetic and thermodynamic properties of the
solids, the capacities of LisSiO4 as a sorbent to capture CO,
were evaluated.
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This paper is organized as follows: in the second section we
briefly describe the theoretical method, in the third section we
show our results for LiySiO4 crystals and compare these with
other available reports, and in the last section we summarize
our conclusions.

II. THEORETICAL METHODS

The calculations performed in this work were based on
first-principles DFT with plane-wave basis sets and the
pseudopotential to describe the electron—ion interactions. The
Vienna ab initio simulation package’>>3 was employed to
calculate the electronic structures of the lithium silicate and
lithium carbonate materials. From our previous experience on
oxides and salts,”*>® we employed projector augmented wave
pseudopotential and PW91 exchange-correlation functions.?
Plane-wave basis sets were used with a kinetic energy cutoff
of 520 eV and an augmentation charge cutoff of 605.4 eV.
The k-point sampling grids of m x n x [, obtained using
the Monkhorst-Pack method,® were used for these bulk
calculations, where m, n, and / are determined by the spacing
of ~0.028 A~! along the reciprocal a, b, and ¢ axes of their
unit cells, respectively.

The corresponding k-points sets were 3 x 6 x 2 and
8 x 9 x 9 for monoclinic LiySiO4 and triclinic y-LigSiOy,
respectively. The valence electrons contain s and p orbitals
for Li, O, and Si atoms. During calculations, we relaxed all
atoms in the cell to their optimized structure. For the band
structure calculations, the symbols and coordinates of the
high-symmetry points in the crystals were taken from Bradley
and Cracknell’s definitions.>' Based on the density functional
perturbation theory (DFPT),*>-** the Born effective charges
were calculated and used in phonon calculations to obtain the
infrared (IR) absorption.

In this study, we employed the Phonon software package,*
in which the direct method is applied, to be combined
ab initio DFPT. Similar to our previous approach,?+>3-27
the phonon dispersion and the thermodynamic properties
(free energy change, entropy change, etc.) can be carried
out for each crystal. In turn, the zero-point energy change
and the phonon free energy change are obtained and used
for analyzing the thermodynamic stabilities. The long-range
electric fields associated with long-wave longitudinal phonons
are responsible for the longitudinal optical (LO)-transverse
optical (TO) splitting that removes the degeneracy between LO
and TO phonons at the Brillion zone center.’® With the Born
effective charges obtained from DFPT, the LO-TO splitting
and the IR spectrum can be obtained.

In phonon calculations, a1 x 2 x 1 supercell for monoclinic
LiySiO4 and 2 x 3 x 3 supercell for triclinic y-LisSiO4 were
created from their optimized unit cells that were calculated
through DFT. With a displacement of 4-0.03 A of nonequiv-
alent atoms, a set of displaced supercells was generated. For
monoclinic LiySiOy, the set contains 282 different displaced
supercells; for triclinic y-LisSiO4, the number of displaced
supercells is 54. For each displaced supercell, the DFPT/DFT
calculations were performed again to obtain the Born effective
charge and the force on each atom due to the displacements.
These forces were carried back to the Phonon package® to
calculate the phonon dispersion curves and density of states.
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The partition functions of solid systems can be found from the
calculated phonon dispersions and densities of states. With the
calculated partition functions, their thermodynamic properties,
such as internal energy, free energy, entropy, heat capacity, etc.,
could be evaluated at different temperatures.?+23-37

III. RESULTS AND DISCUSSIONS

A. Crystalline structures and optimizations

The crystal structures of two phases of LisSiO4 are shown
in Figure 1, and their experimental crystal structural constants
are summarized in Table I. As shown in Fig. 1, lithium
orthosilicate (Li4SiO4) usually is in a monoclinic structure
with space group P2;/m (No. 11),>3 but it has another form
(y-Li4Si0y4) that is in a triclinic structure with space group
P1 (No. 2).*' The monoclinic structure of LisSiO4 has 14
units of LiySiO4, which contains seven crystallographically
independent groups.’®* By averaging the positions of these
seven independent groups, a reduced unit cell with 2 units
of LiySiOy is obtained; its structure was reported by Vollenkl
et al.* In the monoclinic superstructure of Li;SiOy, the 56 Li
atoms are located in 18 individual sites of the subcell out of the
126 possible individual atomic sites. The differences between
the structures measured by Dejong et al.’® and by Tranqui
et al.** are that some Li atoms are located in the different sites.
In the structure reported by Tranqui et al.,*° all Li atoms have
fixed positions with full occupancy, whereas in the structure
reported by Dejong et al.,?® four types of Li are half occupied
and could form two sets in which the average position of each
set is similar in position to the structure reported by Tranqui
et al.,** as shown by the large (green) balls in Fig. 1(a). In this
study, to simplify the calculations, we use the crystal structure
measured by Tranqui e al.* with fully occupied Li as our
initial structure. The y-LisSiOy4 is made at a low temperature
and is isotypic with Nay[SnO4].*" The lithium silicates can
be synthesized at a high temperature with different mixture
ratio of Li,O and SiO,. Unlike other lithium silicates, such as
LizSiO'j, LizSizO5, Li2$i307, Li@Si207, LigSiO@, and SiOQ, in
LiySiOy the tetrahedral [SiO4] are not directly connected but
are instead surrounded by Li atoms, as shown in Fig. 1.

(a) (b)

FIG. 1. (Color online) The crystal structures of Liy;SiO4. Large
(purple and green) balls stand for Li, small (red) balls stand for
O, the midsize (yellow) ball stands for Si. The ¢ axis is vertical.
(a) Monoclinic Li;SiOy. (b) Triclinic y-LiySiOy.
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TABLE I. The optimized crystal structural constants in angstroms, fitted parameters of the Birch-Murnaghan equation of state, bulk

modulus, and cohesive energy (E¢).

Equilibrium structure

and deviations (%) Ey(eV/ unit cell) B B Cell volume Bulk Ec
Crystal Experimental Optimized (eV/A%) Vo(A%) modulus (GPa) (eV/f.u.)
Li,SiO,4 a=11.532  a=11.644(0.97%)
P2,;/m(No. 11}*  b=6.075 b=6.142(1.10%) 1197.3703
Z=14 c=16.678  ¢=16.875(1.18%) —765.31918  0.46148 4.32844 1153.9(exp)” 73.94 54.23
B=99.04> B =99.10° (0.05%)
y-LisSi0, a=17519 a="1.579(0.80%)
P1(No.2)’ b=5.648 b=5.678(0.53%)
Z=2 c=5.031 c=5.058(0.55%)
a=124.15 o =124.21°(0.05%) —109.36221  0.46222 4.56199 171.1617 74.06 54.25
B=97.18° B =97.26° (0.08%) 167.21(exp)®
y =100.26° y =100.25°(—0.01%)
“Ref. 40.
bRef. 41.

To explore their other bulk properties, we calculate their
total energies versus the changes of cell volume, as shown
in Fig. 2. From it, we can obtain the relationship between
energy and volume or pressure by fitting the Birch-Murnaghan
equation of state (E-V):*>*

z 3
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2 2 2
Vo3 Vo3
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By fitting the data of Fig. 2 to Eq. (1), we obtained

the parameters in Eq. (1) for these two phases of LisSiOy,
which are listed in Table I. The bulk modulus B is defined as
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FIG. 2. (Color online) The calculated total binding energy versus
cell volume. The volume scale factor is defined as (V/V)!/?, where
Vo is the experimental equilibrium volume of the unit cell. For
monoclinic LisSiO4, Vy = 1154.344 A3; for triclinic y-LiySiOy,
Vo =167.214 A3,

B = By + B’y x P in this scheme, where P is the pressure and
here is set to 1 atm. The cohesive energy (E¢) is calculated
by subtracting the total bulk energy (Ey in Table I) from the
sum of total energies of the related atoms (e.g., Li, Si, and O)
using the same level spin-polarized calculations (in this case,
we get Ep; = —0.04403 eV, Es; = —0.12847 eV, and Ep =
—0.12996 eV) and then dividing by the number of formulas in
the unit cell (Z) given in Table I. Our calculated E¢, as well as
other values from the literature, are also listed in Table 1.

Table I compares the experimental measurements with
our results. For monoclinic LisSiOy, the predicted structural
constants have <1.2% deviation, whereas for triclinic LizSiOy,
the deviation is <0.8%. It can also be seen from Table I that
the calculated bulk modulus and cohesive energies for these
two phases are close to each other.

B. Electronic structural properties

The calculated band structures of these two phases of
Li4SiO4 are shown in Fig. 3. The bandwidths and gaps are
summarized in Table II. The information in Fig. 3 and Table II
suggests that the band structures of monoclinic LiySiO4 and
triclinic y-Li4SiO4 have some similarities. Both have mainly
two VBs, which are located at the energy ranges of —6.2 ~
0.0 eV (VB;) and —18.5 ~ —16.0 eV (VB,). Within each
VB, there are some small gaps. In monoclinic LisSiOy, the
width of VB is 2.30 eV, in which a 0.94-eV gap was found
and divided the VB, into two sub-VBs with widths of 0.42
and 0.94 eV. From Figs. 3(a) and 4(a), it can be seen that
the width of its VB, is 6.17 eV, which can be divided by a
0.62 eV gap into two sub-VBs with widths of 1.05 and 4.50
eV. The band gap between the VB, and the conduction band
(CB) of monoclinic LisSiOy is direct at the I’ high-symmetry
point with the value of 5.24 eV. This band gap is much smaller
than the value of 17.5 eV that was calculated, based on the
LCAO-HF approach, by Munakata and Yokoyama.'> Usually,
the band gap calculated by an HF method is larger than the
experimental measurements. However, due to the DFT approx-
imations, which underestimate the excited state energies, our
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FIG. 3. (Color online) The calculated electronic band structures:
(a) monoclinic Li;SiO,4 and (b) triclinic y-LisSiOy.

calculated band gap is usually smaller than the experimental
measurements.”® Although there is no experimental band gap
available for crystalline LisSiOy, it is expected that the real
band gap should be between our DFT predictions and the
LCAO-HF values.

The band structure of the triclinic y-LisSiO4 shown in
Fig. 3(b) is similar to that of the monoclinic LisSiO4 shown
in Fig. 3(a). The biggest difference is that the calculated band
gap in triclinic y-LisSi0Oy is indirect between the B and the T’
high-symmetry points, as shown in Fig. 3(b), and its value
(498 eV) is smaller than that of monoclinic LizSiO4. As
shown in Table II, the widths of VBs for triclinic y-LisSiO4
are smaller than those of monoclinic Li;SiO4. Similarly, VB,
of triclinic y-LisSiOy4 is separated by 1.06 eV gap into two
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sub-VBs with widths of 0.32 and 0.42 eV. Its VB, is separated
by two gaps (0.85 and 0.32 eV) into three subbands with widths
of 0.74, 1.27, and 2.64 V.

Figure 4 shows the calculated total density of states (TDOS)
and partial density of states (PDOS) projected onto Li, O, and
Si contributions for both monoclinic and triclinic phases of
LisSiO4. In both phases of LiySiOy, the s orbital of O mainly
contributes to their lower-energy VB, and contributes less to
their VB and CBs. The p orbitals of O contribute to the VB,
and CBs. The s orbital of Si mainly contributes to the lower
portions of the VB and VB,, whereas the p orbitals mainly
contribute to the higher portions of their VB and VB, and both
the s and p orbitals of Si contribute to their CBs. The s and p
orbitals of Li contribute to both phases’ VBs and CBs; these p
orbitals have a higher contribution than the s orbital. Interest-
ingly, the portion of VB, just below the Fermi level consists
mainly of the interactions between the s and p orbitals of Li
and the p orbitals of O. However, Munakata and Yokoyama15
concluded that the contribution of Li is not appreciable to the
VBs but is greater in the CBs. Figure 1 shows that in both
phases of LisSiOy, the tetrahedral [SiO4] groups are separated
by the surrounding Li coordination. From our results, we found
that the tetrahedral [SiO4] groups in the monoclinic LisSiO4
are partially distorted because only two Si-O bond lengths are
equivalent, with an average bond length of 1.68 A. The other
two bonds differ in length, with values of 1.57 and 1.71 A.
Meanwhile, in the triclinic y-LisSiOy, the tetrahedral [SiOq4]
groups are fully distorted, with Si-O bond lengths of 1.348,
1.660, 1.699, and 2.165 A. And the shortest Li-O bond length
in this phase is 1.485 A, which is much shorter than the Li-O
bond lengths in pure Li;O (1.73 and 1.79 A).?*

Based on DFPT,**3* the macroscopic static dielectric
tensor, including local field effects of the crystal and the
Born effective charges tensor for each atom in the unit cell,
can be obtained. For both phases, the calculated off-diagonal
elements of the macroscopic static dielectric tensor are very
small (<0.01), whereas the diagonal elements for monoclinic
and triclinic phases of LisSiO4 are 2.687, 2.666, and 2.661
and 2.715, 2.681, and 2.667, respectively. For each atom in the
unit cell, the calculated Born effective charges also include the
local field effects and can be used to investigate the LO-TO
splitting and calculate the IR absorption spectra, as described
in the next section. For reference, in Tables S1 and S2 of
the supplementary material,** we listed the calculated Born
effective charge tensors of each nonequivalent atom type and
their corresponding optimized coordinates for both monoclinic
and triclinic phases of LisSiOy4.

C. Phonon dynamical, thermodynamic and optical properties

The calculated phonon dispersions and phonon TDOS of
these two phases of LisSiO4 are presented in Figs. 5 and

TABLE II. The calculated band gaps and VB widths of lithium orthosilicates (in electron volts).

Crystal VB, width Gap between VB, and VB, VB, width Band gap
LisSiOy4 2.30 9.83 6.17 5.24

17.5%
y-LisSiO, 1.80 10.36 5.81 4.98
aRef. 15.
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FIG. 4. (Color online) The calculated electronic TDOS and electronic PDOS projected onto each element: (a) monoclinic LiySiO, and

(b) triclinic y-LiySiOy,

6, respectively. As shown in Table I, the primitive cells of
monoclinic LisSiO4 and triclinic y-LiySiO4 contain 14 and 2
LiySiO4 formula units (f.u.), respectively; therefore, there are
378 branches of phonon modes, as shown in Fig. 5(a), and 54
branches of phonon modes, as shown in Fig. 5(b). Figures 5
and 6 show a frequency gap between 19 and 23 THz for both
phases. However, monoclinic LisSiO4 has three soft modes
along the wave-vector axis around the B, F, T, Y, and A
high-symmetry points, whereas in triclinic y-LisSiOy4, only a
single soft mode was found along wave-vector line I'-S, where
Sis apoint defined later. By taking the average of the calculated
macroscopic dielectric constant diagonal elements of crystals
and inputting the calculated Born formal charge tensors into
the Phonon package,*> we can see LO-TO splittings at the T
wave-vector in the phonon dispersion curves. From Fig. 5, the
triclinic phase of Li4SiOy4 has a larger LO-TO splitting than the
monoclinic phase of LiySiO4, which means that the triclinic
phase is more polar and anisotropic than the corresponding
monoclinic phase.

By exploring the animations of the soft modes in monoclinic
Li4SiO4, we found that they are caused by one type of Li,
which is shown by the large (green) balls in Fig. 1(a). To
confirm that statement, we doubled the displacement of this
type of Li atoms to +0.06 A and found that the generated
Hellmann-Feynman on-site forces are increased almost exactly
by a factor of 2.0. Figure 7 shows the occupation of vibrations
of this type of Li in the x, y, and z directions. In these
soft modes, the mentioned atoms vibrate mainly in the y
and z directions. As discussed in Sec. IIIA, two types of
lithium atoms were determined with fully occupancy*’ or half
occupancy.®® In Fig. 1(a), we show the full occupancy with the
initial coordinates 4£(0.0790, 0.0278, —0.1337) and 2¢(0.8701,
0.25, 0.2956).4 After optimization, the positions slightly
shifted to 4£(0.0830, 0,0225, —0,1300) and 2e(—0.1103, 0.25,
0.2817). The symmetry elements of the monoclinic space
group generate four Li 4f- and two Li 2e-equivalent positions.
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FIG. 5. The calculated phonon dispersion relations with LO-TO
splitting: (a) monoclinic Li4SiO4 and (b) triclinic y-LisSiOy.
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FIG. 6. (Color online) The calculated phonon TDOS for mono-
clinic LigSiO4 and triclinic y-LigSiOy,

However, Dejong et al.® split each of these 4f and 2e positions
into two sites (A and B in Table III), leading to eight and four
equivalent sites, respectively. These splittings are too close to
each other to be occupied by two atoms; therefore, Dejong
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et al.*® assigned them half Li occupancy. All mentioned pairs
with half Li occupancy are given in Table III. Analysis of the
polarization vectors of the calculated phonon dispersion curves
(Fig. 7) established that the observed soft modes are entirely
formed from the vibrations of Li 4f, mainly in the y and z
directions. Thus, we might expect Li 4f to move in shallow
potentials. This state does not lead to a phase transition but
rather results in random Li distribution. Polarization vectors
of phonon dispersion curves show that 2e lithium do not
contribute to soft modes. They vibrate at finite frequencies;
hence, we might expect that the minima indicated for Li 2e
lithium in Table III are separated by a higher barrier than that
of Li 4f and that our optimization process, which uses the
confinements of the symmetry elements of the space group,
placed Li 2e in one of the double minima potential.

As shown in Fig. 5(b), in triclinic phase the soft mode
occurs at an incommensurate wave-vector gy, = (—0.1869,
0.0930, 0.0759) close to g, = (—3/16, 1/11, 1/13) on the line
joining I' point and a general point S on the Brillouin zone
surface that has a wave-vector equal to g, = (—1/2, 8/33,
8/39). The imaginary frequency of this soft mode covers a very
small volume of the Brillouin zone. It has an acoustic character
with longitudinal vibration of comparable amplitudes for all
atoms, because the acoustic phonon dispersion curves depend
on the long-range elastic forces. Therefore, we carefully
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FIG. 7. (Color online) The vibrations of one type of lithium, shown in Fig. 1(a) as large (dark green) balls, in monoclinic LisSiOy: (a) along
the x axis, (b) along the y axis, and (c) along the z axis, accompanied by the corresponding color intensity scale.
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FIG. 8. (Color online) The calculated IR absorption spectra of
monoclinic Li;SiO,4 and triclinic y-LisSiOy.

treat the found incommensurate soft mode as a proven state,
despite even very large supercell (324 atoms) used in this
simulation.

Based on the calculated Born effective charge tensor
for each nonequivalent atom,* the calculated IR absorption
spectra for both LO and TO modes of these two phases of
Li4SiO4 are shown in Fig. 8. It can be seen that monoclinic
phase of LisSiO4 has more IR peaks than its corresponding
triclinic phase. In the triclinic phase of LisSiO4, with a
frequency of ~12.4 THz, there is an absorption peak with
highest intensity of 4.7, as shown in the bottom portion
of Fig. 8. The optical properties of these two phases of
Li4Si0y4 are different, although their bulk and thermodynamic
properties (as discussed in the following paragraphs) have
some similarities.

Based on the DFT and phonon dynamics calculations, we
can obtain the thermodynamic properties of these two phases
of Li4SiO4. By ignoring the PV contribution, the free energy of
solid LisSiO4 can be obtained by adding the DFT total energy
to the phonon free energy. Figure 9 shows the calculated free
energy and entropy of the two phases of LisSiO4 versus the
temperature. The differences between these two phases are
intercalated into the same figure.

Figure 9 also shows that the differences between these
two phases are small—within 2 kJ/mol in free energy and
5 J/mol K in entropy. As shown in Fig. 9(a), throughout the
temperature range, the free energy of the monoclinic phase of
Li4SiOy is higher than that of the triclinic phase of LisSiOy,
although the difference is quite small (within 2 kJ /mol). These
results indicate that the triclinic phase is slightly more stable
than the monoclinic phase of LisSiO4. Actually, the experi-
mental synthesis of triclinic LizSiOy4 is at a low temperature
and without disorder,*! whereas the monoclinic Li;SiO,4 could
include disordered lithium atoms.*®*’ From the thermody-
namic point of view, our results showed that there is no big
energetic difference between these two phases of LiySiOy.
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FIG. 9. (Color online) The calculated thermodynamic properties.
(a) The total free energies and the differences between these
two phases. The total free energy for each phase is the sum of
phonon free energy and the corresponding DFT energy, which are
—5273.77 kJ/mol for monoclinic Li,SiO4 and —5275.56 kJ/mol
for triclinic y-LiySiO4. (b) The entropies and the corresponding
differences between these two phases.

D. Capabilities of CO, capture

From experimental investigations, LisSiO4 and Li,ZrO;
are good candidates of solid sorbents for CO, capture in
terms of large CO, sorption capacity, infinite CO,/N, or
CO,/H, selectivity, good reversibility, and high operating
temperature,' 31424254351 based on the following reactions:

(1) LisSiO4 4 CO, = Li,CO;3 + Li,Si03

(2) LizZI‘O3 + C02 = L12C03 + ZTOQ

By assuming that the difference between the chemical
potentials (Au°) of the solid phases of Li,;SiO3 and LiySiO4
and gas CO, molecule can be approximated by the dif-
ference in their total energies (AEPFT), obtained directly
from DFT calculations, and the vibrational free energy of
the phonons (A FPH, excluding zero-point energy, which was
already counted into the term A Ezp) and by ignoring the PV
contribution terms for solids, as described in our previous
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papers,”*?3:28 the variation of the chemical potential (A ) for

reaction 1 with temperature and pressure can be written as
AT, P) = Ap’(T) — RT In Pco,, 2)
where
Apl(T) = AEPFT 4 AEzp + AFPH(T) — Geo,(T).  (3)

In addition, the heat of reaction, or A H(T), for reaction
1 can be evaluated through the equation

AHNT) = Ap(T) + TIASPHT) = Sco,(T)]. (4

where ASPH(T) is the entropy difference between Li>SiO3 and
Li4SiO4 and where Gcop(T) and Scoo(T) are the Gibbs free
energy and entropy of gas CO, that can be obtained from
the standard statistical mechanics®> and the thermodynamic
database, respectively.>

Based on Eq. (4), the calculated heat of reactions (enthalpy
change) for these reactions with both monoclinic and triclinic
phases of LiySiO4 versus the temperatures are plotted in
Fig. 10(a). For comparison, the available experimental data
for the reaction of 2Li,O*SiO; capturing CO, from the HSC
Chemistry database®* and Li,ZrO3 capturing CO, data taken
from Ref. 27 were also plotted in Fig. 10(a). The calculated
heat of reactions for both phases of LisSiO4 are quite close to
each other, with a <3 kJ/mol difference. At a low temperature
(T < 400K), the calculated heat of reaction is very close
to the value obtained from the HSC Chemistry database.>*
However, with the increase in temperature, the discrepancy
between the calculated and the HSC data becomes larger.
There are two main reasons for such a large discrepancy at
higher temperatures. First, because our calculations are based
on the assumption that except for CO; all materials are perfect
crystalline solids and their low-temperature structures were
used to represent the structures over the entire temperature
range, as discussed in our previous work,”® a larger discrepancy
is possible and indicates that some caution should be exercised
in the use of these data at a high temperature. It is well known
that the binding energy of a gas molecule reacting with a solid
exhibits large errors when a local density approximation or
generalized gradient approximation is used.>> This means that
a large discrepancy in enthalpy change for reactions involving
gas—solid phases is possible because the self-interaction is not
canceled when forming new compounds. Another reason for
such a large discrepancy concerns the experimental related
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measurement. Experimentally, LiySiO4 and Li,SiO3 were
synthesized by mixing Li,CO; and SiO, with 2:1 and 1:1
molar ratio and were heat treated at a high temperature.*’-
Therefore, the experimental samples may not be exactly
the perfect crystalline LiySiO4 and Li;SiO;. Instead, they
may exist in the mixed forms, such as 2Li,O*SiO, and
Li,O*SiO,, as denoted in the HSC Chemistry database.>*
Such a mismatched structure of the material can create some
discrepancies. Compared to LisSiOy4, Fig. 10(a) shows that the
reaction heat of Li,ZrO; capturing CO; is ~20 kJ/mol lower,
indicating that more heat is needed for regenerating Li,ZrO3
back from Li,CO5 and ZrO,.

Based on Eq. (2), the dependence of the chemical potential
Au(T,P) on temperature and the CO, pressure Pcoy is shown
in Fig. 10(b). The line in Fig. 10(b) indicates that for each
reaction, Au(T,P) is approaching zero. The region close to
the line is favorable for absorption and desorption because of
the minimal energy costs at a given temperature and pressure.
Above the line, the solid (Li4SiO4 and Li,ZrOs3) is favorable to
absorb CO; and form Li,CO3, whereas below the line, Li,COj3
is favorable to release CO, and regenerate lithium silicate
solids. Although Li,SiO3 could absorb CO; to further reduce to
Si0, and Li,CO3, experimental results showed that the kinetic
behavior of CO, absorption on Li,SiO3 is much slower than
that on Li4Si0,.'*>° Therefore, upon capturing CO,, Li;SiO,
only forms Li,;SiO3; it does not further decompose to SiO;.

As described previously and shown in Fig. 10(b), the
reaction of LisSiO4 capturing CO, is thermodynamically
favorable over quite a range of temperatures (<900 K) and
Pcon, which means that under this temperature range CO; is
thermodynamically favored by LisSiO4. But as a CO, solid
sorbent, the sorbent not only easily absorb the CO, in the
first half cycle but also easily release the CO, from products
(e.g., LiCO3 and Li;SiO3) in the second half cycle. The
operating conditions for the absorption/desorption processes
depend on the pre- and postcombustion technologies. Under
precombustion conditions, after water—gas shifting, the gas
stream mainly contains CO,, H,O, and H,. The partial CO,
pressure is ~20-25 bar, and the temperature is ~573-623 K.
To minimize energy consumption, the ideal sorbents should
work at these pressure and temperature ranges to separate CO,
from H,. From Fig. 10(b), the corresponding temperatures
for monoclinic Li4SiO4 and triclinic Li4SiO4 are 1030 K and
1010 K, respectively, which are higher than the precombustion

TABLE III. The double site atomic positions in the monoclinic structure, with an average half occupancy of lithium atoms as suggested
by Dejong et al. (Ref. 38). The last two rows contain nonequivalent lithium positions obtained after present ab initio optimization. Position
4f is between the A and the B minima, whereas position 2e is beyond both the A and the B minima.

Minimum A

=
3
=i

Minimum B

&

0.0887, 0.0460, —0.1241
0.9113, 0.5460, 0.1241
0.9113, —0.0460, 0.1241
0.0887, 0.4540, —0.1241
—0.1444, %, 0.2978
0.1444, %, 0,7022
0.0830, 0.0225, —0.1300
—-0.1103, 1, 0.2817

> 30

P RESS

“N= o vk L=
N N
X X

N}
)

0.0522, —0.0436, —0.1553
0.9478, 0.4564, 0.1553
0.9478, 0.0436, 0.1553

0.0522, 0.5436, —0.1557
—0.1191, %, 0.2875

0.1191, 2,0.7125

> 40

Values obtained after ab initio optimization based on Tranqui et al. (Ref. 40) measurements
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FIG. 10. (Color online) The calculated thermodynamic properties
of the reactions of lithium silicate capturing CO,. For comparison,
the data of lithium zirconate (Ref. 27) are also plotted in the figure.
The data of Li,O*SiO, and 2Li,O*SiO, from the HSC Chemistry
database (Ref. 54) are also presented in the figure. (a) The heat of
reaction versus temperature. (b) The contour plotting of calculated
chemical potential (Ap) versus temperature and the CO, pressure (P
plotted in the logarithmic scale) for the CO, capture reactions. Only
the Ay = 0 curve is shown explicitly. For each reaction, above the
Ap = 0 curve Ap < 0, which means the sorbents absorb CO, and
the reaction goes forward, whereas below the Ay =0 curve Ap > 0,
which means the CO, starts to release and the reaction goes backward
to regenerate the sorbents.

temperature (573~623K) conditions. For postcombustion con-
ditions, the gas stream mainly contains CO, and Ny, the partial
pressure of CO; is ~0.1-0.2 bar, and the temperature range is
quite different. The US Department of Energy programmatic
goal for postcombustion CO; capture technology is to capture
at least 90% CO, with a cost in electricity of no more than
35%, whereas the goal precombustion CO, capture is to
capture at least 90% CO, with a cost in electricity of no more
than 10%.°”® From Fig. 10(b), the turnover temperatures
for postcombustion capture by these two phases of LiySiOy4
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are 780K and 770K, respectively, which is ~100K less
than the experimental data.'>*’ As we discussed previously,
this discrepancy could be caused by the mismatched crystal
structures of solids at higher temperatures.

Based on reactions 1 and 2, the theoretical capacity of
Li4Si04 for CO, capture is 36.71 weight percent (wt%), and
for Li,ZrOs it is 28.74 wt%. From Fig. 10(a), the regenerating
heat for Li,ZrO;5 is higher than that of LisSiO4. LisSiO4
can be synthesized by Li,CO; and SiO,, and Li,ZrO3 can
be synthesized by Li,CO3; and ZrO,. LiySiOy is lighter and
much cheaper than Li,ZrOj3. Therefore, as a high-temperature
CO, sorbent, LiySiOy is better suited than Li,ZrOsz. These
conclusions are in good agreement with experimental results,
in which the weight change due to CO, capture for Li4SiOy is
~50% greater than that of Li;ZrO3'>*’ and the experimental
maximum CO, absorption capacity has reached 36.66 wt%,'*
which is very close to the theoretical maximum capacity
(36.71 wt%).

IV. CONCLUSIONS

In this study, the bulk, electronic, lattice dynamical, optical,
thermodynamic, and CO, capture properties of monoclinic
and triclinic phases of LisSiO4 have been investigated by
combining DFPT with phonon lattice dynamics calculations.
We found some similarities between these two phases. The
calculated bulk modulus and the cohesive energies of these
two phases are close to each other.

The band structures of both monoclinic and triclinic phases
of LiySiO4 have mainly two VBs. Their VB, are located just
below the Fermi level and have widths of 6.17 and 5.81 eV,
respectively, and their VB, are located below —16 eV and
have narrow bandwidths of 2.30 and 1.80 eV, respectively.
Interestingly, the monoclinic phase of LisSiO4 has a direct
band gap of 5.24 eV, whereas the triclinic LiySiO4 phase has
an indirect band gap of 4.98 eV. In both phases of LisSiO4, the
s orbital of O mainly contributes to the lower-energy VB, and
the p orbitals contribute to the VB and CBs. The s orbital of Si
mainly contributes to the lower portions of the VB; and VB,,
and the p orbitals mainly contribute to the higher portions of
their VB, and VB,. The s and p orbitals of Li contribute to
both phases’ VBs and CBs, and these p orbitals have a higher
contribution than the s orbital.

The phonon dispersions and phonon densities of states for
both phases of Li4SiO4 were calculated by the direct method.
In triclinic y-LisSiOy, a possible soft mode was found; in the
monoclinic LisSiOy, there are three soft modes that correspond
to the one type of Li, which remains disordered over more
lattice sites. The LO-TO splitting in triclinic phase of Li4SiO4
is larger than that of monoclinic phase of LiySiO4, which
indicates the triclinic phase is more polar and anisotropic than
the corresponding monoclinic phase.

Based on the calculated IR absorption spectra for both LO
and TO modes of these two phases of Li;SiO4 and their band
structures, it can be concluded that the optical properties of
these two phases of LiySiO, are different, although their bulk
and thermodynamic properties remain quite similar.

At a low temperature (<500K), the calculated heat of
reaction of LisSiO4 + CO;, < Li,CO; + Li,SiO; is in good
agreement with the experimental data. From the calculated
relationship of the chemical potential of the capture reaction
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versus temperatures and CO, pressures, LiySiO4 could be a
good candidate as high-temperature CO, sorbent used for
postcombustion capture technology. Compared to LiyZrOs3,
LisSiOy is the better choice because of cheaper material cost
and higher CO; capacity.

PHYSICAL REVIEW B 84, 104113 (2011)
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