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As the demand for advanced energy storage materials continues to grow, it is essential to conduct new
research to discover alternative materials for use in batteries. Therefore, this work delves into the
potential of new materials for use as alternative electrodes for Li-ion and alkali ion batteries, specifically
alkali hexazirconates such as A,ZrgOq3 (where A represents Li, Na, and K). Utilizing advanced atomistics
simulations, our objective is to conduct a comprehensive assessment of their structural, electronic, and
mechanical properties. The results indicate the insulating behavior of A,ZrgO4z materials, with calculated
lattice parameters closely aligned with previous studies. Mechanical property analysis reveals greater
susceptibility of Li>ZreO13 and NayZrgO3 to compression along the x and y axes than along the z-axis.
Furthermore, their ductile behavior and Young's modulus, in alignment with lithium and sodium
hexazirconates, suggests their potential in alkaline ion batteries. Electrochemical performance shows
Li>ZreO13 and NayZrgO13 present two stable phases during charge and discharge, leading to a plateau
in the open cell voltage profile at 1.3 and 2.9 V and theoretical capacity of 69.68 mA h g=* and
66.89 mA h g%, respectively. Comparative analysis unearths distinctions in mechanical and electronic
properties among Li, Na, and K variants, aiding in the precise tailoring of materials. In conclusion, this
study emphasizes the potential of alkali hexazirconates such as A,ZrgOjzas alternative electrode
materials, showcasing notable mechanical stability and derived properties rendering them promising
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1 Introduction

Titanium oxide-based materials have been the subject of exten-
sive investigation due to their potential applications as electro-
des in lithium-ion batteries, photocatalysts, and semiconductor
devices. Within this family, the oxides belonging to Andersson-
Wadsley family (A,0-nTiO,, where A denotes an alkali cation
and 1 < n < 6) have garnered significant attention. These
materials have captured the interest of researchers owing to
their diverse compositions and variations in microstructure,
providing an excellent platform for exploring the relationship
between their structure and properties. Among these com-
pounds, the members with n = 6, particularly the alkali hex-
atitanate A,TisO,3, have been extensively studied for a broad
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candidates for advancements in energy storage applications.

range of potential applications, including their effectiveness as
electrodes in energy storage devices.'™®

In the structure of alkali hexatitanate, three TiOg octahedral
units are edge-shared to form a foundational building block.
This block is then connected to identical units both above and
below, creating a ribbon-like structure. These ribbons further
interconnect through corner-sharing, resulting in a [TigO15]”~
framework that forms a tunnel. The results reported by
different authors clearly prove the stability of the A,TisO;;
hexatitanate tunnel structure for ion exchange reactions.*>”™°
Lattice parameters were only little affected by the successive
Na', Li, H" ion exchange process with retention of the basic
[TigO15]>~ skeleton framework. This unique structure estab-
lishes a one-dimensional (1D) pathway for ion flow, holding
promising applications in ion batteries and ion exchange
processes.*>7

The utilization of theoretical design and state-of-the-art first-
principles simulation methods has witnessed a notable surge. This
approach is becoming increasingly essential for expediting the
discovery of new materials, offering substantial accuracy in under-
standing structures and electronic properties. This computational

© 2024 The Author(s). Published by the Royal Society of Chemistry
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methodology has proven successful in diverse material design
applications, including alkali-ion batteries.*®

Atomistic simulations play a pivotal role in unveiling the
fundamental properties of materials. Notably, investigations into
the structures of Li,TigOq3, LiSng0;3,>” and more recently,
Li,Zrs043, have identified the latter as a promising candidate
electrode material for Li-ion batteries with similar crystal struc-
ture and electronic properties of titanium counterpart.”*

In our previous study an in-depth analysis of the energy
profiles associated with potential reactions for synthesizing
AZre0O.5(A = Na¥, Li*, K")."° By scrutinizing the energetic
disparities between reactants and product constituents, they
evaluated ion exchange reactions involving Li/K, Li/Na, and K/Na,
revealing their energy-efficient potential. This investigation
resulted in the successful study of structural, electronic and
thermodynamics stability, of previously unidentified materials,
namely A,ZrsO43(A = Na*, Li', K'), positioning them as promising
candidates for energy storage applications in ion batteries.”°

While the structural and electronic properties of these
materials were extensively studied in a prior work,”'® an
essential aspect that has not been explored is the mechanical/
elastic properties. Understanding these properties is crucial for
assessing the stability of electrodes in batteries. Therefore, a
comprehensive investigation into the mechanical/elastic prop-
erties is imperative to provide a holistic understanding of the
material’s suitability for electrochemical applications. In this
study, a comprehensive investigation into the structural, elec-
tronic, and mechanical properties of Li,ZrsO,3, as well as the
newly discovered compounds Na,ZrsO;; and K,ZrsO,3;, was
conducted through a combination of classical simulations
and density functional theory (DFT) calculations. This work
significantly enhances our comprehension of these materials,
emphasizing their promise for energy storage applications. It
encourages continued exploration, fostering advancements in
alkaline ion battery technology.

2 Methodology

The compounds under consideration fall into the category of
1D type structures, specifically A,ZrsO,; (where A can be Li,
Na', or K'). These structures are characterized by a substantial
specific surface area and structural anisotropy, as detailed in a
previous work.”

The crystal structure of alkali hexazirconate, denoted as
A,Zrq045 with A being Li', Na', or K', is depicted in Fig. 1a.
The A,Zrs0;; compound comprises interconnected [ZrsOq3] >
frameworks, held together by alkali ions and oxygen in square
planar hybridization.

In this context, the A,ZrsO;; compounds, along with their Ti-
containing counterparts, are considered interactive partners.
This collaborative perspective is informed by the premise that
the ion-exchange reactions involving these compounds hold
promise for generating diverse structures with distinct proper-
ties. These insights contribute to the foundation for exploring
the potential applications and unique characteristics of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Monoclinic A,ZrgOg3 (A = Li*, Na™, and K*) in the conventional
C2/m space group representation, and (b) various [ZrO,] octahedra. The
numbers and colors denote equivalent [ZrO,] octahedra. Blue, red, and
green spheres represent A*, O2~, and Zr** ions, respectively.

Na,ZrsO,; and K,Zr,O,; structures in the context of ion-
exchange synthesis.

The procedures employed in discovering superior negative
electrodes for high-performance batteries are not only arduous
but also financially demanding, primarily resulting from the
dependence on empiricism. A method to circumvent these
obstacles is through density functional theory (DFT) computa-
tions to predict structural, electronic properties and other
fundamental variables crucial for battery materials’ develop-
ment. This methodology presents a perspective to researchers
seeking to enhance negative electrodes for high-performance
batteries. It facilitates the prompt and meticulous identifi-
cation of materials capable of enhancing battery output. As
technology progresses and computational power expands, we
anticipate DFT and other computational methodologies to
continue revolutionizing battery research and promote superior
energy storage solutions.

In this study, DFT computations are conducted to explore the
structural and electronic characteristics of the targeted struc-
tures. The CASTEP computer code, a reliable tool for first-
principles calculations, is utilized for the DFT calculations."*
The calculations employ the generalized gradient approximation
with the Perdew-Burke-Ernzerhof formulation."> Additionally,
norm-conserving pseudopotentials are applied, with a plane-
wave energy cutoff set at 750 eV. The electronic configurations
considered are A-ns', 0-2s® 2p*, and Zr-5s> 5p°.

Convergence thresholds for self-consistent computations
and geometry optimizations are set at 10~ ° eV per atom, with
a maximum force limit of 10~ eV A™. The quasi-Newton
algorithm is employed for geometry optimization, allowing
simultaneous relaxation of internal coordinates and lattice
parameters while preserving crystal symmetry. The criteria for
convergence include stress and atomic displacements of 5 x
1072 GPa and 5 x 10™* A, respectively."* A I'-centered Mon-
khorst-Pack scheme is employed for sampling the Brillouin
zone. Specifically, a k-point set of 7 x 7 x 3 along the reciprocal
representation is utilized for the A,ZrsO,; structures. This
approach is instrumental in obtaining the total and projected
density of states (DOS and PDOS, respectively) in their recipro-
cal conventional representation.

Mater. Adv,, 2024, 5, 9330-9339 | 9331
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The employed rigorous computational approach ensures a
detailed exploration of the structural and electronic properties
of the materials under consideration. This approach aims to
provide valuable insights for the development of high-
performance battery electrodes, contributing to advancements
in energy storage technologies.

The monoclinic systems under investigation, namely
Na,Zrs01; and K,ZrsO43, exhibit a conventional cell containing
42 atoms with a space group of C2/m, which was employed for
bulk calculations. In comparison to the crystal structure of
Li,Zrs0;3, slight modifications are introduced in the crystal struc-
tures of Na,ZrsO;; and K,ZrsO,; by displacing the Na/K atoms
from the Li positions within the fractional coordinate system.

Lattice static calculations, employing the force-field approach
implemented in the GULP code,"* complement our exploration
of the structural properties. The interatomic potential para-
meters, defining the ionic interactions within the force field,
are sourced from the literature. Coulombic forces handle long-
range interactions, while short-range interactions are repre-
sented by Buckingham-type potentials. To account for ion polar-
ization in O-O interactions, a shell model is introduced."”

In the shell model, each ion is conceptualized as a positively
charged core and a negatively charged shell connected by
a spring with a spring constant, denoted as k. The sum of
the core-shell charge equals the formal charge of each ion. The
Broyden-Fletcher-Goldfarb-Shanno  (BFGS) approach is
employed to update the cell parameters and fractional posi-
tions of the equilibrium A,ZrO;; lattice structures.

The atomistic simulations conducted in this study, which
incorporate density functional theory (DFT) computations to
validate force field calculations, have emerged as a robust
methodology for accurately predicting the relevant properties
of ionic compounds.>">*® The utilization of force field calcula-
tions is deemed indispensable in determining the thermoche-
mical properties of these materials due to the computationally
expensive nature of quantum calculations for large supercells.
The synergy between these computational techniques signifi-
cantly enhances our understanding and prediction capabilities
regarding the structural and mechanical aspects of the studied
materials.

The investigation into the relative distribution of lithium
vacancies involves systematically generating all symmetrically
inequivalent configurations in a 1 x 4 x 1 supercell. This
exploration spans intermediate compositions of A,ZrsO;s,
where x varies from 0 to 2.0. The identification of these
inequivalent configurations is accomplished through the site
occupancy disorder code (SOD), following the procedure out-
lined by other authors.'”*® This methodology, proven effective
in previous studies is employed to describe the distribution of
species over crystal sites.®

In this procedure, all possible configurations within the
designated supercell are initially generated, with the assump-
tion that each configuration can be uniquely defined by speci-
fying substitution sites within a parent structure. Subsequently,
we select and fully relax the atomic positions and volume
the inequivalent configurations from the complete ensemble.

9332 | Mater. Adv, 2024, 5, 9330-9339
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The criteria for determining equivalence between two config-
urations rely on the presence of an isometric transformation
capable of converting one configuration into another. The
symmetry group of the parent structure, along with internal
translations within the supercell, provides a list of potential
symmetry operations. This approach remains valid as long as
the symmetry of each configuration is preserved during the
relaxation process. Any deviation from symmetry during relaxa-
tion would indicate the existence of additional configurations
beyond those initially considered.

To assess the thermodynamic stability of the pseudo-binary
phases of A,ZrsOy;, the above hull energy is employed.” All
computational analyses, including the construction of phase
diagrams, were conducted using the Python Materials Geno-
mics (pymatgen) software library.>® This approach enables a
comprehensive exploration of the thermodynamic landscape
and aids in determining the stable compositions and phases
under varying conditions.

3 Results and discussion
3.1 Structural and electronic properties

In all examined cases, the A,ZrsO,3 compositions (where A =
Li", Na", K") demonstrate a monoclinic crystal structure within
the C2/m space group. The initiation of these calculations relied
on structural data previously presented by the authors in a prior
study,” during the geometry optimization process, the struc-
tures underwent relaxation.

The crystal structure is characterized by zigzag chains
composed of triple-edge-shared [ZrOg4] octahedra. These octa-
hedra, in turn, form one-dimensional rectangular tunnels that
serve as host sites for the alkaline A atoms.

The findings of this study, incorporating cell parameters
derived from both density functional theory (DFT) and classical
force-field approaches, are systematically presented in Table 1.
Significant observations emerge concerning the approximately
5% variations in cell parameters obtained through both com-
putational methods.

Table 1 establishes a clear correspondence between the
structural parameters of the investigated Li,ZrsO,3, Na,ZrsOs3,
and K,ZrsOq;structures and those reported in existing litera-
ture, primarily derived from density functional theory (DFT)

Table 1 Structural parameters of A,ZrsO;3 lattice structures in their C2/m
conventional representation

Structures a(A) b (A) c(A) B
Li,Z1eO1s DFT 16.389 3.976 9.934 98.853
FF 16.511 3.892 9.82 97.489
% 0.74 —-2.10 —-1.11 —1.38
DFT 17.355 3.993 9.857 99.326
Na,Zrs015 FF 17.388 3.908 9.818 98.970
% 0.18 —2.15 —0.39 —0.35
DFT 18.247 3.999 9.815 100.721
K,ZrO5 FF 17.342 3.908 9.818 98.938
% —4.9 —2.2 0.03 —1.7

© 2024 The Author(s). Published by the Royal Society of Chemistry
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investigations.” Our analysis further reveals that the cell para-
meters obtained through the force field methodology for all
scrutinized structures in this study exhibit only minor devia-
tions, not exceeding 5%, when compared with values derived
from rigorous DFT calculations. Notably, these calculated cell
parameters consistently fall within the established range docu-
mented in previous works.” This alignment with literature
values adds confidence to the reliability of the force field
simulations in capturing the essential structural features of
the alkali hexazirconate compounds, providing a valuable and
computationally efficient tool for exploring their properties.

Table 2 shows the octahedral volume, average bond length,
and bond angle variance of the three octahedral types (labeled
1, 2 and 3, respectively in Fig. 1b) forming the simulated
A,Zr0;5 structures. The influence of A-site cations (Li, Na, K)
on the distortion of octahedra in the monoclinic A,ZrsO43
system can be assessed by examining the volume (V), average
bond length (L), and bond angle variance (2) for each octahe-
dral type.®* In Li,Zr¢Oy;, the octahedra exhibit the smallest
volumes and shortest bond lengths, with volumes ranging from
11.81 A® to 11.87 A® and a average bond length from 2.09 A to
2.14 A. Conversely, in K,ZrsO,3, the octahedra display the
largest volumes and larger bond lengths, with volumes from
11.87 A to 12.26 A® and average bond length from 2.12 A to 2.15 A.
This trend suggests that larger A-site cations lead to an increase in
both the volume and bond lengths of the octahedra.

Furthermore, the bond angle variance, which indicates
octahedral distortion, also varies with the size of the A-site
cation. For octahedral 1, the bond angle variance increases
significantly from 153.56°% in Li,ZrsO,; to 203.77°% in K,ZrsOy3,
indicating a greater distortion with larger cations. In octahedral 2,
however, the distortion decreases from 175.34°% in Li,ZrsO,3to
144.30°% in K,ZrgO43. Octahedral 3 shows a more complex beha-
vior, with the bond angle variance decreasing from Li (157.94°%) to
Na (125.85°%) and then increasing again for K (140.48°).

In comparison, the octahedral parameters in Li,TigO;3 are
distinctly different.” The volumes are considerably smaller, ran-
ging from 10.30 A® to 10.43 A°, and the bond lengths are
consistently shorter at 2.02 A® for all octahedra. The bond angle
variances are also lower, with values of 111.60°%, 128.96°%, and
141.47°% for octahedra 1, 2, and 3, respectively. Note that the Q
variation is not directly correlated with the unit cell parameters.*
These lower values suggest that the Ti-containing octahedra are
less distorted compared to their Zr counterparts.

These structural differences likely have significant implica-
tions for the mechanical properties of these materials. The
increased distortion and larger volumes in the Zr-containing

Table 2 Octahedral volume (V), average bond length (L), and bond angle
variance (Q) of each octahedral type in the A,ZreO;3 structures

Octahedral 1 Octahedral 2 Octahedral 3

Compound V(A) L(A) (0 V(@A) L(A) Q0% V@A) LA 2 (0%

Li,ZrO,3 11.84 2.09 153.56 11.87 2.14 175.34 11.81 2.12 157.94
Na,ZrsO,; 11.96 2.13 172.18 11.95 2.13 159.65 12.10 2.13 125.85
K,Zrq043 12.10 2.15 203.77 11.87 2.12 144.30 12.26 2.14 140.48

© 2024 The Author(s). Published by the Royal Society of Chemistry
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structures may lead to higher internal stress and lower overall
structural stability, potentially resulting in lower hardness and
greater susceptibility to deformation under mechanical load.
Conversely, the smaller volumes and lower distortion in the Ti-
containing structures suggest a more stable and rigid framework,
which could translate to higher hardness and better mechanical
strength. Thus, replacing Zr by Ti in the A;TicO;; systems likely
reduces the mechanical robustness of the material.

In order to prove the possible existence and practical appli-
cation of a compound, it is advisable to disclose the thermo-
dynamic stability. The thermodynamics stability of A,ZrO;; is
evaluated evaluating by examining the standard molar
enthalpy. Considering the thermodynamic cycle to form the
A,Zrs0,3 compounds as follows:

A0(s) + 6Z10,(s) — A,ZreOss(s) (1)

As the thermodynamics of the binary decomposition of
Li,ZrO;; into A,O and ZrO, follows the Hess Law,>* the A¢H,,
is evaluated from the total energy (E) derived from DFT com-
putations, taking as the starting point the total energy differ-
ence upon formation from their binary blocks and the available
experimental data of A¢H,, of A,O and ZrO,. Then, the standard
molar formation enthalpy (A¢H,,) is evaluated by:

Ame(Azzrsom) = Aer(Azzraom) + Ame(Azo) + 6Ame(Zr02)

(2)
where:

AH(AyZr6045) = E(AyZrg0,5) — E(A,0) — 6E(Zr0,)

®)

Table 3 collects the values of A.H,, of A,ZrsO,; and other
tunnel structures for comparison. The thermodynamics stability
of the partner structure to form the Li,TisO3 structure via Na/Li
ion exchange was previously studied.® In a previous work, the
thermodynamic stability of A,B¢O;3 (B = Ti, Sn) was proven
delivering their respective standard molar enthalpy of
formation.>** The values of the standard formation enthalpy
of A;BcO,3 are comparable with those for A,ZrsO;3 compounds.
The more negative is A¢H,, the more stable is the compound
against decomposition. In this sense, the A,ZrsO,; structures
have high thermodynamic stability, highlighting that the new

Table 3 Standard molar enthalpy of formation (A¢H,,) of the binary oxides
and A;B¢O13 (A = Li, Na, K, B = Ti, Sn, Zr) compounds

Compound A¢Hp, (kj mol™) Ref.
Li,O —598.73 23
Na,O ~414.20

K,O —361.50

Li,SngOys —5552.55 6
Na,5160, 5 —5101.02 5
K,S1c015 —5817.87

Li,TigO13 —6740.14 6
N2,TigO15 —6277.90 25
K,TigO15 ~6035.00 26
LiyZrgOq3 —5760.23 This work
Na,Zr¢O15 —6780.97

KyZrsO15 —5466.64

Mater. Adv., 2024, 5, 9330-9339 | 9333
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compound Na,ZrsO;; has the highest value of standard molar
enthalpy of formation.

The evaluation of ionic-electronic properties is a crucial
criterion in assessing materials for electrode applications, with
the band gap serving as a key indicator of electronic
characteristics.”?” In this study, electronic band structures for
A;Zrs04; compounds were meticulously computed using iden-
tical density functional theory (DFT) parameters. The compre-
hensive density of states (DOS) and projected density of states
were extracted employing the interpolation integration method,
with a modest broadening factor of 0.01 eV. The resulting band
structures provide a detailed insight into the electronic beha-
vior of the alkali hexazirconates, revealing the distribution of
electronic states and the presence of band gaps.

Fig. 2 portrays the density of states (DOS), intricately high-
lighting the contributions from individual constituents within
the Li,Zr¢O.3, Na,Zrs0,3, and K,ZrsO,; structures. A salient
feature across all samples is the notable accumulation of DOS
proximate to the Fermi level, a characteristic trait shared by
semiconductor materials. This accumulation signifies the
presence of electronic states available for conduction and
valence band formation, crucial for understanding the materi-
als’ electronic behavior. The band gap, representing the energy
range devoid of electronic states, is discernible in the DOS
plots, with its magnitude providing insights into the materials’
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electrical conductivity. These electronic structure analyses con-
tribute to a comprehensive understanding of the alkali hexa-
zirconates, aiding in the assessment of their suitability for
electrode applications in energy storage systems.

In each structure, Zr species predominantly contribute to
the conduction band, while the valence region is primarily
governed by oxygen species. Alkali ions, conversely, exhibit
relatively minor contributions to the electronic properties.
Notably, K-ion emerges as the principal contributor to the
conduction region as shown in the Fig. 2(d), resulting in a
diminished energy band gap of 3.72 eV in K,Zrs0,3, compared
to approximately 4.32 eV for Li,ZrsO,3 and 4.26 eV for
Na,ZrsO;3, respectively.

Notably, K-ions contribute more significantly to the valence
and conduction bands, as shown in Fig. 2(d), resulting in a
lower energy band gap of 3.72 eV in K,ZrsO;3, compared to
4.32 eV for Li,ZrsO,; and 4.26 eV for Na,ZrsO,3. This can be
attributed to the differences in ionic radii among the alkali ions
(0.76, 1.02, and 1.38) A for Li*, Na*, and K*, respectively.”® For
instance, the larger K-ion generally increases the average bond
length in K,Zrs0,3 lattice structure, consequently affecting the
cell parameters as described in Table 1. Larger ions increase
the distance between atoms in the crystal lattice, which can
reduce the overlap between atomic orbitals, leading to a smaller
splitting of energy levels and thus a smaller band gap.

;- total O
total Zr

2 total Na

> ——DOS

o

=

[}

(=

m o

C M A G Z Vo 10 20 30
Bands Structure PDOS [e7eV]
5 T T T T T T
total Li
4 total K |
total Na
3
s i ]
8 [
a 21 ]
1 J
-10 -5 0 5 10 15 20 25

Energy [eV]

Fig. 2 Band structure and density of states of (a) Li»ZrgOs3, (b) NaxZreO13, and (c) K>ZreO13 compounds, respectively. (d) DOS of Alkali ions in each

AsZreOss.
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Additionally, the octahedral distortion discussed in Table 2 for
reflects the influence of the large K-ion on the crystal structure.
These distortions can alter the electronic structure and affect
the band gap.

It is important to note that while classical pseudopotentials
have been employed in this study to approximate ground state
properties, their precision tends to wane when estimating band
gaps in semiconductors and insulating materials. This can
potentially lead to an underestimation of up to 40%, with
variations contingent on the specific material being
investigated.”® Additionally, for alternative hybrid functionals
such as HSE06, HSE03, and Hubbard approximations, the band
gap value relies on supplementary parameters essential for
aligning with experimental data. However, in light of the
absence of experimental data for K,ZrsO;3, Na,ZrsO;3, and
Li,ZrO43, coupled with the recognized tendency of DFT to
underestimate band gap calculations,>****?*! the energy gap
values presented herein are to be regarded as conservative
lower bounds.

The band structures depicted in Fig. 2, accompanied by
density of states (DOS) analysis, offer a comprehensive overview
of the electronic characteristics of Li,ZrgO;3, Na,ZrsO,3, and
K,ZrsO;; in their ground states. The graphical representations
convincingly establish the insulating nature of these com-
pounds, emphasizing sizable energy bands located near the
Fermi level. The observed insulating properties of Li,ZrO;3,
Na,Zrs0;13, and K,ZrsO;3 may pose limitations on their direct
use in electronic devices and energy storage systems, as
enhanced electronic conductivity is typically desired for appli-
cations influencing the rate capability of composite electrodes
in ion batteries.”> However, in practical scenarios, the rate
capability may not be solely governed by the electronic con-
ductivity of these compounds, given the potential utilization of
nano-sized particles with carbon coating. The versatile nature
of these materials, coupled with the ability to fine-tune their
properties, presents various opportunities to enhance their
performance in multiple technological applications.

3.2 Mechanical properties

Mechanical properties, together with analysis of the mechan-
ical stability, are important keys to evaluate the feasibility of an
unknown compound. The elastic constants describe the
mechanical stiffness of the material with respect to deforma-
tion. Elastic constants can be estimated within a simulation by
subjecting the optimized structure to a given strain pattern and
then performing energy minimization with fixed cell para-
meters on the resulting atomic configurations and solving
Hookes law.

The calculation of single-crystal elastic constants can be
performed using the stress-strain method from first-
principles calculations. In a monoclinic structure, there are
13 independent elastic constants. These constants can be
divided into two categories: those related to elasticity in length
(C11, Ca2, and Cs3), and those related to elasticity in shape (Cyq4,
Css, Ce6y C12, C13, C15, Ca3y Cas, C35, and Cye).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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There are 13 independent elastic constants, nonzero, elastic
constants with both models as would be expected according to

Neumanns rules.®*?3
Ch Cpp Ci3 0 Cis 0
Cpnp Cpn Cyu 0 Cys O
C31 C23 C33 0 C35 0
Cij = (4)
0 0 0 Cy O Cys
Cis Cs Cis 0 Css 0
0 0 0 Cg O Ces

For a stable monoclinic structure, the independent elastic
constants should satisfy the criteria which are given by the
following relations:*>*>*

2C; > 0, (5a)

[Ci1 + Cop + C33 + 2(Cia + Cy3 + C33)] > 0, (5b)

(C33Cs5 — C35°) > 0, (5¢)

(C1aCo6 — C462) > 0, (5d)

(Con + C33 — 2Cy3) > 0, (5€)

[C25(C33Cs5 — C357) + 2C33C25C35 — C23°Cs5 — Cas5°C3] ? fc)>
5

2[C15C55(C33C12 — C13Ca3) + C15C35(C22C13 — C12Cn3) +
C25C35(C11Ca3 — C12C13)] — [(C22C33 — C23”)C1s5™ + (C11Ca3 —
C13°)Ca5” + (C11Cas — C1,°)C35” + gCs5] > 0 (52)

where g=C11C5,C33 — C11Ca3” — Cp3C13% — C33C1,° +2C15C13C53
Table 4 presents the computed elastic constants, which satisfy
the criteria outlined in eqn (3.2), indicating the stability of
alkali hexazirconates of lithium and sodium under mechanical
stress. However, K,ZrsO;3 is found to be mechanically unstable,
and hence cannot be utilized as an electrode in batteries. It is
worth noting that if a force field approximation is used, this
material is stable. Nonetheless, the force field employed fails to
reproduce the mechanical properties of K,ZrsO.3;, while

Table 4 Calculated elastic constants for the A,ZrsO13 (A = Li, Na, K) by
DFT and force field (FF) calculations
LiyZrgOq3 NayZrgOq3 K,Z16013

Cij- (GPa) DFT FF DFT FF DFT FF

Ci1 173.417 228.868 190.891 260.242 102.781 242.044
Cip 61.439 75.493 68.675 83.358 50.399 80.849
Ci3 98.460 124.441 99.774 125.951 —187.667 120.527
Cis 7.069 13.094 7.731 8.630 0.829 8.614
Csy 180.802 199.100 183.587 201.813 180.842 197.799
Co3 71.449 84.795 67.353 78.475 —52.316 78.003
Css 4.364 2.438 4.064 1.782 —0.351 1.393
Cs3 254.614 348.984 216.510 318.618 —35.011 313.790
Css 15.042 23.503 14.753 6.745 50.964 9.244
Cyy 30.870 31.927 32.254 41.383 —6.047 42.452
Cyue 5.240 4.160 6.776 3.879 32.270 4.259
Css 49.912 62.055 46.781 69.237 45.383 68.404
Ceo 7.759 23.777 2.625 17.704 7.386 20.986
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providing a good approximation for estimating the structural
properties of the material.

The elastic constants reflect the material’s ability to with-
stand deformation subjected to external pressure. Fig. 3 illus-
trates the variation in elastic constants (measured in GPa)
concerning the alkali ion A (Li and Na). The results indicate
that the elasticity components in the direction of length (C4,
Cy,, and Cs3) are significant, while the elasticity components in
the direction of shape are below 100 GPa. As such, the focus
remains predominantly on Cy4, C,,, and Cs;.

The hexazirconate materials is incompressible stress along
of the principals axis x, y and z, that in monoclinic system are
directly related with crystallographic axis a, b and c, respect-
ability. The structures Li,ZrsO,3; and Na,ZrsO,; present the
values of C;; and C,, smaller that Cs;, see Fig. 3, this mean
that these materials is more easy to compress along to axis Cj4
and C,, that C3;. However, in the case of Li,ZrsO,; the value of
C,, is minor that Cy; this can be associated to with the location
of the Li atom on the xz plane of the 8-atom oxygen cage. Note
that the elastics constant increase with the atomics number of
the alkaline ions. The elastics constant obtained by force field
in all cases studied in this paper is high that the obtained by
DFT calculations as show in the Fig. 3.

If compare the elastic constants along of x, y and z axis with
Li,TigO;; and Na,TigO,; studied by Zulueta and Simalaotao,’**
the hexazirconates and hexatitanates present similar value of
Cs; that suggest that the change of Ti by Zr no affect the elastic
properties along of z axis. However, our materials are more
resistant to deformation along the x and y axis that the
heaxtitanate studied in previously work by Zulueta and
Simalaotao.”"

It is feasible to determine various material properties such
as bulk, shear and Youngs modulus, based on the elastic
constants. These results are presented in Table 5, where a
comparison is made between the properties computed using
DFT and the force field (FF) methods. The elastic constants
obtained by force field (in all cases studies in this work) are
higher than those obtained through DFT calculations.

—e— DFT-Li,Zr,0;
200 —v— FF-Li,Zr,04
—e— DFT-Na,Zr,0
—_— —w¥— FF-NayZrgO,,
=
?5 200 - i
—
=
100 X
0 T T T T T T T T T T 3

O\l‘ COCPUE PP RPN . Q‘:" le“

Fig. 3 Calculated elastic constants by DFT and force field for the hex-
azirconate A;ZrgOq3 (A = Li, Na).
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Table 5 Calculated bulk modulus (B), shear modulus (G), Youngs mod-
ulus (E), for the monoclinic structure of A,ZrgO13(A = Li, Na,)

LiyZrgOq; Na,ZrgOq3
Convenium DFT FF DFT FF
Bulk modulus
Voigt 119.05 149.60 118.06 142.97
Reuss 112.41 115.73 114.95 131.54
Hill 115.73 142.96 116.50 137.26
Shear modulus
Voigt 42.87 56.36 40.01 58.45
Reuss 21.18 22.36 5.22 22.82
Hill 32.02 39.36 22.61 40.64
Youngs modulus
X 128.20 81.61 136.17 85.88
y 152.30 80.60 152.84 78.25
4 188.03 265.46 155.77 244.82

The calculated elastic properties of monoclinic Li,ZrsO3
and Na,ZrsO;; are comprehensively presented, encompassing
bulk modulus (B), shear modulus (G), and Young’s modulus (E)
in Table 5. Utilizing both density functional theory (DFT) and
force field (FF) methodologies, the Voigt and Reuss approxima-
tions, along with the Hill average, were employed to delineate
upper and lower bounds on the effective elastic modulus of
the polycrystalline materials. Specifically focusing on the bulk
modulus, Li,Zrs0;; and Na,ZrsO,; consistently exhibit similar
resistance to volume changes under hydrostatic pressure.
Notably, when compared to their Ti counterparts, these materi-
als demonstrate small bulk modulus values.*>"* This observa-
tion holds true for both DFT and FF approaches, indicating a
heightened compressibility of Li,ZrsO,3; and Na,ZrsO;; in
response to hydrostatic pressure, thereby providing valuable
insights into their mechanical behavior.

The shear modulus, a critical indicator of a material’s
resistance to shear deformation, reveals distinctive mechanical
disparities between monoclinic Li,ZrsO;3 and Na,ZrgOs;.
Through the application of both density functional theory
(DFT) and force field (FF) calculations, Li,ZrsO,; consistently
exhibits higher shear modulus values than its sodium counter-
part, as evidenced by both Voigt and Reuss approximations.
This implies that Li,ZrsO,; demonstrates superior resistance to
shape changes induced by tangential forces, emphasizing its
enhanced ability to withstand shear deformations compared to
Na,ZrsO;;. However, it is noteworthy that in both cases, the
shear modulus of the Ti counterpart significantly surpasses
that of the studied materials,*"> underscoring the distinctive
mechanical behavior of the titanium-based compound.

Young’s modulus, also known as the modulus of elasticity,
measures the stiffness of a solid material. It quantifies a
material’s ability to resist deformation when subjected to an
axial or tensile load. In simpler terms, Young’s modulus
describes how much a material stretches or compresses when
a force is applied along its length.>®** The young modulus in
the direction y is equal to hexazirconate of lithium and sodium,
this suggests that in this type of structure, the young modulus

© 2024 The Author(s). Published by the Royal Society of Chemistry
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in this direction is not affected by the alkaline metals. Com-
pared with the hexatitanatium of lithium and sodium are more
resistant to deformations in both cases.’

The brittleness and ductility of materials can be analyzed
using different mechanical properties, as mentioned, including
the ratio of the bulk modulus to the shear modulus (B/G ratio).
These parameters provide insights into how a material will
behave under different types of stress. If the Pugh’s Criterion
(B/G ratio) is less than 1.75, the material is considered brittle,
otherwise is ductile.**'>'® This criterion suggests the materials
studies in this work are ductile, these materials have a relatively
high ability to deform under stress, this properties is essential
to the use of these materials in alkaline ions batteries.

3.3 Thermodynamical stability and open cell voltage

A material is thermodynamically stable under a given set of
conditions if its energy cannot be lowered by rearranging its
atoms. Energy lowering can arise from two distinct mechan-
isms: (1) phase separation (decomposition) into competing
materials with the same average composition or (2) phase
transition to an alternative crystal structure (polymorph) at
fixed composition.*®> In the case of some lithium materials
used in batteries exhibit stable phases at intermediate lithium
concentrations, such as lithium-vacancy orderings in intercala-
tion materials or different atomic ordering in alloys.*® In
principle, if computed using atomistic simulation is possible
determinate all intermediate possible phases and using a
formalism of convex Hull we can determinate the pseudobinary
stable phases for study materials. However the number of
combinations to generate lithium vacancy is huge and impos-
sible to calculate using atomistic simulations.

The intermediate phases in the system belong to the same
host structure, i.e., lithium ions and vacancies occupy a com-
mon sublattice. Although this general problem of finding the
distribution of a species over available lattice sites can be
solved using site occupancy disorder (SOD) program to identify
the inequivalent configurations and reduce significantly the
number of calculations. However, to construct the above Hull
diagram we used the force field validate before because the size
of the supercell 1 x 4 x 1 and the number the inequivalent
configurations are impractical to be computed used DFT.

In order to determine equilibrium concentrations of pseudo-
binary phases, it is imperative to compare energies of none-
quivalent configurations within an appropriate supercell. The
probability of a given configuration (m) is contingent upon not
only its energy (E,,), but also its degeneracy (2,,), and can be
expressed mathematically as:

Qm Em
Pm = - 6
Z exp( = T) (©)

where Z represents the canonical partition function, kg is
Boltzmann’s constant, and the index m runs over all symme-
trically non-equivalent configurations.

By utilizing this formula, we can subsequently calculate the
energy of the system in configurational equilibrium as the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Formation energies of pseudobinary phases for (a) Li,ZreO13 and
(b) Na,ZrsO43 at 300 K, respectively.

average shown in the following equation:

E= Z PmEm (7)
m

The computed energy at 300 K for various pseudobinary
phases of A,Zr¢O;3 (A = Li and Na, and x = 0 to 2) using
canonical distributions is depicted in Fig. 4. The plot illustrates
the Hull energies, and notably, both cases exhibit only two
stable phases when lithium ions and vacancies are generated
within the material. This characteristic is of paramount impor-
tance for materials intended for use in secondary batteries. The
stability of these phases ensures that the materials do not
decompose into other phases with lower open cell voltage
during the cyclic charge and discharge processes. This stability
is a key factor in the long-term performance and reliability of
the materials in practical battery applications.

The stability of battery electrodes is directly associated
with the number of plateau regions observed in the open cell
voltage curve during the discharge process. Unlike materials
such as Li,TigO;3 and NaTigO;3, which exhibit multiple pla-
teaus indicative of transitions to pseudobinary phases during
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Ti oxidation and reduction, our investigated materials, Li,-
Zr¢0;; and Na,Zr,0,3, demonstrate a simplified behavior with
only two stable phases, resulting in a consistent discharge curve.
The open cell voltage, a crucial parameter reflecting the absence
of corrosion reactions, is determined by the difference in
chemical potentials of A ions in the cathode (uayn) and the
anode (u4,, where A = Li, Na), as described by the equation:>*’

A A
Heath — K
V — cat an 8
oc = e~ fan (5
Here, F represents Faradays constant, and oo and pian represent
the chemical potential of the cathode and anode from A = Li, Na,
respectively. Combining the Nernst relation with eqn (8), the
average cell voltage is obtained:*?”
AE
Voc = ——— 9
oc=-"7 ©)
To assess the energetic cost of Li-intercalation and the change
in internal energy of the A,ZrsO,; structure, a supercell with
dimensions of 1 x 4 x 1 is utilized to remove alkaline ions, and
the total energy is obtained through force field (FF) calculations.
The change in reaction energy (AE,) of Li-intercalation between
AyZrs0,3 and A, ,Zrs0;; can be calculated using eqn (10):

AE, = E(AyZr¢015) — [E(A2_1Z160y3) + xE(A)]  (10)

where A,ZrsO,3 and A, ,ZrsO;; are the total energies of the
non-defective and vacancy structures, respectively.

The theoretical capacity (Q) can be evaluated by using the
Faraday law:**3%*

zFn

Q=36m

(11)
where F is the Faraday constant, 3.6 is the conversion factor, z
and n represent the valence (formal) charge and the number of
alkaline ions (i.e., n = 1), respectively, and M denotes the molar
mass of A,ZrsO,; (Where A = Li, Na, and K) materials.

The open cell voltage of the stable phase of Li,ZrsO,3 and
Na,Zr0;; is determined to be 1.3 V and 2.9 V, with a theoretical
capacity of 69.68 mA h g~' and 66.89 mA h g™ ', respectively.
The higher open cell voltage and lower theoretical capacity of
Na,ZrsO;; compared to Li,ZrsO;; can be attributed to the larger
ionic radius (1.02 A) and greater mass of the Na ion relative to
the Li ion (0.76 A). In addition, Na'/Na has higher reduction
potential (—2.71 V) than Li'/Li (—3.04 V). These values are
comparable to experimental results obtained for Ti-based
counterparts by other authors.™*

Bearing in mind the properties disseminated in this manu-
script, we hope that these outstanding properties motivate
further experimental syntheses and investigations of A,ZrsO;3
compounds, leading to practical applications in current and
future alkali-ion batteries.

4 Conclusion

In this study, we conducted a comprehensive assessment of the
structural, electronic, and mechanical properties of Li,ZrgO;3,
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as well as the previously unreported compounds Na,ZrO0,; and
K,Zr¢Os3, utilizing classical simulations and density functional
theory (DFT) calculations. The structural and mechanical prop-
erties were determined through force-field methods, validated
by subsequent DFT computations. Notably, the lattice para-
meters obtained through DFT calculations closely align with
previous research findings, affirming the efficacy of the force
field approach in modeling such materials.

The electronic band structure analysis revealed that
Li,ZrsO;3 and Na,Zrs0,; exhibit insulator behavior with indir-
ect band gap energies of 4.3 eV, while K,ZrsO;; demonstrates
semiconducting properties with a band gap energy of 3.7 eV.
However, it’s important to note that K,ZrsO,; was found to be
mechanically unstable, leading us to discontinue its study. On
the other hand, Li,ZrsO,; and exhibit mechanical properties
with Cy; and C,, smaller than Cj;, indicating greater suscepti-
bility to compression along the x and y axes than along the
z-axis. This ductile behavior, coupled with a Young’s modulus
similar to hexazirconates of lithium and sodium, suggests their
potential in alkaline ion batteries, where the ability to deform
under stress is essential. In terms of electrochemical perfor-
mance, Li,ZrsO,3 and Na,ZrsO;; present only two stable phases
during the charge and discharge process, resulting in a plateau
region in the open cell voltage profile at 1.3 and 2.9 V and
theoretical capacity of 69.68 mA h g~ and 66.89 mA h g™/,
respectively. This contrasts with hexatitanates, which exhibit
multiple plateau regions, highlighting a distinctive property
that may influence the performance of alkaline ion batteries. In
this study does not only improve our understanding of the
structural and electronic properties of Li,ZrsO;3, Na,ZrgO;3,
and K,Zrs0;3 but also underscores the potential applications of
the identified materials in energy storage. Future research may
delve deeper into optimizing the electrochemical performance
of these compounds and exploring additional compositions for
further advancements in alkaline ion battery technology.
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