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ABSTRACT: Accessing the energy density and sustainability of calcium metal batteries requires Lo
imite

mastering reversible calcium electrodeposition through electrolyte design. Several electrolytes support

reversible, ambient temperature deposition but at utilization and rate too low for practical applications. gé'\& jg%%
These challenges stem from solvation structures characterized by either high barriers for cation 5 ;'\QCX%% \;;g 51 :
desolvation or thermodynamic instability, leading to parasitic decomposition of the salt and solvent. 3@6 BDa%
The optimal solvation structure for the effective delivery of calcium to the electrode interface is not \
known. In this work, we show that adding a relatively small amount of a weakly associating calcium salt
(calcium carba-closo-dodecaborate) to an otherwise strongly associated solution (calcium borohydride Ca V|
in tetrahydrofuran) produces a surprising population of fully solvent-coordinated Ca** cations in the d
form of solvent-separated ion pairs (SSIPs). We further demonstrate that the formation of these SSIPs
beneficially impacts the kinetics and thermodynamics of calcium electrodeposition, revealing the unexpected finding that direct
coordination of Ca®* by the BH,™ anion limits the electrodeposition process. These findings reveal how the competition between
solvent and anion coordination to Ca** affects calcium deposition kinetics and cycling stability, setting the stage for a new calcium

electrolyte design based on mixed anion electrolytes.

B INTRODUCTION

To meet society’s growing needs for renewable energy storage,
novel battery chemistries with higher energy density and lower
cost than Li-ion batteries need to be developed.”” Ca metal
batteries have been proposed as alternatives to Li-ion batteries
due to the greater crustal abundance (41,500 mg/kg for Ca vs
20 mg/kg for Li)3 and anode capacity (1337 mAh/g for Ca
metal anodes vs 372 mAh/g for Li/Cq anodes). Despite these
advantages, development of Ca metal batteries has been
limited.”*~"*

Relatively few Ca®" electrolytes are capable of reversible Ca
plating and stripping due to the reactivity of Ca** electrolytes
with the metal anode. The first successful demonstrations
utilized Ca(BF,),/ethylene carbonate/propylene carbonate
electrolytes and required temperatures of 75 °C or greater
while displaying relatively low efficiencies."* A later work
demonstrated reversible plating and stripping from this
electrolyte at room temperature, albeit at low current densities
(<1 mA/cm?)."”> Furthermore, significant F content was
observed in the deposits, indicating the degradation of the
Ca(BE,), salt."*"® Reversible plating and stripping of Ca at
room temperature and current densities greater than 1 mA/
cm” were first demonstrated using Ca(BH,),/tetrahydrofuran
(THF) electrolytes.'® Coulombic efficiencies (CE) as high as
97% have been reported using this electrolyte."’ ™" More
recently, electrolytes using calcium salts with weakly
coordinating anions (WCAs) have been developed with the
goal of widening the electrochemical stability window of the
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electrolyte. Two groups concurrently reported the synthesis
and testing of calcium tetrakis(hexafluoroisopropoxy) borate
(Ca(BHFIP),)/dimethoxyethane (DME) electrolytes with CE
as high as 92%.”*' As with Ca(BF,),/EC/PC, deposits from
this electrolyte displayed significant F content, indicating salt
decomposition.””*" Similarly, calcium tetrakis-
(hexafluoroisopropoxy) aluminate (Ca(AIHFIP),) /DME
and calcium tetrakis(perfluoro-tert-butoxy) aluminate (Ca-
(TPFA),) /DME electrolytes exhibit instability at Ca
deposition potentials.”** Furthermore, despite magnesium
bis(trifluoromethylsulfonyl)imide (MgTFSIL,) being used to
successfully cycle Mg metal,”*** CaTFSI, has been shown to
be incapable of reversibly plating and stripping Ca metal in
ethereal electrolytes, likely due to the decomposition of the
TESI™ anion.”® As an alternate class of WCA electrolytes
lacking F, calcium carba-closo-dodecaborate (Ca(CB;,H,),)
/DME/THE displayed reversible calcium plating and stripping
with CE as high as 889%.”° While these efforts have proven that
reversible Ca plating and stripping are possible, the rational
design of electrolytes will require connecting the speciation of
the Ca-ion electrolyte to its ability to reversibly cycle Ca metal.
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Of these electrolytes, the speciation of Ca(BH,),/THF has
been most thoroughly investigated. A comparison of Ca-
(BH,),/THF and Mg(BH,),/THF electrolytes found that the
larger size and greater polarizability of the Ca*" cation allow for
greater configurational flexibility, enabling the formation of
complexes such as the neutral monomer Ca(BH,),, neutral
dimer Ca,(BH,),, and ionic clusters such as CaBH," and
Ca(BH,);™."” The concentrations of these species were later
elucidated using a combination of pulsed-field-gradient nuclear
magnetic resonance (PFG-NMR) and dielectric relaxation
spectroscopy (DRS).”” These studies revealed that the
concentration of the CaBH," contact ion pair (CIP), which
was proposed to be the active species for calcium plating and
stripping,'” remains below 0.1 M even at Ca(BH,),
concentrations of 1.5 M.”” Recent computational advances
confirm this critical role of the CIP and indicates that its
interfacial concentration mi%ht be enhanced relative to the
bulk at cathodic potentials.”® Furthermore, the analysis of
ultramicroelectrode voltammetry in Ca(BH,),/THF identified
a chemical—electrochemical mechanism, with the chemical
step limiting Ca deposition.'® These findings suggest that the
calcium deposition rate could be improved by increasing the
concentration of the CaBH,* contact ion pair or by tailoring
the identity of the reactive Ca complex to avoid the limiting
chemical step during deposition.

The ideal Ca-ion electrolyte must allow for both the close
approach of the Ca-ion complex to the reactive interface and
enable facile electron transfer at the interface. Recent
molecular dynamic free-energy sampling simulations have
identified that the presence of anions in the first solvation shell
enables Mg and Li complexes to approach a negatively charged
interface more closely than complexes with only the solvent in
the first shell.””*° Additionally, we know that anion
participation in the first solvation shell can contribute to
anion decomposition with electron transfer.”’ A key factor in
probing the kinetic effects of desolvation is the selection of
anions with extraordinary reductive stability, including
CB;,H,,” and BH,” to minimize such competing thermody-
namic effects.®** While a close approach of the Ca complex to
the reactive interface is necessary for electron transfer, the
likelihood of charge transfer still depends on its mechanism
and the structure of the cation solvation complex. The
association strength of anions to multivalent Mg** and Zn**
ions has been shown to alter the overpotential for metal plating
and stripping, with more weakly associated anions correlated to
lower overpotentials for metal deposition and greater over-
potentials for metal stripping.” These results demonstrate that
coordination can shift the tendency for electron transfer to a
reactive complex. Thus, we aim to design electrolytes with Ca
species that include partial anion coordination to allow for a
close approach to the reactive interface while maintaining facile
charge transfer to the complex.

In this work, we explore the relationship between electrolyte
speciation as a function of anion coordination strength and
electrochemical performance in aprotic calcium electrolytes.
We hypothesize that the addition of a weakly coordinating Ca
salt to Ca(BH,),/THF electrolytes should increase the
concentration of the CaBH," CIP, the previously proposed
complex for Ca** delivery to the electrode interface,'” thereby
enhancing the CE and increasing the current density at which
the electrolyte can be cycled. While the presence of Ca(BH,),
limits the electrolyte’s oxidative (hydride oxidation) and
reductive (hydrogen production) stability, the well-charac-

terized speciation of Ca(BH,),/THF electrolytes makes it an
ideal candidate for manipulating electrolyte speciation.”’
Previous attempts to add weakly coordinating Ca salts to
Ca(BH,),/THF electrolytes, utilizing Ca(TFSI), as a weakly
coordinating Ca salt, were limited by complex speciation in
these electrolytes as well as reductive decomposition of the
TESI™ anion, limiting Ca stripping.”**> We propose that
Ca(CB,;H,), could serve as a more ideal weakly coordinating
salt due to the weaker coordination of CB;;H,,” to Ca*" and
its demonstrated ability to plate and strip Ca metal in ethereal
solvents.”® Through the combination of ionic conductivity,
Raman spectroscopy, nuclear magnetic resonance (NMR)
spectroscopy, and DRS, we determine that the addition of
Ca(CB,,H,,), unexpectedly produces Ca(CB;H;,)" solvent-
separated ion pairs (SSIP). We then used cyclic voltammetry
(CV) and galvanostatic cycling to elucidate the effect of altered
speciation on the electrochemical behavior. This work provides
insights into the design of a more efficient coordination
complex for delivering a multivalent ion to an electrode
interface, demonstrating that the removal of a strongly bound
anion from the first solvation shell favors charge transfer to the
complex.

B METHODS

Electrolyte Preparation. Before use, commercially
purchased Ca(BH,),-2THF was dried under vacaum at 190
°C for 4 h to remove THF, and NaBH, was dried under
vacuum at 130 °C for 3 h. THF was vacuum-distilled over
metallic sodium before storage with activated alumina and
molecular sieves. Typical water concentrations in THF were
measured to be 1—2 ppm using Karl Fischer titration. NaBH,—
THF stock solutions (~12 mM) were prepared following
previously reported methods."” As demonstrated in our
previous work, sodium is a contaminant in commercially
supplied Ca(BH,),-2THF. Sodium concentration varies
among lot number, and dilute NaBH, concentrations were
previously found to be necessary to obtain dense Ca deposits
from Ca(BH,),/THF electrolytes."”

Ca(CB,;H},), was synthesized inside a glovebox. Approx-
imately S mmol (~1 g) of TMAHCB, H,, (Katchem spol. s
r.o.) was dissolved in S mL of THF. In a separate vial,
approximately 2.5 mmol (~0.174 g) of dried Ca(BH,), was
dissolved in S mL of THF. The Ca(BH,), solution was stirred
on a hot plate at room temperature. The TMAHCB, H,,
solution was added to the Ca(BH,), solution, dropwise, in 500
uL aliquots. Approximately 1 min elapsed between each aliquot
to allow bubbling to subside. During the addition, a white
powder began to form. After the last aliquot was added, the
solution was allowed to stir for 30—60 min at room
temperature. The hot plate was then heated to 45 °C, and
the solution was stirred overnight. The solvate powder was
collected by using vacuum filtration. The powder was
thoroughly washed using distilled THF by both direct washing
and resuspension of the powder in THF, followed by vacuum
filtration for a total of three wash cycles. The powder was then
dried overnight on a Schlenk line at 60 °C before being
returned to the glovebox. The powder purity was checked
using 'H and "'B NMR.

Mixed-salt electrolytes were prepared by first adding
appropriate amounts of dried Ca(BH,), and Ca(CB;;H,,),
to a vial. Neat THF and the NaBH,-THF solution were added
to the vial to achieve the desired concentrations of Ca(BH,),,
Ca(CBH,;),, and NaBH, (~4 mM)."” Electrolytes were
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Figure 1. (a) Ionic conductivity of 500 mM Ca(BH,),/y mM Ca(CB,,;H,),/THF electrolytes. (b) Comparison of the ionic conductivity between
Ca(BH,),/THF and Ca(BH,),/Ca(CB,,;H,,),/THF electrolytes. The Ca(BH,),/THF electrolyte conductivity data in (b) was taken from ref 17.

Copyright 2020 Royal Society of Chemistry.

stirred for at least 16 h prior to use to ensure equilibration of
the electrolyte prior to electrochemical and characterization
experiments.

Conductivity Measurements. Ionic conductivity of the
electrolytes was measured using potentiostatic electrochemical
impedance spectroscopy over a frequency range from 1 to 100
kHz with a custom conductivity probe consisting of two
parallel Pt electrodes. The probe was calibrated regularly using
1 and 10 mM aqueous KCl solutions with an average cell factor
of 0.83 cm™" determined for the measurements in this work.

Raman Measurements. Raman spectroscopy measure-
ments were made using a Horiba T64000 instrument with a
458 nm laser, Synapse/Symphony II detector, and a diffraction
grating system with 1800 gr/mm. Twenty scans were collected
with an acquisition time of 10 s per point except at the highest
concentration of Ca(CB;;H,,), where the acquisition was
collected at S s per point to prevent detector saturation. The
measurements were collected over a range of 450—3650 cm™".

*Ca NMR Measurements. **Ca NMR measurements
were collected by using a Bruker NMR spectrometer at a
resonant frequency of 500 MHz. The low natural abundance of
the *Ca isotope as well as its low gyromagnetic ratio requires
long acquisition times (~14 h) to achieve acceptable signal/
noise ratios. Low-temperature experiments were conducted
using an external chiller which enabled experiments at
temperatures as low as 255 K.

DRS Measurements. DRS measurements were performed
over a frequency range from 0.5 to 26.5 GHz by using a
Keysight N1501A dielectric probe kit with a Keysight 9375A
vector network analyzer. The measurements were calibrated
using air, water, and THF. The real and imaginary components
of the measured permittivity were fit simultaneously using
three Debye relaxations, following previous DRS analysis of
Ca(BH,),/THF electrolytes.”” For fitting, the ionic con-
ductivity of the electrolytes was fixed at the experimentally
measured values. For higher conductivity samples (53 and 81
mM added Ca(CB,;H,,),), the data for &” were fit over 0.7—
26.5 GHz to avoid unphysical responses.”® The parameters
determined from fitting the data are reported in Table S1.

To calculate the dielectric increments, density functional
theory (DFT) was used to optimize the structures and recover
the dipole moments, which were then used to estimate the
dielectric increments. Quantum chemistry (DFT) calculations
were completed with Gaussian 16.”” The basis set used was 6-
31+g(d,p) with the wb97xd functional.®® Dipole moment
calculations were carried out with a continuum solvation
model.” Specifically, the polarizable continuum model was
used*” with the dielectric constant set to 7.4, that of the neat
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THEF solvent. Via DFT, the first solvation shell of the calcium
ions was explicitly treated. To deconvolute the dielectric
spectra features, we optimize the structures for Ca(CB;;H;,)*
SSIP species (6THF-Ca**-CB;;H,,” and STHF-Ca**-BH, -
CB,H,,”) using DFT. The calculated dipole moments were
35.5 and 34 D for 6THF-Ca®*-CB,;H,;,” and STHE-Ca’*-
BH, -CB,;H,,", respectively. Using the Cavell equation (eq 1)
and assuming negligible correlations beyond the first solvation
shell, we calculate a dielectric increment*"**

2
3e ’usolution

T2+ 1 3kyTe,

A€

1 (1)

We calculate the net dielectric increment by subtracting a
fixed value from the gross dielectric increment to account for
the binding of the THF molecules in the SSIP structures. For
6THF-Ca>*-CB,,H,,”, we subtract a value of 8.8 M~ as
determined in previous work.’® For STHF-Ca®*-BH, -
CB,,H,,”, we subtract a value of 7.3 M.

Electrochemical Measurements. Electrochemical meas-
urements were performed in an Ar-filled glovebox. Measure-
ments were conducted in a glass T-cell using a Solartron
ModuLab XM potentiostat. The working electrodes were 1.6
mm diameter Au electrodes mounted in a nonconductive
shroud. These electrodes were first soaked in 1 M HCI,
followed by mechanical polishing with 50 nm diameter
alumina to remove residual Ca. The Au electrodes were
dried in a vacuum oven overnight prior to use. The counter
and reference electrodes consisted of freshly abraded Ca rods.
The working electrode and counter electrode faced each other
with a typical gap of 2—5 mm. iR correction was performed by
first measuring the uncompensated resistance (R,) of the cell
at the open circuit using potentiostatic electrochemical
impedance spectroscopy. The potentiostat was then set to
compensate for the measured resistance in situ during cyclic
voltammetry. For the 500 mM Ca(BH,),/THF electrolyte, the
measured R, exceeded the value which can be compensated by
the potentiostat in situ. Therefore, the potentiostat was used to
correct for 10,000 € of R, in situ, and the remaining R, was
compensated mathematically after data collection. The second
CV cycle is shown in this work due to alloying/dealloying
effects observed in the first CV cycle using these electrolytes."

Cycling experiments were conducted in the same T-cell
configuration with Ca counter and reference electrodes.
Average Coulombic efficiency was determined using a CallAu
cell by repeatedly depositing and stripping 0.5 mAh/cm* Ca on
Au over a range of current densities for five cycles. Longer term
cycling stability was evaluated using a CallCa cell where Au was
replaced with a freshly polished Ca rod as the working

https://doi.org/10.1021/acs.jpcc.3c05757
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Figure 2. (a) Variation in Raman v(B—H) spectra of 500 mM Ca(BH,),/THF with the addition of Ca(CB,;,H,,),. Data labels are abbreviated as x
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Figure 3. (a) Measured **Ca NMR spectra for Ca(BH,),/Ca(CB,;H,,),/THF and 400 mM Ca(BHFIP),/THF electrolytes. Data labels are
abbreviated as x mM Ca(BH,),/y mM Ca(CB,;H,,),. (b) **Ca chemical shift as a function of Ca(CB;;H,,), added to 500 mM Ca(BH,),/THF

electrolytes.

electrode. Cycling was conducted with 0.5 mAh/cm? calcium
at 2 mA/cm? up to 50 h.

Reduction Potential Calculations. Gas-phase optimiza-
tion of the structures was completed, and single-point
corrections in the THF solution environment (modeled via
an explicit solvation shell and the continuum solvation model)
were undertaken for the solvation energies before reduction.
During the reduction process (by one electron, as in Hou et
al.*®), it was assumed that one solvent molecule is lost from the
first solvation shell. For this step, optimization was undertaken
in solution phase, allowing the calculation of the one electron
reduction potential. Calculations performed with no change in
the solvation shell demonstrate similar trends in reduction
potential (Table S2). It was verified that the charge transfer
was to the calcium cation via natural bond order (NBO)
charge analysis.

Scanning Electron Microscopy. Scanning electron
microscopy (SEM) images were acquired by using an FEI
Magellan 400 microscope. Samples were mounted on a sample
stage in an Ar-filled glovebox and transferred under an inert
atmosphere to the SEM system via an Ar-filled glovebag for
analysis.

B RESULTS AND DISCUSSION

Manipulating Electrolyte Speciation. We hypothesize
that the addition of Ca(CB,;H,,), to Ca(BH,),/THF
electrolytes will increase the population of the CaBH," CIP,
as shown in R1.
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Table 1. Summary of Electrolyte Speciation and the
Measured **Ca Chemical Shift

43Ca
chemical
composition speciation shift
0.4 M Ca(BH,),/04 M  Ca(BH,),~LiBH,—THF clusters"® 37.5%
LiBH,/THF
1.5 M Ca(BH,),/THF 35% Ca(BH,),, 54% Ca,(BH,),, 21.8
5% CaBH,", 5% Ca(BH,); >"*
1.0 M Ca(BH,),/THF 40% Ca(BH,), 56% Cay(BH,),, 21.1
2% CaBH,", 2% Ca(BH,);”
0.5 M Ca(BH,),/THF 52% Ca(BH4)2, 48% Cay(BH,),, < 20.6
1% CaBH,*, < 1% Ca(BH,); "’
0.5 M Ca(BH,),/26 mM  see text 19.6
Ca(CB,,H,,),/THF
0.5 M Ca(BH,),/53 mM  see text 18.8
Ca(CB,,H,,),/THF
0.5 M Ca(BH,),/81 mM see text 17.9
Ca(CB,,H,,),/THF
0.4 M Ca(BHFIP),/THF  90% Caz* 10% Ca(BHFIP)* —-10.0
SSIP*®
0.5 M Ca(TFESI),/THF  mixture of neutral Ca(TESI), and ~ —19.1"
CaTFSI* CIPs*
0.1 M Ca(TFSI),/THEF  mixture of neutral Ca(TESI), and  —19.8"

CaTFSI* CIPs*”

“Percentage of Ca contained within the given complex.

Ca(BH,), + Ca(CB,H,,), = 2CaBH; + 2CB, H;,
(R1)

However, a single equilibrium does not adequately describe
the speciation of the mixed-salt electrolyte. The single-salt
Ca(BH,),/THF electrolyte exists as a mixture of neutral
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Ca(CB,,H,,)* SSIP and CaBH,(CB,;H,,) SSIP.
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Figure S. (a) CV curves of S00 mM Ca(BH,),/THF and 500 mM Ca(BH,),/75S mM Ca(CB,H,,),/THF electrolytes collected at a scan rate of
10 mV/s. (b) Deposition portion of CV curves in a 500 mM Ca(BH,),/THF electrolyte at various scan rates. (c) Deposition portion of CV curves
in a S00 mM Ca(BH,),/75 mM Ca(CB,;H,,),/THF electrolyte at various scan rates. The second CV cycle is shown in panels a—c due to alloying/
dealloying effects observed in the first CV cycle. (d) Randles—Sevcik plot of the peak deposition current measured in a S00 mM Ca(BH,),/75 mM

Ca(CBy;Hy,),/THF electrolyte.

2.0 1.5 . .
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Figure 6. DFT calculations for the standard reduction potential for
the first electron transfer to the Ca(BH,), neutral monomer, CaBH,"
CIP, Ca(CB,H,,)* SSIP, and fully solvated Ca*".

monomers, neutral aggregates (represented as dimers for
simplicity), and monovalent ionic species (R2 and R3)."”*’

2Ca(BH,), = Ca,(BH,), (R2)

Ca,(BH,), = CaBH; + Ca(BH,); (R3)

The dissociation of the neutral aggregates into ionic species
depends in part on the dielectric constant of the electrolyte.””
The addition of a weakly coordinating salt to a Ca(BH,),/
THEF electrolyte likely alters the dielectric constant of the
solution and could drive the formation of additional ionic
species from the Ca(BH,), electrolyte without requiring direct
interaction between Ca(BH,), and the weakly coordinating
salt. Furthermore, weakly coordinating salts in ethereal solvents
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Figure 7. (a) Average Coulombic efficiency for five cycles in a CallAu cell at various current densities and a fixed capacity of 0.5 mAh/cm? in 500
mM Ca(BH,),/THF and 500 mM Ca(BH,),/75 mM Ca(CB,,H,,),/THF. (b) Example of differences in cycling stability at 2 mA cm™, with the
electrolyte leading to CallAu cell shorting. (c) Extended cycling of 0.5 mAh/cm? capacity in a CallCa cell 2 mA/cm’ rate as a function of electrolyte.
(d, e) Resulting morphology produced by extended cycling for 6 h through cell failure (S00 mM Ca(BH,),/THF) and completing 50 h without

cell failure (500 mM Ca(BH,),/75 mM Ca(CB,,H,,),/THF).

can dissociate to produce either the fully solvent-coordinated
cation (R4) or SSIPs (RS).*

Ca(CB, H,,), = Ca** + 2CB, Hj, (R4)

Ca(CB, Hy,), = Ca(CBnle);rSIP + CByHy, (RS)

We assume that the weakly coordinating CB; H;,” has
negligible first shell coordination to Ca*". Additionally, in this
mixed-salt electrolyte, ion pairs containing BH,™ in the first
solvation shell and CB;;H;,” in the second solvation shell
could feasibly form (R6).

Ca(BH,), + Ca(CB,H,){p

= CaBHj + CaBH,(CB,H,,)sqp (R6)

The relative energetics of these potential complexes are
unclear a priori. Clearly, understanding the speciation of a
Ca(BH,),/THF electrolyte as Ca(CB,;H,,), is added requires
a detailed investigation.

To determine the change in speciation with the added
Ca(CB;H},),, we first measure the ionic conductivity of

23669

Ca(BH,),/Ca(CB;H,,),/THF electrolytes (Figure 1). We
select SO0 mM Ca(BH,), /THF as the base electrolyte
because the low conductivity and low concentration of the
active CaBH," CIP (~1 mM) at this Ca(BH,), concentration
should make changes induced by the added cosalt more readily
detectable.”” As shown in Figure 1la, the addition of
Ca(CByH},), to the base Ca(BH,), electrolyte yields a
significant linear increase in conductivity. This increase is far in
excess of that produced by the equivalent addition of
Ca(BH,), (Figure 1b). We know that conductivity change
with Ca(BH,), addition results from a dipolar neutral
aggregate population that drives ionic species generation.”’27
While the dipolar contributions from these aggregates likely
explain the 4—110 mM increase in Ca(CB,;H},), solubility
going from THF? to the base electrolyte, the abrupt change in
conductivity must originate from a more significant change in
speciation.

To determine the source of this enhanced conductivity, the
direct interaction between Ca(BH,), and Ca(CB;;H,,), (R1)
is evaluated by probing the borohydride coordination environ-
ment. Ca-BH, coordination change was monitored using the

https://doi.org/10.1021/acs.jpcc.3c05757
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v(B—H) spectral region in Raman spectroscopy as a function
of added Ca(CB,;H};),. As shown in Figure 2a, minimal
change in the relative intensities of the BH, bands at 2230 and
2324 cm™' occurs with the increased concentration of
Ca(CB;;H,,),. These features were previously shown to be
sensitive to the balance of neutral aggregates and charged
CIPs,"” indicating that the BH,~ coordination environment in
this mixed-salt electrolyte strongly resembles that of the base
500 mM Ca(BH,),/THF electrolyte, which consists of a
mixture of neutral Ca(BH,), and Ca,(BH,), species.
Redistribution of strongly calcium-coordinating BH,™ to
produce cationic CaBH," does not occur with the addition
of a weakly coordinated calcium cation to an extent detectable
by Raman analysis. The spectroscopic and conductivity data
are consistent with the coexistence of two solvation structure
populations: one dominated by neutral Ca(BH,), and
Ca,(BH,), species (indicated by Raman spectroscopy) and a
second defined by a lack of Ca—BH, interactions which is
responsible for the enhanced conductivity.

The solvation structure of this second population is difficult
to determine by using Raman spectroscopy alone. We can
track CB,;H,, anion addition to the electrolyte using the
collective v(B—H) mode for the cage at 2570 cm™.,** finding
the intensity increasing proportionately with concentration.
However, this mode is not expected to differentiate between
the second shell and freely solvated anions, as computed
differences in frequency are too small for experimental
resolution (Figure S1). We experimentally verify this lack of
differentiation by comparing the Raman signatures of the free
anion, produced with THF solvation of the more weakly
coordinating, monovalent trimethylammonium cation
((CH,;);NH") salt, at a concentration equivalent to the
added Ca(CB;;H,,),. No significant difference is observed in
the spectral line shape (Figure 2b). This challenge of resolving
the second shell and free anion using the Raman analysis has
been previously reported for the weakly coordinating TFSI
anion.” We note that the average THF coordination number
will increase with the formation of the SSIP, and this increase
should be reflected in the bound THF fraction measured by
fitting the v(C—0)/v(C—C) Raman spectra (Figure S2)."
Unfortunately, differentiating between the contribution of
increased calcium concentration and increased average solvent
coordination number appears infeasible at such a low cosalt
concentration. Thus, we must utilize different techniques to
determine whether the second population consists of
predominantly freely solvated Ca** or Ca(CB,;H;,)* SSIPs.

Next, we employed **Ca NMR to describe the local
coordination environment of Ca in these mixed-salt electro-
Iytes. A S00 mM Ca(BH,),/THF electrolyte displays a single
#Ca resonance around 20.6 ppm (Figure 3 and Table 1).
Addition of Ca(CB,;;H;), to this electrolyte induces a linear,
upfield chemical shift, indicating a change in the average
coordination environment of the calcium ion upon the
addition of Ca(CB,;H;,),. At the saturation concentration of
Ca(CB,;H,,), (~110 mM) in S00 mM Ca(BH,),/THF, the
NMR spectra display a single resonance at 17.5 ppm. Each of
the electrolytes produces only a single resonance in the **Ca
NMR spectra, despite the expected presence of multiple Ca
species in these electrolytes. We attempted to resolve peaks
corresponding to individual Ca species by collecting low-
temperature **Ca NMR spectra of the mixed Ca(BH,),/
Ca(CB,;H,,),/THF electrolytes (Figure S3); even at 255 K,
we observe only a single **Ca resonance with relatively little

change in the peak position or shape. This observation implies
that exchange between the differing Ca solvation environments
must be faster than the millisecond timescale employed in
NMR. While we are unable to resolve individual peaks for
distinct Ca coordination environments, the addition of
Ca(CB;H},), to Ca(BH,),/THF electrolytes clearly alters
the average coordination environment of calcium.

The speciation changes that drive the **Ca resonance upfield
with Ca(CB,;H,,), addition can be described as a shift in the
calcium coordination environment from anion (BH,”)-
dominated interactions to increased solvent (Opygp) inter-
actions. We tabulated the chemical shifts from our work and
other relevant work in Table 1 along with the validated Ca**
speciation to reveal this trend. First, we examined the chemical
shift behavior as a function of the Ca(BH,), concentration
without added Ca(CB;;H;,),. As the concentration of
Ca(BH,), increases, the fraction of Ca existing in the neutral
dimer and CaBH,* CIP structures increases,” resulting in a
downfield shift of the **Ca resonance from 20.6 ppm in 0.5 M
Ca(BH,),/THF to 21.8 ppm in 1.5 M Ca(BH,),/THF. These
shifts are similar to the previously reported values of 19.1 and
21.4 ppm for 0.5 and 1.5 M Ca(BH,),/THE.* Interestingly,
this work also reports a “Ca chemical shift of 37.5 ppm for a
0.4 M Ca(BH,),/0.4 M Li(BH,),/THF electrolyte, which the
authors attribute to a structure with lower O coordination of
Ca* in the first solvation shell (Table 1).** Consistent with
this explanation, a 0.4 M CaBHFIP,/THF electrolyte,
containing a mixture of approximately 90% fully solvated
Ca** and 10% Ca(BHFIP)* SSIP,* displays a single *Ca
resonance at —10.0 ppm. Similarly, **Ca chemical shifts of
—19.8 and —19.1 ppm have been reported for 0.1 and 0.5 M
Ca(TFSI),/THF electrolytes, where the first shell coordina-
tion of Ca®* is dominated by O coordination from TESI~
anions and THF molecules.”” Collectively, these experimental
results indicate that the increased coordination of Ca®* by
BH,™ leads to a downfield shift in the **Ca resonance, while
the increased coordination of Ca** by THF leads to an upfield
shift in the **Ca resonance. Since the mixed Ca(BH,),/
Ca(CB,;H},),/THF electrolytes display an upfield shift
relative to the Ca(BH,),/THF electrolytes, we conclude that
the addition of Ca(CB,;H,), to Ca(BH,),/THF electrolytes
reduces the average number of BH,™ in the first solvation shell
of Ca*, consistent with the formation of fully solvated Ca**
(R4), CaBH," (R1), or Ca(CB,;H,,)* SSIPs (RS).

To determine whether we are producing Ca(CBH;,)*
SSIPs, we need to utilize a technique that is sensitive to the
production of SSIP structures. We considered X-ray scattering
measurements, but ill-defined scattering paths for CB; H,,”
second shell occupation, low-scattering cross-section elements
that comprise CB;;H,,”, and the low concentration of the
SSIPs would reasonably prevent a definitive coordination
signature in an X-ray scattering experiment. Instead, we utilize
DRS to measure the change in the solution dielectric constant
due to the speciation change of the electrolyte. In particular,
the generation of ion pairs produces microwave frequency
relaxations which can be utilized to identify the ion pairs.*>*
Relaxations related to ion pairs typically occur at frequencies
lower than relaxations related to the rotation of solvent
molecules, enabling the identification of ion pairs within
electrolyte solutions.** Furthermore, the magnitude of the
relaxation is related to the dipole moment of the generated ion
pairs according to the Cavell equation.”’ These factors make
DRS the ideal tool for detecting the formation of SSIPs due to
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the large dipole moment generated in these complexes
compared to CIPs.">**

Figure 4a presents DRS measurements of mixed Ca(BH,),/
Ca(CB,;H,,),/THF electrolytes. As the concentration of
Ca(CB,,H,,), increases, the real and imaginary components
of the dielectric constant also increase, particularly in the lower
range of frequencies that we measured. Fitting the DRS
measurements enabled the extraction of a total solution
dielectric constant (g,). Three Debye relaxations were
necessary to adequately fit the data for the mixed Ca(BH,),/
Ca(CB,;H,,),/THF electrolytes, consistent with the previous
DRS analysis of Ca(BH,),/THF electrolytes.”” The fitting
parameters are reported in Table S1. The extracted e,
dramatically increases with the added Ca(CB,;H,,),, indicat-
ing an increase in the number of ion pairs in the mixed-salt
electrolyte (Figure 4b).

The slope of ¢, as a function of concentration, also known as
the dielectric increment, provides a way to identify the ionic
species generated by the addition of Ca(CB;H;,), to
Ca(BH,), electrolytes.””*® The dielectric increment deter-
mined for the mixed-salt electrolyte (70 M~', Figure 4b) is
significantly larger than the previously computed dielectric
increments for the CaBH," CIP (20.5 M™!) or the Ca,(BH,),
(16.3 M™') dimer.”” The calculated dielectric increments for
the Ca(CB,;H,,) * SSIP (99 M™!) and CaBH,(CB,,;H,,) SSIP
(94 M™') (Figure 4c,d) are closer in magnitude to the
experimentally determined values due to the larger dipole
moment associated with SSIPs compared to CIPs. This
analysis implies that the addition of Ca(CB;;H;,), to
Ca(BH,), electrolytes primarily generates SSIPs (RS) rather
than CaBH," CIPs (R1), as originally hypothesized. While
DRS cannot distinguish whether the generated SSIPs contain
BH,™ in the first solvation shell due to the similar dielectric
increments for Ca(CB;;H;,)* SSIP and CaBH,(CB,H,,)
SSIP, the upfield shift observed in **Ca NMR suggests a
decrease in BH,~ coordination to Ca**. Thus, the combination
of ¥Ca NMR and DRS identify the Ca(CB,;H;,)" SSIP as a
key component of speciation in the mixed Ca(BH,),/
Ca(CB,;H,,),/THF electrolytes.

Speciation Controls Deposition. The altered speciation
in the mixed Ca(BH,),/Ca(CB;H,,),/THF electrolyte
produces a distinct electrochemical signature compared to
that of the Ca(BH,),/THF electrolyte. Figure Sa presents the
CV curves of Ca(BH,),/THF and Ca(BH,),/Ca(CB;;H,,),/
THE electrolytes by using Au electrodes at a scan rate of 10
mV/s. Since the Ca(BH,),/Ca(CB;H;,),/THF electrolyte
exhibits a significantly higher conductivity than the Ca(BH,),/
THEF electrolyte, these voltammograms are corrected for R,
arising from the solution resistivity. In both electrolytes,
calcium nucleation requires an overpotential of approximately
140 mV at which point calcium deposition begins. However,
the shape of the deposition curves differs dramatically. In the
500 mM Ca(BH,),/THF electrolyte, the measured current
density slowly increases over the applied potential range, with a
slightly reduced deposition current observed in the reverse
sweep. Clear Ca stripping is observed at potentials positive of 0
V versus Ca/Ca®*. For the 500 mM Ca(BH,),/THF
electrolyte, the potential appears to briefly become more
negative while stripping Ca between +0.05 and +0.10 V versus
Ca/Ca®". This behavior is an artifact of the iR correction
procedure. In contrast, after Ca nucleates on Au in the 500
mM Ca(BH,),/75 mM Ca(CB,;H,,),/THF electrolyte, the
current density increases much more rapidly before peaking

around —0.16 V versus Ca/Ca’* and decays in a form
reminiscent of a mass-transport-limited electrochemical
reaction. The deposition current density in the mixed-salt
electrolyte remains significantly greater than that in the
Ca(BH,),/THF electrolyte. The observed differences in the
deposition behavior prompted the investigation of the
electrochemical mechanism of deposition through a scan
rate-dependent study.

Figure Sb displays the deposition portion of CV curves in
the 500 mM Ca(BH,),/THF electrolyte (full CV curves can
be found as in Figure S4). Critically, variation of the scan rate
utilized in CV does not induce a monotonic change in the
measured deposition current in the 500 mM Ca(BH,),/THF
electrolyte, and clear peaks in the deposition current are not
observed in the voltammograms. These results imply that
calcium deposition from 500 mM Ca(BH,),/THF electrolytes,
in which CaBH," derived from dimer dissociation (R3) is
argued to be the active species, is kinetically limited.
Consistent with these results, previous work analyzing CV
curves collected using ultramicroelectrodes in 1 M Ca(BH,),/
THF electrolytes identified a chemical—electrochemical
deposition mechanism, with the chemical step being rate-
limiting.'® The reduced current density during the back-sweep
of CV also implies mass-transport limitations, indicating that
the deposition of calcium from 500 mM Ca(BH,),/THF
electrolytes requires overcoming both kinetic and mass-
transport limitations.

In contrast to the 500 mM Ca(BH,),/THF electrolyte, the
500 mM Ca(BH,),/75 mM Ca(CB,;;H,,),/THF electrolyte
displays mass-transport-limited deposition behavior over a
wide range of scan rates (Figure Sc). As the scan rate is
increased, the peak current density correspondingly increases
linearly with the square root of the scan rate (Figure Sd),
indicating a mass-transport-limited mechanism. We calculate a
diffusion coefficient of 5.81 X 107% cm?/s for the active Ca®*
species from the slope of the Randles—Sevcik equation, which
assumes that electron transfer kinetics are fast relative to mass-
transport limitations. This value matches well with the Dy,
(5.67 X 107 cm?/s) and D¢, 1p1, (5.50 X 107¢ cm?/s) values
that we have determined through PFG—NMR measurements
(Figure SS and Table S3). Because of the increased current
density compared to the 500 mM Ca(BH,),/THF electrolyte
and the Randles—Sevcik-type behavior observed in deposition
from the S00 mM Ca(BH,),/7S mM Ca(CB,,;H,,),/THF
electrolyte but not in the 500 mM Ca(BH,),/THF electrolyte,
we propose that the reduction of the Ca(CB,;H;,)* SSIP must
be kinetically more facile than the reduction of the CaBH,"
CIP. In essence, replacing BH,~ with THF in the first solvation
shell of Ca®* improves the electroreduction kinetics while
providing a degree of screening by a second shell anion.

In addition to our experimental observations on the kinetics
of deposition, the reduction of the Ca(CB;H;,)* SSIP is
thermodynamically favored over the reduction of the CaBH,*
CIP. We calculated reduction potentials for the first electron
transfer to the neutral Ca(BH,), monomer, the CaBH," CIP,
Ca(CB,;H},)" SSIP, and fully solvated Ca** (modeled with an
explicit first solvation shell, as shown in Figure 6). Electron
transfer to the Ca(CB;H;,)* SSIP and fully solvated Ca®*
requires the calculated reduction potentials of —0.90 and
—0.80 V versus Ca/Ca?". In contrast, electron transfer to the
Ca(BH,), monomer or the CaBH,* CIP requires significantly
more negative potentials of —1.8 and —1.3 V versus Ca/ Ca*,
respectively. These values are relative to the calculated aqueous
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Ca/Ca** reduction potential; so, while the trends in these
values should be correct, their magnitudes relative to an
experimental Ca/Ca?* reference are not necessarily accurate.’’
These calculations demonstrate that having BH,™ in the first
solvation shell of Ca®" induces more negative reduction
potentials, consistent with a previous report correlating more
strongly bound anions with more negative reduction
potentials.”® By the removal of strongly bound anions from
the first solvation shell of Ca, the kinetic and thermodynamic
constraints on calcium deposition can be relieved.

To observe the impact of relieved kinetic and thermody-
namic constraints on cell performance, we compared the
cycling behavior of 500 mM Ca(BH,),/THF and 500 mM
Ca(BH,),/75 mM Ca(CB,;H,,),/THF electrolytes. We find
that these two electrolytes exhibit comparably high (>93%)
Coulombic efficiency at a low current density (1 mA/cm?) for
0.5 mAh/cm? capacity in a CallAu cell (Figure 7a). The 500
mM Ca(BH,),/THF electrolyte exhibits unstable cycling at
current densities of 2 mA/cm* and above, preventing CE
measurement and resulting in cell shorting (Figure 7b), despite
the use of a several-millimeter interelectrode gap. We
hypothesize that kinetic constraints for the reduction of the
CaBH," CIP lead to localized Ca deposition, subsequent
dendrite formation, and cell shorting. To test this hypothesis,
we transition to a Ca working electrode in a symmetric CallCa
cell to determine the electrolyte impact on both cell response
and electrode morphology. Stable cycling is sustained for 50 h
in the 500 mM Ca(BH,),/75 mM Ca(CB,H,,),/THF
electrolyte, while cell shorting occurs at only 6 h in 500 mM
Ca(BH,),/THF (Figure 7c). Electron microscopy of the
shortened electrode reveals the evidence of localized
deposition in the high areal density of Ca nodules distributed
across the calcium surface (Figure 7d). Such localized
phenomenon and the resulting structure are commonly
reported for Ca deposition and cycling.””*****! Evidence of
localized deposition does not appear on the more extensively
cycled electrode in the 500 mM Ca(BH,),/7S mM Ca-
(CB,Hy,),/THF electrolyte (Figure 7e). The more facile
reduction of Ca(CB;;H,,)* SSIP enables more uniform growth
of calcium and cell cycling at current densities of as high as 8
mA cm™2 These results directly link the change in speciation
in the mixed-salt electrolyte to a cell-level observable relevant
to full calcium battery performance.

Bl CONCLUSIONS

This work provides an example of how altering the speciation
of a Ca-ion electrolyte enables the more facile reduction of a
calcium coordination complex. In particular, we show that the
addition of Ca(CB,;H},), to Ca(BH,),/THF produces the
Ca(CB;H;,)" SSIP as an alternate calcium delivery species.
Reduction of calcium from this Ca(CB;;H;,)* SSIP is more
facile kinetically and thermodynamically than the reduction of
calcium from the CaBH," CIP. We hypothesize that the SSIP
more effectively delivers calcium by providing the electrostatic
screening necessary to lower the desolvation barrier and the
structural flexibility to allow a close approach to the interface.
We propose that facilitating metal deposition through guided
SSIP formation is generally applicable to multivalent electro-
lyte design including Mg-ion and Zn-ion electrolytes. While
this work is based on the bulk speciation of electrolytes, we
acknowledge that the interfacial speciation may differ. Studies
of interfacial speciation through operando, surface-sensitive
vibrational, and X-ray spectroscopies could further help refine

design criteria by providing insights into the location and
configuration of the calcium delivery complex. Nevertheless,
this work provides insights into designing efficient delivery
complexes for Ca-ion electrolytes and demonstrates how
mixed-salt electrolytes can provide a design pathway for the
creation of Ca’* delivery species.
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