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ABSTRACT: The development of practical multivalent-ion batteries critically depends on the identification of suitable positive
electrode materials. To gain a better understanding of the intercalation chemistry of multivalent ions, model frameworks can be
used to study the distinct specificities of possible multivalent ions, thus expanding our knowledge on the emerging “Beyond Li
battery” technology. Here, we compare the intercalation chemistry of Mg2+, Zn2+ and Ca2+ ions into a disordered layered-type structure featuring water interlayers and cationic vacancies as possible host sites. The thermodynamics of cation-inserted reactions performed on the model structure indicated that these reactions are thermodynamically favourable with Zn 2+ being the least stable ion.
Galvanostatic measurements confirmed that the structure is inactive toward Zn2+ intercalation while Mg2+ can be reversibly inserted
(0.37 Mg2+ per formula unit) with minor changes of the atomic arrangement as demonstrated by pair distribution function analysis.
Moreover, we demonstrate that non-solvated Mg2+ was intercalated in the structure. Finally, the intercalation of Ca2+ performed at
100 °C with Ca(BF4)2 in propylene carbonate, induced the collapse of the layered structure releasing water molecules that contribute to the degradation of the electrolyte as revealed by the presence of CaF2 at the electrode level. The decomposition of the structure led to the formation of an electrochemically active phase featuring strong long-range disorder, yet short-range order close to
that found in perovskite structures, particularly with corner-shared TiO6 octahedra. We, hence, hypothesize that defective CaTiO3based perovskite could be explored as viable cathode materials for rechargeable Ca-based batteries.

The modern-day search for new materials to be used in rechargeable batteries has focused on various components of the
devices including the electrolyte and compositions of the
positive and negative electrodes. An additional consideration
is the ion that travels between electrodes. Given the limited
amount of available lithium, previous work has explored the
possibility of using other monovalent ions such as Na+ or K+
instead.1 An alternative approach takes advantage of the earth
crust’s abundant multivalent (MV) ions such as Mg2+ and Ca2+,
or Zn2+ although it is barely more abundant than Li+, as the
charge-carrying species.2–8 In a system which uses a metal
anode, multivalent ions take advantage of a multi-electron
processes leading to a corresponding increase in the volumetric energy density (Table 1). The proper plating/stripping of
the metal in a selected electrolyte without the formation of

dendrite is a mandatory step toward the realization of beyond
lithium-ion batteries with enhanced safety.
However, while the energy density of a battery can, in principle, be significantly enhanced using Mg, Ca or Zn metal anodes, the development of positive electrode materials that can
accommodate these ions is still in its early stages.9,10 The
difficulty lies in the slow solid-state diffusion of MV ions
within the structure caused by the strong Coulombic interactions with the anionic sublattice. To account for this, the polarizing power (ratio between the charge and the square of the
ionic radius: Z/r2) reflects the ability of a cation to attract and
distort the electron cloud of a nearby anion (Table 1). Considering a six-fold coordination number (CN), the ranking goes
Li+ < Ca2+ < Zn2+ < Mg2+ indicating that the greater challenges

may be expected in developing beyond-lithium ion rechargeable batteries. This trend, however, does not take into account
the specific behaviour of these ions within electrode structures, an environment unlike bulk solvation in which ions are
confined. These potential new generations of batteries require
more investigation to better understand the stability of each
ion species when intercalated into the electrode material.9
Model frameworks such as layered structures are particularly
interesting to explore due to the ability of these materials to
accommodate ions with a range of sizes and the possible variability in the coordination environment for intercalated species.11 Moreover, highly defective structures were shown to
favour the diffusion of MV ions.12,13 Herein, we embark on
comparing the intercalation chemistry of MV ions within a
disordered layered structure featuring interlayer water molecules and cationic vacancies both potentially acting as host
sites. DFT-calculations on simplified structural model were
primarily used to access the thermodynamic properties and to
provide structural insights into the properties of inserted
cations highlighting noticeable differences. Although the
comparison between ions is constrained by the specific electrochemical features of each cell (e.g. the electrolyte associated with each multivalent ion), this work provides fundamental insights into different intercalation chemistries.
Table 1. Characteristics of different charge carriers.
Characteristics

Li+

Ca2+

Zn2+

Mg2+

Earth crust abundance
(ppm)

20

41,000

75

23,300

Volumetric
(mAh/cm3)

2,061

2,073

5,854

3,832

Shannon's ionic radii
(Å) (CN*=VI)

0.76

1.00

0.74
0.60**

0.72

Polarizing
(Z/r2) (Å-2)

1.73

2.00

3.65
5.55**

3.85

capacity

power

*CN: Coordination number
** CN of Zn2+ in ZnO is IV.

EXPERIMENTAL SECTION
Synthesis. X-ray amorphous sample with a local lepidocrocite-type layered structure containing a high concentration
of titanium vacancies was synthesized by a sol-gel process as
previously reported.14 Briefly, a solution containing 4 mL of
titanium (IV) isopropoxide (> 97 %, Sigma-Aldrich), 25.19
mL of isopropanol (Alfa Aesar) and 0.81 mL of ultrapure
water, was placed in a Teflon-lined container sealed in the
autoclave. The mixture underwent thermally activated precipitation at 90 °C for 12 h. The obtained white precipitate was
washed several times with ethanol (> 96 %), collected by
centrifugation and further dried at 80 °C overnight. The determination
of
the
chemical
formula
led
to
Ti1.50.5O2(OH)2∙nH2O ( = Ti4+ vacancy, n~0.55) where
25% Ti4+ replaced by vacancies to compensate the charge
difference due to the substitution of divalent O2- by monovalent OH- groups.
Electrochemistry.
The electrochemical activity of
Ti1.50.5O2(OH)2∙nH2O versus Mg2+, Ca2+ and Zn2+ was studied with galvanostatic charge-discharge experiments. The
electrodes were prepared by mixing different proportions of

active materials, conductive carbon (Super P, Timcal) and
polyvinylidene fluoride (PVDF) as the binder. Galvanostatic
cycling measurements were done in three-electrode Swagelok
cells using corresponding metal wire and foil as reference and
counter electrode and suitable electrolyte to electrochemically
strip and deposit the metal. Experiments were performed at
room temperature for Mg and Zn, and at 100 °C for Ca cells.
The current density was 10 mA.g-1 for Mg and Zn and 5 mA.g1
for Ca. Detailed experimental conditions can be found in
Table 2.
Table 2. Experimental conditions for electrochemical measurements.

Counter
electrode

Electrode formulation:
AM, C, PVDF
Weight %

Electrolyte5,8,15

Mg

80 wt%, 10 wt%, 10
wt%

0.2 M 2PhMgClAlCl3 / THF

Zn

70 wt%, 20 wt%, 10
wt%

0.5 M Zn(TFSI)2 /
acetonitrile

Ca

80 wt%, 10 wt%, 10
wt%

0.45 M Ca(BF4)2/
EC:PC
(50:50
wt%)

Ex situ Synchrotron X-ray scattering. Electrochemically
reduced/oxidized electrodes were washed with tetrahydrofuran
or dimethyl carbonate and scrapped from the current collector
and packed in kapton capillaries. Operations were performed
in an Ar filled glove box. High energy X-ray (λ = 0.2128 Å)
synchrotron diffraction data were collected at the 11-ID-B
beamline at the Advanced Photon Source at Argonne National
Laboratory. 1D diffraction data were obtained by integration
of 2D total scattering data with Fit2D.16 Pair Distribution
Functions (PDF) were extracted using PDFgetX3.17 The PDF
refinements were performed using PDFgui18.
Energy dispersive X-ray spectroscopy. EDX analysis was
performed using a JEOL 2100 Plus transmission electron
microscopy LaB6 200 kV.
Density function theory calculations. A lamellar lepidocrocite structure was simulated using a supercell made of two
titanate layers (4x4x1 supercell) and two layers of interlayer
water with an overall composition Ti631O124(OH)4·32H2O
where the  represents a single Ti4+ vacancy whose charge is
compensated by the four hydroxides. The spacing between
titanate layers was fixed at 11.5 Å to be consistent with existing literature19. The simulation cell was computed using periodic boundary conditions. The choice to simplify the system
was made to control for the role of the vacancy and to eliminate significant contributions from disorder in the structure.
From this approach, this work will investigate the behaviour of
intercalated multivalent ions (e.g. Mg2+, Ca2+ and Zn2+) and the
structure and thermodynamics of stable structures in the vacancy and inter-layer positions.
Density functional theory (DFT) calculations were performed
using the CP2K code via the Quickstep algorithm.20,21 Electrons were described using the PBE exchange-correlation
function with a planewave cut-off of 400 Rydberg. DZVPMOLOPT-SR-GTH basis sets were used along with Goedecker-Teter-Hutter pseudopotentials22,23. Preliminary tests

using the Hubbard-U correction (U = 2.5 eV) were performed
to understand the influence of correlation effects on energies
of formations. A table summarizing these results can be found

in the SI. DFT calculations in the article did not used the Hubbard-U correction as the differences in the computed energies
of formation were on the order of 10meV/formula unit.

Figure 1. (A) The model lepidocrocite system considered here contains two titanate and two interlayer water layers. A single vacancy is
introduced into one of the two titanate layers by removing a Ti atom and balancing the charge with four protons. Multivalent ions were
inserted into one of two Wyckoff sites: the interlayer or the vacancy position (B) and (C) respectively, where the position of the multivalent ions is shown in green.

Given the size of the simulation cell, only the Γ-point was
sampled. Systems are computed with a total neutral charge to
simulate the state of the electrode following a discharge
process.
Energy of Formation. Based on the Wyckoff positions, the
energy of formation was computed for two different sites
within the lepidocrocite structure: the ion in the water interlayer and the ion in the Ti4+ vacancy as shown in Figure 1B
and C. To determine the energy of formation of the ion
within the lepidocrocite structure, we relax the structure for
the ion in each of the two previously mentioned positions
allowing for both the ion and the electrode atoms to freely
move. When this relaxed structure is determined, the total
energy of the system is then recomputed for this arrangement
of atoms but without the intercalated ion. The energy of
formation is then computed via the formula:
E
E
i
E
E i
where the first term represents the combined system and the
terms in parentheses represent the sum of energies of the ion,
and titanate systems computed independently.

RESULTS AND DISCUSSION
Thermodynamic and analysis of the coordination environment of inserted-cations
The thermodynamic and coordination environment of each
cation was probed by using DFT-calculations performed on a
simplified structure, i.e., a supercell Ti631O124(OH)4·32H2O
where the  represents a single Ti4+ vacancy whose charge
is compensated by the four hydroxides, as shown in Figure 1.
In both cases of the interlayer Wyckoff site (Figure 1B) and
the cationic vacancy (Figure 1C), formation energies indicate
that the intercalation reaction are thermodynamically favourable (Figure 2). We, however, note that zinc is the least

stable ion within the two sites as compare to calcium and
magnesium. We detailed below the structural features for
each cation.

Figure 2. Energies of formation (meV/formula unit) for multivalent ions located in vacancy and interlayer Wyckoff positions
in lepidocrocite-type TiO2.

Magnesium. After completing the geometry relaxation, the
magnesium ion is four-fold coordinated with water molecules (Figure 3A). The ion remains in the centre of the interlayer suggesting that the structure can remain stable upon
Mg2+ insertion.
Within the vacancy (Figure 3D), Mg2+ ion is 6-fold coordinated with oxide anions with an average bond length of 2.06
Å. The ion is centred within the vacancy in almost exactly in
the position one would expect for Ti4+. As a result, there is
only a small amount of distortion associated with the insertion of the ion into the vacancy site.

Figure 3. The relaxed geometries for Mg, Ca, and Zn ions in the water interlayer (A-C) and in the Ti4+ vacancy (D-F). Bond
lengths are shown in units of Angstroms.

Figure 4. Galvanostatic discharge-charge curves in a) Mg, b) Zn and c) Ca cells. The used current densities were 10 mA.g -1 for
Mg2+
and
Zn2+,
and
5
mA.g-1
for
Ca2+.
Calcium. The relaxed structure computed for the interlayer
calcium ion shows that the ion moved away from the centre of
the interlayer. As a result, it is solvated by three water molecules and coordinated with a bridging oxygen from the titanate
layer (Figure 3B). Such a configuration suggests that calcium
insertion might destabilize the structure by moving water
molecules away for the interlayer space. Within the vacancy,
the ion forms four shorter bonds (~2.22 Å) and two longer
bonds (~2.48 Å) (Figure 3E) effective coordination number24
of 4.4. This is due to the position of the calcium ion with respect to the centre of the vacancy. Unlike the Mg2+, which
falls towards the centre of the vacancy, the larger size of Ca2+
induced a position farther away from the vacancy in the direction of the interlayer such that it is coordinated principally by
the four outermost oxygen atoms. This destabilization as result
of the distortion to the titanate structure has previously been
observed in the case of K+ in the lepidocrocite structure.25
Zinc intercalation. When intercalated into the interlayer, Zn2+
ion is three-fold coordinated by water molecules (Figure 3C).

Similar to Mg2+ ion, zinc remains at the centre of the interlayer
with no interactions with the titanate layer. When the ion is
intercalated into the vacancy site, it sits higher than the centre
of the void leading to a four-fold coordinated (Figure 3F),
which is its preferred coordination number26. The four bonds
formed with the Zn2+ have an average length of 2.07 Å with
the two remaining oxygen atoms falling at 2.82/2.73 Å away
from the ion. Such a configuration suggests an instability of
Zn2+ to sit fully within the vacancy.
Electrochemistry. The electrode material that was used here
consists of an amorphous compound featuring a local structure
previously described using the layered lepidocrocite network.
Disorder was suggested to be due to the large content of vacancies stabilized by the partial substitution of divalent O2- by
monovalent OH- groups, i.e., Ti1.50.5O2(OH)2∙nH2O ( =
Ti4+ vacancy, n~0.55).14 The electrochemical properties of the
lepidocrocite-type structure with respect to MV ions were
assessed by employing the corresponding metal as the negative electrode. Moreover, specific electrolytes were chosen for

each system (Table 2). Figure 4 gathers galvanostatic
charge/discharge curves obtained for the first three cycles. In
the case of Mg2+, the all-phenyl complex (APC)
Mg2Cl3+AlPh2Cl2- dissolved in tetrahydrofuran (THF) was
used as the electrolyte. The voltage-composition (Figure 4a)
curves measured at RT under 10 mA.g-1, features a smooth
profile suggesting a solid-solution behaviour. The reversible
capacity was 135 mAh g−1 which corresponds to the intercalation of 0.37 Mg2+ per formula unit. Energy-dispersive x-ray
spectroscopy was performed on a discharged electrode (Figure
S1a) confirmed the insertion of naked Mg2+ with negligible
amount of chloride (Cl/Ti = 0.02) ruling out the insertion of
solvated species such as magnesium monochloride cations 27.
In the case of Zn2+ ions, the structure was shown to be electrochemically inactive (Figure 4b). The inability of the network
to accommodate Zn2+ was confirmed by testing other type of
solvent such as dimethyl sulfoxide. In the latter case, we
measured very low capacities. The inability of Zn2+ to be
inserted in the layered structure agrees with the thermodynamic reinforcing the observation of Zn as the least stable
cation in the structure.
For Ca2+ intercalation, the selected electrolyte which was 0.45
M Ca(BF4)2/ EC:PC (50:50 wt%) requires to operate at 100 °C
to provide an efficient plating/stripping of calcium.5 Note that
the thermal analysis showed that the structure is stable at this
temperature.14 The first discharge led to about 290 mAh.g-1
(Figure 4c). EDX analysis performed on a discharge electrode
indicated the presence of fluorine pointing to the decomposition of the boron fluoride groups from Ca(BF4)2 (Figure S1).
The subsequent charge capacity reached 134 mAh.g-1, corresponding to about 0.35 Ca2+ reversibly inserted per formula
with an operating voltage of about 2.25V vs. Ca pseudo reference electrode. Large irreversible capacity is observed during
the first few cycles assigned to the decomposition of the electrolyte and formation of a passivation layer containing calcium
fluoride. Coulombic efficiency above 98% is reached only
after 5 cycles (Figure S2), which is probably due to the progressive decomposition of the electrolyte and formation of
CaF2-based layer.
Intercalation mechanisms. The intercalation mechanisms of
Mg2+ and Ca2+ within the lepidocrocite structure were investigated using the pair distribution function. Such a method obtained by the Fourier transformation of high-energy x-ray
data, enables to get structural information of x-ray amorphous
compounds.28 Figure 5 gathered the PDFs of the pristine,
discharged and charged electrodes vs. Mg2+/Mg. The PDF of
the pristine electrode presents peaks whose intensities gradually decrease and vanish at inter-atomic distances that are
greater than 10 Å, which is a characteristic of x-ray amorphous compounds.

Figure 5. Ex-situ X-ray atomic pair distribution function of
pristine, fully discharged and fully charged sample vs.
Mg2+/Mg, a) extended and b) zoomed view.
The insertion and subsequent de-insertion of Mg2+ produced
minor changes to the PDFs suggesting that the local structure
is maintained upon (de)-intercalation. Upon Mg2+ insertion,
the intensity of the first peak characteristic of Ti-O(H) bond
distances decreased while a small shoulder at 2.16 Å appears,
which is assigned to reduced Ti3+-O(H) bonds. This implies
that the redox activity at titanium sites is a consequence of the
Ti4+/Ti3+ redox couple. Moreover, the second peak at 3.1 Å can
be assigned to edge-shared TiTi bonds and the third peak at
3.65 Å can be attributed to TiO distances broaden upon Mg2+
insertion, which can be due to the appearance of reduced Ti3+O(H) and Mg-O(H) bonds. Small features can be observed at
higher inter-atomic distances, i.e., ~9 Å, suggesting that the
Mg2+ intercalation produced changes up to the intermediate
range-order, ruling out capacitive contributions.
We further attempted to refine the PDF data using a disordered
lepidocrocite structure (Figure S3). The results, however, was
not conclusive, particularly in discriminating any sort of site
preferences for Mg-ions. It can be postulated that Mg2+ can be
inserted at both sites, and the populations in each site is a
result of the relative stability the ion experiences either via the
solvation of water molecules or within the titanate layer. We
also note that Mg2+ insertion take place without solvated chloride-based species.
Upon subsequent Mg2+ de-intercalation, the peaks match those
of the pristine showing that Mg2+ insertion proceeds in a reversible manner. We note that even at the intermediate rangeorder, the peaks match their initial position. The network
stability upon Mg2+ intercalation/de-intercalation primary
suggests that water molecules remain in the interlayer space
and does not shuttle into the electrolyte. The precise role of

interlayer water molecules during Mg2+ intercalation and deintercalation in 2D hydrated structure is still challenging to
establish.29–33 In particular, the structure stability upon extended cycling would need a deeper investigation.
To better understand Mg2+ intercalation within the lepidocrocite structure, we compared the energy of formation for
several positions of the ion throughout the structure of the
computed supercell Ti631O124(OH)4·32H2O. As shown by a
dotted line in Figure 6, a path perpendicular to the titanate
layer passing between water interlayers via the titanium vacancy was considered. At each position of the ion along this
path, the structure was allowed to relax to find a local energy
minimum. Thus, the profile of energies in Figure 6 should not
be taken as the diffusion pathway of ions, but a series of local
minima computed to provide insight into the interaction between the ions and the host material. We compare the two
profiles for Li+ and Mg2+, highlighting three positions along
the ion path: in the titanium vacancy (Position A), just outside
the vacancy (Position B), and in the interlayer (Position C). To
better compare the energy of formation profiles between ions,
Figure 6 shows the difference in the energy of formation (ΔE)
with respect to the lowest computer energy formation along
the path. For each ion, the lowest energy of formation was
determined to be in the interlayer position. It should be noted
that an increase in the profile represents relative stability
amongst the varying positions. Energies of formation remain
favourable, as was shown in Figure 2. Moreover, we expected
the diffusion of Mg2+ to be more favourable in the disordered
material, particularly when approaching the titanate layer, i.e.,
when the formation energy increases drastically. The profiles
at the three noted positions, do not vary significantly, although
most notable at position B (~0.72eV). This position, corresponding to the ion just outside of the vacancy, looks structurally similar between the two ions. In each case, the ion prefers
to move out of the plane between the two hydroxyl groups,
minimizing the amount of distortion that is experienced within
the structure. The distance between the hydroxyl groups in the
relaxed structures were 3.69Å and 3.67 Å for Li+ and Mg2+
respectively. The similarity in these distances suggests that the
difference in energy is not likely due to differing amounts of
distortion induced by the ions themselves, and we thus conclude that the polarizing power of the ion is likely the main
driving force in the energetic penalty of the magnesium ion.
As opposed to Mg2+, the insertion of Ca2+ induced a drastic
structural change. X-ray diffraction analysis (Figure S1) of the

discharged electrode revealed the presence of a crystallized
compound attributed to CaF2 (S.G: Fm-3m) and weak peaks
tentatively assigned to CaB3O4(OH)4H2O34. Both phases indicate the degradation of the electrolyte. The PDF of the discharged electrode (Figure 7a) showed peaks beyond 10 Å,
which can be attributed to the presence of newly formed crystallized phases. Moreover, for low r region, the peak located at
3.1 Å assigned to edge-shared TiTi bond distances disappeared, suggesting a phase change with new atoms connectivity’s formed upon Ca2+ insertion. The disappearance of
edge-shared TiTi connectivities indicated that the layer
structure was not maintained and therefore, that water molecules were released in the electrolyte. This is supported by the
large content of CaF2 observed by XRD, whose formation can
be promoted by the hydrolysis of BF4- groups releasing fluoride ions35.
To understand the structural changes induce by Ca2+ insertion,
we attempted to refine the PDF data with the following procedure: (i) we refined the data by excluding the short-range order
(i.e., for r > 7 Å). For 7-30 Å, the PDF was well reproduced
by using CaF2 as a structural model. Subsequently, we fixed
all the parameters and refined the data from 1 to 20 Å (Figure
7b), which revealed inter-atomic distances that can be assigned to the newly formed phase. Such a phase features only
a short-range order. We tentatively assigned the most intense
peaks at 1.94 Å to Ti-O bonds, at 2.3 Å to Ca-O bonds and at
3.8 Å to corner-shared TiTi. Considering the absence of
edge-shared TiTi connectivities, we deduced from the ICSD
database that the newly formed phase has a local perovskitelike structure as found in CaTiO336, a structure where Ca2+ is
7-fold coordinated (Inset Figure 7d), which is close to its
preferred 8-fold coordination number9,26. The calculated PDF
of CaTiO3 (Figure S2) is, however, characterized by an intense
peak at 3.2 Å assigned to CaTi connectivities. The weak
presence of this peak in the newly formed phase suggested an
under stoichiometry in Ca2+. The exact chemical formula is,
however, not trivial to determine. We simulated the PDF of
CaTiO3 (Figure 7c) featuring low content of Ca (Ca occupancy
= 0.34) and found that it matches the experimental data with a
PDF scattering domain length of around 8 Å highlighting
strong disorder. The newly formed phase enabled to insert
Ca2+ in a reversible manner. Our work confirms that disordered perovskite-based structure could be seen as an attractive
framework to enable practical Ca-batteries.37

Figure 6. Change in the energy of formation for Li+ (green) and Mg2+ (orange) ions in the lepidocrocite structure. Relaxed geometries are
visualized at the vacancy structure (A), having just left the titanium vacancy (B), and the water interlayer (C). The energy of formation
profile
corresponding
to
a
path
between
interlayers,
shown
as
a
dotted
black
line.

is able to reversibly intercalated 0.37 Mg2+ per chemical formula. Pair distribution function computed for the discharged
and charged electrodes demonstrated that the layered framework is maintained. We suggest that this is due to only slight
distortions to the titanate structure as predicted by geometry
relaxations and due to interlayer water maintaining its role of
structural stabilization during the insertion of Mg2+. Moreover,
unsolvated Mg2+ ions are inserted as demonstrated by EDX
analysis showing the absence of chlorine, ruling out the insertion of magnesium chlorinated species. The electrochemical
insertion of Ca2+ induced the collapse of the layered structure
with the release of the interlayer water molecules that contributed to the degradation of the electrolyte as shown by the
formation of CaF2. The refinement of the pair distribution
function measured on the discharged electrode indicated that
the newly formed phase, which is electrochemically active,
featured strong disorder and short-range order close to those
found in perovskite structure, particularly with corner-shared
TiO6 octahedra. Perspectives in synthetizing defective
CaTiO3-based perovskite could be explored to identify viable
cathode materials for rechargeable Ca-based batteries.
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