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Abstract

Calcium batteries are rapidly emerging as a potential, future energy storage technology; however,
their advancement relies heavily on understanding of the liquid electrolyte component in terms of
stability and interactions with a calcium metal anode. Tetrahydrofuran, a cyclic ether, is an
experimentally common and promising solvent for the preparation of stable and efficient calcium
electrolytes. However, insights into the reasons why are lacking, which could unveil key principles
to electrolyte design. In this report, we provide a theoretical study employing ab initio molecular
dynamics (AIMD) simulations of the interactions of Ca metal with the cyclic ether tetrahydrofuran
(THF). The results show that the electrochemical breakdown and decomposition of THF at the Ca
surface is highly orientation- and surface-site dependent, thereby significantly reducing the
likelihood of its instability in a randomly organized bulk solvent. Likewise, in bulk electrolytes,
its likelihood for breakdown is further diminished, in preference for coordination Ca?* to form
solvated structure. Hence, the finding that molecules require such strict conditions for their
decomposition is an important selection and design principle for any solvent to prepare suitable

calcium electrolytes. These findings are critical to the advancement of the calcium batteries.



Introduction

Calcium batteries have emerged as a promising post-Li energy storage technology owing to its
numerous benefits such as high energy density, competitive capacities and C-rates, vast and
sustainable resource supply, low cost, and earth abundance.! However, one of the challenges with
their development is the discovery of suitable electrolytes. The strong reducing nature of calcium
metal renders many solvents unstable, and likewise many electrolyte systems can decompose into
products that passivate the metal surface, thereby shutting down Ca redox Kinetics.? And some
stable electrolytes systems may only enable redox activity at elevated temperatures.® Hence, the
providing understanding of the electrochemistry of electrolytes is critical to the advancement of
the calcium batteries.

Electrolytes prepared with the well-known tetrahydrofuran (THF) has most recently emerged as
an impressive solvent for the preparation of stable and efficient electrolytes. Several experimental
reports have successfully demonstrated the use of THF (tetrahydrofuran) as a solvent in
electrolytes for calcium (Ca) battery systems.**! However, a compelling argument as to the reason
for its effectiveness as an electrolyte solvent has not been presented, other than the rationale of its
equivalency to Mg electrochemistry. It is known that THF can react with Ca metal to form CaHy,
which then forms a non—SEI-like protective layer on the Ca metal surface during reversible Ca
plating and stripping.> *2 However, there is still ambiguity regarding the role of THF in the
formation of calcium hydride (CaH,). For instance, Shyamsunder and coworkers’ suggest that the
formation of CaH; in Wang et al’s deposition of Ca in THF® may be attributed to degradation of
the salt (borohydride) anion, but Martinez—Cisneros and coworkers'® suggest that the formation of
CaH: is owing to decomposition of THF solvent. Furthermore, the chemical pathways for any

possible THF decomposition remains to be explored and elucidated. Only a single report presents



simulations of THF dynamics on calcium metal,* yet at such elevated temperatures (350 K) as to
possibly induce formation and decomposition chemical products that are unlikely at room
temperature conditions, as a consequence of over—accelerated reaction kinetics. For example, we
have shown experimentally*? using a calcium tetrafluoroborate (Ca(BFa4)2)/ethylene carbonate
(EC):propylene carbonate (PC) electrolyte that the amount of calcium fluoride (CaF) formed is
smaller at ambient temperature conditions than at elevated temperatures.® Therefore, in—depth
investigation of the interactions of THF solvent on Ca metal surfaces at room temperature
condition is crucial. In this work, we computationally explore via ab initio molecular dynamics
(AIMD) simulations the reductive breakdown mechanisms of THF at a Ca metal surface. We
reveal stringent molecular orientation and location requirements of THF on the calcium metal
surface to induce reductive breakdown such that in bulk, decomposition becomes probabilistically

unlikely.

Methods

Density functional theory (DFT)-based structure optimization was carried out using the Vienna
Ab—Initio Simulation Package (VASP)®.1 Atom positions were relaxed using the Conjugate
Gradient algorithm with a convergence of 0.02 eV/Ang. The DFT exchange—correlation energy
was determined using the Generalized Gradient Approximation (GGA) Perdew—Burke—Ernzerhof
(PBE) functional®. The planewave cut—off energy was 400 eV and projector—augmented wave
(PAW) pseudopotentials’” were used. First, a box of 10 THF molecules was equilibrated to its
target density of 0.88 g/mL, and then merged with an optimized 3x2x1 calcium metal surface
([001]-terminated) to model the solvent-Ca-metal interface. Ab Initio Molecular Dynamics

(AIMD) simulations up to 3000 fs using the canonical (nVT) ensemble were performed with a



timestep of 1 fs on the optimized structures. The planewave cutoff energy was 400 eV, and energy
convergence was 10 eV using the Normal blocked Davidson algorithm. Gaussian smearing with
a width of 0.05 eV was used, as was a k—spacing of 1/A, i.e., the gamma—point, which led to a
mesh size of 1x1x1. This simulation was performed under 0 V conditions. Density of states (DOS)
calculations were performed using the same energy cut—off, but with a k—spacing of 0.25/Ang, and
Tetrahedron smearing. All calculations and simulations were performed at a temperature of 298 K

to represent room temperature conditions.

Single—Molecule Studies

First, we investigated the effect of orientation and position of a single THF molecule on its
potential breakdown characteristics and decomposition products. We isolated the solvent
molecules in such a manner to explore non—competitive and exclusive solvent degradation
characteristics in contact with the Ca metal surface, as reported previously in Li systems.!8 In the
context of electrochemistry of Ca metal, investigating solvent degradation products is key to
understanding and designing interfaces that allow efficient and reversible deposition and
dissolution of Ca. Figure 1 shows a single THF solvent molecules placed over an equilibrated Ca
metal surface in either of two orientations, i.e., planar and vertical, and either or two possible
surface sites, i.e., the bridge position (between two Ca atoms) and top (on top of a Ca atom),
thereby generating 4 distinct configurations. Snapshots after 3000 fs of AIMD simulation on the
Ca metal surface are shown in Figures 1a)-d). In studies using THF as the solvent, it has been
shown experimentally that CaH. facilitates the reversible plating and stripping of Ca. However,
the origin of the CaHz has been attributed to the salt Ca(BH4)2, and not necessarily the THF solvent.

In our simulations, partial reduction of THF leading to hydrogen abstraction and consequent



formation of CaH" and CaC4H-O" ion complexes were observed in the planar—bridge configuration
(Figure 1a). No hydrogen abstraction was found in the planar—top configuration, rather, the
solvent was found to have detached and translated away from the metal surface (Figure 1b).
Therefore, in the planar—bridge configuration, a second hydrogen abstraction, possibly from the
salt molecule, could be required for the formation of CaHz, which may corroborate experimental
findings that Ca(BHa4): is involved in the formation of CaH,. In the vertical orientation, specifically
in the vertical-bridge configuration (Figure 1c), ring—opening of THF occurs. However, no further
decomposition of the THF was observed following the ring—opening event. In the vertical-top
configuration (Figure 1d), no ring—opening was detected, but rather the THF molecule was found
to detach and move away from the metal surface owing to lack of coordination with Ca atoms,
similar to that seen in the planar—top configuration (Figure 1b). Overall, two types of breakdowns
are observed from the evaluation of these 4 configurations: 1) hydrogen abstraction from THF in
the planar—bridge position and 2) THF ring—opening in the vertical-bridge position. This contrasts
with the well-known use of ethylene carbonate, for which decomposition is found for any
orientation, apparently regardless of site location. Over the 4 configurations explored herein, these
two breakdown events of hydrogen abstraction and ring—opening were both observed within the
first 100 fs of the simulation. The total simulation time of 3000 fs employed in this work is
sufficient to explore and reveal any THF reduction dynamics. Furthermore, previous reports have
also employed a simulation time of 3000 fs. Recent simulation studies on the decomposition of

EC on Ca metal also employ similar timescales of simulation.®

For the two configurations that lead to THF decomposition (Figure 1a and c), adsorption energies

were calculated using the following equation,

EAdsorption = ESlab:Solvent - ESlab - ESolvent



wherein Esjan:solvent is the energy of the solvent and the slab together, Esiap is the energy of the Ca
slab, and Esowvent is the energy of the solvent alone. The adsorption energy for the planar—bridge
position was found to be —0.418 eVV/atom and that for the vertical-bridge position was found to be

-0.42 eV/atom, indicating that both positions are equally energetically favorable.
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Figure 1. Final AIMD snapshots of single THF molecules initially placed in a) the planar-bridge position, b) planar—
top, ¢) vertical-bridge, and d) vertical-top configurations. Blue is calcium, brown is calcium, white is hydrogen, and
red is oxygen.

Bond-L ength Analysis

Further analysis of the single solvent molecules shown in Figure 1 was conducted to understand
the change in C—O bond lengths over 500 fs of the AIMD simulation, as shown in correspond plots
of Figure 2. In all but the vertical-bridge configuration (Figure 2c), the C-O bond lengths vary
slightly initially, possibly to steric effects as can be seen from the AIMD snapshots, but then

stabilize, thereafter remaining approximately the same as their initial bond-lengths. Whereas, in



the vertical-bridge configuration (Figure 2c), one of the two C—O bonds stretches considerably
and breaks at ~150 fs, which then leads to ring—opening of the THF molecule. This observation is
in accordance with the ring—opening observed visually in the AIMD shapshots. It must be noted
here that both the C—O bonds present in the THF molecule are equally susceptible to cleavage by
reduction. In this case, it appears that the THF C atom closer to the Ca surface owing to its
proximity is subject to more electron transfer, and therefore, cleavage. Hence, from these
simulations that, at the single-molecule level, THF is quite reductively stable when brought in

contact with Ca metal, in that, it does not breakdown completely to form any distinct products.
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Figure 2. C-0O bond lengths up to the first 500 fs in the simulation in different positions. a) vertical-bridge, b) planar—

bridge, c) vertical-top, d) planar—top configurations.



The primary mechanism of solvent breakdown at 0 V conditions is charge (electron)
transfer from the metal surface to the solvent molecule. To this end, we conducted Bader charge
analysis?®-?? on the simulation boxes shown in Figure 1. Since solvent breakdown herein was only
observed in two configurations (planar-bridge and vertical-bridge), our Bader charge analysis was
limited to these two configurations. Charges on the C atoms connected to the terminal O atom
were averaged together, resulting in a single charge value for C, and another for O. In the planar—
bridge configuration, charge transfer between Ca metal and the C and O atoms of the THF
molecule was found to be —0.35e, and Oe, respectively, translating to a ~0.35e loss from the THF
molecule through the C atoms, which could be due to a combination of hydrogen abstraction and
steric stabilization. In the vertical-bridge configuration, charge transfer between the Ca metal and
the C and O atoms of the THF molecule was found to be +0.15e, and +0.8e, respectively. This
charge transfer corresponds to a ~1e gain by the THF molecule, which points towards a 1e
reduction process. Interestingly, maximum charge transfer occurs through the oxygen atom.
Similar findings have been reported with EC on Ca metal.!® In the planar—top and vertical-top

configurations, charge transfer was found to be negligible (see Figure S1, Supporting Information).

To explore the decomposition pathways associated with these two configurations, transition state
searches were conducted in the vertical-bridge and planar-bridge positions to reveal the energy
profile and decomposition pathway for THF. A small saddle point was found for the planar—bridge
configuration, which coincided with the hydrogen abstraction event (see Figure S2, Supporting
Information). However, no distinct transition states were found for the vertical-bridge
configuration (see Figure S3, Supporting Information) owing to rapid breakdown of the THF

followed by steric stabilization. From the single—-molecule studies shown so far, THF is susceptible



to hydrogen abstraction and/or ring—opening due to electron transfer from the Ca metal surface.
However, importantly, these pathways for breakdown are highly dependent upon THF orientation

and location over the Ca surface.

Multiple THF Molecules to Emulate Bulk Solvent Phase

The single-molecule configurations revealed the fundamental decomposition processes at the
single—molecule scale, namely hydrogen abstraction and ring—opening. To capture a more realistic
picture of THF breakdown dynamics and processes in the bulk solvent against a Ca metal surface,
we examined several THF molecules (pure solvent, without salt) packed randomly (placement and
orientation) over the Ca metal surface to emulate the bulk solvent. Figure 3 shows AIMD
snapshots of 10 THF molecules obtained over a simulation time of 3000 fs (3 ps). It was observed
in such a bulk, randomly orientation THF molecule system that all molecules remained stable, and
neither of the two breakdown mechanisms shown earlier are observed. While several atoms from
the solvent molecules at the Ca surface do coordinate with the Ca atoms, they remain stable
thereafter with not breakdown event over the rest of the simulation time, in contrast with the
individual configurations wherein both these breakdown processes are observed (Figure 1). We
confirmed the coordination and interaction of the THF molecules with the surface Ca atoms with
density of states (DOS) calculations after AIMD simulation, wherein hybridization of the surface
Ca atoms with oxygen atoms from the THF molecule was evident (representative data is shown in

Figure S4, Supporting Information).
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Figure 3. AIMD snapshots of 10 THF molecules without salt. Blue is calcium, brown is calcium, white is hydrogen,
and red is oxygen.

Hence, our observations further corroborate that the specific events of hydrogen abstraction and
ring—opening are highly orientation—dependent owing to the specific pathways of electron transfer
through an individual THF molecule. Despite the time for coordination and interactions with the
Ca surface, whereby it would be possible for the THF molecules to assume the orientations and

positions for which breakdown could be induced, not such decomposition is observed. Hence, the



lack of any significant decomposition of THF in a pseudo—bulk state shown here, owing to the
highly specific locations and orientations at which decomposition can occur, indicates that overall
THEF is a stable solvent at 0 V conditions, affirming experimental observations of its stability. This
observation for THF is unlike ethylene carbonate, which is known to form distinct decomposition
products as per simulations reported by Young and coworkers.*® This stability of THF against the
Ca metal surface is likely the reason behind the popular use of THF as a solvent in experimental

studies of Ca metal redox activity.
Multiple THF and Salt Molecules to Emulate Bulk Electrolyte

We further investigated the potential breakdown of THF in the presence of Ca(BFa)., Ca(TFSlI)2,
and Ca(ClOs)2, to more accurately emulated bulk electrolytes (solvent + salt). Final snapshots from
these simulations are shown in Figure 4. No THF decomposition was observed in the presence of
Ca(BF4)2 and Ca(TFSI)., in accordance with the results obtained in pure solvent (Figure 3), thus

reinforcing the reductive stability of THF solvent.
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Figure 4. AIMD snapshots of 10 THF molecules with a) Ca(BFa). (green is boron, light blue is fluorine), b) Ca(TFSI).

(Yellow is sulfur, light blue atoms connected to yellow atoms are nitrogen, light blue atoms connected to brown atoms
are fluorine), and c) Ca(ClO4). (green is chlorine). Blue is calcium, brown is calcium, white is hydrogen, and red is

oxygen.

Notably, while salt anions were in proximity to the Ca metal surface, no decomposition of the
anions was observed. However, hydrogen abstraction was indeed observed in the presence of
Ca(Cl0Oa)2, which appears to be solely from THF and due to the orientation of the THF molecule.

In theory, this implies the formation of CaHz, the origin of which in experimental studies has been



left open to interpretation, as mentioned previously. For instance, in their experimental
investigation of Ca metal plating and stripping in Ca(BH4)>—THF electrolyte, Wang and Bruce®
found CaH: in their deposits, whose origin was attributed to degradation of the Ca(BHa). salt.
Gewirth and coworkers!! also reported from their experimental studies that hydrogen abstraction
was necessary to form CaH; in the presence of Ca(BHa4). salt. However, no evidence of THF
decomposition was found after GC-MS characterization of a piece of Ca metal dipped into THF
solvent. It was suggested by the authors that THF may still decompose to form CaHy, still leaving
the topic of THF stability ambiguous. Although these authors did not find any hydride products in
their deposits, C4HsO was detected. When compared to other similar electrolyte systems, in an
EC/Ca(ClO4)2 system investigated by Young and coworkers,'® the presence of Ca(ClO4):
molecules was found to accelerate the breakdown of EC on a Ca metal surface at temperatures
>350 K. Additionally, the CIO4 anion was also found to further decompose into other products.
However, it appears that the effect of salt Ca cation—solvent coordination was not considered by

the authors, and these decomposition products were reported at elevated temperatures.
Coordination Environment in the Electrolyte

While no decomposition of the salt (anion) molecules was observed for any salt explored herein,
the effect of electrolyte solvation dynamics on solvent degradation was assessed. The objective of
this computational study is to investigate the possible decomposition products of THF and salt
molecules on a Ca metal surface. While the possible decomposition product from THF solvent is
CaH: owing to Hydrogen abstraction, the alteration of THF degradation dynamics in the presence
of salt molecules is presented hereon. Figure 5a) shows the number of THF molecules
coordinating with the surface Ca metal atoms. The number of solvent molecules coordinating with

the Ca metal surface at the end of the simulation follows the order no salt > Ca(BF4)2 = Ca(TFSI):



> Ca(ClOg4)2, indicating that overall, more solvent molecules interact and coordinate with the Ca
metal surface in the presence of more strongly coordinating Ca salt like Ca(BF4)2. The number of
solvent and/or salt molecules available for coordination with the surface Ca metal atoms depends
upon the solvation characteristics of the salt Ca cation. It is well known that local Ca cation
coordination in the solvent plays an important role in reversible plating and stripping of Ca

metal 23?4 Our AIMD simulations allow the visualization of solvated structures in the electrolyte.
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Figure 5. Plots of a) the number of solvent molecules coordinating with the surface Ca atoms in the presence of

different salts, and b) the number of salt and solvent molecules coordinating with the salt Ca cation in solution.

Figure 5b) shows the number of salt anion and THF atoms coordinating with the salt Ca cation in
the electrolyte. The solvated structures consist of both solvent and salt anion molecules (mixed
ion—pairs), which is in contrast to the more specific SSIPs and CIPs reported elsewhere.?® Based
on our AIMD simulations in the presence of salt molecules (Figure 4) at the end of the 3000 fs
simulation times, we found salt Ca cation—THF solvent coordination to be highest for Ca(ClOa)2
(3 solvent atoms), followed by Ca(BF4). (2 solvent atoms), whereas only 1 solvent atom was found

to coordinate with the electrolyte Ca atom for Ca(TFSI),. On the other hand, coordination of salt



anions with the salt Ca cation in the electrolyte was found to be highest for Ca(TFSI). (3 atoms)
and Ca(BF4)2 (3 atoms) followed by Ca(ClO4). (1 atom). These numbers are summarized in Table
1. Recalling the 2 hydrogen abstractions seen in Figure 4c), our results indicate that a strongly
THF-coordinated Ca ion (see Ca(ClO4).) could lead to selective decomposition of the THF
molecule closest to the Ca metal surface. Interestingly, in this case, the decomposed solvent
molecule was also coordinated with the salt Ca cation. One plausible explanation for this
observation is the destabilization of the coordinating solvent in the case of strongly THF solvated
salt Ca cations. Hahn and coworkers?® have suggested such behavior in their work using THF, and
reported that strong solvent coordination can hinder the deposition of Ca metal. Therefore, when
salt Ca cation—solvent coordination (or SSIP) is high, such as with Ca(ClO4)2, Ca ion desolvation
from the bulk electrolyte and subsequent plating can be energetically unfavorable. In terms of the
decomposition products, Driscoll and coworkers?* propose that in electrolyte systems consisting
of THF solvent, the decomposition products may be anion—derived, as more anions can interact
with Ca metal surface. However, this observation is not evident in our simulations. In other words,

strong coordination of THF solvent to the Ca metal surface helps mitigate salt decomposition.

Table 1: Summary of the number of salt and solvent molecules coordinating with the salt Ca cation

Salt No. of Solvents No. of Salt Anions
Ca(BFa)2 2 3
Ca(TFSI), 1 3
Ca(ClO4)2 3 1

Overall, our results suggest that the presence of salt molecules in the electrolyte does not

significantly alter the reductive stability of the THF solvent at the Ca metal surface. The stability



of THF solvent has been reported previously both in the Ca and the Mg literature by Hahn and
coworkers,? and Bucur and coworkers,?® respectively. Our simulations confirm that THF can be
the sole source of hydrogen to enable formation of CaH> at room temperature, but only in highly
selective orientations and positions. The possibility of CaH> formation solely from the THF solvent
molecule can be a useful prediction, since CaH: is known to be an effective decomposition product
comprising a Ca?*-permeable solid electrolyte interface (SEI) suitable for reversible plating and
stripping of Ca metal. While THF appears to be a universally stable solvent, there could be certain
highly selective orientations (such as planar—bridge) by which it can contribute to the production

of CaH..
Conclusion

While several factors such as solubility, desolvation energy, ion—pairing, and ion—diffusivity, are
important in the design of battery electrolytes, the aim of this work was specifically to assess the
reductive stability of THF solvent against a Ca metal surface. From this standpoint, our results
clearly reveal that THF is a stable electrolyte solvent for Ca batteries at 0 V conditions. Namely,
the only possible decomposition product from THF is CaHz, which is furthermore highly
orientation— and location— dependent. The degradation mechanism of commonly used Ca salts has
already been reported in the literature, which we acknowledge can change the overall mechanisms
of Ca transport, plating, stripping, and the formation of the SEI layer. In this work, it appears that
there are no salt decomposition products at room temperature. Our findings indicate the principle
that solvent molecules that have very orientation- and site-specific triggers for decomposition
pathways on Ca metal can be thereby sufficiently stable in bulk electrolytes. Differences in the Ca
solvation shells for each salt as well as their effect on electrolyte degradation are subjects of current

study and are being reported elsewhere.



Supporting Information

Bader charges as functions of simulation time (Figure S1); Transition state search for the planar—
bridge configuration (Figure S2); Transition state search for the vertical-bridge configuration

(Figure S3); Density of states (DOS) (Figure S4)
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