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A Cost-Effective and Humidity-Tolerant Solid 
Electrolyte for All-Solid-State Lithium Batteries
A new cost-effective material as solid electrolyte enables an all-solid-state cell at room temperature with sound 
performance.

S econdary battery research has become a vigorous research field in recent decades. It reflects the increasing demands 
from portable devices, electric vehicles and the development of renewable energy. The electrolyte is a critical 

component of batteries and a particular focus of battery research. The solid-state electrolyte materials are critical to realize 
an all-solid-state battery, which is potentially less flammable, preventing the formation of a solid-electrolyte interphase, 
increasing cycling performance and strength. Li-ion-conducting chloride solid electrolytes possess effective physicochemical 
characteristics such as high ionic conductivity, deformability and oxidative stability, but these materials are expensive and 
commercially uncompetitive. Chen Ma (University of Science and Technology of China, China) and his collaborators report a 
new chloride solid electrolyte, Li2ZrCl6, which costs much less than the present chloride solid electrolytes and has an atypical 
humidity tolerance. 

Li2ZrCl6 (LZC) was synthesized with a mechanochemical method. A stoichiometric mixture of LiCl and ZrCl4 was ball-milled for 
45 hours to obtain the as-milled LZC, which was treated with annealing at 350 °C. Surprisingly, the ionic conductivity of the 
LZC decreased by two orders of magnitudes after the annealing treatment, which was explained by an irreversible structural 
phase transition. The phase transition was studied with both X-ray and neutron diffraction (WOMBAT), revealing that the as-
milled LZC crystalizes into the α-phase of space group P3m (Fig. 1(a)) and transforms into the monoclinic β-phase (C2/m) after 
heating (Fig. 1(e)). An analysis of the bond-valence-site energy (BVSE) was performed to evaluate the ionic conductivities 
based on the refined crystal-structure models. The BVSE method was employed to locate the positions of Li+ ions in the 
environment of heavy ions Zr+4 and Cl-. The potential exerted on the Li+ ion determines the possible distribution of the Li+ ion 
in the lattice. The Li-ion potential isotherm is plotted in Figs. 1 (b) and 1(f) for α-LZC and β-LZC, respectively. The positions of 

Fig. 1: BVSE analysis of Li-ion migration within the α-LZC and β-LZC structures. The crystal structures of α-LZC (a) and β-LZC (e) superimposed with the 
Li-ion potential map. Li-ion migration paths of α-LZC ((b) and (c)) and β-LZC ((f), and (g)). Energy profiles of the migration paths in α-LZC (d) and 
β-LZC (h). Each path in (b)–(c) and (f)–(g) corresponds to the energy profile of the same color in (d) and (h), respectively. [Reproduced from Ref. 1]
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low potential reveal the possible Li-ion conduction path. In α-LZC, the interconnect paths form a 3D percolating network with 
an effective migration barrier 0.803 eV (Fig. 1(c)). For the β-LZC structure, the paths within plane a-b are more favorable for 
Li-ion transport than for the interplane direction; the barrier for migration between adjacent planes is more than three times 
the barriers in plane a-b (Fig. 1(f)). An analysis of the ion conduction path partially explains the significant difference in the 
ionic conductivity between α-LZC and β-LZC. 

A test of humidity tolerance was performed employing X-ray diffraction (XRD), X-ray photoelectron spectra (XPS) and 
electrochemical impedance spectra. Figures 2(a) and 2(b) display the Zr-3d and Cl-2p XPS of the as-milled LZC and LZC 
exposed to humidity (5% RH for 24 h). The difference is insignificant. In tests of the electrochemical impedance spectra, the 
as-milled LZC well preserved its high conductivity after the humidity treatment (Fig. 2(c)), compared with a decrease almost 
an order of magnitude of Li3InCl6 (Fig. 2(d)), which is the most humidity-tolerant chloride solid electrolyte reported before 
LZC. The raw materials for the mechanochemical synthesized Li2ZrCl6 are orders of magnitude cheaper than those for other 
chloride solid electrolytes, which makes Li2ZrCl6 at present the only chloride solid electrolyte with raw-material cost ($1.38/
m2) below $10/m2 (the threshold that ensures the competitiveness of all-solid-state batteries).

The as-milled LZC was integrated as the solid electrolyte into all-solid-state cells with LiCoO2 (LCO) or single-crystal 
LiNi0.8Mn0.1Co0.1O2 particles (scNMC811) as the cathode and Li-In alloy as the anode. A thin layer of Li6PS5Cl (LPSCI) was 
applied to the surface of LZC to prevent the reaction between the anode and LZC. The electrochemical performance of the 
Li-In|LPSCl-LZ |scNMC811 cell is displayed in Fig. 3. Being cycled at 0.1 C (1 C = 200 mA g–1) between 2.2 and 3.8 V, the cell 
delivered an initial Coulombic efficiency 90.3% and a discharge capacity 181 mA h g–1 (Fig. 3(a)). The rate capability of the 

Fig. 2: Zr-3d (a) and Cl-2p (b) XPS of as-milled LZC before and after being exposed to the atmosphere with relative humidity 5%. 
Nyquist plots of the as-milled LZC (c) and Li3InCl6 (d) before and after exposure to the atmosphere with relative humidity 
5%. [Reproduced from Ref. 1]
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scNMC811/LZC cell is shown in Figs. 3(b) and 3(c); the average discharge capacities at 0.2 and 2 C are 176 and 96 mA h g–1,  
respectively. The long-term cycling data is displayed in Fig. 3(d), which demonstrates Coulombic efficiency 99.9% and 
discharge capacity 149 mA h g–1 after 200 cycles at 1 C. According to the scanning electron microscope and XRD ex situ, the 
positive electrode and solid electrolyte were still in intimate contact with each other without noticeable reaction or inter-
diffusion after prolonged cycling.

Ma and his co-workers discovered as-milled LZC as a new solid-state electrolyte that might possess the advantages of greater 
tolerance to humidity and lower cost for the raw materials. (Reported by Chin-Wei Wang) 

This report features the work of Chen Ma and his collaborators published in Nat. Commun. 12, 4410 (2021).
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Fig. 3: Electrochemical performance of the Li-In|LPSCl-LZC|scNMC811 cell. (a) Initial charge/discharge curves at 0.1 C, with the Coulombic efficiency  
η Coulomb denoted. (b,c) Rate capability at 0.2, 0.33, 0.5, 1 and 2C. (d) Long-term cycling performance at 1C. [Reproduced from Ref. 1]


