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As for other multivalent systems, the interface between the calcium
(Ca) metal anode and the electrolyte is of paramount importance
for reversible plating/stripping. Here, we combined experimental
and theoretical approaches to unveil the potential solid electrolyte
interphase (SEI) components enabling facile Ca plating. Borates
compounds, in the form of cross-linked polymers are suggested
as divalent conducting component. A pre-passivation protocol with
such SEl is demonstrated and allows to broaden the possibility for
electrolyte formulation. We also demonstrated a 10-fold increase in
Ca plating kinetics by tuning the cation solvation structure in the
electrolyte limiting the degree of contact ion pair.

Introduction

Post-lithium battery technologies are currently attracting significant
attention fuelled by the controversial debate on the sustainability of
lithium technologies and the supply risk of future raw-materials."
While Na-ion and redox flow batteries are very attractive, having
potential for lower cost (ideally below 100$ per kW h) than Li-ion
analogues,” the energy densities attainable by such systems are
inherently lower, or at best equivalent. Divalent batteries based on
magnesium (Mg) and calcium (Ca) set the prospect to outperform
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Broader context

In the 1990s, the need of a light, high capacity battery concept to power the
emerging market of portable electronics fuelled the development of
modern Li-ion batteries (LIBs). Since then, LIBs have allowed the
proliferation of diverse devices which are now part of our daily lives. We
are currently facing a similar challenge: to develop a trustable energy
storage solution for the growing energetic demands of electric vehicles and
grid electricity, for which LIBs might be insufficient. Among the various
next-generation batteries, technology based on calcium-metal has recently
gained much attention given its high theoretical capacity and low redox
potential (potentially resulting in high energy density at the cell level).
However, given its low redox potential, a surface layer would naturally form
over the metallic electrode. In most cases, this surface film blocks any
further electrochemical response, in other few reported cases, it allows
stable migration of cations and so, an efficient solid-electrolyte interphase
(SEI) is formed. Understanding the chemical nature of such passivation
films and being able to engineer them will be crucial for the future
development of calcium-metal and other divalent metal batteries.

commercial Li-ion batteries in terms of energy density, since
they rely on potentially safer metal anodes (Ca or Mg) with high
theoretical specific capacity (~1340 and ~2205 mA h g/,
respectively) and high volumetric capacity (~3833 and
~2073 mA h ml™", respectively).?

While the Mg-battery technology is significantly more
mature, with continuous development of this field since the
early 90’s,* Ca-based technologies have only recently gained
much interest given a number of advantages of a Ca chemistry
over Mg. Calcium has a lower standard redox potential (—2.87 V
vs. NHE and —2.37 V for Mg>*/Mg vs. NHE) and Ca*" is larger
than Mg”* ensuring a lower polarizing power.” The lower
polarizability of Ca*" implies a milder electrostatic interaction
(compared to Mg) with both the anion framework of the
cathode material host structure, as well as the electrolyte
components, resulting in higher cation mobilities.’

Since, the standard redox potential of Ca is more than
~500 mV lower than Mg, most conventional electrolyte for-
mulations are not thermodynamically stable against Ca metal
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and the formation of passivating layers or continuous electro-
lyte decomposition occurs.

The group of Prof. Aurbach® was the first to explore the
formation of passivation layers on calcium metal electrodes.
When studying the calcium plating from an organic solution of
Ca(BF,), or Ca(ClO,), dissolved in propylene carbonate (PC),
gamma-butyrolactone, tetrahydrofuran (THF) and acetonitrile, it
was determined that the electrochemical deposition of calcium
was surface limited, as the electrolyte decomposes immediately
to form an ionically insulating passivation layer. The chemical
composition of the passivation layer was identified via infrared
(IR) spectroscopy and was mostly composed by calcium carbo-
nate and hydroxide.

In 2016, the first report on Ca plating using Ca(BF,), in
mixtures of ethylene carbonate (EC) and propylene carbonate
(PC) with operation temperatures > 75 °C was reported.” Recent
studies reported Ca plating and stripping at ambient temperature
in different organic electrolytes, including Ca(BH,), in THF® and
fluorinated alkoxyborate calcium salts (calcium tetrakis(hexafluoro-
isopropyloxy)borate:Ca[B(hfip),],) in dimethoxy ethane (DME).**°

All these studies report the presence of a passivation layer at
the interface between the Ca-metal anode and the electrolyte
solution. For Ca(BH,),/THF electrolyte, the passivation layer
was found entirely composed by CaH,, which forms by the
reaction of Ca metal and THF or BH, .®'" On the other hand,
CaF, was reported as an electrolyte decomposition product
when employing solutions of Ca[B(hfip),],/DME.

In the case of Ca(BF,),/EC:PC, where reversible plating and
stripping occurs, the IR spectroscopy study of the Ca metal
interface revealed several bands attributed to the decomposition
products resulting from the solvent breakdown. In contrast,
when calcium bis(trifluoromethansulfonil)imide (Ca(TFSI),) is
used, no electrochemical response is observed, which suggests
that the BF,” anion and/or its decomposition product(s) play
a crucial role in the process of Ca plating and stripping. None
of the aforementioned studies provided a full characterization of
the passivation layer of the Ca-metal electrodes. Understanding
the composition of the passivation layer, its thickness and the
coverage of the Ca electrode is still largely lacking, and requires
additional work to identify the passivation layer’s components
that enable for divalent cation migration and reversible plating
and stripping of Ca.

Here, we report a detailed comparative study of the passivation
films formed in Ca(BF,),/EC:PC and Ca(TFSI),/EC:PC electrolytes,
only the former allowing calcium plating and stripping. This study
evidences the crucial role of the anion chemistry at the Ca-metal/
electrolyte interface, impeding or allowing the Ca deposition/
stripping. A potential passivation film component (comprising of
borate species), that enables for Ca plating, is thus unravelled for
the first time and other potential candidates are explored combin-
ing the nudged elastic band (NEB) method with density functional
theory (DFT). A parallel is drawn with the Mg(TFSI),/EC:PC system,
allowing for a better understanding of the strategies to optimize
divalent cation mobility in passivation layer. The comparison of our
results on the Ca-metal/electrolyte interface with the Mg analogues,
suggest remarkable differences of these two chemistries, while they
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are often gathered under the hood of multivalent batteries.
Finally, we demonstrated that the borate-rich passivation layer
effectively works as a solid electrolyte interphase (SEI) enabling
calcium migration and subsequent calcium plating in Ca(TFSI),
based electrolyte.

Results
Morphology of the deposited passivation layers

The morphology of the passivation layers formed electro-
chemically from the two model electrolytes, i.e. Ca(TFSI), or
Ca(BF,), in a mixture of EC:PC solvents, was studied by trans-
mission electron microscopy (TEM). For the deposition of the
films, nickel powder particles were used as a working electrode
without the addition of any binder (Fig. 1a). Although the exact
composition and nature of the passivation layer formed on Ni
particles may differ from that formed on Ca particles, the
differences observed between the two electrolyte formulations
should be maintained for both metals. In addition, the
chemical modifications and microstructural investigations are
coherent with the findings in the two systems with the different
techniques, as it will be highlighted in the following para-
graphs. The formation of a passivation layer on the Ni particles
was ensured by potentiostatic deposition (—1.4 V vs. Ca/Ca" for
48 hours) and TEM images are shown in Fig. 1.

In the case of Ca(TFSI),-based electrolyte, a 12-20 nm thick
amorphous layer covers homogeneously the nickel surface
(Fig. 1b), while some protruding areas were observed in a few

a) b)

100 nm 100 nm :
Nickel particle Deposit in Ca(TFSI)2 electrolyte
SEI 2% & )
iSE| 2

100 nm 4 ——
Deposit in Ca(BFa)z electrolyte

Fig. 1 Bright field TEM images of Ni particles (a) before and after formation
of a surface layer in (b) Ca(TFSI), or (c) and (d) Ca(BF,), based electrolytes,
respectively. Red and blue dotted lines are as a guide for the eye to indicate
the thickness of each passivation layer. The inset in panel (d) corresponds to
the diffraction pattern associated to the deposit.

This journal is © The Royal Society of Chemistry 2020
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spots (Fig. S1, ESIt). In the case of the Ca(BF,), electrolyte, the
deposit is also fully conformal but it is thicker ~70-80 nm
(named SEI2) and presents a polycrystalline morphology, as
observed by the presence of well-defined rings in the selected
area electron diffraction (SAED) in the inset of Fig. 1d. The layer
is composed of small crystallites of ~10 nm in size and the
indexing of the diffraction pattern is in good agreement with
that of CaF,. In some areas, additional amorphous sheet-like
features (named SEI1) are observed. The chemical composition
of such passivation layers was then investigated by X-ray Photo-
electron Spectroscopy (XPS), Fourier-transform Infrared Spectro-
scopy (FTIR), and Electron Energy Loss Spectroscopy (EELS).

Chemical composition of the passivation layers

The passivation layers in BF,  or TFSI electrolytes were
obtained by polarizing a Ca disks at —1.4 V vs. a Ca reference
electrode for 48 hours, thus forcing the reduction of the electrolyte
as well as the formation of a passivation layer (current vs. time plots
are shown in Fig. S2, ESIf). The passivated Ca disks appeared
visually different depending on the anion used. Indeed, the Ca disks
prepared in BF,  electrolyte seems completely covered by a dark
deposit, while the disk passivated in the TFSI electrolyte remained
shinny and visually unaltered, as shown in the inset of Fig. 2.

XPS measurements were carried out to elucidate the chemical
composition of the deposited films. Fig. 2 shows the C 1s, Ca 2p,
F 1s and B 1s of the surface layers obtained from the two
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Fig. 2 XPS spectra of the passivation layers formed on a calcium disk in
(left-panel) Ca(TFSI), electrolyte, and (right-panel) Ca(BF,4), electrolyte,
respectively. Insets pictured the appearance of each calcium disk after
negative polarization for 48 hours.
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electrolytes. Quantitative data for each element are given in the
ESIt (Table S1). For the two samples, the signal of the metallic
calcium was not detectable, meaning that in each case the
calcium surface is covered by a thicker layer than the maximum
depth that XPS can probe (>5 nm). The sample with Ca(TFSI),
electrolyte could be recorded without any charge compensation,
whereas the sample with Ca(BF,), electrolyte required charge
compensation. These observations indicate the formation of a
very thin SEI for TFSI and a much thicker one in the case of BF, ",
in agreement with TEM observations of Fig. 1. The Ca(TFSI),
sample was characterised by a substantial quantity of carbonate,
accompanied by mono- and di-oxygenated carbon environments
from undefined species. Moreover, in the Ca 2p spectrum, the
two satellite (plasmon) features at +8 eV from 2p;z, and 2p;,
main peaks (355.5 and 359 eV) correspond with previous reports
of CaCO; and Ca0.""? Assuming that CaCO; is the only carbo-
nate species present in the deposit, the quantitative analysis
leads to ~34% CaCOs3, 2% CaF, and 7% Ca(TFSI), at the surface.
While the Mg system is discussed in more details latter on, it is
worth noting that the passivation layer formed onto Mg (in
Mg(TFSI), in EC:PC) contains a significantly higher proportion
of MgO (~40%) and lower amounts of MgCO3 (~15%) (see
Fig. S3 and Table S2, ESIt). The passivation layer is also thinner
than those formed on calcium electrodes, as the Mg 2p core peak
of metallic Mg could be very well detected by XPS.

The chemical composition of the Ca(BF,), sample was very
different. At the surface of this thicker SEI, the amount
observed of carbonate was much lower (~ 8% CaCOj), as clearly
shown by the C 1s spectrum. The cumulated contribution of
carbon in C-C, C-H and oxygenated environments (other than
carbonate) corresponds to ~35 at% of the surface for BF, ,
instead of ~16 at% for TFSI (Table S1, ESIT). Thus, the BF, -
derived SEI is much richer in organic species than the TFSI-
derived one.

The B 1s spectrum revealed the great amount of boron (~14%)
in oxygenated environment,'* with no evidence of boron-fluorine
coordination in the passivation layer compounds. The absence of
B-F coordination points towards a complete displacement of the
fluoride ligands by oxygen atoms, in agreement with previous
reports on the labile character of the tetrafluoroborate anion.'
Unfortunately, XPS is unable to clearly identify the resulting boron
species. Besides, as aforementioned, the amount of carbon in
different environments (other than carbonate) is much more
prominent than in the Ca(TFSI), sample: 35% instead of 16%,
revealing a much greater proportion of organic species at the
surface of the Ca(BF,), sample. On the basis of this observation, we
envisage the formation of organic (polymeric) species potentially
including boron element.

Finally, in the Ca 2p spectrum, the satellite was shifted to
+11 eV with respect to the 2p;/, main peak (359 eV), which is in
good agreement with CaF,.'® The presence of calcium fluoride
also agrees with the higher fluorine content detected, com-
pared to the TFSI-derived SEI. The quantitative analysis leads to
~15% CaF, at the surface.

Fig. 3a shows the IR spectra (acquired in diffuse reflectance
mode, DRIFTS) of the films deposited in both electrolytes

Energy Environ. Sci., 2020, 13, 3423-3431 | 3425
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Fig. 3

IR analysis of the SEI layers. (a) Diffuse reflectance FTIR spectra of the deposit obtained in the BF,~ electrolyte and compared to the TFSI™ electrolyte,

(b) FTIR-microspectroscopy spectra of regions A and B marked in panel (c). (c) Shows an image of the surface of the deposit formed in Ca(BF,), electrolyte.

under study (Ca(TFSI), and Ca(BF,), in EC:PC) and the assign-
ment of some relevant bands, a comparison with the IR
signatures of some relevant compounds is shown in Fig. S4 of
the ESL{ The spectrum of the film formed in the TFSI-based
electrolyte showed no distinguishable bands, because the SEI
was too thin and the cumulated mass of deposited species was
too low to be clearly detected. In contrast, in the IR spectrum of
the film deposited from the BF, " electrolyte several adsorption
peaks can be assigned to a number of functional groups,
including ~3500 cm ™' the O-H stretching, ~2900 cm ' the
C-H stretching, 1850-1700 cm ' the C=O stretching,
~1336 cm ' the B-O stretching, ~1073 cm™ ' the C(=0)-O
stretching, and ~780 cm™" the CH, rocking (see Fig. S4 of ESI7).

The presence of a weak O-H stretching band is linked to a
small amount of Ca(OH), formed by residual water in the
electrolyte,”'” whereas the B-O stretching is a characteristic
signature of borates groups. The weak bands at 1387 and 707 cm ™"
were assigned to CaCOj3, which is present at low concentration in
the SEI, as observed by XPS. Other vibrational modes observed
here have been previously assigned to carbonate-like structures
formed by solvent decomposition.’® For example, the strong
absorption bands observed between 1750-1800 cm™ ' may arise
from ring-opening decomposition of EC or PC, in which the solid
product deposited on the surface keeps the C—0O or C(=0)-O
moieties. It is also possible, however, that some solvent molecules
are trapped inside the SEI structure and are not removed by the
rinsing of the electrodes with DMC."’

Note that the probe depth of DRIFTS measurements is in the
order of some hundreds of pm, much greater than XPS’s probe
depth, and thus it allows to detect species located in the buried
layers of the SEI. However, the results obtained by the two
techniques remain in good agreement, suggesting that the
composition of the SEI is homogeneous in depth.

While FTIR spectra obtained by diffuse reflectance provide
an average contribution of different compounds present in a

3426 | Energy Environ. Sci., 2020, 13, 3423-343]

relatively large area of analysis (typically few mm?), synchrotron
FTIR microspectroscopy can resolve the different contributions
from different regions of the deposit with a spatial resolution of
~50 pm x ~50 pm. Fig. 3b shows the IR spectra for a
passivation layer formed in a BF, -based electrolyte and for
two different regions, Region A and Region B, which are
marked in Fig. 3c. Region A in Fig. 3b shows a high concen-
tration of carbonaceous species, inferred by the presence of
intense bands of the CH, scissoring (~ 1414 cm™") and rocking
(~780 cm™ ") modes. Instead, Region B shows a strong contribution
of the B-O stretching mode (~1336 cm™'). Additionally, the
absence of any vibrational mode in the range 800-1000 cm ™" is a
signature that each boron species is coordinated by three oxygen
atoms as in BO; trigonal planar geometries instead of BO, tetra-
hedra moieties.”**' Using the intensity of the B-O stretching band,
a chemical map was constructed (Fig. 3c) evidencing the hetero-
geneity of the deposit in the um range.

The deposits were also studied by EELS and the normalized
spectra of B K-edge, Ca L, ; edge, O K-edge and low-loss region
are presented in Fig. 4 and Fig. S5, S6 (ESIT) together with the
spectra of some reference compounds.

In the case of the Ca(TFSI),-derived deposit, the presence of
calcium and oxygen is clearly visible in the spectrum of the
deposit. The position and shape of the Ca L, ; edge is similar to
the other calcium compounds (e.g. CaB,0,, CaF,). Yet, the
Ca-edge low sensitivity to the chemical environment prevents
us to fingerprint the compounds formed. The O K-edge itself is
not enough to make a clear identification of the compound(s).
In addition, CaCO;, which is one of the SEI compounds
determined by XPS and FTIR, is highly reactive under the
electron beam and readily decomposes to CaO modifying the
O K-edge.”

In the case of the Ca(BF,), electrolyte, the EELS measure-
ments were performed in the two different areas observed by
TEM (SEI1 and SEI2 in Fig. 1). For SEI2, the EELS analysis in the

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Normalized EELS spectra on the B K-edge for the Ca(BF,4),-derived
passivation layer ("SEI1" deposit shown in Fig. 1c) together with three
boron-containing compounds serving as references i.e., CaB,O4, BPOy,
and Ca(BF,),.

core-loss region highlights the presence of F (not shown here)
and Ca (Ca L, ; in Fig. S5, ESIT). The shape of the spectrum in the
low-loss region (energy loss <50 eV) has previously been used as
fingerprint,>® and allows us to confirm the presence of CaF,.

In the case of SEI1, the presence of B, Ca and O is confirmed
due to the contribution observed in EELs spectra (Fig. 4 and
Fig. S5, S6, ESIt). Fig. 4 shows the EELS spectra on the B K-edge
for the “SEI1” structure, together with the spectra of BPO, and
Ca(BF,), as references for tetra-coordinated boron and CaB,0,
as reference for tri-coordinated boron. In the case of Ca(BF,),,
in the B K-edge the main peak o* appears at 200.8 €V, in
agreement with previous studies on metal-BF, compounds.>
Similar peak positions were observed for BPO, with the most
prominent contribution o* at 198.9 eV and a second peak at
203.2 eV. In contrast with CaB,0,, the main component n* and
a broader o* appeared at 194.2 and 203 eV, respectively. The peaks
position and shape of these two references are in agreement with
previous EELS studies on minerals with boron in trigonal and
tetrahedral coordination, respectively.>>*® The B K-edge obtained
on “SEI1” is composed of a primary m* peak at 194.3 eV and
followed by a broader o* peak at 201.3 eV. These signatures
correspond in position and shape to the signal of a boron in a
BO; coordination environment confirming the FTIR analyses.
However, the general shape of the plasmon related to SEI1

This journal is © The Royal Society of Chemistry 2020
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(Fig. S6, ESIf) is different from the CaB,O,, used here as
reference, indicating that the boron-containing phase is most
probably not this specific calcium borate.

Migration of divalent cations in the passivation layer

Following the experimental assessment of the previous section,
the migration of Ca®" (and Mg>*) was modelled in a number of
materials, including borates, carbonates, hydrides, and fluorides
that may form and/or “precipitate” at the Ca-metal (Mg-metal)
electrode and during the early stage of electrolyte decomposition.
The rationale behind the selection of these phases is driven both
by experimental evidences of the organic electrolytes decompos-
ing at the electrode, or computationally whenever the experi-
mental data is not sufficient to justify the compound selection.
For example, while XPS, FTIR and EELS experiments demonstrate
the presence of borates (with BO; moieties), the B speciation can
result extremely complex, hence we invoked stable compounds of
the computed Ca-O-B phase diagram (Fig. S7, ESI{). These
include: CaO, CaBg, as well as ternary compounds, such as
Ca,B,05 and Caz(BOs),. Clear signatures of CaF, and CaCO; were
also evidenced by XPS and FTIR. CaH, has been also considered
here as it was previously suggested as a potential “SEI”
component.® Therefore, the following materials were consid-
ered in the computational assessment: CaH, (space group:
Pnma and ICSD: 260873), CaBg (Pm3m, 196516) CaO (Fm3m,
51409), CaF, (Fm3m, 60368), Cas(BO;), (Fm3m, 60368), Ca,B,05
(P124/c1, 190680), CaCO; (R3c, 18166), rutile-MgH, (P4,/mnm,
1155807), rutile-MgF, (P4,/mnm, 394), MgO (Fm3m, 9863),
Mg,B,05 (P124/c1, 81229) and MgCOj; (R3¢, 10264). We extend
this analysis to the Mg parent compounds, thus informing the
feasibility of Mg migration if these phases were to be found at
the anode electrode. Although the experiments of this study
concern mostly with the interface of Ca-electrode/electrolyte, the
comparison between potential Ca and Mg compounds forming at
the interface is important to highlight the substantial differences of
these two chemistries, which are otherwise considered very similar.

Fig. 5a shows the maximum attainable migration barriers in
selected materials specified by the experimental conditions of
the electrochemical measurements. The input parameters of
our model are:**’ (i) the temperature, here set at 25 °C and
120 °C. High temperature is adopted experimentally to facilitate
the sluggish kinetics of multivalent ions. (ii) The C-rate which
controls the rate of charge/discharge of a battery and in this
case the rate of Ca-deposition, and here is set to C/10 to C/100
(10 and 100 hours respectively). (iii) The thickness of the
passivation layer, ranging from 10 nm to 100 pm. Within these
boundary conditions, one can see, for example, that candidate
products of decomposition displaying large Ca/Mg migration
barriers (> 500 meV) become only viable @25 °C and C/10 only
if the thickness of the deposited layer falls below ~100 nm.
Unsurprisingly, materials displaying large Ca/Mg migration
barriers will be able to contribute to ion transport only if the
operational temperature is large (120 °C), extremely low C-rates
(e.g. C/100) and/or very thin (nm-size) cross-section of the
deposit. While extremely thin-size (nm-like) passivation layer
are common, such temperature and C-rates are quite unrealistic

Energy Environ. Sci., 2020, 13, 3423-3431 | 3427
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Fig. 5 (a) Maximum particle size tolerating reasonable diffusivity as function of M2* migration energy in the context of battery performance at various
charging rates and temperatures (b) energies of Ca®* (red) and Mg?* (blue) migration (y-axis in meV) in a number of materials as computed from first-
principles calculations. M indicates either Ca®* or Mg?*. Values on top of each bar provide the magnitude of the barriers. The migration energy path of

each material are reported in Fig. S8 and S9 (ESI¥).

for battery operations. Fig. 5a serves to guide the identification
of possible materials candidates that may form at the interface
Ca-metal/electrolyte.

Fig. 5b shows the computed barriers for either Mg”>* (blue
bar) or Ca®" (red bar) migration in the materials considered. In
particular, the magnitude of the computed barriers of Fig. 5b are
used together with the macroscopic model of Fig. 5a to eliminate
poor Ca** (and Mg”*)-ion conductors that cannot be responsible for
Ca percolation during electrochemical stripping and deposition.
From Fig. 5b, one can observe that all the computed migration
barriers are above 1000 meV, with exception of the hydrides (MgH,
and CaH,), which are just above 500 meV. For binary compounds
the trend of the barriers’ magnitude can be rationalized with respect
to the relative position of the anion groups in the periodic table.*”
Except from MgF,, unsurprisingly, our data shows that more
electronegative anions will tend to increase the barrier for
multi-valent migration. The largest barriers in Mg compounds
is computed for MgO (~1851 meV), while for Ca the largest
barrier is given by CaF, (~2046 meV). Also, in stark contrast
with MgO, CaO is one of the Ca compounds with the lowest
migration barrier (~997 meV), lower than borates and carbo-
nates, which emphasizes the remarkable difference between
Ca-based batteries and their Mg analogue.

Notably, the migration barriers reported here were com-
puted for pristine materials, and provide a lower bound of
Ca”®" migration in these chemistries. The occurrence of defects
such as dislocation and grain-boundaries may increase further
the migration barriers, with direct effect on the kinetics of Ca
deposition.?®

Influence of the passivation layer on the calcium plating/stripping

The passivation layers formed in TFSI or BF, -based electro-
lytes were found to differ significantly on composition, the
former contains mostly carbonates, whereas the latter contains

3428 | Energy Environ. Sci., 2020, 13, 3423-343]1

mostly borates, CaF, and organic (polymeric) species. As afore-
mentioned, TFSI-based electrolytes does not allow for Ca plating
and stripping which can only be achieved when Ca(BF,), salt is
used.”

In order to ascertain the role of the passivation layer, a pre-
passivation protocol was established (see experimental section
in ESIt) ensuring that the stainless steel working electrode is
fully covered by a borate containing passivation layer (formed
in Ca(BF,), in EC:PC). Fig. 6 shows the electrochemical plating/
stripping curves using such pre-passivated substrates, which
were transferred to new cells and cycled in Ca(BF,), or
Ca(TFSI), in EC:PC. After pre-passivation, not only Ca plating
and stripping can be observed in TFSI-based electrolyte but a

Ca(TFSI), Sae

/_y electrolyte‘
0.1+
5 0.0
£ \ Ca(BF.),
-0.14
-0.2 1

15-1.0-05 00 05 1.0 15 20 25
Potential (V vs. Ca)

Fig. 6 Cyclic voltammograms (0.1 mV s~ of pre-passivated stainless-
steel electrodes (covered with borate films) using either Ca(TFSl), (red
curve) or Ca(BFy4), (blue curve) electrolytes. Insets show the proposed
cation solvation structures in each electrolyte, which are expected to be
responsible for the difference in electrochemical behaviour between the
two electrolytes.
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remarkable increase in the charge associated with Ca stripping
(220 vs. 28 mC cm™?) and decrease of the polarization (ip, —
ipc = 250 vs. 670 mV) are observed in Ca(TFSI), in EC:PC (red
curve) when compared to the BF, ™ case (blue curve). While this
experiment confirms the key role of the passivation layer in
order to realize Ca plating and stripping, it also highlights
another parameter affecting the overall kinetics of the process -
the electrolyte formulation.

Discussion

We now discuss the formation and influence of the passivation
layer with respect to the cation solvation structure in different
electrolyte formulations.

First, we have shown that the electrochemically formed passi-
vation layer, rich in borate and CaF,, acts as an SEI Indeed, the
latter allows facile Ca®>" migration (and plating/stripping) and,
even though a thicker layer is observed, meaning an initially
more important electrolyte decomposition, a stable layer is
eventually formed preventing further electrolyte reduction, as
previously demonstrated.” This signifies that the SEI is electro-
nically insulating, but also an ionic conductor. We have observed
that Ca plating/stripping kinetics differ greatly between electro-
lyte formulations, which underlines the important role played by
the cation mobility in solution or by interfacial processes, such as
desolvation at the electrolyte interface. Previous reports have
shown that the desolvation process at the electrode surface is
no-trivial for Mg electrolytes and can be the rate limiting step for
Li* insertion into graphite anode.>*™?

The physicochemical properties of 0.45 M Ca(BF,), or
Ca(TFSI), in EC:PC, were previously investigated and significant
differences in terms of Ca®*" solvation structure were demon-
strated with notable degree of ion-pair formation observed in
BF, " electrolyte,*® which was attributed to the highly delocalized
charge of the TFSI anion.** The presence of contact ion-pairs in
solution can have two detrimental effects on the plating kinetics.
They can affect (i) the migration and overall cation complex
mobility (transference number) due to the change of solvation
structure and charge, and (ii) the existence of tight ion couples
will affect the desolvation energy required in order to strip-off the
molecules complexing Ca>* before it can “enter” the SEI layer. It
is worth noting that binding energies (related to desolvation
energies) calculated by means of DFT are approximately four
times higher for anion-Ca®" than for EC-Ca®>" complexes (see
Table S6 in ref. 33). The higher plating/stripping kinetics
observed in Fig. 6 (nearly an order-of-magnitude difference) in
TFSI electrolyte can be speculatively attributed to the lower
presence of ion pairs in the Ca(TFSI), electrolyte.

The cation solvation shell in the electrolyte impacts, also,
the chemical composition and properties of the SEI layer. Such a
relation has been broadly studied in Li systems®>*® and recently
demonstrated by real-time mass spectroscopy.®” The lithium ions
accumulate at the surface of the negatively polarized electrode
and carry their solvation shells with them. Thus, the main
building blocks of the SEI formation are the decomposition
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products of the cation solvation shell. Similarly, we have observed
that TFSI-based electrolyte mostly leads to solvent decomposition
products, such as calcium carbonate and other carbonaceous
species, while in BF,~ electrolyte a substantial amount of borates
and CaF, are formed from the anion decomposition. In agree-
ment with the higher tendency for ion pair formation with BF,~
anion compared to TFSI anion, at the concentrations used in
this study.*®

The thin layer (~20 nm) of CaCO; formed in the TFSI-based
electrolyte is sufficient to block any continuous migration of
calcium ions as its computed migration barrier is ~1436 meV,
much higher than the maximum tolerable migration barrier for
electrodeposition even at C/100 (Fig. 5a). On the contrary, in
BF,  electrolytes, where the electrochemical plating/striping of
calcium is observed, there should be one (or several) chemical
compounds in the SEI which allow the cation migration towards
the anode. However, even when the chemical analysis shows a
high content of borates, none of the two structures computed
with DFT appears to be responsible for any ionic conductivity,
neither does the calcium fluoride nor the hexaboride, as these
compounds have migration barriers higher than 1300 meV.

According to the computed barriers of Fig. 5b, CaO layers
with thickness in the tens of nanometers might sustain cation
migration (~997 meV, Fig. 5a). We speculate that a layer of
calcium oxide might be present in the inner stratum of the
BF, -derived SEI as the computed Ca-O-B phase diagram
(Fig. S7, ESIt) shows that none of the calcium borates can be
in direct equilibrium with Ca metal, which remains always
separated by CaO. The evidence of borate presence at the
interface might be linked to (i) some kinetic stabilization
preventing further decomposition (e.g. the presence of an
intermediate CaO phase) and/or (ii) the presence of a different
(potentially non-crystalline) borate phase.

An interesting comparison arises when performing similar
experiments using metallic Mg electrode. In this case only the
TFSI electrolyte could be prepared since Mg(BF,), has not been
reported yet. As observed in the case of calcium, no electro-
chemical plating of magnesium is observed, but as mentioned
before, the passivation layer formed is thinner than the one
obtain with Ca, richer in MgO (~40%) and contains less MgCO;
(~15%). This suggest a stronger blocking nature (ionically and
electronically) of the Mg based passivation layer when compared
with its Ca analogue in agreement with the high Mg”" migration
barriers from our computed data for MgO and MgCO3, respectively
1851 and 1814 meV (Fig. 5b).

The sizeable barrier for Mg migration in MgO is in stark
contrast with the calcium system for which, nano-sized CaO is
the only crystalline compound investigated which might allow
Ca-metal plating and stripping with a migration barrier of
997 meV (Fig. 5b). We speculate that the significant difference
in the migration barrier between MgO and CaO plays a major
role in the reactivity of the metal anodes. While it is virtually
impossible to fully remove a native oxide surface layer on a
metal anode, its presence on a Mg electrode will fully hamper
any electrochemical response, while some degree of divalent
conduction can be expected for Ca depending on the experimental
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Fig. 7 Proposed mechanism for the anion decomposition upon
reduction in Ca(BF4),/EC:PC electrolytes. Further substitution of F by O
can lead to cross-linked boron polymers.

conditions and the oxide layer thickness. This could also help
rationalizing the fact that, in contrast to Mg, Ca metal does not
require cumbersome surface treatment or the use of corrosive
electrolytes since the presence of a thin oxide layer would not
preclude plating/stripping.

Altogether, except for CaO, none of the other crystalline
compounds suggested by computation are likely to enable Ca**
migration through the 80 nm thick SEI formed in Ca(BF,),
electrolytes. However, a comparison with previously reported Li
system can shed light on the borate chemistry resulting from
BF,” and alkyl carbonate based electrolytes. In Li cells the
reduction of LiBF, coupled with a ring-opening of EC has been
found to form Li(BF,0), linear polymeric structures along with
the formation of CO,, ethylene, and LiF.*®*° Other borate
polymers were also reported when other anions are used, such
as bis(oxalate)borate (BOB) and difluoro(oxalate)borate, with
excellent Li-ion conductivity.’®** The electrochemical reduction
of BOB anions involved a change in the oxygen coordination
around the B atom from tetrahedral BO, to trigonal BO;, with
the end products possibly including oligomeric borate carbonyl
moieties.**** These polymeric structures can potentially present a
sizable degree of cross-linking and may be the origin of good
mechanical stability and high temperature behaviour. In this work,
we confirmed that all boron is surrounded by oxygen ligands,
which may indicate the existence of these polymeric units.

While carbonate solvent reduction can be rather complex
and involve several possible reaction pathways,*>*® most inter-
mediate products (e.g., alkoxides) lead to charged-oxygen species,
whose nucleophilic nature is sufficient to substitute the fluorine
ligands of the BF, anion (Fig. 7). Upon further reduction a cross-
linked boron polymer can be produced.

Another point of discussion is the presence of CaF, nano-
crystalline domains, observed by TEM. While computation
predicts a prohibitive migration barrier for Ca*>* in crystalline
CaF, (>2 eV, Fig. 5), its presence as nanocrystals embedded in
a cation conducting compound may promote space charge
accumulation and an increase of ionic conductivity.*”*®

Finally, the high inhomogeneity of the passivation layer
evidenced by synchrotron-based FTIR microspectroscopy (Fig. 3c),
suggests a number of possible strategies to improve Ca plating
kinetics. While, the optimization of the polymeric borate con-
tent and the homogeneity of its electrode surface coverage
through careful electrolyte formulation appears as the most
obvious strategy in order to engineer the passivation layer,
surface pre-treatment and thin film deposition could also be
foreseen as a viable strategy.
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Conclusions

Understanding the nature and composition of Ca-metal/
electrolyte interfaces represents a crucial task in the develop-
ment of electrolytes that can enable facile Ca plating/stripping.
Here we have used a multi-technique approach encompassing
experimental measurements and theoretical calculations to
rationalize the complex composition of the passivation layer
formed on the Ca metal electrode in different electrolyte formula-
tions. DFT predictions are used to aid the elimination of inorganic
compounds that display low propensity for Ca migration and thus
cannot participate actively towards Ca deposition.

We have demonstrated the effectiveness of a borate-based
passivation layer to allow reversible calcium plating and strip-
ping. This layer, derived from the BF,  decomposition, acts as
an SEI by allowing Ca** percolation, while limiting further the
electrolyte reduction. Once this protective SEI layer is formed on
the working electrode, it is possible to transfer the pre-passivated
electrode to new electrochemical cells with other electrolytes that
would not allow reversible Ca plating otherwise. The effectiveness
of this protocol was evidenced by using a Ca(TFSI), based electro-
Iyte. A ten-fold increase in Ca plating kinetics was then observed
and attributed to the difference in cation-solvation structure
between a TFSI and BF, electrolytes. Thus, borates are regarded
as key component in the SEI layer and tricoordinated boron (BOs)
was identified. While the exact structure/stoichiometry of this
borate species has not yet been fully elucidated, the formation of
cross-linked boron polymer can be hypothesized. This work paves
the way for strategic design of (artificial) SEI layers and electrolyte
formulations with enhanced Ca plating kinetics. This entails a
better understanding of the reduction process of boron containing
species leading to the formation of the passivation layer and a
better control of it through systematic electrolyte formulation
optimization and considering new boron containing anions,
solvents and/or additives.
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