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Abstract 

 The development of electrolyte materials that are compatible with reductive metals is 

an urgent requirement for realizing high-energy-density rechargeable batteries utilizing metallic 

negative electrodes. Due to successive changes and regeneration of the morphology and fresh 

metals, respectively, upon repeated cycling of the metallic electrodes, the electrolytes should 

possess sufficient (electro)chemical stabilities against such electrodes. Weakly coordinating 

anion (WCA)-based electrolytes, which were first proposed for lithium-based battery 

applications in 1995, have attracted significant attention, especially in recent years, owing to 

their successful application in magnesium and calcium metal batteries. Inspired by these studies, 

WCA-based electrolytes have been re-imported into lithium- and sodium-ion battery chemistry. 

In this study, we conducted comprehensive comparative studies on the representative WCA-

based electrolytes incorporating tetrakis(hexafluoro-iso-propoxyl)borate ([B(HFIP)4]−) anions 

as a model system to understand the effect of valency of paired cation species on transport 

properties and electrochemical characteristics. As revealed by X-ray crystallography, the 

monovalent lithium and sodium salts were obtained as adducts, where the anion participated in 

cation coordination along with a single solvent molecule, whereas divalent magnesium, calcium, 

and zinc salts formed fully isolated solvates with the divalent cations being coordinated by 

solvents alone. Such valency-dependent differences in the dissociation states would affect the 

solution properties, as the divalent electrolytes exhibited greater conductivities than their 

monovalent counterparts, even though the same number of charged species were present in the 

respective solutions. The electrochemical metal deposition/dissolution studies combined with 

morphological and subsequent elemental analysis on the deposits suggested the specific 

favorable combination of magnesium cations and [B(HFIP)4]− anion in ethereal solutions. The 

modest surface reactivity of the deposited macrocrystalline magnesium, moderate reductive 
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nature of the magnesium metal, and well-balanced mutual interactions among the components 

may have jointly contributed to such outstanding performance. 
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Introduction 

Modern industrial revolution has induced vast technological innovations and improved 

human life. These innovations have simultaneously led to severe environmental pollution and 

the consumption of natural resources. To address such environmental concerns and realize a 

sustainable society in the future, highly efficient energy harvesting and storage technologies 

based on renewable energy sources are urgently required. Rechargeable batteries that 

incorporate bulk metals as the negative electrode active material are promising energy storage 

technologies for responding to these demands. The replacement of graphite in conventional 

lithium-ion batteries with bulk metals as negative electrodes can considerably enhance the 

energy densities of batteries owing to the substantially large volumetric and gravimetric 

capacities of bulk metals.1,2 Significant research efforts have been made to achieve high-energy-

density rechargeable batteries with metallic negative electrodes, and many potential techniques 

along the fundamental/mechanistic understanding have been developed;3–12 however, the 

development of suitable electrolyte materials remains a bottleneck. 

Because electrochemical metal deposition/dissolution reactions are fundamental 

electrochemical processes that occur at metal negative electrodes during the charge/discharge 

of batteries, electrolytes that allow these reactions to occur reversibly with sufficiently high 

efficiencies are required. Although conventional carbonate-based electrolytes support the 

relatively reversible electrochemical reactions of monovalent lithium and sodium metals,13–16 

those mimetics are generally incompatible with divalent Mg and Ca metals; hence, specific 

electrolytes for divalent metals need to be explored.17,18 Weakly coordinating anion (WCA)-

based electrolytes are an innovative class, especially for multivalent metal batteries. The 

concept of WCAs has been proposed to improve the ionic conductivity and thermal stability of 

the electrolytes for lithium-based batteries since at least 1995.19–27 Among the substantially 

large variety of WCAs, the quaternary borates and aluminates bearing fluorinated-alkoxide 
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functional groups, such as tetrakis(hexafluoro-iso-propoxyl)borate ([B(HFIP)4]−), 

tetrakis(hexafluoro-iso-propoxyl)aluminate ([Al(HFIP)4]−), and tetrakis(perfluoro-tert-

butoxy)aluminate ([Al(PFTB)4]−), are promising owing to their excellent dissociativity and 

sufficient cathodic/anodic stability. The electrolytes based on these supporting salts indeed 

support reversible metal deposition/dissolution cycling with remarkable efficiencies and 

substantially contribute to paving the way for multivalent battery materializations.28–37 Inspired 

by these success stories of WCA-based electrolytes in multivalent battery fields, the concept 

has recently been reimported in lithium and sodium battery chemistry, especially those utilizing 

metallic negative electrodes combined with high-performance positive electrodes.38–41 

Combined theoretical and experimental studies have also been conducted to understand the 

origin of such characteristics of WCAs, especially in magnesium battery electrolytes.32, 42–44 

In this study, we conducted comprehensive comparative studies on the representative 

WCA-based electrolytes incorporating [B(HFIP)4]− anions to understand the effect of valency 

of paired cation species on transport properties and electrochemical characteristics. Based on 

the analysis of the molecular structures of the salts combined with the transport and 

electrochemical properties of the electrolyte solutions, the paired cation-independent universal 

and cation-dependent unique characteristics of [B(HFIP)4]− are discussed. Instead of a simple 

electrode potential of each metal, a rather complicated balance of the mutual interactions among 

metal cations, [B(HFIP)4]− anions, and ethereal solvents was found to predominate the 

compatibility of the electrolytes with metallic negative electrodes. 

 

Methods 

Materials. The electrolyte salts-based on the [B(HFIP)4]− anion paired with Li, Na, Mg, Ca, or 

Zn ions were synthesized according to the reported procedures.29,32,36,45 Li[B(HFIP)4] and 
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Na[B(HFIP)4] were obtained through a simple alcoholysis reaction of hexafluoro-iso-propanol 

(HFIP-H) by the corresponding alkali metal borohydride. Divalent salts were synthesized by 

transmetalation between M(II)(HFIP)2 and B(HFIP)3. The chemical structures of the 

synthesized salts were identified by 1H NMR spectroscopy, followed by absolute structure 

determination by X-ray crystallography. Because of the low crystallinity of the divalent salts, 

structural refinement using the least-squares method did not converge. The compositions and 

approximate structures of the obtained Mg[B(HFIP)4]2 and Ca[B(HFIP)4]2 salts were confirmed 

to be the same as those reported from the NMR spectra. Reference monovalent and divalent 

salts incorporating the bis(trifluoromethanesulfonyl)amide ([TFSA]−) anions were purchased 

from TCI (Li and Na), Kishida Chemicals (Mg and Ca), and Solvionic (Zn). All salts were dried 

under high vacuum at 45 °C for [B(HFIP)4]- and at 120 °C for [TFSA]-based salts for 3 days 

prior to use. A series of electrolyte solutions were prepared by dissolving predetermined 

amounts of the salts in monoglyme (G1) and diglyme (G2), and the solutions were vigorously 

stirred at 30 °C overnight in an Ar-filled glovebox (O2, H2O < 1 ppm, UNICO). The salt 

concentrations were determined to be 0.25 and 0.5 mol dm−3 for divalent and monovalent 

systems, respectively, to fix the resulting net (positive and negative) charge concentration to be 

1 mol dm−3. The water content of the prepared electrolytes was measured to be < 50 ppm using 

Karl Fischer titration. 

Crystallography: X-ray crystallography was performed on single crystals of Li[B(HFIP)4], 

Na[B(HFIP)4], Ca[B(HFIP)4]2, and Zn[B(HFIP)4]2 obtained by recrystallization from the 

concentrated G1 solutions. All measurements were made on a Rigaku XtaLab Pro HPC 

diffractometer with Mo-Kα radiation (λ = 0.71073 Å) or Bruker ApexII Ultra CCD 

diffractometer with Cu-Kα radiation (λ = 1.54178 Å). Data were collected at low temperatures 

(173 or 153 K) under a steady flow of nitrogen gas. The reflection data were collected and 

processed using CrysAlisPro (version 1.171.39.46e; Rigaku Corporation) or Bruker Apex3 
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(Bruker AXS, 2006), followed by the application of an empirical absorption correction 

technique. The structures were solved using the direct method of SHELXT and refined using 

full-matrix least-squares in an anisotropic approximation for nonhydrogen atoms using 

SHELXL. All the hydrogen atoms were placed in ideal positions and refined using an isotropic 

riding model. The crystallographic information file (cif) was deposited in the Cambridge 

Structure Database (CSD) as CCDC 2243156 for Li[B(HFIP)4]. Because the structure of 

Na[B(HFIP)4] is identical to the reported one,45 the cif was not deposited. The crystallographic 

data of the Ca[B(HFIP)4]2 and Zn[B(HFIP)4]2 crystals were also not deposited because of the 

absence of good-quality refinement models. Detailed crystallographic data and solved 

structures are summarized in Table S1 and Figures S1 (Li[B(HFIP)4]) and S2 (Na[B(HFIP)4]). 

Transport properties. Ionic conductivity, liquid density, and viscosity of the electrolytes were 

evaluated in this study. Ionic conductivities were measured using the complex impedance 

method with an impedance analyzer (VMP3, Biologic). The liquid density and viscosity were 

measured using a kinematic viscometer (SVM3001, Anton Paar GmbH). A temperature range 

of 20−50 °C was adopted for all the measurements. All standard deviations of the experimental 

values were within 3% of the average. 

Electrochemistry. The electrochemical metal deposition-dissolution activities of a series of 

mono-and divalent [B(HFIP)4]-based electrolytes were assessed by cyclic voltammetry (CV) 

using a typical three-electrode beaker-type cell. Copper disks wrapped with poly-ether-ether 

ketone resin (φ3 mm, BAS) served as the working electrodes, while pieces of the corresponding 

metals were used as both counter and reference electrodes. The CV was performed at a scan 

rate of 10 mV s−1 and 30 °C. The deposits were obtained by galvanostatic polarization at a 

current density of 2 mA cm−2 at 30 °C. Electrochemical measurements were conducted using 
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electrochemical analyzers HSV-110 (Hokuto–Denko Corporation) and VMP3 (Biologic) 

located in an Ar-filled glovebox.  

Vibrational Analysis. The coordination states of mono- and divalent cations in solutions were 

examined by comparing the Raman spectra of the parent salts and their solutions. The spectra 

were collected with a Nicolet iS50R FT-Raman spectrometer (Themo Scientific) equipped with 

a 1064-nm laser at a resolution of 1 cm−1. The single crystals of the salts and their G1 solutions 

were hermetically sealed in a glass tube in an Ar-filled glovebox, then subjected to the 

spectrometer located in a dry room to avoid any exposure to moisture. The spectra were all 

calibrated by the polypropylene standard. 

Morphological and Chemical Analysis. The electrodeposited metals were observed by 

scanning electron microscopy (SEM; JSM-7800F, JEOL) and characterized by energy-

dispersive X-ray (EDX) spectroscopy and X-ray photoelectron spectroscopy (XPS; VersaProbe 

II, ULVAC-PHI, Japan). All the samples were washed with anhydrous ethylene glycol dimethyl 

ether to remove any residual electrolyte, dried under high vacuum at ambient temperature, 

placed in an airtight chamber, and transferred for SEM–EDX and XPS analysis without any 

exposure to air. XPS measurements were performed with an Al Kα X-ray source under a base 

pressure of 6.7 × 10−8 Pa. The binding energy of the obtained spectra was calibrated using the 

C 1s peak from sp2-hybridized carbon at 284.5 eV as a reference. Note that, the XPS spectra of 

the Zn deposits were not acquired due to the relatively high sublimation nature of Zn 

compounds.46 

 

Results and Discussion 

Synthesis and structural analysis of [B(HFIP)4] salts: Monovalent [B(HFIP)4] salts were 

synthesized by simple alcoholysis of HFIP-H with precursor borohydride salts according to 
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previously reported procedures (Eq. 1).38,45 The final products were obtained as a white powder 

after vacuum heating of the concentrated G1 solutions at 45 °C for 2 days, and their chemical 

compositions were identified as an adduct of M(I)[B(HFIP)4] with a single solvent molecule 

(G1), irrespective of the alkali metal ions, by NMR (Figure S3a) and X-ray crystallography 

(Figure 1). In contrast, the corresponding divalent salts were synthesized by the transmetalation 

between M(II)(HFIP)2 and B(HFIP)3 to avoid undetectable, unavoidable contamination from 

the starting reagents or the precursor borohydride salts (Eq. 2). As the difference in Lewis 

acidity or affinity of the transferred functional groups against two different ions is usually the 

driving force during transmetalation reactions, it is advantageous to use mono- and divalent 

cations for the synthesis of alkoxyborate salts, especially when the corresponding borohydride 

salts, such as Zn(BH4)2, are not commercially available. The divalent salts were isolated as 

colorless crystals from the concentrated solvent G1 solution, followed by vacuum heating at 

45 °C for 3 days. In contrast to those of the monovalent salts, the chemical compositions of the 

divalent salts identified by NMR were cation-dependent. The integral intensities of the peaks 

assignable to each HFIP group and remaining G1 molecules suggested formation of the 

Mg[B(HFIP)4]2·3G1, Ca[B(HFIP)4]2·4G1, and Zn[B(HFIP)4]2·3G1 adducts/solvates (Figure 

S3b) and confirmed comparable composition between the Mg and Ca salts as reported 

previously.28,29,35,36 

 

 The molecular structures of the mono- and divalent [B(HFIP)4]− salts are shown in 

Figure 1. Owing to the substantially low crystallinity of the divalent salts, the structural 

refinement did not converge well (R1 > 0.150 and wR2 > 0.450). Therefore, refinement models 

cannot be used to discuss the structural parameters. The obtained structure, however, ensures 
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the relative atomic coordinates and chemical composition and can provide significant insights 

into the solvation structures of divalent salts. Indeed, our refinement model of 

Ca[B(HFIP)4]2·4G1 seems identical to those reported one with respect to the unit cell 

parameters and chemical composition.35,36 The structure of Mg[B(HFIP)4]2·3G1 was 

reproduced using the data deposited in the Cambridge Crystal Structure Data Center with 

accession number CCDC 1537493 because of the extremely poor-quality refinement model 

obtained in our study. For the monovalent [B(HFIP)4]− salts, a single solvent G1 was involved 

in the molecular unit irrespective of the cation species, as confirmed in the 1H NMR spectra 

(Figure S3a). However, the coordination state of the [B(HFIP)4]− anion was distinct. For 

Li[B(HFIP)4]·G1, Li+ ion was coordinated by two oxygen atoms from a single [B(HFIP)4]− in 

bidentate form in addition to the bidentate coordination from a G1 molecule, resulting in the 

formation of the tetra-coordinated complex. In contrast, Na+ ion was coordinated by a single 

[B(HFIP)4]− anion in tetradentate form where two oxygen atoms in the two individual HFIP 

groups and two additional fluorine atoms in the two individual CF3 branches (one from the 

same and another from a different HFIP group for the O-coordination) participated in 

coordination, thereby forming the hexa-coordinated complex for Na[B(HFIP)4]·G1. This 

difference in the coordination mode may arise from the preferential coordination numbers of 

Li+ (4–5) and Na+ (5–6) in the solid state. The coordination state of the anion for the divalent 

[B(HFIP)4]− salts was distinct from that for the monovalent counterparts. The cation species 

and [B(HFIP)4]− were completely isolated and the cations were stabilized only by G1 

coordination. The preferential coordination numbers of Mg2+ (6–7), Ca2+ (6–8), and Zn2+ (4–6) 

in the solid state were responsible for the resulting number of G1 molecules in the crystal 

structure. 
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Figure 1. Molecular structures of Li[B(HFIP)4]·G1, Na[B(HFIP)4]·G1, Mg[B(HFIP)4]2·3G1, 

Ca[B(HFIP)4]2·4G1, and Zn[B(HFIP)4]2·3G1 crystals, presented as the ball and stick models. 

Hydrogen and disordered atoms are omitted for clarity. The structure of the Mg solvate was 

reproduced from CCDC 1537493. 

 The coordinating ability of the studied [B(HFIP)4]− anion is known to be remarkably 

low owing to the structural bulkiness and electron-withdrawing nature of the HFIP 

groups.28,42,43 Based on the solvate category according to the coordination state of anions, the 

monovalent salts belong to the contact ion-pair (CIP) where counter anions participate in 

coordination, while the divalent salts are categorized according to the solvent-separated ion-

pair (SSIP) where the cation-anion pair is isolated/separated by solvent(s). The large 

contributions of the induction interactions to cation-glyme complex formation can account for 

the difference in the coordination state of the anion. Because of the strong electric field of the 

metal ions, the electronic states of the ether oxygen atoms in the surrounding glyme molecules 

were highly polarized. The valency of metal ions and distances between metal ions and oxygen 

atoms have a strong impact on the level of such polarization, and substantially large 
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stabilization energy can be gained upon coordination of glymes to multivalent ions.47,48 Indeed, 

the formation energies for Mg2+-glyme complexes (e.g., −157.6 and −288.3 kcal mol−1 for G1 

and G4, respectively) are estimated to be approximately 2.5 times larger compared to those of 

the corresponding Li+-glyme complexes (e.g., −61.0 and −107.7 kcal mol−1 for G1 and G4, 

respectively).47,48 The formation energies for Ca2+-glyme complexes are still larger than those 

for the Li+-glyme complexes despite the less charge density of Ca2+ compared to that of Mg2+.48 

Although the stabilization energies for Zn2+-glyme complex formation are unclear, the 

comparable ionic radii for the hexa-coordinate states and the same valency of Mg2+ and Zn2+ 

support the formation of the SSIP-type solvate for Zn[B(HFIP)4]2 with G1 molecules. Moreover, 

recent molecular dynamic simulation studies have suggested the partial decomposition of 

[B(HFIP)4]− upon ion pair formation with Mg2+.42–44 Such structural instability during ion pair 

formation further supports the formation of SSIP-type solvate structures for divalent salts. 

However, in the case of monovalent salts, the contribution of glyme coordination to complex 

structure formation is not very large. To gain sufficient structural stabilization, the distorted 

tetrahedral [B(HFIP)4]− anion have to participate in the coordination for Li+ and Na+. Similar 

structural features have also been observed in weakly coordinating anion-based monovalent 

solvates.24,39 

All the synthesized salts were obtained as solvates with G1 molecule(s). All attempts 

to isolate the non-solvated salts by vacuum heating at elevated temperature failed irrespective 

of the cation species, as the color of the powders apparently turned brownish at high 

temperatures, e.g., 80 °C, indicative of undesired thermal decomposition. These results are 

consistent with those of previous studies.39,45 Because the remaining solvent molecule(s) can 

significantly affect the resulting transport properties, electrolyte solutions of the [B(HFIP)4]-

based salts were prepared by dissolving the salts in G1 solvents and investigated for their 

transport and electrochemical characteristics to avoid ambiguous effects originating from the 
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mutual interactions of dual solvents. Hereafter, the electrolyte solutions are denoted as M(I or 

II)[B(HFIP)4]n/G1 (n = 1 or 2). 

Transport properties: The transport properties of charge carriers are significant determining 

factors of battery performance. The ionic conductivities and solution viscosities of 0.5 mol dm−3 

M(I)[B(HFIP)4]/G1 and 0.25 mol dm−3 M(II)[B(HFIP)4]2/G1 measured at 30 °C are 

summarized in Figure 2. For the ethereal solutions of divalent M(II)[Z(HFIP)4]2 (Z = B or Al), 

the conductivity maxima occurs at around 0.25–0.4 mol dm−3 irrespective of the cation species, 

the structure of ethereal solvents, and temperature, possibly owing to the trade-off between the 

change in the number of charge carriers and solution viscosities with the salt concentration.32 

In contrast, the solubility limitation of Li[B(HFIP)4] is laid around 0.6 mol dm−3 at 30 °C. 

According to these experimental facts for weakly-coordinating anion-based electrolytes, the net 

(positive and negative) charge concentration of the studied electrolyte solutions was fixed at 1 

mol dm−3 in this study. The effects of the measured temperature and electrolyte concentration 

on ionic conductivity are shown in Figure S4. 

 

Figure 2. Ionic conductivities and viscosities of 0.5 mol dm−3 M(I)[B(HFIP)4]/G1 and 0.25 mol 

dm−3 M(II)[B(HFIP)4]2/G1 measured at 30 °C. 
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 Figure 2 illustrates the effect of the valence of the cation species on the transport 

properties. The viscosities of the monovalent salt-based electrolytes were apparently lower than 

those of the divalent salt-based electrolytes, whereas the ionic conductivities were comparable 

among the electrolytes irrespective of the cation species. In general, low-viscosity solutions can 

deliver charge carriers present in the solutions rapidly; therefore, greater conductivity would be 

observed with decreasing solution viscosities for the same charge carrier concentration. This 

observation suggests that the number of charge carriers is greater in divalent salt-based 

electrolytes than in monovalent-based electrolytes. In other words, the divalent [B(HFIP)4]− 

salts are prone to be well dissociated in solutions even though the divalent metal cations would 

attract counter anions more tightly than the monovalent metal cations. One of the representative, 

conventional electrolyte solutions based on the modestly coordinated [TFSA]− anions indeed 

showed rather predictable results (Figure S5), where substantially lower conductivities were 

observed for the divalent systems than those for the monovalent counterparts. Similar trends as 

observed in the [TFSA]-based solutions have also been reported for solutions incorporating 

different monovalent anions such as PF6
− or CF3SO3

−,49–52 indicating characteristic transport 

behavior of the [B(HFIP)4]-based systems. Notably, [TFSA]− based electrolytes were prepared 

by dissolving the salts not in G1 but in G2, because the G1 solutions of the divalent [TFSA]− 

salts resulted in liquid-liquid phase separation in the broad concentration range while clear 

solutions can be obtained for the monovalent [TFSA]− electrolytes. Such peculiar phase 

behavior for Mg[TFSA]2/G1 has extensively been studied by Salama et al., and is suggested to 

be induced by formation of a kind of suprastructure that consists of an exceptionally stable 

Mg[TFSA]2·3G1 complex surrounded by certain number of G1 molecules in a long-range 

order.53 Owing to the similar physicochemical nature among divalent Mg2+, Ca2+ and Zn2+ ions, 

the miscibility gap phenomena here observed in the Zn[TFSA]2/G1 and Ca[TFSA]2/G1 

solutions can also be explained by a similar manner. This undesired situation disables the 



15 

 

quantitative comparison of the experimental values among the [B(HFIP)4]- and [TFSA]-based 

electrolytes. However, a qualitative discussion is still reasonable because of the comparable 

coordination/polarization nature of different glymes.48,54,55 

 To gain further understanding of the dissociation states, the molar conductivities (Λ) 

were plotted against the reciprocal of the viscosity (η). Such Walden plots are often referred to 

as useful measures of salt dissociation in electrolyte solutions. The dotted line with a slope of 

unity shown in Figure 3 indicates the ideal line where the charged species are completely 

dissociated and contribute to ion conduction. As predicted from the experimental results, the 

plots of M(II)[B(HFIP)4]2/G1 were closer to the ideal line than those of M(I)[B(HFIP)4]/G1, 

whereas the opposite trend was discernible for the [TFSA]-based solutions (Figure 3). These 

results further highlight the well-dissociated states of the former divalent electrolyte solutions. 

The large contribution of induction interactions by the solvent G1 coordination to the structural 

stability and the substantially weak coordinating nature of the [B(HFIP)4]− anion are, again, 

responsible for this result. 
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Figure 3. Walden plot for 0.5 mol dm−3 M(I)[B(HFIP)4]/G1 and 0.25 mol dm−3 

M(II)[B(HFIP)4]2/G1 with an ideal line. The points for the corresponding [TFSA]-based 

solutions of G2 are also included. 

 

The slope of the Walden plot indicates the susceptibility of the dissociation states of 

the solutions to temperature. The slopes of the plots for M(II)[B(HFIP)4]2/G1, M(I)[TFSA]/G2, 

and M(II)[TFSA]2/G2 are comparable and almost parallel to the ideal line, suggesting that the 

salt dissociation state in these solutions is less temperature-dependent. In contrast, the 

corresponding slope for M(I)[B(HFIP)4] was rather steep. This observation indicates that the 

salt dissociated considerably with increasing temperature for M(I)[B(HFIP)4]. As evidenced by 

their molecular structures and the relatively lower dissociativity of M(I)[B(HFIP)4]/G1 than 

that of M(II)[B(HFIP)4]2/G1, the cation-anion complexes of M+-[B(HFIP)4]− with G1 

coordination were also present to some extent in the solution. Such cation-anion binding is 

perturbed at elevated temperatures, possibly resulting in well-dissociated solution states. 

Electrochemical characteristics The electrochemical metal deposition-dissolution behavior of 

a series of electrolyte solutions was assessed by CV. Figure 4 shows the CV profiles of the 

copper working electrodes recorded in the M(I)[B(HFIP)4]/G1 and M(II)[B(HFIP)4]2/G1 

electrolytes. The potential ranges of different electrochemistries were normalized to the 

potential of a standard hydrogen electrode (SHE). All the studied electrolytes supported the 

electrochemical deposition-dissolution of each corresponding metal, while the efficiencies and 

overpotentials strongly depended on the metals to be processed. The overpotentials defined at 

the potentials where 0.1 mA cm−2 of current densities those attributable to deposition (ηdeposition) 

or dissolution (ηdissolution) were observed, and the corresponding Coulombic efficiencies 

estimated from the charge passed during deposition-dissolution processes are summarized in 

Table 1. As shown in Figure 4 and Table 1, the monovalent salt-based solutions showed 
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favorable electrochemical activities, as the deposition and dissolution took place with relatively 

high efficiency and remarkably small overpotential, irrespective of the metal species. The 

cycling behavior of the present Na-based electrolytes seems better than that of the reported 

electrolyte of 1 mol dm−3 Na[B(HFIP)4]·G1/EC-DEC (EC: ethylene carbonate; DEC: diethyl 

carbonate),39 suggesting the superior reduction stability of ether solvents. In contrast to 

monovalent systems, divalent salt-based electrolytes require large overpotentials, especially for 

the deposition processes, and their corresponding efficiency strongly depends on the metal 

species. In particular, for multivalent electrolytes, owing to the activation barrier for desolvation 

and solvation, the processes at the [electrode | electrolyte] interfaces are regarded as the 

dominant rate-determining processes for deposition and dissolution, respectively.32,56,57 The 

remarkably strong solvation of divalent metal ions hampers facile desolvation during deposition, 

which would be beneficial for dissolution. The observed overpotentials for the Mg- and Ca-

based electrolytes support this hypothesis. Unexpectedly, Zn-based electrolytes showed 

exceptionally large overpotential for dissolution despite similar charge densities between Zn2+ 

(0.74 Å) and Mg2+ (0.76 Å). A similar non-trivial observation has also been reported for Zn-

based non-aqueous ethereal electrolytes incorporating different anion species, such as PF6
−, 

BF4
−, CF3SO3

−, and [TFSA]−.58 In contrast, Zn-based non-ethereal electrolytes exhibited 

favorable electrochemical deposition-dissolution characteristics, irrespective of the anion and 

solvent choices (Figure S6).37,58 These universal observations strongly suggest the nontrivial 

oxyphilic nature of Zn2+ with respect to ether oxygen atoms. Moreover, Zn2+ ions prefer four 

or six coordinations. This preference can result in complex solution states. The unexpectedly 

low Coulombic efficiency of the Zn-based electrolytes, despite the substantially inferior 

reductive nature of Zn metal, supports the existence of somewhat different (electro)chemistries 

behind the electrochemical Zn deposition-dissolution processes in ethereal electrolytes. 
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Figure 4. CV profiles of copper working electrodes recorded in (a) 0.5 mol dm−3 

M(I)[B(HFIP)4]/G1 and (b) 0.25 mol dm−3 M(II)[B(HFIP)4]2/G1 electrolytes measured at a scan 

rate of 10 mV s−1 at 30 °C. 

 

Table 1. Overpotential (η) for electrochemical metal deposition and dissolution processes and 

corresponding Coulombic efficiencies estimated from the CV profiles shown in Figure 4. 

 
Monovalent cations Divalent cations 

Li Na Ca Mg Zn 

ηdeposition / V 0.017 0.022 0.258 0.286 0.208 

ηdissolution / V 0.001 0.016 0.087 0.093 0.337 
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Efficiency / % 89.8 78.4 12.9 93.7 73.7 

 

 The Coulombic efficiencies for metal deposition-dissolution reflect the reductive 

nature of each metal and the supposed solvation (or ion association) states. Basically, the 

reductive stability of the [B(HFIP)4]− is calculated to be approximately −4 V vs. SHE, with the 

value slightly depending on the calculation model used.29,42,43 This value implies that 

[B(HFIP)4]− would potentially be stable against reductive metals including lithium. This 

favorable situation drastically changes upon ion-pair formation because the electric field of 

small metal ions strongly polarizes the electronic states of the interacting compounds. As 

described before, such solvation effect becomes prominent in case of multivalent ion systems.42 

The cathodic limits of [B(HFIP)4]− would indeed shift to positive side by approximately +3 V 

upon ion-pair formation with Mg2+ and Ca2+,43 and such contacted [B(HFIP)4]− anions are no 

longer stable even against moderately reductive magnesium. For the monovalent [B(HFIP)4]− 

based electrolytes, inferior efficiency was confirmed for the Na-based electrolytes compared to 

the Li-based electrolytes. As the reductive nature of Na is weaker than that of Li based on their 

electrode potentials, the difference in associativity of [B(HFIP)4]− for Na+ and Li+ might have 

largely contributed to the obtained results. The molecular structure shown in Figure 1 indicate 

direct contact of both O and F atoms of [B(HFIP)4]− to Na+. An anion decomposition 

mechanism driven by F abstraction has been proposed based on a recent molecular dynamic 

simulation study on the Mg[B(HFIP)4]2-based electrolytes.42 Although the association states of 

[B(HFIP)4] in the bulk Na[B(HFIP)4]/G1 electrolyte solutions are unclear due to the featureless 

Raman spectra of M(I)[B(HFIP)4] and M(II)[B(HFIP)4]2 in the solid and solution states (Figure 

S7), the agglomeration of charged species at the electric double layer generated during 

electrochemical processes and resulting direct interaction of F atoms and Na+ ions presumably 

led to undesired decomposition of [B(HFIP)4]− anion. Elemental analysis of the deposits 
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obtained from Na[B(HFIP)4]/G1 also supported a relatively large contribution from anion 

decomposition during Na deposition (vide infra). 

 In divalent systems, the efficiency of Ca-based electrolytes is substantially low. This 

was due to the extremely reductive nature of the deposited calcium. As evidenced by the 

Ellingham diagram,59 calcium metal is the strongest reducing agent, and most compounds are 

reduced upon reacting with calcium. Moreover, the geometrical size of the deposits is generally 

small; hence, the surface area should be significantly larger than that of bulk metals. Owing to 

the large surface area and the resulting extreme reactivity of the deposited microcrystalline 

calcium, the G1 molecules polarized upon solvation to Ca2+ were readily decomposed during 

the deposition processes. It should be noted that the present efficiency is exceptionally low 

compared to the reported values, in the range of 50–80%.35,36,60 This large difference may arise 

from the difference in experimental setups and measurement conditions. As expected from the 

polarization behavior of the Zn[B(HFIP)4]2/G1 electrolyte shown in Figure 4, the corresponding 

efficiency is substantially lower than that of its Mg-based counterpart. The sizes and 

morphologies of the deposits may explain these results. Under the same galvanostatic condition, 

submicron-sized hexagonal microcrystals were obtained from Zn[B(HFIP)4]2/G1 while 

substantially larger particles (> 10 μm) were observed for the case of Mg[B(HFIP)4]2/G1 

(Figure 5). Such submicron-sized microcrystal deposition is supported by the corresponding 

polarization curves, as a large overpotential is necessary for Zn deposition, which can lead to a 

nucleation-dominant deposition mode. Additionally, the orientation of Zn deposits is prone to 

be random under standard conditions.61 The reaction with such freshly plated, randomly stacked 

microcrystalline zinc metals might have led to the unexpectedly lower efficiency of the 

Zn[B(HFIP)4]2/G1 electrolyte. 
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Figure 5. (a) Galvanostatic polarization curves at a current density of 2 mA cm−2 in 0.5 mol 

dm−3 M(I)[B(HFIP)4]/G1 and 0.25 mol dm−3 M(II)[B(HFIP)4]2/G1 electrolytes. The SEM 

images and corresponding EDX spectra of the obtained deposits from the (b) Li-, (c) Na-, (d) 

Mg-, (e) Ca-, and (f) Zn-based electrolytes. 

 

Among the studied monovalent and divalent systems, remarkably favorable efficiency 

was observed for Mg[B(HFIP)4]2/G1. The suppressed side reactions during deposition-

dissolution in the electrolyte were also evidenced by SEM observations and subsequent EDX 

analysis of the deposits. Highly pure macrocrystalline magnesium metal could indeed be 

deposited, whereas mumbled deposits containing large amounts of C, F, and O atoms 

attributable to the decomposition products of the electrolytes were observed in the 

M(I)[B(HFIP)4]/G1 systems. The substantially small overpotential for M(I)[B(HFIP)4]/G1 

suggests chemical instability of the electrolyte components against the deposited alkali metals. 

Regarding the chemical composition of the deposits obtained from Ca[B(HFIP)4]2/G1 and 
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Zn[B(HFIP)4]2/G1, although the elements attributable to both solvent G1 (C and O) and 

[B(HFIP)4]− anion (F) were detected, the solvent decomposition seems to have taken placed 

preferentially. The C 1s, O 1s, F 1s, and B 1s spectra of the deposits showed similar spectral 

features irrespective of metal species, as the peaks assignable to oxide, hydroxide, carbonate, 

fluoride, and species containing C=O, C-O, and CFn appeared in all samples (Figure S8), while 

the relative and absolute peak intensities strongly depend on the metal species. These elemental 

analysis on the deposits strongly suggest that the M(II)[B(HFIP)4]2 salts are well dissociated in 

solution, and highly polarized G1 molecules bound to divalent cations are decomposed by 

freshly deposited metals. The large crystal size of Mg deposits also suggests suppressed 

electrolyte decomposition and favorable nucleus-growth mode during deposition owing to the 

mild polarization behavior.62 As the solution state of Mg[B(HFIP)4]2/G1 should be the same as 

those of Ca[B(HFIP)4]2/G1 and Zn[B(HFIP)4]2/G1, the modest surface reactivity of the 

deposited macrocrystalline Mg, moderate reductive nature of Mg metal, and well-balanced 

mutual interactions among Mg2+-[B(HFIP)4]-solvent may jointly contribute to the outstanding 

performance. The relatively large decomposition barrier of [B(HFIP)4]− for Mg+-[B(HFIP)4]− 

ion pair compared to that for Ca+-[B(HFIP)4]− ion pair also partly corroborates the satisfactorily 

high stability of the Mg[B(HFIP)4]2/G1 electrolyte at the [electrolyte | electrode] interface.43 

The recent comprehensive work on Li metal battery electrolytes also emphasizes that 

diminishing electrolyte decomposition is essential to achieve high Coulombic efficiency for 

metal deposition/dissolution cycling.4 

In addition to the intrinsic stability of the electrolyte components against metal 

electrodes, the reaction products at the [electrode | electrolyte] interface, the so-called solid 

electrolyte interface (SEI), play a dominant role in electrochemical reactions. The construction 

of a “good” SEI is crucial to achieve stable cycling of metal electrodes, and the studies on the 

interfacial engineering indeed attract significant attentions particularly in recent years. A family 
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of fluorosulfonyl amide (or imides), such as bis(fluorosulfonyl)amide ([FSA]−), anions is 

regarded as definitive generators for “good” SEI, irrespective of the cation species except for 

Mg.3,4,63–65 The decomposition products derived primarily from these anions effectively 

suppress the undesired intermittent reactions between electrolytes and electrodes, and further 

promote interfacial kinetics. Such favorable interface allows application of electrolytes even 

those composed of the thermodynamically unstable components against reductive metals.66,67 

However, as shown in Figures 5 and Figure S8, the interface derived from the decomposition 

of [B(HFIP)4]− seems unstable and continuous electrolyte decomposition took place especially 

for highly reductive Li, Na, and Ca systems. As the [B(HFIP)4]-derived interfaces are composed 

of C, F, and O atoms, whereas the [(T)FSA]-derived interfaces generally contain C, F, O, and 

S atoms, S-based compounds would significantly contribute to stabilizing the [electrode | 

electrolyte] interface. The stable cycling of rechargeable metal-sulfur batteries incorporating 

fluorinated alkoxyborate and alkoxyaluminate families supports favorable interface formation 

by sulfur species.40,41,68 

 

Conclusions 

In this work, inspired by the recent success stories of the [B(HFIP)4]− based 

monovalent and divalent electrolytes in various battery applications, the effect of the valency 

of cation species on the molecular structure of the salts, and transport and electrochemical 

characteristics of the electrolyte solutions were studied comprehensively to gain fundamental 

understanding of the characteristics of this anion. X-ray crystallography revealed the formation 

of adducts or solvates with the solvent G1 molecule(s), irrespective of the valency of the cation 

species, whereas the dissociation states of the salts were dependent on the valency of the cation 

species. The substantially large contribution of induction interactions to the stability of divalent 
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solvates was found responsible for the fully isolated ion-pair formation in the solid state. The 

transport properties of the electrolyte solutions were found to reflect such differences in the 

dissociativity even in the solution states, as all divalent electrolytes exhibited greater 

conductivities than their monovalent counterparts despite the comparable viscosity and net 

number of charged species present in each solution. The analysis based on Walden plots 

supported the relative dissociative nature of the divalent salts.  

Comparative electrochemical studies provided insights into [B(HFIP)4]-based 

electrolyte solutions. The dissociation of the salts predominated the interfacial reaction kinetics 

as reversible metal deposition-dissolution with negligible overpotential were achieved for the 

relatively associative monovalent systems, while substantially large overpotentials, especially 

for the deposition processes, were required for the dissociative divalent counterparts. The 

substantially large desolvation barrier for the [M(II)·3(G1)] complexes due to the strong 

induction interactions between divalent cations and the polarized G1 molecules is responsible 

for these results. Further, the non-trivial oxyphilic nature of Zn(II) imparted an unexpectedly 

inferior electrochemical performance for dissolution processes. Contrary to the sufficient 

reductive stability observed for the isolated anion, results from the morphological and elemental 

analyses of the deposits revealed instability of the anion at the interface. Among the studied 

[B(HFIP)4]-based mono- and divalent electrolytes, those containing Mg(II) exhibit the most 

remarkable electrochemical properties. These performances can further be improved by 

combining the Mg[B(HFIP)4]2 salt with G2,32 whereas such approaches do not work well for 

the other systems (Figure S9), suggesting a certain “magic combination” of Mg[B(HFIP)4]2 and 

glyme solvents. The moderately reductive nature of Mg metal and the well-balanced Mg(II)–

[B(HFIP)4]–glyme interactions are responsible for this specific combination. 

It should be noted that the interfacial stability and resulting electrochemical metal 

deposition/dissolution characteristics strongly depend on the composition of electrolytes and 
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electrodes used for the experiments. Certain fluorinated alkoxyborate and alkoxyaluminate-

based electrolytes indeed showed favorable compatibility against various promising negative 

and positive electrode materials upon appropriate compositional and interfacial 

engineering.40,41 The Mg[B(HFIP)4]2-based electrolytes also exhibit improved interfacial 

characteristics when favorable interfaces are constructed by adding specific agents in the 

electrolyte solutions.69,70 Although further detailed understanding and optimal interfacial 

engineering are required to maximize the benefits of the [B(HFIP)4]-based electrolytes, the 

remarkable ion transport characteristics and excellent oxidative stabilities allow them to be 

selected as the first option for next-generation energy storage applications utilizing various 

metal negative electrodes. 
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