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Abstract: Li7La3Zr2O12 (LLZO) garnets are considered as promising materials for electrolytes in solid-state 

batteries. In this study, Li7-3xAlxLa3Zr2O12 (x= 0.22, 0.25, and 0.28) garnet was synthesized using the combustion 

sol-gel method to stabilize the cubic phase for higher ionic conductivity. The X-ray diffraction (XRD) results of as-

synthesized powders revealed that by addition of 0.22 and 0.25 mole Al, the tetragonal persists to exist, whereas 

0.28 mole Al addition resulted in a single cubic phase. Afterward, the as-synthesized powders were pressed and 

sintered at 1180°C for 10h. The hardness evaluation revealed that Al addition increased the hardness that caused 

better resistance against Li dendrite formation. The secondary electron microscopy results demonstrated that the 

dopant did not have a huge impact on particle size and grain growth. However, the porosity content was changed. 

Finally, electrochemical behaviour studies showed that, the addition of Al increased the ionic conductivity of 

samples by increasing the density and stability of the cubic phase. The results indicated that the sample containing 

0.25 mole Al sample had the highest ionic conductivity. This behaviour is believed to be the result of the promotion 

of sintering and an increase in the bulk ionic conductivity by Al doping. 

Keywords: Solid electrolyte, Combustion sol-gel, Electrochemical characteristics, Li7La3Zr2O12 (LLZO), Al-doped. 

 

1. INTRODUCTION 

Lithium-ion batteries have attracted a lot of 

attention due to their higher energy and power 

density [1-4]. Nowadays, solid-state batteries 

have played essential roles as energy storage 

devices [5-7]. Also, compared to liquid 

electrolytes, solid electrolyte technology is 

currently promising to be used in devices, 

especially electric vehicles and energy storage 

devices, because of their higher safety, the 

potential for longer life, and higher capacity. 

Different types of solid electrolytes have been 

introduced, such as garnet [8-10], perovskite  

[8, 11], Nasicon [8, 11], Lisicon [8, 12], etc. 

Despite the old history of solid electrolytes, in 

2007, Murugan and Weppner reported garnet-

type solid electrolytes with high ionic 

conductivity for the first time. These garnet 

electrolytes showed promising behavior due to 

high stability against Li electrodes, competent 

ionic conductivity, and reliable thermal stability. 

Although, the cubic crystalline phase of LLZO 

revealed the competent ionic conductivity (about 10−4 

S cm-1), whereas the tetragonal phase (the other stable 

crystalline phase) is two times the magnitude lower 

in conductivity (about 10−6 S cm-1) [7]. 

Stabilizing the cubic phase is a challenge, and 

different efforts are performed to overcome this 

hurdle. One of the main solutions is using dopants 

to stabilize the cubic phase. Different dopants 

such as Al [13-17], Ga [18-21], Nb [22, 23], Ta 

[24-26], etc., have been used to stabilize the 

LLZO cubic phase by creating vacancies and 

increasing irregularities while increasing ionic 

conductivity. Among these dopants, Al has 

received a lot of attention due to its cost-

effectiveness and improving the sintering process. 

It is worth mentioning that different amounts of 

Al between 0.2 and 0.3 have been proposed for 

the optimum amounts. 

Despite the dopant, the synthesis method impacts 

phase evolution and the final ionic conductivity of 

the sample. For instance, Matsuda et al.'s results 

showed only the tetragonal phase by adding 0.2 

moles Al by the solid-state method [27], whereas 

Rangasami et al. synthesized the cubic phase with 

0.2 moles Al, by the sol-gel method [28]. This 

indicates that the synthesis method, in addition to 

substitution, can affect the stabilization of the 

cubic phase. Different types of synthesis methods 

such as sol-gel [29-33], solid-state [6, 18, 34, 35], 

solution-based [36, 37], etc., have been used to 

synthesize LLZO. Amongst all of these methods, 
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solid-state and sol-gel attracted more attention. 

The solid-state process is the simplest, although, 

higher calcination temperature and longer time 

resulted in a lithium deficiency in synthesized 

powder. 

On the other hand, the sol-gel method has several 

advantages, such as shorter time and lower 

temperature of calcination, while the controlling 

stoichiometry is simpler [38-40]. Among 

different sol-gel methods type, the combustion 

sol-gel method has been deserted, and there are 

not many reports on that. Moreover, the cubic 

phase is obtained in a broader range of lithium 

concentrations by the sol-gel method. 

The combustion sol-gel method is a time-saving 

method with excellent stoichiometric control and 

homogeneity of the resulting materials, which 

discrete it from other synthesis methods. In the 

combustion sol-gel method, the materials are 

mixed in a solution, which helps to react better 

with each other. Generally, using the combustion 

sol-gel method can improve lithium deficiency by 

lowering the time and temperature that powders 

were subjected to and also increasing the share of 

cubic phase as the nature of the synthesis method 

[16, 29, 38, 41].   

As it was mentioned, different amounts of Al 

were proposed as the optimum content. In our 

previous work, three amounts of Al (0.2, 0.25, and 

0.3 mol) as dopant were studied and the optimum 

amount was obtained 0.25 mol. Although, some 

other researches [14, 17, 23] reported different 

optimum amounts. Therefore, in this study, the 

effects of different Al concentrations (0.22, 0.25, 

and 0.28) on the properties of LLZO were 

investigated to produce a stabilized cubic phase 

with a high Li-ion conductivity electrolyte. To 

achieve that, we investigated the effect of Al 

content on phase and microstructure evolution of 

as-synthesized powder and sintered pellets. 

Finally, the electrochemical behaviors of sintered 

samples were studied using the electrochemical 

impedance spectroscopy (EIS) technique. 

2. EXPERIMENTAL PROCEDURE 

2.1. Materials 

Li7−3xAlxLa3Zr2O12 (x= 0, 0.22, 0.25, 0.28) garnet 

powder were synthesized in a 5g batches, using 

combustion sol-gel method. Stoichiometric 

                                                      
1 Polyvinyl butyral 

amounts of high purity Al(NO3)3 (Merck, 

>98.5%), La(NO3)3 (Sigma-Aldrich, 99%), 

Zr(C5H7O2)4 (Merck, >99%), and LiNO3 (Merck, 

>98%) (and 10% moles excess of Li to avoid the 

loss of lithium during calcination) and 

CO(NH2)2(Merck, >99%) were solved in 

deionized water and were stirred at 300°C. The 

CO (NH2)2 (urea) were added as the fuel source 

with the stoichiometric amount to the sum of 

reduction and oxidation agents. It was continued 

until the water was vaporized and a white gel was 

obtained. The gel was dried at 120°C for 6 h and 

then calcined at 1000°C for 1 hour in the air [16].  

The as-synthesized powders with 5% of the 

binder (PVB1) were uniaxially pressed (100 MPa 

pressure) into the pellets with a diameter of 

15mm, afterward, pellets were sintered at 1180°C 

for 10 hours. The pellets were embedded with the 

same mother powder in the alumina Crucible, to 

avoid lithium loss. Moreover, the sample was 

quenched from high temperature to avoid 

degradation of sample due to formation of LiOH 

and/or LiCO3. 

2.2. Characterization 

X-ray diffraction (XRD, PHILIPS, PW1730) with 

Cu kα radiation (λ= 1.5418 Å) were performed 

over an angular range of 20-60° to understand 

phase evolution. The surface area of obtained 

powder was analyzed using Brunauer-Emmett-

Teller Surface Area & Porosity Analyzer (BET, 

micromeritics). The microstructure and 

morphology of samples were characterized by 

using a field-emission scanning electron 

microscope (FESEM, TESCAN; Mira3). The 

densities of sintered pellets were evaluated using 

the Archimedes method. The hardness of the 

samples was evaluated using Vickers indenters 

(ASTM C1327 - 15). The hardnesses were 

calculated from the ratio of the applied force to 

the area of contact of the four faces of the 

undeformed indenter. Finally, before the 

electrochemical evaluation, the sintered samples 

were slightly polished. Then Au paste was applied 

on both sides of pellets for impedance 

measurements. Electrochemical impedance 

spectroscopy was applied using a (PotantioStat-

Autolab 302N) over the range of 0.1 Hz–100 KHz 

frequency with an alternating voltage of 10 mV. 

Measurements were recorded at 30°C in the air.  
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3. RESULT AND DISCUSSION 

The XRD patterns of Li7-3xAlxLa3Zr2O12 (x= 0, 

0.22, 0.25, 0.28) is shown in Fig. 1. For the sample 

without Al dopant, the main phase is tetragonal, 

whereas, with the addition of Al, the share of the 

cubic phase increases. Although, the sample with 

0.22 and 0.25 moles doped Al, still the tetragonal 

phase is observable in the powders, whereas for 

the 0.28 mole doped sample, the tetragonal phase 

is diminished. No impurity peaks rather than 

LLZO were seen in the XRD detection range.  

This behavior was seen by other researchers that with 

the increasing amount of Al, more tetragonal peaks 

transformed into cubic phases. The cubic phase 

stability of garnet is affected by the concentration of 

lithium and Al [42, 43]. A single cubic phase is 

observed, and there is only one additional peak at an 

angle of 28° when the amount of dopant is increased 

to 0.25 moles of Al (Fig. 1), which can be attributed 

to the tetragonal phase. X-ray diffraction pattern of 

Al-28 (Fig. 1) shows a single cubic phase and does 

not show any impurities.  

Replacing one Al3+ with Li+ generates two Li 

vacancies increasing the lithium vacancy 

concentration. It also causes phase transfer from 

tetragonal to cubic by destabilizing lithium in the 

tetragonal phase, which also affects the 

conductivity and mobility of lithium ions  

[29, 44-46]. Even though the solubility of Al in 

LLZO structure is presented 0.25 moles by 

Matsuda et al [27]. Herein, 0.28 mole Al showed 

no impurities. Besides, Matsuda et al. synthesized 

a cubic phase with LaAlO3 impurity by the solid-

state method with 0.26 mole of dopant, which 

could be due to less reactivity of raw materials 

with each other during synthesis according to the 

manufacturing process. They obtained only the 

tetragonal phase with 0.2 moles of Al [27].  

Rangasami et al. observed that the cubic phase 

can be stabilized with at least 0.204 moles of Al. 

Some impurity phases, such as La2Zr2O7 was 

observed in the synthesized powder by the solid-

state method [28]. However, in this study, by 

combustion sol-gel synthesis method with 0.2 

moles Al as dopant, no impurity was observed, 

and the dominant phase was cubic. This can be 

related to the better reaction of raw materials in 

solution in the sol-gel method. Compared to the 

solid-state method, which requires a higher 

lithium concentration and more energy to achieve 

the cubic phase, in the sol-gel method, the cubic 

phase is obtained in a broader range of lithium 

concentrations [38]. 

It can be concluded that depending on the 

different conditions of synthesis, the minimum 

amount of doped Al to stabilize the cubic phase at 

room temperature is not a fixed value.

 
Fig. 1. XRD pattern of Al-doped garnet powder, synthesized at 1000°C for 1 hour. 
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The BET result of the sample revealed that the 

powders almost have the same surface area as 4.3, 

4.2, and 4.2 m2g-1 for 0.22, 0.25, and 0.28 doped 

samples, respectively. Afterward, the powder was 

pressed and sintered at 1180 for 10 hours, and the 

X-ray diffraction pattern is shown in Fig. 2 

By matching the PDF card of the cubic and 

tetragonal phase with the X-ray pattern, it is clear 

that the main phase is the cubic in garnet with 0.22 

mole Al (Al-22). Some of the calcined garnet 

powder, which remained in the tetragonal phase 

and had not been transformed to the cubic phase, 

was completely transformed to the cubic phase 

during sintering. Also, the cubic phase peaks were 

seen in the X-ray pattern of Garnet with 0.25 and 

0.28 moles of Al doping (Al-25 and Al-28), while 

no impurity phase was observed. X-ray patterns 

show that all three samples (Al-22, Al-25, and  

Al-28) have cubic phases and have no impurity 

phases. According to previous studies, with 

increasing sinter temperature from 1130 to 

1150°C, the structure changes, and from 1150 to 

1230, the cubic phase crystallizes [47]. In this 

work, we showed that the sol-gel method could be 

effective in lowering the stabilization temperature 

of the LLZO cubic phase. 

The summary of the results of the density and 

hardness of the sintered garnet is given in Table 1. 

Garnet with 0.22 mole Al additives has a relative 

density of 82.4%, which is not suitable for this 

application. The density is increased from 82.4% 

to 90.1%, and hardness is promoted from 664 to 

711 HV, by adding 0.25 mole of Al to the garnet 

structure whereas it decreased by the addition of a 

higher amount of Al. It is worth mentioning that 

hardness is in direct proportion with elastic 

modulus. As widely known, increasing the elastic 

modulus leads to higher resistance over Li dendrite 

formation during cycling. This result reveals that 

optimum Al content increases the stability of 

LLZO over Li dendrite formation and short 

circuits during charge and discharge cycling.  

Variations of garnet density concerning the 

concentrations of Al are given in Fig. 3. This 

improvement in mechanical and physical 

properties may be resulted from better sintering 

due to the increasing intergranular melting and 

enhancing densification as a result of the addition 

of Al dopant. The researches have shown that in 

garnet containing 0.22 mole of Al, shrinkage 

begins at a temperature of 1055°C, which is 

related to the liquid phase sintering [15]. 

 
Fig. 2. XRD pattern of garnet samples doped with different amounts of Al, sintered at 1180°C for 10 hours 

Table 1. Hardness and Relative density of Al-doped LLZO garnet at 1180°C for 10 hour 

Sample Hardness(HV) Relative Density (%) 

LLZO(X=0.22) 664±10 82.4±0.1 

LLZO(X=0.25) 711±10 90.1±0.1 

LLZO(X=0.28) 698±10 87.5±0.1 

 

 [
 D

O
I:

 1
0.

22
06

8/
ijm

se
.2

63
1 

] 
 [

 D
ow

nl
oa

de
d 

fr
om

 ij
m

se
.iu

st
.a

c.
ir

 o
n 

20
25

-0
7-

21
 ]

 

                             4 / 10

http://dx.doi.org/10.22068/ijmse.2631
https://ijmse.iust.ac.ir/article-1-2631-en.html


Iranian Journal of Materials Science and Engineering, Vol. 19, Number 3, September 2022 

5 

 

Fig. 3. Variation of hardness and density of sintered Al-doped LLZO garnet with the concentration of Al. 

Yang et al. observed that the density of garnet 

with no additive was 2.36 g cm-3, which increased 

to 4.4 g cm-3 by adding 0.2% by weight of Al and 

suggested this promotion in density to the 

presence of liquid phase during sintering [15]. 

Herein, the higher density by the addition of Al is 

thought to be due to the promotion of 

intergranular melting, so the diffusion of Al is 

enhanced, and the garnet is completely densified. 

For the sample with 0.28 mol Al, the decrease in 

density might be due to the segregation of excess 

Al in grain boundaries. FESEM micrographs (Fig. 

4) show that garnet with 0.22 mole of Al revealed 

that the porosity is following Archimedes density 

results. Although, the micrographs revealed that 

the grain size was not affected considerably by the 

addition of Al. This trend was also evident in 

density and hardness, and the low density and 

hardness of this sample confirm this. FESEM 

micrographs of garnet cross-sections with 0.22, 

0.25, and 0.28 moles Al in Fig. 4 are shown. The 

effect of Al dopant on ionic conductivity and 

electrochemical properties of LLZO were 

investigated using EIS. The Nyquist plots of 

samples with different amounts of Al are 

presented in Fig. 5. As can be seen, samples with 

different amounts of Al, a semicircle can be fitted 

in high frequencies. Although, distinct 

semicircles are not distinguishable and therefore 

it is not possible to distinguish the bulk and grain 

boundaries conductivity. The data values of ionic 

conductivity are presented in table 2. Typically, 

the ionic conductivity of polycrystalline ceramic 

increases with the increase in density especially 

bulk conductivity [48]. These results revealed that 

in the sample with 0.25 mole Al which had the 

highest density, it has the ionic conductivity about 

4 times of other samples.

  
Fig. 4. Field emission scanning electron microscope image of the fracture section, a) 0.22 mole of Al additive b) 

0.25 mole of Al additive and c) 0.28 mole of Al additive, sintered at 1180°C for 10 hours. 
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It is worth mentioning that the addition of Al 

increases the conductivity of the samples by the 

order of 10 times [11, 33, 47].  

Additionally, the excess Al can segregate at the 

grain boundary and cause an irregular structure at 

the grain boundary. This behavior seems to 

increase the activation energy in the sample with 

0.28 mole Al and decrease the total conductivity 

rather than sample relatively high density. Also, 

Al segregation can affect grain growth by 

covering the grain boundary. This was seen in the 

sample with 0.28 mole Al, which could lead to an 

increase in grain boundary resistivity. In Table 3, 

the results of other research have been presented. 

The optimum concentration identified for Al 

dopant in this study is 0.25 mol. It should be 

mentioned that the result of this work is higher 

than the sample synthesized by using the sol-gel 

and molten salt method. Moreover, the ionic 

conductivity of the optimum sample is 

comparable to the result of the solid-state sample. 

We believe the improved conductivity reported 

here is might be due to a low level of impurities 

in the raw material allowing better tuning of the 

dopant content.  

Table 2. Total conductivity (σT) for different Al mole 

dopants at 25°C. 

Al-doped content (mole) σT (S. cm-1) 

0.22 0.94 x 10-4 

0.25 4.7 x 10-4 

0.28 1.12 x 10-4 

 

 
Fig. 5. Impedance image of Li7-3xAlxLa3Zr2O12 garnet (x= 0, 0.22, 0.25, and 0.28). 
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Table 3. Literature overview for processing LLZO pellet. 

Compound 
Synthesis 

conditions 
Dopant 

Ionic conductivity 

(S.cm-1) 
Relative density Ref 

Li6.16Al0.28La3Zr2O12 Solid-state Al (0.28mol) 4.89× 10−4 94% [15] 

Li6.6Al0.2La3Zr2O12 Sol-gel Al (0.2 mol) 2.4×10−6 88% [28] 

Li6.1La3Zr2Al0.25O11.98 Molten salt Al(0.25  mol) 9.13× 10−6 85% [17] 

Present work 
Sol-gel 

combustion 

Al(0.22 mol) 

Al(0.25 mol) 

Al(0.28 mol) 

9.4 x 10-5 

4.7 x 10-4 

1.12 x 10-4 

82.5% 

91% 

87.5% 

 

4. CONCLUSIONS 

In this study, a facile sol-gel combustion method 

was used to synthesize Al-doped LLZO. The XRD 

results revealed that the addition of Al dopant 

promoted the formation of cubic phase by 

increasing the lithium vacancy concentration and 

destabilizing lithium in the tetragonal phase. 

Besides, the addition of 0.28 mole Al resulted in 

full stabilization of the cubic phase. Although, after 

sintering as a result of lithium loss and an increase 

in lithium vacancy concentration, even for the 

sample with 0.25 mole Al, the cubic phase was 

fully stabilized. The density study of different 

samples revealed that Al promoted densification of 

LLZO samples, whereas the relative density of 

sample Al-free increased from 76.5 to 82.4% by 

adding 0.22 mole Al. The latter may be due to the 

inter-granular melting by the addition of Al. 

However, the sample with 0.28 mole Al had a 

lower density, which may be due to the limitation 

of Al solubility in LLZO structure and the 

formation of a second phase, not in the XRD 

detection range. The EIS results revealed that the 

sample with 0.25 Al-dopant had the highest total 

conductivity. The addition of Al can be considered 

as a promising approah in improving the bulk and 

ionic conductivity. The optimized amount of Al 

addition seems to be 0.25 mol which increased 

both the density as well as ionic conductivity. 
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