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Electrolyte Solvation Manipulation Enables Unprecedented
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Abstract: Calcium-metal batteries (CMBs) provide a promis-
ing option for high-energy and cost-effective energy-storage
technology beyond the current state-of-the-art lithium-ion
batteries. Nevertheless, the development of room-temperature
CMB:s is significantly impeded by the poor reversibility and
short lifespan of the calcium-metal anode. A solvation
manipulation strategy is reported to improve the plating/
stripping reversibility of calcium-metal anodes by enhancing
the desolvation kinetics of calcium ions in the electrolyte. The
introduction of lithium salt changes the electrolyte structure
considerably by reducing coordination number of calcium ions
in the first solvation shell. As a result, an unprecedented
Coulombic efficiency of up to 99.1 % is achieved for galvano-
static plating/stripping of the calcium-metal anode, accompa-
nied by a very stable long-term cycling performance over 200
cycles at room temperature. This work may open up new
opportunities for development of practical CMBs.

M ultivalent secondary batteries (Mg, Ca, Zn, Al, and so on)
have received increased attention because of their potential
as post Li-ion battery technology to meet the growing demand
for future energy-storage applications.”) Among them, Ca
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batteries are strongly positioned because of the abundance
and low cost of Ca, together with a two-electron redox
chemistry leading to high energy density.”! The abundance of
Ca in the Earth’s crust is approximately 4.15 wt %, which is
the fifth most abundant element, and certainly less rare than
elemental Li with an abundance of 0.002 wt % . Moreover, as
an ideal choice for metallic anodes, Ca metal has a very low
reduction potential of —2.87 V versus a standard hydrogen
electrode (SHE), which is very close to that of Li metal
(=3.04V vs. SHE) and much lower than Mg (—2.37V vs.
SHE), Al (—1.68 V vs. SHE), and Zn (—0.76 V vs. SHE)."!
Although Ca-metal anodes offer a lower gravimetric capacity
compared with Li-metal anodes, they can deliver a higher
volumetric capacity (ca. 2073 mAhcm ). The combination of
a low reduction potential and two-electron redox chemistry
infers that, in principle, Ca-metal batteries (CMBs) could
offer high energy density compared to state-of-the-art Li-ion
batteries. Compared to its divalent counterpart, Mg-metal
batteries, CMBs have a broader choice of cathode materials
and deliver a better rate capability because of the lower
charge density of Ca®", thereby leading to faster solid-state
diffusion in cathode materials.[¥

Although CMBs hold great promise for achieving high
energy densities, grand challenges need to be overcome
before practical CMBs may be developed; in particular, a lack
of suitable electrolytes for reversible Ca-metal plating/strip-
ping at room temperature.®! Pioneering studies reveal that the
reversibility of Ca-metal anodes is very poor in many
commonly used nonaqueous electrolytes containing organic
solvents, such as SOCI,, acetonitrile (ACN), y-butyrolactone
(GBL), propylene carbonate (PC), and tetrahydrofuran
(THF), because passivation layers are formed.”™ These
passivation layers on the electrode surface typically contain
species such as CaCl,, CaF,, CaO, CaCO;, and Ca(OH),—
most of which have good stability thermodynamically and low
ionic conductivity. Although Ca stripping can be achieved at
very high overpotential in some organic electrolytes, poor
ionic conductivity drastically blocks the transport of Ca ions
through the passivation layers and renders the plating of Ca
metal impossible in traditional electrolytes.”® Therefore, Ca
is significantly different from its Mg counterpart, which can be
cycled reversibly in a variety of nonaqueous electrolytes.[*3*6!

Although the overwhelming challenges facing Ca-metal
anodes seem insurmountable, recent research has rekindled
hope for development of practical CMBs. Ponrouch and co-
workers reported that Ca plating was realized in a conven-
tional organic electrolyte containing Ca(BF,), as a Ca salt and
a mixture of ethylene carbonate (EC) and PC as solvents.”
Notably, the reversible plating/stripping of Ca metal can be
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only achieved at elevated temperature (75-100°C) under
small capacity cycling conditions (0.165 mAhcm™2). A large
amount of CaF, was observed in the deposit, which was most
likely part of the surface passivation layer. Despite the low
efficiency and short cycling life, these results suggested the
feasibility of a reversible Ca-metal anode for the first time.
Recently, the first room-temperature Ca plating/stripping was
realized in an electrolyte of 1.5mM Ca(BH,), in THF, achieving
a relatively high Coulombic efficiency (CE) of 94-96 % with
a short lifespan of up to only 50 cycles.! In this electrolyte
system, the dominant deposit was Ca metal, together with
a small fraction of CaH, distributed throughout the whole
deposited film. More recently, room-temperature Ca plating/
stripping was achieved by a new fluorinated alkoxy borate
salt, Ca(B(Ohfip),), (hfip=CH(CF;),), dissolved in 1,2-
dimethoxyethane (DME)."®! Another strategy for improving
the reversibility of the Ca-metal anode is through formation
of alloy compounds with Sn or using intercalation structure
such as carbon.”! Despite the aforementioned preliminary
attempts to build a proof of concept for a reversible Ca-metal
anode, this technology remains far from the realization of
a practical CMB prototype. Most previous works are con-
ducted with a three-electrode cell configuration and the Ca-
anode performance needs to be improved significantly in
terms of CE and cycling life. Moreover, the puzzling
mechanisms behind Ca plating/stripping remain elusive.
Electrolyte solvation structure plays essential roles in all
battery systems. The solvation energy is closely related to
interfacial reactions on the electrode surface and eventually
dictates the battery performance. Manipulation of electrolyte
solvation structure is an effective way in which to improve the
reversibility of metallic anodes such Li, Na, and Mg.""
Herein, we report a facile yet novel approach to significantly
improve the reversibility of Ca-metal anodes by
simply manipulating the solvation structure in an
electrolyte containing 0.4Mm Ca(BH,), and 0.4Mm
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processes on the Au electrode. The CE of the Ca-metal anode
was measured by the ratio of galvanostatic stripping capacity
to plating capacity in Ca||Au coin-type cells at room
temperature. As shown in Figure 1a, highly reversible Ca-
metal plating/stripping can be achieved in the Ca(BH,),-
LiBH,-THF electrolyte. The CE for the first plating/stripping
cycle reaches 84.4% and increases up to 99.1% after only
Scycles. Remarkably, an unprecedented average CE of
97.6% is obtained over 200 plating/stripping cycles. This
performance outperforms all of the reported electrolytes in
the literature in terms of the average CE and cycling life
(Supporting Information, Figure S1). Notably, Ca plating/
stripping on a Cu electrode also shows good reversibility with
a comparably lower CE and shorter lifespan, indicating that
substrate has impact on cycling performance. In contrast, the
electrolyte of 1.5m Ca(BH,), in THF (Ca(BH,),-THF)
demonstrates very poor cycling stability on both Au and Cu
electrodes. The CE of the Ca-metal anode exhibits severe
fluctuation around 80% for the first 10 cycles, followed by
a gradual decay down to 60 % after 20 cycles. The Ca(BH,),-
THF electrolyte was further checked in a three-electrode cell
configuration and the CE reached 94 % (Figure S2), which is
in good agreement with the previous report.[*! Figure 1¢ and
Figure S3 show the corresponding voltage—capacity profile
for the galvanostatic Ca-metal plating/stripping processes in
the Ca(BH,),-LiBH,-THF electrolyte. The overpotential for
the first plating process was around 200 mV with a nucleation
overpotential at about 323 mV versus Ca/Ca’". The first
stripping process can be realized by a very low overpotential
at about 130 mV versus Ca/Ca’". The overpotentials for
plating and stripping decrease gradually down to about 97 mV
versus Ca/Ca*" after 5 cycles, along with an increase of CE up
to 99.1%. The Ca|| Au cells undergo 200 discharge/charge

Q

LiBH, in THF (Ca(BH,),-LiBH,-THF). Nuclear
magnetic resonance (NMR) spectroscopy and
theoretical calculations results reveal that the
presence of Li* dramatically decreases the coor-
dination number of Ca*" in the first solvation shell,
thus weakening the solvation energy of Ca*" in the
Ca(BH,),-LiBH,-THF electrolyte. With such pro-
nounced differences in the solvation structure,
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room-temperature plating and stripping of the Ca- 0
metal anode is achieved with a spherical deposited
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morphology that is golf-ball-like in shape. With
a coin-type cell configuration, an unprecedentedly
high CE is achieved up to 99.1 % with an ultralong
lifespan over 200 cycles. The electrolyte of
(Ca(BH,),-LiBH,-THF) was prepared by directly
dissolving Ca(BH,), and LiBH, into THF. The
electrolyte was stirred overnight to ensure disso-
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lution of the solutes. The concentration of
Ca(BH,), and LiBH, was examined by inductively
coupled plasma mass spectrometry (ICP-MS).
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Figure 1. a) CE values of Ca| |Au and Ca| |Cu coin cells using Ca(BH,),-LiBH,-THF
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The feasibility of reversible Ca plating in the
Ca(BH,),-LiBH,-THF electrolyte was evaluated
using the CE of the galvanostatic plating/stripping

© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

and Ca(BH,),-THF electrolytes at 1 mAcm2 and 0.5 mAhcm 2 Voltage—capacity
profile of selected cycles on Au electrodes in b) the Ca(BH,),-THF electrolyte and
c) the Ca(BH,),-LiBH,-THF electrolyte.
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cycles with low overpotentials and high CEs, which
suggests a stable and kinetically favored Ca-metal
plating/stripping behavior. On the other hand, the
overpotentials for Ca plating and stripping in the
Ca(BH,),-THF electrolyte are much higher than
that in the Ca(BH,),-LiBH,-THF electrolyte. As
shown in Figure 1b, the nucleation overpotential
for the first plating process is about 500 mV versus
Ca/Ca**, along with a growth overpotential rang-
ing from 500-400 mV versus Ca/Ca*" (Figure S3).
The improved electrochemical kinetics of the Ca-
metal anode in Ca(BH,),-LiBH,-THF are also
reflected by the cyclic voltammetry (CV) test in
a coin-type cell. The onset potential for Ca plating
is much more positive in Ca(BH,),-LiBH,-THF
than in the Ca(BH,),-THF electrolyte (Figure S4).

The speciation of galvanostatic plating was
thoroughly explored by various characterization
techniques, including
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X-ray diffraction (XRD), ICP-MS, X-ray photo-
electron spectroscopy (XPS), and energy-disper-
sive X-ray spectroscopy (EDX). The XRD pattern
of deposits present sharp peaks centered at
approximately 27.6, 45.8, and 54.3° (Figure S5),
corresponding to (111), (220), and (311) planes for
the cubic Fm3m crystalline phase of Ca (Ca-PDF
No. 23-0430), which provides direct evidence of the gener-
ation of metallic Ca. Since the redox potential of Ca is close to
Li (0.17 V vs. Li/Li%), the possibility of Li plating is prevented.
Table S1 presents a ICP-MS speciation analysis of deposits
derived from the first plating process, revealing a large
fraction of Ca and a small amount of Li. The small amount of
Li (ca. 2.4% of the plating capacity) may come from the
surface-adsorbed species and formation of a LiAu alloy.

The morphology of deposits on Au electrodes in the
Ca(BH,),-LiBH,-THF electrolyte was studied by scanning
electron microscopy (SEM). Figures 2a and 2b are represen-
tative of the morphology of the deposits; that is, spherical
particles scattered on a gold thin film evaporated on a Cu
electrode. The Ca particle has a microsized spherical shape
with a golf-ball-like dimpled surface. The advantage of the
spherical morphology is a reduced possibility to penetrate
through the separator and cause a short-circuit hazard. The
EDX mapping results suggest that the deposited particles are
Ca with a small amount of carbon and oxygen on the surface
(Figure 2¢). The Ca deposits formed in the Ca(BH,),-THF
electrolyte severely penetrate into the separator and are very
difficult to extract (Figure S6). The poor adhesion of the
plated Ca indicates that it easily loses contact with the
electrode, which may account for the bad cycling perfor-
mance. To investigate the composition of the passivation layer
and further confirm Ca-metal plating/stripping, the deposits
formed in Ca|| Au coin cells were examined by XPS (Fig-
ure 2d; Figure S7). XPS depth profiling analysis of deposits
clearly shows the existence of metallic Ca after ion sputtering,
without presenting distinguishable Li signals (Figure S8). As
shown in Figure 2d, after sputtering with argon ions the Ca 2p
spectra displays two peaks centered at approximately 345.5
and 349.0 eV, which correspond to 2p,,, and 2p;, energy levels

Angew. Chem. 2020, 132, 12789-12793

a Au electrode after 3 galvanostatic cycles at 0.25 mAcm™2 and 0.5 mAhcm™2.
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Figure 2. a,b) Ca plating morphology in the Ca(BH,),-LiBH,-THF electrolyte at
0.25 mAcm™ and 0.5 mAhcm™ c) The elemental distribution of the plating Ca by
EDX. d) XPS depth profiling analysis of the deposits in the Ca(BH,),-LiBH,-THF
electrolyte. The XPS sample was prepared by plating 0.5 mAhcm™2 of deposits on

2

of metallic Ca. From the C 1s spectrum, strong intensities
associated with C—C species (ca. 284.8 eV) were observed on
the deposited surface in both electrolytes; that is,
Ca(BH,),-THF and Ca(BH,),-LiBH,-THF (Figure S7),
along with the peak centered at about 290.0 eV, which
belongs to a C=0 species and a weak peak associated with
a C—O species at approximately 286.4 eV. All of these species
come from THEF, since neither Ca(BH,), nor LiBH, contain
elemental carbon. C—C species derived from THF have not
been reported previously,!! which indicates that THF under-
goes a different decomposition pathway in this work, but the
mechanism requires further investigations. The dominant
peak of the O 1s spectrum at about 531.0 eV indicates the
presence of C=O species, which agrees with the Cl1s
spectrum. The Ca 2p peaks centered at 346.9 and 350.4 eV
suggest that CaCO; may exist in the passivation layers.
Surprisingly, no significant difference was found for the
passivation layers formed in these two electrolytes. This
suggests that the huge differences in cycling performance
probably do not come from compositional differences of the
passivation layers.

To investigate the coordination environment of Ca’", the
electrolytes were studied using ““Ca NMR spectroscopy.!""!
Figure 3a compares the “Ca NMR spectra of the Ca(BH,),-
LiBH,-THF and Ca(BH,),-THF electrolytes. The spectrum of
the Ca(BH,),-THF electrolyte shows a narrow peak centered
at about 21.4 ppm. At a lower concentration of Ca(BH,),
(0.5m), the chemical shift of the **Ca nucleus is about
19.1 ppm (Figure S9). The upfield shift of **Ca signals (ca.
2.3 ppm) suggest that additional THF molecules coordinate to
Ca and thereby increase the shielding effect on the Ca
nucleus. Surprisingly, after introduction of LiBH,, a roughly
16.1 ppm downfield shift of **Ca (ca. 37.5 ppm) was seen for
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electrolyte interface should be more kineti-

a g, b1:° . il 435,, ? cally favorable, which is consistent with CV
scans and the overpotential of the Ca-
plating/stripping processes. Since the de-

gm_ solvation process is considered as the rate-

N determining step for electroplating,'?

WWWMWW S better kinetics for this process are helpful
for Ca plating/stripping.

AN AT 00 5 e O The high reversibility of Ca plating and

50 40 30 20 10 0 50 40 30 20 10 0 stripping in  the Ca(BH,),-LiBH,-THF

Chemical shift (ppm) Chemical shift (ppm) electrolyte allowed us to build up a real

d CMB using Ca metal as an anode material.

e 49 The Ca(BH,),-LiBH,-THF electrolyte was

9 < b used in a Ca||lithium titanate (LTO) cell

0.1 M Ca(BH,),-THF 0.1 M Ca(BH,),+ 0.1 M LiBH,-THF

to verify its feasibility and stability in a full
cell configuration. In this cell, the Ca-metal
anode undergoes stripping and plating
processes upon cycling, while the LTO
cathode takes the intercalation chemistry
for Li*. As shown in Figure 4a, the Ca||
LTO cell delivers a first discharge specific
capacity of about 170 mAhg~'. Remarka-
bly, the full cell demonstrates 200 stable
discharge/charge cycles with a capacity

9

Figure 3. a) “*Ca NMR spectra of two electrolytes. b) The calculated chemical shifts of the
pure Ca(BH,),-THF electrolyte and the Ca(BH,),-LiBH,-THF electrolyte. The local structure of
c) pure Ca(BH,),-THF and d) Ca(BH,),-LiBH,-THF electrolytes. Key: Ca (green), O (red), Li

(purple), C (gray), B (pink).

the Ca(BH,),-LiBH,-THF electrolyte, suggesting a much
weaker shielding effect on the Ca nucleus.

To deeply understand the solvation structure change of
Ca®" in the electrolytes, “Ca NMR chemical shifts and radial
distribution functions were simulated to explain the reduction
of shielding effect on the Ca nucleus within the Ca(BH,),-
LiBH,-THF electrolyte (for computational details, see the
Supporting Information). The calculated results also suggest
drastic differences in the chemical shift and coordination
environment of the Ca nucleus in two electrolytes (Figures
3b-d; Table S2). The calculated “*Ca NMR chemical shifts
are 19.5 and 41.0 ppm for the pure Ca(BH,),-THF and
Ca(BH,),-LiBH,-THF electrolytes, respectively. Molecular
dynamics (MD) simulations suggest that, when LiBH, is
added to the Ca(BH,),-THF electrolyte the local structure of
the solute should change and the agglomeration of dual salts
may occur. The radial distribution function (Figure S10)
reveals that the coordination number of oxygen in the first
solvation shell of Ca®*" is reduced by about 40% in the
Ca(BH,),-LiBH,-THF electrolyte, in comparison with that
for the pure Ca(BH,),-THF electrolyte. This lowers the
electron density in the first solvation of the Ca*" ion, thus
weakening the shielding effect on the Ca nucleus and
contributing to the corresponding downfield shift of
#CaNMR signals upon introduction of LiBH, to the
Ca(BH,),-THF electrolyte. With a lower oxygen density in
the first solvation shell of Ca®", the overall solvation energy of
Ca®" is decreased in the Ca(BH,),-LiBH,-THF electrolyte.
Therefore, the desolvation process of Ca’" at the electrode/

© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

retention of roughly 80% (Figure 4b).
The stable cycling performance of the Ca |
| LTO battery indicates an excellent stabil-
ity of the Ca-metal anode in the Ca(BH,),-
LiBH,-THF electrolyte. In contrast, the
Ca||LTO battery cycled with the Ca-
(BH,),-THF electrolyte shows a very limited specific capacity
(ca. 25 mAhg™"), suggesting its incompatibility with the full
cell configuration (Figure S11).
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Figure 4. a) The discharge specific capacity of LTO cathode material in
a Ca| | LTO full cell with the Ca(BH,),-LiBH,-THF electrolyte under
galvanostatic cycling at 0.2 C (1 C=175 mAhg™'). b) Voltage—capacity
profile of the Ca| | LTO full cell at selected cycles.
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In summary, we report a facile and effective strategy for
significantly improving the reversibility of a Ca-metal anode.
By manipulating the solvation structure of Ca ions, the room-
temperature reversible plating and stripping of Ca metal is
realized. The addition of LiBH, salt dramatically decreases
the coordination number of Ca*" in the first solvation shell,
thus lowering the solvation energy of the electrolyte. Galva-
nostatic Ca-plating/stripping processes are highly reversible
in the Ca(BH,),-LiBH,-THF electrolyte, with a record-high
CE up to 99.1% and a very stable and long lifespan over
200 cycles. The Ca||LTO full cell delivers high capacity
retention (ca. 80 %) after 200 cycles, which demonstrates the
viability of the Ca(BH,),-LiBH,-THF electrolyte for practical
applications. This work offers a promising strategy to design
optimized nonaqueous electrolytes for Ca-metal batteries.
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