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Abstract 

The advancement of all-solid-state lithium batteries (ASSLBs) hinges on developing 

highly conductive and chemically stable solid electrolytes. High-entropy ceramics 

leveraged from high configurational entropy and synergistic interactions among the 

elements have emerged as a rapidly expanding class of high-entropy materials, 

attracting significant attention due to their exceptional properties.  Here, a high-entropy 

Li-stuffed garnet (HEG) solid electrolyte, Li7La3Zr0.5Hf0.5Sc0.5Nb0.25Ta0.25O₁₂, 

crystallizing in a highly Li+ conductive (~ 1.25 × 10-4 S cm-1 at room temperature) cubic 

phase, is reported. Electrochemical evaluations demonstrate excellent stability against 

lithium metal, with symmetric Li|HEG|Li cells sustaining stable Li plating/stripping 

beyond 550 cycles at 0.4 mA cm-2. Furthermore, full-cell integration with LiFePO4 (LFP) 

cathodes exhibits high capacity retention (~99% over 500 cycles), confirming its 

potential for high-performance ASSLBs. Further, the HEG solid electrolyte is 

compatible with high voltage LiMn2O4 cathode (mass loading ~ 16.6 mg cm-2), retaining 

96% capacity over 100 cycles (at 0.2C). Our findings establish a framework for tailoring 

high-entropy garnet electrolytes, paving the way for next-generation solid-state battery 

technologies. 
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1. Introduction 

The swift escalation of worldwide energy demands and the urgent necessity to tackle 

environmental issues have propelled the quest for sustainable and effective energy 

storage systems. Lithium-ion batteries (LIBs) have revolutionized the field of portable 

electronics and electric vehicles, primarily due to their high energy density and 

prolonged lifespan.[1-3] However, traditional LIBs, which employ liquid electrolytes, 

suffer from inherent challenges such as flammability, leakage, and dendrite-induced 

short circuits, raising concerns about their safety and longevity. This has driven the 

development of all-solid-state lithium batteries (ASSLBs), which promise enhanced 

safety, higher energy densities, and superior thermal stability.[4-6] At the core of this 

transformative technology lies the solid-state electrolyte (SSE), a critical component 

dictating the performance and feasibility of ASSLBs. 

The concept of high-entropy materials (HEMs) has emerged as a revolutionary strategy 

in materials science, offering unparalleled opportunities to tailor properties by 

leveraging compositional complexity.[7-10] High-entropy materials, characterized by the 

incorporation of multiple principal elements in near-equimolar ratios, exhibit unique 

characteristics such as lattice distortion and enhanced thermal stability.[11] High 

configurational entropy boosts the electrochemical performance in the Na+/Li+ 

electrode materials by delaying detrimental structural phase transformations and 

abstaining from particle degradation during charge-discharge cycles.[12-14] Despite the 

extensive exploration of high-entropy electrode materials, reports on high-entropy SSEs 

remain scarce. This presents opportunities for further research to harness the 

advantages of high-entropy design to develop innovative SSEs with superior 

properties.[15] High entropy offers significant potential for SSEs, as the variation in ionic 

size and electronegativity among diverse elements can influence lattice parameters and 

adjust the local structure.[16-19] This diversity leads to occupational disorder in the 

sublattice and fosters synergistic interactions between cations and anions, potentially 

enhancing ionic conductivity. Furthermore, as demonstrated by high-entropy 

polyanionic ion conductors, increasing the number of species in SSEs can boost both 

configurational and vibrational entropy, thereby lowering the energy barrier for ion 

migration.[12, 20]  

Solid-state batteries with inorganic electrolytes offer high safety and energy density, 

primarily because of their non-flammability nature and the potential for using lithium 

metal anodes. High Li+ conductivity and chemical stability with Li metal are crucial for 

solid electrolytes, especially for garnet-type materials like Li7La3Zr2O12 (LLZO), which 

show promising conductivity (>10−4 S/cm at room temperature).[21-23] Stabilizing the 
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high-conductivity cubic phase over the less conductive tetragonal phase (conductivity 

~10–6 S cm-1) is necessary, as the cubic structure provides low-energy landscapes inside 

the crystal structure, facilitating fast lithium-ion migration pathways. However, 

lithium-lithium repulsion at Li2 (96h) sites in the cubic phase can destabilize it at higher 

lithium contents, resulting in a tetragonal phase. The strategy of aliovalent doping (e.g., 

with Al or Ga at Li sites or Nb or Ta at Zr sites) has been employed extensively to 

stabilize the cubic phase by creating Li-vacancies that can reduce Li–Li repulsion. For 

example, extensive studies on Ta-doped LLZO show a critical vacancy concentration 

(~0.4–0.5) essential for cubic phase stabilization.[24-28]  

It has been reported that a high lithium content in the garnet composition is conducive 

to better interfacial contact with lithium metal.[29] The introduction of site disorderliness 

has garnered much attention in recent years to stabilize various phases compared to 

their low-entropy counterparts.[30-31] However, few garnet materials have been reported 

in the literature with a Li composition of 7.0 per formula unit, except Li7La3Zr2O12, 

which is very difficult to obtain in the cubic phase.[25, 29] This work reports the synthesis 

and characterization of cubic-phase high entropy garnet (~−1.56 R), 

𝑆𝑐𝑜𝑓𝑖𝑔 𝑎𝑡 𝑍𝑟 − 𝑠𝑖𝑡𝑒 = −𝑅 [∑ 𝑥𝑖 𝑙𝑛 𝑥𝑖
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with a new chemical composition of Li7La3Zr0.5Hf0.5Sc0.5Nb0.25Ta0.25O12 (HEG), achieved 

through the disorderliness resulting from five different cations at the Zr-site. The 

configurational entropy arises solely from the statistically distributed cations at the Zr-

site, with no contributions from the La- and O-sites due to the absence of dopants. HEG 

has a cubic structure (space group: Ia3̅d) without any additional lithium vacancies. The 

high ionic conductivity, low electronic conductivity, and extended longevity of the HEG 

electrolyte offer valuable insights for developing advanced SSEs. 

2. Experimental Details 

2.1 High Entropy Garnet Synthesis: 

The high entropy garnet Li7La3Zr0.5Hf0.5Sc0.5Nb0.25Ta0.25O12 (HEG) was synthesized by 

the solid-state reaction method using lithium hydroxide (LiOH), lanthanum oxide 

(La2O3), zirconium oxide (ZrO2), Hafnium oxide (HfO2), tantalum oxide (Ta2O5), 

scandium oxide (Sc2O3), and niobium oxide (Nb2O5). To compensate for the lithium 

oxide volatilization during sintering, an excess of 15 wt.% LiOH was used. The 

precursors were mixed thoroughly in an agate mortar-pestle by hand for 1 h, followed 

by ball-milling in isopropanol medium in a zirconia jar for 12 h (15-minute rest between 
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two cycles) at 300 rpm. The dried mixture was pelletized using a 16 mm diameter 

stainless steel die set with a uniaxial pressure of 250 MPa. These cold-pressed pellets, 

completely covered with the powder of the same composition, were calcined at 

different temperatures for 12 h. The calcined powder with cubic phase was further ball-

milled, and 16 mm cylindrical green bodies were formed by applying 250 MPa 

uniaxially. The green bodies were buried under the same calcined powder and 

underwent sintering at 1150 °C (heating rate: 5 °C/min, dwelling time: 2h, cooling rate: 

furnace cooled). The sintered pellets were polished with sandpaper with various grits 

(#800, #1500, #2500, and #5000). 1M HCl acid was used to clean the pellet’s surface for 2 

min. and then washed with ethanol, followed by transferring into an Ar-filled M-Braun 

glovebox (O2 and H2O < 0.1 ppm) for further characterizations. 

2.2 Coin cell fabrication 

Symmetric cells: The symmetric lithium cells, denoted as Li|HEG|Li, were assembled 

using lithium metal on either side of the pellet, and PEO/LiTFSI thin film was used for 

better interface contact at the electrode-electrolyte interface. The fabricated cells were 

heated at 60 °C for 1 h to improve the adhesion of the HEG pellet surface to the lithium 

metal before further characterization.  

Full cells: Slurries (NMP solvent) of LiFePO4 (LFP) cathodes (PVDF binder: electronic 

conducting Ketjen black: LiFePO4 active material weight ratio ~ 10: 10: 80) were applied 

onto aluminum current collectors and then dried in a vacuum oven at 120 °C for 24 

hours. After drying, the punched circular cathodes (area: ~78 mm2, active material: 1-2 

mg cm-2) were transferred into the Ar-filled glovebox. For the full-cell fabrication, a 

PEO/LiTFSI membrane was sandwiched between the lithium metal and pellet and 

heated at 60 °C for 1 h, and the LFP cathode sheet and the LiMn2O4 cathode sheet 

(diameter: 10 mm, commercially purchased from MTI corporation, active material 

loading: 16.6 mg cm-2) was attached to the other side of the pellet. The whole 

configuration was crimped in a coin cell CR2032 using a hydraulic crimping machine 

inside the glovebox. A 5 µL liquid electrolyte (1M LiPF6 in PC) was used to ameliorate 

the lithium-ion conduction on the cathode side. 

2.3 Characterization  

The material characterization was conducted using various techniques. X-ray diffraction 

(XRD) analysis was performed on an Empyrean X-ray diffractometer equipped with 

Cu-Kα radiation (wavelength: 1.54 Å, current: 40 mA, voltage: 30 kV), covering a 2θ 

range of 10° to 60°. Crystallographic parameters were determined from the XRD data 

using Rietveld refinement with the TOPAS academic version 6 software.[32] The relative 

density of the sintered samples was measured via Archimedes' principle using Xylene 
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as the fluid. The microstructural features of the synthesized samples and elemental 

mapping were observed using a JEOL-7610+ field emission scanning electron 

microscope (FE-SEM). The complex impedance spectroscopy data was taken in a 

Biologic electrochemical workstation (SP-50e) across the frequency range of 10 mHz to 1 

MHz with a sinus voltage amplitude of 10 mV on HEG solid electrolyte pellets (Ag 

electrodes painted by color brush on both sides of polished pellets and cured at 750 °C 

for 2 minutes), lithium symmetric and full cells (cathode: LiFePO4, Anode: Lithium 

metal).  The chronoamperometry test was performed on Ag|HEG|Ag configuration to 

determine the electronic conductivity using a Keithley Source Meter Unit (Model 2450-

EC). Distribution of relaxation times (DRT) analysis of impedance data was carried out 

using DRT tools.[33-36] Constant current charge-discharge measurements were carried 

out on lithium symmetric and full cells using a Neware BTS4000-5V20mA battery tester. 

Except for impedance measurements and charge-discharge tests, all electrical and 

electrochemical experiments were performed at room temperature (25 °C). 

3. Results and Discussions 

The cubic-phase Li7La3Zr0.5Hf0.5Sc0.5Nb0.25Ta0.25O12 (HEG) was synthesized leveraging 

the mixed oxidation states of Hf (+4), Sc (+3), Nb (+5), and  Ta (+5) via a solid-state 

reaction route. X-ray diffraction (XRD) was employed to explore the structural 

evolution of HEG with varying calcination temperatures. Figure 1(a) shows the XRD 

patterns obtained for the calcined HEG samples at different temperatures (700 °C, 800 

°C, 900 °C, 950 °C, and 1000 °C) with a dwelling time of ~ 12 h. At 700 °C and 800 °C, 

the XRD pattern revealed the tetragonal structure of HEG, as the thermal energy was 

insufficient to overcome the enthalpic barriers for cubic stabilization. No tetragonal 

nature in the crystal structure was found for the HEG calcined at 900 °C and 950 °C, but 

the tetragonal structure again appeared for the sample calcined at 1000 °C. This 

suggests that Gibbs’ free energy attained a minimum value at around 900 °C and 950 

°C, which impeded the cubic to tetragonal phase transformation upon cooling from the 

calcination temperature to room temperature. The high lithium loss at 1000 °C caused 

the destabilization of the cubic phase, leading to deviation from the ideal Li:La:M 

stoichiometry and formation of secondary phases. Further, the calcined HEG powder at 

950 °C contained fewer impurities than the powder heated at 900 °C. The narrow 

thermal window (900–950 °C) within which the cubic phase is stabilized reflects a 

delicate balance between enthalpy and configurational entropy contributions to Gibbs 

free energy (ΔG = ΔH – TΔS). At this temperature range, the system minimizes ΔG, 

favoring the cubic phase due to high configurational entropy induced by the multi-

cation (Zr/Hf/Ta/Nb/Sc) mixing at the 16a octahedral site.[20, 29] Notably, the absence 
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of tetragonal distortions in this range implies suppression of Li-site ordering, which 

typically drives tetragonal symmetry at lower temperatures. 

As presented in Figure 1(b), the Rietveld refinement of the powder XRD data indicates 

that the synthesized HEG (T: 950 °C, dwelling time: 12 h) exhibits a cubic structure 

(space group: Ia3̅d, space group number: 230, lattice parameter, a = 12.9284 Å, and unit 

cell volume, V = 2160.918 Å3), consistent with other reported cubic garnet 

compounds.[37-39] These results demonstrate the role of disorderliness in the miscibility 

of multiple cations at the Zr-site within the cubic structure, even with a facile synthesis 

procedure. Notably, the ionic radius of Zr4+ (0.72 Å) is larger than that of the average 

ionic radius (~0.68 Å) of Hf4+, Ta5+, Sc3+, and Nb5+ in a six-coordination environment, 

resulting in a slight decrease in the lattice parameter a for HEG (~12.9284 Å) compared 

to Li7La3Zr2O12 (~12.9682 Å).[40] During Rietveld refinement, both tetragonal and cubic 

structural models were employed initially, with the refinement outcomes summarized 

in Table S1.[32]. The analysis unequivocally confirms a pure cubic phase, facilitated by 

partial substitution of Hf4+, Ta5+, Sc3+, and Nb5+ for Zr4+ within the garnet structure. 

Also, the lack of superlattice reflections in XRD further confirms the disordered nature 

of the Zr-site cations. In this cubic garnet phase, lithium ions exhibit a random 

distribution across two Wyckoff positions (the 24d site and the distorted 96h site). 

Generally, stabilization of the cubic phase in lithium-stuffed garnet electrolytes 

(Li7La3Zr2O12) necessitates a degree of lithium disorder, driven by the presence of Li 

vacancies (approximately 0.4–0.5 atoms per formula unit), to mitigate strong Li–Li 

Coulombic repulsions[24]. But in the HEG sample, the cubic phase was obtained without 

creating any lithium vacancies, and it is attributed to the multi-cationic potential 

disorderliness obstructing the cubic-to-tetragonal phase transformation. The occupancy 

at the 96h site was determined to be ~0.46, which may be beneficial for easier Li+ 

transport via a concerted cationic motion inside the crystal structure.[41]  
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Figure 1: (a) Room temperature X-ray diffraction patterns of HEG powder calcined at different temperatures. (b) 
The Rietveld refinement profile of powder X-ray diffraction data of HEG powder calcined at 950 °C. 

The microstructural information obtained from the SEM image (Figure 2(a)) affirmed 

the high densification of the HEG ceramics pellet, which is further corroborated by a 

high relative density of ~ 93% calculated using Archimedes’ method. The image at 

higher magnification in Figure 2(b) showed the grains’ sizes to be approximately ~ 5-6 

µm. The dense nature of the HEG solid electrolyte is essential to obstruct the lithium 

dendrite-mediated electrical breakdown of the solid-state cells. The SEM-energy 

dispersive spectroscopy image (Figure 3(c-j)) presents the homogeneous distribution of 

zirconium, hafnium, scandium, tantalum, and niobium across the particles, validating 

the successful substitution of multiple substituents into the material's composition. 

Also, the SEM-EDS technique was utilized to estimate the approximate atomic ratios of 

the elements present, excluding lithium and oxygen. The atomic ratio obtained (La: Zr: 

Hf: Sc: Ta: Nb= 6: 0.09: 0.8: 0.11: 0.06: 0.04) closely aligns with the intended composition. 
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Figure 2: (a) The electron microscopy image of a cross-section of the HEG pellet. (b) The magnified version shows 
the microstructure of the cross-section of the HEG pellet. (c)-(j) The electron dispersive spectroscopy mappings of 

constituent elements of the HEG solid electrolyte. 

HEG, as a solid electrolyte, must exhibit high ionic conductivity and low electronic 

conductivity to be a viable option for solid-state lithium batteries. To analyze electrical 

properties, complex impedance spectroscopy (CIS) and direct current polarization tests 

were conducted on Ag|HEG|Ag cell configurations. Figures 3(a1-a6) present the 

evolution of Nyquist plots (real impedance vs. imaginary impedance presented in 

orthonormal axes) of HEG at different temperatures, including the room temperature 

data. In the room temperature Nyquist, a semicircular feature was observed at the high 

frequency corresponding to the lithium-ions movement within the solid electrolyte, 

whereas the long tail in the low frequency domain denotes the lithium ions 

impermeability through the Ag electrodes, indicating that HEG functions primarily as 

an ionic conductor. The impedance data was modeled using a typical 3-component 

equivalent electrical circuit consisting of one resistor (R) and two constant phase 

elements (Q1 & Q2).  Q1 and R were connected in parallel, and Q2 was joined with this 

parallel circuit in series connection. The grain and grain boundary contributions could 

not be deconvoluted from the Nyquist plots at room temperature and higher 
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temperatures. The conductivity of the HEG solid electrolyte was determined to be ~1.25 

× 10-4 S cm-1 at room temperature (conductivity was calculated using the modeled ‘R’ 

and the pellets’ dimensions). As the temperature increased, the lithium-ion kinetics 

inside the solid electrolyte got agitated due to the thermal energy, and the semi-circular 

feature gradually diminished. The calculated conductivities at different temperatures 

were used to fit the Arrhenius equation as, 

 𝜎(𝑇) = 𝜎0𝑒
−

𝐸𝐴
𝑘𝐵𝑇                            (1) 

where T and kB denote the absolute temperature and Boltzmann constant, 𝜎0 and 

𝐸𝐴 represent the pre-exponential factor and lithium-ion migration energy barrier, 

respectively. The value of 𝐸𝐴 for HEG solid electrolyte, obtained from the Arrhenius 

plot’s linear fitting (Figure 3(b)), was found to be 0.41 ± 0.02 eV.  

 

Figure 3: (a1)-(a6) The Nyquist plots of HEG solid electrolyte at different temperatures. (b) Linear fitting of 
Arrhenius plot of conductivity at different temperatures of HEG solid electrolyte. (c) Chronoamperometry 

measurement of HEG solid electrolyte at room temperature under a DC voltage of 1 V. (d) The lithium plating-
stripping overpotential curves at different current densities. (e) The lithium plating/stripping behavior at 0.4 mA 

cm-2 for 550 h. 

As shown in Figure 3(c), during the direct current polarization test, the current 

decreased rapidly under a steady 1 V and attained a constant current value of ~1.75 µA. 

The initial current comes from both the lithium-ion and electronic conduction, which is 
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exponentially reduced to a constant value because of the blocking of lithium ions at the 

Ag electrode interface. The steady-state current stems from electronic conduction only. 

The dimensions of the solid electrolyte pellet were used to calculate the electronic 

conductivity using the equation. The electronic conductivity of HEG was measured to 

be 1.5 × 10-9 S cm-1, confirming its excellent electronically insulating properties as a 

solid-state electrolyte (SSE) membrane, which is essential for long-term cyclability and 

lithium dendrite suppression. 

The electrochemical properties of HEG were investigated by assembling symmetric and 

full cells to assess its performance. The symmetric cells were fabricated by sandwiching 

lithium metal chips on both sides of the HEG solid electrolyte pellet with a PEO-LITFSI 

buffer layer between the lithium metal and HEG pellet. The Nyquist plots shown in 

Figure S1 illustrate that there was a substantial reduction in the total resistance of the 

symmetric cell upon the introduction of the PEO-LITFSI buffer layer. As presented in 

Figure 3(d), the symmetric cell underwent lithium plating-stripping at different current 

densities to determine the critical current density, which was found to be above ~3 mA 

cm-2 (considering the critical current density at which the maximum current the solid-

state electrolyte can sustain its electrical integrity). Although the HEG symmetric cell 

withstands a current of 3 mA cm-2, the over-potential value crossed 1 V, which makes it 

impractical to run the cell at such currents. Further, to assess the long cycling durability 

of the solid electrolyte, galvanostatic charging-discharging was performed for 550 

cycles at 0.4 mA cm-2 (Figure 3(e)). The cell exhibited stable cycling without any 

significant polarization growth or any sign of soft/hard breakdown, demonstrating the 

excellent durability of the HEG electrolyte for practical applications. Figure S2 presents 

the Nyquist plots for Li|HEG|Li cells obtained before and after the lithium plating-

stripping for 550 cycles, which corroborates the stable cycling along with no sign of 

micro short-circuits induced by lithium dendrites. 

For full-cell tests, a LiFePO4 cathode was used to assemble Li|HEG|LiFePO4 full cells. 

Figure 4(a) presents specific capacity-potential curves at different C-rates at 25 °C (1C = 

170 mAh g-1). The full cell delivered a high discharge specific capacity of ~154 mAh g-1 

at 0.1C rate, which gradually reduced to 64 mAh g-1 at 0.8C with an increased 

polarization potential. To demonstrate the full-cell performance for a longer duration, 

the charge-discharge test was performed at a constant current equivalent to the 0.5C 

rate for 500 cycles (Figure 4(e). Interestingly, the discharge-specific capacity of ~102 

mAh g-1 in the 1st cycle increased initially (for 55 cycles) to a maximum of 110 mAh g-1; 

thereafter, it decreased gradually with ~0.014% capacity loss per cycle upon further 

cycling. In comparison, the control cell with LiFePO4 cathode exhibited a high capacity 

of ~ 161 mAh g-1 at 0.2C, which reduced to 135 mAh g-1 at 0.8C rate, with a relatively 
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lower polarization potential than our reported cell with HEG pellet (Figure S3). But our 

cell outperformed the control cell in the cyclability. The control cell delivered a capacity 

retention of ~ 97.3% after 50 cycles, which is lower than our reported cell with the HEG 

pellet (Figure S4). It is important to note that there is an increase in the capacity in the 

initial cycles in our reported cell, which was absent from the control cell. 

Figure 4(f) demonstrates the minimal variation of nominal charge and discharge voltage 

with cycling, indicating the invariability of the total resistance of full cells during 

cycling. Generally, interfacial resistance due to sluggish lithium-ion kinetics dominates 

the overall cell resistance during cycling, as shown in Figure 4(g). In addition, the full 

cell demonstrated typical charging-discharging curves with excellent cycling stability 

and an excellent columbic efficiency of ~100% over 500 cycles (Figure 4(e)). These 

results suggest that the high ionic conductivity of HEG solid electrolyte, along with its 

ability to reduce the driving force for Li nucleation and its low electronic conductivity, 

which inhibits the growth of Li dendrites, contributes significantly to the commendable 

long-term cycling stability of HEG in both symmetric and full cells. 

 

Figure 4: (a) The specific capacity-voltage curves of Li|LiFePO4 cell at different C rates at 25 °C. (b) The specific 
capacity-voltage curves of Li|LiFePO4 cell at different C rates at 40 °C. (c) The specific capacity-voltage curves of 

Li|LiFePO4 cell at different C rates at 50 °C. (d) The specific capacity-voltage curves of Li|LiFePO4 cell at 
different C rates at 60 °C. (e) The long-term cyclability of Li|LiFePO4 cell at 0.5C at 25 °C. (f) The evolution of 
average charging and discharging voltage of Li|LiFePO4 cell with cycling.  (g) The Nyquist plots of Li|LiFePO4 

cell at different temperatures at the discharged state. 

To assess the impact of temperature on the solid-state battery's performance, constant 

charge-discharge tests at various current densities were conducted at 40 °C, 50 °C, and 

60 °C. The results are depicted in Figures 4(b), 4(c), and 4(d). There is a substantial 

decrease in the polarization potential at various C rates with the increase in 
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temperature. At 0.8C, due to high polarization potential, the capacity obtained at room 

temperature was only ~64 mAh g-1, which improved to ~142 mAh g-1 at 60 °C. The 

Nyquist plots of LFP cells at different temperatures (Figure 4(g)) also showed a change 

in both the electrolyte resistance and non-electrolyte resistance (charge transfer + 

interfacial resistance). Lithium-ion kinetics within the electrolyte, passivation layer, and 

cathode were positively correlated with temperature. Figure 5(a) presents the DRT 

(distribution of relaxation times) analysis of EIS data of Li|LiFePO4 cell at different 

temperatures. Typically, the lower relaxation time indicates faster lithium-ion 

conduction. With the increase in temperature, there were clear shifts in the relaxation 

peaks to the lower relaxation time. Further, the relaxation time distribution curves at 50 

°C and 60 °C were a bit different than those at 25 °C and 40 °C. This phenomenon could 

be attributed to a drastic change in the lithium-ion conduction mechanism at the Li-

PEO/LiTFSI-HEG interface. The PEO polymer is known to have a very low melting 

temperature around 60 °C, which can be lowered due to the coin cell pressure.[42] 

To evaluate the performance of the fabricated solid electrolyte with high-voltage 

cathode materials, LiMn2O4 (LMO) cells, with HEG as the electrolyte, were tested under 

varying current densities and extended cycling conditions. At 0.1C, the LMO cell 

exhibited a discharge specific capacity of ~105 mAh g-1, aligning closely with its 

practical rated capacity of ~110 mAh g-1. However, as the current density increased, the 

capacity progressively decreased, measuring ~67 mAh g-1 at ~0.2C, 47 mAh g-1 at 0.3C, 

and only ~32 mAh g-1 at ~0.5C (Figure 5(b)). It is important to note that loading for 

LMO is 16.6 mg cm-2; accordingly, the current density at a given C rate is much higher 

for the LMO cell than for the LFP cell. This decline in specific capacity was 

accompanied by a reduction in energy efficiency, underscoring the challenges posed by 

higher current densities. 



13 
 

 

Figure 5: (a) The distribution of relaxation times for discharged (to 2.8 V) Li|LiFePO4 cells at different 
temperatures. (b) The specific capacity-voltage curves of the Li|LiMn2O4 cell at different C rates at 25 °C. (c) & (d) 

The long-term cyclability of Li|LiMn2O4 cell at 0.1C & 0.2C at 25 °C, respectively. 

To probe the long-term cycling stability, a key indicator of cell durability, LMO cells 

were charged and discharged at 0.1C and 0.2C, with performance metrics presented in 

Figures 5(c) and 5(d), respectively. During cycling, the cells exhibited gradual capacity 

fading over 100 cycles (~90% capacity retention at 0.1C and only ~4% capacity loss at 

0.2C). In contrast, the control cell employing liquid electrolyte with a LiMn2O4 cathode 

exhibited consistently higher capacities across all C-rates, accompanied by a relatively 

lower polarization potential compared to the cells incorporating the HEG solid 

electrolyte (Figure S5). Specifically, the control cell delivered a capacity of ~ 69 mAh g-1 

at 0.5C, which is significantly higher than that obtained with the HEG-based solid-state 

configuration. The reduced capacity in the latter can be primarily attributed to the 

increased polarization potential, likely stemming from interfacial resistance and ionic 

transport limitations in the solid-state architecture. Importantly, both the control and 

HEG-based cells demonstrated comparable cyclability at 0.1C-rate (Figure S6), 

suggesting that long-term performance degradation is not predominantly dictated by 

the solid electrolyte. These observations are likely a consequence of the continuous 

growth of the solid electrolyte interphase (SEI) and microstructural degradation of the 

LMO cathode, including cracking. Despite these challenges, the coulombic efficiency 

remained remarkably high ~99.99% at both 0.1C and 0.2C rates, indicative of the 

exceptionally low electronic conductivity of the ceramic electrolyte, as discussed earlier. 

 

4. Conclusions 
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In summary, a high-entropy Li-stuffed garnet was successfully synthesized with five 

different cations (Zr4+, Hf4+, Ta5+, Sc3+, and Nb5+) sharing the Zr-site within the crystal 

framework. This high configurational entropy stabilized the highly conductive cubic 

phase without requiring lithium vacancies. The resulting HEG composition 

(Li7La3Zr0.5Hf0.5Sc0.5Nb0.25Ta0.25O12) exhibits a room-temperature ionic conductivity of 

1.25 × 10-4 S cm-1 and low electronic conductivity of ~10-9 S cm-1, ensuring efficient Li-

ion transport while preventing dendrite-induced failures. Combining high relative 

density, high ionic conductivity, and low electronic conductivity, HEG demonstrates 

significant durability, with the symmetric cell exhibiting stable cycling for 550 hours. 

Electrochemical performance assessments reveal stable long-term cycling in 

Li|HEG|Li, Li|HEG|LiFePO4, and Li|HEG|LiMn2O4 configurations, demonstrating 

high cycling stability, stable interfacial resistance, and excellent compatibility with high-

voltage cathodes. The suppression of Li dendrites and high-temperature resilience 

further solidifies HEG’s promise for next-generation safe and high-energy-density 

solid-state batteries. Future efforts will focus on further optimizing ionic conductivity 

and interfacial compatibility to unlock its full potential in commercial battery 

applications. 
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Table S1: Results of Rietveld refinement of powder X-ray diffraction data of HEG powder calcined at 950 °C. 

Site Wyckoff position x y z Atom Occupancy 

Li1 24d 0.375 0 0.25 Li+1 0.468 

Li2 96h 0.69(1) 0.59(7) 0.11(4) Li+1 0.466 

La 24c 0.125 0 0.25 La+3 1 

Zr 16a 0 0 0 Zr+4 0.25 

Ta 16a 0 0 0 Ta+5 0.25 

Nb 16a 0 0 0 Nb+5 0.25 

Hf 16a 0 0 0 Hf+4 0.125 

Sc 16a 0 0 0 Sc+3 0.125 

O 96h 0.28(5) 0.09(8) 0.19(7) O-2 1 

 

Figure S6: Nyquist plots of Li|HEG|Li cells with polymer buffer layer at lithium metal interface before and after 
cycling for 550 cycles. 

mailto:sunil@iiti.ac.in
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Figure S7: Nyquist plots of lithium symmetric cells without and with PEO/LiTFSI polymer layer at the lithium 
metal interface. 

 

 

Figure S8: The specific capacity-voltage curves of the LiFePO4 control cell at different C-rates at 25 °C. 

 

 

Figure S9: The long-term cyclability of LiFePO4 control cell at 0.5C at 25 °C. 
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Figure S10: The specific capacity-voltage curves of the LiMn2O4 control cell at different C-rates at 25 °C. 

 

 

Figure S11: The long-term cyclability of LiMn2O4 control cell at 0.1C at 25 °C. 

 


