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ABSTRACT: Calcium-ion batteries (CIBs) are promising energy storage
systems because of their low cost and high theoretical volumetric energy
density. However, calcium ion (Ca2+), a divalent cation with a larger ionic
radius than lithium ion, forms strong electrostatic interactions with the
divalent O2− anion in conventional metal-oxide-based cathode active
materials, resulting in capacities less than 55% of the theoretical values and
poor rate performance. In this study, Cu3(HHTP)2 (HHTP: 2,3,6,7,10,11-
hexahydroxytriphenylene), a two-dimensional metal-organic framework with
monovalent O− anions included in its crystal structure, is used as a cathode
active material for CIBs, and its performance, as well as its calciation and de-
calciation mechanisms, is investigated. Cu3(HHTP)2 has a high initial
capacity equal to 86% of the theoretical value and excellent rate performance
owing to sufficient redox reaction and smooth calciation, respectively.
However, it exhibits poor cycle performance because of insufficient de-
calciation during charging, which results from electrostatic interactions between intercalated Ca2+ ions with O− anions in the
narrower interlayer spacing of Cu3(HHTP)2 after the first discharge. These findings provide valuable insights for improving the
performance of cathode active materials for CIBs.
KEYWORDS: calcium-ion battery, metal-organic framework, monovalent anion, cathode active material, two-dimensional crystal structure,
calciation, de-calciation

■ INTRODUCTION
Rechargeable batteries are effective energy storage systems that
provide portable and renewable power. In particular, lithium-
ion batteries (LIBs) have been used as an energy source for
various portable devices, such as mobile phones and laptops,
since the 1990s.1 In conventional LIBs composed of a metal-
oxide-based cathode (LiCoO2), graphite (C) anode, and
liquid-state electrolyte with lithium ions (Li+), a reversible
redox reaction occurs during discharging and charging
according to eqs 1−3.
Cathode:

x xLiCoO Li CoO Li ex2 1 2V + ++ (1)

Anode:

6C Li e LiC6V+ ++ (2)

Total:

xC xLiCoO 6 Li CoO LiCx2 1 2 6V+ + (3)

As indicated in eq 3, Li+ ions reversibly migrate as carrier
ions from the LiCoO2 cathode to the graphite anode through

the electrolyte during charging.2 The opposite reaction occurs
during discharging,2 achieving reversible conversion between
chemical and electrical energies. Recently, alternative carrier
ions, such as sodium (Na+),3 zinc (Zn2+),4 and calcium
(Ca2+),5,6 have been used to develop high-performance, low-
cost rechargeable batteries. In particular, calcium-ion batteries
(CIBs) have been investigated because of their very low cost
(2.28 USD kg−1),7 high theoretical volumetric energy density
based on a relatively low potential of −2.88 V vs. standard
hydrogen electrode (SHE) (Li+/Li: −3.01 V vs. SHE), and
calciation of active materials.5,6 However, calciation into metal-
oxide-based cathode active materials is a difficult process
because of two reasons: First, intercalation of Ca2+, which has a
larger ionic radius (1.00 Å) than Li+ (0.76 Å),8 into the
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angstrom-sized space of the metal oxide causes electrode
failure.5 Second, confinement of Ca2+ in the crystal structure of
the metal oxide through strong electrostatic interactions with
O2− hinders its intercalation,9 resulting in capacities less than
55% of the theoretical values10−13 and low rate perform-
ance14−18 (Table S1). Moreover, recent cathode active
materials also have suffered from low capacity19,20 and rate
performance.21 Thus, the crystal structure of cathode active
materials for CIBs must have a large space and low-valent
anions.
Two-dimensional (2D) metal-organic frameworks (MOFs),

which are nanoporous crystalline materials composed of metal
ions and linkers, exhibit these desirable features. They have
been used as cathode active materials for LIBs22−24 and
sodium-ion batteries25−28 because of their nanosized spaces
and redox-active sites (metal ions and linkers). Moreover,
MOFs, such as Mg-MOF-74,29 MIL-101 (Cr),30 and MOF-
688,31 are excellent quasi-solid-state magnesium ion (Mg2+)
conductors because their nanosized channels can improve the
conductivity of divalent cations. Recently, 2D MOFs have been
used as cathode active materials for rechargeable batteries
because their planar d−π conjugation and large spaces enhance
electronic and ionic conductivities, resulting in excellent
battery performance.32 For example, as cathode active

materials for LIBs, Cu3(HIB)2 (HIB: hexaiminobenzene) and
Cu3(THQ)2 (THQ: tetrahydroxy-1,4-benzoquinone) exhibit
high capacities of 20033 and 340 mAh g−1,34 respectively.
Cu3(HHTP)2 (HHTP: 2,3,6,7,10,11-hexahydroxytripheny-
lene; Figure 1a) has been used as a cathode active material
for high-capacity zinc-ion (Zn2+) batteries (228 mAh g−1).35

This excellent performance results from the redox reactions of
Cu2+/Cu+ and semiquinone anion radical (C6H2O2

•−)/
catecholate (C6H2O2

2−), accompanied by intercalation of
carrier ions into the large spaces of the MOF.
Considering the large interlayer distance in the crystal

structure of Cu3(HHTP)2 (3.26 Å) that can accommodate
Ca2+ and presumably weaker electrostatic interactions of its
monovalent O− anions with Ca2+ (Figure 1b), Cu3(HHTP)2
was employed as a cathode active material for CIBs and
investigated its performance, as well as its calciation and de-
calciation mechanisms. The performance of Cu3(HHTP)2 was
evaluated in terms of its theoretical capacity calculated based
on three coordination units of Cu(C6H2O2)2 composed of
Cu2+ and two semiquinone linkers.36 As shown in Figure 1c,
the number of electrons per coordination unit is three because
of the redox reactions of Cu2+/Cu+ (1e− × 1) and C6H2O2

•−/
C6H2O2

2− (1e− × 2), resulting in a total of n = 9 electrons per

Figure 1. (a) Crystal structure of Cu3(HHTP)2. (b) Schematic illustration of the electrostatic interactions of Ca2+ with divalent O2− and
monovalent O− anions in the crystal structure during calciation. (c) Expected redox reactions of the metal and linker in the coordination unit of
Cu3(HHTP)2.
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formula unit of Cu3(HHTP)2. The theoretical capacity can be
calculated using eq 4:

F
M

ntheoretical capacity
1000
3600 w

=
(4)

where F (= 96,485 C mol−1) is the Faraday constant and Mw
(= 827 g mol−1) is the molecular weight of Cu3(HHTP)2. A
value of 291 mAh g−1 was obtained and used to estimate the
utilization rate of Cu3(HHTP)2. The calciation and de-
calciation mechanisms of Cu3(HHTP)2 in CIBs were
determined by monitoring the changes in the valence of Cu,
crystal structure, and molar ratio of Ca to Cu by X-ray
absorption fine structure (XAFS) spectroscopy, powder X-ray
diffraction (PXRD), and energy-dispersive X-ray spectroscopy
(EDX), respectively.

■ RESULTS AND DISCUSSION

Characterization
Cu3(HHTP)2 was synthesized using a previously reported
method37 and characterized by PXRD (Cu Kα, λ = 1.5418 Å)
and scanning electron microscopy (SEM). The PXRD pattern
exhibited sharp peaks at 2θ = 9.64, 12.86, and 27.78° (Figure 2

and Table S2), which are assigned to the (220), (310), and
(001) indexes of rod-like Cu3(HHTP)2, respectively. The
interlayer distance estimated from the (001) index using the
Bragg equation was 3.211 Å.38 Additionally, the SEM image
revealed the rod-like morphology of Cu3(HHTP)2 (Figure
S1a−d, Supporting Information). These results suggest that
Cu3(HHTP)2 forms a rod-like crystal structure.

36

Battery Performance
For the battery performance tests, the voltage was determined
from the cyclic voltammograms of Cu3(HHTP)2 (Figure 3a).
In the first cycle, a pair of redox peaks were observed at −0.7
and 0 V, consistent with the previous result for an LIB with a
Cu3(HHTP)2 cathode (2.2 and 2.7 V vs. Li/Li+).36 This
suggests that the appropriate voltage for evaluating the
performance of Cu3(HHTP)2 as a cathode active material
for CIBs can be determined, that Ca2+ can be intercalated into
the Cu3(HHTP)2 crystal structure, and that Cu3(HHTP)2
undergoes the redox reactions of Cu+/Cu2+ and C6H2O2

•−/
C6H2O2

2−. In the second cycle, these redox peaks shifted to
higher voltages (voltage range: 0−1.5 V). In contrast, for the
aforementioned LIB, the peak intensities of the redox pairs at
2.2/2.7 and 3.2/3.25 V vs. Li/Li+ decreased and increased

gradually, respectively, after the second cycle.36 This indicates
that the mechanism of calciation into Cu3(HHTP)2 is different
from that of lithiation.
The battery performance of the Cu3(HHTP)2 cathode was

evaluated by performing galvanostatic discharge−charge
measurements. Herein, CR2032 coin-type cells were as-
sembled using the thin-film cathode, composed of
Cu3(HHTP)2 (30 wt %), carbon black (60 wt %), carboxy
methyl cellulose (CMC, 10 wt %), pellet anode, composed of
carbon black (80 wt %) and polyacrylonitrile (PAN, 20 wt %),
glass microfiber filter separator, and 0.45 M Ca(BF4)2 in
ethylene carbonate/propylene carbonate (1:1 v/v) in an Ar-
filled glovebox; they were used to calculate the capacities
during 100 cycles and at 50, 100, 500, and 1000 mA g−1.
Figure 3b shows that Cu3(HHTP)2 exhibited a high initial
capacity of 250 mAh g−1, which is approximately 86% of the
theoretical value (291 mAh g−1) and higher than those of
metal-oxide-based cathodes (Table S1). In addition, a long
plateau at −0.5 V, corresponding to the reduction peak
observed in the cyclic voltammogram (Figure 3a), was
observed in the first discharge. This suggests that the initial
capacity of Cu3(HHTP)2 is due to the redox reactions of Cu+/
Cu2+ and C6H2O2

•−/ C6H2O2
2−. Furthermore, Cu3(HHTP)2

exhibited a capacity of 70 mAh g−1 even at 1000 mA g−1

(Figure 3c), indicating that Ca2+ can intercalate smoothly into
the 2D MOF structure containing monovalent O− anions.
However, the second capacity drastically decreased to 175
mAh g−1, and the first Coulombic efficiency was very low
(58%) because of cathode electrolyte interfaces35 at 100 mA
g−1 (Figure 3b and Figure 3d, respectively). In addition, the
capacity of carbon was not negligible after 10th cycles (Figure
S2) and the capacity retention was 37% after 100 cycles at 100
mA g−1, which is and lower than those of CIBs with metal-
oxide-based cathodes (Figure 3d and Table S1). The low redox
stability of Cu3(HHTP)2 suggests that de-calciation from the
2D MOF structure is insufficient at low current densities.

■ DISCHARGE−CHARGE MECHANISM OF
CU3(HHTP)2 IN CIBS

To obtain detailed data on the calciation mechanism, the
Cu3(HHTP)2 cathode in a CIB was investigated by operando
Cu K-edge XAFS spectroscopy, ex situ PXRD, and ex situ EDX
mapping analysis. The operando Cu K-edge X-ray absorption
near-edge structure (XANES) spectra (Figure 4a) showed the
valence changes of Cu in Cu3(HHTP)2. In the initial state, no
definite peak was observed in the range of 8980−8990 eV,
indicating that the valence of Cu in Cu3(HHTP)2 was 2+
(Cu2+). In the first discharge state, the shoulder peak assigned
to Cu+39 was observed at 8980 eV. Although the intensity of
this peak decreased during charging, the spectrum did not
return to the initial one. In the second discharge state, the
spectrum was similar to that in the first discharge state. The
spectral change indicates that reduction (Cu2+→Cu+) and
partial oxidation (Cu+→Cu2+) occurred during discharging
and charging, respectively. Moreover, X-ray photoelectron
spectroscopy measurements confirmed peak shifts of C 1s and
O 1s in the cathode. This suggests that the redox reaction of
the ligand also occurred (Figure S3). On the other hand, the
peak at 28.31° in the PXRD pattern, assigned to (001) of the
Cu3(HHTP)2 crystal structure, shifted to higher and lower
values after discharging and charging, respectively (Figure 4b).
The interlayer distance changed from 3.152 to 3.048 Å in the
first discharge, from 3.048 to 3.102 Å in the first charge, and

Figure 2. PXRD pattern of Cu3(HHTP)2.
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from 3.102 to 3.073 Å in the second discharge. This
phenomenon is similar to Zn2+ intercalation and de-
intercalation35 but different from lithiation (volume expan-
sion) and de-lithiation (shrinkage).36 This indicates that the
career cations with higher valence electrostatically interacted
with anions in cathode active materials. A slight peak shift,
presumably attributable to Ca2+ de-intercalation (a decrease in
interlayer distance during discharge and an increase during
charging), was also observed in the 10th discharge and charge.
Although the peak shift was smaller than in the initial cycles,
similar behavior persisted in the 11th cycle, demonstrating a
stable and reversible phase change. The limited peak shift
indicates that Ca2+ de-intercalation from Cu3(HHTP)2 is
minimal, resulting in a non-negligible capacity contribution
from carbon black after 10 cycles. Moreover, EDX mapping
showed that although Ca was not initially present in the ex situ
Cu3(HHTP)2 pellet cathode (Figure S4a,b), it was detected in
the first discharge state (Figure S4c,d). In the first charge state,
the ratio of Ca to Cu in the cathode decreased although Ca
was still detected (Figure S4e,f). However, in the second
discharge state, the ratio of Ca to Cu in the cathode increased
(Figure S4g,h and Table S3). Additionally, this tendency could
be observed in inductively coupled plasma-mass spectroscopy
measurements (Figure S5).
All of these analyses provide the following findings (Figure

4c): Ca2+ ions can be sufficiently inserted into the interlayer
space of Cu3(HHTP)2, concurrent with both redox reactions
(Cu2+/Cu+ and C6H2O2

•−/C6H2O2
2−) in the first discharge

state. However, de-calciation from Cu3(HHTP)2 is insufficient

in the first charge state because the intercalated Ca2+ ions
(ionic radius: 1.0 Å), which are larger than Mg2+ (0.728 Å) and
Zn2+ (0.736 Å),8 are confined in the narrower 2D space (3.037
Å) of Cu3(HHTP)2 in the first discharge state owing to strong
electrostatic interactions with O− anions.32 Consequently, in
the second discharge state, a smaller amount of Ca2+ ions is
intercalated into the narrower interlayer space of Cu3(HHTP)2
than in the first discharge state. Therefore, the high initial
capacity and drastic capacity decay of Cu3(HHTP)2 can be
attributed to sufficient calciation into Cu3(HHTP)2 in the first
discharge state and insufficient de-calciation from
Cu3(HHTP)2 in the subsequent charge state, respectively.
Although irreversible capacity due to solid electrolyte interface
was small (Figure S5), the solubility of Cu3(HHTP)2 in the
electrolyte also caused the capacity decay (Figure S6).

■ CONCLUSIONS
Cu3(HHTP)2, a 2D MOF with an ordered crystal structure
containing monovalent O−, was used as a cathode active
material for CIBs. It exhibited a high initial capacity of 250
mAh g−1 at a low current density of 100 mA g−1 and reduced
capacity of 70 mAh g−1 at a high current density of 1000 mA
g−1. This can be attributed to the redox reactions (Cu2+/Cu+
and C6H2O2

•−/ C6H2O2
2−) and smoother calciation of Ca2+

into the crystal structure containing monovalent O− anions
compared with that containing divalent O2− anions. However,
Cu3(HHTP)2 exhibited a low capacity retention of 37% after
100 cycles because of electrostatic interactions between Ca2+
ions and the monovalent O− anions in a narrower space than

Figure 3. (a) Cyclic voltammograms of a CIB with a Cu3(HHTP)2 cathode. Voltage: −1.0−1.5 V vs AC, scan rate: 0.2 mV s−1. (b) Discharge−
charge curves of Cu3(HHTP)2. Voltage: −1.0−1.5 V vs AC (approximately 2.3−4.8 V vs Ca/Ca2+), current density: 100 mA g−1. (c) Rate
performance of Cu3(HHTP)2. Current density: 50, 100, 500, and 1000 mA g−1. (d) Cycle performance of Cu3(HHTP)2. Current density: 100 mA
g−1.
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that in the initial state, resulting in insufficient de-calciation
during charging. We believe that de-calciation can be enhanced
by using cathode active materials with a three-dimensional
crystal structure to avoid shrinkage of the space for
accommodation of Ca2+.40 The findings of this study will
pave the way for the development of promising cathode active
materials for CIBs.

■ EXPERIMENTAL SECTION

Preparation of Cu3(HHTP)2
All reagents were used without further purification. Cu3(HHTP)2 was
prepared using a modified version of a synthetic method reported in
the literature.37 First, 2,3,6,7,10,11-hexahydroxytriphenylene (HHTP,
C18H12O6; 7.18 × 10−1 mmol; Tokyo Chemical Industry) was added
to a mixture of distilled water (24 mL) and N,N-dimethylformamide
(3 mL) in a flask (solution A). Meanwhile, copper(II) sulfate
pentahydrate (CuSO4•5H2O, 1.64 mmol) was added to distilled
water (9 mL) in another flask (solution B). Solutions A and B were
heated and stirred in an oil bath at 80 °C for 5 min. Subsequently,
solution B was added to solution A, and the mixture was heated and
stirred in an oil bath at 80°C for 12 h. A dark-blue solid precipitated
in solution and was separated by centrifugation (Sigma 3-16L,
Kubota) at 10,000 rpm for 1 h. The supernatant liquid was filtered,
and the precipitate was washed three times each with distilled water,
ethanol, and acetone. Finally, the wet solid was dried under vacuum
overnight at room temperature (approximately 30 °C) to obtain
Cu3(HHTP)2 as a dark blue powder.

Characterization
The powder X-ray diffraction (PXRD) patterns of Cu3(HHTP)2 were
recorded using a MiniFlex 600 X-ray diffractometer (Rigaku)
equipped with a Cu-target tube operated at 40 kV and 15 mA. The
sample was ground into powder, and diffraction data were collected at
2θ angles of 2−50° using Cu Kα radiation.

Scanning electron microscopy (SEM) images were taken using a
Miniscope TM1000 scanning electron microscope (Hitachi Hi-Tech)
with the voltage set to 15 kV. Cu3(HHTP)2 on carbon tape was
sputtered with gold in vacuo, and then SEM images of the sample
were taken under high vacuum.

Fabrication of Thin-Film Cathode and Pellet Anode
The thin-film cathode was fabricated as follows: First, Cu3(HHTP)2
was added to carbon black (Toka Black 5500, Tokai carbon) and
ground in an agate mortar for 40 min. Subsequently, a carboxy methyl
cellulose (CMC) binder (Wako) was added, and the mixture was
ground for 40 min. The weight ratio of Cu3(HHTP)2, carbon black,
and CMC in the mixture was 30:60:10. The mixture was stirred in N-
methylpyrrolidone (NMP), and the prepared slurry was uniformly
coated (at approximately 100 μm) onto an aluminum foil with a
thickness of 20 μm using the doctor blade technique and dried
overnight under vacuum at room temperature. The foil was cut into a
disc with a diameter of 15.95 mm. The pellet anode was fabricated as
follows: First, carbon black (Toka Black 5500) and polyacrylonitrile
(PAN) were ground in an agate mortar for 40 min. The weight ratio
of carbon black and PAN in the mixture was 80:20. Subsequently, the
mixture was stirred in NMP, and the prepared slurry was uniformly
spread onto a polypropylene sheet, cut into a disc with a diameter of
17.00 mm (due to shrinkage after drying), and then dried overnight.

Battery Assembly
CR2032 coin-type cells were assembled using the thin-film cathode,
pellet anode, glass microfiber filter separator (Whatman®, grade GF/
A, φ = 17.00 mm), and 0.45 M Ca(BF4)2 (Thermo Fisher Scientific)
in ethylene carbonate/propylene carbonate (EC/PC, 1/1 v/v; Tokyo
Chemical Industry) in an Ar-filled glovebox.
Electrochemical Measurements
Cyclic voltammetry (CV) measurements of the CR2032 coin-type
cells were performed at room temperature (approximately 293 K)
using an HZ-Pro S12 multi-electrochemical measurement system
(Hokuto Denko). A sweep rate and voltage range of 10 mV s−1 and

Figure 4. (a) Operando XANES spectra of the Cu3(HHTP)2 cathode in a CIB. (b) Ex situ PXRD patterns of the Cu3(HHTP)2 cathode in the
initial (black), first discharge (red), first charge (green), and second discharge (blue), 10th charge (purple), and 10th discharge (ocher) states. (c)
Proposed mechanism of calciation into and de-calciation from Cu3(HHTP)2 in the first discharge, first charge, and second discharge states.
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−1.0−1.5 V, respectively, were used to easily detect the redox
reactions of the Cu ion and organic linker HHTP in the metal−
organic framework.
Galvanostatic charge/discharge measurements of the calcium-ion

batteries (CIBs) with a Cu3(HHTP)2 thin-film cathode were
conducted at room temperature using an HJ1020mSD8 charging/
discharging device (Hokuto Denko). The current density and voltage
range were set to 100 mA g−1 and −1.0−1.5 V (vs. activated carbon,
AC), respectively. In addition, the voltage vs. AC was converted into
that versus Ca/Ca2+, based on the previous study.41 We constructed a
three-electrode cell with Pt as the working electrode (WE), AC as the
counter and reference electrodes (CE and RE, respectively), and a
0.45 M Ca(BF4)2 in EC:PC electrolyte with 0.05 M ferrocene (Fc)
added. We performed CV measurements with a voltage range of −1.0
to +1.0 V and a scan rate of 10 mV/s. For comparison, we also
created a cell with the same electrolyte (0.45 M Ca(BF4)2 in EC:PC)
without adding Fc and performed CV measurements under the same
conditions. In Figure S7a, oxidation and reduction peaks of Fc/Fc+
were observed at 0.2000 and −0.1904 V, respectively. This is
confirmed by the absence of peaks in Figure S7b where Fc is not
added, further supporting that the peaks correspond to Fc/
ferrocenium (Fc+). The redox potential was calculated as a half
wave potential of reduction and oxidation voltages, and to be 0.0048
V vs AC. Given that the redox potential of Fc/Fc+ is 0.4 V vs standard
hydrogen electrode (SHE)42 and that of Ca/Ca2+ is −2.87 V vs
SHE,43 the conversion from vs AC to vs Ca/Ca2+ would require a
shift of +3.2652 V. It is important to note that this vs AC value also
includes the electrolyte dependence, which, in this system,
incorporates the contribution of Ca(BF4)2 in EC:PC.

Elucidation of Reaction Mechanism
To investigate the electrochemical reaction mechanism of
Cu3(HHTP)2, pellet cathodes were fabricated as follows. A paste
was prepared by adding NMP to a ground mixture containing 30 wt %
Cu3(HHTP)2, 60 wt % carbon black, and 10 wt % CMC in a mortar.
The paste was uniformly spread onto a polypropylene sheet, which
was then cut into discs with a diameter of 15.95 mm and dried
overnight.
For operando X-ray absorption fine structure (XAFS) measure-

ments, a battery with a Kapton film as an X-ray window44 was
fabricated using the Cu3(HHTP)2 pellet cathode, carbon pellet anode,
0.45 M Ca(BF4)2 in EC/PC (1/1, v/v) electrolyte, and glass
microfiber filter separator (grade GF/A). Operando Cu K-edge XAFS
measurements were conducted in transmission mode at room
temperature using the BL14B1 beamline at SPring-8, Japan (8.0
GeV, 100 mA). An operando battery was placed between the two
transmission ion chambers. X-rays from a bending magnet were
monochromatized using a Si(111) double-crystal monochromator.
The intensities of the incident (I0) and transmitted (I1) X-rays were
detected using ion chambers filled with N2 (100 %, I0 chamber) or
N2/Ar (75/25, I1 chamber). The X-ray spot size at the measurement
position was adjusted horizontally and vertically to 1.0 and 0.8 mm,
respectively, using a slit. The average valence of Cu in Cu3(HHTP)2
was calculated using the intensity of the pre-edge in the Cu K-edge X-
ray absorption near edge structure (XANES) spectrum of a Cu2O
standard material with BN.
Ex situ PXRD measurements were performed using a MiniFlex 600

X-ray diffractometer (Rigaku) equipped with a Cu-target tube
operated at 40 kV and 15 mA. CR2032 coin-type batteries [cathode:
Cu3(HHTP)2 pellet cathode; anode: carbon pellet anode; electrolyte:
0.45 M Ca(BF4)2 in EC/PC (1/1, v/v); separator: glass microfiber
filter (grade GF/A)] were maintained at −1.0 and 1.5 V during
discharging and charging, respectively. After opening the circuits, the
batteries were disassembled in air, and the Cu3(HHTP)2 pellet
cathodes were dried overnight. Samples for PXRD measurements
were prepared by grinding the cathodes, and data were collected at 2θ
angles of 5−50° using Cu Kα radiation.
Ex situ energy-dispersive X-ray spectroscopy mapping analysis was

performed using a MiniFlex 600 X-ray diffractometer (Rigaku). The
discharged and charged Cu3(HHTP)2 pellet cathodes were obtained

using the same methods as that for the ex situ PXRD measurements.
The cathodes were washed once with PC, and then the ratio of Ca to
Cu in each state (initial, first discharge, first charge, and second
discharge) was determined.
Ex situ inductively coupled plasma-mass spectroscopy (ICP-MS)

measurement was performed using a plasma atomic emission
spectrometer (ICPE-9000, Shimadzu). The discharged and charged
Cu3(HHTP)2 pellet cathodes were obtained using the same methods
as that for the ex situ PXRD measurements. The cathodes were
washed once with PC, and then 10 ppm of copper solution was
prepared using cathodes and 2% HNO3. In addition, 100 mL of x
ppm of Ca + Cu in 2% HNO3 (x = 0, 1, 10, 100) were used as
standard solution. The ratio of Ca to Cu in each state (initial, first
discharge, first charge, and second discharge) was plotted.
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