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ABSTRACT

Calcium batteries are attractive candidates for next-generation energy storage offering both their high theoretical energy
density and the advantage of abundant, naturally available calcium. However, the design of high-voltage positive electrodes
for Ca-ion-containing systems remains challenging, with only few examples reported to date. The main difficulties arise from
the synthesis and ion-storage characteristics of Ca-based materials, as the high polarizing power of Ca** limits diffusion.
Accommodating Ca®* requires flexible or disordered frameworks that facilitate calcium-ion mobility. Herein, we investigate
conjugated carboxyphenolate coordination frameworks (Ca,-M-THBPD; M = Mg?**, Ca’", Ba**; wherein THBPD = 2,2',5,5'-
tetraoxido-[1,1’-biphenyl]-4,4’-dicarboxylate) as amorphous organic positive electrode materials. Ca,-M-THBPD operates above
3.5 V vs. Ca**/Ca (median discharge voltage 3.55 V) with low hysteresis and polarization, enabled by the synergy of amorphous
disorder, enolate-quinone redox activity, and inductive spectator-cation effects. The electrode delivers a discharge capacity of 120
mAh g with a Coulombic efficiency of 99.8%, retaining 75% of its initial capacity after 200 cycles at a C/20 rate. This study
demonstrates, the use of reduced-state conjugated carboxyphenolate frameworks as active materials for high voltage divalent
cation storage, highlighting how spectator cations and framework flexibility influence redox potential and long-term stability in
Ca-ion batteries.

strong electrostatic interactions between Ca?" and host lattices
hinder ionic diffusion, in contrast to the faster transport observed

1 | Introduction

Calcium batteries (CaBs) are emerging as a promising alternative
to lithium-ion technology for large-scale energy storage, offering
advantages in cost, resource availability, and sustainability [1-4].
However, their development remains nascent due to challenges
in electrode design and sluggish ion transport [1-4]. The divalent
nature of Ca?* enables high theoretical volumetric energy density
and competitive gravimetric capacity, while the abundance and
low cost of calcium make this technology economically attractive
and scalable for practical applications [5]. Nevertheless, the

with monovalent Li* or Na‘ ions [2, 6, 7]. The relatively large
ionic radius of Ca’* further demands host structures with wide
diffusion channels to enable efficient intercalation and reversible
redox processes. Collectively, these characteristics impose crit-
ical constraints on the design of high-performance Ca-storage
electrode.

Efforts to develop high-voltage Ca-storage electrodes have pri-
marily focused on inorganic positive electrode chemistries (Table
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SCHEME 1 | Representative redox-active organic compounds and

coordination polymers reported for calcium-ion storage. The oxidized
(Ca**—free) and reduced (Ca?*—coordinated) phases are shown on the
left and right, respectively.

S2) [8-15]. Representative examples include layered chalco-
genides and oxides such as TiS,, [16] V,0s, [17] a-Mo00Os, [18] as
well as spinel-type transition-metal oxides (e.g., Ca,Mn,0,), [19]
and Prussian blue analogues (e.g., MnFe(CN),) [20]. Although
these materials support reversible Ca’* insertion, they exhibit
limited stability (<100 cycles) and poor rate performance due
to sluggish Ca** diffusion and lattice strain-induced structural
degradation [20, 21]. Developing high-voltage, durable inorganic
calcium positive electrodes therefore remains a major challenge,
motivating the exploration of alternative chemistries. Organic
redox-active molecules offer a promising route, featuring tunable
redox potentials, structural flexibility, and lower environmen-
tal impact [22]. Their modular design enables precise control
of redox behavior across Li-ion and multivalent systems [6,
23, 24]. However, only a limited number of organic materi-
als have shown satisfactory Ca-ion storage, while being also
synthesized and assembled in their pristine oxidized states
(Scheme 1, Table S2) which remains unsuitable for practical appli-
cation. For example, perylene-3,4,9,10-tetracarboxylic dianhy-
dride (PTCDA) [25] and poly-1,4,5,8-naphthalenetetracarboxylic
diimide (PNTCDA) [26] operate at relatively lower poten-
tials of 2.3 and 2.0 V vs. Ca/Ca’', respectively. Phenan-
threnequinone (PQ) reversibly stores Ca** via its C=0/C—0
redox at average voltage of 2.75 V, aided by enolization and
structural flexibility [27]. In contrast, poly(anthraquinonyl sul-
fide) - carbon nanotubes (PAQS-CNT) composites [28] were
found to fade rapidly due to surface passivation on Ca metal
anode [29]. Anhydride-based compounds (pyromellitic dianhy-
dride (PMDA), 1,4,5,8-naphthalenetetracarboxylic dianhydride
(NTCDA), PTCDA) show decent initial capacities but rapid decay,
reflecting intrinsic Ca®* cycling challenges [30]. Recently, amor-
phous coordination frameworks, exemplified by Ca-Zn-PTtSA
(PTtSA*", benzene-1,2,4,5-tetra-methylsulfonamide), have been
demonstrated as positive electrodes for CaBs, operating at 3.2 V
vs. Ca?"/Ca with 99% capacity retention over extended cycling
[31]. This work revealed that, unlike crystalline hosts, amorphous
frameworks leverage structural disorder and electronic delo-
calization, which facilitate Ca?* insertion and extraction while
minimizing strain and enhancing ion mobility [32].

Herein, we report amorphous hexa-anionic conjugated
carboxyphenolate frameworks, Ca,-M-THBPD (M = Mg**,
Ca’*, or Ba*"; THBPD = 2,2’,5,5'-tetraoxido-[1,1’-biphenyl]-4,4’-
dicarboxylate) for high voltage and efficient Ca-ion storage.
The materials are synthesized through direct proton exchange
method involving sodium methoxide to yield the sodium form,
followed by cation exchange to incorporate the corresponding
divalent metal ions. In these materials, the spectator cations
(Mg?*, Ca**, or Ba**) coordinate to carboxylate groups, whereas
two Ca?" ions serve as charge compensators by coordinating
to four phenolate sites. The Ca,-M-THBPD positive electrode
operates at 3.5 V vs. Ca’*/Ca, with the high potential enabled
by electronic modulation through the spectator ion effect.
The amorphous nature of the frameworks facilitates Ca®*
extraction/storage, and the ligand core provides a reversible
enolate-quinone redox couple for calcium-ion storage. The
electrode exhibits a discharge capacity of 120 mAh g! with
a Coulombic efficiency of 99.8% at a C/20 rate. These results
establish the first conjugated carboxyphenolate frameworks
for reversible calcium-ion storage, providing a platform for
high-voltage, durable divalent metal-ion batteries.

2 | Results and Discussion

The H,-THBPD redox linker contains two hydrobenzoquinone
groups capable of multi-electron transfer involving up to
four electrons, facilitating the (de)insertion of divalent cations
through enolate-quinone redox transitions. The two carboxylate
groups of THBPD®" stabilize the framework by coordinating
spectator cation, which additionally increases the redox potential
through the inductive (+I) effect [33]. This coordination also
promotes the formation of polymeric frameworks that enhance
storage performance by limiting solubility. Typically, Ca,-M-
THBPD (M?" = Mg, Ca, Ba) was synthesized in a one-pot process
via sequential addition of cation species precursors. The Hg-
THBPD ligand was first deprotonated with sodium methoxide
to yield the sodiated hexaanionic form, followed by stepwise
cation exchange. For Ca,-M-THBPD (M = Mg** and Ba*"), two
Na* ions and the remaining four sodium ions were successively
replaced by one spectator M?** ion and two equivalents of
Ca’* storage cations, respectively. In contrast, for M>* = Ca,
the sodium exchange occurred in a single addition step to
afford Ca,-Ca-THBPD (Figure 1A). Fourier transform infrared
(FTIR) spectroscopy was employed to confirm coordination
between the cation and the ligand, particularly through the
carboxylate (—COO™) and phenolate/enolate (—C—O~) groups.
The disappearance of the O—H stretching bands corresponding
to phenolic (3250-3420 cm™) and carboxylic acid (3100-2700
cm™!) groups, together with the red shift of the carbonyl
stretching band (v.—y) from 1663 cm™ to 1555, 1545, and 1537
cm™! for Ca,-Mg-THBPD, Ca,-Ca-THBPD, and Ca,-Ba-THBPD,
respectively, provides clear evidence of ligand deprotonation and
subsequent metal coordination (Figure 1B). Additionally, the
phenolate v 5/8c_o—y band shifted from 1195 to 1205 cm™ in
all three materials, further supporting proton exchange. Powder
x-ray diffraction revealed that all Ca,-M-THBPD compounds
are amorphous (Figure S1A) which might be attributed to the
strongly basic, kinetically controlled synthesis conditions, as well
as the flexible THBPD ligand, mixed divalent cations, and large
Ca’* ions that collectively hinder ordered crystallization and
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FIGURE 1 | (A) Schematic illustration of the synthesis process of Ca,-M-THBPD (M = Mg?*, Ca**, & Ba’>") from Hy-THBPD. (B) FTIR spectra
comparing Hg-THBPD with Ca,-M-THBPD phases, highlighting shifts in key vibrational bands upon alkali metal incorporation.

efficient packing. The specific surface areas, determined by N,
adsorption at 77 K are 167, 96, and 46 m? g™! for Ca,-Mg-THBPD,
Ca,-Ca-THBPD, and Ca,-Ba-THBPD, respectively, indicating
limited porosity and supporting the formation of compact, low-
order frameworks Figure S1B,C. Scanning Electron Microscopy
(SEM) reveals distinct morphologies with particle sizes of
approximately 100 nm (Figure S1D-F): Ca,-Mg-THBPD forms
dense, compact aggregates; Ca,-Ca-THBPD displays loosely
connected aggregates; and Ca,-Ba-THBPD exhibits hierarchi-
cal, interconnected networks. While this disordered structure
precludes precise structural determination, it is advantageous
for Ca?* storage, as it accommodates ion extraction/insertion
with reduced mechanical strain and enhanced ion mobility.
Thermogravimetric analysis (TGA) reveals that all three Ca,-
M-THBPD positive electrode materials exhibit thermal stability
up to approximately 300°C (Figure S2). Elemental (CH) and
inductively coupled plasma optical emission spectroscopy (ICP-

OES) analyses confirmed the compositions of all studied phases
(Table S1).

2.1 | Electrochemical Calcium Storage in
Ca,-M-THBPD Positive Electrode Materials

Galvanostatic charge-discharge (GCD) studies evaluated the
ability of Ca,-M-THBPD positive electrodes to reversibly release
and store Ca’* under ambient conditions. To limit the blocking
nature and parasitic reactions from Ca metal [34, 35], half-
cells used activated carbon (AC) as both counter electrode (in
large capacitance excess), providing a stable platform to probe
intrinsic electrochemical behavior [36]. Due to its capacitive
(de)adsorption properties, AC enables reliable assessment of
cation (de)insertion. Electrochemical testing of Ca,-Ca-THBPD
positive electrode began with charging, corresponding to Ca**
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FIGURE 2 |

(A) Schematic representation of the cell configuration used to study Ca-ion storage in Ca,-Ca-THBPD positive electrode and an

activated carbon (AC) counter electrode. (B) First two charge-discharge cycles recorded at 0.1 C between —1 and 1 V in cells with activated carbon
counter electrode in 1 M Ca(TFSI),/acetonitrile electrolyte, along with the corresponding potential (V) profile vs. Ca?*/Ca. (C) Differential capacity
(dQ/dV) plot for the first two cycles of Ca,-Ca-THBPD, highlighting the evolution of redox processes.

ions extraction (Figure 2A,B; Figure S5B) at rate of C/10 initial
charge shows a sloped profile from —1.0 to 1.0 V vs. AC,
corresponding to 1.84 Ca?* extraction and delivering 235 mAh g!
(theoretical: 255 mAh g™). The GCD discharge profile exhibits
a broad plateau, indicating partial reversibility, likely limited
by structural rearrangements. The second cycle shows a more
symmetric profile, reflecting electrode-electrolyte interface sta-
bilization and improved redox kinetics. The positive electrode
potential, determined using a three-electrode cell (Figure S4),
shows that Ca,-Ca-THBPD delivers a median discharge voltage
of 3.55 V vs. Ca**/Ca at 50 % capacity, slightly above the average
discharge voltage of 3.5V, reflecting a marginally higher practical
energy output. To the best of our knowledge, this represents
the highest reported value for calcium-storage positive electrodes
(Table S2). This high operating voltage is attributed to the fully
calcium-based framework stabilized exclusively by Ca**-ligand
interactions, which enables an elevated redox potential through
its specific chemical design and associated charge-storage mech-
anism. The corresponding dQ/dV profiles (Figure 2C; Figure
S5B) reveal a clear evolution in redox behavior upon cycling.
In the first cycle, broad and defined peaks (0.3 and 0.75 V vs.
AC) during charge and discharge indicate possible framework
structural re-arrangement associated to ligand oxidation as well
as 2 Ca?* extraction. By the second cycle, two distinct oxidation
peaks appear at 0.2 and 0.4 V, corresponding to Ca*" extraction
and framework oxidation, accompanied by two sharper reduc-
tion peaks (0.18 and 0.38 V), indicative of more defined Ca**
uptake. This evolution reflects electrochemical activation and
the establishment of reversible redox processes within Ca,-Ca-
THBPD. During extended cycling, gradual capacity fade was
observed, likely associated with degradation or dissolution of
the oxidized (quinone) form of Ca,-Ca-THBPD in the electrolyte
(Figures S3 and S5) [37]. Such processes contribute to the poor
cycling stability observed under full calcium extraction. This was
further revelaed by SEM image of post-cycled Ca,-Ca-THBPD
shows slight surface smoothing and rounding, likely arising from
partial dissolution or degradation of the oxidized phase and sub-
sequent interfacial reorganization (Figure S6), This observation
was corroborated by UV-vis spectroscopy after full charge, which
revealed a 330 nm peak corresponding to the quinone moiety in
the oxidized phase (Figure S5E) [37]. In this regard, two factors
may account for this behavior: (i) intrinsic instability of the
oxidized phase at high potential or (ii) dissolution of the pristine
or oxidized species leading to active material loss. Given that the

fully oxidized four-electron phase is experimentally stable and
isolable, the latter is considered the dominant cause.

To evaluate long-term cyclability, the three positive electrode
materials: Ca,-Mg-THBPD, Ca,-Ca-THBPD, and Ca,-Ba-THBPD
were tested after blending with Ketjen Black (KB600), chosen as
the conductive additive to suppress dissolution, enhance cycling
stability and rate performance. A consistent open-circuit voltage
(OCV) of approximately 3.25 V vs. Ca**/Ca was observed for all
materials (Figure 3A), indicative of a common redox-active lig-
and environment within the Ca,-M-THBPD positive electrodes.
Figure 3 summarizes the electrochemical performance of Ca,-Ca-
THBPD positive electrode, taken as the representative electrode.
The initial galvanostatic charge-discharge profiles (Figure 3A;
Figure SS5F), long-term cycling stability (Figure 3B), and rate
capability (Figure 3C) collectively confirm the materials stable
performance. The Ca,-Ca-THBPD positive electrode exhibits
sloped voltage profiles during the first three cycles, consistent
with a solid-solution reaction mechanism. At a C/20 rate, it
delivers one Ca*" capacity (120 mAh g™!) ion per formula unit
out of the theoretical two Ca*' capacity (255 mAh g7). A
minor capacity contribution of 30 mAh g™ originates from the
conductive additive (KB600, Figure S9). In comparison, Ca,-Mg-
THBPD and Ca,-Ba-THBPD deliver capacities of 85 mAh g!
(0.6 Ca*") and 130 mAh g! (1.25 Ca*"), respectively (Figures
S10 and S12). The systematic increase in capacity with the ionic
radius of the framework cation (from Mg?* to Ba?!) arises
from lattice expansion that enhances Ca** diffusion and ion
accessibility [38]. Th suggest that larger metal nodes impart
greater framework flexibility and enlarge the diffusion channels,
thereby facilitating more efficient ion transport within the struc-
ture [39]. During cycling, the Ca,-Ca-THBPD positive electrode
exhibits progressive stabilization of both capacity and Coulombic
efficiency over the initial three cycles, reaching a reversible
capacity of 120 mAh g~! with minimal polarization. Following
this activation period, the electrode retains over 75% of its initial
capacity after 200 cycles, maintaining an average Coulombic
efficiency of above 99.8%, indicative of highly reversible Ca®*
extraction and uptake. Ca,-Ca-THBPD is a fully calcium-based
framework stabilized exclusively by Ca**-ligand interactions, a
spectator-cation inductive effect and enables Ca®*-storage via its
amorphous nature. Comparable stability is observed for Ca,-Mg-
THBPD and Ca,-Ba-THBPD electrodes (Figures S11 and S13),
which sustain Coulombic efficiencies exceeding 98.5% and 99.6%,
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FIGURE 3 | (A) Galvanostatic charge-discharge profiles of the Ca,-Ca-THBPD positive electrode material over the first three cycles at a rate of

C/20, measured between —1.0 and 0.9 V vs. activated carbon in 1 M Ca(TFSI),/acetonitrile electrolyte. (B) Long-term cycling stability at rate of C/20. (C)
Different capacity-rate test performance (C/20 to 1C) of the Ca,-Ca-THBPD positive electrode. (D) Evaluated diffusion coefficients for the high-potential

region (*D) and low-potential region(D) from GITT.

respectively, over 100 cycles. Rate capability tests from C/20
to 1C (Figure 3C) further highlight the robustness of Ca,-Ca-
THBPD positive electrode, delivering 60 mAh g™ (0.5 Ca**) at
1C with stable coulombic efficiency. The favorable rate capability
is attributed to efficient Ca®" diffusion within the framework.
Diffusion coefficients(D) determined from the galvanostatic
intermittent titration technique (GITT) range from 4.1 x 107°
(*D at high-potential) to 1.0 x 107'° cm? s~ (D at low-potential)
(Figure 3D; Figure S7), indicating relatively fast multivalent ion
transport in the solid-state electrode. Nyquist and Bode analyses
(Figure S8A-D) further reveal similar ohmic resistance, a mid-
frequency depressed semicircle with phase angles around 45°
corresponding to charge-transfer processes, and a low-frequency
inclined line characteristic of Ca?* diffusion, demonstrating that
the electrode kinetics are governed by structure-dependent ion
transport and interfacial charge transfer [31, 40, 41]. This behavior
likely arises from the open-framework architecture and redox-
active ligand environment, which together facilitate reversible
Ca?* insertion and extraction while limiting kinetic constraints.

2.2 | Redox Mechanism of Ca,-M-THBPD Positive
Electrode

To gain further insight into the redox mechanism during elec-
trochemical cycling of the Ca,-Ca-THBPD phase, Ex situ FTIR
spectroscopy was performed on electrode materials collected at
different states of charge (SOC) during the charge and discharge
processes (Figure 4A,B). In particular, spectra were recorded at
selected electrochemical states: pristine electrode (i), and charged
and discharged states {25% SOC (ii, viii), 50% SOC (iii, vii),
75% SOC (iv, vi), and 100% SOC (v, ix)}. The FTIR spectrum
of the fully discharged electrode (ix) closely resembles that of

the pristine material (i), indicating a high degree of structural
reversibility. In contrast, the spectra collected at charged states
(ii, iii, iv, and v) display the emergence of a characteristic band
at 1654 cm™, corresponding to the quinonoid carbonyl (ve—g)
vibration band, accompanied by attenuation of the phenolate
Ve.o.ca Stretching mode [33, 42, 43]. These spectral variations
indicate weakening of metal-ligand coordination upon oxidation.
Further support comes from the chemically oxidized Ca,-Ca-
THBPD, which exhibits a distinct carbonyl stretch at 1660 cm™,
confirming quinone formation associated with ligand oxidation
(Figure S14). Upon subsequent discharge (vi, vii, viii, and ix),
the v._, band diminishes while the phenolate v ., feature
reappears, confirming the reversible re-establishment of the eno-
late coordination environment. Consistently, the dQ/dV profiles
(Figure 2C) display oxidation peaks at approximately 0.3 and
0.75 V during charge, corresponding to Ca** extraction and
quinone formation in Ca,-Ca-THBPD positive electrode, and
reduction peaks at 0.38 and 0.18 V during discharge, reflecting the
reversible Ca’* uptake and regeneration of the calcium phenolate
form after the initial activation, in agreement with the proposed
redox mechanism. Collectively, these observations reveal a redox
process governed by a reversible enolate-quinonoid carbonyl
transformation is localized on the organic linker. The proposed
reaction intermediates associated with this process are illustrated
in Figure 4C.

Finally, a comparative analysis of voltage profiles, cycling behav-
ior, and sustainability metrics (Figure 5A; Table S2) highlights
the competitive performance of Ca,-Ca-THBPD among reported
Ca-based positive electrodes (oxidized and reduced phases) [25-
27, 44]. Notably, its redox-active framework sustains one of the
highest average voltages (3.5 V vs. Ca?*/Ca) and high specific
energy density at the material level (Figure 5B) among reported
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FIGURE 4 |

(A) Voltage-composition profile of the Ca,-Ca-THBPD positive electrode cycled at a 0.1C rate, illustrating the reversible redox behavior

associated with Ca?* release and uptake. (B) Ex situ infrared (IR) spectra of the electrode composite acquired at selected states during cycling; pristine (i),
charged states (ii-v), and discharged states (vi-ix). Spectral evolution correlates with the progressive oxidation and reduction of redox-active functional
groups, as indicated by characteristic vibrational modes at each stage corresponding to the points marked in (A). (C) Proposed charge-discharge
intermediates via quinone/phenolate redox in Ca,-Ca-THBPD positive electrode.

organic Ca’* positive electrodes while maintaining stable cycling
and high-rate capability. This synergy of high voltage, structural
robustness, and composition based solely on earth-abundant
elements establishes Ca,-Ca-THBPD as a promising platform for
next-generation calcium-based energy storage.

3 | Conclusion

In summary, we developed a family of conjugated hexa-
anionic carboxyphenolate frameworks, Ca,-M-THBPD (M*f =
Mg, Ca, Ba), that enable high-voltage and reversible Ca*" stor-
age. Synthesized in their reduced Ca*'-reservoir form, these
frameworks exhibit ligand-centered redox activity via reversible
enolate-quinonoid transformations, with divalent cations ensur-
ing charge balance and structural stability. The amorphous
framework accommodates Ca*" release and uptake with minimal
strain, while spectator cations modulate the electronic structure
via inductive effects and interactions with the ligand core. The
representative Ca,-Ca-THBPD electrode operates above 3.5 V
vs. Ca**/Ca (median discharge voltage 3.55 V), maintains stable
capacity and rate performance, and preserves structural integrity
during cycling. This work introduces conjugated carboxyphe-
nolate frameworks as a promising class of high-voltage organic
positive electrodes, offering molecular-level design principles for
efficient and sustainable divalent-ion storage.

4 | Experimental Section/Methods

4.1 | Chemicals and Reagents

Anhydrous methanol (99.9%, Alfa Aesar), anhydrous diethyl
ether (99%, Alfa Aesar), Sodium methoxide (98%, Sigma
Aldrich), anhydrous barium (II) chloride (98%, Alfa Aesar),
anhydrous Mg(TFSI), (99.5%, Solvionic), anhydrous calcium
bis(trifluoromethanesulfonyl)imide Ca(TFSI), (99.5%, Solvionic)
anhydrous calcium chloride (98%, Sigma Aldrich). Anhydrous
solvents were employed within an Ar-filled glovebox, with O,
and H,O content maintained below 1 ppm. All chemicals and
reagents were used as received, unless specifically mentioned.

Coin cell assembly parts (stainless steel, SS-316), active carbon,
conductive carbon and polytetrafluoroethylene (PTFE) were pur-
chased from TOB New Energy Technology Co., Ltd. (Xiamen,
China). The Glass fiber separator (GF/D) was purchased from
Whatman. Active carbon fabric (ACC-5092-20) was bought from
Kynol.

4.2 | Materials Characterization

X-ray powder diffraction (XRD) patterns were collected on STOE
DARMSTADT Transmission diffractometer system using Mo Kal
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PQ (green triangles) [27], Cus(HHTP), [45], Prussian Blue (PB) [46], Ca-Zn-PTtSA [31] (purple diamonds), and Ca-Co-PTtSA [31] (orange triangles). (B)
Average discharge potentials vs. Ca?*/Ca for reduced (closed circle) and oxidized (open circle) phases.

radiation with a wavelength of 0.70930 A and an operating
voltage of 40 Kv. Fourier Transform Infrared (FTIR) spectroscopy
was conducted using an Agilent Technologies Cary 630 FTIR
operated in ATR mode, covering the wavenumber range from
4000 to 400 cm™ at a resolution of 4 cm™ and 64 scans for
data acquisition. Elemental analysis (CH) was performed using
the Thermo Scientific FlashSmart Elemental Analyzer. The metal
contents were analyzed by inductively coupled plasma atomic
emission spectroscopy (ICPAES). Thermogravimetric analysis
(TGA) was carried out under N, atmosphere using Mettler
Toledo TGA/DSC 3* STARe at a heating rate of 5°C per
minute.

4.3 | Cell Assembly

The electrochemical performance evaluation of Ca,-M-THBPD
(M?*: Mg, Ca, or Ba) in the solid phase (galvanostatic charge-
discharge) typically involved the use of two-electrode coin cells,
which were assembled within an argon-filled glovebox.

Preparation of Ca,-M-THBPD composite: The positive electrode
was prepared by manually grinding 50 wt.% of the active material
with 40 wt.% of conductive carbon (Ketjen Black or Super P) and
10 wt.% of PTFE binder. The resulting composite powder was
applied onto the positive side of a coin cell case (CR2032, AISI
316L stainless steel) and pressed directly onto the case using a
stainless-steel rod. The active material loading was approximately
2 mg. Two glass fiber separators (19 mm in diameter) were placed
on top of the positive electrode, followed by the addition of 75 pL
of electrolyte. Two activated carbon (32 mg, AC, 13 mm) cloths,

serving as counter electrodes, were then placed on the anode
side above the separator, and an additional 75 uL of electrolyte
was added (AC capacitance was 32 mAh/g/V at 1 mA/g current
density). A stainless steel (316) current collector and spring were
placed above the anode, and the cell was sealed with the negative
case under a pressure of 0.7 tons. Galvanostatic charge-discharge
tests were performed at room temperature using Neware and
Biologic battery testing systems. Galvanostatic charge-discharge
experiments were conducted at room temperature using a Neware
battery testing equipment. For cation storage, a freshly prepared
electrolyte consisting of 1 M Ca(TFSI), in acetonitrile (ACN)
or propylene carbonate (PC) was employed. It is worth noting
that, given the high operating voltage of these materials, these
electrolytes were selected as the most suitable option owing to its
high anodic stability.
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