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ABSTRACT

Despite the remarkable dielectric properties of Rb,Ti,Os upon exposure to humid atmosphere, its
surfaces are still poorly known, to date. Here we study the atomic-scale structure of the clean (100),
(010) and (001) surfaces, and the onset of water adsorption, via Density Functional Theory. Among
them, the clean (001) surface has a very low surface energy, much smaller than most terminations
of other perovskites or titania. Rb,Ti;O5(001) is also very reactive towards water, which adsorbs as
a molecule, forming regular water arrays on the surface. From the calculations, we conclude that
Rb;Ti,Os could very easily cleave at ambient conditions, forming (001) planes with ordered adsorbed
water and almost null surface stress. Although Rb,Ti,Os is a three-dimensional crystal, it behaves in
this respect as two-dimensional compounds, such as graphite or layered perovskites.

1 Introduction

Most stoichiometric solid oxides are electronic insulators. Among them, several ones are proton conductors after
incorporation of protonic defects, which often follows water absorption. This phenomenon was firstly discovered by
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Iwahara in the eighties in Ce-based and Sr-based perovskites [1} 2, [3]], thus opening the possibility to use oxide ceramics
as electrolyser membranes and more generally for energy storage applications [4].

The research on solid proton conductors actually includes perovskite-derived oxides.[S]] However, very few of them
show proton conductivities above 1 mS/cm at 300°C, and their conductivity is expected to fall well below at room
temperature.[5] One of the key aspects is whether the incorporated water molecule dissociates, resulting in a hydroxyl
group and a proton, with the eventual formation of hydrogen bonds with O anions in the solid. Another issue is
that proton incorporation does not entail hole creation, yielding undesired electronic conductivity. Understanding
the mechanisms for water incorporation or water adsorption on the surface and its possible diffusion into the bulk is
therefore of paramount importance in order to identify intrinsic proton-conducting oxides.

Rb,TioO5 [6] and related materials have recently been identified as solid electrolytes with ionic conductivity larger than
1 mS/cm at room temperature and colossal capacitance when interfaced with metals [[7, 16} 8| [9]. As-prepared RbaTiaO5
crystals appear as transparent lamellar needles typically few nm long [7]. RbyTi2O5 belongs to the Andersson-Wadsley
class of compounds [10L[11]]. Its crystal structure remains invariant and centro-symmetric at all temperatures between 90
and 450 K [[6]. The material can be easily cleaved parallel to (001) planes. It has been shown that Rb,TioO5 samples,
even when synthesized in water-free environment, can incorporate significant amounts of water (up to 35%) with tiny
variations of the lattice parameters and that their electric properties are sensitive to the water content [[12,|13]]. Recent
studies stress the interest of layered titanates for proton incorporation, with particular importance of the interlayer space
where water molecules as well as hydronium ions could be found [14]. However, to the best of our knowledge, the
surfaces of Andersson-Wadsley compounds are still unexplored, and RbyTizO5 makes no exception. In order to partially
fill this gap and understand how the surface stability and hydration could influence the properties of the material and the
reactivity of the RboTioO5 surfaces to water, as well as a first step to understand water incorporation in the bulk, we
compute the structure of low-index, unreconstructed RboTioO5 surfaces and the thermodynamics of water adsorption,
via the Density Functional Theory (DFT).

2 Methods

2.1 DFT calculations

The density functional theory calculations were performed using the Quantum ESPRESSO package [15]. The exchange-
correlation functional was modeled using the Perdew-Burke-Ernzerhof functional, as revised for solids (PBEsol) [16,17].
The interaction between ions and valence electrons were described using optimized norm-conserving pseudo-potentials
[18]. A minimum energy cutoff of 80 Ry was employed for the plane-wave basis set. We use a k-point 2 x 6 x 4 grid
for sampling the bulk Brillouin zone, which is reduced to the sole I' point along the direction normal to the surface
when considering slabs including many atomic layers plus a void space. The calculations were performed by setting the
minimum threshold for the convergence of the total energy during the Kohn-Sham cycles at 10~% Ry and at 10~3 Ry/a.u.
for the largest residual atomic forces after geometry optimization. Other computational details can be found in the
Supplemental Material, as well as some tests of the relevance of dispersion interactions using DFT-D3 [19].

2.2 Bulk properties

The ternary titanium oxides denoted by A5Ti,,O2,,+1 (A =Li, Na, K, Rb, Cs) are known as the Andersson—Wadsley
type alkali titanates with layered structure for 2 < n < 5 [10} [11][20]. Some of them present ferroelectric phase
transitions, with remarkably high Curie temperatures [21]].

Rb,TipO5 owns C2/m space group (Table[T)and a layered structure, which consists in alternate RbO/Ti»O3/RbO plan
stacks along the c-axis, as represented in Fig. [I| [10,6]. The motif includes three non-equivalent oxygen atoms, which
we label by the number of covalent bonds they form with Ti atoms: O("), O and O®®). The TiyO3 layers can be
described as dense chains of Ti and O®®) atoms linked together by O(?) atoms, which form the tilted square bases of
pyramids with Ti atoms in the centre. These pyramids share edges formed by the O(®) atoms, and share corners at the
0®) atoms positions. The pyramid apex are the oxygen atoms O(*) of the RbO plans, pointing upward or downward.
The Ti atoms at the pyramid centres are 5-fold coordinated. The Rb atoms are located in the space between the pyramids,
at roughly same positions along ¢ as the O(!) apical ions. Their shortest bonds are with O?) atoms. The RbO")
plans are also linked to neighbouring RbO(") layers through Rb-O(!) bonds along ¢, which ensures the overall crystal
cohesion. The diagonal elastic constants are of the order of the Mbar (Table[2). The zz component is considerably
lower than the other two diagonal components, which underlines the layered nature of the crystal along c. By relating
the applied pressure to the crystal volume variation, we estimate the bulk modulus By ~ 610 kbar, in good agreement
with previous calculations [6].
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Figure 1: Primitive RbsTi; O cell with the crystal axes represented using Xcrysden [22]]. Rb in blue, Ti in grey and O
in red. O™ denote O that are n-fold coordinated to Ti (see main text).

| Cell parameters | this work | Experimental (T=100K) |

a(A) 11.302 11.343
b(A) 3.796 3.826
c(A) 6.947 6.970
@) 100.20 100.338

V (A3) 293.338 297.521

Table 1: Computed and measured structural parameters of the Rb,Ti>O5 crystal. V' is the unit-cell volume. The
experimental values are taken from Ref.[6]].

| Cyo(kbar) [ C,, (kbar) | C;. (kbar) | By (kbar) |
1182 [ 1392 | 789 | 610 |
Table 2: Computed diagonal elastic constants and bulk modulus By.

2.3 Surface energy and surface stress

For a crystal, the interface between a surface of Miller index (hkl) and a void region results in the atom relaxation and
an excess energy as compared to the bulk. This excess energy is related to the surface energy, which is calculated using
the following procedure. First, a bulk supercell with IV layers along the surface normal 7 is constructed and its lattice
parameters fully relaxed; we denote its energy as E°“%: Then, we add a void region with minimal thickness of 10
A, thus obtaining a slab that alternates atomic layers and a void region along 7 (periodic boundary conditions apply
parallel and normal to the surface). Few inner layers of the slab are clamped in their bulk positions, while the remaining
atoms are relaxed. E°!0N is the corresponding total energy after the slab relaxation. Finally, we compute the surface
energy for the slab with N layers as :

1
2Ank
with Ay the surface area. The surface energy of the (virtual) infinite crystal (that is, in the N — oo limit) can be

computed via a linear regression on slabs with varying N: the intercept provides the surface energy (1), with the
corresponding error bar.

YN (Eslab,N o EbullaN) (1)

As the lateral lattice parameters are kept fixed at their values as obtained in the bulk supercell, the absence (or variation)
of neighboring atoms for the outermost layer atoms induces a surface stress 24]]. The surface stress tensor 7;; is
defined as the derivative of the surface energy with respect to the strain in the ¢, j directions parallel to the surface
plane [24]. The diagonal components &;; can be negative (compressive stress) whenever a dilation along ¢ decreases the
surface energy; symmetrically, it is positive (tensile stress) whenever a contraction along ¢ decreases the surface energy.
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E]We evaluate the surface stress in the parallel directions to the surface via the difference of the diagonal components of
the stress tensor o for the /V-layer slab and the bulk supercell, as:

_(N 1 sla slab, U ulk,
CTE,' ) _ A (V l b,NJiil bN Vb lk7NUf¢ Ik N) )
with Vs!0:N and VbV the supercell volume for the slab and the bulk calculations, respectively. Then, we perform a

linear regression with different IV, in order to obtain the surface stress in the limit of an infinite numbers of layers, as
for the surface energy.

In section 3] the atomic structure and the surface energy and stress will be analyzed for each termination and related to
their atomic structures.

2.4 Stability of the hydrated surface

In this section, we describe how the surface energy upon adsorption of n molecules per unit surface area is evaluated.
We focus on the case of water adsorption, although the generalization to other kinds of molecules is straightforward [25].
Firstly, we compute the adsorption enthalpy A H ,‘;gf of the n ad-molecules by the total energy difference between

the hydrated surface on one side, and the clean surface and the isolated molecules on the other side. Here, A [ s
refer to the configurations that are obtained after full atomic relaxation, which therefore corresponds to 7" = 0 K and
thus neglects temperature effects (quantum contributions, such as the zero-point energy, are also neglected at this stage).
Secondly, we assume that the vibrational contributions to the enthalpy are almost the same ones in the solid phases (the
clean and wet surfaces); thus, they roughly compensate each other (as well as the zero-point energy). Third, we assume

that the main contribution to the entropy comes from rotations and translations of the water molecules in the gas phase,

for which the chemical potential per water molecule from translations and rotations ugzgg?s) can be evaluated in the

ideal gas approximation or taken from tabulated data as a function of 7' [26]. Finally, the free energy variation upon
water adsorption on the (hkl) surface from an ideal gas reservoir is estimated as :

AMGE (0, T) = A Hds —n i 50 (p,T) 3)

A configuration is stable if A(")Gﬁ,{;s)(p, T) < 0, the equality corresponding to the stability line. From

A(")Ggi,(;s)(p, T) = 0 one can deduce the minimum partial pressure Py at temperature 7' at which the actual
configuration is stable (or the maximum temperature 7, at a given water partial pressure p). Within the ideal gas
approximation for the water vapor phase, the critical pressure can be expressed as :

o kgT A(n)Hads
Pues(T) = ,LL( t)(T) \3(T) eXp( nkpT > 4

where ("% is the purely rotational contribution to the chemical potential of the water molecule (which is independent
of p), and A its de Broglie thermal wavelength, which appears in the translational partition function. Thus for a partial
pressure p < Pyes(n,T') the configuration with n adsorbed molecules per unit surface area is unstable according to
thermodynamics.

In the experimental conditions, water is often much closer to the liquid state than to an ideal gas. In order to provide a
limiting case which takes into account water molecules cohesion in the reservoir, we choose as reference the ice Th
crystal rather than the liquid and define the free energy variation upon water adsorption on the (hkl) surface from the
solid reservoir as :

n ice n ads nf
AMGE(T) = AN Hpl —n (€+M§‘IC§O()ico)(T)> &)

where the binding energy per water molecule is € ~ —0.81 eV and N%{ngf()ice) includes the configurational entropy in

the ice crystal [27, 28]]. The stability of the hydrated surface is evaluated via the surface free energy :

Dy (0,0, T) = it + AMGYS (9, T) [ Apa (©)
with respect to the specific reservoir (res= gas or ice). For each surface, this quantity will be evaluated using both
gas and ice phases, representing the two limiting cases that enclose the energy of the water molecules in the actual
reservoir. The stability of hydrated surfaces in relation to the experimental conditions will be discussed in section 4]

Here, we remind that both T'{9%*) (n, p, ) and ") (n, T') can be affected by the actual approximations employed for
the exchange-correlation functional [29].

'Note on units: 1 meV/A? ~ 16 mJ/mz.
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3 Clean surfaces

For each low-index (100), (010) and (001) terminations, in the following we analyze the surface energy, the surface
stress and the atomic relaxations as obtained by full optimization. In the absence of any experimental indication on
possible surface reconstructions, we consider only unreconstructed terminations, corresponding to (1 x 1) surface unit
cells.

3.1 The (100) surface

Cleaving RbyTioO5 to form the (100) surface requires a special care [30]. Along the surface normal, there is a
RbTiO5/O/RbTIO, stack: the RbTiO; planes with +1 formal charge, contain both O(Y) and O(®) ions, while the oxygen
plane with -2 formal charge is formed by O(®) jons (see Fig. . The RbTiO5/O/RbTiOs stack corresponds to a neutral,
stoichiometric unit with no dipole along the the surface normal. Accordingly, the RbTiO2/O/RbTiO, termination is a
type-II polar surface [32]. The dipole-free and stoichiometric (100) surface, as terminated by RbTiO) O(3) planes,
is symmetric with respect to the central O(®) layer. Despite the fact that the cleaving process breaks a large number of

bonds the estimated surface energy v(100) =~ 45.0 meV/A? is about the same order as for the other low-index surfaces
(see Tab3).

Upon full surface relaxation, the surface Ti atoms are 4-fold coordinated to oxygen and their bond lengths with O(?)
atoms slightly decrease (Fig. The O®) atoms reduce their coordination number with Ti to 2, which involves less
stable electronic states than in the bulk (see Supplementary Materials). Accordingly, surface O(®) atoms move to form a
tilted tetrahedron with the other oxygen atoms around the surface Ti. As for Rb at the outermost layer, the bonds with
the O(Y) atoms and the sub-layer Rb cations contract strongly (red crosses in right panel of Fig, which contributes to
the relaxation between the surface and sub-surface planes. Interestingly, one can see in the same figure that some of
the bond lengths of Rb with the O(?) atoms reduce, while others stretch. Going deeper into the bulk, the bond lengths
between the cations (Rb, Ti) and the O anions readily converge to their bulk values within 1% after the second unit
block, which shows that the structural rearrangements is essentially restricted to the three outermost layers.

45
+ 40
%
o+ |
+
o
]
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* F25 %
|
¥
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* F 10
_____________ .
é 10
Variations in bond length (%)

Figure 2: Left panel : representation of the (100) relaxed surface using Xcrysden [22], going from the surface into the
bulk along the surface normal. The region beneath the dashed red line corresponds to the bulk region, where the atoms
are clamped in their bulk positions. Rb atoms are blue, Ti grey and O red. Right panel : Bond length relative variations
with respect to their bulk values, for the layers as drawn in the left panel. The symbol "+" is relative to Rb cations, while
the symbol "x " relates to Ti cations. Red symbols correspond to bonds with O!), blue ones to bonds with O(?) and
green ones to bonds with O®).
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As shown in tab[3] the (100) surface presents a relatively low surface stress in the z direction, along which most
relaxations described above occur. However, it exhibits a huge tensile (positive) surface stress along the y-axis, which
might drive a surface reconstruction or be at the root of enhanced reactivity with adsorbing species. This could be due
to the partial rupture of the Ti-O®) chains at the surface, which cannot easily contract along y without breaking the
bulk periodicity in this direction. However, the study of possible surface reconstructions is beyond the scope of the
present paper, especially in the absence of detailed experimental studies.

3.2 The (010) surface

The non-polar (010) surface consists in a compact stacking of RbyTi» O3 layers, of same composition as the bulk (Fig.
[] left panel). The atomic relaxation are reported in the right panel of Fig. [3]as a function of the atom distance from the
surface. An O®) out of three is missing around the surface Ti. This implies the reduction of coordination numbers: the
surface Ti atom is 4-fold coordinated (with respect to 5-fold bulk Ti) and the outermost O(3) has only two bonds with Ti,
leading to a significant strengthening of the remaining bonds (green cross in Fig[3] right panel). Consistently with the
bond shortening, the Ti-O(?)-Ti arrangement, which is linear in the bulk, is strongly bent at the surface. The Rb atom,
which looses a neighbouring O(?) atom, breaks its quasi-symmetrical position, that is midway between the O(*) atoms
in the bulk, thus forming a short bond and a longer one (red crosses in Fig[3] right panel). In the fully optimized slab,
the outermost layer experiences a significant inward relaxation, whereas the third one slightly increases its distance
from the layer below. Both interatomic distances and layer mean positions along the surface normal converge to their
corresponding bulk values after three layers beneath the surface. The reduction of the ionic coordination number and the
bond lengths at the surface has consequences on the electronic structure, as detailed in the Supplementary Materials.

@
y (A)

-10 -5 [ 5 10
Variations in bond length (%)

Figure 3: Left panel : representation of the (010) relaxed surface using Xcrysden [22]]. Right panel : structural variations
relative to the bulk represented according to their distance from the surface. Same conventions as in Fig 2]

The computed (010) surface energy o109y =~ 34.8 meV/A? is quite small as compared to other non-polar terminations
of oxide crystals [33]], as well as its unsaturated coordination index [34]. Therefore, we predict that the RbyTioO5(010)
stoichiometric surface could be quite stable. However, the computed surfaces stresses in Tab[3]indicate a relatively strong
tendency of the (010) surface to contract in the a-axis direction, as the tensile surface stress in this direction is roughly
twice as large as the surface energy. This suggests that the (010) surface might be prone to surface reconstructions or to
the formation of extended surface defects.

3.3 The (001) surface

The atomic (001) plans are either formed by RbO (with -1 formal charge) or TioO3 (with +2 formal charge). The
stacking unit consists of RbO / TisO3 / RbO, which is symmetric with respect to the central TioOg layer. The surface can
thus be defined as a type-II polar surface [32]]. From electrostatic stability arguments, the most stable termination
for the stoichiometric (001) surface is RbO : the surface can be thus view as a stacking of neutral and dipole-free units.
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Experimentally [6,35], RboTioO5 cleaves along the (001) surface. Indeed, the formation of the (001) surface can be
viewed as an exfoliation of the crystal between two stacking units, which breaks only rather weak bonds between RbO
plans. The computed (001) surface energy is very low and amounts to y(go1) = 18.3 meV/A? (see Tab . Such a
low surface energy is consistent with the picture of RbsTizOj as a quasi two dimensional material along the surface
normal, which is consistent with the very minor changes in the surface electronic structure with respect to the bulk (see
Supplementary Materials).

As shown in Fig[] the Rb outermost atoms slightly strengthen their bonds with the underlying Ti,O3 plane. However,
the most striking feature is a lateral relaxation of the outermost Rb cations, which leave their quasi-symmetrical position
between the apical oxygen O(!) atoms to form a very short bond (2.79 A instead of 3.14 A in the bulk). The Rb
lateral relaxation is accompanied by the increase of the angle formed by the surface O(") atoms with the TioO3 layer
underneath. This leads to the creation of a significant space between the Rb atoms and the next row of apical O(")
atoms, which plays a role in the insertion of water and, possibly, other molecules, as we will discuss in the next chapter.
Beside that huge surface Rb relaxation, the other atoms are very close to their bulk positions. Indeed, as shown in Fig[4]
the Ti-O inter-atomic distances on the layer beneath contract slightly (by about 2%) while the other bond lengths are
essentially unchanged with respect to their bulk values. The surface stress along the [100] direction is tensile and of the
same magnitude as the surface energy, while it is compressive (negative) along [010], with absolute value larger than
the surface energy.

r25
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Figure 4: Left panel : representation of the (001) relaxed surface using Xcrysden [22]]. Right panel : structural variations
relative to the bulk represented according to their distance from the surface. Same conventions as in Fig 2}

3.4 Comparison and Discussion

Our estimates for the surface energy and stress of the three low-index clean surfaces are collected in TabJ3| First, we
remark that the surface energy is very low for RbsTioO5 (001), as compared to other oxide surfaces . This is
consistent with the fact that RbyTioO5 naturally cleaves along (001) plans. The (100) surface has the highest surface
energy and thus is the less stable one among the three low-index Rb,TioO5 stoichiometric terminations. Although the
surface energy can vary as much as ~ 20% with the actual exchange-correlation approximation Ex ¢ to the DFT [29],
the ratio between the surface energies of the distinct terminations is less sensitive to the choice of Ex . The inclusion
of dispersion interactions tends to increase slightly the surface energies, as shown in the Supplementary Materials.

The surface stress components are mostly positive (tensile stress) apart from the (001) surface, which exhibits a moderate
compressive stress along [010]. The largest absolute surface stress is tensile and occurs on the (100) surface along the
[010] direction, which might potentially drive reconstructions of the clean surface so to increase the number of bonds

136].
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| | [ e | Ouy [ Gee |
(100) || 45.0 3170 | 23.6
(010) | 343 | 647 9.0
(001) || 183 | 13.6 | -31.3

Table 3: Computed surface energy ~ and surface stress ¢ along z, y and z directions of low-index clean surfaces. Units
are meV/AZ.

We computed the relative surface areas in a clean RbyTiaO5 crystallite at equilibrium by using the Wulff relation
Yijk)Aijry = cont. obtaining : A(jgg) = 0.40 nm?, A1) ~ 0.52 nm?, Ag1) ~ 1 nm?. The (001) surface
dominates over the other orientations, yielding a slightly distorted orthorhombic nanocrystals, which is elongated along
c. Actually, other orientations beyond the three low-index surfaces might appear in the Wulff construction, yielding a
more rounded shape for the crystallites at equilibrium. Moreover, we take into account neither surface reconstructions
(which might likely reduce 7(190) and 7y(10)), nor the effect of surface hydration, which will be discussed in the
following sections and might be present in the crystals that grow at ambient conditions.

4 Hydrated surfaces

As the observed properties of Rb,Ti;Os are correlated with the presence of water [[12]], it is essential to characterize
how its surfaces interact with water molecules. We determine the stability of the hydration process via the computed
enthalpy A H# of the reaction where n water molecules are taken from a reservoir (either the ideal gas or the
hexagonal ice) and adsorb on the RboTizO5 (hkl) surface:

RbyTiyO5 (hkl) +n Hy0¢) — (H,0),, : RboTip O (hkl) (7)

For each surface, a slab with a thick enough portion of void space (in order to avoid spurious interactions between the
ad-molecule periodic images) and a larger unit cell than the (1 x 1) is firstly used to search for the preferred adsorption
sites for a single water molecule per unit surface area. Once the possible isolated adsorption sites have been identified, a
slab with smaller surface area is used to characterize configurations with higher densities of ad-molecules.

The definition of a water monolayer can be very tricky in some cases, depending on the actual surface termination.
From a pragmatic point of view, we look for the largest number of adsorbed water molecules m,q4 that form at least a
bond with the atoms on the clean surface. This number defines the full monolayer: other water molecules beyond mq
can bind to other water molecules but not to the atoms on the dry surface. We consider fully optimized configurations,
so that dynamical fluctuations are not taken into account. Clearly, m,q varies with the termination and the actual surface
configuration.

In the following, we consider the configurations that are comparatively stable and minimize the surface stress, which are
of particular interest. These configurations will be analyzed, highlighting the trends that may lead to the stabilization of
the water-covered surface. Next, after characterizing the adsorption configurations at varying density, the stability of the
hydration process will be discussed by relying upon the hydrated surface free energies as defined in the equation 6] in
relation to the choice of the water reservoir and to the experimental conditions such as the temperature.

4.1 The (100) hydrated surface

The isolated water molecule. We start from the adsorption of an isolated water molecule, for which we found several
adsorption sites as shown in the top panel of Fig. [5] where the water adsorption enthalpy and the bond lengths of the
water ad-molecule are shown.

In the most stable configuration (A F ads — —1.56 eV), the isolated water molecule dissociates. The O(")H group
binds to a surface Ti, while the dissociated proton binds to a surface O®) oxygen atom. The latter atom strongly
strengthens its bond with a neighbouring Ti atom (see top left panel in Fig. Consequently, the O®) leaves its
symmetrical position between two Ti along y as observed on the clean surface. Water dissociation (Fig[3] top right)
eventually leads to a configuration with two almost equivalent Ti-OH arrangements at the termination, except that
the O(®)H group donates a short H-bond (1.54 A) to the O H group (see lower panel of Fig. . According to the
simulations, the dissociation of the water ad-molecule has no barrier.

In all other metastable adsorption configurations, the water molecule does not dissociate. The 0O®) binds to surface Rb
atoms, and the protons form H-bonds with the surface oxygen atoms (see lower panel in Fig[5). All of the molecular
configurations are at least about 1 eV less stable than the dissociated configuration, which results in the formation
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of two hydroxyl groups. We point out that water dissociation results in the stabilization of the O(®) electronic states,
much more than for the metastable molecular adsorption configurations (see Supplementary Materials). This result is
consistent with the expected high reactivity of the clean unreconstructed (100) surface, as discussed in Sec. [3.4]

+ O(l)_H
3 081 + 0%H
=} (3)_
i:E 154 + 0®-H
ERSVE
-1.4-
B o st . —
1.00 1.25 150 175 2.00 225 250 275 3.00

d (A)

Figure 5: The top panel exhibits the two most stable configurations of a single water molecule on the (100) surface
(the most stable dissociated configuration on the left and the second most stable molecular configuration on the right)
using XCrysden[22]. The lower panel shows all the identified isolated adsorption sites represented according to their
adsorption enthalpy and the relevant bond lengths. Bonds between surface cations and O(*) are represented by *x’
crosses : Rb in turquoise and Ti yellow. The bond lengths between the protons and the surface oxygen (O(!) in red,
0® in green and O®) in blue) are displayed by "+’ crosses.

Increasing the water coverage. At higher water coverage on the (100) surface, the most stable configuration
(A(l)H %105 ~ —1.1 eV/molecule) involves two dissociated water ad-molecules, in the same fashion as the adsorption
of a single molecule. In this case the outermost Ti-O®) chains along y are fully hydroxylated, which preserves the
symmetric position of the O(®) atoms between the Ti and results in the bonding of the O(*) oxygen atoms with the
surface Rb atoms. As shown in the top panel of FigEI, the Rb bonds with the sub-layer O(!) atoms and with the O
atoms weaken, as the latter ones bind to protons. As one can see in the lower panel of Fig[7] this conﬁguratlon leads
to a significant relaxation of the surface stress components : ,, = 13 meV/A2 and 5., = —5 meV/A2. The second
water molecule adsorbs on the (100) surface as illustrated in Fig[6] forming a H-bond with the apical oxygen as well as
two equivalent bonds with Rb atoms at the termination. The corresponding mean adsorption enthalpy is less negative
than for the isolated molecule, and the surface stress is slightly negative (see Fig[7). We point out that m,q = 2 defines
the number of water molecules per unit (100) surface within the monolayer, given that an increase in coverage only
leads to molecules binding with previous water ad-molecules.

4.2 The (010) hydrated surface

The isolated water molecule. Several adsorption sites are found for the (010) surface. The adsorption configurations
involve bonds between the oxygen atom of the water molecule O(*) and Ti or Rb surface atoms; the hydrogen atoms
form H bonds or point out of the surface plan. The most stable configuration for the isolated water molecule corresponds
to a negative A<1>Hgflg = —0.91 eV adsorption enthalpy. The two most stable configurations are reported in Fig.
Both structures display Rb-O(*) bonds. The first one (Figl8l top left panel) consists in a water molecule linking two
Ti-O®) chains through H-bonds in the same fashion as the O(®) atom. In the other configuration (Fig top right panel)
0(™) aligns with the bulk apical oxygen atoms O(!), donating a single H-bond to O®®) while the other proton points
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Figure 6: Full monolayer with 2 molecules on the (100) unit surface area (the grey lines represent the cell boundaries)
represented using XCrysDen[22].
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Figure 7: Coverage of the unit (100) surface. For different number of water molecules per unit (100) surface, one
can see the relative length variations A d(Rb-O(*)) of the bonds between rubidium and oxygen atoms compared to the
bulk values (top panel), the adsorption enthalpy per water molecule A(")H‘fgg /mn (middle panel) and the surface stress

components 7;; (lower panel). The vertical dashed line colored in orange represents the number of water molecules per
unit surface m,q defining the full monolayer.

upward. The latter configuration corresponds to the most stable adsorption site (Fig. [8] lower panel). It exhibits the
shortest (and strongest) H-bonds formed with the outermost O(®) atoms, which are highly reactive, consistently with
their reduced coordination number at the surface (two instead of three). We point out that there are two such sites
per (010) unit surface area. In other metastable adsorption configurations, the water molecule dissociates, with the

dissociated hydrogen binding to a surface O(?) atom, while the remaining O(*”H group forms a strong bond with a Ti
atom (see Supplementary Materials for details).

Increasing the water coverage. The high reactivity of the (010) surface results in a diversity of adsorption sites,
indicating that there are multiple ways in which complete hydration can be achieved. A natural way to proceed is
to progressively hydrate the surface by selecting one after the other the computed (meta)stable adsorption sites for
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Figure 8: The top panel exhibits the two most stable adsorption configurations of a single water molecule on the (010)
surface (on the left, the second most stable configuration, on the right the most stable one) using XCrysDen[22]]. The
lower panel shows all the identified isolated adsorption sites represented according to their adsorption enthalpy and the
length of their bonds with the structure. Bonds between surface cations and O(*) represented with * x” crosses : Rb in
turquoise and Ti yellow. Bonds between surface oxygen atoms and water molecule’s hydrogen atoms represented with
"+ crosses : O, 0 and O®) in red, green and blue, respectively.

the single water molecule. This process is illustrated in Fig[0] In general, the (meta)stable sites for water adsorption
coincide with sites in which O(*) occupies the bulk-like O sites that are left empty when Rb,TizOs is cut parallel to
(010). For instance, O(*) can occupy the lacking O() sites, thus restoring the 5-fold Ti coordination as in the bulk.

The full surface hydration as displayed in FigElinvolves the formation of strong bonds between the O(*) in the water
molecules and the outermost Ti atoms at the surface. The water molecules also form H-bonds with the surface oxygen
as well as with other ad-molecules, leading to distinct configurations that are almost degenerate in energy. Therefore,
we guess that thermal effects could act to mix up all those configurations, although we do not perform long molecular
dynamics runs as needed to obtain a full statistics of water adsorption at finite temperatures.

As for the T' = 0 K most stable configuration for n = 7 ad-molecules, we can observe in Fig[d|that all of the H,O
molecules bind to the surface and are located in symmetrical positions with respect to the centre of the two-dimensional
unit cell, although they may be engaged in different bonds with the structure and neighbouring water molecules.
The most stable hydration configuration as shown in Fig[9] maximizes the number of bonds with the structure as
well as between the water molecules. It results in stabilized orbitals for the oxygen atoms of the surface, as well as
low-energy states for the adsorbed water molecules (see Supplementary Materials). The outermost Rb atoms bind to the
layer of water ad-molecules and therefore strongly relax outwards (see Figure[T0). The surface normal through the
two-dimensional unit cell is a two-fold rotational axis, which minimizes the total dipole parallel to the surface. Water
adsorption also reduces the tensile stress of the clean surface sensitively, which amounts to 7, = —40.5 meV/A? and
7. = 2.3 meV/A? for this configuration. Obviously, thermal effects might alter this picture. Nevertheless, given its
symmetry and high overall stability, the configuration in Fig[9) will be considered as the reference for the uniformly
hydrated (010) surface.

Mmeq > 7 water ad-molecules result in a non-symmetrical arrangement on the (010) surface unit cell and a weak bonding
to the surface cations: therefore, we define the n = 7 case as the water monolayer. Additional molecules can form
very weak bonds with the surface and H-bonds with the other water molecules. Although thermal effects may modify

11
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the atom arrangements, given the many distinct (and almost degenerate) configurations, the critical number of water
molecules in the adsorbed monolayer should possibly not exceed mqq = 7.

Overall, the hydration process results in dense and complex arrangements of water molecules which compensate for
the reduced coordination numbers of the lacking atoms at the surface. Interesting processes such as hydroxylation of
the surface via dissociation of a water molecule are likely to occur and could be enhanced by the interactions with the
environment. The impact of thermal effects on this water coverage and on the likely creation of radicals would demand
a more in-depth study using first-principle molecular dynamics.

e

Figure 9: Full monolayer with 7 HoO molecules on the (010) unit surface area (the gray lines represent the cell
boundaries) represented using XCrysDen. [22] The orange circles and associated numbers represent the order in which
the sites have been filled, while the red arrows represent possible rotations of the water molecules that could lead to
other metastable states.
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Figure 10: Coverage of the (010) surface. For different number of water molecules per unit (010) surface, one can
see the relative length variations A d(Rb-O(")) of the bonds between rubidium and oxygen atoms compared to the
bulk values (top panel), the adsorption enthalpy per water molecule A(™HE{s /n (middle panel) and the surface stress
components ;; (lower panel). The vertical dashed line colored in orange represents the number of water molecules per
unit surface m,q defining the full monolayer.
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4.3 The (001) hydrated surface

The isolated water molecule. The isolated molecule on the (001) surface has a very stable adsorption configuration.
The computed enthalpy of adsorption is A(l)Hggf o~ —1.23 eV. The water molecule is incorporated at the termination
in the gap left by the Rb atoms that relax toward the apical oxygen atoms O(!) (see Fig. . Water adsorption is an
exothermic process that strongly stabilizes the (001) surface, regardless of which reservoir (either the ideal water gas or
the hexagonal ice crystal) is considered. H,O(*) forms two strong hydrogen bonds 1.7 A as long with the surface O(!)
jons and two bonds 2.9 A as long with the surface Rb cations.

Figure 11: Adsorption site of a single water molecule on the (001) surface represented using XCrysden[22].

Increasing the water coverage. A higher degree of coverage can be obtained by considering the adsorption on two
similar sites on the (001) unit two-dimensional cell. The molecules arrange in rows along y, forming strong hydrogen
bonds with the apical O(!) and ionic bonds to surface Rb (Fig{12). This results in a quasi one-dimensional alignment
of water molecules, which fill the space between the apical O'!) and the surface Rb ions, that eventually results in
a well ordered and stable structure at higher coverage. Figll3|shows the relevant relaxations of the surface in the
presence of the water molecules. We point out that the Rb-O(!) bonds are practically unaltered with respect to the clean
surface. However, because of the strong Rb-O(*) bonds, the distance between the outermost Rb ions and the underlying
Ti2O3 plane increases considerably (see Fig[I3)). All those facts conspire to indicate that the RbO termination of the
Rb,TizO5(001) surface is highly hygroscopic. Water can adsorb in an ordered fashion above each surface Rb via a
exothermic process, which results in the formation of a RbO(H2O) layer with minor structural modifications with
respect to the dry surface when other bonds are concerned. Upon hydration, the surface stress along [100] becomes
negative (compressive) and of the same order of that along [010].

Figure 12: Full monolayer with 4 HoO molecules on the (001) unit surface area (the gray lines represent the cell
boundaries) represented using XCrysDen[22].
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As for the next hydration step, the water molecules adsorb above the RbO(H5O) layer (see Fig. The O™) of the
second water molecule sits above the surface Rb; a proton points toward the O(*) ion of the water molecule within the
RbO(H;0) layer, forming a strong hydrogen bond. The other H points outward the surface, forming a small angle with
the surface normal. The most striking structural effect is the considerable outward relaxation of the surface Rb ions
from the TioO3 plane beneath, which is due to the interactions with the adsorbed water molecules. Correspondingly, the
surface stress is significantly reduced.
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Figure 13: Bond lengths, adsorption enthalpy and surface stress as a function of the number of water ad-
molecules on the (001) surface. Upper panel: Relative length variations A d(Rb-O*)) of the bond length between
surface Rb and O atoms as compared to the bulk values. Middle panel: the adsorption enthalpy per water molecules
AMHEES /n. Lower panel: the surface stress components &;; (lower panel). The vertical orange dashed line represents
the number of water molecules per unit surface m,4 = 4 defining the full monolayer.

The hydrated surface as represented in Fig. [[2]represents the case of the full water monolayer; it displays as a relaxed
H>O/RbO(H50) bilayer on the (001) clean surface. Indeed, additional water molecules beyond the HoO/RbO(H20)
bilayer will only interact with the molecules already in place rather than with the surface ions. As a consequence of the
water-water interaction, the water molecules in the outermost layer weaken their bonds with the surface in order to form
hydrogen bonds with the additional water molecules. As shown in Fig[T3] this process results in a large reduction of
the relaxations observed for the clean surface and for the previous hydration stages. With respect to the clean (001)
termination, which displays a compressive stress along y, the configuration with the full water monolayer corresponding
to maq = 4 (Fig[I2) is at the same time very stable and with a very small surface stress (see lower panel in Fig[I3)). This
suggests that upon increasing surface hydration, the water molecules interact with each other to the point of lessening
their interactions with the mono-hydrated surface consisting of a RbO(H3O) layer, with small binding variation with
respect to the bulk material. Further hydration (up to the formation of an interface between the hydrated RbO(H->O)
layer and liquid water) might also result in the Rb solvation and/or formation of RbOH layers, consistently with the
experimental observations [35]. However, long molecular dynamics simulations with specific sampling techniques [37]]
would be needed to that aim, which is outside the scope of the present work.

4.4 Trends in water adsorption on the Rb,Ti,O5 surfaces

For each low-index surface, the stability line (see its definition in Sec.[2.4) of the most stable adsorption configurations
for the isolated molecule as well as the full water monolayer are represented in Fig.[14] As expected, the desorption
temperature increases with the partial pressure of the vapor ideal gas. All hydrated configurations are stable towards
sublimation at the room temperature T~300K even for water partial pressures as low as 1078 atm.

Overall, water adsorption is a strongly exothermic process on all the low-index surface terminations. The adsorption
enthalpy for the isolated water molecule on the surface is AV H{gs = —1.56 eV, AW Hls = —0.91 eV and
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A(l)Hg{)if = —1.23 eV, on the (100), (010) and (001) surfaces, respectively. These values compare to the water
adsorption enthalpy on low-coordinated sites, such as step edges on other oxide surfaces [38,[39] and show the very high
reactivity of RbyTioO5 towards water. In passing, we note that the computed water adsorption enthalpy is more negative
for the isolated water molecule than for the full monolayer (see Fig[T4), despite the formation of strong hydrogen
bonds within the adsorbed water molecules that occur on all of the surfaces we investigated. This effect is mainly
due to the presence of several distinct adsorption sites, the most stable of which are initially saturated. Therefore, the
water adsorption enthalpy of the full water mono-layer roughly corresponds to an average among all of the available
(meta)stable surface sites.

The (100) surface is particularly reactive and the water molecule dissociates without kinetic barriers. It displays the
most negative water adsorption enthalpy (see Sec. d.I)), both for the isolated molecule and the full water monolayer.
Accordingly, water sublimation could occur at much higher temperatures than the ambient one for a water partial
pressure of 10~2 atm. The water molecule on the (001) surface is the second most stable one and could desorb at
T ~ 500 K for p ~ 1072 atm.
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Figure 14: Stability lines (AGE{‘ES) (n,p,T) = 0, see Secl2.4) corresponding to the isolated water molecule (dot-dashed
lines) and the full water monolayer (full lines) for the three low-index RbsTioO5 surfaces.

Also significant is the surface free energy with respect to a virtual ice reservoir, which is, below room temperature,
an upper bound for the thermodynamic equilibrium between adsorbed water on the surface and droplets of liquid
water in the reservoir. Whenever the surface free energy (as plotted at a temperature of 300 K in Fig. [I3]for various
hydration densities) lies below the surface energy of the clean termination, water adsorption stabilizes the wet surface.
Apart from the (010) surface, both (100) and (001) surfaces should be hydrated with water surface densities about
4-5 molecules/nm?. Furthermore, we point out that the computed surface energy of the wet (001) surface is very close to
zero, meaning the energy cost of cleaving the crystal parallel to the (001) orientation could be almost fully compensated
by the exothermic process of water adsorption. This prediction holds even when considering dispersion interactions
(see Supplementary Materials).
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Figure 15: Free surface energy at " = 300 K versus the two-dimensional water density (number of water molecules per
A2). The surface free energy I is evaluated either by using the Ice I, reservoir (blue markers) or the Ideal gas reservoir
(red markers) at vapour partial pressure p = 0.01 atm. For each surface, the gray dot-dashed line represents the energy
of the clean surface. Top panel: the (100) surface; medium panel: the (010) surface; bottom panel: the (001) surface.

Conclusions

The present work focuses on the structure and stability of low-index surfaces of the Rb,TisO5 perovskite at the atomic
scale, either clean or at the onset of water adsorption, by Density Functional Theory calculations.

The unreconstructed clean (100), (010) and (001) surfaces have rather low surface energies, with the latter one being the
most stable among the clean terminations. The (1 X 1) RboTi2O5(001) surface has indeed a very low surface energy and
moderate surface stress, as compared to other oxide surfaces; the atomic relaxations are limited to the two outermost
layers. Our calculations therefore suggest that the clean (1 x 1) RbaTi2O5(001) surface is stable against reconstructions.
All our findings agree with the fact that the crystal easily cleaves along the (001) planes, consistently with its layered
nature. In contrast, the (1 x 1) (100) clean surface shows a huge tensile surface stress, which is ultimately due to the
reduced coordination numbers of the outermost Ti and O ions. We guess that the Rb,TisO5(100) clean surface could
reconstruct and easily react with external molecules.

This is confirmed by the propensity of the (100) surface to react with water. The H,O molecules spontaneously
dissociates; its adsorption is an exothermic process that contributes to stabilize the termination and significantly reduce
the surface stress. Hydroxyl groups form at the surface, with chemical bonds that are clearly stronger than the hydrogen
bonds in liquid water.

The (001) surface is also very reactive towards water, which adsorbs in its molecular form. The water adsorption
enthalpy almost compensates the clean surface energy and the atomic structure of the (001) termination is barely
modified by the hydration process, apart from the significant outward relaxation of the Rb atoms. This agrees with
the experimental observations of the very high hydrophilic character of the RbyTi2Oj crystallites. Our calculations
indicate that RbsTisO5 might spontaneously form quasi two-dimensional hydrated (001) layers of varying thickness
when exposed to humid air. The outward Rb relaxation process might ultimately result in the alkali cations solvation in
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humid environments, as suggested by the experimental observations of presence of Rb™ ions at the water overlayers
[35].

On the (010) surface water can form interesting symmetric configurations, although this orientation is the less reactive
one among the low-index terminations. The water molecules can easily re-orient by crossing low-energy barriers.

Overall, we predict that at ambient conditions the low-index Rb,Ti»O5 terminations are covered with water, with a
significant two-dimensional surface water density of about 4 molecules/nm? on the (100) and (001) surfaces. On these
surfaces, the adsorption of water significantly reduces both the surface energy of the clean terminations and the surface
stress, which is almost null in the case of the full water monolayer.

All these results point towards a quasi spontaneous exfoliation of the material in presence of water vapour along the
(001) surfaces. This renders the study of these surface processes and the subsequent diffusion of charged species on the
surface particularly relevant to understand the mechanisms for proton conduction in RbyTi2O5:(H20), .

Given the high hydrophilic character of Rb,Ti5Os, the present study can be followed by an extensive exploration of
water-covered surfaces and the processes of ion solvation at the surface and water (or hydroxyl) diffusion into the
bulk. This study would likely imply molecular dynamics simulations beyond the ns time-scales and including several
hundreds atoms. Scale- and time-limitation that are inherent to DFT-based molecular dynamics simulations could be
overcome by constructing interatomic potentials via machine-learning. [40]
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