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Multivalent-ion and all-solid-state batteries have emerged as
potential solutions to address resource concerns and safety issues.
Calcium is a promising element for multivalent-ion batteries owing
to its abundance in the Earth’s crust and low reduction potential. In
addition, complex hydrides exhibit both high ion conductivity and
reduction stability, making them suitable materials for solid-state
ion conductors. In this study, we investigated the thermal stability
and optimised the synthesis conditions of calcium monocarborane,
namely, Ca(CBjjH;5),, which is a closo-type calcium complex
hydride. In addition, we conducted electrochemical analysis to
assess its performance as a solid-state divalent-ion conductor.
The results indicate that a heat-treatment temperature of 433 K
provides Ca(CBjjHj,), with higher ion conductivity (¢ = 1.42 x
10~* S cm™Y) than the other heating temperatures. Thus, 433 K is
considered optimal because [CBy;H;,]” anions decompose when
heat-treated at and above 453 K. Furthermore, the insertion and
deinsertion of Ca?* ions are stable and reversible in symmetric cells
employing Ca—Sn alloy electrodes, representing the first time this
has been observed for an inorganic solid-state calcium-ion con-
ductor. Such insertion and deinsertion highlight the potential of
Ca(CBj1Hj5), as a solid-state electrolyte for battery applications.

Lithium-ion batteries (LiBs) are primarily used in portable
devices and electric vehicles. However, LiBs pose safety con-
cerns because of their flammable organic solvents and the risk
of short-circuiting caused by dendritic Li growth. Ongoing
developments in the fields of all-solid-state and multivalent-
ion batteries aim to address these issues.
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Inorganic solid-state ion conductors play a crucial role in all-
solid-state batteries because of their safety and electrochemical
properties.'™ Replacing flammable liquid electrolytes with
non-flammable inorganic solid-state ion conductors enhances
battery safety.” Moreover, inorganic solid-state ion conductors
consist of robust solids; therefore, they prevent the dendritic
growth that occurs during the charging process with lithium-
metal anodes and causes short-circuiting.’

Inorganic solid-state ion conductors offer several advantages
in terms of electrochemical properties. Compared with
liquid electrolytes, they exhibit excellent performance across a
broader temperature range because of their high thermal
stability.® In addition, solid electrolytes have a high transfer-
ence number (~1),”° indicating that the undesired concen-
tration polarisation observed in liquid electrolytes does not
occur. Furthermore, some inorganic solid electrolytes exhibit a
wide potential window.'%**

Types of inorganic ion conductors include sulphide, oxide,
and complex-hydride solid electrolytes. Notably, complex
hydrides have attracted attention as solid ion conductors for
several reasons: (i) their wide potential window enables their
use with metal electrodes with large specific capacities. (ii) their
deformability facilitates the formation of excellent electrode/
electrolyte interfaces. (iii) their low density enables the fabrica-
tion of lightweight devices.'>*?

Complex hydrides, typically denoted as M, (M H.) (where
M is a metal cation and M;H; is a complex anion), have been
studied as solid-state ion conductors because LiBH,'* exhibits
superionic conduction at high temperatures.">"’ Notably,
closo-type complex hydrides containing large cage-like anions

have been reported to exhibit exceptionally high ion
conductivity'®* and maintain this high conductivity at room
temperature.>>>*

Complex hydrides containing multivalent cations have
attracted significant interest.*® Multivalent metals, such as
magnesium, calcium, and aluminium, offer a resource advan-
tage because of their abundance in the Earth’s crust.?® Further-
more, multivalent-ion conductors typically possess two to three
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times the number of mobile electrons compared to mono-
valent-ion conductors.®® Consequently, multivalent-ion complex
hydrides have been investigated to determine whether they can
function as liquid electrolytes or solid-state ion conductors.®**
Furthermore, closo-type complex hydrides containing multivalent
cations exhibit excellent electrochemical properties.>>>*

Calcium shows immense promise as a metal anode because
of its greater abundance**>*® in the Earth’s crust and lower
redox potential (—2.87 V vs. SHE) compared to magnesium
(—2.37 Vvs. SHE) and zinc (—0.76 vs. SHE).>*"*! Furthermore, its
low polarisation and charge density suggest that ion conduc-
tion in the solid state may be faster than that of magnesium
and zinc.*>** Therefore, liquid electrolytes for rechargeable
calcium batteries have been investigated.*>**™*” However, den-
dritic growth was observed in a Ca(BH,),/THF liquid electrolyte
with high Coulombic efficiency (94.8%).?”*® To suppress den-
dritic growth, solid electrolytes must be used for rechargeable
calcium batteries. Consequently, closo-type complex hydrides
containing calcium cations are expected to exhibit excellent
properties as solid-state ion conductors. Calcium monocarb-
orane (CMC, Ca(CBy;H,),) is a closo-type complex hydride
containing one calcium cation and two monocarborane anions.
Besides CMC, lithium®'**%°® and sodium*“***°>* mono-
carborane have also been investigated as solid electrolytes.
CMC has been studied as a liquid electrolyte** and hydrate;*®
however, research on its performance as a solid-state ion
conductor has been limited, particularly regarding its ion
conductivity at various temperatures. In addition, electrode
reactions that involve Ca®" insertion and deinsertion through
solids have not been reported previously.

In this study, we optimised the heat-treatment conditions of
CMC as a solid-state ion conductor using 'H and ''B nuclear

(c)
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magnetic resonance (NMR), Raman, and electrochemical impe-
dance spectroscopy (EIS). Furthermore, galvanostatic measure-
ments were conducted using the Ca-Sn alloy as the electrode to
identify the conducting ions in CMC.

An X-ray diffraction analysis was conducted to confirm the
presence of impurities in the synthesised material. The results
show that the synthesised hydrated CMC does not contain the
CsCB,;H;, salt used as the starting material or the CaCO; used
for neutralisation (Fig. S1, ESIt). This indicates that impurities
were not present in the synthesised material.

To investigate the appearance of the CMC powders and
identify their composition, observations and analyses were
performed using scanning electron microscopy-energy-disper-
sive X-ray spectroscopy (SEM-EDS). The SEM image reveals that
the CMC powders consist of primary particles approximately
1 um in size, with the secondary particles formed from them
ranging from 2 to 10 um in size (Fig. 1a). The primary particles
exhibit exceptionally smooth edges. This feature was also
confirmed in a previous study on 0.7LiCBgH;,-0.3LiCB,{H;,**
and is consistent with the highly deformable nature of general
complex hydrides. The EDS analysis confirmed the uniform
presence of boron, carbon, and calcium in the CMC powders.
To evaluate the deformability of the CMC powders, they were
pressed and moulded into pellet form. The appearance of the
pellet (Fig. S2, ESIt) suggests that CMC exhibits high deform-
ability, similar to other complex hydrides.

To investigate the thermal stability of CMC, heat treatments
were conducted at various temperatures. Our previous research
indicated that 433 K is the lowest temperature at which
dehydration is completed.** Therefore, CMC was heat-treated
at 433, 453, 473, and 513 K, which are referred to as CMC (433),
(453), (473), and (513), respectively. Raman spectroscopy was
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(a) SEM image and EDS analysis of CMC particles. (b) Molecular model of [CBy1H;,] ™ anion. (c) Raman spectra of CsCBy;H1,, hydrated CMC, and

CMC heat-treated at different temperatures (T = 433, 453, 473, and 513 K). (d) *H and (e) !B NMR spectra of hydrated CMC and CMC (433-513 K).
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conducted to confirm the presence of [CB;;H;,]  anions and
investigate the thermal stability of CMC. The structure of the
[CBy1H;,] ™ anion is icosahedral, with 11 boron atoms and one
carbon vertex (Fig. 1b). Peaks derived from the [CB;;H;,]"
anions were detected in the range of 500-1000 cm™ " for all
the samples (Fig. 1c).>>**>* In the unheated sample (hydrated
CMC), a peak corresponding to H,0 molecules was observed at
approximately 3500 cm™". However, this peak was not present
in any of the heat-treated samples (CMC (433-513)).

'H and "B NMR spectroscopy were also performed. The
"H NMR results revealed a peak at 3.8 ppm, indicating the
presence of —OH groups in the unheated sample, whereas this
peak was absent in all samples heated at and above 433 K
(Fig. 1d). This suggests that the H,O molecules coordinated to
CMC were not removed until the heat treatment, which is
consistent with the Raman spectroscopy results. The "'B NMR
results of all the samples showed peaks at —13 and —16 ppm
corresponding to [CBy;H;,]” anions (Fig. 1e).>® However, dif-
ferent peaks appeared at —14 and —18 ppm in the samples
heated at and above 453 K (CMC(453-513)), indicating that
[CB11H;,] ™ anions partially decomposed at and above 453 K.
Berger et al. investigated the thermal stability of CMC-1.9H,0
under an argon atmosphere. Their study confirmed that
decomposition was accompanied by hydrogen gas emission at
448 and 468 K.*® Thus, anhydrous CMC may have decomposed
along with the generation of hydrogen gas at the higher
temperatures in the present study.

EIS was conducted to assess the electrical conductivity of
the symmetric Au/CMC (433-513)/Au cell. In the Nyquist plot
(Fig. S3a, ESIY), the semicircle corresponding to electric con-
duction does not appear at room temperature for any of the
samples. Only a portion of the large semicircle is visible within
the frequency range of the EIS data because all the samples
have exceptionally high electrical resistance. The Nyquist
plot (Fig. S3b, ESIt) shows semicircles for all the samples,
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indicating that they are all electrically conductive at 373 K.
The Nyquist plot recorded at 423 K in Fig. 2a shows one
semicircle in the high-frequency range and one spike in the
low-frequency range, which correspond to contributions from
the bulk/grain boundary resistance and interfacial capacity,
respectively. In previous studies,*”* closo-type complex-hydride
solid-state ion conductors exhibited bulk/grain boundary resis-
tance. In addition, the CMC (433) plot exhibits a smaller semi-
circle than the other samples, which means that its electrical
conductivity is the highest. For the other samples, the lower
electrical conductivity may have been due to the partial decom-
position of [CBy;H;,]” anions. While the resistance of CMC (513)
appears to be significantly large at the scale of the Nyquist plot
(Fig. 2a), this value is reasonable considering the relationship
between the heat-treatment temperature and resistance of CMC
(Fig. S4, ESIt). Therefore, these results suggest that electrical
conductivity was optimised by heat treatment at 433 K.

The cyclic voltammetry (CV) results described below
indicates that CMC is a calcium-ion conductor. The Arrhenius
plots of all samples in the 303-423 K temperature range are
shown in Fig. 2b. For comparison, the Arrhenius plots of
hydrated CMC?® are also shown in the same figure. Ionic
conductivity increased with increasing temperature. As men-
tioned above, CMC (433) exhibited high ionic conductivity
(6 =1.42 x 10°* S em™ ") at 423 K. This value surpasses that
of previously reported calcium-ion conductors®>>° at relatively
low temperatures. This enhancement can be attributed to the
lattice created by the large cage-like [CBy;Hy,]” anions, which
favours cation conduction.?” The Arrhenius plot of CMC (433)
in the first heating process (Fig. S5a, ESIT) shows that the slope
changed at approximately 383 K. To investigate this change in
slope, differential thermal analysis (DTA) was conducted, which
revealed a slightly endothermic peak at approximately 393-
403 K (Fig. S6, ESIT). The appearance of this endothermic peak
can be attributed to a change in the activation energy for charge
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(a) Nyquist plots at 423 K of CMC heat-treated at different temperatures (T = 433, 453, 473, and 513 K). (b) Arrhenius plots of CMC (433-513) and
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0-20 min (inset) in galvanostatic test using CaSns symmetric cell.

transfer caused by the structural phase transition, which is a
phenomenon commonly observed in complex hydrides."***
The change in the slope of the Arrhenius plot during cooling
was relatively slow compared to that during the heating process
(Fig. 2b and Fig. S5, ESIT). The DTA results showed no exother-
mic peaks during the cooling process, suggesting that a gradual
phase transition occurred from a high-temperature phase to a
low-temperature phase (Fig. S5a and b, ESIT). The difference in
the rate of temperature change explains the discrepancy
between the change in the slope of the Arrhenius plot and
the temperature at which the DTA endothermic peak was
observed. CMC might exhibit a high-temperature phase with
high ionic conductivity, similar to other complex hydrides, and
is believed to undergo a phase transition to this state at
high temperatures. CMC (433) has an activation energy of
77.9 k] mol™* at the high-temperature phase. Although the
activation energy of hydrated CMC was not reported in a
previous paper,®® the fact that there is almost no difference
between the slopes of the Arrhenius plots of CMC and hydrated
CMC indicates that this value is reasonable. In addition, this
value is of a similar order of magnitude to those of reported
solid-state calcium-ion conductors (146 k] mol™" for Cag sZr,-
(PO,);>® and 55.8 k] mol ™" for (Cag.osHfy.05)4/3.0Nb(PO4);>°).
To investigate suitable anode materials for CMC, CV was
performed using calcium metal and a Ca-Sn alloy. Ca-Sn alloys
have been reported as active anode materials in calcium-ion
batteries.”” A mixture of CaSn;, Ketjen black, and CMC (433)
was used as the composite electrode. A CaSnz;|CMC|CaSn;
pellet was prepared for the CV measurements (Fig. S7, ESIT).
The CaSn; composite electrode did not peel off from the CMC
pellet. The prepared pellet was split into two, and the cross
section was observed using SEM-EDS (Fig. S8a, ESIf). EDS
elemental mapping analysis indicated that the particles in the
Ca-Sn composite electrode layer were Ca-Sn alloy (Fig. S8b-e,
ESIT). These particles were mixed in the CMC electrolyte layer
and made the interface adhesive, indicating that sufficient
electrode/electrolyte interface was formed to cause an alloy-
ing/dealloying reaction. The CV curve recorded at 423 K using
Ca metal showed a small current response to the applied voltage
(Fig. S9a, ESIt). This low current value is similar to that of a
symmetric cell using Mo foil electrodes (Fig. S9b, ESI), in which

© 2024 The Author(s). Published by the Royal Society of Chemistry

Time /h

(a) Illustration of symmetric cell setup (CaSns alloy|CMC heated at 433 K). (b) Voltage response (top), applied current, and voltage response for

only electrons are transferred. Limited charge transfer occurred
without calcium plating/stripping likely because of the instability
of CMC against calcium metal owing to the high reactivity
between them at high temperature. In contrast, a relatively large
increase in current response was observed when applying a
constant voltage (E = £1 V vs. Ca-Sn alloy) in the CV curve using
the Ca-Sn alloy (Fig. S9¢, ESIT). This can likely be attributed to the
charge transfer associated with the insertion-deinsertion reaction,
which in this case means the alloying-dealloying process in which
Ca*" jons diffuse in CMC and react reversibly with the Ca-Sn alloy.

To investigate the electrochemical stability of this alloying
dealloying reaction, a galvanostatic test was conducted using
the Ca-Sn alloy. The symmetric electrochemical cell for the
galvanostatic test was assembled with a CMC (433) pellet
sandwiched between the composite electrodes (Fig. 3a). The
voltage response immediately followed the applied current of
2 pA (Fig. 3b inset). This suggests that an alloying-dealloying
reaction proceeded between CMC and the Ca-Sn alloy with a
relatively low overvoltage. The stability of the CMC in the Ca-Sn
alloy was evaluated by repeatedly applying a constant current.
The voltage response exhibited a symmetrical square wave,
similar to the applied current. This indicates that CMC exhib-
ited stable behaviour against the Ca-Sn alloy at 423 K.
An alloying-dealloying reaction using a solid electrolyte was
thus confirmed for the first time for an inorganic solid-state
calcium-ion conductor, highlighting the potential of Ca(CBy;H;,),
as a solid-state electrolyte for battery applications.

Conclusions

We optimised the heat treatment conditions for CMC, which is
a closo-type complex hydride. Raman spectroscopy and 'H and
"B NMR results indicate that at a thermal treatment tempera-
ture of 433 K, the coordinated water molecules are completely
removed and the [CB;;H;,]” anions do not decompose.
Furthermore, electrochemical tests, EIS, and CV tests show that
CMC heat-treated at 433 K exhibits high ion conductivity (¢ =
1.42 x 107* S em™ ") at 423 K. The solid-state cells using CMC
exhibit a stable and reversible alloying-dealloying property with
a Ca-Sn alloy electrode during the galvanostatic test, suggesting
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the availability of CMC as a solid-state electrolyte. The Arrhenius
plots and DTA results suggest that CMC heat-treated at 433 K may
undergo a structural phase transition at approximately 383-403 K.
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