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ARTICLE INFO ABSTRACT

Keywords: Hydrogen and its interaction with metal oxide surfaces is of major importance for a wide range of research and
RuO, applied fields spanning from catalysis, energy storage, microelectronics, to metallurgy. This paper reviews state of

Pseudocapacitor the art of first principles calculations on the well-known ruthenium oxide (RuOs) surface in its (110) orientation

i]STi‘nitio and its interaction with hydrogen. In addition to it, the paper also fills gaps in knowledge with new calculations
Diffusion of protons and results on the (001) surface. Bulk and surface interactions are thoroughly reviewed. This includes systematic
Electrochemistry analysis of adsorption sites, local agglomeration propensity of hydrogen, and migration pathways in which

literature data and their potential deviations are explained. We notably discuss novel results on propensity for
agglomeration of hydrogen within bulk channels [001] oriented in which the proton-like behavior of adsorbed
hydrogen hinders further agglomeration in adjacent channels. The paper brings new insights into the migration
pathways on the surface and in bulk, both exhibiting preferential diffusion paths along the [001] direction. The
paper finally investigates the subsurface region. We show that while the subsurface has more stable sites for
adsorption compared to bulk, its accessibility from the surface shows prohibitive activation barriers inhibiting
penetration into subsurface and bulk. We further calculate and discuss adsorption and penetration processes on

the alternative RuO, (001) surface.

1. Introduction

In addition to its important role in heterogeneous catalysis, RuO,
exhibits a stable and well ordered surface, RuO; (110), establishing itself
as a good model system for studying catalytic as well as electrochemical
processes, both experimentally and theoretically [1-8]. Among gas or
liquid chemical species to put in contact with, hydrogen is attracting
considerable attention due to its role in a collection of different appli-
cations, including production of green energy [9] corrosion [10], sensing
[11,12], fuel cells [13,14] and electrochemical capacitors [6,15,16], to
name a few. The latter is one particularly interesting example since the
basic chemical interaction is not restricted to the surface only, and its
spatial extension to the subsurface and bulk is neither documented by
first principles calculations such as Density Functional Theory (DFT), nor
well understood or quantified experimentally. Electrochemical capaci-
tors, contrary to batteries, which require bulk phase transformations, are
driven by much faster reversible surface and subsurface chemical re-
actions with higher degree of non destructive cyclability based on the
charging and discharging of hydrogen atoms. To this respect,
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understanding with an atomic scale precision the kinetics and occurrence
of these reactions is a crucial challenge to design the next generation of
capacitors with enhancement of both energy and power densities. The
penetration of hydrogen into the subsurface or even deeper penetration
into the electrode is also critical. While impedance spectroscopy mea-
surements can provide a crude estimate of the surface versus inward
hydrogen location, only atomic scale modelling can precisely render how
and where penetration process becomes feasible as a function of the
electrode nanostructure. This point has never been addressed from a
theoretical perspective: what characterizes the intermediate subsurface
reaction zone, its reactivity and spatial extension facing hydrogen
exposure. Concerning surface interactions, DFT studies in literature have
concentrated on the interaction of water with the stable RuO, (110)
surface for electrochemical purposes, related to water splitting mecha-
nisms or more generally, heterogeneous reactions [4,8,17-19]. In this
scope, most of the literature is focused on hydrogen interacting with the
RuO3 (110) surface using combined experimental (including temperature
programmed desorption and STM experiments) and theoretical ap-
proaches, to picture the molecular and dissociative behavior of
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di-hydrogen on the surface [17,18,20-24]. A propensity for dissociation
and stabilization of hydroxyl groups on the bridging oxygen sites of the
RuO, (110) has been observed [7,25]. A similar study has been per-
formed on an oxygen rich surface showing similar tendency to form
hydroxyl species, the paper also reports on migration energies of
hydrogen on the surface [7,26]. While nothing has been reported so far
on the penetration and reaction of hydrogen into the subsurface, very few
publications have investigated bulk properties. Kim et al. [27] have
investigated the behavior of hydrogen into perfect and defective bulk
RuOs. In the specific context of supercapacitors, where hydrous RuO; is
commonly used experimentally, the seminal work by V. Ozolins et al.
[28] addresses a number of issues related to hydrogen in crystalline RuO,
as well as proposing new directions to investigate the more complex case
of hydrous material. Jadon et al have shown that migration pathways are
energetically favorable along the [001] direction, leading to a deeper H™
penetration within the bulk of the active material and a much higher
charge storage ability[29]. In conclusion, the overall literature on the
basic mechanisms controlling the interaction of hydrogen with the sur-
face and bulk RuO; is rather sparse and incomplete: the interaction of
hydrogen with bulk is poorly documented; on the surface, there is still
debate on the kinetics of di-hydrogen dissociation at very low tempera-
ture [17]. In this context, we aim at providing a rationale of the behavior
of hydrogen atoms in interaction with RuOs: surface, and bulk, with
complementary focus on hydrogen migrations pathways and agglomer-
ation propensity. We will also discuss the intermediate subsurface region,
in which we will detail penetration pathways to understand why the
measured pseudocapacitance level is poor when considering crystalline
RuO;. As a result, we will provide new routes to enhance hydrogen
agglomeration on crystalline RuO, surfaces. We believe this work will
provide a basic reference to further address more complex RuO
model-systems, such as hydrous RuOy (RuO2.xH20).

2. Computational details

In this study, the DFT-based Vienna ab initio simulation package
(VASP) was employed to perform calculations [30,31], using Perdew,
Burke, and Ernzerhof (PBE) method for treating exchange and correla-
tion. The valence electrons were described with a planewave basis set,
with an optimized cut-off energy of 400 eV [32,33]. Nuclei and core
electrons were treated with pseudopotentials of the projector augmented
wave type. To improve the description of the long-range interactions, the
DFT-D3 method of Grimme as implemented in VASP was employed [34].
The Kohn-Sham equations were solved self-consistently until the energy
difference between cycles becomes lower than 107% eV.
Methfessel-Paxton smearing with ¢ = 0.1 eV was used [35].

The ionic positions were optimized until all forces were smaller than
0.05 eV/A per atom; this parameter was set after carrying out a
convergence test for the forces.
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The bulk RuO; was optimized from its tetragonal phase, with
experimental crystal lattice parameters: a = 4.51 Aandc=3.11A. Using
a6 x 9 x 6 mesh of k-points, we found optimized values of a = 4.47 A
and ¢ = 3.08 A. From this unit-cell, we built an extended bulk and a (110)
surface (see Fig. 1) to study hydrogen adsorption, migration, agglomer-
ation, and penetration, with the following properties:

1. The bulk RuO; was built by first reorienting the crystal axes in the
three [1 1 0] [1-10], and [0 O 1] directions, in order to construct the
(110) surface by simply cleaving this bulk RuO, across a parallele-
piped face. The elementary cell is no more primitive, with parameters
av/2 and c. This elementary cell is then multiplied by (2 x 2 x 4),
ending up with an almost cubic cell of 12.65 A x 12.65 A x 12.33 A.
The total number of atoms in this cell amounts to 64 Ru and 128
oxygen atoms. When inserting hydrogen atoms, the bulk supercell
volume and shape were kept constant to their pure RuO; converged
values to mimic the constraint imposed by crystalline RuO,. Periodic
boundary conditions are then applied in all three directions to
construct a large cell where all DFT calculations are carried out with
only a gamma centered k-point mesh.

2. The surface model was built from a slab composed of a total of four
layers of RuOs, each containing 16 Ru and 32 oxygen atoms. The two
bottom layers were kept fixed in their bulk positions, during all en-
ergy minimization procedures, to mimic bulk effects. A vacuum space
of 15 A was added on top of the (110) surface and periodic boundary
conditions were applied to this unit cell in all three dimensions.
Following a TEM experimental study, followed by a number of DFT-
based investigations of the RuO; (110) surface, only bridging oxy-
gens were kept on top of the surface Ru atoms [4,17,36]. To this
respect, the surface consists of 32 atoms in total out of which eight are
bridging oxygen (Op,), eight are ruthenium atoms and sixteen are
planar oxygen (Opy). This leaves unsaturated surface Ru atom rows. To
compensate asymmetry of the slab between top and bottom surfaces,
a linear dipole correction was added to the local potential as sug-
gested in Refs. [37,38]. In addition, dangling bonds of Ru atoms in the
bottom layer were saturated with H species. The total number of
atoms in the unit cell amounts therefore to 200.

The Nudged Elastic Band (NEB) method was used to calculate
migration barriers. All energies of hydrogen interacting with bulk or
surface materials are calculated with respect to a reference energy: that of
an isolated molecular hydrogen at an infinite position from ruthenium
oxide. The adsorption energy of the hydrogen atom is expressed as the
following equation (1).

Euts = Eruoy /it — Ecteanruo, — 1 / 2Ey, (@9)

Where Egyo, 1 is the total energy of a single hydrogen atom in the RuO,

Fig. 1. [a] A perspective view of RuO, showing the square channels along the [001] direction. Red: O; gray: Ru. [b] Possible neighboring sites for hydrogen migration
in bulk RuO,. The initial adsorbed hydrogen is shown in green and marked. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)
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bulk on (110) surface, Egeanruo, the total energy of the bare bulk/surface
and Ey, the total energy of the isolated hydrogen molecule.

3. Hydrogen in bulk RuO,

This section focuses on bulk RuO; interacting with hydrogen. Two
subsections investigate adsorption, agglomeration, and migration of
hydrogen atoms. Moving on, the next two section will be dedicated to
surface and subsurface interactions.

3.1. Adsorption and agglomeration of hydrogen in bulk RuO,

In bulk RuO,, all oxygen atoms are topologically equivalent, but
moving along [001] direction, they alternate periodically between the
two equivalent [110] and [1-10] orientations. Still, the hydrogen bond
orientation with respect to its oxygen neighbors allows drawing two
potential stable configurations. Both these initial configurations lead to a
unique adsorption configuration shown in Figs. S1-a. Note that Fig. 1
shows perspective views of [001] channel that is a central entity in the
RuO, structure, having clear square section and repeated units separated
from each other by 3.16 A. The adsorption energy of one hydrogen atom
on oxygen is —0.11 eV and the O-H bond length is 1.00 A, while the
hydrogen bond with the neighboring oxygen atom at the opposite side of
the channel, i.e. in the [110] direction, is 1.82 A. Depending on the ox-
ygen atom considered for adsorption, the OH axis is either [110] or
[1-10] oriented. In terms of charge transfer after interaction, we note
that hydrogen exhibits a drastic electronic loss. A Bader charge analysis
was carried out as suggested by Henkelman et al. [39]. The analysis
shows that the hydrogen atom becomes positively charged by +0.63 q
(see Table 1, where q is the absolute value of the electron charge). This
substantial charge transfer gives the hydrogen atom a proton like
behavior in the overall neutral supercell. This amount of charge is
transferred to the oxygen atom which is bonded to the hydrogen atom.
The oxygen atom now acquires a charge of —1.54 q, compared to —0.83 q
in crystalline RuO,. Ru atoms bonded to the OH species have a charge of
almost +2 q, meaning that they are even more depleted (by 0.3 q) after H
adsorption. Charge transfers are reported in Table 1, where we show that
they are not limited to first neighbors. Rather, a long-range behavior,
compatible with macroscopic polarization effects is observed. Note that
the gain, which is higher than the hydrogen contribution, can be
explained by this macroscopic polarization. These findings agree well
with the calculation by Ozolins and co-workers in Ref. [28] concerning
perfect RuO, and the charge attributed to the hydrogen atom. Some
deviations are noticed on charges on Ru and O, probably because of the
small cell size utilized in their calculations and because their model
system (called RuO-OH) deviates from the perfect RuO,. As a result, the
non local effects are not provided in their study. In Ref. [40], Kim and Lai,
who consider a slightly smaller crystalline supercell, have very similar
charge transfers compared to the present study on the bonded and non
bonded oxygen atoms (0.55 q difference), and bonded Ru atom (+1.96
q). In order to study local hydrogen agglomeration, different configura-
tions, shown in Fig. 2, are considered. The results are presented in
Table 2.

Table 1
A comparison of Bader charge transfers for a perfect RuO, and RuO,-H with data
from literature. Ru: bonded Ru; Ru,;: non-bonded Ru.

Compound Ion Charge transfer Ref. [15]
RuO, Ru +1.67 +1.6

(0] —0.83 -0.8
RuO,-H Ruy +1.98 +1.3

Rug, +2.04 -

Oy —-1.54 -1.0

Opp —1.03 —-0.9

H +0.63 +0.6

Physics Open 7 (2021) 100059

Starting with two hydrogen atoms in bulk, occupying one every two
oxygen atoms (6.13 A apart), we calculated —0.17 eV energy per H atom,
which is slightly higher than the adsorption energy of a single hydrogen
atom (—0.11 eV). We note the attractive energy (0.12 eV), despite the
strong electrostatic repulsion of charged hydrogen. If now hydrogen
atoms are adsorbed on two neighboring oxygen atoms along the [001]
direction, the energy slightly drops to —0.14 eV, still exhibiting attractive
energy (0.06 eV), as compared to the single occupancy. The decrease in
energy is due to the reduced H-H interatomic distance that drops to 3.13
A. Other configurations (see Fig. 2, configurations [a] and [c] and
Table 1) show relatively less thermodynamic stability to allow hydrogen
agglomeration, particularly at room temperature, as they require closer
distance between H atoms. Overall, when considering single channel
deployment of hydrogen atoms, the loss in adsorption energy is largely
related to electrostatic repulsion, i.e., H-H interatomic distances (see
Table 1); the H-H distance should not fall below 3 A. We also considered
two cases where two hydrogen atoms are close but situated within two
adjacent [001] channels separated by one (110) or (1-10) wall (see Fig. 2
configuration [e] and [f]). If both hydrogen atoms are bonded to distinct
oxygen atoms (configuration [e]), the adsorption per H is equivalent to
the configuration [c], where repulsive energy almost cancels the chem-
ical binding energies. If the two hydrogen atoms are sharing the same
oxygen atom (configuration [f]), the repulsive energy cost is very strong,
leading to a positive total energy. This is due to the small distance be-
tween H atoms, but also to their charge that is now increased to +0.91 q,
making the electrostatic repulsion even more intense. Along the same
line, when dealing with an interstitial di-hydrogen molecule in bulk, we
observe spontaneous dissociation, leading to the formation of two OH
species close to each other, with a positive energy of interaction of 0.27
eV/H and a configuration equivalent to that in configurations [a]. As a
first conclusion, H migration and agglomeration will be limited by the
electrostatic repulsion, whose effect will become prohibitive if H atoms
have to share oxygen atoms along their migration paths. We tested higher
hydrogen concentrations along the [001] row, taking advantage of the
energy gain supported by configuration [b] (more compact than the
configuration [d], even though slightly less energetic). Results indicate
that agglomeration is favored, up to the completion of the oxygen row.
This gives a filling capability of one H per RuO, along one single [001]
channel. The repulsion observed for hydrogen positioned in adjacent
channels will severely restrict further local agglomeration along other
directions.

3.2. Migration of hydrogen atoms in bulk RuO,

In this section, a systematic determination of activation barriers for
hydrogen is performed. We have considered all elementary migrations
that allow to further derive all migration paths and calculate diffusion
coefficients in bulk RuO,. The adsorbed hydrogen on any of the oxygen
atoms can potentially migrate to eight neighbors. Excluding symmetric
positions, we end up with five sites: O-A, O-B, O-C, O-D and O-E, shown
in Fig. 1-b including their initial and final sites. The corresponding
activation barriers and diffusion coefficients are reported in Table 3, with
calculation parameters shown in Table 4.

An intrinsic property of RuOg structure is that it is made of adjacent
square “channels” of 3.16 A side along [110] and [1-10], elongated in
the [001] direction (see Fig. 1-a). For sake of clarity, hydrogen atoms and
O-H bonds are not represented in Fig. 1-b, but H atoms are labelled in the
text by an index that refers to the oxygen atom to which they are bonded.
We distinguish intra-channel migration pathways, namely paths Hop - Hp,
Ho - H¢ and Hp - Hp, from inter-channel pathways, namely Hp - Hy and
Ho - Hg (see Fig. 1-b). The oxygen-to-oxygen distances for O-A, O-B, O-C,
0O-D and O-E are 2.54 [o\, 2.76 A, 3.24 A, 3.06 A and 3.8 A, respectively.
For long-range diffusion possibilities, oxygen to oxygen distances are
more relevant than hydrogen hopping distances, since the exact positions
of hydrogen atoms provide only local information. The three
intra-channel migration pathways are either in a (110) plane (Hp - Hc), or
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(f) e (e) f

[001]
[1-10]

[110]

h) g (i) h

Fig. 2. Adsorption configurations of n hydrogens (n = 1, 2, 3, 4) in bulk RuO,. The images show geometry after optimization. [a.1] single atomic hydrogen [a]
dissociation of di-hydrogen molecule resulting in two OH species; adsorption of two hydrogen atoms on: [b] adjacent oxygen atoms, OH bond pointing towards [110]
direction; [c] one OH pointing towards [110] and the other towards [110]; [d] on alternate oxygen atoms, both OH pointing towards [110]; [e] in neighboring
channels, both OH pointing towards [110]; [f] on top and bottom of the same oxygen; [g] 3 hydrogen atoms adsorbed on the row, all OH pointing towards [110]; [h] 4
hydrogen atoms on the oxygen row. Red: O; gray: Ru; pink: H. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

Table 2
Agglomeration of hydrogen atoms in bulk RuO,.

Configuration Number of E(ads)/H, H-H distance, Bader charge on
H ev A H
a.l 1 —0.11 - +0.63
a 2 0.27 1.07 +0.62
b 2 —-0.14 3.13 +0.66
c 2 —0.02 1.51 +0.65
d 2 -0.17 6.16 +0.65
e 2 —0.01 2.70 +0.63
f 2 0.93 1.78 +0.91
g 3 —-0.20 3.08 +0.65
h 4 —-0.20 3.08 +0.65
Table 3

Energy barriers and diffusion coefficients for various hydrogen migration paths
in bulk RuO,.

Pathway Energy barrier, eV Diffusion coefficient, m2.s !
0-B 0.27 1.28 x 1071°

0-C 0.28 1.82 x 1071°

0-D 0.26 1.08 x 1071°

O-A: direct pathway 1.71 1.24 x 1073

O-E, 3-steps 5.37 x 1078

i O-B 0.27

ii. Rotation around B 1.90

iii. B'-E 0.27

Table 4

Vibrational frequencies, hopping distances and diffusion coefficient prefactors
for various hydrogen migration paths in bulk RuO,.

1

Direction Frequency, v, THz Hopping distance, a, A Prefactor, Do, m?s
[001] 28.98 3.06 2.7 x 107®
[110] 94.61 3.24 9.9 x 107
[110] 32.80 3.80 4.7 x 107

show a zigzag form with a progression along [001] (Ho - Hg and Ho - Hp).
Hop - H¢ migration is a local move and does not lead to long-range
diffusion, since it results in no progression along [001], and it does not
allow crossing the channel. For inter-channel migrations, Hp - Hp
pathway is a direct curve line from O to A, while Hp - Hg is a three steps
pathway including two intra-channel migrations (Hp - Hg and Hp - Hg in
two adjacent channels) and a rotation of the hydrogen atom around B
taking place at the channels separation facet.

In Table 3, it can be seen that intra-channel pathways exhibit low and
similar activation barriers, i.e. steps Hp - Hp, Hp - H¢ and Hp - Hp,
requiring about 0.3 eV energy. We can conclude that the intra-channel
movements can take place even at room temperature. Nevertheless,
these movements will be highly influenced by the agglomeration of
hydrogen atoms, and depend on its concentration within each channel, as
can be seen from the energetic study presented in section 4.1. In contrast,
the two inter-channel migrations, Hp - H4 and Hop - Hg, require signifi-
cantly higher energies, beyond 1.7 eV, which are prohibitive at room
temperature and might act as a severe limiting step to hydrogen
agglomeration within the crystal matrix. The main lines of these results
agree well with those reported in the literature ([41]): intra-channel Hop -
Hp and Hp - Hg, direct inter-channel Hp - Hy and the rotation around B.
An intra-channel migration with a cost of 0.79 eV was calculated in
Ref. [15], higher than our 0.3 eV for Hp - Hp. To find the source of this
discrepancy, we performed a NEB calculation imposing a straight-line
migration path between the two sites O and D (see Fig. 4 and we
observed a barrier of 0.77 eV which is comparable with the result by
Ozolins et al. We conclude the existence of a pathway curved towards the
oxygen labelled B, illustrated in Fig. 3, with a much lower energy barrier
of 0.26 eV. The presence of a nearby oxygen during H migration prevents
the complete breakage of the O-H bond before migration, as observed
during the straight-line migration. At the same time, a new O-H bond is
now formed with the oxygen in B, as in the O-B case of Table 3. To
summarize, we find three migration paths, represented in Fig. 3, between
Hop and Hp: a two-step path (Hp - Hp followed by Hp - Hp), a direct curved
path and a straight-line path, also reported in Ref. [15].

Only the two first paths are activated at room temperature. A more
detailed analysis of bulk migration was proposed by Kim et al. [18], using
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0.77 eV

eV

Activation energy,

» Adsorption

Ho Hp site

Fig. 3. Energy barrier corresponding to Hp, Hp, and Hp migration. It can be seen
that a direct pathway from Ho to Hp costs 0.77 eV energy, however, a two-steps
pathway is energetically cheaper.

a single unit cell associated to a fine mesh of k points. Their results are in
agreement with our data (Table 3) where the migrations along [001] are
effective at room temperature. Discrepancies arise for high activation
barriers, along [110], where hydrogen diffusion is only effective at very
high temperature. The source of discrepancy is probably due to the small
size of the cell used in Ref. [41], which introduces electrostatic interac-
tion between very close ionized hydrogen atoms when applying periodic
boundary conditions. Finally, the Hp - Hp type migrations, whose com-
bination will lead to an effective Hp - Hg zigzag migration path along
[001] (see Table 3 and Fig. 3), has not been investigated in the literature.
The values of the diffusion coefficients are reported in Table 3. They are
calculated according to the Arrhenius law:

D = Dy exp(—AE |/ KyT). 2)
Dy is the prefactor determined using the vibration frequency, v and the
hopping distance a as Dy = va. The vibration frequencies are extracted
from the phonon spectrum of bulk RuO,. AE is the activation barrier
determined with NEB calculations, Kp the Boltzmann constant and T the
temperature (values given in Table 4).

Physics Open 7 (2021) 100059
4. Surface RuOy

The RuO»-(110) surface is very well-documented experimentally and
theoretically [4,8,17-21,25,42-47], because of catalytic properties of
RuO,, mostly for dehydrogenation. Two types of (110) surface have been
studied. For the first type (see Fig. 5), the surface is composed of unsat-
urated Ru species (noted Ru,s) presenting one missing oxygen atom,
resulting in a dangling bond normal to the surface, and one row of
bridging oxygen atoms (noted Op,) located on top of ruthenium rows. In
addition, the surface also exhibits in plane saturated oxygen atoms, i.e.
bonded to three ruthenium atoms (noted O, see Refs. [6,7,20,45] for
details on this surface). The other type of surface is documented to a
lesser extent. It consists in an oxygen rich surface, similar in all points to
that represented in Fig. 5, except that one additional oxygen atom is now
present on top of each Ruy surface atom [6,7,20,45]. The focus of
studies on this latter surface is rather sparse. They concern CO reaction
[20], water deprotonation [45], and oxygen evolution reaction [45] (see
Fig. 6).

Only two contributions were found on the interaction with Hj in the
perspective of further water formation on the surface and further reaction
with other molecular species such as CO, CO,, NH3 [7,20]. The contri-
bution by Zhan et al. [6] is the only one related to pseudo-capacitance
investigations. It focuses more on the determination of the capacitance
value on predefined surface configurations rather than on the underlying
mechanisms leading to these configurations. For what concerns hydrogen
interaction specifically, the body of the literature is dedicated to the
splitting of dihydrogen at low temperature onto the first type of (110)
surface, in which DFT calculations are mostly supporting ultra-high
vacuum imaging and temperature programmed desorption experiments
[17,21,25]. For that reason, in the following text, we will concentrate our
effort on the first type of (110) surface. Before addressing surface
agglomeration and migration of hydrogen, we start by calculating the
adsorption energy of both molecular and atomic hydrogen on all surface
sites. Atomic adsorption is often omitted in the literature that focuses
exclusively on Hj interacting with catalytic surface sites, namely O, and
Ruyy;s sites. However, in some applications, like capacitors, the hydrogen
is preferentially displayed in atomic form, for instance via protic liquids
or HCl medium, and the interest resides in its capability to adsorb/de-
sorb, migrate and agglomerate on the substrate, making the approach
slightly different from catalysis experimental or theoretical perspective.

(c)c

(d) d

Fig. 4. The three inter-channel migration of hydrogen, along the path [a] O-D [b] O-B [c] O-C and one intra-channel pathway [d] A-O in bulk RuO,. Figure [d] shows
the intra-channel migration of hydrogen along the path O-A in bulk RuOs. Figures [e, f] show two different views of the constrained pathway of a hydrogen atom,

along O-D, in bulk RuO,.
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[1-10]

[110]

Fig. 5. A schematic diagram showing the RuO, (110) surface model. Red: planar oxygen Op; blue: bridging oxygen Oy, gray: Ru. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. [a] Top view of potential migration paths of a hydrogen atom on RuO, surface and associated energy barriers. [b] Energy profile associated with surface
migration of a hydrogen atom on RuO, (110) surface; adsorption of H on Oy, is taken as reference here. Red: planar oxygen O,;; blue: bridging oxygen Oy,; gray: Ru. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

4.1. Adsorption of molecular and atomic hydrogen on RuOz (110)

Adsorption energies analysis for isolated H atom and H; are given in
Table 5. For atomic hydrogen, the most stable position is on top of O,
sites with an adsorption energy of —0.95 eV. This energy is substantially
higher compared to the adsorption energy in bulk which is —0.11 eV. The
adsorption on Oy and on Ru remains, by far, thermodynamically less
favorable. The least favorable case corresponds to the hydrogen on top of
the ruthenium atom, +0.20 eV. The quantitative values match correctly
with previously reported data. However, they are all obtained at higher
coverage (1 and 0.5 ML), which explains the slight deviations [21,25,26].
Note that our reported values are obtained for 0.125 ML. Table 5 contains
some of these higher coverage data for rough comparison. The work by
Wei et al. investigated our coverage for the cus site, giving a value of
—0.40 eV which is in the mid range between our calculated value (—0.48
eV) and the full coverage value —0.32 eV. Overall, the differences,
notably for both the Ru, site and the water like structure obtained for
the dissociated form of dihydrogen on top of Oy, is related to the fact that

Table 5
Adsorption energies of atomic and molecular hydrogen on RuO, surface, on
different sites for 0.125 ML; WL: water like structure; ML: monolayer.

Ads. Eaas H Eqds Ha H [25,26]; H, [25,26];

site (eV) (eV)

Opr —0.95 —0.90 —0.89; —0.96 (1 —0.56; —0.70 (0.5 ML,
(WL) ML) WL)

Op +0.06 none / none

Rugys +0.20 —0.48 +0.20; /(0.5 ML) —0.32; —0.36 (1 ML)

adsorption is shown to be coverage dependent, as reported by all studies
in literature. For interesting details on the charge transfers, geometrical
and vibrational frequency analysis of these configurations, we refer the
reader to Ref. [25]. Notice that Op; has never been discussed in depth. Qur
calculations show that it has roughly no interaction with hydrogen (close
to 0 eV in Table 5), in rough agreement with data from Wei et al., which
in contrast, have more stable value for low coverages. We will show that
this configuration can still play a non negligible role on migration, as we
will see in section 5.3. Dihydrogen adsorption and reaction on the (110)
surface has been the subject of detailed research to picture the funda-
mentals of RuO, catalytic activity. While there is still some debate on the
adsorption and dissociation at very low temperatures (5 K), there is
general consensus on that Ru sites only can afford adsorption of Hy in
molecular form. We calculated the adsorption energy of a dihydrogen
molecule on top of Ruys to be —0.48 eV (the distance between Hy and
surface Rug is 1.87 A, and H-H bond length is 0.80 A). This is in
agreement with values of the literature, where adsorption energy is
shown to be coverage dependent, with a drop in energy down to —0.32
eV at full Rug, coverage. This is a counter intuitive result with respect to
atomic hydrogen adsorption, calculated to be positive on this site (see
Table 5). The exact nature of this molecular bonding is well described in
Ref. [25], where we also learn that the potential hyper-surface at this
configuration allows for a quasi free rotation (0.1 eV activation) of the
molecule around its [110] symmetry axis, associated with a flat potential
hypersurface towards the O, axis explaining how dissociation may occur
as observed experimentally. On the Oy, site, only a dissociated form is
obtained, with —0.95 eV (comparable to the value by Sun et al. [25]

obtained at higher coverage). But the relation with experiment show that
the barrier for direct dissociation on this site is unlikely. Experimentally,
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after dissociation at low temperature (less than 90 K), the surface exhibits
a configuration with two H monohydrides RugH and Op-H. DFT
determination of the dissociation path from molecular state on top of
Rugys [21], lead to an activation barrier of 0.22 eV, compatible with
dissociation at 90 K. However, the recent study by Dahal et al. [17]
unraveled that dissociation can occur as low as 5 K and discussed the
potential mechanisms arising during dissociation. They explain that
dissociation could be effective despite the high value of the activation
barrier at this temperature. We were not able to calculate alternative
pathways with lower activation to explain this discrepancy.

4.2. Agglomeration of hydrogen atoms on RuOz (110)

We start by investigating the interaction energy of hydrogen atoms
distributed on various surface sites. Adsorption energies per hydrogen
atom are reported in Table 6. In contrast to what is observed in bulk,
there is no clear evidence of agglomeration propensity of hydrogen atoms
on the surface, even though most tested configurations show better sta-
bility of agglomerated configurations compared with the formation of
molecular hydrogen, due to the relatively high adsorption energy of
surface monohydrides on top of Oy, sites. This means that molecular
hydrogen should dissociate in atomic species, but dispersed over the
surface. Considering two hydrogen atoms positioned on top of adjacent
Oy sites, which is the most energetically favorable case of all tested
configurations with two hydrogen atoms, there is a loss of 0.05 eV energy
per hydrogen atom compared to the isolated monohydride (see Table 6).
This loss increases by roughly 0.5 eV if the second hydrogen atom is now
positioned on top of the Oy or Rugys sites. However, this configuration
remains still more favorable than H; on the surface. Note that a dihydride
configuration on top of a single Oy, site has a much lower energy gain, of
—0.25 eV/H atom (see Table 5). This dihydride could a priori serve as an
intermediate configuration during the dissociation of molecular
hydrogen as discussed in Ref. [25]. Saturating two Rugys or two Op; with
the monohydride configuration does not make any energy change
compared to the isolated configuration. Increasing now the coverage
along the Oy, row with four hydrogen atoms, which completes a given
oxygen row of the unit cell, the endothermal component previously
observed for two agglomerated monohydrides on top of Oy, sites is
slightly increased by a few meV. But, the energetic budget remains still
largely favorable. Covering all Oy, sites in our model, i.e. two Oy, rows,
marginally modifies the overall energy gain (additional 0.03 eV
agglomeration penalty). Higher hydrogen density on the surface neces-
sitates further adsorption sites than Oy, sites only. Among all tested
configurations, combinations and coverages, only the association of
H-saturated Oy, sites with Ru,; shows overall energy gain upon gas phase
molecular hydrogen. It can safely be said that the adsorption is largely
dependent on the surface coverage. A schematic diagram showing main
tested surface coverages as discussed here is shown in SI (Fig. S2) for
better clarity. From the literature, the agglomeration has been treated in

Table 6
Agglomeration of hydrogen atoms on RuO surface: adsorption sites and corre-
sponding adsorption energies. D: dissociated Hy; A: molecular Hj.

Number of hydrogen Adsorption sites Adsorption energy/H
atoms (eV)
2 Oy, and Oy, (D) —-0.90
Oy and Ru (D) —0.54
Opr and Oy; (D) —-0.48
Opr dihydride -0.25
Ru and Oy (D) 0.054
Ru and Ru +0.20
4 Op, (one row of Op,) -0.87
8 Oy, (both rows of Oy,) —0.85
Ru (both rows of Ru) 0.28
16 8.Ru and 8.0y, —-0.46
24 8.0y and 16.0p 0.73

32 8.Ruand 8.05rand 16.0,;  0.04
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a different manner, with increasing a (1 x 1) surface unit, and focusing
more on the Op mono and dihydrides, and Ru,,s monohydride. The re-
sults for adjacent O, and Ruy fit well with the only one reported value
in Ref. [21] (—0.50 eV/H). Most of the other values given in Table 5 do
not have exact equivalent in the literature. However, results already
discussed above concerning the isolated species, and notably on the Op,
site with high density, match well with our calculations.

4.3. Migration of hydrogen atom on RuO; (110)

Similarly to Section 3.2 addressing migration of isolated hydrogen
atom in bulk RuOj, we tested all possible elementary migration steps that
hydrogen can afford on the surface. Results are presented in Table 7. It
can be seen that the associated energy barrier for direct migration be-
tween Oy, sites is 2.2 eV, which shows that direct migration between the
most stable sites for hydrogen is thermodynamically not feasible even at
moderate temperatures. However, from the most stable Oy, sites,
hydrogen can move to the O sites, with a 1.14 eV energy barrier, this
migration can be reasonably expected at moderate temperature. Further,
we calculate that the most favorable pathways for hydrogen to move on
the surface is from Oy sites to another Oy sites, either along the [001]
direction with an associated energy barrier of 0.13 eV, or in the
perpendicular [1-10] direction, showing that hydrogen can migrate in all
directions on the surface, at room temperature, the most important
barrier being to overcome the row of Oy, 0xygen atoms (1.14 eV barrier).

5. Hydrogen penetration into the RuO; subsurface

Until very recently, the behavior of hydrogen into the RuO; subsur-
face has not been addressed despite its potential interest for a number of
applications, such as corrosion, embrittlement, surface catalysis, in
addition to the capability of the surface to reversibly absorb a flux of
incoming hydrogen atoms. This latter point is of major importance for
energy related applications like storage and harvesting. Bulk results
indicate that hydrogen may accumulate to some extent, but the
displacement of hydrogen atoms in the crystal matrix is largely aniso-
tropic. In particular migration along the [110] direction exhibits acti-
vation superior to 1.7 eV which inhibits any hydrogen mass transfer in
this direction. In the following we investigate H penetration into the
subsurface to determine whether bulk migration inhibitions may be
attenuated in the case of the subsurface, and if so, to which extent in
depth. We will also investigate H penetration into RuO; (001) surface as
an alternative to the (110) orientation, as motivated by the bulk [001]
migration pathway profile showing high potential for diffusion.

5.1. Hydrogen penetration into the RuO (110) subsurface

The adsorption of a single hydrogen atom has been discussed in
Section 5. From the most stable site, i.e. on top of a bridging oxygen atom,
the migration towards the subsurface is shown to be a two-step process.
First, the hydrogen will stabilize on top of the Oy site, closer to the saddle
point on the way to cross the surface layer. This hopping process, illus-
trated in Fig. 7[a] (point 1 to point 2), has a calculated energy barrier of
1.14 eV (see Table 7). The second step (point 2 to point 3 in Fig. 7[a]),
brings the hydrogen atom to its stable position. There, it is stabilized

Table 7
Migration path of a hydrogen atom on RuO (110) surface and associ-
ated energy barrier. O, bridging oxygen; Op: planar oxygen.

Migration path (number) Energy barrier (eV)

Opr to Opr (1 = 2) 2.22
Opr to Opy (2 — 3) 1.14
Op1t0 Oy (3 = 4) 0.13
Opto Ru (4 — 5) 0.24
Ru to Ru (5 — 6) 1.33
Op-to Ru (2 - 7) 1.34
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Fig. 7. Migration of hydrogen from the surface to sub-surface of RuO5 (110). Red: oxygen; gray: Ru; blue: proton. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

exactly in the configuration of the unique bulk adsorption site. Its energy
level (—0.85 eV) is much lower compared to the bulk value (—0.11 eV),
although slightly higher than on the (110) surface (—0.95 eV). This in-
dicates that thermodynamically, the subsurface is largely preferred to
bulk position. However, the migration, with an activation barrier of 1.7
eV, is kinetically prohibited at ambient or moderate temperature. It
should be noticed that alternate cavities along [110] direction are
similar, in terms of structural configuration, but not for migration. This
mechanism was described in section 3, where we observed two migration
paths along [110]: direct HO-HA and three-step rotational HO-HE (see
Table 3). In Fig. 7[a], migration of a hydrogen from point 2 to point 3,
would follow the direct pathway. However, from point 3 to 4, the
hydrogen will ‘feel’ the effect of Ru as point 3 to 4 is not a direct pathway
but the rotational pathway. This pattern of alternate direct and rotational
pathways is repeated as we go deeper along [110] direction. Near the
surface, the calculated energy barrier from point 2 to 3 is 1.7 eV, the same
as in bulk. Furthermore, the barrier to go from point 3 to 4, which is a
rotational pathway, is also 1.7 eV, compared to 1.9 eV in deep bulk. Due
to surface effects, this barrier is reduced by 0.2 eV. Moving on, the barrier
from 4 to 5, a direct pathway, is again 1.7 eV. The energy profile asso-
ciated with hydrogen penetration is shown in Fig. 7[b].

5.2. Hydrogen penetration into the RuO2 (001) subsurface

The RuO, (001) surface was modelled by cleaving the bulk along
(001) direction. Cleaving the bulk results in a plane surface which has
both Ru and O atoms on the surface, see Fig. 8. Fig. 8 [a] shows a top view
of the (001) surface where three different sites considered for H
adsorption are marked. The adsorption energies are presented in Table 8.
The adsorption on RuO; (001) follows the same trend as RuO, (110) with
the most stable site being Oy, and the least stable being on top of Ru.
However, the adsorption is less favored compared with RuO» (110).

Fig. 8 [b] shows a front view of RuO, (001) where elementary steps of
the penetration of a H atom from the surface to the subsurface is shown
and elementary steps are provided. A hydrogen atom is stabilized on Oy,

in the first cavity with an adsorption energy of —0.24 eV. In the third
cavity, the adsorption energy is —0.12 eV, and we can consider to have
reached the bulk regime. The energy barrier from O, to Op; on the surface
is 0.22 eV. A hydrogen atom diffuses from O of the surface to Op; at the
bottom of the first cavity, with an energy barrier of 0.43 eV. The third
jump, from the first cavity to the second mimics the bulk regime, with an
energy barrier of 0.26 eV. The energetic profile is shown in Fig. 8[c].

The significantly lower energy barrier (0.43 eV, compared with 1.7
eV for RuO; (110)) for penetration of a hydrogen atom in subsurface
opens doors for RuO3 (001) oriented surface applications in fields such as
pseudocapacitance. RuO; (001) thin films can be engineered which will
allow easy pathways for penetration of hydrogen atoms in the subsurface
hereby giving enhanced efficiencies.

6. Conclusions

We have reviewed and investigated the interaction of hydrogen
(molecular as well as in atomic form) with RuO, (110) oriented surface.
We investigated bulk RuO», the RuO; (110) surface, and importantly, the
subsurface region which a priori possesses specific properties which
remained unanswered in literature. Our calculations include hydrogen
energetics as well as the spatial extension of the particular transition
region between surface and bulk RuO,, which we call subsurface. We
systematically provided adsorption energies, capability for hydrogen to
agglomerate, and derived diffusion constants from activation barriers
and vibrational properties. We first conclusively show that adsorbed
atomic hydrogen on all tested regions exhibits a proton like behavior due
to the large depletion of its electronic density when it interacts with
oxygen atoms (40.63 q). Hydrogen in bulk can agglomerate within the
[001] oriented channels at the level of (O.OlH/;Z\ 3ina single channel).
We demonstrate that the electrostatic repulsion caused by its positive
charge limit agglomeration across adjacent channels. We determined
migration pathways from which diffusion coefficients were derived,
showing great anisotropy of hydrogen migration in bulk ([001] largely
favored). On the surface, hydrogen adsorption is shown to be coverage
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Table 8
Adsorption energies of atomic hydrogen on RuO, (001)
surface, at different sites.

Adsorption site Eqas, €V (for H)

Opr ~0.55
Oy +0.12
Ru +0.17

dependent, but the agglomeration is shown to be driven by adsorption
rather than electrostatic repulsion. The saturation of all surface Oy, sites
is feasible, in addition to which Ru sites can be also saturated, giving a
hydrogen surface density of 0.1 H/A 3. We finally investigated the sub-
surface region. Its spatial extension, where hydrogen energetics is
different from both bulk and surfaces, is of 10.4 A in depth. While
adsorption energies are rather high compared to the bulk in this region,
activation barriers for migration are not affected. With 1.7 eV barrier,

this makes penetration unfeasible at the ambient temperature, in the
absence of an electrical field. Here, hydrogen penetration is much easier,
with a maximum of 0.43 eV barrier for over passing the surface layer. Its
spatial extension necessary to reach bulk properties, where easy [001]
migration is calculated, is shortened to 5.2 A.
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