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energy density. In addition, while the quest for even higher
energy densities has for long been the main driving force behind
progress in battery technology, LIBs contain both Ni and Co,
and the risks of limited supply and/or signi cantly increased
prices cannot be ignored and prompt the development of more
long-term sustainable battery chemistries.>*® Furthermore, a
transition from metal ion- to metal-anode-based battery
chemistries is aj)pealing, as it can substantially enhance the

gures of merit.” ® If also more abundant and nontoxic metals
are used, the overall battery technology would also bene t from
reduced cost and lower environmental impact. Moreover, the
concept becomes particularly attractive if multivalent ions are
used as charge carriers, as this in principle enables the capacities
to be doubled as compared to using monovalent-ion charge
carriers such as Li* or Na*. Alternatively, one can consider that
reaction of onlg/ a half of the ions would be needed to achieve the
same capacity.®® Combining all of the above: Calcium isthe fth
most abundant element in the Earth’s crust, it is nontoxic, and its
standard reduction potential is 2.87 vs NHE, which combined
with its density of 1.54 g/cm® and charge capacity of 1.34 Ah/g,
result in a theoretical energy density of 2.06 Ah/cm® In
comparison, the graphite of today’s LIBs is at a mere 0.97 Ah/
cm®  hence a 2-fold increase in this measure is achievable. In
addition, the Ca?" ion should be more mobile in liquid
electrolytes because of its less polarizing character (charge/
radius ratio) than both Mg?* and AI** ions, which are employed
in battery concepts much more heavily researched. To enable
the reader to more easily understand the (limited) development
of Ca batteries until now, we here rst provide a historical
perspective before we turn to the (rapid) progress during the last
4 years.

This Review presents a comprehensive examination of the
requirements and current state-of-the-art of electrolytes and
electrodes for rechargeable Ca batteries. This section contains a
minor historical recollection, section 2 covers the exploration of
active materials and electrolytes, while section 3 deals with the
(un)reliability of experimental setups used and the methodology
development needed, before we assess full-cell layouts and

nally present some concluding remarks.

1.1. Historical Perspective ( 2015): A Myriad of Concepts

The rstapplication of calcium at all in batteries was in 1935 but
then as an additive for alloy strengthening the lead grids for Pb

acid battery cells."® * The rst report of calcium as the
electroactive element appeared much later, in 1964, and is
related to primary thermal batteries, a technology mostly used in
military and aerospace applications (Figure 1).** These Ca
batteries contained electrolytes with high melting points (such
as mixtures of metal chlorides), kept at ambient temperature
during storage periods (which may be extremely long) to avoid
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self-discharge and thermally activated to deliver power. The Ca/
KCI LiCl AgCl K,CrO,/Ag cells were reported to discharge
at 450 °C for 11 min, despite issues related to the formation of a
Li Ca alloy at the anode. This type of cell was used in military
applications since World War 11."* Some attempts to modify the
surface of the calcium metal anodes with acetic acid to yield
CaCO, were reported,*® despite the chemistry being shown to
be extremely complex involvin? also corrosion with formation of
both Ca,CrO,Cl and KCaCl,.'® E orts to replace the chlorides
by nitrates, with lower melting points, as electrolytes were also
reported.’” A maximum exchange of one electron per mole of
calcium was observed with the formation of a passivation Im
most likely consisting of CaO, hindering any fast kinetics. The
addition of halides to the electrolyte was suggested as a way to
break the passivation Im and improve the kinetics. Other high-
temperature concepts investigated in these early days involved
the use ofaCa Sialloy anode coupled to a Ca?* conducting
alumina solid electrolyte for rechargeable cells operating at 580
°C,'®aCa Y alloyanode coupled toa uoride conducting solid
electrolyte,'® and even a Ca O, cell also usinga Ca Si alloy
anode complement with a zirconia-based electrolyte.”” Despite a
few charge discharge cycles being reported for the above
systems, the redox mechanism was not unambiguously
ascertained, and no further studies were published.

Staniewicz was the rst to report on the electrochemistry of
Ca SOCI, as an alternative to the Li SOCI, primary cells,
again a battery technology mainly used for military applications,
and presented the impossibility of calcium plating upon cell
reversal as a safety advantage.”* Further studies by Peled et al.
attributed this feature to the formation of a passivation layer
consisting mainly of CaCl, impermeable to the Ca** ions.** # A
similar technology with a somewhat higher operation cell
potential was also developed,”®*’ but corrosion of the Ca metal
electrodes was found to be an issue; the Ca SOCI, cells lost ca.
10% of their capacity after only 2 weeks of storage.”® The
strategy to avoid corrosion and self-discharge was to use
di erent additives such as Ca(AlICl,), formed by reacting Ca
with AICI;,?* Sr(AICl,), or Ba(AICl,), changing the
composition of the passivation layer.”” Furthermore, corrosion
of the stainless steel can material was also observed and
attributed to reactivity with calcium metal, in analogy with
lithium metal systems.®® As the calcium-based concepts above
did not provide enough advantages to replace the Li SOCI,
technology, they never reached the market,** but this may also
be related to the fact that these batteries are only used in niche
applications (military or very low-temperature environments).

The issues related to electrochemical calcium deposition
discovered in the studies above e ectively prevented any further
investigations of secondary, rechargeable, battery technologies
based on calcium metal as the negative electrode. Yet, basic
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studies related to the behavior of calcium metal anodes using
organic electrolytes similar to those used at the time of emerging
LIB technology were made by Aurbach et al.** Their studies
included solvents such as acetonitrile (ACN), tetrahydrofuran
(THF), -butyrolactone (gBL), and propylene carbonate (PC)
as well as Ca(ClO,), and Ca(BF,), salts together with
noncalcium containing salts. The conclusion of this pioneering
work was that the passivation layer formed on calcium metal
does not enable transport of calcium ions, in full agreement with
the results for the SOCI, battery technology, with the major
consequence being the impossibility to develop any secondary
Ca batteries using these electrolytes, as even if calcium stripping
would be feasible, plating upon charge would not. By the year
2000, when the LIB technology was already well-established in
the market,® the idea to use metal anodes coupled to
multivalent-ion charge carriers re-emerged as a way to further
boost the energy density. Indeed, proof-of-concept was achieved
for Mg battery cells with metal anodes,®** using magnesium
organohaloaluminate salts in THF or glymes as electrolytes,
which, despite a somewhat narrow electrochemical stability
window of ca. 3 V, enabled reversible Mg plating and stripping.
Yet, no similar electrolytes were available for Ca,” and hence, the
study of Ca®" intercalation and the quest for cathodes was not
straightforward, the only possibility being the assembly of cells
using alternative anodes, such as activated carbon.*®

The basics of calcium-ion intercalation in transition-metal
compounds were studied in the 1960s 1970s as part of early
intercalation chemistry research.®® This involved crystal
structures exhibiting a van der Waals gap, such as metal sul des
WS,, TaS,, TiS,, and some metal oxides, e.g., MoOs, and V,0s,
in which intercalation of a wide range of neutral or charged
species was possible, the latter concomitant to reduction of the
transition metal of the host. Despite most studies being devoted
to intercalation of lithium and other alkali ions, attempts to
chemically intercalate other ions such as Ca®* for comparative
purposes were common, either from aqueous solutions of the
corresponding hydroxides or from the metal dissolved in liquid
ammonia.*” * Due to the advent of the LIB technology in the
1970s, which concentrated most research e orts to Li*, research
on multivalent systems fell into oblivion, but the eld started to
re-emerge in the early 2000s, with a few reports dealing with the
feasibility of calcium intercalation in inorganic compounds.
These included electrochemical studies of hexacyanoferrates
using an aqueous electrolyte*®*! and combining electro-
chemistry and other characterization techniques (mostly
powder X-ray di raction, or XRD hereafter) with V,Os as the
host using Ca(ClO,), in either ACN or PC as electrolytes.*? **

In the following decade and in line with the growing
awareness about the imperative evolution toward electri cation
of transportation and energy storage needs for renewable energy,
the e orts in the area were reinforced. This resulted in
investigations of new concepts such as Ca/S cells,*> which
showed some electrochemical response but lacked reversibility,
and more exotic alternatives such as liquid metal batteries.”® The
latter concept consists of two liquid metal electrodes separated
by a molten salt electrolyte that self-segregate into three liquid
layers based on immiscibility and density di erences. While the
solubility in molten salts and strong reducing power of Ca
preclude its use as metal electrode, calcium containing alloys
melting at moderate temperatures (around 600 °C) seem to
exhibit promising behavior using molten halide electrolytes*’ *°
given their thermodynamic redox potential,>®>* but much
engineering is needed for this technology development of

6333

corrosion resistant cell components, e ective seals, and thermal
management, and so on  before any proper practical estimates
can be made.

Reinvestigations of hexacyanoferrates were also made using
both aqueous™ and organic®* electrolytes resulting in a very
reversible electrochemical response and with enhanced capacity
obtained by water addition to the organic electrolytes.>* Despite
some further studies,>*>° indicating minor, if any, modi cations
of the host structural framework, the redox mechanism and the
possible role of water molecules, either present in the as
prepared hexacyanoferrates or in the electrolyte, have not yet
been fully elucidated. Interest in intercalation cathodes, such as
those used in the LIB technology and using the vast know-how
created in that eld, also re-emerged, but the bottlenecks related
to the di erences between Li* and Ca?* as charge carriers were
soon clear;y realized and hence the need for speci ¢ materials
design.”®®
1.2. The Current Era (2016 ): Realizing Metal-Anode- and
Organic-Electrolyte-Based Cells

By the end of 2015, the feasibility of reversible calcium metal
plating and stripping was assessed at moderate temperatures
using conventional alkyl-carbonate organic-solvent-based elec-
trolytes.*® Despite issues associated with these electrolytes, this
opened for a more extensive electrode materials screening. With
Ca metal anodes being the most attractive choice, research was
focused on electrolyte formulations enabling better Coulombic
e ciency and, if possible, making operation at room temper-
ature feasible, and at the same time, these were used for
unraveling suitable cathode materials. Yet, alternative anodes
have also been researched; the rst calcium graphite
intercalation compound (CaCg) was achieved chemically at
high temperature in 2005°° and attempted electrochemically
somewhat later.® An interest in Ca alloys has been present since
2011,°* but still, most e orts are directed toward cells using
calcium metal anodes and intercalation cathodes.®

Most Ca battery cells are analogous with LIBs on the cathode
side; during the discharge, the charge carrier ion (Ca?*) migrates
from the anode to the cathode through the electrolyte, while the
electrons ow across an external circuit (Figure 2). These

e- discharge
—

©

—
e- charge

Figure 2. Schematic of a Ca battery using a Ca metal anode and an
intercalation cathode.

processes are reversed upon charging. Except for a few more
exotic concepts, with air"™*®* or sulfur cathodes,* the redox
mechanism at the cathode involves insertion/deinsertion of
Ca2+

xCa®* + 2xe + CaHost ~ Ca,, Host

X+y

€

where Host represents the cathode active material wherein the
Ca®"ions are intercalated. For Ca batteries, the main challenge is
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the larger size and charge of the Ca?* ion as compared to the Li* hosts exist. To date, the cathodes proposed have been very few
ion, and to less extent to the Na* ion, for which many suitable and are treated in detail in section 2.3 below.
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2. ANODES, ELECTROLYTES, AND CATHODES

The choice of active materials together with the electrolyte sets
the theoretical limits in voltage and energy density but also
a ects the kinetics (power), life-length, safety, and so on. A
special role is played by the interfaces and in many cases also the
interphases formed between the electrolyte and the electrodes.
While also current collectors and casing materials and so on
a ect the nal product, these are covered in section 3 dealing
with full-cell design, rather than in separate subsections here.

2.1. Anodes

Several Ca battery anodes have been electrochemically tested,
either in three- or two-electrode cell con gurations, this is to say,
with or without a reference electrode distinct to the counter
electrode (Table 1). While the description of cell con gurations
is exposed in section 3, this section focuses in the anode side, and
for simplicity, the contents are organized into two subsections;
section 2.1.1 covers Ca metal anodes with the related interfaces,
and section 2.1.2 covers alloys, intercalation materials, and other
alternatives.

2.1.1. Ca Metal Anodes and Interfaces. The use of Ca
metal anodes requires reversible stripping (at discharge) and
plating (at charge). Several unsuccessful attempts to electro-
deposit divalent cations have demonstrated the large di culties
associated with trying to accomplish this.®® Based on the studies
of Auborn et al. and Behl et al. on electrolytes of inorganic Li
salts, e.g., LiBCl,, LIAICI,, and so on, in phosphorus oxychloride
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(POCIs) and thionyl chloride (SOCI,) vs Li metal anodes,®*®’
Peled et al.?® and Staniewicz”* reported on the electrochemical
behavior of the M SOCI, (M = Mg or Ca) electrolytes vs the
corresponding metal anodes, with a cell reaction suggested to be
analogous with the Li systems

2M + 2S0Cl,  2MCl, + SO, + S

(2
In terms of speci ¢ energy density, the Ca SOCI, cell
reaction is ca. 300 Wh/kg (for sake of comparison, the Li system
is ca. 700 Wh/kg). Although this technology was considered for
the development of primary cells, e orts to electroplate Ca from
SOCl,-based electrolytes were made but failed. Indeed, while a
high current density was recorded upon anodic polarization of a
Ca metal electrode with relatively low overpotential (e cient
stripping), a very high overpotential was recorded upon cathodic
polarization (Figure 3), and solvent reduction led to SO, gas
being formed. The Coulombic e ciency for the Ca plating
reaction was estimated to be a mere 5%.” The low reversibility
of the Ca plating/stripping reactions has in general mainly been
attributed to the poor di usion of divalent cations through the
passivation layer formed (mostly CaCl,) as well as its mixed
ionic conductor nature, which precludes Ca plating (Figure 3).
In contrast, Mg electrodeposition is possible, and the obtained
deposit less prone to corrosion; a Ca deposit is completely
consumed in less than 7 min after plating, whereas Mg
electroplated on Ni appears to be stable for at least 2 h.>*°®

DOI: 10.1021/acs.chemrev.9b00339
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While the Ca metal anode is by far the most promising cell
design, the electrochemistry of Ca metal is rather complex,
including the role of the very stable calcium oxide. An Ellingham
diagram® plots the standard free energy of formation of oxides
with temperature, and it usually also provides the partial
pressure of oxygen at equilibrium (Ellingham Richarson
diagram, as shown in Figure 4). The standard free energy is
more negative for the more stable oxide; hence, CaO is clearly
more stable than MgO and even Al,O5. The high stability of
CaO is certainly a severe problem to overcome for those aiming
atemploying Ca O, as the cathode. Since the entropy variation
for the oxide formation is negative, the free energy becomes less
negative as temperature increases. Therefore, it is not surprising
that the rst reports on Ca metal anodes in the early 1960s
(section 1? were on cells operated at high temperatures (>450
°C).** " The electrolyte chemistry was very similar to Ca
metal production; molten salts, typically eutectic mixtures of
CaCl, and CaF,, were employed and involved electrowinning
and electrore ning processes performed at >850 °C."° Later on,
the concept of liquid metal electrodes also used higher
temperatures, typically operating at >500 °C."*

Ca batteries are very much dependent on the properties and
performance of the electrolyte/electrode interfaces. In an early
study by Aurbach et al.,** the process of calcium plating at the
anode from an organic electrolyte was explored using Ca(BF,),
and Ca(ClO,), as the electrolyte salts and PC, gBL, THF, and
ACN as the solvents. The plating was found by infrared
spectroscopy to be limited by the electrolyte decomposing to
form a passivation layer on top of the Ca metal, hence akin to the
solid electrolyte interphase (SEI) formed on graphite in LIBs. In
contrast to LIBs and why the term SEI should not be used here,
among all the di erent electrolytes studied, none of them
allowed for reversible plating/stripping of calcium, as the
passivation Ims, mainly composed of CaCO; and Ca(OH),,
did not conduct Ca®" ions. Although these observations severely
stalled the development of Ca metal-anode-based batteries, two
recent studies have indeed reported on successful calcium
plating and stripping using organic electrolytes in the presence of
passivation layers: 1.5 M Ca(BH,), in THF”® and 0.45 M
Ca(BF,), in EC:PC.” The former electrolyte enables reversible
cell performance at room temperature, with an electrochemical
stability window of about 3 V, while the latter o ers over 4 V but
demands an elevated temperature (100 °C) (Figure 5). For
Ca(BHy,), in THF, the passivation layer was found to be entirely
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composed of CaH, formed by the reaction of Ca metal with the
solvent. Unfortunately, the CaH, passivation layer was found to
continuously grow upon cycling and is highly reactive. Recently,
Ta et al. have performed a systematic fundamental study on the
Ca plating mechanism using this electrolyte and a Au or Pt
rotating disc electrode setup, suggesting a chemical electro-
chemical deposition mechanism, with the kinetics of the
chemical step (involving hydrogen adsorption) being sub-
strate-dependent and faster with Pt than with Au.”®
For the Ca(BF,), in EC:PC electrolyte-based cells, the
situation is more complex; several solvent decomposition
products were identi ed including CaF, and carboxylates but
not which one(s) that enabled Ca migration.”* Young et al.
investigated possible reduction pathways for EC and Ca(CIlO,),
in EC (thus not the same anion as in the experiment) by means
of DFT and AIMD simulations and concluded that CaCOs,,
Ca0, and Ca(OH), should be the major inorganic components
of the SEI."® Later on, a detailed study on the passivation layers
formed from Ca(BF,), or Ca(TFSI), in EC:PC electrolytes
allowed calcium carbonates, uorides, and borates to be
identi ed with the latter only being observed for BF, -based
electrolytes, the electrolyte in which Ca plating and stripping is
feasible, i.e., no plating is observed for the electrolyte containing
TFSL”" Further experiments used an electrode prepassivation
step by a BF, -based electrolyte. The prepassivation procedure
consisted in polarizing a stainless steel current collector at low
potential in order to produce a borate containing passivation
layer. Subsequently, after a thorough rinsing procedure, the
electrode was transferred to a cell with a TFSI containing
electrolyte.”” Thereby could not only Ca plating be observed,
using the previously inactive Ca(TFSI),-based electrolyte, but
also an enhanced electrochemical response ca. 4 times higher
current densities. This strongly suggests that the nature of the
passivation layer is key to enable Ca plating and that the
composition of the electrolyte plays a major role in the overall
plating kinetics. Both the cation mobility in the electrolyte and
interfacial phenomena such as desolvation are thus intercon-
nected properties of utmost importance for practical Ca
batteries.
In 2019, two independent studies demonstrated Ca plating
and stripping at room temperature using Ca salts based on
uorinated alkoxyborate anions and dimethoxy ethane (DME)
as solvent. Coulombic e ciencies between 80 and 90% were
reported together with anodic stabilities above 4 V vs Ca?*/Ca
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and the gresence of CaF, as an electrolyte decomposition
product.”"® These studies represent a signi cant step forward
in the development of a room temperature Ca metal-anode-
based battery and should be benchmarked against cathode
materials. Nonetheless, the need for a conditioning protocol
( vecyclic voltammetry cycles at 80 mV-s 1)’ or addition of 0.1
M Bu,NCI"® in order to achieve the high Ca plating/stripping
Coulombic e ciency or to improve cyclability also calls for
additional work on surface passivation and in order to identify
the electroactive species. The possibility/risk of Ca dendrite
growth is also mentioned, as characteristic structures were
observed growing through the separator, and a short circuit was
recorded at a current density of 1 mA.cm 2

2.1.2. Alloys, Intercalation Materials, and Other
Alternatives. Alloys are considered a viable alternative to Ca
metal anodes, as they often have both high speci ¢ capacity and
low potential. " As expected from the divalent nature of Ca
and Mg cations, a similar volume expansion can be calculated for
the formation of A,M (with A =Caor Mgand M = Sn, Si, etc.) as
for the formation of Li,,M, and a similar amount of charge is
stored.® Si- and Sn-based alloys investigated electrochemically
showed decalciation of CaSi, to be possible using 0.45 M
Ca(BF,), in EC:PC electrolyte at 100 °C, leading to an average
particle diameter size decrease from 7.3 to 26 m.*® A large
voltage hysteresis was, however, observed upon reduction, and
amorphization prevented any con rmation of alloy reformation.
Tang’s group investigated a Sn anode using a 0.8 M Ca(PFg), in
EC:PC:DMC:EMC (2:2:3:3 by vol.) electrolyte and a graphite
cathode (employing anion insertion).**? Since only two-
electrode cells were assembled, the capacity vs voltage pro le of
Sn is not really unambiguously determined, but yet, a much
smaller voltage hysteresis was obtained as compared with the Si
anode (Figure 6). Even though 350 cycles were reported, the
low Coulombic e ciency (ca. 80%) suggests a signi cant
amount of parasitic reactions, most probably involving electro-
lyte decomposition. In addition, the Ca(PFg), salt employed is
known to be quite unstable.*

A systematic screening and high-throughput density func-
tional theory (DFT) investigation of a large number, in total
115, of Ca,M alloys was very recently made by Wolverton’s
group.2® The most promising alloy candidates were selected
considering calciation voltage, volume expansion, and speci ¢
capacity. These criteria resulted in a wide range of metals being
considered worthy of further investigation; M = Sn, Si, Sb, Ge,
Al, Pb, Cu, Cd, CdCu,, Ga, Bi, In, TI, Hg, Ag, Au, Pt, and Pd. Pt
and Au attract special interest, as these metals sometimes are
used as substrates/working electrodes (Table 1), emphasizing
that care must be taken to ensure that alloy formation does not
bias the interpretation. Ca alloys were also considered in thermal
batteries as a way to overcome the high melting point of Ca (842
°C). The operation temperature of such cells could be lower by
using Ca alloys such as Ca Bi,*®Ca Sh Ca Ge® and Ca
Mg. 7,51

Not only simple metal alloys are advocated for; two-
dimensional GeP; was recently investigated by DFT as a
potential anode for several post-Li batteries,®® Ca?* was found to
preferentially react with GeP5 through a conversion reaction
resulting in a theoretical speci c capacity of 658 mAh/g.

Graphite is by far the most representative and studied
insertion anode material for the LIB technology. While fellow
alkali earth metals such as barium (Ba) and strontium (Sr) have
been found to intercalate in graphite rather easily,*’ Ca
intercalation using a similar procedure (contact of graphite
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with the metal vapor) only leads to super cial intercalation.”® So
far, only dimethyl sulfoxide (DMSO)-solvated Ca has been
intercalated readily into graphite.”® Successful preparation of
CaCg was, however, claimed by Emery et al. after immersing
graphite in a molten lithium calcium alloy at 350 °C for 10
days.>® The authors suggested that only Ca is intercalated and
mentioned that the CaCg crystal structure is unique
(rhombohedral and R3m space group) as compared to other
MCg compounds having hexagonal symmetry. Wu et al.
assembled a dual-carbon electrode cell using a meso-carbon
microbead (MCMB) anode and an expanded graphite
cathode.?? Upon cycling, reversible shifts of the (002) graphite
di raction peak were observed as well as a broadening, showing
loss in graphitization degree (Figure 7). Unfortunately, since all
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Figure 7. (a) XRD patterns of (1) Ca-intercalated BCg and (2) original
BCg Ims. Reproduced from ref 90 with permission from The Chemical
Society of Japan. Copyright [2018]. (b) XRD patterns of an initial, fully
charged, and fully discharged MCMB anode in a Ca dual-carbon
electrode battery (expanded graphite used as cathode) during the initial
cycle. Reproduced from ref 89 with permission from Wiley-VCH.
Copyright [2018].

tests were performed using two-electrode cells, no conclusions
can be drawn with respect to the intrinsic performance and
operating voltage of the MCMB anode. Ishikawa et al. proposed
an interesting strategy for Ca insertion by rst preparing BCg,*
which allowed for easier Ca intercalation using the standard
method, something rationalized by the relationship between the
ionization potential of Ca and the electron a nity of BCs.
Borophene, the boron analogue to graphene, and hydrogenated
defective graphene, have both been investigated by DFT for
possible application as Ca battery anode materials.*°* Higher
binding energies were obtained for Ca than for Mg, Li, and Na,
and speci ¢ capacities of 800 and 591 mAh/g were obtained,
individually. Datta et al. investigated the adsorption of Ca (and
Na) on graphene with divacancies and Stone Wales defects™
and concluded that adsorption is not possible on pristine
graphene but enhanced by increasing the density of defects, with
a calculated capacity of 2900 mAh/g for Ca®* adsorption. As for
every other high-surface-area anode material, however, it is very
unlikely that graphene can be used in practice, as the side-
reactions taking place would be highly detrimental and result in
an excessive cation inventory loss. In addition, the low-density
graphene-based anodes will result in low volumetric energy
density cells. MXenes have also been considered as anodes for
Ca, K, Na, and Li batteries.**® By DFT calculations, the
adsorption energies were found to decrease as the coverage
increased, and a larger e ective ionic radius was found to
increase the interaction between the alkali and alkali earth
atoms, penalizing the capacity; 320 mAh/g for Ca*. However,
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Figure 8. (a) Galvanostatic calciation/decalciation potential pro les of the PTCDA electrode in a two-electrode cell at a current density of 20 mA g ?,
and (b) ex situ XRD patterns of the PTCDA corresponding to the pristine (black), calciated (red), and decalciated (blue) electrode. Reproduced from
ref 96 with permission from the American Chemical Society, copyright [2017]. (¢) Charge discharge pro le of PNDIE electrodes in 2.5 M Ca(NO;),
aqueous electrolytes with di erent pH. (d) Capacity stability and Coulombic e ciency of PNDIE at 5C rate (925 mA g 1). (e) Possible reversible
electrochemical redox mechanism of PNDIE. Reproduced from ref 97 with permission from Wiley-VCH, copyright [2017].

MXenes have the common problem of all high-surface-area
anode materials: poor rst cycle Coulombic e ciency, ie., a
large irreversible loss of capacity.

Organic compounds have also been tested as Ca battery
anodes using aqueous electrolytes (Table 1). The aromatic
molecular solid 3,4,9,10-perylenetetracarboxylic dianhydride
(PTCDA) was tested in a three-electrode cell using activated
carbon as the cathode.”® Despite some signatures of reversible
electrochemical activity, XRD studies indicated rapid deterio-
ration/amorphization upon cycling (Figure 8a,b), which was
attributed to the large size of Ca?*, as this behavior was not
observed for Mg?*. For a polyimide (PNDIE) anode and a
copper hexacyanoferrate cathode cell, a stable discharge capacity
of 40 mAh/g (at C/10 rate) was demonstrated for 1000 cycles®’
This cycling was, however, performed at a 5C rate, thus
potentially masking parasitic reactions/active material dissolu-
tion issues. Moreover, for most tests using aqueous electrolytes,
the issue of reactivity of protons as well as the role(s) of the
oxygen reduction and/or the hydrogen evolution reactions,
ORR and HER, respectively, is rarely mentioned, even though
the voltage window commonly explored is >1.4 V.
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2.2. Electrolytes

Regardless of battery design and concept, the role of the
electrolyte is primarily to e ciently separate the two electrodes,
which is in practice solved by some kind of membrane/separator
layout, and to e ciently transport the ionic charge carrier(s) of
interest between the electrodes.” Due to the (very) hard acid
base nature of both the Mg?* and AI** cations, the corresponding
multivalent-battery technologies have very special electrolyte
compositions to enable desolvation of the cations at the
electrode/electrolyte interfaces especially because the sol-
vents are very cumbersome to create and handle. In contrast,
Ca battery electrolytes are much more similar to both LIB and
SIB electrolytes, and simple salt-in-solvent concepts using
standard battery solvents from these technologies seem to
provide the needed overall bulk electrolytes properties likely
beause Ca?* is a much softer cation. The remaining open
questions are mainly related to if these su ce to provide ample
Ca®" transport and exchange at the electrodes.

While Ca battery electrolytes basically must only ful Il the
condition of fast and large enough Ca?*-ion transport, through
the bulk and at the interfaces, to not limit the power
performance of the cell and in some cases make it at all
cyclable there is the additional issue of enough (electro-)
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10 and 120 °C) for various Li/Na/Ca and Mg salts in ECy5:PCy5 with (a) 0.1 M and (b,c) 1 M salt

concentrations. Reproduced from ref 101 with permission from The Electrochemical Society, copyright [2017].

chemical stability. This is due to the electrochemical potential of
Ca being so low and close to Li. From the perspective of
electrolyte and anode compatibility, basically the cathodic
stability of the salt anion(s) and the solvent(s) used, two main
approaches have been employed:

(i) electrolytes that form a passivation layer on Ca metal
anodes by limited decomposition of salt and/or solvents,
i.e., are metastable. The main issue is then Ca?* mobility
through the passivation layer;

(i) electrolytes that do not form any passivation layer thus
being intrinsically stable, primarily suited for nonmetallic
anodes, rendering cells with lower energy density.

From the electrolyte vs cathode perspective, both electrolyte
designs above hitherto often have rather limited electrochemical
stability windows (ESWS5), in principle hindering the use of
really high-voltage cathodes but at the same time no practical
Ca cathodes (see section 2.3) exist to date.

A major limitation common to all Ca battery electrolytes is the
limited number of Ca salts commercially available. Most work
has so far employed one or more of these ve simple Ca salts:
calcium perchlorate, Ca(ClO,),, calcium tetra uoroborate,
Ca(BF,),, calcium bis(tri uoromethanesulfonyl)imide, Ca-
(TFSI),, calcium nitrate, Ca(NOs),, and calcium borohydride,
Ca(BH,),. As the CIO, anion is laden with safety issues, the
latter four salts are strongly recommended for any practical
studies. For aqueous electrolytes, the salt of choice has
distinctively been Ca(NOs),. Up to now, there has been no
systematic investigation on the impact of the nature of the salt in
divalent-cation aqueous systems; the choice of nitrate salt most
probably is rooted in historical reasons.

In 2015, however, Lipson et al."*° reported on the synthesis of
calcium hexa uorophosphate, Ca(PF),, salt, and furthermore,
in 2017, Keyzer et al.%® showed a direct anhydrous synthesis
route for the same salt something they previously developed
for the Mg analogue. The latter study is particular signi cant, as
it makes quite an e ort targeting the chemical stability of the
PFs anion noting that the chemically softer Ca?* (as
compared to Mg?*) would have a weaker solvent interaction
and thereby accelerate the anion decomposition by stronger
cation anion interaction, i.e., ion-pairing. However, the latter is
also weakened by the cation being softer, and to us, it is not clear
what interaction isa ected the most: cation solvent or cation
anion, calling for computational and spectroscopic local
interaction studies. The synthesis is also signi cant given that
the PFg anion is part of the standard LIB electrolyte design,
stressing further possibilities to create Ca battery electrolytes
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using LIB know-how but with the di erence that the anion must
comply with cycling vs Ca metal anodes.

Apart from water as the solvent for aqueous electrolytes, more
or less standard LIB solvents such as THF, ACN, gBL, PC,
DMC, DEC, EMC, DMF, dimethoxyethane (DME), and
mixtures of EC and PC have all been applied as matrices for
the above Ca salts even if not all possible combinations. The
crucial feature of the metastable electrolytes according to (i)
above is that the degradation products arise electrochemically by
reduction, often due both to solvent and salt anion, creating a
covering and stable Im onto the anode, i.e., an SEI. These
electrolytes and the truly stable ones are discussed further in
section 2.2.1.

In addition to the standard salt-in-solvent design, there are
designs relying on ionic liquids (ILs) as solvents and also a few
solid-state electrolytes (SSEs), ceramics, and polymers, which
we brie y touch upon in section 2.2.2.

Below, the studies centering on Ca conducting electrolytes so
far are summarized brie y, but many general Ca battery studies
simply use one or two electrolytes without any motivation and
from this extrapolate/generalize. We would therefore like to
stress that for further development, there is a need for work with
the electrolyte in focus to enable:

(i) abetter understanding of the reactions at the interfaces
to tailor the SEI (if any),

(ii) a large mapping of salt(s), solvent(s), concentration(s),
and additives and how these alter densities, viscosities,
conductivities, ESWs, Ca®* transport, etc.,

(iii) ause of more LIB and SIB electrolyte know-how as well as
from Mg and Al batteries.

2.2.1. Liquid Electrolytes. Nonaqueous organic-solvent-
based liquid electrolytes have by far been the prevailing choice
for Ca batteries, even if aqueous electrolytes have been shown to
improve the kinetics of Ca intercalation at the electrolyte/
electrode interface. Systematic electrolyte studies are hitherto
verg scarce. We note the early “screening” study by Aurbach et
al.>* investigating the electrochemical behavior of a Ca metal
anode indi erent organic electrolytes composed of ACN, THF,
gBL, and PC and the salts Ca(ClOQ,), and Ca(BF,), and the
similar study by Hayashi et al.** using Ca(ClO,), as the salt and
PC, DMC, DEC, EMC, gBL, DMF, and ACN as solvents. In
contrast, most often a single or at most two di erent electrolytes
have been employed to study an anode or cathode in half- or full-
cell designs. The three most prominent examples are the studies
on reversible Ca flating and stripping using a Ca metal anode by
Ponrouch et al.” using di erent Ca salts in EC:PC, by Wang et
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al.”® employing Ca(BH,), in THF, and by the groups of
Nazar’®and Fichtner’® using Ca salt based on uorinated
alkoxyborates anions in DME. These studies are covered
extensively in section 2.1 with respect to the functionality for
the anode and interface creation. We note here, however, that
these research groups used di erent salt concentrations with
0.25 M Ca[B(h p)4],, 0.45 M Ca(BF,),, 0.5 M Ca[B(h p)4l..
or 1.5 M Ca(BH,), a far from small design di erence and
signi cant for the electrolyte properties. Another note is that
these electrolytes have a fair concentration of oxygen atoms by
virtue of the carbonate solvents, and combined with the stability
of the CaO (Figure 4), this might have profound e ects on the
cyclability of Ca-metal-based cells (see section section 2.1,
Figure 5).

In a recent study, the Ca salt type and concentration was
systematically varied in a matrix of EC:PC.*°* The target was
truly electrolyte oriented to connect various fundamental
physicochemical electrolyte properties such as ion conductivity,
viscosity, and the Ca?* cation solvation by solvent and anions,
with the practical electrochemical performance. It also
compared Ca?* vs Li*, Na*, and Mg?* in order to strengthen
the fundamental understanding of the importance of underlying
interactions for the phenomena and correlations observed. It
was deduced that for low salt concentrations (0.1 M), when
almost total ion ion dissociation can be expected, the divalent
systems are more conductive than the corresponding mono-
valent-cation-based systems, while for higher concentrations
(1.0 M), both the viscosity and the ion-pairing increases
relatively more for the divalent systems, and consequently, the
ion conductivity drops (Figure 9). At elevated temperatures,
such as those used to enable the reversible stripping/plating in
the former studies, however, these di erences become less
obvious (Figure 9b,c). Also, the nature of the anions matters
employing the TFSI salt renders more conductive electrolytes
for the 1.0 M system (Figure 9b,c)  primarily by less extensive
ion-pairing.

The ionic conductivities were all above the target value often
given for LIB electrolytes (1 mS/cm): ca. 3.5 mS/cm even at
room temperature for the 0.1 M systems and slightly lower, ca.
2.0 2.8 mS/cm for the 1.0 M systems. The di erences correlate
with the viscosity of ca. 3 cP increasing to a vast 70 cP, which
again can be mitigated by raising the temperature (Figure 10).

At amolecular level, the di erences, especially with respect to
the ion-pairing, can be analyzed by vibrational spectroscopy,
showing that the cation solvation numbers are lowered from 6.7
to 5.3 from 0.1 to 1.0 M Ca(TFSI), concentration but also that
Ca?* has a larger rst solvation shell than all other cations (Li/
Na/K/Mg).** This should a ect the mobility in the bulk as well
as the (de)solvation dynamics at the electrolyte/electrode
interfaces.

A note of caution is also needed with respect to the discussion
of ion conductivities above; a 0.1 M M(TFSI), electrolyte has
nominally 50% more ions than a 0.1 M MTFSI electrolyte.
Hence, analysis of (cation) transference numbers and not only
the total ion conductivities is crucial.

Comparing the above systems, the EC/PC-based electrolytes
exhibita 4 V ESW and are thus in principle suited for medium
high-voltage cathode materials, while the THF-based electrolyte
is more limited (<3 V).

Turning to water, real aqueous electrolytes as well as water
present in conventional aprotic electrolytes have been shown to
stimulate formation of a calcium hydroxide Im passivating a Ca
metal anode.** Hexacyanoferrates were used as cathodes in the
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Figure 10. Viscosities for Ca(ClO,), in EC:PC electrolytes for the two
salt concentrations (0.1 and 1.0 M) as a function of temperature.
Reproduced from ref 32 with permission from the The Electrochemical
Society, copyright [1991].

early 2000s,"° and more recently, this system has been
reinvestigated,*" also using nonaqueous electrolytes,>* showing
both a very reversible electrochemical response and enhanced
capacity from the water addition. As an example, ca. 17% of
water in a Ca(ClO,), in ACN electrolyte led to enhanced redox
activity, attributed to solvation e ects.”® The role of water in the
electrolytes for the intercalation is not fully elucidated some
studies point to minor changes in the host.>> We caution for
other events such as proton intercalation,’*” electrolyte
decomposition, and/or current collector corrosion, which all
can lead to misleading conclusions/assumptions with respect to
calcium intercalation.

Protic electrolytes have also been employed for Ca O,
batteries, but to reduce the reactivity of Ca with water, a solvent
mixture of 2:1 methanol:water without any Ca salt inside was
employed as its role is more to transport O, to the anode*®
than to transport any Ca?".

A bit more fundamental aqueous electrolyte properties were
partly investigated by Wang et al.** using 1 M Ca(NO), as salt.
The target was fast migration of Ca?* in electrodes, but Lee et al.
showed more elaborately that highly concentrated aqueous
electrolytes, also known as water-in-salt electrolytes (WISEs),***
are also possible for Ca?*.° The lowered hydration number, by
increasing the Ca(NQ;), concentration and thereby a greater
amount of anions coordinating the cation,*>*°® diminished the
activation barrier for intercalation, leading to improved cell
cycling performance.

For all the above aqueous electrolytes, the issue of CaO
formation, in contrast to the carbonate-based nonaqueous
electrolytes, is a nonissue, as cells are not targeting Ca metal
anodes.

2.2.2. Other Concepts. As well as there are few modern
studies of alternative Ca battery concepts, the same is true for the
electrolytes employed (disregarding the molten salt electrolytes
covered extensively in section 1.1). Yet, application of solid-state
electrolytes (SSEs)®* and ionic-liquid (IL)-based electrolytes®®
has been given some minor attention.
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Figure 11. Some Ca?* (comparative) intercalation electrode properties calculated by DFT: (a) intercalation voltage vs speci ¢ capacity in spinel-
Cat[M,]00,, reproduced with permission from ref 57, copyright [2015] The Royal Society of Chemistry. The right panel shows the spinel structure.
Color code: O inred, TM in blue, and Ca in green. (b) Di usion barriers in A,V,O5 for A = alkali or alkali earth cation, adapted with permission from
ref 123, copyright [2014] American Chemical Society. The right panel shows the structure of V,O5 with potential sites for Ca insertion and the two
sites (i) and (ii) involved in the Ca hop. Color code: O in red, TM in blue, and Ca in green. (¢) The most stable A5 TiS, structures for A = Li, Mg, Na,
K, and Ca. Color code: S in yellow, TM in blue, and Ca in green. Reproduced with permission from ref 128, copyright [2016] American Chemical

Society.

Starting with the latter, the high ionic mobility, large ESWs,
and great solubility power and safety trends low or no vapor
pressure of ILs have attracted the attention of the battery
community at large as electrolyte solvents. For Ca batteries,
however, we know only of one single study, wherein Shiga et
al.®® investigated a nonaqueous Ca O, battery design employ-
ing 0.1 M Ca(TFSI), in the IL DEME TFSI and observed Ca
plating/stripping at 60 °C. The CV indicates only a slightly
reversible deposition of Ca, and the SEI formed was by Raman
spectroscopy revealed to have a composition characteristic of
TFSI anion decomposition.

Turning to SSEs, solid CaF, was used early vs alloys such as
Ca Biand Ca Sb.***°” Much more recently, metal borohy-
dride electrolytes were investigated by DFT calculations, butin a
comparative study, the Ca?* di usion was predicted to be too
slow for practical application.®® Overall, very few papers have
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reported on Ca®" SSEs  despite the current “hype” on ASSBs,
likely due to the di culty to obtain materials with high-enough
ionic mobility for this multivalent chemistry.

Solid polymer electrolytes (SPEs) containing Ca have been
until now reported at the materials level but not with any real
battery tests, including an early work almost 25 years ago using
“home-made”(!) Ca(TFSI), dissolved in a poly(ethylene oxide)
matrix investigating basic properties such as cation coordination,
ion conductivity, phase transformations, and so on.**® We are
aware that continued research on SPEs has been pursued in
several laboratories since then but with no results in the open
literature. A deviation from the SPE concept is gel polymer
electrolytes (GPESs), and very recently, a Ca conducting GPE
based on Ca(NO;), and a PEGDA cross-linked network was
presented.**°
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