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ABSTRACT

The clean activation of methane at low temperatures remains an eminent challenge and
a field of competitive research. In particular, on late transition metal surfaces such as Pt(111)
or Ni(111), elevated temperatures are necessary to activate the hydrocarbon molecule, but a
massive deposition of carbon makes the metal surface useless for catalytic activity. However,
on very low-loaded M/CeO» (M= Pt, Ni, or Co) surfaces, the dissociation of methane occurs at
room temperature, which is unexpected considering simple linear scaling relationships. This
intriguing phenomenon has been studied using a combination of experimental techniques
(ambient-pressure X-ray photoelectron spectroscopy, time-resolved X-ray diffraction and X-
ray absorption spectroscopy) and density functional theory-based calculations. The
experimental and theoretical studies show that the size and morphology of the supported
nanoparticles together with strong metal-support interactions are behind the deviations from
the scaling relations. These findings point toward a possible strategy to circumvent scaling
relations, producing active and stable catalysts which can be employed for methane activation

and conversion.

“P. G. Lustemberg and F. Zhang contributed equally to this work and should be regarded as
co-first authors.

*Corresponding authors: M. Verénica Ganduglia-Pirovano (vgp@icp.csic.es); Sanjaya D.
Senanayake (ssenanay(@bnl.gov); José¢ A. Rodriguez (rodrigez@bnl.gov)




TOC Graphic

.2 0.6 1.
P 0.2 0.6 1.0

C H 4 > C H 3 + Activation Barrier (eV)
o8 T T T T

-0.1

2
0.6f 1 2
0.4 pt(111) @4 =&
_. 0.2 1%
3 0.0 18
u'f -0.2f Pt,/CeO, ]

-0.4
-0.6
-0.8

T

T

Pt,/CeO, ]

A4 42 4.0 08 06 04 0.2
Egs(eV)




Methane (CHa) is the simplest, most stable and abundant alkane molecule in our planet.! It is
the main component of natural gas and a major problem in the atmosphere due to its
contribution to greenhouse warming.>* There is a broad interest in the activation and
conversion of methane into value added chemicals (aromatics, olefins, oxygenates).>* This is
a real challenge because of the high C—H bond strength (104 kcal/mol first bond dissociation
energy), the absence of low-energy empty orbitals, and the presence of high energy occupied
orbitals.> ¢ When dealing with the activation of methane, several descriptors and scaling
relations have been examined for the cleavage of the first C—H bond in the hydrocarbon.’!! In
general, these descriptors and scaling relations provide guidelines to compare and predict the
performance of potential new catalysts with that of existing materials used for C—H bond
activation.>®? They can be used to quickly determine whether a new material of interest can
successfully activate methane and should be examined further.” ®° Computational volcanos
have become the gold standard in the design of catalysts and scaling relations are generally
considered to have a universal validity.® !> 2 In this work, we investigate how to use metal-
support interactions to break simple scaling relations and enhance catalytic activity for methane
activation.

The probability of methane dissociation on the surface of late transition metals is rather
low.!3!° The (111) surface of these metals is typically used as a benchmark in studies of C—H
bond activation.'®!® For example, on the clean Pt(111) surface, the methane C—H dissociation
probability is close to 1 x 10® at 25 °C.!> At room temperature, the dissociation results in
deposited C and CHx species on the platinum surface, and upon heating to 100—200 °C, the
amount of adsorbed C increases and C—C coupling occurs generating ethylidyne (C2H3) and
ethynyl (C2H) species.!> A carbonaceous layer eventually inhibits further dissociation of the
C—H bond on Pt(111), deactivating its chemical and catalytic properties.'> Pt(100) and Pt(110)-

1x2) are more reactive towards methane than Pt(111),!”>'® but they still have problems with
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C-H bond breaking and undergo deactivation by the formation of a carbonaceous layer.
Ni(111) and many surfaces of other late transition metals are also not efficient for the activation
of methane.'> ' A few oxide (IrO2) and low-loaded metal/oxide (M/CeO2, M= Ni or Co)
systems can activate methane at low temperature.'®?? On the latter, it has been found that
cooperative interactions between a single cation and an oxide centre can lead to a cleavage of
the first C—H bond in methane with an effective energy barriers that are below 0.7 eV.!*>* But
how general is this observation? It is important to establish if this type of phenomenon also
occurs for other metal/oxide systems such as the Pt/CeO; surface, since recent studies point to
special electronic and chemical properties for Pt atoms in contact with ceria,?*?® but no
systematic study has been performed for the interaction of methane with Pt/CeOs.

In this work, we use a combination of experimental techniques (ambient-pressure X-ray
photoelectron spectroscopy, time-resolved X-ray diffraction and X-ray absorption
spectroscopy) and density functional theory-based calculations to study in detail the binding
and activation of methane on Pt/CeO> surfaces with different configurations. After comparing
with previous studies reported for Ni/CeO2 and Co/Ce0,,%> 2! our results reveal that the
existence of Metal «» CeQ; interactions result in significant deviations from simple scaling
relations for the prediction of the activation energy barrier for the cleavage of the first C—H
bond in CHa,> '° which are particularly large for low-loaded Pt/CeO> systems, producing active
and stable catalysts for methane activation at room temperature conditions.

The reaction of methane with a Pt/CeO2(111) surface and a Pt/CeO> powder at
temperatures between 25 and 427 °C was investigated using ambient-pressure X-ray
photoelectron spectroscopy (AP-XPS). [For details on the preparation of the Pt-CeO>
interfaces, see Supporting Information.]*! The top panel in Figure 1 shows C Is X-ray
photoelectron spectra collected after exposing plain CeO2(111) and a surface pre-covered with

0.15 ML of platinum to 1 Torr of CH4 at 25 °C. Neither CeO2(111) nor a ceria powder sample



were able to dissociate the hydrocarbon molecule at 25 °C. However, we did observe
dissociation of methane upon interaction with the low-loaded (Ometi= 0.15 ML) Pt/CeO2(111)
system. A peak around 284.8 eV points to the presence of CHy (x= 1,2,3) fragments on the
surface, produced by the partial dissociation of methane (CHs — CHyx + (4 —x) H).2%?2 A second
peak around 290 eV indicates the formation of COy species as a consequence of the full
dissociation of methane.?°>> When compared to other low-loaded M/CeO2(111) (M= Cu, Ni or
Co) systems,?*22 Pt/CeO2(111) produces the largest amount of CHx and the lowest amount of

COx. This is very important if one is interested in the subsequent transformation of the CHx

fragments.
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Figure 1. Top panel: C 1s X-ray photoelectron spectra recorded after exposing Pt/CeO(111)
and CeO2(111) to 1 Torr of methane at 25 °C. For comparison, the corresponding spectrum for
a Ni/CeO»(111) surface is also included. The coverage of Pt and Ni on ceria is ~ 0.15 ML.
Bottom panel: Amount of CHx species formed on M/CeO»(111) surfaces. The results for Ni,
Cu and Co were extracted from refs. 20, 21.

Furthermore, we found that the CHx species were not too strongly bound to the
Pt/CeO>(111) surface. When the CHx/Pt/CeO(111) surface was heated to 150 °C, the CHx

completely desorbed from the surface (as a mixture of CHs, C2Hg and CoH4) and we did not see



the generation of a poisonous carbonaceous layer as reported for Pt(111).!> Thus, the electronic
perturbations induced by CeO2(111) on Pt** allow the efficient dissociation of methane and
prevent the formation of ethylidyne and ethynyl.

Figure 2 shows Pt 4f ambient-pressure photoelectron spectra for model Pt/CeO>(111) and
powder 0.5 wt% Pt/CeO; catalytic systems, upon their interaction with CH4. The Pt 4f7,, peaks
at 72.7 and 73.3 eV in Pt/CeOx(111) and 0.5 wt% Pt/CeO», respectively indicates that Pt>*
species are dominant on the as-prepared sample surfaces. Initially, these systems have a mixture
of 2+, 1+ and 0 oxidation states for platinum, and the proportion of these states changes when
going from the model to the powder system (see Figure S1 and Table S1 for the fitting result).
For the initial systems, Pt'* was the dominant feature in Pt/CeOx(111), whereas Pt** was present
in the Pt/CeO; powder. Upon interaction with methane at 25 °C, the Pt 4f peaks got broader
and the peak valley became shallower for both Pt/CeO>(111) and 0.5 wt% Pt/CeO> systems. A
shoulder peak also appeared at 77.2 eV on the model system and at 77.7 eV on the powder
catalyst, and this can be attributed to the adsorption of carbon-containing species on Pt as a

result of methane dissociation.
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Figure 2. Pt 4f AP-XPS of Pt/CeO2(111) (left) and 0.5 wt% Pt/CeO; (right) under a methane
atmosphere at low and elevated temperatures. The powder catalyst was pre-treated in 10 mTorr
0, at 400 °C to remove any surface-bounded carbon species, and the samples were exposed to
a 50 mTorr CH4 during the reaction process.

As the temperature increases from 25 °C to 427 °C, the Pt*" — Pt° transformation
occurs,?”> 2 which was already complete at 327 °C. A Pt*" — Pt° reduction at > 300 °C was also
seen in experiments of in-situ X-ray absorption spectroscopy (XAS) for the Pt/CeO, powder
sample. At these elevated temperatures, ceria reduction by methane was observed in the
corresponding spectra of Ce 3d AP-XPS (Figure S2). In the case of the Pt/CeO, powder, this
was also detected in results of time-resolved XRD where an expansion of the ceria lattice was
found as a consequence of the formation of Ce** (Figure S3). In summary, at room temperature,
small platinum particles in contact with ceria, which contain Pt®" species, are able to dissociate
the methane molecule, producing mainly adsorbed CHx fragments with a small amount of COx
groups. At elevated temperatures, more than a monolayer of methane reacted with the systems
producing Pt® and CeOx.x. The reduction of the ceria is quite important because the oxide and

supported metal could now cooperate in the catalytic conversion of methane to high value

chemicals.

On the stoichiometric CeO>(111) surface, Pt adatoms on a bridge site, coordinated to
two oxygen and one cerium atoms (Figure 3a), transfer the 6s electron to the empty 4f band of

ceria, generating one Ce*" ion, and thus are oxidized to Pt!*

, In agreement with previous
results,?” # (for details on the models and computational methods, see the Supporting
Information). A planar rhombohedral Pts cluster on CeO»(111) also reduces the ceria support
with the formation of two Ce** (Figure 3a), and thus the average oxidation state of the Pt atoms
1s +0.5. The theoretical Pt/CeO»(111) model systems mimic the essential features of the

experimental catalysts at room temperature (Pt*"/CeO») (Figure 2). In short, as a result of strong

metal-support interactions, Pt atoms in direct contact with the stoichiometric CeO> support



become oxidized to Pt>*. On the reduced CeO,.x support, modelled using the Ce203(0001)
surface (Figures S4 and S5), the interfacial Pt atoms recover their metallic character (Pt®" —
Pt%).

The dissociation of CHy, i.e., CH4 — CH3+H, on the extended Pt(111) surface is very
difficult at room temperature due to a large energy barrier of 0.82 eV (Figure 3b and S5), in
line with previous works.!® 3% 3! In contrast, the dissociation probability of methane at room
temperature on Pt atoms and small (flat) Pts nanoparticles on CeO, with all the Pt atoms being
interfacial and thus cationic, is expected to be significant since the energy barriers are < 0.6 eV
(Figure 3b,c), in agreement with the experiments shown in Figure 1. This conclusion is further
supported by the calculated Gibbs free energy profiles at 300 K and 1 atm CH4 (Figure 3b),
which indicate that there is essentially no effective free energy barrier (i.e., with respect to CHs
in the gas phase) for the activation of methane on CeO-supported Pt atoms and small Pts
nanoparticles at normal conditions.

For surface-stabilized methane activation pathways, Latimer et al.’ have proposed the
existence of a linear scaling relation between the energy of the transition state structure for
methane activation, Ers (referenced to gas-phase CH4 and the clean surface), and that of the
final state, Ers=Ecp,+n, according to which stronger CH3+H binding energies correspond to
lower Ets energies, as shown in Figure 4. It has been concluded that the model can accurately
describe a wide range of materials such as CaO, MgO, PdO, doped MoS,, rutile oxides in
addition to clean as well O- and OH-promoted metals (black dots in Figure 4). To determine
the applicability of this model to catalysts consisting of low-loaded metal clusters on ceria
surfaces, the points corresponding to the Ets and Ers values for the cleavage of the first C—H
bond in CH4 on M; atoms and My clusters (M= Pt, Co, Ni) on the CeO>(111) surface, as well
as on the extended Pt(111), Co(0001) and Ni(111) surfaces (Table S2), have been added to

Figure 4. For the purpose of comparison, the non-ZPE-corrected energy values have been used.
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Figure 3. a) Atomic structure of Pt;/ and Pt4/CeO>(111). b) Energy (non-ZPE-corrected, solid
lines) and Gibbs free energy profiles at 300 K, 1 atm of CH4 (dashed lines) for the CHs —
CH3+H reaction on Pt atoms and Pt4 clusters on CeO2(111). The structures shown on the left
and right of the reaction pathways correspond to the side views of the optimized initial
(molecularly adsorbed) and final (dissociated) states used in the search of the transition state
structure (TS). c¢) Activation energy barriers (non-ZPE-corrected) for M1/ and M4/CeO2(111)
(M= Pt, Co, Ni) and for the extended M(111) (M= Pt, Ni) and Co(1000) surfaces.

The calculated Ets values for the extended metal surfaces do not deviate much (up to
~0.20 eV, Figure 4, Table S3) from those predicted by the linear scaling relation, as it has
already been observed by Latimer et al.® However, substantial deviations, AEts, from the
predicted Ets values are generally observed for the ceria-supported metal clusters. For example,
for the most active system for C—H activation at room temperature, i.e., Pt/CeO,, the computed
Ers values are such that the C—H activation barriers over interfacial Pt®" sites on low-loaded

Pt/CeO: surfaces are by up to ~0.9 eV smaller than the ones predicted by the linear scaling



relation. Understanding the origin of these deviations may provide crucial knowledge on how
to circumvent the limitations on the activity of metal-based catalysts for methane activation.

On the Pt/CeO; surfaces, the CH4 — CH3+H reaction is generally more exothermic than
on Pt(111) (cf. Table S2, S4 and Figure S7). (In the following discussion, for the sake of clarity,
we use non-ZPE-corrected energy values.) For example, for Pt4/CeO;, the reaction energy is
—0.37 eV, whereas for Pt(111) is —0.19 eV (Figure 3a). We note that the small supported clusters
feature a high degree of lability since they easily deform upon interaction with CH4 and CH3+H
(cf. Figures S8, S9), in line with recently reported results for low-loaded Ni/TiC surfaces.>?
Moreover, the first important thing to note is that the CH3z+H fragments bind substantially
stronger on the Pt/CeO; surfaces than on Pt(111), with the calculated final state energy, Ers,
following the Pt4/CeO> (—1.10 V) > Pt1/CeO2 (-0.76 eV) >>Pt(111) (-0.46 eV) trend (Figures
3, 4, and Table S3). According to the positive linear scaling relation between Ers and Ers,’ the
predicted transition state energies are +0.30, +0.53, and +0.73 eV for the Pts/CeO, Pt1/CeO>
and Pt(111) surfaces, respectively, see Figure 4 and Table S3. That is, lower transition state
energies by up to about 0.4 eV are already predicted for the CHa to CH3+H reaction over Pt>*
sites of the Pt/CeO; systems as compared to Pt(111). However, the here calculated transition
states of the Pt/CeO- catalysed reaction are much more stable than those predicted by the linear
scaling relationship (Figure 4), with deviations in the Ets values of AEts = —0.88, —0.59, and
—0.18 eV for the Pt4/CeO», Pti/CeO and Pt(111) surfaces, respectively (cf. —0.58, —0.06, and
+0.55 eV for the actual Ergs calculated for Pts/CeO,, Pti/CeO; and Pt(111), respectively, in
Table S3).

With regard to the differences between the predicted vs. calculated activation energy
barriers, Egamier, between the initial (molecularly chemisorbed) state, Eis, and the transition

state, Ets, exactly the same differences as found between the predicted vs. calculated energies

of the transition states exist (i.e., AEgamier = AETs, Table S3). For the Pt/CeO, surfaces, the
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predicted activation energies do not differ much from that for Pt(111), cf., 1.03, 1.19, and 1.00
eV for the Pts/CeO,, Pti/CeO; and Pt(111) surfaces, respectively (Table S3). However, the
corresponding calculated barriers, i.e., 0.82, 0.6, and 0.15 eV, do differ, and much, which is
consistent with the observed more facile dissociation of the first C—H bond over Pt/ceria as
compared to Pt(111), as already mentioned (Figure 3b, c¢). This is precisely due to the fact that
the magnitude of the deviations AEgamier 1S system dependent, following the Pt(111) (0.18 eV)

<< Pt1/Ce02 (0.59. eV) < Pts/CeO; (0.88 eV) trend.
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Figure 4. Scaling relation for the surface-stabilized pathway (Ets=0.67 Ers+ 1.04), according
to ref. 6. Included are the (non-ZPE-corrected) Ets and Ers values for M; atoms and M clusters
(M= Pt, Co, Ni1) on the CeO(111), as well as on the extended Pt(111), Co(0001) and Ni(111)
surfaces.

The factors leading to the larger deviations from the linear scaling between Ers and Ets
for the Pt/CeO; systems, as compared to the extended Pt(111) surface, are also related to the
distinct adsorption properties of the former. With this regard, the second important thing to note
is that not only the CH3+H fragments bind stronger on the Pt/CeO» surfaces than on Pt(111),
but also the CH4 molecule. The DFT calculations reveal that the interaction between methane
and the electronically modified Pt*" atoms in direct contact with the CeO: support, with

adsorption energies of about —0.7 eV, is much stronger than that with the Pt(111) surface, with
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a binding of about —0.3 eV (Figure 3b). The enhancement of the CH4 adsorption energy on the
low-loaded Pt/CeO: systems favours the probability of the reaction. The careful inspection of
the interaction between CH4 and the systems’ surfaces reveal that the CHs4 molecules on
Pt/CeO; come closer to the surface than on Pt(111), cf. the C—Pt distance of 2.20 and 2.34 A
for Pt; and Pts/CeOa, respectively, with 3.52 A for Pt(111) (Figures S8, S9, and S12), and thus
charge transfer is enhanced at the interface. In both the Pt; and Pt4/CeO» systems, the direction
of the charge transfer is to the adsorbate, as reflected by the increase in the Bader charge for
the C atom upon CH4 adsorption, namely, 0.14 and 0.16e for Pt; and Pts/CeQO,, respectively,
with respect to the gas-phase molecule (Table S5). Moreover, the final important thing to note
is that on the Pt/CeQO, surfaces, the C—H bond that will ultimately be cleaved, appears to be
activated with a substantially elongated bond distance (1.26 and 1.19 A for Pt; and Pts/CeO,
respectively, Figure S8 and S9), whereas the variation in the other three C—H bonds is almost
negligible, which is behind the facile dissociation of the first C—H bond on the low-loaded
Pt/CeO, systems. A similarly strong CHs4 adsorption has been recently reported on
Pt;/Ti02(110).° Also, the higher CH4 binding on a two-layer-thick PdO(101) film on Pd(100)
as compared to a one-layer film,>* which is accompanied by a significant reduction of the
activation barrier for CH4 dissociation on the former, has been discussed in terms of a ligand
effect as a consequence of the presence of an oxygen atom directly below the Pd atom over
which CHy dissociates in the thicker PdO film. Such an effect is also present in the Pt/CeO>
systems (see Figure S6 and accompanying text in the Supporting Information).

Figure 3¢ compares the activation energy barrier for the CH4 to CH3+H reaction on
CeOx(111)-supported M; atoms and My clusters (M= Pt, Co, Ni) as well as on the Pt(111),
Co(0001) and Ni(111) extended metal surfaces. In comparison with ceria-supported single Pt
atoms and small Pt4 clusters, the anchoring of Co and Ni atoms on the stoichiometric CeO2(111)

20-22

surface yields Co?" and Ni?" species and two Ce*" ions,?*?? respectively (Figure S4). In the
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planar Co4 and Nig on CeO»(111), the average oxidation state of the Co and Ni atoms are +0.75
and +0.5, respectively (Figure S5). It is clear that in all cases, the combined effect of the low
metal loading and the ceria support results in the lowering of the activation barrier (Figure 3c).
However, the amounts by which the linear scaling relation is “broken”, are larger for the Pt;
and Pt4/CeQ; systems, as compared to the corresponding Co/CeO» and Ni/CeO; ones (Figure 4
and Table S3). The comparison of the molecular binding, the activation and the dissociative
adsorption of CH4 on CeO»(111)-supported M; atoms and My clusters (M= Pt, Co, Ni) reveals
that the use of Pt is able to strongly enhance the adsorption of methane molecules (cf. the
calculated Eis values in Table S3) and that from the resulting initial structures, the cleavage of
the first C—H bond is easier, as compared to the Co/CeO; and Ni/CeO> systems (Figures S8 and
S9). It is important to note that the activation energy barriers for the recombination reaction,
CH3z+H — CHa, are also lower when Pt is used (cf., e.g., 0.52, 0.65, 0.94, and 1.01 eV for the
Pt4/Ce0,, Co4/CeO2, Co4/CeO; and Pt(111) surfaces), which is in line with the finding that
upon heating (150 °C), the CHx desorbed from the Pt/CeO, surface without detecting the
formation of carbonaceous species, as it was the case for Pt(111).1°

We finally mention that in line with a stronger binding of the CH3+H final state on
Ce203(0001)-supported metallic My atoms and M4 clusters (M= Pt, Co, Ni) than on the
corresponding extended metal surfaces, the CH4 activation energy barriers are smaller for the
low-loaded M%/Ce,03 systems, but the deviations of the calculated values from those predicted
by the linear scaling relation, AEgarrier, lie within an energy range of about 1 eV (see Supporting
Information). This is because on the small ceria-supported metal clusters, the CH4 binding can
be enhanced compared to that on the extended metal surfaces.

Our results for a range of low-loaded metal-ceria systems, including extended metal
surfaces for comparison, show that the proposed linear scaling relation to predict the energy

barrier for the activation of methane, does not generally hold for ceria-supported metal
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nanoparticles. Strong interactions between the small metal particles in direct contact the with
the ceria support lead to the stabilization of both the CH4 molecule and the CH3+H dissociation
product, producing active and stable catalysts for methane activation under very mild
conditions. The very low-loaded Pt/CeO, system is the best in terms of activity for methane
dissociation and stability. The results illustrate how one can manipulate metal-support

interactions to improve catalytic activity and stability, a major goal in heterogeneous catalysis.
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