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Abstract

Looming concerns regarding scarcity, high prices and safety threatens 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 tetragonal polymorphs of molybdenum vanadium oxide (MoVO)
as a host for calcium ions. Orthorhombic and trigonal MoVO outperforms the tetragonal structure
because large hexagonal and heptagonal tunnels are ubiquitous in such crystals, providing facile
pathways for calcium diffusion. For trigonal MoVO, a specific capacity of ~203 mAh g! was obtained
at ~0.2C and at 100 times faster rate of ~20C, ~60 mAh g capacity was achieved. The open-tunnel
trigonal and orthorhombic polymorphs also promote cyclic stability and reversibility, showing a
capacity fade rate of ~0.15% per cycle. A review of the literature indicates that MoVO provides one

of the best performances reported to date for the storage of calcium.



Introduction

The pervasive impact of lithium (Li)-ion batteries from portable electronics to grid and renewable
energy storage is indisputable.!* The recent boom in electric vehicle industries also demands for high
performance, affordable and safer batteries.® Li-ion batteries have dominated the rechargeable battery
market, but the scarcity of Li resources is leading to cost and availability concerns.>® To make affordable
and sustainable batteries, earth-abundant metals such as Sodium (Na), Potassium (K), Magnesium (Mg),
Calcium (Ca) and Aluminum (Al) are preferred.”'> Among these Mg, Ca and Al metal ions are multivalent
in nature, i.e., one ion insertion will deliver 2 or more electrons per ion during battery operation, which
boosts the specific capacity above that of alkali metal based alternatives to Li such as Na and K.%!*13
Consequently, multivalent ion chemistries have seen increased interest within the academic and industrial
battery community. However, ions such as Mg+ and AI** exhibit high charge density and therefore, strongly
interact with host ions in the electrode, causing slow solid-state diffusion.!®!” This problem is alleviated to
some extent for calcium — bigger ionic size of Ca** enables lower charge density, and hence it is relatively
easier for Ca®* to diffuse within intercalation electrodes.?>>* Besides this, the reduction potential of Ca*" (-
2.87 V vs the Standard Hydrogen Electrode) is the lowest compared to other candidate multivalent ions,

which translates to higher cell voltage and energy density.*!*

While Ca**is easier to intercalate than Mg*" and Al**, it still remains a major challenge to find a
high-performing electrode host for Ca®*, both due to its large size, and substantial coulombic interaction

between incoming Ca-ions and host atoms within the electrode. Prussian blue analogues have been used as

25-30 31

a host for Ca®* because of their large pore sizes. Layered materials such as V,0s’' and potassium
birnessite*? have also been examined because of large spacing between 2-D layers in these materials.
Recently, NASICON structured materials (NaV2(POu)3*-4, Ca,NaosVPOu4sFo+*°) have been explored for
Ca storage, because the ionic size of Na is very close to that of Ca (~1 A). However, the aforementioned

materials either lack high specific capacity, high-rate performance, or cyclic stability. One class of materials

that have yet to be explored for Ca-ion intercalation are open-tunnel transition metal oxide structures®® (such



as Molybdenum Vanadium Oxide (MoVO)) that contain large pores and channels for ion-transport. Such
materials can be synthesized by polyoxometalate (POM) based chemistry. POMs are large metal oxyanion
building blocks and by controlling reaction conditions (e.g., pH, temperature, pressure), open-channel
crystals can be obtained.’”* For example, Sadakane et al.>” and Ishikawa et al.® have synthesized five
different phases of MoV O, namely Orthorhombic, Trigonal, Tetragonal, e-Keggin POM and amorphous by
tuning reaction conditions. While MoV O synthesis by traditional hydrothermal reaction methods is a time-
consuming process, in a recent advance, Kaveevivitchai et al. have used microwave synthesis to drastically

reduce the reaction time from 48 hours to about 1 hour.*°

It is to be noted that choice of the electrolyte also strongly influences the performance of a Ca-ion
battery.*! Deploying Ca metal in an organic electrolyte is problematic because an ion-insulating layer forms
at the metal/electrolyte interface.'® In a recent breakthrough, reversible Ca plating/stripping was achieved,
but the operational temperature was ~100 °C, and the coulombic efficiency was low.?* 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.**** Recent work indicates that the cyclic stability and rate
performance of Ca-ion batteries can be improved by use of electrolytes containing some amount of

2534445 or completely water-based (aqueous) electrolytes.*® Water molecules need not be de-solvated

water
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>>***7. 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 ~5Sm calcium triflate. Triflate salts have high solubility in water, and large salt
concentration helps to widen the electrochemical stability window, allowing higher voltages to be

applied.***° Ortho and Tri MoVO compounds contain 6 and 7-membered rings which are 5-6 A wide (about



5 times bigger than a Ca ion). Typically, the hydrated radii of multivalent ions vary between 4-5 A This
can allow hydrated Ca ions to get inserted in the wide-open channels of the crystal. Both Ortho and Tri
polymorphs demonstrated similar performance, but Tetra showed rapid capacity decline and reduced
coulombic efficiency because of low tunnel size and irreversible loss of calcium. For Tri MoVO, the
specific capacity at 0.2C was ~203 mAh g and at rate as high as 20C, ~60 mAh g! was achieved. The open
structure also promotes improved cyclic stability, demonstrating a capacity fade of ~0.15% per cycle. To
gain deeper insight into rate performance, the diffusion of Ca®* in Tri MoVO was characterized using CV,
EIS and GITT methods. The measured Ca** diffusion coefficients are orders of magnitude faster than that
of multivalent ions such as Mg**, and even faster than Li* diffusion into typical oxide based electrodes.
Ex-situ XPS and XRD confirmed the reversibility of Ca**intercalation, and the structural stability of Ortho
and Tri phases of MoVO. These results showcase the potential of developing open-tunnel transition metal

oxide structures, to build superior performing Ca-ion batteries.

Results

Materials Synthesis and Characterization

A schematic of the synthesis process for Ortho MoVO has been shown in Fig. 1a. Ammonium
molybdate and vanadyl sulfate were used as the precursor source for Mo and V respectively. Solutions were
mixed under N, atmosphere to avoid excess oxygen. The mixed solution was acidic (pH ~ 3) because the
molecules present in the solution belong to a class of compounds called polyoxometalates (POMs). POMs
are metal-oxo cluster anions which acts as building units (B.U.) for structural transformation. 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, MosO; is the B.U. (Supplementary Fig.1)
and the reaction conditions (as described in Fig. 1), generates Ortho MoVO. Tri MoVO was obtained by
changing 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 hrs. under N). The XRD data in Fig. 1b confirms the formation of



the desired compounds based on the literature’!. Figure 1c-e shows the crystal structure of Ortho, Tri and
Tetra MoV O respectively. Both the Ortho and Tri structure contains heptagonal as well as hexagonal voids.
These are big micropores (in the 5-6 A range), which can accommodate large cations (e.g. Ca>*) and small
molecules. Tetra on the other hand is limited to much smaller pentagonal, tetragonal and trigonal voids.
FTIR spectrum (Supplementary Fig. 1) of all three MoVO polymorphs is almost identical indicating that
bonding states and building units are same, and it is only the arrangement of building units which give rise
to different crystal structures. Morphology of the samples were examined under SEM (Fig. 1f-h). MoVO
oxides are long rods (4 — 10 pm) ranging from 400 — 700 nm in diameter. Inset figures show EDS mapping
which demonstrates uniform distribution of Mo, V and O elements in the rods. Figure 1i is a typical EDS
spectrum of Tri MoVO. Multiple samples were characterized to establish its’ molecular formula, which

was estimated as M02.5+yVO104+,(0<y <0.5; 0 < z<1); Ortho and Tetra phases showed similar stoichiometry.

Electrochemical Properties

Electrochemical tests were performed on a custom built cell (Supplementary Fig. 2) and activated
carbon (AC) was used as a pseudo reference electrode. Activated carbon was calibrated (Supplementary
Fig. 3) and it exhibits a potential of 3.247 V vs Ca**/Ca. The samples were cycled within the electrochemical
stability window (Supplementary Fig. 4) of 5Sm Ca(OTf), aqueous electrolyte. Figure 2a-c represents
cyclic voltammograms (CV) of Ortho, Tri and Tetra MoVO conducted at 0.1 mV s™'. 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 discharge, vanished after the third cycle. This peak is attributable to SEI
formation. One broad peak at around -0.51 V and another at -1.4 V was observed during discharge for both
Ortho and Tri MoVO (Fig. 2a-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. We believe that the initial broad peak (at -0.51 V) and
corresponding anodic peaks (-0.26 and -0.48 V) occur because of vanadium taking part in the redox process.
This aligns well with vanadium-based cathodes employed in Ca-ion batteries.’"? As will be discussed in

later sections, the peak at -1.4 V /-1.2 V could be attributed to a mix of both redox process as well as



capacitive mechanism participating in the charge storage process. CV profiles overlap well after the third
cycle suggesting good reversibility. For Tetra MoVO (Fig. 2¢), peaks at deeper discharge (-1.2 to -1.4 V)
were not detected, which indicates its” lower electrochemical activity. Tetra has much smaller size voids in
the structure, which limits capacitive storage as well as Ca-ion intercalation. Moreover, the CV curves for

Tetra do not overlap well even at the 5" cycle, indicating the irreversible nature of this material.

To further investigate the voltage profile and cyclic stability, batteries were tested using
galvanostatic cycling at 100 mA g! (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
voltage plateaus at -0.4 V and -1.2 V are evident in the case of Ortho and Tri (Fig. 2d-e). Voltage profiles
were repeatable and sustained through to the 100™ cycle. Both materials show reversible specific capacity
of ~165 mAh g during initial cycles and retained to ~140 mAh g at the end of the 100" cycle. These
results reveal the stable and reversible performance of Ortho and Tri MoVO. For Tetra (Fig. 2f), the profile
was not repeatable, and it degraded drastically during the initial 10 cycles (drops from 120 to 78 mAh g™!)
but stabilized in later cycles. The 50" and 100™ cycle have similar voltage profile, delivering a reversible
capacity of ~46 mAh g'!'. These data indicate that Tetra MoV O exhibits irreversible capacity 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 has been compared
in Fig. 2g-h. For Ortho and Tri, there is a slight increment in initial capacity which could be because of
electrode activation (Fig. 2g). For Ortho, the specific capacity drops from ~165 mAh g! to ~144 mAh g”!,
displaying a capacity retention of ~87% at the end of 100 cycles, whereas Tri drops from ~163 mAh g to
~138 mAh g! with a capacity retention of ~85%. Nonetheless, the performance is similar for Ortho and
Tri. In case of Tetra (Fig. 2g), the specific capacity drastically drops from 120 mAh g! to 46 mAh g! over
the first 35 cycles and then it remains stable till the 100" cycle. The reason for its poor performance is
evident when coulombic efficiency is compared in Fig. 2h. In just 2 cycles, coulombic efficiency has

jumped from 84% to 96% for Ortho and from 88% to 97% for Tri, but when Tetra is 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 condensed space (as in Tetra MoVO), they are more
likely to interact with the host atoms present in the electrode, resulting in a strenuous de-insertion process,

which leads to higher irreversibility.

Once the low-rate cyclic stability of Ortho and Tri was confirmed, we proceeded to test their rate
capability. Figure 2i shows the rate capability performance of Tri MoVO. A specific capacity of ~203 mAh
¢! was obtained at 0.2 C (1C = 150 mA g!) which slowly degrades with rate. Specific capacities of ~113
mAh g, ~89 mAh g''land ~61 mAh g were obtained at C-rates of 5C, 10C and 20C respectively. Similar
results for high-rate performance were also demonstrated by Ortho (Supplementary Fig. 5). These rate
performances are among the highest reported for Ca-ion battery systems. The reason for this outcome is
presumably due to the large size and open tunnels available in the crystal structure, enabling facile diffusion
of ions. Further, since we are utilizing an aqueous chemistry, ions along with its solvation sheath can get
inserted. The solvated ions shield the ionic charge, reducing coulombic interaction and hence facilitating
faster diffusion in the host. Another factor that could aid rapid Ca®* intercalation and de-intercalation is that
the transition metals (i.e., Mo and V) in MoV O have variable oxidation states, and can get reduced to lower
oxidation states during Ca** insertion. This allows for easy charge redistribution, which can help maintain

uniform charge neutrality in the material.

Ex-Situ Study of Cycled Electrodes

To verify that it is Ca inserting in the material (sometimes protons present in aqueous electrolytes
can start participating in the electrochemical reaction), EDS mapping and EDS spectrum (Fig. 3a-b) of
cycled Tri MoVO were acquired. Uniform distribution of Ca is noticeable, and peaks of Ca are visible in
the spectrum. Similar records were acquired for Ortho and Tetra MoV O (Supplementary Fig. 6). To verify
reversibility of calcium insertion, samples at various discharge states were analyzed under XPS (Fig. 3c).

In the pristine electrode, Ca 2p peaks are obviously “absent”, and it starts to appear at -0.4 V. The peak



becomes 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 disappears, which verifies the reversible extraction of Ca. The robustness of the MoVO
crystal structure was checked by XRD on electrodes after 100 electrochemical cycles (Fig. 3d). The XRD
profile remains same for all three polymorphs of MoVO (Supplementary Fig. 7). This substantiates the
extreme structural integrity of MoVO compounds, which contributes to their stable cycling performance.
SEM imaging of the cycled electrodes (Supplementary Fig. 8) attest to the fact that the electrode structure

remains intact during the cycling process.

Kinetic Study of Ca in MoVO Electrode

To further investigate the high-rate performance of Tri MoVO, we studied its kinetic behavior by
determining the Ca** diffusion coefficient. For an initial estimation, the diffusion coefficient was calculated
using the Randles-Sevcik equation®7:

ip=(2.69 x 10°) n3/2AD¢,1/2 Cv1/2 68}
Where [, is peak current in the CV curve, n is the charge transfer number, A is surface area of electrode,
Dc. is the diffusion coefficient of Ca, C is concentration of Ca in the MoV O electrode and v is the scan rate.
To use equation (1), CV was performed at different scan rates as shown in Fig. 4a. D¢, for a purely diffusive
process can be extracted by performing a linear fit to the peak current vs the (scan rate)** plot. Figure 4b
is the plot of peak current vs (scan rate)® at -0.51 V for the discharge process, and at -0.27 V for the charge
process. During discharge, Dc, was estimated as 1.07 x 107'°cm? s! and during charge D¢, was 3.2 x 10710
cm? s, A similar calculation could not be carried out for the current peak at -1.22 V, since the peak current
did not exhibit a linear correlation with (scan rate)’, rather, the relation could be best fitted by utilizing a
power law equation®>%38%;

ip = avb (2)
Note that a value of 0.5 for b indicates a purely diffusive process, while b value of 1 indicates a purely

capacitive mechanism. In Fig. 4¢, ‘b’ is 0.77 for the peak current at -1.22 V, which indicates that at this

voltage, the storage mechanism in MoVO is a mix of both diffusive and capacitive behavior.



To further determine diffusion coefficient at different voltage values, Electrochemical Impedance
Spectroscopy (EIS) was performed at OCV, -0.4 V, -1.0 V and -1.4 V during the discharge process. Figure
4d presents the EIS spectrum of Tri MoVO at various voltage values and the data was fit by the circuit
model described in the inset. For the Nyquist plot, in the high frequency region, the intercept on Z’ -axis
corresponds to solution resistance (R,) and contact resistance of the cell, and the semi-circle can be ascribed
to the charge transfer (R.;) and SEI impedance of the electrodes. A small net resistance of < 9 Q was
registered at all the voltage values, which promotes facile operation of the battery at high C-rates. The
oblique feature at the end in the low frequency regime is associated with the Warburg impedance, which is
related to Ca-ion diffusion in the electrode material. To calculate the diffusion coefficient, equations (3)

and (4) were used>2°7:60-63,

R2T2
Dca = Jaznapceo (3
Z’ = Rs + Rct+ 0-(1)_1/2 [4’)

Here, R is the gas constant, T is absolute temperature, A is surface area of the electrode, n is charge transfer
number, F is Faraday constant, C is concentration of Ca in the material and ¢ is the Warburg factor. To
calculate Warburg factor, equation (4) was used, which was obtained from the Z’ (real) vs ®°° plot in the
low frequency regime. The slope of the linear fit between Z’ (real) vs % will yield o. Figure 4e contains
the linear fit at all four voltage values. D¢, at OCV is calculated to be 1.44 x 1079 cm? s”!, which is very
close to the value calculated from CV. A similar study was performed on Ortho (Supplementary Fig. 9)

and the D¢, for Ortho is very close to what was exhibited by Tri MoVO.

Galvanostatic Intermittent Titration Technique (GITT) characterization (Fig. 4f) was also carried
out to obtain deeper insight into the diffusion process. For this, a current pulse at 75 mA g! was applied for
15 minutes followed by 2 hrs. of relaxation time. The maximum absolute voltage during the 15 minutes
period generated by the current pulse accounts for the kinetic condition. On the other hand, the minimum

absolute potential achieved after 2 hrs. of relaxation, represents the equilibrium state. Both kinetic and



equilibrium conditions have been highlighted in Fig. 4f. The zoomed in picture of one such current,
relaxation cycle at roughly -0.4 V has been provided in Fig. 4g. When the current pulse is applied, there is
a sudden drop in voltage which could be attributed to the resistance drop, and thereafter there is a drop
induced by the electrochemical reaction. This change in potential is AE;, which is regarded as the change
in potential due to kinetic conditions. Subsequently, when the relaxation period starts, there is a sudden
voltage rise, and then the potential slowly increases and eventually saturates at the end of 2 hrs. The
difference between the saturated potential from the current cycle and the saturated potential from the
previous cycle represents the voltage change in the equilibrium condition (AEs). The diffusion coefficient

can be calculated by using equation (5)%0-6465;

4 mVpy. o AEg

L2
D¢, = )Z(AET)2 for 7 << — (5)

T -~ mA

Equation (5) is valid, if E; vs 7> follows a linear relation, and Fig. 4h validates this. Hence, equation (5)
was applicable for the calculation of diffusion coefficients from the GITT data. Figure 4i compares the
diffusion coefficients retrieved from EIS and GITT experiments. Both EIS and GITT results show the same
trend at different voltages, with GITT predicting relatively higher diffusion coefficients. The Ca diffusion
coefficient is higher initially (i.e. at the onset of intercalation) because of a large concentration gradient at
the MoVO/electrolyte interface. Subsequently, as increasing amounts of Ca-ions get inserted into the
material, the concentration gradient drops. Moreover, there is reduced non-intercalated volume remaining
within the structure to accommodate more incoming Ca-ions. The net result is much lower diffusivity of

Ca-ions towards the end of the discharge step.

The Ca?* diffusion coefficients (Fig. 4i) in the range 5.7x10° cm? s! t0 2.54x10'* cm? s°! that we
report are orders of magnitude faster than multivalent ions such as Mg?*, which show diffusion coefficients
of 10 to 10" cm? s™! into oxide hosts such as a-MoOs and Ti0,.°¢" In fact Ca** diffusion is even faster

than Li-ion diffusion (10'* to 107! cm? s™') into oxide materials such as Nb;sW16093°7, H-Nb,O5%, Ti0,*



and LisTisO1."°. These results explain the ability of Ca** to intercalate effectively into Tri MoV O at fast

charge/discharge rates of up to 20C (Fig. 2i).

Comparison with State-of-Art

We compared the performance of Tri MoVO with various Ca-ion electrode materials reported in
the literature. Specific capacity comparison of the various materials at low C-rates is shown in Fig. 5a. The
literature from which this data is taken is provided in Supplementary Table 1. Tri MoV O with a specific
capacity of ~203 mAh g (at 0.2C) is superior to almost all the reported materials. Calcium because of its
relatively large size and high charge density induces large stresses in the host material causing structural
damage. As a result, several materials lose 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. Sbh. The

capacity fade rate per cycle was calculated using equation (6):

Initial Capacity—Final Capacit 1
¢ 4 P y>><100><7 (6)
Initial Capacity Cycle Index

Capacity fade rate per cycle =

Tri-MoVO shows a relatively benign capacity fade rate of ~0.15% per cycle, which is much lower
than a variety of materials including oxides, phosphates, polymers, and Prussian blue analogues (Fig. Sb).
Very few studies in the literature report rate-capability in Ca-ion batteries. The available literature on rate-
capability has been provided in Fig. Sc. 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 specific
capacity of ~100 mA h g!'at ~1000 mA g current density. Based on the test data in Fig. 5¢, we conclude
that PT (5,7,12,14-pentacenetetrone)’! is the only material reported to date that shows far superior rate
capability than MoV O, 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.”!



Discussion

To summarize, we report high specific capacity and high-rate performing MoVO materials as a
host for Ca-ion intercalation in aqueous electrolytes. Polyoxometalate derived MoVO polymorphs were
prepared by hydrothermal processing. Open-crystal structured materials with heptagonal and hexagonal
tunnels (orthorhombic, trigonal) as well as pentagonal tunnels (tetragonal) were employed in concentrated
aqueous electrolyte (Sm Ca(OTf),). Both orthorhombic (Ortho) and trigonal (Tri) demonstrated similar
performance, but tetragonal (Tetra) showed rapid capacity decline and reduced coulombic efficiency
because of low tunnel size and irreversible loss of Ca. For Tri MoVO, the specific capacity at a low rate of
0.2C was ~203 mAh g!, and even at a high-rate of 20C, a specific capacity of ~60 mAh g'! was retained.
The open structure of Tri also promotes cyclic stability, demonstrating a capacity fade of ~0.15% per cycle,
which is low relative to most oxides, phosphates, polymers, and Prussian blue analogues tested in Ca-ion
batteries. To gain deeper insight into the rate performance, the diffusion coefficient of Ca?* was calculated
using CV, EIS and GITT. At the initial stage, inside a relatively empty oxide material, a Ca diffusion
coefficient of ~5.7 x 10"1°cm? s was achieved, and it retains a value in excess of 102 cm? s! in the middle
stage of the discharge cycle. These values compare favorably with multivalent ions (such as Mg>*) as well
as Li* insertion into oxide hosts. The reversible insertion and de-insertion of Ca was also confirmed by ex-
situ EDS and XPS characterization. EDS mapping revealed the presence of Ca, whereas XPS analysis at
various discharge states verified reversible Ca 2p peaks. These results indicate a reversible system for Ca-
ion intercalation with high specific capacity and rate capability and opens new avenues for the deployment

of open-crystal structured materials such as MoVO in future energy storage devices.

Methods

Materials Synthesis

For synthesis of Ortho MoVO, ~40 ml of 50 mM ammonium molybdate ((NH4)sM07024, Sigma

Aldrich > 99 %) was put it a round bottom flask. The solution was degassed and then N, 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 nitrogen atmosphere when ~40 ml of 12.5 mM vanadyl sulfate (VOSQOy4, Sigma
Aldrich 97%)) was injected drop-by-drop using a syringe. Dark purple solution was obtained at the end,
which was left for 20 minutes under nitrogen bubbling to avoid any excess oxygen. Resulting solution was
quickly transferred to a Teflon container to be placed in a hydrothermal reactor. Hydrothermal reaction was
carried out at ~180 °C for 48 hrs, 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 treatment 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 box furnace at ~400 °C for 4 hrs. to remove any water and ammonia molecules. This processing

technique has been adopted from the literature®”-*,

Tri MoVO, was prepared through the same process as Ortho MoVO, except, pH of the dark purple
solution (obtained after mixing Mo and V precursors) was adjusted to ~2.2 by dropping ~2 M H,SO4
solution and hydrothermal reaction time was only 20 hrs. Tetra MoVO, was derived from Ortho MoVO by
heating Ortho MoVO at ~575 °C for 2 hrs. in N, atmosphere. The heating rate was ~10 °C/min, and the

sample was left to cool down under N».

Electrode preparation was identical for all three oxide materials and the activated carbon (4% Ash,
Thermo Scientific) electrode. Briefly, the sample, super P conductive carbon and PVDF (4wt% in NMP)
were mixed in planetary mixer such that the final composition of slurry (sample: superP: PVDF) was
80:10:10 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 2-3 mg cm™ and the electrode thickness was in the range of 25-30 um
(Supplementary Fig. 10). Electrode density for Tri MovO was calculated to be ~0.87 g ml!. For activated

carbon, free standing film was achieved due to high mass loading (80—100 mg cm). 5m aqueous Ca(OTf)>



(Calcium trifluoromethanesulfonate, 99% min, Thermo Scientific) was used as the electrolyte. To prepare
the electrolyte, calcium salt was measured inside an argon filled glove box, and HPLC grade water was

quickly added in the ambient.

Materials Characterization

Crystal structure of MoVO particles were confirmed by X-ray diffraction (XRD) which was
performed using Panalytical X pert PRO MPD system. Cu Ka radiation (A = 1.54 A) was used and 2theta
range of 5° to 60° was scanned with 0.05° step size. Scanning electron microscopy (SEM) and energy
dispersive spectroscopy (EDS) mapping was conducted on Carl Zeiss Supra 55 FESEM to examine
morphology, 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). X-ray photoelectron
spectroscopy (XPS) was accomplished using Al Ka 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 studies, the samples were cycled for 3 cycles under galvanostatic condition at
~100 mA g and then held at a particular potential for 15 — 20 hrs. Afterwards, the cells were opened to

extract the electrode, thoroughly washed with DI water, and dried for ~2 hrs. in a vacuum oven at ~80 °C.

Electrochemical Analysis

All electrochemical tests were conducted on a custom-built cell (Supplementary Fig. 2).
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. 10 sets of
hex head bolts and nuts were used to tightly seal the battery. Activated carbon was used as a pseudo
reference electrode. It was calibrated using LiFePOselectrode (MTI corp.). LiFePOs4 was first tested against
Li*/Liin 1M LiPFs in EC: DEC (1:1). An insertion potential of 3.475 V was noted against Li*/Li. LiFePO4
then was tested against AC, which demonstrated an insertion potential of 0.048 V against AC. These tests

concluded that AC potential is 3.427 V vs Li*/Li and hence 3.247 V vs Ca’*/Ca.



Galvanostatic charge discharge and GITT tests were performed on Arbin BT2000 in the 0.3 to -1.4
V range. For GITT, a current pulse of 75 mA g! was applied for 15 min and rest period of 2 hrs. was given
for relaxation. Voltage stability window of Sm Ca(OTf), was determined using linear sweep voltammetry
(LSV) at 1 mV s'. LSV, Cyclic voltammetry testing and EIS were performed on Gamry Reference 3000
potentiostat. For conducting EIS at a particular potential, the cell was discharged at 100 mA g and then

held at the desired potential for ~2 hrs.
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Figure 1 | Synthesis procedure, crystal structure and characterization of MoVO. a) Schematic of all steps involved in synthesis of
Ortho MoVO. Tri MoVO synthesis involves pH adjustment (of precursor solution) to 2.2 using 2M H.SO, and hydrothermal reaction for 20
hrs. Tetra MoVO was obtained by annealing Ortho MoVO at 575 °C under N, atmosphere. b) XRD result of all three MoVO compounds.
Crystal structure of ¢) Otho d) Tri and e) Tetra MoVO. Orthorhombic and trigonal structure contains hexagonal and heptagonal tunnels,
whereas tetragonal polymorph contains pentagonal, tetragonal and trigonal tunnels. SEM images and EDS mapping of synthesized rods of
f) Ortho g) Tri and h) Tetra MoVO. Mapping shows distribution of Mo, V and O throughout the rod. i) EDS spectrum of Tri MoVO. Ortho and

Tetra spectrum also exhibit similar peaks for Mo, V and O.



a Potential (V vs Ca?*/Ca) b Potential (V vs Ca?*/Ca) Potential (V vs Ca?*/Ca)
18 21 24 27 30 33 36 18 21 24 27 30 33 36 c 18 21 24 27 30 33 36
: " " " N L N 03 0.2 " " " N L "
0.2
0.2
0.1
_ o1 _
< < 0.1 <
oo =0 €00
c c c
[ [
E -0.1 — 1! cycle g —— 1% Cycle g — 15! Cycle
o ——2Md cycle 3-0.1 —— 27 Cycle 0-0.1 2™ Cycle
02 —— 3" cycle _— 3': Cycle _— i‘: gyclle
=V e gth -0.2 —— 4" Cycle — ycle
4“' Cycle —— 5% Cycle -0.2 ~— 5" Cycle
03 = 5" Cycle
15 12 -09 -06 -03 00 03 “15 12 -09 -06 -03 00 03 15 -12 -09 -06 -03 00 03
Potential (V vs AC) Potential (V vs AC) Potential (V vs AC)
d 0.2 3.4 e 0.2 3.4 f 0.2 L34
—_ 0.0 _
5 0.0 3.2 g 5 0.0 3.2 3 5 L 3.2 s
<-0.2 S <02 S <02 —1stcycle }3.04
—1stcycle [3.0 3.04 » ~
S 5 2 0.4 — 1St Cycle ] >-0.4 — 2nd Cycle S
-0.4 —2ndcycle 28 O SO —2nd cycle [28 3 > sth Cyolo 2.8 (;
< 4 ~ — -
506 _St't‘hcédeu 26 7 30O —sthoye |26 2 0 — 1ot cyce [26 =
= — 10th cycle 2 = 2 £, g
508 soth czc,e 245 808 - 1°:: g“'e 243 £ 08 —sothcycle 24 5
o - k=1 o — 50th Cycle = 1. —100th €
a-1.0 —1oothcyclef22 § &-10 J00th Cycloh 22 € o 1.0 100t Cycle L 5 o §
=3 — - o
1.2 20 & 12 208 1.2 2.0 o
1.4 v r 1.4 v v v -1.4
(i 50 100 150 200 0 50 100 150 200 . 0 50 100 150 200
g Specific Capacity (mAh g-1) h Specific Capacity (mAh g-1) I Specific Capacity (mAh g-1)
~ 250
=~ — -
"o 160 \ Lo '[Pv"‘m ° ¢ 0.2C
J K= Jumnn [)
- z L g 2001"0.5¢ 3
E1201 orth K] 3 s 1C
> . = Ortho g 60 2 150 "“.Z.(.:
5 -‘ s Tri :ﬁ L o XSC
g 80 = Tetra o g dese 10¢C
8 \ 8 8 100 anee
° € 30 = Ortho o \20
£ 40 2 o Tri £ 50 _._charge aass
= ——
2 3 + Tetra 2 —o— Discharge
o o . . . . 0 x x x . @ 9
0 20 40 60 80 100 0 20 40 60 80 100 0 10 20 30 40
Cycle Index Cycle Index Cycle Index

Figure 2 | Electrochemical performance of MoVO compounds in a Ca-ion battery. Cyclic voltammetry results of a) Ortho, b) Tri and
c) Tetra MoVO performed at 0.1 mv s™'. Five cycles were performed to get a reversible CV profile. Voltage profile acquired using
galvanostatic test at 100 mA g* 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 high reversibility of Ortho and Tri over Tetra MoVO. i) Rate
capability test of Tri MoVO (1C = 150 mA g™'). Five cycles were performed at each rate to establish stable performance of the compound.
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Figure 3 | Ex-situ EDS, XPS and XRD of Tri MoVO. a) Ex-situ EDS of Tri MoVO at final discharge state of -1.4 V. Uniform distribution of calcium is
quite visible in the mapping. b) EDS spectrum of this electrode also show peaks corresponding to Ca, Mo, V and O. This confirms that calcium inserts
inside the material. ¢) Ex situ XPS spectrum of Ca at different voltages during the discharge cycle. Ex-situ study was performed on pristine electrodes,
at discharge potential of -0.4 V, complete discharge at -1.4 V and finally complete charge at 0.3 V. The appearance of Ca 2p peak during discharge
and disappearance at charge shows high Ca reversibility during the battery cycling process. d) Comparison of XRD profile of pristine Tri MoVO
electrode and Tri MoVO electrode tested in the battery for 100 cycles. The electrode maintains the same XRD profile, validating the fact that the crystal
structure of the material is preserved during cycling.
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Figure 4 | Diffusion coefficient calculation of Ca?* in Tri MoVO. a) Cyclic Voltammetry at different sweep rates. b) Linear fit of peak
current vs (scan rate)®®at -0.27 V (anodic) and -0.51 V (cathodic) potential. The slope from these plots were used to calculate diffusion
coefficient using the Randles-Sevcik model. ¢) Power law relation between peak current and scan rate at -1.22 V. ‘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 shows the model used to fit the data.
e) Z (real part of impedance) vs w®S at low frequency regime of EIS. Warburg factor (o) was obtained from the slope to calculate the
diffusion coefficient. f) Discharge GITT curve of Tri MoVO. g) Zoomed in plot of GITT curve at approximately -0.4 V. Current pulse (t) Of
15 min was applied with 2 hrs. of relaxation time. h) Voltage vs t°° at -0.4 V shows linear relation. i) Calculated Ca?* diffusion coefficient
values using EIS and GITT at different voltage values.
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Figure 5 | Tri MoVO performance comparison with the literature for Ca-ion batteries. a) Specific capacity of Tri MoVO compared with reported
materials employed in Ca-ion batteries (refer to the Supplementary Table 1 for full details). Abbreviations for SDBS: sodium dodecylbenzenesulfonate,
MCMB: mesocarbon microbeads, PNDIE: poly[N,N'-(ethane-1,2-diyl)-1,4,5,8-naphthalenetetracarboxiimide,PTCDA: Perylene-3,4,9,10-tetracarboxylic

dianhydride , and PT: 5,7,12,14-pentacenetetrone.b) Percentage fade rate per cycle of various materials tested in Ca-ion batteries. Literature showing cyclic

stability results were used to generate the plot. Some articles showing negative fade rate are not shown here but mentioned in the Supplementary Table 1.

c¢) Specific capacity vs current density. Articles reporting rate performance of the material have been displayed.
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