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ABSTRACT: Calcium’s high reactivity typically causes surface passivation,
limiting its applicability in electrochemical devices, such as batteries. Here we
harness this very reactivity to generate an electrolyte both ex situ and, most
importantly, in situ, by reacting Ca metal with a Ca-free precursor solution
comprising tris(2,2,2-trifluoroethyl) borate (B(Otfe)3; Otfe = OCH2CF3) and 2-
methoxyethylamine (MOEA) in 1,2-dimethoxyethane (DME). The resulting
electrolyte enables reversible Ca electrochemistry in symmetric, half-, and full
cells, including at −10 °C. By combining electrochemistry with FTIR
spectroscopy, XPS, and DFT calculations, we are able to propose a synergistic
mechanism in which B(Otfe)3 reacts at the Ca metal surface to form anionic
borate species and a Ca2+-conducting interphase, while the Ca2+ released from
the anode is stabilized in the solution/electrolyte by MOEA coordination. This
metal-driven, interfacial strategy provides an alternative to the salt-in-solvent
paradigm for electrolyte preparation and suggests a broadly applicable route for electrolyte generation directly from reactive-metal
anodes.

Calcium (Ca) metal plating/stripping has gained increas-
ing attention not only for calcium metal batteries

(CMBs),1 but also for emerging applications targeting diverse
goals, such as electrochemical ammonia synthesis and recovery
of rare-earth elements.2,3 While encouraging progress has been
made, this challenging process remains limited in success to a
small number of electrolytes.1,4−11 Many of these rely on finely
tuned Ca2+ solvation and on Ca-salts that are moisture-
sensitive, costly, and quite often require complex synthesis�
factors that, both individually and collectively, pose practical
barriers for deployment.
Thus far, reported CMB electrolytes have primarily relied on

a salt-in-solvent approach, in which a Ca-salt is dissolved in a
solvent prior to cell assembly. Reversible Ca metal electro-
chemistry has been demonstrated across several electrolyte
families, including borate- and aluminate-based salts, hydrido-
borate and halide chemistries (e.g., CaI2), and strongly
solvating solvent(s).4−8,10−13 However, these electrolyte
families face persistent trade-offs, such as multistep syntheses,
water contamination, limited anodic stability, solvent decom-
position, or limited salt solubility.13 As a result, CMB
electrolyte development remains at an exploratory R&D
stage and the practical future of CMBs is still uncertain,
underscoring the need to further expand the electrolyte design
space.
At the core of these limitations lies calcium’s inherent

reactivity at the electrode/electrolyte interface, which drives
formation of passivating interphases that ultimately terminate
the electrochemistry. Mechanistic studies have shown that the

composition and structure of the passivation layer are key to
reversible Ca plating/stripping.14 Accordingly, additive-driven
SEI engineering, including boron-based functional additives,
has emerged as an effective approach to enable Ca electro-
chemistry.11,15,16

More generally, this passivation challenge is not unique to
Ca; Mg metal anodes exhibit similar reactivity, and Song et
al.17 recently introduced an in situ electrolyte-formation
strategy via spontaneous reaction at the Mg metal surface
during cell assembly. Similarly, we recently showed that Ca
metal anodes, under appropriate solvation conditions, can
sustain stable cycling in symmetric Ca∥Ca cells without
predissolved Ca salts,13 suggesting in situ generation of Ca2+-
containing charge carriers and, consequently, electrolyte
formation driven by calcium’s surface reactivity.
Building on these insights, we designed a Ca-free precursor

solution that leverages Ca-metal interfacial chemistry to
generate an electrolyte directly from Ca metal upon contact,
either during coin cell assembly (in situ) or outside the cell (ex
situ) by soaking the Ca-foil in the precursor solution. The
precursor comprises tris(2,2,2-trifluoroethyl)borate (B-
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(Otfe)3;Otfe = OCH2CF3) and 2-methoxyethylamine
(MOEA) in 1,2-dimethoxyethane (DME). B(Otfe)3 has
previously shown promise in supporting Ca plating/strip-
ping;11 here it is used as a borate-based reactive component
expected to contribute to electrolyte and interphase formation,
while MOEA is introduced to enhance the kinetics by
optimizing the Ca2+ solvation.18 To this end, we combine

electrochemistry, spectroscopies, and density functional theory
(DFT) calculations to connect electrolyte behavior with
solution speciation, interphase composition, and finally
reversible Ca electrochemistry.
To correlate electrochemical performance with electrolyte

chemistry, we first evaluate the in situ−formed electrolyte in
Ca∥Au and Ca∥Ti coin cells and corroborate Ca deposition

Figure 1. Electrochemical performance and characterization of Ca half-cells using the B(Otfe)3 + MOEA in DME precursor. (a) CV of a Ca||Au
coin cell. (b) Selected charge−discharge cycles of Ca||Ti coin cells at 0.5 mA/cm2. (c) Corresponding coulombic efficiency of panel b, with the
inset showing voltage−time profiles. (d) SEM image and EDX elemental map of Ca deposited on Ti at 0.1 mA/cm2 for 4 h.

Figure 2. Comparison of electrolyte preparation routes and beaker-cell validation. (a) Conventional method. (b) Ca-metal-activated route (this
work). (c) Beaker-cell configuration and representative CVs at 50 mV/s showing that the precursor solution is largely inactive, whereas the Ca-
soaked (recovered) solution/electrolyte exhibits redox activity at a Au working electrode.
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using SEM/EDX. We then probe precursor-to-electrolyte
conversion and interphase formation via FTIR spectroscopy
(with the analysis supported by DFT calculations) and XPS.
Finally, we evaluate cycling stability in Ca∥Ca symmetric and
Ca∥PTCDI (perylene-3,4,9,10-tetracarboxylic acid diimide)
full-cell configurations to assess the in situ−formed electrolyte
for CMBs. Additional experimental details are provided in the
Supporting Information (SI).
We began by investigating Ca metal electrochemistry in

B(Otfe)3 in DME and separately in MOEA in DME in order to
better understand the contributions of each component
individually. Cyclic voltammetry (CV) using Ca∥Au coin
cells revealed no indications of Ca plating or stripping (Figure
S1), indicating that neither component alone is sufficient.
When B(Otfe)3 and MOEA were combined in a 1:2 (v/v)
ratio (see Design Rationale in the SI), however, the CV
revealed characteristic signatures of reversible plating/stripping
(Figure 1a). To further evaluate this electrochemical behavior
and assess its reproducibility on alternative substrates, we
performed CV (Figure S 1d) and galvanostatic cycling (GC)
using titanium (Ti) electrodes (Figure 1b). The GC of Ca∥Ti
cells showed stable plating/stripping at 0.5 mA/cm2 with a
capacity of 0.25 mAh/cm2, maintaining performance for 40
cycles with a coulombic efficiency (CE) reaching up to 80%
(Figure 1c). Notably, even at a higher current density (1 mA/

cm2) and lower areal capacity (0.05 mAh/cm2), the cells
cycled stably for 200 cycles, with over 85% CE (Figure S2a).
Hence, the synergistic interaction between B(Otfe)3 and
MOEA enables stable and reversible Ca plating/stripping,
remarkably without the addition of any Ca-salt to the solution.
To confirm that the observed electrochemical activity

corresponds to actual Ca plating, we performed SEM analysis
after constant-current plating on a Ti substrate. A ring-shaped
pattern of deposits was observed and identified as Ca via EDX
mapping (Figure 1d). Similar morphologies were also found on
Au substrates (Figure S3), supporting Ca plating on different
substrates.
We next assessed electrolyte formation ex situ by soaking a

Ca metal foil in the precursor solution and recovering the
resulting solution/electrolyte (Figure 2). This serves two
purposes: (i) it enables controlled exposure of the Ca foil and
evaluation of the emergent electrolyte in a conventional three-
electrode beaker cell (Figure 2c), and (ii) it provides samples
for electrolyte-structure analysis via FTIR spectroscopy (Figure
3). The recovered solution/electrolyte was first evaluated in
the three-electrode beaker-cell configuration (Figure 2c) and
compared with the CV response of the precursor solution
(control). While the beaker-cell CV differs in some features
from the coin-cell response (Figure 1a), the recovered
solution/electrolyte exhibits reversible redox behavior con-

Figure 3. (a) DFT-optimized structures of borate, Ca2+−borate, and Ca2+−MOEA species. (b) DFT-calculated artificial FTIR spectra in the CH2
rocking region for borate and Ca2+−borate species. (c, d) Selected FTIR spectra regions of the precursor solution before and after Ca contact,
compared with a conventional electrolyte (0.1 M Ca(TFSI)2 in precursor solution). (e, f) Raw B 1s and F 1s XPS spectra of Ca foil after soaking in
the precursor solution.
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sistent with Ca plating/stripping, in line with prior reports on
related aluminate-based electrolytes.9 In contrast, the precursor
solution shows only continuous reductive decomposition with
no corresponding redox features. Analogous experiments with
Mg are shown in Figure S4.
With reversible electrochemical activity established both in

situ and ex situ, we next elucidate how the precursor solution
reacts with Ca metal by combining FTIR spectroscopy with
DFT-calculated vibrational spectra to first determine the
solution speciation. In parallel, XPS was used to characterize
the resulting interphase composition.
Our first working hypothesis was that B(Otfe)3 is converted

upon contact with Ca metal into a tetrakis(2,2,2-
trifluoroethoxy)borate anion, [B(Otfe)4]−, which then can
form Ca-borate contact ion pairs (CIPs), [Ca−(B(Otfe)4)]+.
This hypothesis is supported by Mg-electrolyte literature
showing that B(Otfe)3 can be converted to [B(Otfe)4]− via in
situ (one-pot) synthesis.19,20 Using experimental FTIR spectra,
DFT-optimized structures and corresponding artificial spectra
(Figure 3a−d, Table S1, Figure S5) we first found computa-
tionally that the characteristic CH2 rocking band for B(Otfe)3
at 970 cm−1 is shifted to 960 cm−1 for [B(Otfe)4]− and for
[Ca(B(Otfe)4)]+ the artificial spectrum exhibits two broadened
features at 952 and 960 cm−1 with a shoulder near 965 cm−1,
indicating multiple, perturbed CH2 environments upon Ca2+−
anion ion pairing (Figure 3b).
Experimentally, the B(Otfe)3 + MOEA in DME spectrum

shows a band at ∼963 cm−1, which upon contact with Ca
evolves into a broad, high-intensity envelope centered near 960
cm−1 and spanning ∼950−975 cm−1, suggesting formation of
both [B(Otfe)4]− and [Ca−(B(Otfe)4)]+ CIPs (Figure 3c).
There are additional bands in the 800−910 cm−1 region that

emerge after Ca contact; the distinct peak at 820 cm−1 is
assigned to an asymmetric B−O stretching + symmetric C−
C−F bending mode vibration of [Ca(B(Otfe)4)]+ (calcd. 824
cm−1) while the peak at 893 cm−1 is assigned to Ca2+−MOEA
coordination (calcd. 882 cm−1), whereas the weak shoulder
near 865 cm−1 likely includes a Ca2+−DME coordination

contribution. The above assignments are further supported by
FTIR spectra of conventional “salt-in-solvent” electrolytes,
whereas 0.3 M Ca(TFSI)2 in DME exhibits a band at 867 cm−1

(Figure S6b) and 0.3 M Ca(TFSI)2 in neat MOEA shows a
corresponding band at 895 cm−1 (Figure S6a).
We stress that no such spectral changes were observed when

Ca metal was contacted separately with B(Otfe)3, MOEA, or
DME; they emerged only for the precursor solution, and as this
aligns with the observation of reversible Ca plating/stripping,
this indicates that the combined B(Otfe)3−MOEA formulation
stabilizes Ca2+ in solution and enables reversible Ca electro-
chemistry.
In addition, the ν(N−H) mode region provides evidence for

Ca2+−MOEA coordination; the band shifts from 3380 cm−1 in
MOEA to ∼3430 cm−1 (Figure S5). Similar ν(N−H) shifts
have been reported for amide-based electrolytes21 and are also
supported by our DFT calculations.
Overall, these observations support that B(Otfe)3 decom-

poses at the Ca metal surface to form borate species, while
MOEA stabilizes Ca2+ in solution, thereby forming an
electrolyte that enables reversible Ca plating/stripping
(Scheme 1). DME acts primarily as a diluent, moderating
the reactivity of Ca and suppressing excessive decomposition;
without DME, the precursor exhibited unusually high cathodic
current densities, consistent with severe reductive decom-
position, although plating/stripping-like features were initially
observed in the CV (Figure S7a).
To probe interphase chemistry during static conditioning,

Ca∥Ti coin cells were assembled and rested at open circuit
voltage (OCV) for 2 h before disassembly, and X-ray
photoelectron spectroscopy (XPS) was performed on the
retrieved Ca metal anodes. The resulting spectra reveal borate-
derived and fluorine-containing surface species; the B 1s region
(192−193 eV) is consistent with B−O/B−OR environments
(Figure 3e), in agreement with literature,14 and the F 1s
envelope (Figure 3f) comprising a feature at 688−689 eV and
another at ∼684.5 eV, is attributed to organic C−F (e.g.,
−CF3) from Otfe-derived fragments and/or residual borate

Scheme 1. Ca-Metal-Driven Electrolyte Formation and Operationa

aLeft: At OCV, the precursor solution reacts at the Ca metal anode to generate a Ca2+-conducting electrolyte and a B−O-based interphase. Right:
Under galvanostatic conditions, the in situ formed electrolyte enables Ca plating on Ti.
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species and to CaF2, respectively.14,17 Both features are
consistent with interphase growth driven by Ca/precursor
interfacial redox chemistry.
To explore the prospects of constructing CMBs with these

electrolytes, we assessed their performance in symmetric
Ca∥Ca and full Ca∥PTCDI coin cells, with a focus on how
OCV rest periods prior to cycling influences cell behavior.
Consistent with the half-cell results, the CV of Ca∥Ca cells
using the in situ−formed electrolyte displayed characteristic
features associated with Ca plating/stripping (Figure 4a;
Figure S8−S10), in line with previous reports.22,23 Notably,
introducing a 2 h OCV rest period markedly increased the
current density, suggesting more effective interfacial condition-
ing of the electrodes, which is reflected in the galvanostatic
Ca∥Ca cycling at 0.1 mA/cm2 and 0.2 mAh/cm2, which
proceeds with low polarization and reaches an initial
overpotential of ca. 0.05 V (Figure 4c) �among the lowest
reported to date for Ca metal cycling. However, after ∼60 h of
cycling, the overpotential has close to doubled, pointing to a
progressive buildup of a resistive interphase. As the interphase
formation is highly sensitive to conditioning, we foresee
possibilities to optimize it by adjusting the precursor solution
formulation, for example, by altering concentrations or
introducing additives such as iodine.11,17 Moreover, the rate
capability (Figure S11) is comparable to that of a CaI2-based
electrolyte, but with noticeably lower polarization.11 Having
established reversible Ca plating/stripping in half- and
symmetric-cell configurations, we turn to Ca∥PTCDI full
cells. We start by assessing the anodic stability of the carbon-
coated Al (CCAl) current collector by linear sweep

voltammetry (LSV) using Ca∥CCAI cells which shows
minimal oxidative current up to ∼3.5 V (Figure 4b). With
this adequate anodic stability of CCAl we progress to
Ca∥PTCDI full cells. The CV displays characteristic features
in the 1.5−3.0 V range, suggesting reversible Ca2+−PTCDI
redox chemistry. The electrochemical response remains
qualitatively similar over the initial cycles (2nd-5th), but
diminishes upon extended cycling (50th cycle), due to loss of
active PTCDI by dissolution into the electrolyte, a well-known
challenge for organic cathode active materials.13,24 Moving to
low-temperature (−10 °C) operation may suppress the
PTCDI dissolution and thus improve cycling stability, as
some of us have reported upon elsewhere.13 Here the
Ca∥PTCDI full cell exhibited stable cycling at a C/20 rate at
−10 °C (Figure 4d) and the corresponding voltage profiles
closely resemble those reported by Hou et al.11 (Figure S12).
Furthermore, using the precursor solution with Li, Mg, and

Al metal anodes suggest that the here demonstrated reversible
electrochemistry can be generalized (Figure S13). In addition,
it was also found to operate effectively using THF as solvent,
resulting in similar Ca plating/stripping profiles (Figure S14),
and likewise with an alternative amine in place of MOEA
(Figure S7b).
In conclusion, we present a calcium−metal-driven electro-

lyte design strategy that enables stable calcium plating/
stripping. Here Ca metal functions both as the negative
electrode and as the sole source of Ca2+, making an in situ
generated electrolyte, thereby eliminating the need for any
costly synthesis of moisture-sensitive Ca-salts. The interfacial
redox chemistry between Ca and a borate−amine precursor

Figure 4. (a) CV of symmetric Ca||Ca coin cells at room temperature (RT). (b) CV of Ca||PTCDI and LSV of carbon coated Al (CCAl) current
collector. (c) GC of symmetric Ca||Ca cells at 0.1 mA/cm2 and 0.2 mAh/cm2 at RT. (d) Selected charge−discharge cycles of Ca||PTCDI full cells
at −10 °C.
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solution produces both a relatively stable CaF2/borate-based
interphase and Ca-containing solution species, including
Ca2+−Borate and Ca2+−MOEA complexes (i.e., creating an
electrolyte), which together enable reversible Ca electro-
chemistry. More broadly, this work highlights the promise of
interphase-reaction-driven electrolyte engineering and moti-
vates further systematic exploration of the borate−amine
chemistry, which could unlock new possibilities for multivalent
metal anodes, with direct implications for the advancement of
CMBs and beyond.
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