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More and more attention has been focused on Li7La3Zr2O12 (LLZO) because of its high ionic conductivity and excellent 

chemical stability. It is of great significance to find suitable dopants for locking cubic LLZO and improving the 

conductivity of Li+ ions. The uniform nano powder can be obtained by the sol gel synthetic method, which is conducive 

to maintaining high sintering activity. In this work, Ga and Nb dual doped LLZO solid electrolyte powders were 

synthesized via sol gel method, and Ga and Nb dual doped LLZO solid electrolyte ceramic were obtained via the 

traditional solid state sintering method. The phase and microstructure of Ga and Nb co-doped LLZO solid electrolyte 

were analyzed by combining X-ray diffraction with a scanning electron microscope. The impedance of Ga and Nb dual 

doped LLZO (Li6.8-3xGaxLa3Zr1.8Nb0.2O12 (0  x  0.3)) solid electrolyte was measured by the electrochemical 

workstation, and then the conductivity was calculated. The results show that when the doping amount of Ga is x = 0.2, it 

is a pure cubic LLZO structure with the highest conductivity value of 3.7 × 10-4 S cm-1 (tested at room temperature) due 

to the sample has a high relative density and reaches the optimal Li+ vacancy concentration. 

Keywords: solid state electrolyte, dual doped, conductivity, sol gel. 

 

1. INTRODUCTION 

Scientific attention has been focused on lithium ion 

batteries (LIBs) owing to the supremely outstanding 

advantages, for example, high energy density, high 

working voltage, good cycle performance, light weight, no 

pollution, no memory effect, and small self-discharge  

[1 – 3]. Nowadays, LIBs, as the main energy storage and 

power supply equipment, have developed rapidly and 

brought many conveniences to human society [4, 5]. At 

present, LIBs for commercial use liquid electrolytes 

usually, which exist safety problems such as leakage, 

flammability and explosion. In addition, the current energy 

density of LIBs is still unable to meet the needs of long-

distance travel. Solid state batteries are considered to solve 

the problems of safety and energy density [6 – 8]. As the 

core component of a solid lithium battery, the properties of 

solid electrolyte is directly related to the performance of 

the whole battery. 

Solid electrolytes consist of two different types. One is 

a polymer electrolyte and another is an inorganic 

electrolyte [9 – 14]. Compared with polymer solid 

electrolyte, inorganic electrolyte can maintain chemical 

stability in a wider voltage window and operating 

temperature range. The battery based on inorganic solid 

electrolyte has higher safety characteristics and gradually 

attracted more attention. Among many inorganic solid 

electrolytes, Li7La3Zr2O12 (LLZO) with garnet structure 

has attracted more and more scientific attention because of 

the high conductivity, excellent thermal performance, and 

excellent chemical and electrochemical stability [15, 16]. 
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Two different phases: tetragonal and cubic is existed in 

LLZO. The conductivity of cubic LLZO is several hundred 

times larger than that of tetragonal LLZO. The cubic phase 

can be obtained by partial high-valent substitution. Sharifi 

et al. synthesized Li7-3xAlxLa3Zr2O12 garnet by replacing 

Li+ with Al3+，and the electrolyte shows a cubic phase 

with higher ionic conductivity [17]. Birkner et al. studied 

the relationship between thermodynamic stability and 

conductivity of Li7–3xGaxLa3Zr2O12. The undoped Li7–

3xGaxLa3Zr2O12 was assignable to the tetragonal phase, 

while Ga-doped LLZO electrolyte samples were 

crystallized in the cubic phase and a maximum 

conductivity was obtained at x = 0.529 [18]. Gao designed 

a Ti-doped LLZO combining electronic conducting and 

ionic conducting, and the electrolyte shows high ionic 

conductivity of the cubic phase [19]. In addition, Ta5+ can 

replace Zr4+ to lock the cubic phase for obtaining an 

electrolyte with high ionic conductivity [20]. 

It is an important research direction for finding 

suitable doping to get cubic LLZO and improve the 

conductivity of Li+ ions. In this direction, LLZO with high 

ionic conductivity was obtained by partially replacing Zr4+ 

with Nb5+. Ohta synthesized Li7−xLa3(Zr2−x, Nbx)O12 by 

solid state reaction, and the conductivity was measured. 

The conductivity increased with the content of Nb, and 

reached a maximum value (8 × 10−4 S cm−1) [21]. In 

addition, double doping can further adjust the structure and 

improve ionic conductivity. Buannic et al. designed an 

innovative dual substitution to increase the mobility of Li+ 

in garnet-type LLZO solid electrolytes. Ga3+ as the first 

dopant cation is used to replace Li+ to stabilize the high 

conductivity cubic phase. At the same time, Sc3+ as the 

second cation is populated on the Zr sites, to further fine-

https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Gao%2C+Jian
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tune the structure to get a higher conductivity. The Li7–

3x+yGaxLa3Zr2–yScyO12 shows the maximum values of 

1.8 × 10–3 S cm–1 at 300 K, which is the largest value so far 

[22]. 

In addition to the doping, the microstructure of 

ceramics is also the key factor affecting the properties of 

LLZO. LLZO powder commonly used for sintering 

ceramics is synthesized by solid state reaction [23]. The 

grain size synthesized is relatively large by this method, 

which is unfavourable to obtain a good sintering activity. 

Sintering of electrolyte ceramics from LLZO powder by 

solid state reaction needs to take a long sintering time at 

high temperature and it is easy to produce an impure phase. 

In contrast, sol gel method can provide molecular level 

mixing and produce nano powder, which is conducive to 

prepare ceramics with higher purity at not only low 

sintering temperature but also short sintering time [24, 25]. 

In this paper, a new doped LLZO was synthesized by 

sol gel method, in which Ga3+and Nb5+ were used to 

partially replace Li+ and Zr4+ in Li7La3Zr2O12. The new 

doping method is used for increasing the conductivity, and 

the doped LLZO with a smaller particle size is obtained 

from the sol gel method, which is conducive to 

maintaining high sintering activity. The preparation of Ga3+ 

and Nb5+ co-doped Li7La3Zr2O12 and the addition of Ga on 

the morphology and ionic conductivity of 

Li6.8La3Zr1.8Nb0.2O12 were systematically studied. 

2. EXPERIMENT 

2.1. Preparation of powders and ceramics of  

Li6.8-3xGaxLa3Zr1.8Nb0.2O12 (0 ≤ x ≤ 0.3) 

CH₃COOLi, C6H9O6La·xH2O, C5H8N2O15Zr2, 

Ga(NO3)3·xH2O, C10H5NbO2, C6H8O7·H2O, C2H6O2, were 

purchased from Macklin Chemical Co. All purchased 

materials are analytical grade, which can be directly used 

without any purification. 

Ga and Nb Co-doped LLZO powders were synthesized 

via the sol gel method, and the ceramics of which were 

prepared by conventional sintering method under normal 

pressure. CH₃COOLi, Ga(NO3)3·xH2O, C6H9O6La·xH2O, 

C5H8N2O15Zr2, C10H5NbO2 were prepared according to the 

molar ratio of (6.8-3x):x:3:0.9:0.2. Another 10 % excess 

CH₃COOLi was supplied for compensating loss of lithium 

in the process of sintering. 

Two different solutions are needed for synthesizing 

Li6.8-3xGaxLa3Zr1.8Nb0.2O12 (0  x≤0.3) powder. CH₃COOLi, 

Ga(NO3)3·xH2O, C6H9O6La·xH2O, C5H8N2O15Zr2 were 

added into the C6H8O7·H2O solution in turn according to 

the molar ratio, and the content of C6H8O7·H2O was twice 

the total molar amount of cations in the  

Li6.8-3xGaxLa3Zr1.8Nb0.2O12 (0 ≤ x ≤ 0.3). Then NH3·H2O 

was added into the above solution until pH ≈ 7 for 

obtaining the first solution. C10H5NbO2 was dissolved in 

C2H6O2 for obtaining a second solution, and the amount of 

C2H6O2 was the same molar amount of C6H8O7·H2O. First 

of all, the two above solutions were mixed and stirred to 

prepare a transparent uniform solution at room temperature 

for 24 hours. Secondly, the being uniform solution was 

evaporated at 100 °C for 3 h before dried for forming 

yellow gels at 250 °C for 3 h. Finally, the gels were ground 

and then calcined in an air atmosphere at 800 °C for 8 h to 

obtain Li6.8-3xGaxLa3Zr1.8Nb0.2O12 (0 ≤ x ≤ 0.3) powders. 

The powders were pressed into pellets with a diameter of 

10mm, and then the pellets were sintered for synthesizing 

ceramics by cover in master powders at 1100 °C for 8 h. 

2.2. Characterization 

X-ray diffraction (XRD) was supplied for determining 

the phase of the prepared samples, the model of which was 

D8 Advance purchased from Germany. The radiation 

source tested is Cu Kα in the scanning range of 2θ from 

10° to 70°. The morphologies of electrolyte samples were 

analyzed by scanning electron microscope (SEM), the 

model of which is HITACHIS-4800 purchased from Japan. 

The impedance of samples was measured by 

electrochemical impedance (EIS), and the ionic 

conductivity was calculated. The equipment used for the 

EIS test was CHI660E (Shanghai Chenhua) 

electrochemical workstation. The sample was polished and 

coated with silver (as a blocking electrode) to be tested, the 

test frequency range was 0.01 ~ 106 Hz, and the AC signal 

voltage amplitude was 10 mV. The ionic conductivity σ can 

be calculated by substituting the impedance value R 

obtained from the EIS test into Eq. 1: 

σ=L/(R×S), (1) 

where L represented the thickness of the electrolyte sample 

and S represented the area of the blocking electrode. 

3. RESULTS AND DISCUSSION 

Fig. 1 is the X-ray diffraction diagram of  

Li6.8-3xGaxLa3Zr1.8Nb0.2O12 (x = 0.3) powder prepared by 

calcination at 800 °C for 8 hours. The synthesized product 

is a cubic structure with high ionic conductivity according 

to the PDF card (No.45-0109). In addition, the diffraction 

peak of 28.6° appears, which is an index to impurity phase 

pyrochlore structure La2Zr2O7 according to the PDF card 

(No.71-2363). The impurity product is the intermediate in 

the processing of synthesizing cubic LLZO, which can be 

removed by heating at a temperature above 700 °C for a 

long time [26]. 
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Fig. 1. XRD spectra of Li5.9 Ga0.3La3Zr1.8Nb0.2O12 powder 

prepared at 800 °C for 8 h 

Fig. 2 shows the SEM of Li6.8-3xGaxLa3Zr1.8Nb0.2O12 

(x = 0.3) powder prepared at 800 °C for 8 h. It can be seen 

from Fig. 2 b that the size of the single crystal of the 

prepared solid electrolyte LLZO material is about 100 nm, 
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which is related to the preparation process. The small 

particles not only help to improve the sintering activity, but 

also can reduce the temperature and holding time during 

the sintering process. The pellet samples in this work can 

be sintered at 1100 °C for 8 h. 

 

a b 

Fig. 2. SEM images of Li5.9 Ga0.3La3Zr1.8Nb0.2O12 powder 

prepared at 800 °C for 8 h: a – overall diagram; b – partial 

enlarged diagram 

The above sintering temperature (1100 °C) is 

significantly lower than that of the powder synthesized via 

the traditional solid state reaction method (about 1200 °C). 

In addition, compared with the long sintering time (about 

36 hours) of the powder synthesized via the traditional 

solid state reaction method [27], and the sintering time of 

the synthesized powder is shorter (only 8 hours) in this 

work, indicating the high sintering activity of powders, 

which is benefits from the nanometer size of the powder 

prepared via the sol gel method. In addition, Fig. 2 a shows 

that the particle size of the powder is mostly 1 – 5 μm, 

indicating that there are many particles agglomerations due 

to the large surface energy of nanometer powder resulting 

in the phenomenon. 

Fig. 3 shows the XRD diagrams of ceramics of  

Li6.8-3xGaxLa3Zr1.8Nb0.2O12 (0 ≤ x ≤ 0.3) electrolyte at 

sintering conditions of combining 1100 °C with 8h. In the 

case of x = 0, any diffraction peak of the sample 

corresponds to cubic phase LLZO (No.45-0109 of PDF 

card). 
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Fig. 3. XRD patterns of ceramics of Li6.8-3x GaxLa3Zr1.8Nb0.2O12 

(0 ≤ x ≤ 0.3) electrolytes sintered at 1100 °C for 8 h 

The above result shows that the cubic structure of 

LLZO can be stabilized at room temperature by single-

doped Nb element occupying the Zr site, which is 

consistent with others [28]. Previous studies showed that 

no any element doping will only get tetragonal phase 

LLZO at room temperature [29]. The conductivity of cubic 

phase LLZO exhibits higher conductivity compared to 

tetragonal phase LLZO, which is a hundred times higher. 

In summary, the sample has higher ionic conductivity 

through Nb element occupying the Zr site synthesized in 

this work. Ga as a second cation is used to occupy the Li 

sites to further fine-tune the structure to get a higher 

conductivity. Proper Ga doping can motivate more lithium 

ions to take part in conduction and get the larger size of the 

migration pathway which benefits increasing mobility. 

Furthermore, a higher Coulombic repulsion can be 

achieved between Ga3+ and Li+ benefiting from activating 

more lithium ions than that between lithium ions. All 

samples with added Ga (Li6.8-3xGaxLa3Zr1.8Nb0.2O12 

(0.1≤x≤0.3)) are still cubic phase LLZO structure, and 

there is no impurity phase. It's worth noting that the peak 

intensities of the XRD pattern for x=0.1 compound at 

about 17 degrees are different from others, which may be 

due to a loss of lithium content [30]. Fig.4 shows the fitting 

profile of the XRD result of Li6.2Ga0.2La3Zr1.8Nb0.2O12. All 

diffraction peaks can be indexed with the cubic phase 

LLZO, and Ga occupies Li sites [31]. 
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Fig. 4. Fitting profile of XRD result of Li6.2Ga0.2La3Zr1.8Nb0.2O12 

The diffraction peaks of samples  

(Li6.8-3xGaxLa3Zr1.8Nb0.2O12 (0.1 ≤ x ≤ 0.3)) slightly shift to 

the right, because the smaller Ga3+ (r = 0.62 Å) replaces the 

larger Li+ (r = 0.76 Å), resulting in the decrease of lattice 

constant and the shift of peak position to the right. The 

above results show that the samples not only keep the 

cubic phase with high ionic conductivity, but also obtain 

minor structural changes after adding the Ga element, 

which is benefitial for further enhancing the ionic 

conductivity (this result is confirmed in the following text). 

Fig. 5 is the SEM diagrams of the fracture surface of 

Li6.8-3xGaxLa3Zr1.8Nb0.2O12 (0 ≤ x ≤ 0.3) ceramic solid 

electrolyte samples. The particle size of the x = 0 

electrolyte sample is distributed from 2 to 22 µm, and the 

average size is 11 µm. In addition, there are a lot of holes 

between grains. When the doping amount of Ga reaches 

x = 0.1 (Li6.5Ga0.1La3Zr1.8Nb0.2O12), the grain size of the 

sample begins to decrease, which is distributed between  

1 – 10 µm, and the average grain size is 6 µm. In addition, 

the holes between grains gradually decrease and become 

smaller. When the doping amount of Ga further increases 

(x = 0.2, x = 0.3), a large number of grains larger than 

20 µm appear in the sample. The holes on the samples 

have basically disappeared. In addition, a cross-section of 

the sample presents a transgranular structure, which also 
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confirms the enhanced contact between grains. These 

results show that an appropriate amount of Ga-Nb co-

doping can effectively improve the relative density of 

prepared ceramics. The increasing relative density is 

beneficial to improving ionic conductivity. 

 
Fig. 5. SEM of ceramics section of Li6.8-3x GaxLa3Zr1.8Nb0.2O12 

(0 ≤ x ≤ 0.3) electrolytes sintered at 1100 °C for 8 h:  

a – x = 0; b – x = 0.1; c – x = 0.2; d – x = 0.3 

Generally speaking, high ionic conductivity is the key 

to ensure that the electrolyte can be used in lithium 

batteries. The AC impedance spectrum of  

Li6.8-3xGaxLa3Zr1.8Nb0.2O12 (0 ≤ x ≤ 0.3) solid electrolyte 

sample is shown in Fig. 6. As can be seen from Fig. 6, 

when the content of Ga is x = 0, the ceramic electrolyte 

shows a typical impedance spectrum.  

There are two semicircles in the middle and high 

frequency, representing the grain impedance and grain 

boundary impedance respectively. Furthermore, there is a 

long linear segment related to the blocking electrode in the 

low frequency. The total resistance value is the sum of 

grain impedance and grain boundary impedance. As shown 

in Fig. 6, with the increase of Ga, the two semicircles 

(Fig. 6 a and b) in the middle and high frequency gradually 

combined into a semicircle (Fig. 6 c and d), which 

indicates the increasing of Ga content reducing the grain 

interface resistance value. From the SEM results (Fig. 5), 

the result indicates that the addition of Ga is conducive to 

the increase of sample density, thus reducing the grain 

boundary resistance value. Notably, the rapid resistance 

value decreased by more than an order of magnitude from 

x = 0.1 to x = 0.2 due to the significant improvement of 

relative density (from Fig. 5.) and the changed structure. 

Fig. 7 is the total ionic conductivity and impedance of Li6.8-

3xGaxLa3Zr1.8Nb0.2O12 (0 ≤ x ≤ 0.3). The ionic conductivity 

values of all samples synthesized in this work are much 

higher than those of samples without any element doping 

[32]. The total resistance value first decreases and then 

increases with the increase of Ga, and reaches the 

minimum value at x = 0.2, which is shown in Fig. 7. In 

other words, the sample with x = 0.2 has the maximum 

ionic conductivity value. The above results indicate that Ga 

and Nb dual doping method is beneficial for increasing the 

conductivity. 
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Fig. 6. AC impedance spectrum of Li6.8-3x GaxLa3Zr1.8Nb0.2O12 

(0 ≤ x ≤ 0.3): a – x = 0; b – x = 0.1; c – x = 0.2; d – x = 0.3 

The increase of conductivity is due to Ga-Nb double 

doped samples obtained cubic phase LLZO (from the 

Fig. 3). In addition, Ga brings not only the change of 

density, but also the change of Li structure (from the Fig. 3) 

including vacancies. Although the Li vacancy is beneficial 

to improve ionic conductivity, there is an optimum value 

for the Li vacancy. At the optimum value, the sample will 

have the minimum grain resistance, indicating that the best 

grain conductivity because the resistance is inversely 

related to conductivity according to Eq. 1 [33]. A small 

amount of Ga3+ is introduced in Li6.8La3Zr1.8Nb0.2O12, 

which leads to an appropriate amount of Li vacancy, thus 

promoting the movement of Li+. 
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Fig. 7. Total ionic conductivity, impedance of  

Li6.8-3x GaxLa3Zr1.8Nb0.2O12(0≤x≤0.3) solid electrolytes 

However, the further increase of Li vacancy reduces 

the content of mobile Li+, resulting in the decrease of grain 

conductivity. Therefore, the total resistance value of the 

sample with x = 0.3 is greater than that of the sample with 

x = 0.2. When the sample with x = 0.2, the resistance value 

is the smallest, and the ionic conductivity is the maximum  

(3.7 × 10-4 S cm-1), which is higher than our previous 

works. The maximum conductivities of the two previous 

works are 1.7 × 10−4 S cm−1 and 1.9 × 10−4 S cm−1 

respectively [34, 35]. 

4. CONCLUSIONS 

Powders of cubic phase Ga-Nb dual doped LLZO were 

successfully synthesized by Sol Gel process at 800 °C. The 

single crystal particle size of the sample is about 100 nm, 

which can achieve low temperature densification. The 

ceramic can be obtained from powders at 1100 °C for 8 h. 

The sintering temperature is significantly lower than that 

of the powder synthesized via the traditional solid state 

reaction method (about 1200 °C). In addition, the sintering 

time of this work is 28 h shorter than that of the powder 

synthesized via the traditional solid state reaction method. 

Li6.8-3xGaxLa3Zr1.8Nb0.2O12 (0 ≤ x ≤ 0.3) ceramic samples 

gradually densify and reach the optimal Li+ vacancy 

concentration with the addition of Ga, which is beneficial 

for enhancing conductivity. The sample with x = 0.2 has 

the best ionic conductivity, which is 3.7 × 10-4 S cm-1 at 

room temperature. Ga-Nb co-doped LLZO electrolyte will 

supply potential application in the field for solid state 

batteries due to the fine grain and the excellent ionic 

conductivity. 
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