Downloaded via 88.29.219.216 on July 18, 2025 at 12:00:51 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

n
<

pubs.acs.org/acscatalysis

This article is licensed under CC-BY 4.0 @ @

Research Article

Contrasting Metallic (Rh?) and Carbidic (2D-Mo,C MXene) Surfaces
in Olefin Hydrogenation Provides Insights on the Origin of the
Pairwise Hydrogen Addition

Ling Meng, Ekaterina V. Pokochueva, Zixuan Chen, Alexey Fedorov,* Francesc Vines,* Francesc Illas,

and Igor V. Koptyug
I: I Read Online

Article Recommendations |

Cite This: ACS Catal. 2024, 14, 12500-12511

ACCESS | [l Metrics & More ’ Q Supporting Information

ABSTRACT: Kinetic studies are vital for gathering mechanistic insights into RI . ‘53
\
heterogeneously catalyzed hydrogenation of unsaturated organic compounds SN R C®
5 _ng - - o - - ?;5 R? /C\C\ 4 Or /C \
(olefins), where the Horiuti—Polanyi mechanism is ubiquitous on metal . / @& \ R R ’II{ w
catalysts. While this mechanism envisions nonpairwise H, addition due to the "‘\Céc\‘&a ® ®
rapid scrambling of surface hydride (H*) species, a pairwise H, addition is YQ‘/

experimentally encountered, rationalized here based on density functional
theory (DFT) simulations for the ethene (C,H,) hydrogenation catalyzed by
two-dimensional (2D) MXene Mo,C(0001) surface and compared to
Rh(111) surface. Results show that ethyl (C,H;*) hydrogenation is the rate- Rh
determining step (RDS) on Mo,C(0001), yet C,Hs* formation is the RDS (7

on Rh(111), which features a higher reaction rate and contribution from

pairwise H, addition compared to 2D-Mo,C(0001). This qualitatively agrees TiO,
with the experimental results for propene hydrogenation with parahydrogen

over 2D-Mo,C,_, MXene and Rh/TiO,. However, DFT results imply that pairwise selectivity should be negligible owing to the
facile H* diffusion on both surfaces, not affected by H* nor C,H,* coverages. DFT results also rule out the Eley—Rideal mechanism
appreciably contributing to pairwise addition. The measurable contribution of the pairwise hydrogenation pathway operating
concurrently with the dominant nonpairwise one is proposed to be due to the dynamic site blocking at higher adsorbate coverages or
another mechanism that would drastically limit the diffusion of H* adatoms.

KEYWORDS: 2D-Mo,C, Rh’, MXenes, ethene, parahydrogen, pairwise hydrogenation

1. INTRODUCTION

Hydrogenation reactions are at the core of heterogeneous

rapid surface diffusion of the H* species plays a crucial role in
randomly adding hydrogen atoms to a substrate (ethene).’
That being said, it is now conclusively established that
various types of heterogeneous catalysts can achieve pairwise
hydrogen addition, whereby the two H atoms that end up in
the hydrogenation product molecule originate from the same
H, molecule.® The unambiguous evidence for this is provided
by experiments that use parahydrogen (p-H,), the nuclear spin

catalysis, spanning from environmental treatments and the
petrochemical industry to the synthesis of fine chemicals.'
Regardless of a particular application, the surface of a
heterogeneous catalyst provides active sites for weakening
the H, bond, leading ultimately to the dissociative

chemisorption that yields active surface H adatoms (H*).”
Subsequently, H* species are transferred to a substrate, e.g., in
the hydrogenation of unsaturated hydrocarbons such as
alkynes and alkenes.” The catalytic hydrogenation of alkenes
has nearly a centenary-long research history, owing to a high
practical relevance.* A textbook example is the hydrogenation
of ethene, ie, C2H4(g) + H,® - C,H®, perhaps, the most
extensively studied alkene hydrogenation reaction. From the
mechanism proposed by Horiuti and Polanyi (c¢f. Scheme 1),
which is widely recognized as the prevalent route for alkene
hydrogenation,™® it follows that the addition of H, to ethene is
nonpairwise, ie., the added H atoms generally come from
different H, molecules. In the Horiuti—Polanyi mechanism, the
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isomer of H, with the opposite spin orientation of its two H
atoms (more rigorously, it is a state with zero total nuclear
spin). The addition of p-H, to various alkenes or alkynes leads,
when the addition proceeds in a pairwise manner, to a
nonequilibrium population of nuclear spin states in the
product(s), resulting in a major (i, orders of magnitude)
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Scheme 1. Horiuti—Polanyi (Nonpairwise) and Farkas (Pairwise) Hydrogen Addition Mechanisms
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signal enhancement in NMR spectra of the reaction products.
Parahydrogen-induced polarization (PHIP) is a method that
allows one to evaluate the selectivity of a catalyst to the
pairwise addition of H, as the detected NMR signal
enhancement is directly proportional to the pairwise
selectivity,”'’ aided by the high sensitivity of PHIP as a
mechanistic tool that identifies reliably the contribution of the
pairwise hydrogenation pathway of merely ca. 0.01%.

Using the PHIP approach, various metal-based catalysts
have been demonstrated to provide pairwise selectivity in an
order of several percent. Pairwise addition of H, has been
observed for catalysts based on Rh,'' P4,"> Pt 1, v, 16
Cy,'® and Co,"” among others. Furthermore, the hexagonal
close-packed (hcp) phase of Mo,C also exhibited a significant
selectivity in the pairwise hydrogen addition, resulting in
approximately a 150-fold increase in signal intensity, compared
to the face-centered-cubic (fcc) MoC phase containing C-
vacancies.®

These experiments involving p-H, demonstrate unambigu-
ously the feasibility of the pairwise addition on metal and metal
carbide surfaces, which generally disagrees with the commonly
accepted Horiuti—PoIanzi mechanism that assumes a rapid
diffusion of H* species.”'” Yet, an alternative reaction route
proposed by Farkas entails a slow diffusion of H* and allows
for the pairwise addition pathway (cf. Scheme 1).>° Note that,
in principle, both concerted and stepwise hydrogen additions
can follow 1pairwise and nonpairwise routes, as presented in
Scheme 1.2

The arguments above notwithstanding, it remains challeng-
ing to predict (and even rationalize) the selectivity preference
to the pairwise hydrogen addition pathway for a given catalytic
surface. To understand the interplay between the diffusion rate
of H* species, the energy barriers on the hydrogenation
pathway, and the contribution from the pairwise addition to
the overall hydrogenation rate, we relied on the density
functional theory (DFT) computations of a model ethene
(C,H,) hydrogenation to ethane (C,Hg). Rh was chosen for
this study as it is one of the most active catalysts in the
hydrogenation of unsaturated substrates, with Rh/TiO,
demonstrating pairwise selectivities of up to 8%."" Metal
carbides are also efficient hydrogenation catalysts and, as
mentioned above, can produce pronounced PHIP effects. It
was anticipated that the presence of carbide phases or carbidic
species would affect the rate of hydrogenation and significantly
modify the diffusive mobility of surface H* species. As the
diffusive separation of H* species highly favors nonpairwise H,
addition, it was deemed instructive to consider such effects in

this study. Given the known instability of Rh,C under
hydrogenation conditions,”* 2D-Mo,C(0001) appears to be a
more suitable carbide owing to its higher thermal stability
(relative to noble metal carbides such as Rh,C or PdC,) and
well-defined nature (the presence of single surface termination
in MXenes). Consequently, we have explored a well-defined
2D-Mo,C MXene exhibiting predominantly the basal (0001)
surface,” and contrasted the results to those obtained for the
Rh(111) surface. Both 2D-Mo,C and C-deficient 2D-Mo,C;_,
can be obtained experimentally by a reductive defunctionaliza-
tion of Mo,CT, (T, are surface functional groups) of the
MXene family.”*> Worthy of note, hydrogenation reactions of
unsaturated hydrocarbons on MZXenes are largely under-
studied.”

To shed light on the origin of PHIP effects, we considered
thermodynamic and kinetic aspects of H, addition in both
concerted and stepwise pathways when departing from H* as
generated upon H, adsorption and dissociation on the catalyst
surface. Note that the energetics associated with the two
mechanisms are almost identical. Thus, to ease the upcoming
discussion, only the stepwise mechanism is presented in detail
here, using a pool of diffusing H* adatoms on the 2D-
Mo,C(0001) and the Rh(111) surfaces. The DFT predictions
were then assessed experimentally using parahydrogen addition
to propene on 2D-Mo,C,_, and Rh/TiO, catalysts.”” The use
of a simpler ethene model instead of propene in the DFT
calculations is supported by the observation that H, activation
mainly originates from the electrostatic potential and charge on
metal sites on the catalyst surface, with only a limited influence
from the substrate.”” Ethene and propene are homologous
olefins with a single double bond and so a similar reactive
site.”® The ethene hydrogenation rate was reported to be ca. an
order of magnitude higher than that of propene,””® implying a
difference of only 0.06—0.1 eV in the activation energy barrier
according to the Arrhenius equation. Thus, using a simpler
ethene structure reduces computational complexity and time
without compromising the value of insights for propene
hydrogenation. The study reveals that, upon H, dissociation,
H* species undergo diffusion before transferring to alkenes and
emphasizes the effect of surface coverage (including hydrides
and alkene adsorbates) on the rate of ethene hydrogenation
(with only a minor effect found when considering 3/4
monolayer of H* or C,H,* species), demonstrating the vastly
dominant nonpairwise mechanism for both Rh(111) and 2D-
Mo,C(0001), regardless of a stacking motif (ABA or ABC).
Overall, our results demonstrate that, within the range of
surface coverages explored, the inherently nonpairwise nature
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of the Horiuti—Polanyi mechanism cannot be reconciled with
the pronounced contribution of the pairwise hydrogenation
pathway observed experimentally. Therefore, alternative
possibilities for the pairwise H, addition on the surface of
heterogeneous catalysts need to be considered.

2. EXPERIMENTAL AND THEORETICAL ASPECTS

2.1. Computational Details. Periodic DFT calculations
were carried out using the Vienna ab initio simulation package
(VASP).”" The exchange-correlation interaction was approxi-
mated within the generalized gradient approximation (GGA)
using the formalism proposed by Perdew—Burke—Ernzerhof
(PBE),” including Grimme’s D3 approach to account for
dispersive interactions.”> The projector-augmented wave
(PAW) method,** as implemented in VASP by Kresse and
Joubert,> was chosen to describe the density of core electrons
and their effect on the valence electron density. The valence
electron density was expanded on a plane wave basis set with a
cutoff kinetic energy of 415 eV.

The Rh reference (111) surface, the most stable one of Rh,*
was modeled using a p(4 X 4) slab with four fully optimized
layers constructed from the optimized geometry of Rh bulk, as
described in ref 36. A vacuum region of at least 16 A was used
perpendicular to the surface direction to avert interactions
between the periodically repeated models. Likewise, the 2D-
Mo,C MXene(0001) basal surfaces, featuring either the regular
ABC stacking, or the energetically more stable ABA stacking,37
were modeled using a p(4 X 4) supercell. For such models, an
optimal 4 X 4 X lk-point I'-centered Monkhorst—Pack grid
was used to sample the Brillouin zone for the necessary
numerical integration in the reciprocal space.’® During the
geometry optimization of the models, either pristine or with
adsorbates, a convergence criterion of 107 ¢V was used for the
electronic self-consistent field steps, while the relaxation of
atomic positions finalized when forces acting on atoms were
below 0.01 eV-A~!. Based on previous calculations, differences
in computational details, such as operation thresholds, k-points
densities, and basis set sizes, resulted in variations in total
energy below the chemically meaningful precision threshold of
ca. 0.04 eV.”

The obtained optimized structures of surface species on the
reaction coordinate were characterized as minima via vibra-
tional frequency analysis, gained Hessian matrix diagonaliza-
tion involving adsorbate degrees of freedom only, with
elements obtained from finite differences of analytical gradients
with steps of 0.03 A in length,” thus assuming vibrational
decoupling from surface phonons, following reported ap-
proaches.” ™" For each adsorbate, different high-symmetry
adsorption sites were sampled, see Figure S1 of the Supporting
Information (SI), and for each adsorbate, various orientations
and connectivities were considered systematically. For each
species, i, and for each found minimum, adsorption energies,
AE.,, were calculated as

AEzids = Ei/surf - (Esurf + Ei) (1)
where E;/ ¢ is the energy of the surface with the adsorbate,
E, . stands for the energy of the clean surface, i.e, ABC- or
ABA-stacked 2D-Mo,C MXene(0001) surface, or Rh(111)
surface models, and E; is the energy of the i species in the gas
phase as optimized in vacuum considering the I'-point only
within a box of broken-symmetry dimensions of 9 X 10 X 11
A3, Notice that, strictly speaking, such energies can be regarded

as adsorption energies for the species existing in the gas phase,
namely, H,, C,H,, and C,Hg, while for H and C,H;, these
would be interaction energies, but in what follows, they are
discussed indistinctly as adsorption energies. Within this
definition, the more negative the AE.,, the stronger the
interaction is. In addition, the adsorption Gibbs free energies at
a given temperature, T, and gas partial pressure, p, were gained.
The details are provided in Section SI of the SL

Once reactants are adsorbed, and as far as the stepwise
ethene hydrogenation mechanism is concerned, we regarded
the following reaction steps

(i) H, dissociation, AEg;:

H,* + * = 2.H* (2)
(ii) First hydrogen transfer, AE};"

CH*+H" = CH +* (3)
(iii) Second hydrogen transfer, AER":

CH" + H* 2 CH" + * (4)

including also adsorption and desorption steps of H,, C,H,,
and C,Hg. In addition, diffusion of surface species has been
investigated. For the reactive and diffusive paths, transition
states (TSs) have been located using the climbing-image
nudged elastic band (CI-NEB) and the improved dimer
approaches,*** applied on the most stable structures of initial
states (ISs) and final states (FSs). As was described above for
the identified minima, the TSs are characterized as well as
saddle points, thus featuring zero gradients and a single
imaginary frequency, consistent with the reaction path.
Adsorption, desorption, diffusive, and reactive rates have
been obtained as detailed in Section S2 of the SI. The span
model used is described in Section S3 of the SI.

2.2. Experimental Details. Rh/TiO, with 1 wt % of Rh
(determined with an X-ray fluorescence method) was prepared
by the incipient impregnation method. Before use, TiO,
(Hombifine N, phase-pure anatase, Sgpr = 103 m”> g') was
calcined at 550 °C for 2 h and dried at 120 °C for 6 h prior to
impregnation. The support was impregnated with a solution of
thodium(III) nitrate (Sigma-Aldrich), thoroughly mixed, and
left in air for 24 h, followed by drying in air for 3 h at 120 °C,
calcination in air for 2 h at 600 °C and a treatment with H, for
3 h at 330 °C. The size of Rh particles in the resulting Rh/
TiO, was assessed with transmission electron microscopy and
was found to be ca. 1.4 nm. The particle dispersion, calculated
from CO chemisorption measurements, was 77%, consistent
with the previous report.'’ Mo,CT, was obtained by etching
Mo,Ga,C with concentrated hydrofluoric acid (HF) as
described previously.”****” The same batch of Mo,CT, was
used for experiments in this work, as reported in ref 24. For the
hydrogenation experiments, 100 mg of Mo,CT, was loaded in
a 1:4” OD stainless steel reactor and held in place using two
pieces of a fiberglass tissue. Hydrogen gas was enriched with
parahydrogen up to ca. 95% using a p-H, generator based on a
closed-cycle helium cryostat (Cryotrade engineering CryoPri-
bor, model CFA-200-H2cell) and a cryo-compressor (Vacree
Technologies Co., Ltd., model C100A). Propene and p-H,
were supplied separately through Bronkhorst mass-flow
controllers and were mixed directly in the gas lines with a
volume ratio of 1:4. The resulting mixture was supplied
through a 1:16” OD PTFE capillary via a Y-connector from
PEEK polymer to the reactor, and then to the 10 mm NMR
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tube placed inside the NMR spectrometer (300 MHz). A valve
added between the line from the reactor and a bypass line
allowed for a facile acquisition of NMR spectra with the
complete nuclear spin relaxation without termination of the gas
flow through the catalyst layer. The reactor was heated with a
tubular furnace. The Mo,CT, precursor was pretreated in an
H, flow of 60 mL min~" at 500 °C for 2 h (heating ramp was
10 °C min™'), to give a material denoted as Mo,CT,_go, and
then cooled down to 150 °C without termination of the gas
flow. Subsequently, the catalyst was tested in the temperature
range from 165 to 375 °C and at a gas flow rate of 26, 156, and
240 mL min~. Alternatively, 5 mg of Rh/TiO, was mixed with
20 mg of SiC (Sgpr ca. 6 m* g™') and pretreated before the
catalytic test in an H, flow of 30 mL min~" at 200 °C for 1 h,
then cooled down to 43 °C without termination of the gas
flow. In this case, the catalytic test was performed in the
temperature range from 43 to 150 °C using the same gas flow
rates of 26, 156, and 240 mL min™".

Conversion of propene (Xc y,) was calculated from the ratio

of the integral of propane (i.e., hydrogenation product) NMR
signal (Scy,) to the sum of the integrals of propane and

unreacted propene (ie., substrate) signals (Sc ), determined

from the spectra acquired after relaxation of nuclear spins to

the thermal equilibrium
S

S 100%

XC H,
3t6 S
C;Hg CsHg (5)

Signal enhancement (SE) for CH;-groups of propane was
evaluated as

SE = |SPHIP - Sthermal'q
Sthermal/é (6)

where Spypp is the integral of the NMR signal of hyperpolarized
propane (acquired during gas flow), Syema is the integral of
the NMR signal of propane after relaxation to thermal
equilibrium, and 6 is the number of protons in the two CH;
groups of propane. C is the coeflicient of NMR signal
suppression at high flow rates caused by a fast inflow of
reagents from the Earth’s magnetic field to the NMR probe
due to an insufficient time for the nuclear magnetization to
achieve its high-field equilibrium value. Sy, is evaluated after
complete thermalization and is thus not affected by flow,
whereas its contribution to the enhanced NMR signal is
reduced by flow, ie, C < 1.

3. RESULTS AND DISCUSSION

3.1. Computational Assessment. The reactants (C,H,*
and H,*), the product (C,H¢*), and the intermediates (H*
and C,H;*) have been evaluated on high symmetry sites of the
ABC- or ABA-stacked 2D-Mo,C(0001) surface, as well as on
the Rh(111) surface, and the optimal adsorption sites are
presented in Figure S2. The observed H,* minima on the 2D-
Mo,C MXene model are in line with the previous report.**
The adsorption Gibbs free energies, AG,q, for reactants and
product, plotted in Figure 1—values are provided in Table
S1—reveal that, regardless of the stacking, the AG, 4, energies
of MXene-derived 2D-Mo,C are comparable to that of Rh,
even though there are certain differences, ie, with the
exception of C,Hy, the AG,4, energies are larger on the 2D-
Mo,C models relative to Rh(111). Among the 2D-Mo,C
models, the Gibbs free energies of adsorption are larger for

25

ABA-Mo,C

2.0 7 /l:lllsc-Mozc
-1 n
% 1.5 %Z Z
S0l ] .
sl B
'
0s] % %
0.0- é// é

H, C,H, C,H;

Figure 1. Adsorption free energies of H, (assuming the spontaneous
dissociation into 2H*), C,H,, and C,Hy on the ABA-Mo,C, ABC-
Mo,C and Rh(111) surfaces under 1 bar of gas pressure and 250 or
60 °C for the 2D-Mo,C and Rh(111) models, respectively.

ABC-Mo,C than for ABA-Mo,C, consistent with a lower
stability of the ABC-stacking relative to the ABA-stacking.”’

The computed adsorption energies were used to estimate
adsorption and desorption rates as a function of the gas
pressure, p, and temperature, T (cf Figure S3). In turn, the
rates can be used to derive the so-called kinetic phase diagrams
(KPD)," presented in Figure 2. Given the easiness of H,*
dissociation, see below, the formation of H,* from 2 H* and
its subsequent desorption have been used for the KPD. With
this in mind, a slightly higher affinity of the surfaces for C,H, is
found with respect to H,. It is clear that reactants, C,H, and
H, (undergoing the dissociation to 2 H*), can be adsorbed on
all three surfaces at the working conditions, while C,H4 would
be prone to facile desorption; a favorable feature for the
catalyst performance.

As briefly introduced, the dissociation of one H,* into 2 H*
on the studied surfaces was assessed also in the vicinity of a
single C,H,* species. H* adsorbs preferentially on the Hy and
H,, sites for the ABA-Mo,C and ABC-Mo,C models,
respectively (cf. Figure S1). However, on Rh(111), despite
H;.. being the most stable site for the H* adsorption, the
adsorption of H* on Hy, is energetically less exothermic by
merely 0.03 eV (cf. Figure S1), implying both sites compete for
the H* species. The number of conceivable intermediates for
two vicinal H* is larger for the Rh(111) surface; see Figure S4
and Table S2 for the coadsorption energies. Competitive
minima are used as final states for the H,* dissociation (cf.
Figure SS), with the estimated dissociation energy barriers, Ey,
of only 0.28 and 0.11 eV for the ABA- and ABC-Mo,C models,
respectively, and only 0.06 eV for Rh(111)—toward vicinal
H. and Hy,, sites—, and 0.08 eV toward two vicinal Hg, sites.
Thus, H, dissociation is a low-energy barrier elementary step
on all three pristine surfaces and slightly more difficult on 2D-
Mo,C(0001) than on Rh(111).

Considering the notably stronger interaction of C,H,
compared to H, molecule on all three surfaces, one can
anticipate the dissociation of H, to proceed also in the
presence of C,H,*. To this end, the H,* adsorption sites and 2
H* coadsorption sites were probed, see Figures S6 and S7 for
the respective structures, and Tables S3—S6 for the adsorption
energies. The presence of C,H,* has only a moderate impact
on the H, dissociation energy barriers, E, (cf. Table S7). In the
presence of C,H,*, the Ey values decrease to 0.19 and 0.09 eV
for ABA- and ABC-Mo,C, respectively, and to only 0.01 eV for
the Rh(111) surface—ISs, TSs, and FSs corresponding to the
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Figure 2. Calculated kinetic phase diagrams for H,, C,H,, and C,Hg on the (a) ABA-Mo,C, (b) ABC-Mo,C, and (c) Rh(111) models as a function
of temperature T, in K, and standard logarithmic function of the gas pressures, p, in Pa. Colored regions imply a preference toward adsorption,

while white areas represent regions where pristine surfaces are preferred.
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Figure 3. Potential routes of the first step of the C,H, hydrogenation reaction on (a) ABA-Mo,C-1b, (b) ABC-Mo,C-1¢, and (c) Rh-2b. See Figure

S7 for the definition of notations.

paths with the lowest E, are presented in Figure S8. To
summarize, 2D-Mo,C and Rh(111) dissociate H, easily,
regardless of the presence or absence of the C,H,* species.

As aforementioned, the accepted mechanisms for the
hydrogenation of alkenes over heterogeneous transition metal
catalysts involve the dissociative chemisorption of H,.*” Upon
H, dissociation and prior to the H* transfer to an unsaturated
hydrocarbon such as an alkene, the diffusion of H* adatoms
may take place.”® The diffusion of H* adatoms was
computationally explored considering the presence or absence
of C,H,*, following the paths depicted in Figure S1, and, in
the Rh(111) case, involving both Hy and Hj,, competitive
sites. The preferred paths on the pristine surfaces, shown in
Figure S9, reveal diffusion energy barriers E, of 0.35 and 0.27
eV for the ABA- and ABC-Mo,C models and of 0.16 eV for the
Rh(111) surface; these values vary slightly in the presence of
C,H,* (cf. Figure S10), with the E, values of 0.37 and 0.28 eV
for the ABA- and ABC-Mo,C models, and 0.10 eV for
Rh(111). Altogether, the results show that regardless of the
absence or presence of C,H,*, the E; of H, dissociation is
lower than that of H* diffusion (cf. Table S8).

Next, the energetics of the ethene hydrogenation steps were
evaluated. The reactive pathways for the first H* transfer are
shown in Figure 3, while reaction energy changes, AE, and
energy barriers, E,, are presented in Table S9. The AE to form
C,Hy* from C,H,* and H* on the 2D-Mo,C models range
from 0.28 to 0.57 eV, which is generally comparable to the AE
of 0.39 eV on Rh(111). Similarly, the E, range from 0.64 to
0.84 eV on the 2D-Mo,C models, which are slightly lower than
0.91 eV found for Rh(111). Thus, the first H* transfer step to
C,H,* is more facile on 2D-Mo,C regardless of the stacking
when compared to Rh(111).

The second hydrogenation step that converts C,H;* and H*
to C,Hg* is slightly exothermic, by —0.11 eV, for Rh(111),
with a moderate Ey, of 0.55 eV. However, on the 2D-Mo,C
models, this step is endothermic, in the range of 0.86—1.32 eV,
leading to higher E, values varying from 1.77 to 2.11 €V (cf.
Table S9). Thus, the significant endothermicity of the second
H* transfer step on both 2D-Mo,C models distinguishes them
from the Rh(111) model. The higher energy barrier for the
second hydrogenation step on both 2D-Mo,C(0001) surfaces
is due to the similarly stronger bonding of C,H,* and C,Hj*
species on 2D-Mo,C compared to the adsorption energy of
C,H¢*, at variance with Rh, where bonding energies are more
similar. The similarly high adsorption energies for C,H,* and
C,H;* species on 2D-Mo,C lead to a relatively low barrier for
the first hydrogenation step but make the second hydro-
genation barrier higher, in agreement with the Brensted—
Evans—Polanyi (BEP) relationships. Overall, the hydrogena-
tion of C,H,* to C,H¢* is moderately endothermic on
Rh(111) by 0.27 eV and has an energy barrier of 0.94 eV
according to the span model,”" while on ABA- and ABC-Mo,C
the reaction is endothermic by 1.20 and 1.70 eV, with the span
model energy barriers of 2.06 and 2.40 eV, respectively (cf
Table S9). These results suggest a more facile hydrogenation
of ethene to ethane on Rh(111) relative to both 2D-Mo,C
models, see Figure 4.

Substrate coverage effects may change the energy barriers,
for instance, by lateral interactions. In this context, the high
coverage of C,H,* and H* adatoms under the reaction
conditions can be prompted by a stronger ethene adsorption
and low barriers for the H, dissociation; see Figures 1, 2, and
Table S8, in addition to a higher partial pressure of H,
compared to C,H,. To probe the substrate coverage effects,
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Figure 4. Total reaction energy profiles on the pristine (black) (0001)
surfaces of (a) ABA-Mo,C and (b) ABC-Mo,C, and (c) Rh(111).
From C,H,* + 2H* state, the forward paths are superimposed for 3/4
ML H* (blue), and 3/4 ML C,H,* (red). The diffusive paths of H*
adatoms are shown in lighter shades of the respective colored traces.
Note that the pristine diffusive path (gray) and that of the 3/4 ML
C,H,* model (pink) essentially superimpose. All energy values are
corrected by the zero energy term (ZPE).

we considered surface models with 3/4 of a monolayer (ML)
of either C,H,* or H*. Here, coverage is defined based on H*
ML with full occupancy of active hollow sites; that is, a H* per
6.9 or 6.4 A? for 2D-Mo,C or Rh, respectively, while assuming
C,H,* occupies a projected area of ca. 27.7 A* on 2D-Mo,C,
see Figure S2, similar to four sites of H¥, a situation copycatted
on Rh as well. On the 3/4 ML C,H,* model, the most stable
sampled situation minimized the lateral repulsion between
moieties, while in the 3/4 ML H* situation, the simultaneous
placement of a C,H,* moiety left only two empty hollow sites,
located near the C,H,* to allow assessing H, adsorption,
dissociation, and C,H,* hydrogenation steps. Thus, in the 3/4
ML H* model 12 H* adatoms reside on the modeled surface,
including the two H* atoms obtained from the H, dissociation.
On the 3/4 ML C,H,* model, there are three C,H,*

molecules, one of which engages in the hydrogenation
reaction.

Before addressing ethene hydrogenation at these high
coverages, it is worth analyzing H, dissociation at a such
higher H* coverage, remembering that, e,g,, on Pt(111), the
dissociation enthalpy of H, declines at high coverages of H*.>*
To this end, we removed two vicinal H* adatoms from the 3/4
ML H* model, achieving a °/; ML H* coverage. On that
surface, H, adsorption energy slightly decreases to —0.46 and
—0.62 eV, and so does the dissociation energy, which decreases
to —0.88 and —0.94 eV, with E, declining to 0.10 and 0.01 eV,
for ABA- and ABC-Mo,C, respectively, compared to low-
coverage values, see Tables S3 and S8 of the SI. On Rh(111),
the E,4 and dissociation energy reduces to —0.02 and —1.14
eV, as well, with a negligible energy barrier close to 0 eV. Thus,
H* coverage seems to reduce the adsorption strength and ease
the H, dissociation, yet the effect is much smaller compared to,
e, the reported data on Pt(111).>* With this in mind, the
reaction energies, energy barriers, full process energy change,
and E, values of the span model are listed in Table S10 for the
ABA- and ABC-Mo,C, and Rh(111) surfaces. The transition
states and reaction pathways are presented in Figures S11—
S13. These results show that the 3/4 ML coverage of either
C,H,* or H* adatoms has only a minor impact on certain
steps (vide infra), and so, the full reaction profile is essentially
unchanged, see Figure 4, generally unaffected by whether the
high coverage situation is found with C,H,* or H* moieties,
also due to the similar surface occupancy of the 3/4 ML C,H,*
or H* models, see above, and expected similar lateral
interactions between these surface moieties. This non-
dependency of activation energies on coverage has been
observed, eg, in allyl alcohol hydrogenation on Rh(111),
although for some other hydrogenation reactions, e.g,
cyclohexene hydrogenation, the H* coverage was reported to
reduce the hydrogenation energy barriers significantly.”> On
Rh(111), the impact is negligible, making the reaction less
endothermic by merely 0.1 eV, and with an E, reduced by 0.14
eV in the case of the 3/4 ML H* coverage. The coverage effect
on the energy profile of the 2D-Mo,C models is similar yet
with more pronounced changes; at the 3/4 ML H*-coverage,
the span Ey decreases by 0.49 and 0.35 eV for the ABA-Mo,C
and ABC-Mo,C, respectively. However, for the 3/4 ML C,H,*
coverage, the span Ej, increases by 0.1 eV in ABA-Mo,C, yet it
decreases by 0.53 eV for ABC-Mo,C, a difference attributed to
distinct C,H,* arrangements for the different stackings
presented in Figures S11 and S12. Overall, full hydrogenation
of C,H,* is more endothermic, and the reaction barriers are
higher on 2D-Mo,C compared to Rh(111), regardless of the
effects of the stacking or coverages of H* and C,H,*. The H*
adatoms diffusion energy barriers on the 3/4 ML models of
C,H,*, shown in Figure S14, are generally similar to those of
the pristine surfaces, with the Ey, variations in the 0.01 eV range
for any of the explored Mo,C models. Still, for the 3/4 ML
coverage of H*, shown in Figure S15, larger diffusion E} values
of 0.42 eV on ABA- and ABC-Mo,C compared to respective
values of 0.37 and 0.28 eV on the pristine cases are found, see
Table S11.

At this point, one can assess, based on the presented DFT
results, the relative fractions of the expected pairwise wvs
nonpairwise hydrogenation pathways, the latter governed by
H* diffusion energy barriers. This assessment is based on the
estimation of the reaction rates as a function of the working
temperature, T, via the span model energy barriers and the
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Figure S. Calculated ratio between the rates of H* diffusion, rg and the reaction rate obtained using the span model energy barrier, 7,,, on ABA-
and ABC-2D-Mo,C (0001) surfaces, and Rh(111) surface, using (a) pristine surfaces, (b) a surface with coverage of 3/4 ML of H* or (c) 3/4 ML
of C,H,*. Shaded regions reflect the DFT uncertainty of +0.2 eV on the estimated energy barriers.

diffusion rates, obtained using transition state theory (TST)
and considering 1 bar of reactants. Note that, since the
competition of pairwise vs nonpairwise mechanisms relies on
reaction vs diffusion rates, microkinetic modeling could
provide estimates of reaction rate, although inclusion of
diffusion, even if possible, would not affect reaction rate. Thus,
as posed, microkinetic modeling would deliver no extra
information from estimated rates. Effect of diffusion could be
implemented by ab initio molecular dynamics, although here
one should consider thousands of trajectories, which entails
excessive computational costs. A more affordable approach
would be kinetic Monte Carlo, although yet with difficulties in
tagging spin on H adatom and spin scrambling by diffusion.
With this information in hand, one can calculate the ratio
between the diffusion rate, ryg and the reaction rate obtained
using the span model, 7y, i€, 7g/Tipan- A ratio larger than
unity indicates that H* diffusion is faster than the hydro-
genation reaction. The obtained ryi/ 7y, ratios for the ABA-
and ABC-Mo,C(0001) surfaces and that for Rh(111) as a
function of temperature are shown in Figure 5.

DFT results show that the nonpairwise mechanism is
expected to dominate on any of the model catalytic surfaces
studied and that the pairwise mechanism is more likely on
Rh(111) than on the 2D-Mo,C (0001) surfaces, independent
of the H* and C,H,* coverage of the surfaces. Note, however,
that one should account for the DFT accuracy limits of +0.2
eV. Thus, accuracy limits were added to Figure S assuming that
the employed PBE-D3 level of calculation is underestimating
or overestimating certain E, values, in particular, over-
estimating diffusion barriers E, on Rh(111) and the span
model E, barriers for the hydrogenation reaction on the 2D-
Mo,C(0001) surfaces, underestimating the diffusion Ej, on the
Mo,C(0001) surfaces, and hydrogenation span model E,
barriers on Rh(111). Still, the trends discussed above remain
unchanged also after accounting for the accuracy of our DFT
approach.

Alternatively, a mechanism based on a concerted addition of
H, to C,H,* that avoids the formation of H* adatoms, if
operative, would result in a high selectivity toward pairwise H,
addition. Therefore, we have considered also the contribution
of an Eley—Rideal mechanism, where the H, molecule reacts
with C,H,* directly from the gas phase, contributing to a
pairwise addition via this single-step mechanism. However, all
the computational attempts exploring the Eley—Rideal
mechanism yielded high DFT energy barriers, ie, at least
4.84, 5.12, and 2.28 eV for ABA- and ABC-2D-Mo,C(0001)

and Rh(111) surfaces, respectively, thus larger than the most-
demanding energy barrier of the stepwise mechanism (see
Table S9 and Figure S16 of the SI). Therefore, a competitive
pairwise hydrogenation mechanism that follows the Eley—
Rideal kinetics can be discarded.

In what follows, we will discuss experimental results for the
estimates of the pairwise and nonpairwise addition pathways
obtained in the experiments with parahydrogen addition to
propene on Rh/TiO, and Mo,CT,_q, catalysts.

3.2. Experimental Results. As discussed above, the
observation of the NMR signal enhancement (SE) in PHIP
experiments requires that the two H atoms of the same p-H,
molecule add to an unsaturated bond of a reactant (propene in
this case) in a pairwise manner. The SE value is defined by eq
6, with higher SE values corresponding to a higher
contribution of pairwise addition pathway to the overall
product formation rate. Because the SE is normalized by the
amount of product produced in the reaction (see eq 6), the SE
values can be directly compared for different conversion levels.

While ethene was used to simplify the DFT calculations
described above, PHIP experiments were performed with
propene as a substrate. We note that the hydrogenation of
ethene with p-H,, even if entirely pairwise, would not produce
observable NMR signal enhancement for the product ethane
and thus could not be used to reveal a possible contribution of
the pairwise H, addition. This is because the two hydrogen
atoms incorporated in ethane upon hydrogenation of ethene
are chemically and magnetically equivalent (as in p-H,), while
observation of signal enhancement requires breaking this
equivalence in the reaction product. Since the latter condition
is satisfied in propane, our hydrogenation experiments use
propene. Worthy of note, it is unlikely that the underlying
hydrogenation pathways (including the respective adsorption
and diffusion properties, vide supra) predicted by our DFT
calculations for ethene would be significantly different for
propene. Therefore, the use of these two homologous olefins is
not expected to affect the conclusions of this study.

Mo,CT,_soo catalyst was prepared in situ by a 2 h
pretreatment of Mo,CT, (100 mg) in the undiluted H, flow
at 500 °C, i.e., in conditions that are known to fully reductively
defunctionalize the surface termination groups of Mo,CT,
(and concurrently generate some C vacancies by removing the
carbidic carbon as methane) and provide a 2D-Mo,C,_,
material.”> Mo,CT,_soo was cooled down to 150 °C after the
pretreatment without termination of H, flow and then tested in
propene hydrogenation with p-H, using the volume ratio of
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Figure 6. Conversion of propene (X, in its hydrogenation with p-H, (1:4 volume ratio) as a function of temperature over (a) Mo,CT,_so, and
(b) Rh/TiO, catalysts, and (c,d) NMR signal enhancement, SE, as a function of conversion, for the three flow rates used. The lines are added to
guide the eye. Note that the metal-based weight-over-flow (W/F) ratios were notably different, i.e., W/F = 2.8, 0.47, 0.30 mgy;, min mL™" and 1.9
x 107332 x 107 2.1 x 107* mgg;, min mL™! for the flow rates of 26, 156, and 240 mL min "}, respectively.

propene to p-H, of 1:4. Mo,CT,_ 55 showed complete
propene conversion at 165 °C when using a flow rate of 26
mL min~!; propene conversion decreased to 75% upon
increasing the flow rate to 240 mL min~' (Table S12).
Noteworthy, propene conversion on Mo,CT,_ sy declined
with increasing temperature, possibly due to the formation of
surface carbon deposits. Yet notably low signal enhancements
were observed for the reaction product (propane) with
Mo,CT,_ 5o across the entire temperature range tested
(165—375 °C). More specifically, at temperatures lower than
235 °C, the observed signal enhancements did not exceed 2-
fold, indicating an almost entirely nonpairwise H, addition on
Mo,CT,_sq0- A slight increase to a (still low yet unambiguously
detectable) 10-fold SE with an increase in temperature to 375
°C was observed.

As mentioned above, Rh/TiO, is one of the most efficient
catalysts to enable relatively high levels of SE in PHIP
experiments at high conversion, i.e., selectivity to the pairwise
addition route of up to 8% and a 200-fold SE has been
reported previously.' To compare Mo,CT,_sq, to Rh/TiO, at
similar conversions, we mixed 1 wt % Rh/TiO, with a SiC
diluent (to help dissipate the heat released of the exothermic
propene hydrogenation reaction) and used hydrogenation
temperatures in the range of ca. 43—150 °C. The obtained
propene conversion and SE for Rh/TiO, are presented in
Table S12. At low temperatures (ca. 43—75 °C), the observed

12507

signal enhancements were generally higher for Rh/TiO,, with
the SE values at ca. 276- to 390-fold. Overall, Mo,CT,_s,
shows at 150 °C a ca. twice higher conversion at the two higher
flow rates than Rh/TiO,, while SE values differ by ca. 2 orders
of magnitude (viz.,, 261-301 for Rh/TiO, vs 10 for
Mo,CT,500)-

We note that the observed SE values are systematically larger
at higher flow rates. This is due to the relaxation of nuclear
spins that drives the nuclear spin system to thermal
equilibrium, thereby significantly attenuating the NMR signal
enhancement created initially by the pairwise addition of p-H,.
Lower gas flow rates result in longer gas travel time from the
reactor to the NMR probe, leading to larger losses of nuclear
polarization and lower apparent SE values. To obtain the true
SE values, an extrapolation of SE to an infinite flow rate (i.e.,
zero travel time) is required, yet in practice, this approach may
introduce significant uncertainties. Therefore, the SE values
obtained at the highest gas flow rate used in the experiments
(ie, 240 mL min~") are taken here as the proxy for the extent
of the pairwise hydrogen addition in propene hydrogenation
on Mo,CT,_sy, and Rh/TiO,, as presented in Figure 6. At the
same time, higher flow rates result in reduced reactant
residence time in the reactor and, thus, in lower conversions.
For completeness, Table S12 reports both SE and conversion
values at all three flow rates used.
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3.3. Discussion. As shown above, the selectivity to the
pairwise hydrogen addition assessed via the experimentally
observed NMR signal enhancements is notably larger for the
Rh/TiO, relative to Mo,CT,_s0o. Assuming that the hydro-
genation proceeds via dissociative chemisorption of H, on a
catalyst surface, obtained pairwise selectivities are qualitatively
in line with the results of DFT calculations. Indeed, lower
ratios between the rates of H* surface diffusion and the
hydrogenation reaction (rg/7sp,) for the Rh(111) compared
to those for the 2D-Mo,C(0001) surface (representing
experimental Rh/TiO, and Mo,CT,_sq, respectively) imply
a higher likelihood for the pairwise addition on Rh(111).
However, in quantitative terms, the DFT calculations predict
the diffusion to be 4—12 orders of magnitude faster than the
hydrogenation reaction under typical experimental conditions.
The disparity between the two rates appears too significant to
be affected notably by any reasonable fine-tuning of the
employed calculational models and the associated computa-
tional errors. Furthermore, the calculations additionally suggest
that even if an H, molecule would dissociate in the immediate
vicinity of an adsorbed ethene molecule, the diffusive
separation of H* adatoms is notably faster than their transfer
to ethene, and therefore the likelihood of the pairwise
hydrogen addition is not increased appreciably.

The observation of PHIP effects on metal surfaces is
sometimes ascribed to the presence of adsorbates that lower
significantly the diffusive mobility of H* adatoms, favoring
thereby the pairwise hydrogen addition.”* Indeed, a number of
surface sites can be blocked or become blocked if associated
with the simultaneous diffusion of H*, both factors slowing
down H* diffusion considerably and potentially prompting the
pairwise addition. In this context, the present DFT calculations
demonstrated no significant changes in the diffusive and
reactive rates due to high surface coverages of coadsorbates (3/
4 ML of H* or C,H,*). Within this static picture, the diffusive
and reactive channels are not blocked, making the presence of
adsorbates an unlikely decisive factor for the emergence of
PHIP effects. While the presence of other adsorbates (such as
CH;CH=CH,*) may feature a more pronounced influence
on the rgg/rp,, ratio, the disparity of several orders of
magnitude in the r4/7y,,, ratio observed for the hydrogenation
of ethene strongly suggests that adsorbates present at the
catalyst surface cannot explain the contribution of the pairwise
hydrogenation mechanism, at least for the range of surface
coverages addressed in this work.

Alternative explanations of pairwise H, addition thus need to
be considered. In particular, the reaction of an H, molecule
directly from the gas phase with an adsorbed C,H,* molecule
through an Eley—Rideal mechanism would be expected to
result in high pairwise selectivity. However, very high energy
barriers revealed by DFT calculations for this mechanism
exclude this as a possibility, see Figure S16 of the SL. A few
other hydrogenation mechanisms sometimes advanced in
catalytic literature generally cannot explain pairwise hydro-
genation either because, similar to the Horiuti—Polanyi
mechanism, random H* atoms are involved even when the
reaction of an alkene or an alkyne with either H,® or H,*
(instead of H*) is considered.”*>*° For instance, in the
associative mechanism of the partial alkyne hydrogenation, the
reaction between adsorbed propyne and H, adds one H atom
to propyne but places the second one on the metal surface as
H*> Our DFT results demonstrate that, for the similar
configuration C,Hs* + H*, the second H* adatom is much

more likely to diffuse away than to complete the hydrogenation
cycle, ie, the underlying substrate-assisted hydrogenation
mechanism is also nonpairwise.

Therefore, the quantitative results cannot be reconciled with
the theoretically predicted preference for the Horiuti—Polanyi
mechanism and other nonpairwise mechanisms of heteroge-
neous hydrogenations. At the same time, the experimental
observations clearly reveal the presence of the pairwise reaction
pathway for Rh/TiO, and even for Mo,CT,_s, catalysts, for
which the calculated ryg/7y,,, ratios are particularly unfavor-
able. Moreover, this and other experimental studies of PHIP
effects demonstrate that pairwise hydrogen addition is
essentially omnipresent in hydrogenations catalyzed by various
heterogeneous catalysts.” It is thus reasonable to conclude that
the results point to the existence of additional reaction
route(s) that inherently favor pairwise reaction pathway,
operating concurrently with the dominant Horiuti—Polanyi
mechanism and contributing measurably to the overall reaction
yield. When such a concurrent mechanism involves the
dissociation of H,, the migration (and therefore, the
randomization) of the formed H* species should be strongly
suppressed, as is, for instance, the case for molecular transition
metal catalysts that operate via the oxidative addition of H,,
olefin insertion, and reductive elimination steps. In the case of
Rh/TiO,, the presence of such “pairwise-selective” sites could
result from an strong metal-support interaction (SMSI) effect.
When SMSI effects are not available, a plausible mechanism
could rely on a blocked diffusion of H* adatoms arising from
occupied sites and the simultaneous competing diffusion of
many H* adatoms, dynamically preventing diffusion until a
nearby site is freed, an aspect not considered in the
computation of diffusion rates. This would imply that H*
adatoms formed after H, adsorption and dissociation nearby
C,H,* cannot diffuse away as fast as predicted due to the
dynamic site blocking, particularly for coverages higher than
the explored 0.75 ML coverage. In such a situation, H* would
have fewer chances to diffuse, and concomitantly, both
generated H* atoms from p-H, would be more likely added
in a pairwise manner to C,H,*. Alternatively, a mechanism
based on a concerted addition of H,* to a substrate that
completely avoids the formation of H* adatoms and features
competitive reaction barriers relative to the Horiuti—Polanyi
pathway would result in a high selectivity toward pairwise H,
addition in the hydrogenation of unsaturated hydrocarbons.
Future studies should explore the possibilities outlined above.

4. CONCLUSIONS

Here, first-principles DFT calculations were used to elucidate a
more detailed reaction mechanism of the ethene hydro-
genation on the well-defined model Rh(111) surface and 2D-
Mo,C(0001) with ABC- and ABA-stacking. Consistent results
from both DFT calculations and experimental observations
indicate that these catalysts are capable of effectively catalyzing
the hydrogenation of ethene, which aligns with predictions
based on adsorption rates that decrease sequentially for C,H,,
H,, and C,H, Furthermore, the DFT results show that
although 2D-Mo,C and Rh(111) surfaces adsorb H,,
dissociate H,, and difftuse H* adatoms with comparable
barriers, regardless of the surface coverage with H* and C,H, *
adsorbates in a model ethene hydrogenation reaction, the H*
transfer steps for the hydrogenation of C,H;* to C,H¢* are
distinct. Specifically, while the first hydrogen transfer, to form
C,H;* from C,H,* and H¥*, proceeds with similar barriers on
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Rh(111) and 2D-Mo,C, the hydrogenation of ethyl species to
ethane is endothermic on 2D-Mo,C models and features
significantly higher energy barriers than on Rh(111). This
leads to a lower predicted rate of the ethene hydrogenation
reaction on 2D-Mo,C (in agreement with the experiment).

The DFT calculations were combined, for the first time, with
experimental studies of hydrogenation with parahydrogen to
address the origin of the nonpairwise vs pairwise H, addition.
The hydrogenation of propene on 2D-Mo,C,_, and Rh/TiO,
catalysts at comparable conversions resulted in an appreciable
enhancement of the NMR signals of the reaction product
(propane), which indicates unambiguously that the pairwise
addition of H, to propene contributes measurably to the
reaction rate, in line also with the previous studies that relied
on parahydrogen to demonstrate the existence of the pairwise
hydrogenation pathway on various surfaces. Importantly, our
DEFT study highlighted that diffusive migration of H* adatoms
on a catalyst surface, which is an essential part of the Horiuti—
Polanyi hydrogenation mechanism, is notably faster relative to
the rate of H* addition to ethene, such that only randomized
H* adatoms are added to the alkene. This inference is not
altered measurably when considering significantly high catalyst
surface coverages and other reaction conditions, implying no
adsorbate lateral interaction hindrances.

While the experimentally established preference for the
pairwise mechanism on Rh relative to 2D-Mo,C is qualitatively
explained based on the inherent H* diffusion differences
between these catalysts, in more quantitative terms, the
pairwise H, addition, with both H atoms of the same H,
molecule ending up in the same product molecule, is predicted
to be markedly less probable on any studied catalyst.
Therefore, this combined theoretical and experimental study
clearly demonstrates the predominance of the widely accepted
Horiuti—Polanyi hydrogenation mechanism, which cannot
explain the measurable contribution of the pairwise hydro-
genation pathway as experimentally observed. Alternative
reaction pathways, such as the identified concerted transition
states for the H, addition following the Eley—Rideal pathway,
were ruled out based on their high reaction barriers. One
remaining plausible explanation is the diffusion hindrance of
H* adatoms due to a dynamic surface site blocking at
coverages higher than the currently explored 0.75 ML of H* or
C,H,*, potentially prompting the pairwise addition. However,
this remains to be confirmed in subsequent studies. Overall,
the underlying pairwise hydrogenation mechanism avoids the
randomization of hydrogen atoms either by preventing
diffusion and scrambling of H* adatoms or by excluding
entirely the involvement of H* adatoms in the reaction
pathway.
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