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Abstract: The garnet-type electrolyte is one of the most promising solid-state electrolytes (SSEs) due 
to its high ionic conductivity (σ) and wide electrochemical window. However, such electrolyte 
generates lithium carbonate (Li2CO3) in air, leading to an increase in impedance, which greatly limits 
their practical applications. In turn, high-entropy ceramics (HECs) can improve phase stability due to 
high-entropy effect. Herein, high-entropy garnet (HEG) Li6.2La3(Zr0.2Hf0.2Ti0.2Nb0.2Ta0.2)2O12 
(LL(ZrHfTiNbTa)O) SSEs were synthesized by the solid-state reaction method. X-ray diffraction 
(XRD), X-ray photoelectron spectroscopy (XPS), electrochemical impedance spectroscopy (EIS), and 
scanning electron microscopy (SEM) characterizations indicated that the LL(ZrHfTiNbTa)O 
electrolyte has excellent air stability. Room-temperature conductivity of LL(ZrHfTiNbTa)O can be 
maintained at ~1.42×10−4 S/cm after exposure to air for 2 months. Single-element-doped garnets were 
synthesized to explain the role of different elements and the mechanism of air stabilization. In addition, 
a lithium (Li)/LL(ZrHfTiNbTa)O/Li symmetric cell cycle is stable over 600 h, and the critical current 
density (CCD) is 1.24 mA/cm2, indicating remarkable stability of the Li/LL(ZrHfTiNbTa)O interface. 
Moreover, the LiFePO4/LL(ZrHfTiNbTa)O/Li cell shows excellent rate performance at 30 ℃. These 
results suggest that HECs can be one of the strategies for improving the performance of SSEs in the 
future due to their unique effects. 
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1  Introduction 

Lithium (Li) batteries are widely used in various 
electronic devices due to their high operating voltages,  
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high energy densities, and long cycle lives [1]. 
However, most of the actual commercial batteries are 
organic liquid electrolyte-dominated Li-ion batteries. 
Although liquid electrolytes possess high Li-ion 
conductivity and good wetting for electrodes, critical 
safety issues [2] such as short-circuiting, easy leakage, 
corrosion, and flammability have limits on their 
widespread practical applications and development. In  
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view of this, all-solid-state lithium batteries (ASSLBs) 
have attracted considerable attention from Sun et al. [3], 
Wang et al. [4], and He et al. [5] because of their high 
safety, high-temperature stability, and high potential 
energy density. ASSLBs are designed using solid 
electrolytes instead of liquid electrolytes. Since the 
performance of a solid-state battery depends on the 
solid electrolyte, extensive research in the past decades 
has been devoted to developing new types of solid 
electrolytes, such as NASICON [6,7], LISICON [8], 
perovskite [9], and garnet-type [10] electrolytes. 

Li7La3Zr2O12 (LLZO) is a type of Li-stuffed garnet, 
which has been considered a promising solid-state 
electrolyte (SSE) for the batteries with high lithium 
ionic conductivity (σ), wide electrochemical window, 
excellent mechanical strength, and safety [11]. However, 
experiments have revealed that garnet electrolytes are 
unstable and prone to reaction with H2O and CO2 in air 
[12]. A more widely accepted reaction pathway 
includes two steps. First, moisture in air reacts with 
LLZO to form LiOH by the Li+/H+ ion exchange [13]. 

7 3 2 12 2 7 3 2 12Li La Zr O H O Li H La Zr O LiOHx xx x  
Reaction (1) 

LiOH subsequently reacts with CO2 to form lithium 
carbonate (Li2CO3) on the surface of the garnet : 

 2 2 3 2
1 1 1

LiOH+ CO Li CO + H O
2 2 2


 

Reaction (2) 

Therefore, it is necessary to increase the stability of 
the garnet-type SSEs against moisture and CO2 in air. 
Up till now, many attempts have been made to improve 
the air stability of the garnet-type SSEs. For instance, 
Abrha et al. [14] synthesized dual-doped (Ga,Nb)–LLZO 
and compared it with previously reported (Ca,Nb)– 
LLZO garnets [15], concluding that (Ga,Nb)–LLZO 
have better air stability. Moreover, no Li2CO3 
impurities were found in the as-prepared (Ga,Nb)– 
LLZO garnet within a period of 7 d. The improved 
(Ga,Nb)–LLZO stability in air can be attributed to the 
doping site difference of Ca and Ga. Jia et al. [16] 
synthesized an air-stable layer on the surface of 
Li6.6La3Zr1.6Ta0.4O12 (LLZTO) via a chemical treatment 
of dopamine at room temperature. It was found that 
dopamine-based shells on LLZTO particles resist air 
attack for up to 20 d. Wang et al. [17] demonstrated 
high-temperature thermal pulse technique for the rapid 
ceramic surface processing for the first time, which 
allowed to eliminate Li2CO3 contaminations from 
LLZO surfaces in less than 2 s. The method consisted  

of high-energy laser beam absorption by surface 
impurities to remove them from a LLZO substrate by 
the rapidly expanding plasma. 

High-entropy ceramics (HECs) are solid solution of 
inorganic compounds with one or more Wyckoff sites 
shared by equal or near-equal atomic ratios of multi- 
principal elements [18]. HECs have many outstanding 
advantages over single-phase ceramics, such as high 
densities [19]. This is because the packing density of 
atoms increases due to a distinct atomic radius. For 
example, (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)B2 and (Hf,Zr,Ti,Ta,Nb)C 
ceramics were synthesized with a relative density of 
~99% [20,21]. Reference [22] shows that increasing 
the relative density can improve the air stability of the 
garnet electrolytes. In addition, there is a cocktail 
effect, where the synergistic effect of different elements 
can yield unexpected performance [18]. Hence, the 
synthesis of high-entropy garnets (HEGs) is expected 
to solve the issues of LLZO, such as low-temperature 
cubic to tetragonal phase transition [23], poor air 
stability, and low mechanical strength [24]. 

In this work, we introduced high entropy into the 
LLZO solid electrolyte. Specifically, based on the 
first-principles calculation data from Ref. [25], the 
HEG electrolyte Li6.2La3(Zr0.2Hf0.2Ti0.2Nb0.2Ta0.2)2O12 
(LL(ZrHfTiNbTa)O) was successfully synthesized by 
inserting five elements with an equal molar ratio at the 
Zr site. Compared with that of LLZO, the air stability 
of LL(ZrHfTiNbTa)O is substantially improved. The 
ionic conductivity of LL(ZrHfTiNbTa)O measured at 
25 ℃ is ~1.42×10−4 S/cm and remains constant for 
60 d. Also, single-element-doped garnets were synthesized 
to explain the role of different elements and the 
mechanism of air stabilization. Besides, the introduction 
of high entropy noticeably increased Li+ transference 
number (TN), critical current density (CCD), and rate 
performance of lithium batteries. 

2  Materials and methods 

2. 1  Preparation of LLZO and LL(ZrHfTiNbTa)O pellets 

First, LLZO powders were prepared by Ref. [26]. The 
LL(ZrHfTiNbTa)O powders were obtained by the 
traditional solid-state reaction method. For this purpose, 
Li2CO3 (99.99%, with a 10% lithium excess to 
compensate for lithium loss, Aladdin), La2O3 (99.95%, 
Aladdin), ZrO2 (99.99%, Aladdin), HfO2 (99%, Aladdin), 
TiO2 (99.99%, Aladdin), Nb2O5 (99.9%, Aladdin), and  
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Ta2O5 (99.5%, Aladdin), all taken in a stoichiometric 
ratio, were mixed in a zirconia ball mill tank (YXQM- 
4L, Changsha Miqi Instrument) with 2-propanol as 
grinding media to obtain the mixed slurry after ball 
milling at 400 r/min for 12 h [27]. The slurry was dried 
in an oven (DZF-6020, Hefei Kejing Materials Technology 
Co., Ltd.) at a controlled temperature of 80 ℃ for 6 h 
to produce the powders. The powders were calcined in 
a muffle furnace (KSL-1400X-A1, Hefei Kejing 
Materials Technology Co., Ltd.) at temperatures of 
750–1100 ℃ for 5 h to get LL(ZrHfTiNbTa)O mother 
powders. Next, the powders were mixed with 2 wt% 
polyvinyl butyral (PVB) binder and pressed into green 
pellets under a pressure of 6 MPa [28]. The pellets 
were then sintered in a muffle furnace at 1250 ℃ for 
5 h and finally polished with 400, 800, 1200, 2500, and 
3000 mesh sandpapers [29]. The same procedure was 
conducted concerning the LLZO powders to obtain 
LLZO pellets. Moreover, various single-element-doped 
garnet electrolytes (Li6.6La3Zr1.6Ta0.4O12 (LLZTO), 
Li6.6La3Zr1.6Nb0.4O12 (LLZNO), Li7La3Zr1.6Ti0.4O12 
(LLZTiO), and Li7La3Zr1.6Hf0.4O12 (LLZHO)) were 
prepared using the same method. 

2. 2  Characterizations and measurements 

Crystal structures of LLZO and LL(ZrHfTiNbTa)O 
particles were examined by an X-ray diffractometer 
(D2 Phaser, Bruker). Morphologies of specimens were 
inspected via a scanning electron microscope (MIRA 
LMS, TESCAN) at an accelerating voltage of 5 kV. 
The corresponding energy-dispersive X-ray spectroscopy 
(EDS; Xplore) elemental mappings were also carried 
out. An X-ray photoelectron spectrometer (K-Alpha, Thermo 
Scientific) and an Raman spectrometer (LabRAM HR 
Evolution, HORIBA Scientific) were conducted to 
analyze compositions of the LLZO and LL(ZrHfTiNbTa)O 
pellets after aging in air. Thermogravimetric analysis 
(TGA) and differential scanning calorimetry (DSC) 
curves were obtained using a TGA instrument (STA 
449 F5, NETZSCH). Prior to inductively coupled 
plasma optical emission spectroscopy (ICP-OES; Avio 
500, PerkinElmer) analysis, about each sample of 20 mg 
was dissolved in nitric acid of 5 mL, hydrochloric acid 
of 1 mL, and hydrofluoric acid of 1 mL at 493 K for 
30 min in a microwave oven. 

2. 3  Impedance measurement 

Alternating current (AC) impedance measurements 
were conducted to measure ionic conductivity using an 

electrochemical workstation (1260+1287, Solartron) at 
frequencies ranging from 1 MHz to 0.1 Hz [30]. The 
activation energy (Ea) was performed by investigating 
temperature dependence in the range from –20 to 80 ℃ 
using the electrochemical workstation. The Ag layers 
were coated onto both sides of the polished pellets for 
lithium-ion conductivity measurements [31]. 

2. 4  Air stability test 

LLZO and LL(ZrHfTiNbTa)O ceramic pellets were 
labeled as LLZO-fresh, LL(ZrHfTiNbTa)O-fresh, 
LLZO-nd, and LL(ZrHfTiNbTa)O-nd (n = 10, 20, 30, 
40, 50, and 60). To compare their air stability, the 
LLZO and LL(ZrHfTiNbTa)O pellets were aged in 
air at relative humidity of ~45%. The pellets were 
then subjected to X-ray diffraction (XRD), scanning 
electron microscopy (SEM), X-ray photoelectron 
spectroscopy (XPS), and electrochemical impedance 
spectroscopy (EIS) tests every 10 d [14,16]. The air 
stability of the LLZO and LL(ZrHfTiNbTa)O pellets 
through changes in phase, morphology, and impedance 
were compared. In addition, impedance parameters of 
LLZTO, LLZNO, LLZTiO, and LLZHO were studied 
for 5 consecutive days. 

2. 5  Cell assembly and electrochemical measurements 

Linear sweep voltammetry (LSV) and cyclic voltammetry 
(CV) curves were acquired using stainless steel (SS)/ 
garnet/Li 2032-type coin cells. The curves were 
recorded in a voltage ranging from 2 to 6 V and from 0 
to 4 V at a scan rate of 5 mV/s. The Li/garnet/Li symmetric 
cells were assembled to test the cycle performance and 
ion TN. The full cells were assembled in a lithium iron 
phosphate (LFP)/garnet/Li configuration. Li metal foils 
with a diameter of 15 mm were used as anodes, and 
commercial LFP polar tablets (loading: 10.5 mg/cm2) 
with a diameter of 14 mm were taken as cathodes. The 
thickness and diameter of the garnet electrolyte were 
~800 µm and ~16 mm, respectively. The full cells were 
charged and discharged between 2.7 and 4.2 V vs. Li/Li+ 
under various current densities. LiPF6 (1 M) in the mixture 
of ethylene carbonate (EC) and diethyl carbonate 
(DEC) (V(EC)∶V(DEC) = 1∶1) was used to wet the 
Li/garnet, SS/garnet, and LFP/garnet interfaces [32]. 

2. 6  Hardness test 

Vickers microhardness tests were carried out conforming 
to American Society for Testing Material (ASTM) 
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C1327 standard on a diamond micro indenter (HVS- 
1000A, Hitachi) at a standard loading force of 9.8 N 
and holding time of 15 s. Ten measurements were 
conducted at different locations for each specimen to 
ensure statistical validity [33]. 

3  Results and discussion 

3. 1  Synthesis of pure LL(ZrHfTiNbTa)O 

Figure 1 displays XRD patterns of a LL(ZrHfTiNbTa)O 
precursor calcined at different temperatures. The 
precursor calcined at 750 ℃ for 5 h exhibited a garnet 
cubic phase structure, but there was also an impurity 
peak at 2θ = 22.4°, which should be attributed to 
lanthanum niobium oxides (La0.33NbO3, PDF#36-0126) 
that were not fully reacted. The result was consistent 
with the phase transition temperature data obtained by 
a DSC curve (Fig. S1 in the Electronic Supplementary 
Material (ESM)). After calcination at 900 ℃ for 5 h, a 
standard cubic phase structure was formed. Therefore, 
the temperature of 900 ℃ and the calcination time of 
5 h were the most optimal synthesis conditions of 
LL(ZrHfTiNbTa)O. As a control, the LLZO precursor 
was calcined at 900 ℃ at different time. As shown in 
Fig. S2 in the ESM, LLZO calcined at 900 ℃ for 5 h 
possessed a tetragonal phase structure, and the further 
extension of the calcination time to 12 h caused the 
formation of the cubic phase. These results indicate 
that high-entropy doping can promote the tetragonal- 
to-cubic phase transition [34]. Miara et al. [25] applied 
the density functional theory (DFT) to calculate defect 
energy and site preference of all possible dopants in 
lithium garnets. As shown in Fig. S3 in the ESM, the  

 
 

Fig. 1  XRD patterns of LL(ZrHfTiNbTa)O precursor 
calcined at different temperatures. 

 

color shows the most stable cation site (green for 
the Li site, red for the La site, and blue for Zr site). 
The darker colors signify lower defect energy. The 
corresponding ionic radii and coordination numbers 
of these five elements (zirconium (Zr), hafnium (Hf), 
titanium (Ti), niobium (Nb), and tantalum (Ta)) are 
listed in Table S1 in the ESM. All five kinds of ions 
have a similar radius and the same coordination 
number. In summary, it was established that dopants 
were settled at the Zr sites. 

The EDS elemental mappings (Fig. 2) show uniform 
distributions of Zr, Hf, Ti, Nb, and Ta elements in 
LL(ZrHfTiNbTa)O. Suggesting that there were no 
obvious segregations or second phase detected, the 
findings were consistent with the conclusion drawn 
based on the XRD patterns [35]. Table 1 depicts 
ICP-OES data, revealing that the five elements are 
close to the equimolar ratio. In summary, according to 
the XRD patterns, EDS mappings, and ICP-OES 
results, HEG SSEs were successfully synthesized. 

 

 
 

Fig. 2  EDS mappings of LL(ZrHfTiNbTa)O SSE. 
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Table 1  ICP-OES results of LL(ZrHfTiNbTa)O 

Element Zr Ti Hf Nb Ta 

C (μg/L) 5.677 4.037 12.302 7.639 15.007

Atomic percent (%) 17 22 19 21 21 

 

3. 2  Electrochemical impedance 

Figure S4 in the ESM depicts EIS plots of the 
LL(ZrHfTiNbTa)O pellets at different sintering 
temperatures and time, implying that the lowest 
impedance was achieved for the pellet sintered at 
1250 ℃ for 5 h. Figure 3(a) shows EIS curves of 
LLZO and LL(ZrHfTiNbTa)O SSEs measured at 25 ℃. 
In the case of LLZO, a quasi-semicircle in a high- 
frequency region and a tail in a low-frequency part 
were observed. The fitted circuit is a Rb(RgbQgb)(RelQel) 
model, where R is the resistance, Q is the constant 
phase element, and the subscripts b, gb, and el refer to 
the contributions of the bulk, the grain boundary, and 
the electrode, respectively [36]. Due to a high response 
frequency of the grains (> 1 MHz), there were only 
semicircles corresponding to grain boundaries in 
LLZO. The value of the real part of the inflection point 
in the semicircle and the straight line is R of the LLZO 
ceramics [37]. Because of small impedance and 

thickness of the LL(ZrHfTiNbTa)O electrolyte pellet, 
the bulk grain boundary impedance value and grain 
boundary capacitive reactance were low, and the grain 
boundary semicircle disappeared, so that the EIS curve 
exhibited only a tail of 45° [38]. AC impedance data 
were further collected on the LL(ZrHfTiNbTa)O 
pellets of different thicknesses. As shown in Fig. S5 in 
the ESM, Nyquist plots’ semicircles became increasingly 
obvious with the increase in the LL(ZrHfTiNbTa)O 
pellet thickness (L). Thus, the real part of the starting 
point of the curve is used as the total impedance value 
of the LL(ZrHfTiNbTa)O pellets. The σ was 
determined by Eq. (1): 

 
  

L

RS
 

 
(1) 

where S is the active electrode area. The ionic 
conductivity of LL(ZrHfTiNbTa)O and LLZO were 
1.42×10–4 and 4.17×10–6 S/cm, respectively. This result 
could be attributed to the relative densities of the 
ceramic pellets. According to SEM images (Fig. 4), the 
grains of the LL(ZrHfTiNbTa)O ceramics (Fig. 4(e)) 
are more tightly bound than those in the LLZO 
ceramics (Fig. 4(a)), which would have greatly reduced 
Rgb of the LL(ZrHfTiNbTa)O ceramics [39]. Besides, 
the pentavalent element doping (Ta and Nb) into LLZO 
can further enhance room-temperature conductivity 

 

 
 

Fig. 3  (a) Nyquist plots of LL(ZrHfTiNbTa)O and LLZO pellets measured at 25 ℃ where Z' refers to the real impedance part 
of the AC impedance response of the electrochemical system related to ion transport, which usually corresponds to the diffusion 
process of ions in the electrolyte, and −Z"  refers to the imaginary impedance part related to the electrode surface reaction in the 
AC impedance response of the electrochemical system, which usually corresponds to the electron transfer process. (b) Nyquist 
plots of LL(ZrHfTiNbTa)O pellet measured at different temperatures. (c) Nyquist plots of LLZO measured at different 
temperatures. (d) Arrhenius plots of LL(ZrHfTiNbTa)O and LLZO where T is the absolute temperature. The insets show 
magnified high-frequency plots. (e) DC polarization curves of garnet under applied voltages of 1–2 V at 25 ℃. (f) Relationship 
between applied potential and constant current. 
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Fig. 4  SEM images of (a–d) LLZO and (e–h) LL(ZrHfTiNbTa)O pellets exposed to air for 30 d. 
 

because of the increased amount of Li+ vacancies as 
hopping sites [40]. In addition, Ea of Li+ migration in 
the pellets was determined by Eq. (2) [41]:  

 

a

b

  exp
E

A
K T


 

  
   

(2) 

where A is the pre-exponential factor (a constant with 
the same unit as σ), T is the absolute temperature, and 
Kb is the Boltzmann constant. Figures 3(b) and 3(c) 
display EIS curves of the LL(ZrHfTiNbTa)O and 
LLZO electrolytes recorded at different temperatures, 
respectively. The Ea values of LL(ZrHfTiNbTa)O and  

LLZO are 0.45 and 0.47 eV, respectively (Fig. 3(d)). 
The electronic conductivity of LL(ZrHfTiNbTa)O and 
LLZO measured by the direct current (DC) polarization  
method were 2.33×10−8 and 9.22×10−8 S/cm, respectively. 
As shown in Fig. 3(e), three constant potential 
polarizations were applied for test accuracy, and the 
electronic resistances of the electrolytes are obtained 
by plotting standard curves (Fig. 3(f)) [42]. 

3. 3  Air stability 

Figure 4 shows morphological changes of the LLZO 
(Figs. 4(a)–4(d)) and LL(ZrHfTiNbTa)O (Figs. 4(e)–4(h))  
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pellets aged in air for 30 d. The Li2CO3 particles 
appeared on a smooth surface of LLZO after 1 d of 
exposure to air. Within 10 d, the number of the Li2CO3 
particles increased. After 20 d, the Li2CO3 layers could 
be seen. Compared with LLZO, no Li2CO3 impurities 
were observed on the surface of the LL(ZrHfTiNbTa)O 
electrolyte. This result indicated that the air stability of 
LL(ZrHfTiNbTa)O is better than that of LLZO. 
Because LLZO possessed high porosity, H2O and CO2 
would have entered pores and contaminated the 
interior in addition to eroding the surface. Furthermore, 
the macro morphology changes occurred in the LLZO 
and LL(ZrHfTiNbTa)O electrolyte pellets within 3 
months, as shown in Fig. S6 in the ESM. Moreover, 
the apparent corroding appeared on the LLZO surface 
exposed to air for 60 d. After 90 d, the LLZO 
pellet was completely transformed into powders. 
On the contrary, no alteration was observed in the 
macroscopic morphology of the LL(ZrHfTiNbTa)O 
pellet within 3 months. 

To quantitatively compare the relative densities of 
the LL(ZrHfTiNbTa)O and LLZO pellets, the volume 
densities (ρv) of the samples were determined via 
Archimedes method by Eq. (3): 

 d
v l

w s

  
  

W

W W
 

  
(3) 

where ρl is the density of the liquid, and Wd, Ww, and 
Ws are the dry weight, the wet weight, and the suspended 
weight, respectively. Rietveld refinement of the XRD peaks 
using the GSAS package software [4] was conducted to 
determine the theoretical density of LL(ZrHfTiNbTa)O. 
Figure 5 displays the good coincidence between the 
observed and refined patterns with a goodness of fit 
(GOF) value of 2.2 and an Rwp value of 5.9 where Rwp 
refers to the weighted residual average. The relative 
densities of LL(ZrHfTiNbTa)O and LLZO (Table 2)  

 

 
 

Fig. 5  Example of Rietveld refinement of LL(ZrHfTiNbTa)O 
based on the structural model of LLZO. 

Table 2  ρv, theoretical densities, and relative densities 
of LLZO and LL(ZrHfTiNbTa)O 

Sample 
ρv 

(g/cm³)
Theoretical density 

(g/cm³) 
Relative density

LLZO 2.699 5.013 53.8% 

LL(ZrHfTiNbTa)O 4.963 5.499 90.3% 

 

are 90.3% and 53.8%, respectively. Therefore, the 
excellent morphology stability of LL(ZrHfTiNbTa)O 
was attributed to its high relative density. 

To further identify air pollution resistance of the 
LL(ZrHfTiNbTa)O and LLZO ceramic pellets, Li2CO3 
components of the LL(ZrHfTiNbTa)O and LLZO 
pellets were detected by the XRD patterns and XPS 
spectra, as shown in Figs. 6(a)–6(c). In the XRD 
patterns of the LL(ZrHfTiNbTa)O pellet (Fig. 6(a)), 
no Li2CO3 was detected after 30 d. However, the 
obvious characteristic peak of Li2CO3 at 21° emerged 
after LLZO was aged in air for 30 d. In the C 1s 
spectra of the LLZO-10d specimen (Fig. 6(b)), the 
peaks at approximately 288.9 and 290.0 eV 
corresponded to carboxy impurities and carbonate 
species, respectively [16]. However, no carbonate peak 
at 290.0 eV was observed in LL(ZrHfTiNbTa)O. 
Moreover, there was an additional metal oxide peak at 
529.4 eV in the O 1s spectra of the LL(ZrHfTiNbTa)O- 
10d pellet (Fig. 6(d)) [43], while only a peak of 
531.8 eV was identified in the LLZO-10d sample, 
which was attributed to a Li2CO3 surface layer. The 
existence of Li2CO3 in the LLZO-10d pellet was also 
evident from Raman spectra (Fig. S7 in the ESM), in 
which the intense peak at 1100 cm−1 was related to the 
vibrations of carbonate groups [44]. However, no 
Li2CO3 traces were found in LL(ZrHfTiNbTa)O after 
10 d of exposure, meaning that LL(ZrHfTiNbTa)O has 
remarkable phase stability in air. 

A c o mp a r a t i v e  i mp e d a n c e  s t u d y  o f  t h e 
LL(ZrHfTiNbTa)O and LLZO pellets after exposure to 
ambient air was performed as well. Figures 6(d) and 
6(e) depict EIS spectra of the LL(ZrHfTiNbTa)O and 
LLZO specimens, respectively. According to the 
results, the impedance of LL(ZrHfTiNbTa)O barely 
changed within 60 d. In contrast, the impedance of LLZO 
was constantly increasing, being twice the initial value 
after 60 d. As seen in Fig. 6(f), σ of LL(ZrHfTiNbTa)O 
tended to be stable over 2 months, while that of LLZO 
exhibited an obvious declining trend. This is because 
Li2CO3 is a highly resistant phase that hinders the Li+ 
transport and reduces ionic conductivity. As shown in 
Table S2 in the ESM, many modification methods  
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Fig. 6  (a) XRD patterns, (b, c) XPS spectra, (d, e) impedance changes, and (f) σ as a function of exposure time observed in 
LL(ZrHfTiNbTa)O and LLZO pellets. 

 
allow one to improve air stability, and the effect of 
high-entropy doping is prominent. 

To further determine the role of different elements 
and mechanism of LL(ZrHfTiNbTa)O air stabilization, 
the impedance changes of four electrolytes (LLZTO, 
LLZNO, LLZTiO, and LLZHO) were monitored for 
more than 5 d. As shown in Figs. 7(b) and 7(c), Ta and 
Nb doping significantly reduced the impedance of 
LLZO, but increased the impedance values of LLZTO 
and LLZNO by 206% and 331% after 5 d of exposure, 
respectively. The results reveal that Ta and Nb doping 
can improve the ionic conductivity but not the air 
stability. As shown in Fig. 7(d), the Ti doping of LLZO 

doubled its ionic conductivity and only increased the 
impedance by 8% after 5 d. Therefore, Ti doping 
enhances the ionic conductivity and air stability of 
LLZO. However, as seen in Fig. 7(e), the impedance of 
the garnet increased instead after Hf doping, probably 
because of the strong interaction between Hf and 
lithium, which hindered the migration of lithium ions 
[45]. As shown in Fig. 8, after 30 d, a large number of 
layered Li2CO3 contamination layers appeared on the 
surfaces of LLZNO and LLZTO (Figs. 8(c) and 8(d), 
respectively). In contrast, only a small amount of chain 
beads of Li2CO3 appeared on the surfaces of LLZHO 
and LLZTiO (Figs. 8(a) and 8(b), respectively). 

 

 
 

Fig. 7  EIS evolution of (a) LLZO, (b) LLZTO, (c) LLZNO, (d) LLZTiO, (e) LLZHO, and (f) LL(ZrHfTiNbTa)O after exposure to air. 
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Fig. 8  SEM images of (a) LLZHO, (b) LLZTiO, (c) LLZNO, and (d) LLZTO pellets exposed to air for 30 d. 
 

As shown in Fig. 9(a), melting points of different 
garnets were tested by the DSC curves, and LLZTiO 
had the lowest melting point, indicating that Ti doping 
could promote the sintering of electrolyte pellets. The 
TGA curves (Fig. 9(b)) show three weight-loss steps: 
the evaporation of water molecules absorbed at the 
surface at 250 ℃ (Step I), the escape of H+ as H2O at 
400–500 ℃ (Step II), and the decomposition of the 
carbonate by-products at 500–800 ℃ (Step III). The 
percentage of H+/Li+ exchange is quantified according 
to the weight loss in Step II [46]. LLZHO has no 
weight loss in Step II, indicating that Hf can effectively 
slow down the process of H+/Li+ exchange [47]. Also, 
we found that the proton exchange process of the 
garnet electrolyte is slow for single-element doping 
with high impedance, probably because a strong force 
of the doped atom on Li+ hinders its migration. 

In summary, the doping of Ta and Nb can improve  
 

the ionic conductivity, the doping of Ti can promote 
the sintering of the electrolyte pellets to improve the 
densities, and the doping of Hf can inhibit the H+/Li+ 
exchange to improve the air stability. Under the 
synergistic effect of the Ta, Nb, Ti, and Hf elements, 
the LL(ZrHfTiNbTa)O pellet exhibits both high ionic 
conductivity and outstanding air stability. 

3. 4  Electrochemical properties 

To test and compare the practicality of LL(ZrHfTiNbTa)O 
and LLZO, their electrochemical properties were 
evaluated as well. Figure 10(a) illustrates electrochemical 
windows of the LL(ZrHfTiNbTa)O and LLZO electrolytes. 
The LL(ZrHfTiNbTa)O one was electrochemically 
stable up to 4.6 V, which indicated its suitability for 
high-voltage solid lithium batteries [48]. Meanwhile, 
CCD of a Li/LL(ZrHfTiNbTa)O/Li symmetric cell was 

 
 

Fig. 9  (a) Thermal response in garnet powders during heating at 10 ℃/min. (b) TGA curves of garnet powders after 10 d exposed to air. 
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Fig. 10  (a) LSV curves of Li/LL(ZrHfTiNbTa)O/SS and Li/LLZO/SS cells. (b, c) CCDs of Li/LL(ZrHfTiNbTa)O/Li 
and Li/LLZO/Li cells, respectively (the insets are the micro short circuit). Galvanostatic cycling performance of  
(d) Li/LL(ZrHfTiNbTa)O/Li and (e) Li/LLZO/Li cells under current density of 0.1 mA/cm2 at 30 ℃. Current–time curves of  
(f) Li/LL(ZrHfTiNbTa)O/Li and (g) Li/LLZO/Li symmetric cells at 10 mV of polarization (the insets display the EIS curves in 
initial and steady states). 

 
noticeably improved from 0.75 to 1.24 mA/cm2, 
meaning that the LL(ZrHfTiNbTa)O/Li interface is 
more stable than the LLZO/Li one (Figs. 10(b) and 
10(c), respectively). It is worth noting that Ti is a redox 
element that can be easily reduced when contacting 
with a Li metal [49]. As shown in Fig. S8(a) in the 
ESM, a reduction peak appeared at a voltage of 1.15 V, 
possibly due to the reduction of Ti. In addition, XPS 
was used to analyze the valence change of Ti after 
cycling in the Li/LL(ZrHfTiNbTa)O symmetric cells. 
However, because of the small amount of Ti, no 
significant changes are observed (Fig. S8(b) in the 
ESM). According to a galvanostatic cycling curve 
(Figs. 10(d) and 10(e)), the Li/LL(ZrHfTiNbTa)O/Li 
cell maintained its stable cycling over 600 h with a 
plateau of ~70 mV at a current density of 0.1 mA/cm2 
and a temperature of 30 ℃. Thus, the stable and 
smooth Li+ transport in the Li/LL(ZrHfTiNbTa)O/Li 
cell was demonstrated. On the contrary, the Li/LLZO/ 
Li cell exhibited a large polarization potential and a 

rapid voltage drop, reaching cycling stability in 90 
cycles. Then the polarization voltage slowly increased 
again after cycling for 200 h. This was attributed to the 
growth of lithium dendrites and the dissolution of 
lithium. Meanwhile, no lithium dendrites and morphology 
changes are observed in the LL(ZrHfTiNbTa)O pellet 
(Figs. S9(a) and S9(b) in the ESM). In contrast, there 
is lithium dendrite proliferation in the LLZO pellet 
(Fig. S9(c) and S9(d) in the ESM). As an important 
parameter for evaluating ion migration capability, Li+ 
TN was measured by the modified Bruce–Vincent– 
Evans (BVE) method [50]. The Li+ TN value of 
LL(ZrHfTiNbTa)O is 0.67 while being lower (0.205) 
in LLZO (Figs. 10(f) and 10(g), respectively), which 
suggested that LL(ZrHfTiNbTa)O had better ion 
migration capability and lower polarization. 

Figure 11 shows charge/discharge curves and discharge- 
specific capacities for the Li/LL(ZrHfTiNbTa)O/LFP 
full cell at 30 ℃ with various rates. The cell 
displayed good rate capability with a low polarization  
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Fig. 11  (a) Rate performances of Li/LLZO/LFP and Li/LL(ZrHfTiNbTa)O/LFP full cells. (b, c) Charge/discharge curves of 
Li/LL(ZrHfTiNbTa)O/LFP and Li/LLZO/LFP cells at various rates, respectively. 

 

voltage, delivering the discharge-specific capacity of 
159, 150, and 117 mAh/g at various rates of 0.1, 0.2, 
and 0.5 C, respectively. However, the discharge 
capacity of the Li/LLZO/LFP cell could only reach 
49 mAh/g at a rate of 0.5 C. Table S3 in the ESM 
displays the discharge capacities obtained in this work 
and recently reported values. All the results show that 
the HEG electrolytes synthesized by the authors have a 
promising application prospect in the solid-state batteries. 

3. 5  Mechanical properties of LL(ZrHfTiNbTa)O pellet 

Figure S10 in the ESM depicts Vickers hardness of the 
LL(ZrHfTiNbTa)O and LLZO pellets, which were 
approximately 980 and 555 MPa, respectively. Therefore, 
the high entropy was conducive to the enhancement in 
mechanical strength of LLZO due to its lattice 
distortion effect [18]. Moreover, it has been shown that 
high mechanical strength can suppress the growth of 
lithium dendrites [51]. Because of the above, high- 
entropy SSEs seem to be an optimal strategy for 
suppressing the lithium dendrite growth in new- 
generation devices. 

4  Conclusions 

In summary, HEG SSEs were produced by introducing 
five equimolar elements into the Zr site of the LLZO 
pellet through the solid-state reaction method. The 
ionic conductivity, surface morphology, and phase 
changes of the LL(ZrHfTiNbTa)O and LLZO pellets 
were tested for over 30 d. The ionic conductivity of 
LL(ZrHfTiNbTa)O remained unchanged for 60 d, and 
no Li2CO3 impurities were formed within 10 d. The 
results show the outstanding air stability of the 
LL(ZrHfTiNbTa)O composition compared to that of 
LLZO. We investigate the role of different elements 
and find that Hf can inhibit the exchange process of  

H+/Li+ to improve the air stability. Moreover, the 
LL(ZrHfTiNbTa)O electrolyte has a higher ion 
migration number than LLZO, and the related 
Li/LL(ZrHfTiNbTa)O/Li symmetric cell exhibited the 
cycling stability for more than 600 h. Also, the 
LiFePO4/LL(ZrHfTiNbTa)O/Li cell shows excellent 
rate performance at 30 ℃. Therefore, it is shown that 
HEG SSEs have broad application prospects in the 
future. 
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