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Mechanistic Pathways for the Dehydrogenation of Alkanes

on Pt(111) and Ru(0001) Surfaces

Mazharul M. Islam,™ C. Richard A. Catlow,”® and Alberto Roldan*®

The dehydrogenation of alkanes is a critical process to enable
olefin upcycling in a circular economy. A suitable selective
catalyst is required in order to avoid demanding reaction
conditions and ensure the activation of the C—H bond rather
than breaking the C—C bond, which is the weaker of the two.
Herein, using periodic density functional theory, we have
investigated the dehydrogenation of n-pentane (as a model
compound) on Pt and Ru surface catalysts. The results show
that the first dehydrogenation occurs through the dissociative
adsorption of the C—H bond, resulting in pentyl and H
intermediates on the metal surfaces. A successive dehydrogen-

1. Introduction

Plastics have infiltrated every facet of human life. They are
widely used in packaging, medical equipment, electronic
devices, and many other fields because of their suitable
properties, e.g. lightweight, low-cost, hydrophobicity, and
durability. More than 90% of plastics are petroleum-based
and non-biodegradable? Current plastics production and
consumption patterns have dramatically increased plastic waste
worldwide, and it is estimated that their manufacturing alone
will consume ~20% of global petroleum by 2050.”' The global
recycling rate is low; only 16 % of plastics are recycled, 14% are
incinerated, and 70% are estimated to be landfilled or leaked
into the environment."®

Plastics are long-lived with covalent bonds, hardly acces-
sible for depolymerization by biological or abiotic means in
landfills or natural environments.” In addition, plastics are
formulated with other components, providing further barriers
to natural decomposition at appreciable rates” The current
recycling approaches are mechanical-based on either post-
production (primary) or post-consumption (secondary), in which
plastics are transformed into new materials.*” These ap-
proaches can be considered downcycling from both the
material property and economic perspective and, therefore,
cannot enable a fully circular plastics economy. Chemical
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ation creates pentene via a hydride di-c state, leaving the
abstracted hydrogen atoms on the metal surfaces. In agreement
with recent experiments, Pt and Ru catalysts show a similar
reactivity trend: pentane dehydrogenation yields pent-1-ene
and pent-2-ene. The simulations reveal that the 1 C—H
dissociation is the rate-determining step, whereas the double-
bonded alkenes (pent-1-ene and pent-2-ene) are formed due to
fast successive dehydrogenation processes. Pt favors the
formation of pent-1-ene, whereas Ru favors the formation of
pent-2-ene.

recycling (tertiary) of plastics depolymerizes them into bulk
chemicals that can either synthesize the same plastic with
virgin-like material properties or convert them into another
material.® In the present paper, we aim to investigate a
catalytic polyolefin’s chemical recycling route by converting
alkanes into olefins, constituting a potential pathway for
polyolefin upcycling.

From a chemical viewpoint, alkanes consist of nonpolar C—C
and C—H bonds, composed of strongly localized electron pairs,
which require severe reaction conditions for their activation.”’
Traditionally, olefin production relies on crude oil fractionation,
with steam and fluid catalytic cracking."®'" These processes
suffer from challenging drawbacks, including the use of fossil
fuel, intensive energy requirements (high temperature and
pressure), poor olefin selectivity and yield, and unavoidable side
reactions, e.g., hydrogenolysis, cracking, isomerization, coke
formation."*

The average bond energy of the C—C bond (347 kimol™) is
smaller than that of the C—H bond (414 kimol™).'¥ Thus, to
obtain the dehydrogenation products, the C—H bond should be
selectively activated in the presence of suitable catalysts.
Precious metal-based homogeneous catalysts can promote mild
alkane dehydrogenation reactions."” For instance, the combina-
tion of a titanium alkylidene catalyst and a phosphorus ylide
acceptor (@ hydrogen acceptor to remove two H atoms from
the intermediate) converts a range of cyclic and linear alkane
substrates into terminal alkenes at room temperature.'*'®
Besides, acceptor-less homogeneous alkane dehydrogenation
reactions were also performed in the presence of Rh,!'"'™®
Ru,'*? Ir,2" Pd,?? and Os® based complexes. However, the
main problem with using homogeneous catalysis methods is
that they generate significant waste."® On the other hand, the
dehydrogenation of light alkanes using heterogeneous catalysts
based on supported metals and metal-oxides currently has a
limited scope of industrial applications®” and references there-
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in. For this reason, there is a strong need for durable and atom-
efficient alkane dehydrogenation catalysts with good yield and
selectivity of olefins.

Noble metal catalysts for the dehydrogenation of alkanes
show significant efficiency in breaking C—H bonds.”***' Herein,
we have studied the dehydrogenation of pentane on two noble
metal catalysts, Pt and Ru, and compared their selectivity for
forming olefins. Pentane was chosen as a model hydrocarbon
because it does not undergo direct aromatization and is
thermodynamically more stable than its longer homologs.”® We
have employed computational approaches based on the
density functional theory (DFT) method to calculate dehydro-
genation reaction energy profiles as a function of the catalysts’
nature.

2. Models and Computational Methods

We have carried out a systematic dehydrogenation of pentane
(CsH4,) on the fcc Pt(111) and the hcp Ru(0001) with periodic
quantum-chemical calculations using the plane-wave package
Vasp.” ' Benchmark reports have confirmed that these
surfaces are the most stable for these metals.”**? The Density
Functional Theory (DFT) calculations include the generalized
gradient approximation (GGA) based revised Perdew-Burke-
Ernzerhof (RPBE) exchange-correlation functional,®**¥ with
long-range dispersion corrections including zero-damping
function.”**® The core electrons for Pt, Ru, C, and H were
defined by standard sets of pseudopotentials (PPs) within the
projector-augmented wave (PAW) method.®?” We have used a
converged plane-wave energy cutoff of 520 eV. The integration
in reciprocal space was performed with a Monkhorst-Pack k-
points grid.®¥ The grid was augmented for the bulk Pt and Ru
to achieve 107° eV and 1073 eV/A for the electronic threshold
and the ionic threshold convergence at 12x12x12 and 14x14x8
points, respectively. The same method, including these techni-
cal options, has been successfully employed for successive
hydrogenolysis of pentane on the Ru(0001) surface.®

The Pt(111) and Ru(0001) slabs were modeled with increas-
ing layers of thickness based on the optimized bulk lattice. The
total energy convergence as a function of the number of layers
was verified by calculating the surface energy (y) as the
difference in the total energy between the bulk and the surface
per formula unit, equation 1.

Esiap — M Eguy
Y=g (1)

Eqq is the total energy of the two-dimensional slab
containing m formula units of metal, Eg is the total energy per
bulk metal unit, and A is the surface area of the slab. Factor 2 in
the equation accounts for the two identical surfaces, i.e., top
and bottom. Surface energies for Pt(111) and Ru(0001) con-
verged at 2.40 and 3.33 J/m? respectively, which are in good
agreement with the previous calculated®**" and experimental
values”**? (Table S1 in the Supporting Information). Accord-
ingly, Pt(111) was modeled with a 4-layer slab with 4x4
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supercell size where the bottom two layers were frozen at the
optimized bulk lattice. For Ru(0001), a 6-layer slab with a 4x4
supercell size was employed where the bottom three layers
were frozen at the optimized bulk lattice. A vacuum layer of
20 A along the z-direction perpendicular to the surface was
employed to prevent spurious interactions between the
repeated slabs. The surface sizes also minimize the lateral
interactions between periodic images of adsorbates. Surfaces
were sampled with a converged k-space Monkhorst-Pack grid
of 3x3x1 points.

In order to investigate the interaction of pentane with the
metal surfaces, we approached the model compound to the
surface with different orientations (Figure S1). The adsorption
energy (Eng) Was calculated using equation 2.

Endgs = Eworsiab — (Ewor + Estab) (2)

The most favorable conformations have the molecule
parallel to the surfaces (E,;~—0.95 eV and —0.71 eV for Pt and
Ru surfaces, respectively); the perpendicular orientations have
E;i~—0.26 and —0.32 eV for Pt and Ru surfaces respectively.
The same conclusion was also observed for the propane
adsorption on chromium-containing catalysts.”¥ In the subse-
quent sections, we have only considered horizontal adsorptions
to study the dehydrogenation process. The reaction energy (Eg)
for each dehydrogenation step was calculated as the difference
between the energy of the final state (E.) and the initial state
(E;s) with equation 3 (Table S2 in the Supporting Information).

Ep = Eps — Eig 3)

The dehydrogenation energy variation (AE) along the
reaction pathway was calculated with equation 4 (Table S3 in
the Supporting Information).

AE = Eyoi—ntirsie — (Emor + Esiab) 4)

The transition states search along the reaction pathway was
conducted using the climbing-image Nudged-Elastic-Band
(cNEB) method implemented in VASP." Vibrational analyses of
all optimized geometries were performed to verify the local
minima and saddle-point characters. Equation 5 is the differ-
ence between the transition state energy (E;) and initial state
energy, which leads to the activation energy (E,) for the forward
reaction (Table S4 in the Supporting Information).

Ey,= Ers —Es (5)
The C and H atomic charges calculated using Bader's

analysis™’ are provided in Table S5.

3. Results and Discussion

The olefin formation from poorly reactive aliphatic substrates

requires tandem dehydrogenation and cross metathesis
(TDOCM) in which alkanes are activated through dehydrogen-
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ation and functionalization or cleavage, commonly promoted
by catalysts.**® TDOCM processes offer selective and versatile
means to depolymerize plastics under milder conditions than
traditional pyrolysis or cracking methods,® leading to low-
weight olefins and hydrogen removed from the polymer
backbones due to the selective catalytic activation of the C—H
and C—C bonds.” The pentane adsorptions on the metal
surfaces are exothermic (E,;(Pt)=—0.96eV and E,,(Ru)=
—0.71 eV) and have similar molecular distortions: slight elonga-
tion of the C—H and contraction of the C—C bonds. The distance
between pentane and metal surfaces (e.g., C—Pt and H—Pt are
3.11 and 1.14 A) suggests a stabilization by long-range inter-
actions (Figure S1). The calculated E,,, on Pt are in close
agreement with those obtained by Ding et al. (—0.84 eV)."” The
small difference in absolute value originated from different
computational settings.

3.1. Reaction Energy

Pentane dehydrogenation was performed in two steps (Fig-
ure S2), each implying the C—H cleavage and hydrogen transfer
to the metal surface, leading to four different reaction
mechanisms: (a) dehydrogenation of the terminal (C1) and
middle (C2) carbons (Figures S3 and S7); (b) dehydrogenation of
the second (C2) and either the first (C1) (Figures S4 and S8) or
the third (C3) carbons (Figures S5 and S9); and (c) dehydrogen-

(a)
4

24A 2e

ation of C3 and C2, which is equivalent to C4 in the pentane
molecule (Figures S6 and S10).

Once the first hydrogen is abstracted from the carbon atom,
the optimized H and C distances to the surface are, respectively,
about ~1.56 A and ~2.1 A on Pt(111) and ~1.9 A and ~2.2 A on
Ru(0001), the former agreeing with previous reports on hydro-
gen adsorption.”** The reaction energies of the first dehydro-
genation differ slightly regarding the carbon position along the
aliphatic chain (C1, C2, and C3); their values range between
—0.03 to 0.18 eV on Pt(111) surface and from 0.15 to 0.35 eV on
Ru(0001) surface (Table S2). For both metals, the dehydrogen-
ation of C2 is more favorable than C1 and C3. The intermediates
pass through a pentyl hydride transition state, where CsH,, and
H receive electrons from the surface® (TS2 in Figure 1). The
calculated C and H atomic charges show a slightly larger charge
density transfer on Ru (< 0.3 e) than on Pt (<0.2 e) (Table S5).
The formation of a bond between adsorbates and the surface is
shown by the overlap of the metal d,> band with H 1s and C 2p
orbitals (o bonds) in the projected density of states (PDOS)
(Figure 1).

The second dehydrogenation implies the reduction of the
participating carbons from sp® to sp? forming a C=C double
bond and leaving two H ad-atoms on the metal surface.*” The
reaction energies of the second dehydrogenation expand from
—0.47 on Ru(0001) to 0.72 eV on Pt(111) (Table S2). For Pt, the
dehydrogenation of C2—C3 is more favorable than of C1-C2,
contrary to Ru. Independent of the pathway, the transition
states (TS23 and TS12 in Figure 2) constitute pentene dihydride
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Figure 1. Schematic representations and PDOS of C2-pentyl hydride on Pt(111) (a

and charges on respective atoms are provided in the inset.
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, b and c) and on Ru(0001) (d, e and f). The distances between metal-carbon
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Figure 2. Schematic representation and PDOS of C2—C3 pentene dihydride on Pt(111) (a, b and c) and C1—C2 pentene dihydride on Ru(0001) (d, e and f). The
distances between metal-carbon and charges on respective atoms are provided in the inset.

structures,”” leading to activation energies between 0.40-
0.89 eV on Pt and 0.41-0.76 eV on Ru (Table S4). The C—C bond
lies almost parallel to the metal surface with a distance of
~1.4 A, between a single and a double bond,*® whereas the
alkyl groups point outwards, giving rise to a di-o-mode of
adsorption. Such TS structures show a transferred electron
density of <0.2e” on Ptand <0.4 e~ on Ru. The most favorable
pathways lead to pent-2-ene (d.,_;=1.37A) on Pt and to
pent-1-ene (de;_,=1.38 A) on Ru. The TS’s characteristics align
with previous observations of olefin adsorptions on metal
surfaces.®*? Note that the bonding of olefins on metal surfaces
has been described as ranging from two modalities, di-c and =
bonding, of which di-c bonding is the strongest and occurs
preferentially on most clean surfaces.®**¥ Like the pentyl
hydride adsorption for the first dehydrogenation, the metal-C
and metal-H bonds in the TS structure are products of the metal
d,> band overlap with the atomic orbitals (Figure 2). Upon
overtaking the transition state for the second dehydrogenation,
pentene desorbs from the metal surface (Figures S3-5S10).

3.2. Reaction Profiles
The calculated energy profiles for the four main reactions are
provided in Figure 3, which include the pentane adsorption, the

two consecutive dehydrogenations linked by transition states,
and the pentene desorption, leaving two H ad-atoms on the
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surface. Numeric details are given in Tables S3 and S4. The
energy profiles clearly indicate the limiting rate controlled by
product desorption, meaning that there is potential for
consequtive dehydrogenations and possible coke formation
under reaction conditions.

From the adsorbed pentane at —0.96 and —0.71 eV on Pt
and Ru, with respect to the isolated molecule and pristine
surfaces, the C1 dehydrogenation pathway yields a pentyl and a
co-adsorbed H ad-atom releasing (Ez<0) —0.87 and —0.52 eV
upon overtaking activation energies of 0.95 and 0.87 eV,
respectively. The consecutive dehydrogenation at the second
carbon (C2) produces adsorbed pent-1-ene (Ez=-0.16 and
—0.84 eV) through the pentene dihydride transition states
(TS12; E,=0.88eV and 0.41eV). The origin of the more
significant barrier for pent-1-ene formation on the Pt surface
compared to the Ru surface could be associated with the larger
M—C2 bond distance of the former case (dprc; =225 A, dpr.cy =
2.85 A and dg,. ;=221 A, dg,.; =244 A). Finally, the desorption
of pent-1-ene from the metal surfaces requires 0.87 and 1.26 eV,
respectively. These results clearly show Ru to be preferable over
Pt to catalyze the formation of pent-1-ene.

An alternative reaction mechanism involves an initial
dehydrogenation of C2 upon overtaking activation energies of
0.92 and 0.78 eV on Pt and Ru surfaces, respectively. In the
transition states (TS2), the H and C2 interact with the metal
surfaces at slightly varying distances (dpy=1.61A, dpco=
240 A, and dg,;=1.70 A, dp,.c,=2.36 A), linked to the different

© 2024 The Authors. ChemCatChem published by Wiley-VCH GmbH
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atomic size of the metals. The dehydrogenation energies for
forming the pentyl hydride for Pt and Ru surfaces are —0.99 eV
and —0.57 eV, respectively. Then, two possible successive
dehydrogenations may occur, one at the C1 site forming pent-
1-ene and another at the C3 site forming pent-2-ene. The pent-
1-ene formation is governed by an activation energy of 0.89 eV
and 0.76 eV on Pt(111) and Ru(0001), respectively. In contrast,
the pent-2-ene formation occurs by an activation energy of
0.75 eV on both surfaces. The analysis of the pentene dihydride
(TS21) leading to pent-1-ene shows that, in line with their
activation energies, the dy.; is significantly larger for Pt (2.85 A)
than for Ru surface (2.40 A); further analysis could determine
dy.c as catalytic activity descriptor. The TS23 forming pent-2-
ene results in the same activation energy barrier for both metals
and shows that the carbon atoms (C2 and C3) interact with the
metal surfaces at similar distances: dy,.c;=2.17-2.19 and dy.c;=
2.20 —2.22 A. The competitive pathways favor pent-2-ene on Pt
and pent-1-ene on Ru surfaces based on the activation and
dehydrogenation energies, in agreement with recent studies
where the formation of o-olefin was predominant due to the
terminal regioselectivity.®

The last reaction mechanism explored involves the first
endothermic C3 dehydrogenation (Ez=0.18 and 0.35 eV) upon
surpassing activation energies of 0.84 and 0.98 eV on the
Pt(111) and Ru(0001). The consecutive dehydrogenation on the
vicinal carbon (C2) has activation energies of 0.40 and 0.56 eV,
respectively, leading to pent-2-ene (Ez= +0.06 and —0.47 eV).
The analysis of the transition states (TS32) shows that the M—C
bond lengths are shorter on Pt(111) than on Ru(0001) (dp.c,=
210 and dpc;=233A and dg,,=2.18 and dg,,=2.48 A)
resulting in the lower activation energy for the former. By
comparing the pent-2-ene formation through the routes above
(C2—C3 and C3—C2), it can be stated that the C3—C2 pathway is
less likely due to the significant activation barrier and poor
thermodynamic drive (Ep).

The comparison of the reaction energies and activation
barriers concludes that the first dehydrogenation is more likely
on C2 than on C1. Despite this, the formation of pent-2-ene is
preferable on Pt(111), whereas on Ru(0001), it is pent-1-ene, in
line with recent observations on C;-C, hydrocarbons."!

4. Summary and Conclusion

The dehydrogenation mechanisms of n-pentane on Pt(111) and
Ru(0001) surfaces have been investigated by RPBE-D3 calcu-
lations. Upon the adsorption of pentane, the dehydrogenation
occurs in two steps on the metal surfaces. The first H
abstraction from terminal or middle carbons forms a pentyl
hydride radical on the metal surface. The abstracted H is also
attached to the metal surface. The second dehydrogenation
step occurs through a di-c-mode pentene dihydride. The
analysis of PDOS shows that on both surfaces and along the
reaction pathway, the M—H and M—C bonds are formed due to
the overlap between metal d,, and atomic orbitals. One could
expect scaling relationships between the metal catalysts’
electronic structure and the adsorbents’ interaction. The
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calculated activation energies indicate that the first dehydro-
genation step hinders the reaction kinetics. However, the
desorption of either pent-1-ene or pent-2-ene requires more
energy to overtake the transition states, especially on Pt. The
pent-2-ene formation (E,=0.40eV) is favorable on Pt(111),
whereas on Ru(0001), pent-1-ene is preferred. Hence, the
catalytic dissociation of a pentane molecule on Pt or Ru occurs
via the R—CH—R’ surface intermediate (R is H or terminal C and
R’ an aliphatic chain). The successive dehydrogenation on the
next carbon creates a C—C double bond. The Pt and Ru catalysts
show suitable capacity to convert alkanes into alkenes.

Despite the reactivity simulated, the adsorption of aliphatic
chains, e.g. pentane, interact very weakly with the catalysts.
Consequently, and as noted experimentally, the probability of
dehydrogenating these alkanes is hampered by an equally or
more feasible desorption. Furthermore, the endothermicity of
the process stands out in the energy profiles when considering
the pentene desorption, meaning that the dehydrogenation
process requires elevated temperatures favouring the reactant
desorption.
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There is a growing awareness of the
negative effects of plastic waste on
the environment, leading to a shift
towards a more sustainable “circular
plastic economy.” However, current
recycling methods are limited by

being primarily mechanical based,
hindering the full realization of a truly
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circular plastics economy. In this
paper, we explore a promising
catalytic chemical recycling process
that can convert polyolefins into
olefins, offering new pathways for
upcycling and contributing to the
goal of a circular plastics economy.
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