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Formation Mechanism of Garnet-Like Li7La3Zr2O12 Powder Prepared by Solid State Reaction
Geng Hongxia1,    Chen Kai2,    Yi Di2,    Mei Ao2,    Huang Mian2,    Lin Yuanhua2,
Nan Cewen2
1 School of Aerospace, Tsinghua University, Beijing 100084, China; 2 State Key Laboratory of New Ceramics and Fine Processing, Tsinghua University, Beijing 100084, China
Abstract: The formation mechanism of garnet-like Li7La3Zr2O12 (LLZO) phase was investigated using LiOH·H2O as raw materials by XRD and DTA/TG measurements. It is found that the reaction mechanism of the LLZO formation is as follows: 7Li2O+3La2O3+4ZrO2=2Li7La3Zr2O12. The LLZO phase forms at about 680 oC according to the XRD patterns, which is in agreement with the thermic peak at 700 oC in DTA/TG curves, and the peak arises from the formation of LLZO phase. The temperature range of stable LLZO phase is wider, from 720 to 1000 oC. However, LLZO is thermally unstable at the high temperatures (>1000 oC) due to a serious loss of lithium element, and it discomposes into pyrochlore phase La2Zr2O7. And the amount of the decomposed products increases, and LLZO decreases gradually with the increase of the calcination temperature. When the reactant mixture is calcined at low temperature, the produced phases are identified to be lanthanum compounds because La2O3 absorbs moisture and CO2 very easily. The chemical reactions at lower temperature are mainly related with the reactions among lanthanum compounds. LLZO powder could be synthesized by solid state reaction at 800 oC. It is found that the LLZO crystal belongs to the tetragonal symmetry. SEM observation shows that the obtained LLZO powder is nano-sized.
Key words: Li7La3Zr2O12 (LLZO); calcination temperature; phase transition; DTA/TG
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In recent years, lithium ion secondary all-solid-state battery finds remarkable applications in a great number of energy conversion and storage devices owing to its good thermal and chemical stability, high power and energy densities, and especially good safety[1-7]. As an important component in the chargeable all-solid-state lithium ion battery, inorganic solid state electrolytes play a crucial impact on the performance of the battery, for they can effectively prevent explosive accidents which often happen in lithium ion batteries with organic electrolytes. Many solid state lithium ion conductors with different types of crystal structures have been extensively studied, including perovskite structure ABO3-type fast ion conductors[8-10], SINACON fast ion conductors[11-16] and so on, due to their excellent ionic conduction behavior at room temperature. More recently, a new kind of lithium ion conductor with garnet-related structure attracts a great deal of attention owing to its high lithium ion conductivity at room temperature and good electrochemical stability[17-25]. Among the garnet-like conductors, Li7La3Zr2O12 (LLZO) ceramics possess much higher ionic conductivity, about 10-4 S/cm in the cubic LLZO phase synthesized at higher sintering temperature[24,26]. The relative density of this cubic LLZO phase with 92% is high. However, the tetragonal LLZO phase with lower relative density of 60% was obtained by sintering at lower temperature[25], whose ionic conductivity is three orders of magnitude lower than that of cubic phase. In the former lattice structure, lithium ion arrangement is complicatedly disordering on these tetrahedral and octahedral sites, which is beneficial for the lithium ion motion. For the later, e. g. the tetragonal LLZO, the tetrahedral and octa- hedral sites in conduction pathway are completely ordered  by lithium atoms and vacancies, which is adverse for the lithium ion movement. Hence, its ionic conductivities are much more different, and it is believed that the ionic conduction behavior is dependent on the lithium ion arrangement in the lattice structure of LLZO phase which is dominated by the sintering temperature. Therefore, it is very necessary to make an attempt to reveal the formation mechanisms of LLZO phase with the calcination temperature. But few efforts have been made to investigate the LLZO phase formation. In the present work, the mixed raw materials LiOH·H2O, La2O3 and ZrO2 were calcined at different temperatures and quenched in air. The phase transition with different calcination temperatures was identified and investigated by XRD and DSC/TG measurements. Furthermore, tetragonal structure LLZO powder was obtained at 800 oC using a solid state reaction method. The LLZO powder was characterized using XRD and SEM measurements.
1  Experiment
In the experiment the raw materials included LiOH·H2O, La2O3 and ZrO2. 10 wt% excess of LiOH·H2O (purity of 99.8%) was used as the lithium source to compensate the lithium loss, La2O3 (purity of 99.99%) was heat treated at 1000 oC for 10 h to remove the water and CO2 absorbed in air, and ZrO2 (purity of 99%) was also dried at 120 oC in order to keep the chemical stoichiometric ratio. The raw materials were weighed according to the chemical stoichiometric ratio and mixed by ball-milling with isopropyl alcohol for 12 h. Then the mixed powder was dried at 75 oC and pressed into several pellets with 12 mm in diameter and weight of 0.5 g for suppressing the lithium evaporation. Finally, these pellets were put on the Al2O3 crucible lid, placed into a furnace, and calcined from room temperature to given temperatures at the heating rate of 3 oC/min, held for 30 min at set temperatures, and quenched in air to maintain the phase at set temperatures. The calcined pellets were crushed into powder in order to characterize the powder. The LLZO powder was prepared at 800 oC by mixing the raw materials adopting the solid state reaction. Differential thermal analysis and thermo-gravimetric (DTA/TG) analysis of the mixed reactant were carried out on a METTLER TOLEDO (TGA/DSC1, Switzerland) thermal analyzer. Mixed powder of about 15 mg was placed into Al2O3 crucibles and then heated up to 1400 oC at a scanning rate of 10o/min.

Crystalline phase of the LLZO powder was identified by powder X-ray diffraction (XRD, Rigaku D/max 2500 diffraction meter with CuKα radiation source) in the 2θ range from 10o to 90o with the scan speed of 6o/min. The patterns were indexed and the lattice parameters were determined by means of PowderX program. The microstructure in LLZO powder calcined at 800 oC was observed using scanning electron micrographs (JSM-6460LV scanning electron microscope).
2  Results and Discussion

2.1  DTA/TG results

DTA/TG measurements were necessary to select the proper calcination temperature to analyze the phase transition in the calcination process of the mixed reactants, as shown in Fig.1. As seen, four thermic peaks appear in the DTA curve, according to four mass loss steps in the TG curve. From the comparison among these raw materials of LiOH·H2O, La2O3 and ZrO2, it is observed that ZrO2 is stable without thermic peaks and mass loss during the heating process until 1300 oC (see Fig.2), and thus ZrO2 can not account for the appearance of these peaks. As to the DTA/TG curves of La2O3, it can be seen that the endothermic peak at about 320 oC could be related with the loss of water in La(OH)3 (La2O3 exists in the state of La(OH)3 phase at room temperature) and the presence of LaOOH compound, and the one at about 480 oC could be ascribed to the formation of La2O2CO3 due to the absorption of CO2 and then the presence of La2O3 because of the loss of water and CO2. At this temperature, the chemical reactions are very complicated. The chemical reactions are as follows:

La2O3+3H2O=2La (OH)3 (RT)                     (1)

La (OH)3 =LaOOH+H2O (320 oC)                  (2)

LaOOH+CO2 =La2O2CO3 (480 oC)                 (3)
La2O2CO3=La2O3+CO2↑(480 oC)                  (4)

2LaOOH=La2O3+H2O↑(480 oC)                   (5)

There are three thermic peaks from 400 to 500 oC for the DTA/TG curves in LiOH·H2O as indicated Fig.1, which result from the decomposition of LiOH into Li2O corresponding to the mass loss of about 21% in this temperature range. A peak at 80 oC can be observed because LiOH·H2O loses crystal water to become LiOH through the calculation of mass loss of about 41%. Furthermore, a peak appearing at about 1060 oC could be attributed to the evaporation of lithium element, corresponding to the calculation of mass loss of lithium element, about 8%. These reactions are described as follows:

2LiOH·H2O=2LiOH+2H2O↑(80 oC)               (6)

2LiOH=Li2O+H2O↑(400~500 oC)                 (7)

Thus through the comparison and analysis, the peaks appearing at 340 and 420 oC in the mixed raw materials could originate from the chemical reactions among these lanthanum compounds and also from the decomposition of LiOH phase. With regard to the thermic peak at 700 oC in the mixed raw materials, it is believed that LLZO phase could form at this temperature. When the temperature increases to 1340 oC, there is a big endothermic peak, which is in consistence with the decomposition of LLZO phase. Actually, LLZO phase already begins to decompose at 1100 oC. Consequently, the mixed reactants are calcined at 16 temperature points selected in the light of the analysis of DTA/TG results.
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Fig.1  DTA (a) and TG (b) curves of the mixed raw materials
2.2  XRD patterns

When the mixed raw materials are calcined at the temperature of 200 oC, the produced phases are mainly raw materials La(OH)3, ZrO2 and LiOH·H2O, as shown in Fig.2a. Lanthanum is in the form of La(OH)3, not in the form of La2O3 phase because the former is easy to absorb the moisture in air. Thus no reactions happen among these raw materials at 200 oC.
Fig.2b shows XRD patterns of the mixed raw materials calcined from 280 to 400 oC. When the calcination tempe- rature is 280 oC, LaOOH and La2O2CO3 phases appear besides the main phases La(OH)3, ZrO2, and LiOH·H2O. At this temperature, La(OH)3 decomposes into LaOOH and reacts with CO2 to form La2O2CO3 compound, agreeing with DTA/ TG results. From 280 to 400 oC, the amount of La2O2CO3 and LaOOH increases obviously. However, no reactions happen among these raw materials. Few changes happen among these mixed raw materials when the temperature increases up to 620 oC. It is a typical phase formation of the mixture calcined at 460 oC, as shown in Fig.2c. Thus when the temperature is below 620 oC, La2O3 is very easy to absorb moisture and CO2 in air, and then it is in the form of La (OH)3, LaOOH and La2O2CO3. In this low temperature region, reactions are mainly related with the reactions among these lanthanum compounds. And these reactions are quite complicated. 

The XRD pattern in Fig.2d indicates the target phase LLZO appears at 680 oC. LLZO phase is formed at around 680 oC evidenced by XRD pattern, which is in agreement with the peak at around 700 oC assigned to the formation of the LLZO phase in the DTA/TG curves. At this temperature, ZrO2 and Li2O decomposed from LiOH·H2O take part in reaction to create the LLZO phase and their amount decreases. The intermediately produced phases LaOOH and La2O2CO3 disappear completely. Hence, La2O3 phase begins to appear. 
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Fig.2  XRD patterns of the reactant mixture calcined at different temperatures: (a) 200 °C, (b) 280~400 °C, (c) 460 °C,

(d) 680 °C, (e) 720~1000 °C, and (f) 1100~1300 °C
It is obviously observed that the target phase LLZO maintains at 720~1000 oC, as shown in Fig.2e. Raw materials react with each other and disappear gradually with the increase of the calcination temperature. When the mixed rawmaterials are calcined at 860, 900 and 1000 oC, it can be found that only LLZO phase exists. So LLZO phase keeps stable in a wide range from 720 to 1000 oC. Through analysis, the basic reaction to form LLZO is as follows:
LiOH/Li2O+La2O3+ZrO2=Li7La3Zr2O12            (8)
Fig.2f shows the XRD patterns of the reactant mixture calcined at 1100~1300 oC. Obviously, La2Zr2O7 and La2O3 phases emerge and increase with the increase of the calcination temperature, which is due to the ease of LLZO decomposition when the temperature is above 1000 oC. It is reasonable that the decomposed products La2Zr2O7 and La2O3 phases are produced at 1100 oC. It is assumed that the LLZO decomposition is attributed to the serious lithium loss and thermal instability of LLZO phase at high temperatures.
Fig.3 shows the schematic of the phase transition of reactant mixture with the increase of the calcination tempe- rature in detail. Table 1 concludes the phase transition of the reactant mixture calcined at different temperatures. We can see that the temperature range 720~1000 oC is desirable for LLZO powder preparation. Above 1000 oC, the LLZO phase would decompose into pyrochlore phase La2Zr2O7 and La2O3; hence the calcination temperature for LLZO powder preparation should be controlled below 1000 oC. And then at low calcination temperatures, the phase transition shows relationship with the chemical reactions among these lanthanum compounds. 
2.3  Preparation of LLZO powder 

The LLZO powder was prepared using La2O3, ZrO2 and LiOH·H2O at 800 oC. Fig.4 shows the XRD pattern. The XRD diffraction pattern of LLZO phase obtained at 800 oC is indexed as the tetragonal cell by are PowderX program. Meanwhile, the lattice parameters are calculated to be a=13.1302 nm and c=12.6883 nm. It can be seen that our LLZO pattern belongs to the tetragonal symmetry, similar to
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Fig.3  Schematic of the phase transition of reactant mixture with the increase of the calcination temperature

Table 1  Phase transition of the reactant mixture calcined

at different temperatures

	Temperature/oC
	Phase

	<720
	La(OH)3, La2O2CO3,

LaOOH, La2Zr2O7,

and other impure phases

	
	

	
	

	720~1000
	LLZO phase

	>1000
	LLZO, La2Zr2O7, La2O3
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Fig.4  XRD pattern of LLZO powder prepared at 800 oC
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Fig.5  SEM image of LLZO powder prepared at 800 oC
LLZO pattern in Ref. [21]. The tetragonal crystal structure could originate from the ordering arrangement of the lithium ions in the lattice[21]. Fig.5 shows the SEM image of LLZO powder calcined at 800 oC. It can be found that LLZO powder particles are very fine with nano-size.
3  Conclusions
1) The phase composition changes with the calcination temperature during the formation of garnet-like Li7La3Zr2O12 phase using reactant mixture of LiOH·H2O, ZrO2 and La2O3. At low temperatures, the chemical reactions are mainly related to lanthanum compounds owing to the ease of absorption of moisture and CO2 by La2O3. LLZO phase is formed at about 680 oC according to the XRD pattern and the thermic peak at about 700 oC in DTA/TG curves. LLZO phase keeps stable in the temperature range from 720 to 1000 oC. LLZO would decompose into pyrochlore phase La2Zr2O7 due to thermally instability dependent on a serious loss of lithium element with the increase of the calcination temperature (>1000 oC). The decomposition becomes serious with the increase of the calcination temperature. 
2) The LLZO powder prepared by a solid state reaction of the mixed raw materials at the temperature of 800 oC has the tetragonal lattice structure. The particles are nano-sized in the SEM images. 
3) The preparation of LLZO powder had better be fixed in the temperature range from 860 to 1000 oC.
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利用固相反应法制备的石榴石结构的Li7La3Zr2O12粉体的形成机制

耿红霞1，陈  凯2，易  迪2，梅  骜2，黄  冕2，林元华2，南策文2
(1. 清华大学 航天航空学院，北京 100084)

(2. 清华大学 新型陶瓷与精细工艺国家重点实验室，北京 100084)
摘  要：利用XRD和DTA/TG系统地研究了石榴石结构的Li7La3Zr2O12 (LLZO)的形成机制，所用原料为LiOH·H2O。研究发现，LLZO是通过以下化学反应形成的：7Li2O+3La2O3+4ZrO2=2Li7La3Zr2O12。XRD结果表明，LLZO大约在680 ℃开始生成，这与DTA/TG曲线上的放热峰比较吻合，这个放热峰是由LLZO相生成引起的。LLZO相在比较宽的温度范围内（720~1000 ℃）能稳定存在。然而，当温度高于1000 ℃，由于锂元素的严重挥发缺失，LLZO是不稳定的，会分解为焦绿石相的La2Zr2O7。随着煅烧温度的升高，分解产物的量越来越多，LLZO逐渐减少。当反应混合物在较低的煅烧温度时，所生成的物质经鉴定是镧的化合物，这是因为 La2O3非常容易吸收水汽和CO2，LLZO粉末在800 ℃利用固相反应法合成。经研究发现，LLZO晶体属于四方晶系。由扫描电镜观测显示，所制备的LLZO粉末是纳米尺度的。

关键词：Li7La3Zr2O12；煅烧温度；相变；DTA/TG
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