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structures.[5–10] Among these candidates, a 
promising family of metal chloride SSEs 
generally possess a wide electrochemical 
stability window (≈4 V), and good chemical 
stability toward ambient air and cathode 
materials (e.g., LiCoO2).[11–14] Some of them 
can be even synthesized at large scales 
from aqueous solutions.[6] Although chlo-
ride-based SSEs have been developed over 
the past decades,[15–18] their use has been 
limited due to their low ionic conductivi-
ties. Recently, due to the development of 
superionic conductor such as Li3YCl6[14] 
and Li3InCl6,[19,20] metal halide SSEs have 
received renewed attention.[21–34] Until 
now, only a few metal chloride SSEs have 
achieved high room-temperature (RT) ionic 
conductivities over 10−3 S cm−1, including 
Li3InCl6,[19,20] Zr-doped Li3MCl6 (M = Y, 
Er, Yb, In),[21,26,27,33] Li3Y1−xInxCl6,[22] LixSc

Cl3+x,[23] Li2Sc2/3Cl4,[24] etc. In the search for new metal chloride 
SSEs, a better understanding of the relationship between struc-
ture and ionic conductivity is highly demanded.[19,35–37]

Ternary chlorides with the composition of Li3M(III)Cl6, 
where M(III) represents a trivalent rare earth metal, can 
crystallize in three types of structures including monoclinic 
(C2/m), trigonal (P-3m1), and orthorhombic (Pnma) phase.[6,18] 
Because the ionic radius of Cl− is typically much larger than  
that of the rare earth M3+ ions, the Cl− sublattice forms the 

Understanding the relationship between structure, ionic conductivity, and 
synthesis is the key to the development of superionic conductors. Here, 
a series of Li3-3xM1+xCl6 (−0.14 < x ≤ 0.5, M = Tb, Dy, Ho, Y, Er, Tm) solid 
electrolytes with orthorhombic and trigonal structures are reported. The 
orthorhombic phase of Li–M–Cl shows an approximately one order of 
magnitude increase in ionic conductivities when compared to their trigonal 
phase. Using the Li–Ho–Cl components as an example, their structures, 
phase transition, ionic conductivity, and electrochemical stability are studied. 
Molecular dynamics simulations reveal the facile diffusion in the z-direction 
in the orthorhombic structure, rationalizing the improved ionic conductivities. 
All-solid-state batteries of NMC811/Li2.73Ho1.09Cl6/In demonstrate excellent 
electrochemical performance at both 25 and −10 °C. As relevant to the vast 
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strategy guides the design of halide superionic conductors.
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1. Introduction

The development of high-performance all-solid-state batteries 
is contingent on the finding and synthesis of solid-state electro-
lytes (SSEs) with high ionic conductivity, good chemical stability, 
wide electrochemical windows, and desirable mechanical proper-
ties.[1–4] Recently, several families of SSEs have attracted significant 
interest, such as sulfides or oxides with polyanionic frameworks 
(PS4

3−, PO4
3−, etc.) and halides with close-packed anion sublattice 
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framework of these structures, where the interstitial sites are 
occupied by the Li+ and M3+ ions. The monoclinic structure 
occurs with relatively small metal radii, such as In or Sc. The 
Cl− sublattice forms a cubic close packing (ccp) stacking. In 
both the trigonal and orthorhombic structures, the Cl− sublat-
tice is stacked in a hexagonal close packing (hcp) fashion. The 
hcp halogen stacking is interesting as it provides 6 octahedral 
and 12 tetrahedral interstitial sites in the Cl− sublattice per for-
mula unit, with only 4 cations to occupy them. The specific 
cation and vacancy arrangements imposed by the different 
symmetry of the trigonal and orthorhombic structures can be 
expected to result in distinct Li+ migration. In the competition 
between the hcp stacked trigonal and orthorhombic structures, 
the average metal radius has been suggested to play a decisive 
role,[6] where the structures crystallize in the Pnma space group 
with smaller M3+ ions (Yb, Lu) and P-3m1 the space group with 
larger M3+ ions (Tb, Dy, Ho, Er, Tm) at RT. Only Li3YCl6 has 
been reported in both space groups, while its Pnma phase is 
metastable at RT. That was explained by an order–disorder 
phase transition connecting the two phases, with a phase tran-
sition temperature close to RT.[18]

In this work, we investigate the interplay between compo-
sition, structure, and Li-ion conductivity through the prepa-
ration of a series of Li–M(III)–Cl SSEs. Using Li–Ho–Cl 
as an example, a new series of orthorhombic-structured 
Li3−3xHo1+xCl6 (0.04 < x  ≤ 0.2, where x is calculated based 
on the ratio between LiCl and HoCl3 from the synthesis pro-
cess) were synthesized for the first time. These orthorhombic  
Li–Ho–Cl materials show a cold-pressed ionic conductivity up 
to 1.3 × 10−3 S cm−1 at RT. That is over fourfold greater than 
that of the Li3HoCl6 (x = 0) with a trigonal structure (P-3m1). 
The all-solid-state batteries with an In/Li–Ho–Cl/NMC811 con-
figuration demonstrate excellent electrochemical performance 
at RT and −10 °C. A detailed structural investigation is com-
bined with molecular dynamics simulations to reveal the rela-
tionship between structure and Li-ion conductivity. Moreover, 
a similar trigonal-to-orthorhombic phase transition is repro-
ducible in all Li–M(III)–Cl (M = Y, Er, Dy, Tm) structures but 
not in the Li–Tb–Cl system. About one order of magnitude 
difference in ionic conductivities is observed in the isostruc-
tural Li–Dy–Cl, Li–Y–Cl, Li–Er–Cl, and Li–Tm–Cl composi-
tions. The increase in ionic conductivity from the trigonal to 
the orthorhombic phase is rationalized by the fact that the 
orthorhombic phase results in easier Li+ transport along the 
c-lattice direction, which is a critical step in the diffusion net-
work. The rare-earth abundance is a significant issue from a 
practical perspective. The cost of exploring and synthesizing 
Li+ conductors of Li–M–Cl here may be high within a short 
time, but once the discovery of new high-performance mate-
rials, further efforts can be made to satisfy the industrial cost 
targets. The broadening of the promising halide SSEs based 
on the new chemistry insights provided in this work will also 
promote the development of more halide SSEs to make them 
closer to realistic application for sure. These new insights into 
the relationship of ionic conductivity, chemical composition, 
and structure provide a new opportunity for halide solid elec-
trolytes design and for the ultimate pursuit of highly conduc-
tive, stable, and processable solid electrolytes as required for 
all-solid-state batteries.

2. Results

2.1. Influence of Synthesis on the Structure of Li-Ho-Cl  
Halide SSEs

The Li–Ho–Cl halide SSEs were synthesized from a stoi-
chiometric mixture of LiCl and HoCl3 precursors directly by 
comelting at 650 °C for 24 h. As presented in the X-ray diffrac-
tion (XRD) patterns of Li3−3xHo1+xCl6 materials (Figure 1a,b 
and Figure S1, Supporting Information, x is calculated based 
on the nominal stoichiometry between LiCl and HoCl3), when 
x is lower than 0.02, such as Li2.95Ho1.017Cl6 (Figure S1, Sup-
porting Information, x  = 0.017), Li3HoCl6 (Figure  1a, x  = 0), 
and Li3.42Ho0.86Cl6 (Figure  1a, x  =  −0.14), the products can be 
indexed to a trigonal structure of Li3HoCl6 with the space group 
of P-3m1 (ICSD No. 04-009-8880).[18] Neutron powder diffrac-
tion (NPD) and Rietveld refinement of the Li3HoCl6 (Figure 1c) 
further confirmed the trigonal structure. The unit cell of 
Li3HoCl6 sample contains eight crystallographic atom positions 
(Cl1, Cl2, Cl3, Li1, Li2, Ho1, Ho2, Ho3) as shown in Table S1 
of the Supporting Information. There is a slight difference in 
the occupations of the Ho1 and Ho2 sites when compared to 
the reported trigonal phase of Li3HoCl6. When the value of x 
is in the range from 0.04 to 0.2, Li3−3xHo1+xCl6 crystallized in a 
different structure (Figure  1b; Figure S1, Supporting Informa-
tion). The XRD patterns of Li2.4Ho1.2Cl6 (x = 0.2), Li2.73Ho1.09Cl6  
(x  = 0.09), and Li2.87Ho1.043Cl6 (x  = 0.043) reveal that the new 
phase has a similar orthorhombic structure to Li3YbCl6 (ICSD 
No. 04-009-8883).[18] The structure of the Pnma phase was fur-
ther confirmed by NPD Rietveld refinement of the three highest 
resolution detector banks (Figure 1d; Figures S2, and S3, Sup-
porting Information) of the material Li2.73Ho1.09Cl6 sample. 
Although the ratio of LiCl to HoCl3 in the synthesis process is 
slightly lower than 3:1 (≈2.5 to 1), the refinement converged to 
the final stoichiometry of Li3HoCl6. The small amount of differ-
ence might be due to the trace amount of HoCl3 impurity in the 
final product.

Both Li–Ho–Cl orthorhombic and trigonal structures are built 
up by hcp anion stacking, forming octahedral of six Cl− with 
central Ho3+, Li+, or empty sites. The two phases differ in their 
arrangement of the cations (Figure 2a–c). In the orthorhombic 
Pnma structure, the unit cell has three octahedra sites: 4c, 8d1, 
and 8d2 (Table S2, Supporting Information; Figure 2b). The 4c 
site is fully occupied by the Ho3+. Both Li1 and Li2 are occupied 
in the 8d sites with occupancy parameters of 0.848 and 0.652, 
respectively. Each HoCl63− octahedron is surrounded by three 
edge-sharing LiCl65− octahedra with a short Ho–Li distance 
(Figure 2d,e). In the trigonal structure, there are three Ho sites 
(Figure 2c). One is fully occupied (Ho1, 1a site) and the other 
two are partially occupied. There are two Li sites, the fully occu-
pied Li1 layer (6g site) and half occupied Li2 layer (6d site) along 
the c-direction. Each HoCl63− octahedron is surrounded by six 
edge-shared LiCl65− octahedra, forming a honeycomb lattice 
in the ab plane (Figure  2g,h). The trigonal structure contains  
infinite chains of face-sharing HoCl63− octahedra in the [001] 
direction. The local structure of the HoCl63− octahedron is also 
different between the two structures (Figure  2f,i). Specifically, 
the asymmetric local environment induces a distorted Cl− 
arrangement around Ho (Figure 2f) in orthorhombic Li3HoCl6.
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Holmium L3-edge X-ray absorption fine structure (XAFS) 
was employed to reveal the detailed structures of the Li–Ho–Cl  
SSEs (Figure 3a; Figures S4 and S5, Supporting Informa-
tion). There are four different characteristic peaks (marked 
as a, b, c, and d) in the X-ray absorption near edge structure 
(XANES) spectra of the Pnma phase Li2.73Ho1.09Cl6 and P-3m1 
phase Li3HoCl6 samples. The difference of the Ho local envi-
ronment between Pnma and P-3m1 phases comes from a slight 
distortion of the HoCl63− octahedron in the Pnma phase and 
different arrangements of cations in the second shell which 
is related to the Li and vacancy sites (Figure  3f, dark green 
points). Figure 3b–d shows the overall kχ(k), back Fourier trans-
form (BFT) filtered kχ(k) for the 1st shell FT, and BFT filtered 
kχ(k) for the 2nd shell FT of the Li2.73Ho1.09Cl6 (Pnma) sample, 
respectively. Close agreement is achieved between the experi-
mental data and Feff modeling[38] for the Ho centered spherical 
cluster (R = 6 Å, Figure 3f), thus the initial Feff modeling sup-
ports the Ho local structural environment in the Li2.73Ho1.09Cl6 
(Pnma) sample. The Ho centered spherical cluster was devel-
oped up to 5.5 Å, covering Ho local structure environment up 
to the 2nd FT peak (Figure S6, Supporting Information). A 
five-path structure model for R space curve fitting was devel-
oped with scattering paths from corresponding coordination 
shells predicted by the theoretical Pnma structure of Li3HoCl6 
to degenerate into five individual scattering paths (Table S3, 
Supporting Information). The calculated coordination number 
(CN) and bond distances were used to guide the R space curve 
fitting.[39] Table S3 of the Supporting Information shows the 
structure parameters comparison between the R space curve fit-
ting result and the Pnma Li3HoCl6 model. Figures S7 and S8 
of the Supporting Information compared the experimental data 

and Feff modeling in FT and k3χ(k). It can be concluded that 
the R space curve fitting is well consistent with the initial Feff 
modeling. The Finite Difference Method for Near-Edge Struc-
ture modeling[39] was performed to develop the corresponding 
theoretical XANES based on the same cluster. Comparison is 
made between the modeling and experimental data in XANES 
and their first derivative spectra (Figure  3e), revealing good 
agreement. The modeling data in k space for kχ(k) (Figure S9, 
Supporting Information) is also consistent with the initial Feff 
modeling (Figure  3b). Thus, the Ho occupation at octahedral 
sites of the Li2.73Ho1.09Cl6 was proven by the initial Feff mod-
eling, R space curve fitting, and XANES theoretical modeling, 
further verifying the structural models derived from XRD and 
neutron diffraction data.

2.2. The Influence of Synthesis on the Ionic Transport

Ionic conductivities of the cold-pressed Li3−3xHo1+xCl6 SSEs 
were measured by temperature-dependent alternating-current 
impedance. The conductivity plateau at 25 °C corresponds to 
≈1.3 × 10–3 S cm−1 is associated with the long-range ion trans-
port as shown in the conductivity isotherms in Figure 4a. The 
3D ionic transport in Li2.73Ho1.09Cl6 is reflected by the disper-
sive regime at a higher frequency at −15 °C with a κ value of 
0.67 according to the Jonscher’s power law[40,41] (σ (ν) ∝ νκ). 
Figure  4b shows the comparison of representative Nyquist 
plots at 25 °C for the Li2.73Ho1.09Cl6 (Pnma) and the Li3HoCl6 
(P-3m1). The equivalent circuit (Figure  4b) consists of one 
parallel constant phase element (CPE)/resistor (R) in series 
with a CPE. The ideality CPE for the parallel combination 

Figure 1. XRD and neutron diffraction patterns of the Li–Ho–Cl system. a) XRD patterns of Li3HoCl6 (x = 0) and Li3.42Ho0.86Cl6 (x = −0.14) samples. 
Both patterns were indexed to the same space group of P-3m1. b) XRD patterns of Li2.4Ho1.2Cl6 (x = 0.2) and Li2.73Ho1.09Cl6 (x = 0.09) samples. The 
patterns were indexed to the same space group of Pnma. Fitted time-of-flight NPD patterns of c) the Li3HoCl6 sample, d) the Li2.73Ho1.09Cl6 sample 
and the fit resulting from the Rietveld refinement.
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CPE/R can be concluded from the estimated ideality factor α 
of 0.876 and 0.868 for the Li2.73Ho1.09Cl6 and Li3HoCl6, respec-
tively.[42] Moreover, the bulk transport characteristics of these 
SSEs can be reflected from their geometric capacitance C 
values (49.58 pF cm−2 for Li2.73Ho1.09Cl6 and 47.83 pF cm−2 for 
Li3HoCl6).[43] Arrhenius plots and the extracted activation ener-
gies (Ea) with RT ionic conductivities of all Li3−3xHo1+xCl6 are 
presented in Figure 4c,d.

For the Pnma structures (0.04 < x ≤ 0.2), the RT ionic con-
ductivities gradually increase with decreasing x, where the 
maximum ionic conductivity of 1.3 × 10−3 S cm−1 is obtained 
at x = 0.09. The ionic conductivity decreases dramatically when 
decreases further to x = 0.02. As aforementioned, Li3−3xHo1+xCl6 
changes from Pnma to P-3m1 when x ≤ 0.02. Li3HoCl6 (P-3m1) 
exhibits an RT Li+ conductivity of 2.9 × 10−4 S cm−1. Moreover, 
the activation energies of the Li3−3xHo1+xCl6 SSEs show the 
opposite trend (Figure 4d). An activation energy below 0.4 eV is 
achieved for Li3−3xHo1+xCl6 SSEs with the Pnma phase, and the 
value notably increases with decreasing x for Li3−3xHo1+xCl6 with 
the P-3m1 phase. This indicates that the cation arrangement of 
the Pnma symmetry supports lower activation energy for Li+ 
transport as compared to P-3m1. The electronic conductivity of 
Li2.73Ho1.09Cl6 was determined to be less than 1 × 10−9 S cm−1 
as measured by chronoamperometry (Figure S10, Supporting 
Information). At the same time, the stability of Li3−3xHo1+xCl6 

SSEs in dry air was evaluated by thermogravimetric analysis, 
differential scanning calorimetry (Figure S11, Supporting 
Information) test, and XRD measurements (Figures S12 and 
S13) after exposure in a lithium battery dry room for 24 h. The 
results confirm that Li3−3xHo1+xCl6 SSEs are stable in dry air 
and can be exposed for hours in the lithium battery dry room, 
which facilitates practical application.

2.3. The Universal Trigonal-to-Orthorhombic Phase Transition 
Process

Moreover, it has been found that the trigonal-to-orthorhombic 
phase transition is universal in many other kinds of Li–M(III)–
Cl SSEs except Li-Tb-Cl compositions (Figure 5; Figure S14, 
Supporting Information). Preliminary results indicate that 
Pnma phase may be a stabilized high temperature phase of 
the Li–M(III)–Cl system (Figure S15, Supporting Information). 
Though the metastable orthorhombic structure of Li3YCl6 has 
been previously reported,[6,18] it is the first time to achieve the 
orthorhombic phase for other Li–M(III)–Cl (M = Ho, Er, Dy, Tm)  
materials, which makes a more clear understanding of the 
chemistry and structure formation of ternary rare-earth chlo-
rides. Meanwhile, the increased conductivity from the trigonal 
to the orthorhombic phase can be found in all Li3−3xM1+xCl6 

Figure 2. The structure and anion/cation arrangements of orthorhombic and trigonal structures of Li3HoCl6. a–c) The different cation arrangements 
of Ho and vacancy sites in orthorhombic and trigonal structures. d,e) Orthorhombic structure of the Li3HoCl6 unit cell. f) The HoCl63− octahedron 
in the orthorhombic phase of Li3HoCl6. g,h) Trigonal structure of the Li3HoCl6 unit cell. i) The HoCl63− octahedron in the trigonal phase of Li3HoCl6. 
Green, Li; Blue, Ho; Red, Cl.
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SSEs (Figure 5c). The Li2.73Dy1.09Cl6, Li2.73Y1.09Cl6, Li2.73Er1.09Cl6, 
and Li2.73Tm1.09Cl6 with orthorhombic phase possesses a high 
RT ionic conductivity of 9.0 × 10−4, 7.0 × 10−4, 6.4 × 10−4, and 
8.9 × 10−4 S cm−1, respectively, which is about an order of 
magnitude high than their Li3MCl6 counterparts with trigonal  
structure. It is believed that the similar structural transition 
process and the induced conductivity evolution in many kinds 
of Li3−3xM1+xCl6 indicates a general phenomenon, which can be 
used to explore and achieve many new materials.

2.4. Computational Understanding of Ionic Conductivitity

To understand the difference in ionic conductivities between 
the two structures, both phases were simulated by ab initio 
Molecular Dynamics for the composition of Li3HoCl6. The 
Pnma phase shows higher long-range diffusion, as illustrated 
in Figure 6a,b. The activation energies extracted from the slope 
of the Arrhenius plot are similar, but have a slight difference in 
the experimental observations (Figure 4). To further investigate 
the reason for the higher conductivity we consider the equation 
for the diffusion coefficient

exp exp0 2 a

b
0

a

b

= 





= 





D gfv a
E

k T
D

E

k T
 (1)

Here, g is the geometrical factor, f is the correlation factor, 
v0 is the attempt frequency, and a is the jump distance, which 
can all be summarized into the preexponential factor D0. The 
geometrical factor describes the effect of a porous network 
on diffusion. The correlation factor describes the percentage 
of back and forth movements of atoms between sites, and is 
defined as

Tracer

jump

=f
D

D  (2)

where DTracer is the tracer diffusion coefficient and Djump the 
jump-diffusion coefficient.

Both the attempt frequencies and the amplitudes of the 
Li+ ions or Cl vibrations extracted by the Fourier transform of 
the diffusion paths[44] are similar in both phases (Figure S16, 
Supporting Information). The increase in ionic conductivity 
is therefore not due to an increase in attempt frequency. The 
influence of jump distance a (≈3.1Å) approximated by the dis-
tance between the different Wyckoff sites in both phases is also 
excluded. Hence, the difference observed in D0 has to arise 
either from the geometrical factor or the correlation factor. The 
jumps between different Li sites under different temperatures 
are illustrated in Figure 6c,d and Figures S17–S20 (Supporting 
Information). The red lines represent jumps that occurred, with 
the thickness of the line indicating the frequency of the jump 

Figure 3. The local environment of Ho in the Li–Ho–Cl components based on XAFS fitting. a) Typical Ho L3-edge XAFS spectra of Pnma phase 
Li2.73Ho1.09Cl6 and P-3m1 phase Li3HoCl6 samples. b) The overall kχ(k) between the experimental (blue line) and the Feff modeling (red line) of Ho local 
environment of Li2.73Ho1.09Cl6 (Pnma). c) BFT filtered kχ(k) for the 1st shell FT of Li2.73Ho1.09Cl6 (Pnma), sine function with window range: 1.3–2.8 Å.  
d) BFT filtered kχ(k) for the 2nd shell FT of Li2.73Ho1.09Cl6 (Pnma), sine function with window range: 3.6–5.0 Å. e) Comparison between the experimental 
XANES (blue line) and the best fit of the XANES theoretical modeling (red line). f) The first and second shell of the Ho substructural system (Ho 
centered spherical cluster with a radius of R = 6 Å).
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occurring. For the Pnma phase at 500 K (Figure 6c), there is a 
clear long-range diffusion path along the z-direction between 
the Wyckoff 8d1 and 8d2 sites. Even though jumps between the 
8d1–8d1 and 8d2–8d2 sites in the xy-plane are also possible, the 
relative amount of these jumps is lower compared to the rela-
tive amount of jumps between the 8d1–8d2 site within the time 
simulated at all temperatures (between 4% and 31%, Table S4, 
Supporting Information). Thus the jumps along the z-direction 
have a lower activation energy than cross-plane jumps, indi-
cating that the high conductivity is mainly but not exclusively 
due to these 1D diffusion pathways. For the P-3m1 phase, the 
jumps along the z-direction are between the 6h and 6g  sites 
and occur about equally often (39.3–51.6%) as jumps between 
the same Wyckoff sites (48.4–60.7%) (Figure 6d; Table S4, Sup-
porting Information). The jumps around the hexagon appear 
to happen frequently (thick red lines) whereas the jumps to 
connect the hexagons happen rarely (no lines or very thin red 
lines). A different initial arrangement of Ho on the sites would 
lead to different diffusion pathways,[6,45] but this was not inves-
tigated in the scope of this report and was extensively studied 
in Schlem et  al.[45] The study shows that disorder between 
the M1(1a) and M2(2d), which can be introduced by mecha-
nochemical synthesis, increases the ionic conductivity in the 
P-3m1 phase (in the simulations here, the M1(1a) and M2(2d) 
were large, therefore a conductive version of the P-3m1 phase 

was simulated). The increase in ionic conductivity is rational-
ized by two simultaneous mechanisms. One is the different 
M(III) distribution leading to a redistribution of the Li atoms, 
which is more favorable. This is accompanied by an increase 
in the triangular area of face sharing octahedra/tetrahedra, 
which increases the size of the bottleneck.[45] Considering that 
both the Pnma and P-3m1 phase consist of hexagonal close 
packing of the chlorine atoms, the difference between the two 
phases essentially is the different cation distribution, hence the 
rationale here is similar to their first mechanism. The diffusion 
in the z-direction, which is very fast according to the ab initio 
simulations here, corresponds to jumps between face sharing 
octahedra, while the diffusion in the xy-plane is diffusion 
between face sharing oct–tet–oct path. The results therefore 
indicate that the M(III) distribution in the Pnma phase favors 
jumps between face-sharing octahedras, which, considering 
the higher tracer diffusivity, is a faster path than the oct–tet–oct 
path in the xy-plane.

2.5. Electrochemical Studies

The electrochemical stability window of Li2.73Ho1.09Cl6 is pre-
dicted to be 0.64–4.25  V (Figure S21a, Supporting Informa-
tion) by using the established scheme based on the Material 

Figure 4. a) Conductivity isotherms σ(ν) of the as-prepared Li2.73Ho1.09Cl6 SSE recorded at different temperatures. b) Representative Nyquist-plots for 
the as-prepared Pnma phase Li2.73Ho1.09Cl6 and P-3m1 phase Li3HoCl6 SSEs at 25 °C. c) Arrhenius-plots of the Li3−3xHo1+xCl6 SSEs (−0.14 ≤ x ≤ 0.5).  
d) The RT ionic conductivities and corresponding activation energies of the Li3−3xHo1+xCl6 SSEs (−0.14 ≤ x ≤ 0.5).
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project,[46] which is further reflected from the cyclic voltam-
metry test of the Li/Li7P3S11/Li2.73Ho1.09Cl6/Li2.73Ho1.09Cl6–Au 
cell (Figure S21b, Supporting Information). The stability of 
Li2.73Ho1.09Cl6 toward bare Li metal was evaluated by galvano-
static cycling at 0.1  mA cm−2 (0.5 mAh cm−2) and EIS at RT 
(Figures S21c–S23, Supporting Information), which indicates 
that side reaction between Li metal and Li2.73Ho1.09Cl6 occurred, 
while the overall interfacial resistance can be dynamically stable 
over a period of time. Thus, the performance of Li2.73Ho1.09Cl6 
as SSE in ASSLBs is demonstrated with a composite cathode 
with LiNi0.8Mn0.1Co0.1O2 (NMC811) as active materials 
(NMC811/Li2.73Ho1.09Cl6 = 7:3, w/w) and In as anode. Figure 7a  
presents the charge/discharge profiles of the ASSLB operated 
at 25 °C and −10 °C. At 25 °C, the initial charge/discharge 
capacities are 209 and 172 mAh g−1 (0.1 C, 1 C = 200 mA g−1), 
corresponding to an initial Coulombic efficiency of 82.3%. At 
−10 °C, the NMC811/Li2.73Ho1.09Cl6/In ASSLB exhibits an initial 
Coulombic efficiency of 79.4% and a reversible capacity of 142 
mAh g−1 at 0.025 C, which might be caused by the sluggish Li+ 
migration within the cathode layer at a lower temperature. The 
NMC811/Li2.73Ho1.09Cl6/In ASSLBs show good cycling perfor-
mance at both temperatures (Figure 7b; Figure S24, Supporting 
Information), with specific capacities of 125.5 and 90 mAh g−1 

remaining after 180 cycles (25 °C) and 100 cycles at −10 °C. The 
typical delithiation/lithiation behavior of NMC811 is clearly 
visible in the differential capacity curves (Figure  7c). The rate 
capabilities at different current densities ranging from 20  to 
200 mA g−1 (0.1 C to 1 C) at 25 °C are displayed in Figure 7d. 
The capacity gradually decreases along with an increase of cur-
rent density, with 98 mAh g−1 achieved at 1 C (58% capacity 
retention of that at 0.1 C). The capacity can be recovered upon 
returning to the initial 0.1 C rate. The in situ EIS spectra in 
Figure 7e show that the mid-frequency semicircle related to the 
NMC811/Li2.73Ho1.09Cl6 interfacial resistance increased slightly 
during the charging process and decreased again during 
the discharging process, which might be caused by the mild 
volume shrinkage of NMC811 during delithiation and corre-
sponding volume recovery once lithiated.[47] Synchrotron-based 
high energy X-ray photoelectron spectra (HEXPS) of NMC811/
Li2.73Ho1.09Cl6 composites at different states (Figure 7f,g; Figure 
S25, Supporting Information) remain the same, indicating that 
there is a stable interface between NMC811 and Li2.73Ho1.09Cl6 
regardless of the static physical contact or during the charge/
discharge cycling process. Such conclusion can be further 
supported by the Ho L3-edge XANES spectra (Figure  7h) and 
the corresponding first derivative spectra (Figure  7i) of the 

Figure 5. a) XRD patterns of the Li2.73M1.09Cl6 (x = 0.09, M = Er, Y, Dy, Pnma phase). b) XRD patterns of the Li3MCl6 (x = 0, M = Er, Y, Dy, Tb, P-3m1 
phase). c) The RT ionic conductivities of the Li3-3xHo1+xCl6 SSEs.
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NMC811/Li2.73Ho1.09Cl6 composite at different charge/discharge 
states.

3. Conclusions

In summary, the ternary metal chloride solid electrolyte series 
of Li3−3xM1+xCl6 (−0.14 < x  ≤ 0.2, M = Tb, Dy, Ho, Y, Er, Tm) 
reveal a phase transition from trigonal (P-3m1) to orthorhombic 
(Pnma) upon increasing x values. Both P-3m1 and Pnma struc-
tures consist of the hcp framework of Cl− anions but differ 
in their cations (including Li+ and M3+) arrangement. Using 
Li3−3xHo1+xCl6 (−0.14 < x ≤ 0.2) as an example, the relationship 
between structure and Li-ion conductivity is revealed by tem-
perature-dependent EIS, X-ray and neutron diffractions, and 
ab initio molecular dynamics (MD) simulations. The highest 
RT Li+ conductivity of 1.3 × 10−3 S cm−1 is achieved for the 
orthorhombic Li2.73Ho1.09Cl6 sample, which is over four times 
higher than that of the trigonal Li3HoCl6 (0.3 ×10−3 S cm−1). 
About one order of magnitude difference in ionic conductivi-
ties is observed in the isostructural Li–Dy–Cl, Li–Y–Cl, Li–Er–
Cl, and Li–Tm–Cl composites. The phase transition to Pnma 
triggers a significant increase in Li+ diffusivity and reduces 

the activation energy barrier for Li+ diffusion in all different 
Li–M–Cl systems. Ab initio MD simulations consistently derive 
a higher diffusivity and reduced activation energy of the Pnma 
phase due to the facile diffusion in the z-direction compared 
to the P-3m1 phase. The synthesis strategy based on trigonal-
to-orthorhombic phase transition phenomenon not only can 
be used to discover the fundamental chemical theories of the 
rare earth metal halides but also can explore new materials 
with high Li+ conductivity. All-solid-state batteries of NMC811/
Li2.73Ho1.09Cl6/In exhibit excellent electrochemical perfor-
mances at both RT and low temperature. These results provide 
guidance for the design of novel halide superionic conductors 
and contribute to the development of ASSLBs.

4. Experimental Section
Preparation of the Li3-3xM1+xCl6: All preparations and sample 

treatments were carried out under argon atmosphere (O2  <  1  ppm, 
H2O <  1  ppm). The Li3-3xM1+xCl6 (M = Tb, Dy, Ho, Y, Er, Tm) SSEs 
were synthesized using the following procedure: the starting materials 
of lithium chloride (LiCl, Alfa Aesar, 99.9%) and trivalent rare earth 
chloride (MCl3, Alfa Aesar, >99.9%) were weighted in the appropriate 
stoichiometric ratio and directly put into quartz tubes. The quartz tubes 

Figure 6. a) Mean squared displacement (MSD) of the P-3m1 and Pnma phase at 600 K as a function of the simulation time (the P-3m1 phase was 
run longer than shown here). For the total MSD per simulation, see Figure S15 of the Supporting Information. b) Logarithm of the Tracer diffusion 
coefficient versus 1/kbT for different temperatures. The ionic jumps between different Li sites in c) Pnma phase and d) P-3m1 phase at 500 K. The Li-
sites (blue), Ho-trajectories (green), and Li-ion jumps that occurred during the simulation (red). The size of the Li-sites and the thickness of the Lines 
represent the occupancy of the site during the simulation and the jump frequency, respectively.
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were sealed and heated to 650 °C (4 h heating), annealed for 24 h, and 
then cooled to room temperature.

Preparation of the LPO-Coating NMC811 Cathode: The NMC811 
cathode was obtained from China Automotive Battery Research Institute 
Co. Ltd, China. The Li3PO4 thin layer was deposited on the surface of 
NMC811 using trimethyl phosphate (TMPO) and lithium tertbutoxide 
(LiOtBu) as precursors by atomic layer deposition (ALD, Cam-bridge 
Nanotech, USA). The deposition temperature for Li3PO4 thin layer was 
set at 250 °C. TMPO and LiOtBu were alternatively introduced into 
the reaction chamber with a pulse time of 2 s, and the pulsing of each 
precursor was separated by a 15 s in 1 cycle. The thickness of the Li3PO4 
thin layer was controlled around 10 nm (100 cycles).

Characterizations: Powder XRD measurements of Li3−3xM1+xCl6 (M = 
Tb, Dy, Ho, Y, Er, Tm) were carried out on a Bruker AXS D8 Advance 
with a Cu Kα radiation (λ  = 1.54178 Å). All samples were placed into 
a special holder to avoid possible air exposure during the test. Air 
stable performance was performed in a lithium battery dry room with 
a supply dew point around −50 °C and humidity around 1%. High-
energy X-ray photoelectron spectroscopy of NMC811-Li2.73Ho1.09Cl6 
cathode at different charge/discharge states was carried on the soft 
X-ray microcharacterization beamline (SXRMB) in Canadian Light 
Source (CLS) under different energies. Holmium (Ho) XAFS data were 
measured at Hard X-ray MicroAnalysis (HXMA) beamline in CLS.

Neutron Diffraction: The time of flight powder neutron diffraction 
patterns were collected on the high-flux medium resolution 

diffractometer Polaris at ISIS,[48] Rutherford Appleton Laboratory, 
United Kingdom. 1.575 g  of Li2.73Ho1.09Cl6 powder was loaded into a 
6  mm diameter thin-walled cylindrical vanadium can and sealed with 
an indium wire inside the glovebox. The sample was mounted in the 
diffractometer and data were collected at room temperature for a 
duration of 400 µAh integrated proton beam current to the ISIS neutron 
target (corresponding to ≈2 h total exposure). Data reduction and 
generation of files suitable for profile refinement used the Mantid open-
source software.[49] The data were analyzed with the Rietveld refinement 
program GSAS-2 software.[50] As an initial guess, the structure file of 
the Pnma phase of Li3YCl6 was used, and Y was replaced by Ho. The 
lattice parameter and atomic positions were refined first, followed by 
sample broadening effects due to crystallite size. Instrument parameters 
were refined for small corrections in the time of flight due to sample 
placement and wavelength-dependent average penetration depth. The 
chlorine occupancies were fixed to 1, the holmium and the lithium 
occupancies were refined, where the lithium occupancy of the 8d1 site 
(see Table S2, Supporting Information) was fixed to 1, while the Li 8d2 
and the Ho 4c site occupancies were refined but constrained to charge 
compensation. Both 6Li and 165Ho are strong neutron absorbers. This 
led to differences in the peak intensity for the same peaks measured 
on different banks. As the absorption affects peaks at a longer time of 
flight (larger d-spacing) more strongly, not the full measured range of 
each bank was used for the profile refinement. Instead, the peaks of the 
d-spacing range were taken into account for using the data of the next 

Figure 7. Electrochemical performance of NMC811/Li2.73Ho1.09Cl6/In ASSLBs. a) The charge/discharge curves and b) the cycling performance recorded 
at 25 °C (0.1 C). c) The dQ/dV curves for the first three cycles at 0.1 C at 25 °C. d) Rate capability at 0.1, 0.2, 0.5, 0.8, and 1 C at 25 °C. e) EIS spectra 
of NMC811/Li2.73Ho1.09Cl6/In ASSLB carried out after 2 h of charge/discharge and 2 h of rest. f,g) HEXPS of Ho 4d and Cl 1s spectra of NMC811-
Li2.73Ho1.09Cl6 cathode at a photon energy of 3000 eV recorded at different charge/discharge states, i.e., (f1,g1) pristine, (f2,g2) after first charge, (f3,g3) 
after the first discharge, and (f4,g4) fully discharged after 50 cycles. Ex situ h) Ho L3-edge and i) the first derivatives of Ho L3-edge XANES spectra of 
NMC811-Li2.73Ho1.09Cl6 cathode composites at different charge–discharge states.
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bank, which has a somewhat lower resolution, but the longer d-spacing 
occurs at a shorter time of flight, avoiding the absorption problem at 
the cost of somewhat lower resolution. It was made sure that there 
was sufficient (almost complete) overlap between the banks, to ensure 
intensities were not fit solely because of the histogram scale parameter. 
Even with this strategy, due to the size of the unit cell, only banks 5, 4, 
and 3 were needed for the structure refinement. The background was 
modeled by a Chebyschev function with eight components.

Conductivity Measurements: Cold-pressed pellets (diameter of 10 mm, 
≈380 MPa) were attached with carbon on both sides and then sealed in 
custom-built Model Cells for EIS tests. Ionic conductivity measurements 
were carried out in the temperature range from 258 to 338 K using a 
versatile multichannel potentiostat 3/Z (VMP3) impedance analyzer in 
the range of 7 MHz to 1 Hz with an amplitude of 10 mV. The activation 
energies of the Li3−3xM1+xCl6 samples were determined according to the 
Arrhenius equation of σT = σ0 exp(−Ea/kBT), where σ, T, σ0, Ea, and kB 
are the ionic conductivity, the temperature in K, the pre-exponential 
factor, the activation energy, and the Boltzmann constant, respectively. 
The electronic conductivities of the samples were calculated by 
the Ohm’s law of σe  = Ie  × L/(V  × A), where σe, Ie, L, V, and A is the 
electronic conductivity, the equilibrium current, the thickness of the SSE, 
the applied voltage, and the area of the SSE pellet, respectively.

MD Simulations: Density functional theory calculations were 
performed in VASP[51–53] using the GGA approximation[54] and the 
PAW-PBE basis set.[55,56] A 1 × 1 × 2  supercell was used, which results 
in a size of 80 atoms (12.89 × 11.21 × 12.45)  for the Pnma phase and 
60 atoms (11.33 × 9.76 × 12.45)  for P-3m1. For both structures, cut-off 
energy of 450  eV and a k-point mesh of 2 × 2 × 2  was used for the 
relaxation as well as the molecular dynamics simulation. The values 
were chosen based on the convergence test of the total energy. The MDs 
were performed in the NVT ensemble, with a time step of 2 fs and an 
equilibration time of 2.5  ps for all simulations. The simulations were 
run for a different length depending on the phase and temperature, to 
reach a certain amount of jumps also at lower temperatures and for the 
less conducting phase. The output of the MD simulations was analyzed 
using the code published elsewhere.[44]

Structure generation for the (MD) Simulations: For the P-3m1 phase, 
the cif file published in Bohnsack et  al.[18] was used as a starting 
structure. The Ho partial occupancies were changed to 80% (from 
97%) and 20% (from 3%), due to computational limitations concerning 
the size of the supercell and the refinement result of the P-3m1 phase 
Li3HoCl6 sample. The partial occupancies of both Li and Ho lead to 
very many possible configurations in the supercell. Therefore, the ten 
structures with the lowest Ewald-sum of the configurational space were 
selected as implemented in Pymatgen.[57] After minimization without 
symmetry restrictions, the lowest energy configuration of the ten 
structures was selected for the MD simulations. For the Pnma phase, 
the cif file for Li3YCl6[18] was used as a starting structure. The partial 
occupancy was accommodated by placing Li-atoms on their sites so 
that the Li–Li distances are maximized. Ten structures were then relaxed 
without symmetry restrictions and the lowest energy configuration was 
used as starting point for the MDs.

Electrochemical Characterizations: All-solid-state batteries 
preparation processes were conducted inside an Ar-filled glove box. 
There was no liquid electrolyte used during the battery assembly 
process. The configuration of the solid-state batteries was a 
homemade model cell, with solid electrolyte, cathode composite, 
and In foil anode pressed into the cell layer by layer using stainless-
steel terminals and hydraulic press. The electrochemical stability was 
evaluated by cyclic voltammetry (CV) measurements using a versatile 
multichannel potentiostat 3/Z (VMP3) with a Li/Li3PS4/Li3−3xHo1+xCl6/
Li3−3xHo1+xCl6–Au cell in a scanning range of −0.2 to 5  V (vs Li/Li+) 
at 0.1  mV s−1. The active Li3−3xHo1+xCl6–Au layer was prepared by 
mixing Au and Li3−3xHo1+xCl6 with a mass ratio of 1:1. Symmetrical 
all-solid-state Li/Li3−3xHo1+xCl6/Li cells were assembled with bare Li 
metal as the electrodes and cold-pressed Li3−3xHo1+xCl6 pellet as the 
solid-state electrolyte layer. Commercial LiNi0.8Mn0.1Co0.1O2 (NMC811) 
with a 5 nm Li3PO4 coating by ALD without infusion was used as the 

cathode active material.[58] For the preparation of cathode composites, 
NMC811 and as-prepared Li3-3xHo1+xCl6 SSEs with a mass ratio of 
7:3 were ground together in an agate mortar for 10  min. 80  mg of 
the as-synthesized Li3−3xHo1+xCl6 was compressed at 2 tons to 
form a solid-state electrolyte layer. Approximately 10  mg of cathode 
composite was then spread on one side of the Li3−3xHo1+xCl6 pellet 
and further pressed at 3 tons (≈380 MPa). The diameter of the pallet 
was 1  cm. Then a piece of In foil was put on the other side of the 
Li3−3xHo1+xCl6 and pressed at 1 ton (≈125 MPa). The cells were cycled 
in the voltage range of 1.9–3.7 V (vs Li+/Li–In) by using the homemade 
model cells and a Land cycler (Wuhan, China) at room temperature 
and −10 °C.
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Supporting Information is available from the Wiley Online Library or 
from the author.
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