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ABSTRACT

The complete transition to renewable energy sources is limited by your intermittent energy
generation. The battery provides the portability of stored chemical energy with the ability to
deliver this energy as electrical energy with a high conversion efficiency. The oxide based on
the Andersson-Wadsley family has received increasing attention to use as an anode of battery
due to this structure presenting the tunnel to ionic transport. The structural, electronic, and
mechanical properties of Li,ZrsO13 and unknown materials Na,ZrsO13 and K,ZrgO13 were
evaluated using classical simulations and DFT calculations. The electronic band structure
analysis points out the insulator character of Li,ZrsO13 and Na,ZrsO;3 and the semiconductor
character of the K,ZrgO13 compound. The reaction ion exchange of Li/K, Li/Na, and K/Na is

energetically favourable to the synthesis of the unknown materials K,ZrgO13 and NayZrgO3,
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respectively, for this reason, these compounds can be recommended as an alternative material
for energy storage in ion-batteries.

Keywords: alkali-lon Battery; atomistic simulations; structural properties; band gap.

RESUMEN

La transicion completa a fuentes de energia renovable esta limitada por su generacion de
energia intermitente. La bateria proporciona la portabilidad de la energia quimica almacenada
con la capacidad de entregarla como energia eléctrica con una alta eficiencia de conversion.
Los 6xidos basados en la familia Andersson-Wadsley han recibido una creciente atencion en
su uso como anodo de bateria, debido a que presenta una estructura tipo tdnel que favorece el
transporte ionico. Las propiedades estructurales, electronicas y mecénicas del Li,ZrsO13 y de
los materiales desconocidos NayZrsO13 y KyZrgOi13 se evaluaron mediante simulaciones
clasicas y calculos DFT. El analisis de la estructura de banda electronica sefiala el caracter
aislante de Li»ZrsO13 y NayZrsO13 Yy el cardcter semiconductor del K,ZrgO13 La reaccion de
intercambio i6nico de Li/K, Li/Na y K/Na es energéticamente favorable para la sintesis de los
materiales desconocidos KyZrgO13 y NapZrgOp3, respectivamente, por lo que estos
compuestos pueden recomendarse como material alternativo para el almacenamiento de
energia en baterias de iones.

Palabras clave: bateria de iones alcalinos; simulaciones atomisticas; propiedades

estructurales; band pap.
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Introduction

It is now almost universally recognized that gaseous emissions from the burning of fossil
fuels and biomass are not only polluting the air of large, modern cities but are also creating
global warming with alarming consequences. Moreover, dependence on foreign oil and/or
gas creates national vulnerabilities that endanger social stability. These concerns are
concentrating attention once again on national initiatives to evaluate the utilization of
alternative energy sources and the replacement of the internal combustion engine with a

wireless electric motor. However, the complete transition to renewable energy sources is
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limited by your intermittent energy generation. The battery provides the portability of stored
chemical energy with the ability to deliver this energy as electrical energy with a high
conversion efficiency and no gaseous exhaust. Whereas alternative energy sources are
stationary, which allows other means of energy storage to be competitive with a battery,
electric vehicles require the portable stored energy of a fuel fed to a fuel cell or of a battery.
High specific energy density and capacity, high cycle lifetime, and fast charge capabilities are
the main goals that lithium batteries have to reach to jump from portable devices to hybrid or
electric vehicles. Such a large-scale market demand will sustain an important research
activity on the development of new battery configurations and hence new battery
chemistries.®*

Titanium oxide-based materials have been intensively investigated because of their potential
applications as electrodes for lithium-ion batteries, photocatalysts, or semiconductor devices.
More recently, the alkali metal titanate family with the general chemical formula
A,TigO13 (A = Na, Li, K, H) has awakened much interest due to a wide range of interesting
chemical properties.®

Among several types of technologically important oxides, those based on the Andersson-
Wadsley family (A,0-nTiO,; A = alkali cation; 1 < n < 6) have received increasing attention.
The n = 6 members, i.e., alkali hexatitanate A,TigO13, have been extensively studied for
several potential applications.®**") Three [TiOg] octahedra are edge-shared in a row forming
a building block, and the block is connected with identical blocks above as well as below
resulting in a ribbon. The ribbons are corner-shared, resulting in an [Ti;0,;]*~ framework
with the tunnel extending along the b-direction. Based on symmetries, there are seven types
of oxygen atoms in this structure with a coordination number ranging from 2 to 4. The larger
K" and Na’ cations coordinate to eight oxygen atoms in a distorted tetragonal prism
[(K/Na)Og]. On the contrary, the smaller Li* cations form a distorted [LiOs] triangular
geometry.®71% |n general, alkali hexatitanate compounds have a tunnel structure that
allows for the accommodation and migration of alkali ions. Li,TigO13 has been obtained using
the Na,TisOy3 parent structure with a Li*/Na” ion exchange method. Li-ion diffusion takes
place through this [LiO4] square-planar channel. Because of the abovementioned Li-ion
coordination, Li»TigO13 has been considered a 1D Li-ion conductor, similar to the case of
ramsdellite Li,Tiz0. (101215

Computational methods are today an important complement to experiments in the study and
design of materials. These techniques provide the means to precisely control the simulation
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conditions, something which is difficult to truly achieve under experimental conditions. The
use of theoretical design and simulation, with state-of-the-art first-principles approaches has
been increasing, because it is an essential process for accelerating the discovery of new
materials, which provides considerable accuracy of the structures and properties at the
electronic level this calculation has been used in successful materials design efforts for
applications as varied as alkali-ion batteries."®*” Atomistic simulations have been performed
to disclose the main properties of materials. In particular Li,TigO1s, Li»SngOy3 structures ©
more recently, Li,ZrsO13 emerged as a potential candidate electrode for Li-ion batteries.®
The structural and electronic properties of these materials were studied in this article using
density functional theory. The increase of the ionic radius of the B ions in the studied
materials expands the unit cell parameters and the Li-Li distance in the channel of the
Li,BsO13 (B = Ti*", Sn**, or Zr**) compounds. Electronic structure calculations confirm that
all structures present semiconductor characteristics. Li,SngO;3 presents the best
semiconductor properties with a band gap of 1.24 eV. The open cell voltages are found to be
2.20, 2.70, and 1.95 V per Li*/Li intercalation in Li,BgO13 structures, respectively.(”® These
predicted properties bring in new evidence to consider these Li,BgO13 for use as alternative
battery materials. The aim of this work consists of a theoretical exploration of structural and
electronic properties of new compounds, namely NayZrsO13 and KjyZrgO13 as potential

candidates as electrodes in alkali ion batteries.

Materials and methods

The compounds in concern are classified as 1D type structure A,ZrO13 (A= Li*, Na" and
K*), and exhibit large specific surface area and structural anisotropy.® The crystal structure
of alkali hexazirconate A,ZrsO13 with A = Li*, Na™ or K" is shown in Figure 1. The AZrsO13
consists of [ZrgO13]? frameworks combined by alkali ions and oxygen in square planar
hybridization. These properties are adopted from our assumption of the possible ion-

exchange synthesis to obtain the A,ZrsO13 from the known A, TigO13 structures as follows:

A',Ti 0,5 +6Zr0, - A',Zr 0,, + 6TiO, (1)

Once the A',Zr.0,, is derived from Equation (1) (e.g. with A" = Li* ), the following step
considers the A’ ion-exchange to obtain Na,ZrsO;3 and K,ZrsO13 structures. The possibility of

the abovementioned doubly ion-exchange reaction is justified because, in our previous works,
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similar reactions were validated as a possible synthesis strategy for new compounds.”’: *® In
this concern, the A,ZrsO13 are partners with each other, including their Ti-containing

counterparts.

Fig. 1- Monoclinic A,ZrsO13 (A= Li*, Na" and K*) in the conventional representation (C2/m

space group). Blue red and green balls represent the A*, 0> and Zr** ions, respectively.

The experimental methods to find the improved negative electrodes for their use in high-
performance batteries are expensive and slow mainly because they are based on trial-and-
error procedures. DFT computations are used to predict the structural and electronic
properties among other relevant magnitude concerning the development of battery materials.
DFT computations are performed to explore the structural and electronic properties of these
structures. The CASTEP computer code was used to conduct the DFT calculations.® The
generalized gradient approximation with Perdew-Burke-Ernzerhof formulation is used (20)
together with the norm-conserving pseudopotentials (with a plane-wave energy cutoff of 750
eV) of A-ns', 0-2s? 2p* and Zr-5s° 5p? electronic configuration is adopted. The convergence
thresholds for self-consistent computations and geometry optimizations using a quasi-Newton
algorithm to simultaneously relax the internal coordinates and lattice parameters of a crystal
while preserving its symmetry are taken to be 10°® eV/atom, with a maximum force of 10
eV/A and stress and atomic displacements of 5 x 10 GPa and 5 x 10™* A, respectively.®V

In this work, the monoclinic systems studied, Na,ZrsO13 and K,ZrgO13 have a conventional
cell of 42 atoms with a space group of C2/m that we used for bulk calculations. For
Na,Zr603, and K,ZrgO13 the crystal structure is slightly modified (concerning those of
Li,ZrgO13) by shifting the Na/K atoms from Li positions in the fractional coordinate system.

The crystal structures of Na,ZrsO13 and K,ZrgO13 are depicted in Figure 1. A I'-centered
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Monkhorst-Pack scheme is used to sample the Brillouin zone for geometry optimization. A k-
point set of 7x7x3 along the reciprocal representation for the A,ZrgO13 structures is used to
obtain the total (DOS) and projected density of states (PDOS) in their reciprocal conventional
representation.

Lattice static calculations, based on the force-field approach implemented in the GULP code
(22) “are also used to further explore the structural properties. Interatomic potential parameters
(force-field) to model the ionic interactions are taken from the literature. Long—range
interactions are treated by Coulombic forces while the short-range interactions are
represented by Buckingham-type potentials. To complete the force field, the shell model is
introduced to account for the ion polarization for the O-O interactions.®® In the shell model,
each ion is modeled as a positively charged core and negatively charged shell connected by a
spring with a spring constant k. The sum of the core—shell charge is equal to the formal
charge of each ion. To update the cell parameters and fractional positions of the equilibrium
A,ZrsOq3 lattice structures, the Broyden—Fletcher—Goldfarb—Shanno (BFGS) approach is
employed. These combinations of atomistic simulations have been widely used to provide

accurate predictions regarding the relevant properties of ionic compounds.!%)

Results and discussion

Structural properties

The results of the cell parameters, obtained from DFT and classical force-field approaches,
are compiled in Table 1. Small variations of the cell parameters derived by both methods are
observed. For instance, the a- cell parameter increases progressively from LiyZrgOs3 to
K2ZrsO13, which is attributed to the ionic radius difference between alkali ions. The b- cell
parameter decreases slightly from 3.646 A (Li,Zr¢O13) to 3.641 A (Na,ZrsO13) reaching its
highest value in K,ZrsO13 (3.684 A). A similar variation in the c— cell parameter is observed,
in which the Na*/Li* ion-exchange induces no significant effect on the variation of b— and c—
cell parameters. In the general case of A;BsXi3 (B=Ti*", Sn**, Zr**; X = 0%, $%) structures,
the shortest alkali jump distance coincides with the b— cell parameter.®?® This jump distance
is of vital importance for the alkali migration within the [AO,4] channels through the A,Zr¢O13
lattice structures. In such an aspect, the Li,ZrsO;3 and Na,ZrsO13 have similar jump distances.
As shown in Table 1, the values of the structural parameters of Li,ZrgO;3 structures
considered are consistent with those previously reported in the literature by DFT studies.®
The cell parameters of all structures studied in this paper obtained by the use of the force

field show a deviation of less than 10 % concerning the reported by DFT calculations.
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The b variation concerning DFT calculation is more than 5 % contrary to other cell
parameters that present small values. Our calculated cell parameters are also in line with the

range previously reported in the literature.®

Table 1. Structural parameters of A,ZrsO13 lattice structures in their C2/m conventional

representation.

Structure a(d)y (A c¢(Ad) B © Eg(eW)
DFT 1930 3.646 10,277 97.247
LizZré013 FF 16,548 3,909 9858 97498 3,788
o 2231 672 425 0726
DFT 18,043 3,641 10,282 98257
NaxZrgO1: FF 17,413 3,922 0857 98998 3474
% 362 718 431 075
DFT 18,941 3.684 10,199 100,680
K:ZrsO13  FF 18387 3.934 9.881 100997 2997
% 301 637 -322 031

Electronic properties

Outstanding ionic-electronic properties are essential key requirements to consider compounds
as electrodes. The band gap can be used to evaluate the electronic properties of a
material.®?® The electronic band structures of A,Zr¢O;3 are obtained using the same DFT
setup. The total and projected density of states and band structures are obtained with the
interpolation integration method with a broadening factor of 0.01 eV. Figure 2 displays the
density of states (DOS), including the density of states of individual species of Li,ZrgOs3,
Na,ZrsO13 and K,ZrsO13 structures. In all samples, there is the accumulation of DOS near the
Fermi level, characteristic of semiconductor materials. In all structures, Zr has a major
contribution to the conduction band and O specie at the valence region. Alkali ions have less
contribution to the electronic properties; in particular, K-ion has the major contribution to the
conduction region reducing the energy band to 2.997 eV in K,ZrgO13, as compared with the
energy gap of ac. 3,788 and 3,474 eV for Li,ZrgO13 and Na,ZrgO13 compounds, respectively.
The use of classical pseudopotentials in this paper provides a reliable approximation for
ground state properties. However, their accuracy diminishes when estimating the band gap in

semiconductors and insulator materials, potentially leading to an underestimation of up to
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40%, depending on the specific material under investigation.*” Additionally, for other hybrid
functionals like HSE06, HSE03, and Hubbard approximations, the band gap value is
dependent on additional parameters necessary to match experimental results. Given the
absence of experimental data, we can only confidently determine the semiconductor or
insulating nature of these materials. Furthermore, since K2Zr6013, Na2Zr6013, and
Li2Zr6013 are hypothetical compounds, combined with the aforementioned issue of DFT
underestimating band gap calculations #2829 the energy gap values presented in this study
should be considered as lower bounds.

Together with the DOS analysis, Figure 3 shows the band structure of Li,ZrgO13, NaZrgOqs,
and K,ZrgO13 computed in their ground state. The aforementioned insulating character of

these compounds is confirmed by the presence of large energy bands near the Fermi level.
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Fig. 2- The density of states of Li,ZrsO13, Na,ZrsO13 and K,ZrgO13 structure, respectively.

The vertical red line represents the Fermi level
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Fig. 3- Band structure profile of a) Li,ZrgO13, b) NayZrsO13 and ¢) K,ZrsO13 compounds,

respectively. The horizontal red line represents the Fermi level.
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Thermodynamic analysis of A,ZrsO13 formation via ion exchange reactions
Thermodynamic stability is a fundamental property of a material, providing quantitative
information about the driving force for forming or decomposing a phase under equilibrium
conditions. It is the principal quantity that suggests whether a compound can be formed and if
it will persist under conditions of interest. First-principles calculations, such as those
performed using DFT, have proven to be a reliable tool for determining thermodynamic
stability for many known and newly proposed materials. (?*242%26.27:28,29.30)

However, it’s important to note that while DFT for material stability considers isolated
systems in vacuum at 0 K, the effect of temperature and other intensive properties can be
captured in a thermodynamic stability analysis. In this case, it has been shown that formation
energies are generally unaffected by this mapping from 0 K energies to 298 K enthalpies, due
to cancellation of errors.®?

The formation of the compounds under study can be evaluated by using the energy of
possible reactions for the synthesis of the A,ZrsO13, considering the energetics difference
between reactants and product constituents. For instance, from Equation (1) we have: to

obtain the Li»ZrgO13 from the known Li2Ti6013 structures as follows:

Li, Ti 0,5 + 6Zr0, — Li,Zr_0,; + 6Ti0, )

Once the Li,ZrgO13 is derived, we can evaluate the alkali-ion exchange as follows:

Li,Zr 0,5 + Na,0 — Na,Zr.0,; + Li,0 (3)
Li;Zrg 045 + K0 = Ky2r, 043 + 11,0 (4)
K,Zr.0,; + Na,0 = Na,Zr.0,; + K,0 (5)

The reaction energy, AEy, is then evaluated by:

ﬂ'ER = E[EProducrs - EREEGtEntsj (6)

where

and E

Reactants

E

Products

represent the lattice energy of products and reactants, respectively,

and the sums run over the product/reactant constituents.

404



While computational predictions of thermodynamic stability would ideally be directly related

to synthesizability, the complex processes that can occur during synthesis are not purely

thermodynamic (i.e., kinetics under difficult to describe conditions play a significant role)

and today, cannot be easily captured with first-principles calculations.

The lattice energies of reactant and product constituents are computed by using the force field
method adopting the same setup described in Section 2. Figure 4 b shows the possible
reaction path to obtain the A,ZrsO13 compounds. The sums of the energy of reactants and
products were calibrated as a baseline to help the view as shown in the Figure 4 a. The results
show that the formation of Na,ZrsO;3 from Li,ZrgO13, described by Equation (3), is less
thermodynamical unfavourable with AE; of -1,21 eV, followed by the formation of
Li,ZrsO13 [Equation (2)] with -1,08 eV. The formation of Na,ZrsO13 [Equation (5)] with AE,

of -0, 52 eV is the most thermodynamical favourable, followed by the formation of K;ZrgO13
[Equation (4)] with an energetics cost of ac. -0, 69 eV, respectively.
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Fig. 4- a) Reaction energy of hypothetical A,ZrsO13 synthesis, b) Hypothetical reaction path

to obtain these compounds by ion exchange synthesis

In previous works, concerning computational material design of Li,BgXi3 (A = Li*, Na*, K';

B =Ti*, Sn**; X = 0%, $%), we demonstrated the possibility of the Sn**/Ti** ion-exchange to
form evaluating their decomposition energy.(’*829)

But only are thermodynamically
favourable the ion exchange reaction showed in Figure 4 b.
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Conclusions

In this study, the structural, electronic, and mechanical properties of Li,ZrsO13, as well as the
previously unreported compounds Na,ZrsO13 and K,ZrgO13, were comprehensively assessed
through classical simulations and Density Functional Theory (DFT) calculations. The
structural properties were determined using force-field methods, and their accuracy was
subsequently verified via DFT computations. The lattice parameters obtained through DFT
calculations closely align with prior research findings, which utilized GGA PBE functionals
and the force field methodology. This underscores the capability of the force field approach
to effectively model such materials, facilitating extensive exploration for novel and intriguing
compounds. The electronic band structure analysis indicates that LioZrsO13 and NayZrgO13
exhibit insulator behavior, featuring indirect band gap energies of 3,788 eV and 3,474 eV,
respectively. In contrast, K,ZrsO13 demonstrates semiconducting properties with a band gap
energy of 2,997 eV. Our research substantiates the feasibility of ion exchange reactions
involving Li/K, Li/Na, and K/Na, proving their energy-efficient potential in synthesizing the
previously unidentified materials K,ZrgO13 and Na,ZrgO13. In summary, hexazirconates of
potassium and sodium can be efficiently synthesized through ion exchange reactions, making

them promising candidates for energy storage applications in ion batteries.
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