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ABSTRACT

Methane is an extremely stable molecule, a major component of natural gas, and also
one of the most potent greenhouse gases contributing to global warming. Consequently,
the capture and activation of methane is a challenging and intensively studied topic. A
major research goal is to find systems that can activate methane even at low
temperature. Here, combining ultrahigh vacuum catalytic experiments followed by X-
ray photoemission spectra and accurate density functional theory (DFT) based
calculations, we show that small Ni clusters dispersed on the (001) surface of TiC are
able to capture and dissociate methane at room temperature. Our DFT calculations
reveal that two-dimensional Ni clusters are responsible of this chemical transformation,
evidencing that the lability of the supported clusters appears to be a critical aspect in the
strong adsorption of methane. A small energy barrier of 0.18 eV is predicted for CHy
dissociation into adsorbed methyl and hydrogen atom species. In addition, the
calculated reaction free energy profile at 300 K and 1 atm of CH4 shows no effective
energy barriers in the system. Comparing with other reported systems which activate
methane at room temperature, including oxide and zeolite-based materials, indicates
that a different chemistry takes place on our metal/carbide system. The discovery of a
carbide-based surface able to activate methane at low temperatures paves the road for
the design of new types of catalysts towards an efficient conversion of this hydrocarbon

into other added-value chemicals, with implications in climate change mitigation.
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INTRODUCTION

Although carbon dioxide (CO,) is the main greenhouse gas, in terms of its overall
contribution to global warming, methane (CH4), the simplest, most abundant and stable
alkane molecule, immediately follows.! Even though CH4 emissions are five times
smaller than CO,, its greenhouse effect is 23 times larger, and, therefore, its
contribution to climate change comparable to that of CO,. The Earth’s atmospheric
methane content has oscillated between 350 and 800 volumetric parts per billion (ppb)
during the last glacial and interglacial periods,” with main release sources being
wetlands, living organisms, and permafrost melting processes.” However, since the
industrial revolution, CHy levels have risen to the present value of 1770 ppb,*” mostly
from anthropogenic sources, including unsustainable landfills, livestock farming, and
fossil fuels used for energy production and transportation.®®

Different combined strategies oriented towards reducing the content of
greenhouse gases in the atmosphere include: reducing emissions, more efficient use of
fossil fuel sources of energy, using alternative renewable, green sources of energy. A
particularly appealing strategy is to use carbon capture and storage (CCS) technologies’
where appropriate, specific, materials are used as CO, or CHy scrubbers. Even more
interesting are carbon capture and usage (CCU) technologies, where the corresponding
molecules, once adsorbed, are converted, ideally catalysed by the same substrate
material, into other valuable chemicals.'® In the case of captured methane this is a real
challenge because of the high 4.5 eV C-H bond strength, the absence of low-energy
empty orbitals, and the presence of high energy occupied orbitals.” An ideal
transformation process would involve the production of synthesis gas (syngas for short)
—a gas stream mixing carbon monoxide (CO) and hydrogen (H,). This syngas can be
used as feedstock for Fischer-Tropsch synthesis, after H, enrichment or diminution, to

obtain long-chain hydrocarbons.'' The syngas stream formation can pass through

different reactions, including methane dry reforming (Eq. 1),'*'* methane steam
reforming (Eq. 2),'"">'® or methane partial oxidation (Eq. 3).'"
CH,4 + H,0 — CO+3-H, (AH° =206 kJ-mol ') (1)
CH4 +CO, — 2-:CO +2-H, (AH° =247 kJ-mol ") )
CH,+ 1/2-0, — CO +2-H, (AH® =-36 kJ-mol ') 3)

The common limiting steps for such processes are, first, methane adsorption, and,

second, its subsequent activation. These steps are intimately related to the first hydrogen



abstraction from CH4, which is regarded as the rate determining step of the overall

mechanism.?*%

In addition, methane also can be transformed directly into commodity
chemicals such as methanol, ethylene, or benzene.” An optimal catalyst for CH, capture
and conversion would be one that simultaneously meets two criteria, namely: 7) it must
adsorb CH4 —ideally even at room temperature, and ii) it must feature a low enough
energy barrier for C-H bond scission —preferably to be overcome at room temperature
as well. On a reaction free energy profile, these criteria would imply that the first
dehydrogenation reaction step transition state would be lower than the molecular
desorbed state.

There is an ongoing search for materials that can accomplish the activation of
methane at low temperatures to enable the direct conversion of CH fragments into
commodity chemicals.” Most of the studies dealing with the activation of methane have
focussed their attention on metals, bulk oxides, homo- and hetero-nuclear oxide
clusters, zeolites, and also on biomimetic approaches.””'* On metal surfaces, methane
binds weakly and the probability for dissociation is low.”® Reactions 1-3 above are
nowadays carried out at elevated temperatures on Ni-based catalysts.''** A previous
DFT study regarding the Ni(111) surface explains this fact in the sense that the first C-
H bond scission is endothermic by 0.36 eV and involves an energy barrier (E;) of 1.07
eV.?” Similar calculations for CH, on Pt(111) show the process to be energetically
uphill by 0.17 eV with a slightly reduced energy barrier of 0.93 eV. This result is in line
with the experimental observation of a barrier reduction of 0.29 + 0.06 eV when
comparing CHy reactivity on Pt(111) to that exhibited by Ni(111).*® Nevertheless,
metals are not, in general, very efficient for C-H bond cleavage.**"

A few oxide and metal/oxide systems can activate methane at low
temperature.”"*>>'** On these materials, it has been found that cooperative interactions
between a cation and an oxide centre can lead to a cleavage of the first C-H bond in
methane with energy barriers that are below 0.5 eV. In this aspect, these oxide-based
systems are more efficient than metals or metal alloys. In this study, we move in a
different direction and, by combining X-ray Photoemission Spectroscopy (XPS)
experiments with state-of-the-art DFT based calculations, show that small Ni particles
in contact with a metal carbide such as TiC can also trigger the cleavage of C-H bonds
at 300 K. This is a remarkable finding since both bulk Ni and TiC exhibit very low
activity towards methane activation. Clearly, there is a synergy in the Ni/TiC(001)

system that facilitates the activation of methane. In this way, the present work points to



a new approach for developing a novel family of materials that would be active for CHy4

activation under mild conditions.
EXPERIMENTAL DETAILS

The reactivity of Ni/TiC(001) surfaces towards methane was studied in a system which
combines an ultrahigh-vacuum (UHV) chamber (base pressure ~ 7-10"° mbar) and a

batch reactor.>>¢

Within this system, the sample could be transferred between the
reactor and UHV chamber without exposure to air. The UHV chamber was equipped
with instrumentation for X-ray and ultraviolet photoelectron spectroscopies (XPS and
UPS), low-energy electron diffraction (LEED), ion scattering spectroscopy (ISS), and
temperature-programmed desorption (TPD).

The TiC(001) single crystal was cleaned following methodologies reported in
the literature.”’>” Nickel was vapour-deposited on the TiC(001) surface at 300 K.*” The
admetal doser consisted of a resistively heated tungsten basket with a drop of ultrapure
Ni inside.’” Initially the flux of the doser was calibrated by taken thermal desorption

3338 This information was

spectra for the desorption of Ni from a Mo(100) substrate.
then used to calibrate admetal coverages estimated by means of XPS.»

In the tests of methane activation, the Ni/TiC(001) samples were transferred to
the reactor at ~ 300 K, then 1.33 mbar (1 Torr) of methane was introduced for a period
of five minutes. After this exposure, the methane gas was removed and each sample was
transferred back to the UHV chamber for surface characterization. Maximum activity
was found for small coverages, 0.2-0.3 monolayers (ML), of nickel on the carbide

substrate.
COMPUTATIONAL METHODS

As explained above, both Ni(111) and TiC(001) are inactive whereas CH4 maximum
conversion is observed for small dosages of 0.2-0.3 ML of Ni over the TiC(001)
surface. This suggests that small supported Ni clusters are the main players, in
accordance with previous studies of Au and Cu clusters on TMCs.”**' Consequently,
CH4 activation on Ni/TiC(001) is assessed by modelling different types of TiC-
supported Ni clusters using periodic DFT based calculations. Specifically, the pristine
TiC(001) surface, three different Ni,/TiC(001) (n =4, 9, 13) clusters (see Figure 1), and
a Ni supported nanorod model (see Figure 2) featuring low coordinated sites were
investigated. These particular Ni clusters sizes have been selected as they feature a

compact packaging with high symmetry, which makes them, a priori, very stable, thus



maximizing the atomic coordination. The calculations employed the Perdew-Burke-
Ernzerhof (PBE)* exchange-correlation (xc) functional, and the contribution of
dispersion (vdW) terms was included through the D3 correction as proposed by Grimme
(PBE-D3).* For the systems containing Ni NCs, as well as for gas phase CH; and H
(see below), spin polarization was taken explicitly into account. The transition states
(TS) were located using the climbing-image NEB (CI-NEB) method.** Initial guesses
for the five employed intermediate images were generated by means of the Atomic
Simulation Environment (ASE)* using the Image Dependent Pair Potential (IDPP).*
The energy reaction profiles were obtained at 0 K and in vacuum but also at working
conditions of temperature and CH, partial pressure by using the atomistic
thermodynamics approach.”” All calculations were carried out using the Vienna Ab
Initio Simulation Package (VASP) code.* Further computational details are provided in

the Supplementary Information (SI). Favourable adsorption energies, E, s, are defined

negative.

Figure 1. Most stable optimized geometries found for (top view, PBE-D3) of a)
Niy/TiC, b) Nig/TiC, and c) Ni;3/TiC. Ni atoms are shown as green spheres, and Ti and
C atoms as light and dark grey spheres, respectively. The unit cell is shown by black
dotted lines.
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Figure 2. Optimized geometries (top and near-side views) of the Ni rod. Ni atoms are
shown as green spheres, and Ti and C atoms as light and dark grey spheres,

respectively. The unit cell is shown in black dotted lines.

RESULTS AND DISCUSSION

Experiments. In our experiments, surfaces of Ni/TiC(100), TiC(001) and Ni(111) were
exposed to methane in a batch reactor. Figure 3 shows C 1s XPS spectra collected after
dosing to methane a TiC(001) surface pre-covered with 0.2 ML of nickel (top panel)
and bare Ni(111) (bottom panel). In agreement with previous studies,”® we found no
adsorption of methane after exposing Ni(111) and TiC(001) to 1.33 mbar (1 Torr) of the
molecule at 300 K. The adsorption and dissociation of methane on Ni/TiC(001)
produces a peak at ~284 eV that can be attributed to adsorbed CH; or CH, species.”.
We estimate that 0.2-0.3 ML of CHy are deposited on the surface as a consequence of
dissociation of methane on the Ni particles or the nickel-carbide interface. The ratio of
CHy species to Ni adatoms was in the range of 1-1.5. Figure 4 shows Ni 2ps, XPS
spectra recorded for a Ni/TiC(001) surface before and after adsorption of the CHy
species produced by the dissociation of CHy at 300 K. Reaction with methane induced
an attenuation in the signal of nickel (36 %) and a positive shift of ~0.4 eV in the Ni
2ps;, peak. Thus, the CHy deposited on the Ni/TiC(001) surface is in direct contact with
the nickel.

We also found that the amount of Ni present on the carbide surface had a strong
effect on the reactivity of the surface towards methane. Figure 5 displays the change of

the CHy intensity (peak at ~284 eV) as a function of Ni coverage in Ni/TiC(001). In



these experiments, all the surfaces were exposed to 1 Torr of methane for 5 minutes at
300 K. A maximum of activity is seen at Ni coverages of 0.2-0.3 ML. Under these
conditions, small particles of nickel interact strongly with the TiC substrate.” An
increase in the Ni coverage increases the size of the Ni particles, favouring Ni-Ni
interactions over Ni-TiC interactions, and the admetal nanoparticles slowly acquire the
chemical properties of bulk nickel losing their reactivity towards methane. At large
coverages of nickel, the dissociation of methane was negligible as seen on plain
Ni(111).*!

Temperature had a strong effect on the stability of the adsorbed CHy groups. In
the XPS experiments, we observed the gradual disappearance of the CHy species when
the temperature was raised from 320 to 420 K, see Figure 6. Using a mass spectrometer
we detected mainly the evolution of CHy4 from the CH,/Ni/TiC(001) surface between
340 and 410 K, with weaker signals for C;H¢ and C,Hy (see Figure 7). Thus, it is clear
that the species produced by dissociation of methane are chemically active and can be
used for producing more complex hydrocarbons. Relatively weak interactions between
CHy and Ni are reflected in the Ni 2p XPS results shown in Figure 4 where the intensity
and position of the Ni 2p;, peak are recovered after desorbing the CHy groups by
heating to 450 K. We did not observe any decrease in the reactivity of the surface after
five cycles of adsorption-desorption. In CH,/Ni/TiC(001), one has strong Ni-TiC
interactions and moderate Ni«~»CHy interactions when the Ni coverages are below 0.3

ML.
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Figure 3. C 1s XPS spectra collected before and after dosing methane to Ni/TiC(001)
and Ni(111) surfaces at 300 K (top and bottom panels, respectively). The dosage of
methane was 1 Torr for 5 minutes. The coverage of Ni on the TiC(001) substrate was

0.2 ML.
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Figure 4. Ni 2ps» XPS spectra collected before and after adsorbing methane on a
TiC(001) surface pre-covered with 0.2 ML of nickel. In the first step the surface was
exposed to 1 Torr of methane at 300 K for 5 minutes in a batch reactor. After pumping
the gas and recording the spectrum in the middle of the figure, the CH,/Ni/TiC(001)
system was heated to 450 K to induce desorption of the adsorbed CHy species.
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Figure 5. Variation of the CHy intensity as a function of Ni coverage in Ni/TiC(001). In
all cases the surface was exposed to 1 Torr of methane for 5 minutes at 300 K. This type
of experiment was done three times and average values are reported with the typical

variation for the measurements in the CHy C 1s intensity.
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Figure 6. Effect of temperature on the C 1s signal for the CHy species obtained after
dosing methane to Ni/TiC(001) (6x; of ~0.2 ML). Initially, the Ni/TiC(001) surface was
exposed to 1 Torr of methane for 5 minutes at 300 K. The gas was pumped out and the
temperature of the sample was ramped up under ultrahigh vacuum conditions. This type
of experiment was done five times and average values are reported with the typical
variation for the measurements in the CHx C 1s intensity. In these experiments, we did

no observe signs for deactivation of Ni/TiC(001).
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Figure 7. Temperature programmed desorption (TPD) spectra for the evolution of
methane, ethane and ethylene from a CH,/Ni/TiC(001) surface. A TiC(001) surface pre-
covered with 0.2 ML of Ni was exposed to 1 Torr of methane at 300 K in a
microreactor. The gas was pumped out and the sample was transferred to a UHV

chamber for a TPD study (heating ramp 2 K/s).

Computational Study. To better understand the above described experiments for the
Ni/TiC(001) systems, CHs adsorption and dissociation were studied on three Ni,
clusters (representing small to medium coverages of the admetal) and over a nano-rod
(representing a large coverage of the admetal), all supported on a slab model of
TiC(001). For comparison, CH, adsorption and dissociation on the pristine TiC(001)
surface was also considered. In the latter reference case, a previous study reported a
CH, adsorption energy of -0.25 eV,* similar to the value of -0.24 ¢V for the Ni(111)
surface obtained using DFT calculations employing the PBE functional with the
Grimme D2 correction.”® The C-H bond scission of CH, on TiC(001) is energetically
downhill although it features a large £, of 1.5 eV (Figure 6); a similar value of 1.07 eV
has been reported for the case of CH, dissociation on the Ni(111) surface.”” The most

stable CH; and H adsorption sites and modes are reported in Section S2 of the SI and
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the TS structures for CHy dissociation on the clean TiC(001) are reported in Section S3.
Both, TiC(001) and Ni(111) are able to adsorb methane but both feature a high C-H
bond breaking energy barrier well above that of the desorption limit, thus inhibiting any

further reaction as inferred from the energy (E) and Gibbs free energy (G) profiles in

Figure 8.
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Figure 8. ZPE corrected energy profiles (E, black lines) and Gibbs free energy profiles
(G) at 300 K, 1 atm of CH4 (red lines) for CH4 adsorption and subsequent dissociation
on the clean TiC(001) surface.

With respect to the bare TiC(001) and Ni(111) surfaces, the CHy4 dissociation
reaction profile on the TiC(001)-supported Ni, clusters completely changes. The
smallest Niy/TiC cluster features a high degree of lability since it easily stretches or
contracts upon interaction with CHs, CH3 or H. Such easiness of deformation gradually
vanishes for the larger Nig and Ni;3 clusters. The structure of Nis and Nig clusters is
planar whereas Nij; exhibits a three-dimensional capped pyramid structure which
allows us to assess the effect of dimensionality on the CH4 adsorption and dissociation.

On the TiC-supported Ni, clusters, the surface sites that interact most strongly
with CH4, CH3, and H moieties have been identified by a systematic computational
screening carried out within the PBE-D3 approach. Results show that CH4 adsorbs on
all supported Ni optimized structures with adsorption energy (E,4) of ~0.3 eV, whereas
CH; and H exhibit larger E,4 values of ~2.5 eV. The most favourable adsorption
situations and corresponding E,4s values are collected in Table 1. The structure of all
considered sites, the adsorption energy values and optimized geometries for the most

stable cases can be found in Sections S3 and S4 of the SI. Results show that on the
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Niy/TiC systems, the CH4 adsorption energy is 1.5-2.5 times stronger than on the clean
TiC(001) surface. Notice that CHy4 prefers to adsorb on low coordinated Ni atoms (i.e.,
on the vertices of the clusters, see Figure S4), rather than on the TiC substrate near the
Ni cluster boundary region. Furthermore, CH4 adsorption on the 3D supported Nij3
cluster is noticeably weaker than for the planar 2D Nis and Nig cases. As the size of the
Ni cluster increases, its reactivity towards CH4 and CHj decreases, in agreement with
the experimental trend seen in Figure 5. The highest reactivity is found on the
Niy/TiC(001) system, where all the Ni adatoms are in contact with the carbide surface
and have a few metal neighbours. At this point on may wonder about the origin of such
enhanced activity of Nis clusters when supported on TiC(001), and whether this is
instigated by a particular electronic structure. Such enhanced activity and reactivity
observed on Niy clusters supported on TiC(001) has been observed in the past in similar
systems, such as Auy clusters supported on TiC(001) catalysts, active in desulfurization

. 39,51
reactions,” 2

as well as Cuy, Nig, and Auy clusters supported on TiC(001) which
exhibit activity towards CO, hydrogenation reactions.’® Detailed experiments and
theoretical modelling have shown that the underlying chemistry of transition metal
clusters supported on carbides such as TiC arises from the substrate induced electron
density polarization of the supported metal clusters, with no evidence of net charge
transfer. This is in agreement with experimental and computational evidence confirming
that the enhanced activity/reactivity is larger for small flat metal clusters, and tends to
vanish in larger, three-dimensional metal clusters and nanoparticles.”>”* Such
polarization does not seem to be exclusive to TMCs, as, in a similar way, a recent study
by Li et al. reported that the large spin polarization of Fes clusters supported on Al,O; is
responsible for the activation of N, in the conversion of N, to NH3.>

However, aside from the electron density polarization reported for other related
systems, the relatively high lability of the smallest Nis supported cluster deserves some
additional comments. The cluster elongates in the direction where one Ni atom interacts
with CHa, and contracts adopting a rhombus-type of shape, with a ratio between major
and minor diagonals (rp) of 1.34. The same effect is observed for CH; and H
adsorption, with rp values of 1.52 and 1.43, respectively. In both cases, the Ni atom
rearrangement allows the formation of Ni; three-fold hollow sites, where both CH3 and
H species adsorb. Lability is not observed either for methane or H adsorbed on the
Nig/TiC cluster, yet the Nij three-fold hollow site emerges when CHj is adsorbed, with
a rp of 1.30, hence smaller than the value of 1.52 for Nis/TiC. Finally, on the 3D
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Ni;3/TiC cluster the different species energetically prefer to adsorb at the edges of the

cluster.

Table 1. PBE-D3 adsorption energies (ZPE corrected, E 4, in €V) of CHa, CH3, and H
on the clean TiC(001) and Ni(111) surfaces and on several Ni,/TiC surfaces (n = 4, 9,
13). “ Value taken from Ref. 50 (PBE-D2), note that it does not include ZPE. * Values
taken from Ref. 56 (PBE).

Eads /eV
CH,4 CH; H

CONi(I11)  -0.24°  -1.817 2777
TiC(001) 025  -2.26  -2.77
NiyTiC 057 312 -3.42
Nig/TiC ~ -0.64  -3.04 -332
Niiy/TiC  -0.36  -2.83  -3.21

The CHy dissociation on Nis/TiC appears to be facilitated when starting from a
vertex site with CHs+H going to bridge sites with a calculated £, of 0.18 eV only (see
TS1 in Figure 9); a drastic reduction when compared to the case of Ni(111) implying an
Ej of 1.07 eV.”’ This significant £, lowering is related to the overall reaction energy
going from 0.35 eV (endothermic) on the Ni(111) surface to -0.76 eV (exothermic) on
Niy/TiC. This is as expected from the Brensted-Evans-Polanyi (BEP)*"*® relationship
applied to heterogeneously catalyzed reactions, as suggested by Pallasana and
Neurock™ and popularized by Nerskov et al.®® Indeed, for CHy dissociation on the Niy,
Nig and Nij3 clusters supported on TiC(001) and Ni(111), a quantitative, BEP
relationship emerges when plotting £, in front of the reaction energy as discussed in
detail in a separate section.

As illustrated in Figure S9 the lability effect of the small Niy cluster supported
on TiC is evident. To investigate its possible effect on the CHy first dehydrogenation
step reaction energy profile, calculations have been carried out by freezing both TiC

surface and Ni cluster atoms in the most stable configuration. The resulting constrained
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energy profile show a significant increase of the £, from 0.18 eV up to 0.42 eV (see
Figure S10 in SI), highlighting the important role of the lability of such small clusters in
the course of CH4 adsorption and dissociation. Interestingly, we note that rp lowers
along the reaction coordinate, from 1.34 for adsorbed CH4, 1.19 for TS2, and 1.00 for
CH;+H products. Finally, it is worth to mention that the spin properties of Ni cluster are
not negligible during the whole catalytic process. While the magnetic moment for the
reactant configuration (i.e., CH4-Nis/TiC) is near 1, it becomes quenched down to zero
for both the TS and the product configurations. These differences on the total
magnetization along the CH4 dissociation pathway are also observed for larger Ni
clusters, and shown to be a key point in other catalytic processes using magnetic metal
clusters, as in the course of ammonia synthesis by supported Fe clusters.”

For the larger Niy supported cluster, the most favourable path corresponds to the
direct dissociation from the CH4 molecule located on top of a vertex Ni atom to a
CH;+H configuration where CHj3 is placed on a bridge site and the H on a four-fold
hollow site (see Figure S11). On this Ni¢/TiC system, Ej is just 0.25 eV, only 0.07 eV
higher than corresponding value for Nis/TiC (0.18 eV). Interestingly, this energy barrier
is still much lower than the -0.64 eV CHy4 adsorption energy on Niog/TiC (Table 1).

Finally, on the largest Ni;3 supported cluster, CHs4 and the CHj3 preferentially
adsorb on a vertex of the cluster, and the released H adatom adsorbs on a three-fold
hollow site of small (111) facets of the supported cluster, as shown in Figure S12. Here
E, becomes 0.38 eV, noticeably higher than the energy barriers for the smaller clusters
(0.18 and 0.25 eV for Nis/TiC and Nio/TiC, respectively). Nevertheless, this value is
already slightly higher than the methane adsorption energy of 0.36 eV on this Ni;3/TiC
model system. This implies that the CHy4 dissociation criteria would not be completely
fulfilled, indicating that on such larger 3D clusters the dissociation process becomes
unfavourable, in agreement with the experimental observations. Note in passing by that
the most stable arrangement for the CH4-Ni,/TiC system coincides with the most stable
arrangement for the bare Ni,/TiC clusters in all three models. Only some elongations or
contractions between the Ni atoms are observed on the two-dimensional Niy/TiC and
Nig/TiC models.

The synergic effect between Ni particles and the TiC(001) support, becomes
more evident when comparing CH, adsorption energies and first dehydrogenation
energy barriers to equivalent values calculated for the pristine Ni(111) and TiC(001)
extended surfaces reported in Table 2. Clearly, only 2D Ni clusters supported on TiC
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exhibit E,4 values larger than Ej, energy barriers. This conclusion is further supported
from total energy and Gibbs free energy profiles in Figure 9; the latter corresponding to
300 K and 1 atm (1.01325 bar) of CH4 partial pressure. The Gibbs free energy profiles
indicate that on all the studied Niy/TiC clusters both adsorption and dissociation
processes are exergonic; contrary to the situation corresponding to Ni(111). Moreover,
the smaller Niy/TiC and Niy/TiC clusters present no effective free energy barrier for
CH, dissociation at normal conditions, confirming that small Ni particles are
particularly active to trigger CH4 dissociation at room temperature, in agreement with
the experimental findings. Note also that room temperature is actually the temperature
where the highest conversion is achievable, given that a rise in temperature would only
place the effective energy barrier above the reactant energy limit, in accordance with

experiment.

Table 2. CH,4 adsorption energies, Eqq, and first dehydrogenation energy barriers, Ep,
on Ni,/TiC, TiC(001) and Ni(111). All values are given in eV. “ Ref. 50 (PBE-D2),’
Ref. 56 (PBE). Note that present £, values account for the ZPE which is not the case for
the value for Ni(111) in Ref. 50; on the average ZPE decreases the energy barrier by
0.15eV.

Catalyst CH4 E 45 E,

~ Ni/TiC ~ -057  0.18
Nio/TiC -0.64 0.25
Ni3/TiC -0.36 0.38
TiC(001) -0.25 1.22
Ni(111) -0.24 1.18°
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Figure 9. Total (ZPE corrected) energy profile (black lines, equivalent to the Gibbs free
energy profiles at 0 K and zero CH,4 partial pressure) and at 300 K and 1 atm of CHy
(red lines) on the three studied Ni,/TiC(001) systems.

At this stage one may wonder whether the effect of the TiC support consists in
stabilizing adsorbed methane, decreasing the dissociation energy barrier, or both. The
support effect has been qualitatively studied by comparing the full energy profile of the
dissociation reaction computed in two different ways: 7) with the surface atoms and the
cluster Ni atoms frozen to the most stable configuration for the clean supported cluster
(black line in Figure 10), and ii) for the same clean cluster molecular structure but
removing the TiC support (blue line in Figure 11). Obviously, in the case of CHy
interacting with the unsupported Nis cluster with the frozen structure, the ZPE
corrections have not been included. The results of this computational experiment
indicate that, while the energy barrier for CH4 dissociation on the unsupported or
supported Ni4 cluster is quite similar (0.43 versus 0.50 eV), CHy4 adsorption on Nig is no
longer favoured when the TiC support is not present, a clear demonstration of the key
role of the interaction between the Ni cluster and the support. The effect seems also to
be linked to the planar structure of such small Ni, clusters adopted upon interaction with
the TiC(001) surface. This is agreement with the results reported for CH4 adsorption
and dissociation on tetrahedral Niy and icosahedral Ni;3 gas phase clusters where E,4; of
0.39 and 0.40 eV are smaller and E} values of 0.44 and 0.43 eV are larger than for the

supported clusters, respectively.®!
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Figure 10. Energy profiles (non ZPE corrected) for CH4 adsorption and subsequent
dissociation on frozen Niy cluster supported on TiC (black line) and unsupported (blue

line).

Finally, we focus on the finite size effects of the three supported Ni clusters by
comparing E,4 and E, values with respect to an infinite array of Ni atoms forming a
supported nanorod, as shown in Figure 2. The nanorod shape resembles that of a
Ni;3/TiC cluster expanded in one [010] direction so as to generate a periodic structure
with bulk-like properties. The incommensurability of the periodic Ni nanorod structure
and the TiC(001) surface leads to clustering of Ni atoms and a degree of lability of the
second layer of Ni atoms. On this supported nanorod model, E,4 is -0.49 eV, slightly
smaller than the corresponding values on Niy/TiC and Nig/TiC (Table 1), yet
highlighting the importance of low coordinated Ni atoms on methane adsorption as well
as the effect of the support. Note, however, that the E,4 value for the supported nanorod
is larger than that computed for the Ni;3/TiC cluster (-0.36 eV), which is attributed to
the above-stated lability of the Ni rod compared to the rigidity of the Ni;3/TiC cluster.
However, the important aspect is that, on the supported nanorod, the CH4 dissociation
energy barrier is 0.64 eV, much higher than the corresponding values for the finite
supported clusters, and also higher than the desorption energy. The latter kinetically
inhibits CH4 dissociation, with an even more unfavourable free energy profile at

working conditions of temperature and pressure (see Figure 11).
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Figure 11. Total ZPE corrected energy (black lines) and Gibbs free energy at 300 K and
1 atm of CHy (red lines) profiles for CH4 adsorption and dissociation on the Ni nano-rod

supported on TiC(001).

Unravelling trends in C-H activation. To further investigate the chemistry involved in
the activation of the C-H bond in CH4 through its interaction with the Ni/TiC systems
studied in the present work, as well as to attempt to obtain appropriate simple
descriptors, we analyse in detail the relationship between the calculated values of the
energy barrier for C-H activation and the corresponding energy reaction with adsorbed
CH; and H as products. For convenience and, also, for a possible practical use of the

resulting BEP relationship,”*

the values not corrected by the ZPE have been used.
Note, however, that the main influence of ZPE is in the adsorption energy of CH4 which
leads to an average systematic reduction of the calculated energy barriers of ~0.15 eV.
Besides, the values corresponding to the Ni(111) extended surface have been included
as this provides an appropriate model for the limiting case of very large supported
particles. The resulting BEP plot thus constructed is presented in Figure 12, and shows a
clear, linear trend. This is an interesting result since it would allow one to estimate the
energy barrier for similar systems by simple interpolation and without the need to
compute the vibrational frequencies of the adsorbed products. More importantly, the
BEP in Figure 12 shows that the low energy barrier for the systems used in the
experiments comes from the fact that the underlying carbide stabilizes the dissociation
products when the supported particles are small enough. The effect gradually disappears
for larger particles and almost vanishes for the supported nanorod model where the

decrease in the energy barrier with respect to Ni(111) is clearly due to the presence of

the low coordinated Ni atoms.
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Figure 12. Energy barrier (E,) for CH4 to CH3+H dissociation on the Ni/TiC systems
and on Ni(111) versus the reaction energy (E;.c). The values used to construct the plot

are reported in Table S2 and, for convenience, do not include the ZPE term.

At this point one may wonder whether the chemistry governing C-H scission in
these systems bears some similarity to that exhibited by oxides and zeolites, some of
which are able to dissociate CH,. In a recent paper, Latimer ef al.>' studied trends in C-
H activation for several hydrocarbons on a broad family of materials containing O
atoms including, among others, oxides, zeolites and metal organic frameworks and
graphene. Interestingly, they argue that the overall chemistry is governed by hydrogen
affinity (E 5) defined as the formation energy of adsorbed hydrogen with respect to gas

phase H>O and O,. More specifically, these authors found that E ,]; can be used as a
descriptor for predicting the formation energy of the transition state for C-H scission
(E{s) in a variety of O containing catalysts; i.e. that E{S goes linear £ f]; Moreover, they
postulate that the origin of this behaviour lies in the radical-like TS character involving

one site on the catalyst surface only, and, therefore, is supposed to be rather independent

of the particular catalyst geometry.*'
Inspired by this work, we adapted the definition of E 5 and Eis to the Ni/TiC
systems studied in the present work. To this end, we define the formation energy of

adsorbate i, Elf , referenced to the clean surface and to gas-phase H, and CHy as

Elf = Uissiab = Ustap — Z](anf) @

21



where U;, ¢1qp 1S the raw DFT energy of the slab with adsorbate i, Uy, is the raw DFT
energy of the slab, n; is the number of atomic species j in i, and R; is the reference

energy of that atomic species with the reference energies R; for each atomic species

defined as
1
Ry = 5 UHz(g) (5),
Re = Uch,g) — 4Ry (6),

where again U;(gy is a “raw” energy directly taken from the DFT based calculation. We

note that one interesting feature of the formation energy approach (as opposed to the use
of pure DFT energies) is that it does not distinguish between thermodynamic minima

(adsorbed states) and saddle points (transition-states). Thus, it is possible to define the

formation energy of the CH;-H dissociation transition state, E{S, as
Els = Ucty—n+stab — Usiap — Rc — 4Ry (7),
which is related to the DFT calculated energy barrier for CH3-H dissociation, Ej, as
Ep = E{s - E£H4 (8).
The analysis of the Eis versus E 5 plots (Figure S15) shows that while the main

trend in the formation energy of the TS is well captured by hydrogen affinity Ef];
descriptor, there is a considerable deviation from linearity implying that the chemical
mechanism for CHy4 activation by Ni/TiC is different and does not involve the same type
of radical like TS. Interestingly, plotting the natural logarithm of the raw DFT energy
barrier with respect to the adsorbed hydrogen formation energy results in an almost
perfect straight line as shown in Figure 13, indicating a somehow different chemistry. In
the case of low-temperature methane dissociation on IrO(110)*' and Ni/CeO,(111)** a
concerted mechanism has been reported where the cleavage of the first C-H bond
involves simultaneous bonding interactions with a metal cation and an oxygen anion.
This type of interactions cannot take place on a metal/carbide system where the C
centres do not have the very high negative charge present in the O centres of an oxide
(i.e., carbides have a lower degree of iconicity than oxides).”** Nevertheless, the C
centres in the carbide can be involved in the activation of methane by enhancing the
reactivity of a supported metal or by accommodating the H and CH3 produced by the

dissociation of the hydrocarbon.
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CONCLUSIONS
The interaction of methane with pristine Ni(111) and TiC(001) surfaces is very weak. In
contrast, a series of XPS experiments for 0.2 ML of Ni supported on a TiC(001) single
crystal point to CH4 adsorption and decomposition at room temperature and low partial
pressures of the hydrocarbon. This unexpected, exciting and technologically relevant
result has been explained by means of DFT based calculations on models of Ni clusters
and nanorods supported on TiC(001) surface. These calculations confirm that small 2D
supported Ni clusters are responsible for the observed catalytic behaviour featuring
adsorption energies up to -0.64 eV, thus allowing for CH4 adsorption at room
temperature. At the same time, on the supported clusters, C-H bond scission energy
barriers become smaller than the CH4 adsorption energies, and can be as low as 0.18
eV. The lability of such 2D few-atom Ni clusters, together with the interaction with the
support, appear to promote methane adsorption and low-energy barrier decomposition
into CH3 and H. These features are lost for larger 3D supported Ni clusters indicating
that the mere existence of low coordinated sites does is not sufficient to trigger C-H
scission before desorption takes place.

Our results for a range of Ni/TiC systems, including extended Ni(111) surface as
a limiting case, show that a BEP relationship holds for the C-H scission. This indicates
that the interaction between the metal and the underlying carbide support stabilizes the
dissociation products with a concomitant decrease of the energy barrier involved in this

elementary step. Moreover, it is found that the adsorbed hydrogen formation energy
E 5 constitutes a very good descriptor for methane activation on these Ni-based
catalysts. However, E 1]; appears to be directly related to the logarithm of the raw energy
barrier E, for CHy4 dissociation and not to the TS formation energy (qus) as in the case
of oxides and zeolites®' implying that a different chemistry is involved.

The present results open the way for the preparation of a new family of active

materials for methane activation and conversion under mild conditions, thus widening

the applications of existing natural gas resources.
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