
Citation: Reis, S.; Grosso, R.;

Kosctiuk, J.; Franchetti, M.; Oliveira,

F.; Souza, A.; Gonin, C.; Freitas, H.;

Monteiro, R.; Parreira, L.; et al. Effect

of Zr4+ on Lithium-Ion Conductivity

of Garnet-Type Li5+xLa3(Nb2−xZrx)O12

Solid Electrolytes. Batteries 2023, 9,

137. https://doi.org/10.3390/

batteries9020137

Academic Editors: Irina A. Stenina

and Chunwen Sun

Received: 18 November 2022

Revised: 10 January 2023

Accepted: 16 January 2023

Published: 15 February 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

batteries

Article

Effect of Zr4+ on Lithium-Ion Conductivity of Garnet-Type
Li5+xLa3(Nb2−xZrx)O12 Solid Electrolytes
Shirley Reis 1,* , Robson Grosso 1 , Juliane Kosctiuk 1, Marianne Franchetti 1, Francisca Oliveira 1, Adler Souza 1,
Cyrille Gonin 1, Heverson Freitas 1, Robson Monteiro 2, Luanna Parreira 2 and Marcos Berton 1

1 SENAI Institute for Innovation in Electrochemistry, Curitiba 80215-090, PR, Brazil
2 Companhia Brasileira de Metalurgia e Mineração (CBMM), Araxá 38183-903, MG, Brazil
* Correspondence: shirley.reis@sistemafiep.org.br

Abstract: Garnet-type structured electrolytes are considered a key technology for the next genera-
tion of lithium-ion batteries such as all-solid-state batteries. Cubic Garnet-type solid oxides with
composition Li5+xLa3(Nb2−xZrx)O12 (x between 0 and 1.5) were synthesized by solid-state reaction
and sintered by spark plasma sintering. Powder characterization indicates the formation of solid
solution with high chemical homogeneity and spherical particles. High relative densities (>96%)
were obtained by spark plasma sintering at 950 ◦C for 10 min and pressure application of 50 MPa.
Although the formation of secondary phase La2Zr2O7 was identified by the X-ray diffraction patterns
of Zr-doped pellets, it has been eliminated for x = 0.75 and 1 by conventional heat treatment at 850 ◦C
for 1 h. High ionic conductivity values were attained for x ≥ 0.75, reaching a maximum value in
the order of 10−4 S.cm−1 at 25 ◦C with activation energy of 0.38 eV. The results indicated that Zr4+

promoted significant increasing of the lithium-ion conductivity by lowering the activation energy.

Keywords: garnet-type oxides; solid electrolytes; spark plasma sintering; ceramics; lithium-ion
conductivity

1. Introduction

Nowadays, lithium-ion batteries (LIBs) are widely employed in many electronic
devices and have assisted in the development and evolution of technology by powering
portable electronics [1,2]. Due to the growth of interest in electric vehicles and increasing
concern regarding sustainability and clean energy, it has been predicted that the LIBs market
will need to undergo a huge expansion to fulfill the demand for rechargeable batteries [3].
However, there are many roadblocks that may hinder this development, among them
the safety hazard issue that arises due to the possibility of battery thermal runaway and
subsequent leakages and explosions during their usage [4,5]. These shortcomings happen
because of the highly flammable organic liquid electrolytes present in the batteries and
the hazardous compounds formed by their degradation [6,7]. To address this issue, the
substitution of the liquid electrolyte by solid compounds to create the all-solid-state battery
(ASSB) has been an interesting approach that leads LIB technology to the next level. Thus,
the interest for solid electrolytes has emerged as an alternative since they are not flammable,
show high thermal and electrochemical stability, high energy density, and mechanical
stability, even after being submitted to stress such as cutting and bending [8,9].

Cubic Garnet-type structured materials [10] are considered promising candidates
for solid electrolyte applications in ASSB. Among the most studied Garnet oxides are
Li5La3Nb2O12 (LLN) [11–14] and Li7La3Zr2O12 (LLZ) [14,15]. Different amounts of Li in
the compounds are due to the balance of charge caused by the oxidation state of cations
located at octahedrons sites (i.e., Nb5+ and Zr4+) [16]. The lithium-ion conductivity of
these materials was reported to be in the order of 10−5–10−7 S.cm−1 for LLN [11–14,17–21]
and 10−4 S.cm−1 for LLZ at 25 ◦C [14,15,22]. As an attempt to increase ionic conductiv-
ity and avoid tetragonal phase formation for LLZ, the substitution of atoms has been
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investigated. In this sense, it has been demonstrated that LLZ-doped compounds with
formula Li7−xLa3(Zr2−xMx)O12 (M = Nb5+, Ta5+) show an increase of one order of magni-
tude depending on the cation dopants and concentration with activation energy within
the range of 0.3–0.4 eV [10,14,22–24]. In addition, a similar effect was observed for
Li5+xLa3(Nb2−xCex)O12 solid solutions for x = 0.75 with long-term cycling stability over
380 h at 55 ◦C [13]. The highest total conductivity of 1.38 × 10−4 S.cm−1 reported for
Li5+2xLa3Nb2−xScxO12 was observed for x = 0.625 at 25 ◦C [25], while Li5+2xLa3Nb2−xPrxO12
shows a value of 4.1 × 10−4 S.cm−1 at 21 ◦C [26]. In order to compare data from the litera-
ture, total ionic conductivity values obtained at 25 ◦C and activation energy reported for
undoped and doped LLN and LLZ Garnet-type ceramics are listed in Table 1.

Table 1. Literature-reported data of the total ionic conductivity (σ25 ◦C), activation energy (Ea),
and relative density (ρR) of LLN and LLZ-based Garnet-structured solid electrolytes sintered by
conventional sintering (CS) and spark plasma sintering (SPS).

Formula x Sintering ρR (%) σ25 ◦C (S.cm−1) Ea (eV) Ref.

LLN

Li5La3Nb2O12 - CS 93.7 2.5 × 10−5 - [17]
Li5La3Nb2O12 - CS - 8.0 × 10−6 0.43 [18]
Li5La3Nb2O12 - CS - 2.54 × 10−7 0.51 [19]
Li5La3Nb2O12 - CS 89–92 3.73 × 10−5 0.43 [14]
Li5La3Nb2O12 - SPS 89 2.7 × 10−6 - [20]
Li5La3Nb2O12 - SPS - 6.99 × 10−6 0.59 [21]

LLZ

Li7La3Zr2O12 - CS - 7.74 × 10−4 - [15]
Li7La3Zr2O12 - CS - 1.68 × 10−4 0.36 [22]
Li7La3Zr2O12 - CS 89–92 3.01 × 10−4 0.33 [14]

Doped LLZ

Li7−xLa3(Zr2−xNbx)O12 0.25 CS 89–92 8.19 × 10−4 0.30 [14]
Li7−xLa3(Zr2−xNbx)O12 0.5 CS 89–92 3.74 × 10−4 0.32 [14]
Li7−xLa3(Zr2−xNbx)O12 0.4 CS 87.3 5.09 × 10−4 0.31 [23]
Li7−xLa3(Zr2−xTax)O12 0.5 CS - 5.22 × 10−4 0.32 [22]
Li7−xLa3(Zr2−xTax)O12 0.56 SPS - 1.35 × 10−3 0.41 [22]
Li7−xLa3(Zr2−xTax)O12 0.5 SPS 95.5 6.9 × 10−4 0.42 [24]

Doped LLN

Li5+xLa3(Nb2−xCex)O12 0.75 CS 75.1 1.4 × 10−4 0.35 [13]
Li5+xLa3(Nb2−xGex)O12 0.75 CS 92.0 1.2 × 10−4 - [27]
Li5+xLa3(Nb2 − xHfx)O12 1 CS - 5.0 × 10−5 - [28]
Li5+2xLa3(Nb2−xScx)O12 0.625 CS 92–95 1.38 × 10−4 0.36 [25]
Li5+2xLa3(Nb2−xSmx)O12 0.30 CS 78 5.84 × 10−5 0.38 [29]

Li5La3(Nb2−xVx)O12 0.15 CS - 6.0 × 10−6 0.37 [30]
Li5+2xLa3(Nb2−xYx)O12 0.75 CS - 2.99 × 10−4 0.42 [31]

Several synthesis methods have been applied to produce cubic Garnet solid solu-
tions, including coprecipitation [32], sol-gel [12], spray pyrolysis [20], and solid-state
reaction [15], among others. Although wet chemical synthesis might allow lowering sin-
tering temperature and dwell time due to particle size decreasing, conventional sintering
(CS) conditions which are required to obtain dense pellets might be a detrimental factor
to phase stability mainly due to the loss of Li [24]. The Spark Plasma Sintering (SPS) tech-
nique allows application of low temperatures (<1000 ◦C) and short dwell times (<10 min)
compared to a conventional process due to the simultaneous application of temperature
and uniaxial pressure [33]. As examples of solid electrolytes sintered by SPS, lithium-ion
conductivity of 6.9 × 10−4 S.cm−1 at 25 ◦C and critical current density of 200 mA.cm−2

for short-circuit was reported for Li6.5La3(Zr1.5Ta0.5)O12 sintered at 1000 ◦C for 10 min at
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37.5 MPa [24], highly dense pellets (99.8%) of Li6.87La2.97(Zr1.60Ta0.56)O12 with conductiv-
ity of 1.35 × 10−3 S.cm−1 and activation energy of 0.41 eV were obtained at 1000 ◦C for
10 min [22], and LLN dense pellets (89%) were produced at 950 ◦C for 30 min [20]. There-
fore, it is evident that the combination of cation substitution and use of SPS to produce
dense ceramics might improve the ionic conductivity of Garnet-type solid solutions.

Although Ta5+ promoted the highest ionic conductivity in doped LLZ solid solu-
tions [22,24], several other elements show promise for application as dopants in solid
electrolytes in ASSB. Garnet-type structured LLN doped with Y3+ and Sc3+, for example,
have shown good ionic conductivity in the order of 10−4 S.cm−1 [25,31] despite the low
ionic conductivity of undoped LLN. The data reported in the current literature indicate
that more investigations need to be conducted as an attempt to identify a new composition
range with higher ionic conductivity values.

Thus, in aiming for improvement of the lithium-ion conductivity of LLN-based solid
electrolytes, in the current work, we have investigated an underexplored range of solid
solutions of Li5+xLa3(Nb2−xZrx)O12 (0 ≤ x ≤ 1.5) synthesized by solid-state reaction and
sintered by the SPS method, which allows the production of highly dense pellets in short
sintering dwell times.

2. Materials and Methods

Li5+xLa3(Nb2−xZrx)O12 (LLNZ, SENAI, Curitiba, PR, Brazil) solid solutions, where x
ranged between 0 and 1.5, were produced by solid-state reaction synthesis. Stoichiometric
amounts of Li2CO3 (Sigma-Aldrich, St. Louis, MO, USA), La2O3 (Sigma-Aldrich, St. Louis,
MO, USA), Nb2O5 (CBMM, Araxá, MG, Brazil), and ZrO2 (Sigma-Aldrich, St. Louis, MO,
USA) were wet ball milled in a planetary ball mill machine (Retsch, PM 100) using 10 mm
diameter zirconia spheres in isopropyl alcohol. Sequential milling/calcination steps were
used. The first milling was conducted at 350 rpm for 12 h followed by two-step continuous
heat treatment at 400 ◦C for 1 h and 800 ◦C for 12 h. The second milling was conducted
at 400 rpm for 6 h, then powders were calcined at 800 ◦C for 12 h. Finally, LLNZ solid
solutions were milled at 100 rpm for 10 min to minimize powder agglomeration [20].
Flowcharts of the methodology performed in this work are presented in Figure 1. Each step
of the solid-state reaction synthesis is represented in the schematic diagram in Figure 1a.
An illustration of the cubic Garnet-type structure is also shown in Figure 1a, where the blue
dodecahedra and the green octahedra represent sites occupied by La3+ and Nb5+/Zr4+,
respectively. Red spheres represent O2- ions, with pink and white spheres representing Li+

ions within the Garnet structure. The crystal structure was drawn with VESTA software [34]
using ICSD #171171 [35].

Densification of the pellets was accomplished by SPS (GT Advanced Technologies
Inc., SPS 10-4). The typical procedure was performed by loading the synthesized powders
into a 10 mm diameter graphite die lined with graphite sheets. The assembly was placed
into a vacuum chamber and heated to 450 ◦C with simultaneous application of pressure.
Temperature was held constant for 10 min to ensure thermal equilibrium was reached
throughout the sample and was then increased to 950 ◦C by applying a heating rate of
50 ◦C.min−1. Pressure was continuously increased to reach the maximum value of 50 MPa,
which was released after the dwell time of 10 min. A cooling rate of 200 ◦C.min−1 was ap-
plied. A representative diagram of temperature and pressure profiles is shown in Figure 1b.
Dense pellets with 2 mm thickness were produced by this sintering process. Samples were
heat treated at 850 ◦C for 1 h in order to eliminate residual carbon from the surface of the
samples and then stored in an argon-filled glovebox (MBraun, UNIlab Pro SP). The relative
density of sintered pellets was measured by the Archimedes method and compared to the
theoretical density obtained by the Rietveld refinement of the samples. X-ray diffraction
(XRD) was performed in a diffractometer (Bruker, D2 Phaser) with Bragg–Brentano config-
uration using Cu Kα radiation and a Ni filter. Powder and sintered pellets were measured
in the 10–75◦ angular range with 0.02◦ step size and 2 s counting time. Rietveld refinement
was performed using TOPAS software. Microstructural characterization of the synthesized
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powders was performed by scanning electron microscopy (SEM, Hitachi, TM3000) coupled
with energy-dispersive X-ray spectroscopy (EDS, Bruker, Quantax 70). Images of the dense
pellets were also obtained by SEM after heat treatment, allowing microstructural evaluation
and determination of the average grain size by measuring at least 500 grains per sample.
For impedance measurements, Au electrode layers were deposited on both sides of the
pellets by the physical vapor deposition (PVD) technique (MBraun, EcoVap 5G). Samples
were placed in a Swagelok-type cell and sealed. Both electrode deposition and sample as-
sembly were performed under argon into the glovebox to avoid undesired reactions on the
sample surface, which might occur during moisture and CO2 exposure. The conductivity
was determined by an impedance spectroscopy analyzer (Solartron, SI 1260) within the
frequency range of 1 kHz to 13 MHz with an amplitude of 10 mV. Measurements were
performed as a function of temperature from 25 to 70 ◦C by using a homemade 100 mL
volume tube furnace. This furnace is made of a silicone rubber heating element rolled in a
glass tube, which is wrapped by a ceramic tube.
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Figure 1. Flowcharts of the (a) solid−state reaction synthesis of the LLNZ powders with a represen-
tation of the Garnet−type structure and (b) characterization techniques used for powders and dense
pellets with the spark plasma sintering profile.

3. Results and Discussion

LLNZ powders were successfully synthesized by solid-state reaction as evidenced
by physical–chemical characterization. XRD patterns of the LLNZ powders with different
Zr contents (x) are shown in Figure 2. Cubic Garnet-type structure (ICSD #171171) [35]
was indexed for all diffraction peaks for each produced powder. The narrow and sharp
peaks indicate good crystallinity of the materials, while the agreement between the ex-
perimental XRD results and adjusted profiles achieved by the refinement of the lattice
parameters through the Rietveld method confirms that the material shows a predomi-
nantly Garnet-type crystal structure with less than 0.5% of pyrochlore phase, especially
for x = 0.75, 1, and 1.5. As an example, refinement of the LLNZ with x = 0.75 (represented
by LLNZ0.75) is exhibited in Figure 3, with Rwp and Rp weighted profile R-factors listed
in Table 2. Rietveld refinements indicated that LLNZ with different Zr content are com-
posed by Garnet structure with space group Ia-3d [13,35]. A small amount (<1%) of the
secondary phase of La2Zr2O7 was detected only in the composition of x = 0.25 (LLNZ0.25),
as indicated in Figure 2. Less than 0.5% of the secondary phase LiLa2NbO6 was detected
for samples where x = 0.75, 1, and 1.5, also shown in Figure 2. The evolution of the lattice
parameter as a function of x is presented in Figure 4. The lattice parameter of 12.8362 Å
for undoped (x = 0, i.e., LLNZ0) material is within the range of values previously reported
for Li5La3Nb2O12 [11]. The observed linear increasing indicates that Nb5+ (0.64 Å) [36]
has been replaced by Zr4+ ions (0.72 Å) [36] resulting in solid solution formation, which
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is expected according to Vegard’s law [26] and agrees with reports in the literature for
Nb-doped LLZ compositions [14]. The refined lattice parameter and theoretical density
values are reported in Table 2.

Batteries 2023, 9, x FOR PEER REVIEW 5 of 12 
 

Garnet-type crystal structure with less than 0.5% of pyrochlore phase, especially for x = 

0.75, 1, and 1.5. As an example, refinement of the LLNZ with x = 0.75 (represented by 

LLNZ0.75) is exhibited in Figure 3, with Rwp and Rp weighted profile R-factors listed in 

Table 2. Rietveld refinements indicated that LLNZ with different Zr content are composed 

by Garnet structure with space group Ia-3d [13,35]. A small amount (<1%) of the secondary 

phase of La2Zr2O7 was detected only in the composition of x = 0.25 (LLNZ0.25), as indi-

cated in Figure 2. Less than 0.5% of the secondary phase LiLa2NbO6 was detected for sam-

ples where x = 0.75, 1, and 1.5, also shown in Figure 2. The evolution of the lattice param-

eter as a function of x is presented in Figure 4. The lattice parameter of 12.8362 Å  for un-

doped (x = 0, i.e., LLNZ0) material is within the range of values previously reported for 

Li5La3Nb2O12 [11]. The observed linear increasing indicates that Nb5+ (0.64 Å ) [36] has been 

replaced by Zr4+ ions (0.72 Å ) [36] resulting in solid solution formation, which is expected 

according to Vegard’s law [26] and agrees with reports in the literature for Nb-doped LLZ 

compositions [14]. The refined lattice parameter and theoretical density values are re-

ported in Table 2. 

Table 2. Weighted profile R-factors (Rwp and Rp), lattice parameter (a), and theoretical density (ρ) 

values determined from the Rietveld refinement for LLNZ synthesized powders as a function of Zr 

content (x). 

x Rwp Rp a (Å) ρ (g/cm3) 

0 9.18 6.75 12.8362(2) 5.208 

0.25 11.8 8.83 12.8807(5) 5.152 

0.75 4.92 3.81 12.91889(4) 5.101 

1 8.82 6.63 12.9216(3) 5.095 

1.5 8.46 6.70 12.9808(3) 5.020 

10 20 30 40 50 60 70

  

x = 0.75

x = 0

x = 0.25

x = 1

Garnet

2  (degree)

x = 1.5

+

  

*

  

 

In
te

n
s

it
y

*

  

*

  

Calcined Powders

 

Figure 2. XRD patterns of LLNZ calcined powders. (+) La2Zr2O7 and (*) LiLa2NbO6 (pyrochlore). Figure 2. XRD patterns of LLNZ calcined powders. (+) La2Zr2O7 and (*) LiLa2NbO6 (pyrochlore).

Batteries 2023, 9, x FOR PEER REVIEW 6 of 12 
 

10 20 30 40 50 60 70

 Exp

 Calc

 Bragg Position

2 (degree)

 I
n

te
n

s
it

y

 

x = 0.75

 Exp - Calc

 

Figure 3. Rietveld refinement of the XRD pattern of LLNZ0.75 powders. The differences between 

experimental (Exp) and calculated (Calc) data are shown beneath the diagram. Vertical lines indi-

cate the Bragg reflection positions of Garnet structure (black) ICSD #171171 and (red) ICSD #230281. 

 

Figure 4. Lattice parameter of Garnet LLNZ solid solutions as a function of Zr content. 

Microstructural characterization reveals micron-sized rounded particles, as can be 

evidenced by SEM micrographs in Figure 5. Elemental mapping analysis of La, Nb, and 

Zr performed by EDS is presented in pink (Figure 5b), blue (Figure 5c), and orange (Figure 

5d) colors, respectively. The elemental mapping evidenced a high degree of distribution 

and uniformity throughout the sample where no cation segregation has been observed. 

Since all compositions show similar morphology and elemental homogeneity, we are re-

porting a representative micrograph of LLNZ0.75. In addition, the experimental compo-

sitions are close to the theoretical values for all LLNZ synthesized samples. For example, 

experimental values were found to be ≈56% (La), ≈24% (Nb), and ≈18% (Zr) for LLNZ0.75 

where the expected atomic percentages are 60% (La), 25% (Nb), and 15% (Zr). Small vari-

ations are expected since EDS is a semiquantitative analysis. 

0 0.25 0.75 1 1.5

12.8362

12.8807

12.9188

12.9216

12.9808

 

L
a
tt

ic
e
 p

a
ra

m
e
te

r 
(Å

)

x  in  Li
5+x

La
3
Nb

2-x
Zr

x
O

12

Figure 3. Rietveld refinement of the XRD pattern of LLNZ0.75 powders. The differences between
experimental (Exp) and calculated (Calc) data are shown beneath the diagram. Vertical lines indicate
the Bragg reflection positions of Garnet structure (black) ICSD #171171 and (red) ICSD #230281.



Batteries 2023, 9, 137 6 of 12

Table 2. Weighted profile R-factors (Rwp and Rp), lattice parameter (a), and theoretical density (ρ)
values determined from the Rietveld refinement for LLNZ synthesized powders as a function of Zr
content (x).

x Rwp Rp a (Å) ρ (g/cm3)

0 9.18 6.75 12.8362(2) 5.208
0.25 11.8 8.83 12.8807(5) 5.152
0.75 4.92 3.81 12.91889(4) 5.101

1 8.82 6.63 12.9216(3) 5.095
1.5 8.46 6.70 12.9808(3) 5.020
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Figure 4. Lattice parameter of Garnet LLNZ solid solutions as a function of Zr content.

Microstructural characterization reveals micron-sized rounded particles, as can be
evidenced by SEM micrographs in Figure 5. Elemental mapping analysis of La, Nb, and Zr
performed by EDS is presented in pink (Figure 5b), blue (Figure 5c), and orange (Figure 5d)
colors, respectively. The elemental mapping evidenced a high degree of distribution and
uniformity throughout the sample where no cation segregation has been observed. Since
all compositions show similar morphology and elemental homogeneity, we are reporting a
representative micrograph of LLNZ0.75. In addition, the experimental compositions are
close to the theoretical values for all LLNZ synthesized samples. For example, experimental
values were found to be ≈56% (La), ≈24% (Nb), and ≈18% (Zr) for LLNZ0.75 where the
expected atomic percentages are 60% (La), 25% (Nb), and 15% (Zr). Small variations are
expected since EDS is a semiquantitative analysis.

The junction between particles (Figure 5a) indicates that the intermediate stage of
the sintering process has been initiated [37]. Although it might be a detrimental factor for
sintering, the combination of high heating rate, caused by the electric current pulses, and
pressure application of the SPS system promoted a high degree of densification (≥96%),
as reported in Table 3, and can be observed in Figure 6. Microstructural evaluation of the
dense pellets confirms the high degree of density. A bimodal distribution was identified
with grains of approximately 2 µm and submicron-sized grains. The average grain size
determined for LLNZ0.75 was in the order of 1.2 ± 0.1 µm.
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Table 3. Relative density (ρR), total conductivity (σ) at 25 ◦C, and activation energy (Ea) for each
Li5+xLa3(Nb2−xZrx)O12 (LLNZ) Garnet sintered pellet.

x ρR (%) σ25 ◦C (S.cm−1) Ea (eV)

0 99 3.6 × 10−5 0.51 ± 0.01
0.25 98 3.2 × 10−5 0.49 ± 0.02
0.75 98 1.3 × 10−4 0.40 ± 0.02

1 98 1.9 × 10−4 0.38 ± 0.01
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Figure 6. SEM micrograph of polished surface of the LLNZ0.75 sintered pellet after heat treatment at
850 ◦C for 1 h.

XRD patterns of the sintered pellets for the investigated samples are presented in
Figure 7. After sintering at 950 ◦C for 10 min (Figure 7a), only LLNZ0 shows the Garnet
structure single phase, while the substitution of Zr4+ by Nb5+ ions promoted secondary
phases such as La2Zr2O7 and LiLa2NbO6 (pyrochlore), denoted respectively by (+) and
(*). Formation of the La2Zr2O7 in LLN pellets after SPS was also reported in the litera-
ture [20–22,24]. Thus, as an attempt to remove the secondary phases and eliminate residual
carbon as well, all samples were conventionally heat treated at 850 ◦C for 1 h. However,
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although conventional heating has eliminated the La2Zr2O7 phase, this process has favored
the formation of the pyrochlore structure for LLNZ0.75 and LLNZ1 (Figure 7b). For x = 0.75,
the secondary pyrochlore phase corresponded to 2.9%, determined by the Rietveld method.
This may be related to the loss of Li during heat treatment [24,38]. The XRD pattern of
the LLNZ0 also showed the pyrochlore diffraction peak after treatment (Figure 7b). Both
secondary phases remained in the LLNZ0.25 dense pellets. For x < 1.5, no significant
changes in the lattice parameters of the Garnet structure were detected after sintering at
950 ◦C for 10 min and heat treatment at 850 ◦C for 1 h.
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Figure 7. X-ray diffraction patterns of LLNZ pellets (a) sintered at 950 ◦C for 10 min and (b) followed
by heat treatment at 850 ◦C for 1 h. (+) La2Zr2O7 and (*) LiLa2NbO6 (pyrochlore).

Samples submitted to the heat treatment at 850 ◦C for 1 h were selected for electrical
measurements except LLNZ1.5 due to the high-intensity peaks characteristic of the py-
rochlore phase. Experimental impedance spectroscopy diagrams obtained at 25 ◦C and the
equivalent electrical circuit and equations are reported in Figure 8. In a typical diagram, the
opposite of the imaginary part (-Z′′) is plotted against the real part (Z′) of the impedance,
giving rise to semicircles that might be associated with electrochemical properties. Both
axes were normalized by the sample dimensions area over thickness (S/l) and conductivity
was determined by fitting of the experimental dataset. The semicircle at high frequencies
corresponds to the total lithium-ion electrical conductivity, while the spike observed for
all measurements within the low frequency range is attributed to the Au ion-blocking
electrode effect. This effect can be verified in the plot of Figure S1, which shows the full
frequency range investigated. The equivalent electrical circuit and equations used to extract
the ion conductivity [19,24,27] are reported in Figure S1. Clear separation of the grain and
grain boundary electrical response was absent for all investigated samples, which agrees
with reports in the literature for dense sintered pellets [21]. In addition, any contribution of
the secondary phases was identified in the diagrams, indicating that the electrical behavior
of the LLNZ has not been affected by the minor amount of the La2Zr2O7 or pyrochlore
phase. Interestingly, although LLNZ0 shows a secondary phase after the heat treatment
(Figure 7b), no effect of this phase was identified in the electrical measurements (Figure S2).
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Figure 8. Impedance diagrams at 25 ◦C of the sintered LLNZ Garnet−structured pellets. (a) Limited
scale highlighting the semicircles and (b) expanded view of the high−frequency range. (c) The
equivalent electrical circuit and equations used to determine lithium−ion conductivity.

It is evident from the impedance diagrams (Figure 8) and Arrhenius plot (Figure 9)
that the lithium-ion conductivity of LLNZ0.75 and LLNZ1 are higher than the LLNZ0 and
LLNZ0.25 pellets where the values determined at room temperature are summarized in
Table 3. At 25 ◦C, LLNZ0 dense samples exhibit total conductivity of 3.6 × 10−5 S.cm−1,
which is the same order of magnitude reported previously for LLN produced by solid-state
reaction and one order superior to that synthesized by wet chemical methods [11,13,20,27].
The conductivity was increased to 10−4 S.cm−1 by increasing Zr content (x ≥ 0.75) and
reached a maximum value of 1.9 × 10−4 S.cm−1 for LLNZ1 at 25 ◦C. A significant decrease
of activation energy determined by the Arrhenius plot was observed (Table 3). The acti-
vation energy drops from 0.51 eV for x = 0 to 0.38 eV for x = 1. Thus, the conductivity
data show that the increased Zr content significantly increases ionic conductivity by lower-
ing the activation energy, which is in agreement with the trend reported in the literature
for Nb-doped LLZ [14]. In addition, similar behavior was reported for Ce-doped LLN,
where the lower activation energy was 0.35 eV with maximum lithium-ion conductivity of
1.4 × 10−4 S.cm−1 for Li5.75La3(Nb1.25Ce0.75)O12 at 25 ◦C [13].

Although the composition range investigated in the current work has been poorly
studied in the literature, it is well known that the lithium-ion conductivity is strongly
dependent on the lattice parameter in Garnet-like structured ceramics [10,13,14]. The first
investigations in the Nb-doped LLZ solid solutions show an increase in ionic conductivity
by increasing the Zr/Nb ratio. However, within the Zr-rich limits (x > 1.7), an inversion of
this trend takes place indicating changes in the ionic conduction mechanism [14]. The ionic
conductivity effect evidenced in this work might be explained based on the bottleneck size,
which is the main lithium-ion pathway [10,39]. Thus, it has been demonstrated that tailoring
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the bottleneck, which is surrounded by Nb5+ octahedrons and La3+ decahedrons, can
facilitate or hinder lithium-ion diffusivity by increasing or decreasing the lattice parameter
reflecting on changes of the crystal lattice symmetry [39]. Therefore, since the ionic radius of
Zr4+ (0.72 Å) [36] is bigger than Nb5+ (0.64 Å) [36], the increasing Zr/Nb ratio causes crystal
lattice distortion by increasing the lattice parameter, as evidenced in Figure 4, increasing
the bottleneck size. As a result, it facilitates lithium-ion conduction.
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4. Conclusions

Cubic Garnet-type structured Zr-doped Li5La3Nb2O12 (Li5+xLa3(Nb2−xZrx)O12, with
x between 0 and 1.5) solid solutions with high chemical homogeneity were successfully
synthesized by solid-state reaction. High relative density (>96%) was achieved by the SPS
technique at 950 ◦C for 10 min for all sintered samples confirmed by SEM micrographs. The
elimination of residual La2Zr2O7 was attained by conventional heat treatment at 850 ◦C
for 1 h in Zr-doped samples. High lithium-ion conductivity values of 1.3 × 10−4 and
1.9 × 10−4 S.cm−1 were obtained for x = 0.75 and 1, respectively, at 25 ◦C. The activation
energy dropped from 0.51 eV for x = 0 to 0.38 eV for x = 1, indicating that an increased Zr
content significantly increased lithium-ion conductivity by lowering the activation energy.
The results indicated that the process developed in this study allows production of Garnet-
type oxides with high ionic conductivity, even lowering the concentration of the Zr4+ ions
compared with most oxide solid electrolytes reported in the literature without harming its
performance. Therefore, the results indicate that Zr-doped Li5La3Nb2O12 compounds are
potential candidates for solid electrolyte application in all-solid-state batteries.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/batteries9020137/s1, Figure S1: Impedance diagram of the sintered
LLNZ0.75 Garnet-structured pellet obtained at 25 ◦C within the frequency range of 1 kHz to 13 MHz.
Figure S2: Arrhenius plot of the electrical conductivity of LLNZ0 samples sintered by SPS at 950 ◦C
for 10 min before and after conventional heat treatment at 850 ◦C for 1 h, which promoted pyrochlore
phase formation, as evidenced by the X-ray diffraction patterns in Figure 6.
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