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1. ABSTRACT

Ca metal anode suffers from surface passivation and struggles to effectively plate and strip
in conventional Ca electrolytes, making the development of alloy anode for calcium ion battery
essential. This work captures the electrochemical formation and reversibility of Ca-Sn anode with
the synchrotron transmission X-ray microscopy (TXM). In particular, calciation of Sn proceeds in
a core-shell manner with Ca reacting with the outer surface of Sn, leading to a distribution of
Ca,Sn, phases accompanied with the stress-induced cracking. Findings reveal the first-time report
of the formation of a metastable, deep- calciated Sn phase at low electrochemical voltages. The
findings offer novel insights into the phase transformations of Sn during calciation. This research
contributes to the development of more robust and efficient energy storage systems, supporting
the transition towards alternative battery chemistries beyond lithium-ion technology.
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Rapid growth of the electric vehicle (EV) industry demands high-performance, cost-
effective, and safe energy storage solutions. While lithium-ion batteries (LIBs) currently dominate
the market, their limitations in terms of resource availability and energy density necessitate the
exploration of alternative battery chemistries. Research efforts are increasingly focused on post-
lithium battery systems (PLIBs) that utilize earth-abundant, environmentally benign materials.!
Multivalent battery chemistries offer potential advantages over traditional LIBs due to their multi-
electron redox capabilities, translating into a significant energy density increase.”* Among the
currently explored multivalent battery systems, Ca stands out as a promising contender, being the
fifth most abundant element in the Earth's crust (3.63 wt% vs. 0.0065 wt% for Li), possessing a
low reduction potential (—2.87 vs. Standard Hydrogen Electrode) and high volumetric capacity of
2073 mAh c¢cm3.5¢ However, Ca ion batteries (CIBs) face significant challenges due to the
formation of an ionically insulating passivation layer on the Ca metal anode.”~® This significantly
impacts the cycling stability of CIBs, making them impractical for real-world applications.
Utilizing an alloy-type anode presents a promising avenue for enhancing the performance of CIBs,
circumventing passivation issues, and improving volumetric capacity.>!%!! Sn has shown the
ability to electrochemically alloy with Ca at a low decalciation/calciation potential of 0.53 V vs
Ca.!% The formation of the deep calcination phase Ca,Sn, if achieved electrochemically, can
deliver a theoretical capacity of 903 mAh g '.1° Lipson et al. employed elemental tin as an anode
paired with a manganese hexacyanoferrate (MFCN) cathode, demonstrating reversible calciation
of tin in a nonaqueous electrolyte.'> However, the cell displayed a low discharge capacity of 40
mAh/g and experienced a 50% capacity decay after 35 cycles.!> Wang et al. demonstrated a stable
room-temperature performance of CIBs using Sn foil as the anode and graphite as the cathode.
This cell setup retained 95% of its capacity after 350 cycles, with Ca;Sns identified as the
reversible phase.!? In another study, a hybrid Ca-ion system was introduced, featuring a capacitor
component cathode paired with a Sn foil anode.!# This system exhibited a reversible capacity of
92 mAh g ! along with good rate performance and cycle stability, maintaining a capacity retention
of 84% over 1000 cycles.'* Fichtner et al. introduced a full cell comprised of a quinone-based
polymer cathode and a Ca-Sn alloy anode, which retained a capacity of 78 mAh g relative to the
organic cathode.!> Results uncovered the transformation of dealloyed Sn into CaSn; during
subsequent alloying cycles, illustrating reversible calciation/decalciation.'s

While Sn-based Ca systems have demonstrated improvements in rate and cycling
performance in CIBs, there is a need to understand and explore the electrochemical alloying
mechanisms and properties of Sn anode. Many questions remain unanswered, particularly
concerning the structural evolution of the Sn anode during calciation and the distribution and
transformation of Sn-Ca phases within the anode. To gain deeper insights into the microstructural
and chemical dynamics during the calciation/decalciation processes of Sn, this work highlights
research findings that employ the synchrotron transmission X-ray microscopy (TXM, Brookhaven
National Lab's beamline 18ID) to capture the electrochemical formation and reversibility of Ca-
Sn phases. Supported by the detailed 3D quantitative analysis and the correlation with
electrochemically discharge/charge of Sn-Ca, our findings visualize the structural and chemical
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evolution within Sn particles upon reversible electrochemical calciation process. In particular, we
report for the first time the formation of a metastable, deep-calcinated Sn phase at low voltages
versus Ca.

Electrochemical Calciation Versus Lithiation of Sn: The comparison between the cyclic
voltammetry (CV) profiles of Sn calciation versus lithiation from Figure 1 highlights the distinct
electrochemical behaviors of Sn alloy process. The Sn calciation in a 0.5 M Calcium(II)
bis(trifluoromethanesulfonyl)imide (Ca(TFSI),) in tetrahydrofuran (THF) electrolyte is presented
in Figure 1a, where the initial CV displays less pronounced redox peaks as compared to further
cycles (CV #4), suggesting the activation of Sn particles. The low initial Coulombic efficiency
(CE) of 56 % further suggests the structural transformations and formation of a solid electrolyte
interphase (SEI) layer at the Sn interface that causes irreversible Coulombic loss. Electrochemical
alloying of Sn-Ca occurs within the voltage range of 0.7 V-0.2 V vs Ca?*/Ca. Specifically, peaks
at 0.64 V, 0.4V, and 0.2 V are attributed to the calciation of surface SnO, alloying of Ca with Sn,
and deeper calciation leading to Ca,Sn, phase formation, respectively. The electrochemical
alloying of Sn with Ca below 0.5 V involves the formation of metastable or intermediate Ca-Sn
phases, while further calciation below 0.3 V results in Ca,Sn, phase formation. Additionally, three
distinct oxidation peaks at 0.71 V, 0.84 V, and 0.91 V are attributed to the dealloying of Ca,Sn,
phases (Figure 1a). The increase in CE from 56% (initial CV) to 99% (CV#4) suggests good
reversibility of the electrochemical alloying/dealloying of Ca,Sny. In contrast, the lithiation of Sn
in the LiPF¢/EC:EMC (3:7 by wt%) presents redox peaks occurring at different voltages as
compared to the Sn in Ca/THF (Figure 1b). A minor peak at 0.61 V on discharge is observed,
corresponding to the lithiation of surface SnO and early stages of the Li—Sn alloying process (LixSn,
x < 1). Notably, an increased discharge current at potentials below 0.38 V indicates the formation
of the highly lithiated phases, likely Liy4Sn and Li, 33Sn, as evidenced by the broad peak at 0.3 V
with peak current at 0.17 V.'®!7 This distinction in the CV profiles between the Sn cycled in
Ca/THF and in LiPF¢/EC:EMC underscores the distinct voltage peaks associated with calciation
and lithiation processes in Sn electrodes.

Ex Situ X-Ray Diffraction of Pristine and Calciated/Decalciated Sn: The diffraction pattern
measured for the pristine Sn electrode exhibits intense peaks for metallic Sn at 30.7°, 32.1°, 43.9°,
and 45.0°, and metallic Cu of the current collector at 43.4° (Figure 1c¢). Upon discharge of Sn to
0.2 V in the 0.5 M Ca(TFSI),/THF electrolyte, a set of new reflections (indicated by [1) are
observed for the calciated electrode and indicates the formation of a calciated phase. These new
reflections disappear when the electrode was charged back to 2.0 V, which shows the reversible
nature of the formed calciated phase. Attempts to assign these new reflections to known phases
have not been successful. These new peaks do not match any of the known existing stable Sn-Ca
binary phases or CaSnOj; (Figure S1-S2).!31819 The broadness of new peaks observed in the
calciated Sn XRD pattern (Figure 1c¢) indicates possible structural disorder or the formation of
small domains of Sn-Ca. It is possible that this unknown phase is metastable and only formed
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electrochemically. Nevertheless, the XRD data provide direct evidence for the reversible formation
of a crystalline phase during electrochemical decalciation of the Sn powder.
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Figure 1. (a) Representative cyclic voltammetry (15t and the 4 cycle) with Sn as WE and Li as
RE/CE in a 3-electrode Swagelok cell. A 0.5 M Ca(TFSI), in THF is used as electrolyte, voltage
is scanned from 2.5 V to 0.2 V at 0.001 V/s; (b) Representative cyclic voltammetry (1% and the 4™
cycle) with the same electrochemical cell setup in a 1.2 M LiPF¢/EC:EMC electrolyte. Voltage is
scanned from 1.8 V to 0.005 V at 0.001 V/s. Coulombic efficiencies (CE) are presented on the CV
curves; (¢) Ex situ XRD of the pristine Sn laminate, discharged (0.2 V, orange) Snina 0.5 M
Ca(TFSI), in THF electrolyte, and charged Sn (2.0 V, blue). The symbol “*” indicates the new
peaks appearing upon discharge. Intensities are plotted on a logarithmic scale.

Imaging and Elemental Mapping of the Electrochemically Alloying of Sn and Ca: The SEM
images in Figure 2 reveal morphological changes in the Sn laminate electrode upon discharge
(calciation) in the Ca electrolyte. The SEM in Figure 2a shows pristine Sn laminate, which is
comprised of spherical Sn particles embedded within a laminate coating containing carbon powder
and PVDF binder. These spherical particles feature smooth morphology, free of cracks, and are
evenly distributed across the electrode surface. In contrast, the discharged (calciated) Sn electrode
in Figure 2b shows a rougher surface morphology with particles featuring cracks caused by the
formation of Ca,Sny phases at 0.4 V. The Sn particles appear larger, suggesting that the calciation
process induces volume changes within the electrode material, leading to the formation of cracks
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and increased porosity. The presence of cracks could be attributed to the reactions between Sn and
Ca during calciation, resulting in the formation of Ca,Sn, phases, as observed in the XRD spectra
in Figure 1c. The formation of these new phases could lead to stress within the electrode material,
causing the observed cracking. Additionally, the volume changes associated with the phase
transformations during calciation could contribute to the formation of cracks. The EDS analysis of
the calciated Sn in Figure 2¢ provides insights into the elemental composition. The observation of
Sn, O, and Ca is consistent with the existence of tin, tin oxides, and calciated tin phases. The
observed spatial distribution of the Ca and Sn elemental signals suggests alloying of Ca within Sn
particles.

EDS Layered Image 8

Figure 2. SEM images of (a & a;) pristine Sn laminate; (b & b;) Sn laminate cycled for 6 CVs and
discharged to 0.4 V in Ca(TFSI), electrolyte; (¢ & ¢; — ¢4) EDS of Sn laminate discharged to 0.4
V in Ca(TFSI), electrolyte showing the distribution of Sn, Ca, O, and F elements. The
electrochemical cycling was performed in the Swagelok cell with Sn laminate as WE and Li metal
as RE/CE in the potential window from 2.5 V to 0.2 V at 0.001 V/s; after 6 CVs, the cell was
discharged to 0.4 V at a constant current of -40 pA.

Void-to-Particle Area of Calciated Sn: Figure 3 depicts the virtual slices of the reconstructed Sn
particles obtained through X-Ray tomography of pristine Sn particle and calciated Sn discharged
in 0.5 M Ca(TFSI), in THF at 0.6 V, 0.4 V, and 0.2 V. These images reveal a strong correlation
between the calciation stage and its morphological evolution such as the crack formation and
volume expansion. The pristine Sn particles are initially spherical and crack-free (i.e., no void);
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however, decreasing discharge voltage from 0.6 V to 0.2 V drives the formation of Ca,Sn, phases,
where the void-to-particle area ratio progressively increased from 14% at 0.6 V to 25% at 0.4 V,
and 45% at 0.2 V (Figure 3e). The Sn-Ca alloy formation starts from the Sn particles’ outer surface
and propagates into the particle’s interior, which is supported by the core-shell mechanism. The
crack-free core observed at the initial calciation voltage of 0.6 V (Figures. 3b&f) and the
intermediate voltage of 0.4 V (Figures. 3c&g) suggests a gradual stress gradient within the Sn
particle. At the lowest voltage of 0.2 V (Figures. 3d&e), extensive cracking throughout the whole
particle is observed with a significant increase of the void-to-particle ratio to 45% (versus 14% at
0.6 V), corresponding the disintegration of the entire Sn particle by stress-driven crack propagation.
Additional cross-section virtual slices of calciated and decalciated Sn particles are presented in
Figures S3 and S4 and show similar trend. These findings reveal the critical effect of calciation
on the structural integrity of Sn particles during discharge in Ca electrolyte.
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Figure 3. (a) Ex situ X-Ray tomography of Sn particles. A cross-section of (a) pristine and
discharged Sn in a 0.5 M Ca(TFSI), in THF electrolyte at (b) 0.6 V, (c) 0.4 V, (d) 0.2 V; (e) Void-
to-particle area ratio based on the analysis of multiple particles (>5) from each discharge state; (f-
h) Void-to-particle area with color contrast indicating the area of the voids (red) for calciated Sn
particle at the corresponding state of discharge.

Phase Distribution of the Electrochemically Alloying of Sn and Ca: The transition from pristine
Sn particle to calciated Sn unveils a distinctive core-shell architecture as seen in Figure 4. The
false-colored orange core signifies pristine Sn (Figure 4e), while the green color in Figure 4f-h
denotes the formation of Ca,Sny phases. A green CaxSn, phase forms around the remaining orange
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Sn core. This distinct color difference suggests a core-shell morphology, where calciation
progresses from the outer surface inwards, suggesting that Ca ions readily react with Sn on the
outer surface, forming Ca,Sn,. This discernible core-shell morphology suggests a non-uniform and
a heterogeneous spatial distribution of phases arising from the alloying process between Ca and
Sn at discharge. The concurrent cracking and fragmentation propagating from the green shell
toward the orange core, is attributed to the large lattice mismatch at the reaction front between the
surface Ca,Sny, phases and unreacted Sn core, which induces stress within the particle and
ultimately leads to stress-induced cracking.?0-23

The chemical compositional change can be characterized by the linear attenuation
coefficient, which is dictated by the material's composition and mass density.?* The attenuation
coefficient is expected to decrease linearly with Ca atomic fraction for the Ca-Sn binary phases
(Table S1 and Figure S5). Figure 5 shows the histogram of the attenuation coefficient of all
voxels in the reconstructed models for the pristine Sn electrode and calciated electrodes discharged
t0 0.6 V,0.4 V,and 0.2 V. These voltages correspond to the distinct discharge stages characterized
by the CV peaks in Figure 1a. The histogram shows a bimodal distribution of the attenuation
coefficients for all samples being investigated: one mode centers around zero and is attributed to
the less absorbing phases that include carbon black, binder, and electrolyte; the other mode centers
at a higher attenuation coefficient and is attributed to the more absorbing phases of Sn and Ca,Sn,.
For the pristine Sn electrode, the attenuation coefficient for pure Sn particles is centered at 0.182
um!. Upon discharge to 0.6 V, the Sn attenuation coefficient peak disappears while a new peak
emerges at 0.125 um™!' (equal to 70% of the voxel value of pure Sn). It must be noted that the
measured attenuation coefficient only corresponds to the lower bound for a specific phase because
voids smaller than the dimension of the voxel/pixel cannot be resolved. Therefore, this peak at
0.125 um! is consistent with the formation of the CaSn; phase, whose attenuation coefficient is
80% of that for pure Sn. The attenuation coefficient for the more absorbing phase(s) shifts to 0.106
um-! at 0.4 V, which can be attributed to the further calciation of multiple Ca,Sn, phases with a
higher Ca concentration than CaSn;. It is worth noting that the discharged state at 0.2 V results in
the complete disappearance of the Sn peak and the appearance of a new peak at 0.053 um! (equal
to 30% of the attenuation coefficient of pure Sn), possibly attributed to the fully calciated Ca,Sn
phase. The attenuation coefficient for Ca,Sn is 40% of Sn and is consistent with this new peak at
0.053 um-!. The newly formed Bragg peaks for the electrode discharged to 0.2 V do not match any
known stable Ca,Sny phases, therefore, such fully calciated phase is likely to be metastable. Upon
decalciation, the particle undergoes a reconstructive transformation (Figure S3). This
transformation can involve the reorganization of the Sn atoms as the calcium ions are extracted,
potentially leading to a healing process where the Sn structure attempts to revert to its original or
anew stable form. However, the decalciated Sn particle has a porous interior due to the incomplete
return to the pristine state leading to residual voids. A similar self-healing process was observed
during the initial desodiation of Sn, where despite significant volume shrinkage, negligible
structural pulverization or damage was observed after the first Na-ion extraction.?! In contrast, in
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analogous LIB with Sn anode, mechanical degradation with drastic morphology changes occurred
mainly during the first delithiation process, not the first lithiation. These structural changes and
self-healing during the initial calciation-decalciation of Sn may favor the microstructural stability
in subsequent electrochemical cycles.
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Figure 4. (a-b) X-Ray Tomography with 3D view of (a) pristine Sn; (b) calciated Sn at 0.6 V, (c)
calciated Sn at 0.4 V, (d) calciated Sn at 0.2 V; (e-h) False colored cross-section images of
pristine Sn and Sn calciated at 0.6 V, 0.4 V, and 0.2 V voltage states to show Ca,Sn, phases and
their distribution within Sn particle.
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Figure 5. (a) X-ray attenuation coefficient histograms during electrochemical calciation of Sn;
(b) simulated attenuation coefficient for various Ca-Sn phases.

The investigation into the electrochemical behavior and structural and phase evolution of
Sn electrodes during calciation/decalciation processes offers new and exciting insights into the
intricate mechanisms underlying Sn-based CIB systems. First, the confirmation of reversible
alloying/dealloying processes involving Sn and Ca is reported, providing crucial evidence of the
practical applicability of Sn-based anode as a viable material for high-performance and
environmentally friendly Ca-based battery systems. The transformation of Sn electrodes into
calciated Sn upon deep discharge, evidenced by ex-situ X-ray diffraction and X-ray tomography,
highlights the formation of new metastable phases with a higher calciation level than CaSnj.
Applying ex-situ X-ray nanotomography to visually and quantitatively understand the structural
changes and phase distribution during calciation of Sn presents a novel approach that is less
documented in current studies, particularly within CIB systems. Nanotomography analysis reveals
the transformation of Sn electrodes into highly calciated Ca,Sny (x/y > 1/3) phases upon deep
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discharge, complemented by insights into how specific alloy phases formed at various discharge
stages contribute to structural evolution and the stress-induced formation of cracks within Sn.
Chemical analysis using X-ray attenuation coefficients quantitatively measures the extent of
calciation, providing new and previously unreported insights into the phase transformations in the
calciation process of Sn particles. Using 3D quantitative analysis and linking it with the
discharge/charge of Sn in Ca/THF electrolyte, this research demonstrates a detailed structural and
chemical evolution of Sn particles upon calciation, highlighting the electrochemical reversibility
of the development of improved Ca-ion batteries with Sn anode.

EXPERIMENTAL METHODS

Electrode and Electrolyte Preparation: Sn electrodes were prepared by mixing as-received
Sn powder (20 um, >99.95%, US Research Nanomaterials, Inc.) with 12% polyvinylidene fluoride
(PVDF) in I-methyl 2- pyrrolidinone (NMP, Sigma Aldrich) and carbon black (Timical) at a
weight ratio of 80:10:10 to make a slurry. The slurry was coated on a Cu foil current collector
(thickness: ~9 um) and carbon paper by a doctor blade method and then dried overnight in an oven
at 110 °C under vacuum. The resulting laminate had a thickness of 100 um. The electrolyte
solution was prepared from 0.5 M Calcium(II) bis(trifluoromethylsulfonyl)imide (Ca(TFSI),,
Solvionic, France) dried overnight in the vacuum oven (Buchi, Sweden) at 150° C and dissolved
in a tetrahydrofuran solvent (THF, Sigma Aldrich). The Gen2 electrolyte (1.2 M LiPFg in 3:7 by
weight ethylene carbonate (EC) and ethyl methyl carbonate (EMC)) was used as received
(Tomiyama High Purity Chemical Industries Ltd, Japan).

Electrochemical Testing: A Swagelok half-cell was assembled using the Sn electrode as
a working electrode, a glass fiber separator (GF/A, Whatman), and a Li metal (99.9%, Goodfellow)
as a counter and reference electrode in an Ar-filled glovebox (Vacuum Technology Inc.) with H,O
and O, under 0.1 ppm. The electrochemical cyclic voltammetry was conducted in the voltage
window from 2.5 V to 0.2 V (vs Li/Li") at a scan rate of 1 mV/s and controlled by the Potentiostat
(Princeton Applied Instruments). The charge/discharge was performed at a constant current of 40
LA until the cell was discharged to voltages of 0.6 V, 0.4 V, and 0.2 V and charged to 2.0 V. Data
acquisition for the electrochemical measurements was performed using Versa studio.

Transmission X-Ray Microscopy (TXM): Ex situ X-ray nanotomography was performed using
full-field transmission X-ray microscopy (TXM) at beamline 181D at the National Synchrotron
Light Source II (NSLS II) at Brookhaven National Lab (BNL). For each electrochemical calciated-
decalciated Sn, a nanotomography data set was collected with 8 keV X-rays, using 540 projections
over an angular range of 180° with a field of view of 40 x 40 um. The pixel size was 40 x
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40 nm. The tomography of 15-20 particles was collected from each Sn anode sample, and statistics
were taken. Histogram calculation and normalization of attenuation coefficients were performed
as adapted from previously reported studies.?* Following reconstruction, the resulting tomograms
provided 3D grayscale images, where each voxel's grayscale value (®) represents the relative X-
ray attenuation at that location. To extract absolute attenuation coefficients (p), histograms were
generated from selected regions of interest (ROIs) containing both Sn particles (or calciated Sn
particles) and the background containing carbon black and binder. The histograms captured the
grayscale distribution within the ROI and displayed two distinct peaks: one corresponding to the
high-attenuation Sn phase and the other to the low-attenuation carbon-rich background.
Theoretical attenuation coefficients were calculated using known mass attenuation coefficients and
material densities,? with elemental Sn representing the Sn phase and elemental carbon used as an
approximation for the background. These calculated values were then assigned to the grayscale
peak positions in the histogram. With these two reference points - grayscale value and attenuation
coefficient - a linear normalization function was derived:

wWw)=am+b

with a=13.051 um! and b = 0.0082 um-!. The normalization function enabled the conversion of
grayscale values throughout the tomograms into absolute attenuation coefficients, allowing for
quantitative analysis of material composition.

X-ray Diffraction (XRD) and Scanning Electron Microscopy (SEM)/Energy-Dispersive X-Ray
Spectroscopy (EDS) Analysis: The surface morphology and chemical mapping analysis of the Sn
electrodes before and after electrochemical charge/discharge was performed with a field emission
scanning electron microscope (FESEM, ZEISS Sigma 500, Germany) at an acceleration voltage
of 5-10 kV. Sn anode was discharged in a 2-electrode Swagelok cell with a 0.5 M Calcium(II)
bis(trifluoromethanesulfonyl)imide (Ca(TFSI),) in tetrahydrofuran (THF) electrolyte and held at
0.2 V vs Li*/Li for 1 hr. The elemental analyses were conducted with the SEM equipped with an
energy-dispersive X-ray spectroscopy detector (EDS, Oxford Instruments, UK) at the acceleration
voltage of 15 kV with the data analysis performed by the AZtec software package (Oxford
Instruments, UK). X-ray diffraction (XRD) patterns of pristine Sn and Sn discharged in Ca/THF
electrolyte to 0.2 V were recorded using a Rigaku X-ray diffractometer (Rigaku, Japan) with Cu
Ka radiation. The scan range was from 10° to 80° 20. The XRD spectra was analyzed using the
SmartLab Software.

Supporting Information Available: tabulated X-ray absorption lengths and attenuation
coefficients for stable Sn-Ca binary phases, additional XRD patterns for all known stable Ca-Sn
binary phases at room temperature and simulated Bragg positions for polymorphs of CaSnOs.
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