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In this study, we synthesized and characterized garnet-type Li7-xAlxLa3Zr2-(5/4)yNbyO12 (LALZN) solid elec-

trolytes for all-solid-state battery applications. Our novel approach focused on enhancing ionic conduc-

tivity, which is crucial for battery efficiency. A systematic examination found that co-doping with Al and

Nb significantly improved this conductivity. Al3+ and Nb5+ ions were incorporated at Li+ and Zr4+ sites,

respectively. This doping resulted in LALZN electrolytes with optimized properties, most notably

enhanced ionic conductivity. An optimized mixture with 0.25 mol each of Al and Nb dopants achieved a

peak conductivity of 1.32 × 10-4 S cm-1. We fabricated symmetric cells using these electrolytes and

observed excellent charge-discharge profiles and remarkable cycling longevity, demonstrating the poten-

tial for long-term application in battery systems. The garnet-type LALZN solid electrolytes, with their high

ionic conductivity and stability, show great potential for enhancing the performance of all-solid-state bat-

teries. This study not only advances the understanding of effective doping strategies but also underscores

the practical applicability of the LALZN system in modern energy storage solutions.
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1. Introduction

Rechargeable lithium-ion batteries (LIBs) have

emerged as a leading electrochemical power source,

addressing contemporary global energy challenges. They

serve as essential energy reservoirs for various

applications, including electric vehicles (EVs), mobile

phones, laptops, IC cards, and other portable electronics,

as well as stationary power storage, owing to their high

energy density, extended cycle life, and environmental

sustainability [1-3]. However, the use of organic liquid

electrolytes poses safety concerns due to their

flammability and potential toxicity, limiting the broader

applicability of LIBs [4,5]. Therefore, there is a pressing

need to explore alternative electrolyte materials to

enhance safety. In this context, the development of all-

solid-state lithium-ion batteries (ASSLIBs) using solid

electrolytes as substitutes for liquid counterparts

represents a promising avenue for ensuring improved

safety.

ASSLIBs with solid electrolytes offer solutions to safety

concerns related to the flammability and leakage of

batteries using liquid electrolytes. Owing to the high

theoretical capacity and low negative electrochemical

potential of lithium [6-8], coupled with the reduced

thickness and expanded operating potential window of

solid electrolytes [9,10], ASSLIBs exhibit enhanced

energy density. Various inorganic solid electrolytes have

been studied for use in ASSLIBs, encompassing sulfides

[11-13], nitrides [14], phosphates [15,16], and oxides [17].

However, perovskite-type oxides and NASICON-type

phosphates exhibit instability in the presence of metallic

Li [10,18]. Similarly, LISICON-type sulfides demonstrate

instability with Li and release H2S upon exposure to

moisture [19]. Additionally, nitride-based electrolytes can

form an insulating layer when in contact with Li metal

[14].

Among the various electrolytes, garnet-type Li7La3Zr2O12

(LLZO) oxide solid electrolytes have garnered significant

attention due to their high ionic conductivity (~ 10-4 S cm-1)

and an expansive electrochemical potential window

exceeding 5 V, along with robust stability against Li metal

[17,20,21]. Murugan first synthesized LLZO in 2007 and

characterized its properties as a rapid Li-ion conductor
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[17]. Notably, two distinct phases have been identified in

LLZO: tetragonal and cubic [22-24]. Given that the

structure of LLZO profoundly influences Li-ion

distribution and migration pathways, the cubic phase of

LLZO offers ionic conductivity that is two orders of

magnitude higher than its tetragonal counterpart [22,

24,25]. However, pristine LLZO predominantly exhibits

the tetragonal phase at room temperature and struggles to

stabilize in the cubic phase. Consequently, modifications

to LLZO are essential to stabilize the cubic phase and

enhance ionic conductivity.

Recently, significant advancements have been made in

enhancing the performance and ionic conductivity of

LLZO through doping modifications. In this context,

several dopants have been identified as effective in

boosting ionic conductivity. For instance, Al3+ [26] and

Ga3+ [27-31] have been doped at Li+ sites, while Te6+ [32],

Sb5+ [33], W6+ [34], Ta5+ [35], and Nb5+ [36] have been

introduced at Zr4+ sites. Doping serves to amplify the ionic

conductivity by inducing vacancies, disordering Li-ion

distribution, and stabilizing the cubic phase, while

simultaneously lowering the sintering temperature.

Furthermore, for the dual purpose of reducing the sintering

temperature and augmenting conductivity, cations with

larger radii such as Sr2+ or Ce4+ can be doped at La3+ sites

[37,38]. Another pivotal consideration is the role of grain

boundaries in determining the microstructure, which in

turn affects the quality of the LLZO surface. "A dense

microstructure is instrumental in enhancing ionic

conductivity, as it reduces grain boundary resistance and

mitigates dendrite formation during lithium deposition.

Consequently, the selection of appropriate doping sites is

paramount in optimizing the properties and ionic

conductivities of LLZO electrolytes.

It is imperative to explore the simultaneous substitution

of Li+ or La3+ and Zr4+ sites with appropriate dopants

during the synthesis of LLZO solid electrolytes. The dual

doping technique offers potential to enhance phase

structure and conductivity, benefiting both fabrication and

application. Takahiko Asaoka demonstrated that only Sr

or Ca can be doped into La in Nb-LLZO (where Nb

substituted Zr), resulting in the formation of a cubic garnet

structure. However, doping with Mg or Ba in the La site

introduced impurity phases [39]. In contrast, prior studies

have employed dual doping strategies, such as Ta

substituting Zr [40], Sb replacing Zr [41] in Al-LLZO

(with Al doped into Li), and combinations of Ga in Li

and Sc in Zr [42], to augment ionic conductivity. These

dual doping approaches have been shown to induce

desirable properties, including the formation and

stabilization of the cubic phase, reduction in sintering

temperature, denser morphologies, and overall improved

ionic conductivity.

Given this context, we opted for Al and Nb to achieve a

dual doping effect in LLZO. A double-doped LLZO was

synthesized, with varying concentrations of both Al and Nb,

aiming to enhance both bulk and grain boundary

conductivities. This effort yielded an optimized composition

of Li6.25Al0.25La3Zr1.69Nb0.25O12 (LALZN), achieving an

ionic conductivity nearing the order of 10-4 S cm-1, making

it suitable for Li-ion batteries. Comprehensive electrochemical

analyses were performed on LALZN ceramics. These

were then employed as the primary solid electrolytes,

substituting traditional liquid electrolytes in ASSLIBs.

2. Experimental Procedure

2.1. Material synthesis

Li2CO3 (Alfa Aesar, 99%), La2O3 (Alfa Aesar, 99.999%),

ZrO2 (Alfa Aesar, 99.7%), Al2O3 (Hanawa Chemical, pure

grade), and Nb2O5 (Aldrich, 99.99%) served as the starting

materials for the solid-state reaction method and were

utilized without any additional purification. Double-doped

lithium garnets, denoted as LALZN, were synthesized with

a target composition of Li7-3xAlxLa3Zr2-(5/4)yNbyO12 (LALZN).

The doping concentrations for Al and Nb were

systematically varied, with combinations of (x, y) as

follows: (0.20, 0.20), (0.20, 0.25), (0.25, 0.20), (0.25,

0.25), and (0.3, 0.3). An additional 15 wt% of Li2CO3

was incorporated to mitigate lithium loss during high-

temperature sintering.

The precursor materials were subjected to ball milling

using a Pulverisette 7, Fritsch with zirconia balls in

isopropanol for a duration of 12 h at a speed of 250 rpm.

Following the ball milling, the powders were heated at

80 oC for 24 h to evaporate residual solvents. Subsequently,

the powders were manually ground using a mortar and

pestle and then annealed at 900 oC for 12 h. The resulting

powders were further ground and ball-milled for an

additional 12 h. After ensuring complete solvent evaporation,
CORROSION SCIENCE AND TECHNOLOGY Vol.22 No.6, 2023 409
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the powders were pelletized under a pressure of 65 MPa.

Prior to the final sintering at 1130 oC for 12 h, the pellets

were coated with powder of the same composition to

prevent lithium loss during the sintering process.

2.2. Analysis of materials and electrochemical properties

After sintering, one of the pellets was subjected to

grinding and characterized via X-ray diffraction (XRD)

using a D/MAX Ultima III, Rigaku diffractometer

equipped with Cu Kα radiation. The surface morphology

of the pellets was examined using field-emission scanning

electron microscopy (FE-SEM; Hitachi S-4700).

For conductivity measurements, pellet surfaces were

polished using abrasive papers with grit sizes of 180, 400,

and 2000, corresponding to diameters of 82–12.6 mm. To

ensure optimal interface interactions, ceramic pellets of

18 mm diameter and 0.3 mm thickness were sputtered

with a platinum film on both surfaces. Subsequently, silver

paste was applied and the samples were annealed at

500 oC for 2 h. The lithium-ion conductivity of LLZO

ceramics was determined by analyzing impedance spectra

captured using a ZIVE SP2 impedance analyzer over a

frequency range of 1 Hz to 1 MHz. A voltage amplitude

of 100 mV was maintained at open circuit potential. For

AC-impedance experiments, the pellets were first

sputtered with platinum and then coated with silver paste

on both sides after undergoing sintering at 1130 °C for

12 h. Silver, serving as a non-blocking electrode, was

subsequently sintered at 500 oC to enhance contact with

the LLZO pellets.

Pellet conductivity was deduced using the formula σ = 1/

R× (T/A), where ‘R’ denotes the pellet resistance measurable

by the impedance on the real axis of the Nyquist plot, 'T'

is the thickness of the ceramic disc, and 'A' represents the

surface area. Impedance measurements were taken across

a temperature range of 25 to 50oC. The activation energy

was assessed from the temperature-dependent ionic

conductivity of the pellets, employing the Arrhenius

equation.

3. Results and Discussion

3.1. Effects of double doping with Al and Nb on the crys-

tal structure and microstructure of LALZN

To understand potential synergistic effects, both Al and

Nb were doped simultaneously at various concentrations,

aiming to optimize their combined effect on ionic

conductivity. Fig. 1 presents the XRD patterns of Li7-3x

AlxLa3Zr2-(5/4)yNbyO12 for the combinations: x = 0.20, y =

0.20; x = 0.25, y = 0.20; x = 0.20, y = 0.25; x = 0.25,

y = 0.25; and x = 0.30, y = 0.30. All peaks exhibited

sharpness and closely aligned with the cubic phase

reference (JCPDS 45-0109), irrespective of the variations

in Al and Nb concentrations. No additional peaks or

impurity phases were observed for any composition of

the double-doped LALZN. The XRD analysis suggests

that doping with 0.20 mol each of Al and Nb in LLZO

results in a pure cubic phase. Increasing concentrations

of Al or Nb did not introduce any extraneous or impure

phases, maintaining the cubic structure. These patterns

for the dual-doped LLZO align with previously reported

results [4].

The SEM images of the double-doped LLZO are

presented in Fig. 2. These images consistently reveal a

non-porous, dense morphology with pronounced particle

agglomeration across all examined concentrations of Al

and Nb in the LLZO samples. Notably, variations between

different doping levels are subtle. The LLZO doped with

0.20 mol each of Al and Nb exhibits a more interconnected

and distinctly crystallized surface. By increasing the Al

concentration to 0.25 mol, while keeping the Nb

concentration constant, the morphology becomes more

interconnected. This observation aligns with prior

discussions regarding the influence of Al on LLZO.

Fig. 1. XRD patterns of LALZNO garnets with varying
concentrations of simultaneous Al and Nb doping, post-
sintering at 1130 oC for 12 h
410 CORROSION SCIENCE AND TECHNOLOGY Vol.22 No.6, 2023
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Conversely, increasing the Nb concentration to 0.25 mol,

while maintaining a constant Al concentration, results in

a slightly improved morphology. This is attributed to Nb’s

tendency to enlarge grain size and enhance surface

densification. Our analysis suggests that in this dual-

doping scenario, Nb exerts a slightly more pronounced

effect than Al. The optimal morphology—characterized

by robust particle agglomeration and a dense surface,

which is conducive to efficient Li-ion conduction—was

observed in the LLZO sample with 0.30 mol doping of

both Al and Nb. This enhanced morphology, resulting

from increased doping levels of both elements, showcases

the combined benefits of Al and Nb. The morphological

findings presented herein align with those reported in

other studies [41].

3.2. Influence of combined Al and Nb doping on the con-

ductivity of LALZN

Fig. 3a presents Nyquist plots at 30 oC for LLZO with

various simultaneous doping levels of Al in Li and Nb

in Zr. The appearance of a single semicircle, rather than

two, suggests that distinct contributions from grains and

grain boundaries may overlap, potentially leading to

indistinguishable regions [43]. Nevertheless, it can be

inferred that the high-frequency interception pertains to

the bulk, where no semicircle manifests, and the low-

frequency interception is associated with grain boundary

contributions. The suppressed shapes of the four

impedance spectra align with previously reported dense,

conductive LLZO structures [44]. Fig. 3b, c, and d

respectively depict the bulk, grain boundary, and total

conductivity as functions of the Al and Nb doping levels

in LLZO. The minimum observed bulk and grain

boundary conductivities were 6.32 × 10-4 and 1.38 × 10-4

S cm-1, respectively, for the LLZO doped with 0.20 mol

each of Al and Nb (Fig. 3c). This yielded a total ionic

conductivity of 1.15 × 10-4 S cm-1 for this composition,

which is superior to the values for LLZO doped only with

Al or Nb (Fig. 3d). This enhancement can be attributed

to the synergistic effects of dual doping: Al doping in Li

sites creates vacancies, leading to a stable cubic phase

with Li disorder over octahedral sites, while Nb doping

in Zr facilitates Li ion charge carrier fine-tuning,

augmenting carrier mobility and balancing Li ion

concentration [42]. As the doping levels of Al and Nb

varied, a range of conductivity values was observed, with

slight differences among them. The peak total ionic

conductivity, 1.44 × 10-4 S cm-1, was achieved with 0.30

mol doping of both Al and Nb.

The temperature-dependent ionic conductivity of dual-

doped LLZO, incorporating various concentrations of Al

and Nb and sintered at 1130 °C for 12h, is illustrated in

Fig. 4a according to the Arrhenius equation. The

associated activation energies for these compositions are

presented in Fig. 4b. The peak activation energy, recorded

at 0.48 eV, corresponded to the lowest total ionic

Fig. 2. SEM images of Li7-3xAlxLa3Zr2-(5/4)yNbyO12 for the following concentrations: (a) x = 0.20, y = 0.20; (b) x = 0.25, y = 0.20;
(c) x = 0.20, y = 0.25; (d) x = 0.25, y = 0.25; and (e) x = 0.30, y = 0.30
CORROSION SCIENCE AND TECHNOLOGY Vol.22 No.6, 2023 411
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conductivity observed for the 0.20 mol of both Al and

Nb dopants in LLZO. Upon increasing Al to 0.25 mol,

the activation energy reduced to 0.42 eV, resulting in a

marginal increase in total ionic conductivity. Similarly, an

augmentation of the Nb dopant to 0.25 mol led to a further

reduction in activation energy to 0.39 eV, paralleled by

an increase in conductivity. The highest total ionic

conductivity was observed for a dopant content of 0.25

mol for both Al and Nb, with the activation energy being

the lowest at 0.37 eV, underscoring the role of reduced

activation energy in enhancing ionic conductivity. This

trend—decreasing activation energy and increasing ionic

conductivity with rising dopant concentration—aligns

with previously reported findings [10,33]. In these Al-Nb

Fig. 3. (a) Nyquist plots of LALZN samples at 30 oC with varying concentrations of Nb doping; (b) bulk conductivities; (c)
grain boundary conductivities; and (d) total conductivities as functions of Al and Nb dopant content, respectively

Fig. 4. (a) Arrhenius plots of the double-doped LALZN conductivity for various concentrations of Al and Nb doping; and (b)
calculated activation energies for the LALZN electrolytes based on various concentrations of Al and Nb doping
412 CORROSION SCIENCE AND TECHNOLOGY Vol.22 No.6, 2023
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dual-doped LLZO samples with elevated concentrations,

the Li diffusion pathway was expanded by Al [45], aiding

Li-ion diffusivity. Additionally, a higher Al concentration

promoted grain connectivity, while Nb facilitated LLZO

densification. Collectively, these factors markedly

improved the ionic conductivity of LLZO [41].

Comprehensive data on bulk, grain boundary, total ionic

conductivities, activation energies, and area-specific

resistances are provided in Table 1.

3.3. Influence of combined Al and Nb doping on the

electrochemical performance of LALZN

Fig. 5a presents the Nyquist plots for the cell with a

composition of Li7-3xAlxLa3Zr2-(5/4)yNbyO12 where x = y =

Table 1. Bulk, grain boundary, and total ionic conductivities, activation energies, and area-specific resistances for various
concentrations of LALZN samples

Doping

amount

x, y

Bulk conductivity

σ bulk

[S cm-1]

Grain boundary 

conductivity

σ grain

[S cm-1]

Total ionic 

conductivity

σ total

[S cm-1]

Activation 

energy

Ea. [eV]

Area specific 

resistance

[Ω cm2]

0.20, 0.20 6.32 × 10-4 1.38 × 10-4 1.15 × 10-4 0.48 106

0.25, 0.20 6.67 × 10-4 1.44 × 10-4 1.18 × 10-4 0.42 103

0.20, 0.25 7.05 × 10-4 1.49 × 10-4 1.24 × 10-4 0.39 99

0.25, 0.25 7.49 × 10-4 1.57 × 10-4 1.32 × 10-4 0.37 94

0.30, 0.30 7.81 × 10-4 1.63 × 10-4 1.44 × 10-4 0.37 90

Fig. 5. (a) EIS profiles of the symmetric cell of Li/SP/LALZN/SP/Li, where x = y = 0.25, at various temperatures. Cell potential
profile for the symmetric cell (Li/SP/LALZN/SP/Li): (b) where Al = Nb = 0.25 mol, under 0.1 mA cm-2 at 30 oC; (c) where Al =
Nb = 0.20 mol, under 0.1 mA cm-2; (d) where Al = Nb = 0.25 mol, under 0.2 mA cm-2
CORROSION SCIENCE AND TECHNOLOGY Vol.22 No.6, 2023 413
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0.25. The left semicircle in this impedance spectrum is

attributed to the total resistance of the garnet material,

consistent with the resistance observed for the synthesized

LALZN. The total resistance of the solid electrolyte,

derived from this EIS plot, was approximately 92 W cm2.

The charge transfer resistance was found to be around

450 W cm2 at 30 °C. This is higher than that of the

symmetric cell composed of singly doped Al and Nb

LLZO. The LLZO synthesized with dual doping of 0.30

mol Al and Nb exhibited a denser morphology and

superior ionic conductivity compared to both singly doped

and other dual-doped LLZO variants.

To assess the electrochemical performance of the dual-

doped LLZO, a galvanostatic charge-discharge analysis

was conducted using a symmetric cell composed of Li7-

3xAlxLa3Zr2-(5/4)yNbyO12, where x = y = 0.25. This was

performed at a current density of 0.1 mA cm-2 with 30 min

intervals between each charge-discharge step. The voltage

profile in Fig. 5b exhibited minimal polarization, remaining

below 0.03 V for the first 100 h. Beyond 100 h, a slight

increase in polarization to approximately 0.03 V was

noted. The stability of the voltage profile even after 170 h

underscores the outstanding cycling performance offered

by this dual-doped LLZO.

For comparative analysis, a symmetric cell with a solid

electrolyte composition of Li7-3xAlxLa3Zr2-(5/4)yNbyO12,

where x = y = 0.20, was evaluated as shown in Fig.5c.

While the cell showcased a low overpotential of 0.01 V

during the initial 10 h of cycling, which was less than that

observed for the 0.25 mol dual-doped LALZN, a

noticeable increase in polarization to 0.04 V was seen after

15 h. This level of polarization, although higher than that

of the 0.25 mol dual-doped LLZO, remains acceptable for

symmetric cell operations. The higher polarization in the

0.20 mol doped LALZN can be attributed to its marginally

lower ionic conductivity compared to the 0.25 mol variant.

Consequently, variations in the ionic conductivities of

these solid electrolytes are the primary factors responsible

Fig. 6. (a) EIS profiles of the symmetric cell of Li/SP/LALZN/SP/Li, where x = y = 0.30, at various temperature. Cell potential
profile for the symmetric cell (Li/SP/LALZN/SP/Li); (b) where Al = Nb = 0.30 mol, under 0.1 mA cm-2 at 30 oC; where Al = Nb
= 0.30 mol, under 0.2 mA cm-2
414 CORROSION SCIENCE AND TECHNOLOGY Vol.22 No.6, 2023
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for differences in ohmic polarization.

The cell, featuring the solid garnet Li7-3xAlxLa3Zr2-(5/4)y

NbyO12 composition where x = y = 0.25, was subjected

to cycling at 0.2 mA cm-2 for 170 h, as depicted in Fig.

5d. The time-dependent cycling performance shown in Fig.

5d indicates that the symmetric cell maintained a minimal

overpotential of approximately 0.03 V at a high current

density of 0.2 mA cm-2, albeit with some variations. In

comparison, the potential profile of the symmetric cell with

0.20 mol dual-doped LALZN exhibited a slightly elevated

potential of 0.04 V relative to the 0.25 mol doped LALZN,

a discrepancy attributable to the differences in ionic

conductivity. Both symmetric cells demonstrated an

unstable voltage profile characterized by minimal ohmic

polarization at 0.2 mA cm-2. This suggests that as the

current increases, voltage fluctuations and a slight rise in

polarization can be observed. Nevertheless, the garnet

material is undeniably valuable for integration into solid-

liquid Li-ion cells, given its low overpotential.

The Nyquist plots for the symmetric cell configuration

Li/SP/LALZN/SP/Li, where x = y = 0.30, are presented

in Fig. 6a. Given that the solid electrolyte with 0.30 mol

dual-doping of Al and Nb previously displayed the highest

ionic conductivity, the total resistance of this symmetric

cell was observed to be lower than that of the 0.30 mol

dual-doped sample. The measured total resistance was

approximately 400 W cm2, leading to reduced charge

transfer and interfacial resistances.

Fig. 6b illustrates the cell potential profile at a current

density of 0.1 mA cm-2. The observed overpotential was

minimal, less than 0.02 V, and displayed a stable charge-

discharge plateau. Given that the solid electrolyte with 0.30

mol dual doping exhibited the highest ionic conductivity,

the symmetric cell employing this electrolyte demonstrated

the lowest overpotential. With an increase in current

density, a slight rise in cell potential was observed. At a

current density of 0.2 mA cm-2, the symmetric cell exhibited

an overpotential of 0.04 V, slightly higher than the earlier

value presented in Fig. 6c. In all tests, symmetric cells at

current densities of 0.1 and 0.2 mA cm-2, using solid

electrolytes with various dopant amounts, consistently

displayed minimal overpotentials in their charge-

discharge profiles. Consequently, it is evident that our

solid electrolyte holds promise as a viable candidate for

Li-ion batteries.

4. Conclusions

Fine Al and Nb doped- Li7-xAlxLa3Zr2-(5/4)yNbyO12

(LALZN) powders were synthesized at 900 °C using the

solid-state reaction method. The dual-doped LALZN

demonstrated a pure cubic phase at a 0.20 mol Al and Nb

co-doping level. The peak ionic conductivity achieved

was 1.44 × 10-4 S cm-1 for the 0.30 mol dual-doped

LALZN. The symmetric cells composed of Li/Separator/

LALZN/Separator/Li showcased commendable cycling

performances at both 0.1 and 0.2 mA cm-2 current

densities, demonstrating extended cycle life. In particular,

the dual-doped LLZO materials show promise for

incorporation into full cells. With further optimization,

particularly concerning molten Li metal interactions and

the interfacial dynamics between Li and LLZO, our

synthesized garnet solid electrolyte holds potential for

utilization in all-solid-state Li-ion batteries.
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