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Li0.3(MgCoNiCuZn)0.7O-x% LiF (x=0, 5, 8, 10) composite ceramics are synthesized by solid state reaction. Influence of 

sintering aids of LiF on the crystal structure, microstructure and conductivity for Li0.3(MgCoNiCuZn)0.7O is investigated. The 

ratio of electronic conductivity to total conductivity for Li0.3(MgCoNiCuZn)0.7O is 4.3%. Electronic conductivity in 

Li0.3(MgCoNiCuZn)0.7O cannot be ignored. The total conductivity of composite ceramics is improved with the addition of LiF 

sintering aids. The highest total electrical conductivity of 7.12×10
-5 

S cm
-1 

was obtained at x=8 at room temperature, with the 

activation energy of 0.31 eV. The electronic conductivity of Li0.3(MgCoNiCuZn)0.7O-8% LiF sample is 5.22×10
-7 

S cm
-1

, which 

is 100 times lower than its total electrical conductivity.  
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1. Introduction 

 

Fast lithium-ion conducting materials, also known as 

solid electrolyte, have attributed increasing interest due to 

the potential application in next-generation batteries, 

electrochemical sensors and electrochromic device [1]. 

Especially, the search for solid state electrolytes with high 

lithium-ion conductivity, good chemical/electrochemical 

stability is one of the important research interests for 

all-solid-state batteries [2, 3, 4]. A lot of oxides, sulfides 

and nitrides have been studied as solid state electrolytes 

for all-solid-state batteries, such as PEO-LiClO4, LLTO 

(Li0.33La0.55TiO3), LSTZ (Li0.375Sr0.4375Zr0.25Ta0.75O3), 

LLZO (Li7La3Zr2O12), LATP (Li1.3Al0.3Ti1.7(PO4)3), LGPS 

(Li10GeP2S12), LIPON (Li-P-N-O) and LiOCl3 [5, 6, 7, 8, 9, 

10, 11]. However, LLTO, LSTZ and LATP are 

electrochemical unstable [12, 13, 14] in contact with 

metallic lithium, LGPS, LIPON and LiOCl3 are 

hydroscopic and could react with water in air to produce 

impurities [15, 16, 17], Interfacial resistance of 

LLZO/electrodes is too large for application for solid state 

battery [18]. So far, no ideal solid electrolyte materials 

have been developed for lithium-ion battery. 

Recently, researchers reported a new family of solid 

electrolyte with high entropy rock salt structure, 

(MgCoNiCuZn)1-xLixO [19]. Lots of new properties such 

as super ionic conductivity and enhanced electrical 

conductivity have been discovered in high entropy rock 

salt ceramics [20, 21]. (MgCoNiCuZn)1-xLixO (x=0.33) 

presents single rock salt structure and exhibits a high room 

temperature conductivity of 1×10
-3

 S cm
-1

 with the 

activation energy of 0.20 eV. Conductivity of 

(MgCoNiCuZn)1-xLixO (x=0.33) is 10 times higher than 

LiPON, LLZO and LSTZ [22, 23, 24]. While Li
+
 doped 

into (MgCoNiCuZn)O to form (MgCoNiCuZn)1-xLixO, 

oxygen vacancies were formed. Actually, oxygen 

vacancies are benefit to electronic conduction. Electronic 

conductivity is an important parameter for solid electrolyte. 

So, electronic conductivity of (MgCoNiCuZn)1-xLixO 

should be studied. 

LiF is an interesting and effective sintering aid for 

ceramic-type solid electrolyte. Xu [25] et al observed that 

LiF sintering aids increased the total ionic conductivity of 

Li3/8Sr7/16Hf1/4Ta3/4O3 by about 1.5 times. Xiong [26, 27] et 

al reported significant enhancement of total ionic 

conductivity for LTP solid electrolyte with the addition of 

LiF sintering aids. LiF can improve the microstructure of 

solid electrolyte ceramics. In addition, LiF can decrease 

the sintering temperature of LATP ceramics. 

In this study, high-entropy type 

Li0.3(MgCoNiCuZn)0.7O-x% LiF (x=0, 5, 8, 10) 

composites were prepared. LiF was added into 

Li0.3(MgCoNiCuZn)0.7O high entropy ceramic system as 

sintering aids. The influence of LiF sintering aids on the 

conductivity, electronic conductivity, microstructure and 

crystal structure for Li0.3(MgCoNiCuZn)0.7O was 

examined. Furthermore, electronic conductivity and its 

ratio in total conductivity for Li-doped (MgCoNiCuZn)O 

high-entropy ceramics was determined.  
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2. Experimental 

 

High-entropy Li0.3(MgCoNiCuZn)0.7O-x% LiF (x=0, 

5, 8, 10) ceramics were synthesized by the traditional solid 

state reaction method. NiO (AR, Aladdin reagent Ltd), 

Co2O3 (AR, Kelong reagent Ltd), MgO (AR, Yongda 

reagent Ltd), CuO (AR, Yongda reagent Ltd), LiF (AR, 

Aladdin reagent Ltd), ZnO (AR, Yongda reagent Ltd) and 

Li2CO3 (AR, Kelong reagent Ltd) were used as starting 

materials. All reagents were weighted in stoichiometric 

amounts and ball-milled for 24 h with ethanol as solvent 

on Mitr-YXQM-2 L planetary ball mill machine. The 

gained slurry was dried at 80 ℃ for 24 h and then calcined 

at 900 ℃ for 12 hours in air. The obtained powder was 

re-ball milled after adding different LiF contents for 8 h 

and then pressed into pellets with a diameter of 15 mm 

under 20 MPa. Finally, all the pressed pellets were sintered 

at 1000 ℃ for 15 hours in air before air quenching. 

The crystalline structure of sintered samples was 

detected by using X-ray diffraction (XRD) (Bruker D8 

Advance diffractometer) in the 2ɵ range from 10° to 80°. 

Microstructure of the sintered pellets was observed using 

scanning electron microscopy (SEM, S-3000N). Silver 

pulp was used as blocking electrode for conductivity test. 

The conductivity of sintered pellets was measured via 

AC-impedance using CHI660E in the frequency range 

from 1 MHz to 1 Hz between 25 ℃ and 120 ℃. The 

electronic conductivity of samples was measured by using 

DC polarization method (CHI660E electrochemistry 

workstation). The voltage was 4 V with a polarization time 

of 6000 s.  

 

 

3. Results and discussion 

 

Fig. 1 shows XRD profiles of 

Li0.3(MgCoNiCuZn)0.7O- x% LiF composites. 

Li0.3(MgCoNiCuZn)0.7O- x% LiF composite solid 

electrolytes show similar XRD patterns with pure 

Li0.3(MgCoNiCuZn)0.7O. The main diffraction peaks for 

all samples corresponding to rock salt structure. Non peaks 

of LiF or other impurities were detected. The lattice 

parameters were measured and were listed in Table 1. The 

peak intensity of (111) was larger than (200) in 

Li0.3(MgCoNiCuZn)0.7O and Li0.3(MgCoNiCuZn)0.7O-5% 

LiF samples, but the effect was reversed in 

Li0.3(MgCoNiCuZn)0.7O-8% LiF and 

Li0.3(MgCoNiCuZn)0.7O-10% LiF. With the addition of 

low melting point LiF, the phase formation temperature of 

ceramics was decreased, which is benefit to the growth of 

(200) crystal face. LiF plays the role of sintering aids in 

the process of ceramic sintering. 

 

 

 

Fig. 1. XRD patterns of composite solid electrolyte 

 

 

Fig. 2. Impedance profiles for Li0.3(MgCoNiCuZn)0.7O- LiF 

composites (color online) 

 

 

Fig. 2 shows Nyquist plots of 

Li0.3(MgCoNiCuZn)0.7O- x% LiF composites sintered at 

1000 °C. These Impedance profiles have one semicircle 

only, which is attributed to the total resistance of 

corresponding solid electrolyte. The total conductivities 

were calculated by thickness (d), resistance (R) and 

surface area (S) of ceramic pellet as following: 

 

𝜎 =
𝑑

𝑅×𝑆
                  (1) 

 

The calculated results were listed in Table 1. The total 

conductivity (25 °C) of Li0.3(MgCoNiCuZn)0.7O- x% LiF 

composites reach maximum of 7.12×10
-5

 S cm
-1

 at x=8. 

The total conductivity (25 °C) of Li0.3(MgCoNiCuZn)0.7O- 

10% LiF was 3.83×10
-5

 S cm
-1

. The room temperature 

conductivity of Li0.3(MgCoNiCuZn)0.7O-8% LiF sample 

was higher than Li0.3(MgCoNiCuZn)0.7O-10% LiF sample. 
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Table 1. Lattice parameter, conductivity and activation energy of samples 

 

Samples Lattice 

parameters/Å 

σ total/ 

10
-5 

S cm
-1

 

σ ele/ 

10
-7 

S cm
-1

 

σ ele

σ total
 

Activation 

energy/eV 

Li0.3(MgCoNiCuZn)0.7O 4.20301 2.22 9.45 4.3% 0.32 

Li0.3(MgCoNiCuZn)0.7O-5% LiF 4.20296 5.44 7.58 1.4% 0.34 

Li0.3(MgCoNiCuZn)0.7O-8% LiF 4.20294 7.12 5.22 0.8% 0.31 

Li0.3(MgCoNiCuZn)0.7O-10%LiF 4.20287 3.83 0.82 0.2% 0.29 

 

 

The decrease of the total conductivity for 

Li0.3(MgCoNiCuZn)0.7O- 10% LiF could be explained by 

the blocking effect for lithium ion conduction of excess 

LiF. A small amount of low melting point LiF could 

promote the sintering thus improve the total conductivity 

of composites. But LiF is insulant in nature, too much 

lithium fluoride is not conducive to the improvement of 

conductivity. So, the total conductivity of 

Li0.3(MgCoNiCuZn)0.7O-10% LiF is lower than 

Li0.3(MgCoNiCuZn)0.7O- 8% LiF.  

 

 

Fig. 3. Temperature dependence of conductivities of 

Li0.3(MgCoNiCuZn)0.7O- LiF composites (color online) 

 

 

Fig. 3 shows the Arrhenius plots of 

Li0.3(MgCoNiCuZn)0.7O- x% LiF composites. The 

activation energies of Li0.3(MgCoNiCuZn)0.7O- x% LiF 

composites were calculated by: 

𝜎𝑇 = 𝜎0𝑒𝑥𝑝 (−
𝐸𝑎

𝑘𝐵𝑇
)          (2) 

The calculated results were listed in Table 1. 

Activation energies of pellets were obtained from the slope 

of Arrhenius plots (log σT vs 1000/T). As can be seen, the 

activation energies of all samples with different LiF 

amounts were around 0.3-0.4 eV, which is similar to 

ceramic-type LLTO, LLZO and LATP solid electrolytes.  

 

 

Fig. 4. Potentiostatic polarization curves of 

Li0.3(MgCoNiCuZn)0.7O- x% LiF using Li-ion blocking  

Ag electrodes (color online) 

 

Fig. 4 shows the potentiostatic polarization current as 

a function of measuring time (current vs time) at 25 °C for 

Li0.3(MgCoNiCuZn)0.7O- x% LiF. Due to the usage of 

Li-ion blocking Ag electrodes, the steady current shown in 

Fig. 4 was attributed to the electronic conduction in 

Li0.3(MgCoNiCuZn)0.7O- x% LiF. The electronic 

conductivity (σele) of samples was determined by: 

 

𝜎𝑒𝑙𝑒 =  
𝐼×𝑑

𝑈×𝑆
                   (3) 

 

The electronic conductivity of 

Li0.3(MgCoNiCuZn)0.7O- x% LiF was listed in Table 1. 

Li0.3(MgCoNiCuZn)0.7O presents an electronic 

conductivity of 9.45×10
-7 

S cm
-1

 at 25 °C. The ratio of 

electronic conductivity to total conductivity for 

Li0.3(MgCoNiCuZn)0.7O is 4.3%. Electronic conductivity 

in Li0.3(MgCoNiCuZn)0.7O cannot be ignored.  

LiF has a low melting point of 848 ℃ and is a widely 

used as sintering aids for ceramic. Appropriate amount of 

LiF sintering aids is beneficial to the increment of total 
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conductivity of composite ceramics, but has little effect on 

electronic conductivity. However, LiF is insulating 

material in nature. The excess LiF could blocks ion and 

electron transport channels. 

 

 

 

Fig. 5. SEM images of as-sintered composites 

 

 

Fig. 5 shows SEM images of the cross-sectional 

morphology for Li0.3(MgCoNiCuZn)0.7O- x% LiF 

composites. A large number of holes were observed in all 

samples. This is attributed to the element loss during high 

temperature sintering, such as lithium. The porous 

structure is adverse to Li-ion conduction for ceramic-type 

solid electrolyte. The geometrical density of as-sintered 

samples was only about 70%, which is much lower than 

traditional ceramic electrolytes. A good ceramic-type solid 

electrolyte should have a density of more than 90%. To 

further improve the conductivity of Lix(MgCoNiCuZn)1-xO 

and related ceramics, the next step of the research could be 

focus on powder bed sintering, SPS sintering, hot pressing 

sintering and adding excess volatile elements.  

 

 

4. Conclusions 

 

Single phase Li-doped rock salt type high entropy 

ceramic Li0.3(MgCoNiCuZn)0.7O has been obtained 

successfully by solid state reaction with the addition of 

LiF as sintering aids. The highest total electrical 

conductivity of 7.12×10
-5 

S cm
-1 

was obtained at x=8 at 

room temperature, with the activation energy of 0.31 eV. 

The ratio of electronic conductivity to total electrical 

conductivity for Li0.3(MgCoNiCuZn)0.7O is 4.3%. 

Li0.3(MgCoNiCuZn)0.7O is not suitable as a solid 

electrolyte due to the high electronic conductivity. 

Appropriate amount of LiF sintering aids is beneficial to 

the increment of total conductivity of composite ceramics.  
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