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Abstract: Complete dehydrogenation
of methane is studied on model Pt cat-
alysts by means of state-of-the-art DFT
methods and by a combination of su-
personic molecular beams with high-
resolution photoelectron spectroscopy.
The DFT results predict that intermedi-
ate species like CH; and CH, are spe-
cially stabilized at sites located at parti-
cles edges and corners by an amount of
50-80 kJmol'. This stabilization is
caused by an enhanced activity of low-
coordinated sites accompanied by their
special flexibility to accommodate ad-
sorbates. The kinetics of the complete
dehydrogenation of methane is sub-

Introduction

Methane is the simplest, most abundant, and stable alkane
molecule. In addition, it is the second most important an-
thropogenic greenhouse gas after CO,." Its rise in air con-

stantially modified according to the re-
action energy profiles when switching
from Pt(111) extended surfaces to Pt
nanoparticles. The CH; and CH, for-
mation steps are endothermic on Pt-
(111) but markedly exothermic on Pty
An important decrease of the reaction
barriers is observed in the latter case
with  values of  approximately
60 kJmol ™! for first C—H bond scission
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[a]

and 40 kImol™"' for methyl decomposi-
tion. DFT predictions are experimen-
tally confirmed by methane decomposi-
tion on Pt nanoparticles supported on
an ordered CeO, film on Cu(111). It is
shown that CH; generated on the Pt
nanoparticles undergoes spontaneous
dehydrogenation at 100 K. This is in
sharp contrast to previous results on Pt
single-crystal surfaces in which CHj;
was stable up to much higher tempera-
tures. This result underlines the critical
role of particle edge sites in methane
activation and dehydrogenation.

centration is the result of non-sustainable farming, and
chemical and energy power processes. Although the amount

of methane emissions is five times less than those of CO,,
they are similarly problematic because methane can retain
approximately 23 times more heat than CO, in the atmos-
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phere. Because of this, a large-scale chemical conversion of
methane into other valuable and/or environmentally friendly
chemical compounds would have a tremendous impact on
the climate and, due to the low-cost of this feedstock, on the
chemical industry.

Once methane is activated, it can be used in a variety of
industrially relevant reactions, for instance, synthesis-gas
(syngas) formation,* which can be achieved either through
steam reforming [Eq. (1)],% dry reforming [Eq. (2)],7"" or
methane partial oxidation [Eq. (3)].[°!

CH, + H,O0 — CO+3H,

. o (1)
AH° = 4206 kJ mol
CH, + CO, —2CO + 2 H, 2
A H° = 4247 kJ mol ™!
CH4 + 1/2 02 i CO + 2H2 (3)

AH° = —-36 kI mol™!

The syngas H,/CO current generated can be used in Fisch-
er—Tropsch reaction™'?" to obtain long-chain hydrocarbons
[Egs. (4) and (5)]. In addition, the generation of H, could be
relevant for usage in fuel cells.” >

nCO + (2n+ 1)H, — C,H,,,, + nH,O

. 5 4)
AH® = —347kImol ™ (n=2)

nCO +2nH, — C,H,, + nH,0

5

AH® = -210kImol™ (n=2) ®)

Alternatively, methane can potentially be converted to

ethane [Eq. (6)] and ethylene [Eq. (7)] through CO, oxida-
tive coupling.?+?"

2CH4 + C02 — CzHé + CO + H20

6
AH® = +106 kJ mol ™! (©)

2CH, +2CO, - GH,; +2CO +2H,0

! G )
AH° = +284 kJ mol
In spite of the broad range of potential applications, it is
primarily the extraordinary chemical stability of methane
that makes its activation, in particular the scission of the C—
H bond, a serious challenge. Therefore, the catalytic activa-
tion of methane on transition metals has been a matter of
intense investigation.”™>" Nickel is commonly used as a cat-
alyst in many of the above-mentioned chemical reactions,
either exposing extended surfaces!***3323 or as supported
nanoparticles.>33142.3] Theoretical®™3 and experimen-
tal®>3 studies on single-crystal surfaces indicate that the
use of platinum instead of nickel catalysts could substantial-
ly reduce the energy barrier for the first hydrogen abstrac-
tion from methane, which is normally considered the reac-
tion rate-limiting step.”! On Pt(111) surfaces the reduction
in the activation barrier with respect to Ni(111) is around
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15-30 kJmol™". A similar reduction in activation enthalpy
would apply for methyl dehydrogenation according to DFT
calculations.”

Herein, we provide theoretical and experimental evidence
that usage of Pt nanoparticles instead of extended Pt surfa-
ces dramatically facilitates the kinetics of methane dehydro-
genation. The reason for the notable change in the reaction
behavior is the presence of low-coordinated sites, such as
edge, corner, and nearby sites on nanoparticles. The role of
these sites is to reduce the energy barriers of every reaction
step and to stabilize the reaction intermediates. In this
sense, the use of platinum nanoparticles could make the for-
mation of intermediates, such as CH species, an energetical-
ly downhill process that works at low temperatures. This
pathway would therefore be preferred over the high-barrier
energy-demanding process on extended Pt(111) surfaces.
Past studies employing either slab®" or small cluster™**
models have focused exclusively on low Miller index surfa-
ces. The present work is among the first that comparatively
analyzes the surface reactivity of extended transition-metal
terraces and nanoparticles at the same high computational
level, and includes subsequent experimental corroboration.

Experimental and Computational Details

Computational details and models: DFT calculations with periodic boun-
dary conditions were carried out by using the program package VASP.*!
Interactions of valence electrons with the atomic cores were described by
the projector augmented wave method.* A kinetic energy cutoff of
415 eV for the plane-wave basis set was employed throughout, ensuring
convergence of energies to better than 0.01 kJmol ™. Geometry optimiza-
tions were performed using a conjugate gradient algorithm until forces
acting on each atom became less than 0.03 kJmol 'pm'. Tests revealed
no effect of spin polarization on the adsorbed systems. Thus, all calcula-
tions were non-spin polarized, unless stated otherwise. The revised form
of the PBE™! (RPBE) exchange-correlation (xc) functional has been
used throughout, as it has been shown to give accurate results for the ad-
sorption of small molecules.">*!

The transition states (TS) have been located by using the climbing-image
nudged-elastic-band (CI-NEB) method connecting reactants and prod-
ucts adsorbed in the most stable positions. Structures near the TS have
been refined by a quasi-Newton method until forces are less than
0.03 kJmol 'pm™". The proper character of the local minima and the TS
have been confirmed by analysis of the vibrational frequencies of the ad-
sorbed species through construction and diagonalization of the Hessian
matrix applying displacements of 5 pm in each cell direction for each
atom of the adsorbed species.

We have defined the calculated adsorption energy E, 4 of a given species
A on a Pt substrate B [nanoparticle or (111) surface] as shown in Equa-
tion (8):

Eus = Exp—(Es + Ep) 8

in which E, is the total energy of the adsorption system, E, is the total
energy of the isolated species A, and Ej is the total energy of the relaxed
Pt substrate. According to this definition, negative energy values corre-
spond to an energetically favorable adsorption. The reference energies
E, of the isolated species have been obtained by placing the species in
the middle of a broken-symmetry unit cell of dimensions 9x10x11 A
and performing spin-polarized calculations in the case of open-shell spe-
cies.
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Reaction energy profiles for complete methane dehydrogenation have
been constructed by assigning energetic positions (E,;) of intermediate
states, relative to a reference, defined by the sum of the total energies of
gas-phase methane and the pristine relaxed substrate. The energy of each
dissociation reactant, intermediate, or CH, product (x =0-4) is calculated
by the addition to the reference value of the energy required to form,
from methane in the gas phase, this intermediate set [CH,+ (4—x)H] and
the adsorption energies of the latter. That is, the relative energy of prod-
ucts of the first methane dehydrogenation step on Pt(111), E,[(CH;+H)/
Pt(111)], is obtained by the addition of the dissociation energy (AE) of
CH, to CH;+H in the gas phase, AEy = Ecp, (8)+ En (8)—Ech, (g), and
the corresponding adsorption energies: E.[(CH;+H)/Pt(111)]=
Ecu, (&) +En (8)—Ecu, (8)+E "(CHs)+E{"V(H). Accordingly, the
TS energies in the reaction profile are calculated by adding the energy
difference between the TS and the corresponding initial state to the
energy of the former, as specified above.

A correction has been applied throughout for the vibrational zero-point
energy (ZPE) of the adsorbed species, except for the mode with the
imaginary frequency at a TS. This means that for each vibrational mode,
i, its ground state offset energy E; defined by Equation (9) in which v, is
the harmonic frequency of the mode i and 4 is the Planck constant, has
been added to each energy profile value.

E; ="}hv; )

Due to the prohibitive computational costs, it is presently impossible to
investigate the chemical behavior of nanoparticles greater than 1-2 nm in
size by DFT calculations. Thus, a combined calculation strategy has been
applied to study bigger nanoparticles (Figure 1) that has proven to pro-
vide a complete description in the past.““*¥ This strategy consists of
using two complementary models; the first is a reference six-layer (3x3)
Pt(111) slab model to describe the chemical activity and reactivity of ex-
tended terraces and the inner regions of Pt nanoparticle facets, which
usually exhibit to a large degree the most stable (111) surface, corre-
sponding to a face-centered cubic (fcc) stacking. A I'-centered k-point
grid of dimensions 6 x6x1 has been used for the slab model. Denser k-
point meshes lead to changes in energies below 1kJmol . The second
model is a cuboctahedral Pt,, nanoparticle exhibiting large (111) and
small (100) facets. Metal nanoparticles of approximately 80 atoms have
been shown to provide essentially size-converged results for the adsorp-
tion properties of species on them,*” and to be representative for the in-
teraction between much larger nanoparticles.”” Moreover, properties
such as average cohesion energies and average metal-metal bond lengths
exhibit scalability with respect to particle size up to the bulk limit.”"%!

Pt(111) Slab

<
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SROLDRIE L
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,v:v:v:v:::::(';0‘0603060;9‘0

Oxide Substrate

Figure 1. Sketch of a platinum nanoparticle of around 3.5 nm (green cir-
cles) supported on an oxide (violet circles). The Pt nanoparticle typically
exhibiting large (111) facets and small (100) facets would be considered
as a combination of a Pt(111) slab of six layers (blue circles) for descrip-
tion of the inner (111) facets, and Pt;, nanoparticles for modeling the
edge, corner, and nearby sites.
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Due to the large supercell size employed for such nanoparticles, con-
verged results are obtained with calculations at one (I') k-point. These
nanoparticles can ideally complement the slab models, enabling the study
of interactions of molecular species with defect sites like edges, corners,
and sites nearby, which are present in significant number on supported
metal catalysts and often are responsible for their special catalytic activi-
ty. Further computational details on both models, Pt(111) slabs as well as
Pty clusters, can be found in a previous study,[“] It is of note, however,
that boundary sites that are in contact with the oxide support have not
been taken into account.

Experimental: High-resolution photoelectron spectroscopy (HR-PES)
studies on methane activation over the supported Pt nanoparticles were
performed in a portable ultra-high vacuum (UHV) system, which was
temporarily operated at the U49/2-PGM1 beamline at the synchrotron
radiation facility BESSY II (Berlin). The samples were prepared by the
deposition of a Pt layer with a nominal thickness of 0.5 nm onto a well-
ordered 2.5 nm thick CeO,(111)/Cu(111) film at 300 K. Details of the
sample preparation and treatment procedure can be found in the litera-
ture.’>*! The Pt/CeO,/Cu(111) samples were exposed to a collimated su-
personic molecular beam (SSMB) of CH, at a sample temperature of
100 K. The SSMB was generated from a resistively heated 100 um molyb-
denum nozzle at a seeding ratio of 1:10 in a He environment. Previously,
the kinetic energy (KE) of CH, was determined to be 68 kJmol™
(0.71 eV) under the conditions applied. The effective total pressure of
the CH,/He gas at the surface of the sample is 107° torr. The reaction
products on the sample surface were observed in situ by positioning the
sample at the intersection of the SSMB and the focal plane of the ana-
lyzer. In this geometry, the incidence angle of the SSMB is 0° with re-
spect to the sample normal (normal incidence) and the detection angle
for the photoelectrons is 45°. The C 1s core level spectra were acquired
at a photon energy of 380 eV. With the analyzer operating at a constant
pass energy of 10 eV, a total spectral resolution of 300 meV was achieved.
The spectra were recorded in situ during exposure to the SSMB. To mini-
mize irradiation-induced damage to the adsorbate layer, the synchrotron
light was blocked by a shutter, which was opened only during acquisition
of the spectra. The shutter opening time was 5s per C 1s spectrum ac-
quired.

Data analysis was based on previous experiments on Pt(111) performed
under similar experimental conditions.” The C 1s spectra were fitted
with asymmetric Voigt profiles assuming that several CH, species may
coexist. Specifically, the peaks associated with CH; and CH were fitted
with two components each, which accounted for the vibrational splitting.
In particular, the energy difference between the adiabatic and the first vi-
brationally excited component was chosen as 0.40eV for CH; and
0.42 eV for CH, with intensity ratios of 0.5 and 0.16, respectively. These
values correspond to those observed for Pt(111).) All peaks widths
were kept constant for the fitted components.

Results and Discussion

Reactive species on Pt: DFT calculations: To create an
energy profile of the complete methane dehydrogenation
process, the adsorption of all involved species has been in-
vestigated on both a Pt(111) slab and on Pt,y nanoparticle
models. The adsorbed species comprise CH, species (x=0-
4) and atomic hydrogen. All possible adsorption sites and
coordination modes have been systematically investigated.
The most stable adsorption sites for each species are depict-
ed in Figure 2 together with their adsorption energies. It is
of interest to note that no adsorption has been found for
CH, on Pt(111), since the interactions with the substrate are
mainly due to dispersive forces and thus not described at
the present level of DFT. In this sense, methane can be
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Figure 2. Most stable adsorption sites of CH, and H species on Pt;y nano-
particle (right) and Pt(111) slab (left). Bottom to top: H on on-top sites,
C on fcc sites, CH on fcc sites, CH, on bridge sites, CH; on on-top sites,
and CH, over slab and on top of a corner Pt atom of the nanoparticle.
Values above the images are the adsorption energies (E,q), whereas
those above the arrows are difference in E,4 values between Pt,, and Pt-
(111). All values are in kJmol™'. Large gray, black, and small gray
spheres represent Pt, C, and H atoms, respectively.

thought of as a molecule rolling over the Pt substrates,
which, according to literature, is only weakly bound to the
surface by about 25 kJmol .1 On Pt,,, a very weak adsorp-
tion energy has been calculated for methane adsorbing in an
on-top position at a corner site.

As far as preferable adsorption sites of involved CH, and
H species on Pt(111) surfaces are concerned, present data
agree with earlier theoretical results.”* Methyl (CH,) pre-
fers to adsorb on-top of a Pt atom, whereas methylene
(CH,) bridges two surface Pt atoms. Both methylidyne (CH)
and carbon atoms prefer to be located over fcc three-fold
hollow sites. Adsorption of CH and C on hexagonally cubic
packed (hcp) sites is less stable by 10 and 15 kJmol™', re-
spectively, mainly due to steric repulsions with the Pt atom
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located underneath the adsorption site in the second Pt
layer.*l Moreover, the trend in the adsorption strengths is
also consistent with previous slab model studies.’**! Fur-
thermore, the present slab models do not introduce the size-
dependence problem of the earlier small cluster models,
which may lead to oscillations in adsorption energies for a
given site in the range of 20-80 kJmol~'. This can result in
an adsorption energy for CH of more than 50 kImol ' lower
than that of isolated C atoms.***>®! Current adsorption
energy values on Pt(111) are 20-30 kJ mol ™!, smaller in com-
parison with past DFT studies® ! using the Perdew—Wang
91 (PW91) xc functional,® which is known to slightly over-
estimate the interaction between atoms. On the other hand,
the RPBE functional often provides more accurate adsorp-
tion energies™™! and, in fact, the present adsorption energy
of atomic H, 254 kImol ™, fits the experimental value of
256 kImol 1.l Present and past DFT calculations agree
that atomic hydrogen on Pt(111) can easily occupy different
surface sites, such as bridge and hollow sites, on which it is
only 4 kImol™' more weakly adsorbed than on the most
strongly binding on-top site.

In general, RPBE values by Ford et al.*® reveal a good
agreement with our findings on Pt(111), although present
values for the adsorption energies of CH and C are lower
by approximately 50 kJmol™'. This, however, could find an
explanation in the following facts. Ford et al. carried out
RPBE calculations at a surface coverage of '/, monolayers
(ML), whereas the present calculations were performed at
the lower coverage of '/y ML. The lower the coverage, the
lesser the possible repulsions between adsorbates and the
stronger the interaction with the substrate. Since CH and C
become substantially negatively charged upon adsorption—
the values according to a topological Bader charge analy-
sis®! are —0.31 and —0.49 e, respectively—a significant later-
al repulsion is expected for these species. In contrast, such a
repulsion is not present for the other species, which remain
almost neutral upon adsorption.

Species formed during methane decomposition adopt on
the Pt,y cuboctahedral nanoparticle the same coordination
modes as on Pt(111), although they always involve corner
(CH,, CH;, C), edge (H), or both corner and edge Pt atoms
(CH,, CH). The main result here is that, in all cases, an ad-
sorption stabilization occurs (see Figure 2). In fact, the
lower coordination of Pt atoms located at defect sites, such
as edges and corners, not only makes them more active to
bind adsorbates, but they are, in addition, more flexible to
accommodate species on them. This structural flexibility of
Pt,y seems to be particularly important for the accommoda-
tion of C atoms. Here, the Pt—Pt bonds are elongated by
50 pm, which is 30 pm more than the bonds in Pt(111). The
flexibility effect is notably reduced for the rest of the spe-
cies, with Pt—Pt distances elongation/contraction up to
13 pm, which, on Pt,y, is more pronounced by 2—4 pm than
on the Pt(111) slab. This combination of factors is translated
into the stabilization energy values, which can be quite sig-
nificant for molecules such as CH,, CH;, and CH, in which
the effect of edge and corner sites represents an increase of
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more than 20% in the adsorption energy. For other species
such as CH, C, and H, the effect is rather mild, that is below
7%, of the adsorption energy. Current results agree with ex-
perimental results of Papp et al.,’”! who found after meth-
ane dissociation on a Pt(355) single crystal a higher methyl
coverage at steps of the Pt(355) surface than on terraces lo-
cally featuring a (111) structure. DFT results on a Pd;, clus-
ter also showed much stronger stabilization at nanoparticle
edges for CH; and CH,, 23 and 27 kImol ™', respectively,
and a weaker stabilization of CH and C, 15 and
6 kImol '[! Moreover, the present results are also in line
with previous DFT studies™! on a reconstructed Pt(110) sur-
face, where CH, species are somewhat stronger bound near
low-coordinated Pt atoms located at surface ridges. Never-
theless, the effect is much less important on Pt(110), with
stabilization energies smaller by roughly a factor of two.

Dehydrogenation steps of CH, on Pt: DFT calculations:
The energy barriers for the sequential CH, dehydrogenation
reaction steps taking place either on the extended Pt(111)
surface or on the Pty nanoparticle have been obtained
(Figure 3). Two approximations were made to construct the
reaction profile depicted in this figure. First, from the sub-
stantial number of potential pathways with different initial
and final configurations for each reaction step, only the par-
ticular pathway was calculated that connects the reaction
species adsorbed on the most-stable sites. This seems justi-
fied since a recent systematic exploration of the pathway for
first methane C—H scission on Pt(111) and Ni(111) slabs™!
showed variations of the energy barriers below 5 kJmol ™.

PH(111) t;.ﬁ'B %

CH,'+ 2H'

C'+4H"

Figure 3. ZPE-corrected reaction energy profile for the complete dehy-
drogenation of methane on a Pt(111) surface and on a Pt;y nanoparticle.
All energies, in kJmol™!, refer to methane in the gas phase and the clean
substrate. In the sketches of the transition states, only small portions con-
taining seven Pt atoms of the calculated slab and cluster models are dis-
played for the sake of visual recognition. See the Computational Details
section for further information about the construction of the reaction
energy profile.
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Second, it is assumed that after each reaction step, the hy-
drogen atoms may diffuse over the substrate to reach ad-
sorption sites where no steric repulsion is present between
H atoms and the remaining CH, species, or between the H
atoms themselves. This approximation is supported by an
almost negligible diffusion barrier for H, with experimental
estimates below 10 kJmol '® and theoretical calculations
yielding even lower values (below 4 kImol™' according to
the present and previous™! DFT data). Further tests for se-
lected systems showed repulsion between CH, and H to be
smaller than 4 kJmol ..

The calculated, non-ZPE-corrected activation barrier for
the first C—H bond scission of methane, 102 kJmol™!, is
somewhat larger than the experimental values of (75+
3) kI mol =11 The ZPE correction reduces the energy bar-
rier to 90 kJmol™, thus in fair agreement with the experi-
mental value. Besides, limitations in the accuracy of DFT
functionals could explain most of the remaining differ-
ence.”™ DFT calculations using small planar clusters showed
activation barriers of the same order of magnitude ;"> al-
though variations with respect to present data of 15—
30 kJmol™! are found, depending on the cluster size and the
xc functional employed. A more direct comparison can be
made to other DFT studies employing periodic boundary
conditions; Michaelides and Hul" summarized complete
methane dehydrogenation on Pt(111) calculated at the
PWO1 level employing a fixed three-layered slab. Nave and
Jackson™ calculated the first dehydrogenation step of meth-
ane with the PBE xc functional™ over a fixed four-layered
slab displaying experimental Pt—Pt distances. In the case of
the first hydrogen abstraction energy barrier, our non-ZPE-
corrected value is in line with the estimated barrier of Nave
and Jackson of 90 kJmol .l The disagreement with the
value reported of Michaelides and Hu of 65 kImol™' seems
to arise from the exothermicity of the reaction step rather
than from the transition state itself.’! Indeed, the authors
found that abstraction of the first H atom in methane is exo-
thermic by 8 kJmol™'. Present and earlier results show that
this step is endothermic by 16-25 kJmol™'. Perfect agree-
ment is reached when the endothermicity value is adjusted
to the work of Michaelides and Hu.["!

ZPE-corrected energy profiles for methane dehydrogena-
tion over both the Pt(111) slab and Pt,y nanoparticle are de-
picted in Figure 3. Focusing first on Pt(111), the initial dehy-
drogenation barrier can be overcome experimentally in a
direct dissociation process using an SSMB with sufficient
KE. After activation, the internal and kinetic energies are
efficiently dissipated, leading to the kinetic stabilization of
methyl species at low temperatures. Evolution to methylene,
or the reverse reaction to form methane, would require rela-
tively high energy barriers of approximately 70 kJmol™! to
be overcome. At sufficiently high temperature (and cover-
age) this may be possible, leading to formation of methane
and methylene. The latter, however, would rapidly undergo
further dehydrogenation to eventually form the most-stable
species on a Pt(111) surface, methylidyne. This is in excel-
lent agreement with experimental results of Fuhrmann
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et al.,” who detected methyl species on Pt(111) single crys-
tals at low temperature and found that, upon heating to
260 K, methyl simultaneously recombines to form methane
and decomposes to form methylidyne. Once methylidyne is
formed, the system is trapped in a thermodynamic sink. The
reverse reaction to methane is unlikely since recombination
and desorption of hydrogen would be preferred. According
to our calculations, the reaction of adsorbed hydrogen
atoms to form gas phase H, is endothermic by only
67 kJmol™". In this sense, H, (g) would disappear while
methylidyne is formed. The only possible subsequent reac-
tion step at low hydrogen pressure is the formation of sur-
face carbon, which is reported to occur at temperatures
above 500 K.l The value is in line with the high value of
120 kJmol ™! for the calculated energy barrier. At sufficient-
ly high coverage, carbon atoms would gather to form mono-
layer graphene,* which has been detected when heating
above 890 K.

What happens when methane dehydrogenates on Pt nano-
particles instead of extended surfaces? The role of defect
sites, such as edge and corner sites, is clearly visible in the
reaction profile of the Pt,, nanoparticle in Figure 3. As in-
troduced in the previous section, the stabilization of reaction
intermediate species at particles edges/corners completely
changes the reaction profile from slightly exothermic, or iso-
energetic for formation of atomic carbon on Pt(111), to a
clearly exothermic process on Pt,.. Moreover, ZPE correc-
tions ultimately lead to a change of the thermodynamic
sink, with atomic C becoming the most stable species on the
nanoparticle (see Figure S1 in the Supporting Information).
This finding suggests that C formation is accelerated when
using Pt nanoparticles. As far as the kinetic aspects are con-
cerned, all the energy barriers are reduced when compared
with those on Pt(111) for the same reaction steps. This
effect is most pronounced for methyl and methylene forma-
tion. Here the barriers drop substantially when using nano-
particles to values that are roughly %; of those on Pt(111)
extended surfaces. The most important finding, however, is
that, with the exception of methylidyne dehydrogenation to
carbon, the heights of the barriers appear to be governed by
the relative positions of reactants and products. In this
sense, the difference between the reaction barriers for the
first dehydrogenation step from CH, to CH;+H
(58 kJmol ™) is very similar to the difference of reaction en-
ergies (62 kJmol™') on Pt;, and Pt(111). The same behavior
is observed for the methylene and methylidyne formation
steps, within an accuracy of 10 kI mol .

Since this is the first DFT study of complete methane de-
hydrogenation on metal nanoparticles, no comparison with
previous data is possible. To date, the most similar system
studied by DFT methods is the Pt(110) reconstructed sur-
face.’! In this case, every second row of Pt surface atoms is
removed, thus generating a corrugated surface containing
grooves and ridges. In fact, the stabilization of CH, species
in the vicinity of the low-coordinated Pt ridges™ leads to a
reaction profile that resembles the non-ZPE energy profile
on Pty (see Figure S1 in the Supporting Information).
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In summary, the thermodynamic energy profile and reac-
tion energy barriers found on Pty strongly suggest more
facile methane activation and complete dehydrogenation
relative to Pt(111). Methyl formation should be feasible by
employing lower kinetic energies than on Pt(111), and once
formed the species would undergo rapid decomposition to
follow the downhill route to methylidyne. DFT calculations
explain why, on stepped Pt surfaces,® methyl dehydrogena-
tion occurs in the 160-220 K temperature range, which is no-
ticeably lower than on Pt(111). Once methylidyne is formed,
the back reaction to methane on nanoparticles is unlikely
due to rapid H, desorption (at least in the case of UHV ex-
periments). Concerning the formation of carbonaceous spe-
cies, the lower barrier for CH dehydrogenation (21 kJmol™
as compared with Pt(111)) suggests easier carbon poisoning.
It should be pointed out, however, that this effect is moder-
ate, thus elevated temperatures should still be required for
carbon formation. In agreement with these results, CH de-
composition on stepped surfaces was observed in the tem-
perature range 420450 K.1*

Dehydrogenation of CH, on Pt nanoparticles supported on
Ce0,: Experiment: To experimentally corroborate the theo-
retically predicted effect of particle edges and corner sites
on methane activation and dehydrogenation, SSMB experi-
ments were performed on the dissociation of methane on
supported Pt nanoparticles. The reaction intermediates were
detected in a time-resolved mode using HR-PES. As a
model support, we used an ordered CeO, film prepared on
Cu(111). The chemical and structural properties of the film
were investigated previously.”**>" We have also investigat-
ed the growth of Pt nanoparticles on the film by means of
scanning tunneling microscopy (STM).®* It was found that
Pt grows in the form of three-dimensional islands with a nu-
cleation density of around 5 x 10> cm~? under the conditions
applied. Based on this value, it was estimated that the Pt
nanoparticles contain, on average, around 600 Pt atoms, cor-
responding to an average particle size of around 3.3 nm.

In previous SSMB/XPS experiments using laboratory light
sources, we have found the first indications that after initial
methane activation and formation of CH;, dehydrogenation
of these species proceeds spontaneously to CH and C, even
at temperatures as low as 130 K.**! On the contrary, these
reactions required significantly higher temperatures on both
Pt(111)P% and on stepped Pt single-crystal surfaces.>”! To
further verify this observation, HR-PES experiments were
performed by using synchrotron radiation, providing both
better spectral and temporal resolution than what could be
obtained in the previous experiments.

The development of the C 1s spectra upon continuous ex-
posure of the Pt/CeO,/Cu(111) sample to the SSMB of CH,
at a sample temperature of 100 K is summarized in Fig-
ure 4a. To disentangle the contribution of any initial carbon
contamination built up upon sample preparation, the C 1s
spectra are represented as an intensity difference before and
after exposure to methane. Several issues should be kept in
mind at this point: first, it has been shown that high intensi-
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Figure 4. a) Development of C 1s spectra upon continuous exposure of
the Pt/CeO,/Cu(111) sample to the SSMB of CH, with a kinetic energy
of 68 kJmol™' (0.71 eV) at a sample temperature of 100 K. The spectra
are represented as an intensity difference before and after exposure to
CH,. The peaks associated with CH;, CH, and C are shown in black, red,
and blue, respectively. b) Evolution of the species with an increasing time
of exposure.

ty synchrotron radiation may rapidly induce surface reac-
tions, including hydrocarbon dehydrogenation.”® We there-
fore minimized the acquisition time per spectrum to 5s.
Second, we have found that the spectral width of the com-
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ponents is substantially larger than for comparable experi-
ments on Pt single-crystal surfaces (compare with previous
studies in the literature®®>”) This broadening is mainly
due to two contributions: 1) a heterogeneity effect arising
from the inequivalency of the adsorption sites on the Pt
nanoparticles and 2) a final state effect arising from the in-
trinsic size distribution of the Pt nanoparticles. The latter is
the result of the Coulomb energy on the nanoparticles in
the photoemission final state and leads to a size-dependent
binding energy (BE) shift.” For size-distributed particles,
this effect will result in a broadening of the PES signals with
decreasing particle size.["”)

The broadening effects make it difficult to directly identi-
fy the individual components in the experimental spectra.
Therefore, the data has been fitted by using relative BE
shifts and vibrational splittings from single-crystal experi-
ments.”®! A good description of the experimental spectra is
obtained by assuming the presence of CH;, CH, and C spe-
cies on the Pt particles. At this point it is worth mentioning
that, based on the DFT calculations, we could also consider
a scenario in which methylene might be found as stable spe-
cies on the nanoparticles (Figure 3). In fact, the energy bar-
rier for CH, dehydrogenation is 25 kJmol ™' higher than that
for methyl dehydrogenation. This difference suggests the
possibility of the existence of a temperature regime at which
methylene species are kinetically stable. On the basis of the
present experimental data, however, we can neither identify
CH,, nor can we exclude completely the presence of such
species. Therefore, and due to the lack of reference data on
CH, on Pt single crystals, CH, species were not included in
the present analysis.

The temporal evolution of the CH;, CH, and C species is
shown in Figure 4b. The initial product of methane activa-
tion is CH;. In spite of the intrinsic broadening effects on
particles, the vibrational fine structure is resolved. The cor-
responding adiabatic and first vibrationally exited compo-
nents are located at 282.8 and 283.2 ¢V (Figure 4a, black
lines). The binding energies of these components are in a
good agreement with the experimental values for Pt(111).5
It is found that the intensity of CHj; increases with CH, ex-
posure before it saturates at an exposure time of approxi-
mately 900's (~90 L CH,, 1 L=10"° torrs).

According to DFT results depicted in Figure 3, the activa-
tion barrier for the initial H abstraction of methane should
be drastically reduced on specific sites of the Pt nanoparti-
cles. In fact, activation barriers as low as 32 kJmol™! can be
found. Thus, the KE of 68 kImol™' used in the present ex-
periment would be expected to be more than sufficient to
efficiently overcome this first barrier. One has to keep in
mind that this effect will be limited to direct dissociation
events at very specific sites. The vast majority of sites on the
particles will, however, be more similar to those on Pt(111).
As a result, we expect to observe a superposition of dissoci-
ation events occurring at different types of sites with a
broad distribution of barrier heights. Therefore, experimen-
tal verification of the reduced barrier height at minority
sites will be experimentally demanding. It may, however, be
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feasible to observe this effect by systematic studies of the
KE dependence on the sticking coefficient using SSMBs
with narrow KE distributions.

The primary information available from the present data
concerns the further dehydrogenation steps leading to CH
and C (Figure 4). The emergence of CH species is first de-
tected in the spectra at an exposure time of around 66 s. CH
was fitted as a vibrational split peak with an energy differ-
ence and intensity ratio adapted from Pt(111).5 The corre-
sponding adiabatic and vibrationally excited components
appear at 283.8 and 284.2 eV (Figure 4, red lines). Radia-
tion-induced processes can be excluded at these low doses,
suggesting that the activation barrier is overcome by ther-
mal activation. The initially slow rate of CH formation sug-
gests that CH is formed from CHj; in a sequential reaction
after thermalization. At higher CHj; exposures (>200L),
the CH formation rate increases, resembling the dominant
contribution of the CH species in C 1s spectra observed pre-
viously™ (note that CH; exposure for the period of 1400 s
results in a total dose of about 140 L). This is in contrast
with CH; formation, which saturates faster and most proba-
bly reflects a scenario in which a monolayer of methyl spe-
cies is also formed at the interior of nanoparticle facets. A
mass transfer of CH; moieties from the interior of the (111)
facets to the edges can occur due to a low diffusion energy
barrier, which is, according to our DFT estimation,
37 kJmol™'. This diffusion barrier can be sufficiently over-
come at 100 K. No mass transfer is expected after the satu-
ration coverage is reached.

It should be pointed out that the experimental findings
are qualitatively consistent with previous XPS measure-
ments and show that at slightly higher temperature (120 K)
and on much longer timescales, the dehydrogenation of CH;
and the formation of CH and C species occurs.”™ As theo-
retically predicted, this behavior is in sharp contrast to CH,
dehydrogenation on Pt single-crystal surfaces. On Pt(111),
for example, CH; has been shown to remain stable up to
240 K.P% On stepped Pt(322) and Pt(355) surfaces, the onset
temperature for CH; dehydrogenation was found to be re-
duced to around 200 and 150 K, respectively, suggesting a
decrease of the activation barrier by about 20-40%.[” The
observation of slow dehydrogenation on the Pt nanoparti-
cles at around 100 K suggests that on the Pt nanoparticles
the activation barrier for dehydrogenation is reduced drasti-
cally, even if compared to stepped surfaces. This finding is
fully consistent with the DFT results, which predict a de-
crease in activation energy from 90 kJmol™ on Pt(111) to
32kJmol ™! for the most favorable sites on Pt;, nanoparti-
cles, that is, a decrease by about 65 %. It is worthwhile noth-
ing that the effect of particle-specific sites on the activation
barriers may be substantially larger than the effect of choos-
ing different transition metals. For instance, a reduction of
15-30 kImol ! in the barrier height for the first methane de-
hydrogenation step was observed when changing from Ni-
(111) to Pt(111).5>33

Finally, it should be noted that after extended reaction
times, the very slow formation of atomic carbon was ob-
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served. This is indicated by the appearance of a high BE
shoulder in the CH peak at 284.4 eV (blue line in Figure 4).
The low initial rate is in line with a sequential reaction,
which suggests that C may be formed as the final product of
dehydrogenation from CH. In principle, the formation of C
is in line with the fact that the DFT calculations suggest that
complete methane dehydrogenation represents the energeti-
cally most stable situation on Pt;. The observation is some-
what surprising, since on Pt(111) methylidyne is stable up to
around 450 K with no C formation observed® at low tem-
perature. On stepped Pt, CH dehydrogenation occurs at a
lower temperature, around 350 K. The calculations predict a
decrease in activation energy from 120 kJmol~' on Pt(111)
to 99 kImol™' on Pty (see the reaction profile in Figure 3).
This, however, cannot explain C formation at 100 K. Nor-
mally, a substantially higher reaction temperature would be
expected.

At present, the origin of low-temperature CH decomposi-
tion is not completely understood. It must, however, be
stressed that some effects remain untreated, yet limiting the
comparability between experiment and theory. One main
feature is that theoretical calculations are limited to low
coverage, whereas the experiments have to be performed at
larger coverage up to saturation. In the latter case, adsor-
bate—adsorbate interactions may drastically modify the ener-
getics of the reaction pathway. In fact, upon saturation,
steric repulsions among negatively charged CH species (see
the section on DFT calculations) can increase the (CH+
3H) energy level. Moreover, at saturation coverage, a
graphitic phase of C can be formed, leading to a stabiliza-
tion comparable with that of the carbidic C phase.*! In ad-
dition, at longer exposure times the accumulation of beam
damage cannot be completely ruled out, which could also
contribute to the favoring of CH dehydrogenation to
carbon. Finally, other effects that have not been accounted
for, such as the influence of sites at the metal oxide boun-
dary or the presence of very small Pt aggregates, might also
contribute to an easier C formation.

Conclusion

Methane activation and dehydrogenation was studied by
state-of-the-art DFT methods on nanoparticle and Pt(111)
single-crystal models. The theoretical results were compared
to experimental data on supported Pt model catalysts ob-
tained by a SSMB methods and HR-PES.

DFT calculations show that CH; and CH, intermediates
are remarkably stabilized at sites located at particle edges
and corners by 50-80 kJmol ™. The stabilization of other
species, namely, CH,, CH, C, and H, also occurs, although to
a lesser extent. This general stabilization seems to have its
origin in a combination of two contributions: low-coordinat-
ed sites are, on the one hand, more active to bind species
and, on the other hand, exhibit a larger flexibility to accom-
modate the adsorbates. Such effects are translated into sub-
stantial differences in thermodynamics and kinetics for the
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dehydrogenation reaction energy profile of methane when
comparing extended Pt(111) surfaces with Pt nanoparticles.

Methyl and methylene formation reaction steps are endo-
thermic on Pt(111), whereas they are markedly exothermic
on Pt,. The change in exothermicity is also reflected by a
strong decrease of the activation barriers for the corre-
sponding reaction steps. The activation barrier for the first
methane C—H scission, which is normally the rate-limiting
step, is reduced on Pt,, by approximately 60 kJ mol ™!, where-
as the energy barrier for methylene formation is reduced by
around 40 kJmol™'. Furthermore, DFT results suggest that
CH, may be a stable intermediate on Pt nanoparticles
within a narrow temperature range. Another implication of
the usage of Pt nanoparticles is that C instead of CH repre-
sents the thermodynamically most favorable state, potential-
ly accelerating carbon accumulation.

Methane activation and dehydrogenation has been experi-
mentally investigated on Pt nanoparticles supported on an
ordered CeO, film on Cu(111). A high KE-SSMB was ap-
plied to activate methane, with the reaction products being
detected in a time-resolved mode by synchrotron-based HR-
PES. In accordance with the theoretical results, it was shown
that dehydrogenation is much more facile on Pt nanoparti-
cles, both in comparison to the Pt(111) single crystal and to
stepped Pt surfaces. Specifically, it was observed that CHj;
generated on the Pt nanoparticles in a direct dissociation
process undergoes spontaneous, thermally induced dehydro-
genation, even at surface temperatures as low as 100 K.

In summary, a pronounced effect of specific Pt nanoparti-
cle sites on methane-activation-related reactions is observed.
It has been shown to be related to the presence of edge,
corner, and nearby sites, which bind reaction intermediates
CH, more strongly. This effect makes methane activation a
downhill process and strongly reduces the activation barri-
ers. It should be noted that this nanoparticle effect is more
important than the differences observed for different active
metals, for example, comparing extended (111) surfaces of
Ni and Pt. Present results are related to the initial steps of
the steam reforming and coupling of CH, with CO,. The
current work provides general insights into methane activa-
tion processes.
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