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ABSTRACT: Multivalent batteries represent an important beyond Li-ion energy
storage concept. The prospect of calcium batteries, in particular, has emerged
recently due to novel electrolyte demonstrations, especially that of a ground-
breaking combination of the borohydride salt Ca(BH,), dissolved in
tetrahydrofuran. Recent analysis of magnesium and calcium versions of this
electrolyte led to the identification of divergent speciation pathways for Mg** and
Ca®" despite identical anions and solvents, owing to differences in cation size and
attendant flexibility of coordination. To test these proposed speciation equilibria
and develop a more quantitative understanding thereof, we have applied pulsed-
field-gradient nuclear magnetic resonance and dielectric relaxation spectroscopy to
study these electrolytes. Concentration-dependent variation in anion diffusivities
and solution dipole relaxations, interpreted with the aid of molecular dynamics
simulations, confirms these divergent Mg** and Ca’* speciation pathways. These
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results provide a more quantitative description of the electroactive species populations. We find that these species are present in
relatively small quantities, even in the highly active Ca(BH,),/tetrahydrofuran electrolyte. This finding helps interpret previous
characterizations of metal deposition efficiency and morphology control and thus provides important fundamental insight into the

dynamic properties of multivalent electrolytes for next-generation batteries.

Bl INTRODUCTION

Li-ion batteries have come to dominate the global portable
electronics and electrified vehicle markets, but further advances
in batteries are required to meet anticipated energy storage
needs for a diversity of applications.' Among the proposed
avenues toward this goal, multivalent batteries, including Ca,
Mg, Zn, and Al, are intriguing options due to the high energy
densities and generally lower reactivities of their metallic
anodes compared to Li.” The alkaline earth chemistries of Mg
and Ca have received growing interest recently due to their
significantly negative redox potentials, yielding the prospect of
high cell voltage.2_4 These high voltages, however, come at the
cost of electrolyte stability, which must be managed to
maintain high efficiencies and rates for the corresponding
metal plating and stripping reactions. Because of this
requirement, early-stage electrolyte demonstrations have
largely originated from exotic formulations containing chemi-
cally reducing salts including organometallics facilitated by
chloride dissolved in ethereal solvents such as tetrahydrofuran
(THF).>® One of the first nonhalide magnesium salts
demonstrated to reversibly deposit Mg was Mg(BH4)2,7’8 and
the first such calcium salt to function in this manner at room
temperature was Ca(BH,),.” The ground-breaking nature of
these electrolytes highlights the importance of the borohydride
class as a system of fundamental study, despite its obvious
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drawbacks from the standpoint of oxidative reactivity.
Moreover, understanding the links between borohydride
solvation environments and properties has high potential
impact on both solid-state electrolytes and reversible hydrogen
storage, areas in which borohydrides are under active
investigation.lo_13

While several investigations into the liquid solvation
environment of Mg(BH,), electrolytes have been con-
ducted,”®"*~"” understanding of Ca(BH,), electrolyte sol-
vation is relatively nascent.'”'” Our recent findings under-
scored the importance of BH,™ coordination in determining
speciation and delivery of the metal cation to the interface."
The most probable ionic species determined from density-
functional theory (DFT) calculations were found to be
CaBH," and Ca(BH,);”, indicating that the electroactive
species is the cationic cluster CaBH,". Difficulty in forming the
active species, whether in Ca(BH,),/THF at low salt
concentrations (<0.5 M) or in Mg(BH,),/THF across all

Received: January 11, 2021

Revised:  March 4, 2021

https://doi.org/10.1021/acs.jpcb.1c00263
J. Phys. Chem. B XXXX, XXX, XXX—XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nathan+T.+Hahn"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Julian+Self"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kee+Sung+Han"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vijayakumar+Murugesan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Karl+T.+Mueller"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kristin+A.+Persson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kristin+A.+Persson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kevin+R.+Zavadil"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcb.1c00263&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c00263?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c00263?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c00263?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c00263?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c00263?fig=abs1&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpcb.1c00263?rel=cite-as&ref=PDF&jav=VoR
https://pubs.acs.org/JPCB?ref=pdf
https://pubs.acs.org/JPCB?ref=pdf

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

salt concentrations, reduces the measured metal deposition
current density and Coulombic efficiency.'” These findings
also implicated the role of multimer formation in facilitating
the creation of these important ionic species based on X-ray
absorption spectroscopy, a key feature differentiating the
behavior of the Mg and Ca electrolytes based on their
configurational flexibility differences. The term “configura-
tional flexibility” reflects the fact that Ca®" can adopt a wider
range of bonding configurations due to its greater size and
polarizability than Mg**.*>*' To validate these proposed
speciation details from a more quantitative perspective, we
report complimentary investigation into Mg(BH,), and
Ca(BH,), solutions in THF via pulsed-field-gradient nuclear
magnetic resonance (PFG-NMR) and dielectric relaxation
spectroscopy (DRS). The results of this investigation confirm a
significantly greater population of electroactive ionic species in
the Ca system, which is particularly enhanced at high salt
concentrations. By using molecular dynamics (MD) simu-
lations to interpret the DRS data, we are able to provide a
quantitative estimation of the primary species populations in
solution. We demonstrate the dominance of neutral monomers
in Mg(BH,),/THF across the full concentration range and the
enhancement of neutral dimers and ionic species in Ca(BH,),/
THE at high salt concentrations. Despite the enhancement of
electroactive CaBH," at high concentrations in the Ca case, the
relative population of this species is still only a small fraction of
the total Ca** inventory. This fact has important ramifications
for sustaining high rate and energy-efficient calcium plating
from this electrolyte.

B METHODS

Electrolyte Preparation. Electrolyte synthesis was per-
formed inside a catalyst-purified, argon-filled glovebox
(MBraun) with typical water and oxygen levels below 1 and
0.1 ppm, respectively. THF was purchased from Sigma-Aldrich,
distilled over sodium, and stored over activated alumina and
3A molecular sieves prior to use, yielding measured water
levels below 10 ppm. Ca(BH,),-2THF, Mg(BH,), (95%), and
LiBH, (95%) salts were purchased from Sigma-Aldrich and
used as received. Ionic conductivities were measured using
electrochemical impedance spectroscopy in a custom cell
consisting of parallel Pt electrodes, the cell constant of which
was determined using aqueous KCI solutions.

PFG-NMR. D,,,, and Dy, were determined simulta-
neously by 'H PFG-NMR using a bipolar gradient PFG
sequence at 25 °C on a 600 MHz NMR spectrometer
(Agilent) equipped with a S mm z-gradient probe (Doty
Scientific). The PFG-echo profiles were obtained as a function
of the gradient strength (g) with a gradient length (§) and a
diffusion delay fixed at 2 and 30 ms, respectively. The gradient
strength was gradually increased in 16 equal steps to the
maximum applied gradient strength to observe the full decay in
the echo profiles. The recorded echo profiles, S(g), were fitted
with the Stejskal—Tanner equation””

5 P
S(g) = S(O)eXP[—D(ygé) (A - 5)} i~

where $(0) is the echo intensity at a gradient strength of zero.
D, y, 6, and A are the diffusion coefficient, the gyromagnetic
ratio (y("H) = 27-42.577 rad-MHz'T™"), the gradient length,
and the time interval between the two bipolar gradient pairs,
respectively. **Ca and **Mg PFG-NMR were not successful for

the determination of D ., for Ca** and Mg** in these
solutions due to the fast nuclear relaxation rates for **Ca and
»Mg in these samples.

Dielectric Relaxation Spectroscopy. DRS was per-
formed on electrolytes in glass vials using a dielectric probe
kit (Keysight N1S01A) and vector network analyzer (Keysight
9375A) over a frequency range of 0.5—26.5 GHz. Each set of
measurements were performed with a three-point calibration
using air, a shorting block, and THF. Duplicate measurements
were performed after recalibration to ensure consistency.
Simultaneous fitting of the real (¢’) and imaginary (&”)
components of the complex, frequency-dependent relative
permittivity (eq 2) was performed numerically by deconvolu-
tion of the individual dipole relaxation processes (eq 3).*

e(v) =€) —ie"(v) (2)

e(v) = e, + Z ej[l - (iZm/Tj)l‘“f]—l
= 3)

In eq 3, &, accounts for the total intramolecular polarizability
of the solution, while the n solution dipole reorientation
contributions are included in the summation term based on
each dipole’s permittivity amplitude (&), relaxation time (7),
and broadening or Cole—Cole parameter (a). For Debye
relaxations, a = 0. Ionic conductivities (used to extract £” from
the permittivity data) measured by impedance spectroscopy
were treated as fixed parameters during the fitting process. It
was determined that the spectra obtained from the Mg(BH,),/
THE solutions were best fit by one Debye relaxation for the
solvent and one Cole—Cole relaxation for the salt, while the
spectra from Ca(BH,),/THF solutions were best fit by two to
three Debye relaxations. Summation of these relaxation
amplitudes yields the total dielectric constant, &, of the
solution (see the Supporting Information for fitting parame-
ters, Tables S1 and S2). The 1.0 M Mg(BH,), solution was
observed to react at the probe tip, nucleating small bubbles,
which impacted the measured parameters. The data reported
for this system were thus averaged over completely
independent electrolyte makeups and calibrations (see the
Supporting Information, Table S2). The conclusions are not
impacted by the uncertainty in this data point. Aside from the
1.0 M Mg(BH,), solution, the samples showed consistent
dielectric constants in repeated measurements (typically better
than +0.05). Species populations were determined by
combining the measured dielectric constant changes with
calculated dielectric increments (Ag) and A/ Ay o measure-
ments, as described in the Supporting Information document.

Computational Simulations. Dielectric increment calcu-
lations were performed using classical MD simulations, as
discussed in previous publications.”*** Single salt species (such
as contact ion pairs, etc.) were placed in a box with 112 THF
solvent molecules (approx. 0.10—0.11 M) using PACKMOL.
With GROMACS MD software, these electrolytes were
equilibrated first using a Berendsen barostat (NPT), followed
by heating and cooling steps. Afterward, production runs in the
NVT using the velocity rescaling thermostat were undertaken.
In these regimes, salt species were associated for the duration
of the simulation (each at least 10 ns), and from their dipole
moment, in addition to the dipole moment of the solvent
species, the dielectric constant of the entire electrolyte solution
was found. The dielectric constant of the neat THF solution
was subtracted from this value, which was then subsequently
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Figure 1. (a) Ionic conductivity values measured for Mg(BH,), and Ca(BH,), in THF as a function of concentration (adapted from ref 19 with
permission from the Royal Society of Chemistry). Dotted lines represent polynomial fits serving as guides to the eye. (b) Diffusivity values of BH,~
and THF measured by PEG-NMR as a function of the borohydride salt concentration. (c) Relative diffusivities of anion to solvent calculated from
the PFG-NMR data. (d) Calculated concentrations of CaBH," and MgBH," in the solution as a function of the overall salt concentration based on
an effective ionicity ratio analysis, assuming ionic species of MBH,* and M(BH,);".

divided by the concentration (e.g, 0.11 M) to obtain the
dielectric increment per salt species, as appearing in the
Supporting Information (Tables S3 and S4, Figure S4). For
associated salt species with an overall charge, the overall charge
was subtracted from the dipole moment, as discussed in a
previous publication.”* The force field parameter files for BH,~
were the same as those from Rajput et al,'”*® the THF force
field files from Caleman et al, and the Ca and Mg force field
files from the standard OPLS force field.””** Error estimates
appearing in Tables S3 and S4 were calculated from duplicate
simulations and analyses.

Bl RESULTS AND DISCUSSION

An increase in relative electroactive ionic species populations
with the overall salt concentration is demonstrated in that the
ionic conductivities of both Mg(BH,),/THF and Ca(BH,),/
THE solutions increase with concentration despite a drop in
the average BH,” diffusivity. Although the conductivity
increase is much more dramatic for Ca(BH,), than for
Mg(BH,),, both increase significantly on a relative basis
(Figure 1a). When the conductivity values are normalized by
concentration yielding molar conductivities, A, the positive
trends persist up to 1 M (Supporting Information, Figure S1).
An increase in A should represent an increase either in the
ionicity (relative formation of ionic species) of the electrolyte
or in the diffusivities of the ionic species. Since the PFEG-NMR-
measured diffusivity of BH,”, (D) decreases by nearly a
factor of 2 in both solutions as the concentration increases
from 0.1 to 1.0 M (Figure 1b), the dominant factor must be an
ionicity increase. This increase is clearly enhanced in the Ca
system.

The significant ionicity increase in these solutions occurs
despite their strong ion-pairing tendencies. The presence of
extensive ion pairing is demonstrated by the relative anion and
solvent diffusivities as measured by PFG-NMR. As shown in

Figure 1b, the decrease in D,,, is accompanied by a decrease
in THF diffusivity (Dyopen) With increasing concentration. This
can be attributed to both an increase in the solution viscosity
(1) and an increased fraction of THF bound to the metal
cations. To account for the solution viscosity changes, the ratio
of Dypion/Dsowvent Was calculated in each case (Figure Ic).
Viscosity should affect both anion and solvent diffusivities in a
similar manner based on the Stokes—Einstein relation D ~
(7R)™!, where R is the effective radius of the solution species.
In all solutions, D,;,, is less than half of Dy, despite the fact
that the calculated radius of gyration (R,) of BH,~ from MD
simulations (R, = 0.6 A) is smaller than that of THF (R, = 1.4
A). This difference in R, means that a “free” BH,™ anion
should diffuse much faster than a free THF molecule. The fact
that D,,i0n < Dyoivent indicates that most, if not all, of the BH,™
anions are coordinated to metal cations, forming clusters with
significantly larger effective radii than free BH,™ and yielding a
lower average Do, value. Indeed, the calculated R, values for
associated clusters from MD simulations are between 2.5 and
4.5 A, i.e., approximately twice as large as the R, of THF. This
size difference is generally consistent with the measured D,;,,,/
Dygivent values (Supporting Information, Tables S3 and S4).
The absence of free BH,™ is consistent with previously
reported Raman measurements that were unable to detect free
BH,™ in these electrolytes and with DFT calculations showing
that dissociation of BH,  from Ca®* or Mg*" is unfavor-
able."”"” Indeed, even the dissociation of BH,™ from Li* is
highly unfavorable in THE.” Furthermore, DFT calculations
indicated that the primary ionic species in Ca(BH,),/THF are
most likely the associated clusters CaBH," and Ca(BH,);”, in
which case the overall equilibrium could be considered as

ZCa(BH4)2 > CaBH4+ + Ca(BH4)3_ (4)

The differences in measured A between the Ca** and Mg“
electrolytes imply that these clusters form much more readily
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Figure 2. Real (¢, top) and imaginary (&”, bottom) components of the complex permittivity measured as a function of frequency in (a) Ca(BH,),/
THF and (b) Mg(BH,)/THF. Solid lines represent the measured data, while dashed lines represent fits of the data based on a summation of Debye
and/or Cole—Cole relaxations. Deconvolutions of these relaxations are shown in the Supporting Information, Figure S2.
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Figure 3. (a) Solution dielectric constants (¢,) determined from fits of the complex permittivity data as a function of concentration. Dotted lines
represent trend lines for the &, vs concentration data (linear in the case of Mg** and polynomial in the case of Ca*). Inset: magnification of the
plots at low concentrations. (b—e) Representative cluster structures to which the &, changes are attributed. The calculated net dielectric increment
(Ae) of each cluster is indicated. These species are referred to as (b) Mg neutral monomer, (c) Ca neutral monomer, (d) Ca CIP (contact ion
pair) cation, and (e) Ca neutral dimer (bent configuration). Mg, Ca, B, C, H, and O atoms are shown in purple, green, pink, gray, white, and red,
respectively. The calculated parameters and uncertainties of all species investigated are shown in Tables S3 and S4 in the Supporting Information.

from Ca(BH,), than from Mg(BH,), in THF. The fact that
D,nion/Dsolvent decreases with increasing concentration in both
Ca(BH,), and Mg(BH,), solutions confirms that enhanced
populations of free BH,~ (which would increase D,;0,/Dyoivent)
are not the origin of the increase in ionicity. If anything, this
trend implies that some degree of salt aggregation is favored at
high concentrations in both solutions, although previous work
indicated that Ca(BH,), more readily forms multimeric species
than Mg(BH,), in THFE."”*°~* These results validate our
hypothesis that the primary origin of the increasing A vs
concentration trend in alkaline earth borohydride solutions is
the enhanced formation of associated ionic clusters such as
MBH," rather than the liberation of free BH,™ or a possible
increase in ion diffusivity.”*

Considering these results in light of the proposed ionic
species (MBH," and M(BH,);”),'” we estimate their
concentrations from the measured A and D, , values based
on an effective ionicity ratio A/Ayyg ¢ (ie., effective Haven
ratio), where Ayyg . is the molar conductivity expected if all

of the dissolved salt is converted into the proposed ionic
species. This value is given by eq 5*

2 2
_ eF | Dz’ DJ'ZJ' 5
NMR,eff —
kBT Coalt Coalt ( 5)

In eq S, species i and j refer to MBH,* and M(BH,);,
respectively, D is the species self-diffusion coefficient, z is the
species charge, ¢ is the species concentration, and ¢ is the
overall salt concentration. Therefore, z; = z; = 1 and ¢;/cy = ¢/
Ceale = 0.5 based on stoichiometry. To a first approximation, it is
assumed that D; = Dj, i.e, D(MBH,") = D(M(BH,);"), and
that these diffusivities are approximately equal to the
ensemble-measured anion (BH,”) diffusivity. These assump-
tions are based on the lack of free BH,™ and on the similarity
of the calculated R, values for the resulting metal borohydride
clusters in MD simulations (Supporting Information, Tables
S3 and S4). Furthermore, the charged cluster diffusivities are
not expected to differ much from those of the neutral
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clusters.>*>” The contributions of the charged clusters to

Axmrer are approximated as ideal, i.e., long-range interionic
interactions are neglected. Thus, ionic populations estimated
from the effective ionicity may be somewhat underestimated.
The MBH," concentrations resulting from this analysis are
shown in Figure 1d. These calculations highlight the
remarkable increase in the concentration of these electroactive
species as a function of the overall salt concentration in the Ca
system. These species are almost nonexistent at salt
concentrations less than 0.5 M, which readily explains the
severely inhibited Ca electrodeposition response reported at
such concentrations."” Since the Mg system possesses very low
concentrations of MgBH," at all salt concentrations, its metal
deposition response is inhibited even at high salt concen-
trations. This is consistent with previous reports demonstrating
that alkali-salt additives (LiBH, or NaBH,) are required to
achieve adequate Mg electrodeposition rate and reversibil-
ity. 151638

Significant differences in the concentration-dependent
speciation pathways of the Mg and Ca electrolytes are
manifested in the complex permittivity responses of the
solvated species. DRS spectra measured across a range of salt
concentrations in these two systems reveal their characteristic
frequency-dependent permittivity (Figure 2). In both systems,
two primary relaxations are observed: a high-frequency solvent
relaxation (f ~ 30 to 70 GHz) and a low-frequency relaxation
corresponding to dipolar salt clusters (f ~ 0.3—3 GHz). The
relaxation frequencies of the Ca(BH,), salt clusters are
somewhat lower than those of Mg(BH,),, presumably due to
the larger size of Ca®" and its related complexes. In Ca(BH,),/
THEF, the impact of dipolar salt clusters on the solution
permittivity is not significant until salt concentration exceeds
0.1 M, while in Mg(BH,),/THF, these clusters are significant
even at 0.05 M. Due to the presence of these clusters, the
dielectric constants (g,) of the concentrated solutions are far
greater than that of the neat THF solvent (&, = 7.4), reaching
values as high as 18.2 for Mg(BH,), and 16.0 for Ca(BH,),
(Figure 3a). Our observation of a net increase in &, is
consistent with previous investigations of strongly associating
alkali salts in low permittivity solvents.”***~*' Recently, we
speculated that &, could increase to a value as high as 10 in
Ca(BH,),/THF due to such effects,'” but this value turns out
to have been a significant underestimation. The most
important difference in the permittivity behavior of the Mg
and Ca systems lies in the functional forms of the &, vs
concentration dependence (Figure 3a). In Mg(BH,),/THF, &,
increases linearly across the entire concentration range, while
in Ca(BH,),/THF, the &, change is nonlinear and even
nonmonotonic. The linear Mg(BH,), behavior implies an
essentially static speciation profile in which one or more
dipolar clusters are present at a constant relative population
regardless of salt concentration. In contrast, the Ca(BH,),
behavior implies an evolving speciation profile where the
relative dipolar cluster populations vary significantly with salt
concentration. This result speaks to the configurational
flexibility differences of Ca*" and Mg*".""™*'

Our previous investigations led us to conclude that the
primary solvated species in Mg(BH,),/THF is the neutral,
monomeric form of the dissolved salt across all concentrations,
based on the low measured conductivities and the reported
tendency of Mg(BH,), toward forming monomeric sol-
vates.'””"*% To test whether such species could explain the
linear and steeply sloped &, vs concentration trend, the

dielectric increments (Ae¢) of several clusters were simulated
by MD; the parameter Ae represents the net change in ¢, that
a given cluster would induce when formed in a THF medium
at a concentration of 1 M. The neutral monomer, Mg(BH,),,
possesses a highly asymmetric structure and a large dipole
moment leading to a large computed net Ae of 8.9 M™". This
value agrees well with the net Ae of 9.4 M~ measured for this
electrolyte across the entire concentration range (Supporting
Information, Figure S3). This agreement suggests that these
neutral monomers are the majority solvated species across this
concentration range. We note that the small populations of
MgBH," species predicted from conductivity and diffusivity
analyses are unlikely to be observed by DRS due to their low
concentration. For comparison, measurements of LiBH4/ THEF
as a simpler 1:1 salt system ostensibly dominated by neutral
contact ion pairs (CIPs) in THE (K, ~ 10°)* also yielded a
linear &, vs concentration trend (Supporting Information,
Figure S4). As in the Mg case, the A¢ derived from the LiBH,
measurements agrees with the calculated Ae value (9.2 vs 9.7).
This agreement between the measured overall Ae and
calculated neutral monomer Aeg in both systems provides
strong evidence that both systems are dominated by these
species at the concentrations investigated. In previous studies,
salt clusters composed of a single cation and two anions
(“triple ions”) were sometimes presumed as linear and thus not
detectable as dipolar species by DRS.*”** However, a more
rigorous evaluation of cluster dielectric increments by MD
simulations clearly shows that such structural assumptions can
be misleading, as exemplified by the case of Mg(BH,),/THF.

In Ca(BH,),/THF, we recently proposed that neutral
monomers (Ca(BH,),) are prevalent at low salt concentrations
and that these are progressively converted to multimeric and
ionic species such as Ca,(BH,),, CaBH,*, and Ca(BH,); as
salt concentration is increased.'” Calculations of these species’
Ag values indicate that our hypothesized trajectory of species
evolution can explain the unique &, vs concentration trend
measured in this system (Figure 3). MD simulations reveal that
the neutral calcium monomer is much more symmetric than
the magnesium analogue and has almost no dipole moment
(Figure 3c), resulting in a Ae of —2.1 M™". The negative Ae
arises from the fact that several THF molecules are bound to
this solvated cluster and can no longer contribute to the
background dielectric constant. Therefore, a population of
solvated neutral monomers can readily explain the small initial
decrease in the measured dielectric constant of ~0.1 units at
0.05 M (Figure 3a, inset). At concentrations above 0.1 M, the
measured dielectric constant increases significantly above that
of neat THF, signaling a shift in the solution equilibria toward
more polar clusters.

Analysis of the hypothesized clusters reveals that both
CaBH," (Ae = 20.5 M™') and Ca,(BH,), (Ae = 163 M™)
could contribute significantly to the permittivity increase
measured in Ca(BH,),/THF. The large dielectric increment of
the dimer species is surprising given that neutral dimers are
often assumed to have negligible dipole moments due to their
approximately symmetric structure, " However, over our
simulated MD trajectory, we find that this Ca,(BH,), cluster
frequently rearranges into bent or pyramidal configurations,
leading to a significant time-averaged dipole moment
magnitude and a resulting dielectric increment of 16.3 M™!
(Supporting Information, Figure SS). This again highlights the
importance of MD simulations in accurately accounting for the
range of conformations that a given cluster may adopt. The
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Figure 4. Concentrations of the major solvated species calculated from the effective ionicity analysis combined with DRS measurements and
modeling as a function of the overall salt concentration for (a, b) Ca(BH,),/THF and (c, d) Mg(BH,),/THF. The data are plotted either (a, c) as
species concentrations or (b, d) as relative populations. It is assumed that [MBH,"] = [M(BH,);~].

calculated Ae values allow for estimation of various species
populations contributing to the overall measured Ag, assuming
an equilibrium distribution among the four proposed major
species

2Ca(BH,), < Ca,(BH,), « CaBH," + Ca(BH,);”

(6)
The MD-simulated Ae values of these species were used to
calculate the self-consistent populations that could account for
the measured overall Ae at each salt concentration. To bolster
this approach, the calculations were refined by incorporating
the CaBH," and Ca(BH,);” concentrations predicted from the
aforementioned effective ionicity analysis (as shown in Figure
1d). Without this input, the species populations cannot be
inferred precisely due to difficulties in differentiating the
contributions of CaBH," and Ca,(BH,), to & (Supporting
Information, Figure S6). The calculated speciation diagrams
(Figure 4a,b) reveal that the neutral monomer is the dominant
species at low salt concentrations of 0.1 M and below, that
these species are partially converted to dimers at moderate to
high salt concentrations, and that small populations of the
ionic species become stabilized at high salt concentrations. In
Mg(BH,),/THF, however, the neutral monomers are more
strongly favored and almost no change in speciation is
observed (Figure 4c,d).

The fact that dimers account for at least half of the total
calcium inventory in Ca(BH,),/THF solutions at high salt
concentrations ensures their detection via X-ray absorption
spectroscopy,'” lending credence to these calculations. The
high concentration of polar dimers and the resulting solution
permittivity increase likely help stabilize the ionic clusters. This
phenomenon is analogous to the “redissociation” mechanism
proposed in previous investigations.m"m’44 However, this term

usually refers to the facilitation of free ion formation, whereas
in our case, the increase in conductivity is caused by ionic
cluster formation. To the best of our knowledge, this is the first
time that the stabilization of ionic clusters rather than free ions
has been attributed to the accumulation of polar salt species. It
is surprising that this stabilization mechanism does not operate
as effectively in Mg(BH,),/THF despite its high concentration
of polar monomers and larger relative increase in dielectric
constant. We speculate that this is due to a smaller
thermodynamic equilibrium constant for forming the necessary
ionic clusters, i.e., MgBH," and Mg(BH,);”, due to the greater
charge density and lesser polarizability of Mg**. Therefore, the
configurational flexibility of Ca®" remains an important
criterion for the effective ionic cluster formation in these
strongly ion-associating solutions.

Although the proposed electroactive species CaBH,*
constitutes only a minority population in Ca(BH,),/THF,
the kinetics of species interconversion likely prevent CaBH,*
from becoming selectively depleted at the anode surface during
calcium plating (i.e., cell charging). The kinetics of ion pairing
and dissociation are generally fast enough, by many orders of
magnitude,” to prevent species-specific depletion due to
electrochemical consumption at an electrode, provided the
overall concentration of salt is maintained. However, the
concentration-dependent thermodynamics of speciation, as
inferred from Figure 4, predict a strong suppression of
[CaBH,"] near the surface and in the diffusion layer if large
salt concentration gradients are formed during high rate and/
or high-capacity calcium plating. This suppression of ionic
species may lead to a significant Ohmic potential drop despite
high bulk salt concentrations. Moreover, low concentrations of
electroactive CaBH," near the electrode may promote parasitic
reactions and loss of calcium morphology control. Indeed, a
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recent study highlighted that such rate-dependent calcium
plating problems are encountered in Ca(BH,),/THF electro-
lytes.”® Therefore, we propose the relatively small, concen-
tration-dependent population of CaBH," as the underlying
cause. Our findings thus inform both recent and ongoing
efforts at studying interfacial phenomena in these unique
electrolyte environments.

B CONCLUSIONS

Complimentary analyses of ionic conductivity, anion diffusiv-
ity, and solution permittivity provide a quantitative under-
standing of solvation in an important class of alkaline earth
metal borohydride electrolytes in THF. The primary findings
of these analyses are (1) both Mg(BH,), and Ca(BH,),
electrolytes exhibit an increase in ionicity with concentration
despite extensive ion pairing in both systems; (2) electroactive
MBH," species populations are much more favored in the
latter case, especially at high salt concentrations; (3)
Mg(BH,),/THF is dominated by neutral monomers across
the full concentration range, while Ca(BH,),/THF speciation
evolves from neutral monomers to multimers and ionic
species; and (4) the population of the electroactive CaBH,*
species in Ca(BH,),/THF is less than 0.1 M, even in high-salt-
concentration electrolytes (1—1.5 M) that support high
Coulombic efficiency electrodeposition. The ability to quantify
species populations in the Ca(BH,),/THF electrolyte
represents an important contribution to the understanding of
these systems that directly links to recent demonstrations of
surface and interfacial phenomena.
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