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Looming concerns regarding scarcity, high prices, and safety threaten the long-term use
of lithium in energy storage devices. Calcium has been explored in batteries because of
its abundance and low cost, but the larger size and higher charge density of calcium
ions relative to lithium impairs diffusion kinetics and cyclic stability. In this work, an
aqueous calcium–ion battery is demonstrated using orthorhombic, trigonal, and tetrag-
onal polymorphs of molybdenum vanadium oxide (MoVO) as a host for calcium ions.
Orthorhombic and trigonal MoVOs outperform the tetragonal structure because large
hexagonal and heptagonal tunnels are ubiquitous in such crystals, providing facile path-
ways for calcium–ion diffusion. For trigonal MoVO, a specific capacity of ∼203 mAh g21

was obtained at 0.2C and at a 100 times faster rate of 20C, an ∼60 mAh g21 capacity
was achieved. The open-tunnel trigonal and orthorhombic polymorphs also promoted
cyclic stability and reversibility. A review of the literature indicates that MoVO provides
one of the best performances reported to date for the storage of calcium ions.

calcium j aqueous battery j complex oxides j porosity j intercalation

The pervasive impact of lithium (Li)–ion batteries from portable electronics to grid and
renewable energy storage is indisputable (1–4). The recent boom in electric vehicles also
demands high-performance, affordable, and safer batteries (3). Li–ion batteries have domi-
nated the rechargeable battery market, but the scarcity of Li resources is leading to cost and
availability concerns (5, 6). To make affordable and sustainable batteries, earth-abundant
metals such as sodium (Na), potassium (K), magnesium (Mg), calcium (Ca), and aluminum
(Al) are preferred (7–13). Among these Mg, Ca, and Al metal ions are multivalent in nature,
i.e., one ion insertion will deliver two or more electrons per ion during battery operation
(9, 14, 15). Thus, to achieve a certain level of specific capacity, the number of ions required
to participate in the redox process will be lower for multivalent ions as compared to mono-
valent ions. Consequently, multivalent ion chemistries have seen increased interest within
the academic and industrial battery community. However, ions such as Mg2+ and Al3+

exhibit high charge density and therefore strongly interact with host ions in the electrode,
causing slow solid-state diffusion (16–19). This problem is alleviated to some extent for
calcium—the bigger ionic size of Ca2+ relative to Mg2+ and Al3+ enables a lower charge
density, and hence it is relatively easier for Ca2+ to diffuse within intercalation electrodes
(20–23). Furthermore, the reduction potential of Ca2+ (�2.87 V vs. the standard hydro-
gen electrode) is the lowest compared to other candidate multivalent ions, which translates
to higher cell voltage and energy density (21, 24).
While Ca2+ is easier to intercalate than Mg2+ and Al3+, it remains a major challenge

to find a high-performing electrode host for Ca2+, due to its large size and the substan-
tial coulombic interaction between incoming Ca ions and host ions within the elec-
trode. Prussian blue analogs have been used as a host for Ca2+ because of their large
pore sizes (25–30). Layered materials such as vanadium oxide (31) and potassium bir-
nessite (32) have also been examined because of the large spacing between
2-dimensional layers in these materials. Recently, Na super ionic conductor (NASI-
CON) structured materials such as NaV2(PO4)3 (33, 34) and CaxNa0.5VPO4.8F0.7
(35) have been explored for Ca storage because the ionic size of Na is very close to that
of Ca (∼1 Å). However, the aforementioned materials either lack high specific capacity,
high-rate performance, or cyclic stability. One class of materials that has yet to be explored
for Ca–ion intercalation is open-tunnel transition metal oxide structures such as molybde-
num vanadium oxide (MoVO) that contain large pores and channels for ion transport (36).
Such materials can be synthesized by polyoxometalate (POM)-based chemistries. POMs
are large metal oxyanion building blocks, and by controlling reaction conditions (e.g.,
pH, temperature, pressure), open-channel crystals can be obtained (37–39). For example,
Sadakane et al. (37) and Ishikawa and Ueda (38) have synthesized five different phases
of MoVO—orthorhombic, trigonal, tetragonal, ε-Keggin POM, and amorphous—by
tuning the reaction conditions. While MoVO synthesis by traditional hydrothermal
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reaction methods is a time-consuming process, in a recent
advance, Kaveevivitchai et al. used microwave synthesis to drasti-
cally reduce the reaction time from 48 h to ∼1 h (40).
Note that the choice of electrolyte (41) also strongly influen-

ces the performance of Ca–ion batteries. First, we consider
organic electrolytes. Deploying Ca metal in an organic electro-
lyte is problematic because an ion-insulating layer forms at the
metal/electrolyte interface (13). In a recent breakthrough, revers-
ible Ca plating/stripping was achieved, but the operational tem-
perature was ∼100 °C and the coulombic efficiency was low
(24). Besides coulombic efficiency and cyclic stability, high-rate
capability is also a challenge with organic electrolytes. Organic
electrolytes contain relatively large solvent molecules, and hence
incoming ions must be de-solvated prior to insertion, which
slows down the kinetics (42, 43). Recent work indicates that the
cyclic stability and rate performance of Ca–ion batteries can be
improved by using electrolytes containing some amount of water
(25, 44, 45) or completely water-based (aqueous) electrolytes
(46). This is because water molecules need not be de-solvated
and can insert along with the solvation sheath of the ion. The
presence of water also shields the ionic charge, providing reduced
interaction between incoming ions and the host (25, 44–47).
The use of aqueous chemistries also eliminates fire hazard, which
is an ever-present danger with flammable organic electrolytes.
In this study, we examined the intercalation of Ca into three

different polymorphs of MoVO: orthorhombic (ortho), trigonal
(tri), and tetragonal (tetra). The study was performed with an
aqueous electrolyte containing ∼5 m calcium triflate
(Ca(OTf)2). Triflate salts have high solubility in water, and a
large salt concentration helps widen the electrochemical stability
window, allowing higher voltages to be applied (48–50). Ortho
and tri MoVO compounds contain 6,7-membered rings that are
5 Å to 6 Å wide (approximately 3 times bigger than a Ca ion),
enabling Ca ions to be inserted in the wide-open channels of the
crystal. Both ortho and tri polymorphs in this study demon-
strated similar performance, but tetra exhibited rapid capacity
decline and reduced coulombic efficiency because of low tunnel
size and irreversible loss of Ca. For tri MoVO, the specific capac-
ity at 0.2C was ∼203 mAh g�1 and at a rate as high as 20C,
∼60 mAh g�1 was achieved. The open-tunnel crystal structure
also promotes improved reversibility and cyclic stability. To gain
deeper insight into rate performance, the diffusion of Ca2+ in tri
MoVO was characterized using cyclic voltammograms (CV),
electrochemical impedance spectroscopy (EIS), and galvanostatic
intermittent titration technique (GITT) methods. The measured
Ca2+ diffusion coefficients are orders of magnitude faster than
that of multivalent ions such as Mg2+ and even faster than Li+

diffusion into typical oxide-based electrodes. Ex situ X-ray pho-
toelectron spectroscopy (XPS) and X-ray diffraction (XRD) con-
firmed the reversibility of Ca2+ intercalation and the structural
stability of the ortho and tri phases of MoVO. These results
showcase the potential of developing open-tunnel transition
metal oxide structures to build high-performing Ca–ion batteries
that could offer a cost-effective and sustainable alternative to
Li-based batteries.

Results and Discussion

A schematic of the synthesis process for ortho MoVO is shown
in Fig. 1A. Ammonium molybdate ((NH4)6Mo7O24) and
vanadyl sulfate (VOSO4) were used as the precursor source for
Mo and V, respectively. Solutions were mixed under N2 atmo-
sphere to avoid excess oxygen. The mixed solution was acidic
(pH ∼3) because the molecules present in the solution belong

to the POM class of compounds. POMs are metal-oxo cluster
anions that act as building units (B.U.) for structural transfor-
mation. Final structure is defined by the arrangements of B.U.
and octahedra linkers, which can be tuned by process parameters
such as pH, time, temperature, and pressure. In the present case,
Mo6O21 was the B.U. (SI Appendix, Fig. S1) and the reaction
conditions (as described in Fig. 1A), generated ortho MoVO. Tri
MoVO was obtained by changing the pH of the mixed solution
to ∼2.2, and tetra MoVO was derived from ortho MoVO by
thermal transformation (heated at ∼575 °C for 2 h under N2).
The XRD data in Fig. 1B confirms the formation of the desired
compounds based on the literature (51). The Rietveld refinement
of these XRD patterns is provided in SI Appendix, Fig. S2. Fig.
1C–E shows the crystal structure of ortho, tri, and tetra MoVO,
respectively. Both the ortho and tri structures contain heptagonal
as well as hexagonal voids. These are big micropores (in the 5 Å
to 6 Å range), which can accommodate large cations (e.g., Ca2+)
and small molecules. On the other hand, tetra is limited to much
smaller pentagonal, tetragonal, and trigonal voids. The fourier
transform infrared (FTIR) spectrum (SI Appendix, Fig. S1) of all
three MoVO polymorphs was almost identical, indicating that
bonding states and building units were the same, and it is only
the arrangement of building units that gave rise to different crys-
tal structures. The XPS spectra of all three polymorphs confirmed
the presence of Mo, V, and Oxygen (O) (SI Appendix, Fig. S3).
Moreover, Mo exists in +6 and +4 oxidation states, whereas V
exists in +5 and +4 oxidation states (SI Appendix, Fig. S3). The
morphology of the samples was examined under scanning elec-
tron microscopy (Fig. 1F–H). MoVOs are long rods (4–10 μm)
ranging from 400 to 700 nm in diameter. Insets in Fig. 1F-H
show energy-dispersive spectroscopy (EDS) mapping, which dem-
onstrates the uniform distribution of Mo, V, and O elements in
the rods. Fig. 1I is a typical EDS spectrum of tri MoVO. Multiple
samples were characterized to establish its molecular formula, which
was estimated as Mo2.5+yVO10+z (0 < y ≤ 0.55; 0 < z ≤ 1.1);
the ortho and tetra phases showed similar stoichiometry.

Electrochemical tests were performed on a custom-built cell
(SI Appendix, Fig. S4), and activated carbon (AC) was used as a
pseudo reference electrode. AC was calibrated (SI Appendix,
Fig. S5) and exhibited a potential of 3.247 V vs. Ca2+/Ca. The
samples were cycled within the electrochemical stability win-
dow (SI Appendix, Fig. S6) of a 5 m Ca(OTf)2 aqueous electro-
lyte. Fig. 2A–C represents CV of ortho, tri, and tetra MoVO
conducted at 0.1 mV s�1. The CV profile was quite similar for
ortho and tri. One notable feature in all CV curves was that the
current peak (in the range �0.98 to �1.2 V) during first dis-
charge vanished after the third cycle. This peak is attributable to
solid electrolyte interphase (SEI) formation. One broad peak at
approximately �0.51 V and another at �1.4 V was observed
during discharge for both ortho and tri MoVO (Fig. 2A and B).
Three pair of anodic peaks at �0.27, �0.37, and �1.2 V for
ortho and �0.26, �0.48, and �1.21 V for tri were also
observed. The initial broad peak (at �0.51 V) and correspond-
ing anodic peaks (�0.26 and �0.48 V) occurred because of V
reduction. This finding aligns well with V-based cathodes
employed in Ca–ion batteries (31, 52). As we discuss later (Fig.
3F), V preferentially reduces in stages (multiple redox mechanism is
typical [52–54] of V-based compounds). The initial peak
(�0.51 V) corresponded to the V+5 to V+4 reduction. The
peak at �1.4 V/�1.2 V could be attributed to a mix of both
the redox process (V+4 to V+3 reduction) and the capacitive
storage mechanism. CV profiles overlapped well after the third
cycle, suggesting good reversibility. For tetra MoVO (Fig. 2C),
peaks at deeper discharge (�1.2 to �1.4 V) were not detected,
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indicating its lower electrochemical activity. Tetra had much
smaller size voids in the structure, limiting capacitive storage as
well as Ca–ion intercalation. Moreover, the CV curves for tetra
did not overlap well even at the fifth cycle, indicating the irre-
versible nature of this material.
To further investigate the voltage profile and cyclic stability,

batteries were tested using galvanostatic cycling at 100 mA g�1

(Fig. 2D–F). The first cycle voltage profile was very different
compared to the rest of the cycles, which corroborates the CV
results and is attributed to SEI formation. The discharge volt-
age plateaus at �0.4 V and �1.2 V were evident in the case of
ortho and tri (Fig. 2D and E). Voltage profiles were repeatable
and sustained through to the 100th cycle. Both materials
showed a reversible specific capacity of ∼165 mAh g�1 during
initial cycles and retained to ∼140 mAh g�1 at the end of the
100th cycle. These results reveal the stable and reversible per-
formance of ortho and tri MoVO. For tetra (Fig. 2F), the
profile was not repeatable, and it degraded drastically during the
initial 10 cycles (drop from 120 mAh g�1 to 78 mAh g�1) but
stabilized in later cycles. The 50th and 100th cycle had a similar
voltage profile, delivering a reversible capacity of ∼46 mAh g�1.
These data indicate that tetra MoVO exhibits irreversible capac-
ity in the initial cycles. This is presumably due to the smaller
void size of tetra MoVO, making it challenging for Ca ions to
reversibly diffuse in and out of the structure.

The cyclic stability of all three materials is compared in Fig. 2G
and H. For ortho and tri, there was a slight increment in initial
capacity that could be because of electrode activation (Fig. 2G).
For ortho, the specific capacity dropped from ∼165 mAh g�1 to
∼144 mAh g�1, displaying a capacity retention of ∼87% at the
end of 100 cycles, whereas tri dropped from ∼163 mAh g�1 to
∼138 mAh g�1 with a capacity retention of ∼85%. Nonetheless,
the performance was similar for ortho and tri. With tetra (Fig.
2G), the specific capacity drastically dropped from 120 mAh g�1

to 46 mAh g�1 over the first 35 cycles and then remained stable
until the 100th cycle. The reason for its poor performance is evi-
dent when coulombic efficiency is compared in Fig. 2H. In just
two cycles, coulombic efficiency jumped from 84 to 96% for ortho
and from 88 to 97% for tri, but when tetra was observed, it took
63 cycles to improve from 54 to 95%. This is a clear indication of
high irreversibility in tetra MoVO. Multivalent ions generally find
it difficult to migrate through the crystal structure because of their
high charge density. When these ions encounter a relatively con-
densed space (as in tetra MoVO), they are more likely to interact
with the host atoms present in the electrode, resulting in a strenu-
ous de-insertion process, which leads to higher irreversibility.

Once the low-rate cyclic stability of ortho and tri was con-
firmed, we proceeded to test their rate capability. Fig. 2I shows
the rate capability performance of tri MoVO. A specific capacity
of ∼203 mAh g�1 was obtained at 0.2 C (1C = 150 mA g�1),

A

F G

H I

B C D E

Fig. 1. Synthesis procedure, crystal structure, and characterization of MoVO. (A) Schematic of all steps involved in the synthesis of ortho MoVO. Tri MoVO syn-
thesis involves pH adjustment (of precursor solution) to 2.2 using 2M H2SO4 and hydrothermal reaction for ∼20 h. Tetra MoVO was obtained by annealing ortho
MoVO at ∼575 °C under N2 atmosphere. (B) XRD for all three MoVO compounds (a.u. denotes arbitrary units). Crystal structure of (C) ortho, (D) tri, and (E) tetra
MoVO. Orthorhombic and trigonal structure contains hexagonal and heptagonal tunnels, whereas tetragonal polymorph contains pentagonal, tetragonal, and tri-
gonal tunnels (a, b denote crystallographic axes). Scanning electron microscopy images and EDS mapping of synthesized rods of (F) ortho, (G) tri, and (H) tetra
MoVO (Scale bar, 1 μm in all microscopic images). Mapping shows distribution of Mo, V, and Oxygen (O) throughout the rod. (I) EDS spectrum of tri MoVO. EDS
spectrum for ortho and tetra also exhibited similar peaks for Mo, V, and O.
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which slowly degraded with rate. The coulombic efficiency
was relatively low (∼93%) at 0.2C because at a low rate, the
electrolyte experiences extreme voltage for a longer duration,
resulting in irreversible degradation. Coulombic efficiency
improves as the material is cycled at higher rates. Specific capaci-
ties of ∼113 mAh g�1, ∼89 mAh g�1, and ∼61 mAh g�1 were
obtained at C-rates of 5C, 10C, and 20C, respectively. Similar
results for high-rate performance were also demonstrated by ortho
(SI Appendix, Fig. S7). These rate performances are among the
highest reported for Ca–ion battery systems. The reason for this
performance is presumably the large size and open tunnels available
in the crystal structure, enabling the facile diffusion of ions. Another
factor that could aid rapid Ca2+ intercalation and de-intercalation is
that the transition metals (i.e., Mo and V) in MoVO have variable
oxidation states and can be reduced to lower oxidation states during
Ca2+ insertion. This allows for facile charge redistribution, which
can help maintain uniform charge neutrality in the material.
To verify that the obtained capacity was because of Ca inser-

tion (and not because of side reactions), electrodes were retrieved
from the cycled battery after five charge–discharge cycles, and
these were then examined using different characterization tools.
We observed no obvious cracks or structural damage on the
cycled electrodes (SI Appendix, Fig. S8), and the material EDS
mapping (Fig. 3A) showed a uniform distribution of Ca. More-
over, noticeable peaks of Ca were present in the EDS spectrum
(Fig. 3B). Similar records were acquired for ortho and tetra
MoVO (SI Appendix, Fig. S9). To confirm the “bulk” insertion

of Ca, ex situ XRD was performed on the cycled samples. The
XRD pattern was retained at all voltages (SI Appendix, Fig. S10),
which validated the idea that Ca was inserting via intercalation
rather than via conversion or alloying. Because of the intercala-
tion reaction, the cyclic stability of these compounds tends to be
high. Fig. 3C and D shows a zoomed-in view of the XRD peaks
for (110), (160), and(331) planes. In all cases, with Ca insertion,
peak positions shifted toward lower incident angles. A lower
Bragg angle signifies an expansion of interplanar spacing. This is
to be expected in intercalation–type insertion since the incoming
ions tend to expand the unit cell. One salient feature of this
study is that when Ca was completely extracted from the samples
at 0.3 V, the peak positions also shifted back very close to the
original Bragg angle. This reversible shift in peak position con-
firms that Ca insertion is reversible in tri MoVO.

To further verify the reversibility of calcium insertion, sam-
ples at various discharge states were analyzed under XPS (Fig.
3E). In the pristine electrode, Ca 2p peaks were obviously
absent and began to appear at �0.4 V. The peak became very
intense at the maximum discharge state of �1.4 V. When the
cell was charged back to 0.3 V, the Ca peak almost disap-
peared, which verifies the reversible extraction of Ca. High-
resolution XPS of V confirmed its active participation in redox
reactions (Fig. 3F). During the discharge process, from pristine
to �0.4 V, the intensity of V+4 increased, suggesting that V+5

was reducing to V+4. When the voltage was further reduced to
�1.4 V, along with V+5 reduction, some V+4 was also reduced

A B C

D E F

G H I

Fig. 2. Electrochemical performance of MoVO compounds in a Ca–ion battery. CV results of (A) ortho, (B) tri, and (C) tetra MoVO performed at 0.1mv s�1. Five cycles
were performed to get a reversible CV profile. Voltage profile acquired using galvanostatic test at 100 mA g�1 for (D) ortho, (E) tri, and (F) tetra MoVO. (G) Comparison
of cyclic stability over 100 cycles among all three polymorphs of MoVO. (H) Coulombic efficiency over 100 cycles, revealing superior reversibility for ortho and tri over
tetra MoVO. (I) Rate capability test results for tri MoVO (1C = 150mA g�1). Five cycles were performed at each rate to establish stable performance of the compound.
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to V+3. By contrast, there was no appreciable change observed
in the oxidation state of Mo (SI Appendix, Fig. S11). Hence, we
conclude that within the available voltage window, only V serves
as an active redox site. The robustness of the MoVO crystal
structure was checked by XRD on electrodes after 100 continu-
ous electrochemical cycles. The XRD profile remained the same
for all three polymorphs of MoVO (SI Appendix, Fig. S12). This
substantiates the extreme structural integrity of MoVO com-
pounds, which contributes to their stable cycling performance.
To investigate the high-rate performance of tri MoVO, we

studied its kinetic behavior by determining the Ca2+ diffusion
coefficient. For an initial estimation, the diffusion coefficient
was calculated using the Randles–Sevcik equation (55–59):

ip ¼ ð2:69 × 105Þ n3=2ADCa
1=2Cn1=2, [1]

where ip is the peak current in the CV curve, n is the charge transfer
number, A is the surface area of the electrode, DCa is the diffusion
coefficient of Ca, C is the concentration of Ca in the MoVO elec-
trode, and n is the scan rate. To use Eq. 1, CV was performed at
different scan rates as shown in Fig. 4A. DCa for a purely diffusive
process can be extracted by performing a linear fit to the peak cur-
rent vs. the (scan rate)0.5 plot. Fig. 4B is the plot of the peak current
vs. (scan rate)0.5 at �0.51 V for the discharge process and at �0.27
V for the charge process. During discharge, DCa was estimated as
1.07 × 10�10 cm2 s�1, and during charge, DCa was 3.2 × 10�10

cm2 s�1. A similar calculation could not be carried out for the cur-
rent peak at�1.22 V, since the peak current did not exhibit a linear
correlation with (scan rate)0.5; rather, the relation could be best
fitted by utilizing a power law equation (32, 52, 60, 61):

ip ¼ anb : [2]

Note that a value of 0.5 for b indicates a purely diffusive process,
while a b value of 1 indicates a purely capacitive mechanism. In

Fig. 4C, b is 0.77 for the peak current at �1.22 V, which indi-
cates that at this voltage, the storage mechanism in MoVO is a
mix of both diffusive and capacitive behavior. To quantify the
diffusive and capacitive contributions to the total capacity, we
used the following equation (62):

i ¼ k1n þ k2n
1=2: [3]

Here i is the current at a specific potential, n is the scan rate,
k1n represents the capacitive component of the current, and
k2n

1/2 represents the diffusive current. To simplify the calcula-
tions, Eq. 3 can be modified as follows:

i=n1=2 ¼ k1n
1=2 þ k2: [4]

SI Appendix, Fig. S13A shows plots of in�0.5 vs. n0.5 to obtain k1
(results are shown in the plot for five representative voltage val-
ues). Such calculations were repeated at various voltage values
and were used to generate the capacitive CV curve at 0.5 mV s�1

(SI Appendix, Fig. S13B). The area of the CV curve was used
to estimate the contribution of capacitive storage, which was
∼25.5%. This resulted in a diffusive contribution of ∼74.5%
(i.e., a diffusive capacity contribution of ∼124 mAh g�1). Thus,
while there was a significant capacitive contribution, the diffusive
component still dominated the overall capacity. The amount of
inserted Ca was also estimated from ex situ EDS results of tri
MoVO discharged until �1.4 V (SI Appendix, Table S1). The
results indicate that 1.3 mol Ca were inserted per formula unit of
tri MoVO. This suggests a specific capacity of ∼134 mAh g�1,
which is comparable to the capacity estimated from the diffusive
portion of the CV curve (SI Appendix, Fig. S13B).

To further determine the diffusion coefficient at different
voltage values, EIS was performed at open circuit voltage
(OCV), �0.4 V, �1.0 V, and �1.4 V during the discharge
process. Fig. 4D presents the EIS spectrum of tri MoVO at

A

C D

B E F

Fig. 3. Ex situ scanning electron microscopy, EDS, XRD, and XPS of tri MoVO. (A) Ex situ EDS of tri MoVO at the final discharge state of �1.4 V. Uniform distri-
bution of Ca is visible in the mapping. (B) EDS spectrum of this electrode also show peaks corresponding to Ca, Mo, V, and Oxygen (O), confirming that Ca
inserts inside the material. XRD peak of Tri MoVO at different voltage values for (C) (110), (D) (160), and (331) planes (a.u. denotes arbitrary units; parenthetical
numbers denote miller indices for the crystal planes). The shift in peak positions indicates that the crystal structure is under strain because of expansion
caused by the bulk insertion of calcium. Peaks revert back close to their original positions upon Ca removal, indicating a high degree of reversibility. (E) High-
resolution XPS spectrum of Ca at different voltages during the discharge–charge cycle. Ex situ study was performed on pristine electrodes, at a discharge
potential of �0.4 V, complete discharge at �1.4 V, and finally complete charge at 0.3 V. The appearance of a Ca 2p peak during discharge and disappearance
at charge shows high Ca reversibility during the battery cycling process. (F) High-resolution XPS spectrum of V at different voltages during the discharge–charge
cycle. The reversible change in the oxidation state indicates that V acts as the active redox site.
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various voltage values; the data were fit by the circuit model
described in the inset. For the Nyquist plot, in the high-
frequency region, the intercept on the Z’ axis corresponds to the
solution resistance (Rs) and contact resistance of the cell, and the
semicircle can be ascribed to the charge transfer (Rct) and SEI
impedance of the electrodes. A small net resistance of < 9 Ω was
registered at all the voltage values, which promoted facile opera-
tion of the battery at high C-rates. The oblique feature at the end
in the low-frequency regime was associated with the Warburg
impedance, which is related to Ca–ion diffusion in the electrode
material. To calculate the diffusion coefficient, Eqs. 5 and 6 were
used (52, 59, 63–66):

DCa ¼
R2T2

2A2n4F4C2σ2
[5]

Z’ ¼ Rs þ Rct þ σω�1=2: [6]

Here, R is the gas constant, T is the absolute temperature, A is
the surface area of the electrode, n is the charge transfer num-
ber, F is the Faraday constant, C is the concentration of Ca in
the material, and σ is the Warburg factor. To calculate the
Warburg factor, Eq. 6 was used, which was obtained from the

Z’ (real) vs. ω�0.5 plot in the low-frequency regime. The slope
of the linear fit between Z’ (real) vs. ω-0.5 will yield σ. Fig. 4E
contained the linear fit at all four voltage values. DCa at open cir-
cuit voltage (OCV) was calculated to be 1.44 × 10�10 cm2 s�1,
which was very close to the value calculated from CV. A similar
study was performed on ortho (SI Appendix, Fig. S14), and the
DCa for ortho was very close to what was exhibited by tri
MoVO.

GITT characterization (Fig. 4F) was also carried out to
obtain deeper insight into the diffusion process. For this, a cur-
rent pulse (75 mA g�1) was applied for ∼15 min followed by
∼2 h relaxation time. The maximum absolute voltage during
the 15-min period generated by the current pulse accounted for
the kinetic condition. On the other hand, the minimum abso-
lute potential achieved after 2 h relaxation represented the equi-
librium state. Both the kinetic and equilibrium conditions are
highlighted in Fig. 4F. The zoomed-in picture of one such
current–relaxation cycle at roughly �0.4 V is provided in Fig.
4G. When the current pulse was applied, there was a sudden
drop in voltage that could be attributed to the resistance drop,
and thereafter there was a drop induced by the electrochemical
reaction. This change in potential is ΔEτ, regarded as the

A B C

D E F

G H I

Fig. 4. Diffusion coefficient calculation of Ca2+ in tri MoVO. (A) CV at different sweep rates. (B) Linear fit of peak current vs. (scan rate)0.5 at �0.27 V (anodic)
and �0.51 V (cathodic) potential. The slopes from these plots were used to calculate the diffusion coefficient using the Randles–Sevcik model. (C) Power–law
relation between peak current and scan rate at �1.22 V. The “b” value of 0.77 suggests that the storage mechanism contains both diffusive and capacitive
contribution and that the Randles–Sevcik equation cannot be applied here. (D) EIS of tri MoVO at different voltage values during the discharge process (Inset,
model used to fit the data). (E) Z’ (real part of impedance) vs. ω�0.5 at low-frequency regime of EIS. The Warburg factor (σ) was obtained from the slope to cal-
culate the diffusion coefficient. (F) Discharge GITT curve of tri MoVO. (G) Zoomed-in plot of GITT curve at approximately �0.4 V. Current pulse (τ) of 15 min
was applied followed by 2 h relaxation time. IR refers to the ohmic loss. (H) Voltage vs. τ0.5 at �0.4 V shows linear relation. (I) Calculated Ca2+ diffusion coeffi-
cient values using CV, EIS, and GITT at different voltage values.
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change in potential due to kinetic conditions. Subsequently,
when the relaxation period began, there was a sudden voltage
rise, and then the potential slowly increased and eventually sat-
urated at the end of 2 h. The difference between the saturated
potential from the current cycle and the saturated potential
from the previous cycle represented the voltage change in the
equilibrium condition (ΔEs). The diffusion coefficient can be
calculated by using Eq. 7 (63, 67, 68):

DCa ¼
4 m2V2

mΔE
2
s

πτM2A2ΔE2
τ

for τ ≪
L2

D
: [7]

Here, m is the mass of active material, Vm is the molar volume
of the active material, M is the molar mass of the material, A is
the surface area of the electrode, ΔEs and ΔEτ have been
defined in Fig. 4G, τ is the duration of the current pulse, and
L is the diffusion distance. Eq. 7 is valid, if Eτ vs. τ1/2 follows a
linear relation, and Fig. 4H validates this condition. Hence,
Eq. 7 was applicable for the calculation of diffusion coefficients
from the GITT data. Fig. 4I compares the diffusion coefficients
retrieved from the EIS and GITT experiments. Both the EIS
and GITT results showed the same trend at different voltages,
with GITT predicting relatively higher diffusion coefficients.
The Ca diffusion coefficient was higher initially (i.e., at the
onset of intercalation) and as increasing amounts of Ca-ions
were inserted into the material, diffusion was impeded by elec-
trostatic repulsion offered by preoccupied ions. Moreover, there

was reduced nonintercalated volume remaining within the
MoVO structure to accommodate more incoming Ca ions.
The net result was much lower diffusivity of Ca ions toward
the end of the discharge step. The Ca2+ diffusion coefficients
(Fig. 4I) in the range 5.7 × 10�10 cm2 s�1 to 2.54 × 10�14

cm2 s�1 that we report are orders of magnitude faster than
multivalent ions such as Mg2+, which show diffusion coeffi-
cients of 10�16 to 10�19 cm2 s�1 into oxide hosts such as
α-MoO3 and TiO2 (69, 70). In fact Ca2+ diffusion is even
faster than Li–ion diffusion (10�14 to 10�16 cm2 s�1) into
oxide materials such as Nb18W16O93 (59), H-Nb2O5 (71),
TiO2 (72), and Li4Ti5O12 (73). These results shed light on the
ability of Ca2+ to intercalate effectively into tri MoVO at very
fast charge/discharge rates of up to 20C (Fig. 2I).

We compared the performance of tri MoVO with various
Ca–ion electrode materials reported in the literature. The specific
capacity comparison of the various materials at low C-rates is
shown in Fig. 5A. The literature from which these data are taken
is provided in SI Appendix, Table S2. Tri MoVO with a specific
capacity of ∼203 mAh g�1 (at 0.2C) was superior to almost all
the reported materials. Because of its relatively large size and
high charge density, Ca induced large stresses in the host mate-
rial, causing structural damage. As a result, several materials lost
their capacity in just a few cycles, resulting in a massive capacity
fade. The capacity fade rate for various materials tested in
Ca–ion batteries is summarized in Fig. 5B. The capacity fade
rate per cycle was calculated using Eq. 8:

A

B C

Fig. 5. Tri MoVO performance comparison with the literature for Ca–ion batteries. (A) Specific capacity of tri MoVO (dotted oval) compared with reported
materials employed in Ca–ion batteries (SI Appendix, Table S2 for full details). SDBS: sodium dodecylbenzenesulfonate; MCMB: mesocarbon microbeads;
PNDIE: poly[N,N0-(ethane-1,2-diyl)-1,4,5,8-naphthalenetetracarboxiimide; PTCDA: perylene-3,4,9,10-tetracarboxylic dianhydride; PT: 5,7,12,14-pentacenete-
trone. (B) Percentage fade rate per cycle of various materials tested in Ca–ion batteries (tri MoVO is indicated in red). Literature showing cyclic stability
results (SI Appendix, Table S2) was used to generate the plot. (C) Specific capacity vs. current density. Articles reporting rate performance have been dis-
played with reference number denoted in parenthesis.
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Capacity fade rate per cycle ¼
ðInitial Capacity � Final CapacityÞ

Initial Capacity

× 100 ×
1

Cycle Index
:

[8]

Tri MoVO showed a relatively benign capacity fade rate of
∼0.15% per cycle, much lower than a variety of materials includ-
ing oxides, phosphates, polymers, and Prussian blue analogs (Fig.
5B). Ortho MoVO showed a comparable fade rate (∼0.13%) to
that of tri. Very few studies have reported rate capability in
Ca–ion batteries. The available literature on rate capability is
provided in Fig. 5C. Tri MoVO is among the best available
materials in terms of delivering high specific capacity over a
wide range of current densities. For example, it delivers a spe-
cific capacity of ∼100 mA h g�1 at ∼1,000 mA g�1 current
density. Based on the test data in Fig. 5C, we conclude that
5,7,12,14-pentacenetetrone (PT) (74) is the only material
reported to date that shows a far superior rate capability than
MoVO; however, it should be noted that the primary charge
storage mechanism for PT is capacitive rather than diffusive,
and protons also contribute to charge storage in PT (74).
To summarize, we report high–specific capacity and high–rate

performing MoVO materials as a host for Ca–ion intercalation in
aqueous electrolytes. POM-derived MoVO polymorphs were pre-
pared by hydrothermal processing. Open-crystal structured materi-
als with heptagonal and hexagonal tunnels (ortho, tri) as well as
pentagonal tunnels (tetra) were employed in concentrated aqueous
electrolyte (5 m Ca(OTf)2). Both ortho and tri demonstrated simi-
lar performance, but tetra showed rapid capacity decline and
reduced coulombic efficiency because of low tunnel size and irre-
versible loss of Ca. For tri MoVO, the specific capacity at a low
rate of 0.2C was ∼203 mAh g�1, and even at a high rate of 20C, a
specific capacity of ∼60 mAh g�1 was retained. The open struc-
ture of tri also promoted cyclic stability, demonstrating a capacity
fade of ∼0.15% per cycle, which was low relative to most oxides,
phosphates, polymers, and Prussian blue analogs tested in Ca–ion
batteries. To gain deeper insight into the rate performance, the dif-
fusion coefficient of Ca2+ was calculated using CV, EIS, and
GITT. At the initial stage, inside a relatively empty oxide material,
a Ca diffusion coefficient of ∼5.7 × 10�10 cm2 s�1 was achieved,
and it retained a value in excess of 10�12 cm2 s�1 in the middle
stage of the discharge cycle. These values compare favorably with
multivalent ions (such as Mg2+) as well as Li+ insertion into oxide
hosts. The reversible insertion and de-insertion of Ca was also con-
firmed by ex situ EDS, XRD, and XPS characterization. EDS
mapping revealed the presence of Ca, whereas XRD indicated the
insertion of Ca2+ into the bulk electrode structure. XPS analysis at
various discharge states demonstrated that during Ca intercalation,
V acted as the active redox site whereas Mo remained inert. XPS
also verified reversible Ca 2p peaks during charge–discharge
cycling. These results indicate a reversible system for Ca–ion inter-
calation with high specific capacity and rate capability and opens
avenues for the deployment of open-crystal structured materials
such as MoVO in future energy storage devices.

Materials and Methods

Materials Synthesis. For the synthesis of ortho MoVO, ∼40 mL 50 mM
(NH4)6Mo7O24 (Sigma Aldrich, > 99%) was put in a round-bottom flask. The
solution was degassed and then N2 gas was bubbled through the solution with
the help of a needle. Another needle was used as a vent. The solution was under
vigorous stirring and under N2 atmosphere when ∼40 mL 12.5 mM VOSO4

(Sigma Aldrich, 97%) was injected drop by drop using a syringe. Dark purple
solution was obtained at the end, which was left for 20 min under N2 bub-
bling to avoid any excess O2. The resulting solution was quickly transferred
to a Teflon container to be placed in a hydrothermal reactor. A hydrothermal
reaction was carried out at ∼180 °C for ∼48 h. Afterwards, the container was
left overnight to cool down in the furnace. A greyish precipitate was
obtained, which was separated from the solution by vacuum filtration. This
filtered product was dried overnight in a vacuum oven at ∼80 °C and then
treated with oxalic acid (0.4M) at ∼60 °C for half an hour. Oxalic acid treat-
ment was performed to get rid of amorphous impurities. The oxalic
acid–treated powder was filtered and vacuum dried. In the last step of the
synthesis process, the powder was heated in a box furnace at ∼400 °C for
∼4 h to remove any H2O and NH3 molecules. This processing technique was
adopted from the literature (37, 39). Tri MoVO was prepared using the same
process as ortho MoVO, except the pH of the dark purple solution (obtained
after mixing Mo and V precursors) was adjusted to ∼2.2 by dropping
∼2 M H2SO4 solution, and the hydrothermal reaction time was only ∼20 h.
Tetra MoVO was derived from ortho MoVO by heating ortho MoVO at
∼575 °C for ∼2 h in N2 atmosphere. The heating rate was ∼10 °C/min, and
the sample was left to cool down under N2. Electrode preparation was identi-
cal for all three oxide materials and the activated carbon (4% Ash, Thermo
Scientific) electrode. Briefly, the sample, super P conductive carbon, and
PVDF (4 wt% in NMP) were mixed in a planetary mixer such that the final
composition of slurry(sample: superP: PVDF) had an 80:10:10 percent
weight ratio. The slurry was then coated on titanium foil (0.25 mm, 99.99%,
Thermo Scientific) for MoVO and on Al foil for activated carbon. Finally, the
electrodes were left for drying overnight. Mass loading of MoVO electrodes
was 2 to 3 mg cm�2 and the electrode thickness was in the range of 25 to
30 μm (SI Appendix, Fig. S15). The theoretical density of tri MoVO is 3.7 g
ml�1; however, in our case, the particles were submicron sized with
1-dimensional morphology, which resulted in considerable porosity (SI
Appendix, Fig. S15) at the electrode level. This yielded an electrode density
of ∼0.87 g mL�1. Such density values, while lower than the theoretical
value, are comparable to state-of-the-art graphite, which shows a tap density
in the range of 0.2 to 0.8 g mL�1 (75, 76). For activated carbon, free-
standing film was achieved due to high mass loading (80–100 mg cm�2).
Then, 5 m aqueous Ca(OTf)2 (99% min, Thermo Scientific) was used as the
electrolyte. To prepare the electrolyte, Ca salt was measured inside an
Ar-filled glove box, and HPLC-grade water was quickly added in the ambient.

Materials Characterization. The crystal structure of MoVO particles was con-
firmed by XRD, which was performed using the Panalytical X’pert PRO MPD
system. Cu Kα radiation (λ = 1.54 Å) was used, and a 2-theta range of 5° to
60° was scanned with 0.05° step size. Scanning electron microscopy and EDS
mapping was conducted on a Carl Zeiss Supra 55 FESEM to examine morphol-
ogy, size, and elemental distribution. A Carl Zeiss 1540EsB Crossbeam system
was used for scanning electron microscopy (5 kV) and focused ion beam work
(Ga ion, 30 kV). XPS was accomplished using Al Kα radiation in a PHI 5000
Versa probe system. XPS analysis was performed after Ar+ ion sputtering for
∼15 min to avoid interference from SEI or surface impurities. For ex situ stud-
ies, the samples were cycled for five cycles under galvanostatic condition at
100 mA g�1 and then held at a particular potential for 15 to 20 h. Afterward,
the cells were opened to extract the electrode, thoroughly washed with deion-
ized water, and dried for ∼2 h in a vacuum oven at ∼80 °C.

Electrochemical Analysis. All electrochemical tests were conducted on a
custom-built cell (SI Appendix, Fig. S4). Conventional coin cells could not be
used because the electrolyte starts to reduce on stainless steel. Nylon/Teflon
plates were used because of their mechanical robustness and electrochemical
stability. We used 10 sets of hex head bolts and nuts to tightly seal the battery.
Activated carbon was used as a pseudo reference electrode. It was calibrated
using an LiFePO4 electrode (MTI Corp.). LiFePO4 was first tested against Li

+/Li in
1M LiPF6 in EC: DEC (1:1). An insertion potential of 3.475 V was noted against
Li+/Li. LiFePO4 was then tested against AC, which demonstrated an insertion
potential of 0.048 V against AC. These tests concluded that the AC potential
was 3.427 V vs. Li+/Li and hence 3.247 V vs. Ca2+/Ca. Galvanostatic
charge–discharge and GITT tests (77,78) were performed on an Arbin BT2000 in
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the 0.3 to�1.4 V range. For GITT, a current pulse of 75 mA g�1 was applied for
15 min, and a rest period of 2 h was given for relaxation. A voltage stability win-
dow of 5 m Ca(OTf)2 was determined using linear sweep voltammetry (LSV) at 1
mV s�1. LSV, CV testing, and EIS were performed on a Gamry Reference 3000
potentiostat. Before conducting EIS at a particular potential, the cell was galva-
nostatically discharged at 100 mA g�1 and then held at the desired potential for
∼2 h. EIS was performed by applying an AC signal of 5 mV rms voltage in the
frequency range of 100 kHz to 10 mHz.

Data Availability. All relevant data are provided as Datasets S1–S58, which
have been deposited in a public repository located at https://github.com/lakhna/
dataset-pnas-052022.
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