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ABSTRACT: The calcium-ion battery is an emerging energy storage system that
has attracted considerable attention recently. However, the absence of high-
performance cathode materials is one of the main challenges for the
development of calcium-ion batteries. Herein, a bilayered Mg ,sV,05;°H,0 as
a stable cathode for rechargeable calcium-ion batteries is identified. Remarkably,
storage is demonstrated.
It is found that the interlayer spacing shows only a tiny variation of ~0.09 A

an unexpected stable structure of the material for Ca**

0.
during Ca®" insertion/extraction, which results in its outstanding cycling _gos
stability (capacity retention of 86.9% after 500 cycles) for Ca?* storage. On the ;§§ :: :
basis of in situ/ex situ experimental characterizations and ab initio simulation, §§ o2 .
the origin of such superior structural stability is revealed. This ultrastable £,,{ < o o O
cathode together with the understanding lays a strong foundation for developing Initial ~ Aging Discharge Charge Discharge Charge

high-performance calcium-ion batteries.
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D l ultivalent metal-ion batteries have recently attracted
extensive interest toward next-generation energy
storage devices because of their potential for higher

capacity with lower cost and better safety compared to the

present commercialized lithium-ion batteries."” Magnesium-
ion batteries,” > zinc-ion batteries,"° and aluminum-ion
batteries'’™'* have received much attention with significant
progress in the past few years. In comparison, calcium-ion
batteries (CIBs), as an another multivalent-ion battery, have
been relatively less studied until now.'> However, in principle,
the standard reduction potential of calcium (—2.87 V vs
standard hydrogen electrode (SHE)) is closest to that of
lithium (—3.04 V vs SHE) when compared to magnesium

(—2.37 V vs SHE), zinc (—0.76 V vs SHE), and aluminum

(—1.66 V vs SHE), which suggests a higher output voltage of

CIBs than other multivalent-ion batteries.' Besides, because of

the larger ionic radius, Ca’* ions show smaller charge density

and thus smaller polarization strength compared with Mg*”,

Zn*", and AP* ions (as shown in Figure S1), indicating that

Ca’ ions may have better diffusion kinetics among the

multivalent charge carriers.">™"® These two merits together

with the high abundance of calcium resource'® determine that

CIBs are a promising battery system for the future.

The development of CIBs mainly suffers from two
challenges: one is irreversible calcium plating/stripping for
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metallic calcium in various electrolytes, which seriously hinders
fundamental research about CIBs based on calcium metal
anodes; the other is the lack of high-performance electrode
materials for Ca®* storage.'”'” Since 2015, much important
progress has been reported about CIBs. Ponrouch et al.
demonstrated that calcium plating/stripping is feasible at high
temperatures (75 and 100 °C).'® After that, Bruce’s group
further identified an organic electrolyte, Ca(BH,), in
tetrahydrofuran, that enables calcium plating/stripping at
room temperature.” In terms of electrode materials, utilization
of Sn metal and a mesocarbon microbead as Ca®" storage
anodes with good cycling stability has been proposed by Tang
and coauthors very recently.”””' However, for cathode
research, even though several cathode materials for Ca*
storage have been reported, the performance, especially the
cycling stability, is still far from being satisfactory.””™" As far
as we know, the cycling performance of the reported CIB
cathodes seldom exceeds 100 cycles. Due to the divalent
property and relatively large ionic radius of Ca
searching for suitable cathode materials with a large diffusion
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Figure 1. Structure and morphology characterizations of the as-synthesized Mg, ,;V,0°H,0. (a) XRD pattern and Rietveld refinement; (b)
crystal structure; (c) SEM image; (d) HRTEM image; the insets are the TEM image and SAED pattern; and (e) EDX mapping.

channel and good structural stability is very important for the
development of rechargeable CIBs.

Herein, we identified a bilayered Mg,,;V,05-H,0 (MVOH)
with large interlayer spacing of 10.76 A as a high-performance
CIB cathode. The large interlayer spacing provides sufficient
space for Ca®" ion diffusion. The crystal water in the interlayers
could provide a charge screening effect.”’’”** More importantly,
we demonstrated that this material shows unexpected
structural stability during Ca®* ion insertion and extraction,
with an interlayer spacing variation of only ~0.09 A. Such a
tiny variation results in excellent cycling stability up to S00
cycles, which is the best cycling performance among the
reported CIB cathodes, to the best of our knowledge.

Characterization of the obtained material is shown in Figure
1. The X-ray diffraction (XRD) pattern and further Rietveld
refinement (Figure la) indicate that the obtained phase
matches very well with Mg,;V,05-H,0 (JCPDS: 01-089-
4407). The Rietveld refinement parameters indicate that the
material is a monoclinic structure with lattice parameters of a =
10.761 A, b = 16253 A, ¢ = 21.949 A, and 8 = 93.95°. This
phase has a bilayered structure stacking alon§ the ¢ direction,
with a large interlayer spacing of ~10.76 A.”> The bilayered
structure is pillared by Mg** ions and crystal water in the
interlayers (Figure 1b). The scanning electron microscope
(SEM) image shows a parallelogram-shaped plate (Figure 1c)
with a side length of 1-3 um and thickness of 100—300 nm
(Figure S2). Thermogravimetry analysis (TGA) was per-
formed in an Ar atmosphere, and a weight loss of ~8.8%
between 150 and 400 °C was observed (Figure S3), which
corresponds to evaporation of crystal water.”** The weight loss
of ~8.8% is very consistent with the theoretical water content
(8.74%) of Mgy,sV,05-H,O. The transmission electron
microscopy (TEM) image further manifests the morphology
of the sample (Figure 1d, inset). The high-resolution TEM
(HRTEM) image displays distinct lattice fringes with spacing
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of 2.0 A (Figure 1d), which can be assigned to the (11-5)
plane. The selected area electron diffraction (SAED) pattern
with regular diffraction spots indicates the single-crystalline
nature of the sample (Figure 1d, inset). Energy dispersive X-
ray spectrometry (EDX) mapping demonstrates the uniform
distribution of the Mg, V, and O elements (Figure le). The X-
ray photoelectron spectroscopy (XPS) result indicates the
coexistence of V*" and V°* in the material (Figure S4).

The large interlayer spacing of 10.76 A and the charge
screening effect of crystal water indicate that the obtained
MVOH is a promising cathode material for multivalent-ion
batteries. To investigate the Ca®" storage performance of the
obtained material, a Swagelok-type cell (as shown in Figure
SS) and three-electrode system were used to perform the
electrochemical testing. Aluminum foil was used as the current
collector, which was stable and could avoid side reactions, such
as a corrosion reaction during charge/discharge,34 as
demonstrated later. Activated carbon cloth (ACC) was used
as the counter electrode in both the Swagelok-type cell and
three-electrode system™ by adsorption/desorption of anions
during charge/discharge because metallic calcium was
unavailable (the calcium plating/stripping is irreversible for
metallic calcium) in most of the electrolytes. The electrolyte
was Ca(TFSI), dissolved in quaternary ester carbonates. A
Ag*/Ag reference electrode (Figure S6a) was applied in the
three-electrode system. The potential of the Ag*/Ag reference
electrode was calibrated by ferrocene (see details in the
Supporting Information, Figure S6b).

Cyclic voltammetry (CV) measurement was first carried out
in the voltage range of —1.5—1.2 V (vs Ag"/Ag) at a scan rate
of 02 mV s™! in the three-electrode system (Figure 2a).
During the initial negative scan, no distinct cathodic peak was
observed for MVOH. However, in the positive scan, a strong
anodic peak at ~0.48 V (vs Ag'/Ag) appeared. The CV curve
indicates asymmetric Ca®* intercalation and deintercalation
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Figure 2. Ca®" storage properties of the as-synthesized Mg, ,sV,05°H,0. (a) CV curves based on the three-electrode system with ACC as the
counter electrode and the Ag*/Ag electrode as the reference. (b) GITT measurement based on the two-electrode system (Mg, ,sV,05-H,0//
ACC). (c) Charge/discharge curves of the Mg, ,sV,05'H,0//ACC cell at a current density of 20 mA g . (d,e) Cycling performance of
Mg,,5V,05-H,0 for Ca* storage based on the two-electrode system at current densities of 50 (d) and 100 mA g™' (e).

behavior of MVOH. As far as we know, similar asymmetric
behavior has also been observed in several other cathodes for
Ca* storage.22’25’36 It suggests a different reaction mechanism
between the Ca* insertion and extraction processes. Besides,
CV measurement was also applied to the Al foil (current
collect) in the same condition. The voltammogram intensity
for Al foil is negligible compared with that of MVOH,
indicating that Al foil is adequate as the current collect with no
side reaction during the electrochemical process.
Galvanostatic intermittent titration technique (GITT)
measurement (Figure 2b) was carried out based on the
Swagelok-type cell (MVOH//ACC, voltage range of —2.0—1.4
V) to investigate the theoretical Ca® storage capacity of
MVOH. Before the GITT test, the cell was activated by
charge/discharge for five cycles. It displayed a theoretical
discharge capacity of 149.4 mAh g™/, corresponding to ~0.57
Ca®" ion intercalation. To further investigate the reversible
specific capacity and cycling stability, galvanostatic charge/
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discharge testing was performed. All of the cells were aged for
10 h before the charge/discharge to ensure full infiltration of
the electrolyte. As shown in Figure 2c, a reversible discharge
capacity of ~120 mAh ¢! was obtained at 20 mA g~'. Note
that the first discharge capacity (corresponding to Ca’*
intercalation in MVOH) is obviously lower than that of the
subsequent cycles, which is attributed to the spontaneous
intercalation of slight Ca** ions into the structure during the
aging process, as demonstrated in the following. The charge/
discharge cycling at 50 mA g™ is shown in Figure 2d. It shows
stable cycling performance for 100 cycles with capacity
retention of 106.4% relative to the second discharge capacity.
The slight capacity increase may be attributed to activation of
the electrode during cycling. To further demonstrate the
cycling stability of MVOH for Ca®" storage, long-term cycling
performance was studied at 100 mA g~', as shown in Figure 2e.
The second discharge capacity is 70.2 mAh g~', and a capacity
retention of 86.9% after 500 cycles is displayed with
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Figure 3. Element and structure characterizations of Mg,sV,0sH,0 at Ca®" insertion and extraction states. (a) XPS spectra of the
electrodes at initial, insertion, and extraction states. (b) High-resolution Ca 2p spectra of the electrodes at initial, insertion, and extraction
states. (c—e) TEM image (c), EDX spectrum (d), and SAED pattern (e) of Mg, ,sV,05'H,0 at the Ca®" insertion state. (f—h) TEM image (f),
EDX spectrum (g), and SAED pattern (h) of Mg,,;V,05-H,O at the Ca®" extraction state.

Coulombic efficiency of over 98.4% during cycling (the first
discharge was regarded as a precycle and was not taken into
account when calculating the Coulombic efficiency). To the
best of our knowledge, this is the best cycling performance
among the reported Ca>" storage cathodes (Table S1).>*7%°
Since the Ca’' storage performance of MVOH is
investigated for the first time, it is very important and
necessary to get deeper insights about the Ca®* insertion/
extraction process and the origin of its stable cycling
performance. Ex situ XPS measurements were performed on
the electrodes at the initial state (fresh electrode without any
treatment), insertion state (discharge to —2.0 V), and
extraction state (charge to 1.4 V). The cells at the insertion
state and extraction state were disassembled immediately in the
glovebox, and the electrodes were rinsed with alcohol several
times to remove the electrolyte. It was found that the distinct
Ca 2p and Ca 2s spectra are observed at the insertion state,
compared to that at the initial state and extraction state (Figure
3a). For the high-resolution spectra of Ca 2p, there is no signal
for the initial state, while two strong peaks at 351.5 and 347.9
eV are observed at the insertion state, corresponding to Ca
2p,, and Ca 2ps,, respectively (Figure 3b). At the extraction
state, the Ca 2p,/, and Ca 2p;/, signals become very weak.
These results manifest the reversible insertion/extraction of
Ca’" ions in the MVOH structure. The high-resolution spectra
of Mg 1s and V 2p are shown in Figure S7. The Mg 1s signal
shows no distinct change at the three states. For the V 2p
spectra, two portions can be fitted at the initial state,
corresponding to V°* and V*'(Figure S7b). At the Ca®"
insertion state, the V 2p spectra become widened, and another
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portion corresponding to V** could be fitted (Figure S7d).
Besides, the V3*/V*" ratio decreased. At the Ca’" extraction
state, the V 2p spectra recovered and was similar to that at
initial state (Figure S7f). The XPS results reveal that the Ca®*
insertion is accompanied by partial reduction of V** to V** and
V* to V**, and the valence variation is reversible.

To investigate the effect of Ca®* insertion/extraction on the
structure of MVOH, ex situ TEM was carried out. Figure 3c—e
shows the TEM, EDX, and SAED results of the Ca®* insertion
state of MVOH, while Figure 3f—h shows those of the Ca®"
extraction state. The morphology of the plates is maintained
very well at both the insertion state and the extraction state,
indicating good structural stability. The EDX spectrum shows a
distinct signal corresponding to Ca at the insertion state
(Figure 3d), which is almost gone at the extraction state
(Figure 3g), consistent with the XPS results. SAED patterns at
these two states displayed similar single-crystalline electron
diffraction patterns (Figure 3e and 3h), suggesting that there is
no distinct crystal structure change of MVOH during Ca®*
insertion and extraction.

Ex situ XRD measurements were performed to get further
insight on the structural evolution of MVOH during charge/
discharge. As shown in Figure 4a,b, the XRD patterns of the
electrodes at six different states were collected. The XRD
results at different states show similar patterns, revealing a
minor structural change. Figure 4c—e displays zoom-in images
of (001) peaks, (003) peaks, and diffraction peaks from Al foil.
The peaks from Al foil at about 65° are consistent with each
other in position at different states, which can be used as the
internal standard. The (001) peak at about 8.2°, which is the
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Figure 4. In situ/ex situ XRD characterizations of Mg, ,sV,05'H,0 for Ca** storage. (a) Time—voltage curve at the initial stage. (b) Ex situ
XRD patterns at six different states. (c—e) Zoom-in images of (b) for (001) peaks (c), (003) peaks (d), and Al peaks (e). (f) In situ XRD
patterns during initial discharge and charge processes. (g) Zoom-in image of (f) for (003) peaks. (h) Corresponding discharge/charge

profiles.

characteristic reflection of the layered structure, shows only a
slight shift, which is even unobservable (Figure 4c). On the
basis of the (003) peak (Figure 4d), the evolution regulation of
the interlayer spacing can be observed more clearly because the
variation of the (003) peak is three times that for (001)
reflection. For the electrode after aging for 10 h, the (001) and
(003) peaks shifted slightly toward high angle, indicating slight
contraction of the interlayer spacing. Combined with the fact
that the first discharge capacity is lower than that of
subsequent cycles, it is believed that the slight contraction is
caused by spontaneous intercalation of a small amount of Ca**
ions into the interlayers during the aging process. For the
electrode at the discharge state, further shifting of the (003)
peak toward high angle was observed, indicating further
contraction of the interlayer spacing as more Ca’ ion
insertion. The contraction can be attributed to the electrostatic
interaction between the divalent Ca®* ions and the oxygen on
the surface of V=0 layers. However, on the basis of the XRD
results, the interlayer spacing only changed from ~10.77 A at
the initial state to ~10.68 A at the discharge state and
recovered to ~10.77 A at the charge state. The whole layer
spacing variation is only ~0.09 A (+0.02 A) (change rate of
~0.8%), and the small reversible variation was also confirmed
at the second discharge and charge states. The ex situ XRD
results demonstrate a tiny interlayer spacing variation and
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excellent structural stability of MVOH during Ca’* ion
insertion and extraction, which reveals the origin of its
superior cycling stability for Ca*" storage.

In situ XRD measurement was also applied to further
investigate the structural evolution of MVOH. As shown in
Figure 4f, reflections corresponding to (003), (004), and (005)
peaks were observed, which show unobservable variation
during discharge and charge. From the zoom-in image of the
(003) peak in Figure 4g, we found a slight shift with a decrease
in intensity during discharge. There is no phase change in the
whole discharge process, revealing single-phase solid solution
reaction behavior of MVOH for Ca®" storage. In the charge
process, the (003) peak recovered to its original state for both
the position and intensity. However, different from the gradual
shift and weakening of the peak during discharge, immediate
recovery during the charge process was observed (Figures 4g
and S$8), revealing the different structural evolution mechanism
of MVOH during Ca’** insertion and extraction processes,
which explains the origin of the asymmetric redox reaction
observed in the CV curve. Despite the asymmetric evolution
feature, the in situ XRD results match very well with the ex situ
XRD results and indicate a tiny structure change of MVOH
during the Ca?* insertion/extraction processes.

The tiny variation of the interlayer spacing enables MVOH
to maintain superior structural stability and integrity in the
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long-term cycling. To confirm that, the XRD patterns of the
electrodes after S0 cycles and 100 cycles were recorded (Figure
S9), which are basically the same as that before cycling. The
morphology of MVOH after 50 cycles was also investigated
through ex situ SEM (Figure S10). As expected, the
morphology with parallelogram-shaped plates is maintained
well due to the tiny structural change in the charge/discharge
processes. However, interestingly, a porous structure was
observed on the edge of the plates, which should be caused by
the intercalation and deintercalation of Ca** ions. The
generated pores will effectively increase the diffusion kinetics
of Ca’* in the subsequent cycles, which explains the observed
capacity increase, as shown in Figure 2d,e.

On the basis of the above in situ and ex situ character-
izations, it is demonstrated that MVOH possesses an
ultrastable bilayered structure with a slight change of interlayer
spacing for Ca" storage. We believe that the stability of Mg>*
in the interlayers of MVOH plays a crucial role in the structural
stability during Ca”* insertion/extraction. With a smaller ionic
size of Mg** ions compared to Ca** ions, Mg>* shows larger
charge density and thus stronger electrostatic interaction with
the oxygen on the adjacent layers and oxygen in crystal water.
The stronger electrostatic interaction will result in good
stability of Mg2+ in the interlayers during Ca%* insertion/
extraction. Besides, the stable Mg2+ ions will effectively hold
the crystal water in the interlayers due to the larger
electrostatic force. Both the stable Mg>" ions and crystal
water will result in a solid pillared layered structure and thus
excellent structural stability for Ca®* storage.

To confirm our qualitative analysis, we quantitatively studied
the stability of M>* (M = Mg, Ca), crystal H,O, and
M*[4H,0] in the crystal M;,;V,05H,0 using an ab initio
approach. The calculated binding strengths of Mg®" (11.85
eV), H,0 (1.34 eV), and Mg*'[4H,0] (6.42 eV) in
Mgy,5V,05H,0 are all higher than those of Ca®* (10.67
eV), H,0 (1.19 eV), and Ca’’[4H,0] (5.51 eV) in
Cay,5V,05-H,0, respectively (Figure Sa). The higher binding
strength means better stability, demonstrating that Mg** is
more stable while Ca*" is easier to diffuse in the interlayers.
Besides, the higher binding strength of H,O in Mg,sV,O5-
H,O than that in Cay,5V,05-H,O indicates the stronger
trapping effect of Mg** than Ca’* on H,O and thus suggests
that the crystal water in Mgy,sV,05-H,O is stable and will not
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be brought out by Ca®" ions during charge/discharge. The
theoretical results provide deeper insight into the structural
stability of MVOH for Ca®" storage and further confirm our
analysis above.

To further present the stability of Mg** and mobility of Ca*
in the structure of MVOH, ex situ inductively coupled plasma
(ICP) measurements (Figure S11) were performed to detect
the molar ratio of Mg, Ca, and V in the electrodes at six
different states (same as that in Figure 4a). As displayed in
Table S2 and Figure Sb, the Mg/V ratios are 0.453/2 (initial
state), 0.430/2 (aging for 10 h), 0.473/2 (discharge state),
0.448/2 (charge state), 0.478/2 (discharge state, second), and
0.443/2 (charge state, second). The Ca/V ratios are 0.001/2
(initial state), 0.034/2 (aging for 10 h), 0.356/2 (discharge
state), 0.045/2 (charge state), 0.358/2 (discharge state,
second), and 0.028/2 (charge state, second). The measured
Mg/V ratios basically stay at a same level (Figure Sb),
demonstrating the stability of Mg** in the structure. In
comparison, the Ca/V ratios varied distinctly at different states
(Figure Sb). Note that the Ca/V ratio changed from 0.001/2
at the initial state to 0.034/2 after aging for 10 h, manifesting
that few Ca®" ions inserted into the interlayers spontaneously
during the aging process. At the discharge state, the Ca/V ratio
was about 0.36/2. It indicates that ~0.36 Ca’* intercalated per
molecular formula in initial cycles, corresponding to a capacity
of 93.7 mAh g, which is basically consistent with the results
obtained by electrochemical testing. At the charge state, the
Ca/V ratios are 0.045/2 and 0.028/2, indicating that the Ca*
ions are almost extracted with a trace remaining in the
structure. The ICP results together with ab inito calculations
manifest the stability of Mg** and mobility of Ca** in the
interlayers of MVOH and explain the excellent structural
stability of MVOH during Ca** intercalation/deintercalation.

Besides, it should be noted that the average Mg/V ratio
detected by ICP is about 0.45/2, which is higher than the
stoichiometric ratio of 0.25/2. The excess of Mg*" in the
structure could be attributed to the excessive addition of Mg
source in the synthesis process (see details in the Supporting
Information). The detailed impact of the excess Mg®" on the
performance needs further investigation. However, it is
believed that the excess Mg®* in the interlayers will occupy
some active sites and result in decreased capacity. Therefore,
we expect that a higher Ca®" storage capacity for MVOH may
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be realized with further regulation of the Mg/V ratio using an
optimized synthesis route.

In summary, we identified bilayered Mg,,sV,05-H,O with a
large interlayer spacing of 10.76 A as a stable cathode material
for CIBs. On the basis of in situ/ex situ characterizations
combined with ab initio calculations, the Mg2+ ions are
demonstrated to be stable in the interlayers, while Ca** ions
are diffusible during charge/discharge processes. The stable
hydrated Mg>" in the interlayers results in a solid pillared
layered structure, with a tiny interlayer spacing variation of
about 0.09 A during the Ca®" intercalation/deintercalation.
Such an ultrastable structure enables Mg,,sV,05-H,O to
realize long-term cycling stability (S00 cycles with capacity
retention of 86.9%) for Ca®* storage. Because investigations of
CIBs are still at the initial stage, this work may lay an important
foundation and open a new avenue for the identification of
high-performance cathode materials for rechargeable CIBs.
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