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ABSTRACT: Room-temperature Ca deposition/stripping is impeded by the formation of ionic 

insulating interfaces. Electrolyte optimization could partly enhance Ca reversibility by tailoring 

the interfaces, but the precise regulation of the composition remains challenging. Herein, we turn 

to construct an ex-situ artificial layer on the Ca metal via a facile displacement reaction between 

metal halides and Ca. These Ca-driven spontaneous layers with precisely controlled interfacial 

chemistry consist of a Ca-metal alloy phase and a calcium halide matrix for conducting Ca2+ and 

insulating the electrons, as revealed by theoretical and experimental investigations. In particular, 

the Ca31Sn20/CaBr2 constituted interface enables Ca metal anodes with low polarization and humid 

air stability over a wide temperature range from -25 to 50 oC. This proof-of-concept work provides 
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an alternative approach to boost Ca2+ diffusivity through customized interfacial chemistry 

regulation. 
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Multivalent-ion batteries (e.g., Mg2+ and Ca2+) are regarded as promising alternatives to 

conventional Li-ion batteries (LIBs) owing to the potential high energy gains arising from the 

multiple-electron redox chemistry.1-7 Compare to Mg metal, Ca offers the significant advantages 

of the lower redox potential of -2.87 V vs. standard hydrogen electrode (SHE) and higher natural 

abundance.8-12 Therefore, rechargeable Ca metal batteries (RCMBs) have attracted rising attention 

in recent years. However, their commercial application is long hindered by the formation of ionic 

insulating passivating films on Ca metal anodes in numerous aprotic-based electrolytes, which 

virtually impedes Ca reversibility.12-17 Early work reports that Ca(OH)2, CaCO3, and calcium 

alkoxides are the main species in the passivating layers.18 

    Extensive efforts have been recently dedicated to screening electrolyte formulations for building 

ion-conducting solid electrolyte interphase (SEI).19-25 In 2016, Ponrouch et al. constitute the first 

step towards reversible Ca electrodeposition at elevated temperature (75-100 oC) using calcium 
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tetrafluoroborate Ca(BF4)2 in ethylene carbonate/propylene carbonate electrolyte.19 Subsequently, 

a few electrolytes relying on special salts, such as calcium borohydride Ca(BH4)2
20 and calcium 

tetrakis(hexafluoroisopropyloxy)borate Ca[B(hfip)4]2
21,22, are reported to achieve room-

temperature feasible Ca metal anodes. More recently, our group reveals that the solvents with high 

solvation capability benefit the formation of organic-rich SEIs for reversible Ca 

deposition/stripping.26 Despite these encouraging progress, the precise manipulation of the 

composition and microstructure of SEI remains arduous owing to the intricate and obscure 

formation process, making it challenging to tailor the desired interface characteristics to further 

boost Ca metal anodes development explicitly.  

    Ex-situ construction of protective layers, which enables the precise and facile control of 

interfacial chemistry, is an alternative approach and has been proven effective in Li metal 

anodes.27-29 Nevertheless, the extension of the strategy to Ca systems has rarely been explored. It 

remains unclear which phases have sufficient Ca2+ conductivity and how to incorporate such 

phases into the interface. Herein, we construct a metal halide-derived interface on the top of Ca 

metal via a facile ion-exchange method, realizing low-polarization Ca metal anodes over a wide 

temperature range under a commercially available calcium bis(trifluoromethanesulfonyl)imide 

Ca(TFSI)2-based electrolytes. Complementary experimental and theoretical studies reveal that the 

synergy of Ca-metal alloy phase (ion-conductor) and calcium halide matrix (electron-insulator) in 

the artificial layer contributes to the enhanced Ca reversibility. 

Figure 1a illustrates the facile and scalable procedure to fabricate such an artificial layer onto 

Ca foil. Specifically, protected Ca metal anodes are obtained by drop-casting SnBr2 solution onto 

polished Ca foils. The SnBr2 is reduced to Sn, as confirmed by the X-ray diffraction (XRD) 

patterns and X-ray photoelectron spectroscopy (XPS) spectrum (Figure 1b,c). Part of Sn is further 
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alloyed with Ca to form a Ca31Sn20 phase (see Figure S1 for details). XPS also verifies the existence 

of CaBr2 species by the peaks located at 68.9 and 69.9 eV in the Br 3d spectra (Figure 1d and 

Figure S2). Therefore, the artificial layer mainly consists of Sn metal, Ca31Sn20 alloy, and CaBr2, 

which are formed according to the following reactions27: 

Ca + SnBr2 → Sn + CaBr2 (1) 

31 Ca + 20 Sn → Ca31Sn20 (2) 

    Scanning electron microscopy (SEM) images show the artificial layer has a relatively smooth 

structure consisting of tiny particles (Figure 1e,f and Figure S3). The corresponding energy 

dispersive spectroscopy (EDS) elemental mapping demonstrates evenly distributed Sn and Br 

elements throughout the artificial layer (Figure 1g,h). The thickness is around 1 um, as measured 

from the cross-sectional SEM images (Figure S4).  
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Figure 1. Preparation of the artificial layer. (a) Synthesis procedure. (b) XRD patterns of Ca and 

SnBr2-Ca. Note that the tested samples are loaded on the Swagelok cell equipped with a Be 

window for avoiding oxidation, which brings about the Be signals. XPS spectra of (c) Sn 3d and 

(d) Br 3d after Ar ion sputtering of 150 s. (e,f) Top-view SEM images of SnBr2-Ca. (g,h) The 

corresponding EDS elemental mapping of top-half of f. 

 

    We collect the EIS of the symmetric cells using either pristine Ca or modified Ca (denoted as 

SnBr2-Ca) as the electrodes to examine the effect of the artificial interface. The adopted electrolyte 

is 0.1 M Ca(TFSI)2 in strongly-solvating dimethylacetamide (DMAc) that has been reported to 

support reversible Ca deposition/stripping,26 but the kinetics requires further improvements to 
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decrease the large overpotential due to the absence of effective ionic conductive phases. As shown 

in Figure 2a, large interfacial resistance of ~700 kΩ is observed in pristine Ca. By contrast, the 

value decreases by an order of magnitude (~25 kΩ) when SnBr2-Ca is applied, proving the 

beneficial roles of the artificial layer in promoting Ca2+ transport. Cyclic voltammograms (CV) 

are further carried out to investigate Ca deposition/stripping behavior. A small redox current is 

detected with bare Ca electrodes (Figure 2b). In comparison, reversible Ca deposition/stripping 

with a current up to 0.8 mA cm-2 is observed with the assistance of the artificial layer. Besides, the 

peak current maintains after 200 repeated deposition/stripping cycles, reflecting its excellent 

stability and durability during cycling. This is further proved by the XPS spectra of cycled SnBr2-

Ca where artificial layer remains onto SnBr2-Ca (Figure S5). 

    To exclude the artifact from the side reactions, we track the redox potential of SnBr2-Ca during 

cycling by an Ag/Ag+ reference electrode in a Swagelok-type three-electrode cell configuration 

(Figure S6), where SnBr2-Ca is adopted as the working electrode and counter electrode. The 

Ag/Ag+ reference electrode is calibrated with an internal reference redox couple of 

ferrocene/ferrocenium (Fc/Fc+). The calculated potential of SnBr2-Ca is -2.62 V vs. SHE at open-

circuit voltage, 0.25 V shift compared to -2.87 V vs. SHE which is evaluated in an aqueous 

solution. Such discrepancy originates mainly from solvation differences under organic and 

aqueous electrolytes, widely observed in Li/Na/K metal anodes.30,31 The three-electrode cell is 

discharged/charged at 0.1 mA cm-2 for 2 h to allow a real-time monitor of its deposition/stripping 

potential. Ca deposition/stripping starts at -2.87/-2.52 V vs. SHE in 1st cycle (Figure 2c), resulting 

in an overpotential of 0.35 V, which agrees well with the data measured in symmetric two-

electrode coin cells (Figure S7c).  
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SnBr2-Ca|SnBr2-Ca symmetric cells are assembled to examine the cyclic stability under 0.02 

mA cm-2 with deposition/stripping for 1 h each cycle. It displays a stable voltage profile of more 

than 700 h with a low overpotential of ~0.25 V compared to ~0.60 V for the bare Ca electrode 

(Figure 2d). Decent deposition/stripping is sustained at a large cycling capacity of 1 mAh cm-2 by 

increasing deposition/stripping time to 50 h, which rules out the possibility of charge storage 

provided by alloying/dealloying reaction of Ca31Sn20 (see Figure S7 for details). In addition, 

SnBr2-Ca delivers a promising rate performance (Figure 2e), maintaining the reversibility at a high 

current density up to 2 mA cm-2. We also investigate its stability under harsh environments. 

Interestingly, the cells could be stably operated for 500 h at 0 and 50 oC (Figure 2f). Pushing to 

the limit, a 250 h lifetime could be maintained even at -25 oC. It is worth mentioning that low-

temperature Ca deposition/stripping has never been achieved due to the poor reaction kinetics. 

Another asset of the artificial interface is the increased stability in ambient air with high relative 

humidity (RH) of ~60%. After exposure to the air for 6 h, the SnBr2-Ca still delivers a stable cycle 

of 300 h with a low overpotential of ~0.50 V (Figure 2g). Without the protective interface, the bare 

Ca is rapidly oxidized as inferred by the surface color change (Figure S8), and the performance is 

severely degraded. The compatibility of the artificial interface with other electrolytes is evaluated 

by either replacing the Ca(TFSI)2 with Ca(FSI)2 and Ca(CF3SO3)2 salts or changing DMAc to 

another strongly-solvating solvents (e.g., 1-methylimidazole (MeIm) and triethyl phosphate 

(TEP)). In both cases, the SnBr2-Ca electrode shows much-improved performance compared to 

bare Ca (Figure S9 and S10), manifesting a broad application of the artificial layer.  
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Figure 2. Electrochemical performance of SnBr2-Ca|SnBr2-Ca symmetric cells. (a) EIS. (b) CVs 

at a scan rate of 10 mV s-1 between -0.5 and 0.5 V. (c) Ca deposition/stripping curve in SnBr2-Ca 

electrode with the potential calibrated. (d) Cycling performance at 0.02 mA cm-2. (e) Rate 

capability at 0.02, 0.05, 0.1, 0.2, 0.5, 1 and 2 mA cm-2. Cycling performance at 0.02 mA cm-2 (f) 

under thermal extremes, and (g) with Ca and SnBr2-Ca metal anodes exposed to ambient air for 6 

h. 

 

    Having demonstrated the enhanced Ca2+ diffusion in the artificial layer, density functional 

theory (DFT) simulations are conducted to examine which induced phases are Ca2+ conductive. 

As shown in Figure 3a-c and Figure S11, we calculate the Ca2+ diffusion energy barriers in bulk 

Ca31Sn20 and CaBr2 and compare them with those in CaF2 and CaO, which are the main inorganic 

component in most SEIs. It is observed that Ca31Sn20 and CaBr2 display significantly lower Ca2+ 

diffusion barriers. In particular, the Ca31Sn20 shows a small Ca2+ diffusion barrier of 0.53 eV, 
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which is considerably lower than that in the known Ca2+-insulating CaF2 phase with a barrier of 

2.36 eV. This observation indicates that Ca31Sn2 should be responsible for Ca2+ conduction in the 

artificial layer. On the other hand, according to the previous studies,27,32,33 the electron-insulator 

CaBr2 phase is expected to build a necessary potential gradient across the layer to ensure Ca2+ 

diffusion through the film. This could be confirmed by the direct current-voltage results of SnBr2-

Ca and Sn-Ca. The electronic resistivity of SnBr2-Ca is about one order of magnitude larger than 

that of Sn-Ca, leading to enhanced cyclic stability (see Figure S12 for details). 

    Based on these observations, we depict the working mechanism of the artificial layer (Figure 

3d). Protogenetic SEI, which consists of an amorphous polymer matrix with minor CaO and CaF2 

particles embedded26, merely allows slow Ca2+ diffusion due to the absence of effective ionic 

conductive phases, leading to a large polarization during the Ca deposition/stripping process. By 

contrast, the construction of an artificial layer (including ion-conductor Ca31Sn2 and electron-

insulator CaBr2) could significantly promote Ca2+ mobility, enabling low-polarization Ca metal 

anodes during long-term cycling. Such an interface could be readily prepared through the Ca 

surface treatment with metal halides, which have a vast family for further optimization. As a proof-

of-concept, we generalize this approach to the other metal halides. We first focus on another tin 

halide (SnCl2) to explore the effects of calcium halides and then turn to other metal bromides, such 

as SbBr3 and BiBr3, to examine the roles of Ca alloys. The metals, i.e., Sb and Bi, are selected 

from those that could alloy with Ca according to the previous experimental and theoretical 

studies.34,35 It is a delight to find that all three protective layers could benefit the reversible Ca 

deposition/stripping to different extents (Figure S13). The results confirm the favorable metal 

halide-derived artificial interface in boosting the reversibility of Ca metal anodes. Further studies 

may follow this promising roadmap by optimizing the composition and microstructure. 
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Figure 3. Working mechanism of artificial layer. (a-c) The calculated diffusion energy barriers in 

CaF2, CaO, CaBr2 and Ca31Sn20 bulk crystal. It is worth noting that the chance for the diffusion of 

Ca2+ in the pure Sn phase is slim because of the tightly packed Sn atomic structure, and an alloying 

reaction front pushes the reaction. (d) Illustrations of deposition/stripping behavior without and 

with the artificial layer. The deposition/stripping curves are originated from Figure S7c. 
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The charge is stored through the solvent co-intercalation to form a ternary graphite intercalation 

compounds (GICs). Various intermediate GICs with different stages could be presented37, leading 

to the multi-plateaus in the discharge/charge curves. The calciation behavior in graphite electrodes 

is confirmed by Raman spectra and EDS elemental mappings (Figure S16). These results prove 

the reliability of the SnBr2-Ca electrode. 

 

Figure 4 SnBr2-Ca|graphite cell demonstration. (a) Work schematic during the discharge process. 

(b) Voltage profiles of the cell at 100 mA g-1.  
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fertile ground for exploring ex-situ Ca2+ conducting protective layers on Ca anode, where metal 

halides display merits in building such layers. 
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