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Development of calcium metal batteries has been historically frustrated by a lack of electrolytes capable of
supporting reversible calcium electrodeposition. In this paper, we report the study of an electrolyte
consisting of Ca(BH,), in tetrahydrofuran (THF) to gain important insight into the role of the liquid
solvation environment in facilitating the reversible electrodeposition of this highly reactive, divalent
metal. Through interrogation of the Ca* solvation environment and comparison with Mg?* analogs, we
show that an ability to reversibly electrodeposit metal at reasonable rates is strongly regulated by

dication charge density and polarizability. Our results indicate that the greater polarizability of Ca®* over
Received 3rd March 2020 Mg+ f t fi ti | flexibilit bli L \uster f ti , tral lti
Accepted 22nd March 2020 g’ confers greater configurational flexibility, enabling ionic cluster formation via neutral multimer
intermediates. Increased concentration of the proposed electroactive species, CaBH,4*, enables rapid and

DOI: 10.1039/d0ta02502) stable delivery of Ca®" to the electrode interface. This work helps set the stage for future progress in the
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Introduction

Batteries based on alkaline earth metals (Mg, Ca) have been
proposed as potential “beyond Li-ion” electrochemical energy
storage concepts." The large volumetric and gravimetric
capacity gains afforded by the use of an active metal anode as
opposed to an insertion anode (e.g. LiCe) are responsible for
much of this promise. However, unlike the Li-ion case, reactivity
of divalent metals with liquid electrolytes does not yield
protective, cation conductive interfacial films required for effi-
cient metal cycling. Mg has enjoyed significant research interest
owing to its more modest cathodic standard potential vs. SHE
(—2.36 V for Mg vs. —2.87 V for Ca), reducing the probability of
parasitic electrolyte reduction and electrode passivation.” While
many novel electrolytes have been developed for reversible Mg
plating over the past several years,>” progress on Ca has been
slower, punctuated by a recent demonstration of surface-film
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development of electrolytes for calcium and other divalent metal batteries.

mediated, quasi-reversible Ca plating at high temperature and
low coulombic efficiency (CE).* Despite limited progress,
development in the area of Ca>-insertion cathodes has
continued undaunted, awaiting a breakthrough in Ca plating
electrolytes to enable rechargeable calcium batteries.®*® Such
a breakthrough came recently, as work by Wang et al. demon-
strated the possibility of reversible Ca electrodeposition at room
temperature in an organic Ca(BH,),/tetrahydrofuran (THF)
electrolyte at an encouragingly high CE (~95%) despite
apparent formation of a CaH, byproduct through THF dehy-
drogenation." More recently, Li et al. and Shyamsunder et al.
have demonstrated reversible, room temperature Ca electrode-
position in the absence of both the strong reducing borohydride
anion and the production of CaH,, (using calcium tetra-
kis(hexafluoroisopropyloxy) borate in 1,2-dimethoxyethane)
albeit at lower coulombic efficiency and as a discontinuous
metal deposit containing CaF,."*** We focus herein on the
Ca(BH,),/THF electrolyte as an important benchmark system
that is differentiated by its potential for richer coordination
chemistry as determined by the strongly complexing BH,™
anion.'**® Furthermore, the connection between this electro-
lyte's surprising functionality and the uniqueness of its solva-
tion environment has not been fully explored. Recently
published work by Ta et al. offered an additional perspective
regarding electrolyte decomposition, citing evidence of BH, ™
conversion to BH; during cycling apparently resulting from
hydride transfer to the substrate surface.'” The differing expla-
nations of electrolyte function offered by Wang et al. and Ta
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et al. motivate a more detailed study of the role of Ca®>" coor-
dination in Ca(BH,),/THF electrolyte behavior.

In this paper, we build on these exciting demonstrations of
Ca plating by providing a thorough understanding of the Ca**
solvation environment in the Ca(BH,),/THF electrolyte system.
Through systematic interrogation of the solvation environment
using experimental and computational techniques, we reveal
unexpected solvation trends in which ion association, mediated
by multimeric cluster formation, leads to enhanced delivery of
Ca®" to the electrode surface while minimizing parasitic losses
at high concentration (see Scheme 1). These attributes are
contrasted with those of Mg(BH,), electrolytes, which have been
the subject of several recent studies.>'*?' Our integrated
investigation demonstrates that the relative concentration of
ionic clusters is enhanced in high concentration Ca(BH,),/THF,
and that BH, is strongly coordinated to Ca** within these
clusters. From this analysis, we propose that the electroactive
cationic species is CaBH," and that this species is responsible
for delivery of Ca®" to the electrode. We further demonstrate
that the ability of Ca** to form a greater variety of coordination
structures (i.e. configurational flexibility) such as multimeric
solvates is critical for forming high concentrations of the
CaBH," species. The contrast between Ca®>" and Mg”" coordi-
nation demonstrated herein links to a more general under-
standing of cation size and coordination tendencies as observed
in biological applications.””*® Our findings have important
implications for the design of solvation environments for cation
delivery under extremely reducing conditions, such as those
existing at Mg and Ca metal anodes. As the community grapples
with the origins and mechanisms of electrolyte breakdown
under these conditions, a clear understanding of the pertinent
solvation regimes is needed.

Experimental

Materials and methods

All reagent handling and electrochemical testing was performed
in an Ar-filled glove box (H,O = 1 ppm, O, =< 0.1 ppm). Ca(BH,),
and Ca(BH,),-2THF (99.4-100.9% BH, ), Mg(BH,), (>95%),
and LiBH, (95%) salts were purchased from Sigma-Aldrich and
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used as received. NBu,BH, (96%) was purchased from TCI
chemicals and used as received. Due to their intrinsic reactivity
toward water these borohydride salts were not dried further.
Hexafluoroisopropanol was purchased from Sigma Aldrich and
dried using 3A/4A molecular sieves. Calcium hexa-
fluoroisopropoxyborate (Ca(BHFIP),) was synthesized by reac-
tion between Ca(BH,), and hexafluoroisopropanol, following
a published procedure.”” THF (anhydrous, 99.9%) was
purchased from Sigma-Aldrich, distilled, and stored over 3A/4A
molecular sieves and activated alumina prior to use. Karl-
Fischer analysis indicated a typical THF water content of less
than 15 ppm. Electrolytes with targeted solvent : salt ratios were
synthesized by adding both Ca(BH,), and THF by weight and
concentrations were calculated by measuring solution densities
with volumetric flasks in several cases.

Raman spectroscopy was performed on a WITec Confocal
Raman Microscope using a 532 nm excitation laser. Spectral
frequencies were calibrated using the Raman peak of a Si wafer
(520.4 cm™"). Curve fitting analysis was used to quantify the
fraction of THF-Ca®" coordination and qualitatively assess the
nature of BH, -Ca®" coordination (ESI Fig. S1f). Energy
dispersive X-ray analyses of Ca deposits were conducted on
a FEI Helios Nanolab 600 G3 scanning electron microscope.

Electrolyte X-ray absorption spectroscopy (XAS) measure-
ments at the Ca K-edge were performed at the bending magnet
beamline at Sector 9 of the Advance Photon Source, Argonne
National Laboratory. The liquid electrolytes were deposited into
stacks of porous polyolefin discs (Celgard, 25 um in thickness)
and sealed within an aluminized-mylar pouch. The incident
beam was monochromatized with a Si(111) monochromator and
harmonic suppression was achieved using a X-ray mirror set to
a cutoff energy of 6 KeV. Background removal and normalization
for extended X-ray absorption fine structure (EXAFS) analysis was
performed in the Athena analysis program.>* The slowly oscil-
lating background component was removed and the raw EXAFS
signal, x(k), was extracted by using a cut-off distance (Rpg) of 1.3
A. All x(k) data were weighted by k* — & and Fourier transformed
between 3 < k< 11.8 A*. A Hanning window function with a dk =
1 was employed. Model scattering pathways attributed to Ca-THF
(including both single scattering and multiple scattering
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Scheme 1 Reaction pathway for ionic cluster formation in the THF,,Ca(BH,), electrolyte system yielding CaBH,* as the species responsible for

Ca electrodeposition.
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pathways), Ca-BH, and Ca-Ca dimers were calculated using the
ab initio code FEFF 6.0 and used to identify the major contribu-
tions in the experimental EXAFS data using the ARTEMIS soft-
ware package.”** Full details of the XAS measurements could be
found in the ESI document.{

Crystalline solvates of Ca(BH,), in THF, G1, and G2 were
produced for X-ray diffraction (XRD) and Raman spectroscopy
by creating saturated solutions at elevated temperature and
cooling the solutions slowly to room temperature. Single crystal
XRD was performed using a Bruker D8 Venture dual-source
single crystal diffractometer employing Mo Ka radiation
(0.07107 nm) and Cu Ka radiation (0.154060 nm) with samples
at room temperature under a flowing stream of N,. Solvate
crystals were transferred from the glove box and analyzed while
immersed in Fluorolube oil to minimize exposure to water
vapor. Structure determination for the single crystal samples
was performed using the Apex III (v2017.3-0) software as
described in the ESI document.t

Electrochemical experiments were performed in a sealed,
small volume, three-electrode cell with freshly abraded Ca or
Mg rods (99.5%, ESPI Metals, abraded just prior to immersion)
as reference and counter electrodes using a Solartron Modulab
potentiostat. The reference potential of the M/M>" couples were
very stable across multiple electrolyte versions and as a function
of time as determined by repeated metal deposition/stripping
cyclic voltammograms (CV). Working electrodes consisted of
mirror-polished Au (0.02 cm?) disks set in CTFE sleeves (BASi).
Ionic conductivity was measured with impedance spectroscopy
using a custom-built probe consisting of parallel Pt electrodes.
The cell constant of this conductivity probe was calibrated
repeatedly with multiple concentrations of aqueous KCl solu-
tion. Molar equivalent conductivity values were obtained by
dividing the measured conductivity by the salt concentration.

Hazards: Borohydride compounds are reducing agents which
react strongly with oxidizers and acids, including water. This trait,
combined with the high volatility and flammability of THF means
that great care should be taken in the handling and disposal of the
solutions discussed in this work, including avoiding their expo-
sure to air and working with minimal quantities.

Computational methods

Molecular dynamics (MD) simulations were carried out with the
GROMACS software,?® and initial configurations were prepared
using Packmol.”” Forcefield parameters for THF were taken
from Spoel et al.,*® Ca>" parameters from the standard OPLS
library, and BH,  parameters from Rajput et al.>**' The meth-
odology used to calculate permittivity change from individual
salt species follows Self et al** Further details of the MD
simulations can be found in the ESI document.} Quantum
chemistry calculations were undertaken with Gaussian 16
software.*® The MO06 functional was employed with the 6-
311g(d,p) Pople basis set for geometry optimizations,* and
single point energies were then obtained using the optimized
geometries with the Def2-TZVPPD basis set to obtain final free
energies.* Further details of the quantum chemistry calcula-
tions can be found in the ESI document.}

This journal is © The Royal Society of Chemistry 2020
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Results and discussion
Formation of electroactive CaBH,"

The critical role of Ca-BH, coordination in defining the elec-
trochemical activity of the Ca(BH,),/THF electrolyte is indicated
by the strong correlation between Ca deposition rate/efficiency
and salt concentration, as demonstrated by CV (Fig. 1a). The
fact that metallic Ca is being deposited is confirmed through
energy dispersive X-ray analysis in a scanning electron micro-
scope (ESI Fig. S21) Representative CE values measured by CV
increase from 65% at 0.43 M to 97% at 1.65 M. The maximal
efficiency values measured at high concentration are similar to
previously reported values.™” The maximum deposition
current densities reached at —0.8 V under these conditions also
increase significantly from 0.57 mA cm 2 at 0.43 M to 12.9 mA
cm 2 at 1.65 M. Since these potentiodynamic CE measurements
could be influenced by the large differences in plating and
stripping rates and capacities achieved at different concentra-
tions, we conducted constant current chronopotentiometric CE
measurements at fixed capacity on Au working electrodes across
this same concentration series. Example chronopotentiograms
(CP), with time expressed as cumulative areal capacity, are
shown in Fig. 1b and indicate that for a given current density (in
this case 0.5 mA cm ?), electrode polarization increases
significantly at low salt concentrations. Complete sets of CP
traces at various current densities for all three concentrations
are shown in the ESI, Fig. S3.1 Both the CV and CP deposition
traces indicate low nucleation overpotentials for Ca on Au (e.g.,
170 mV at 1.65 M). A previous report proposed that adsorbed
hydride species can facilitate Ca nucleation on Au, making it
a better substrate for high efficiency Ca deposition than Pt."”
Inspection of our low current dissolution traces indicates
surface alloying/de-alloying between Ca and Au occurs, possibly
enhancing the nucleation density of Ca on Au, thereby acti-
vating (as opposed to depassivating) the surface for Ca deposi-
tion. Evidence for alloying is clearly observed in Fig. 1b during
dissolution where a small anodic shift in the dissolution
potential signals a transition from bulk Ca stripping to de-
alloying (52 to 170 mV at 1.65 M). Further investigation of this
phenomenon is beyond the scope of this work and will be the
subject of a future report.

Coulombic efficiency remains a strong function of salt
concentration under conditions of constant deposition rate and
capacity, as shown in Fig. 1c For example, at a modest current
density of 0.5 mA cm > the CE values increase from 73% at
0.43 M to 92% at 1.65 M. Higher steady-state current densities
(4 mA cm™?), which are readily supported with acceptable over-
potentials at high Ca(BH,), concentrations, enable further
increases in CE up to a maximum value of > 97%, consistent with
the aforementioned potentiodynamic values. The observed
dependence of CE on current density regardless of concentration
probably relates to changes in the relative rates of Ca>* deposition
and electrolyte reaction; the faster Ca** is plated and stripped, the
less time is available for reaction between electrolyte constituents
and fresh calcium metal." These trends highlight the importance
of an electrolyte’s ability to transport and deliver Ca>" at high
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Fig.1 (a) Cyclic voltammograms (scan rate = 50 mV s~ %) of calcium electrodeposition and stripping in Ca(BH.),/THF on Au as a function of salt
concentration (3™ cycle). (b) Chronopotentiograms measured for galvanostatic deposition and stripping of calcium on Au (15t cycle) as a function

of Ca(BH.), concentration in THF at 0.5 mA cm™2

. (c) Average CE values measured during galvanostatic Ca plating/stripping at a Au electrode as

a function of current density and Ca(BH,)» concentration in THF. Deposition capacity was kept constant at 120 mC cm™2 or ~160 nm of Ca,
similar to the amount deposited during a CV cycle. (d) Molar ionic conductivities measured for select salts in THF as a function of concentration.

rates in order to spare parasitic losses, which may be driven by
reaction of THF and/or BH,  with the highly reactive metallic Ca
deposit or the cathodically polarized substrate.'>'” Despite the
fact that 0.43 M represents a concentration well within the range
of typical high-performing aprotic Mg-salt electrolytes,**>* the
electrochemical rate and reversibility of Ca(BH,),/THF at this
concentration are far inferior to those observed at higher
concentration ranges, reflecting the importance of associated
Ca-BH, clusters in facilitating Ca*>" delivery.

Ionic cluster formation for Ca(BH,), in THF is clearly
demonstrated by molar equivalent ionic conductivity (Aum)
measurements, which reveal an increase in relative ionic pop-
ulations as a function of salt concentration (Fig. 1d). This
relationship between ionicity and concentration, though unlike
that of traditional aqueous electrolytes, has previously been
observed for electrolytes consisting of low permittivity

7238 | J Mater. Chem. A, 2020, 8, 7235-7244

solvents.*** The strong association tendencies of BH, with
metal cations in THF, as found in previous studies,'**® suggests
that Ca(BH,), would be likewise strongly associating in THF
even at low concentrations. Indeed, the very low ionic conduc-
tivity measured at 0.1 M (0.0038 mS cm ™) implies the domi-
nance of undissociated neutral species at this concentration
since this conductivity value is nearly two orders of magnitude
lower than the value we measure (0.17 mS em™ ') for a more
weakly-associating tetrabutylammonium (NBu,") borohydride
solution at the same concentration in THF. When Ca(BH,), is
substituted by the still more weakly coordinated Ca(BHFIP),
salt,”»** jonic conductivity increases by yet another order of
magnitude to 3.4 mS cm™'. The magnitude of these conduc-
tivity differences unambiguously demonstrates the strong
coordination of BH,~ to Ca®>" in THF. Interestingly, A values
measured in analogous Mg(BH,), solutions are even lower than

This journal is © The Royal Society of Chemistry 2020
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those of Ca(BH,), and increase more modestly with increasing
concentration, indicating that ionic cluster formation is further
inhibited by the presence of the higher charge density Mg”"*
cation (Fig. 1d). This inhibition of ionic cluster formation is also
manifested in a lower Mg deposition rate and CE (74%) that we
measure for saturated Mg(BH,),/THF (~1.1 M) arguing that the
dominance of neutral clusters is the primary performance-
limiting factor (ESI, Fig. S4t). While the influence of interfa-
cial factors cannot be ruled out, the stark difference in ion
populations points to the solvation environment as a primary
differentiating element between Ca(BH,), and Mg(BH,),.
Indeed, both experimental and theoretical studies have shown
that alkali borohydride additives such as LiBH, are required to
facilitate conversion of neutral Mg(BH,), clusters to associated
ionic clusters, e.g. MgBH,", and thus attain acceptable ionic
conductivity and electrochemical behavior.>'®* In contrast, the
larger and more polarizable Ca*>* cation clearly provides a route
to ionic clusters even in the absence of borohydride additives.

The likely structures of the dominant ionic calcium species
are provided by DFT cluster free energy optimization. In these
calculations the free energies of formation of explicitly solvated
and structurally optimized ionic clusters residing within the
THF dielectric medium (epyr = 7.4) were compared with those
of a stoichiometric number of neutral cluster “reactants” to
compute a net free energy change for each ion formation
“reaction” (Fig. 2). The dependence of these free energies on
THF coordination number is shown in the ESI, Fig. S5.f
Immediately apparent from these calculations is the unlikeli-
hood of the formation of fully dissociated Ca®>* and BH,~
species (AG > 1 eV!), a finding which is consistent with calcu-
lations reported for Mg(BH,),/THF.'®'**! In fact, all ionic clus-
ters in this system possess a significant equilibrium free energy
of ~0.4 eV or higher. These endergonic values would predict
small ion populations of less than 1 mM based on a simple
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Fig. 2 Computed free energy changes for the formation of several
proposed combinations of solution species from solvated Ca(BHy,); in
THF. Calculations were performed assuming both explicit solvation
and a dielectric medium with strength equal either to the intrinsic
permittivity of THF (7.4) or to an elevated solution permittivity value
(10) that could arise from a high concentration of dipolar ion pairs
(CaBH4%). The ionic couples are grouped by cationic species to
emphasize the relative favorability of CaBH,". Key structural examples
are shown at right.
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equilibrium relationship (K = e("2%*7)  although actual ion
populations must be larger at high salt concentrations given the
measured conductivity trend. The calculations identify CaBH,"
as the primary cation in solution and Ca(BH,); " as the primary
anion, based on comparison with the other calculated struc-
tures. Stabilization of these ionic Ca** clusters by coordinating
BH, is clearly a requirement in this electrolyte, which arises
from a lowering of the effective charge density of the ionic
cluster. Hence, we propose that CaBH,' is the primary “elec-
troactive” species enabling high rate Ca deposition in Ca(BH,),/
THF.

We note that although the above results indicate that CaBH,"
and Ca(BH,);  are the most energetically favored of the ionic
species, we did not consider aggregates larger than Ca,(BH,)s .
Furthermore, concentration effects and non-idealities (e.g. long-
range electrostatics), may affect the various cluster equilibria
differently, which we plan to investigate in upcoming work. To
test whether the presence of dipolar clusters could facilitate
formation of ionic species at high concentration through
permittivity increases, as previously observed in other strongly
associating electrolytes,*****"**¢ we conducted simulations to
determine the influence of several proposed clusters on the
solution dielectric constant (ESI, Fig. S61). The computed lowest
free energy electrolyte structure, THF;Ca(BH,),, possesses
a bent geometry and a calculated dipole moment of 5 Debye.
However, solvation of this cluster requires three THF molecules,
which reduces the free solvent contribution to solution
permittivity. Therefore, the net effect of dissolving Ca(BH,), to
form neutral monomers should be reduction in solution
permittivity. In contrast, the contact ion pair (CIP) cation
THFsCaBH,", the minimum energy cationic cluster, possesses
a stronger dipole moment that overcomes the effects of free
solvent loss, and other possible clusters such as solvent shared
ion pairs (SIP) could theoretically contribute even more
dramatically. To estimate the potential impact of a solution
permittivity increase on ion formation energetics, we recalcu-
lated the free energy values for the various ionic species
assuming a dielectric constant of 10.0, representing a solution
containing a concentration of 0.35 M CaBH,' clusters (Fig. 2).
The resulting free energies for forming ionic species are all
reduced, reflecting stabilization via reduced interionic electro-
static interactions. Hence, a permittivity increase due to the
creation of CaBH," could theoretically drive increased ionicity
with concentration as we observe for Ca(BH,),/THF, and further
studies utilizing dielectric relaxation spectroscopy to determine
the true magnitude of the permittivity changes in these solu-
tions as a function of concentration are planned. Another
possible explanation for the increase in molar conductivity
could be the lowering of activity coefficients of the ionic clusters
at higher ionic strengths from long-range electrostatics, as
predicted by Debye-Huckel theory.*

Regardless of the true magnitude of these permittivity
effects, the free energy calculations presented here argue for
a solution dominated by ion association, resulting in coordi-
nation of all Ca®" cations to at least one BH,~ anion. Therefore,
we can confidently state that the active species responsible for
ion transport and calcium metal plating contains coordinated
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BH, . The free energy trends indicate that the most stable and
therefore most prevalent ionic species of this kind in solution is
CaBH,", which is formed along with Ca(BH,);~ from the
redistribution of BH,  anions between Ca(BH,), clusters. CIP
cations of this type have previously been invoked as an impor-
tant intermediate in chloride-based Mg** electrolytes, where
MgCI" species participate in both the Mg deposition and
cathode insertion mechanisms.**** Therefore, its presence
within a high-functioning Ca** electrolyte represents a critical
link between these two alkaline earth metals and provides
additional insight into the likely Ca deposition mechanism.
From analogy with proposed MgCl" deposition mechanisms, we
propose that Ca deposition generally takes place according to:

M(substrate) + THF,CaBH,* — M---CaBH,*(ads) + nTHF (1)
M---CaBH,"(ads) + 2¢~ — M---Ca® + BH,~ (2)

Based on this general mechanism of CaBH," desolvation (1)
and electronation (2), the ability to form CaBH," becomes
a paramount requirement for electrochemical activity of the
Ca(BH,),/THF electrolyte. We ascribe the significantly reduced
ionic conductivity and metal deposition rate of Mg(BH,),/THF
to difficulty in forming the analogous MgBH," species, as noted
by previous researchers.>* In the Mg>" version, it has been
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proposed that MgBH," forms from liberation of free BH, ,
a process that our calculations show is unfavorable for
Ca(BH,),/THF. These observations suggest that the Ca(BH,),
electrolyte possesses an alternative, more favorable pathway for
creation of the CaBH," species, and our data show that this
pathway is enhanced at high salt concentrations. We hypothe-
size that such a pathway should involve direct interaction
between neutral Ca(BH,), clusters to facilitate redistribution of
BH, and thus may take place via a multimeric intermediate.
DFT analysis indicates that Ca,(BH,), dimers, for example, are
even more energetically favorable than the most prevalent ionic
species. Hence, a tendency of Ca(BH,), to form multimeric
species in THF, as facilitated by the greater configurational
flexibility of Ca®" relative to Mg>", could explain its differing
behavior with respect to Mg(BH,), and we further test this
hypothesis in the subsequent section.

Ca”" multimers and configurational flexibility

To directly test for the presence of Ca,(BH,),,- THF multimers,
we performed extended X-ray absorption fine structure (EXAFS)
analysis at the Ca K-edge to probe the average coordination
structure of Ca®* in a concentrated (1.5 M) Ca(BH,),/THF solu-
tion. Qualitatively, the EXAFS spectrum of Ca(BH,),/THF
(shown in both k-space and r-space with k'-weighting in Fig. 3a
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and b) shows remarkable differences in both amplitude and
phase compared with that of a dilute solution of the strongly
dissociating Ca(BHFIP), salt in THF. Evidence for the latter's
strong dissociation in THF is provided by the aforementioned
ionic conductivity measurements (vide supra), and therefore we
consider this solution to represent a control case in which Ca**
is exclusively coordinated by THF. The k-space data illustrate an
overall reduction in amplitude and a progressively larger phase
shift for the Ca(BH,),/THF spectral oscillations with increased
k. These differences are attributed to changes in oxygen coor-
dination around the Ca** ion and the introduction of Ca-BH,
coordination, as predicted by DFT calculations. The clear
difference between the two electrolyte solutions is also evident
in the corresponding Fourier transform (uncorrected for
photoelectron phase shifts); the real component of which is
displayed in Fig. 3b. Specifically, a distinct feature (Fig. 3b,
inset) is identified in the Ca(BH,), electrolyte at around 4 A that
is absent from the Ca(BHFIP), data. This region is of similar
radial distance to where DFT optimized geometries predict the
presence of a Ca-Ca dimer correlation (ESI, Fig. S71). These
concerted spectral changes, at radial distances consistent with
DFT, are strong evidence for the presence of multimers in the
concentrated Ca(BH,), solution.

A full quantitative analysis, details of which are provided in
the ESI,f confirms the presence of multimers and Ca-BH,
coordination in high concentration Ca(BH,),/THF, as indicated
by Ca-Ca and Ca-B correlations in the EXAFS (see ESI, Fig. S8
and S97 for individual contributions). The EXAFS, shown in k-
space and r-space in Fig. 3¢ and d (k*>-weighting), was fit using
the DFT optimized structures as initial models. Excellent
agreement was attained between the fitted structural model and
the measured EXAFS data when Ca-Oryp, Ca—Cryr, Ca-BH, and
Ca-Ca interactions were included in the fit. A full list of
parameters and their associated values attained after fitting can
be found in the ESI, Table S1.1 Noteworthy, is the presence of
a Ca-Ca interaction at a distance of 4.44 + 0.05 A. Inclusion of
this contribution was deemed essential as it statistically
improves the fits by almost 50% (ESI, Table S2t). Other poten-
tial scattering paths, including the double bounce path from the
Ca—Oqyp correlation around 4.5 A, were tested and were not
found to match the experimental data with the same statistical
accuracy. Furthermore, the interaction distances obtained from
the EXAFS ensemble structural model are consistent with those
determined for DFT-optimized dimer clusters which contain
shared BH, anions. The CN values derived from the EXAFS
model contain significant uncertainty due to assumptions
made regarding the total coordination of Ca*', as required to
minimize the number of independent variables in relation to
the information content contained within the EXAFS. However,
physically reasonable values of the Debye Waller factors were
achieved only when the EXAFS spectrum was fit assuming
a total coordination between 7 and 8, suggesting that the THF
coordination numbers found in the DFT optimized structures
are somewhat underestimated (ESI, Fig. S41). Although the
EXAFS spectra reflect an averaged structure including all solu-
tion Ca-species such as Ca(BHy),, CaBH,", and Ca(BH,); , the
veracity of the Ca—Ca correlation at ~4.44 A and its consistency

This journal is © The Royal Society of Chemistry 2020
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with DFT-predicted multimer structures are strong evidence for
a significant population of multimeric species that are medi-
ated by shared Ca-BH, interactions.

Additional experimental evidence for both Ca-BH, interac-
tions and the tendency of Ca(BH,), to form multimers in THF is
afforded by ex situ solvate crystal analysis. While these single
crystals, formed by crystallization of concentrated Ca(BH,),/THF,
do not necessarily reflect the precise solvation structures present
in solution, comparisons of crystal structures across a systemati-
cally varied set of solutions provide insight into relevant coordi-
nation structure trends, and this approach has been instructive
for understanding Mg>" electrolytes in a number of cases.® To this
end, we have applied a combination of single crystal XRD and
DFT to solve the previously unreported structure of THF,-
Ca(BH,),, which crystallizes from the Ca(BH,),/THF solution and
matches the formula of the commercially available solvate solid
(ESI, Table S31). We find that this structure is polymeric with Ca**
cations sharing coordination of axially arrayed BH, anions and
coordinated by radially arrayed THF molecules (Fig. 4a). Such
a structure is indeed consistent with the proposed tendency of
Ca®* to prefer strong coordination with BH,  and its ability to
form multimeric species in THF. In this case, a given BH, "
coordinates through two hydrogens to one Ca*>* and through
a third hydrogen to the opposing Ca>* yielding intimate
BH, :Ca”" interactions and minimizing the THF:Ca** CN. While
the polymeric structure of THF,Ca(BH,), is similar to that re-
ported for the THF solvates of larger alkaline earth borohydrides,
THF,Sr(BH,), and THF,Ba(BH,),, it differs significantly from the
reported monomeric structure of the smaller alkaline earth
example, THF;Mg(BH,),."***** In fact, the general absence of
multimeric Mg(BH,), crystals from the greater body of literature
across a variety of organic solvent systems has been considered
noteworthy by previous authors and reflects a rather unique
configurational attribute of the Mg>* cation.*® While dimeric Mg-
Cl solvates in ethereal solvents are well-documented, e.g. Mg,Cl;"
and Mg20122+, the larger size of BH, may induce additional
strain in bridged solvate configurations that is not readily toler-
ated by the smaller and less configurationally flexible Mg>*
cation. Placing our Ca®" results within the broader alkaline earth
borohydride series (Mg”*, Ca®", Sr**, Ba>*) reveals that dications
of lower charge density and therefore greater polarizability can
stabilize multimeric BH,  complexes in THF, and that the critical
transition in size-dependent behavior occurs between Mg>" and
Ca®".** This correlation between multimer formation tendency,
ionicity, and electrochemical activity between Ca(BH,), and
Mg(BH,),, supports the hypothesized role of multimers in facil-
itating BH, redistribution between ionic clusters.

Comparison of Ca(BH,), solvates produced from various
ethereal solvents reveals that THF also plays a key role in
stabilizing multimer formation. Replacement of THF by the
more strongly coordinating, multidentate monoglyme (1,2-
dimethoxyethane, G1) or diglyme (diethylene glycol dimethyl
ether, G2) produces crystalline solvates with monomeric struc-
tures, consistent with previous reports (Fig. 4a).*”*® Sr(BH,),
also exhibits the same transition from polymeric to monomeric
solvate structure upon replacement of THF by G2.** We find that
the solubility of Ca(BH,), in these solvents is much less than in
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Fig. 4 (a) Solvate crystal structures determined through single crystal XRD. The G2 solvate structure comes from data generated in ref. 57 while
the THF and G1 structures were determined in this work. (b) Raman v(B—H) spectra for the indicated solvate crystals.

THF, as previously documented,” and this results in electro-
lytes that do not support reversible Ca electrodeposition (ESI,
Fig. S107). These results further strengthen the link between
multimer formation and electrochemical activity in the
Ca(BH,), system. The Raman v(B-H) spectra of the glyme,-
Ca(BH,), solvates likewise exhibit distinctive line shapes rela-
tive to the THF solvate, highlighting the differences in BH, "~
coordination between multi- and monomeric structure
(Fig. 4b). We note that the THF solvate spectra does not match
that of the Ca(BH,),/THF solution, indicating that the crystal-
lized structure does not fully capture the distribution of solu-
tion Ca-BH, coordination structures. This is not surprising
given that the solution structures either predicted by DFT or
measured by EXAFS do not match the polymeric crystalline
solvate in which Ca®" is coordinated by only two THF molecules.
Nevertheless, these solvent and cation driven changes in coor-
dination and properties further highlight the importance of
configurational flexibility as a driver for acceptable solubility,
cation transport, and electrochemical stability in divalent BH,
electrolytes.

Configurational flexibility differences between Ca(BH,), and
Mg(BH,), in THF are further demonstrated from analysis of the
v(B-H) region of the Raman vibrational spectrum. Comparison
between the spectra of several borohydride salt solutions in THF
highlights differences in the coordination structure tendencies
of Ca®" and Mg>" (Fig. 5a). In a weakly interacting salt system,
such as NBu,BH,, the spectrum is dominated by a relatively
narrow set of bands near 2250 cm™ ' corresponding to ionic
BH, for which the four B-H bonds are nominally equivalent
because no specific cation-hydride bridging exists. Spectra of
the metal borohydride salts (LiBH,, Mg(BH,),, Ca(BH,),) are
starkly different and reflect the complicated band splitting
associated with covalently bound BH,:M structures in which
specific metal-hydride interactions distinguish coordinating or
bridging (Hp,) from non-coordinating or terminal (H,) ligands.*®
Difficulties in deconvoluting the metal borohydride spectra
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while incorporating the free BH, anion band leads to the
conclusion that this species represents a very small fraction of
the total borohydride inventory (ESI, Fig. S117), consistent with
our calculations and EXAFS results. Comparison of the spectral
line shapes across the metal borohydride series further high-
lights the significant structural differences between Mg(BH,),
and both LiBH, and Ca(BH,), in solution. While the two lower
charge density cations (Li*, Ca**) exhibit a similar set of several
overlapping bands, the higher charge density Mg>" cation
exhibits two dominant and strongly separated bands suggestive
of a more well-defined and static structural motif. These
differences are further magnified by comparing the concentra-
tion dependence of the intensity normalized v(B-H) spectral
regions for the Mg?* and Ca*" salts in THF (Fig. 5b and c). While
the normalized Raman spectra of BH,:Mg>" exhibit minimal
change across the dilute to saturated concentration range, those
of BH,:Ca>" exhibit a clear, progressive change in line shape.
With increased concentration, the intensity of the 2324 cm™*
band is reduced relative to that of the other bands, while the
band at 2230 cm ™' exhibits an increase in relative intensity.
These spectral changes indicate that borohydride coordination
is altered with increased concentration; changes that we ascribe
to formation of Ca,(BH,), and subsequently CaBH," and
Ca(BH,);  at significant concentrations relative to the parent
monomer, Ca(BH,),. Attempts to explicitly interpret the
measured spectral changes based on simulated Raman spectra
of these clusters were inconclusive, owing to the complexity of
the coordinated BH, vibrational modes. However, measure-
ments of THF coordination changes within the v(C-O)/v(C-C)
region over these concentration ranges are less ambiguous and
suggest that the THF:Ca>* CN decreases at high concentrations
while the THF:Mg>" CN does not (ESI, Fig. S121). Such differ-
ences are consistent with the increase in relative BH, :Ca*
interactions expected for multimeric species in Ca(BH,),/THF
and with the absence of such multimeric interactions in
Mg(BH,),/THF. Hence, based on the ionicity trends, DFT cluster
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Fig. 5 (a) Plots of the Raman v(B—H) spectral region for representative examples of several borohydride salt solutions in THF. (b and c) Raman
spectra of the v(B—H) region for Mg(BH,),/THF (b) and Ca(BH,4),/THF (c) as a function of concentration.

energetics, EXAFS, and solvate XRD, we contend that the
Ca(BH,),/THF solution evolves from a population of mostly
neutral monomers at low concentration to one consisting of
dimers and associated ionic clusters (CaBH," and Ca(BH,); ") at
high concentrations, as enabled by the configurational flexi-
bility of Ca®* relative to Mg>". We expect these configurational
differences to have important ramifications for future compar-
isons between Ca** and Mg*" electrolytes.

Conclusions

In this work we have documented the surprising importance of
ion association and multimer formation in supporting high elec-
trochemical rate and reversibility of Ca metal deposition in high
concentration Ca(BH,),/THF electrolytes. The proposed ion
formation pathway hinges on the greater configurational flexibility
of Ca®" relative to Mg>*, addressing the more general themes of
coordination tendencies in divalent electrolytes. These integrated
experimental and computational results show that increasing salt
concentration and decreasing cation charge density (ie. from
Mg>" to Ca®") guides solution speciation from uncharged neutral
species toward multimers and ionic clusters capable of delivering
Ca®" at appreciable rates while sparing parasitic loss from elec-
trolyte decomposition. This combination of electrolyte attributes
facilitates the achievement of CE's over 97% and motivates further
scientific exploration into the nature and control of solvation
interactions in divalent metal chemistries, particularly those
occurring under extremely reducing conditions.
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