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Introduction

Computational insights into hydrogen interaction
with the Ru (1011) and Ru (1010) surfaces:
implications for alkane and polyolefin
hydrogenolysisT

Fabio Colasuonno, @ Sohaib Umer @ and Martina Lessio @*

Hydrogen interaction with transition metal surfaces such as those exposed by ruthenium (Ru) nanoparticles
is critical in applications like hydrogen storage and catalytic processes such as Fischer-Tropsch, Haber-
Bosch, and plastic waste hydrogenolysis. While the Ru(0001) surface is well-studied, hydrogen interaction
with the Ru (1011) and Ru (1010) facets remains mostly underexplored. In this contribution, we use density
functional theory calculations to investigate hydrogen adsorption and dissociation and provide insights into
the adsorbed hydrogen role in catalytic polyolefin plastic hydrogenolysis. We start our investigation by
exploring all the unique surface and subsurface sites for hydrogen adsorption and dissociation and identify
hcp and higher hollow as the most favorable atomic hydrogens adsorption sites on the Ru (1011) and Ru
(1010) surfaces, respectively. We find that atomic hydrogen can easily migrate on these surfaces to achieve
the most stable arrangement at different coverages. We then combine these findings with ab initio
thermodynamics and microkinetic modeling to build surface phase diagrams, which show that both
surfaces are fully hydrogenated under typical catalytic conditions. We then study how the presence of a full
hydrogen coverage affects the adsorption and dehydrogenation of butane as a proxy for polyethylene, as
these are the initial steps in the catalytic hydrogenolysis of polyolefin plastic waste. We find that the
adsorption energy of butane decreases when the two surfaces are fully hydrogenated but adsorption
remains favorable. We then investigate two possible mechanisms for the dehydrogenation step. The most
favorable dehydrogenation mechanism involves the reaction of a surface hydrogen with an alkane
hydrogen to produce H, gas and an adsorbed alkyl radical. However, both mechanisms have positive
reaction free energies suggesting that polyolefin dehydrogenation will be slow on these surfaces.

synthetic process and tune the reactivity of the
nanoparticle.”™® In fact, different facets can have very

The investigation of the interactions between hydrogen and
metal surfaces is an important and growing research field
due to its multiple possible applications, spanning from
hydrogen storage to catalysis. Specifically, in the field of
catalysis, Ru nanoparticles have demonstrated outstanding
performances in multiple reactions that use hydrogen gas
such as the Haber-Bosch process, the Fischer-Tropsch
process, and, in the last decade, the chemical conversion of
plastic waste to fuels via hydrogenolysis."® Nanoparticles
typically expose a plethora of facets, some more prominent
than others depending on their surface energy; however,
specific facets can be selectively grown by engineering the
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different chemistry and catalytic capability. Thus, in the
context of catalytic reactions using hydrogen, an
understanding of the interactions of these surfaces with H,
and their hydrogen coverage under operating conditions is
needed. The hydrogen coverage can alter the surface
chemistry and consequently the catalytic ability of the
surface.

The most exposed surface for hep Ru nanoparticles is the
(0001) which is the most stable one and it is always exposed,
for this reason it has been widely investigated experimentally
and computationally."*™” In a recent study by our group, we
used ab initio thermodynamics and kinetics to investigate the
hydrogen coverage of this surface under different conditions
of H, pressure and temperature, ranging from STM
conditions to catalytic conditions relevant to polyolefin
plastic waste hydrogenolysis.’® The (1011) and the (1010)
facets are also always exposed, despite to a lesser extent, as
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they constitute the edges of Ru nanoparticles as
demonstrated by the calculated Wulff shape for Ru."
Furthermore, their exposure can be enhanced via specific
synthetic protocols and this has been shown to lead to higher
catalytic activity towards reactions such as the hydrogen
evolution reaction and the oxygen evolution reaction.”?*

In this work, we aim to study the hydrogen coverage on
the (1011) and the (1010) surfaces of Ru under typical
catalytic =~ conditions  for  polyolefin  plastic = waste
hydrogenolysis, a relatively new application of supported Ru
nanoparticles. During hydrogenolysis, the large H, pressures
lead to the formation of atomic surface hydrogens that react
with the plastic polymer breaking down the polymeric chain.
In order to study these processes, we start our investigation
focusing on the interaction between hydrogen and the
investigated surfaces. Specifically, we analyze all the possible
adsorption surface sites for both atomic and molecular
hydrogen to identify the most stable ones; as part of this
analysis, we also investigate the occupation of subsurface
sites by atomic hydrogen. In addition, we characterize the
energetics for atomic hydrogen to hop in between the most
stable sites and diffuse on the surface. We then study the
effect of the atomic hydrogen coverage on the dissociation
energy of molecular hydrogen to establish whether the
buildup of atomic hydrogen can prevent further H,
dissociation leading to submonolayer coverage. Finally, we
use ab initio thermodynamics and microkinetic modeling to
compute atomic hydrogen surface coverage phase diagrams
that allow us to identify the most stable atomic hydrogen
coverage under different conditions of H, pressure and
temperature. We find that the investigated surfaces are both
characterized by a full atomic hydrogen surface coverages
under catalytic conditions. We thus explore the effect of these
surface conditions on the polyolefin hydrogenolysis
mechanism initial steps that ultimately lead to C-C cleavage,
specifically adsorption and dehydrogenation; to this end, we
use butane as a proxy for polyethylene.

Methods

Computational approach

All calculations were performed using the periodic Vienna Ab
initio Simulation Package (VASP) 6.3.2.>*>® The Perdew-
Burke-Ernzerhof (PBE) functional®” with the D3BJ dispersion
scheme*®?° has been adopted throughout all the
calculations. Nuclei and frozen core electrons were modeled
using the projector augmented wave (PAW) scheme from
VASP*° while valence electrons were modeled with plane
waves with a 400 eV energy cut-off. A 4 x 4 x 1 [-centered
Methfessel-Paxton grid was selected for k-points sampling for
all the surface calculations, while for butane and hydrogen
molecules only the /" point was sampled. We selected a first-
order Methfessel-Paxton smearing method with a smearing
width of 0.2 eV for all the geometries involving the surface;
for butane and hydrogen molecules a gaussian smearing
method was used with a small smearing width of 0.001 eV in
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order to simulate the sharp difference between the occupied
and unoccupied energy levels in molecules. All the structures
were optimized until the maximum force on each atom was
less than 0.03 eV A, To verify that the optimized geometries
represent actual minimum points on the potential energy
surface, frequency calculations were carried out for all atoms
belonging to the adsorbates as well as the first layer of the
slab as this strategy represents a good balance between
computational cost and accuracy as shown in section S1 of
the ESL} Thermochemistry corrections to the electronic
energies (E) were derived from the frequency calculations and
used to compute free energies (G) as shown in eqn (1):

G =E + ZPE + H(T) - T x 5(T) 1)

where H(T) and T x S(T) are the enthalpic and entropic
corrections at temperature 7' and ZPE is the zero point energy
correction.

The climbing-image nudged elastic band (CI-NEB)
algorithm as implemented in the Vienna Transition State
Tools (VTST) package for VASP was utilized for transition
state (TS) searches.*® Furthermore, we refined and checked
the TS structures derived with the CI-NEB method utilizing
the dimer algorithm from the same package.** A stricter force
convergence criteria than the one for the optimization was
selected for the TS optimization and set to 0.01 eV A™ for
both the CI-NEB and dimer methods. All TS structures were
confirmed to be an actual saddle point on the potential
energy surface by performing a frequency analysis and
ensuring that only one imaginary frequency was found. These
results were also used to calculate G of the TS structures
(according to eqn (1)) and derive the corresponding activation
free energies.

Surfaces were modeled using a 4 x 4 supercell (@ = 10.93 A
and b = 9.85 A) for the (1011) surface and a 3 x 2 supercell (a
=8.04 A and b = 8.49 A) for the (1010) to be able to simulate
a variety of hydrogen coverages. The slab thickness was set to
three layers based on convergence tests (see section S1 of the
ESIT) and the bottom layer was kept frozen for computational
efficiency. In order to avoid self-interaction between slabs, we
added 15 A of vacuum space above the surface. Asymmetric
unit cells were adopted for both surfaces, with adsorbates
simulated only on the side of the slab allowed to relax.
Therefore, we added dipole corrections in the direction
orthogonal to the surface. To benchmark our surface models,
we compared our calculated surface energy values (as shown
in section S2 in the ESIf) with previously computed data
available in the literature. Our methodology confirms the
trend observed in the literature with the differences being
imputable to the different choice of computational method.

AD initio thermodynamics

Similarly to our previous work on the Ru (0001) surface,'® we
utilize ab initio thermodynamics to compute surface phase
diagrams that depict the most thermodynamically stable
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atomic hydrogen coverage resulting from the direct
dissociation of H,, defined as in eqn (2), on the Ru (1011)
and the Ru (1010) surfaces under various conditions of
temperature and H, pressure.

H,(g) + 2* — 2H* (2)

where * are empty surface sites, and H* represents adsorbed
atomic hydrogen.

In order to obtain the aforementioned phase diagrams, we
need to calculate the formation free energies for each
coverage resulting from different numbers of H, molecules
directly dissociating on the bare surface from gas phase
(AGy), as described by eqn (3):

X
AGt = Gyy=— Gru — EﬂHZ(T7 PHZ) (3)

where x represents the number of H* adsorbed in the unit
cell, Gyu~ is the free energy of the surface with xH*, Gg,
denotes the free energy of the bare Ru surface, while gy, is
the chemical potential of H,. The effects of varying H,
pressures and temperatures in the experiments have been
included by using sy (7T, pu,) calculated as in eqn (4):

) = ) T 0

in which Ey, represents the electronic energy of H, with an
added ZPE correction, T denotes the temperature, while kg
the Boltzmann constant. The values for iy (T, p°) have been
derived from the JANAF-NIST thermochemistry tables
adopting the methodology described by Sholl.>* The
Pu,

pO

kT In term is included to account for the H, pressure

(pu,) contribution, with p° being a reference H, pressure, for
simplicity assumed to be standard pressure (i.e., 1 bar).

By creating plots of AG¢ vs. py, — pig (T, pu,), with gy, being
fu,(T, pu,) evaluated at 0 K and 1 bar, the data needed to
generate the surface phase diagrams were obtained.
Specifically, in each of these plots, the H, pressure was fixed
and the temperature was varied across a range (refer to Fig.
S1 of the ESIf) to determine the most stable coverage,
defined as the one with the most negative AG¢ under the
given conditions. This process has been explained in detail
in our previous work."®

In addition to the cumulative direct dissociation energy
AGyg, we calculated the stepwise direct dissociation free energy
(AGpiss) to assess the effect of H* coverage on the H,
dissociation favorability. AGp;ss is calculated as follows:

AGpiss = G5*F = G5* - G ® (5)

where G5°F is the ZPE corrected free energy of a Ru surface at
OH* coverage, G5 is the ZPE corrected free energy of a Ru
surface at 0'H* coverage (which is the starting hydrogen
coverage plotted in Fig. 1) with § = ¢’ + 2H*, and G* is the

ZPE corrected free energy of a gas phase hydrogen molecule.
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Fig. 1 H, direct dissociation energy (AGp;ss) in eV as a function of the

starting atomic hydrogen coverage (i.e., the coverage before the

dissociation reaction) reported in monolayers (MLs) for the Ru (1011)

and (1010) surfaces. Energies are reported at 0 K with ZPE corrections.

Microkinetic modeling

The thermodynamic study is completed with a microkinetic
analysis in which rate constants for each step are used to
calculate the rate of the overall process, and by solving the
associated differential equations the concentration of each
species is obtained at different temperatures and H,
pressures. For this purpose we followed the procedure used
by Lopez et al. to study the hydrogen coverage on MXene
materials.*®  Specifically, the barrierless Hertz-Knudsen
equation is used to determine H, gas dissociative adsorption
rate constant (k.qs) as shown in eqn (6):
Pu,AS

2nmkgT

kads = (6)
where py, is the H, pressure in bar, A is the area of a single
adsorption site calculated as the total area of the surface
model divided by the number of possible active sites (i.e., 16
on the (1011) surface, and 12 on the (1010) surface), S is the
sticking coefficient for which we adopted a value of 0.001 in
order to describe the observed high sticking probability,***
and m is the mass of H,. On the other hand, the rate
constant for H* associative desorption to give H, gas (kges)
has been computed by means of the Hertz-Knudsen equation
for activated processes as shown in eqn (7):
kpT? A(2mkgT) e,%
hs 00rot

kdes = (7)
where 7 is the Planck constant, ¢ is the symmetry number for
H,, 6o is the rotational temperature for H,, and Gges is the
desorption free energy calculated as:

Gdes = C;H2 + GZ* - ZGH* (8)
The microkinetic simulations were carried out using the
MKMCXX program,®” employing an H, gaseous environment

with a total H, pressure ranging from 0.1 bar to 100 bar, and
temperatures from 100 K to 2000 K. For an example of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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obtained output for a specific H, pressure refer to section S4
of the ESLY

Results and discussion

Surface hydrogen coverage under experimental catalytic
conditions

We started our study by investigating the most stable
surface sites for H, and atomic hydrogen adsorption.
Surface site definitions are provided in Fig. S3f and
adsorption energy results are summarized in Tables S7 and
S8 of the ESL{ For both the (1011) and (1010) surfaces, the
only stable site for H, adsorption is the higher top; all the
other explored sites led to spontaneous dissociation upon
optimization. On the (1011) surface, the most stable site for
H* is the hcp site, followed by the fcc site, and then the
fourfold hollow site. On the (1010) surface, atomic hydrogen
prefers to adsorb on the higher hollow site, closely followed
by the higher bridge (less then 0.01 eV difference in
adsorption energy), meaning that both sites are likely to be
occupied.

In addition to the surface sites, we also investigated
subsurface sites occupation inspired by findings widely
reported for Pd and its alloys as hydrogen storage
materials.*® In particular, we tested the octahedral site for
both surfaces given that it has been reported to be the most
stable subsurface site for Ru;*° this site is located underneath
the highly stable hcp and fce sites on the (1011) surface and
higher hollow and higher bridge sites on the (1010) surface
(Fig. S4 in the ESI}). For the (1011) surface, we also tested
the tetragon pyramidal one, which is located underneath the
highly stable fourfold hollow sites. All the investigated cases
have either a positive reaction energy for the migration of H*
from a surface to the subsurface site located underneath or
the subsurface H* spontaneously migrates to the surface
upon optimization. Specifically, for the octahedral site we
found that the subsurface H* spontaneously migrates to the
surface on the bare (1011) surface, while the reaction energy
for the surface — subsurface migration is 0.96 eV on the bare
(1010) surface. The (1011) tetragon pyramidal site was also
found to be unstable upon optimization. Previous studies
have shown that a higher hydrogen surface coverage can
increase the favorability of subsurface migration on the Ru
(0001) surface.’*™*" Therefore, we calculated the surface —
subsurface migration reaction energy starting from a surface
fully covered in H* and moving one H* from a surface site to
the one directly underneath it. On the (1011) surface, the
subsurface H* occupying an octahedral site no longer
spontaneously migrates to the corresponding surface site but
the subsurface site occupation remains non-favorable with a
surface — subsurface migration reaction energy of 0.18 eV;
for the tetragon pyramidal site, the subsurface H*
spontaneously migrates to the corresponding surface fourfold
hollow site while displacing the H* nearby to a bridge site.
For the fully covered (1010) surface, the surface — subsurface
migration reaction energy towards an octahedral site is

© 2025 The Author(s). Published by the Royal Society of Chemistry
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slightly more favorable than on the bare surface, with a
reaction energy of 0.77 eV. Overall, based on these results, we
concluded that subsurface site occupation of hydrogen atoms
does not need to be considered for the (1011) and (1010)
surfaces of Ru.

We then proceeded to study the energetics for H,
dissociation at the surfaces and how it is affected by H*
coverage based on our findings for the (0001) surface
showing a strong effect of H* coverage on the H, adsorption
and dissociation energetics. To this end, we first generated
different H* coverages spanning from 0 ML to 1 ML, and for
each coverage we established the most favorable arrangement
of atoms as reported in Fig. S5 and S6 in the ESL{ We
modeled the dissociation of H, as direct dissociation from
gas phase (see eqn (2)) rather than a two-step process with
H, adsorption followed by dissociation like we did in our
previous work on the (0001) surface. This is based on our
findings showing that H, molecular adsorption can only
occur on the higher top sites while dissociation on all the
remaining surface sites is not only spontaneous upon
optimization but also significantly more favorable (at least
0.4 eV, see Tables S7 and S8 in the ESIY}).

The H, direct dissociation energy (AGp;ss, defined in eqn
(5)) shows an overall increasing trend as a function of H*
coverage on both the investigated surfaces (Fig. 1, raw data
reported in Tables S9 and S10 in the ESIf). More specifically,
AGpiss has a flat trend up to 0.375 ML for the (1011) surface
and 0.333 ML (1010) surface with a subsequent increase of
0.29 eV and 0.37 eV, respectively. These results can be
explained based on different sites being occupied at different
coverages. For the (1011) surface, H* exclusively occupies hep
sites for starting coverages up to 0.375 ML. Once the coverage
reaches 0.5 ML, there are no more hcp sites available and the
fce sites are in too close proximity to be occupied, causing
the fourfold hollow sites to be occupied. Since the fourfold
hollow sites are less stable than the hcp we observe a sharp
increase in the dissociation energy. For the (1010) surface, H*
occupies the higher bridge sites for starting coverages up to
0.334 ML and the direct dissociation energy shows a slight
decrease as a function of coverage, indicating attractive
lateral H-H interactions. When the starting coverage reaches
0.5 ML, all the newly adsorbed hydrogen atoms occupy
higher hollow sites progressively displacing the H* previously
sitting on the nearby higher bridge sites to higher hollow
sites due to the strong lateral repulsion occurring between
H* on close sites; at 1 ML coverage all H* occupy higher
hollow sites. When comparing results across the two
surfaces, we observe that H, dissociation is consistently more
favorable on the (1011) surface than on the (1010) surface.
This difference can be promptly explained with a comparison
of the average H* coordination number (CN) across its
adsorption sites at 1 ML of H* coverage on the two surfaces:
the average H* CN on the (1011) surface (4.66) is lower than
on the (1010) surface (5.5), indicating a stronger driving force
for the (1011) H* adsorption sites to be saturated by
hydrogen.

RSC Appl. Interfaces, 2025, 2, 940-951 | 943
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Overall, we found that for both the (1011) and the (1010)
surface AGpiss depends on H* coverage and it becomes less
favorable for coverages >0.5 ML due to different sites being
occupied. However, a large driving force for H, dissociation
is consistently observed for all coverages, with dissociation
spontaneously occurring upon optimization. This behavior is
very different from what we observed on the (0001) surface in
our previous work, for which H, adsorption cannot occur
once the H* coverage reaches 0.875 ML meaning that a full
monolayer of atomic hydrogen cannot be achieved on this
surface.’® Given how favorable H, dissociation is on the
(1011) and (1010) surfaces, we checked the stability of
coverages above 1 ML. For both surfaces, dissociation does
not occur spontaneously upon optimization at 1 ML;
however, it is still energetically favorable over the Ru (1011)
surface (AGpiss = —0.56 €V) while it is not favorable for the
(1010) surface (AGpjss = 0.27 eV).

Once H, dissociates on a surface, the resulting H* may
need to diffuse over the surface to reach the most stable
configuration. We therefore studied the energetics of H*
diffusion between the most stable surface sites identified
earlier in this study. In particular, for the (1011) surface, we
identified two migration pathways for H* atoms to diffuse
between hcp sites: hep site — fcc site — hep site and hep site
— fourfold hollow site — fcc site — hcp site (Fig. 2a). We
therefore calculated the activation energies for hep site — fcc
site, hep site — fourfold hollow site, and fourfold hollow —
fcc site diffusion at different H* coverages (Table 1).
Backward activation energies were also calculated as H*
might first adsorb at fcc and fourfold hollow sites and then
migrate to hep given the similar stability of these sites (Table
S7t). The hcp — fec activation energy shows negligible
dependence on H* coverage for coverages from 0.062 ML to

hcp @ —> @ fourfold hollow

fourfold hollow & —> @ fcc
hcp @ —> @ fcc
fourfold hollow & —> & fourfold hollow
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0.5 ML. At higher coverages, the hcp — fce migration could
not be simulated due to lateral repulsion from neighboring
H* atoms forcing the fcc H* to spontaneously migrate back
to the hcp site upon optimization. For the hcp — fourfold
hollow activation energy dependence on H* coverage is also
mostly negligible. Overall, all activation energies are
sufficiently low that we can expect diffusion to occur at all
coverages investigated for both pathways. At H* coverage
>0.5 ML, fourfold hollow sites start being occupied; hence
we have investigated migration in between these sites, which
are sufficiently close for H* to diffuse directly from one to
the other (Fig. 2a). The corresponding activation energy has
been calculated at 0.875 ML since these sites can be occupied
only at high H* coverages and resulted to be 0.09 eV.

For the (1010) surface we do not explore the migration
pathway linking the most stable higher bridge sites, because
H, dissociation was found to spontaneously lead to the most
stable arrangement of H*. We instead focused on two other
migration pathways and calculated the associated barriers
(Table 2): higher bridge site — higher hollow site and higher
hollow site — lower hollow site — higher hollow site
(Fig. 2b). The first pathway is important because up to 0.5
ML H* coverage only higher bridge sites are occupied but
beyond this coverage a newly added H* adsorbs on a higher
hollow site and forces a neighboring higher bridge H* to
move to a higher hollow site. The second pathway is
important as the migration between neighboring higher
hollow sites can only occur via a lower hollow site. The
higher bridge — higher hollow pathway was found to be
essentially barrierless while the higher hollow — lower
hollow pathway presents a more significant activation barrier
for H* migration. That said, they are sufficiently small at all
investigated H* coverages that a fast diffusion process should

b)

220000
D@22 0
@O0 9

b @I I0

higher hollow =~ —> @ lower hollow
higher bridge ® —>  higher hollow

Fig. 2 Adsorbed atomic hydrogen migration pathways involving all the sites within 0.1 eV stability from the most stable one on the (a) (1011)
surface and (b) (1010) surface. Differently colored circles denote different sites on the surfaces as shown in figure legend. The figure shows the
surface top views and the top Ru layer atoms are represented as dark grey spheres and the bottom Ru layer atoms as pale grey spheres.
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Table 1 Activation energies (eV) for relevant migration pathways of atomic hydrogen over the (1011) surface as a function of hydrogen coverage. Values
for the backward process are reported in brackets. Energies are reported at 0 K with ZPE corrections

Atomic hydrogen coverage  hcp — fec activation energy

hep — fourfold hollow activation energy

Fourfold hollow — fcc activation energy

[ML] [eV] [eV] [eV]

0.062 0.14 (0.16) 0.16 (0.22) 0.21 (0.17)
0.125 0.15 (0.17) 0.16 (0.22) 0.22 (0.18)
0.500 0.13 (0.15) 0.11 (0.18) 0.11 (0.06)
0.875 — 0.09 (0.16) —

Table 2 Activation energies (eV) for relevant migration pathways of atomic hydrogen over the (1010) surface as a function of hydrogen coverage.
Values for the backward process are reported in brackets. Energies are reported at 0 K with ZPE corrections

Atomic hydrogen coverage [ML]

Higher bridge — higher hollow activation energy [eV]

Higher hollow — lower hollow activation energy [eV]

0.083 0.00 (0.01)
0.250 0.01 (0.02)
0.583 0.06 (0.08)

occur on this surface as well. Thus, overall, the most
favorable arrangement of hydrogen atoms can be achieved on
both the (1011) and the (1010) surface upon H, dissociation.
Our results reporting a small effect of the H* coverage on the
migration activation energy compare well with previously
reported data for the Ru (0001) surface.*®

In order to determine the expected H* coverage under
different temperature and H, pressure conditions, we built a
surface phase diagram according to ab initio thermodynamics
(Methods section) for both the (1011) surface (Fig. 3a) and
the (1010) surface (Fig. 3b); the phases displayed in these
diagrams represent the most stable H* coverage at the given
conditions. Both surfaces show that coverages lower than 1
ML are only stable at temperatures higher than 500 K under
all H, pressures investigated (0.1 bar to 100 bar). This
suggests that under catalytic conditions the two investigated
surfaces are fully covered in H*. Given our finding that for
the (1011) surface H, dissociation is favorable even at H*
coverage >1 ML, we also checked the stability of H*
coverages exceeding 1 ML on this surface. Interestingly we
observe that different coverages show different stability
ranges. The (1011) thermodynamic surface phase diagram
(Fig. 3a) shows that all coverages investigated are stable
under certain temperature and H, pressure conditions but
the 0.5 ML, and the 1 ML ones have the largest stability
range. On the other hand, coverages between 0.083 and 0.334
ML are not stable under any condition on the (1010) surface,
hence they are not observed in the phase diagram (Fig. 3b).
We can explain these different stability ranges based on the
trend of AGpiss in Fig. 1. Indeed, when AGp;s becomes
significantly less favorable as the starting coverage increases
(e.g., from 0.334 ML to 0.5 ML for the (1010) surface, Fig. 1)
we observe a widening of the temperature stability range of
the coverage formed by dissociating H, molecules up to the
abrupt increase in AGpis. On the other hand, if no
significant changes are observed in AGpis as the starting
coverage increases, (e.g., downhill from 0 ML to 0.167 ML on
the (1010) surface, or almost flat from 0.250 ML to 0.375 ML

© 2025 The Author(s). Published by the Royal Society of Chemistry

0.14 (0.21)
0.19 (0.25)

on the (1011) surface) the formed coverages are either not
present or their temperature stability ranges are extremely
narrow in the phase diagram.

In order to provide a complete analysis of the H* coverage
stability on the investigated surfaces, we also accounted for
the direct dissociation kinetics by creating kinetic phase
diagrams (Fig. 3c and d). Because the method used for the
generation of these phase diagrams (Methods section)
calculates the continuous variation of coverage with
temperature rather than discrete coverages, we cannot report
exact phase transitions between individual coverages; we
instead report transitions between ranges of coverages. The
kinetic phase diagrams show an increased stability of high
coverages (0.8-1.0 ML) relative to the thermodynamic ones,
with transitions to lower coverages only occurring at around
880 K for the (1011) surface (Fig. 3c) and 780 K for the (1010)
surface (Fig. 3d). The increased stability of high coverages
when including kinetic effects can be explained by the high
affinity of the investigated surfaces towards atomic hydrogen,
as reported by significantly reaction rates for
associative desorption compared to the dissociative
adsorption process (Tables S5 and S6 in the ESIT). Overall,
the kinetic phase diagrams also confirm that under catalytic
conditions the two investigated surfaces will be fully covered
in H*.

lower

Effect of hydrogen coverage on adsorption and
dehydrogenation of butane

Ru nanoparticles have been used successfully for the catalytic
hydrogenolysis of polyethylene. In order for the polymer
chain to break down, the polymer must interact with the
hydrogenated Ru surface. Therefore, to assess whether such
interactions are favorable on the two Ru surfaces under study
in this work, we investigated the adsorption of butane at
catalytically relevant H* coverages. The interaction of
polymeric chains with surfaces is known to occur via a train-
loop-tail adsorption mode, meaning that only a small
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Fig. 3 Ab initio thermodynamic surface phase diagrams showing the most stable atomic hydrogen coverage, expressed in terms of monolayers
(MLs), on (a) the (1011) surface and (b) the (1010) surface generated via direct dissociation of H, gas under different temperature and H, pressure
conditions. Kinetic surface phase diagrams showing the range of kinetically stable atomic hydrogen coverages on (c) the (1011) surface and (d) the

(1010) surface under different temperature and H, pressure conditions.

portion of the polymeric chain (ie., the so called “train”)
directly interacts with the surface.”> Recent molecular
dynamics simulations have confirmed this behavior for Ru
nanoparticles of the typical size used in hydrogenolysis
experiments (1-3 nm)>*>*>** and have shown that the train
length distribution is centered around five carbon atoms.*
This suggests that butane is a reasonable model of the
adsorbed portion of the polymer that will undergo
hydrogenolysis on small nanoparticles. Moreover, given the
relatively small size of butane, we are able to use a smaller
unit cell and maintain a reasonable computational cost. In
typical hydrogenolysis experiments the catalyst is first
reduced using hydrogen and then the polymer or alkane is
introduced, eventually followed by more hydrogen to carry
out the reaction.”” Given the significant exposure to elevated
H, pressure (above 10 bar) and temperatures (above 450 K)
and based on our computed phase diagrams for the (1011)
and (1010) surfaces (Fig. 3), we expect both surfaces to be
fully covered by H* when the polymer reacts at the surface.
Thus, butane adsorption energy was evaluated on the fully
H* covered surfaces, with butane positioned on top of the H*

946 | RSC Appl. Interfaces, 2025, 2, 940-951

layer (Fig. S7 and S8t), as well as on the bare surface as
reference.

At 0 ML of H* coverage, butane favorably adsorbs on both
surfaces as indicated by the negative adsorption energies
(Table 3). At 1 ML the adsorption energy remains negative
meaning that interaction with the surface is still favorable,
but it increases by about 0.4 eV on the (1011) surface and 0.3
eV on the (1010) surface. To explain these changes in
adsorption energy as a result of surface hydrogenation, we
calculated the d-band centers of the bare and hydrogenated
surfaces. We found that the d-band center shifts to more
negative values for the hydrogenated surfaces (Table S117),
which is a known effect of species chemisorbed at a
surface.’® As a result of this shift, the surface d-states are less
available to interact with the butane adsorbate, thus leading
to the observed decrease in adsorption energy. On both
surfaces we tested a few different initial configurations of
butane for each coverage. While at 0 ML there is a more
pronounced difference in stability between different
configurations (about 0.05 eV), at 1 ML all configurations
tested are essentially isoenergetic (maximum difference

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Adsorption energies (eV) of butane at 0 monolayer (ML) and 1 ML of atomic hydrogen (H*) coverage on the (1011) and (1010) Ru surfaces.

Energies are reported at 0 K with ZPE corrections

Surface Butane adsorption energy at 0 ML H* coverage [eV] Butane adsorption energy at 1 ML H* coverage [eV]
(1011) -0.98 -0.56
(1010) -1.07 -0.74

<0.02 eV). This suggests that while the hydrogenated surface
is still attractive, there are no specific chemical interactions
but general dispersion interaction. A potentially more
favorable adsorption route for butane on the fully covered
surface may involve H* atoms recombining and desorbing as
H, to leave empty surface sites for the polymer train to
interact directly with the surface, similarly to what was
proposed for the hydrogen mediated ammonia
decomposition.”® However, this is unlikely to happen given
that the dissociation energy of a single H, molecule even at
H* coverage nearing 1 ML (Fig. 1) is similar to the adsorption
energy of butane on the bare surface; this indicates that there
is no thermodynamic driving force for multiple H* atoms to
desorb to allow butane to adsorb on empty surface sites.
Comparing results across the two surfaces, we notice that
the adsorption energies on the (1010) surface are consistently
more favorable than on the (1011) surface. This result can be
explained on the bare surface by the higher surface energies

a)

DY Monomolecular
Mechanism

b)

Ru

c)
Y
7
" T ]
Ru

AGlOTl =0.63¢eV

=-0.40eV
= 0.01eV

AG1o11
AGyo10

Monomolecular
Mechanism @ @

AGIOTl =0.63eV
AGIOiO =1.22 eV

Bimolecular
Mechanism

calculated for the (1010) surface (Table S4 in the ESIY)
indicating lower stability and stronger driving force to
interact with adsorbates. On the fully H* covered surfaces,
the trend can be explained based on the alignment of the
surface H*, which carry a partial negative charge (-0.17 |e|
average for the H* on the (1010) surface, and -0.20 |e|
average for the H* on the (1011) surface), with the hydrogens
belonging to the adsorbed butane molecule, which carry a
partial positive charge (0.03 |e| averaged across all the butane
hydrogens on both surfaces). On the (1011) surface only two
C-H bonds directly align with two H* (Fig. S71) while on the
(1010) surface four C-H bonds pointing downwards are
aligned with four H* (Fig. S8T).

Having established that butane favorably interacts with
both surfaces even at 1 ML of H* coverage, expected under
experimental conditions, we move on to analyze the effect of
the H* coverage on the dehydrogenation process, which is
the first step in the hydrogenolysis mechanism and it is

AGIOTO =0.72eV

Fig. 4 Schemes and associated reaction free energies for the monomolecular dehydrogenation of butane at (a) 0 monolayer (ML) and (b) 1 ML of
hydrogen coverage and (c) bimolecular dehydrogenation of butane at 1 ML of hydrogen coverage. ZPE corrected reaction free energies for the Ru
(1011) and (1010) surfaces evaluated at 473 K and 10 bar of H, pressure are reported below the reaction arrows. Black spheres represent carbon
atoms, red spheres represent hydrogen atoms, and the grey bar represents a generic Ru surface.
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followed by the C-C cleavage.*” Either a terminal or central
C-C cleavage can occur for butane (and polyethylene); here
we focus on the dehydrogenation leading to a terminal
cleavage given that it is associated with the production of the
unwanted product methane. The main mechanism for metal
catalyzed alkane dehydrogenation proposed in the literature
is a monomolecular (MM) mechanism (Fig. 4a), in which one
C-H bond breaks by interacting with bare Ru surface
atoms.”>*®* This is a reasonable mechanism for these
studies in which only the bare surface was modeled. Given
our finding that these surfaces will be fully covered by
hydrogen, we propose an alternative mechanism in which a
H* combines with the H from the butane C-H bond being
cleaved thus forming H, and freeing surface area for the alkyl
radical adsorption (Fig. 4c); we refer to this mechanism as
the bimolecular (BM) mechanism.

We start our analysis with the more established MM
mechanism. Although both the surfaces will be fully covered
by hydrogen under experimental conditions, we still
calculated the dehydrogenation reaction energy at 0 ML of
H* coverage as a point of reference. We found that the
reaction is thermodynamically favored on the (1011) surface
(AG = -0.40 eV) and thermoneutral on the (1010) (AG = -0.01
eV). Given that this reaction results in the formation of one
H*, the more favorable reaction energy on the (1011) surface
can be simply explained by the stronger H* adsorption
energy (Tables S7 and S8f) and more favorable H,
dissociation (Fig. 1) with respect to the (1010) surface. In
addition, we observed an attractive interaction between the
adsorbed butyl radical and the H* on the (1011) surface
(Table S12 of the ESIt), which could further contribute to the
more favorable reaction energy on this surface.

When the surfaces are fully covered, the H* and the
radical resulting from the C-H cleavage in the MM
mechanism (Fig. 4b) have to adsorb on less stable vacant
sites: namely the higher top sites for the butyl radical on
both surfaces, and an interstitial position between a bridge
and a higher hollow site for H* on the (1010) and a bridge
site on the (1011). These sites will be fully surrounded by
preadsorbed H*, thus possibly leading to large lateral
repulsion. Not surprisingly, we find the dehydrogenation
energies to be significantly higher relative to the 0 ML case.
Once again, we observe that the reaction energies for the
(1011) surface are more favorable (although still positive)
relative to the (1010) surface. In addition to the attractive
interaction between the butyl radical and the H* on the
(1011) surface discussed above, this can be explained based
on our finding previously presented that H, dissociation at
1 ML is not favorable on the (1010) surface while it is still
favorable on the (1011) surface. As an alternative to the
butyl radical and H* having to adsorb on the fully
hydrogenated surfaces, one could hypothesize that multiple
H* atoms might recombine and desorb to leave space for
the radical. However, this is highly unlikely given that the
dissociation energy of just one H, molecule at high coverage
is  significantly more favorable than the MM
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dehydrogenation reaction energy even at 0 ML, indicating
no thermodynamic driving force for H* atoms to desorb to
allow this reaction to happen. We thus conclude that H* is
poisoning the surface by blocking the available adsorption
sites for the alkyl radicals. Similar poisoning effects have
been reported for other reactions involving hydrogen and
Ru nanoparticles.**>°

The computed reaction free energies for the BM
mechanism at 1 ML of H* coverage (Fig. 4c) are positive for
both the (1011) and (1010) surfaces. In particular, the reaction
free energy for the (1011) surface (0.63 eV) is the same as the
one computed for the MM mechanism at 1 ML of H*
coverage, suggesting that the two dehydrogenation
mechanisms will compete on this surface. On the other hand,
the BM mechanism for the fully hydrogenated (1010) surface
is significantly more favorable than the MM mechanism (0.5
eV lower free energy), meaning that the BM mechanism will
be the main dehydrogenation route on this surface. The
preference for the BM mechanism for the (1010) surface can
be explained by the fact that the desorption of only one H*
from the surface, though energetically unfavorable, is
compensated by the decrease in co-adsorbing H* lateral
interactions as well as by the gain of rotational and
translational mode of the desorbed H, molecule. While the
latter is a common effect for both surfaces, the decrease in
lateral interactions is more pronounced on the (1010) surface
because the adjacent higher hollow H* adsorption sites are
0.5 A closer to each other than any adjacent site pair on the
(1011) surface. Overall, we expect that butane
dehydrogenation via the BM mechanism would compete with
the MM mechanism on the (1011) surface while it will
dominate the reactivity of butane dehydrogenation on the
(1010) surface. More generally, both mechanisms have
positive  reaction  energies  suggesting  that the
dehydrogenation step will be slow on these fully hydrogenated
surfaces and the observed reactivity of Ru nanoparticles is
mainly due to the significant exposure of the (0001) surface.

Conclusions

In this study, we employed periodic DFT calculations to
investigate the interaction of molecular and atomic
hydrogens with the Ru (1011) and Ru (1010) surfaces, a
limited area of research thus far. The promising activities

of these Ru surfaces in various catalytic processes
encouraged us to explore their potential role in plastic
hydrogenolysis, a process that wuses large hydrogen

pressures and moderate temperatures to cleave polymeric
chains and convert polyolefin plastic waste into useful
chemicals. Understanding how hydrogen interacts with the
surface and affects its reactivity towards the plastic chains
is crucial for ultimately unraveling the reaction mechanism,
predicting the product distribution, and designing
improved catalyst.

We started our investigation by identifying the most
favorable sites for atomic hydrogen adsorption on the two

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Ru surfaces, namely hcp and fcc sites on the (1011)
surface, and higher hollow and higher bridge sites on the
(1010) surface. We found that H, spontaneously dissociates
on all the investigated sites except for the higher top sites
on both surfaces. This behavior is very different from the
most stable surface of Ru, the (0001), on which H, was
found to molecularly adsorb in a previous work.
Furthermore, our results show that atomic hydrogen can
easily migrate on the surface to achieve the most stable
arrangement at different coverages. Using ab initio
thermodynamics and microkinetic modelling, we then
developed phase diagrams to predict the atomic hydrogen
coverage in a wide range of temperature (200 K to 1500 K)
and H, pressure (0.1 bar to 100 bar). The phase diagrams
indicate that the investigated Ru surfaces will be fully
covered with hydrogen under the typical catalytic conditions
(473-523 K, and 10-90 bar of H, pressure). Having
established the level of hydrogenation of these surfaces
under experimental conditions, we moved on to explore
how this aspect affects the polymer hydrogenolysis. To this
end, we used butane to model the portion of the
polyethylene chain directly interacting with the surface. In
particular, we studied the adsorption and dehydrogenation
of butane, the two steps needed for C-C cleavage to occur.
We found that, despite being less favorable, the adsorption
can occur on both surfaces even when fully hydrogenated.
We then explored the energetics of two possible
mechanisms for butane dehydrogenation, namely the
monomolecular and the bimolecular mechanism. In the
former, one butane C-H bond breaks by interacting with
the surface, leading to the formation of co-adsorbed butyl
radical and atomic hydrogen. In the bimolecular one, an
adsorbed hydrogen mediates the interaction between the
butane C-H bond and the surface, leading to the formation
of an adsorbed butyl radical and an H, molecule. Our
computed reaction free energies suggest that the
monomolecular mechanism is favorable on the bare surface
but the bimolecular one is preferred on the fully
hydrogenated surfaces, especially for the (1010) surface.
However, the reaction free energies are positive, indicating
that the dehydrogenation process will be slow.

Overall, our investigation suggests that the Ru (1011) and
(1010) surfaces are unlikely to be particularly active towards
polyolefin hydrogenolysis trains but they are very effective for
H, splitting. Thus, we hypothesize that, in a typical
nanoparticle exposing multiple low-index facets along with
the most stable (0001) facet, the Ru (1011) and (1010)
surfaces will split H, and store atomic hydrogen. This stored
hydrogen can then diffuse to other exposed surfaces, where
the polyolefin cleavage is occurring, as needed; migration of
atomic hydrogen across facets is a well-known phenomenon
for Ru.>® However, more work is needed to elucidate the
polyethylene  hydrogenolysis =~ mechanism  on  less
hydrogenated facet exposed in typical nanoparticles, such as
the most stable (0001) facet. Work is currently underway in
our group to investigate these aspects.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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