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A B S T R A C T   

The exceptional electrochemical oxidative stabilities of halide solid electrolytes (SEs) have led to extensive 
research on Li and Na all-solid-state batteries. In this study, we report a new K+ SE, cubic KTaCl6, with a 
remarkable K+ conductivity of 1.0 × 10− 5 S cm− 1, synthesized via a mechanochemical method. This value 
represents a 1000-fold enhancement over that of samples prepared through heat treatment, which is remarkable 
among halide K+ SEs reported to date. Through structural characterization via X-ray diffraction, Rietveld 
analysis, and bond valence energy landscape calculations, we reveal three-dimensional K+ migration pathways 
facilitated by face-sharing KCl12

11− cuboctahedra. This configuration is in contrast to that of the monoclinic KTaCl6 
produced through annealing, which features discontinuous K+ migration pathways. These pathways are formed 
by the edge- or corner-sharing of KCl12

11− anti-cuboctahedra, resulting in a significantly reduced K+ conductivity. 
Cyclic voltammetry measurements employing three-electrode cells indicate high electrochemical stability up to 
≈3.7 V (vs. K/K+).   

1. Introduction 

Potassium chemistry in rechargeable batteries may be promising for 
achieving cost-effectiveness with high energy density owing to the 
abundance of potassium and its low potential (0.104 V vs. Li/Li+) [1,2], 
which is appealing for large-scale energy storage systems [3,4]. 
Furthermore, following the development pathways of Li and Na tech
nologies [5-9], the advent of all-solid-state K or K-ion batteries with 
inorganic K+ solid electrolytes (SEs) has the potential to enhance safety 
and energy density compared with their counterparts employing liquid 
electrolytes. 

To date, the range of identified inorganic K+ SEs remains narrow, 
encompassing oxides, sulfides, and halides [10-13]. Oxide K+ SEs, spe
cifically K1.6Mg0.6Al10.4O17 and K2Fe4O7, demonstrated high ionic con
ductivities, exceeding 10− 4 S cm− 1 at room temperature [10,11]. 
However, these materials require a deleterious high-temperature sin
tering process (typically above 700 ◦C) to mitigate the grain boundary 
resistance. Recently, sulfide and selenide K+ SEs were identified, 
exhibiting high ionic conductivities through an aliovalent substitution 
strategy that creates K vacancies (K2.92Sb0.92W0.08S4: 1.4 × 10− 4 S cm− 1 

at 40 ◦C [12] and K2.2Ba0.4SbSe4: 1.0 × 10− 4 S cm− 1 at 40 ◦C) [13]. 
However, the electrochemical oxidative stability of sulfide K+ SEs con
strains their potential for high-voltage applications exceeding ≈3 V (vs. 
K/K+) [12]. Moreover, despite being much less prevalent than their 
oxide counterparts, sulfide and selenide K+ SEs suffer from significant 
challenges owing to their high grain boundary resistances. These re
sistances are considerably higher than those of Li+ or Na+ sulfide SEs. 
This can be explained by their increased ionic character, which is a 
consequence of the larger ionic size of K+, following Fajan’s rule 
[14-18]. 

The origin of recent intensive developments in Li+ and Na+ halide 
SEs can be traced back to the reinvestigation of mechanically prepared 
Li3YCl6 in 2018 [19]. This material demonstrated a moderate conduc
tivity of 0.51 mS cm− 1 with excellent electrochemical compatibility with 
unprotected LiCoO2 [20,21]. The pivotal discovery spurred subsequent 
investigations into Li+ halide SEs [22], leading to the identification of 
novel compounds, including Li3InCl6 [23], Li3ScCl6 [24], and Li2ZrCl6 
[25]. Furthermore, research efforts have been extended to substituted 
variants, such as Li3–xM1–xZrxCl6 (M = Y, Er) [26], Li3–3xM1+xCl6 (M =
Tb, Dy, Ho, Y, Er, Tm) [27], and Li2+xZr1-xMxCl6 (M = Fe, V, Cr) [21]. 
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Specifically, structural alterations and adjustments to Li+ concentration 
through compositional tuning are two pivotal factors that influence Li+

conductivity. Similar exploratory pathways have been pursued for Na+

halide SEs, although the variety and conductivity of the developed 
compositions are much lower, with fewer examples, such as Na2ZrCl6 
[28], Na3-xEr1-xZrxCl6 [29], Na3–xY1–xZrxCl6 [30], and ZrO2–2Na2ZrCl5F 
[31]. In the evolving landscape of halide SEs, the application of exten
sive mechanochemical preparation protocols has been instrumental in 
achieving favorable structural frameworks and microstructures [32,33]. 
This method has led to ionic conductivities that are higher by more than 
an order of magnitude than those of samples prepared via traditional 
heat treatment methods. Notable examples include Li2ZrCl6 (mechani
cally prepared trigonal structure: 4.0 × 10− 4 S cm− 1 vs. annealing pre
pared monoclinic structure: 5.7 × 10− 6 S cm− 1) [21], Na2ZrCl6 [28], and 
NaAlCl4 [34]. 

The recent emergence of Ta-based halide SEs marks a significant 
milestone, as they have demonstrated exceptionally high ionic con
ductivities of up to 10 mS cm− 1. LiTaCl6 and its variants, subjected to 
rigorous mechanical milling for an extended time over 200 h, exhibited 
remarkable ionic conductivities of 11 mS cm− 1, which was attributed to 
their amorphous structure [32]. Concurrently, LiMOCl4 (M = Nb and 
Ta), featuring a structure with corner-sharing oxygen, achieved a 

maximum ionic conductivity of 12.4 mS cm− 1 at 25 ◦C [33]. Shifting to 
Na analogs, novel compounds have been identified, such as NaTaCl6 (4.0 
mS cm− 1 and 6.2 × 10− 5 S cm− 1) [35,36], 0.5Na2O2-TaCl5 (4.6 mS cm− 1 

at 25 ◦C) [37], Na0.86SmTa0.43Cl6 (1.2 mS cm− 1 at 25 ◦C), and 
NaLa0.83Ta0.5Cl6 (1.4 mS cm− 1 at 25 ◦C) [38]. 

However, the exploration of K+ halide SEs has been markedly limited, 
with only a few compounds identified to date. The first, K2.3Zr0.7Y0.3Cl6, 
demonstrated a K+ conductivity of 9.2 × 10− 7 S cm− 1 at 25 ◦C [39]. The 
observed increase in ionic conductivity owing to Y doping was attributed 
to facilitated K+ migration into vacant octahedral sites in the expanded 
lattices. The other identified compounds, featuring a UCl3 structure and 
consisting of 1.5KCl-(LaCl3⋅CeCl3⋅ZrCl4⋅HfCl4⋅TaCl5)0.2 and KCl-LaCl3 
–0.5TaCl5 showed ionic conductivities of 1.3 × 10− 6 and 1.2 × 10− 4 S 
cm− 1, respectively [40,41]. 

In this study, we present a new K+ halide SE, KTaCl6, prepared via 
mechanochemical methods, demonstrating an impressive ionic con
ductivity of 1.0 × 10− 5 S cm− 1 at 30 ◦C. This value has been achieved 
without the need for hot-sintering or pressing. Structural analysis using 
X-ray diffraction (XRD) Rietveld refinement and bond valence energy 
landscape (BVEL) calculations revealed that ball-milled KTaCl6 (BM- 
KTaCl6) adopts a cubic structure. This structure facilitates the formation 
of three-dimensional (3D) isotropic K+ migration channels through face- 

Fig. 1. Preparation and characterization of KTaCl6 prepared via a mechanochemical method vs. heat treatment. a) Schematic illustrating the phase evolutions in 
KTaCl6 prepared via ball-milling (BM) and heat treatment (HT). The purple and dark yellow polyhedra represent TaCl6− and (b) KCl12

11− , respectively. b) Arrhenius 
plots of K+ conductivities and c) XRD patterns of KTaCl6 prepared using BM and HT. Bragg peaks for K2TaCl6 and KTaCl6 are plotted as references at the top and 
bottom, respectively. 
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sharing KCl12
11− cuboctahedra. Conversely, KTaCl6 prepared via heat 

treatment at 500 ◦C (HT-KTaCl6) has a monoclinic structure, which lacks 
connectivity in the K+ migration pathways. This structural limitation 
explains the substantially lower K+ conductivity of 1.2 × 10− 8 S cm− 1. 
Additionally, meticulous measurements employing three-electrode cells 
facilitated the analysis of the electrochemical stability of KTaCl6, 
revealing a stability window between approximately 2.7 V and 3.7 V (vs. 
K/K+). These findings are compared with the results of density func
tional theory (DFT) calculations. 

2. Results and discussions 

Two different KTaCl6 samples, BM-KTaCl6 and HT-KTaCl6, were 
prepared via ball-milling and heat treatment at 500 ◦C, respectively, 
from an equimolar mixture of KCl and TaCl5, as illustrated in Fig. 1a. The 
ionic conductivity of the cold-pressed pellets was assessed using the AC 
impedance method with Ti|SE|Ti ion-blocking symmetric cells. The 
corresponding Arrhenius plots of the ionic conductivities are presented 

in Fig. 1b, and the Nyquist plots are shown in Figure S1. The Arrhenius 
plots of ionic conductivities, comparing various K+ SEs, can be found in 
Figure S2. BM-KTaCl6 demonstrated a K+ conductivity of 1.0 × 10− 5 S 
cm− 1 at 30 ◦C with an activation energy of 0.47 eV. Its electronic con
ductivity, determined through chronoamperometry tests, was observed 
to be sufficiently low at 8.3 × 10− 10 S cm− 1 (Figure S3). Conversely, HT- 
KTaCl6 exhibited a much lower K+ conductivity of 1.2 × 10− 8 S cm− 1 at 
30 ◦C, with a considerably higher activation energy of 0.66 eV. The 
mechanisms underlying these distinct differences are discussed later. 

The powder XRD patterns of BM- and HT-KTaCl6 are shown in 
Fig. 1c. Despite the aim of achieving a KTaCl6 composition from an 
equimolar mixture of KCl and TaCl5, the XRD pattern of BM-KTaCl6 
corresponds to a cubic K2MCl6 phase (M = Ta (mp-31363), Sn (mp- 
23499)) with tetravalent M [42-44]. This result suggests that BM-KTaCl6 
may share a cubic K2TaCl6 structure but with a different stoichiometry. 
To ascertain the stoichiometry, a control sample was prepared by 
ball-milling KCl and TaCl5 in a molar ratio of 2:1. The resultant XRD 
pattern displayed distinct impurity peaks of KCl (mp-23289) along with 

Fig. 2. Structural characterization of BM-KTaCl6. a) XRD Rietveld refinement profiles for BM-KTaCl6. The excluded ranges for the fitting were due to the presence of 
the Be window signals. The lower Bragg index corresponds to the peak of KCl, albeit in very small quantities. Crystal structure of BM-KTaCl6 with the unit cell 
outlined, representing b) isolated TaCl6− octahedra and c) face-sharing KCl12

11− cuboctahedra. d, e) BVEL calculation results of BM-KTaCl6. 3D K+ migration pathways 
through the face-shared KCl12

11− cuboctahedra are presented. 
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a cubic K2TaCl6 phase (mp-31363, Figure S4), confirming the stoichi
ometry of BM-KTaCl6 as KTaCl6 with pentavalent Ta. The oxidation state 
of Ta was further verified through X-ray photoelectron spectroscopy 
(XPS) measurements (Figure S5), where Ta 4f XPS peaks at 27.2 eV and 
29.1 eV confirmed the presence of Ta in the 5+ oxidation state. Thus, it 
was conclusively determined that BM-KTaCl6 has a KTaCl6 stoichiom
etry and is isostructural with the cubic K2TaCl6 phase. In contrast to 
BM-KTaCl6, which adopted a cubic structure, HT-KTaCl6 exhibited a 
monoclinic structure (mp-1211251), as indicated in Fig. 1c. Details of 
the phases previously reported for KTaCl6 are provided in the Supple
mentary Note [45]. 

XRD Rietveld refinement was performed to further elucidate the 
structures of BM- and HT-KTaCl6. The refinement profiles for BM- and 
HT-KTaCl6 are depicted in Figs. 2a and S6, respectively, and a 
comprehensive summary of the results is presented in Tables S2 and S3. 
BM-KTaCl6 was found to have a cubic crystal structure with a lattice 
parameter of a = 9.89367 Å, and belongs to the Fm3m space group 
(space group no. 225). The detailed structure is visualized in Figs. 2b and 
c. Specifically, Ta5+ occupies the octahedral sites, forming isolated TaCl6– 

octahedra (Fig. 2b). Owing to the substantial ionic size of K+ (1.38 Å), it 
forms polyhedra with a high coordination number, specifically face- 
sharing KCl12

11− cuboctahedra, which assemble into square-shaped K+

channels with a bottleneck area of 11.5 Å2 (Figs. 2d and e). Conversely, 
HT-KTaCl6 was characterized by a monoclinic crystal structure with a 
C2/c space group (space group no. 15). As depicted in Figure S7, the 
structure shares the features of isolated TaCl6− octahedra with the cubic 

phase of BM-KTaCl6. However, K+ formed polyhedra of different shapes, 
i.e., a slightly distorted anti-cuboctahedra resembling a triangular 
orthobicupola [43,46]. Furthermore, their arrangement differed signif
icantly from that of BM-KTaCl6. Specifically, the KCl12

11−

anti-cuboctahedra are arranged in edge- or corner-sharing configura
tions, leading to the formation of a triangle-shaped K+ channel with a 
bottleneck area of 5.4 Å2 (Figure S7c). This area is significantly smaller 
than that of the BM-KTaCl6 channels (11.5 Å2). 

Moreover, using structural parameters derived from the XRD Riet
veld refinement (Figs. 2a and S6), BVEL analysis was conducted to 
visualize potential K+ migration pathways in BM- and HT-KTaCl6, as 
illustrated in Figs. 2d and S7, respectively. This analysis revealed 
interconnected K+ pathways extending to all adjacent K sites, thereby 
establishing a comprehensive 3D network for K+ migration. The 
isotropic nature of the cubic structure facilitates the formation of ho
mogeneous 3D K+ pathways in all directions (Figure S8). Various unit 
cell arrangements of cubic KTaCl6 (BM-KTaCl6) are shown in Figure S9. 
Conversely, the BVEL map for HT-KTaCl6 reveals three inter-sites for K+

migration and disconnected anisotropic K+ migration pathways along 
the a, b, and c axes, as shown in Figures S7 and S10. In 1D migration, the 
pathway involves I1-I2-I1, whereas in 3D migration, it involves I1-I3, 
which has poor connectivity. In conclusion, the markedly different 
configurations of the K+ migration pathways in terms of connectivity 
account for the ionic conductivity of BM-KTaCl6, which is three orders of 
magnitude higher than that of HT-KTaCl6. 

First-principles calculations based on DFT were performed to assess 

Fig. 3. Electrochemical stability of BM-KTaCl6. a) Ternary phase diagram of K-Ta-Cl in the Materials Project Database. b) Intrinsic electrochemical stability window 
and phase equilibria of KTaCl6 at different K/K+ potentials based on first-principles calculations. c) Schematic of all-solid-state three-electrode cells using a KTaCl6-C 
working electrode with K0.45MnO2-KTaCl6-C as the reference and counter electrodes for CV measurements. d) CV results of BM-KTaCl6 at 0.1 mV s− 1 and 60 ◦C. 
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the intrinsic electrochemical stability of BM-KTaCl6. This computational 
analysis was conducted within the stable phase diagram available in the 
Materials Project database; [47] the ternary phase diagrams for K-Ta-Cl 
are presented in Fig. 3a. The calculated electrochemical stability win
dow and phase equilibria are shown in Fig. 3b. BM-KTaCl6 exhibited a 
wide electrochemical stability range from 2.414 to 4.826 V (vs. K/K+). 
At the anodic limit, the expected decomposition products include 
K2Ta3Cl9 and KCl, whereas at the cathodic limit, TaCl5 and Cl2 are ex
pected to form. 

The electrochemical stability of BM-KTaCl6 was experimentally 
evaluated via cyclic voltammetry (CV) using three-electrode cells with 
SE-C mixture electrodes in a weight ratio of 70:30. These measurements 
were conducted in the voltage range of 1.1–5.1 V (vs. K/K+) in three- 
electrode cells at 60 ◦C, with the cell configuration depicted in Fig. 3c. 
Because of the instability of BM-KTaCl6 when in contact with K metal, 
K0.45MnO2, which exhibited an initial potential of ≈3.1 V (vs. K/K+), 
was chosen for both the counter and reference electrodes [48]. The 
initial voltage of K0.45MnO2 was determined using a coin cell configured 
as K0.45MnO2||K with a liquid electrolyte (1.5 M potassium bis(fluo
rosulfonyl)imide (KFSI) in a mixture of ethylene carbonate (EC) and 
diethylene carbonate (DEC) at a volume ratio of 1:1) at 30 ◦C 
(Figure S11). The cathodic and anodic stabilities were assessed using 
separate scans in the negative and positive directions, respectively, as 
shown in the CV results in Fig. 3d. The oxidation onset potential of 
BM-KTaCl6 was observed to be ≈3.7 V (vs. K/K+). Notably, this value 
surpasses that of sulfide K+ SE K2.92Sb0.92W0.08S4, which is capable of 
operating cathodes in cells up to 3.0 V (vs. K/K+) [13]. However, further 
positive scanning resulted in the severe oxidation at ≈4.0 V (vs. K/K+). 
The voltage scan had to be terminated prematurely as the equipment’s 
limitations were surpassed, resulting in an excessively high current, 
indicative of severe side reactions. In the negative scan, BM-KTaCl6 
exhibited poor reductive stability with the severe onset reduction po
tential at ≈2.5 V (vs. K/K+). 

The experimentally determined electrochemical stability window 
(2.7 ~ 3.7 V (vs. K/K+)) is narrower than the estimates obtained from 
DFT calculations (2.414 ~ 4.826 V). This deviation can be attributed to 
the limited material space for K-Ta-Cl in the stable phase diagram pro
vided by the Materials Project database (Fig. 3a) [47]. The calculated 
electrochemical window can be refined as more stable materials are 
identified. 

Given the observed limitation in the reductive stability of KTaCl6, we 
attempted to apply a polymer electrolyte, polyethylene oxide (PEO)- 
potassium bis(fluorosulfonyl)imide (KFSI) (PEO-KFSI), as an interlayer 
between BM-KTaCl6 and K metal anode. Although the prepared PEO- 
KFSI films exhibited an acceptable K+ conductivity of 6 × 10− 4 S 
cm− 1 at 60 ◦C, consistent with a previous report [49], they showed 
unstable interfacial stability with BM-KTaCl6, inhibiting the construc
tion of high-voltage all-solid-state K batteries (Figure S12). As an 
alternative, we employed K0.45MnO2 as both the cathode and anode, 
assembling K0.45MnO2|BM-KTaCl6|K0.45MnO2 symmetric full cells. The 
corresponding results at 100 ◦C are presented in Figure S13. The 
K0.45MnO2|BM-KTaCl6|K0.45MnO2 cells exhibited sloping voltage pro
files similar to the simulated profiles (Figure S13a), obtained from liquid 
electrolyte cells (Figure S11). Despite their low capacities, demon
strating its reversible operation is noteworthy. Future development of 
interlayers compatible with both K metal and KTaCl6 could enable the 
demonstration of all-solid-state K metal batteries. Additionally, the 
application of a reductively stable SE as an anolyte, such as sulfide SEs, 
could be an alternative direction [20,21,50], which will be the subject of 
our future research. 

3. Conclusion 

In summary, a new K+ halide SE KTaCl6 demonstrating an impressive 
K+ conductivity of 1.0 × 10− 5 S cm− 1 at 30 ◦C was prepared via a 
mechanochemical method. Structural analyses through XRD Rietveld 

refinement revealed a cubic structure of BM-KTaCl6, which is iso
structural with the β phase of K2TaCl6. This cubic-structured BM-KTaCl6 
is characterized by KCl12

11− cuboctahedra as its building units, which 
allow face-sharing connections and the formation of an extensive 3D 
network for K+ migration, as revealed through BVEL analysis. In 
contrast, HT-KTaCl6, which adopts a monoclinic structure, involves 
edge- and corner-sharing of KCl12

11− anti-cuboctahedra, leading to 
disconnected K+ migration pathways, and thus a substantially lower 
ionic conductivity of 1.2 × 10− 8 S cm− 1. The electrochemical stability 
window of BM-KTaCl6 was experimentally determined to be approxi
mately 2.7 to 3.7 V (vs. K/K+), through CV measurements utilizing all- 
solid-state three-electrode cells with K0.45MnO2 as both the counter and 
reference electrodes. This observation was further compared by DFT 
calculations. The notable voltage stability of KTaCl6 highlights its po
tential as a promising catholyte for all-solid-state K batteries. This study 
opens avenues for the further enhancement of the K+ conductivity of 
KTaCl6 through substitution strategies. 

4. Experimental section 

4.1. Material preparation 

For the preparation of BM-KTaCl6, a stoichiometric mixture of KCl 
(99.0 %–100.5 %, Alfa Aesar) and TaCl5 (99.99 %, Sigma Aldrich) was 
mechanically milled at 600 rpm in an Ar environment for 40 h in a 50 mL 
ZrO2 vial with 15 ZrO2 balls (ϕ = 10 mm) using a Pulverisette 7 PL 
(Fritsch GmbH). To prepare HT-KTaCl6, a stoichiometric mixture of KCl 
and TaCl5 was sealed in a quartz ampoule under vacuum, followed by 
heat treatment at 500 ◦C for 12 h at a heating rate of 5 ◦C min− 1. 
K0.45MnO2 was prepared using a conventional solid-state method. 
Stoichiometric amounts of K2CO3 (99 %, Alfa Aesar) and Mn2O3 (99.9 
%, Sigma–Aldrich) were mechanically milled at 300 rpm for 4 h in an Ar 
environment in a 50 mL ZrO2 vial with 15 ZrO2 balls (ϕ = 10 mm) using 
a Pulverisette 7 PL (Fritsch GmbH). The resulting mixture was then heat- 
treated at 800 ◦C for 12 h in air. 

4.2. Material characterization 

Powder XRD patterns were obtained with a Rigaku MiniFlex600 
diffractometer with Cu Kα radiation (λ = 1.5406 Å). At 40 kV and 15 mA, 
the XRD cells containing hermetically sealed SE samples with a Be 
window were placed on the X-ray diffractometer. The Rietveld refine
ment approach was used to obtain quantitative structural information 
using the FullProf Suite software. XPS measurements were conducted 
with a monochromatic Al Kα source (1486.6 eV) at 12 kV and 6 mA using 
KAlpha+ (Thermo Fisher Scientific). The samples were placed on a 
sample holder in an Ar-filled glove box and transported to the XPS 
equipment without exposure to air. SoftBV was used to perform BVEL 
calculations. 

4.3. Electrochemical characterization 

The AC impedance method was utilized to determine the K+ con
ductivity using Ti|SE|Ti symmetric cells (ϕ = 6 mm). The cold-pressed 
pellets were prepared at 370 MPa. The EIS data were obtained using a 
VMP3 (BioLogic) instrument with an amplitude of 100 mV and a fre
quency range of 10 mHz to 7 MHz. For the CV measurements, the 
K0.45MnO2 counter and reference electrodes were used in the three- 
electrode cells. The counter and reference electrodes were prepared 
from a mixture of BM-KTaCl6, K0.45MnO2, and Super C65 powder in a 
weight ratio of 50:50:5. The composite working electrodes were pre
pared from a mixture of BM-KTaCl6 and Super C65 powders in a weight 
ratio of 70:30. All-solid-state three-electrode cells with a diameter of 13 
mm, comprising Ti rods as the current collectors and a poly
aryletheretherketone (PEEK) mold, were assembled via the procedure 
described in a previous report [51]. First, SE layers were formed by 
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pelletizing 200 mg of KTaCl6 powder at 100 MPa. The as-prepared 
working electrode was then spread on one side of the SE layer, 
whereas the counter electrode was placed on the other side, and the 
entire assembly was then pressed at 370 MPa. KTaCl6 (120 mg) was 
placed on top of the working electrode. Finally, the reference electrode 
was placed on top of the KTaCl6 layer and pressed at 70 MPa. The CV 
cells were tested under an external pressure of ≈70 MPa at 60 ◦C. The 
scan rate was 0.1 mV s− 1. To prepare the electrodes used for the coin 
cells, slurries were prepared from a mixture of N-methyl-2-pyrrolidinone 
(NMP) with K0.45MnO2, Super C65 powder, and poly(vinylidene fluo
ride) (PVDF) in a weight ratio of 80:10:10. These slurries were cast onto 
a piece of Al foil to form the electrodes. The mass loading of K0.45MnO2 
on the electrodes was 8.2 mg cm− 2. K metal (Alfa Aesar) was used as the 
counter electrode. A glass-fiber sheet (GF/B, Whatman, USA) was used 
as the separator. A 1.5 M solution of KFSI dissolved in a mixture of 
EC/DEC (1:1 vol. ratio; PANAX ETEC) was used as the liquid electrolyte. 
The 2032-type coin cells were assembled in an Ar-filled glove box. For 
K0.45MnO2|BM-KTaCl6|K0.45MnO2 cells, the counter and working elec
trodes were prepared from a mixture of BM-KTaCl6, K0.45MnO2, and 
Super C65 powder in a weight ratio of 50:50:5. BM-KTaCl6 powder (200 
mg) was pelletized at 100 MPa to form SE layers. Then, the working and 
counter electrodes were placed on each side of the SE layers. Finally, the 
assemblies were pressed at 370 MPa. The mass loading of the cathode 
composite was 5.7 mg cm− 2. The all-solid-state cells were tested under 
an external pressure of ~70 MPa at 100 ◦C. 

4.4. DFT calculations 

DFT calculations were performed to evaluate the electrochemical 
stability. The Vienna Ab initio Simulation Package (VASP) [52] program 
with the projector-augmented wave (PAW) method was used for the DFT 
calculations. The KTaCl6 structure was calculated using the generalized 
gradient approximation (GGA) with the Perdew–Burke–Ernzerhof 
functional [53] for exchange correlation. We prepared the structure of 
KTaCl6 from the Rietveld refinement results and calculated the sym
metric distinct K and vacancy ordering at the K sites. By enumeration 
method, the most stable configuration was used to calculate the elec
trochemical stability. The crystal structures of all the relevant phases (K, 
Ta, Cl2, KCl, K2Ta3Cl9, Ta2Cl5, and TaCl5) were obtained from the Ma
terials Project database [47], and their grand potential phase diagrams 
were used to evaluate the electrochemical stability windows using the 
Pymatgen package [54]. The decomposition reaction energy was 
defined as follows: 

ΔED = Eeq(Phase equlibria, μK) − ESE(phase)Δnkμk  

where μK is the chemical potential of potassium, and Δnk is the number 
difference of the element K from the original composition. 
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