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spects of electrolyte chemistry of
calcium batteries

Qianshun Wei,a Liping Zhang,a Xiaohua Sunb and T. Leo Liu *a

The increasing energy storage demand of portable devices, electric vehicles, and scalable energy storage

has been driving extensive research for more affordable, more energy dense battery technologies than Li

ion batteries. The alkaline earth metal, calcium (Ca), has been considered an attractive anode material to

develop the next generation of rechargeable batteries. Herein, the chemical designs, electrochemical

performance, and solution and interfacial chemistry of Ca2+ electrolytes are comprehensively reviewed

and discussed. In addition, a few recommendations are presented to guide the development and

evaluation of Ca2+ electrolytes in future.
1. Introduction

The last few decades have witnessed the tremendous economic
and societal impacts of rechargeable batteries, especially Li ion
batteries, with their increasing applications in portable devices
and electric vehicles.1,2 However, the Li ion battery technology
has already reached its maximal storage capability in terms of
energy density (around 400 W h kg�1 theoretical energy density)
and will not meet escalating energy storage demands in
future.1,2 In addition, battery technologies will play essential
roles in scalable energy storage to achieve “carbon neutrality”.3

Because of the limited abundance of lithium in the Earth's crust
(<0.1 pg kg�1), there is a strong concern that there might not be
sufficient Li resources for grid energy storage and electric
vehicles.4,5 To move beyond Li ion batteries, abundant
elemental alkali and alkaline earth metals including Na, K, Mg,
and Ca have been considered as attractive anode materials to
develop the next generation of rechargeable batteries.4–8 Multi-
valent Mg batteries have received increasing research attention
in the last two decades. The electrolyte research of Mg batteries
has been most fertile, including versatile designs of Mg–Cl
complex electrolytes and advanced Cl-free Mg electrolytes and
the in-depth understanding of electrolyte solution and interfa-
cial chemistry.7,9 However, due to the strong Lewis acidity of
Mg2+ ions expressed by ion electronegativity (47.6 eV, Fig. 1),10

developing Mg2+ ion intercalation cathode materials remains
very challenging and signicantly hampers the development of
Mg batteries for practical applications.11 So far, Chevrel phase
Mo6S8 has been the only cathode material that facilitates facile
and stable Mg ion intercalation at room temperature.11,12
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More recently, the research wave of multivalent batteries has
also aroused interest in calcium rechargeable batteries because
of the attractive material properties of the Ca anode, including
the high abundance (41.5 g kg�1), low redox potential (�2.87 V
vs. SHE), high capacity benetting from two electron storage
(1.34 A h kg�1), and high melting point (842 �C) for safe oper-
ations (Fig. 1).13–15 Compared to the Mg2+ ion, the Ca2+ ion with
its lower Lewis acidity (31.6 eV) is proposed to feasibly operate
with existing insertion cathode materials.9,13,16 Ca electrolytes
are pivotal to the operation of Ca batteries as they enable
reversible plating and stripping of Ca2+ ions and shuttle the
ions between the cathode and the Ca anode. Early studies on
high-temperature, solid state Ca batteries (e.g., CakKCl–LiCl–
AgCl–K2CrO4kAg cells) date back to the 1970s.15,17 In the past
several years, there has been renewed interest in developing
stable Ca2+ electrolytes for reversible Ca deposition to enable
room temperature rechargeable Ca batteries.13 In this review,
the chemical composition, physicochemical properties, and
interfacial chemistry of Ca electrolytes, as well as their corre-
lation with electrochemical performance, are reviewed and
discussed. A few suggestions are also provided to guide the
development and evaluation of Ca2+ electrolytes in future. We
hope that this review will promote the development of advanced
calcium electrolytes and their applications in developing energy
dense, long cycling rechargeable Ca batteries.

2. Early attempts using traditional
calcium salt electrolytes for Ca
deposition

Early studies on liquid calcium electrolytes were motivated by
the development of safer CakSOCl2 primary batteries than
LikSOCl2 primary batteries, which dates back to the 1980s.18–20

CakSOCl2 batteries have a cell voltage of 3.64 V and an energy
density of 1230 mW h g�1 that are comparable to those of
Chem. Sci., 2022, 13, 5797–5812 | 5797
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Fig. 1 Physical properties of Li, Mg, and Ca elements, including abundance in the Earth's crust (g kg�1), melting point (�C), ionic radius (Å), specific
capacity (A h g�1), redox potential (V vs. SHE), and ion electronegativity (eV).
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LikSOCl2 batteries, 3.65 V and 1474 mW h g�1. Stankiewicz
proposed that the higher melting point (839 �C) of calcium
metal than that of lithium (180 �C) would obviate the safety
concern of anode melting, which could be caused by short-
circuit currents.18 In this early study, a Ca(AlCl4)2-SOCl2 elec-
trolyte with a concentration of up to 2.0 M was prepared by
combining CaCl2 and AlCl3 in a ratio of 1 : 2 in an inorganic
solvent, SOCl2. The Ca(AlCl4)2-SOCl2 electrolyte was evaluated
for the corrosion of the Ca anode. It was conrmed that Ca
metal corrosion with SOCl2 followed the battery reaction and
led to the formation of CaCl2 on themetal surface (Fig. 2), which
was characterized by XRD and IR spectroscopy. Gaseous SO2

and sulfur (S) were proposed to be other byproducts. It was
Fig. 2 Model for the formation of CaCl2 passivation of the Ca metal in
the Ca(AlCl4)2-SOCl2 electrolyte.

5798 | Chem. Sci., 2022, 13, 5797–5812
noted that the corrosion rate in the SOCl2 solvent without
Ca(AlCl4)2 was much slower. We believe that the solvation of
SOCl2 with Ca2+ can promote the reduction of the solvent by the
Ca anode. Because of the solvent corrosion, it was observed that
the capacity of CakSOCl2 batteries decreased to 50% aer ca.
one month of storage. The author reminded that excess AlCl3
and the presence of water in the electrolyte could cause addi-
tional corrosion reactions of Cametal. The author also prepared
two other electrolytes, Ca(FeCl4)2-SOCl2 and Ca(SbCl6)2-SOCl2,
and found that these two electrolytes underwent more rapid
corrosion with Ca.

In Staniericz's work, there was little evidence of Ca deposi-
tion through the CaCl2 layer (Fig. 2). Stankiewicz proposed that
CaCl2 functions as a solid electrolyte interphase (SEI) layer
where the Cl� ion is a charge carrier through defect sites and
leaves Ca2+ for deposition at a very negative potential (�10 V vs.
Ca at 1.24 mA cm�2). Peled and co-workers also investigated Ca
deposition using Ca(AlCl4)2-SOCl2 electrolytes.19–21 However,
their results also revealed CaCl2 as a passivation layer (<100 Å)
with poor Ca2+ conductivity (Fig. 2). In their studies, they also
observed that the electrolysis of the CaCl2 passivation layer only
occurred at a large overpotential. They concluded that CakSOCl2
batteries could not be charged, and such characteristics could
be considered an additional safety advantage over LikSOCl2
batteries. They also found that the electrolyte conductivities and
the battery capacities were affected by both the concentration of
CaCl2 and temperature. At 60 �C, a CakSOCl2 battery using an
electrolyte consisting of 2.8 M AlCl3 and 1.2 M CaCl2 could be
discharged at 50 mA cm�2 and deliver a capacity of
12 mA h cm�2 with a cutoff voltage of 1.5 V.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Stripping current of the Ca anode and chemical nature of passivation films in representative electrolytes studied in ref. 22

Electrolytes Stripping current (mA cm�2) Species in passivation lms

0.5 M Ca(ClO4) in BL 3.2 CaCl2, ester, and carboxylate
TBA(BF4)2 in BL ca. 50 Ester and carboxylate
TBA(BF4)2 in PC 5 CaCO3

TBA(BF4)2 in CH3CN 5 Derivatives of CH3C(]NLi)CH2-CN or CH3C(Li)]N-CH2CN
TBA(BF4)2 in THF 10 Alkoxide
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In 1991, Aurbuch and co-workers examined the electro-
chemistry of the Ca electrode in a variety of combinations of
supporting electrolytes (Ca(ClO4)2, Ca(BF4)2, TBA(ClO4), and
TBA(BF4); TBA stands for tetrabutylammonium) and solvents
(acetonitrile, g-butyrolactone (BL), THF, and propylene
carbonate (PC)).22 It is noted that not too much information was
disclosed for Ca(BF4)2. The dissolution current and morphology
of the Ca anode is strongly dependent on the supporting elec-
trolytes, and solvents contribute to the formation of different
passivation lms. Based on X-ray spectroscopic studies, it is
found that ClO4

� is much more prone to cathodic reduction
than BF4

� and presumably, leads to the formation of CaCl2. As
a result, the Ca anode displayed a much higher stripping
current in a Ca(ClO4)2-BL electrolyte than a TBA(ClO4)2-BL
electrolyte. The reactivity of the Ca anode with the studied
solvents is quite complicated and was assessed using FTIR
through chemical reactions. Ca metal can react with BL to form
ester and carboxylate species, derivatives of butyric acid, and
the cyclic b-ketoester. The reduced product of PC by Ca is
mainly inorganic CaCO3 which is different from the product
with Li metal, ROCO2Li. The reduction products of CH3CN were
assigned to the derivatives of CH3C(]NLi)CH2-CN or
CH3C(Li)]N-CH2CN. Ca can reduce THF to form alkoxide. This
study also reported that the Ca anode was highly reactive even
with trace water (20 ppm) in electrolytes resulting in the
formation of inorganic Ca(OH)2 and was unstable in air as it
reacts with CO2 to form CaCO3. The spectroscopic data on the
interfacial chemistry of the Ca anode can be highly valuable for
future studies. An important conclusion of this work is that
there was no evidence of calcium deposition in all tested elec-
trolyte solutions at room temperature because of the formation
of non-conductive passivation lms (Table 1), highlighting the
challenge of developing reversible Ca deposition/stripping
chemistry.
3. Renewed interest in traditional
calcium salt electrolytes

As discussed above, early studies on traditional simple Ca
electrolytes for reversible Ca deposition were not promising.18–22

According to these early studies, the passivation layer of the Ca
anode is attributed to the severe electrolyte decomposition by
the highly reducing Ca anode and has a very poor conductivity
for Ca2+ ions at room temperature. Despite these known chal-
lenges, in 2016, Palaćın and co-workers revisited the electro-
chemistry of Ca(BF4)2 and Ca(ClO4)2 along with Ca(TFSI)2 in
© 2022 The Author(s). Published by the Royal Society of Chemistry
carbonate solvents.23 The mixture of conventional ethylene
carbonate (EC) and propylene carbonate (PC) solvents was
selected because EC could form stable SEI layers, and the
mixture has a wide liquidus range from �90 to 240 �C and
a stable electrochemical operation window up to 4.0 V vs. Ca.
They observed quasi-reversible Ca metal plating/stripping of
Ca(BF4)2 in EC/PC (50/50 wt%) at 100 �C (Fig. 3a, red curve)
using stainless steel (SS) as the working electrode (WE). Calcium
deposition using Ca(ClO4)2 (Fig. 3a, black curve) and Ca(TFSI)2
(Fig. 3a, blue curve) was negligible, emphasizing the impact of
counter anions on the deposition/stripping efficiency. A 0.45 M
Ca(BF4)2 electrolyte exhibited the best deposition/stripping
performance at 100 �C with the smallest overpotential (0.10 V)
and highest ionic conductivity (Fig. 3b). However, the
coulombic efficiency was measured to be only ca. 40% and it
suggests undesired side reactions of the electrolyte during the
Ca deposition.

A symmetric CakCa cell with the 0.45 M Ca(BF4)2 electrolyte
was demonstrated for 100 cycles at 100 �C (Fig. 3c). According to
scanning electron microscopy (SEM) images, the gray deposits
scratched from the copper substrate disks using Ca(BF4)2 were
dense and thick. Further synchrotron X-ray diffraction (XRD)
and energy-dispersive X-ray analysis (EDX) analysis of the
deposit conrmed the major phases of Ca metal and CaF2, as
well as their relative molar ratio. Infrared spectra of electro-
deposited calcium electrodes aer plating (Fig. 3d) indicated
a very small amount of hydroxide (3640 cm�1) and some
ROCO2

� species (C]O asymmetric stretching (ca. 1600 cm�1),
CH2 bending (1420 cm�1), C]O symmetric stretching (ca.
1300 cm�1), C–O stretching (ca. 1100 cm�1), and CO3 bending
(ca. 800 cm�1)). The complexity of the SEI components and the
low coulombic efficiencies highlight the drastic electrolyte
decomposition under the highly reducing conditions of Ca
deposition. Additionally, the high operating temperature of the
Ca(BF4)2 electrolytes indicates a high energy barrier for the Ca2+

ion transport in the SEI, which is consistent with the poor
conductivity of the SEI at room temperature reported in early
studies. This work aroused research interest in Ca rechargeable
batteries by showing the possibility of Ca deposition using
traditional Ca electrolytes.

Subsequently, Hosein and co-workers re-investigated the
same Ca(BF4)2-EC/PC electrolyte aiming for Ca deposition at
room temperature as Ca deposition at 100 �C is unrealistic for
practical applications.24 They observed Ca deposition/stripping
using a 1.0 M Ca(BF4)2-EC/PC electrolyte within a wide over-
potential window from �1.7 to 2.0 V (Fig. 4a). The large
Chem. Sci., 2022, 13, 5797–5812 | 5799
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Fig. 3 Electrochemical studies of Ca(BF4)2 electrolytes at elevated temperatures. (a) Cyclic voltammograms of 0.3 M Ca(BF4)2, Ca(ClO4)2, and
Ca(TFSI)2 in EC : PC at 100 �C; 0.5 mV s�1 scan rate, stainless steel (SS) as the working electrode (WE), and Ca as the reference electrode (RE) and
counter electrode (CE); inset: expanded current scale for Ca(BF4)2 and Ca(TFSI)2 electrolytes. (b) Cyclic voltammograms of 0.3 to 0.8 M Ca(BF4)2
electrolytes at 75 �Cor 100 �C. (c) Charge/discharge curves (50 mA cm�2, 150 cycles) of a symmetric CakCa cell with 0.45MCa(BF4)2 in EC : PC at
100 �C. (d) Infrared spectra on calcium deposits after plating and stripping. Adaptedwith permission from ref. 23. Copyright 2016 Springer Nature.
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electrochemical window suggests poor electron transfer
kinetics at room temperature in comparison with the data re-
ported at 100 �C.23 The coulombic efficiency was found to be up
to 95%, likely attributed to reduced side reactions of the elec-
trolyte at room temperature. The deposited Ca was conrmed
by SEM and X-ray diffraction (XRD) studies (Fig. 4b and c).
According to energy-dispersive X-ray spectroscopy (EDX), XRD,
and Fourier-transform infrared spectroscopy (FTIR) studies, the
authors proposed that the SEI is mainly composed of organic
Fig. 4 Electrochemical studies of Ca(BF4)2-EC/PC electrolytes at room t
(b) A SEM image of deposited Ca metal. (c) XRD pattern of deposited Ca
Chemical Society.

5800 | Chem. Sci., 2022, 13, 5797–5812
components derived from the carbonate solvents and lacks
a signicant amount of CaF2, as observed in the high temper-
ature studies. This work suggests the viability of ionic liquids as
electrolyte solvents for Ca batteries.

In order to unveil the SEI components enabling facile Ca
plating, Ponrouch et al. reported detailed experimental studies
of the passivation layer of the Ca metal electrode formed in
Ca(BF4)2-EC/PC (50 : 50 wt%) and Ca(TFSI)2-EC/PC electro-
lytes.25 TEM images visualized that the passivation layers were
emperature. (a) Cyclic voltammograms of a 1.0 M Ca(BF4)2 electrolyte.
metal. Adapted with permission from ref. 24. Copyright 2019 American

© 2022 The Author(s). Published by the Royal Society of Chemistry
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ca. 12 nm for the Ca(BF4)2 electrolyte (Fig. 5a and c) and ca.
80 nm for the Ca(TFSI)2 electrolyte (Fig. 5b and d). The passiv-
ated Ca disks prepared in the Ca(BF4)2 electrolyte seemed to be
completely covered by a dark deposit, while the disk passivated
in the Ca(TFSI)2 electrolyte remained shiny and visually unal-
tered (Fig. 5e, insets). XPS spectra of the calcium disk in the
Ca(TFSI)2 electrolyte revealed that there were ca. 34% CaCO3,
2% CaF2, and 7% Ca(TFSI)2 at the surface of the Ca dick based
on quantitative XPS analysis. However, a much thicker layer was
observed for the BF4

� anion and a much greater proportion of
organic species (C–C, C–H, and C]O) at the surface of the
Ca(BF4)2 sample (35%) instead of 16% observed for the
Ca(TFSI)2 electrolyte. The quantitative analysis revealed ca. 14%
Fig. 5 Surface characterization of the Ca anode in Ca(BF4)2-EC/PC (5
images of Ni particles (working electrode) before and after the formation
a calcium disk in the Ca(TFSI)2 electrolyte (left panel) and the Ca(BF4)2 ele
calcium disk after negative polarization for 48 hours. (f) Cyclic voltammog
with borate films) using either Ca(TFSI)2 (red curve) or Ca(BF4)2 (blue curv
each electrolyte. (g) Proposed decomposition mechanism for the Ca(BF
permission from ref. 25. Copyright 2020 Royal Society of Chemistry.

© 2022 The Author(s). Published by the Royal Society of Chemistry
boron in an oxygenated environment and ca. 15% CaF2 at the
surface of the Ca electrode in the Ca(BF4)2 electrolyte. According
to FTIR and electron energy loss spectroscopy (EELS) studies,
the authors proposed that the BO3 species is a key component to
facilitate Ca2+ transport for the SEI using the Ca(BF4)2
electrolyte.

To support the hypothesis, they also demonstrated that the
borate-rich passivation layer effectively works as a solid elec-
trolyte interphase (SEI) to enable calcium migration and
subsequent calcium plating in the Ca(TFSI)2 electrolyte. Aer
pre-passivation of the stainless steel working electrode by
a borate containing passivation layer using the Ca(BF4)2 elec-
trolyte, apparently improved Ca plating/stripping reversibility of
0 : 50 wt%) and Ca(TFSI)2-EC/PC electrolytes. (a–d) Bright field TEM
of a surface layer. (e) XPS spectra of the passivation layers formed on
ctrolyte (right panel), respectively; insets show the appearance of each
rams (0.1 mV s�1) of pre-passivated stainless-steel electrodes (covered
e) electrolytes. Insets show the proposed cation solvation structures in

4)2-EC/PC electrolyte to form a proposed BO3 polymer. Adapted with

Chem. Sci., 2022, 13, 5797–5812 | 5801
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the Ca(TFSI)2 electrolyte was observed (Fig. 5f). The proposed
mechanism for the formation of the BO3 based polymer SEI is
shown in Fig. 5g. Most intermediate products (e.g., alkoxides)
were generated by the reduction of the carbonate solvents. The
charged-oxygen species is sufficiently nucleophilic to substitute
the uorine ligands of the BF4

� anion and can lead to a cross-
linked boron polymer upon further reduction. The DFT studies
were also performed to compare the migration energy of Ca2+

ions in a number of calcium compounds, including CaH2, CaB6,
CaO, CaF2, Ca3(BO3)2, Ca2B2O5, and CaCO3. It was found that
CaH2 (541 meV) and CaO (997 meV) have lower barriers for Ca2+

transport.
In 2018, Bruce and co-workers reported the highly reversible

Ca plating/stripping of a 1.5 M Ca(BH4)2 electrolyte in THF,
representing the rst Ca electrolyte operating at room temper-
ature (Fig. 6). Cyclic voltammetry (CV) on an Au electrode dis-
played a high Ca plating/stripping efficiency (94.8%) with
anodic stability up to 3.0 V using three-electrode cells (Fig. 6a
and c). An overpotential of ca. 250 mV was observed on the rst
plating and then it was reduced to ca. 100 mV on repeated
plating and stripping cycles (Fig. 6b). The coulombic efficiency
for the rst cycle was 93% and was gradually increased to 94–
96% over 25 cycles (Fig. 6b). Powder X-ray diffraction (PXRD,
Fig. 6 Electrochemical results of calcium plating/stripping of 1.5 MCa(BH
of calcium plating/stripping in 1.5 M Ca(BH4)2-THF. The working, referen
25mV s�1. Inset shows charge passed on plating/stripping from the CV. (b
of 1.0 mA cm�2. Inset shows the variation of coulombic efficiency with
window of the electrolyte. (d) Powder X-ray diffraction patterns showin
CaH2. Adapted with permission from ref. 26. Copyright 2018 Springer N

5802 | Chem. Sci., 2022, 13, 5797–5812
Fig. 6d) and FTIR spectra were utilized to study anode samples
extracted from the cell aer Ca deposition and indicated the Ca
metal as a dominant product with a small amount of CaH2.
Scanning electron microscopy (SEM), time-of-ight secondary
ion mass spectroscopy (TOF-SIMS), and gas chromatography
mass spectrometry (GC-MS) studies suggested that the CaH2

was formed by the reaction of the freshly deposited Ca and THF
solvent during the electrochemical deposition process. This
byproduct was believed to be a passivation layer to prevent
further solvent decomposition, but it does not act as an SEI
component to facilitate Ca plating/stripping.

Later, Gewirth and co-workers also examined the coordination
chemistry and electrochemistry of the Ca(BH4)2-THF electrolyte.27

According to Raman spectroscopic studies, the Ca2+ cation is
primarily coordinated by THF and does not strongly interact with
the BH4

� anion. They used Au and Pt microelectrodes to study the
Ca deposition at scan rates from 2 to 20 mV s�1. They found that
the deposition current intensities were inversely dependent on the
scan rates (Fig. 7) with both electrodes. They suggested that
a chemical step involving the dehydrogenation of the BH4

� anion
takes place before the Ca deposition. Then they detected the
formation of BH3(THF) using liquid injection eld desorption
ionization mass spectrometry (LIFDI-MS). They proposed that the
4)2 in THF reported by Bruce and co-workers. (a) Cyclic voltammogram
ce, and counter electrodes are Au, Ca, and Pt, respectively. Scan rate
) Galvanostatic calcium plating/stripping in 1.5 MCa(BH4)2-THF at a rate
cycle number. (c) Cyclic voltammogram showing the electrochemical
g calcium as the dominant product on plating with a small amount of
ature.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Electrochemical studies of the Ca(BH4)2-THF electrolyte by Gewirth and co-workers. (a) and (b) Dependence of deposition current with
scan rate using Au and Pt working electrodes, respectively. (c) and (d) Proposed deposition mechanisms using Au and Pt working electrodes,
respectively. Adapted with permission from ref. 27. Copyright 2020 American Chemical Society.
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leavingH� species is adsorbed at the electrode surface to assist the
Ca deposition. Then CaH2 is formed on the top of the deposited
Ca. This mechanism is different from what Bruce et al. proposed.
It was noted the deposition current at the Au electrode was more
sensitive to that at the Pt electrode. Numerical simulation of
electrochemical data suggested that Pt (38.7 s�1) is more active
than Au (3.0 s�1) to catalyze the dehydrogenation of the BH4

�

anion. As a result, they believe that the kinetics of the chemical
step can affect the deposition morphology of Ca. With the slow
rate, hydride has enough time to diffuse at the surface of the Au
electrode surface and enables uniform deposition of Ca. In
contrast, the lack of hydride diffusion leads to patchy Ca deposi-
tion on the Pt electrode.

Jiao et al. reported that a mixed Ca(BH4)2 and LiBH4 electrolyte
in THF could achieve a high coulombic efficiency of up to 99.1%
for galvanostatic plating/stripping of the calcium–metal anode for
over 200 cycles in CakAu and CakCu coin cells at room tempera-
ture (Fig. 8a).28 In full Caklithium titanate (LTO) batteries,
a capacity retention of roughly 80% was obtained aer 200 cycles
with the rst discharge specic capacity of ca. 170 mA h g�1. The
corresponding voltage–capacity prole for the galvanostatic Ca-
metal plating/stripping in the Ca(BH4)2/LiBH4-THF electrolyte
© 2022 The Author(s). Published by the Royal Society of Chemistry
shows an overpotential of ca. 200 mV (vs. Ca) for the rst plating
process and about 130 mV for the rst stripping process, which
was stabilized at ca. 97 mV aer 5 cycles. The scanning electron
microscopy (SEM) analysis of deposits on Au electrodes in the
Ca(BH4)2/LiBH4-THF electrolyte showed that the Ca particle has
a micro-sized spherical shape with a golf-ball-like dimpled surface
(Fig. 8c and d), which reduces the possibility of penetrating
through the separator. The deposited Ca particles with a small
amount of carbon and oxygen on the surface were conrmed by
EDX studies. Further investigation of the composition of the SEI
layer by XPS indicates that the deposits formed in CakAu coin cells
contain inorganic CaCO3, CaO, and organic carbonyl C]O and
C–O species derived from THF (Fig. 8e). Further investigation with
43Ca NMR spectroscopy (Fig. 8f) and MD simulations (Fig. 8g and
h) of the Ca(BH4)2 and Ca(BH4)2/LiBH4 electrolytes revealed that
the introduction of LiBH4 salt decreases the coordination number
of Ca2+ ions in the rst solvation shell, which weakens the solva-
tion energy of Ca2+ in the Ca(BH4)2/LiBH4-THF electrolyte. The
results indicate that LiBH4 functions as a solvation structure
modulator. This work suggests that a salt additive can be useful in
improving electrolyte performance.
Chem. Sci., 2022, 13, 5797–5812 | 5803
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Fig. 8 Electrochemical and spectroscopic studies of Ca(BH4)2/LiBH4-THF electrolytes and control Ca(BH4)2-THF electrolytes. (a) CE values of
CakAu and CakCu coin cells using Ca(BH4)2/LiBH4-THF and Ca(BH4)2-THF electrolytes at 1.0 mA cm�2 and 0.5 mA h cm�2. (b) Voltage–capacity
profiles of selected cycles on Au electrodes in the Ca(BH4)2/LiBH4-THF electrolyte (c and d). Ca plating morphology in the Ca(BH4)2/LiBH4-THF
electrolyte. (e) XPS studies of the Au working electrode. (f) 43Ca NMR spectra of two electrolytes. The calculated structures of (g) pure Ca(BH4)2-
THF and (h) Ca(BH4)2/LiBH4-THF electrolytes (Ca, green; O, red; Li, purple, C, gray, and B, pink). Adapted with permission from ref. 28. Copyright
2020 Wiley-VCH.

5804 | Chem. Sci., 2022, 13, 5797–5812 © 2022 The Author(s). Published by the Royal Society of Chemistry

Chemical Science Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
A

pr
il 

20
22

. D
ow

nl
oa

de
d 

on
 6

/2
8/

20
24

 4
:0

4:
37

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc00267a


Review Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
A

pr
il 

20
22

. D
ow

nl
oa

de
d 

on
 6

/2
8/

20
24

 4
:0

4:
37

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
4. Advanced calcium electrolytes
with low-coordinating anions

One of the fundamental problems for the practical application
of traditional Ca salts used in non-aqueous Ca electrolytes
mentioned above is the incompatibility of the Ca metal in
aprotic solvents due to the formation of passivation surface
layers which prevents the transportation of Ca2+ ions. Engi-
neering counter-anions is an effective strategy to enhance the
electrochemical performance of battery electrolytes. The
concept of bulky weakly coordinating anions has been
successfully applied to the development of advanced magne-
sium electrolytes for highly reversible Mg deposition, including
Mg(CB11H12)2,29–31 Mg(CB11H11F)2,32 Mg[Al(HFIP)4]2,33 and Mg
[B(HFIP)4]2 (HFIP ¼ �OCH(CF3)2),34,35 Mg(FPB)2 (FPB ¼
B(O2C2(CF3)4)2]2),36 and Mg[Al(OC(CF3)3)4]2.37 It is a logical
option to develop calcium electrolytes based on these low-
coordinating, chemically stable anions.13 In addition, weakly
Fig. 9 Synthesis and electrochemical studies of the Ca[B(hfip)4]2-DME e
single-crystal structure of [Ca(DME)4][B(hfip)4]2. Electrochemical charac
stripping after conditioning cycles at a scan rate of 80 mV s�1 using Pt a
determined from CVs. The inset presents the charge balance within eac
using Ca as a RE and CE, respectively, at a scan rate of 1 mV s�1. (e) PXRD p
mm. (g) EDX spectrumwithin the white squared area in the SEM image. (h)
typical voltage profile at a current density of 0.2 mA cm�2. Adapted with

© 2022 The Author(s). Published by the Royal Society of Chemistry
coordinating anions that lack donor atoms can enable more
favored ion dissociation and higher cation mobility.

Zhao-Karger et al. reported the synthesis of Ca[B(hp)4]2 by
reacting Ca(BH4)2 with hexauoroisopropanol (CF3CHOHCF3)
in dimethoxy ethane (DME) and characterized it as [Ca(DME)4]
[B(hp)4]2 with X-ray single crystal crystallography (Fig. 9a).38

The thermal stability analysis of [Ca(DME)4][B(hp)4]2 by
simultaneous thermogravimetric analysis-differential scanning
calorimetry-mass spectroscopy (TGA-DSC-MS) conrmed that
this Ca salt is thermally stable up to 120 �C. A high ionic
conductivity of 8.3 mS cm�1 at 23 �C was reported for a 0.25 M
Ca[B(hp4)2]-DME electrolyte. It is believed that the delocalized
charge in the bulky alkoxyl borate anion due to the high elec-
tronegativity of the uorine atom and the high stability of C–F
bonds contributes to the weak cation–anion interactions plus
a high ionic conductivity and the high electrochemical stability,
respectively. The cyclic voltammogram (CV) scans of the 0.25 M
Ca[B(hp)4]2 in DME on a Pt working electrode demonstrated
lectrolyte reported by Zhao-Karger et al. (a) Synthesis route and X-ray
terization of the Ca[B(hfip)4]2-DME electrolyte: (b) CV of Ca plating/
s a WE and Ca as a RE and CE, respectively. (c) Coulombic efficiencies
h cycle. (d) LSVs on various WEs with a three-electrode configuration
attern of Ca deposits. (f) SEM image of the deposits; the scale bar is 250
Cycling performance of the electrolyte at various current densities. (i) A
permission from ref. 38. Copyright 2019 Royal Society of Chemistry.
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high reversibility for Ca plating/stripping with a voltage range of
�0.35 to 4 V at room temperature (Fig. 9b). The overpotential for
plating remained at �0.22 V and 0.10 V for stripping in the
extended CV cycles (Fig. 9b). The coulombic efficiencies
increased within the rst few cycles and were stabilized at
�80% in the continuous cycles (Fig. 9c). The oxidative stability
of 0.25 M Ca[B(hp)4]2-DME electrolyte on current collectors
such as stainless steel (SS 316), Pt, and Al was examined by
linear sweep voltammetry (LSV), e.g., 3.9 V for Pt and 4.5 V for Al
(Fig. 9d). However, the deposition/stripping reversibility with
non-Pt electrodes was not reported.

As depicted in Fig. 9e, the PXRD pattern of Ca deposits
indicates a dominant cubic Ca phase. The broad peaks with
a low intensity stand for a lower crystallinity and a smaller size
of Ca deposits. The SEM image of the deposits also indicates
micro-sized agglomerates without obvious crystalline features
(Fig. 9f). The energy dispersive X-ray spectroscopy (EDX) spec-
trum (Fig. 9g) shows that the deposits are mainly composed of
Ca and O with trace amounts of carbon (C) and uorine (F). The
atomic ratio of F/Ca is ca. 14% and corresponds to ca. 7% CaF2
in the Ca deposits. The presence of O, C, and F elements
suggests electrolyte and solvent decomposition for the forma-
tion of an SEI layer. In addition, the electrolyte was further
tested in symmetric CakCa cells at constant current densities
from 0.1 to 0.5 mA cm�2, displaying a moderate polarization of
ca. 60 mV at 0.1 mA cm�2 and ca. 200 mV at 0.2 mA cm�2

(Fig. 9h and i).
The exact same Ca[B(hp)4]2 electrolyte was simultaneously

reported by Nazar's group using a different synthetic route
between calcium hexauoroisopropoxide (Ca(hp)2$xTHF) and
tris-hexauoroisopropoxy borate (B(hp)3).39 The CV studies
show calcium plating and stripping with ca. 92% coulombic
efficiency in the fourth cycle using an Au electrode (Fig. 10a).
Further galvanostatic cycling in the window from �1.5 to 1.2 V
vs. Ca showed stable stripping and plating of calcium to
a capacity of 1.0 mA h cm�2 at a current density of 0.2 mA cm�2

with an overpotential of 300 mV for plating and ca. 180 mV for
stripping (Fig. 10b). A Bu4NCl additive was added to increase
Fig. 10 Electrochemical studies of the Ca[B(hfip)4]2-DME electrolyte rep
electrode with calcium as the reference and counter electrodes at a sca
stripping from the voltammogram. (b) Galvanostatic stripping and platin
trodes from a 500 mM Ca[B(hfip)4]2 electrolyte at 0.2 mA cm�2 to a capa
(c) Comparison of the 50th CV cycles with a 500 mM Ca[B(hfip)4]2 elect
(blue curve). Adapted with permission from ref. 39. Copyright 2020 Ame

5806 | Chem. Sci., 2022, 13, 5797–5812
the ionic conductivity from 3.2 to 6.7 mS cm�1 and also
enhanced the cycle life of the Ca[B(hp)4]2 electrolyte (Fig. 10c).
Anodic stability measurement of the Ca(B(hp)4)2-DME elec-
trolyte with linear sweep voltammetry (LSV) exhibited an
oxidative stability of 3.8 V on Au and achieved the highest
anodic stability of ca. 4.1 V on Al. Further synchrotron XRD
experiments and SEM-EDX analysis conrmed the Ca metal
deposition and stripping in the CV studies, and the nature of
the passivating layer has been identied. The full prole tting
of the XRD pattern indicates two distinct phases (cubic Fm�3m
and orthorhombic Cmcm) of Ca deposits and calcium uoride.
EDX elemental analysis revealed a Ca/F ratio of 3 : 1 in the Ca
deposits, which corresponds to a Ca/CaF2 ratio of 5 : 1. Overall,
these results are generally consistent with those reported by
Zhao-Karger et al.38

Subsequently, our group also studied the Ca[B(hp)4]2 elec-
trolyte by examining the effects of working electrodes and
solvents on Ca deposition.40 We rst studied a 0.25 M Ca
[B(hp)4]2-DME electrolyte using glassy carbon (GC), Al, Pt, and
Cu working electrodes. The electrolyte using Pt achieved
a coulombic efficiency of ca. 80%, consistent with the value
reported in Zhao-Karger's work.38 However, reversibility for Ca
deposition using GC (a coulombic efficiency of 30%), Al (a
coulombic efficiency of 20%), and Cu (a coulombic efficiency of
less than 15%) was much worse while overpotential was also
increased. It is not clear what are causes of different coulombic
efficiencies observed with different working electrodes. To
examine the effect of solvents on the reversibility of Ca depo-
sition, tridentate diglyme (DGM) and mono-dentate THF
solvents were studied using the same working electrodes. In
THF, the reversibility was even worse than in DME. Much lower
reversibility of a Ca[B(hp)4]2-THF electrolyte was observed only
up to 68% coulombic efficiency on a Pt electrode. In stark
contrast, the Ca[B(hp)4]2 in DGM displayed apparently
improved reversibility, i.e., Pt (82.1%), GC (85.5%), Al (61%),
and Cu (76%) (Fig. 11). For comparison, the electrochemical
properties of Ca[B(hp)4]2 and other reported calcium electro-
lytes in organic solvents are summarized in Table 2.
orted by Nazar et al. (a) CV of a 0.5 M Ca(B(hfip)4)2 electrolyte on an Au
n rate of 25 mV s�1. The inset shows the charge passed on plating and
g of calcium on an Au electrode with Ca counter and reference elec-
city of 1.0 mA h cm�2, with the inset showing the coulombic efficiency.
rolyte (red curve) and a 0.5 M Ca[B(hfip)4]2/0.1 mM Bu4NCl electrolyte
rican Chemical Society.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Cyclic voltammograms of a 0.25 M Ca[B(hfip)4]2-DGM electrolyte solution with different working electrodes. (a) Glassy carbon working
electrode. (b) Al working electrode with the inset showing accumulation of charge and coulombic efficiency. (c) Cu working electrode with the
inset showing coulombic efficiency. (d) Pt working electrode with the inset showing coulombic efficiency. All samples were cycled at 100mV s�1

scan rate. (e) Proposed structure of Ca[B(hfip)4]2-DGMwhere Ca2+ and [B(hfip)4] are fully dissociated. (f) Proposed structure of partly solvated Ca
[B(hfip)4]2-THF electrolyte where Ca2+ and [B(hfip)4] form an ion pair. Adapted with permission from ref. 40. Copyright 2020 Wiley-VCH.
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There were two stripping waves observed at ca. 0.5 and 1.5 V
vs. Ca, respectively, which are tentatively assigned to the
oxidation of pure Ca and the Ca/Cu alloy (Fig. 11c). It was
interpreted that the tridentate DGM solvent can stabilize Ca2+

by avoiding the Ca2+-B(hp)4
� ion pair (Fig. 11e). According to

the solvation structure of Ca2+ with DME, [Ca(DME)4]
2+,38 the

solvation of Ca2+ with DGM is proposed as two tridentate DMG
and one bidentate DMG coordination. In the Ca[B(hp)4]2-THF
electrolyte, the formation of the Ca2+-B(hp)4

� ion pair is
proposed to activate the [B(hp)4]

� anion to undergo reductive
C–F and C–H bond decomposition (Fig. 11f). In addition, DGM
is more reductively stable than DME and THF to further
Table 2 Summary of electrochemical properties of reported calcium liq

Electrolytes CE (%)
Deposition/stripp
potential (V) (sca

0.45 M Ca(BF4)2-EC/PC (50/50 wt%) 40% �0.50/�0.42, (0.5
1 M Ca(BF4)2-EC/PC (50/50 v/v) 95% �0.7/0.5 (25 mV
1.5 M Ca(BH4)2-THF 95% �0.25/�0.10
0.4 M Ca(BH4)2/0.4 M LiBH4-THF 97.6% �0.10/0.10 (coin
0.25 M Ca[B(hp)4]-DME 80% �0.22/0.10 (80 m
0.5 M Ca[B(hp)4]/0.1 M Bu4NCl-DME 92% �0.50/0.18 (25 m
0.25 M Ca[B(hp)4]-THF 68% �0.15/0.1 (100 m
0.25 M Ca[B(hp)4]-DME 30% �0.01/0.65 (100 m

40% �0.01/1.1 (100 m
25% �0.18/0.30 (100 m
80.5% �0.01/0.60 (100 m

0.25 M Ca[B(hp)4]-diglyme 85.5% �0.20/0.70 (100 m
61% �0.20/0.40 (100 m
76% �0.20/0.30 (100 m
82.1 �0.20/0.60 (100 m

© 2022 The Author(s). Published by the Royal Society of Chemistry
improve the electrolyte reversibility. The rst-sphere coordina-
tion effect was also later observed in Ca(TFSI)2 electrolytes using
N-donor additives.41

Then the Ca[B(hp)4]2-DGM electrolyte in the three solvents
was tested in symmetric CakCa cells with current densities of
1.0, 2.0, 4.0, and 8.0 mA cm�2. If noted for all solvents, voltage
spikes were observed above 2.0 mA cm�2 with a magnitude
order of THF (up to 5 V) > DME (>3 V) > DGM (<0.5 V, Fig. 12a).
In the THF electrolyte, the cell failed to cycle at 8.0 mA cm�2

aer 170 h. In the DME electrolyte, the cell stopped cycling aer
220 h. In the DGM electrolyte, the cell was cycled up to 300 h
with stable voltage polarization at 1.0 mA cm�2 aer the rate
uid electrolytes for reversible Ca plating/stripping

ing
n rate)

Anodic
stability (V)

Working
electrode

Temperature
(�C) Ref.

mV s�1) 3.5 (Al) SS 100 23
s�1) n.a. Cu 23 24

3.0 Au r.t.
cells) 2.8 Au r.t. 28
V s�1) 3.9 Pt r.t. 38
V s�1) 3.8 Au r.t. 39
V s�1) 3.3 Pt r.t. 40
V s�1) 4.0 GC r.t. 40

V s�1) 4.9 Al r.t.
V s�1) 2.6 Cu r.t.
V s�1) 4.1 Pt r.t.
V s�1) 4.2 GC r.t. 40
V s�1) >4.0 Al r.t.
V s�1) 2.9 Cu r.t.
V s�1) >5 Pt r.t.

Chem. Sci., 2022, 13, 5797–5812 | 5807
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Fig. 12 Half-cell and full-cell studies of a 0.25 M Ca[B(hfip)4]2-DGM electrolyte. (a) A CakCa symmetric cell using a Ca[B(hfip)4]2-DGM elec-
trolyte. (b) Cycling performance and (c) representative charge/discharge profiles of a CakFePO4 full battery using the Ca[B(hfip)4]2-DGM
electrolyte. Adapted with permission from ref. 40. Copyright 2020 Wiley-VCH.

Chemical Science Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
A

pr
il 

20
22

. D
ow

nl
oa

de
d 

on
 6

/2
8/

20
24

 4
:0

4:
37

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
performance (Fig. 12a). Consistently, SEM and EDX studies
revealed that the DGM electrolyte exhibits much smoother and
cleaner Ca deposition than the other two electrolytes. Finally,
the DGM electrolyte was evaluated in a CakFePO4 full battery for
10 cycles (Fig. 12b). A discharge capacity of 120 mA h g�1 and
a coulombic efficiency of 70%were recorded. The representative
charge/discharge proles indicate a 3.5 V cell voltage (Fig. 12c).
EDX and ICP-MS studies conrmed the Ca intercalation in
a discharged state formula of Ca0.43FePO4. The full-cell study
promises further electrolyte studies to develop high voltage,
high energy density Ca batteries.
Fig. 13 Ionic conductivity as a function of temperature for POE-Ca(CF3S
lines correspond to Vogel–Tamman–Fulcher fitting. Adapted with perm

5808 | Chem. Sci., 2022, 13, 5797–5812
5. Polymer electrolytes

In comparison to liquid electrolytes, solid state electrolytes are
advantageous in improving battery safety by avoiding am-
mable organic solvents and boosting battery cycling perfor-
mance by improving stability with electrode materials. There
are ongoing efforts in developing calcium solid polymer elec-
trolytes (SPEs). These early studies of Ca polymer electrolytes
have a primary focus on formulation and conductivity studies.
These studies provide a good foundation for the development of
more conductive and more stable polymer electrolytes to
develop energy dense and safe Ca batteries.
O3)2 (a), POE-CaI2 (b), and POE-Ca(TFSI)2 (c) electrolytes. Continuous
ission from ref. 44. Copyright 2020 Elsevier.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Hosein et al. reported the synthesis and properties of
crosslinked poly(ethylene glycol) diacrylate (PEGDA) network
based calcium nitrate (Ca(NO3)2) solid electrolytes.42 Ionic
conductivities of 3.4 � 10�4 S cm�1 at 110 �C and 3.0 �
10�6 S cm�1 at room temperature were achieved, with good
thermal stability at 136 �C or higher decomposition tempera-
tures. The same group subsequently studied another polymer
electrolyte with an improved conductivity of 0.1 mS cm�1 at
room temperature using a copolymer of polytetrahydrofuran
(PTHF) with 3,4-epoxycyclohexylmethyl-30,40-epoxycyclohexane
carboxylate and Ca(NO3)2 as a Ca2+ ion source.43 This SPE also
displayed suitable thermal (stable over a temperature range of
30–120 �C) and mechanical stability. Sanchez et al. reported
a series of homogenous calcium salt-PEO electrolytes, including
Ca(CF3SO3)2, Ca(TFSI)2, and CaI2 (Fig. 13).44 The Ca(CF3SO3)2-
PEO and CaTFSI2-PEO SPEs with a moderate molar concentra-
tion ratio of PEO/Ca of 40 could even reach a conductivity of
above 0.47mS cm�1 at 90 �C. The group reported that the higher
solvation or donor number of PEO and the higher degree of salt
dissociation of Ca(TFSI)2 resulted in the higher conductivities of
Ca(CF3SO3)2-PEO and CaTFSI2-PEO SPEs than those reported by
Hosein's group.

More recently, Hosein's group developed a series of ionic-liquid
polymer gel electrolytes (ILGEs) by swelling a poly(ethylene glycol)
diacrylate (PEGDA) host matrix in an ionic liquid (1-ethyl-3-
methylimidazolium triuoromethanesulfonate) solution of
different calcium salts, Ca(ClO4)2, Ca(BF4)2, and Ca(TFSI)2
(Fig. 14a).45 The IL-GEs showed conductivities on the order of
10�4 S cm�1 at room temperature, reaching maximal
Fig. 14 Electrochemical studies of polymer and ionic liquid based Ca2+

PEGDA/IL gel electrolyte. (b) Conductivity studies of a series of Ca salt ge
PEGDA/IL electrolyte. (d) Cycling performance of the battery. Adapted wi

© 2022 The Author(s). Published by the Royal Society of Chemistry
conductivities on the order of 10�3 S cm�1 (Fig. 14b), which also
demonstrated excellent thermal stability up to 275 �C. The cationic
transference number (t+) was determined as 0.17 based on chro-
noamperometry and impedance studies. The high anodic stability
of ca. 4 V vs. Ca/Ca2+ from linear sweep voltammetry may be
attributed to the high oxidative stability imparted by the cross-
linked polymer host and the high degree of salt dissociation. Then
the electrolytes were tested in full battery studies in CR2032 coin
cells using calcium cobalt oxide (Ca3Co4O9) as a positive electrode
and vanadium oxide (V2O5) as a negative electrode. Particularly,
Ca(TFSI)2 based IL-GEs were capable of operating at room
temperature and delivering a discharge capacity of 140mAh g�1 in
the rst cycle with an open-circuit voltage of 1.2 V (Fig. 14c).
However, the rapid fading of charge and discharge capacities over
cycling was observed (Fig. 14d), whichmay result from the difficult
reinsertion of Ca2+ into Ca3Co4O9, changes in the crystal structure
of V2O5 upon cycling, and electrolyte decomposition.
6. Perspectives and conclusions

We summarized and discussed the historical development and
current status of liquid and polymer calcium electrolytes for
developing rechargeable Ca batteries. Undoubtedly, the eld of
Ca batteries is still in its infancy stage. We would like to share
a number of recommendations in evaluating and developing
new Ca2+ ion electrolytes in future.

First, performance metrics of Ca2+ electrolytes, including
coulombic efficiencies, deposition and stripping overpotential,
anodic stability, and charge transport kinetics should be
electrolytes. (a) Illustration of the synthesis of an exemplary Ca(BF4)2-
l electrolytes. (c) A V2O5kCa3Co4O9 battery study using the Ca(TFSI)2-
th permission from ref. 45. Copyright 2020 American Chemical Society.
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Fig. 15 Battery configurations for evaluating Ca electrolytes. (a) CakCu or SS configuration to evaluate the coulombic efficiency and anode
stability of Ca electrolytes. (b) Charged cathodekdischarged cathode configuration to evaluate the coulombic efficiency and cathode stability. (c)
Anode-free configuration to evaluate electrolytes in full batteries.
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comprehensively evaluated by cyclic voltammetry, bulk elec-
trolysis, electrochemical impedance spectroscopy, and other
electrochemical methods, which are preferably performed
using common current collector electrodes such as stainless
steel (SS), Cu, and Al. The durability with the Ca anode, and
more reliable coulombic efficiencies should be further tested
using CakCu or SS coin cells (Fig. 15a). In the literature, most
studies reported half-cell studies using the CakCa congura-
tion. The coulombic efficiency on a Ca electrode is not trust-
worthy as the Ca anode will provide excess Ca to increase the
stripping current and thus result in higher coulombic efficien-
cies. In addition, it is also worth noting that graphite46 and
alloys47 can also serve as anode materials and provide new
opportunities for developing Ca batteries.

Second, the interfacial chemistry of Ca2+ electrolytes and the
Ca anode is still not fully understood. With the deployment of
new Ca2+ electrolytes, it is expected that rich interfacial chem-
istry will be gained. A very fundamental question to address is
how to elucidate the exact chemical composition and roles of
organic and inorganic components of the SEI, which is highly
valuable to design high-performance Ca2+ electrolytes. In
addition, the SEI and electrolyte solvation are also critical to the
Ca deposition morphology and are worth systematic investiga-
tion. Denitely, we can get inspiration and intellectual support
from the known knowledge of Li batteries and Mg batteries.

Third, there are very few studies reported on the interfacial
chemistry of Ca electrolytes and cathodes. Existing Li ion cath-
odes can serve as a good material library to survey Ca2+ interca-
lation chemistry. Following Dahn's work on elevating Li ion
cathodes,48–50 we recommend using the cathode (discharged)k
cathode (charged) half cell conguration (Fig. 15b) to study the
interfacial chemistry of Ca electrolytes and cathodes without the
complication of the Ca anode. Even in full battery studies, the
anode free conguration (cathodekCu or SS, Fig. 15c) is also
recommended to report more reliable cycling performance of
a Ca battery, which has been advocated for Li battery studies.

Fourth, regarding new electrolyte development, a funda-
mental, effective strategy to improve electrolyte performance is
to engineer the chemical structure of electrolyte active species
as evident from the recent advances of the Ca[B(hp)4]2 elec-
trolytes. One is to modulate the rst sphere coordination
5810 | Chem. Sci., 2022, 13, 5797–5812
structure of Ca2+ ions using different solvents and additives.
Another strategy is to design chemically and electrochemically
stable counter anions. It is worth noting that the interplay of
Ca2+ cation and counter anions is very important to achieve
a stable, highly conductive SEI (Fig. 11e and f). For example,
strong solvation can avoid the formation of the cation–anion
ion pair to stabilize anions from excessive decomposition. In
contrast, a slight degree of the formation of the cation–anion
ion pair could be benecial to enable controlled decomposition
of anions to form a stable SEI that can inhibit further electrolyte
decomposition. In addition, additives that are commonly
applied to improve the energy storage performance of Li ion
batteries can also be highly effective in modulating and
improving the chemical components and performance of the
SEI for the Ca anode. A good Ca2+ electrolyte should be simul-
taneously compatible with both the Ca anode and a high redox
potential cathode material.

In conclusion, successful demonstration of reversible Ca
deposition at room temperature has been achieved with the
rapid development of Ca2+ electrolytes in the last few years.
There are many opportunities ahead for experimental and
theoretical scientists to develop new Ca2+ electrolytes, under-
stand electrolyte/electrode interfacial chemistry, and discover
cathode materials. It is rmly believed that understanding Ca2+

electrolyte chemistry is key to developing practical Ca batteries
and can also be benecial to the development of other metal
batteries.
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