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Chloride-ion solid electrolytes have been widely investigated as core components of membranes, gas sensors, and all-solid-state batteries with high energy densities. Several fast chloride-ion solid electrolytes operating at ambient-to-intermediate temperatures have been reported, ranging from inorganic metal chlorides and metal-organic compounds to complexes. However, these chlorides have the major drawbacks of being thermally and chemically unstable, and design strategies for chloride-ion conductors have not yet been developed compared with those for cation conducting solids, which restricts their practical applications. Here, we report that water-insoluble and thermally stable borate chloride (Ca1–xLax)2B5O9Cl1+2x exhibits one-dimensional chloride-ion transport defined by the dimensionality of open borate framework. Experimental and first-principles molecular dynamics simulations indicate that the predominant chloride-ion conduction is attributed to cooperative diffusion through interstitial chloride sites. This conduction is also strongly influenced by the association with La species. These results show that the rational design of chloride-ion channels and conduction paths based on the dimensionality of the borate framework would provide a new direction for the development of the variety and conducting properties of chemically and thermally stable chloride-ion solid electrolytes.
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Introduction
Solid electrolytes, in which specific ions can migrate as a charge carrier, have been extensively investigated because of a wide range of attractive applications including sensors, separators, thermoelectric convertors, and all-solid-state batteries.1–4 The types of solid electrolytes range from inorganic salts, polymers, and complexes to metal-organic frameworks, among which inorganic solid electrolytes have the advantages of low-to-high temperature operation owing to their high thermal and chemical stability, as exemplified by yttria-stabilized zirconia for solid oxide fuel cells5, Na- alumina for sodium-sulfur batteries6, and Li6PS5Cl for Li-ion batteries7. Recently, increasing attention has been paid to anion-conducting solid electrolytes, particularly for new types of rechargeable batteries that transfer anion charges, such as H–, F–, and Cl–.8 These anions are not only abundant elemental resources available worldwide but also offer the potential to create a new range of applications that considerably differ from conventional ones.
At present, the variety of chloride-ion conducting solid electrolytes is poor in comparison with a rich variety of cation-conducting solid electrolytes9–11. However, inorganic metal chlorides, typically simple binary and ternary chlorides, have been continuously investigated over the last century. In particular, PbCl2 (cotunnite-type structure) and Cs(Sn/Pb)Cl3 (perovskite-type structure) achieve high ionic conductivities via cation substitution even near room temperature, for example, 2.310–4 S cm–1 at 160°C for Pb0.98K0.02Cl1.9812 and 1.3–3.4510–4 S cm–1 at 25°C for CsSn0.9Bi0.1Cl3.1,13 CsSn0.9In0.067Cl3,14 and CsSn0.95Mn0.05Cl315. These chlorides have also been reported to exhibit promising electrochemical properties for all-solid-state chloride-ion batteries (CIBs). However, the major drawback of these chlorides, as well as other metal chlorides, is their low thermal and chemical stability, including low melting points (e.g. 501°C for PbCl216, 368°C for CsSnCl317) and high water solubility18. For perovskite-type chlorides, a cubic-to-monoclinic phase transition occurs under humid conditions, resulting in a significant reduction in chloride ion conductivity. In contrast, a layered mixed-anion compound La1–xCaxOCl1–x (0 ≤ x ≤ 0.2) with the tetragonal matlockite-type structure possesses great structural stability against humidity and high temperature.19 Moreover, La0.8Ca0.2OCl0.8 (x = 0.2) prepared via ball milling exhibited chloride-ion conductivity as high as 710–4 and 110–2 S cm–1 at 400 and 700°C, respectively, which are comparable to those of PbCl2 and CsPbCl3. Although the lowest operating temperature is higher than those of doped PbCl2 and CsSnCl3, anion lattice engineering using both oxide and chloride ions is an attractive approach to design new chloride-ion solid electrolytes with high 
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	Figure 1. Crystal structures of Ca2B5O9Cl (left panels) and (Ca0.92La0.08)2B5O9Cl1.16 (right panels) and the local coordination environment around Ca2+ ions, highlighting the Cl– ion distribution. Site occupancy factors for the Ca/La and Cl atoms are presented in parentheses.



structural stability and high ionic conductivity even at moderate temperatures. On the other hand, making Cl– transport dominant in the mixed-anion sublattices, where the migration barrier for Cl– ions tends to be higher than that for O2– ion, remains a major challenge.20,21 Indeed, even layered oxychlorides such as Ba3M2O5Cl2 (M = Y, Sc)22, Sr2ScO3Cl22, Bi4-xSrxNbO8–dCl23, and MBi2-xTexO4+x/2Cl (M = La, Lu)24,25,  which adopt two-dimensional (2D) chloride layers similar to those in LaOCl, favor oxide-ion conduction.
Crystalline borates are well known to exhibit a rich variety of open frameworks with 0D–3D dimensionality, which are mainly composed of triangular BO3 and/or tetrahedral BO4 units.26 The negatively charged borate framework typically form open channels at the molecular scale which serve as conducting pathways for the mobile cations including Li+, and Na+.27–30 Importantly, the borate frameworks rarely produce oxygen deficiencies due to the strong covalent interactions between B and O atoms,31 and therefore no oxide-ion conduction can be expected. To examine possible chloride ion conduction in open framework borates, we chose a hilgardite-type oxychloride, Ca2B5O9Cl,32 which is water-insoluble and thermally stable even at 700°C (Supporting Information, Figure S1). The borate chloride has been studied for applications of deep UV non-linear optics and photoluminescence,33–35 but not as ionic conductors. Each Cl– ion forms a flattened tetrahedron with Ca2+ ions in the ab plane, confining the chloride ions to one-dimensional channels. In this paper, we report that La-doped Ca2B5O9Cl exhibits one-dimensional chloride-ion conduction within the (B5O9)3– borate framework, which reaches 1.3210–4 S cm–1 at 700°C with 5% La doping. Single-crystal structure analysis revealed an increased concentration of Cl– ions by La3+ doping in chloride-ion transport channels, involving significant chlorine deficiencies at the original site and site disorder along the channel directions. First-principles molecular dynamic simulation indicated one-dimensional diffusion of chloride ions by the interstitialcy mechanism influenced by the association between La and Cl defects. The open borate framework would provide a useful tool for rational design of chloride-ion channels and conduction paths, further developing chloride-ion conductors.
Results and discussion
Colorless transparent single crystals of Ca2B5O9Cl were grown by the self-flux method using a CaCl2 molten salt and extracted by washing the products with water (Figure S2). The crystal structure of Ca2B5O9Cl, determined by single-crystal structure analysis at room temperature, is shown in Figure 1. The borate chloride crystallizes in an orthorhombic cell (space group Pnn2) with cell parameters a = 11.3572(5) Å, b = 11.2309(4) Å, c = 6.3500(3) Å, and V = 809.95(6) Å3. The crystallographic data including the atomic coordinates (Tables S1, S2, and S3) are consistent with previous reports.32 We notice that the Cl1 atom placed at 2b Wyckoff positions are significantly underbonded against the surrounding Ca atoms compared with the Cl2 atom at 2a positions: the bond-valence-sum (BVS) value for the Cl1 atom is 0.69, considerably smaller than 0.98 for the Cl2 atom, reflecting the difference in the ClCa4 tetrahedral volume. The underbonding state of the Cl1 atom would be favorable for Cl– ion migration. However, the nearest neighbor (NN) distance between Cl ions in each 1D open channel is 6.3500(3) Å, much longer than those of fast chloride ion conductors (for example, 3.413(6) Å for PbCl2 and 3.416(3) Å for LaOCl).36,37 Therefore, the introduction of interstitial chloride ions or site disorder into chloride ion channels is essential for facilitating Cl– ion migration in Ca2B5O9Cl. To examine the possibility of additional chloride ion insertion via the aliovalent substitution of Ca2+ by La3+, a flux method using a CaCl2 molten salt was employed again under conditions similar to those of undoped Ca2B5O9Cl, but La2O3 was used as a La source with an atomic ratio of Ca/La = 31/1. La-doped Ca2B5O9Cl single crystals with similar morphologies and dimensions were obtained (Figure S2). SEM-EDX elemental analysis estimated the atomic ratio of Ca:La to be 1.80:0.21, that is, approximately 10% substitution of La for Ca (Figure S3). The cell volume was also found to increase by 1.2% (a = 11.3807(5) Å, b = 11.3109(6) Å, c = 6.3692(3) Å, and V = 819.88(7) Å3), thereby maintaining structural symmetry. The cell expansion can be explained by considering the introduction of La3+, which has a larger ionic radius (1.30 Å) than Ca2+ (1.26 Å),38 and the insertion of additional chloride ions, as discussed below. Single-crystal structure analysis at the initial stages could readily identified the borate framework composed of (B5O9)3– units, and the 
random occupations of two nonequivalent 4c sites by Ca and La atoms in ratios of 0.89/0.11 (Ca1/La1) and 0.96/0.04 (Ca2/La2), respectively. The total atomic ratio of Ca to La determined by SCXRD was consistent with the results of the EDX measurements. Further structure analysis revealed not only a substantial reduction in the occupancy (g = 0.65) of the Cl1A atom corresponding to the Cl1 in the undoped phase but also the presence of interstitial chloride ions within the Cl1 channels at Cl1B : 1.10(4) Å, Cl1C : 2.12(2) Å, Cl1D : 1.10(2) Å, and Cl1E : 2.10(4) Å from the Cl1A site, which are even shorter than the NN distances between the chloride ions in the undoped phase. The site occupancies of Cl1B–1E were refined to 0.102, 0.216, 0.214, and 0.123, respectively, based on the overall charge valence. The chloride site disorder in the Cl1 channels contrasts with the absence of interstitial chloride ions and almost no Cl2 site vacancies (g = 0.954) within the Cl2 channels. The final refined chemical composition was (Ca0.92La0.08)2B5O9Cl1.16. The final 
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	Figure 2. a) Formation energies of point defects as a function of Fermi level on oxidation and chloridation limits. For each defect type, only the most stable sites are depicted. b) Obtained structure with most stable Cli’. c, d) Obtained structure seen from a-axis of perfect crystal and point defect model with Cli’. Only Cl and Ca are drawn in the range of the internal coordinates of the a-axis from 0.6 to 1.0. The structure models were drawn using the VESTA program39.
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	Figure 3. (a) Powder X-ray diffraction patterns of (Ca1–xLax)2B5O9Cl1+2x (x = 0−0.15) solid solutions measured at room temperature. (b) The cell volume as a function of x in (Ca1–xLax)2B5O9Cl1+2x. The dashed line is a guide to the eyes.




refined crystal structure and crystallographic data are shown in Figure 1 and Tables S1, S4, and S5.
To understand the defect chemistry of Ca2B5O9Cl, the formation energies of point defects were investigated using first-principles calculations. Figure 2a shows the plots of the calculated formation energies against the variation of Fermi level under the assumed equilibrium condition of oxidation and chloridation limit. For each defect type, the most stable sites are depicted. The gradient of the lines in the plot indicates the charge states of defects. A positive (negative) slope of the lines of defect formation energy indicates a donor (acceptor)-type defect. The Fermi level position in the band gap balances the concentrations of positive and negative point defects and electronic carriers (holes and electrons) to meet the condition of charge neutrality. In the Ca2B5O9Cl system, the concentrations of positive and negative point defects determine the Fermi level because of its high insulation (Figure S4). As seen in Figure 2a, LaCa• and Cli’ have the lowest formation energies for positive and negative point defects, respectively, and thus, these defects should be dominant over the other defects. LaCa• and Cli’ stand for a La atom on a Ca site with single positive charge and a Cl atom on an interstitial site with single negative charge, respectively, in Kröger-Vink notation. 
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	[bookmark: _Hlk169518962]Figure 4. (a) Nyquist plots of (Ca1–xLax)2B5O9Cl1+2x (x = 0−0.10) solid solutions recorded under an Ar gas atmosphere at 600°C with the inset showing the equivalent circuit model used to fit the data. Rtotal and CPEtotal stand for a total resistance and its constant phase element, respectively, which are attributed to bulk and grain-boundary components, and Ri and CPEi for an electrode-electrolyte interface resistance and its constant phase element, respectively. The inset plot shows the magnified image of the data for x = 0.05. Fitting curves are indicated by black lines. (b) Arrhenius plots of the ac conductivity (ac) of (Ca1–xLax)2B5O9Cl1+2x (x = 0−0.10) as a function of temperature. The data for LaOCl (dash line) and non-ball-milled La0.8Ca0.2OCl0.8 (dotted line) are also shown together.40



The association energy between LaCa• and Cli’ was also estimated to be 0.70 eV from all possible configurations of LaCa• in the cell containing the most stable Cli’. The formation energies of the complex defects of LaCa• and Cli’ are lower than those of isolated LaCa• and Cli’ under the condition of charge neutrality, suggesting the presence of these associated defects in La-doped Ca2B5O9Cl. Figure 2b shows the calculated structure containing the most stable Cli’, which is located in the Cl1 channel. Figures 2c and d show the structures of the perfect crystal and Cli’ defect model, respectively, viewed along the a-axis. For clarity, only Ca and Cl atoms are drawn in the range of internal coordinates of the a-axis from 0.6 to 1.0. It should be noted that the Cl atom at the original Cl1 site closest to the 
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	Figure 5. a, b) The most stable structure containing a complex defect of LaCa and Cli’. and the corresponding atomic distribution of Cl during MD simulation. c) Root mean squared displacements during MD simulations of the model containing a complex defect of LaCa• and Cli’. Migration energy of Cli’ in models with (d) point defect Cli’ and (e) complex defect of LaCa• and Cli’.



interstitial Cl atom is significantly displaced along the c-axis. This result is consistent with the single-crystal structure analysis, revealing complex Cl-site disorder in the Cl1 channel.
From the chloride site disorder observed by the single-crystal structure analysis and first-principles calculations, we can expect Cl– ion conduction, especially along the Cl1 channels. To investigate the possible chloride ion conductivity and carrier concentration dependence, polycrystalline samples of (Ca1–xLax)2B5O9Cl1+2x (x = 0−0.15) solid solutions were synthesized using a conventional solid-state reaction. Figure 3 shows the room-temperature powder X-ray diffraction (PXRD) patterns of the La-doped Ca2B5O9Cl along with the data for the undoped phase. All solid solutions could be obtained as the main phase, but several tiny peaks assigned to LaBO3 and/or La(BO2)2Cl were detected, suggesting deviation from the nominal chemical compositions. The cell volume increased monotonically with an increase in x ≤ 0.10; however, it remained almost unchanged at 0.125 ≤ x. It is likely that the solid solubility limit was between 0.10 and 0.125.
[bookmark: _Hlk165735099]Figure 4a shows the typical Nyquist plots of (Ca1–xLax)2B5O9Cl1+2x (x = 0, 0.05, 0.10) at 600°C, measured by impedance methods in an Ar gas atmosphere. The data obtained at 400, 500, and 700°C are presented in Figure S5. For each sample, the plot was fitted using a total resistance (Rtotal), its constant phase element (CPEtotal), an electrode-electrolyte interface resistance (Ri), and its constant phase element (CPEi), where the total components include the contributions from bulk and grain-boundary components. Figure 4b shows the temperature dependence of the ac conductivity (ac) of (Ca1–xLax)2B5O9Cl1+2x (x = 0−0.10) solid solutions, estimated from the total resistance. The ac of the undoped phase is comparable to the ionic conductivity of LaOCl at 600–700°C, and on the order of 10−5 S cm–1 at 700°C. Interestingly, 5 % La doping into Ca2B5O9Cl improved the conductivity of x = 0 by more than one order of magnitude. x = 0.05 exhibits the highest conductivity of 1.32×10−4 S cm–1 at 700 °C. The conductivities of (Ca1–xLax)2B5O9Cl1+2x are lower than those of the ball-milled La0.8Ca0.2OCl0.8 but become comparable to those of the non-ball-milled La0.8Ca0.2OCl0.8 with increasing temperature (Figure 4b and Figure S6). The enhanced conductivity of (Ca1–xLax)2B5O9Cl1+2x can be attributed to the increased carrier (or chloride ion) concentration and the presence of interstitial chloride ions. However, a further increase in the amount of La doping tends to reduce the conductivity, which is probably because of the overdoping effects associated with clustering among the dopants (i.e., La3+ ions) and interstitial chloride ions. In fact, no sign of sample degradation for x = 0.10 was not observed in the PXRD and thermogravimetric measurements (Figure S7). The activation energy (Ea) of (Ca1–xLax)2B5O9Cl1+2x estimated using the Arrhenius equation is 1.67, 1.1, and 1.21 eV for x = 0, 0.05, and 0.10, respectively. 5-10% La doping into Ca2B5O9Cl reduces the activation energy in comparison with that of the undoped phase. To gain insight into the conducting species in (Ca1–xLax)2B5O9Cl1+2x, polarization measurements for x = 0.05 were carried out at 700°C in an Ar gas atmosphere (Figure S8). The time evolution of dc/acl, where dc stands for the dc conductivity, exhibited a considerably high degree of polarization (dc/ac < 0.1 over 30 min), suggesting that ions are the dominant migrating species, not electrons, as expected from its high insulating nature.
Based on the results of the single-crystal structure analysis and point defect calculations, Cli’ should be a dominant conduction species. To identify chloride ion diffusion and its conduction mechanism, first-principles molecular dynamics calculations were performed for the association model involving LaCa• and Cli’ (Figure 5a). The Oi model, which has a higher formation energy than Cli’, was also used to determine whether oxide ion conduction occurred. The Cl-ion distribution density revealed 1D Cl–-ion diffusion along the c-axis in the Cl1 channel during the simulation of the Cli’ model, while the Cl ions in other channels remained stationary (Figure 5b). The root mean squared displacement (RMSD) result clearly showed only Cl jumps associated with the diffusion of Cl atoms, in contrast to the absence of jumps of the other elements, including O atoms (Figure 5c). Furthermore, the root squared displacement (RSD) calculations for Cl atoms revealed that three Cl atoms in the Cl1 channel cooperatively jump (Figure S9), suggesting Cl-ion diffusion via the interstitialcy mechanism. In contrast, no jumps of the O atoms were observed in the Oi model (Figure S10). Therefore, we can conclude that Cli’ is the dominant point defect for ionic conduction. 
Chloride ion migration in Ca2B5O9Cl was also investigated by nudged elastic band (NEB) calculations41,42 for two models of the Cli’ point defect and associated defects with LaCa• and Cli’ via the interstitialcy mechanism. The estimated energy barrier for the Cl ion migration in the former model was 0.52 eV (Figure 5d). This value is much lower than the experimental activation energies of (Ca1–xLax)2B5O9Cl1+2x. The discrepancy between the experimental and calculated values can be attributed to the formation of Cli’ and the association between LaCa• and Cli’ in the undoped and La-doped phases, respectively. Assuming that conducting Cli’ is perfectly released from the association with La in the dilute state of the La-doped system, the activation energy can be expressed as the sum of the migration energy of Cli’ and the association energy of LaCa•–Cli’. This value was 1.22 eV, which is higher than that of x = 0.05, implying the possibility that conducting Cl is not fully released from the association with the dopant like other ionic conductors43. Thus, the migration energy of Cli’ in the association model of a 1×1×3 supercell with Ca23La1Cl13B60O108 (x = 0.0417) was calculated (Figure 5e), yielding 1.05 eV. This value agrees well with the experimental Ea value for x = 0.05, which suggests that the association with LaCa• significantly affects the activation energy of Cli’ conduction in La-doped Ca2B5O9Cl. Since the migration energy of free Cli’ from association with La in Ca2B5O9Cl is comparable to those of related metal (oxy)chlorides (e.g. 0.54 eV for La0.8Ca0.2OCl0.8 and 0.15–0.69 eV for CsSnCl3), optimizing dopant species and compositions could improve the ionic conductivity of Ca2B5O9Cl.
Conclusions
In summary, we demonstrated a unique strategy to design chloride-ion conducting channels using an open borate framework compound, (Ca1–xLax)2B5O9Cl1+2x, which is the first to exhibit one-dimensional chloride-ion transport defined by the dimensionality of the borate framework. The aliovalent substitution of La3+ for Ca2+ causes an increase in the concentration of chloride ions in one of the two non-equivalent chloride-ion channels surrounded by covalent (B5O9)3– units, involving significant chlorine deficiencies at the original site and site disorder along the channels. No oxygen deficiencies or disorder occurred, in contrast to oxide-ion conducting oxyhalides. First-principles molecular dynamics simulations show one-dimensional cooperative diffusion of interstitial chloride ions along the chloride-ion channels. The calculations of the formation energies of point defects suggest the presence of non-negligible association between LaCa• and Cli’, which enhances the energy barrier for the chloride ion migration, compared with that without the defect association. As presented in this study, open borate framework built up with rigid covalent B–O bonds can be a useful tool for rationally designing 0D–3D chloride-ion conduction paths based on its structural dimensionality, which will contribute not only to understanding of the chloride-ion transport phenomena but also to improving the poor variety of chloride-ion conductions. In addition, it has significant advantages in terms of low environmental impact and abundant resources. The chloride-ion conductivity of the present compound is lower than those of previously reported perovskite chlorides and doped PbCl2, however, further exploration using a rich variety of open borate frameworks26,44 could contribute to the realization of safe, low-temperature-driven fast chloride-ion conducting solid electrolytes with thermal and chemical stability for all-solid-state chloride ion batteries. 
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