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Traditional preparation method of solid electrolyte Li7La3Zr2O12 requires a very long sintering holding 

time (> 36 hours). A efficient and mass production method, microwave sintering, is utilized to 

prepared LLZO by which the sintering time is reduced to be 2 ~ 4 h. Results show that cubic phase 

LLZO can be obtained at 1150 oC ~ 1200 oC. With the increase of holding time from 1 h to 4 h, 

tetragonal LLZO transforms to cubic which suggests extra thermal energy is generated by coupling 

dielectric loss with microwave. Pellet sintered with 4 h reaches the highest ionic conductivity of 3.1 × 

10-4 S cm-1. Long holding time of 6 h will take away a lot of Li from the grain to form excess glass-like 

phase which is not favorable for conductivity. 
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1. INTRODUCTION 

Commercial lithium ion batteries often use organic electrolytes which has a Li+ ionic 

conductivity of up to ~10-2 S cm-1. This provides favorable conditions for achieving high rate 

performance of the lithium ion batteries. However, organic electrolytes are prone to leakage and have 

the risk of burning and explosion. In order to fundamentally eliminate the safety hazards of organic 

electrolytes, solid electrolytes emerge as the times require which have received wide attention [1-4]. 

All-solid-state lithium battery based on solid electrolyte can use lithium metal (3860 mAh g-1) as the 

negative electrode which could achieve high energy density. Comparing with organic electrolytes, the 

solid electrolytes is expected to eliminates the generation of lithium dendrites and also prevents the 

metal lithium anode from forming an unstable SEI film which result in capacity attenuation and 
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coulombic efficiency degradation [5-8]. Therefore, the strategy of assembling lithium metal batteries 

using solid electrolytes is expected to completely solve the safety hazards of lithium metal batteries, 

while meeting the energy demand of new energy vehicles for chemical power sources. Among various 

types of solid electrolyte candidates, garnet type Li7La3Zr2O12 (LLZO) has attracted great attention due 

to its high room temperature Li+ ionic conductivity (10-3 ~ 10-4 S cm-1), wide electrochemical window 

(≥ 5 V) which could match high voltage electrodes, and relatively stability in air which make the 

procedure of preparation and processing facile [9-12]. In order to realize the application of LLZO in 

all-solid-state lithium battery, the low cost, high efficiency preparation method as well as achieving 

high Li+ ionic conductivity is critical. 

The most common preparation method at present is the traditional solid state reaction method. 

It typically requires at least 36 hours of holding time in the preparation of LLZO solid electrolytes and 

needs intermittent grinding and repeated heat treatment, which makes this method very inefficient [13-

15]. Moreover, the long sintering time often result in impurity phases due to lithium loss at high 

temperature. Such as, Song et al. [13] prepared Gd3+-doped LLZO by traditional solid state reaction 

method at sintering temperature of 1220 oC with holding time as long as 36 hours, not counting the 

pre-sintering time at 950 oC for 12 h. The optimized Li+ ionic conductivity is about 2.3  ×  10-4 S cm-1 

with 0.2 Gd3+ doping content of Li7.2La3Zr1.8Gd0.2O12. For solid electrolytes, higher density generally 

leads to higher Li+ ionic conductivity. Most researchers prefer high-pressure technology, such as cold 

isostatic pressing (CIP) in which LLZO green body is pressed at high pressure or hot isostatic pressing 

(HIP) in which LLZO green body are pressed during sintering process, to gain high density of LLZO 

[16, 17]. For example, Qin et al. [16] apply the HIP treatment at 120 MPa and 1160 oC under an Ar 

atmosphere to prepared LLZO. It is found that the HIP-treated Ga-doped LLZO shows a dense relative 

density of 97.5% and two times higher Li+ ionic conductivity of the untreated one. However, such 

synthesis process is complex which needs high pressure, high vacuum and protective atmosphere such 

as Ar and generally only one pellet can be sintered at a time which makes it difficult to carry out mass 

production and commercial application. 

Microwave sintering technology is a new process for preparing materials by using a special 

wavelength band of a microwave which is very different from the traditional solid state reaction 

method. In traditional sintering method, heat is conducted from outside to inside of the sample which 

result in long sintering time and large energy consumption, while in the microwave sintering 

technology, heat is generated inside the sample by coupling the dielectric loss of the material with the 

microwave electromagnetic field to reach the sintering temperature [18-20]. There is no need for heat 

conduction during microwave heating, that is, it is instantaneous without thermal inertia, which means 

that the heat source can be cut off instantaneously and heat up in time, reflecting the characteristics of 

energy saving and precise control. The special way of heat conduction and the rapid heating rate (up to 

1000 oC min-1) are highly expected to reduce the manufacturing cost and improve the preparation 

efficiency. Besides, the rapid heating rate can suppress the growth of the grain structure, obtain the 

ultrafine grain structure material, and significantly improve the microstructure of the material. So far, 

plenty of ceramic materials such as Al2O3, B4C, Y2O3-ZrO2, SiO2, TiO2 and ZnO have been 

successfully prepared by microwave sintering technology and small batch industrialization by applying 

this technology has been achieved [18-21]. 
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In this work, microwave sintering technology is applied to prepare LLZO which aimed at 

significantly shortening the sintering holding time and lower the sintering temperature. The effect of 

sintering temperature and holding time on the phase compositions, microstructure and Li+ ionic 

conductivity of the sintered samples is comprehensively investigated. And the effect of alumina and 

magnesia crucible on the microstructure and properties of LLZO were also studied. 

 

 

 

2. EXPERIMENTAL PROCEDURES 

The experimental material were high-purity Li2CO3 (purity 99.9 %, produced by Aladdin), 

La2O3 (purity 99.9 %, produced by Sinopharm Chemical Reagent Co., Ltd., China), ZrO2 (purity 

99.9 %, produced by Oriental Zirconium Industry). The reaction materials were weighed according to 

the molar ratio of Li, La, and Zr elements of 7 : 3 : 2. 1.5 wt% γ-Al2O3（99 %，produced by Maclin）

was added as additive. Excess of 10% lithium source was added to compensate for the loss of lithium 

at high temperatures. 

Firstly, the powders were mixed by ball-milled with isopropyl alcohol for 6 h. And then the 

powders were dried in vacuum oven to remove the isopropyl alcohol. Secondly, the mixed powders 

were calcined at 950 oC for 6 h in an electric furnace and then pressed into a pellet of 18 mm in 

diameter under 120 MPa. Subsequently, the pellets were sintered by microwave sintering system 

(Mobile Lab Workstation) with a microwave frequency of 2.45 GHz and a power of 4 kW. Sintering 

process was performed at the temperature range of 1000 oC to 1230 oC with the holding time of 1 h to 

6 h by microwave sintering. The subsequent heating rate was set as 200 oC min-1 under 600 oC, 50 oC 

min-1 under 900 oC and lowered to 1 ~ 2 oC min-1 near the target temperature. Alumina and magnesia 

crucibles were separately used to sintering the samples. 

The phase structure of the LLZO samples were characterized by X-ray diffraction (XRD, 

Rigaku Ultima III) with Cu Kα radiation over the range of 10 ~ 70 ° (2θ). The microstructure of the 

LLZO pellets was observed by field-emission scanning electron microscopy (FESEM, FEI-Quanta-

250). The Li+ ionic conductivity was measured using an electrochemistry impedance spectrometer 

(ZAHNER Xpot. Germany) in the frequency range from 10 Hz to 4 MHz at elevated temperature 

range of 20 ~ 140 oC with 10 mV perturbation amplitude. Pt was sputtered on both sides of the pellet 

as ionic blocking electrodes. Impedances were determined from the intercepts of the relevant 

capacitive arcs at the real axes in the Nyquist plots and conductivities were calculated using the 

following equation: 

σ = (1/Z)(L/A)                              (1) 

where σ is the ionic conductivity, Z is the impedance, L is the pellet thickness, and A is the 

pellet area. Typical dimensions of the pellets were about 2.0 ~ 2.2 mm in thickness, 16 mm in diameter. 
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3. RESULTS AND DISCUSSION 

 
 

Figure 1. XRD spectra of LLZO samples sintered by microwave at temperatures from 1000 oC to 1230 
oC (▽characteristic peaks of the tetragonal LLZO phase. PDF#40-0894 is a reference for cubic 

garnet). 

 

 

Fig. 1 shows the XRD patterns of samples sintered by microwave technology at temperatures 

of 1000 ~ 1230oC for 4 hours. At low sintering temperature of 1000 oC, LLZO is a tetragonal phase for 

each diffraction peak splits to two peaks. With the temperature increase to 1100 oC, the two splitting 

peaks are merging into one peak leaving the main peaks of cubic phase LLZO with little shoulders, 

which suggests a mixture of cubic and tetragonal phases [22]. With further increase of the temperature 

to 1150 oC ~ 1200 ℃, all the shoulders disappears, each peak is single and sharp which indexed to 

pure cubic phase LLZO. It is noted that phase transition from tetragonal to cubic occurs at about 1100 
oC ~ 1150 oC. However, at higher temperature of 1200 oC, the cubic phase LLZO transforms into 

tetragonal phase again. This indicates that cubic phase can only exist stably in a narrow temperature 

range of 1150 oC ~ 1200 oC. 
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Figure 2. XRD spectra of LLZO samples sintered by microwave sintering with holding time from 1 h 

to 6 h at 1150 oC. (▽characteristic peaks of the tetragonal LLZO phase. PDF#40-0894 is a 

reference for cubic garnet). 

 

 

Fig. 2 shows the XRD pattern of microwave sintering with various holding time at 1150 oC. As 

can be seen from Fig. 2, with short holding time of 1 h, each diffraction peak splits into two peaks 

which indicate tetragonal phase of LLZO. With the holding time increased to 2 h, most of the splitting 

peaks merge into one broad peak which indexed to a mixture of tetragonal and cubic phases. With the 

holding time further increased to 4 h ~ 6 h, all of the diffraction peaks are narrow and sharp without 

any characteristic peaks of tetragonal phase, suggesting pure cubic phase of LLZO is obtained. This 

indicates that, with the increase of the holding time from 1 h to 4 h, LLZO undergo a phase transition 

from tetragonal to cubic phase. Anyway, it is well-known that phase transition is athermal. The driving 

force of phase transition is temperature, that is, the phase transition degree only changes with 

temperature not changes with the holding time. The LLZO phase transition suggests that extra thermal 

is generated with the increase of the holding time from 1 h to 4 h during microwave sintering. It has 

been reported that ceramics such as ZrO2 and Al2O3 et al. generate thermal due to polarization 

phenomenon under microwave electromagnetic field [18, 20]. This extra thermal might be produced by 

LLZO absorbing microwave energy and converts it into thermal energy under microwave 

electromagnetic field. 
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Figure 3. SEM micrographs of the cross-sections of the LLZO samples sintered by microwave with 

various holding time (a) 2 h (b) 4 h (c) 6 h in Al2O3 crucibles, (d) ~ (h) EDS area distribution of 

elements of Al，O，La, and Zr of (a), and (i) 2 h in MgO crucibles. 

 

 

Fig. 3 (a) ~ (c) shows the SEM micrographs of the cross-sections of the LLZO samples sintered 

by microwave with various holding time (a) 2 h (b) 4 h (c) 6 h in Al2O3 crucibles. For the pellet 

sintered with 2 h in Al2O3 crucibles (Fig. 3 (a)), the particles contact tightly with each other and the 

fracture is almost transgranular. A glass-like phase is clearly observed at the grain boundary in the 

sample sintered for 2 h. With the increase of the holding time from 2 h to 6 h, the content of glass-like 

phase seems to have become more, no crystal particles are visible and some open pores can be 

observed in the pellet sintered for 6 h. This indicates that long sintering time will cause excessive pore 

number and size. Fig. 3 (d) ~ (h) shows the EDS area distribution of elements of Al, O, La, and Zr of 

sample sintered for 2 h. As can be clearly seen, Al and O elements are densely distributed at the grain 

boundary without La and Zr elements. This suggests that the glass-like phase most probably is a Li-Al-

O amorphous phase which is consistent with the report of Huang et al. [23]. The increase of the glass-

like phase with the holding time suggest that the content of Al3+ contaminated from the Al2O3 crucibles 

increase with the increase of the holding time. As a comparison, the sample is sintered by MgO 

crucibles at the same experimental condition for 2 h. As can be seen from Fig. 3 (I), the grain boundary 

is very clean, none of visible glass-like phase can be observed. 
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Figure 4. (a) Nyquist plots of the samples sintered by microwave with various temperature 1100 oC ~ 

1230 oC measured at room temperature, (b) equivalent circuit of (RtotalCPEtotal)CPEel fitting 

curve of the experimental data of the pellet sintered at 1150 oC, (c) Nyquist plots of the samples 

sintered with various holding time of 2 ~ 6 h in Al2O3 crucibles and 2 h in MgO crucibles at 

1150 oC. 



Int. J. Electrochem. Sci., Vol. 15, 2020 

  

7170 

The room temperature impedance spectrum of the sintered samples with various temperature of 

1100 oC ~ 1230 oC and holding time of 2 ~ 6 h is shown in Fig. 4 (a) and (c). All curves contain a 

deformed semicircle at high frequency and a tail at low frequency, which correspond to the total 

resistance of LLZO and the ionic blocking electrode, respectively. An equivalent circuit of 

(RtotalCPEtotal)CPEel is used to analyze the data where R is total resistances and CPE is constant phase 

elements [14], as shown in Fig. 4 (b). The total ionic conductivity is calculated by using the semicircle 

intercept on the Z′ axis at high frequency and the sample dimensions. 

Table 1 summarizes 25 oC Li+ conductivity of LLZO samples sintered at various temperatures 

and holding time in Al2O3 crucible and 2 h in MgO crucible. As shown in Table 1, the pellets sintered 

at 1150 oC and 1200 oC have higher Li+ ionic conductivity of 3.1 × 10-4 S cm-1 and 1.1 × 10-4 S cm-1, 

compared with that of 1100 oC and 1230 oC. It is well-known that the Li+ ionic conductivity of 

tetragonal phase is two orders of magnitude lower than that of the cubic phase. The higher conductivity 

of pellets sintered at 1150 oC and 1200 oC is mainly due to the high purity of cubic phase of LLZO 

while it is a mixture phase of cubic and tetragonal at 1100 oC and 1230 oC as discussed in the XRD 

results. The slight higher Li+ ionic conductivity of the pellet sintered at 1150 oC (3.1 × 10-4 S cm-1) 

than that of 1200 oC (1.1 × 10-4 S cm-1) probably due to the different Li+ concentration in the grain of 

LLZO according to the study of zhang et al. [24]. The higher sintering temperature at 1200 oC will 

result in excess loss of Li which might slightly decrease the conductivity. 

In addition to sintering temperature, the holding time of microwave sintering has a significant 

effect on the Li+ ionic conductivity. As show in Fig. 4 (c) and Table 1, with shorter holding time of 2 h, 

the Li+ ionic conductivity is low of 0.55 × 10-4 S cm-1. This is because with shorter sintering time (2 h), 

LLZO index to a mixture of tetragonal and cubic phases. Pellet sintered with 4 h holding time reaches 

the highest ionic conductivity of 3.1 × 10-4 S cm-1 compared with that of 6 h (0.83 × 10-4 S cm-1) and 2 

h (0.55 × 10-4 S cm-1). It is concluded that, with short holding time of 2 h, the incomplete of phase 

transition from tetragonal to cubic is the main reason for the low Li+ ionic conductivity, while long 

holding time of 6 h also results in the decrease of conductivity. The decrease of Li+ ionic conductivity 

with long holding time (6 h) might be related to the Li loss during sintering and the excess glass-like 

phase formed at the grain boundary. It is noted that the total ionic conductivity consists of the grain 

conductivity and the grain boundary conductivity and the total conductivity is mainly determined by 

the grain conductivity [24]. Generally, the glass-like phase is favorable for improving the Li+ grain 

boundary conductivity, however, the excess formation of glass-like phase will take away a lot of Li 

from the grain which decrease the grain conductivity [23]. Therefore, excess formation of glass-like 

phase with 6 h holding time is not favorable for improving the total Li+ ionic conductivity. Besides, the 

Li+ ionic conductivity for the pellet sintered for 2 h in MgO crucible (1.8 × 10-4 S cm-1) is much higher 

than that of 2 h in Al2O3 crucible (0.55 × 10-4 S cm-1) and very close to that of pellet sintered in Al2O3 

for 4 h (3.1 × 10-4 S cm-1). This is mainly due to LLZO is cubic phase in MgO for 2 h while it is a 

mixture of cubic and tetragonal phase in Al2O3 for 2 h. This indicates that pellets sintered in MgO 

crucible is in favor of phase transition from tetragonal to cubic phase. 
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Table 1. 25 oC Li+ conductivity of LLZO samples sintered at various temperatures and holding time in 

Al2O3 crucible and 2 h in MgO crucible. 

 

 1100 oC 1150 oC 1200 oC 1230 oC 

2 h n/a 0.55×10-4 n/a n/a 

4 h 1.3×10-5 3.1×10-4 1.1×10-4 0.66×10-4 

6 h n/a 0.83×10-4 n/a n/a 

2 h in MgO 

crucible 
n/a 1.8×10-4 n/a n/a 

 

 

Fig. 5 (a) shows the Nyquist plot of the impedance spectrum measured at temperatures between 

20 oC and 140 oC for the cubic phase LLZO prepared by microwave sintering at 1150 oC for 4 h. The 

temperature dependence of the total ionic conductivity (Arrhenius plot) is shown in Fig. 5 (b). It can be 

expressed using the Arrhenius equation: 

）
Tk

E
exp（

T

A
σ

B

a−
=                            (2) 

where σ (S cm-1) is the ionic conductivity, T (K) is the absolute temperature, A is the pre-

exponential constant, R is the Boltzmann constant and Ea (eV) is the activation energy for the Li+ ionic 

conductivity. According to the Arrhenius equation, the total conduction activation energy is determined 

by the slope of the log (σ T) and 1/T plots. The low activation energy indicates the low barrier for Li+ 

transportation to overcome. The activation energy of the total Li+ ionic conductivity of the LLZO in 

the temperature range of 20 ~ 140 oC is calculated to be 0.32 eV which is exactly close to the reported 

LLZO solid electrolytes prepared by solid state reaction method (0.31 eV) [25]. 

Above all, the cubic phase LLZO prepared by microwave sintering technology has total ionic 

conductivity (3.1 × 10-4 S cm-1) as high as that of the traditional solid state reaction method (3.0 × 10-4 

S cm-1). However, microwave sintering technology has an extremely short sintering time of 2 ~ 4 h and 

relative lower sintering temperature of 1150 oC compared to 36 h and 1230 oC of the traditional solid 

state reaction method. The significance reduction of sintering time and lower sintering temperature is 

mainly because that the heat is generated inside the sample by coupling the dielectric loss of the LLZO 

ceramics with the microwave electromagnetic field, thus achieving densification. Besides, such 

synthesis process can produce large quantities of pellets in batches which make mass production and 

commercial application possible. The above advantages indicate that microwave sintering technology 

is a particularly efficient method for preparing high Li+ ionic conductivity cubic phase LLZO solid 

electrolytes. 
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Figure 5. (a) Nyquist plots (frequency range: 10 Hz ~ 4 MHz) and (b) Arrhenius plot for the total 

(bulk + grain boundary) ionic conductivity measured at temperatures between 20 oC and 140 oC 

of LLZO samples prepared by microwave sintering at 1150 oC for 4 h. 

 

 

Table 2 shows the comparison of properties and process conditions of cubic phase LLZO 

prepared by microwave sintering and other methods. The traditional solid-state reaction method is 

often used which has the disadvantage of too long sintering time of 12 ~ 36 h. The LLZO precursor 

prepared by solution method has a smaller particle size, which is beneficial to reduce the sintering time 

(6 h). However, the density is usually not too high due to plenty of voids left by the decomposition of 

organics during the sintering process which result in relatively low Li+ conductivity of 2 × 10-4 S cm-1. 

While for the microwave sintering method, it has short sintering time of less than 4 h and relatively 

low sintering temperature of 1150 oC as well as possessing relatively high Li+ conductivity of 3.1 × 10-

4 S cm-1. The short sintering time and low sintering temperature indicates that the microwave sintering 

technology is effectively method for preparing high performance LLZO. 
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Table 2. Comparison of cubic LLZO ceramics fabricated by several methods. 

 

Methods Manufacturing conditions 
Total ionic 

conductivity/S cm-1 

Solid-state reaction [26] [27] 

[28] 
1125 oC – 12h [28] 2.56×10-4 

Solution based methods [29] 

[30] [31] 
1200 oC – 6h [31] 2×10-4 

   

This work 1150 oC – 4h 3.1×10-4 

 

 

4. CONCLUSION 

High performance cubic phase Li7La3Zr2O12 solid electrolyte was successfully prepared by 

microwave sintering technology. The effect of sintering temperature and holding time on the 

microstructure and Li+ ionic conductivity was studied. 

(1)Pure cubic phase LLZO can be obtained at 1150 oC ~ 1200 oC, too high or too low 

temperature will result in the generation of tetragonal phase. With the increase of the holding time 

from 1 h to 4 h, LLZO undergo a phase transition from tetragonal to cubic phase which suggests that 

extra thermal energy is generated by LLZO absorbing microwave energy under microwave 

electromagnetic field. 

(2) Pellet sintered with 4 h holding time at 1150 oC reaches the highest ionic conductivity of 

3.1 × 10-4 S cm-1 and low activation energy of 0.32 eV. Long holding time of 6 h will take away a lot of 

Li from the grain to form excess glass-like phase which is not favorable for the enhancement of total 

ionic conductivity. The Li+ ionic conductivity of pellet sintered in MgO crucible for 2 h (1.8 × 10-4 S 

cm-1) is much higher than that in Al2O3 crucible (5.5 × 10-5 S cm-1) which is mainly due to the 

complete phase transition. 

(3) Compare with the traditional solid state reaction method, the benefits of extremely short 

sintering time of 2 ~ 4 h, relatively lower sintering temperature and mass production indicate that 

microwave sintering technology is a particularly efficient method for preparing high performance 

LLZO solid electrolytes. 
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