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ABSTRACT

The adsorption of intact and dissociated water molecules on the surfaces of the Pt3Zr alloy and pure Zr have been investigated by means of density functional theory
simulations. In each case, a varying amount of water molecules was placed on the surface until saturation coverage was reached. For both surfaces, all the energy
barriers for the partial and complete decomposition of water were calculated. The partial dissociation of H,O into OH and H, and the complete dissociation into O and
two H atoms are significantly more difficult on Pt3Zr surfaces, as compared to pure Zr surfaces: the dissociative adsorption energies are smaller and the activation
barriers for dissociation are larger in PtsZr. In addition, the recombination of H atoms into Hy molecules and desorption of those molecules is easier on the Pt3Zr
surfaces. The results suggest that the use of the PtsZr alloy as a protective coating in Zr-based metallic components used in nuclear reactors can indeed improve their

performance, since the alloyed PtsZr layers are much more resistant towards oxidation and H attack than pure Zr in the presence of hot water vapor.

1. Introduction

Some issues discussed intensively in the literature on nuclear re-
actors are the oxidation, corrosion and hydrogen diffusion through the
surfaces of the vessels and other metallic parts of the nuclear reactors
[1,2]. Those problems can give rise to different types of accidents, and
even more, to explosions in some nuclear reactors. A very important
problem is the corrosion by hot water of the Zr alloys that are used for
nuclear fuel cladding [2,3]. Those zirconium alloys were developed,
since the 1950 s, not only for their use as nuclear fuel cladding, but also
to form part of other nuclear reactor components. They possess impor-
tant advantages, such as good mechanical properties, low thermal
neutron capture cross-section, and corrosion resistance in high tem-
perature water. However, in spite of the advances, the contact of water
with the surface of the cladding layer of the nuclear fuel rods is still the
main cause of corrosion, and as a consequence hydrogen could enter and
diffuse into the alloy [2]. There are evidences that corrosion has a strong
dependence on the particular composition of the zirconium alloys. In
other words, small changes in the composition and the microstructure of
the alloy can lead to significant differences in the resistance to corrosion
[4]. The basic corrosion reaction at the surface of the Zr-based alloys is
Zr + 2 H0 (gas) — ZrO; + 2 Hy, which involves formation of a surface
layer of zirconium oxide. The main problem is caused by the hydrogen
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formed during the oxidation reaction, which can diffuse through the
oxide layer and enter inside the alloy, weakening its strength. As a
conclusion, water corrosion of zirconium alloy nuclear fuel cladding and
the inherent hydrogen pickup into the alloy are potentially limiting
factors for the operation of nuclear fuel to high burnup and more
extreme conditions. The mechanisms for the oxidation of the surface of
Zr metal have been intensively studied [5-10]. Under standard condi-
tions, a layer of ZrO, oxide forms on top of the Zr surface, and the
presence of this layer does not prevent the diffusion of hydrogen into Zr
bulk. The mobility of hydrogen atoms and the increase of their con-
centration within Zr metal and Zr alloys has also been extensively
studied in experimental and theoretical works [11-13].

Two interesting ways of improving the durability of the standard Zr
alloys used as cladding for nuclear fuels are either changing their
composition, or coating them with thin films of other alloys more
resistant to water vapor attack [14-16]. Addition of various dopants can
reduce the tendency of the surface towards water adsorption and
oxidation. Following this idea, we considered interesting the investiga-
tion of the surface properties of the Pt3Zr alloy, which belongs to the
class of so-called ‘superalloys’, characterized by a high degree of
chemical ordering and strong stability. At the 3-1 stoichiometry, the
very stable compound Pt3Zr forms, which has the highest melting point
(2250 °C) across the Pt-Zr phase diagram [17]. Such high stability and
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Fig. 1. Top and side views of the lowest energy structures for adsorption of one to six water molecules at the Pt3Zr surface. In each case, the total adsorption binding
energy Epoic [NH20] of the n molecules is given. One low lying configuration is also given in the cases of one and five adsorbed molecules. Gray spheres: Pt atoms. Blue

spheres: Zr atoms. Red spheres: O atoms. Yellow spheres: H atoms.

melting point make this material very interesting for its potential use as
coating of the zirconium alloys employed in nuclear reactors. Some
experimental and theoretical work has been done on the surface and
bulk properties of this alloy. Pan et al. [18] studied the electronic
structure of this compound and the energetics of oxygen insertion into
the bulk of the alloy. Experiments by Li et al. [19] examined the struc-
ture and adhesion properties of thin films of zirconium oxide grown on
top of the PtsZr alloy. A study by Antlanger et al. [20] investigated pure
and oxidized Pt3Zr (0001) surfaces by scanning tunneling microscopy
(STM), Auger electron spectroscopy, and density functional theory
(DFT). The experimental work of Lackner et al. [21] analyzed the

interaction of water with thin layers of ZrO, grown on top of the Pt3Zr
alloy. DFT simulations by Ruiz Puigdollers et al. [22] focussed on the
reducibility of those thin ZrO, layers and their interaction with
hydrogen.

In this manuscript, we report the results of an extensive comparison,
using the density functional formalism [23], of the interaction of water
with pure Zr and Pt3Zr surfaces. In each case, we analyze the interaction
of water with those surfaces at various water coverages, and with the
water molecules either intact, partially dissociated into H atoms and
hydroxyl OH groups, or completely dissociated into O and H atoms. The
activation barriers for dissociation were calculated. Also, we have
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Table 1
Average adsorption energies per molecule, ES . [nH>O], for adsorptionofn=1-
6 water molecules (per unit cell) on the Pt3Zr surface, and adsorption energy of

each newly added molecule, E'% [nH,0]. All energies in eV.

> “molec
n 1 2 3 4 5 6
E®  [nH>0] 0.946 0.905 0.914 0.908 0.867 0.839
Eet nH,0]  0.946 0864 0932 0889 0705 0777

simulated the adsorption of several oxygen atoms at each of the two
surfaces, to gain some understanding on the initial processes leading
towards surface oxidation. The results show that the Pt3Zr surface is
indeed much less reactive than the pure Zr surface. Therefore, we expect
that coating Zr-based alloys with thin layers of PtsZr can significantly
improve the durability of these materials as nuclear fuel cladding.

2. Computational details

Electronic structure calculations were performed using Density
Functional Theory (DFT) [23] and the gradient-corrected GGA-PBE

“di

N
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exchange—correlation functional [24]. The Projected Augmented Wave
(PAW) technique was used, as implemented in the GPAW code [25].
This method is based on the use of a real space three-dimensional grid
(with a uniform grid spacing of 0.2 A in our case) to sample the elec-
tronic wave functions. Scalar-relativistic pseudopotentials were
employed to describe the interaction between core and valence elec-
trons. For the H, O, Pt and Zr atoms, 1, 6, 10 and 12 valence electrons are
considered, respectively. In the case of Zr, including 4s and 4p electrons
as valence electrons is necessary in order to prevent errors due to core-
polarization.

The simulations of adsorption of water on the pure Zr and PtsZr
surfaces were performed using a slab model with a thickness of four
atomic layers. The atoms in the bottom two layers were kept fixed at
their positions in the bulk, and the two upper layers were freely relaxed
under the presence of the adsorbates. To ensure that the wave functions
decay to very small values at the z-direction boundary of the unit cell, a
vacuum space of 14 A was taken in the z direction on top of the slab. To
be able to simulate a sizable coverage of intact and dissociated water
molecules, a large lateral (in the x and y directions) unit cell of size 9.97
A x 11.52 A was employed for the PtsZr surface. In the case of pure Zr,

E =1253e¢vV E_ =1162eV E =0.733 eV

1

Fig. 2. Top and side views of the relaxed structures for several adsorption configurations of a single water molecule dissociated into OH and H at the Pt3Zr surface. In
each case, the adsorption energy Eg;s[OH +H] (see eq. (5)) is given.- Gray spheres: Pt atoms. Blue spheres: Zr atoms. Red spheres: O atoms. Yellow spheres: H atoms.
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Fig. 3. Top and side views of the relaxed structures for several adsorption configurations of two water molecules dissociated into OH and H at the Pt3Zr surface. In
each case, the total adsorption energy Egss[2(OH + H)] (with respect to two gas phase H,O molecules) is given.- Gray spheres: Pt atoms. Blue spheres: Zr atoms. Red

spheres: O atoms. Yellow spheres: H atoms.

the size of the unit cell size in the x and y directions was 11.22 A x 12.96
A. In both cases, those unit cells consist of 16 surface sites. Such large
unit cells allow us simulating both the adsorption of isolated water
molecules, and the co-adsorption of several water molecules, hydroxyls,
etc., with the intention of studying the saturation coverage for each
adsorbed species. A Monkhorst-Pack sampling of 2 x 2 k-points was
found sufficient to obtain binding energies converged within 0.01 eV.
Geometries were relaxed using the Broyden-Fletcher—Goldfarb-Shanno
(BFGS) algorithm [26], until the maximum force on any atom was
smaller than 0.015 eV/A. This procedure results in total energies
converged within 0.001 eV. Energy barriers for water dissociation were
calculated using a constrained minimization method, involving several
simulations where the reaction coordinate (the O-H bond distance) was
restricted at monotonously increasing values, while allowing the rest of
the system to freely relax [27]. For each of the two surfaces (pure Zr and
the PtsZr alloy) we simulate the adsorption of a varying number of water
molecules, either intact, partially dissociated into H and OH, or
completely dissociated into co-adsorbed O and H atoms. For each of
those cases, water molecules are successively adsorbed until signs of
saturation coverage appear. This will happen when the binding energy
of the last adsorbed molecule shows a sizable decrease.

The dependence of the results with respect to the number of substrate
layers used in the calculations has been analyzed by performing selected
calculations with three, four, five and six layers in the substrate, with the

positions of the atoms of the two bottom layers fixed in all cases.
Table S1 of the Supplementary Material shows that the convergence of
the molecular (H0) and dissociative (OH+H) adsorption energies with
the number of substrate layers is fast, and that using four layers is quite
enough to get accurate results. Other workers have used substrates with
three or four layers to study the behavior of gases on the surface of
transition metals [28-30].

3. Results and discussion
3.1. Water on the Pt3Zr surface

We first discuss the adsorption of water on the Pt3Zr(0001) surface,
at increasing coverage. All possible adsorption sites were explored, and
the structures were relaxed. Fig. 1 shows top and side views of the lowest
energy structures for the adsorption of up to six intact (non-dissociated)
water molecules in the unit cell. The total binding energies for molecular
adsorption of n non-dissociated water molecules

Enotec[nH20] = nE[H,0 gas| + E[surface] — E[nH,O on surface] 1)

obtained by subtracting the total energy of the system with n adsorbed
molecules from the sum of the energies of n water molecules in the gas
phase and the energy of the clean surface, are also given in Fig. 1. The
positive values of E,c[nH20] indicate that the process is exothermic.
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Fig. 4. Top and side views of the relaxed structures for several adsorption configurations of three (panels a to f) and four (panels g to i) water molecules dissociated
into OH groups and H atoms at the PtsZr surface. In each case, the total dissociative adsorption energies Eg;ss[3(OH + H) | and Eg;55[4(OH + H) ], with respect to three
and four gas phase H,O molecules, respectively, are given.- Gray spheres: Pt atoms. Blue spheres: Zr atoms. Red spheres: O atoms. Yellow spheres: H atoms.

Table 1 gives the average adsorption energies per molecule,
Es:/ulec [Tle O] = Emolec [n-HZO] /Tl (2)
and the incremental binding energy, that is, the adsorption energy of the

last adsorbed molecule (this is the energy released upon adsorption of
the last water molecule on the surface)

E'®t [nH,0] = E[H,0 gas] + E[(n — 1)H,0 on surface]
— E[nH,0 on surface]. 3

The adsorption energy of the last adsorbed molecule can alternatively be
calculated as the difference

Eﬁtlec [”-H2 O} = Enolec [nHzO] — Ennotec [(n - 1)H20] . (4)
A single water molecule adsorbs on top of a Zr atom, with the molecular
plane almost parallel to the surface and the oxygen atom attached to Zr
(see Fig. 1). The adsorption binding energy is 0.95 eV, revealing that the
interaction between O and Zr is strong. When the water molecule is
initially placed on top of a Pt atom, the O-Pt interaction becomes
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Table 2

Average adsorption energy per molecule, E3. [n(OH + H)] for the dissociative
adsorption of n = 1 — 4 water molecules into OH and H on the Pt3Zr surface, and
dissociative adsorption energy of each newly added water molecule,
El%![n(OH + H)|. All energies in eV. Starting at n = 4, the favorable sites for H
adsorption saturate, and the dissociative adsorption energy of the last water
molecule decreases appreciably.

n 1 2 3 4
E3[n(OH + H) ] 1.475 1.466 1.487 1.378
Eld".;§[n(OH+ H)] 1.475 1.457 1.530 1.050

unfavorable, and the water molecule rotates until it forms a weak H-Pt
bond (panel 1b). This configuration is much less stable, with a binding
energy of 0.17 eV. Therefore, for multiple HoO adsorption, it makes
sense to occupy all available surface Zr sites. The total adsorption energy

Computational Materials Science 245 (2024) 113313

increases linearly with the number of adsorbed molecules, at a rate of
approximately 0.9 eV per H,0 molecule, for adsorption from one up to
four water molecules. This is not surprising, since the mutual distance
between adsorbed water molecules is relatively large, making the
adsorption of each additional molecule independent from the previous
ones. Since we use a 2 x 2 unit cell, the four Zr surface sites become

Table 3

Average adsorption energy per molecule, EJ, [n(O + H + H) ] for the dissociative
adsorption of n = 1 — 3 water molecules into O and two H atoms on the Pt3Zr
surface, and dissociative adsorption energy of each newly added water molecule,
E%t[n(0 + H + H)]. All energies in eV.

n 1 2 3
EY. [n(0+H+H)] 1.329 1.096 0.793
E%t[n(0+H+H)] 1.329 0.864 0.185

E _=2378¢eV E_ =2333eV

di
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Fig. 5. Top and side views of the relaxed structures for several adsorption configurations with one (conformers a, b, ¢, d), two (conformers e, f, g, h), and three
(conformers i, j, k) water molecules (per unit cell) fully dissociated into O and H atoms at the Pt3Zr surface. In each case, the total dissociative adsorption energy
Egiss[n(O + H + H) | with respect to n gas phase molecules (n = 1, 2, 3) is given.- Gray spheres: Pt atoms. Blue spheres: Zr atoms. Red spheres: O atoms. Yellow spheres:

H atoms.
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Fig. 6. Top and side views of the relaxed structures for adsorption of one, two and three oxygen atoms at the Pt3Zr surface. The lowest energy configuration and a
low-lying structure are shown in each case. The total adsorption energies of the n oxygen atoms, Eq4[nO], defined in eq. (11), are given.- Gray spheres: Pt atoms. Blue

spheres: Zr atoms. Red spheres: O atoms. Yellow spheres: H atoms.

Table 4

Desorption energies Egesorp|[nH2] required to recombine the H atoms into Hp
molecules and desorb those molecules from a Pt3Zr surface covered with n fully
dissociated water molecules (n = 1-3) on the oxidized nO-Pt3Zr surface. Energies
in eV.

n 1 2 3
Edesorp[NHa] 1.313 2.286 2.628
Edton [nHo] 1.313 1.143 0.876

saturated after the adsorption of four HoO molecules. So, the fifth HoO
molecule is adsorbed on top of a Pt atom. Although some stability is
gained by forming hydrogen bonds with neighbor water molecules, the
impossibility of forming an O-Zr bond causes a drop in the adsorption
binding energy, from 0.90 eV for the fourth molecule to 0.70 eV for the
fifth one. The sixth water molecule also binds in a similar conformation,
involving hydrogen bonds with co-adsorbed water molecules.

The dissociative adsorption of water molecules into OH and H at the
PtsZr surface has been studied next. Similar to equations (1), (2), and
(3), total dissociative adsorption energies of n water molecules per unit
cell

Eg4s[n(OH + H) | = E[nH,0 gas] + E[surface] — E[n(OH + O) on surface |
)
average dissociative adsorption energies

Eji[n(OH + H) | = Eaiss[n(OH + H) | /n (6
and the dissociative adsorption energy of the last water molecule

E%[n(OH + H) | = E[H,0 gas| +E[(n
—1)(OH + H) on surface | — E[n(OH + H) on surface]
@)

can be defined. The structures for several optimized configurations of
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Reaction Energy (eV)

Fig. 7. Intermediate steps and reaction barriers for the dissociation of H,O into adsorbed O and H atoms at the Pt3Zr surface. Zero energy corresponds to the Pt3Zr

surface and a free H,O molecule.

one dissociated molecule are shown in Fig. 2. As expected, the OH group
has a strong preference to bind on top of the Zr atoms, forming a strong
O-Zr bond with bond-length of 1.91 A. The corresponding dissociative
adsorption energies Ey;s[OH +H]| are also given in Fig. 2. It should be
noticed that the reference is formed by a gas water molecule and the
pristine surface. In the most stable configuration (conformer a in Fig. 2)
the dissociative adsorption energy is 1.475 eV, around 0.5 eV higher
than the adsorption energy of intact HO. In this dissociated configu-
ration, the H atom binds at a Pt-Pt bridge site, at distances 1.80 and 1.81
A from the two Pt atoms. When the H atom sits at other Pt-Pt bridge sites
(conformer b), or at hollow sites between three Pt atoms (conformers ¢
and e), the dissociative adsorption energies decrease by 0.1--0.3 eV. The
possibility of placing the H atom at a location below the surface was also
explored. In conformer f the H atom is embedded slightly below the
surface, 0.45 A below the most external layer of Pt atoms, and that
configuration is less stable than conformer a by 0.7 eV.

Fig. 3 shows several configurations for the co-adsorption of two
dissociated water molecules at the PtsZr surface. The most stable
configuration occurs when each dissociated molecule is adsorbed in the
same conformation as in the most stable case of a single dissociated HoO
molecule (see Fig. 2a). The total dissociative adsorption energy of the
two molecules, Eg;s[2(OH + H) | = 2.932 eV, almost coincides with twice
the dissociative adsorption energy of a single molecule (Eg;s[OH +H] =
1.475 eV), because the distance between the co-adsorbed molecules is
relatively large. This means that, at this stage, coverage is still sparse and
there are no competitive co-adsorption effects. Again, attaching the H
atoms to other Pt-Pt bridge sites (see conformers 3b and 3c) results in a
reduction of the total adsorption energy by 0.1--0.2 eV. It is interesting
to compare configurations 3d and 3e. In these, the H atoms occupy
different types of hollow sites between three Pt atoms, and configuration
3d is clearly preferred over 3e. In the first case, the hollow site has a Zr
atom right below it in the second layer, whereas in the second case the
hollow site has an empty space below in the second layer. The results for
three and four dissociated HoO molecules are shown in Fig. 4. For three
molecules (configurations a to f), there is just enough room on the sur-
face to place the three H atoms at the most favorable binding sites, and
therefore the total adsorption energy Ey;s[3(OH + H) | is approximately
equal to three times the dissociative adsorption energy of a single
molecule. Starting at four water molecules (configurations g-i),

saturation effects begin to appear. In the most stable conformation, the
dissociative adsorption energy of the fourth water molecule is
E'%t[4(OH + H)] = 1.0 eV, while for the third molecule E%¢[3(0OH + H) |
it was around 1.4 eV (see Table 2).

Finally, the complete dissociative adsorption of water molecules into
O and two H atoms on the surface of PtsZr has been investigated, and the
geometries for several adsorption configurations are shown on Fig. 5 for
one (conformers a, b, ¢, d), two (conformers e, f, g, h), and three (con-
formers i, j, k) molecules. Those conformers include the lowest energy
configuration and several low-lying structures. As expected, H atoms
prefer to bind at Pt-Pt bridge sites as in the case of OH+H. Oxygen atoms
occupy hollow sites between two Pt atoms and a Zr atom. The adsorption
energies for full dissociation of the water molecules are defined

Eg4ssin(O+H+H)| =E[nH,O0 gas|+ E[surface| — E[n(O+H+H) on surface]

(¥
Egis[n(0+H+H)| = Eas[n(0 + H+ H)|/n ©)
E%[n(0 + H + H) | = E[H,0 gas] + E[(n — 1)(O + H + H) on surface]
— E[n(O + H + H) on surface]
(10)

For a single water molecule per unit cell, the dissociated adsorption
energy, Egss[O +H+H] = 1.329 eV, is a bit smaller than the adsorption
energy corresponding to the dissociation into OH and H, Eg;[OH 0] =
1.475 eV. This means that splitting the adsorbed OH group into O and H
atoms on the Pt3Zr surface has an energy cost of 0.15 eV. Configuration
d in Fig. 5 reveals that the stability drops drastically when the O atom
does not make contact with a surface Zr atom. In fact, that structure
becomes thermodynamically unstable. Table 3 shows the evolution of
the dissociative adsorption energies with the number of adsorbed water
molecules. Strong competitive effects begin to appear at n = 2, with Egg
and Effgg decreasing markedly. This means that the presence of co-
adsorbed H atoms causes a lowering in the ability of the Pt3Zr surface
to catalyze the dissociation of additional water molecules.

For completeness, Fig. 6 shows the structures corresponding to
adsorption of oxygen atoms at the Pt3Zr surface. The lowest energy
configuration and a low-lying structure are given for one, two and three
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Fig. 8. Lowest energy structures (and a low-lying structure in some cases) for multiple adsorption of water molecules (n = 1-5) at the Zr surface. In each case, the
total adsorption energy Epc[nH20] of the n H,O molecules is given. Blue spheres: Zr atoms. Red spheres: O atoms. Yellow spheres: H atoms.

Table 5

Average adsorption energies per molecule, E¥. [nH,0], for adsorption of n = 1 — 8 water molecules on the surface of Zr, and adsorption energy of each newly added

> “molec

molecule, % [nH,0]. All energies in eV.

n 1 2 3 5 6 7 8
E™ . [nH,0) 0.712 0.710 0.703 0.700 0.703 0.702 0.691 0.696
Elst [nH,0] 0.712 0.708 0.690 0.691 0.712 0.699 0.629 0.728

oxygen adatoms per unit cell. The most favorable adsorption positions
are on hollow sites, and the O atoms show two bonding modes: either
bonding to a single Zr atom, or bonding to a Zr and to a Pt atom. At this
small coverage the interaction between O adatoms is small, and the total
adsorption energy

Eq4s[n0] = n%E [0,] + E[surface] — E[nO on surface] an

which is included in Fig. 6, increases almost linearly with the number of
O atoms.

In a Pt3Zr surface covered with n fully dissociated water molecules
(O+H+H) per cell, the energy required to recombine all the H atoms
into Hy molecules and desorb the n Hy molecules can be calculated using
the energies of the oxidized nO-Pt3Zr surface and the n(O+H+H)-Pt3Zr

surface:

Egesorp[NH>] = nE[H, gas] + E[nO on surface| — E[(nO
+ 2nH) on surface]. 12)

Table 4 shows those desorption energies for n = 1-3. At low coverage (n
= 1), Egesorp[H2] = 1.313 eV. With increasing coverage of oxygen and
hydrogen species (n = 2, 3), the total desorption energy of the n
hydrogen molecules increases less than linearly with n. The average

desorption energy Eg;; . [nHz] = Eqesop [NH2]/n decreases below 1 eV for

increasing n.

Overall, the calculations predict that when water is adsorbed, the
surface of the Pt3Zr alloy will be preferentially saturated with hydroxyl
OH groups bonded to the Zr surface atoms, and H atoms bonded to the Pt
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Fig. 9. Lowest energy structure (and one low-lying configuration) for multiple
adsorption of water molecules (n = 6-8) at the Zr surface. In each case, the total
binding energy Epc[nH20] of the n H,O molecules is given. Blue spheres: Zr
atoms. Red spheres: O atoms. Yellow spheres: H atoms.

surface atoms. The concentration of these species at the surface will be
determined, at given pressure and temperature, not only by the relative
stabilities with respect to adsorption of intact water or full dissociation
into O and H, but also by the energy barriers to dissociate molecular
water into OH and H, or into O and two H atoms. Fig. 7 shows the re-
action barriers for the dissociation of HyO first to OH+H and then to
O+H+H on the Pt3Zr surface. Dissociation of water into OH and H
presents a moderate activation barrier of 0.41 eV. Then, from the most
stable conformation of dissociated water (with a binding energy of
1.475 eV), breaking the O-H bond of the adsorbed hydroxyl group needs
to overcome a much higher barrier of 1.18 eV. In addition, the final state
in Fig. 7, with fully dissociated (O+H-+H) water, is less stable than the
state corresponding to intact hydroxyl (OH+H) on the surface by about
0.2 eV. Therefore, there is a strong resistance to break the O-H bond,
and against total oxidation of the surface.

3.2. Water on the Zr surface

The adsorption of water molecules and their dissociation at the pure
Zr(0001) surface has been investigated with the objective of comparing
the results to those for the PtsZr surface. Fig. 8 shows the most stable
structure and some low lying conformations for the adsorption of up to
five intact water molecules. The total adsorption binding energies

10
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Emotec[NH20)] are also given in the Figure (the definitions of Eg. [nH20),
E®  .[InH>0], and E%% [nH,0] are the same as in equations (1), (2) and
(3), just changing Pt3Zr by Zr). For a single molecule, binding takes place
in a conformation with the molecular plane nearly parallel to the surface
and the oxygen atom bonded to a Zr atom at a distance of 2.33 A. That
specific Zr atom is lifted up by 0.4 A from the plane of the Zr atoms in the
surface layer. The binding energy of a single H,O molecule to the surface
is moderate, 0.71 eV, and it is slightly smaller than the corresponding
binding energy at the PtsZr surface (0.946 eV). The adsorption energy is
consistent with the value of 0.62 eV calculated by Shuang-Xi Wang et al.
[31] for adsorption of Ho0 on the (0001) surface of Zr. When two intact
water molecules are co-adsorbed at the Zr surface, these tend to form
hydrogen bonds between them, while maintaining the O-Zr bonds.
Interestingly, the strength of those hydrogen bonds is quite weak, as the
comparison between the alternate conformations (b) and (c) show; when
the hydrogen bond is not present because of the larger distance between
the two water molecules (conformer c), the binding energy only de-
creases by 0.05 eV. The average adsorption energies per molecule
E% .[nH>0] and the adsorption energy of the last adsorbed molecule

molec
[nH,O] are given in Table 5. E¥, [nH,0] and E% [nH,O] have

last
E, molec ‘molec 'molec

fairly constant values around 0.7 eV; that is, those adsorption energies
do not show significant variations with the number of water molecules.
This means that cooperative or competitive co-adsorption effects be-
tween water molecules are almost absent, and the surface will continue
adsorbing water molecules until a full network of hydrogen bonded
molecules occupies all the available sites. Those adsorption energies are
a bit smaller than the corresponding adsorption energies on Pt3Zr
collected in Table 1.

Fig. 9 shows the lowest energy structure (and one low-lying config-
uration) for adsorption of six, seven and eight intact water molecules on
the Zr surface. In each case, two alternative arrangements with nearly
the same adsorption binding energies were found. In the first arrange-
ment (conformations a, c, €) all the oxygen atoms are on top of Zr atoms,
and all the water molecules form O eee H hydrogen bonds. The
competing arrangements (conformations b, d, f) have the water mole-
cules distributed in two parallel rows; in one row, oxygen atoms are
bound on top of Zr atoms, whereas the water molecules in the other row
are detached from the Zr sites. The energetic cost of such detachment is
compensated by the formation of shorter (and stronger) O eee H
hydrogen bonds between co-adsorbed water molecules.

Then, the dissociation of water molecules into hydroxyl OH groups
and H atoms at the pure Zr surface was investigated. The results for one
and two water molecules are shown in Fig. 10, and the different disso-
ciative adsorption energies are defined as in equations (5), (6) and (7),
just by changing Pt3Zr to Zr. The OH groups are preferentially located at
hollow sites between three surface Zr atoms, in an upright orientation.
Let us note that there are two types of hollow sites at the Zr surface, one
of them without a Zr atom below in the second layer (labelled here as
site A), and a second type with a Zr atom in the second layer right below
the hollow site (labelled as site B). It is observed in Fig. 10 that the OH
groups prefer to occupy A sites. The detached H atoms also prefer to
occupy hollow sites; however, with a small energy difference between
sites A and B (0.04 eV in the case of a single adsorbed molecule). Panel
d reveals that it is unfavourable for the H atom to approach the hydroxyl
OH group at a neighbouring hollow site, with the binding energy
decreasing by 0.34 eV with respect to the lowest energy conformation of
panel a. The high dissociative adsorption energy for the most stable
conformation, Eg4s[OH +0] = 3.48 eV, indicates that water has a marked
tendency towards dissociation at the pure Zr surface. With respect to
H50 adsorbed in molecular form (Fig. 8), a large energy gain of 2.7 eV in
the adsorption energy is achieved upon breaking of the H-OH bond.
Placing the H atom of Fig. 10a in a position embedded slightly below the
surface has an energy cost of 0.58 eV, which is less than the calculated
cost for the Pt3Zr surface. For two coadsorbed dissociated H,O molecules
(Fig. 10 e) the total adsorption energy Eg[2(OH + O) ] is very close to
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Fig. 10. Lowest energy structure and some low-lying adsorption configurations for one and two water molecules dissociated into OH and H at the Zr surface. In each
case, the dissociative adsorption energy Eg;ss[n(OH + O)] with respect to n gas phase H,O molecules is given. Blue spheres: Zr atoms. Red spheres: O atoms. Yellow

spheres: H atoms.

twice the adsorption energy of a single dissociated molecule, indicating
that the interaction between the two dissociated molecules is almost
negligible. This is not surprising, given the distance, of more than 5 A,
between the two coadsorbed molecules. Other alternative arrangements
(panels f-h in Fig. 10) have similar adsorption energies to the ground
state of panel e, all within 0.2 eV. The structures for larger coverages
(three to five dissociated water molecules) are given in Fig. 11. A ten-
dency to maximize the distances between OH groups and H atoms is
observed, which leads, for n = 5, to clustering of OH and H in different
regions of the cell. Again, as Table 6 shows, the dissociated water mol-
ecules do not interact strongly with each other, and the adsorption en-
ergy of each additional molecule, E¥[n(OH + H)], is fairly constant,
decreasing by less than 10 % with respect to the value for the first
adsorbed water molecule.

Finally, we have studied the full dissociative adsorption of water into
H and O atoms at the pure Zr surface, and the results for one, two and
three molecules per cell are shown in Fig. 12. The different dissociative
adsorption energies are defined as in equations (8), (9) and (10), just by
changing PtsZr to Zr. For a single molecule, the most stable location of
the O atom is at a hollow site of type A. As it happened for the disso-
ciation of water into OH and H, detached hydrogen atoms show a
preference for hollow sites of type B. The dissociative adsorption energy
is 5.52 eV (in comparison to 3.48 eV in Fig. 10), revealing that 2 eV are
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gained upon dissociation of the adsorbed OH group into O and H atoms.
When the H atoms move to other hollow sites (configurations 12b —12d)
the energy changes only slightly, indicating that the H adatoms could
easily diffuse around the surface. Configuration 12e shows that dis-
placing the O adatom from a hollow site A to a hollow site B has a sizable
energy cost of around 0.5 eV (with respect to the lowest energy
configuration 12a). Then, we have examined the strenght of the bonding
of the dissociated H atoms to the Zr surface. Panel 12f shows the relaxed
geometry of a configuration with the O atom on its most stable
adsorption site and the two H atoms recombined into an Hy molecule
weakly physisorbed on the surface. This conformation is less stable, by
2.2 eV, than the one with the two separated H atoms adsorbed on the
surface, indicating that there is a substantial energy penalty for the
recombination of the two H atoms and desorption of the formed H,
molecule from the surface. Therefore, it is likely that, after complete
splitting of water molecules, most of the atomic hydrogen will remain at
the Zr surface or diffuse into the bulk. For two and three fully dissociated
water molecules (configurations 12e-12 1) the total binding energy is
nearly proportional to the number of molecules, meaning that saturation
coverage has not been reached at n = 3. In contrast, for the Pt3Zr surface,
we found that saturation coverage is reached at n = 2. This confirms
again that the pure Zr surface is significantly more reactive to water than
the Pt3Zr one.
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Fig. 11. Lowest energy structure and some low-lying adsorption configurations for n = 3-5 water molecules dissociated into OH and H at the Zr surface. In each case,
the dissociative adsorption energy Eg;;[n(OH + O) ] with respect to n gas phase H,O molecules is given. Blue spheres: Zr atoms. Red spheres: O atoms. Yellow spheres:

H atoms.

Table 6

Average adsorption energy per molecule, EY, [n(OH + H)] for the dissociative
adsorption of n = 1 - 5 water molecules into OH and H on the Zr surface, and
dissociative adsorption energy of each newly added water molecule,
El%[n(OH + H) |. All energies in eV.

n 1 2 3 4 5
E%, [n(OH + H)) 3.476 3.472 3.425 3.413 3.390
Eg[n(OH + H)] 3.476 3.469 3.331 3.377 3.299

Multiple adsorption of oxygen atoms at the pure Zr surface has also
been investigated. The most stable conformations found forn =1 -7
oxygen atoms are shown in Fig. 13. The O atoms prefer to occupy hollow
sites of type A, which is consistent with the results in Fig. 12. The
different adsorption energies are defined in this case

Eqas[n0] = n%E [0,] + E[surface] — E[nO on surface] 13)

E®[nO] = E4[n0]/n a4

12

E%no] = %E[OZ] +E[(n—1)O on surface| — E[nO on surface] (15)
The total adsorption energies Ey4[n0O], included in Fig. 13, are sizable.
The average adsorption energies per O atom, Eg; [nO], and the adsorp-
tion energy of the last added O atom, E%![n0], are shown in Table 7. Up
to four oxygen atoms, the adsorption energy of each new added O atom
has an almost constant value of 5.8 eV (see Table 7). There is a small
drop to a value of 5.5 eV for the fifth O atom, due to the need to locate
oxygen adatoms at neighbouring locations in hollow sites of A type.
Then, a nearly constant binding energy close to 5.5 €V is maintained up
to the seventh O atom. For the Zr surface with up to three dissociated
water molecules (O+H+H), the energy required to recombine the H
atoms into Hy molecules and detach the Hy molecules from the surface is
around 2.2 eV per molecule, a value much larger than the corresponding
detachment energies from the Pt3Zr surface. This again exhibits the
higher reactivity of the pure Zr surface.

As we did in the case of the Pt3Zr alloy, we have calculated the en-
ergy barriers for the complete dissociation of the H,O molecule into O
and H adatoms on the Zr surface. The two dissociation steps are inde-
pendently shown in Fig. 14. The first step of the dissociation reaction
involves breaking one O-H bond of the H,O molecule, and the activation
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Fig. 12. Top views of the lowest energy structure, and several low-lying configurations for the full dissociative adsorption of one (conformers a — f), two (conformers
g — 1), and three (conformers j — 1) water molecules at the Zr surface. In each case, the total dissociative adsorption energy Egss[n(O + H + H) | with respect to n gas
phase molecules (n = 1, 2, 3) is given. Blue spheres: Zr atoms. Red spheres: O atoms. Yellow spheres: H atoms.

barrier is small, 0.30 eV. The transition state is characterized by a dis-
torted orientation of the water molecule, in which the dissociating H
atom builds up a bond with the underlying Zr atom. To study the second
dissociation step we start with the lowest energy configuration of
OH+H, that in Fig. 10a. The activation barrier for breaking the O-H
bond in the hydroxyl group amounts to 0.56 eV. Although a bit larger
than the barrier of the first dissociation step, it is still moderate, meaning
that even at not too high temperatures adsorbed hydroxyls could
decompose into oxygen and hydrogen adatoms, promoting the forma-
tion of a superficial oxide layer.

Comparing the results obtained for water dissociation on the pure Zr
surface with those for dissociation on the PtsZr alloy, important differ-
ences can be noticed. First, the reactions for complete water dissociation
proceed with very small activation barriers on the Zr surface, while in
the case of PtsZr the step of dissociating the O-H bonds has a barrier
larger than 1 eV, difficult to surpass. Second, in the case of pure Zr, the
stability of water completely dissociated into O+H+H atoms is much
higher (by around 2 eV) than the stability of the partially dissociated

13

H-+OH intermediate. This situation is reversed for the PtsZr alloy, where
the partially dissociated H+OH state is more stable than the state with
separated O and H adatoms. Finally, after complete water dissociation,
the coadsorbed H adatoms are more strongly bound to the surface in the
case of pure Zr. The energy required to recombine two H atoms on the Zr
surface and desorb the formed Hy molecule is about twice the value for
the same process on the Pt3Zr surface.

3.3. Analysis of the electronic structure

To gain a better understanding on the different reactivity of the Zr
and Pt3Zr surfaces, we have analyzed in detail the electronic structure
and bonding characteristics of water dissociated into OH and H. In
panels a) and b) of Fig. 15, we show the Bader atomic charges [32,33] at
some selected surface atoms. In the case of pure Zr, the bare Zr surface
atoms have small negative charges of around —0.15 e. But, when we
consider Zr atoms bonded to either OH or H, those atoms become
positively charged, with charges in the range of + 0.14 e to + 0.24 e.
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Fig. 13. Top views of the lowest energy structure for multiple adsorption of oxygen atoms (n = 1-7) at the pure Zr surface. A low-lying configuration is also shown
for one and two adsorbed O atoms. In all cases, the total binding energy with respect to gas-phase O, molecules, Eq4[nO], is given. Blue spheres: Zr atoms. Red

spheres: O atoms. Yellow spheres: H atoms.

Table 7

Average adsorption energy per O atom, EZ; [nO], for the adsorption of one to
seven O atoms on the Zr surface, and adsorption energy of each newly added O
atom, E%t[nO]. All energies in eV.

n 1 2 3 4 5 6 7
EZ[nO] 5.812 5.809 5.798 5.795 5.733 5.700 5.675
Eﬁgs‘ [nO] 5.812 5.806 5.776 5.786 5.485 5.535 5.525

This is caused by the fact that both the OH group and the H atom draw
some electronic charge from those Zr atoms. The H atom has a charge of
—0.70 e, and the O atom of the OH group has a charge of —1.33 e (which,
of course, also includes the charge transferred by the H atom within the
hydroxyl).

In the Pt3Zr alloy, the metal atoms at the surface are charged because
of the ionicity of this alloy. Bare Zr atoms on the surface have positive
charges close to + 1.75 e, arising from electron transfer from Zr to Pt
atoms due to the higher electronegativity of Pt [34]. The surface Pt
atoms which are not bonded to adsorbates have negative charges of
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approximately —0.60 e. The oxygen atom of the OH group has an extra
charge of —1.14 e, lower in comparison to its charge of —1.33 e in the Zr
surface, because the Zr atoms are already substantially charged in Pt3Zr
and cannot deliver much more charge. Consequently, the oxygen-
surface interaction in PtsZr is weaker than in the pure Zr metal. The
most important difference, when comparing the Pt3Zr and Zr surfaces,
resides in the charge gained by the dissociated H atom. At the PtsZr
surface, the charge of the H atom is —0.14 e, much lower than the charge
of —0.70 e on the pure Zr surface. The reason for this behavior is that in
the Pt3Zr surface the H atom is bonded to Pt atoms, which are more
electronegative than the Zr atoms.

The total electronic densities of states (DOS) for both surfaces are
shown in panel c) of Fig. 15. Partial densities of states (PDOS), that is,
the DOS projected on the hydrogen s and oxygen s and p orbitals, and in
the PtsZr case also projected on the Zr s and d states, are also included.
The DOS and PDOS corresponding to OH-+H on the Pt3Zr surface clearly
reflect the ionic contribution to the Pt-Zr bonding; most of the Zr states
are located at energies above the Fermi level, and therefore some elec-
tronic charge is transferred to the Pt d-band, which becomes almost
filled; indeed, a sizable energy gap of 0.5 eV appears just above the top
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Fig. 14. Intermediate steps and reaction barriers for the complete dissociation of an H,O molecule at the pure Zr surface. The left panel shows the dissociation into
OH and H, and the second shows the dissociation of OH into O and H. The energies in the two panels are aligned in the same scale.

of the platinum d-band. The positions of the electronic states corre-
sponding to the oxygen 2p levels and the 1s level of the dissociated
hydrogen are explicitly indicated. Then, in panels d) and e), three-
dimensional contours showing the spatial distribution of the real part
of those electronic states are plotted (blue and red surfaces indicate,
respectively, regions of positive and negative phase of the wave func-
tions). In the case of Pt3Zr, the Opy and Opy levels are broadened (see
panel c) due to the hybridization with the surface Pt states. Indeed, the
corresponding wave function plots reveal mixing with d states of Zr and
Pt atoms, even with those atoms which are not close neighbors of the OH
group. The Op, state is more localized, being only hybridized with the
d states of the Zr atom located directly below the OH group.

The comparison between the two surfaces reveals that the oxygen 2p
states are spatially more localized in the case of pure Zr. Also, they are
shifted to more negative (more strongly bound) energies, with respect to
the Fermi level. This indicates that the O-Zr interaction is stronger for
the pure Zr surface, and this is confirmed by all the calculations pre-
sented in Sections 3.1 and 3.2 (compare, for instance, Figs. 6 and 13).
The wave function plots for the pure Zr surface in panel e) also show a
localized hydridization between oxygen 2p states and the d states of the
neighbouring Zr atoms. This is also true for the 1s state of the dissociated
H. Upon interaction with the Zr atoms, this state is splitted into two
states close in energy, with the wave functions partially localized in both
the H atom and the Zr atoms below it.

3.4. Effect of the temperature

The calculations performed do not take into account the high tem-
perature in the region of contact between water and the cladding sur-
face. However, some reasonable arguments can be offered on the effect
of the temperature. PtsZr is a high-temperature structural material with
high structural and thermal stability [35-37]. Its melting temperature is
2250 °C, well above the temperatures in the cladding that contains the
fissionable material and the water of the primary circuit of the nuclear
reactor, which is the water in contact with the cladding surface. Those
temperatures range between 290 °C and 325 °C. - It is unlikely that the
structural integrity of the Pt3Zr cladding will suffer at those tempera-
tures. The high temperature facilitates the dissociation of HoO into OH
and H on the surface of the cladding, more in the case of Zr (the acti-
vation barrier for dissociation is 0.30 eV) than in Pt3Zr (the activation
barrier is larger, 0.41 eV). The high temperature may also facilitate the
additional dissociation of OH into O and H on the Zr surface (the acti-
vation barrier is 0.56 eV). This is less likely on the PtsZr surface. First,
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because the activation barrier is larger (1.18 eV). But, more important,
because the activation barrier for the recombination of OH and H back
into Ho0 is 0.96 eV (see Fig. 7). This recombination barrier is smaller
than 1.18 eV, and recombination will be somehow more favorable than
the dissociation of OH into O and H. The high temperature may also
enhance the diffusion of H atoms towards the bulk of the alloy. Although
this process has not been studied in this work, we can get insight from
the calculations performed. Diffusion of H atoms between adjacent Pt-Pt
bridge positions on the surface of PtsZr is likely to occur at high tem-
peratures (the data in Fig. 2 show that the energy differences between
different configurations of the H atom on the surface are small, about
0.1 eV). However, the more relevant diffusion into the bulk is less likely.
In the case of water dissociation into OH and H on the surface of Pt3Zr,
we explored a configuration with the H atom embedded below the most
external layer of Pt atoms (see panel f of Fig. 2). That configuration is the
least stable one in Fig. 2, and in particular is less stable than the
conformer of panel a) by 0.7 eV. So, diffusion barriers towards the bulk
of the Pt3Zr cladding will be most likely larger than 0.7 eV, and the
tendency to diffuse towards the bulk of the cladding will also compete
with the tendency to recombine H and OH.

4. Conclusions

The adsorption and interaction of water with the surfaces of Pt3Zr
and Zr has been investigated using density functional theory. Molecular
H30 occupies adsorption sites on top of the Zr atoms of the Pt3Zr surface
with adsorption energies close to 0.9 eV/molecule, until those sites are
saturated. Additional H,O molecules occupy sites on top of Pt atoms,
and the binding energies decrease. In the case of the pure Zr surface, the
molecular adsorption energies of H,O are a bit smaller. In both surfaces,
hydrogen bonds form between the water molecules as the coverage
increases.

Dissociative adsorption of water is energetically favored against
molecular adsorption, but important differences between the two sur-
faces are predicted. Dissociative adsorption of H,O molecules into OH
and H, and also full dissociation into O and two H atoms were consid-
ered. The dissociation into OH and H is favored on the Pt3Zr surface, but
saturation effects appear when all the surface Zr atoms are covered by
OH. The activation barriers for dissociation of H,O on the Pt3Zr surface
are sizable, in particular the barrier for the OH—O-H process, which
amounts to 1.2 eV. The dissociation of HoO molecules is easier on the
pure Zr surface: the dissociative adsorption energies (into OH+H, or into
O+H+H) are much larger than on PtsZr, and the activation barriers for
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Fig. 15. a) Bader charges (in e units) at selected atoms for water dissociated into - OH and - H at the pure Zr surface (a), and the Pt3Zr surface (b). ¢) Comparison of
electronic densities of states (DOS) for the case of a single water molecule dissociated into OH and H at the Pt3Zr and pure Zr surfaces. d) Three dimensional surfaces
with constant value of the one-electron wave functions for oxygen and hydrogen states at the Pt3Zr surface. Blue and red contours indicate, respectively, regions of
positive and negative phase of the wave functions. e) The same for the pure Zr surface.

dissociation are significantly smaller. Full dissociation into O+H+H is The energies required for the recombination of H atoms into Hj
energetically preferred on the Zr surface. Embedding of atomic H below molecules and desorption of those molecules from the Zr surface are
the Pt3Zr surface is unfavorable with respect to staying above the sur- larger, by a factor of two, compared to the same process on the Pt3Zr
face, but this is easier on pure Zr. surface. In summary, the results reported in - this work provide evidence
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for the significantly larger reactivity of the Zr surface with water, as
compared to the PtsZr surface. The decomposition of water molecules
into H and OH (or O+H+H), and the penetration of H into the bulk are
more difficult on Pt3Zr. The recombination of H atoms into Hy and
desorption of the Hy molecules from the surface is easier on Pt3Zr. Thus,
Pt3Zr could provide a good protective coating of different Zr parts of
nuclear reactors, that would diminish the oxidation and the diffusion of
hydrogen into the bulk of the walls, and the corresponding weakening of
their strength.
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