
Investigation of Rechargeable Calcium Metal-Selenium Batteries
Enabled by Borate-Based Electrolytes
Sanghyeon Kim,* Nathan T. Hahn, Timothy T. Fister, Noel J. Leon, Xiao-Min Lin, Haesun Park,
Peter Zapol, Saul H. Lapidus, Chen Liao, and John T. Vaughey*

Cite This: Chem. Mater. 2023, 35, 2363−2370 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Calcium-ion batteries (CIBs) are a promising next-generation energy storage
system given the low redox potential of calcium metal and high abundance of calcium compounds.
For continued CIB development, the discovery of high energy density calcium ion cathodes is
needed to achieve practical energy density values. Here, we report on the use of elemental Se as a
promising candidate for a high-capacity cathode material for CIBs that operates via a conversion
mechanism in a Ca metal battery at room temperature. The Se electrodes demonstrate a reversible
specific capacity of 180 mA h g−1 with a discharge plateau near 2.0 V (vs Ca2+/Ca) at 100 mA g−1

using an electrolyte based on the salt calcium tetrakis(hexafluoroisopropyloxy)borate (Ca(B-
(hfip)4)2) in 1,2-dimethoxyethane (DME) and Ca metal. The reversible electrochemical reaction
between calcium and selenium is investigated using operando synchrotron-based techniques and
the possible reaction mechanism discussed.

1. INTRODUCTION
Although lithium-ion batteries (LIBs) have long been the
dominant energy storage system for portable devices and
electric vehicles,1,2 concerns regarding long-term availability of
the active material components and the increasing demand for
lower costs have led to an intensive search for new beyond
lithium-ion technologies.3−5 Among beyond lithium chem-
istries, CIBs are particularly promising alternatives to LIBs due
to the low reduction potential of calcium (−2.87 V vs standard
hydrogen electrode), its high elemental abundance (fifth most
abundant element in the earth’s crust), and the high energy
density of a calcium metal anode (Ca has a high volumetric
capacity of 2073 mA h cm−3).6,7 However, the development of
CIBs has been hampered by the lack of functional electrode
materials and suitable electrolytes that enable reversible
calcium plating and stripping. The importance of electrolytes
was highlighted by recent reports highlighting advances in
reversible calcium plating and stripping.8−12

Recently, the new salt Ca(B(hfip)4)2 in the DME electrolyte
was reported. Ca(B(hfip)4)2-based electrolytes represent the
state of the art due to their exhibited high ionic conductivity
(∼8 mS cm−1), high oxidative stability up to 4.5 V vs Ca2+/Ca,
efficient Ca stripping and plating, and good chemical
compatibility with both the Ca metal anode and cathode.
Together, these attributes fulfill most of the prerequisites
needed for a Ca metal battery electrolyte with the formation of
a passivating layer on the Ca metal supporting prolonged
cycling.10,11 The electrochemical properties of Ca(B(hfip)4)2-
based electrolytes have opened up a wide array of possible
cathode materials, including non-intercalation materials, that
can be used with a Ca metal anode to create high energy

density Ca-based batteries.13−16 Even though the structural
integrity of intercalation materials can favor long cycle life, the
specific capacities observed are limited to an apparent
maximum of 0.5 Ca per transition metal cation. On the
other hand, conversion electrodes can provide high specific
capacities by utilizing all possible redox states of the metal to
be components of high energy density CIBs.
Among conversion cathode materials reported for Ca metal

batteries, those based on sulfur have the highest theoretical
capacity and possibly the lowest cost.13,14,17,18 However, like
the Mg−S system, the energy storage mechanism for the Ca−S
system also suffers from capacity fade due to a polysulfide
shuttle and sluggish kinetics due to the insulating nature of
CaS.13,14,19−23 Additionally, the discharge reaction is expected
to have a high activation energy barrier due to the strong ionic
bonds between the Ca2+ and S2− ions and poorly defined
diffusion pathways in the dense rocksalt-type lattice.
Because of the above mentioned issues associated inherently

with sulfur cathodes, alternative materials that operate by a
conversion mechanism should be considered to overcome
some of these obstacles. A candidate that should operate by the
same mechanism is elemental selenium, the element below
sulfur in group 6A of the periodic table. Compared to sulfur, a
reported advantage of selenium-based systems is that the
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shuttling reaction for Se-based electrodes has a much higher
dependence on the electrolyte formulation used than
comparable sulfur systems, thus allowing for the possibility
of improved Coulombic efficiencies.24,25 In addition, the larger
size of the selenide anion and its more diffuse charge result in
longer Ca−Se bonds in the end products and can lead to a
more kinetically viable reversible reaction pathway on charging,
with a theoretical capacity of 678 mA h g−1, assuming that 1
mol of Ca can fully react with 1 mol of Se. While a recent
paper examined the Ca−Se energy storage couple using
activated carbon cloth as a counter/reference electrode,26 our
work extends that recent study to electrolytes more specifically
designed for alkaline earth-based systems and creates a true full
cell by utilizing a metallic calcium anode.
In this study, the physical and electrochemical properties of

a Ca−Se full cell are demonstrated using a non-aqueous
Ca(B(hfip)4)2-based electrolyte. The Se electrode exhibits a
reversible specific capacity of 180 mA h g−1 at a discharge
voltage of 2.0 V (vs Ca2+/Ca) and a current of 100 mA g−1 at
room temperature. This current equates to a reversible
reaction involving 0.27 mol of Ca2+ per selenium. The
electrochemical reaction mechanism between Ca and Se was
investigated using several operando X-ray synchrotron
techniques including high-resolution X-ray diffraction (XRD),
X-ray absorption spectroscopy (XAS), and energy-dispersive
X-ray spectroscopy (EDS) to better understand the structural
and oxidation state and compositional changes associated with
the electrochemical reactions.

2. EXPERIMENTAL SECTION
2.1. Material Preparation. Selenium powder (99.99%) was

purchased from Sigma-Aldrich and used without further treatment.
The Se/activated carbon composites were created using the as-
received Se and activated carbon with a mass ratio of 1:1 and mixed
using a mortar and pestle. The mixture was heated at 300 °C for 2 h
under Ar gas flow for Se impregnation; the melting point of selenium
was 221 °C. Calcium selenide powder (CaSe, 99.9%) was purchased
from Xi’an Function Material and used without further treatment.
2.2. Electrolyte and Electrode Preparation. All electrolyte

handling was done inside a glovebox with water and oxygen levels
below 1 and 0.1 ppm, respectively. The DME solvent was purchased
from Sigma-Aldrich, distilled over sodium, and stored over activated
alumina and 3A molecular sieves prior to use, and its measured water
level was below 5 ppm. Synthetic reagents Ca(BH4)2·2THF and
hexafluoroisopropanol (99.9%) were purchased from Sigma-Aldrich,
and the hexafluoroisopropanol was dried over activated 3A molecular
sieves. Ca(B(hfip)4)2 salt was synthesized using a previously reported
method.10,11 Ca(B(hfip)4)2 electrolytes were prepared by dissolving

the recrystallized Ca(B(hfip)4)2 solvate in DME to yield the desired
electrolyte concentration. The final electrolyte concentrations were
calculated from solution volume instead of solvent volume alone due
to the significant volume contributions from the salts used. The
cathode slurry was made with 60 wt % Se/activated carbon
composites, 20 wt % carbon black (Timcal Super C45), and 20 wt
% polyvinylidene fluoride (PVDF) with n-methyl-2 pyrrolidinone
(NMP) (anhydrous 99.5%, Sigma-Aldrich) as a solvent. The mixture
prepared by using a mortar and pestle was cast onto a carbon-coated
Al foil. The electrodes were dried at 75 °C in air followed by drying at
80 °C under vacuum for 3 h.
2.3. Electrochemical Measurements. Ca metal batteries were

assembled in Swagelok-type cells in a glove box under an Ar
atmosphere. Ca metal chips (ACI Alloys), glass microfiber filters
(Whatman 1825-055), and 0.2 M Ca(B(hfip)4)2 in DME were used as
counter electrodes, separators, and electrolytes, respectively. Both
sides of the Ca metal were polished to remove the oxidized layer until
the surface became shiny. Galvanostatic discharge−charge tests were
conducted using a series 4000 Maccor cycler or VMP3 potentiostat
(Bio-Logic) over a voltage range of 1.6−3.5 V versus Ca2+/Ca at
room temperature. Current densities and specific capacities were
determined based on the mass of active materials (Se). Capacity
variation from sample to sample was about 10%.
2.4. Material Characterization. Synchrotron XRD measure-

ments were conducted at sector 11IDB and 11BM of Advanced
Photon Source (APS) at Argonne National Laboratory (ANL). CaSe
powder was put in a Kapton capillary and sealed by epoxy glue in a
glove box to prevent air exposure for ex situ XRD measurement. Se K-
edge XAS measurements were performed at sector 10BM at APS at
ANL in transmission mode using elemental Se as the energy
reference. The CaSe standard sample was covered with Kapton tape
to protect it from air exposure. The XAS data were processed using
the Athena software package. EDS was conducted using a Jeol JCM-
6000 plus scanning electron microscope equipped with an EDS
detector. EDS data were taken at 1000× magnifications to avoid local
inhomogeneity. For ex situ sample preparation, the cells were
disassembled after discharge and charge, and electrodes were washed
with acetonitrile twice and dried in a glove box. The weight content of
selenium in the final Se/activated carbon composites was measured by
TGA using a Mettler Toledo 851e system under a nitrogen
environment. The sample was stabilized at 25 °C for 10 min before
ramping up to 800 °C with a heating rate of 10 °C min−1. For in situ
cells, Kapton tape and a Mylar film were used to cover the window to
allow X-ray beam penetration in transmission mode. A graphite disc
was employed for the cathode side to apply uniform pressure to the
whole Se electrode. A much thinner Ca foil (thickness: 0.004”, ESPI
metals) was used for the operando cell to enable transmission mode
XAS and XRD during in situ measurements.
2.5. DFT Calculations. Geometries were optimized using density

functional theory calculations that were performed as implemented in
the Vienna Ab Initio Simulation Package (VASP).27−29 The
interactions between core and valence electrons were treated by the

Figure 1. Cyclic voltammetry of a Ca(B(hfip)4)2 in the DME electrolyte with (a) Au (two cycles) and (b) Ca working electrodes (10 cycles). Ca
rods were used as counter and reference electrodes. Cyclic voltammetry was run at a 50 mV s−1 scan rate.
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projector-augmented wave (PAW) potentials, and a plane-wave cutoff
energy of 520 eV was used.30,31 The generalized gradient
approximation (GGA) form of the electron exchange-correlation
functional formulated by Perdew−Burke−Ernzerhof (PBE) was
used.32 The unit cell geometries were relaxed for all structures with
a force tolerance for the atom positions of 0.03 eV/Å using the
conjugated gradient method.

3. RESULTS AND DISCUSSION
The electrolyte used was based on Ca(B(hfip)4)2 in the DME
solvent and was tested using cyclic voltammetry (CV) to verify
its stability as an electrolyte for a calcium metal battery (Figure
1). CV data confirmed that reversible Ca plating and stripping
both on Au (Figure 1a) and Ca (Figure 1b) working electrodes
were present with low overpotential and was supportive of its
use in a full cell configuration. The Se cathodes were evaluated
versus a Ca metal anode using galvanostatic discharge−charge
tests in 0.2 M Ca(B(hfip)4)2 in DME. Se/activated carbon
(AC) composite electrodes were used as working electrodes

instead of bulk Se powder to maintain contact with the
conductive carbon matrix as the state of charge was varied.
Reports from the Li and Na battery systems indicated that this
composite formulation had higher Se utilization.33,34 By
confining the Se within a conductive carbon matrix, smaller
particle sizes are observed, which leads to an improvement in
the reaction kinetics. Indeed, the bulk Se electrode prepared
without using the AC platform showed poor electrochemical
performances (Figure S1). Thermogravimetric analysis (TGA)
was used to determine the selenium content (wt %) in the Se/
AC composite (Figure S2a). The Se in the Se/AC composite
began evaporating near 300 °C, resulting in a 40% weight loss
by ∼530 °C. The total loading of selenium was found to be
approximately 40 wt %, and this figure was used for future
calculations. The slight weight loss at high temperature was
associated with the AC (Figure S2b).
Representative galvanostatic discharge−charge profiles of

the Se/AC cathode and Ca metal anode battery (Figure 2a,
Swagelok-type cell) are shown in Figure 2b. The Se/AC

Figure 2. (a) Schematic of the Ca metal battery with a Se/AC cathode and Ca anode. (b) Galvanostatic discharge−charge curves of the Se cathode
at 100 mA g−1 at room temperature. The inset shows a corresponding differential capacity plot for panel (b). (c) Cycling performance of the Se/
AC cathode at 100 mA g−1 at room temperature.

Figure 3. (a) Schematic of a coin cell used for operando measurement. (b) Voltage profile during in situ SXRD measurement. (c) Full in situ
synchrotron XRD patterns measured during discharge and charge. (d) Magnified in situ SXRD patterns during discharge and charge. Background
subtraction was performed for XRD patterns.
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electrode delivered a first cycle discharge capacity of 235 mA h
g−1 and charge capacity of 180 mA h g−1 at a current density of
100 mA g−1, corresponding to an insertion of 0.35 and a
removal of 0.27 mol of Ca2+/Se, respectively. The electrode
showed a well-defined discharge and charge plateau near 2.0
and 2.6 V (vs Ca2+/Ca), respectively, in contrast to a previous
report lacking a distinct voltage plateau, indicative of a
significant capacitive contribution from the anode to the total
capacity.26 Based on the formation energy for hypothetical
endmember CaSe (−2.26 eV/atom), the average voltage of the
reaction Ca + Se ↔ CaSe can be calculated to be 2.26 V (vs
Ca2+/Ca), which is close to the middle point of the discharge

and charge plateau (∼2.3 V (vs Ca2+/Ca)). In addition, the
single voltage plateau in both the discharge and charge
processes suggests that the redox reactions are a single-step
reaction rather than multiple stepwise reactions. This is
different from previous Se electrochemical studies where
multiple voltage plateaus were observed.35,36 The redox
reactions are confirmed in the dQ/dV curve with a difference
between redox peaks of 0.68 V (Figure 2b). When the Se
cathode was tested with a different type of Ca metal anode, it
showed an even smaller hysteresis (∼0.35 V), indicating that
there is a contribution to the hysteresis from a Ca metal
negative (Figure S3). This implies that hysteresis can be

Figure 4. (a) Voltage profile during in situ XAS measurement. In situ Se K-edge XANES spectra during (b) discharge and (c) charge. The Se K-
edge XANES spectrum of CaSe is plotted together in panel (b). Corresponding first-order derivative plots of in situ Se K-edge XANES spectra
during (d) discharge and (e) charge. In situ Se K-edge EXAFS spectra during (f) discharge and (g) charge.
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decreased further by optimization of both the anode and
cathode. While the voltage hysteresis is higher than the
observed voltage hysteresis in the Li−Se system (0.1−0.2 V), it
is comparable to other multivalent ion battery systems (Zn−Se
and Mg−Se), which may indicate a charge transfer or that
multivalent-ion diffusion-related phenomena are important to
the mechanism.36−38 On cycling, the Se/AC electrode, when
being evaluated at the same current density for several cycles,
showed significant capacity decay (Figure 2c). Compared to
reported sulfur-based systems, this has been attributed to
cathode issues (e.g., dissolution and pulverization), anode
surface passivation, or possibly a combination.10,11,18,39−41 The
capacity decay problem will be discussed in this context and
will be further investigated in the following studies.
Examining the Ca−Se reaction mechanism in more detail,

the phase evolution of Se electrodes during cycling was
investigated using in situ XRD. The punched coin cell design
used for these operando studies is shown in Figure 3a. Figure
3b shows a voltage profile of the in situ coin cell during
operando XRD measurements. Please note that the observed
charge capacity of the in situ coin cell, used for this specific
data collection, is slightly lower than the Swagelok cell typically
used. The operando cell showed a slightly higher voltage
hysteresis, probably due to a cell design that contains more
components, which can increase contact resistances and thus
the voltage potential. The full XRD patterns that are shown in
Figure 3c,d are magnified XRD patterns during in situ
measurements where any peak changes were observed. As Se
reacts with Ca2+ ions, a decrease in Se peak intensity was
observed. When the electrode was 50% discharged, the Se
XRD peaks had mostly disappeared with no additional changes
observed on further discharging or charging. Based on these
observations, we hypothesize that the discharge and charge
products formed under these conversion reactions are either
amorphous or nanocrystalline and are not observed by XRD
under the condition used. Similar observations have been
reported in other conversion systems.42,43 Density functional
theory (DFT) calculations were performed using several
possible calcium selenide candidate structures, whose
stoichiometries, between 1:1 and 1:4, are approximately in
the range of observed specific capacities. Figure S5a shows
formation energies of these calcium selenides, indicating that
all intermediate phases between Se and CaSe turned out to be
metastable. Therefore, according to the calculations, inter-
mediate phases are unlikely to be in a crystalline form, which is
also consistent with our XRD results.
To gain insight into the charge storage mechanism of the

Se/AC electrode, the first cycle Se redox reactions and local
structural changes were studied by in situ synchrotron XAS
measurements. In situ XAS can be very meaningful, especially
for amorphous phases where information from XRD is limited.
Figure 4a shows the voltage profile from an in situ cell during
operando XAS measurements. Figure 4b and Figure 4c present
in situ Se K-edge X-ray absorption near-edge structure
(XANES) spectra during discharge and charge, respectively,
and the corresponding first-order derivative plots are shown in
Figure 4d (discharge) and Figure 4e (charge). The selenium
K-edge absorption occurs due to an electron transition from 1s
states to unoccupied 4p states. Reversible changes in XANES
spectra were observed during discharge and charge. The
intensity of the white line peak decreases during discharge due
to increased electron population of the valence 4p orbitals and
vice versa during charge. The edge shift associated with Se

reduction and oxidation in Figure 4b,c appears small. The
energy position of the edge can be determined as the lowest
energy peak of the first derivative of the XANES spectra. In
Figure 4d,c, it was confirmed that the Se K-edge shifted toward
lower energies due to the reduction of Se and it shifted back
toward high energies during charge. However, the fully charged
state was not identical to its pristine state, indicating only
partial reversibility and consistent with the first cycle
electrochemical testing noted earlier. We suspect that this is
related to the drop off noted in the charge capacity relative to
discharge capacity (Figure 4a) and again may be related to in
situ testing format. Further improvements in our coin cell
setup will be made in the future. Of particular interest, the
XANES spectra showed isosbestic points, suggesting that Se
undergoes two-phase reactions during cycling. To examine the
reaction mechanisms, the Se K-edge XANES spectrum of the
hypothetical end product, CaSe, was measured (Figure 4b).
The identification and purity of CaSe powder were confirmed
by ex situ XRD (Figure S6). Interestingly, the Se K-edge
XANES spectrum of CaSe was quite different from the in situ
XANES spectra collected for the experimental samples and is
shown in Figure 4b. This indicates that the fully calciated
material CaSe is likely not present under our experimental
conditions, but it is likely to be an intermediate phase with
composition CaSex (x > 1), which is consistent with the
measured capacities. To learn more about the properties of the
discharged cathode phases, the local environment around Se
was studied using in situ extended X-ray absorption fine
structure (EXAFS) spectra during cycling. Figure 4f and Figure
4g present in situ Se K-edge EXAFS spectra during discharge
and charge, respectively. In the Fourier-transformed EXAFS,
the peaks from 2 to 2.5 Å (the phase is not corrected) can be
indexed to Se−Se first neighboring bonds and the peaks from
2.5 to 3 Å can be indexed to Se−Se second neighboring bonds.
Partial reversibility in the local structure was observed in
EXAFS spectra during cycling, which is consistent with
XANES results.
EDS analysis was conducted on the electrode to confirm the

extent of Ca insertion and extraction during cycling (Figure 5).
Se/AC electrodes were washed with acetonitrile to ensure that
no residue from the calcium electrolyte salt remained on the
surface, even though there was a possibility of loss of active
materials during washing. EDS spectra were normalized to the

Figure 5. Ex situ EDS spectra of Se electrodes after discharge and
charge in Ca cells and EDS results for Se electrodes. The table shows
the atomic ratio of Ca/Se after discharge and charge.
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Se signal. The discharged Se electrode showed Ca signals at 3.7
keV for Ca Kα and 4.0 keV for Ca Kβ. After charging, the Ca
signal decreased relative to the Se peak, supporting the removal
of Ca relative to the discharged sample. The amount of Ca in
electrodes, based on the EDS quantification results and
calculated from the electrochemistry of EDS samples, is
shown in an inset in Figure 5, and the trends are in rough
agreement. While the data clearly show Ca ions being the
active transporting species, consistent with the reported
diagnostic evidence, the small discrepancy in the EDS results
is probably due to the differences in sample history and a
capacity fade mechanism that increases the complexity of the
sample. After cycling, further EDS analysis of the separator and
the discharged Ca metal anode were evaluated as points where
selenium may become isolated. Unlike the case of Se
electrodes, the separator and Ca metal anode were not washed
with acetonitrile to avoid Se, if it is on the surface, being
washed away. Selenium was detected on the separator as
expected by the observed color change (Figure S7), suggesting
that active material loss may be a contributing factor to the
observed capacity decay. However, at the same time, no
detectable Se signal was observed on the Ca metal, indicating
that Sex−2 anions do not travel across the cell and react with
calcium metal (shuttling mechanism). This is consistent with
the observation that the discharge capacity was higher than the
charge capacity. A consequence of the shuttle mechanism is
that charge capacity is higher than discharge capacity.

4. CONCLUSIONS
In conclusion, elemental selenium has been evaluated as a
conversion cathode in a Ca-ion cell and studied using a Ca
metal anode in a non-aqueous Ca-based electrolyte. This study
finds that the Se electrode is quasi-reversibly converted to
CaxSe during cell discharge (x ≈ 0.3) and exhibited an initial
discharge capacity of 235 mA h g−1 at 100 mA g−1 with a
discharge plateau around 2.0 V (vs Ca2+/Ca). The Se cathode
showed well-defined voltage plateaus and a moderate voltage
hysteresis as compared to typical multivalent battery electro-
des. Based on operando synchrotron XRD, XAS, and EDS
results, we have confirmed that the full cell electrochemical
reaction between Se and Ca is reversible. Future studies will
identify conditions to increase specific capacity, decrease
voltage hysteresis, and improve cyclability. We believe that this
work demonstrates that Se-based electrodes are promising CIB
cathodes and will spur further research on other chalcogens as
cathode materials for CIBs.
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