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Abstract: Batteries based on heavier alkali ions are considered promising candidates to substitute for
current Li-based technologies. In this theoretical study, we characterize the structural properties of a
novel material, i.e., F-doped RbTiOPO, (RbTiPO4F RTP:F), and discuss aspects of its electrochemical
performance in Rb-ion batteries (RIBs) using density functional theory (DFT). According to our
calculations, RTP:F is expected to retain the so-called KTiOPO,4 (KTP)-type structure, with lattice
parameters of 13.236 A, 6.616 A, and 10.945 A. Due to the doping with F, the crystal features eight
extra electrons per unit cell, whereby each of these electrons is trapped by one of the surrounding
Ti atoms in the cell. Notably, the ground state of the system corresponds to a ferromagnetic spin
configuration (i.e., S = 4). The deintercalation of Rb leads to the oxidation of the Ti atoms in the
cell (i.e., from Ti** to Ti**) and to reduced magnetic moments. The material promises interesting
electrochemical properties for the cathode: rather high average voltages above 2.8 V and modest
volume shrinkages below 13% even in the fully deintercalated case are predicted.

Keywords: potassium titanyl phosphate; rubidium titanyl phosphate; RbTiPO,F; RTP:F; cathode
materials; anode materials; Rb-ion batteries; RIB

1. Introduction

Although lithium-ion batteries (LIBs) have gradually replaced traditional dry-cell
batteries, e.g., in portable devices and electric vehicles [1-5], the low abundance of lithium
(Li) in the Earth’s crust prevent the direct application of these technologies for the energy
storage on the large scale required for, e.g., the development of renewable forms of energy.
Showing higher abundances and similar properties, heavier alkali ions like sodium (Na)
and potassium (K) are therefore obvious candidates to substitute for Li in batteries [6-18].

In this context, although the higher cost of rubidium (Rb) might hinder its application
on the large scale, rubidium-based technologies (RIBs) are also of increasing interest [19,20].
These technologies are not only expected to lead to high working voltages, given the close-
ness of the standard redox potentials of Li* /Li and Rb™ /Rb [21]. Some recent studies have
suggested that they are also characterized by very low activations barriers for the ionic mi-
gration through the material [18-20]. In addition, RIBs are discussed to be excellent devices
in cold-atom physics for the generation of alkali vapors [22-25]. Nevertheless, finding ap-
propriate electrode materials represents a major challenge for the realization of RIBs [19]. In
fact, the larger ionic radius hampers the intercalation/deintercalation cycles, since it could
cause more significative volume distortions, which in turn could damage the electrodes.

This is of particular relevance for the anode material, since standard graphite-based anodes
are not suitable to accommodate for the larger Rb atoms. Here, H-MoS; monolayers [20]
as well as porous graphene [19] are discussed as promising alternatives. However, since
RIBs are still in an early stage of their development, the basic electrochemical properties of
potential new electrode materials must be investigated.

Already well-established in optics, the application field of the ferroelectric potassium
titanyl phosphate (KTiOPO,, KTP) crystal family has been recently further extended to elec-
40/). trochemistry [17,18,26-37]: These materials are expected to lead to high working voltages
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upon the (de)intercalation of alkali atoms. In addition, they promise efficient charging of
batteries. The reason for this can be found in their peculiar crystal structure. More precisely,
the ferroelectric properties of KTP-type compounds are determined by the mobility of the
alkali ions, along the [001] crystal direction, which are characterized by low activation
barriers for the ion migration [38].

The (electrochemical) properties of the KTP can be further modified by F doping,
i.e., replacing the Ti-Ti coordinated oxygen with F. In KTP, this type of F doping has been
reported to introduce ferromagnetic properties into the material [17]. In this theoretical
ab initio study, we want to evaluate F doping in connection with the KTP-type crystal
family adapted to rubidium-based technology (RIB). More specifically, we evaluate F-doped
RbTiOPOy4 (RbTiPO4F, RTP:F), for Rb-ion electrodes, which also holds the advantage of not
containing any hazardous element like arsenic or vanadium.

2. Materials and Methods

The general constitution formula of the KTP-type family reads MTiOXO,. Here, the M
sites are occupied by (a mixture of) alkali metals or NHy. X, on the other hand, stands for
P or As [38-41]. In addition, the Ti sites can alternatively be occupied by vanadium (V)
[18,30-33], and also a Si/Nb co-doping was possible by a partial variation of the X and Ti
sites, respectively [42].

KTP-type crystals adopt an orthorhombic crystal structure with the space group Pna2;.
The unit cell contains 64 atoms, which can be reduced to each two nonequivalent Ti, X,
and M sites and ten nonequivalent O sites [38-41]. A schematic representation of the
crystal is shown in Figure 1. Note that all the crystal geometries as well as spin densities
shown in this work are visualized using the open-access program VISUALIZATION FOR
ELECTRONIC AND STRUCTURAL ANALYSIS (VESTA) [43]. Clearly, two substructures can
be identified in Figure 1a: (i) the M atoms are ionized and only weakly bonded in the lattice
and (ii) chains of distorted TiOg octahedra and XOy tetrahedra cross the crystal along the
[100] and the [010] crystal directions. The polyhedra are thereby connected via mutual
O atoms, which can be thus further classified according to their coordination into two
groups. More precisely, eight atoms (i.e., O(1)-O(8)) are each coordinated to one Ti and
one P atom; the remaining two (i.e., O(9) and O(10)), on the other hand, are coordinated
to Ti, exclusively. The two nonequivalent Ti sites differ with respect to the angle these O
atoms form with the central Ti atom. More precisely, the bond angle amounts to about 90°
and 180° in the case of Ti(1) and Ti(2) [41], respectively (see also Figure 1b). Regarding
the M sites, on the other hand, M(1) and M(2) are coordinated to eight and nine O atoms,
respectively, whereby the M(2) cage is larger by about 25% compared to the M(1) cage [44].
Consequently, Rb substitutional atoms are more likely to occupy the latter site [45].

For the desired F-doped rubidium titanyl phosphate (RbTiPO4F, RTP:F), we start
from the RbTiOPO, (RTP) unit cell and replace all the Ti-Ti coordinated O atoms with
fluorine (F), see Figure la. The resulting structure is modeled and fully relaxed using
periodic boundary conditions and density functional theory (DFT). The calculations are
performed using the open-source QUANTUM ESPRESSO package (v. 6.3) [46,47]; the DFT-
predicted crystallographic and electric properties of the resulting structure are presented
and discussed in Section 3.1. During structure optimization, atomic positions and lattice
parameters are relaxed until the fluctuations in the total energy (residual forces) are below
1078 Ry (10~* Ry/bohrs). Thereby, converged ground-state geometries are obtained by
expanding the electron wave functions into plane waves using 90 Ry as the cut off. Due to
the small band dispersion, the Brillouin sampling can be reduced without loss of accuracy
to the Baldereschi point [48]. Norm-conserving pseudopotentials are applied for the
description of electron—ion interactions. These have been generated using the following
occupations: Ti 3s? 3p> 3d°® 4s!, Rb 559, P 352 3p'8 3402, O 25? 2p*, and F2s?2p°. For the
modeling of the electronic exchange and correlation (XC) effects the generalized gradient
approximation (GGA), more precisely, the revised formulation for solid-state systems by
Perdew, Burke, and Ernzerhof (PBEsol) [49], is used as a starting point.
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(b)

Figure 1. (a) The crystal structure of F-doped RbTiOPO, (RTP:F) is shown to illustrate the KTP-type
crystal structure. The green atoms correspond to the fluorine (F) atoms located at the lattice sites O(9)
and O(10). Chains of TiO4F, octahedra and POy, tetrahedra cross the crystal along the [100] and [010]
crystal directions. The Rb ions, on the other hand form a posmvely charged sublattice.

(b) Visualization of the difference between F Tl( )Fand F T1( ) Fbond angles.

Upon F doping, the crystal under consideration features eight additional electrons per
unit cell compared to the stoichiometric RbTiOPOy host. The excess electrons are thereby
trapped by the Ti sites in the cell. As F doping thus alters the occupation of the Ti 3d shell,
a correct description of the electronic properties of the strongly correlated Ti 34 electrons is
crucial. Here, we apply either hybrid functionals or a Hubbard energy correction (restricted
to the Ti 3d shell). Both methods, assure a correct localization of states by promoting an
integer occupation number. For the inclusion of the Hubbard correction, the simplified
scheme by Cococcioni and de Gironcoli [50] is applied. To determine the magnitude of the
energy correction, we adopt the self-consistent scheme described in Ref. [50]. This results
inl; =6.3eVand Uy = 6.4 eV for the sites Ti(1) and Ti(2), respectively. Since the values
are very close, we decide to apply the same value of U = 6.3 eV to both Ti sites. The use of
a common effective-U value is evaluated by recalculating the electrochemical properties of
the PBEsol+U-relaxed geometries using different hybrid functionals (i.e., B3LYP [51-53],
HSE [54], and PBEO [55]), featuring specific fractions of exact exchange (EXX) from Hartree—
Fock theory. These functionals, in fact, are known to lead to (i) a reliable description of
electronic structures [56-58] and (ii) an accurate prediction of voltages [59].

To evaluate the potential electrochemical performance of RTP:F in Rb-ion batteries, we
focus on the computation of the average open circuit voltages V and volume deformations
arising from (i) the deintercalation of Rb atoms from the crystal for the simulation of the
cathode and (ii) the intercalation of additional Rb for anode application. In both cases,
the related volume deformation should be moderate, in order to allow a robust long-term
cycling of the battery. On the other hand, the cathode should ideally feature a rather high
value, while the anode a rather low value for V, in order to allow for high working voltages,
whereby the open circuit voltage (OCV) averaged over a full charge/discharge cycle is

defined as follows [27,60—64]

v +256 1)
xeq
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where x is the concentration of (de)intercalated Rb per formula unit and ¢y the elementary
charge. AG, on the other hand, is the change in Gibbs free energy referring to the reactions
and their explicit directions

RbTiPO4F — Rb;_, TiPO4F + x(Rb ™ + ¢), )
RbTiPO4F + x(Rb ™ + ¢g) —+ Rby4TiPO4F (3)
taking place at the cathode and anode during charging, respectively. However, in the sim-

plest approximation, DFT calculations are performed at T = 0 K and vanishing pressure so
that AG can be approximated by the change in the DFT total (internal) energy AL, yielding

_ E(3.):
Vi~ £ AE | Ddein (4)
xeq €o

whereby the quantity E 4e)i, corresponds to the (de)intercalation energy per formula unit,
which is defined as

Erp, ,1iPo,F — ErbTiPO,F + X - ERp

Edein = X (5)
Egp, ., 1iro,F — ErbTiPO,F — ¥ - ERp
Ejp = — » — , (6)

with Egrpripo, ks ERb, _,TiPO,F @nd Ep, , Tiro,F indicating the energy of one formula unit of
stoichiometric RbTiPO4F, Rb;_,TiPO4F and Rbq,,TiPO4F, respectively. Egy,, on the other
hand, is the energy of an isolated, (quasi-)interaction-free Rb atom.

In addition, we determine the gravimetric energy density Cg, which is a measure of
the amount of charge which can be stored per unit mass, as [64]

xF

Co = —,
g M,

@)
with M, as the molar mass of one formula unit of Rby4,TiPO4F and F as the Faraday
constant. Combining the average voltage and the capacity, one can then determine the

energy density as [64] -
p=CgV. (8)

3. Results and Discussion
3.1. Crystallographic and Electric Properties of Stoichiometric RTP:F

Due to the F doping, eight extra electrons are introduced in the RTP:F unit cell com-
pared to the pristine RTP host. Each of these extra electrons are trapped by one nearby Ti
atom, which consequently transforms into the oxidation state +3 (see also Figure 2a). The
extra electrons are instrumental for both the electrochemical as well as the electronic proper-
ties. Notably, as it has also been reported for F-doped KTiOPO, (KTiPO4F, KTP:F) [17], the
resulting material provides specific ferromagnetic properties. The corresponding ground
state of the system provides a ferromagnetic spin configuration with eight unpaired elec-
trons, i.e., with total spin S = 4. This can also be seen from the spin-polarized density of
states (pDOS) plotted in Figure 2a: The spin-up channel features eight additional occu-
pied states compared to the spin-down channel, with the Ti(1) 3d states clearly separated
from the Ti(2) 3d states. Since the unpaired spin-up states are depopulated during the
deintercalation of Rb from the cell, we refer to these states as occupied defect states in
the following.
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Figure 2. (a) Geometry (Lh.s.) and pDOS (r.h.s.) of the stoichiometric RTP:F unit cell after geometry
relaxation. The Ti(1) and T(2) states are depicted in red and blue, respectively. Notably, they are clearly
separated from each other. (b—i) Geometries and pDOS of Rb;_, TiPO4F after the deintercalation of
different concentrations x = 0.125-1.000 of Rb. The yellow isosurfaces represent the spin-density
difference of the spin-up and the spin-down channel, clearly showing the localization of the occupied
defect states at the Ti sites and their consequent oxidation from Ti*3 to Ti** upon the deintercalation
of Rb. Note that for x < 0.5 (i.e., structures (b—e)) only Ti(1) have been oxidized. Er indicates the
Fermi level position.

After geometry relaxation, the basic KTP-type structure is still retained, and the atomic
positions do not change significantly compared to those in RTP. The lattice constants of
RTP:F are predicted to be a = 13.236 A, b = 6.616 A, and ¢ = 10.945 A, resulting in a unit
cell volume of 958.5 A3. To the best of our knowledge, RTP:F has not been synthesized
yet, so experimental data on its crystal structure are not available. It is thus illustrative to
compare the calculated lattice parameters of RTP:F with other related crystals, compiled
in Table 1: They are slightly larger than the one reported for stoichiometric RTP [65,66]:
More precisely, the unit-cell volume of RTP:F is larger by 7.1% than the DFT one calculated
for RTP in Ref. [65]. Interestingly, this deviation is similar to the one (i.e., 9.9%) between
the DFT (4-U) volumes reported for stoichiometric [67] and F-doped KTP [17]. Thus, our
values appear to be reasonable. For a conclusive proof, however, the F-doped crystal needs
to be synthesized and structurally analyzed, e.g., via powder X-ray diffraction (XRD).
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Table 1. Lattice constants (a, b, and c) and unit-cell volumes (V) of different KTP-type compounds.

Compound a[A] b [A] c[A] V[A3]
. 12.819 6.399 10.584 868.2 Exp. [45]
KTOPO, 12.860 6.432 10.616 876.7 PBEsol [67]
. 13.002 6.434 10.764 900.5 Exp. [17]
KTiPO,F 13.30 6.56 11.04 894.9 PBE+U [17]
. 12.952 6.500 10.558 888.9 Exp. [66]
RbTIOPO, 12.986 6.521 10.568 894.9 PBEsol [65]
RbTiPO,F 13.236 6.616 10.945 958.5 PBEsol+U,
This work

3.2. Electrochemical Performance of RTP:F

For the cathode, Rb-deficient Rb;_,TiPO4F, with x = 0.125-1.000, is modeled by
deintercalating up to eight Rb atoms from the stoichiometric RTP:F unit cell. For each
concentration x, one defect geometry is simulated. As mentioned before, due to the different
cage sizes, the Rb atoms preferentially occupy the M(2) sites in the cell. Thus, for x < 0.5
we only deintercalate Rb(1) atoms from the cell. The Rb(2) atoms are then deintercalated
for higher vacancy concentrations.

The so-obtained ground-state geometries, together with the corresponding pDOS, are
depicted in Figure 2b—i. According to our calculations, for each deintercalated atom, one of
the nearby Ti atoms oxidizes (from Ti** to Ti**). This is clearly shown by the spin density
(i.e., the yellow isosurfaces) plotted in Figure 2b—i. Due to the peculiar magnetic properties
of RTP:F, in fact, we can refer to the spin density as a direct measure for the charge transfer
in the material. Consequently, additional charge analyses [68,69] are not required in this
specific case.

Upon oxidation of the Ti atoms, the initially occupied defect states of the spin-up
channel are emptied and additional empty defect states arise in the fundamental band gap.
Notably, the position of the F atoms in the TiO4F, octahedra has a major influence on the
oxidation of the central Ti atom. In fact, as already pointed out in Ref. [17], the Ti(1) sites
(cis-positioning) are more prone to oxidize compared to the Ti(2) sites (trans-positioning):
the oxidation of the latter only takes place if all the Ti(1) present in the cell has already been
oxidized (i.e., x > 0.5).

Using the PBEsol+U ground-state energies to calculate the average voltages for each
concentration x of deintercalated Rb via Equation (4), we obtain the red curve plotted in
Figure 3a. Interestingly, our data suggest a V-shaped voltage profile: for x = 0.125, in fact,
our calculations already predict a high voltage of about 4.71 V. Then, by deintercalating up
to four Rb atoms, the voltage slightly decreases to the minimum value of 4.23 V. Finally,
for high concentrations x, the voltage increases again to the intermediate value of 4.59 V.

Despite the structural similarities between RTP:F and KTP:F, the voltage profile pre-
dicted here is in some qualitative contrast to the one discussed by Fedotov et al. in Ref. [17].
Nevertheless, also in KTP:F, a sequential reduction in the different Ti sites is reported,
which also has a major influence on the voltage profile: For x < 0.5, the voltage rises
steadily with the concentration of deintercalated K. For higher values of x, on the other
hand, a potential step of 0.6 V and a consequent voltage plateau is reported. The voltage
plateau is explained by the fact that only thermodynamically stable phases have been
considered for the computation of the average voltages. The potential step, on the other
hand, was attributed to (i) different redox potential of the two nonequivalent Ti sites and
mainly to (ii) electrostatic interactions between the remaining K in the cell.
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Figure 3. (a) Average voltage V of the RTP:F cathode as predicted under the application of different
levels of theory: The red solid and the grey dashed curve are obtained using the PBEsol+U formalism,
whereby the latter implies the DFT ground-state energy of a local minimum of the stoichiometric
unit cell. The remaining orange, blue, and green voltage curves are obtained under the application of
hybrid functionals, i.e., PBEO, HSE, and B3LYP, respectively. (b) Volume shrinkage of the cathode
upon the deintercalation of Rb (calculated using the PBEsol+U formalism).

Although we have modeled only one of the possible configurations for each concen-
tration x, which does not necessarily match with the energetically most favorable ones,
there is clear evidence that the lineshape is indeed related to the tendency toward high-
spin states as well as to the stronger electrostatic interactions between the Rb ions. In
fact, the resulting forces hamper the structural relaxation of the system. As a consequence,
the material features plenty of different local minima. These differ mainly by the magnitude
of the energy contributions caused by the Coulomb interactions, whereby the energetically
most favorable configuration corresponds to the structure featuring higher values for the
Coulomb interactions. Notably, the ground-state energy of the stoichiometric RTP:F cell has
a strong influence on the qualitative shape of the calculated voltage profile: Recalculating
the PBEsol+U voltages using the ground-state energy of a local minimum for the stoichio-
metric bulk cell, we obtain the dashed gray curve in Figure 3a. Clearly, the deviation from
the red curve is more pronounced the more Rb (and as a consequence, interacting ions)
is present in the cell. To validate our data, we thus introduce different hybrid functionals
onto the PBEsol+U-relaxed geometries. The hybrid functionals yield the orange (PBEO),
the blue (HSE), and the green (B3LYP) voltage curves in Figure 3a. Although these values
are lower by up to 1.4 V compared to the corresponding PBEsol+U voltages, the hybrid
voltage curves are in good qualitative agreement with the red PBEsol+U curve. Thus,
we expect the shape of the PBEsol+U curve related to the more energetically favorable
structure to be reliable. Even when assuming the smaller values of the hybrid functionals
(3.2 eV in average), the predicted voltage is still comparable with those of current Li-ion
cathodes, e.g., 3.5 eV for LiFePO, [70] or roughly 4 V for LiCoO; [71].

Upon continuous removal of Rb from the cathode, the molar mass of the crystal is
decreasing. According to Equation (7), RTP:F can reach a maximum gravimetric capacity
of 165.6 mAh/g in the fully deintercalated case. This value is between the ones of KTP
and KVPO,F ie, 168.7 mAh/g [26] and 162.5 mAh/g [26], respectively. As a result, its
PBEsol+U gravimetric energy density amounts to 760.6 Wh/kg, which is very close to the
one predicted for KTP (i.e., 774.5 Wh/kg) [26], but higher compared to the one of KTA and
KVPO4E i.e., 634.6 Wh/kg [37], and 664.7 Wh/kg [26], respectively. The theoretical maxi-
mum capacity of RTP:F is also almost identical to the one of LiFePOy of 170 mAh/g [72,73],
which is commonly applied in LIBs. Nevertheless, the actual performance of the KTP:F elec-
trode depends critically on whether, technologically, the fully deintercallated case can be
reached. Future experimental studies are required for final clarification. However, our DFT
calculations are promising. Even in the fully deintercalled case, there is no hint for critical
structural transformations. The volume is compressed, but the KTP-type crystal structure
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is retained. The volume compression upon the deintercalation of Rb in dependence of
the concentration of deintercalated Rb is plotted in Figure 3b. The volume shrinks almost
linearly with the concentration x, reaching the maximum compression of 12.7% when all Rb
are removed from the cell. Note that the slight deviation from a linear behavior at x = 0.5
could be related to the high-symmetry configuration adopted by the Rb atoms retained in
the cell. The maximum volume shrinkage of RTP:F is larger than that of KTP:F (8.3%) [17],
but it is in good agreement with the value 11.8% predicted for RoVPOLF [18]. This finding
is explained by the larger ionic radius of Rb compared to K. As already mentioned above,
our calculations do not hint at any drastic geometric transformation, which could hamper
a reversible intercalation/deintercalation of Rb atoms. In fact, the polyhedral network
is barely affected by the deintercalation of Rb. This observation and the other strong
similarities with KTP:F [17] suggest that RTP:F should also be very robust upon cycling.

Since other KTP-type compounds have already been discussed to be promising un-
der the application as anodes [27,30,34-37], we also evaluate its use as anode material.
According to our DFT total-energy calculations, the intercalation of one additional Rb
atom in the RTP:F unit cell (i.e., Rbj 125 TiPO4F) causes the reduction of a nearby Ti(2) atom
(i.e., a Ti®* center). This results in a still promising average PBEsol+U voltage of 1.6 V
and a volume expansion of 2%, which is only slightly higher compared to the volume
expansion per intercalated K atom in KTP [27] or KTiOAsOj [37]. Nevertheless, we do not
succeed in converging calculations with a larger number of extra Rb atoms. Obviously,
the intercalation of large amounts of Rb in the material could be hampered by the strong
electrostatic as well as spin interactions present in the material.

4. Conclusions

In this work, the novel material RbTiPO4F (RTP:F) has been (i) structurally char-
acterized and (ii) investigated as an electrode for Rb-ion batteries (RIBs) using density
functional theory (DFT). Particular attention was given to the average voltages and the
volume deformation caused by the deintercalation of Rb atoms from the crystal.

We found that the the material retains the so-called KTP-type structure with lattice
parameters of 13.236 A, 6.616 A, and 10.945 A, even in the fully deintercallated case. Further-
more, we found that the F doping causes excess electrons in the crystal, which are localized
at Ti sites. Each unpaired electron thereby occupies an individual orbital, resulting in a
ferromagnetic ground-state spin configuration. Therefore, the application of the Hubbard
correction (or hybrid functionals) is crucial to properly describe the localization of the Ti
3d electrons. Moreover, a sequential oxidation was observed during the deintercalation
process, whereby all Ti(1) sites oxidize before the Ti(2) sites.

The cathode material is predicted to give rise to rather high average voltages, i.e., up to
4.7 V and 3.3 V under the application of the PBEsol+4-U formalism and hybrid DFT, respec-
tively. In addition, the volume shrinkage is relatively modest, i.e., less than 13% in the fully
deintercalated case. The anode, on the other hand, features a still promising PBEsol+4-U
voltage (i.e., 1.6 V for one intercalated Rb), but the intercalation of further Rb atoms seems
to be hindered by the strong electrostatic as well as spin interactions within the material.
Whereas this effect seems to be detrimental for anode application, the magnetic interaction
promises to be beneficial in case of cathode application. Our DFT-calculated data suggest a
decent electrochemical performance of RTP:F, where the ferromagnetic spin configuration
might be exploited during applications. In fact, recent studies have shown that the appli-
cation of external magnetic fields can enhance the performance of electrodes [74,75]. This
effect might be even more pronounced by the ferromagnetic properties of RTP:F.
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