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A B S T R A C T   

Owing to their deformability and good (electro)chemical-oxidation stability, halide superionic conductors have 
emerged as enablers for practical all-solid-state batteries. Herein, we report the dynamic structural evolution of 
Li3YbCl6, which varies with the heat treatment temperature (400 vs. 500 ◦C) and aliovalent substitutions with 
Hf4+ or Zr4+. It is observed that slight differences in Li+ conductivities (0.19 vs. 0.14 mS cm− 1 at 30 ◦C) and 
activation energies (0.47 vs. 0.53 eV) between unsubstituted Li3YbCl6 heat-treated at 400 and 500 ◦C diverge 
upon aliovalent substitution, which results in the evolution of monoclinic and orthorhombic phases, respectively. 
Enhanced Li+ conductivities reaching 1.5 mS cm− 1 with an activation energy of 0.26 eV (Li2.60Yb0.60Hf0.40Cl6 
prepared at 400 ◦C) upon Hf4+- or Zr4+-substitution are ascribed to the optimal concentration of charge carriers 
of Li+ and vacancies. Importantly, the exclusive comparison of crystal structures affecting Li+ conductivity in 
halide superionic conductors is enabled for the first time, demonstrating that it is more favorable for the cubic 
close-packed (ccp) monoclinic structure as compared to the hexagonal close-packed (hcp) orthorhombic struc
ture. Furthermore, the excellent reversibility of single-crystalline LiNi0.88Co0.11Al0.01O2 in all-solid-state cells at 
30 ◦C was achieved by employing ccp monoclinic Li2.60Yb0.60Hf0.40Cl6 prepared at 400 ◦C with a capacity 
retention of 83.6% after 1000 cycles.   

1. Introduction 

Lithium-ion battery (LIB) technology has revolutionized the electri
fication of transportation [1,2]. However, a breakthrough in terms of 
improved safety and energy density is necessary, which could be 
enabled by solidifying electrolytes with non-flammable inorganic 
superionic conductors [3–10]. Development of novel solid electrolytes 
(SEs) that can meet multiple requirements (i.e., high ionic conductivity, 
mechanical sinterability, and (electro)chemical stability) is thus the key 
to practical all-solid-state Li batteries (ASLBs) [3–10]. 

Among SEs, oxide SE families are one of the most extensively 
investigated candidates [11–15]. Despite their Li+ conductivities of 10- 

4–10-3 S cm− 1, moderate chemical stabilities in ambient air, and good 
electrochemical stabilities, their integration into bulk-type ASLBs 

requires either a detrimental high-temperature sintering process or hy
bridization with polymer electrolytes [14–20]. Sulfide SE materials are 
mechanically sinterable and highly conductive (maximum conductiv
ities of ~ 10− 2 S cm− 1) [4–6,8,21–26]. Unfortunately, their (electro) 
chemical instabilities are critical limitations [6,23,27,28]. Sulfide SEs 
release toxic H2S gases upon exposure to ambient air [6,23,27]. In 
addition, their intrinsic electrochemical oxidation stability limits are in 
the range of 2–3 V (vs. Li/Li+) [6,28]. Specifically, uncoated layered 
LiMO2 cathode materials paired with sulfide SEs exhibited poor elec
trochemical performances due to their large interfacial resistances 
[29–31]. Borohydride SE materials are another class of superionic con
ductors that exhibit mechanical sinterability [32,33]. Nevertheless, 
complicated synthetic protocols and/or extremely expensive precursors 
and limited anodic stabilities remain to be resolved for practical 
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applications. 
Recently, emerging halide SEs are unique in that they simultaneously 

satisfy the requirements of both excellent (electro)chemical oxidation 
stability and deformability [34–42]. Trigonal Li3MCl6 (M = Y, Er, ~0.51 
mS cm− 1) is the first halide SE material that has been investigated [34]. 
Its trigonal structure (space group: P3m1) is based on a hexagonal 
closed-packed (hcp) anionic framework, where the Li+ ions, metal ions, 
and vacancies occupy octahedral sites, exhibiting 3D Li+ diffusion 
pathways with favorable 1D paths along the c-axis via face-shared 
octahedra (Fig. 1a, b) [36,37,39]. Exploration of a new composition 
based on Li3MCl6 (M = Y, Er) led to the identification of several halide 
superionic conductors including monoclinic Li3InCl6 (~2 mS cm− 1) 
[35], orthorhombic Li3-xM1-xZrxCl6 (M = Y, Er, max. ~ 1.4 mS cm− 1) 
[37], spinel Li2Sc2/3Cl4 (1.5 mS cm− 1) [40], monoclinic LixScCl3+x 
(max. 3 mS cm− 1) [38], and trigonal Fe3+-substituted Li2ZrCl6 (max. ~ 
1 mS cm− 1) [41]. Specifically, the aliovalent substitution of Li3MCl6 (M 
= Y, Er) with Zr4+ led to a structural transition from a trigonal structure, 

through a previously known orthorhombic structure (Pnma, Fig. 1c, d, 
denoted as “orthorhombic I”) [43], to the new orthorhombic structure 
(Pnma, Fig. 1e, f, denoted as “orthorhombic II”) [37]. 

The Li+ conductivities of these halide SEs varied significantly due to 
multiple factors, such as crystal structure and synthetic protocol, which 
has been a highly intriguing topic [37–39,44,45]. The much higher Li+

conductivity of mechanochemically prepared Li3MCl6 (M = Y, Er) 
compared to the high-crystalline annealed samples was explained by M 
site disordering, which broadens Li+ diffusion channels [44]. Besides, it 
was suggested that the high ionic conductivity of Li3InCl6 could be 
attributed to 3D Li+ diffusion channels in the cubic closed-packed (ccp) 
monoclinic structure, where Li+ channels are formed via octahedral- 
tetrahedral-octahedral sites (C2/m, Fig. 1g, h) [36,37,39]. However, 
monoclinic Li2ZrCl6 prepared at 260 ◦C exhibited a poor Li+ conduc
tivity of 5.7 × 10− 6 S cm− 1, which was in sharp contrast to that of the 
mechano-chemically-derived trigonal phase of the same composition (4 
× 10− 4 S cm− 1) [41]. This instance reflects the complicated factors 

Fig. 1. Crystal structures outlined with the unit cells and corresponding Li+ substructures of (a, b) trigonal Li3MCl6 (M = Y, Tb-Tm), (c, d) orthorhombic I Li3MCl6 
(M = Yb, Lu), (e, f) orthorhombic II Li2.5M0.5Zr0.5Cl6 (M = Y, Er), and (g, h) monoclinic Li3InCl6. 
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affecting Li+ migration in halide SEs. It has been proposed that inter
coupled multiple factors, including anionic lattice structure [36,37], M 
site disordering [44], Li contents [38,45], tetrahedral Li occupation 
[45,46], and concentration and distribution of metal ions [45], could 
affect Li+ migration in halide SE materials. Specifically, most halide 
superionic conductors identified thus far possess either hcp or ccp 
structures. It was inferred or theoretically suggested that the ccp struc
ture is more advantageous for Li+ migration in halide SEs, while direct 
experimental verification is yet to be demonstrated [37,39]. 

The crystal structure of Li-M-Cl compounds seems to be determined 
by the ionic radius of Mn+ ions (a mean value of ionic radii for the 
presence of multiple metals) [37,39,43]. In 1997, Meyer and coworkers 
suggested that the crystal structure of Li3MCl6 is changed by decreasing 
the ionic radius of M3+ (Er, Yb, Sc) from trigonal, through orthorhombic 
I, to monoclinic [43], which is in accordance with the recently investi
gated series of substituted compounds of Li3Y1-xInxCl6 and Li3-xM1- 

xZrxCl6 (M = Y, Er) [37,39]. 
While Li3YbCl6 was known to have an orthorhombic I structure [43], 

interestingly, we have found that it crystallizes differently and shows 
slightly different Li+ conductivities and activation energies via heat 
treatment (HT) at different temperatures: trigonal (0.19 mS cm− 1 and 
0.47 eV) and orthorhombic I (0.14 mS cm− 1 and 0.53 eV) phases when 
heat-treated at 400 and 500 ◦C, respectively. Thus, Li3YbCl6 provides a 
good model system to deconvolute the effect of the crystal structure on 
Li+ conductivity. Furthermore, it is shown that the aliovalent substitu
tion of Yb3+ with tetravalent metal ions of Hf4+ and Zr4+ leads to drastic 
phase transitions to monoclinic and orthorhombic II, respectively, and 
boosting of Li+ conductivity, which reaches 1.5 mS cm− 1 with an acti
vation energy of 0.26 eV (Li2.60Yb0.60Hf0.40Cl6). Importantly, the 
distinctly different phase transitions between samples heat-treated at 
400 and 500 ◦C led to more divergent Li+ conductivities and activation 
energies. The excellent cycling performance of single-crystalline 
LiNi0.88Co0.10Al0.02O2 (single-NCA88) employing Li2.60Yb0.60Hf0.40Cl6 
and Li2.80Yb0.80Zr0.20Cl6 prepared at 400 ◦C was also demonstrated. 

2. Results and discussion 

Li3-xYb1-xMxCl6 (M = Hf, Zr) samples were synthesized by mecha
nochemical milling of stoichiometric amounts of LiCl, HfCl4 or ZrCl4, 
and YbCl3 precursors, followed by HT at 400 or 500 ◦C for 6 h. The high- 
resolution X-ray diffraction (HRXRD) patterns using synchrotron radi
ation and the Rietveld refinement profiles for Li3YbCl6 heat-treated at 
400 and 500 ◦C are presented in Fig. 2a. The refined crystallographic 

parameters are listed in Tables S1 and S2. Intriguingly, Li3YbCl6 pre
pared at 400 ◦C was crystallized to the hcp trigonal structure like 
Li3MCl6 (M = Y, Er) [34,43], while the sample prepared at 500 ◦C 
formed the original orthorhombic I structure [43]. These results indicate 
that the formation energy of the orthorhombic I phase is slightly more 
negative than that of the trigonal structure. The Li+ conductivities of 
Li3YbCl6 were measured by the AC impedance method using Ti/SE/Ti 
symmetric Li+ blocking cells. Arrhenius plots of the Li+ conductivities 
and the corresponding activation energies are shown in Fig. 2b. Notably, 
the activation energy of Li3YbCl6 prepared at 400 ◦C with a trigonal 
structure (0.47 eV) was lower than that prepared at 500 ◦C with an 
orthorhombic I structure (0.53 eV). In addition, the Li+ conductivity of 
Li3YbCl6 was slightly higher when heat-treated at 400 ◦C (0.19 mS 
cm− 1), compared to the one heat-treated at 500 ◦C (0.14 mS cm− 1). The 
Rietveld refinement results show that the trigonal Li3YbCl6 prepared at 
400 ◦C had a 3.6% M2-M3 site disorder (M2 and M3 sites have the same 
x and y but different z position in the lattice, Tables S1) and a slightly 
smaller lattice size (645.100 Å3) in comparison with that of Li3YCl6 
(655.723 Å3) or Li3ErCl6 (660.350 Å3) (Tables S1), which is rationalized 
by the highly crystalline features of the heat-treated sample and the 
smaller ionic radius of Yb3+ (87 pm) vs. Y3+ (90 pm) or Er3+ (89 pm), 
respectively [44]. 

A control experiment was also carried out using Li2.5Y0.5Zr0.5Cl6, 
which crystallizes from a trigonal to orthorhombic II structure upon 
increasing the HT temperature (Fig. S1) [37]. While Li2.5Y0.5Zr0.5Cl6 
prepared at 200 ◦C showed a trigonal structure, the orthorhombic II 
phase started to evolve with increasing HT temperatures. Accordingly, 
slightly decreased Li+ conductivities and increased activation energies 
were obtained. This result may also support the more favorable structure 
of the trigonal phase over the orthorhombic II phase. However, M site 
disordering effects that render the Li+ substructure cannot be excluded 
[44]. 

To enhance the Li+ conductivity of Li3YbCl6, aliovalent substitution 
with Hf4+ was attempted for the heat-treated samples at 400 or 500 ◦C. 
The XRD patterns and Li+ conductivities with the corresponding acti
vation energies are shown in Fig. 3. When Li3-xYb1-xHfxCl6 was prepared 
at 400 ◦C (Fig. 3a), a trigonal structure was preserved up to x = 0.10. 
However, further substitution of x > 0.10 resulted in a drastic phase 
transition. The evolution of the monoclinic phase observed for Li3InCl6 
[35] started to evolve at x = 0.25. For 0.40 ≤ x ≤ 0.60, the main re
flections in the XRD patterns belong to the monoclinic phase. The minor 
phase was indexed as the orthorhombic II phase, which was observed 
when Li3-xYb1-xHfxCl6 was prepared at 500 ◦C (x ≥ 0.25, Fig. 3b). At x =

Fig. 2. Observed and calculated high-resolution synchrotron radiation X-ray Rietveld refinement profiles and (b) Arrhenius plots of Li+ conductivity for Li3YbCl6 
heat-treated at 400 or 500 ◦C for 6 h. Rietveld refinement results are shown in Tables S1 and S2. 
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0.80, a high-purity monoclinic phase was obtained. For Li3-xYb1-xHfxCl6 
prepared at 500 ◦C, the orthorhombic I structure was maintained at x ≤
0.10. More substitution (x ≥ 0.25) resulted in the orthorhombic II 
structure, which is isostructural with the orthorhombic phase of Li3-xM1- 

xZrxCl6 (M = Y, Er, 0.367 < x < 0.6) [37]. At x = 0.80, the signatures of 
the HfCl4 precursor was detected at the expense of the reflections for the 
orthorhombic II phase, indicating the solid-solution limit of x < 0.80. A 
summary of the afore-described phase evolutions upon Hf4+-substitu
tion for Li3YbCl6 prepared at 400 or 500 ◦C is displayed in Fig. 3c. 

Fig. 3d, e displays Li+ conductivities and corresponding activation 
energies, respectively, for Li3-xYb1-xHfxCl6 (0.0 ≤ x ≤ 0.8) prepared at 
400 or 500 ◦C. Typical Nyquist plots at different temperatures and 
corresponding Arrhenius plots of Li+ conductivity are also presented in 
Fig. S2. Low electronic conductivity of Li3-xYb1-xHfxCl6 was measured 
(4.5 × 10− 9 S cm− 1 for Li2.60Yb0.60Hf0.40Cl6 prepared at 400 ◦C, Fig. S3), 
confirming that it can act as a good SE [6]. Irrespective of the HT tem
peratures, Li3-xYb1-xHfxCl6 show the volcano-shaped Li+ conductivities 
and the counteracting shape of corresponding activation energies, with 
the highest Li+ conductivities of 1.5 and 1.2 mS cm− 1 and the lowest 
activation energies of 0.26 and 0.35 eV for the samples prepared at 400 
and 500 ◦C, respectively, at x = 0.40. This type of behavior is observed in 

many superionic conductors for which the concentrations of charge 
carriers of ions or vacancies govern the overall ionic conductivities 
[47–52]. It has been well documented experimentally and theoretically 
that creating Na vacancies in Na3PS4 and Na3SbS4 is highly effective for 
enhancing Na+ conductivities up to 10− 3–10− 2 S/cm, which includes the 
aliovalent substitutions of Na+ with Ca2+ (Na3-2xCaxPS4) [49], S2− with 
Cl− (Na3-xPS4-xClx) [52], and Sb5+ with W6+ (Na3-xSb1-xWxPS4) [50,51]. 
In particular, our group recently demonstrated a more than two-fold 
enhancement in the Li+ conductivity of Li2ZrCl6 via aliovalent substi
tution with M3+ (Li2+xZr1-xMxCl6, M = Fe, Cr, V) [41]. In this regard, the 
increased Li+ conductivity of Li3YbCl6 via aliovalent substitution with 
Hf4+ should be largely attributed to the increased charge carrier con
centration of Li vacancies [38,41,46]. The decreasing Li+ conductivities 
at x > 0.40 would reflect the insufficient amounts of Li+. In addition, the 
effect of lattice shrinkage leading to narrowing of the Li+ channels could 
not be ignored (Fig. S4) [23,53,54]. The contribution of the structural 
transitions on Li+ conductivities, i.e., trigonal to monoclinic for the 
samples prepared at 400 ◦C and orthorhombic I to orthorhombic II for 
the samples prepared at 500 ◦C, has remained elusive. Trends in the 
structural evolutions and corresponding Li+ conductivities with activa
tion energies for Zr4+-substituted Li3YbCl6 were also identical to the 

Fig. 3. Results of structural evolution and corresponding Li+ conductivities with activation energies for Hf4+-substituted Li3YbCl6 annealed at 400 and 500 ◦C for 6 h. 
XRD patterns of Li3-xYb1-xHfxCl6 annealed at (a) 400 ◦C and (b) 500 ◦C. (c) Schematic illustrating the phase evolutions upon Hf4+-substitution of Li3YbCl6 prepared at 
400 or 500 ◦C. (d) Li+ conductivities at 30 ◦C and (e) corresponding activation energies for Li3-xYb1-xHfxCl6. 
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results for Hf4+-substituted Li3YbCl6. Specifically, the highest Li+ con
ductivity of 1.2 mS cm− 1 with the lowest activation energy of 0.33 eV for 
Zr4+-substituted Li3YbCl6 was obtained for Li2.8Yb0.8Zr0.2Cl6 prepared at 
400 ◦C. The similar structural evolution and Li+ conductivities between 
Hf4+ and Zr4+-substituted Li3YbCl6 are not surprising considering their 
similar ionic radii (Zr4+: 72 pm, Hf4+: 71 pm) (Fig. S5). 

Notably, the monoclinic phase for Li3-xYb1-xMxCl6 (M = Hf or Zr) that 
crystallized at 400 ◦C showed higher Li+ conductivities and lower 
activation energies over the entire composition range, as compared to 
the orthorhombic II phase that crystallized at 500 ◦C. This result implies 
that the monoclinic structure is more favorable for Li+ diffusion in Li3- 

xYb1-xMxCl6 (M = Hf or Zr) than in the orthorhombic structure. Impor
tantly, the exclusive contribution of the crystal structure to Li+ con
ductivity could be confirmed experimentally. It is well known that the 
monoclinic structure with ccp anion arrays is more advantageous in 
terms of ionic conductivity than the hcp-based orthorhombic structure 
[37,39]. This is rationalized by the 3D channels of ionic migration 
pathways for the ccp monoclinic structure, which contrasts with the 
anisotropic ion migration pathways for the hcp structures, such as 
trigonal and orthorhombic phases [37]. Moreover, the existence of Li+

ions in tetrahedral sites might lead to more favorable Li+ diffusion 
[46,55]. The higher Li+ conductivity despite the lower HT temperature 
for the monoclinic Li3-xYb1-xHfxCl6 prepared at 400 ◦C, as compared to 
the orthorhombic II phase obtained at 500 ◦C, could thus be explained. 

Overall, for Li3-xYb1-xHfxCl6 prepared at both 400 and 500 ◦C, the 
initial structures of trigonal and orthorhombic I changed to different 
structures at x = 0.40, that is, monoclinic and orthorhombic II, respec
tively, and the highest conductivities and the lowest activation energies 
were obtained. The mean radius of the metal ions for 
Li2.60Yb0.60Hf0.40Cl6 (80.6 pm) is close to the ionic radius of In3+ (80 
pm) for Li3InCl6 [35] or that for Li2.5Y0.5Zr0.5Cl6 (81 pm) [37]. This 
explains why the monoclinic or orthorhombic II structures evolve for Li3- 

xYb1-xHfxCl6. It is noted that the threshold temperatures for the evolu
tion of specific structures vary with composition. Li3-xYb1-xHfxCl6 and 
Li3-xY1-xZrxCl6 crystallized to the orthorhombic II phase at different 
temperatures: 400–500 ◦C and 300–400 ◦C, respectively, which em
phasizes that not only the size of the metal ions but also the HT protocol 
is a critical factor in the phase transition. 

For an in-depth analysis, Rietveld refinement was carried out for the 
HRXRD patterns of the samples showing the highest Li+ conductivities, 
namely Li2.60Yb0.60Hf0.40Cl6 prepared at 400 or 500 ◦C, and the results 
are shown in Fig. 4 and Tables S3–S6. For Li2.60Yb0.60Hf0.40Cl6 prepared 
at 400 ◦C, the monoclinic and orthorhombic II phases were present in 
ratios of 70.5% and 29.5%, respectively. From this result, it is expected 
that the Li+ conductivity of the pure monoclinic phase would be slightly 
higher than the measured value (1.5 mS cm− 1). Unfortunately, attempts 
to obtain the pure monoclinic phase of Li2.60Yb0.60Hf0.40Cl6 via HT at 
lower temperatures have not been successful. The sample prepared at <

Fig. 4. Observed and calculated high-resolution synchrotron radiation X-ray Rietveld refinement profiles for Li2.60Yb0.60Hf0.40Cl6 annealed at (a) 400 ◦C and (b) 
500 ◦C. The Bragg positions in (b) indicate orthorhombic II phases with different lattice parameters. Detailed refinement results are shown in Tables S3–S6. 
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400 ◦C also showed the signatures of the orthorhombic II phase and poor 
crystallinity, inhibiting refinement (Fig. S6). The HRXRD patterns of 
Li2.60Yb0.60Hf0.40Cl6 prepared at 500 ◦C were best fitted with two phases 
belonging to the same space group of orthorhombic II structure with 
different lattice parameters (Tables S5 and S6). Compositions of the two 
phases with the different lattice parameters may differ each other. It was 
reported that a multi-phase region appears during the synthesis of 
layered NaMO2 (M = Fe, Co) cathode materials via HT or char
ge–discharge processes [55–57]. In addition, lattice parameters of 
crystalline SE materials could vary with the extent of annealing [44]. It 
seems that the separated regions with different phases that formed at 
lower temperatures (e.g., 400 ◦C) evolved to the identical orthorhombic 
II phase but with different lattice parameters at an elevated temperature 
of 500 ◦C. 

Finally, the compatibility of the optimal-composition Hf4+- 
substituted Li3YbCl6 (Li2.60Yb0.60Hf0.40Cl6) showing the highest Li+

conductivity (1.5 mS cm− 1, prepared at 400 ◦C) with newly emerging 
single-NCA88 cathode materials was assessed by cycling half cells in the 
voltage range of 3.0–4.3 V (vs. Li/Li+) at 0.5C and 30 ◦C. The deform
ability of Li2.60Yb0.60Hf0.40Cl6 was confirmed by the flattened surface of 
the pellet, which was cold-pressed at an applied pressure of 370 MPa 
(Fig. S7). The cycling performance and corresponding charge–discharge 
voltage profiles at the 2nd, 150th, 500th, and 1000th cycles are dis
played in Fig. 5. The all-solid-state cells showed high discharge capacity 
and Coulombic efficiency at an initial cycle of 188 mA h g− 1 and 84.8%, 
respectively. Impressively, the capacity retention at the 1000th cycle 
was as high as 83.6%. The attempt to increase the fraction of single- 
NCA88 in the electrodes from 50 to 70 wt% was offset by the slightly 

degraded cycling performance (Fig. S8). This result indicates that the 
spatial distribution of single-NCA88 particles with 30 wt% 
Li2.60Yb0.60Hf0.40Cl6 is not perfectly even enough to avoid direct con
tacts between single-NCA88 particles, which is detrimental to the 
electrochemo-mechanical degradation of the electrodes due to the 
repeated volumetric strains upon charge–discharge cycles [58]. More
over, all-solid-state cells were prepared using Li2.80Yb0.80Zr0.20Cl6 which 
was prepared at 400 ◦C and showed the highest ionic conductivity of 1.2 
mS cm− 1 at 30 ◦C. The cells using Li2.80Yb0.80Zr0.20Cl6 showed the 
similar electrochemical performances, as compared with the results for 
using Li2.60Yb0.60Hf0.40Cl6 (Fig. S9). Importantly, the cycling retention 
for the cells using Li2.80Yb0.80Zr0.20Cl6 was also excellent. Besides, Zr- 
based materials inevitably include Hf impurities [59]. The similar 
electrochemical performances of the cells using Li2.80Yb0.80Zr0.20Cl6 and 
Li2.60Yb0.60Hf0.40Cl6 suggest no need to separate HfCl4 or ZrCl4 from 
precursor mixtures, which may be an advantageous feature in terms of 
the manufacturing cost. 

3. Conclusions 

In summary, the structural evolution and corresponding Li+ con
ductivities of Hf4+ or Zr4+-substituted Li3YbCl6, varied by two different 
HT temperatures of 400 and 500 ◦C, were investigated. Unsubstituted 
Li3YbCl6 crystallized differently depending on the HT temperatures: 
trigonal and orthorhombic I structures resulted when prepared at 400 
and 500 ◦C, respectively, with a slightly higher Li+ conductivity (0.19 
vs. 0.15 mS cm− 1) and lower activation energy for the former (0.47 vs. 
0.53 eV). Upon aliovalent substitution with Hf4+ or Zr4+, the Li+

Fig. 5. (a) Cycling performance of single-NCA88 electrodes employing Li2.60Yb0.40Hf0.40Cl6 in single-NCA88/Li-In all-solid-state cells at 0.5C (0.64 mA cm− 2) and 
30 ◦C and (b) corresponding charge discharge voltage profiles. 
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conductivities were boosted to a maximum of 1.5 mS cm− 1 with the 
lowest activation energy of 0.26 eV along with drastic phase evolutions: 
trigonal to monoclinic for HT at 400 ◦C and orthorhombic I to ortho
rhombic II for HT at 500 ◦C. Over the entire ranges, Li3-xYb1-xHfxCl6 
exhibited higher Li+ conductivities and lower activation energies when 
heat-treated at a lower temperature of 400 ◦C, which unprecedentedly 
confirmed the exclusive effect of crystal structure on Li+ diffusion in this 
class of halide SEs, i.e., more favorable in the monoclinic structure than 
in the orthorhombic structure. Benefitting from the highest Li+ con
ductivity of 1.5 mS cm− 1 for the optimal composition of 
Li2.60Yb0.60Hf0.40Cl6 along with its intrinsic (electro)chemical-oxida
tion-tolerable property, the single-NCA88 demonstrated a high revers
ible capacity of 188 mA h g− 1 and an excellent capacity retention of 
83.6% at the 1000th cycle. These results are important in terms of not 
only practical applicability to all-solid-state technologies but also design 
principles for new halide superionic conductors. 

4. Experimental 

4.1. Preparation of materials 

All the sample preparation was conducted under Ar atmosphere. 
Stoichiometric amounts of precursors were mechanically milled at 600 
rpm for 10 h in a 50 ml ZrO2 vial with 15 ea ZrO2 balls (ф = 10 mm) 
using Pulverisette 7 PL (Fritsch GmbH). For the preparation of Li3-xYb1- 

xHfxCl6, LiCl (99.99%, Sigma Aldrich), YbCl3 (99.9%, Alfa Aesar), and 
HfCl4 (99%, Alfa Aesar) were used. For the preparation of Li3-xYb1- 

xZrxCl6, LiCl, YbCl3, and ZrCl4 (99.99%, Sigma Aldrich) were used. For 
the preparation of Li3-xY1-xZrxCl6, LiCl, YCl3 (99.99%, Sigma Aldrich), 
and ZrCl4 were used. Ball-milled powder samples were sealed in a quartz 
ampoule under vacuum and then heat-treated at target temperatures for 
6 h with a heating rate of 5 ◦C min− 1 and natural cooling at room 
temperature. Li6PS5Cl0.5Br0.5 was prepared by mechanical milling and 
subsequently HT. A stoichiometric amount of Li2S (99.9%, Alfa Aesar), 
P2S5 (99%, Sigma Aldrich), LiCl, and LiBr (99.99%, Sigma Aldrich) was 
milled with the condition as the same as for halide SEs, which was fol
lowed by HT at 550 ◦C at 12 h with Ar flow. 

4.2. Materials characterization 

Powder XRD patterns (Lab scale) were collected using a Rigaku 
MiniFlex600 diffractometer with Cu Kα radiation (λ = 1.5406 Å). XRD 
cells containing hermetically-sealed SE samples with a Beryllium win
dow were mounted on an XRD diffractometer and measured at 40 kV 
and 15 mA. High-resolution synchrotron radiation X-ray data were ac
quired at a 9B beamline in the Pohang Accelerator Laboratory (PAL, 
South Korea) using monochromatic X-ray (λ = 1.5220 Å). The quanti
tative structural information was obtained by Rietveld refinement 
method using the FullProf Suite software package. SEM images were 
obtained using AURIGA (Zeiss). To avoid any air exposure of the sam
ples, an air-tight transfer box, DME 2830 (SEMILAB), was used. 

4.3. Electrochemical characterization 

Li+ conductivities were measured by AC impedance method using 
Li+-blocking Ti/SE/Ti symmetric cells with 6 mm diameter. The cold- 
pressed pellets were prepared under an applied pressure of 370 MPa. 
The EIS data were recorded with an amplitude of 100 mV and a fre
quency range from 10 mHz to 7 MHz using a VMP3 (Bio-Logic). For the 
all-solid-state half-cells, Li-In counter and reference electrodes were 
used. The Li-In electrodes with a nominal composition of Li0.5In were 
prepared by ball-milling of In (Aldrich, 99%), Li (FMC Lithium Corp.), 
and Li6PS5Cl0.5Br0.5 powders in a weight ratio of 8:2. Li6PS5Cl0.5Br0.5 
powders of 150 mg were pelletized under 100 MPa to form SE layers. 
Composite working electrodes were prepared from a mixture of single- 
NCA88, Li2.60Yb0.60Hf0.40Cl6 or Li2.80Yb0.80Zr0.20Cl6 prepared at 

400 ◦C for 6 h, and super C65 powders in a weight ratio of 70:30:3 or 
50:50:3. Then, the working and Li-In counter electrodes were put on 
each side of the SE layers. Finally, the whole assemblies were pressed at 
370 MPa at room temperature. The all-solid-state cells were tested under 
an external pressure of ~ 70 MPa at 30 ◦C. 
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