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Challenges and Progress in Anode-Electrolyte Interfaces for
Rechargeable Divalent Metal Batteries

Liping Wang,* Sibylle Riedel, and Zhirong Zhao-Karger*

Divalent metal batteries have attracted considerable attention in scientific
exploration for sustainable energy storage solutions owing to the abundant
reserves of magnesium (Mg) and calcium (Ca), the competitive low redox
potentials of the Mg/Mg2* (-2.37 V vs SHE) and Ca/Ca’* (-2.87 V vs SHE)
couples, as well as the high theoretical capacities of both metal anodes.
However, the development of these batteries faces fundamental challenges
stemming from the limited cycling stability and efficiency of Mg/Ca metal
anodes. These issues primarily originate from the sluggish electrochemical
redox kinetics of the divalent metals, particularly at the anode-electrolyte
interfaces. This comprehensive review provides an up-to-date overview of
advancements in the field of the anode-electrolyte interface for divalent metal
batteries, covering aspects ranging from its formation, morphology, and
composition to their influence on the reversible electrochemical deposition of
divalent metals. Recent approaches aimed at enhancing the performance of
metallic Mg and Ca anodes across various electrolytes are summarized and
discussed, with the goal of providing insights for the development of new

strategies in future research.

1. Introduction

In a world increasingly conscious of the environmental impact
of traditional energy sources, there is a growing urgency to de-
velop clean and sustainable alternatives. While renewable energy
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sources like wind, solar and tidal power
hold great promise, their intermittent
nature underscores the need for effi-
cient and reliable energy storage systems.
While lithium-ion batteries (LIBs) rep-
resent the state-of-the-art energy storage
technology, they are facing resource chal-
lenges due to the relatively low natural
abundance and the geographical uneven
distribution of the resources for electrode
materials, especially if LIBs are used for
both, e-mobility and stationary storage
sectors.l!! In the quest for more acces-
sible, cost-effective, and sustainable en-
ergy storage options, researchers have
redirected their attention to post-lithium
battery systems. This renewed interest
is aroused by their inherent advantages,
including high theoretic energy den-
sity, improved safety properties and en-
vironmental sustainability. Among the
emerging new battery chemistries, diva-
lent metal batteries have experienced a
resurgence in interest over the past two decades.[? Divalent metal
ions, such as Mg?* and Ca?*, offer a unique advantage by provid-
ing two electrons per redox center. Therefore, batteries based on
Mg and Ca hold the potential to outperform commercial LIBs in
several aspects, relying on potentially safer metal anodes with a
lower tendency to form dendrites and high theoretical specific ca-
pacities (%1340 and #2205 mAh g~!, respectively), as well as volu-
metric capacities (~3833 and #2073 mAh mL~?, respectively).!
Moreover, metal anodes can serve a dual functionality as both
an anode and a current collector, simplifying the manufacturing
process and reducing production costs. These distinctive proper-
ties make divalent metal batteries an attractive and eco-friendly
choice for future energy storage solutions.*

As early as 2000, a prototype for rechargeable Mg batteries
was demonstrated.’] Subsequently, Ca metal batteries have also
garnered increasing attention.l®] Recent research efforts have
made notable progress in identifying viable electrolyte formula-
tions and demonstrating encouraging projections for prospective
cell-level performance metrics. Nevertheless, significant break-
throughs are still necessary to fully unlock their potential.l’} Di-
valent metal batteries encounter a range of significant challenges
that hinder their practical application. One of the primary con-
cerns relates to the interfaces between the metal electrodes and
the electrolyte. Given the chemically reductive nature of metal an-
odes, reactions between the components of electrolytes and metal
surfaces are unavoidable. The compositions and properties of
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these surface layers significantly affect the electrochemistry of the
metal anodes. Unlike the typical solid electrolyte interphase (SEI)
formed in LIBs, the majority of the reported naturally formed
surface films on Mg or Ca in the different electrolyte solutions
are ionically non-conductive. Instead of benefiting to long-term
stable anode redox reactions, these interphases behave as passi-
vation layers, impeding the electrochemical metal deposition.[®]
Due to the bivalency and high desolvation energy of the divalent
metal ions, the surface layers on Mg and Ca metals exhibit high
interfacial resistances for both charge and ion transfer, resulting
in redox reactions with large overpotential and low Coulombic
efficiency as well as uneven metal deposition.[°] In particular, it
has been shown that achieving reversible Ca deposition on the
Ca metal anode stands as a primary obstacle in the current devel-
opment of Ca metal-based battery systems.!1°]

The interface between divalent metal anodes and the elec-
trolytes plays a pivotal role in the performance and efficiency of
these emerging battery technologies. The impact of interfaces on
the efficiency of redox reactions depends on factors such as com-
position, thickness, structure, and homogeneity.['!] The SEI de-
sign principles employed in LIBs are generally not directly trans-
ferable to divalent metal batteries, primarily due to fundamen-
tal differences in their battery chemistries. Understanding and
optimizing the interface will facilitate the advancement of diva-
lent metal batteries. Through an examination of the most recent
advancements, identification of existing challenges, and outlin-
ing future directions in this field, this review aims to provide a
comprehensive exploration of the intricate dynamics at the metal
anode-electrolyte interface in the context of divalent metal batter-
ies, particularly focusing on Mg and Ca metal anodes. The de-
velopment of the Mg/Ca electrolytes is briefly summarized and
the anode-electrolyte interfaces in selected current representative
Mg/Ca electrolytes with different formation mechanisms are dis-
cussed. Following this, recent endeavors to alleviate the effects of
these passivation factors are outlined, including solvation struc-
tural reorganization and the development of artificial SEI via elec-
trolyte additives.

2. Electrolyte Design and Chemistry

2.1. Advancements of Mg-lon Electrolytes: From Complex
Compositions to Single Salts

Figure 1 shows the development history of important electrolyte
for Mg batteries. It was evident in the 1930s, that Grignard
reagents not only could be used for versatile chemical synthe-
sis but also had the capability for Mg electrodeposition.['2l How-
ever, due to their intrinsic nature as strong reducing agents, they
cannot be utilized as electrolytes in batteries. In 1990, Gregory
et al. proposed several organo-Mg compounds and Mg organobo-
rates as electrolyte salts.['}] Aurbach et al. developed another type
of Mg-organohaloaluminate salt through the reaction between
Bu,Mg and EtAICl, in tetrahydrofuran (THF), demonstrating re-
versible deposition and dissolution of Mg and an electrochem-
ical window up to 2.5 V.’l When combined with the Chervel
phase Mo Sg cathode, it successfully enabled the demonstration
of a prototype for rechargeable Mg batteries. In 2008, the same
research group further developed a so-called all-phenyl-complex
(APC) electrolyte.'*] An optimized APC electrolyte is formed by
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blending the Lewis base phenyl magnesium chloride (PhMgCl)
and a Lewis acid AlCl;, contributing to an increased electrochem-
ical stability over 3 V.l The organometallic complex electrolytes
mentioned above are formulated through trans-metallation reac-
tions in which Clis bound to Mg and organic ligands are bound to
aluminum (Al), these solutions contain multiple species includ-
ing MgCl*, Mg,Cl;* as redox active species, while the ligands
of Mg and Al precursors and the chemical formula of the an-
ionic species affect the oxidation stability of the electrolytes.!'¢] Al-
though these organomagnesium based electrolytes show promis-
ing electrochemical stability, their nucleophilic nature makes
them incompatible with electrophilic cathodes, such as sulfur
and organic cathodes.

To allow coupling with electrophilic cathodes, different
kinds of non-nucleophilic electrolytes were developed. In 2000,
Liebenow et al. first reported the reversible Mg deposition in
the electrolyte with the non-nucleophilic Hauser base hexam-
ethyldisilazide magnesium chloride (HMDSMgCl).["”] Later, a
similar strategy to that of Aurbach was applied by incorporat-
ing AICl; or MgCl, into the solution to optimize the electrolyte,
as demonstrated by examples such as HMDSMgCI-AICL,,[*]
(HMDS),Mg-AlICl, [ and Mg(HMDS),—-4MgCl, .[2] Apart from
amido groups, Wang et al.?!l proposed the phenol-based Mg
electrolytes, such as 2-tert-butyl-4-methyl-phenolate magnesium
chloride (BMPMC)-AICl;, which exhibited an oxidation stability
of ~2.6 V versus Mg/Mg**. Emily G. Nelson et al.”??] further op-
timized this type of electrolytes through functioning the phenol
structure with electron-withdrawing fluorine substitutions, re-
sulting in an improved oxidation stability of 3.05 V.22l Besides,
there are also other kinds of salt have been reported, including
(RSMgCl),-AlCl; (R = 4-methyl-benzene, p-isopropylbenzene, 4-
methoxybenzene, n = 1-2),[2] (DTBP)MgCl-MgCl, (DTBP = 2,6-
di-tert-butylphenolate),[>*] and inorganic magnesium aluminum
chloride complex (MACC).[*] It should be noted, however, that
electrolytes based on the Lewis base—acid combinations are gen-
erally formed through transmetalation reactions yielding the re-
dox active cation consisting- of two Mg atoms bridged by three
chlorine atoms. The cation is paired with a counter complex an-
ion, such as an organo-aluminate, as shown in Figure 2a,b. The
participation of monovalent MgCl* and Mg,Cl;* as charge car-
riers may offer faster kinetics for the cathode redox reaction and
Mg deposition process. However, the corrosive nature of Cl~ lim-
its the use of conventional metallic current collectors and other
battery housing components such as aluminum and stainless
steel components. In addition, the storage of MgCl* will signifi-
cantly reduce the practical energy density of the cell because the
weight of the consumed electrolyte salt must be taken into ac-
count. Therefore, in recent years, the research interest shifts to
Cl-free single salt-based electrolytes.

Tutusaus et al. explored an alternative approach by investi-
gating chloride-free single-salt electrolytes.[?] The attempt in-
volved using a non-organometallic electrolyte solution compris-
ing Mg(BH,), in 1,2-dimethoxyethane (DME).[2°®] However, the
utility of this electrolyte is constrained by its low anodic stabil-
ity (1.7 V vs Mg). Ha et al. demonstrated the reversible deposi-
tion of Mg using commercially available Mg(TFSI), when dis-
solved in glyme.[?’] The electrolytes, however, exhibited a high
overpotential of ~2 V for Mg plating and stripping, coupled with
a low Coulombic efficiency. In a follow-up study, to improve the
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Figure 1. Timeline of the development of Mg electrolytes. a) Electronmicrogragh of Mg deposit. Reproduced with permission.['] Copyright 1990,
IOP Publishing. b) The electrolyte was 0.25 m Mg(AICl,BuEt), in THF. A chronopotentiogram (main figure; voltage versus capacity at constant cur-
rent of 0.3 mA cm~2) and a cyclic voltammogram (inset; 0.05 mV s~') of steady-state Mg insertion—deinsertion cycles are shown. Reproduced with
permission.l>] Copyright 2000, Springer Nature. c) (Color online) Steady-state cyclic voltammograms of 0.25 m BEC and 0.4 m APC solutions, measured
with Pt electrodes at 25 mV s~!. The charge involved, Mg cycling efficiency, and overpotential for Mg deposition are given as well. Reproduced with
permission.l’4 Copyright 2008, IOP Publishing. d) ORTEP plot (25% thermal probability ellipsoids) of [Mg,Cl;-6THF][HMDSAICI5]. Hydrogen atoms,
THF of crystallization, and second component of disorder are omitted for clarity. Reproduced with permission.['8] Copyright 2011, Springer Nature.
e) Cyclic voltammograms (10 cycles) of Pt electrodes in (BMPMC),—~AICl; /THF electrolyte exposed to air for 3 h at a scanning rate of 50 mV s~ Re-
produced with permission.[21] Copyright 2012, Royal Society of Chemistry. f) Depicts the cyclic voltammogram and linear sweep voltammetry (insert)
of 0.25 M MACC 2: 1 solution in DME. The working electrode is Pt while the counter and reference electrodes are Mg metal. Measurements are ob-
tained at 25 mV s~! and ambient conditions. Reproduced with permission.[?*] Copyright 2014, Royal Society of Chemistry. g) A simple yet multifaceted
magnesium monocarborane (MMC) based electrolyte. Reproduced with permission.[262] Copyright 2015, John Wiley and Sons. h) Utilizing magnesium

tetrakis (hexafluoroisopropyloxy) borate Mg[B (hfip),], (hfip = OC(H)(CF3),) electrolyte for Mg—S batteries.[?°]

electrochemical properties of the Mg(TFSI), tetraglyme solution,
Ma etal. introduced Mg(BH,), as a water scavenger into the elec-
trolyte system.[?] While this modification notably lowered the
overpotential between Mg reduction and oxidation to 0.35 'V, it
also came at the expense of compromising the high oxidative
stability of Mg(TFSI), due to the presence of Mg(BH,),. In a
separate study, an electrolyte based on novel Mg(CB,,;H,,), salt
was proposed.[2] This electrolyte relies on a bulky monocarbo-
rane cluster as anion, weakly coordinated to Mg?*, ensuring suffi-
cient ion transport. Meanwhile, it also shows excellent reversibil-
ity for Mg electrodes and an anodic stability up to 3.8 V versus
Mg, thereby allowing the use for high-voltage cathodes. Unfortu-
nately, carborane-type electrolytes present practical usage issues
due to the nontrivial synthesis and the associated high costs.
Meanwhile, new Mg compounds with another weakly
coordinating anions have been developed, namely Mg
tetrakis(hexafluoroisopropyloxy) borate Mg[B(hfip),], (hfip =
OC(H)(CF,),) (Figure 2¢),[?’! alkoxyaluminate Mg[Al(hfip),],!*"!
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and Mg perfluorinated pinacolatoborate Mg[B(O,C,(CF;),),],.Y
With the help of highly fluorinated anion, these electrolytes ex-
hibit high anodic stability exceeding 4 V versus Mg and chemical
compatibility with various cathode materials such as oxides, sul-
fur and organics. The borate and aluminates analogs constructed
with hexafluoroisopropanol (hfip) are the most common elec-
trolytes in the Mg battery research for their good electrochemical
properties and cost-effective synthesis from commercially
available starting materials.

In addition to liquid electrolyte systems, researchers have ex-
plored and developed gel electrolytes,[*?] polymer electrolytes, 3]
hybrid solid electrolytel** and solid-state electrolytes!**! for Mg
batteries. These alternatives can offer some additional benefits
such as enhanced safety, with reduced risks of internal short
circuits and electrolyte leakage, as well as improved mechanical
durability. Some of gel and polymer electrolytes demonstrate
promising electrochemical performances. In 2022, our group
have demonstrated two types of Mg[B(hfip),],-based gel polymer
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Figure 2. Single-crystal x-ray crystallographic structure of a) [Mg, (u-Cl); *6 THF][HMDSAICI; Je THF.[2¢] b) [Mg, (u-Cl)5 (THF) ¢ ][Et,AIC,],[2°¢] Reproduced
with permission.!?>¢l Copyright 2014, the Royal Society of Chemistry. c) Mg[B (hfip)4],*3DME.[2°] Hydrogen atoms are omitted for clarity. Reproduced

with permission.[2%b] Copyright 2014, the Royal Society of Chemistry.

electrolyte, and applied them in Mg—S battery systems.3]
These gel polymer electrolytes exhibited reversible Mg deposi-
tion/dissolution capabilities, along with good compatibility with
sulfur cathodes. Apart from that, the polymeric matrix in the gel
polymer electrolyte helps mitigate the polysulfide shuttle effect.
A magnesium ion conducting hybrid solid electrolyte (HSE) was
developed by Wei et al.,?*! consisting of a NASICON-structured
Mg, Sn,(PO,); material, and a small amount of ionic liquid.
The HSE demonstrated good compatibility with the Mg metal
anode, enabling stable Mg stripping and plating at ambient tem-
perature. Additionally, several compounds have been proposed
as promising candidates as all-solid-state electrolytes, such as
MgSc,Se, %43 and Mg(BH,)NH,.’**"] However, there is
only limited evidence available demonstrating their feasibility
in Mg full cells. Besides, developing practical solid electrolytes
that conduct Mg?* ions at ambient temperatures remains a
significant challenge. Several representative examples of each
type of electrolytes are summarized in Table 1, along with the
corresponding electrochemical properties and test results.

2.2. Progress of Ca-lon Electrolytes and Ca Metal Batteries

Ca possesses a lower redox potential of —2.87 V versus SHE,
comparing to Mg (-2.37 V vs SHE). Furthermore, the ion ra-
dius of Ca* (1.00 A) is larger than Mg?* (0.72 A), resulting in
a lower charge-to-radius ratio and reduced polarizability. This re-
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duced polarizability of Ca** results in milder electrostatic inter-
actions with both the cathode material hosts and the electrolyte
components, which may offer a beneficial effect on the transfer
of Ca?*.[l Nonetheless, the challenges associated with the inter-
face between the Ca metal anode and the electrolyte are equally
formidable, demonstrating a complexity no less significant than
that observed in the case of Mg.

The developmental trajectory of Ca metal batteries is illus-
trated in Figure 3 and the corresponding electrochemical perfor-
mances of some important works are summarized in Table 2. A
pioneering research work was done by Aurbach et al. in 1991,[*4]
which delved into the electrochemical behavior of Ca electrodes
in electrolytes of Ca(BF,), and Ca(ClO,), dissolved in propy-
lene carbonate, y-butyrolactone, THF or acetonitrile solvents.
The study revealed that in these electrolyte systems, the depo-
sition of Ca is quite difficult due to the specific characteristics of
the surface films formed on Ca electrodes, which closely relates
to the properties of the electrolyte solvent, salt, and atmospheric
contaminants, similar as the case of Mg.[**] In 2003, researchers
demonstrated that vanadium oxides can serve as Ca hosts, al-
lowing for the insertion and extraction of Ca** ions with struc-
tural reversibility in Ca(ClO,),/CH;CN electrolyte.[®/ Ten years
later, a Ca—S primary cell was reported in the same electrolyte,
showing a promising discharge capacity of 600 mAh g~ (calcu-
lated based on the mass of sulfur).[**] However, the full poten-
tial of the cell was hindered by the limited stability and compat-
ibility of the electrolyte, which can form a passivation layer on
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Table 1. List of Mg electrolytes and a summary of their reported electrochemical properties.
Composition Conductivity [S cm™] Voltage window vs. Coulombic efficiency Cyclability Refs.
at RT Mg®/Mg?+
0.25 m Mg(AICI,BuEt), in THF several millisiemens ~2.5V ~100% Mg-Mg,Mo,S, cell at [5]
0.3 mA cm™2, 2000 cycles
0.4 M PhMgCI:AICl; 2:1in THF 4-5x 1073 >3V 100% Mg—MogS; cell at C/8, 94 cycles [14]
0.25 M MACC (3:2) in DME 2.0% 103 >3.1V 99% Mg-MogS; cell at 0.5C, 15 cycles [25a]
1.0 M HMDSMgCl in THF 0.58 x 1073 ~2.0V - Mg-Ag/Ni, 10 cycles n7
0.4 M HMDSMgCI-AICI; (3:1) in THF / 32V 100% Mg-S cell at 50 pA g1, 2 cycles [18]
0.35 m [(HMDS),MgJ:AICl; (1:2) in G2 1.7 107 >35V 99% Mg—MogSg cell at 10 mA g7, 30 [19b]
cycles
1.25 M Mg(HMDS),~4MgCl, 0.9 x 107 (60 °C, 0.75 m) 28V 99% Mg-MogS; cell at 0.1C, 50 cycles 120]
1.2 m [(HMDS), Mg]:AlCl; (1:2) in 7 >35V - Mg-S cell at 20 mA g7', 20 cycles [19a]
PP, TFSI: G2/G4 (1:2)
0.5 M BMPMC-AICI; in THF 2.56x 1073 26V 99% (After 50 cycles) ~ Mg—MogSg cell at 0.05C, 3 cycles [27]
0.5 m (IPBMC), 5-AICl; in THF 2.48 x 1073 25V 95% to 99% Mg—MoS; cell at 0.38C, 100 [23]
cycles
0.5 m (DTBP)MgCl-MgCl, in THF 0.66 x 1073 23V 100% Mg-MogSg cell at 0.05C, 50 cycles [24]
0.5 m Mg[B (Bu,Ph,)], in THF 1.0x 107 / 99% 0.25 m Mg[B (Bu, Ph,)], in 113
THF/DME Mg—Co30, cell at
0.87 mA, 4 cycles
0.5 m Mg(TFSI),/DME+TMP / >4.0V 75-79% Mg|[Mg symmetrical cell at 0.1 [37]
mA cm~2, 300 cycles
0.5 M Mg(TFSI),/DME+M4 40x 1073 3.8V 99.5% Mg-Mgg 1sMnO, cell at 0.5C, 200 B
cycles
0.4 m Mg(TFSI), in CEPE 2.8% 1073 >4.0V 95.2% Mg-polyaniline cell at 2C, 400 138]
cycles
0.8 M Mg(TFSI),~2MgCl, in DME/THF / / 98.8% Mg-MogS; cell at 0.5C, 1000 139]
cycles
Mg (SO;CF), in (DME+G,):MOEA (5:1) 43% 1073 35V 98% Mg—MogSg cell at 1C, 300 cycles [40]
0.1m Mg(BH,), in DME / 1.7V 94% Mg-MogS; cell at 1C, 40 cycles [26b]
(with LiBH, in electrolyte)
0.65-0.85 M Mg(CB,;H ), in G3/G4 2.9 %1073 38V >99% Mg-MnO, cell at 0.2 mA cm2, 1 [262]
cycle
0.05 M Mg(FCBy,Hy,), in G3 0.14 % 103 46V >99% / 41
0.5 M Mg(CB,;H1,), in DME:G2 (1:1) 6.1% 1073 / 99.9% Mg-PTO cell at 0.2C, 700 cycles [42]
0.6 M Mg[B (hfip),], in DME 6.8% 1073 43V >98% Mg-S cell at 0.1C, 100 cycles [29b]
0.3 M Mg[B(hfip)], in DME 1.1x 1072 45V — Mg-S cell at 0.1C, 100 cycles [43]
0.5 M Mg[B (O, (CF3),),], (Mg-FPB) 3.95 % 1073 >4.0V 95% Mg-MnO, cell at 10 pA g, 1 B
in G2 cycle
0.3 M Mg[Al(hfip) ], in G2 >5x 1073 >4.0V 99.4% Mg~Cu cell at 0.5 mA cm~2, 250 130]
cycles
0.24 m Mg[B(hfip),], in DME/PTHF 2.01x 1073 257V ~99% Mg-S cell at 0.1C, 100 cycles [32a]
PDEGVE@GF GPE 1.24 x 1074 >4.0V 99.99% Mg—MogS; cell at 1C, 3000 cycles [32b]
at30°C
PTB@GF-GPE 476 x 1074 >2.0V - Mg-MoySg cell at 0.5C, 250 cycles  [32¢]
PECH-OMgCI@G3 6.24 x 107> at 30 °C 48V - Mg-Mo;S, cell at 0.5C, 200 cycles [33a]
at30°C

the surface of Ca anode. As a result, the electrochemical perfor-
mance of the cell, especially the cycling stability, remained re-
stricted. Subsequently, researchers increasingly directed their fo-
cus toward the development of suitable Ca electrolytes. In 2016,
areversible stripping/plating process was realized with Ca(BF,),
based carbonate electrolyte at 100 °C.[*] This electrolyte demon-
strated a voltage window up to 4 V, which allows the possibil-

Adv. Energy Mater. 2024, 14, 2402157 2402157 (5 of 26)

ity of applying high voltage cathode materials. However, addi-
tional unwanted side reactions occurred at the same time, such
as the formation of CaF,. In 2017, a reversible Ca plating and
stripping phenomenon was achieved at room temperature us-
ing a Ca(BH,),/THF electrolyte.[*’] This electrolyte exhibited a
low polarization (~100 mV) over more than 50 cycles, indicat-
ing impressive stability and efficiency in Ca metal deposition.
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Figure 3. Timeline of the development of Ca battery technologies. a) Electrochemical behavior of Ca in different organic electrolytes. Reproduced with
permission.l44] Copyright 1991, the Electrochemical Society. b) Ca?* insertion and extraction in vanadium oxides. Reproduced with permission.[] Copy-
right 2003, Elsevier. c) Ca—S primary cell. Reproduced with permission.[*’] Copyright 2013, John Wiley and Sons. d) Electrolyte Ca(BF,), in EC:PC,
exhibiting a potential stability window of 4 V. Reproduced with permission.[*¢] Copyright 2015, Springer Nature. e) Plating and stripping calcium in
Ca(BHy),/THF electrolyte. Reproduced with permission.[4’] Copyright 2017, Springer Nature. f) Ca ion battery with tin anode working at room tem-
perature. Reproduced with permission.[48] Copyright 2018, Springer Nature. g) Ca[B (hfip) 4], (hfip = tetrakis (hexafluoroisopropyloxy)borate) based elec-

trolyte with oxidative stability up to 4.5 V. Reproduced with permission.
permission.l>° Copyright 2022, Springer Nature.

However, similar to the Mg(BH,), salt-based electrolyte, the volt-
age window of this electrolyte is restricted to 3 V due to the re-
ducing nature of borohydride. Soon after, efforts were made to
address the anode aspect. For example, tin (Sn) metal was ap-
plied as an anode material with alloying/de-alloying reaction,[*]
while anions intercalation/de-intercalation occurred simultane-
ously on the cathode side. This work introduced a novel dual-ion
system for Ca based batteries. In 2019, a new fluorinated alkoxyb-
orate Ca electrolyte was developed, exhibiting extended stability
up to 4.5 V.l Additionally, this electrolyte displayed remarkable
features such as high ionic conductivity and electrochemical sta-
bility, establishing a robust foundation for the feasibility of Ca bat-
teries. The long cycling stability of full cells with this electrolyte is
still limited when using the Ca metal anode due to significant pas-
sivation issues on the metal surface. Efforts to address this chal-
lenge included exploring alternative anode materials. In 2022, the
feasibility of Ca-Sn alloy anodes was validated, which achieved an
impressive stable charge/discharge for 5000 cycles when paired
with a 1,4-polyanthraquinone organic cathode.l**] However, the
produce of Ca-Sn alloy with excellent performance needs precise
synthesis, while further elucidating the mechanism behind the
alloying reaction is also imperative.

Adv. Energy Mater. 2024, 14, 2402157 2402157 (6 of 26)

%3] Copyright 2019, RSC Publishing. h) Ca-Sn alloy anode. Reproduced with

3. Metal Anode-Electrolyte Interface

3.1. Fundamentals of the Anode-Electrolyte Interface

As mentioned before, the component, structure as well as proper-
ties of the anode-electrolyte interface have close correlation with
the battery performance. Therefore, it is crucial to first under-
stand how this interface forms in a battery. Goodenough et al.['?]
have introduced a thermodynamic criterion for the formation of
the electrode-electrolyte interface. This criterion takes into ac-
count the lowest unoccupied molecular orbital (LUMO) and the
highest occupied molecular orbital (HOMO) of the electrolytes,
along with the electrochemical potentials of the electrodes (u, for
anode, p. for cathode). As depicted in Figure 4a, when the u,
surpasses the LUMO level of the electrolyte, the electrolyte will
be reduced by the anode, initiating the formation of an SEI, a fo-
cused point in this review. Similarly, if the u. of a cathode is lower
than the HOMO of the electrolyte, redox reactions will occur un-
less a cathode-electrolyte interface (CEI) is established. In LIBs,
the SEI forms as an intricate amalgamation of insoluble multi-
phase products that deposit on the anode, incorporating a diverse
range of both inorganic and organic interphases.[®?l An ideal SEI
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Figure 4. a) Schematic open-circuit energy diagram of an aqueous electrolyte. ®, and @ are the anode and cathode work functions. E, is the window of
the electrolyte for thermodynamic stability. A uy > LUMO and/or a uc < HOMO requires a kinetic stability by the formation of an SEI layer. Reproduced
with permission.l'3l Copyright 2010, American Chemical Society. b) Schematic representation of the four main subsequent steps involved in the global
process of electrodepositing a metal on the surface of an electrode covered with a passivation layer (or Solid Electrolyte Interphase, denoted as SEI).

Reproduced with permission.l“6] Copyright 2015, Springer Nature.

is characterized by high ionic conductivity, appropriate thickness,
and superior uniformity. However, inherent SEI is always chem-
ically heterogeneous and mechanically fragile, lacking the capa-
bility to sustain its original composition and structure through
repeated cycles. The dynamic SEI evolution during cycling re-
sults in the continuous degradation of both the anode interface
and electrolyte, ultimately leading to a reduction in Coulombic
efficiency and inferior cycling stability.[}] The SEI stands out as
the most crucial yet least comprehended component in battery
chemistry, also including divalent metal battery systems.

In divalent metal batteries, four sequential steps are involved
to achieve the reversible deposition/dissolution of metal anode,
as depicted in Figure 3b by Ponrouch et al.:[*] 1) solvated metal
ions diffuse/migrate within the electrolyte; 2) these metal ions
desolvate at the electrolyte/SEI layer; 3) the desolvated metal ions
migrate through the SEI; 4) metal nucleation occurs on the an-
ode/substrate. Evidently, SEI is intricately connected to all these
four steps and plays a key role in this process.

To obtain a stable metal stripping/plating, the most important
characteristic of SEI is its ability to conduct metal ions, which
determines the feasibility of reversible metal deposition. Stem-
ming from the decomposition of coordinated anions/solvents or
contaminants, the majority of components within the interface
of divalent metal batteries exhibit low ionic conductivity.[®*] Con-
sequently, the interlayer tends to impede the transport of divalent
ions to the anode, rather than providing protection to prevent
ongoing side reactions with electrolyte, as observed in LIBs.[]
Addressing these issues is crucial for achieving prolonged cy-
cling of rechargeable divalent metal batteries. Four innovative
strategies, illustrated in Figure 5, can help optimize the anode-
electrolyte interfaces, including using electrolyte additives, tun-
ing the M?**-solvent coordination environment, modifying the in-
teractions between M?* and anions, and building artificial inter-
phases.

In addition, the primary properties and the specificingredients
of the metal anode-electrolyte interfaces are directly determined
by the composition of electrolyte. In the subsequent sections, the
anode-electrolyte interfaces will be summarized and discussed,
focusing on various electrolyte systems for both Mg and Ca metal
batteries.

Adv. Energy Mater. 2024, 14, 2402157 2402157 (8 of 26)

3.2. Mg Anode Interfacial Chemistries and Surface Engineering

Taking advantage of abundant nature reserves, low costs, and
favorable energy density, Mg metal has emerged as a highly
promising candidate for use as anode materials. While this con-
cept holds considerable appeal, there remain significant chal-
lenges to overcome. Mg exhibits slower reaction kinetics in com-
parison to Li due to the higher charge density of the divalent Mg+
ions (120 C mm~ for Mg?* vs 52 C mm™ for Li*).[2>%] Addition-
ally, the Mg surface strongly tends to form non-conductive inter-
faces from the reactive Mg with the electrolyte and moisture, as
mentioned in the previous section. This section will summarize
and discuss the anode-electrolyte interface in each typical type of
electrolyte, covering components, metal deposition morphology,
cycling stability, and other relevant aspects.

Due to intensified electrostatic interactions, desolvation and
the transport of divalent ions through the SEI present more
formidable obstacles, leading to significant overpotentials and re-
duced reversibility in the electrochemical processes.[”] Both an-
ions and solvents can greatly impact the solvation structure of
Mg?* ions in the electrolyte, thereby serving as decisive factors
in determining the composition of the interface. Besides, traces
of oxygen, water and other organic vapors in the glove box may
react with the metal anode, forming oxides and hydroxides on the
surface during the process of preparing and assembling of batter-
ies. We have selected the current representative Mg electrolytes
and discussed each of them in detail separately.

3.2.1. Magnesium
bis(trifluoromethanesulfonimide) (Mg(TFSI),)-Based and
Magnesium Triflate (Mg(OTf),)-Based Electrolytes

Mg(TFSI),, a commercially available Mg salt, has garnered sig-
nificant interest in recent years. This is primarily attributed
to its notable characteristics, including good solubility in ether
solvents, high ionic conductivity, and high anodic stability.l?’]
Mg(SO,CF,), (Mg(OTf),) is also a conventional low-cost Mg salt
with a smaller molecular weight, which can enhance the energy
density of the batteries.[*]

© 2024 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 5. Four strategies to mitigate the anode-electrolyte interfacial issues in divalent metal batteries: a) Using electrolyte additives. b) Tuning the
MZ*-anion interaction. c) Tuning the M%*-solvent coordination environment. d) Building artificial interphases.

As a divalent ion, Mg?* exhibits interactions that are more in-
tricate than those of monovalent ions, playing a pivotal role in
both the dissociation of Mg salts and the modulation of the co-
ordination environment of Mg?* ions. Normally, the coordina-
tion environment of Mg?* ions consists of solvent and/or an-
ion(s) depending on competing Mg?*-solvent and Mg?*-anion
interactions. These chemical interactions are closely linked to
electrochemical performance of the electrolytes and also respon-
sible for the formation of the surface layer, since both sol-
vents and anions can be chemically or electrochemically re-
duced on the metal anodes.[®®] For example, within the com-
mercially accessible Mg(TFSI),/DME electrolyte, the robust in-
teraction makes the electron transfer from the oxygen atoms
of DME to the divalent Mg?*, facilitating the formation of the
[Mg(DME);]** species.’”®] Meanwhile, the [Mg**-TFSI-]* ion
pair will also form due to the strong interaction between the
cations and anions.[%"! Similarly, the commercial Mg(OTf), salt
yields the [Mg?*-OTf]* ion pair in the electrolyte solution.”?]
All these species are prone to reduction during Mg plating, de-
composing into inorganic byproducts such as MgF,/MgS for
Mg(TFSI), and Mg(OH),/MgO/MgF, in the case of Mg(OTf),,
along with certain polymeric/organic species, leading to the
formation of a substantial impedance layer on the Mg sur-
face. This issue has been addressed from four distinct direc-
tions: incorporating salt additives like MgCL,,”! building artifi-

Adv. Energy Mater. 2024, 14, 2402157 2402157 (9 Of25)

cial interfaces,l”?] modifying anions,!”*! and introducing solvent
additives [3637.38,40.74]

As already known, with the addition of MgCl,, reversible
Mg deposition with crystalline uniformity of the Mg deposits
can be achieved.”™® Sun et al.**! improved the stability of
the Mg anode by designing an electrolyte using an inorganic
Mg(TFSI),-~MgCl, combination in mixed DME-THF solvents.
However, it has been demonstrated that the presence of chlorides
in the electrolyte results in strong chemical bonding of Mg**
by CI, forming singly charged species Mg,ClL *, which domi-
nants the intercalation. As a consequence, the energy density de-
creases compared to divalent Mg?* storage.””] With similar con-
cept, 1-chloropropane (CP), a covalently-bonded chloride source,
was introduced into different conventional electrolytes, includ-
ing Mg(OTf),, Mg(TFSI), and Mg(HMDS),.I”®l The addition of
CP significantly impacts the solvation structure of these elec-
trolytes. Through the utilization of cryo-TEM, a uniform inter-
phase was observed on the surface of hexagonal Mg plates shown
in Figure 6. As confirmed by EDS and XPS analysis, this inter-
phase exhibited a Cl-rich composition, which can inhibit passi-
vation and facilitate the electrochemical reaction kinetics. But it
should be mentioned that the 5.4 vol% CP in the electrolyte cor-
responds to a high molar ratio of CP to Mg(OTf),, approximately
three times. Furthermore, CP can also react with the Mg anode
to form the Grignard compound n-propyl magnesium chloride,

© 2024 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 6. a) Raman spectra of Mg(OTf),/DME, CP liquid and Mg(OTf), + CP/DME. XPS spectra of b) Mg 2p, c) Cl 2p, and d) F 1s of the cycled
Mg electrode in Mg(OTf), + CP electrolyte with different Ar etching times. The calculated LUMO and HOMO energy values of e) individual species
and f) Mg?* coordinated complexes in Mg(OTf), + CP electrolyte. g) FIB-SEM cross sectional images of cycled Mg electrodes in pure Mg(OTf), and
Mg (OTf), + CP electrolytes, respectively. The purpose of Pt deposition is to protect the electrode from ion beam damage during sample preparation. h,i)
Cryo-TEM images with different magnifications and j) Cryo-HRTEM image of the surface interphase from the Mg deposit in Mg(OTf), + CP electrolyte.
Reproduced with permission.!”®] Copyright 2024, Royal Society of Chemistry.

which leads to two distinct electrolyte species in the system. Grig-
nard compounds are known to be nucleophilic, which precludes
the use of this electrolyte for electrophilic cathode materials such
as sulfur and most organic materials as mentioned in the previ-
ous section. Apart from using Cl-containing additives, other types
of halogens or halides have also been explored as additives for Mg
electrolytes. For example, Li et al.l’””! added a small concentration
of iodine into the Mg(TFSI),/DME electrolyte, resulting in a re-
duced overpotential for Mg deposition/dissolution. Chinnadurai
etal.l”®l used MgBr, in Mg(HMDS),-based electrolyte, which also
showed an improved reversibility.

An alternative strategy to limit the parasitic reactions between
the Mg anode and electrolytes is to construct an artificial inter-
phase that conducts Mg?* ions. With the protection of a suitable
interphase, it is expected that reversible Mg deposition can be
enabled in conventional electrolytes. Son et al.[’?] reported an ar-
tificial Mg?*-conducting interphase made from polyacrylonitrile

Adv. Energy Mater. 2024, 14, 2402157 2402157 (10 of 26)

(cPAN) and Mg triflate. This interphase can be engineered on
the Mg anode surface, as shown in Figure 7. More importantly,
the low electronic conductivity of this artificial interphase pre-
vents the electrochemical reduction of the electrolyte, allowing
the use of carbonate solvent, such as propylene carbonate (PC),
even with moisture impurities. Compared to the pure Mg an-
ode, the coated Mg anode demonstrated significantly enhanced
reversible capacity and cycling stability in Mg/V, O, full cells us-
ing Mg(TFSI),/PC electrolytes.

Except from using additives, an alternative approach involves
anion modification. Huang et al. achieved this by modifying the
OTf™ anion through grafting onto a fluorinated borate ester.l”*]
This approach yielded an asymmetric, weak-coordination boron-
center anion ([B(TFE),O0Tf]", TFE = —OCH,CF,), using CrCl,
as a catalyst to promote the process. Different quantities of CrCl,
were tested to refine the synthetic pathway for the desired anion,
and it was determined that 3wt% CrCl, is the optimal amount.
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Figure 7. a) The coated Mg metal with the artificial MgZ*-conducting interphase. Conformal coating thickness of 100 nm is observed on the Mg surface.
b) STEM HAADF mode observation of Mg metal with the Mg?*-conductive coating layer. STEM EDS mapping area is indicated by the yellow rectangular
box. c—h) EDS mapping of ¢) C, d) N, e) Mg, f) F, g) O and h) S in the coating. i) Schematic of a Mg powder electrode coated with the artificial
Mg?*-conducting interphase, and the proposed structure for the artificial Mg?*-conducting interphase based on XPS, TOF-SIMS, and TGA analysis.
Reproduced with permission.l”22] Copyright 2018, Springer Nature.
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Figure 8. a) XRD patterns of the deposited Mg on Mo in MBTO-1 and MBTO-2 electrolytes. SEM images of the deposited Mg on Mo in b) MBTO-1 and
c) MBTO-2 electrolytes. O 1s, F 1s, and B 1s XPS depth spectra of the deposited Mg on Mo after five cycles in d) MBTO-1 and e) MBTO-2 electrolytes.
Elemental proportions of SEls formed in f) MBTO-1 and g) MBTO-2 electrolytes. h) TOF-SIMS depth profiles and i) 3D rendering models of CHO, ™,
SO;CF;~, BO,~, MgO~, MgF,~, and Mg(OH),~ for the deposited Mg on Mo after five cycles in MBTO-2 electrolyte. j) Schematic diagram of the SEI
layer. EIS curves of Mg/Mg cells at the different cycles in (k) MBTO-1and I) MBTO-2 electrolytes. Reproduced with permission.!”3] Copyright 2024, John
Wiley and Sons.

Both XPS and TOF-SIMS depth analysis confirm that only trace
amounts of chloride (< 2 atomic%) were detected, indicating
minimal introduction of soluble CI~ ions into the electrolyte.
Figure 8 illustrates the morphology transition of the Mg de-
posits in electrolytes with different synthetic approaches, shifting

Adv. Energy Mater. 2024, 14, 2402157 2402157 (12 of 26)

from micron-sized spheres in the electrolyte synthesized with-
out CrCl, (labeled as MBTO-1) to a crystalline hexagonal struc-
ture in the electrolyte synthesized with 3wt% CrCl, (labeled as
MBTO-2). From the XPS and TOF-SIMS results, a B-containing
organic/inorganic SEI film was formed on the surface. This film

© 2024 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 9. Electrochemical performance and morphological changes of Mg anode cycled in different electrolytes. a) Galvanostatic cycling of Mg||Mg
symmetric cell with Mg(TFSI),/DME+TMP as the electrolytes at a current density of 0.1 mA cm™2. The insets are the enlarged views of the curve at
two specific time regions. b) SEM images of the 30" cycled Mg anode surface in the two electrolytes. c) Molar percentage of decomposition species
found on the cycled Mg surface. The low content species information is shown in the inset. d) Nyquist plots of cells in the two different electrolytes.
Reproduced with permission.371 Copyright 2022, John Wiley and Sons. e) The molecular structure and denticity of the chelants. f) CEs for Mg plating
and stripping in E, in Mg||SS cells cycled at0.1 mA cm™2. g) Long-term cycling of the Mg||SS cell in E4 ata current density of 0.1 mA cm~2. h) The relative
concentrations of decomposition species found on the cycled Mg surface. Reproduced with permission.[3<l Copyright 2021, American Association for
the Advancement of Science. i,j) Plated Mg morphologies in CEPE electrolyte. k) Schematic illustration of stripping current distribution on plated Mg.
1) Fully stripped Mg morphologies in CEPE electrolyte. m) Atomic concentration of different TFSI~-related species on the plated Mg surface and magnified
view of the circled region. Reproduced with permission.[*8] Copyright 2024, Royal Society of Chemistry.

played a dual role in enabling the reversible process of Mg plat-  metrical cells demonstrated a low overpotential, an extended cy-
ing/stripping while also demonstrating high compatibility with  cle life and a low interfacial resistance as shown in Figure 9a,d.
cathode materials, as reported. For selecting appropriate anions  After 30 cycles of stripping/plating, the surfaces of Mg metal an-
for Mg-ion conductive salts, the weakly ion-pairing approach ap-  odes taken from cells with different compositions were exam-
pears to be the most promising direction, as it may facilitate the = ined using SEM/EDX (Figure 9b,c). In different electrolytes, no-
divalent ion transfer. Additionally, the anion decomposition on  table differences were observed in both the morphology and com-
the metal anode surface should be taken into account, ideally  position. In the electrolyte with TMP, the Mg surface appeared
forming beneficial SEIs, such as B-containing interphases. smoother with an Mg content over 90%. The remaining 10%

Besides salt engineering, solvent coordination regulation is  comprises interphases resulting from the decomposition of the
another effective approach that has been applied to address  organophosphorus additive, which may facilitate the transport of
the interfacial issues between the anode and electrolyte. Zhao =~ Mg?* as described in the work. Recently, a new co-ether phos-
et al. applied trimethyl phosphate (TMP) as a solvent additive.’’] phate electrolyte (CEPE) system combining a triethyl phosphate
Due to the higher polarity of P=0 double bonds, it can replace  (TEP) additive with different ethers as co-solvents was reported
one of the three DME molecules in the solvation shell to form  to adjust the Mg?* solvation sheath.[*8] It was confirmed that the
[Mg(DME),TMP}**. With the TMP electrolyte, the Mg||Mg sym-  introduction of TEP successfully outcompeted the TFSI~ anions
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in the first solvation shell and enabled stable Mg** /Mg redox at
the anode. The co-ether solvent played a crucial role in promot-
ing a more uniform Mg deposition through nanoscale nucleation
and growth, as shown in Figure 9i-1. A very thin SEI, character-
ized by trace amounts of S- and F-rich composition, was formed
in this CEPE electrolyte (refer to Figure 9m). Interestingly, the
absence of detectable TEP decomposition suggests no additive
consumption within this system, which may also contribute to
the long-term cycling stability.

Except from phosphate-based solvent/additives, a family of
amine-based solvent/additive has also been studied by numer-
ous researchers from various groups. For example, multidentate
methoxyethyl-amine chelants [-(CH,OCH,CH,N),-] (M,) with
high affinity were chosen to reorganize the solvation sheath for
Mg?* ions (Figure 9e).3¢I The chelating agents facilitate the for-
mation of a less compact and more polarizable solvation sheath.
This favors electron transfer, thereby reducing overpotential and
promoting stable Mg plating and stripping, as illustrated in
Figure 9f,g. An additional intriguing observation from Figure 9h
could shed light on the origins of the reduction in overpoten-
tials. This reduction may correlate with the suppression of in-
terfacial reactions or electrolyte decomposition, thus imposing
a limitation on the thickness of the passivation layer. Using
similar nucleophilic amidogen donor, Du et al.l*%l introduced 2-
methoxyethylamine (MOEA) into a simple Mg(OTf), /ether solu-
tion to compete in solvation coordination. Wang et al.’#’! pro-
posed a series of solvent molecules with Mg(TFSI), salt, in-
cluding 3-methoxypropylamine and 1,3-propanediamine. It was
proved that 3-methoxypropylamine, which has a moderate co-
ordination ability, can be used as an effective solvent. Wang et
al.74al added the 3-dimethylaminopropylamine (DMAPA) to the
Mg(TFSI),/G2 electrolyte. The co-solvents can be partially ion-
ized to form active ionic species, which help mitigate the de-
composition of the TFSI~ anion on the Mg metal anode. Re-
cently, Li et al.”*I selected a series of methoxy-amine-based elec-
trolytes with different ion-pairing strength to explore their in-
terfacial reduction stabilities and decomposition behaviors on
a Mg metal anode. The conclusion is that the structures with
strong cation-solvent coordination reduces the reduction stability
against Mg anode, primarily due to hydrogen evolution from the
amine group. To sum up, the solvation structure is closely related
to the solubility of the electrolyte salt, electrochemical processes
and interfacial parasitic reactions. When choosing a solvent or co-
solvent, the solvation properties should be carefully considered.
The ideal solvation structure would have low energy barriers in
both the charge transfer and desolvation processes, while avoid-
ing parasitic reactions, such as reduction on the Mg metal anode.

3.2.2. Organoborate-Based Electrolytes

Electrolytes based on magnesium organoborates emerge as
promising candidates for the high-energy Mg batteries, given
their elevated anodic stability, substantial ionic conductivity,
and non-corrosive characteristics. In the system with fluori-
nated alkoxyborate-based electrolyte Mg[B(hfip),],/DME (hfip =
OC(H)(CF,),), the solvent coordinated [Mg(DME),]** ion still
stands out as the predominant species. The [B(hfip),]” anion
decomposition was detected at the Mg anode, forming a MgF,

Adv. Energy Mater. 2024, 14, 2402157 2402157 (14 Of25)
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and boron-based thin solid interphase.l””l MgF, has been demon-
strated to possess ionic conductivity while lacking electronic con-
ductivity, making it a favorable component for the SEL1® Thus a
stable Mg stripping/plating behavior could be achieved with the
Mg(B(hfip),],/DME electrolyte. Recently, a systematic study was
conducted by Li et al.B! to investigate the impact of anions in
electrolytes using DME as the solvent. The anions ranging from
0 to 5 exhibit diverse -CF, substitutions shown in Figure 10a.
The corresponding Mg?* solvation shell can be divided into three
categories with these anions (Figure 10b—d): close-contact solva-
tion structure (anions 0 and 1), exhibiting a lower dissociation
degree and an anion-derived passivation layer; completely dis-
sociated solvation structure (anions 2 and 3), exhibiting a high
dissociation degree with a high ionic conductivity and partially
dissociated solvation structure (anions 4 and 5). From the ex-
perimental results, these solvates exhibit nearly identical decom-
position products with similar decomposition degree, compris-
ing both organic (C-O, B-O, C-F) and inorganic (Mg-F/Mg-0)
components originating from the decomposition of various an-
ions and the DME solvent. At the same time, the deposited Mg
showed a polygonal structure (see Figure 10e,f). Beyond the lat-
tice fringes of the bulk Mg, small amorphous layers were sparsely
distributed, indicating that the interphases of this system do not
densely cover the Mg surface. This observation contrasts with the
behavior of Ca analogues, which will be discussed in detail in Sec-
tion 3.3.3. It is hypothesized that the morphology of the interface
will influence ion transport and, consequently, the electrochem-
ical performance of the battery. Therefore, when aiming for an
ideal SEI, its composition, thickness, and morphology should be
considered simultaneously.

3.2.3. Carborane-Based Electrolytes

The unique properties of recently developed Mg carborane
electrolytes, characterized by their nonreactivity toward mois-
ture and noncorrosive nature, have been previously highlighted.
By using scanning transmission electron microscopy (STEM)
analysis, Singh et al. studied the interface of the Mg an-
ode in [Mg(DME),](CB,;H;;), (MMC)/G4 electrolyte.[82] After
galvanostatic cycling, the black deposits were characterized
via TEM in cells with two different electrolytes: MMC elec-
trolyte (Figure 11a-d) and all-phenyl-complex (APC) electrolyte
(Figure 11e,f). In the APC electrolyte, the deposition appears as a
compact crystalline structure without the presence of an SEI layer
on the surface. Conversely, in MMC, an amorphous layer, com-
prising carbon and boron species as identified by XPS and TEM
analysis, is observable outside the deposited Mg nanoparticles.
The behavior of SEI formation corresponds to the Coulombic ef-
ficiency for Mg deposition and stripping. In the APC electrolyte,
the Coulombic efficiency was 100%, indicating the absence of SEI
presence. Conversely, in the MM C/G4 electrolyte, the Coulombic
efficiency increased from 68 to 100% within the first four cycles,
corresponding to SEI formation during the initial cycles. The in-
crease in Coulombic efficiency with cycling is attributed to the
formation of the interphase layer, facilitating efficient Mg metal
growth and dissolution. Thus, the formation of this Mg-ion con-
ductive SEI is crucial for the generation of active metal nanoparti-
cles. This study confirms that interphase chemistry significantly

© 2024 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 10. a) Molecular structure of six anions. b) Calculated ESP maps of anions under DME conditions. c) Typical solvation structure for the pri-
mary Mg2+ solvation shell obtained from MD simulations. Color scheme of molecules: Mg, purple; F, pink; O, red; C, gray; B, green; and H, white.
d) Distribution of the Mg?* solvates for the six electrolytes. ) Nanostructure of Mg deposited in the M2 electrolyte imaged by cryo-EM. f) Structure of
deposited Mg in the M1/M3 /M4 /M5 electrolytes (arrows refer to amorphous passivation layers). g) Lattice fringes and FFT diffraction of deposited Mg.
Reproduced with permission.[81] Copyright 2024, Springer Nature.
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Figure 11. a) TEM image of a separator (inset) sample extracted from an Mg/Mg symmetrical cell after 100 cycles at 0.1 mA cm™ (at 0.5 mA h) in
MMC/G4. b) The corresponding SAED pattern for the material circled in (a). c) TEM image of a Cu grid sample extracted after 9.5 cycles (after deposition
of Mg) at 0.1 mA cm2 (at 0.5 mA h) in MMC/G4. d) TEM image of a Cu grid sample extracted after 10 cycles (after dissolution of Mg) at 0.1 mA cm2
(at 0.5 mA h) in MMC/G4. e) Repetition of experiment c) except with APC electrolyte. f) Repetition of experiment d) except with APC electrolyte. Please
note that the light contrast fringe in (f) is due to a slightly under focused TEM image and not an SEI layer. Reproduced with permission.[®2] Copyright

2018, American Chemical Society.

influences the ability of Mg electrolytes to deposit and dissolve
Mg metal. Apart from the variation in electrolyte composition,
the separator also plays a crucial role, affecting the morphology
of metallic deposits. However, addressing the influence of sepa-
rator falls beyond the scope of this review paper.

3.3. Ca Interface Chemistries

The challenges associated with the interface between the Ca
metal anode and the electrolyte are quite substantial, even more
pronounced than those observed with Mg metal anodes. The
presence of a passivating layer at this interface is quite criti-
cal, hindering ion transport and inhibiting metal deposition. Ad-
dressing these interfacial issues is essential to overcome this lim-
itation. Thus, the establishment of a stable and electrochemically
active interface between the Ca anode and electrolyte is impor-
tant for improving the performance, safety, and cycle life of Ca
metal batteries. This section aims to elucidate recent advance-
ments in understanding Ca dissolution, deposition, and the re-
sulting interfaces, focusing on the most promising electrolyte
systems identified to date.

3.3.1. Ca(BF,),

As previously discussed, Ca(BF,), exhibited a promising Ca
metal stripping/plating behavior in a solvent mixture of ethylene
carbonate (EC) and propylene carbonate (PC) with a low overpo-
tential of 0.1 V at 100 °C.[*®] Whereas there was negligible Ca

Adv. Energy Mater. 2024, 14, 2402157 2402157 (16 Of26)

deposition observed when using Ca(ClO,), and Ca(TFSI), salt.
However, the Coulombic efficiency was found to be quite low
due to the difference in charge amount between Ca stripping and
plating, suggesting the occurrence of undesired side reactions
within the electrolyte during the Ca deposition process. Results
from synchrotron X-ray diffraction experiments revealed a signif-
icant presence of CaF, in the deposits, likely a byproduct of elec-
trolyte decomposition and presumably a component of the sur-
face passivation layer. In 2019, the reversible Ca stripping/plating
behavior of the Ca(BF,), electrolyte was further validated through
SEM imaging, which depicted a thin Ca deposit layer on a cop-
per substrate, as shown in Figure 12.1° The electrochemical tests
were conducted under room temperature, during which no de-
tectable CaF, was observed. The authors explained that the for-
mation of CaF, may not be as predominant at room temperature
as it is in high-temperature conditions. A more comprehensive
study was reported later in 2020, expanding on previous find-
ings and offering deeper insights.[®3] The anode-electrolyte inter-
face was characterized by various surface analysis techniques, in-
cluding transmission electron microscopy (TEM), as illustrated
in Figure 13a—d. The presence of calcium borates (such as tri-
coordinated boron) and fluoride was confirmed, and a substan-
tial amount of organic species were also proposed through an as-
sumed polymerization mechanism depicted in Figure 13e. This
layer functions as an SEI by allowing the percolation of Ca?* ions
while restricting further reduction of the electrolyte. When this
layer was applied to a stainless steel working electrode by pre-
cycling the clean stainless steel electrode in Ca(BF,), electrolyte,
and subsequently disassembling it for use as a working electrode

© 2024 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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a
Ca s /

Carbon Tape

Figure 12. SEM images of the Cu substrate after different plating and stripping steps. a) Cross sectional image of the calcium deposit after the first
plating. b) Image of the substrate after the first stripping. Dashed line in panel a visually aids to delineate the copper substrate from its surface, upon
which calcium is deposited. The dashed lines in panel b delineate the cross sectional thickness of the Cu substrate, above which is the stripped surface
and below which is carbon tape. ¢,d) Calcium deposits (appearing visually as thin grains) on the substrate as viewed from the top and from an angle,
respectively, after the 10th plating (both images from the same sample). The inset of panel c shows the Cu substrate after the first plating, for comparison.
The inset of panel d shows the Cu substrate surface after the 10th stripping. Reproduced with permission.[>"] Copyright 2019, American Chemical Society.
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Figure 13. Bright field TEM images of Ni particles a) before and after formation of a surface layer in b) Ca(TFSI), or c¢) and d) Ca(BF,), based electrolytes,
respectively. Red and blue dotted lines are as a guide for the eye to indicate the thickness of each passivation layer. The inset in panel d) corresponds
to the diffraction pattern associated to the deposit. e) Proposed mechanism for the anion decomposition upon reduction in Ca(BF4),/EC:PC elec-
trolytes. Further substitution of F by O can lead to cross-linked boron polymers. f) Maximum particle size tolerating reasonable diffusivity as function
of MZ* migration energy in the context of battery performance at various charging rates and temperatures. g) energies of Ca?* (red) and Mg?* (blue)
migration (y-axis in meV) in a number of materials as computed from first-principles calculations. M indicates either Ca?* or MgZ*. Reproduced with
permission.!83] Copyright 2020, The Royal Society of Chemistry.
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Figure 14. a) Experimental LSVs and schemes of proposed Ca electrodeposition in 1.0 m Ca(BH,), in THF at an Au UME and a Pt UME. Reproduced
with permission.[#4] Copyright 2019, American Chemical Society. b) Ca plating morphology in the Ca(BH,),-LiBH,-THF electrolyte at 0.25 mA cm™2
and 0.5 mAh cm~2. And XPS depth profiling analysis of the deposits in the Ca(BH,),-LiBH,-THF electrolyte. The XPS sample was prepared by plating
0.5 mAh cm~2 of deposits on an Au electrode after 3 galvanostatic cycles at 0.25 mA cm~2 and 0.5 mAh cm~2. ¢) The discharge specific capacity
and voltage—capacity profile of LTO cathode material in a Ca||LTO full cell with the Ca(BH,),-LiBH4-THF electrolyte under galvanostatic cycling at 0.2C
(1C =175 mAh g~1). Reproduced with permission.[83] Copyright 2020, John Wiley and Sons.

in another cell with a different electrolyte. Interestingly, it facili-
tated successful operation even in Ca(TFSI),/EC:PC electrolyte,
a condition where pure stainless steel electrodes failed to achieve
Ca deposition. This emphasizes the importance of borates as an
essential element within the SEI layer. Building on the vital role
of a borate-based layer in Ca plating, the same research group
later explored boron trifluoride diethyl etherate as an additive in
the Ca(TFSI), electrolyte.[>?]

Furthermore, the energy barriers for the migration of either
Mg?* or Ca?* in selected materials were calculated and summa-
rized in Figure 13f,g. These migration barriers vary with different
conditions, such as temperature, thickness, and compositions.
Although Mg/Ca compounds exhibit similarities in certain prop-
erties, the ion migration energy barriers show distinct trends. For
example, Ca?* has a much lower migration energy in oxides than
in fluorides (997 meV vs 2046 meV), whereas the opposite trend
is observed for Mg?* (1851 meV for oxides vs 1122 meV for flu-
orides), as illustrated in Figure 13g. Notably, the migration en-
ergy barrier of Mg?* in fluorides is significantly lower than that
of Ca’*. This implies that specific strategies are required in the
design of optimal SEIs for the Mg/Ca battery systems, respec-
tively.

3.3.2. Ca(BH,),

As previously mentioned, Bruce et al. first reported the Ca(BH,),
salt based electrolyte in THF solvent,[*”] demonstrating the re-
versible plating and stripping of Ca with up to 94% Coulom-
bic efficiency at room temperature. Borohydrides are recognized
for their robust reducing properties and stability during electro-
chemical reduction processes. Analysis using X-ray diffraction
(XRD) of the deposit formed with this electrolyte unveiled the
presence of a minor amount of CaH, alongside the predominant
Ca metal product. The formation of CaH, may be attributed to
the reaction between Ca anode and THF (Ca + C,H;O — CaH,
+ C,H;0), which may occur on Ca surface both during open cir-
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cuit and Ca deposition to prevent continuous Ca reaction with
electrolyte. However, authors mentioned that CaH, cannot effec-
tively function as the SEI due to its limited ionic conductivity.
Ultramicroelectrodes (UMEs) including Au and Pt were used by
Ta et al. to further investigate Ca electrodeposition mechanism
and speciation process with the same electrolyte.®*] There are
three primary steps involves: 1) absorption of hydride ions on the
electrode; 2) reduction of Ca?* to metallic Ca on the electrode;
3) formation of CaH, on the metallic Ca. The experimental re-
sults have revealed that THF does not undergo decomposition
upon exposure to Ca, indicating that the hydride does not origi-
nate from THF but rather from borohydride. Simulation results
revealed that the first step occurring on the Pt electrode is ~10
times faster than that on the Au electrode, which governs the dif-
fusion time of adsorbed hydride, results in the formation of a
patchy Ca layer on the Pt surface, whereas an even distribution
is observed over the Au electrode, as depicted in Figure 14a. This
observation hints at the dependency of metal electrodeposition
on the substrates employed. Besides, Jie et al. emphasized that
the solvation energy plays a pivotal role in influencing interfacial
reactions on the electrode surface, ultimately determining elec-
trochemical performance of the cells.®*] To decrease the coordi-
nation number of Ca?* and weaken the solvation energy, LiBH,
salt was introduced into the Ca(BH,),/THF electrolyte. The ad-
dition of LiBH, was confirmed to induce the formation of a ball-
shaped deposition composed of Ca, CaCO,, CaO, and THF de-
composition products, as illustrated in Figure 14b. Furthermore,
when employing this electrolyte, the Ca||Au cells completed 200
discharge/charge cycles with a high Coulombic efficiency up to
99% and the calcium||lithium titanate (LTO) full cell exhibited
stable performance over 200 cycles, as depicted in Figure 14c.
In 2022, an in-depth investigation about the SEI in the model
Ca(BH,),/THF electrolyte was conducted with the help of TEM
analysis under cryogenic conditions.®®] It’s worth noting that in
this work, a small amount of ~0.004 m NaBH, was added to fa-
cilitate the formation of dense Ca deposits. It was demonstrated
that instead of CaH,, the interphase formed from the electrolyte

© 2024 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH

25U201T suowoy) 2anear) [qesrdde ) £q PAUIA0S AT SA[ONIE YO 1SN JO ST 10§ KTRIqIT AWUQO LI AY UO (SHONIPUOI-PUL-SULI)/WOY" KA 1m’ KTRIQI[2UI[U0//:SANY) SHONIPUO)) PUE SWI L A} 23S *[S70T/ZT/0T] U0 ATe1qr auruQ £[1ay ‘W) 1esIaATun) 12p ZI3 £q LST70PT0T WUR/Z00T 0 1/10p/mod’ K1 ATRIqIAUI U0 P2 dueA pe//:sdNT WOty papeo[umo( ‘8¢ ‘707 ‘0r8or10T



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

www.advenergymat.de

c)
.’

d) Low-loss e) Cal, -edge f) Cal,j-edge
FL P 3| 3|
; ‘A CaO ref g ;
71 7] 7]
c s c
o 2 2
e[ = £ L 4
R el : CaO ref
Metal ref.
10 20 30 40 50 60 340 360 380 400 355 365 378 385
Energy Loss (eV) Energy Loss (eV) Energy Loss (eV)
9) O K-edge h) B K-edge i) C K-edge
- Iy -
s > 3 M\J*/\‘M
2 £ 2
@ 2 )
] g g
. [EPE T P R TT T JRTTTN
CaO ref 3 CaB,O ref. | [roveersreee’ CaCoO, ref.
520 6540 560 580 600 190 200 210 220 270 280 290 300 310 320
Energy Loss (eV) Energy Loss (eV) Energy Loss (eV)

Figure 15. Compositional mapping of the interphase formed on the surface of a representative calcium deposit at cryogenic conditions. a) High-angle
ADF-STEM image of calcium surface region highlighting interphase contrast. Corresponding b) LL and c) CL EELS maps in this approximate region at
1 nm/pixel resolution. d) Extracted LL-EELS spectra corresponding to the map in panel b. Extracted and background-subtracted CL-EELS spectra at the
e) and f) Ca L, ;-edge, g) O K-edge, h) B K-edge, and i) C K-edge corresponding to the map in panel c. At the B K-edge, a CaB, O, referencespectrum is
shown as an exemplar calcium borate species. Reproduced with permission.[2¢] Copyright 2022, American Chemical Society.

is a nanometric calcium oxide structure, with a small fraction of
calcium borate and calcium carbonate species (Figure 15). The
authors emphasized the significance of the nanoscale composi-
tional and structural heterogeneity of the SEI in facilitating room-
temperature Ca* transport through an otherwise ionically insu-
lating material.

Recently, the coordination between Ca’* and BH,~ and solva-
tion with THF has been investigated with various electrolyte con-
centrations via electrochemical quartz crystal microbalance with
dissipation (EQCM-D).®”] The process of Ca deposition was un-
veiled to be more intricate than a straightforward two-electron
mechanism. It encompasses the desolvation of THF and vari-
ous configurational rearrangements within surface complexes,
such as CaBH,*-4THF or Ca(BH,),;”-4THF, as illustrated in
Figure 16a. Figure 16b provides a summary of potential reaction
pathways for Ca deposition in the Ca(BH,),/THF system. The
components of the interface layer were identified through XPS,
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as depicted in Figure 16c—e. These components include calcium
oxide, borates, carbonate and some organic species, which align
with previous reports.

Based on the discussed studies, it can be concluded that the in-
terphases demonstrate variability, which is influenced by factors
such as salt concentration, additives, substrates, and test condi-
tions.

3.3.3. Ca[B(hfip) ,], and Ca[Al(hfip) ],

In 2019, a pioneering Ca electrolyte incorporating Ca[B(hfip),],
salt with DME solvent was reported by two separate research
groups,[*l drawing inspiration from its Mg electrolyte coun-
terparts as mentioned earlier in Section 3.2.2. The weakly co-
ordinating organoborate anion leads to the formation of fully
isolated solvates, in which the Ca** ion is coordinated by
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Figure 16. a) Proposed key surface intermediates identified by EQCM-D data on the Au surface in the 1.5 m electrolyte cell during the first cathodic
plating process as a function of time (corresponding potential scale is shown in magenta, and b) scheme of the proposed surface electrochemical
reaction pathways during the first Ca electrodeposition process for 1.5 m electrolyte. ¢) High-resolution XPS spectra of C 1s, O 1s, B 1s, and Ca 2p at
select sputter depths on the plated Ca film in 1.5 m Ca(BH,),/THF solution. d) Atomic concentrations of possible decomposition species throughout
the depth profiling. e) Schematic illustration of the SEI layer formed on the plated Ca electrode in 1.5 m Ca(BH,),/THF electrolyte. Reproduced with

permission.!8”] Copyright 2023, American Chemical Society.

four DME molecules, exhibiting a slightly distorted square an-
tiprismatic coordination geometry. Li et al. demonstrated that
0.25 M Ca[B(hfip),], in DME could achieve an ~80% Coulom-
bic efficiency.l*%3] This was observed after a few conditioning cy-
cles with an overpotential of ~#300 mV and an anodic stability
above 4.5 V versus Ca. Shyamsunder et al. utilized the same
salt at a slightly higher concentration, ~0.5 M in DME, as an
electrolyte.**! From their study, the Coulombic efficiencies of
the cells in this electrolyte were above 90% after the fourth cy-
cle but with a higher overpotential for the Ca deposition pro-
cess, ~550 mV. Besides, with the addition of a chloride salt (tetra-
butylammonium chloride) as an additive in the electrolyte, previ-
ously employed in Ca(BH,),/THF electrolyte,® the cycling life
of the cell extended substantially. Moreover, it resulted in a fur-
ther enhanced Coulombic efficiency, reaching up to 95%. The
main deposits observed on the electrode were Ca metal and also
some CaF,, with no detection of CaH,. The formation of fluo-
ride deposits was attributed to the decomposition of the anions

Tum 10 nm

on the reductive Ca metal. With a high migration energy bar-
rier of ~2046 meV as shown in Figure 13g,[#3] CaF, may impede
the Ca’* ion transport and passivate Ca surface, thereby limit-
ing cycling stability of the anode. With the advancement of new
technologies, recently, the nanoscopic structures of the deposit
in the electrolyte with Ca[B(hfip),],/DME electrolyte were de-
tected using cryo-electron microscopy (cryo-EM), as illustrated in
Figure 17.8Y The deposition predominantly exhibited a spherical
morphology, accompanied by an amorphous layer where many
CaCO, and CaF, nanocrystals were identified. The layer con-
tinued growing on the Ca deposits, which could have a signifi-
cant impact on ion transport. This study offered direct evidence
of the morphology and composition of the interphases in the
cells employing Ca[B(hfip),],/DME electrolyte. Later, other dif-
ferent solvents like THF and diglyme (DGM) were also evalu-
ated for comparison with the DME solvent-based electrolyte.l>]
Notably, the Ca[B(hfip),],/DGM electrolyte exhibited the lowest
polarization and demonstrated the longest cycling stability in

iv
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Figure 17. Nanostructure of deposited Ca and the passivation layer in the Ca[B(hfip),],/DME electrolyte. Reproduced with permission.3'l Copyright

2024, Springer Nature.
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Figure 18. a) Concept of contact ion pairs (CIP) and bare anions. b) Electrochemical windows for the anions. Bare anions (X~ = monoanionic

ligands) were used for oxidation potentials (upper limit) and contact ion pairs ([M#*X~]*, M = Mg/Ca) were used for reduction potentials (bot-
tom limit). Two levels of theory were used for comparison: the redox potentials shown in the regular bars are based on the wB97X-D3/def2-
TZVPPD/CPCM/RIJCOSX//wB97X-D3/def2-SVPD/CPCM/RIJCOSX level of theory, whereas the black dashed lines and the numbers in parentheses
are from the B3LYPD3B)/def2-TZVPPD/CPCM//B3LYPD3B]/def2-SVP/CPCM level of theory. The numbers in the middle of the bars are the energy
gaps between the two redox potentials (stability windows). Decomposition pathways and rate-limiting barrier heights. c) Decomposition pathways for
Al—O/B—O bond breakage. d) Rate-limiting decomposition free energy barriers for Al—=O/B—0O, C—F, and C—O bond breakage. The numbers on each
bar from the top to bottom are the rate-limiting barriers for Al/B—O bond breakage, C—F bond breakage, and C—O bond breakage. Note that the C—O
bond-breaking barrier is only shown when it is less than 1.0 eV. Reproduced with permission.[#32] Copyright 2022, American Chemical Society.

symmetric cells. Additionally, this cell displayed a dendrite-free
morphology with predominantly smooth Ca deposits. This out-
come might be attributed to variations in solvent coordination
stability.

Due to the chemical similarity between B and Al, researchers
have also explored alkoxyaluminate-based electrolytes for Ca bat-
teries through both computational and experimental studies.[®]
Based on the reduction of metal-coordinating anions and oxida-
tion of bare anions, the theoretical electrochemical windows in
different anion systems were calculated as shown in Figure 18a,b.
The decomposition pathways for Al—O/B—O bond breakage and
the corresponding decomposition energy barriers are depicted
in Figure 18c,d. The results indicate that the fluctuations in de-
composition barriers for borate salts are primarily influenced
by steric factors, whereas electronic effects play a more crucial
role in aluminate salts. And the tftb (-CH(CH,),CF;) ligand is
identified as the most promising ligand for aluminate salts, as

Adv. Energy Mater. 2024, 14, 2402157 2402157 (21 of 26)

it exhibits the highest barrier for decomposition under reduc-
tive conditions, whereas the hfip ligand shows the most promise
in the borate salt series. This suggests the necessity of consid-
ering distinct design rules for the future development of anion
design for the electrolyte salts. Recently, an experimental work
on the calcium tetrakis(hexafluoroisopropyloxy) aluminate salt,
Ca[Al(hfip),],, was reported, further confirming the feasibility of
this salt.!®¥"] Comparable electrochemical performances were re-
ported using this aluminate salt in comparison with the borate
salt, despite the more intricate synthesis process involved in the
aluminate salt. Another noteworthy observation is the relatively
low amounts of F and Al detected at the surface of deposits, as
shown in Figure 19, indicating the relatively good stability of the
aluminate salt anion. Therefore, in this system, the decomposi-
tion of coordinated solvent molecules from the cation solvation
shell is recognized as the primary factor contributing to side re-
actions at the Ca metal/electrolyte interface.
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Figure 19. a,b) SEM image of Ca deposits from the CaAlhfip/DME electrolyte on the carbon-coated Al foil at different magnifications revealing a dendrite-
like morphology. c) SEM image of the Ca metal electrode from the Ca||Ca symmetric cell in the CaAlhfip/DME electrolyte with marked areas with different
morphologies (I-1V). d) Corresponding EDX measurements. Reproduced with permission.133?] Copyright 2023, Royal Society of Chemistry.

3.3.4. Ca[CB,,H,,],

As discussed in the previous sections, fluorine-containing elec-
trolytes intrinsically induce CaF, formation on the electrode.
With a high migration barrier, CaF, hinders Ca diffusion as
well as the plating and stripping processes. Thus, realizing a
fluorine-free system is desirable for practical Ca electrolytes.
In 2021, a fluorine-free Ca electrolyte, utilizing calcium mono-
carborane (Ca[CB,;H,,],) in a binary mixture of THF and DME,
has been proposed.*®! Featuring a weakly coordinating hydro-
gen cluster, this electrolyte demonstrated a wide electrochemi-
cal potential window of up to 4 V versus Ca**/Ca and a high
ionic conductivity at 4 mS cm~!. Additionally, it enabled re-
versible Ca metal plating and stripping at room temperature,
achieving a promising Coulombic efficiency of ~88%. The com-
position of the deposits on the Au electrode was character-
ized by XRD, revealing the prevalence of Ca metal in the
form of a-Ca and fg-Ca, along with a small amount of CaH,.
Spherical particles mainly composed of Ca, O, and C were ob-
served on Au by SEM as shown in Figure 20. Besides, small
amounts of B were also detected, likely originating from elec-
trolyte reduction at low potentials or residual electrolyte. This
electrolyte has been reported to be compatible with various cath-
ode materials, such as sulfur and copper sulfide.[1%] Built upon
this single salt electrolyte, a cosalt system incorporating both
Ca(BH,), and Ca[CB,,;H,,], was also investigated. It was proved
that Ca(CBy;H;,)* serves as an effective Ca delivery species,
attributed to its low desolvation barrier and structural flexibil-
ity. And the reduction of Ca from Ca(CB;;H,,)" is both ki-
netically and thermodynamically more favorable compared to
CaBH,*.1>%
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Figure 20. a) Optical image of the Au electrode after a Ca plating pro-
cess. b) Energy-dispersive X-ray spectroscopy (EDS) profile within the yel-
low square. c) Scanning electron microscopy (SEM) image of Ca deposits
on the Au electrode after Ca plating in an Au|Ca[CBy;H,],/DME/THF|Ca
cell, and EDS maps of Ca, Au, O, and B. Reproduced with permission.[sgl
Copyright 2021, Springer Nature.
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4. Summary and Perspectives

Post-lithium battery systems are currently gathering attention,
driven by the continuous debate surrounding the sustainability
of lithium-based battery technology and the potential risks asso-
ciated with the future availability of certain raw materials, like
lithium, cobalt and nickel. Although the advancement of divalent
metal batteries is underway, they are still in the nascent stages of
development, indicating that a considerable journey lies ahead
before their practical benefits can be fully realized. This review
provides a comprehensive summary of the existing electrolytes
utilized in divalent metal batteries, revisits the formation mech-
anism of the anode-electrolyte interface, identifies relevant com-
ponents, and highlights recent advancements in addressing in-
terfacial challenges associated with divalent metal anodes. Based
on the development of the divalent metal batteries and the en-
countered interfacial issues, we outline the following perspec-
tives:

1) The anode interfacial properties are determined by the chem-
ical or electrochemical interactions of the metal anodes with
the electrolyte component species, including solvents, anions
additives and impurities. Therefore, the analysis of the formu-
lation and understanding the ion-pairing as well as the sol-
vation properties of the electrolytes are the fundamental re-
quirements in addressing the challenges related to the anode-
electrolyte interface in divalent metal batteries. By taking advan-
tage of facile dissociation processes at the interfaces, weakly ion
pairing approach by anion design paves the way for the devel-
opment of efficient electrolytes. When selecting solvents, their
solvation ability plays vital role for the electrochemical and in-
terfacial properties of the electrolytes and anodes, respectively.
The ideal solvation structure should feature low energy barriers
during both charge transfer and desolvation processes, while
avoiding parasitic reactions such as reduction on the metal an-
ode. Furthermore, it should be noted that while Mg/Ca systems
share some similarities, the optimal electrolyte components for
Mg/Ca battery systems should be independently considered
due to their unique intrinsic ion properties, such as charge den-
sity, solvation structures, and coordination chemistries. Mov-
ing forward, the development of solid or quasi-solid electrolytes
holds promise for minimizing the organic solvent usage, which
could be beneficial for addressing issues related to the anode
interface and battery safety. Moreover, greater emphasis should
be placed on identifying appropriate solid-state conductors with
high ionic conductivity for divalent Mg?* and Ca?*. Besides, this
approach also imposes more stringent requirements on the ad-
vancement of cathode materials.

2) Due to the strong reducing nature of divalent metals, it is es-
sential to minimize the presence of traces of oxygen, water, and
other organic vapors in the glovebox. These impurities can re-
act with the metal anode, resulting in the formation of oxides
and hydroxides on the surface. While these species may be elec-
trochemically stable, they are inert and can hinder the intrinsic
electrochemical performance of the metal anode. Therefore, at-
tention should be paid not only to choosing the proper elec-
trolyte salt and solvent but also to the purification degree of elec-
trolytes and the cleanliness of the glovebox atmosphere during
battery preparation and assembly.
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3) Developing interfacial science and optimizing the an-
ode/electrolyte interface are of paramount significance for
building safe and efficient divalent metal batteries. The persis-
tent understanding of the cation solvation and the underlying
chemical/electrochemical processes through collaborative ex-
perimental and theoretical research is required. Several specific
approaches have been explored to optimize the interface. One
promising method involves direct and straightforward modi-
fication of the divalent metal surface using designed artificial
coating materials before battery assembly. However, challenges
arise in maintaining the integrity of the artificial layer during
metal stripping/plating processes. A more promising and sim-
ple approach is utilizing functional electrolyte additives to opti-
mize the system and establish an interphase during rest or cy-
cling. By forming ionically conductive interphases on the metal
electrode, this approach can help prevent surface passivation
during the dynamic electrochemical process, thereby preserv-
ing the electrochemical activity of metal anode and ensuring
the reversibility of the battery.

4) Tt can be summarized that the physical, chemical, and elec-
trochemical properties of the interface critically influence ion
transport, metal nucleation/growth, and thereby impact the
electrochemical performance of the cell. A wide range of spec-
troscopic and diffraction techniques, both in situ and ex situ,
can be utilized to uncover the morphological/compositional
evolution of interphases, offering complementary perspec-
tives on the dynamic processes occurring at the electrode-
electrolyte interface. By leveraging these diverse characteriza-
tion approaches, researchers can gain a comprehensive under-
standing of the interfacial phenomena and the correlations be-
tween interface formation and electrochemical properties of
batteries. This knowledge facilitates the rational design of elec-
trolytes and interfaces tailored to promote fastion transport and
enhance battery stability.
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