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Within the framework of the application of liquid organic hydrogen carriers (LOHC) to store, transport
and re-generate hydrogen, ruthenium (Ru) is by far the most widely used catalyst. In its natural bulk
state, the most abundant phase observed is the hexagonal close-packed (hcp) phase, but experimental
studies on nanoparticles have shown that the face-centred cubic (fcc) phases are also present and are
highly active in catalytic reactions. In this study, we have carried out calculations based on the density
functional theory, with the generalized gradient approximation and long-range dispersion corrections, to
investigate the behaviour of hydrogen adsorption at the fcc Ru (001), (011) and (111) surfaces. The Ru
surfaces have been covered systematically with hydrogen (H), with a focus on the geometries, stabilities
and adsorption energies. A detailed analysis has been performed of the energetic and electronic
properties of a hydrogen monolayer on the Ru surfaces, combined with a thermodynamic analysis of
the effect of temperature and pressure on the surface coverage, where the highest surface coverage
observed was on the Ru (001) and (011) surfaces. The results indicate that the dissociation of H, occurs
readily and that the adsorption energies of single H atoms are between 0.4 and 0.6 eV. Neither
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1. Introduction

Among carbon-free energy sources, hydrogen (H,) technologies
are a particularly attractive choice for sustainable energy pro-
duction and storage." The production of clean H, has been
the focus of much investment and research. Some of these
production technologies include the electrocatalytic splitting of
water,” ® steam methane reformation,” the steam iron process,®
the sulphur-iodine cycle,”® the copper-chlorine cycle,*® and
hydrogen from biomass."™"

In most of these technologies, metal catalysts, often plati-
num (Pt), are needed to facilitate H, conversion and/or produc-
tion. Several studies>™® have shown that reducing the Pt
content in catalysts by ruthenium (Ru) improved the material
properties leading to enhanced hydrogen production.’® Small
amounts of Ru can increase the hardness of Pt and palladium
(Pd),"” thereby increasing corrosion resistance in superalloys,"®
which are all attractive qualities in the highly corrosive environ-
ment of electrochemistry. Natural Ru has a hexagonal close-
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recombination of H atoms to form molecular hydrogen (H,) or surface poisoning was observed.

packed (hcp) crystal structure, but recent research'®?° has
shown that it is also possible to produce stable and highly
reactive face-centred cubic (fcc) nanoparticles.

Both experimental®'*** and theoretical studies® have shown
that for various catalytic systems using Acp Ru nanoparticles,
high concentrations of dissociated hydrogen block the active
sites, preventing subsequent reactions from occurring and
thereby effectively poisoning the surfaces. If a more active
fcc phase were to be considered, it is equally important to
ascertain whether hydrogen poisoning would still occur.
A detailed description is therefore needed of the interaction,
i.e. adsorption, binding and reaction, of hydrogen on the
catalytic surface.

In previous studies,>* we have focussed on different types of
fecc Ru, Pt and Pd nanoparticles, including icosahedral, deca-
hedral, cuboctahedral, cubic and spherical morphologies. We
noted that the properties of the larger nanoparticles investi-
gated resembled those observed in macro-surfaces, and in this
work we will therefore focus on hydrogen adsorption at the
ruthenium surfaces with Miller index (001), (011) and (111).
We first present the STM (scanning tunnelling microscopy)
images of the fcc Ru (001), (011) and (111) surfaces, before
addressing the adsorption of elemental hydrogen (H) and
molecular hydrogen (H,). Surface phase diagrams have also
been generated through consideration of the surface free
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energies and the hydrogen chemical potential to determine the
effects of temperature and pressure on the surface coverage.

2. Computational methods and
calculations

As this work is part of an ongoing programme of research, the
methods used are consistent with our previous work>* to enable
direct comparison. Density functional theory (DFT) calculations
were performed on the Ru surfaces using VASP version 5.4.1,>%
within the generalized gradient approximation (GGA) in combi-
nation with the Perdew, Burke and Ernzerhof (PBE) exchange
correlation functional,> ' and we have applied the long-range
dispersion approximation by Grimme with Becke-Johnson
damping (DFT-D3(B]J)).*>** In all calculations, projector augmen-
ted wave (PAW)**** pseudopotentials were used to describe the
interactions between the valence and core electrons. The core
electrons were defined up to and including 4s orbitals for the Ru
atoms. Because Ru can form compounds from every oxidation
state from —2, 0 and +1 to +8, all the 14 valence electrons in 4p°
4d” 5s" are considered, leading to increased computational cost.
For the H atoms, the electron was treated as a valence electron.
Plane wave basis sets were applied to the valence electrons with
the recommended cut-off of 400 eV. To ensure an electronic
entropy of less than 1 meV atom ™', a smearing of 0.2 eV was
used. The electronic and ionic optimisation criteria were set at
107° eV and 102 eV A™%, respectively.

Ru bulk metal has a Fm3m crystal structure, with a primitive
face-centred cubic (fec) cell, for which we used a I'-centred
17 x 17 x 17 Monkhorst-Pack®® k-point mesh. The resulting Ru
fec lattice constant was 3.778 A, which correlates with the
experimental value of 3.87.°” The low Miller index (001), (011)
and (111) surfaces were created with the METADISE code,®
constructing the periodic p(3 x 3), p(3 x 4) and p(4 x 4)
supercells, respectively. Each surface system consisted of a
four-layer slab with a 15 A vacuum space to ensure that no
interaction would occur between the surfaces in neighbouring
simulation cells as a result of the 3-dimensional boundary
conditions. All three surfaces were bulk-terminated structures
with four atomic layers, where the surface simulation cells
comprised 72, 48 and 64 atoms with surface areas of the
supercells of 128.46, 121.12, and 98.89 A* for the Ru (001),
(011), and (111) surfaces, respectively. The Brillouin zone was
sampled by a I'-centred 7 x 7 x 1 Monkhorst-Pack k-point grid.
During the optimisation of the surfaces, the bottom two layers
of the supercells were frozen in their bulk locations, with the
remaining two layers allowed to move until the set energy
criteria were met. Spin polarisation was considered during
these surface calculations to maintain consistency with future
work, which will also include base metal dopants, where this
setting will be essential.

The isolated H, molecule was modelled in a periodic box of
7 x 8 x 9 A® to ensure negligible interaction with its images in
neighbouring cells. The Gaussian smearing scheme®® was used
during geometry optimisation and energy calculations with a
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smearing of 0.05 eV, with a I'-centred 1 x 1 x 1 Monkhorst-
Pack®® k-point mesh. Dipole corrections were added in all
directions and the H, molecule was computed without symme-
try constraints.

For the adsorption of hydrogen on the Ru surfaces, both
H atoms and the optimised H, molecule were added to the
surface at various adsorption sites and in different configura-
tions. A I'-centred 7 x 7 x 1 Monkhorst-Pack k-point grid*® was
used to sample the Brillouin zone in all the surface systems.
During geometry optimisation, Gaussian smearing®’ of 0.05 eV
was applied in combination with the tetrahedron method,
including Bléchl corrections®® in the final static simulations
to obtain accurate total energies, charges, and densities of
states. The electronic and ionic optimisation criteria were set
at 107" eV and 1072 eV A™7, respectively. Perpendicular dipole
corrections were added to account for the polarisation caused
by the adsorption of the H atoms and the H, molecule onto the
Ru surfaces. To facilitate the calculation of any charge transfer
during the hydrogen adsorption calculations, we have used
spin-polarised DFT calculations. As the Ru metal is non-
magnetic, the spin-polarised DFT calculations aid electron
exchange during catalytic reactions.

To calculate the surface energies of the unrelaxed (y,) and
relaxed (y,) surfaces we have used eqn (1) and (2), respectively:

_ ERuu — (NRutsurf X ERu,hulk)

1

T 2Asurf ( )

oo ERu,r - (NRu,surf X ERuA,bulk) _ (2)
o Asurf u

where Egy u, Eru,r, and Ery puik are the energies of the unrelaxed
surface slab, the half-relaxed surface slab, and the bulk mate-
rial per atom, respectively. Nrysurr and Agys represent the
number of Ru atoms in the surface slab and the surface area
of the slab, respectively.

To obtain the theoretical scanning tunnelling microscopy
(STM) images, the Tersoff—Hamann*' approach was employed,
where the tunnelling current is proportional to the local density
of states (LDOS) of the surface at the position of the tip
integrated between the Fermi level and the applied bias. The
STM images (Fig. 2) were mapped in terms of the height as a
function of the tip position over the surface using the HIVE*?
program.

Atomic charges were obtained using the Bader analysis,
which divides space into non-spherical atomic regions enclosed
by local minima in the charge density.

The average adsorption energy (E.qs) per H atom (i.e. half of
an H, molecule) adsorbed on the Ru surface was calculated as

43-46

follows:*"~>
1 - 1
Eags = NiHI:EgE,r#O - (El[{vll;lr 0 + ENHEHz)] (3)
where E{:ﬁfo is the energy of the Ru surface with adsorbed

Nyg=0

H atoms, Eg\'~ is the energy of the clean Ru surface, Ey, is the

energy of the isolated H, molecule, and Ny is the number of
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adsorbed H atoms. Another measure of adsorption is the
energy of sequential adsorption (Seq. E.qs), indicating the
difference in energy for each additional hydrogen as the cover-
age increases in a stepwise fashion:

—(i -6 1
Seq‘ Eys = Eljlvll:,r ) (Ei{v:r g +_EH2)1 (4)

2
i=0,1,...,N,

thereby calculating the energy difference between that of an

adsorbate system with one more adsorbate (Eg;'ir:(i“)) and the

previous system with one less adsorbate (Egﬁ‘r:(i))

To determine the thermodynamic effect of different H
coverages on the Ru (001), (011), and (111) surfaces, the surface
free energy (o) is calculated for different temperatures (7) and
the chemical potential (i) of H. Previous publications®
have shown the relationship between the stabilities of the non-
stoichiometric surfaces and the surface free energy (¢) which is
calculated using the ab initio thermodynamics formalism. The
resulting change in surface free energy upon H adsorption is
denoted as

1 [ ENH2 £0
ARu Rur

Ny, =0

AO'(T,])) = - ERuir

~Num] )

Surface coverage (0) represents the number of adsorbed hydro-
gen atoms (Ny) divided by the total number of adsorption sites
(N) as

N

0 (6)

0 = 0 indicates that no adsorption has taken place, while 0 = 1
shows that all the available binding sites are occupied, and a
monolayer has been reached. This value is dependent on the
total area of the Ru surfaces as well as the size of the adsorbate.
In previous studies with H,0*” and SO,**° as adsorbates, the
conclusion was that if a (3 x 3) system was used, a maximum of
nine adsorbates could be present on the surface. In this case,
H atoms are the smallest atoms in the periodic table, which

Ru (001)

Ru (011)
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means that more than one adsorption site might be active at
the same time. To keep with the previous nomenclature of
adsorption, we assume that each of the Ru (001), (011) and
(111) surfaces have N = 9, 12 and 16 adsorptions sites,
respectively.

Assuming ideal gas behaviour, the integrated form of the
Gibbs-Duhem®* equation relates the chemical potential of
hydrogen in the gas phase as:

Ey,

1t (T,p) = 22 L AGu(T, p) +kBT1np£ (7)

0
where Eyy is the DFT energy of the H, molecule, and AGy(T, po)
is the Gibbs free energy difference per H atom adsorbed
between 0 K and T at p, = 1 bar, which has been extracted
from thermodynamic tables.*® The final term (kBTln f)

0
denotes the free energy change of H, gas at constant temperature
(T) when the partial pressure changes from p, to p. To express the
chemical potential, independent of the calculated quantities, the
energy of hydrogen was omitted from eqn (5) and added to
eqn (7).

All the graphics for the surfaces and nanoparticles shown
here were produced with the Visualization for Electronic and
STructural Analysis (VESTA) v.3.5.5%¢ software (Fig. 1, 3-9).

3. Results and discussion

3.1. Pristine fcc ruthenium surfaces

In previous work,>* we have considered Ru in the fcc lattice
arrangement and observed that Ru surface energies followed
the observed trend Ru (111) < Ru (001) < Ru (011) for all three
dispersion methods studied (i.e. DFT-D2, DFT-D3 and DFT-
D3(BJ)). In another DFT study by Liu et al.”” the same trend was
observed using GGA-PBE approximations to the exchange-
correlation energy functional. Fig. 2 shows the topographical
view of the pristine fcc Ru (001), (011), and (111) surfaces as
constructed for our simulations. As in our previous work on
Pt (001), (011) and (111) planes,””° all three surfaces are

Ru (111)

p(3 x 3) — 4-layer

p(2 x 3) — 4-layer

p(4 x 4) — 4-layer

Fig. 1 Topographical view of the pristine fcc Ru (001), (011), and (111) surfaces. The lighter purple colour is used to distinguish more easily between the

ruthenium atoms of different layers.
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Fig. 2 Simulated STM images of the pristine fcc Ru (001), (011), and (111) surfaces. The density (o), tip distance (d), and bias (AV) are also indicated.
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Inequivalent adsorption sites for hydrogen adsorption on the fcc Ru (001), (011) and (111) surfaces, including atop (A), bridge (B), four-fold hollow

(4F), face-cubic centred (fcc) and hexagonal close packed hollow (hcp) sites. The colour purple is used to indicate Ru atoms, with the darker coloured

atoms at the surface and the second layer shown lighter, as before.

planar, bulk-terminated structures, comprising four layers in
each slab.

Fig. 2 depicts the simulated STM images of the optimised Ru
fec surfaces, with reference to the primitive cells (shown in
purple) of each of the (001), (011) and (111) surfaces. STM
images were derived from the spatial distribution of the valence
band states in the vicinity of the Fermi level (Eg). On Ru (001), a
chessboard-like structure can be seen, which is similar to the
theoretical pattern we observed for Pt (001)*”7°° and the experi-
mental pattern reported for Cu (100).°® On Ru (011), the grooves
formed in the [001] direction on the surface are evident. In our
method we scanned from the top down, thus the atoms closer
to the tip are lighter in colour, which highlights that every
second row is higher in the surface. The alternating rows in the
[010] direction are lower and therefore in a darker grey colour.
This structure corresponds to the Pt (011) STM results,*” as well
as the isostructural fcc Cu (110) surface.”® The STM image of the
Ru (111) surface shows the typical fecc 3-folded honeycomb
structure, similar to the theoretical Cu (111)*® and Pt (111)*
structures. None of the simulated surfaces showed deformation
or had undergone reconstruction.

3.2. Elemental hydrogen adsorption

As part of our evaluation of the fcc Ru surfaces for the catalytic
applications in liquid organic hydrogen carriers, we need to
investigate the adsorption of hydrogen, both as elemental
hydrogen (H) and molecular hydrogen (H,), onto the (001),
(011) and (111) surfaces. Fig. 3 shows the top views of the Ru

5762 | Phys. Chem. Chem. Phys., 2025, 27, 5759-5772

(001), (011), and (111) surfaces, where we have indicated all the
possible unique adsorption sites available to H. The (001)
surface has four-fold hollow (4F), atop (A) and bridge (B) sites,
whereas the (011) surface also has 4F and A sites, but further-
more contains two types of bridge positions, the first in the top
layer between neighbouring Ru atoms (B1) and the second in
the valley of the exposed second layer (B2). The (111) surface
has atop (A), bridge (B), face-centred cubic (fcc), and hexagonal
close-packed (hcp) sites.

Table 1 shows the adsorption energies (E,qs in €V) with the
resulting charge transfer (in e ) of H adsorbed onto the Ru
(001), (011) and (111) surfaces. On the Ru (001) surface, the
adsorption energy ranges between —0.44 and —0.66 eV, which

Table 1 Adsorption energy (E.qs) and charge transfer (Aqg) for H adsorp-
tion on the different Ru

Ru (001) Ha Hg Hyp
Eqas (V) —0.44 —0.66 —0.68
Aq (e) —-0.17 —0.26 —-0.21
Ru (011) HA HBl HBZ H4F
Eqq4s (eV) —0.07 —0.55 —0.24 —0.30
Aq (e) —0.21 —0.27 —0.20 —0.21
Ru (111) H, Hg Hrec Hhpep
Eqas (V) —0.20 —0.55 —0.69 —0.63
Aq (e) —0.17 —0.21 —0.24 —0.22

This journal is © the Owner Societies 2025
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correlates with previous results® of H adsorption on Ru fec
nanoparticles. Both the H, and Hg adsorption positions were
semi-stable, in that if the atom placement deviated by 0.1 A
from the A or B site, the resulting position would be H,r after
optimisation. When we compare these adsorption energies to
other DFT results,”” we note a similar trend. The deviation in
energy was 0.10, 0.05 and 0.09 eV respectively for the H,, Hp

Ru (001)
Top View

Ha Hg

Side View

p =+0.001197 e/A®

p = +0.000932 /A3

Ru (011)
Top View
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Top View

Ha

Side View

p =+0.001316 e/A3

p = +0.000879 e/A3
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and Hgp sites, which falls within the error margin and could be
due to the inclusion of dispersion corrections in our calcula-
tions. The dispersion correction accounts for dispersion forces,
which are long-range interactions arising from the fluctuating
dipoles of atoms or molecules. These forces are not adequately
captured by standard DFT calculations.®® Even though the
surface and the slab only consist of Ru atoms, the addition of

Har

p = +0.000468 e/A3

p = 0.000570 e/A3

p = £0.000773 e/A3

p = +0.000690 e/A3

Fig. 4 Bader charge analysis (Ag/e™) of iso-surfaces of the electron density difference between H and fcc Ru (001), (011), and (111). Yellow and blue
represent positive (electron-gain) and negative (electron-depletion) electron densities for each adsorption site and surface type, respectively.
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A B

Fig. 5 Initial adsorption modes of molecular H, on the metal surface, with
(A) perpendicular and (B) parallel to the Ru surface.

a hydrogen atom creates a dipole. The functional and the
dispersion correction method must be selected with great care
depending on the complex to calculate sufficiently accurate
interaction potentials. The performance of the D3 and D3(BJ)
corrections is generally more accurate than the earlier D2
correction,*”%!

The charge analysis shows that between 0.17 and 0.26e
electron density was transferred from the Ru surface to the H
atoms. Fig. 4 shows the iso-surfaces of the electron density
difference between the adsorbed H and the Ru surfaces. Yellow
and blue represent positive (electron-depletion) and negative
(electron-gain) electron densities, respectively. The complex
pattern on the Ru (001) surface indicates that electron transfer
has occurred, confirming chemisorption of atomic H, but it
does not definitively indicate ionic character. As was the case
for H adsorption on fcc Ru nanoparticles,®® Ru readily donates
electrons.

On the Ru (011) surface, the adsorption energy varies between
—0.07 and —0.55 eV. The initially adsorbed H, hydrogen atom

Ru (001)

Ru (011)
A (B, B)

Side View (20°)

-~ .~
"=
.

-

e e

Fig. 6
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Table 2 Adsorption energy (E,qgs) of H> on Ru (001), (011) and (111)

(eV) Ru(001) Ru(011) Ru(111)
A —-1.349 —1.081 —-1.351
B —-1.341 -1.822 —-1.231
C —1.342 —0.632 —0.660
D — — -1.052

was highly mobile and ready to form either Hg; or Hg,. Even
though electron transfer occurred (Ag = —0.21¢"), this would
therefore be a meta-stable state. In an earlier ab initio study®> of
hcp Ru, the atop H adsorption energy was calculated at —0.15 eV.
This low adsorption energy indicates that H would readily
adsorb to the surface, but it would be metastable and could
easily desorb or take part in reactions, e.g. to form H,. The iso-
surfaces of the electron density difference plot indicate that
electron transfer is localised on the surrounding Ru atoms only.
Our calculated adsorption energies show a similar trend to
previous DFT results.”” Although Liu et al. did not find the H,
adsorption, this site’s adsorption energy was very similar to the
very mobile position in the long bridge direction that they
showed. The deviation in energy was less than 0.13 eV which
falls within the error margin and could be due to the inclusion of
the dispersion corrections used in our calculations.

When adsorbing onto the Ru (111) surface, the H adsorption
energy ranges between —0.20 and —0.69 eV. Similar to the
adsorption on Ru (011), the H, atom is highly mobile, whereas
the most stable adsorption occurs in the hollow sites, i.e. Hy. or
Hpp- Similar results were obtained in an ab initio study of hcp
Ru,®” where the atop H adsorption energies were calculated at
—0.15, —0.45, —0.57, and —0.63 eV for Hy, Hp, Hpcp, and Hg,

Ru (111)

Side View (10°) Side View (10°)

>

Fowponlh
Dk Yo
o mpen
L S IR B S
NS WS

Adsorption of molecular H, on the Ru (001), (011) and (111) surfaces; Ru is purple, H is white.
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respectively. Again, our adsorption energies are similar to
previous DFT results.”” The deviation in energy was less than
0.10 eV which falls within the error margin and could be due to
the inclusion of dispersion corrections in our calculations.

During the adsorption reactions, electron exchange occurred
between the metal atoms and the adsorbate molecule. Charge
transfer was found to be highly localised on the surface atoms
and ranged between —0.17 and —0.24¢". Rivera Rocabado et al.®®
showed that during H, dissociation on the Ru;s; nano-surface, the
dissociated H atoms exhibited charges of —0.131 and —0.124¢".
In a previous study,>® we observed a change in the resulting
magnetic moment of the Ru;; nano-dot before and after H
adsorption. However, in this surface study, no resulting mag-
netic moment was observed.

3.3. Molecular hydrogen adsorption

Fig. 5 shows the two different modes of H, adsorption con-
sidered, i.e. (A) where only one H is bound to the surface with
the second H pointing away from the surface into the vacuum
space. In mode (B) the H, molecule is adsorbed parallel to the
Ru surface, where both H may interact with the surface atoms.
Both modes were considered in all the inequivalent binding
sites shown in Fig. 3. Fig. 6 shows the results of H, adsorption

©=0.11 :
BN - - »
N . . »
LN - - -
N » . »
BN » » »
- - - - - .-

Fig. 7 Coverage of adsorbed H on the Ru (001) surface.
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on the Ru (001), (011) and (111) surfaces, with the resulting
adsorption energies (E,qs) listed in Table 2.

Results for the Ru (001) surface show that the H, molecule
dissociates spontaneously, with both atoms preferring to adsorb
in the 4F position, closely followed by 4F-B or B-B combinations.
This correlates well with the atomic H adsorption results, where
the H, positions are only meta-stable adsorption sites where the
H atoms remain mobile. The AE,q5 per hydrogen was —0.67 eV,
which corresponds to the single H adsorption in Hg and Hur
(Table 1).

H, adsorption on the Ru (011) surface resulted in one case of
dissociated 2H (A) and two cases of molecular H, (B,C) adsorp-
tion. In the case of the dissociated hydrogen (A), both H atoms
are in the bridge position. The average AE,q4s per hydrogen was
—0.54 eV, which corresponds to the single H adsorption in Hg
(Table 1). In one of the molecular H, adsorptions (B), the
molecule is sited in the channel space, in a bridge position
but above the surface at a distance of 2.92 A and 3.20 A to the
nearest Ru atop atoms. However, the fully occupied s-orbital of
hydrogen has increased its bonding with the surface. The
molecular adsorption and relatively long surface-adsorbate
distances indicates physisorption, where any perturbation
would allow the molecule to move across the surface for other
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reactions to take place. In the second type of molecular H,
adsorption (C) the molecule is located in the atop position. The
relatively small E,qs of —0.632 eV indicates physisorption,
similar but weaker than molecular H, in the (B) position. This
mode of adsorption is meta-stable as even a 0.1 A change in
position results in dissociation.

On the Ru (111) surface, three cases of dissociated 2H
adsorption (A, B, D) and molecular H, (C) adsorption were
observed. When we adsorbed a single H atom, Table 1, fcc
adsorption was the most stable type, and similarly, when
molecular hydrogen dissociates, the most stable position is
for both H atoms to be sited in fcc positions, followed by fcc-hcp
and hcp-hcp combinations. The AE,4s per hydrogen ranged
between —0.53 and —0.68 eV, which corresponds to the single
H adsorption in Hy, and Hg, (Table 1). In the case of mole-
cular adsorption (C), H, is physisorbed in the atop position,
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Fig. 8 Adsorbed H coverage on the Ru (011) surface.
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similar to the adsorption modes on the Ru (001) and (011)
surfaces. In general, these findings show that H, dissociates
readily on the fcc Ru surfaces, with adsorption energies suffi-
ciently small for desorption and evolution reactions to occur
easily.

3.4. Hydrogen surface coverage

To consider the effect of surface coverage, the number of
adsorbed H atoms (Ny;) was increased until a monolayer was
obtained on all Ru surfaces. The lowest energy configurations
for single H adsorption were used as the initial geometries for
the increasing surface coverages. Various configurations for
each surface and at different coverages were considered, with
the lowest energy configurations shown below.

Fig. 7 shows the coverage on the Ru (001) surface with H in the
bridge position until a monolayer was reached. Interestingly we
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found high mobility of the H atoms toward the 4F binding sites.
Up until a coverage of 0 = 0.5, five out of the nine adsorbed
H atoms were in the 4F position. In the fully covered surface
(6 = 1.0) thirteen out of eighteen atoms were in the 4F position.
One additional H atom was added (0 = 1.06) but from the side
view it is evident that a second layer of hydrogen is started.
No evidence of surface delamination or sub-surface hydrogen
atoms was observed. Similar results were reported by Liu et al.”’
who showed that the hydrogen atom in the Hg position is very
mobile and would change to the hollow site in some cases.
Furthermore, Lui et al. showed that their system is of a similar
size and although they report a 2 ML coverage, they did not
actually show the formation of a second layer but meant that
twice the amount of hydrogen was adsorbed onto the system
compared to the 9 adsorption sites, i.e. 18 hydrogen atoms in a
single layer.

Fig. 8 shows the coverage of the Ru (011) surface with H in
the bridge position on the ridge (0 = 0.5), followed by the bridge
positions in the valleys (light purple) until a monolayer (6 = 1.0)
was reached. The hydrogen mobility observed on the Ru (001)
surface was not observed here. All the H atoms stayed in the
bridge positions until a monolayer was reached at 6 = 1.0. One
additional H atom was added (0 = 1.04) but from the side view it
is evident that a second layer of hydrogen had started to form.
Results by Liu et al.’” have shown a surface coverage of 0.75,
i.e. lower than expected. Furthermore, the hydrogen mobility
was much less than observed on the (100) surface.
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Fig. 9 shows the coverage on the Ru (111) surface with H in
the fcc position until 0 = 0.5, then further coverage occurring in
the Acp positions until a monolayer was reached. Up until a
coverage of 0 = 0.63, all the adsorbed H atoms stayed in the
fee/hep positions. With the adsorption of an additional H atom
0 = 0.66, a second layer started to form. Similar results were
reported by Liu et al®” but they only considered the lowest
absorption in the fcc positions. They did not state if an addi-
tional Acp position was considered before determining when a
full monolayer was obtained.

To determine if adsorption remains favourable as the sur-
face coverage increases, the average adsorption energy as a
function of surface coverage is shown in Fig. 10(a), whereas the
sequential adsorption energy as a function of surface coverage
is shown in Fig. 10(b). The Ru (001) surface had a maximum of
9 H, adsorption sites (i.e. 18 H atoms) per 1.28 nm” and the
value of AE,4s decreases slightly with Ny, which indicates that,
although the average adsorption energy per hydrogen atom
remains negative, the initial adsorption of isolated hydrogen
was more favourable than the higher coverages. The trend on
the (001) surface indicates that it has a high affinity to adsorp-
tion of a full monolayer of hydrogen atoms where the binding
sites have little effect on the energetics. The maximum adsorp-
tion observed was at 14.01 H per nm®> Ru (0 = 1.0). The

sequential adsorption energy is very stable until the final
adsorption considered, where the onset of the second layer
was endothermic.
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Fig. 10 Average adsorption energies as a function of the H coverage for
the Ru (001), (011), and (111) surfaces, (a) average adsorption energy per H
and (b) sequential adsorption energy.

The Ru (011) surface has a maximum of 12 H, preferential
adsorption sites per 1.21 nm> Ru and AE,q4, increased with Ny
up to a surface coverage of 9.92 H per nm” Ru (0 = 0.5), after
which the average adsorption energy decreased incrementally
with increasing coverage. This trend indicates that this surface
has a high affinity to adsorb hydrogen in all the bridge positions,
whereas additional hydrogens also adsorb atop the surface,
although less favourably. The maximum level of adsorption
observed was at 19.83 H per nm” Ru (0 = 1.0). The same trend is
observed with the sequential adsorption where the lowest
energy is at the bridge adsorption sites, followed by the change
to atop positions. As soon as a second layer begins to form, the
adsorption becomes endothermic.

On the Ru (111) surface, there was a maximum of 16 H,
preferential adsorption sites per 0.98 nm? Ru. The AE,q values
are similar to that on Ru (001), but the trend follows that of Ru
(011). It can be seen that up to 16.18 H per nm? Ru ( = 0.5), the
fec adsorption site was preferred, with a gradual decrease in
E.qs as the surface coverage increases. The adsorption of more
H atoms (0 > 0.5) show a dramatic decrease in E,qs with a
second layer of H starting at 21.24 H per nm? Ru. The sequ-
ential adsorption is stable as the number of H atoms increases,
but the formation of the second layer is energetically unfavour-
able, as it was on the other two surfaces.

None of the surfaces showed any hydrogen poisoning in the
form of deformation or delamination of Ru atoms, nor the
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occurrence of any sub-surface H atoms. However, the surfaces
are highly susceptible to high coverages of H atoms, which
could hinder H evolution across the surface.

3.5. Thermodynamics of hydrogen surface coverage

To determine the thermodynamic effect of H coverage on the
different Ru surfaces, eqn (6) was used to quantify the relation-
ship between the pressure and the chemical potential at
different temperatures. In Fig. 11(a), we have plotted the H
pressure against the chemical potential at different temperatures,
while in Fig. 11(b)-(d) we present the effect of the coverage on the
surface free energies in terms of the chemical potential (i per eV)
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Fig. 11

(a) Pressure (log P) versus chemical potential (1) of H at different

temperatures and (b)-(d) effect of surface energy (As) versus chemical
potential as a function of increased coverage of H atoms on the Ru (001),
(011) and (111) surfaces, respectively.
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for adsorbed H on the Ru (001), (011) and (111) surfaces,
respectively.

The experimental conditions for LOHC depend not only on
the hydrogenation or dehydrogenation reactions that occur, but
also on the type of LOHC, catalyst and support systems used.
For example, hydrogenation of dibenzyl toluene is performed
at elevated pressures of 20-50 bar and temperatures of about
423.15-473.15 K.** Its dehydrogenation is performed at ambi-
ent pressure (or slightly above) and temperatures of about
543.15-583.15 K. From Fig. 11(a) it is evident that pressure
plays a significant role in the chemical potential range because
H is a compressible gas. This means that the chemical potential
range will fall between 0.0 and —0.2 eV even at the 5 bar we
considered in our work.

In Fig. 11(b), each coloured line represents a different
coverage of H on the (001) surface as a function of the surface
energy and chemical potential. Overall, it was found that the
pressure had a significant effect on the behaviour of the
surfaces. As the chemical potential decreases (uy < —0.6 eV),

_ Ru (001)
8
44 =
[}
(0)
2_
@
o
o 0-
[*)]
o
-
_2_
_4..
4
o o o o o
o o o o o
N < © [<e) o

Temperature (K)

© =0.56

©=0.06

View Article Online

Paper

the surface energy increases until total dehydrogenation of the
surface occurs (0 = 0.0). The chemical potential versus surface
energy graphs for the Ru (011) and (111) surfaces displays
similar results. Under experimental conditions (—0.2 <
Uy (eV) < 0.0), the highest surface coverages were observed
for each surface, indicating that an abundance of H atoms
would be available for hydrogenation reactions to occur.
However, it could also mean that the catalytic surface will be
saturated with hydrogen, which may hinder the dehydrogena-
tion of the LOHC.

In Fig. 12 we consider the effect of pressure and temperature
on the H coverages of each Ru surface. The Ru (001) system
shows that, at low temperatures (<250 K) and independent of
pressure, full surface coverage (f = 1.06) occurs. In the experi-
mental region (up to 500 K) very high coverages of H are
observed of 6 = 0.94 (13.28 H per nm® Ru). Complete H
desorption occurs at around 1 bar and 970 K.

The Ru (011) system shows full surface coverage 0 = 1.0
(19.83 H per nm”® Ru) will occur in a temperature range
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Fig. 12 Surface phase diagrams in terms of pressure and temperature for hydrogen adsorption at the Ru (001), (011), and (111) surfaces.
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between 500 and 700 K for all pressures considered. Complete
H desorption occurs around at 1 bar and 1000 K. However,
the Ru (111) surface shows only half-full coverage of 6 = 0.5
(16.18 H per nm?> Ru) up to a temperature range between 870
and 970 K for all pressures considered. Complete H desorption
only occurs at very high temperatures (>1000 K @ 1 bar). The
theoretical study by Lui et al®” included the influence of
temperature and pressure on the coverage of hydrogen. Their
study included a pressure range from 0 to 1 bar (0-100 000 Pa)
and showed that at low temperatures all the surfaces achieve
the highest coverage, but as the temperature increases the
hydrogen desorbs. Although their method included considera-
tion of the surface area, they did not consider the chemical
potential or surface free energy of the system. Thus, no direct
parallel can be drawn between the two studies.

4. Conclusions

We have presented a systematic density functional theory study
on the interaction of hydrogen atoms and molecules with the
fee Ru (001), (011) and (111) surfaces. An isolated H atom
adsorbs preferentially in Hyg, Hp; and Hg.. positions on the
(001), (011) and (111) surfaces, respectively, where Bader ana-
lysis shows that charge transfer of between 0.17 and 0.27¢™
occurs from the surface to the adsorbate. When an H, molecule
is adsorbed, dissociation occurs readily but a few meta-stable
sites were found where hydrogen binds molecularly.

We have investigated surface coverages of H up to mono-
layer coverage, where E,qs/H decreased with increasing H cover-
age on all three surfaces. The highest coverages were obtained
on the (001) and (011) surfaces, followed by the (111) surface.
When there is a steady supply of H molecules or atoms to the
surface (e.g. during experimental conditions of hydrogenation
and dehydrogenation), gradual H coverage causes the atoms to
compete for surface sites. Owing to the barrier-less H, dissocia-
tion, poisoning of the Ru catalyst can occur via physical
blocking of the surface sites. Each of these conditions increases
the likelihood of deeper penetration and catalyst poisoning.
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