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Abstract. The garnet-type oxide LisLa3Zr2O12 (LLZO) is considered a
leading solid electrolyte for solid-state batteries due to its high lithium-ion
conductivity and thermodynamic stability against lithium metal. However,
at room temperature, LLZO forms a low-conductivity tetragonal phase.
Supervalent doping has been demonstrated to induce lithium vacancies,
thereby stabilizing the highly conductive cubic phase and enhancing
structural stability. Despite extensive studies, the mechanistic understanding
of supervalent substitution remains elusive. Therefore, in this study, density
functional theory was employed to investigate the structural, mechanical,
and electronic properties of pristine LLZO and niobium-doped Li7xLasZra-
xNbxO12 system with Nb concentration (x = 0.25). All systems were found
to be thermodynamically and mechanically stable, satisfying Born stability
criteria and exhibiting ductile behaviour. Phase transition was observed with
Nb-doped content: a monoclinic phase at 12.5% (Lis.7sLa3Zr1.7sNbo.25012).
Electronic structure analysis via density of states reveals that the doped
system is an insulator, with a decreased band gap from 4.345 eV (pristine
LLZO) to 3.734 eV upon doping. These findings substantiate the electronic
stability and structural reconfigurability of Nb-doped LLZO systems.

1 Introduction

Energy storage technologies play a critical role in modern society, supporting a wide range
of applications, including portable electronics, electric vehicles, and grid-scale energy
storage systems. Various energy storage technologies differ in key parameters such as energy
and power density, cycle life, efficiency, and economic feasibility. Among these,
rechargeable battery systems have garnered significant attention due to their efficiency,
scalability, and cost-effectiveness in energy storage applications [1, 2]. Solid-state lithium
batteries have emerged as a promising advancement in battery technology, incorporating
solid electrodes and a lithium-ion-conducting solid electrolyte. Unlike conventional lithium-
ion batteries, which rely on flammable organic liquid electrolytes, solid-state lithium batteries
mitigate the risk of thermal runaway and combustion by utilizing non-flammable solid-state
electrolytes. This innovation enhances battery safety while simultaneously enabling higher
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energy densities and improved electrochemical stability. To achieve optimal performance,
solid-state electrolytes must exhibit high lithium-ion conductivity, minimal electronic
conductivity, and robust chemical stability in contact with electrode materials, ensuring long-
term operational efficiency in rechargeable battery systems [3].

Among the diverse classes of solid-state electrolytes, including NASICON (Sodium
Super Ionic Conductor) [4, 5], LISICON (Lithium Super Ionic Conductor) [6], perovskite
[7], and garnet-type [8—10] materials, the garnet-structured lithium lanthanum zirconate
(LisLasZr,O12, LLZO) has attracted considerable interest due to its superior ionic
conductivity (~103 S cm™ at room temperature) and wide electrochemical stability window
(0-5 V vs. Li/Li*) [3, 10]. These properties make LLZO a suitable candidate for next-
generation solid-state lithium batteries, enabling compatibility with high-voltage cathodes
and metallic lithium anodes. Additionally, LLZO exhibits excellent chemical and mechanical
stability, further reinforcing its potential for application in advanced energy storage systems
[11, 12]. Numerous elements have been investigated as dopants for the garnet-type LLZO
solid electrolyte to enhance its structural and electrochemical properties. Substitution at the
Li sites with elements such as Al, and Ga has been shown to influence the distribution and
concentration of lithium ions within the crystal lattice, directly affecting ionic conductivity
[13]. Similarly, partial substitution at the La and Zr sites with Sr, Ce, Mo, W, Ta, and Ti has
demonstrated potential synergistic effects on lithium-ion mobility and structural stability [14,
15].

However, niobium (Nb) as a dopant at the Zr site remains underexplored, despite its
significant potential. Nb is substantially less expensive than commonly used dopants like Ta
or W, offering a cost-effective route for large-scale production of LLZO-based electrolytes.
Moreover, Nb>* may undergo partial reduction to lower oxidation states (Nb**, Nb**, Nb**
and Nb") under certain electrochemical conditions, potentially enhancing the electronic
conductivity of the electrolyte layer, which could be detrimental to solid electrolyte
performance due to self-discharge during cycling [16]. Most studies have focused on
enhancing the ionic conductivity of Nb-doped LisLa3Zr,O12 (LLZO) solid electrolytes.
Among these, the composition with a Nb concentration of 12.5% (x = 0.25), corresponding
to Lig7sLasZr1 7sNbo 25012, has been identified as exhibiting the highest ionic conductivity
(~8.0 x 10 S/cm at 25 °C) [17, 18]. This optimal doping level facilitates the stabilization of
the cubic garnet structure and the creation of lithium vacancies, both of which are conducive
to improved lithium-ion transport. Nevertheless, the structural stability of Nb-doped
tetragonal LLZO under operating conditions remains insufficiently understood. Therefore, in
this study, first-principles density functional theory (DFT) calculations are employed to
investigate the structural, mechanical, and electronic properties of the pristine tetragonal
LLZO and Nb-doped configuration. The goal is to elucidate the effects of Nb substitution at
the Zr site on the structural stability and electronic characteristics of LLZO. This work
contributes to the rational design of cost-effective garnet-type solid electrolytes suitable for
all-solid-state lithium batteries.

2 Computational methodology

2.1 Crystal structure modelling of pristine LLZO

The atomic structure of pristine LisLasZr,O» (LLZO) was modelled based on its
experimentally determined crystallographic parameters. The tetragonal phase of LLZO
crystallizes in the space group I4:/acd (No. 142), with a conventional unit cell containing 192
atoms. The atomic composition of the unit cell comprises 56 lithium (Li) atoms, 24
lanthanum (La) atoms, 16 zirconium (Zr) atoms, and 96 oxygen (O) atoms. In this unit cell
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structure, lithium ions are distributed over distinct crystallographic sites: Li(1) occupies the
tetrahedral 8a site, while Li(2) and Li(3) reside at distorted octahedral 16f and 32g sites,
respectively. Lanthanum atoms, La(1) and La(2) are located at the 8b and 16e Wyckoff
positions, while zirconium atoms occupy the 16c¢ sites. Oxygen atoms are distributed among
three crystallographically inequivalent sites: 32g, 32e, and 64h. A schematic representation
of the LLZO crystal structure is presented in Figure 1, highlighting the arrangement and
coordination of the constituent ions.
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Fig. 1. Schematic crystal structure of tetragonal LizLa;Zr2O12. Tetrahedral Li(1) and distorted
octahedral Li(2) and Li(3) sites are shown in the diagram.

2.2 DFT calculations with Vienna ab initio simulation package

The pristine LLZO and Nb-doped structures were modeled and evaluated using the density
functional theory (DFT) calculations with the Vienna ab initio simulation package (VASP)
code [19] to determine their structural, mechanical, and electronic stability. The simulations
employed the projector-augmented wave (PAW) method [20] and the Perdew—Burke—
Ernzerhof (PBE) [21] exchange-correlation functional within the generalized gradient
approximation (GGA) to solve the Kohn—Sham equations, which describe the behaviour of
electrons in a material. This approach ensures an accurate representation of the electronic
structure and system properties. A plane-wave basis set with a cut-off energy of 500 eV was
applied for both configurations. The Brillouin zone was sampled using the Monkhorst-Pack
method with a 5x5x5 k-point mesh for the pristine and a 5x5x5 mesh for the Nb-doped
structures. A force convergence threshold of 0.02 eV/A was imposed to ensure precise
geometry optimization. The mechanical and electronic property calculations were computed
utilising the aforementioned plane-wave cut-off values and k-point mesh parameters.
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2.3 Substitutional doping of niobium in LLZO

In this study, substitutional doping was employed to investigate the effects of niobium (Nb)
incorporation into the LLZO (LisLa3Zr,0O12) garnet-type structure. The Nb content was
substituted at the Zr site to form Liz«La3;Zr«NbxO12, with doping concentrations of x = 0.25,
0.5, 0.75, and 1. This method is based on aliovalent substitution, where Nb>* partially
replaces Zr*" within the crystal lattice. The substitution is expected to preserve the garnet
structure while modifying the electronic environment and ionic conductivity of the LLZO.
Charge compensation due to the aliovalent nature of Nb>* substitution is achieved through
the formation of Li vacancies as shown in Figure 2, which are known to facilitate Li™ transport
by enhancing the mobility of lithium ions within the lattice. This technique has been reported
to contribute positively to the overall ionic conductivity of LLZO garnet-type solid
electrolytes [22, 23].

Li3 (32g)
vacancy

Li3 (329)

Fig. 2. Schematic representation of () lithium vacancy formation at the octahedral 32g site (Li3)
crystallographic site and (b) niobium (Nb) substitution at the 16c site within the garnet lattice.

3 Results and discussion
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3.1 Structural properties

The optimized lattice parameters for the tetragonal-phase LizLa3;Zr,01, (LLZO) structure are
a=b=13.20 A and ¢ = 12.65 A. These values exhibit excellent agreement with experimental
data (@ = b = 13.13 A and ¢ = 12.66 A)[19], corresponding to relative deviations of
approximately 0.53% in the @ and b directions and 0.08% along the ¢ axis. Figure 3 illustrates
the evolution of the lattice parameters (a, b, and c) as a function of Nb concentration in Li;.
xLasZryxNbxOi2 (Where x = 0.25) structure. As shown in Figure 3, the incorporation of Nb as
a dopant in the pristine garnet structure induces a decrease in the lattice dimensions. Despite
these structural modifications, the calculated heat of formation remains invariant at AHy = -
0.35 eV/atom for Nb-doped composition, as indicated in Table 1. The consistent and negative
formation energy indicates that pristine and doped structures are thermodynamically stable.
This thermodynamic stability is crucial for maintaining structural integrity during repeated
electrochemical cycling in battery applications. The similarity in AH¢ between the pristine
and Nb-doped LLZO further suggests that the substitution of Nb does not compromise the
inherent stability of the host lattice.

Moreover, the doping process is inherently coupled with a structural transformation of
the pristine LLZO, which alters its crystallographic framework. While the pristine
crystallizes in the 14:/acd space group, Nb-substituted variant adopt lower-symmetry space
group P1. The contraction of the lattice and reduction in symmetry due to Nb substitution are
also influenced by the ionic radii of the substituent elements. Nb>* (ionic radius ~0.64 A in
6-fold coordination) is smaller than Zr*" (~0.72 A), which contributes to the observed lattice
shrinkage upon doping. This size mismatch further drives local distortions and may alter the
potential energy landscape for lithium diffusion. While the structural distortions could
influence the percolation pathways for Li* ions, the maintained thermodynamic stability and
reduced diffusion distances suggest that the Nb-doped structures remain promising for solid-
state electrolyte applications.

Table 1. Lattice parameters (A), heat of formation AHf (eV/atom) and volume (A?) of the pristine
LLZO and the Nb-doped structures.

Composition Lattlcte Heat of formation ~ Volume Space
P para(rgli ers AHi(eV/atom) (A% group
t-LizLa3Zr 012 a=13.20 14/acd
(Pristine) c=12.65 -0.35 2203
a=13.12 141/acd
Other [24] o=12.66 -0.35 2203
a=13.13 141/acd
Exp- [19] c=12.66 - 2185
Nb-doped
a=13.10
Lis 75La3Zr175Nbg 25012 b=12.79 -0.35 2200 Pl
c=13.13
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Fig. 3. Lattice parameters of the pristine LLZO and niobium-doped LLZO variant with 12.5% Nb
content.

3.2 Mechanical properties

3.2.1 Elastic constants

Elastic constants, or elastic coefficients, are fundamental parameters for assessing the
mechanical stability of crystalline materials. They quantify the stiffness of a material by
describing its response to external stress and its ability to recover its original shape after
deformation [25]. In the garnet-type LisLa3ZrO1x (LLZO) solid electrolytes, these
coefficients directly influence fracture resistance, dendrite suppression, and interfacial
durability under the mechanical stresses encountered in all-solid-state batteries [26].
Accurate determination of elastic constants provides insight into the mechanical stability,
influencing the performance and reliability of these materials in electrochemical devices.
Table 2 presents the computed elastic constants for pristine tetragonal LLZO and Nb-doped
structure, LizxLa3Zr, xNbxO2 (x = 0.25). At x = 0 (LiyLasZr;0y2), a tetragonal phase is
observed, whereas at x = 0.25 (Lis7sLasZr; 7sNbo25012), a monoclinic phase is present. In
crystalline materials, the number of independent elastic constants (Cj) is determined by the
symmetry of the system. A tetragonal crystal system exhibits six independent elastic
constants: Ci1, Ci2, Ci3, C33, Ca4, and Ces. While a monoclinic system, which possesses the
lowest symmetry, requires thirteen independent elastic constants: Cyj, Ci2, Ci3, Cis, Ca2, Cas,
Czs, Cs3, C35, Caa, Cug, Css, and Ceg.

The computed elastic constants for the pristine LLZO are in excellent agreement with
prior literature reports [27], thereby validating the employed computational protocol. The
composite shear constant C' = (C11 — C12)/2 rises from 46.13 GPa to 47.11 GPa in the Nb-
doped configuration, suggesting a net increase in structural rigidity with Nb doping. The
positive C' values indicate the mechanical stability of all the systems, suggesting that they
can withstand applied stresses without significant deformation or failure. Moreover, the
pristine LLZO structure satisfy the mechanical stability criteria for a tetragonal crystal
system, as defined by Equation 1. The Nb-doped composition Lig7sLazZr;7sNbg25012 meet
the mechanical stability criteria associated with a monoclinic system, as specified in Equation
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3. The mechanical stability conditions for a tetragonal crystal system are defined as follows

[28]:
Ci > |Co,

2C?%13< C33 (C11 + Ch),

Caut>0,2C%15 < Css (Cr11 = Cra).

along with the positive definiteness of the elastic constants:

Ci1>0,Ci2>0,Ci3>0,Ci16>0,C33>0, Casa> 0 and Ces > 0.

(M

@

For a monoclinic system, the mechanical stability conditions are given by:

C4Co5— C?45> 0,

Co+ C33—C?23> 0,

Cii+Cu+Cs3+2(Cr2+ Ciz+Ca3) >0,

Cii>0,Cn>0 C535>0 Cus>0,Css>0, Css > 0.

©)

Table 2. Elastic constants of the pristine t-LLZO and the Nb-doped structures.

Elastic constants

t-LizLasZr,O1, (Pristine)  Other [27]

Nb-doped (GPa)

(GPa) (GPa) P1
Cu 177.70 177.69 176.82
Ciz 85.44 85.46 82.60
Cis 80.44 80.42 86.33
Cis - - 0.19
Cxn - - 187.39
Ca - - 82.31
Css - - 0.20
Cs3 204.86 205.05 176.47
Css - - -0.54
Cas 76.51 76.51 74.54
Cue - - 0.20
Css - - 68.69
Ces 71.27 71.27 77.32
C 46.13 46.12 47.11
3.2.2 Elastic modulus

The mechanical behaviour of solid electrolytes under various stress conditions is critical for
their performance and reliability in electrochemical systems, particularly in solid-state
batteries. Solid electrolytes such as the garnet-type LLZO oxides are exposed to complex
stress states during fabrication, assembly, and operation. These include volumetric
compression induced by external stack pressure, shear stresses arising from interfacial
mismatch with electrodes or dendrite propagation, and tensile/compressive stresses caused
by volume changes during cycling. The elastic response of LLZO under such stress regimes
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is essential for assessing its mechanical stability and fracture resistance. To characterize the
elastic moduli of the pristine LLZO and niobium-doped structures, three fundamental
mechanical moduli are evaluated: the bulk (B), shear (G), and Young's (E) moduli are critical
parameters used to characterize the mechanical stability of materials under different stress
conditions. These moduli reflect the response of the material to various types of deformation:
bulk modulus measures resistance to uniform compression, shear modulus quantifies
resistance to deformation under shear stress, and Young's modulus indicates the material’s
ability to withstand tensile or compressive forces.

The mechanical moduli for the pristine LLZO and Nb-doped structures are presented in
Table 3. The bulk modulus (B), shear modulus (G), and Young’s modulus (E) for pristine t-
LLZO are computed as 113.99 GPa, 65.79 GPa, and 166.21 GPa, respectively, which exhibit
good agreement with previous reports [27]. The Pugh’s ratio [29] (B/G) of 1.78 and Poisson’s
ratio [30] (v) of 0.26 indicate that pristine LLZO lies near the ductile-brittle transition limit:
values above B/G>1.75 are indicative of ductile behaviour, whereas lower values suggest
brittleness. For the Nb-doped system (P/ composition), a slight increase in the bulk modulus
to 115.89 GPa is observed, suggesting enhanced resistance to volume deformation upon
substitution. However, the shear and Young’s moduli decrease to 61.99 GPa and 157.82 GPa,
respectively, indicating reduced resistance to shape deformation and overall stiffness. The
increased B/G ratio (1.87) and Poisson’s ratio (0.27) in the doped system suggest a transition
towards more ductile behavior compared to pristine LLZO. This mechanical softening is
likely attributable to local structural relaxations and lattice distortions introduced by Nb
substitution at the Zr site, which can modulate interatomic bonding characteristics. Thus, Nb-
doping in LLZO enhances ductility without substantially compromising compressive
strength or structural stability, making it a promising strategy to improve the mechanical
performance of pristine LLZO solid electrolytes.

Table 3. The bulk, shear, and Young’s modulus, Pugh and Poisson’s ratios of the pristine LLZO and
the Nb-doped structures.

Moduli Bulk Shear Young’s Pugh ratio Poisson’s
(B) (G) (E) B/G ratio v
t-LiTka:ZrOr 113.99  65.79 166.21 1.78 0.26
(Pristine)
Other [27] 112.23 64.84 163.51 1.73 0.26
Nb-doped
P1 115.89 61.99 157.82 1.87 0.27

3.3 Electronic properties

3.3.1 Density of states

The density of states (DOS) is a fundamental tool in solid-state and condensed matter physics,
providing critical insights into the electronic structure of materials and enabling the
classification of their conductive behaviour as metallic, semiconducting, or insulating [31].
Analysis of the DOS provides critical insights into the distribution and occupancy of
electronic states, thereby advancing the fundamental understanding of the electronic structure
of the material. The DOS analysis of Nb-doped Li;La3Zr,O12 (Nb-LLZO) is crucial for
elucidating the modifications in the electronic environment induced by niobium
incorporation, the resulting influence on the band gap, and the subsequent impact on the
material’s performance as a solid-state electrolyte. Figure 4 presents the total DOS for the
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pristine LizLa3ZrO1> (LLZO) and the Nb-doped structures, with the atomic contributions
clearly delineated. The analysis near the Fermi level reveals that pristine LLZO behaves as
an insulator, exhibiting a direct band gap of 4.345 eV. This relatively wide band gap suggests
that high-energy photons, corresponding to shorter wavelengths, are required to excite
electrons from the valence band to the conduction band. Such electronic characteristics are
particularly important for solid-state battery applications, where a wide band gap acts as an
effective barrier to electronic leakage. By limiting unintended electron conduction, the LLZO
structure enhances battery efficiency and stability, as electronic leakage often leads to self-
discharge and degradation over time [10, 32].

The incorporation of niobium (Nb) as a dopant at the zirconium site in LLZO induces
significant modifications to the electronic properties. The DOS profile for Nb-doped
composition exhibit a direct band gap of 3.734 eV. The observed reduction in band gap for
Nb-doped composition can be attributed to the synergistic effects of lithium vacancy
formation and the substitution of Zr** by Nb>*, both of which alter the local bonding
environment and the distribution of electronic states near the Fermi level. Despite the
reduction in band gap, the Nb-doped LLZO structure maintain insulating characteristics, as
evidenced by the preservation of a finite band gap and the absence of electronic states at the
Fermi level. This retention of insulating behaviour is critical, ensuring that the materials do
not exhibit metallic conductivity, which would be detrimental to their function as solid-state
electrolytes. The slight enhancement of electronic conductivity, without transition to
metallicity, could facilitate improved interfacial charge transfer kinetics, potentially
enhancing overall electrochemical performance without compromising the garnet-type
LLZO's essential ionic transport properties. Moreover, A lower band gap implies that less
energy is required for electron excitation, potentially improving interfacial charge transfer
kinetics. Although high electronic conductivity is generally unfavorable for solid electrolyte
applications, controlled doping strategies that modestly reduce the band gap without inducing
metallic behaviour can optimize the delicate balance between ionic and electronic
contributions.

a) [Toos
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Fig. 4. The density of states of the (a) pristine tetragonal phase (14:/acd) LizLasZr2O12 (LLZO) and (b)
monoclinic phase (PI) Lis 7sLa3Zr; 75Nbo25012.
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4 Conclusion

First-principles density functional theory (DFT) simulations utilising the PAW-PBE
formalism in VASP were successfully employed to investigate the effects of supervalent Nb-
doping (LizxLa3Zr«xNbiO12, x = 0.25) on the structural, mechanical, and electronic
properties of the tetragonal Li;La;Zr,O1, garnet-type solid electrolyte. The pristine LLZO
structure was determined to be thermodynamically stable, exhibiting good agreement with
experimental data, with deviations of less than 1%. Substitutional doping of Nb>* at Zr*" sites
introduced charge-compensating lithium vacancies, leading to contraction of the lattice
parameters and reduction in crystal symmetry without compromising thermodynamic
stability. Mechanical property analyses demonstrated that Nb doping generally enhanced the
axial stiffness and composite shear resistance (C'), while slightly reducing shear moduli
compared to the pristine phase. These changes contributed to improved structural rigidity,
crucial for maintaining mechanical stability under the stresses encountered in solid-state
battery applications. It is further observed that all compositions, tetragonal (x = 0 [pristine])
and monoclinic (x = 0.25), satisfy the mechanical stability criteria for their respective
symmetries. Moreover, bulk, shear, and Young's moduli computations revealed that Nb
incorporation preserved mechanical stability while imparting improved ductility, as
evidenced by increases in Pugh's ratio (B/G > 1.75) and consistently high Poisson's ratio
values. Thus, Lis7sLasZr;75sNbo2sO12 (x = 0.25) reached the Pugh ratio value of 1.87,
compared to 1.78 for the pristine structure. Electronically, Nb-doping reduces the direct band
gap from 4.345 eV in pristine LLZO to 3.734 eV upon doping. However, the doped structure
maintained its insulating nature, with no metallic states observed at the Fermi level. This
preservation of insulating behaviour ensures that Nb doping does not adversely affect the
electrolyte’s electronic isolation, while a slightly reduced band gap may enhance interfacial
charge transfer kinetics, potentially improving overall electrochemical performance. The
reduction in band gap is advantageous for enhancing interfacial charge transfer and may
improve the overall electrochemical performance in solid-state battery applications. This
study demonstrates that Nb doping in LLZO effectively tunes the structural, mechanical, and
electronic properties without compromising thermodynamic or mechanical stability. These
findings highlight the potential of Nb-doped LLZO as a mechanically resilient, structurally
stable, and electronically favorable solid electrolyte for next-generation all-solid-state
lithium batteries.
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