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Hydrogen and Oxygen on tungsten (110) surface: adsorption, absorption

and desorption investigated by Density Functional Theory
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1 Aix-Marseille Univ., CNRS, PIIM, F-13013 Marseille
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Abstract

In this work we investigated the adsorption of oxygen and the co-adsorption of oxygen and
hydrogen on the (110) surface of tungsten by means of Density Functional calculations. The
absorption, recombination and release mechanisms of hydrogen across the (110) surface with
oxygen are further established at saturation and above saturation of the surface. It is found that
hydrogen and oxygen both adsorb preferentially at three-fold sites. The saturation limit was
determined to one monolayer in adsorbate. Oxygen is found to lower the binding energy of
hydrogen on the surface and to lower the activation barrier for the recombination of molecular
hydrogen. Finally, as on the clean surface, oversaturation in adsorbate is shown to lower both
activation barriers for hydrogen absorption and for molecular hydrogen recombination on the

(110) surface of tungsten.
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1. Introduction

Tungsten will be used as a plasma facing material in the next generation of fusion reactors like
ITER [1, 2]. During interactions between the plasma and the wall, tungsten materials will be
irradiated by a high flux of hydrogen isotopes (up to 102 m-2s1). These hydrogen isotopes can
enter the material and be trapped in it. This is a source of concern from the safety point of view
since the amount of tritium is limited inside the vacuum vessel. It is also a source of concern
for operating the machine since the recycling flux of molecules/atoms from the wall to the

plasma can affect the plasma operations [3].

It follows that many experimental activities are led in laboratories to achieve a full
understanding of hydrogen-tungsten interactions and their impact on the operation of the
machine [4]. Surface effects were recently shown to play a significant role in absorption and
release of hydrogen from tungsten, and models based on Macroscopic Rate Equations (MRE)
have emerged [5-10]. As often, these models are based on Density Functional Theory (DFT)
data that provide the required activation energies to the MRE models. Some of these DFT works
establish the energetics of hydrogen adsorption on the surface of tungsten [10-16], some other
provide the energetics of hydrogen penetration into the subsurface [17-20]. All these works

consider a clean surface of tungsten in contact with hydrogen.

However, surfaces are exposed to contaminants that may modify these interactions. One
contaminant is boron, and the way boron modifies the interaction of hydrogen with the surface
was previously investigated by DFT [21]. Another contaminant is oxygen. In fusion devices,
oxygen is one of the main impurities of the plasma as observed by ultraviolet spectroscopy
measurements in the WEST tokamak [22]. Oxygen has been probed in post-mortem analysis of
tungsten-based plasma facing components (PFCs) exposed to plasma operation in WEST [23].

However, oxide films could be eroded by the plasma in the divertor or first wall of a fusion



reactor. But such oxide films are present on laboratory studies due to oxygen affinity toward
tungsten, and oxide films might represent an unaccounted difference between laboratory studies
and reactor relevant conditions. These differences must be understood to make correct
prediction from laboratory experiments to reactor conditions. [24].

Consequently, the main aim of the present paper is to determine how oxygen modifies surface
properties regarding adsorption, absorption and desorption of hydrogen’s isotopes in tungsten.
The literature is rather scarce on this topic, at least from the modelling side. From the
experimental point of view, Whitten et al. [25] previously showed that pre-adsorbed oxygen on
the surface limits the amount of hydrogen that adsorbs on the W(110) surface; this is consistent
with recent experimental results [26]. Above an oxygen coverage of 8, = 0.35 , hydrogen
adsorption is inhibited. At the same time oxygen decreases the temperature of molecular
hydrogen desorption, which means oxygen would lower the activation energy of the
recombination process. This point was recently confirmed by Dunand et al. [26]. From the
modelling point of view, oxygen adsorption on the (110) surface of tungsten was previously
investigated by DFT to establish an ab-initio phase diagram of oxygen on tungsten (110) based
on DFT and Monte-Carlo simulations [27]. However, to our knowledge, no DFT investigation
was led on the adsorption of both hydrogen and oxygen on a tungsten surface, which is the
purpose of the paper.

This work was conducted on the (110) surface because it is the most stable of the low-index
surface orientations of tungsten. In addition, the energetics of hydrogen penetration in the sub-
surface of tungsten is very similar for the three low-index surfaces (110), (100) and (111) [18].
Finally, it was shown that oversaturation of hydrogen on tungsten surfaces leads quantitatively
to the same effects on both the (110) and (100): it lowers the activation barriers for desorption
and absorption. As a consequence, the (110) surface was here chosen to determine the impact

of oxygen adsorption on the interaction of hydrogen with the surface. In the following, a model



of the (110) surface of tungsten suited for DFT calculations is built. The stable adsorption
configurations for all hydrogen and oxygen coverages (enabled by our model) are determined
up to saturation in adsorbate of the surface. Over-saturation of the surface is also considered.
These DFT data and related mechanisms will be included in the MRE code MHIMS [5, 28] to
complete the surface model already developed [8]. It is also planned to include them in the
Dynamics of Wall Element (DWE) module [4] to determine the effect of the surface in short-
term retention and how it might affect tokamak operations.

In the end, this paper is organized as follows: section 2 provides the details of the model we
built and of the numerical parameters we determined to run the DFT calculations. Section 3
provides the stable adsorption sites for oxygen on W (110) and their energetics. Section 4 does
the same but considers the co-adsorption of oxygen and hydrogen on W(110). Section 5 deals
with the effect of oxygen with regard to the absorption, recombination and release mechanisms

of hydrogen on W(110) before a short discussion and conclusion are given in section 6.

2. Methodology section

The calculations were done using the periodic plane-wave implementation of DFT in the
Quantum Espresso package [29]. We employ the PBE exchange-correlation functional [30] and
the Vanderbilt ultra-soft scalar-relativistic pseudo-potentials (USPP) [31] with non-linear core
correction for tungsten and oxygen; 14 valence and semi-core electrons 5s? 5p® 6s2 5d* were
considered for tungsten and 6 valence electrons 2s? 2p* were considered for oxygen. Regarding
oxygen, there is a known inaccuracy of DFT to deal with its binding energy [32,33]. In
agreement with previous studies and considering the oxygen molecule in its triplet ground state
(which is the state of lowest energy as it is found in nature), we found the binding energy (BE)
at 6.06eV, which reflects a strong over-binding as compared to the experimental value of 5.23

eV [32,34]. This inaccuracy might be improved with the RPBE functional [33] which has been



developed specifically to this end. However, the hydrogen-tungsten system has been massively
investigated with the PBE functional during the past 10 to 15 years. As this work comes within
the scope of these previous works and deals with hydrogen also, we continue with the PBE
functional for the sake of consistency and in order to participate in building a homogenous set
of results. The over-binding of molecular oxygen (O2) was corrected in the following way.
Firstly, we noted that Wang et al. [32] proposed a constant shift in the formation energy of
oxide by -1.36 eV per molecule to correct the error due to the over-binding of O2 with GGA
functional and for correlation effect in the localized 3d orbitals of oxides. But since here we
have a metal, we don’t have to deal with the correlation effect in the localized 3d orbitals of an
oxide. Consequently, we only apply the correction to the binding energy of molecular oxygen,
leading to a constant shift of -0.85eV per molecule. Regarding molecular hydrogen, the DFT
energy is used as in our previous studies [11,12,17].

The (110) surface of tungsten was modeled by a six-layer slab, keeping the bottom two layers
of tungsten atoms frozen to bulk geometry, with a 20 A vacuum inserted in the Z-direction as
in [11,12,17]. The unit-cell parameter was optimized to a = 3.187A [35] and the tungsten (110)
surface was model by a 2 x 2 repetition of the rhombus unit-cell of total dimension av3 x a3
as shown in Figure 1 (the same was done in our previous publications [11,17]). The resulting
top surface displays four tungsten atoms (1/4 for atoms in the corner and % for atoms on the
edge of the working-cell), which allows the oxygen and hydrogen coverages 8, and 6, to vary

ny

by steps of A@ = 0.25. The coverage 0y = ~ is defined as the number n of adsorbed atoms X

(X = O or H) divided by the number N of substrate tungsten atoms on the top surface. The
Brillouin Zone (BZ) was sampled according to a 11 x 11 x 1 grid of k-points. A broadening of
0.02 Ry (0.27eV) of the electron occupation was employed according to the Marzari-Vanderbilt
scheme [36]. Oxygen requires higher energy cutoffs than hydrogen [10,17] for the expansion

of the wave-function and the electronic charge density; we used 55 Ry (748eV) and 420 Ry



(5712eV), respectively. With this set of numerical parameters, the adsorption energy is

converged below 10 meV for oxygen and hydrogen.

Figure 1. Schematic representation of the 2 x 2 rhombus W(110) surface working-cell. The
top-surface W atoms are shown in blue, the W atom of the layer below are shown in light-blue.
Adsorption sites are indicated by red dots: T (top), TF (three-fold), B (bridge), SB (short-
bridge), LB (long-bridge).

Activation energies were determined using the Nudged Elastic Band (NEB) method
incorporating the Climbing Image scheme (CI-NEB) [37,38]. As NEB calculations require a
large amount of computational resources, looser convergence criteria were selected for NEBs;
they are 45 Ry and 360 Ry for the cut-off energies and a 9 x 9 x 1 grid of k-points for sampling
the BZ. With this set of parameters, adsorption energies of oxygen on the (110) surface of
tungsten are converged below 20 meV.

A full relaxation of the atomic positions was performed in any case; all the atoms were allowed
to relax until the residual force fell below 10 Ry/A and the total energy below 10 Ry. The
minimum-energy paths determined with the NEB calculations were considered converged once
the norm of the forces orthogonal to the path are less than 102 eV/A.

The mass difference between hydrogen and oxygen and between oxygen and tungsten does not

allow the approximation that considers the motion of each type of atom are decoupled. As the

computational cost of systematically calculating the full phonon frequencies over the entire BZ



would have been intractable, the Zero Point Energy (ZPE) is assumed to compensate between

the initial and final states for adsorption, desorption and trapping.

The adsorption energies for oxygen are calculated as follows:

_ DFT __ DFT _ TN pexp
Ead,On - EWslab,On EWslab 2 EOZ (1)

where n is the number of oxygen atoms, EMD/iZzb:On is the energy value of a given configuration
of n oxygen atoms on the (110) surface of tungsten, Eé,’,fﬁ ,is the energy of the corresponding
bare surface, and Ef,;‘p is the energy of molecular oxygen corrected in such a way that the

binding energy BE = E;,” — 2 E5-T matches with the experimental value of 5.23 eV (it thus

consisting in applying a shift of -0.85eV to the DFT value).
The adsorption energy for hydrogen is calculated as:

n
_ DFT __ DFT _ " DFT
Ead,Oom,BHn - EWslab'Om:Hn Wsiab,0m 2 EHZ (2)

As the coverage ratio is increased, the change in adsorption energy of adding an additional

oxygen or hydrogen atom upon the most stable configuration is calculated as:

n+1 _ pDFT _ DFT _ T pexp 3

Ead,O EWslab'0n+1 Wsiab,0p 2702 ( )

En+1 — EDFT _ I DFT _EEDFT (4)
ad,H Wsiab,OmHn+1 Wsiab,0m.Hn 2 Hy

3. Adsorption of oxygen on the W(110) surface
3.1 — Oxygen on the W(110) surface
3.1.1 - Adsorption and diffusion of oxygen at coverage 6, = 0.25
One oxygen atom adsorbed on the 2 x 2 rhombus working-cell corresponds to an oxygen

coverage of 8, = 0.25. Several adsorption sites were investigated. Among the 3-fold (TF),



long-bridge (LB), short-bridge (SB) and top position (T) displayed in Figure 1, only the TF,
LB and T position led to geometry that minimizes the energy of the system. The corresponding
adsorption energies calculated according to equation 1 and 3 are reported in Table 1. The lowest
energy adsorption site is found for the TF position.

Additionally, the diffusion of an oxygen atom on top of the surface has been investigated
according to the NEB technique. The minimum energy path goes from TF-to-TF sites as shown
in Figure 2. From the TF site 1 to the TF site 2, oxygen is on top of the activation barrier at the
LB site with an energy of 0.17 eV. Consequently, the LB site is not a minimum in energy but
most probably a saddle point. From the TF site 2 to the TF site 3, the top of the activation barrier

corresponds to the SB site with an activation energy of 0.59 eV.
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Figure 2. Diffusion of oxygen on top of the (110) surface of tungsten at coverage 6, = 0.25.
The energy profile is given on the left, while the TF adsorption sites involved are displayed on
the right.

Adsorption of oxygen on top of the W(110) surface was previously investigated by DFT in Ref
[27] with the PBE functional and using the DFT energy as a reference for the oxygen molecule.
The adsorption energies found were -4.16eV (TF), -3.90 (LB) and -3.08 eV (T). This is quite

similar to our values if the DFT reference is used for the BE of Oz as can be seen in Table 1.



Experimentally, the O p(2x2) phase has not been observed at 6, = 0.25. Such a coverage
however exists and consists in a phases separation between a 2D-gas phase and the O p(2x1)
phase of 6, = 0.50 [27, 39]. It is however noticeable that the activation barrier for diffusion at
coverage 6, <0.20 was measured at 0.59 eV [40], which is exactly the energy we here

computed.

Table 1.
Oxygen adsorption on the (110) surface of tungsten: the adsorption energies E,; . (eV) and

the adsorption energy of adding an additional atom E%f* (eV per O atom) are given at all the

coverages 6. E,%(T)n is the adsorption energy using the binding energy of O2 computed by DFT

for comparison with Ref [27], instead of the experimental value used for Egq, . @
configuration as labelled in Figure 3, @ number of O atoms adsorbed on the surface, ) number
of O atoms adsorbed at a tetrahedral site in the sub-surface, ¥ formation of WO2 structures
above the surface ® adsorption energy of adding one oxygen atom using 8 = 1.25 with 5 top
as the reference in energy.

0, Site/config Eqao, Exib, EXS
0.25 TF -4.56 -4.13 -4.56
LB -4.39 -3.96
T -3.51 -3.09
0.50 a® -9.06 -4.50
b -8.90
c® -8.37
d® -8.26
0.75 - -13.23 -4.17
1.00 - -17.07 -3.84
1.25 5 top®@ -15.37 +1.70
4 top — 1 sub® -17.16 -0.04
1.50 WO above® -19.89 -4.520)

3.1.2 - Adsorption and diffusion of oxygen at coverage 6 = 0.50
Two oxygen atoms adsorbed on the 2 x 2 rhombus working-cell correspond to an oxygen
coverage of 6, = 0.50. Figure 3 displays the four stable configurations we found of placing

oxygen at the TF sites, while Table 1 provides their adsorption energies E,; o, and El+1



computed according to equations 1 and 3, respectively. Configurations a has the lowest energy

and displays a O p(2x1) pattern in good agreement with LEED measurements [26, 41,42].

Figure 3. Schematic representation of the minimum energy configurations for oxygen at
coverage 6, = 0.50 on the (110) surface of tungsten.

Additionally, the diffusion of oxygen has been investigated using the NEB technique. One
oxygen atom of the working cell was moved while the other one was kept fixed. The path
joining site a to a symmetrically equivalent site a is shown in Figure 4. It goes from TF-to-TF
sites and involves all a, b, ¢ and d sites displayed in Figure 4. The main features of Figure 4
are as follows: (i) the highest activation barrier for oxygen diffusion is from configuration a to
c with a barrier at 0.98eV, (ii) the activation barrier from d to a is zero (the small bump that can
be seen on Figure 4 is the result of the interpolation procedure), (iii) configuration d is

consequently metastable and indeed spontaneously relaxes to configuration a, and finally (iv)

10



the second highest barrier is from configuration a to b in the opposite direction as (i) with an
activation barrier at 0.87 eV.

The overall activation barrier of about 1eV is consistent with the previous experimental
measurements of Butz and Wagner [43] who determined an activation barrier of 1.17+0.10eV
for 8, = 0.4 — 0.9. Uebing and Gomer [44] also determined an activation barrier of 1.11 eV at
6, = 0.59 based on Monte-Carlo simulation with a lattice gas model parametrized such as to

reproduce the experimental phase diagram of oxygen on W(110).

a [ b d a

—— Energy prdfile

1.09

0.8

Energy (eV)

I
IS
L

E.=0.98eV E,=0.07eV E.=073eV E.=0.00e

024 E. =028V E.=0.60eV E.=0.09eV E. =078V

0.0 +—-—+

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Diffusion coordinate

Figure 4. Diffusion of oxygen on top of the (110) surface of tungsten at coverage 68, = 0.50.
Oxygen moves from sites a — ¢ - b — d — a. The energy profile is given on the left, while
the sites involved and the paths followed are displayed on the right. Activation barriers are
given in eV. The small barrier from configuration d to a is an artefact of the interpolation
procedure, it is in fact 0.00 eV.

3.1.3 - Adsorption of oxygen on W(110) above 8 = 0.50 up to saturation
Three oxygen atoms on the 2 x 2 rhombus working-cell is coverage 6, = 0.75. Only one
configuration is obtained; it displays a O p(2x2) pattern and is represented in Figure 5a. This

pattern is in good agreement with LEED measurements by [41] and [26].
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With one additional oxygen atom, a full monolayer of oxygen is completed at coverage 6, =
1.00 and the oxygen displays a O p(1x1) structure displayed in Figure 5b, that was already

observed [45,46].

Figure 5. Schematic representation of the stable configurations for oxygen at a) coverage 6 =
0.75 and b) coverage 6 = 1.00 on the (110) surface of tungsten.
3.1.4 - Adsorption of oxygen on W(110) above the saturation limit

Subsequent adsorption above one monolayer is disfavored with a positive value of EZ;' at
+1.70eV. Alternatively, the additional oxygen atom above coverage 6, = 1.00 may be
adsorbed in the subsurface, leading to EZf* at -0.04eV. Such a configuration with 8, = 1.00
on top and 8, = 0.25 in the subsurface is shown in Figure 6a and 6b. It is energetically neutral
at OK, but is entropically disfavored with raising temperature.

When trying to adsorb an additional oxygen atom on the surface to reach coverage 6 = 1.50,
the surface reconstructs and WO: structures emerge as shown in Figure 6¢, which seems to be

energetically favorable as shown in Table 1.
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Figure 6. a) adsorption of oxygen on W(110) at coverage 6, = 1.00 on top with oxygen atoms
displayed in red plus an additional oxygen atom in the subsurface displays in light-red leading
to a total coverage of 6, = 1.25, b) the same, side view. c) Side view of coverage 8, = 1.50
with surface reconstruction and WO:2 protruding units.
3.2 — Oxygen in the W(110) subsurface

3.2.1 — Oxygen below the W(110) bare surface
We initially considered the W(110) bare surface and placed an oxygen atom right below in the
sub-surface at a tetrahedral site. The geometry optimization spontaneously moved the oxygen
atom from below to on top of the surface, and the final position coincides with the TF site
described above at coverage 6, = 0.25. We conclude that no oxygen atom adsorbs below the
bare W(110) surface.

3.2.2 — Oxygen below the W(110) surface at coverage 8, = 0.75

We then considered coverage 0 ¢, = 0.75 on top and 6, ,,;, = 0.25 in the sub-surface at a

tetrahedral site, for a total coverage of 8, = 1.00. This configuration is 3.87eV higher in energy

than the configuration with coverage 6, = 1.00 on top as described above. A NEB
calculation reveals no activation barrier from the configuration 6g,,r = 0.75 plus 0, =
0.25 to the configuration 6 s, = 1.00, and an activation barrier of 3.87eV in the opposite

direction. Again, at coverage 6 s,,-r = 0.75, we conclude that no oxygen atom adsorbs below

13



the surface since no stable position exists. Oxygen prefers to complete one monolayer on top
of the surface before it adsorbs in the subsurface.
3.2.3 — Oxygen below the W(110) surface at coverage 8, = 1.00

We further considered the oxygen saturated surface at 6, . = 1.00 and placed an oxygen
atom at a tetrahedral site below the surface such as 6, 5,,,, = 0.25 for a total coverage of 6, =
1.25. As shown in Table 1, this configuration is lower in energy by 1.79eV than the
configuration with 6, s, = 1.25. It follows that oxygen adsorbs below the surface provided
that a monolayer is completed on top. A NEB calculation from coverage 6, s,,rp = 1.25 10
80,surg = 1.00 plus 6 o, = 0.25 yields an activation barrier of 0.66 eV for oxygen to
penetrate the surface and of 2.46eV to move backward.

We further consider 6 ¢, = 1.00 and increased the subsurface coverage 6, g, by steps of
A6 = 0.25 up to reach a total coverage of 6, = 2.00 with 8, ¢,,,.r = 1.00 plus 6, s, = 1.00.
In the end, we computed some additional points on the way to coverage 6, = 3.00 such that

Osurr = 1.00 and 6 ,, = 2.00. These results are plotted in Figure 7.
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Figure 7: Adsorption energy versus the number of oxygen atoms adsorbed on the surface. From
8, = 0 to 1; adsorption takes place on the surface. Above 6, = 1, oxygen adsorbs in the
subsurface at tetrahedral site between the surface layer and the layer just below.

The global trend is as follows: adsorption of oxygen on the surface results in a monotonous
decrease in adsorption energy of -4.17 eV per atom, up to reach saturation in oxygen of the
(110) surface of tungsten — 1 ML of oxygen, 4 atoms in the present case. Above saturation,
oxygen adsorbs in the sub-surface at tetrahedral sites. The absorption energy monotonically
decreases with a slope of -3.11 eV (plotted in orange on the figure below). When reaching the
configuration corresponding to 1 ML on top and 2 ML in the sub-surface; a complete WO:2
layer is formed as shown in Figure 8. This WO2 layer is weakly bonded to the rest of the (110)
surface at coverage 8 = 1.00: we computed an interaction energy of only -43 meV, indicating
this WO2 layer could be easily removed from the surface. The Wsurt-Wiayer distance between a

tungsten atom of the WO layer and those of the surface is 5.67A. This is large as compared to
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the interlayer distance of the (110) planes in tungsten at 2.26 A. This is also consistent with a

weak interaction between the WO2 layer and the surface.

Figure 8 : WO2 layer on top of the (110) surface of tungsten at coverage 8 = 1.00.

3.3 — Oxygen and the W(110) surface : summary

The present study reveals that the TF site is the most stable site for adsorption of oxygen on
(110) surface of tungsten. The adsorption energy is at -4.56 eV at 68, = 0.25 if using the
experimental value of molecular oxygen for the BE. The mean value of the adsorption energy
is around -4.17 eV per oxygen atom atom up to saturation of the surface. These are quite strong
adsorption energies consistent with the fact that experimentally, tungsten surface needs high
temperatures around 1900K to be reduced and cleaned from any traces of oxygen [47].
Regarding the activation energy of oxygen diffusion on the surface, it goes increasing with
increasing coverage. This is consistent with experimental observation [44]. When perpendicular
to the surface, we were able to find a route to adsorbed oxygen below the surface. Up to
saturation in oxygen of the surface, this route has a high cost in energy and could be unlikely.
Above saturation, we were able to find an activation barrier of 0.66eV. However, as EZ* at
+1.70eV for reaching coverage 1.25, diffusion perpendicular to the surface starting from 6, =

1.25 would be unlikely too. In the end, the way oxygen penetrates the surface remains unclear

16



and could proceed through defect or phase transformation. Nevertheless, if such a route exists,
WO: layers could form, and tungsten could be delaminated upon oxygen adsorption.

In the remainder of this work, we focus on the surface and investigated the adsorption of
hydrogen on top of the (110) surface of tungsten at different coverage in oxygen, with the main

aim to determine the impact of oxygen on the adsorption of hydrogen.

4. Adsorption of oxygen and hydrogen on W(110)

4.1 — Hydrogen adsorption on the W(110) surface with oxygen at 8, = 0.00

We previously considered the (110) surface of tungsten free of any oxygen atom at 8, = 0.00
and adsorbed hydrogen on top of it [11,12]. The corresponding adsorption energies are reported
in Table 2. Hydrogen also occupies the TF sites as oxygen does. Saturation in hydrogen of the
W(110) surface occurs at 8; = 1.00 corresponding to one monolayer of hydrogen as we found
with oxygen.

In addition to which we previously did, in the present work we investigate the diffusion property
of a single hydrogen atom on top of the (110) surface of tungsten at coverages 8, = 0.25 and
8, = 0.00. The path is the same as the one shown in Figure 2 for oxygen, but the height of the
activation barriers is different: from TF1 to TF2 the barrier is the lowest at 0.09eV, while from
TF2 to TF3 the activation barrier is not larger than 0.20eV. This result highlights the ability of

hydrogen to move on the W(110) surface.
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Table 2
Hydrogen and oxygen adsorption on the W(110) surface: the adsorption energies E,q 0, u,
(eV) and the adsorption energy of adding an additional atom EZ 7 (eV per H atom). (a), (b),

(c) and (d) refer to the configurations shown in Figure 9. (top) adsorption of hydrogen right on
top of oxygen atoms to form OH groups. (av) mean adsorption energy per H atom.

0, Oy E, EML

d,@om,eyn ad,H
0.00 0.25 -0.73 -0.73
0.50 -1.47 -0.75
0.75 -2.17 -0.70
1.00 -2.80 -0.63
0.25 0.25 -0.64 -0.64
-0.56®
+0.66top)
0.50 -1.29©) -0.65
-1.23@
0.75 -1.89 -0.60
1.00 -2.32 +0.11
0.50 0.25 -0.47 -0.47
0.50 -0.95 -0.49
0.75 -0.68 +0.28
1.00 -0.39 +0.29
0.75 0.25 -0.36 -0.36
1.00 1.00 +1.73(top) +0.43@)

4.2 — Hydrogen adsorption on the W(110) surface with oxygen at 8, = 0.25

We considered the lowest energy configuration for oxygen at coverage 8, = 0.25 (TF site) and
adsorbed hydrogen on top of the tungsten surface at various coverages in hydrogen 8. The
lowest energy configurations are represented in Figure 9 and the corresponding adsorption
energies are reported in Table 2. The adsorption energy per H atom EZ 1, is higher than on the
clean surface (6, = 0.00) by around 0.1 eV, indicating hydrogen is less bonded to the surface

when oxygen is present.
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The maximum coverage in hydrogen of the surface is reached at 8, = 0.75 for a total coverage
in hydrogen plus oxygen of one monolayer at & = 1.00, which is consistent with experiment
Ref [25]. For 6 = 1.00, the total coverage is 6 = 1.25, and the adsorption energy EZ;}
becomes positive making further adsorption of hydrogen unfavorable above one monolayer in
adsorbate.

Regarding the pattern of the adsorbate, it is noticeable that the most stable configuration is the

same whatever the adsorbate is (H, O or H+O) at a given total coverage.

Figure 9 : lowest energy configurations for various coverage in hydrogen 6, W(110) at
coverage in oxygen 6, = 0.25.

We probed the viability of hydroxyl (OH) groups on the surface and placed hydrogen directly
above oxygen atoms. The resulting adsorption energy is positive at +0.66eV, which means no
hydroxyl group forms on the surface at this coverage in oxygen. This is corroborated by

experimental observations too [25].

19



In the end, the diffusion properties of hydrogen were investigated using the NEB technique at
0y = 0.25 and 8, = 0.25. The highest activation barrier was found at 0.42 eV, which means

oxygen slows down the diffusion process of hydrogen on the surface.

4.3 — Hydrogen adsorption on the W(110) surface with oxygen at 8, = 0.50 and above.
Figure 10 displays the most stable configurations hydrogen adopts on the surface at 8, = 0.50
and 6, = 0.75 while Table 2 reports the energetics of each configuration. At 6, = 1.00, no
hydrogen adsorbs on the surface. An attempt to form hydroxyl OH groups by placing hydrogen
right on top of the oxygen atoms led to a positive adsorption energy of +1.73eV (+0.43eV/H
atom), again demonstrating that no OH group form on the surface.

As previously, saturation of the surface is reached for a total coverage in adsorbate of 6 =
1.00, and the most stable configurations are the same whatever is the adsorbate (H, O or H+O)
at a given total coverage. The conclusion is that the same adsorption sites are available on the
surface for oxygen and hydrogen, and once hydrogen (respectively oxygen) is adsorbed, oxygen
(respectively hydrogen) cannot be adsorbed anymore. This is again in good agreement with the

experimental work of Whitten and Gomer [25].

Figure 10 : lowest energy configurations for various coverage in hydrogen 8, on the (110)
surface of tungsten at coverage in oxygen 6, = 0.50.

4.4 — Hydrogen adsorption on the W(110) surface with oxygen: summary and comments.
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Finally, the full energetics of oxygen plus hydrogen adsorption on top of the (110) surface of
tungsten is displayed in Figure 11. The adsorption energy for hydrogen increases as the oxygen
coverage of the surface increases, making hydrogen less bonded to the surface. This is in good
agreement with Ref [25]. From 6, = 0.00to 6, = 0.25, the loss in binding energy to the
surface amounts 0.1eV. From 8, = 0.25to 6, = 0.50 it is 0.2 eV, and from 6, = 0.50 to
6, = 0.75,itis 0.1eV again.

The reason for this trend is analyzed below in terms of charge following a population analysis.
There is no unique way to associate electrons to a given atom, and here we performed a
population analysis according to the Lowdin definition [48]. The net charges on the atoms
(difference between the electronic charge provided by the Léwdin population analysis and the
electronic charge of the isolated atom) and the geometry of adsorption are reported in Table 3
for four different coverages in adsorbate of the W(110) surface. In each, the coverage in
hydrogen is constant at 8, = 0.25, while the number of oxygen atom on the surface increases
from 6, = 0.00 to 6, = 0.75.

The net charge on hydrogen remains the same whatever the coverage in oxygen. A charge
transfer is observed from tungsten to oxygen on the surface. This charge transfer from the
tungsten atom of the TF site increases as the number of oxygen atoms increases on the surface
(Table 3). Figure 12 also report the charge density difference between the charge density of
the surface minus the charge density of the isolated atoms. It is plotted in e/A3 in the [110]
plane perpendicular to the [110] plane of the tungsten surface at 6, = 0.00 and 8, = 0.50.
The charge density is reduced around the hydrogen atom at 8, = 0.50 as compared to 8, =
0.00, making hydrogen less bonded to the surface (the same is observed for 8, = 0.25 and
8, = 0.75 not shown). This charge density reduction is consistent with the charge transfer from
tungsten to oxygen reported in Table 3. At the same time hydrogen is less bonded to the surface,

and the distance from hydrogen to the (110) surface increases (Table 3). Such an effect was
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already observed for boron which, when co-adsorbed with hydrogen on the (100) surface of
tungsten, reduces the electronic density around the adsorbed H atom, making H less bonded to
the surface [21].

Because the adsorption energy increases with increasing coverage in oxygen, at 8, = 0.50, the
adsorption energy of hydrogen is higher than -0.5 eV. This would explain why no hydrogen
adsorbs above this oxygen coverage on W(110) [25] at room temperature. In case oxygen is
pre-adsorbed, there are less available adsorption sites left for hydrogen since the maximum
coverage is one monolayer in adsorbate. This is in good agreement with Ref [26] who show by

TDS that the total amount of hydrogen decreases with increasing coverage in oxygen.
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Figure 11 : Full energetics of the oxygen plus hydrogen coverage on the W(110): E; j; in
eV plotted versus the coverage in hydrogen 6.

Table 3

Net charges (difference between the electronic charge provided by the Léwdin population
analysis and the electronic charge of the isolated atom) and geometry of adsorption for one
hydrogen atom (6, = 0.25) adsorbed on the W(110) surface at various oxygen coverages from
6, = 0.00to 8, = 0.75. qy is the net charge (in e) on H, gy, is the average net charge (in e) of
the three tungsten atoms of the TF sites involved in hydrogen adsorption, g, is the average net
charge (in e) born by the oxygen atoms. The distance from hydrogen to the plane of the (110)
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surface and the average distance of hydrogen to the tungsten atoms of the TF site are also

provided in A.
0o qu dw Ay—piane &H—W
0.00 0.06 0.01 1.058 2.007
0.25 0.05 0.08 -0.36 1.033 2.020
0.50 0.06 0.18 -0.36 1.066 2.024
0.75 0.03 0.31 -0.35 1.139 2.025
6o = 0.00 8o = 0.50
&
B . . ‘ . ‘ ‘ ‘.4
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Figure 12 : Charge density difference (e/A3) plotted in the [110] plane perpendicular to the
[110] plane of the tungsten surface. The charge density is plotted for one hydrogen atom (6, =
0.25) at 8, = 0.00 and 8, = 0.50 for a charge difference ranging from -0.03 to 0.03 e/A3. The
[110] plane is shown as a black line on the top right of the Figure where the hydrogen atoms

are shown as white dots.

5. Hydrogen absorption and desorption through the W(110) surface at various oxygen

coverages

5.1 — Absorption and desorption mechanisms.
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The full energy paths were determined for hydrogen absorption from the gas phase to the bulk
(and conversely). Two coverages in oxygen were considered: 8, = 0.25t0 68, = 0.50. Indeed,
the clean surface at 6, = 0.00 was previously investigated by us [17], and 68, = 0.75 was
shown non-reactive to hydrogen when exposed to a Hz2/D2 atmosphere [25,26] since no
adsorption is observed. Regarding the coverage in hydrogen, it was chosen such as to be
consistent with saturation in adsorbate of the surface and oversaturation as in [17]. This led us

to consider the three different cases described below.

First case: at 8, = 0.50, a hydrogen molecule H: is dragged from the gas phase to the W(110)
surface where it dissociates. Then a hydrogen atom is further dragged to a tetrahedral (Td)
interstitial site into the bulk. The hydrogen coverage is chosen such that the surface is saturated
in adsorbate when H: is dissociated. For that reason, this system will be referred to as 6, =

0.50 and 6, = 0.50 (shortly 6,,4 = 0.50/0.50). The evolution of the surface coverage in

hydrogen along the path is as follows: 85 = 0.00 when hydrogen is in the gas phase, 8, =
0.50 when Hz is dissociated on the surface, and finally 6, = 0.25 when a hydrogen atom is
into the bulk at an interstitial site.

Second case: The same isdone at 8, = 0.25. Again, the surface is saturated when the hydrogen
molecule is on the surface, and this case will be referred to as 6, = 0.25 and 6, = 0.75
(6o/u = 0.25/0.75). The evolution of hydrogen surface coverage is from 6, = 0.25 when
hydrogen is in the gas phase, to 8; = 0.50 when a hydrogen atom is at an interstitial site into
the bulk.

Both these cases will be referred to as saturation.

Third case: it correspondsto 8, = 0.25and 84 = 0.75 on the surface plus one hydrogen atom
at an interstitial site below the surface. As a consequence, when the interstitial hydrogen atom

reaches the (110) surface, it is over-saturated and the hydrogen coverage raised to 6, = 1.00.
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This case will correspondingly be referred to as 6, = 0.25 and 6y = 1.00 (8y,y =

0.25/1.00) and named oversaturation. It is intended to mimic the situation where the surface
is already saturated in adsorbate, and implanted hydrogen atoms diffuse up to the surface where
they recombine and desorb. Oversaturation was already shown to dramatically lower the
activation barrier for adsorption and desorption on the clean W(110) and W(100) surfaces [17].
Here we will determine the effect of oversaturation in the presence of oxygen. The evolution

of the surface coverage at oversaturation (6,4 = 0.25/1.00) is as follows: coverage of 6, =

0.50 when hydrogen is in the gas phase, 85y = 1.00 when dissociated on the surface, and

finally 6, = 0.75 when a hydrogen atom is at an interstitial site into the bulk.

5.2 — Energy profiles at surface saturation and over.

The corresponding energy paths are displayed in Figure 13. In abscissa are numbered the
interstitial sites located at tetrahedral positions (Td) as in Ref [17]. They are numbered from
zero when located on the surface to eight (Tds) at 5.6A below the surface. Location -1 is for
hydrogen into the gas phase at 10 A away from the surface.

Each curved is plotted with a reference in energy set at zero when hydrogen is in the bulk at
interstitial site Tds. All the activation barriers are reported in Table 4 in the forward (from the

surface to the bulk) and backward (reverse) direction.
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Figure 13: Diffusion energy paths for the dissociation of a hydrogen molecule on (110)
tungsten surface and atomic hydrogen absorption across the tungsten sub-surface are plotted
for three different coverages. Three cases are considered, 6o,y = 0.50/0.50 and 6/ =
0.25/0.75 correspond to saturation of the surface, and 6,4 = 0.25/1.00 corresponds to
oversaturation in adsorbate of W(110). Diffusion coordinate in abscissa provides the j position
of the Td; interstitial site considered. Coordinated 0 and -1 corresponds to the surface and the
gas phase, respectively. The reference energy for all curves was set to zero for H atom at Tda

Table 4: Activation barriers in eV for the penetration of a hydrogen atom across the (110)
tungsten surface. Saturation in adsorbate of the surface and oversaturation are considered. The
coverages in oxygen are 8, = 0.25 and 65 = 0.50. Also activation barriers (eV) for the
penetration of hydrogen across the (110) clean surface of tungsten are reported from [17].

Saturation Over-saturation
Site 6oy = 0.50/0.50 6oy = 0.25/0.75 Oy = 1.00[17] Bo/u = 0.25/1.00 Oy = 1.25[17]
forward backward forward backward forward backward | forward backward  forward backward

H, — Surf 0.03 0.97 0.01 1.25 0.04 1.35 0.03 0.59 0.11 0.80
Surf —» Td, 1.77 0.34 1.76 0.21 1.75 0.20 1.08 0.36 0.90 0.11
Td,— Tds 0.44 0.32 0.26 0.13 0.09 0.26 0.45 0.23 0.07 0.90
Tds— Td, 0.23 0.30 0.27 0.34 0.37 0.27 0.25 0.31 0.11 0.18
Tds— Tds 0.15 0.18 0.15 0.18 0.19 0.14 - - 0.06 0.17
Tds— Tds 0.16 0.19 0.17 0.20 0.21 0.18 - - 0.33 0.27
Tde— Td, 0.25 0.25 0.24 0.23 - - - - 0.20 0.16
Td,— Tds 0.20 0.17 0.20 0.18 - - - - 0.21 0.19
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The common features to all three plots are the following: (i) the activation barrier for H2
dissociation on W(110) is negligible, and (ii) there is no minimum in energy for H at the Td:
position; hydrogen directly diffuses from the surface to Td2. Both these features are common
with previous results for hydrogen on the clean (110) tungsten surface at 8, = 0.00 [17] also
reported in Table 4. In addition (iii) all curves are superimposed starting from Tds, indicating
that below Tds the impact of oxygen and hydrogen adsorption on top is negligible, and (iv) the
activation barriers for diffusion tend to their values in the bulk at 0.20 eV starting from Tds
(2.86A): below this point, bulk properties are recovered (the solution energy of H in the bulk is
fully recovered starting from Tds) . This feature is also common with the clean surface.

The three cases also exhibit specific features which are discussed and compared below with
results on the clean surface in the case of surface saturation (65,4 = 0.50/0.50, 8,y =
0.25/0.75and 6, = 1.00) [17] and oversaturation (6,4 = 0.25/1.00 and 65 = 1.00)
[17].

The activation barrier for hydrogen absorption into the bulk (Tdo to Td2) is 1.77 — 1.76 eV as
on the clean surface 1.75eV (Table 4); this is the rate-limiting step of the absorption
mechanism. In the backward direction, the activation barrier is from 0.21eV to 0.36eV, similar
to diffusion into the bulk. However, at oversaturation, the activation barrier for absorption is
dramatically reduced from 1.76eV (6,4, = 0.25/0.75)t0 1.08 eV (8,4 = 0.25/1.00). Inthe
same way, the activation barrier for molecular hydrogen recombination is also dramatically
reduced from 125 eV (8p,y = 0.25/0.75) to 0.59 eV (6p,y = 0.25/1.00). This
oversaturation effect is similar to what was established on the clean surface [17] (Table 4).

The specific effect of oxygen manifests itself at saturation: from 6, = 0.00to 6, = 0.25, the

activation barrier for molecular recombination drops by 0.1V from £ = 1.35 eV to E},. =

clean
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1.25 V. From 6, = 0.25t0 6, = 0.50, it drops by 0.27 eV from Ei_ ,. = 1.25¢eV to

Egzolso = 0.97 eV. This is due to oxygen that lowers the binding energy of hydrogen on the
(110) surface (Figure 11). It consequently lowers the activation barrier for recombination and
make the process faster, while it decreases at the same time the total amount of hydrogen on

the surface.

5.3 — Summary on absorption desorption at saturation and over.

From the energy profiles displayed in Figure 13, tungsten displays three distinct zones: the
surface at coordinate O, the sub-surface up to Tda4, and the bulk below. The surface is the point
of lowest energy for hydrogen, and the sub-surface shows a highly distorted energy profile for
hydrogen diffusion.

Regarding the absorption of hydrogen, we distinguished between mechanisms at surface
saturation and oversaturation. Oversaturation dramatically lowers the activation barriers for
absorption into the bulk and recombination on the surface.

In any case, oxygen lowers the binding energy of hydrogen to the surface, which decreases the
activation barrier from 6, = 0.0 to 8, = 0.50. This result is supported by experimental
evidence: (i) Dunand et al. [26] show a shift in the TDS peak from 415K to 380K with
increasing O coverage. Also Whitten and Gomer [25] measured a heat of desorption for
hydrogen of 1.00 eV and 1.21eV at low and high coverage in oxygen. This is in excellent
agreement with the heat of desorption we computed here for hydrogen at 0.94eV and 1.24eV

for coverages 6, = 0.25and 6, = 0.50 at surface saturation.

6. Discussion and Conclusion
In the present paper, we first investigated by DFT the stable adsorption site for oxygen on the

(110) surface of tungsten up to saturation and beyond. The adsorption patterns were determined
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in good agreement with previous LEED measurements. The diffusion properties of oxygen on
the surface were also determined: the activation barrier increases as the oxygen coverage
increases. Above saturation in oxygen, it is shown that tungsten oxide WO2 may form, but due
to the diversity of the mechanisms involved, no conclusion is drawn with regard to this point.
The co-adsorption of hydrogen and oxygen is further investigated. It is shown that both
hydrogen and oxygen adsorb at TF sites. The saturation limit of the surface was determined at
one monolayer in adsorbate. This implies that oxygen, once adsorbed, limits the amount of
hydrogen that adsorbs on the surface. This finding is in good agreement with experimental
measurements by TDS [25,26]. In addition, the presence of oxygen on the W(110) surface
lowers the binding energy of hydrogen, which is also consistent with TDS measurements
[25,26].

The absorption and release mechanisms of hydrogen isotopes across the (110) surface of
tungsten were already determined on the clean surface at 6, = 0.00. The impact of oxygen is
here investigated at 6, = 0.25 and 6, = 0.50: at saturation of the surface, the activation
barrier for hydrogen absorption into the bulk is around 1.76 -1.77eV for both oxygen coverages,
which is identical to the value on the clean surface. At oversaturation in adsorbate, absorption
iIs made much faster since the activation barrier drops to 1.08 eV. The specific effect of oxygen
manifests itself during the recombination process. As oxygen lowers the binding energy of
hydrogen on the surface, it lowers the activation barrier for hydrogen recombination which
kinetically activates this process.

Up to saturation, the activation energies for recombination are around one eV depending on the
oxygen coverage. This is in the range of hydrogen detrapping from vacancies [35], which makes
recombination among the rate-limiting steps of the kinetic of hydrogen release from tungsten.

At oversaturation, the activation energy for recombination falls way below one eV at 0.59eV.
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Recombination is no more the rate-limiting step, and no impact of the surface is expected on
the global desorption mechanism of hydrogen from tungsten.

The present DFT model will be brought in the macroscopic rate equations code MHIMS to
determine whether oversaturation in adsorbate of the surface is reached or not. This is a
dynamical property that involves a balance between the flux from the bulk to the surface and
the speed of recombination during desorption (conversely between the flux of hydrogen to the
surface and the flux from the surface to the bulk). These dynamic properties will be investigated

in a subsequent work with rate equations involving hydrogen flux balance at the surface.
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