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Abstract

Oxidative addition of CH4 to the catalyst surface produces CHs and H. If the CH3 species generated on the
surface couple with each other, reductive elimination of C;Hg may be achieved. Similarly, H’s could couple
to form H,. This is the outline of non-oxidative coupling of methane (NOCM). It is difficult to achieve this
reaction on a typical Pt catalyst surface. This is because methane is over-oxidized and coking occurs. In this
study, the authors approach this problem from a molecular aspect, relying on organometallic or complex
chemistry concepts. Diagrams obtained by extending the concepts of the Walsh diagram to surface reactions
are used extensively. C-H bond activation, i.e., oxidative addition, and C-C and H-H bond formation, i.e.,
reductive elimination, on metal catalyst surfaces are thoroughly discussed from the point of view of orbital
theory. The density functional theory method for structural optimization and accurate energy calculations
and the extended Hiickel method for detailed analysis of crystal orbital changes and interactions play
complementary roles. Limitations of monometallic catalysts are noted. Therefore, a rational design of single
atom alloy (SAA) catalysts is attempted. As a result, the effectiveness of the Pt;/Au(111) SAA catalyst for
NOCM is theoretically proposed. On such an SAA surface, one would expect to find a single Pt monatomic
site in a sea of inert Au atoms. This is desirable for both inhibiting over-oxidation and promoting reductive

elimination.



1. Introduction

In recent years, it has been reported that reserves of methane-rich natural gas, such as tight gas,
shale gas, and coalbed methane, are rapidly increasing.! Much research has been conducted to convert
methane into useful chemicals, such as light alkanes, olefins, alcohols, and aromatic compounds.?-3-4
Currently, indirect methods are most widely used for producing value-added products from methane:
methane is partially oxidized or reformed to syngas (a mixture of CO and H;), from which long-chain
hydrocarbons and alcohols are produced by Fischer-Tropsch synthesis.>® It would be of economic interest
to evaluate the possibility of using natural gas as a feedstock for chemical synthesis.” Direct conversion of
methane to light hydrocarbons by oxidative or non-oxidative coupling of methane (OCM or NOCM) has a
potential for more efficient one-step methane upgrading, avoiding the energy-intensive syngas generation
stage.®® The primary products of OCM and NOCM, C; species (i.e., ethane or ethylene), are precursors to a
variety of higher value chemical products, such as plastics and resins.’® Using enthalpies of formation

available in the literature,'12 the heat of reaction (AHn) for each reaction is evaluated as follows:

OCM: 2CH, +50; = CyHg + Hy0 AHoq = -42.2 keal/mol, (1)
and
NOCM: 2CH4 — C,Hg + H, AHiyn = 15.6 kcal/mol, (2)

where the product of OCM and NOCM is assumed to be ethane.

OCM was first reported in 1982,13 and since then its study has been active worldwide.!*%>6 The
presence of an oxidant in OCM not only lowers the activation barrier for methane conversion, but also
contributes to making the reaction thermodynamically favorable.” Y7 18 However, the formation of
overoxidized species (CO or COy) is inevitable; improving the selectivity of C; formation in OCM has been a
longstanding issue since the 1980s.1° Although hundreds of catalyst candidates have been prepared and
tested for OCM, the selectivity toward CO/CO; is typically about 50%, and the carbon utilization efficiency
remains low.1%2°

NOCM was first reported in 1991,2! and since then its study has been active worldwide.®2223 In
NOCM, no oxidants are used, and production of undesirable COyx species does not occur. In addition,
hydrogen is co-produced as a valuable by-product.?* The above points provide support for NOCM being
more attractive than OCM in many cases. However, because no oxidant is used, the activation energy for
methane conversion gets high compared to that in OCM, and the reaction is thermodynamically unfavorable.
To achieve industrially important methane conversion rates (>10% conversion), reactions are typically
performed at temperatures above 900 °C.72>2?6 This results in high operating costs. But that is not the only
problem. Coke formation is inevitable in reactions at such high temperatures and can lead to practical
limitations, such as catalyst deactivation, process impairments, and loss of carbon yield.”?”-?® To improve
the NOCM reaction, great efforts have been made to find catalyst systems that work efficiently to activate
the C-H bond of methane and promote C-C coupling, as well as to inhibit coking.26:2%:30:31,32,33,34

According to the 1991 report by Belgued et al.,?! continuous feeding of CH4 to a 6 wt% Pt/SiO,
catalyst at 250 °C yielded C;Hs and hydrogen. When the on-stream time exceeded 8 min, these products
disappeared due to catalyst deactivation. Gerceker et al.3> reported that the addition of Sn to Pt/SiO,



increased the turnover frequency of ethylene formation by a factor of 3, and pretreatment of the catalyst
at 850 °C reduced the extent of coke formation. Xiao et al.l° reported that Pt-Bi bimetallic catalysts
supported on ZSM-5 zeolite selectively converted methane to ethane with high carbon selectivity (>90%)
and produced equimolar hydrogen as a by-product. The catalyst was hardly deactivated in an 8-hour test,
indicating excellent stability and prevention of coke formation. We theoretically predicted that Pt-Mg
bimetallic catalysts would be active for the NOCM reaction, working with experimentalists to validate our
prediction by using a temperature-programmed-reaction under pure CH4 gas stream.3* The amount of
carbon deposition on the Pt-Mg catalyst was found to be much lower than that on the Pt catalyst. These
previous studies suggest that the NOCM reaction can be improved by adding another metal to Pt. The
avoidance of coke formation observed on Pt surfaces is probably the most significant benefit of alloying Pt
with other metals.3¢37

CH4 would be sequentially dehydrogenated on the Pt surface as CHs* = CH3* = CHy* 2> CH* >
C*,383% where * indicates adsorbed species. Why cannot such reactions as the coupling of two CH species
produced in this process to produce C;Hax and the coupling of CHx and CHy to produce C;Hy+y occur? Of
course, this is because the activation energy of each dehydrogenation step is lower than that of those
coupling reactions.?* If one performs first-principles calculations of the Pt surface, one can obtain fairly
accurate energy profiles of the reactions, but we do not think that one can understand all of what is going
on just by doing calculations ab initio.

Hoffmann and co-workers have revealed the low CO poisoning properties of Pt-Bi alloy surfaces
by band calculations using the extended Hiickel (eH) method.*® They stated that the eH method does not
allow geometrical optimization, nor is its energetics reliable, but it is transparent, and capable of explaining
electronic effects. However, they also acknowledged that high-level calculations are necessary to confirm
the qualitative picture of bonding and to provide accurate data about the energetics.*° In fact, Hoffmann
did just that in his collaboration with Ngrskov et al. and succeeded in drawing a detailed picture of the
bonding of H, C,Hs, and CHs to the Pt(111) surface.*

Our goal in this paper is not to answer the question we raised above by bringing up the exact
energy values obtained from density functional theory (DFT) calculations, but to provide a conceptual
framework for understanding the phenomena using the eH method. And at the end of this paper, it will be
shown that based on that concept, it is even possible to design a new catalyst logically, without relying on
experience and intuition. The eH method was used very effectively in the studies by Tatsumi et al.*? on
reductive elimination of d® transition-metal complexes and by Saillard et al.** on activation of C-H and H-H
bonds by transition-metal complexes. In this paper, we will do for metal surfaces what they have done for

metal complexes using the eH method.

2. Theoretical Methods
2.1. DFT Calculations
It is essential to perform DFT calculations not only to obtain reliable adsorption structures of C;

and C, species on the Pt surface but also to accurately evaluate the energetics of the methane



dehydrogenation process and the coupling reactions between C; species. We focus on orbitals at the surface
because we aim to develop a qualitative concept to understand the reactions that occur on the surface. The
orbitals are analyzed using the eH method as detailed in the next section.

We first optimized the face-centered cubic crystal structure of Pt. For this purpose, we used the
periodic boundary DFT code of Vienna ab initio simulation package (VASP) 5.4.4.4+4>4647 The generalized
gradient approximation was adopted with the functional described by Perdew, Burke, and Ernzerhof (PBE).*®
The Kohn-Sham equations were solved with a plane-wave basis set using the projector-augmented wave
method.**>° The cutoff energy for the plane-wave basis set was set to 500 eV. The convergence threshold
for self-consistent field iteration was set to 1.0 x 10~ eV. The structure was relaxed until the forces on all of
the atoms are less than 0.05 eV/A. The I-centered k-point meshes with k spacing of 2m x 0.05 A were
employed for sampling the Brillouin zone. Grimme’s D3 dispersion correction formalism with Becke-Johnson
damping®! was adopted.

Based on the optimized bulk Pt structure detailed above, we constructed a slab model structure
with a close-packed Pt(111)-(4 x 4) surface consisting of four atomic layers. A vacuum layer with a thickness
of 15 A was added on the surface. Using the slab model constructed, the adsorption structures of C; and C,
species were optimized with VASP. The bottom two layers of the slab were kept fixed during the geometry
optimization. The calculation conditions were set to be the same as those used for the bulk calculation
mentioned above. Optimized surface structures shown in this paper were drawn by using VESTA.>?

To obtain the transition-state structure and estimate the magnitude of the activation barrier for
each reaction step, we performed climbing image-nudged elastic band calculations,>>**°> as implemented
in VASP through the VTST Tools.5¢ The spring constant between adjacent NEB images was set to 5.0 eV/A2.
The number of NEB images (excluding the initial and final states) was set to four. The other calculation

conditions were set to be the same as those used for the surface calculations mentioned above.

2.2. eH Calculations

In order to understand the origin of the activation energy of a reaction, it is very meaningful to
examine the correlation between the orbitals of the reactant and those of the product. For this purpose, we
draw orbital correlation diagrams by performing eH calculations. When Woodward and Hoffmann proposed
the Woodward-Hoffmann rule, they applied the orbital correlation diagram to reactions of organic
molecules.>’-%8 Later, Hoffmann and co-workers extended the applicability of the diagram to chemical
reactions of metal complexes. 4243

The orbital correlation diagram is also known as the Walsh diagram. It shows how one set of
orbitals evolves into another set as a function of geometric change.>®® Although the energies of molecular
orbitals (MOs) are usually used to construct the Walsh diagram, the target of our calculation in this study is
not a molecule but an extended system, namely, the Pt surface, whose electronic structure should be
described by using bands. In our previous work, we devised a method to draw a Walsh diagram for a surface
by using the band energies calculated at the I point in the reciprocal space.®! By using it, we analyzed the

activation energy of the C-H bond cleavage reaction of methane on the IrO; surface. We apply that method

4



to the Pt surface in this paper. Walsh diagram analysis is suitable for tracing the continuous change of
orbitals along the course of a reaction. On the other hand, if one wants to understand what orbital
interactions are responsible for the important orbitals identified in the Walsh diagram, one can use the
Crystal Orbital Hamilton Population (COHP)®? analysis. It would be desirable to calculate the COHP at each
point along the reaction coordinate and track the continuous changes in the shape of its spectrum.®
However, the computational cost to achieve it would be high.

The image-dependent pair potentials (IDPP) method implemented in the QuantumATK 2021
package®® was used to generate interpolated structures between the initial and final state structures of
a reaction optimized with DFT calculations. For each interpolated structure, the eH method was used to
calculate the energy levels of the bands at the I point. The Walsh diagram for a surface reaction was
generated by plotting the energy levels continuously as a function of structural change.

In this study, eH calculations were performed using QuantumATK.%® The first Brillouin zone was
sampled using the Monkhorst-Pack method®” with a 3 x 3 x 1 k-point mesh. Standard atomic parameters
were taken from the literature®® and are listed in Table S1 in the Supporting Information (SI). The off-
diagonal matrix elements of the eH Hamiltonian were calculated using the approximation proposed by

Hoffmann and co-workers.%°

3. Results and Discussion
3.1. What Can We Learn from Surface Band Structure?

Let us start with the adsorption structure of methane on the Pt(111) surface (see Figure 1).
Focusing on the coordination of CH4 to Pt, the adsorption mode shown here is expressed in the terminology
of complex chemistry as 73 — H,H,H.7® Other adsorption sites and coordination modes have been

investigated in the literature,” but the energy difference between them is known to be very small.
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Figure 1. DFT-optimized adsorption structure of CHs4 on Pt(111) seen from three different angles. The black line

represents the periodic boundary cell.

What can we say about the interaction of methane with the Pt surface in terms of orbital theory?

The band structure calculated for the periodic boundary cell containing the methane adsorption structure



shown in Figure 1 is presented in Figure 2a. This band structure was calculated using the eH method. The
Brillouin zone path used for this calculation is shown in Figure S1. It may be easy to infer that the energy

region between -3 and 0 eV, where many bands are concentrated, corresponds to the d-band of Pt.

Fat Bandstructure
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Figure 2. (a) eH-calculated band structure and fat band structure (green represents Pt orbitals and red represents
CHa orbitals) calculated for the adsorption structure of CHs on Pt(111) shown in Figure 1. The Fermi level (&) is

taken as the point of zero energy.

It is a good idea to perform the fat band (projected band) analysis to understand the origin of the
bands (see Figure 2b). The fat band analysis allows one to calculate the contribution of different orbitals to
the band structure using the projection method. The bands dominated by the Pt orbital contribution are
shown in green, while those dominated by the CH,4 orbital contribution are shown in red. By comparing
Figures 2a and 2b, we can see that the flat bands at -4.3 eV and -13.7 eV are derived from the four oc_y
orbitals (one a; and three-fold degenerate t; orbitals) of methane. The clear separation of the red and green
regions indicates that the interaction between methane and the surface is very small. It is not possible to

determine from these figures which bands are responsible for the reaction of methane on the surface.

3.2. Analysis of the Reactions of Methane on Pt Surface with DFT Calculations

In the present study, we first performed DFT calculations to get a rough idea of the reaction of
methane on the Pt surface. We then studied the orbital interactions at the surface in detail. We shall begin
with the structures and energy profiles of the dehydrogenation of methane on Pt(111).

Figure 3 shows the energy profile for each step of the dehydrogenation of CH, to CH via CH3 and
CH; on Pt(111). This series of methane activation processes is what is called oxidative addition in the field
of organometallic chemistry. The activation energies for the cleavage of the first two C-H bonds of methane
are comparable, and that of the third C-H bond is much smaller, less than half that of the first two. This
trend is in good agreement with the trend reported in preceding theoretical calculations.3*7? If the first
activation barrier can be overcome, it is expected that the subsequent activation barriers can also be
overcome. Thus, these potential energy diagrams suggest that it is very difficult to stop the over-oxidation

of methane on the Pt surface.



(a) CH* > CH* +H*  (b) CH;* > CH,* + H* (c) CH,* > CH* + H*
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Figure 3. Energy profiles for methane dehydrogenation on Pt(111) calculated at the DFT level: (a) CHs* = CHs*
+ H*, (b) CHs* = CH2* + H*, and (c) CH2* = CH* + H*, where * denotes an adsorbed species. Top views of the
initial, transition, and final state structures are shown. Each dot in the energy profiles corresponds to each NEB

image. In each step, the energy of the initial state is set to the zero energy. The activation barrier of each reaction

(Ea) is indicated.

We hope that two CHs* and two H* species would couple to produce C;Hgs and H, respectively.
However, the energy diagrams shown in Figure 4 imply that this would not happen. The reaction coordinates
for these reactions were determined from those given in the literature.>®73747> The activation barrier for
the H-H coupling is about 1 eV, and that for the C-C coupling is even higher, about 2.6 eV. Thus, the

dehydrogenation of CHs is preferred over the C-C coupling. Why is it so hard to form the C-C bond on the Pt
surface?

(a) H* + H* S H,* (b) CH,* + CH* = CH*
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Figure 4. Energy profiles for H-H and C-C coupling reactions on Pt(111) calculated at the DFT level: (a) H* + H* >
H>* and (b) CH3* + CHs* = C;Hs*. In each structure, the nearest neighbor H-H, Pt-H, C-C, and Pt-C interatomic



distances are shown.

Reductive elimination of an alkane from a transition metal center is a common organometallic
reaction as shown in Figure 5, occurring for a wide range of metals, coordination numbers and geometries,
and ligands.”® This reaction is efficiently accomplished by d® transition metal centers such as Ni(ll), Pt(ll),
Pd(l1), and Au(lll).”® This fact underscores the difference between metal complexes and surfaces. The
difference in the oxidation state of the Pt atom on the surface and that in the complex seems to be

responsible for the difference in reactivity.

L, ML,
M
R~ R
Figure 5. Coupling of two coordinated alkyl groups (R) into an alkane, where M and L denote the metal center

and a ligand, respectively.

States in the surface layer have somewhat less band dispersion, i.e., form narrower bands due to
the fact that the surface atoms have fewer nearest neighbors, so charge transfer to the surface from the
bulk occurs at the right side of the transition series.*? Such a surface should be negative relative to the bulk.
Thus, the electronic population on the Pt surface is likely to prohibit the coupling reaction. We give advance
notice that a more clear explanation with eH calculations will be presented at a later part of this manuscript.

We are discouraged by the large activation energy shown in Figure 4b. Nevertheless, since it is
known that in Fischer-Tropsch synthesis,”” C-C bonds are formed on metal catalyst surfaces and the carbon
chain becomes longer and longer, we decided to refer to this reaction mechanism. Although the full extent
of this reaction has not yet been elucidated, one of the leading proposals is the carbide mechanism.”®7°
According to it, CH3* and CH,* react to form C;Hs* as an important intermediate. We have calculated the
energy profile of the process of ethane formation via C;Hs* on the Pt(111) surface, as shown in Figure S2.
The activation barrier for C-C coupling has been reduced to 0.79 eV; the activation energy for the
hydrogenation of C;Hs* to form CoHg™* is smaller, 0.57 eV. Thus, if the activation barrier for the reaction of
CH>* - CH* + H* were higher than that of CH,* + CH3* = C;Hs*, ethane could be formed on the Pt surface.
However, the reality is that this is not the case; coking is doomed to occur on the Pt surface, as experiments

show 10,34

3.3. Rationalization of Reaction Barriers Based on Orbital Analysis Using eH Calculations

DFT calculations provide a very reliable potential energy diagram, so one can easily guess what
will happen on the surface. Based on this, one can justify experimental results. However, it is difficult for
theory to reach beyond experiment. A conceptual framework for understanding reactivity is needed. Once
such a framework is established, one can speculate on systems that have not yet been tested. We believe
we can do that with qualitative eH calculations, the results of which are presented below.

Let us start with C-H activation. Using the structures of the initial and final states shown in Figure



3a with the Pt atoms removed and the IDPP interpolated structures between them, we obtained a Walsh
diagram corresponding to the process of the elongation of a C-H bond of methane in the absence of the
catalyst. This calculation was done at the eH level, resulting in Figure 6. The symmetry lowering associated
with the structural deformation leads to the lifting of the three-fold degeneracy of the methane highest
occupied molecular orbitals (HOMOs). One of the HOMOs has a large amplitude on the C-H bond that is
being broken, so its energy increases as the reaction proceeds. On the other hand, as for the lowest
unoccupied molecular orbital (LUMO), the energy decreases rapidly as the reaction proceeds. In this orbital,
a node of the wave function is observed on the C-H bond. The LUMO descending is due to its C-H
antibonding (o¢_y) character, while the HOMO ascending is due to its C-H bonding (o¢c_g) character. It
should be noted that we are using the eH method to calculate a closed shell configuration, so the electronic

state in the dissociation limit cannot be correctly described.

Energy (eV)

Reaction Coordinate Ocnt
CH, CH;--H

Figure 6. Walsh diagram at the eH level for the elongation of a C-H bond of methane with the shape of the HOMO
and LUMO at a point along the reaction coordinate. The red dashed line indicates the Fermi level of the molecule.

The vacuum level is defined as zero energy.

During this reaction process, the total energy of the system is only increasing. This corresponds to
the fact that the HOMO energy continues to rise. No matter how much the energy of the LUMO decreases,
as long as it is not occupied by electrons, the change in its orbital energy does not affect the energy of the
whole system. How does the Walsh diagram shown in Figure 6 change when the C-H bond is broken with
the molecule interacting with the Pt surface? That is what we shall look at below.

Figure 6 was obtained by tracking the MO energy changes. However, the methane molecule
interacting with the Pt surface is no longer an isolated molecular system but an extended system, so its
electronic structure is described by bands, i.e., crystal orbitals. Therefore, we decided to use their energy
levels, which are functions of the coordinates in reciprocal space. We chose the I point and calculated the
energy levels at that point. There are some examples in the literature where Walsh diagrams were used to

analyze surface reactions. ®28 These studies revealed that the choice of the reciprocal space point has little



effect on the shape of the resultant diagram.

Figure 7a shows a Walsh diagram calculated for the C-H bond cleavage reaction of methane on
the Pt surface. A dense region of energy levels is found in the -14 to -11 eV range. Those levels are the d-
band of Pt. Their energies change little as the reaction proceeds. This implies that they are not involved in
the reaction. There are many flat levels in the region above the Fermi level. Their involvement in the reaction
will be negligible. On the other hand, one can see an energy level falling down from the upper left. When
that level crosses the flat levels, there are avoided crossings. Orbital mixing may easily occur because of the
low symmetry nature of the surface system. Below the Fermi level, a level is seen to rise from around -15.5
eV as the reaction proceeds.

The large number of levels makes Figure 7a difficult to read, so a crafted version is shown in Figure
7b, in which the gradient of each energy level is calculated and the energy levels are displayed only when
the gradient is greater than 0.1 eV/A. Interestingly, the unit of the gradient is the same as that of force. We
could call it orbital force.®%82 By looking at this figure, one would be able to clearly recognize the state of
descent from the upper left and the state of ascent from the lower left. Those states would correspond to
the o¢_y and oc_y orbitals shown in Figure 6. The distributions of crystal orbitals calculated for the

states in the initial stage of the reaction shown in Figure 7b justify this correspondence.

(a) CH,* = CH;*+H*onPt(111) (b) CH,* = CH,* + H* on Pt(111)
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Figure 7. (a) eH-calculated evolution of the crystal orbital levels calculated at the I point along the reaction
coordinate for the first C—H bond cleavage reaction of methane on the Pt surface. (b) Plots obtained by extracting
the portion of the curves in (a) whose gradients are greater than 0.1 eV/A. Selected T-point crystal orbital

distributions are visualized with an isovalue of 0.03 bohr=.

In the Walsh diagram shown in Figure 7b, one will notice that the way the oc_y and o¢_py
orbitals change differs from that shown in Figure 6 in the second half of the reaction. The energy of the
oc_y orbital begins to drop and the o¢_y orbital drops to an energy below the Fermi level. The crystal

orbital distributions of these levels are also shown in Figure 7b, and it becomes clear why their energies
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drop: they are in a bonding interaction with the surface orbitals.

In the initial stage of the reaction, the energy of the oc_y orbital increases due to the elongation
of the C-H bond. At this stage, since the molecule is far from the surface, the bonding interaction with the
surface is not sufficient and destabilization prevails. It would be reasonable to relate such a destabilization
effect to the origin of the activation energy. In the second half of the reaction, the bonding interaction
between the surface and the molecule prevails and the energy of the oc_y orbital begins to decrease.
Furthermore, the o¢_y orbital gets occupied by electrons as it drops below the Fermi level due to the
bonding interaction with the surface. The decrease in energy of these two states will have an important
impact on the stabilization of the system.

It is possible to create a Walsh diagram for the same reaction using the DFT method, which is
actually shown in Figure S3. From that, one can only draw essentially the same conclusion as drawn from
the one generated using the eH method. Therefore, still, in view of the computational cost required for DFT
calculations, we will continue to rely on the eH method to generate Walsh diagrams in this paper.

Drawing the Walsh diagram allows for a reasonable, albeit qualitative, explanation of the origin of
the activation barrier. Our attempt to use this technique to understand the height of the activation barriers
for the reactions shown in Figure 4 is described below. Let us begin with the Walsh diagram in the absence
of the catalyst (see Figure 8). In the gas phase, reactions in which H radicals couple to form H, and CHs
radicals couple to form C;Hg occur without barriers.® The Walsh diagrams shown in Figure 8 support this:
as the reaction proceeds, the bonding orbital between the hydrogen atoms and that between the carbon
atoms, corresponding to the HOMOs of the H, and C;Hs molecules, get more and more stable. This
corresponds to the reaction proceeding without a barrier. The LUMOs, corresponding to the antibonding
orbitals, only increase in energy, but since no electrons are involved, the energy change in the system will
not be affected. The reason why the HOMO and LUMO are almost equal in energy on the left side of these
Walsh diagrams is that the electronic state for the radicals is calculated as a closed shell configuration. This
is a weakness of the eH method. Care must be taken in interpreting such an electronic state. By contrast,

one can trust the MO level diagram calculated with the eH method when the HOMO-LUMO gap is large.
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Figure 8. Walsh diagrams at the eH level for the gas phase reactions of (a) H + H = Hz and (b) CHs + CHz = CzHs
with the shape of the HOMO and LUMO at a point along the reaction coordinate.

In Figure 8b, two ascending and two descending orbitals can be seen in the energy region below
the HOMO. It is worthwhile to look at the ethane MOs to better understand the nature of these orbitals.
Figure 9 shows how the interaction between the orbitals of two pyramidal CH; fragments leads to the MOs
of staggered C,H¢ depicted on the right-hand side of Figure 9.%° For simplicity, the C-H antibonding orbitals
of CHs are not included in this figure. On the left side of the figure are the 1ai, 1e, and 2a; orbitals of the
pyramidal CHs fragment with Cs, symmetry, denoted as os, Tiky), and ng, respectively. As a first approximation,
one only needs to apply degenerate perturbation theory to the MOs of two CHs’s to obtain those of C;Hs,
just taking positive and negative—bonding and antibonding—combinations. The laiz and 1lay, MOs are
primarily in-phase and out-of-phase combinations of the two o fragment orbitals, denoted as of and o5,
respectively. Similarly, the in-phase and out-of-phase combinations of the two n, fragment orbitals give rise
to the 2ai;g and 2a,, MOs, denoted as o and o*, respectively. The T[;r(y) and n;(y) MOs (ey and eg,

respectively) are generated from the two ) MOs.
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Figure 9. Construction of the MOs of staggered C2Hs in terms of the orbitals of two pyramidal CHs fragments.

Comparing Figure 8b with Figure 9, the four MOs in the -16 to -15 eV range are identified as T[;'(y)
and Try,). As is clear from Figure 9, the destabilization of o5 and ) associated with the C-C bond
formation can be compensated by the stabilization of ¢d and ﬂ;(y), respectively. That is why the o (2a1g)
orbital is important when discussing the energy change of the system.

Let us see how the Walsh diagram in Figure 8a is perturbed by the Pt surface. Figure 4a suggests
that the two Pt atoms immediately below the H atoms seem to be particularly important for the reaction.
Thus, we start with the cluster model of Pt,H, consisting of those two Pt and two H atoms. This cluster
model is a cutout of the corresponding part of the slab model shown in Figure 4a, so the bond lengths are
the same as those in the slab model. Nakatsuji et al.®* also used a similar model to study the dissociative
adsorption of H, on the Pt surface and reported the results of their detailed study in terms of orbital
interactions and electron correlation.

Figure 10 shows a Walsh diagram for the reaction of H + H = H; on the Pt surface, which is boldly
modeled with the Pt, cluster. Although just two Pt atoms have been added, Figure 10 looks much more
complicated than Figure 8a. Importantly, however, as the reaction progresses, the energy of the oy_y
orbital descends, while the o};_y orbital rises, scraping through many orbitals. From this perspective,
Figure 10 has much in common with Figure 8a. As Woodward and Hoffmann analyzed a series of organic
reactions,®” we shall draw a more abstract correlation diagram based on Figure 10 to further discuss this

reaction.
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Figure 10. Walsh diagram at the eH level for H + H = Hz in the PtzH2 cluster model. The MOs consisting of the
dz2 orbitals of the Pt atoms in the product are labeled as ¢ and o*. Some may object to this classification and
prefer to call them & and 6*.8% Actually, the classification of these orbitals is very difficult because the bond and

z axes are different in this case.

The mirror plane perpendicular to the Pt-Pt and H-H bonds is a symmetry element imposed by
the geometry of the Pt;H, system and the orbitals shown in Figure 11 are either symmetric (S) or
antisymmetric (A) with respect to that element. Levels of like symmetry have to be connected, paying due
attention to the quantum mechanical non-crossing rule.>” The lower A orbital in the reactant (opi_p; +
Ojy_y) wants to correlate to the ojy_y orbital, i.e., the higher A orbital in the product, but the level crossing
is impossible. Instead, it correlates to the op_p; oOrbital.

Figure 11 shows that the op._p; + Ofj_y orbital, which is occupied, has to soar to high energy to
reach the transition state due to its correlation to the higher-lying of;_y orbital. This rationalizes that the
activation energy for the reductive elimination of H, from the Pt surface is relatively large. Trinquier and
Hoffmann®> thoroughly investigated the reductive elimination of H, from dinuclear complexes. The Walsh
diagrams they drew are similar to the ones we see here. A difference would be that they were looking at

discrete isolated molecules while we are looking at a portion of the surface that is an extended system.
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Figure 11. Correlation diagram for the reductive elimination of H2 from the Pt2H: cluster. The orbitals are labeled
using S or A, which denotes whether the orbital is symmetric (S) or antisymmetric (A) with respect to the mirror

plane perpendicular to the Pt-Pt and H-H bonds.

A Walsh diagram for the H-H coupling on the Pt surface is shown in Figure 12a. One will perceive
that this figure is essentially the same as Figure 10, although many levels are shown due to the large number
of atoms in the unit cell. A figure obtained by eliminating flat orbital levels is shown in Figure 12b. Several
crystal orbital distributions are also shown. They are named with the same labels used in Figure 11 so that
one can realize a one-to-one correspondence between them and the MOs schematically shown in Figure

11. As the reaction progresses, the of;_py orbital is seen to soar, avoiding crossing with many levels.

(a)  H*+H* > H,* on Pt(111) (b)
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Figure 12. (a) eH-calculated evolution of the crystal orbital levels calculated at the I point along the reaction
coordinate for H* + H* - Hx* on the Pt surface. (b) Plots obtained by extracting the portion of the curves in (a)
whose gradients are greater than 0.2 eV/A. Selected I-point crystal orbital distributions at points along the

reaction coordinate are visualized with an isovalue of 0.03 bohr=3.
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In the initial stage of the reaction, the op_p; + Of_y oOrbital contains electrons, and the
destabilization of the system due to the increase in energy of this orbital is likely to be the origin of the
activation barrier. To some extent, this destabilization is mitigated by the stabilization of the opi_p; + oy_y
orbital. In the second half of the reaction, the op._p; + Of;_y orbital gets located above the Fermi level,
and the electrons in the orbital flow out of it. Thereafter, this orbital turns into the of_y orbital and
destabilization is not a problem any longer.

Let us investigate the origin of the very high activation barrier of the C-C coupling reaction in
Figure 4b. Since we already have a good understanding of the origin of the activation barrier to the H-H o
bond formation, we can understand the C-C o bond formation within the same framework. The reader
should now be able to draw the C-C coupling version of the correlation diagram as in Figure 11. So we skip
the cluster model and look at the Walsh diagram computed for the slab model as shown in Figure 13. As the

reaction progresses, the op,_p; + Te_c orbital rises from around -14 eV through many avoided crossings.

(a) CH3* +CHy* 2 C,Hg* on Pt(111)  (b) CH;* + CHy* = C,H* on Pt(111)
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Figure 13. (a) eH-calculated evolution of the crystal orbital levels calculated at the I point along the reaction
coordinate for CHs* + CH3z* - C:Hs*on the Pt surface. (b) Plots obtained by extracting the portion of the curves
in (a) whose gradients are greater than 0.1 eV/A. Selected I-point crystal orbital distributions at points along the

reaction coordinate are visualized with an isovalue of 0.03 bohr=3.

Figure 13 shows how the op;_p; + Tic_¢ oOrbital continues to rise with electrons in the early
stages of the reaction. When the orbital reaches the Fermi level, the electrons are transferred to empty
levels. This occurs near the transition state. The op,_p; + Tc_¢ orbital emptied continues to rise, changing
to the op_c orbital, but since there are no electrons any more in the orbital, its energy increase does not
destabilize the system. The energy cost of the op._p; + Tc_¢ orbital pushing the electrons up to the Fermi
level is the main origin of the activation barrier in this reaction.

3.4. What Can Be Done to Lower the Activation Barrier for C-C Coupling Reaction on Pt Surfaces?

16



If the work function of the surface were larger, the op,_p, + T¢_c orbital would reach the Fermi
level earlier. The activation energy would be smaller. Alternatively, if the energy of the op._p: + T¢_¢
orbital at the beginning of the reaction were higher, the energy cost of bringing it to the Fermi level would
be smaller. Such a situation might be realized if the Pt-Pt antibonding interaction were stronger, or if the Pt-
C bonding interaction were weaker. The latter is particularly intuitive. In short, the barrier would be smaller
if the Pt-C bond were weaker.

Perturbing the strength of the bond is interesting but difficult; we would like to explore ways to
do so in the future. On the other hand, lowering the Fermi level might be more easily achieved.
Experimentally, it would be possible to achieve that by applying a positive bias to the surface.
Computationally, it could be accomplished by reducing the total number of electrons in the unit cell. VASP
allows the calculation of such a charged unit cell by adding a compensating uniform background charge 287
This is a generally accepted method used for a variety of purposes.®2°

The decrease in the total number of electrons in the unit cell lowers the Fermi level as shown in
Figure 14a. The corresponding decrease in the activation energy of the C-C coupling reaction is shown in
Figure 14b. We obtained this figure by performing NEB calculations of the C-C coupling reaction in charged
cells. As the unit cell charge increases, the Fermi level decreases and the op_p; + Tic_¢ orbital can reach
the Fermi level at an earlier stage and the activation energy decreases. This means that the structure reaches
the transition state earlier. Based on Hammond’s postulate,®® the transition state is expected to become
more similar to the structure of the reactant. We can confirm that this is indeed the case: As the activation
energy decreases, the C-C bond in the transition state stretches while the Pt-C bond shrinks. As for the heat
of reaction, it seems to depend little on the charge of the unit cell (see Figure S5). We have shown that it is
possible to lower the activation energy of C-C coupling by lowering the Fermi level. However, the extent of
the reduction of the activation barrier is limited, and the activation barrier for C-C coupling is still high. That
is why over-oxidation will be preferred on the Pt surface (the effect of the Fermi level lowering on the over-

oxidation is detailed in Figure S6).
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Figure 14. (a) How the Fermi level (&f) with reference to the vacuum level and (b) the activation energy of the C-
C coupling change as the unit cell charge increases. These calculations were done at the DFT level. The structure

of the transition state is shown as an inset. The regression lines and the corresponding R? values are shown.
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Now that we understand the effect of the change in the Fermi level of the Pt surface on the
activation barrier for the C-C coupling, the reader may be interested in the effect of the Fermi level change
on the activation barrier for the first C-H bond breaking reaction in methane. Figures S7a and S7b show how
the activation energy and heat of reaction change as the unit cell charge changes, respectively. The
relationship between the activation energy and the heat of reaction is shown in Figure S7c. The clear linear
relationship between the charge of the unit cell and the activation energy, as seen in Figure 14b, is not seen
in Figure S7a. This suggests that the effect of the Fermi level change on the activation energy of the C-H
bond cleavage is not simple.

Looking closely at Figure S7a, one can see a region where the activation energy decreases as the
Fermi level decreases and a region where the activation energy increases as the Fermi level decreases.
Figure S7b shows that the same is true for the heat of reaction. This suggests that two opposing mechanisms
are at work. To find out what they are, we analyzed the COHP®? for the C-H bond that is about to be broken
in the transition state structure shown in Figure 3a. To this end, we analyzed the wave function output by
VASP using LOBSTER v4.1.0.°%%%93 The COHP spectrum so obtained is shown in Figure 15a. Here, the COHP
values are multiplied by -1, so positive values correspond to bonding interactions while negative values
correspond to antibonding interactions.

We note three small peaks near the Fermi level in Figure 15a. The two peaks below the Fermi level
exhibit a C-H antibonding character, while the one above the Fermi level exhibits a C-H bonding character.
Thus, one can see that the higher energy one is derived from the oc_y orbital while the lower energy ones
are derived from the o¢_y. This is also supported by the partial charge density maps. In the maps, one can
also see that the interaction between the o¢_y orbital and the surface orbitals is antibonding, while that
between the o_y orbital and the surface orbitals is bonding. Based on these observations, we can draw
an orbital interaction diagram between the surface and methane, as shown in Figure 15b.

Figure 15b clearly shows two factors governing the C-H bond activation of methane on the Pt
surface: one is the charge transfer from the Pt d-band to the of_y orbital (see the orbitals in blue); the
other is the charge transfer from the oc_y orbital to the d-band (see the orbitals in orange). Note that the
orbital interaction between occupied and empty orbitals results in a charge transfer from the occupied to
the empty.®* The orbital with the energy of about-12.5 eV in Figure 7b corresponds to an orbital generated
as a result of the charge transfer interaction between the d-band and the o¢_y orbital. The orbital with
the energy of about -15 eV in Figure 7b corresponds an orbital generated as a result of the charge transfer
interaction between the oc_y orbital and the d-band. The counterpart in the unoccupied region of this
orbital is discussed in detail in the S| (see Figure S4). The lowering of the Fermi level would be unfavorable
for C-H bond activation in terms of less effective charge transfer from the d-band to the o_y orbital, but
favorable in terms of more effective charge transfer from the oc_y orbital to the d-band. The converse is
also true. The absence of linear correlation in the scatterplot shown in Figure S7a is likely to be a result of

these two opposing effects.
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Figure 15. (a) COHP plot at the DFT level for the C-H bond that is about to be broken in the transition state
structure shown in Figure 3a. Contour maps of the partial charge densities corresponding to the COHP peaks
indicated by the arrows are also shown. The energy window of integration is shown below each map. (b)
Orbital interaction diagram between the d-band of the Pt surface and the orbitals of methane estimated
from the COHP spectrum shown in (a). Orbitals involved in the charge transfer from Pt to methane are

shown in blue, and those involved in the charge transfer from CH,4 to Pt are shown in orange.

Returning to Figure 13, one can see that the CHs coupling is a reaction that is as difficult to occur
on the Pt surface as the H-H coupling. However, Figure 4 shows that the activation barrier for the C-C
coupling is more than twice as large as that for the H-H coupling. Furthermore, from Figure 13, one can see
that the op._p; + T¢_¢ orbital begins to rise from the higher energy position than the op._p; + 05—y
orbital does. This is a factor that prevents us from being convinced about the relationship between the
activation energies of the C-C and H-H couplings. In the following, we shall analyze this.

Figure 12 shows that the destabilization of the system due to the rise of the of;_y orbital is, to
some extent, compensated by the fall of the oy_y orbital. Similarly, Figure 13 shows that the fall of the
Oc_c orbital may compensate destabilization due to the rise of the o¢_c orbital. However, it should be
pointed out that one major difference between Figures 12 and 13 is that the degree of stabilization of the
oc_c orbital is not as large as that of the oy_y orbital: from Figure 12b, the stabilization of the oy_y
orbital reads about 2.4 eV, while that of the oc_¢ orbital reads about 1.1 eV from Figure 13b.

Figure 4 provides information to estimate how far the H-H and C-C bonds are away from the Pt
surface; by and large, the C-C bond is located farther from the surface than the H-H bond. This means that
the oc_c orbital does not interact with the surface as strongly as the oy_y orbital, and stabilization by
the surface is smaller for the oc_¢ orbital. This would be one plausible explanation.

Figure 8 shows that there is essentially a difference between the two, even when they are not
interacting with the surface. From Figure 8a, the degree of stabilization of the oy_y orbital can be read to
be about 3.7 eV, while from Figure 8b, that of the o¢_ orbital is about 2.6 eV. In addition to the fact that

the C-C bond of ethane is less stabilized by the surface due to the steric hindrance of the C-H bonds, the fact
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that the stabilization of the C-C bond is inherently less than that of the H-H bond may be responsible for the
difficulty of the coupling of CH3 species on the Pt surface.

Indeed, the bond dissociation energy of the C-C bond of ethane is 352 kJ/mol,’> whereas that of
the H-H bond is 436 kJ/mol,®® so the above observation would make sense. However, we would like to know
its cause, tracing it back to the MOs. Let us again inspect the Walsh diagram for ethane. Figure 16 shows
how the MO energies of ethane change as the C-C bond shortens. The 1ai; and e, orbitals, which have a C-
C bonding character, go down, while the 1a,y, eg, and 2ay, orbitals, which have a C-C antibonding character,
go up. The behavior of the 2ai; orbital, the HOMO, is very interesting. This orbital has a C-C bonding
character, so it should continue to fall. However, as the C-C bond length approaches 1.5 A, the decrease in
energy becomes smaller and eventually the slope of the curve approaches zero. This behavior is not seen
for the other bonding orbitals (1a1g and ey), not seen in the HOMO of H; either. In a gedanken experiment
where the C-C bond length gets even shorter than 1.5 A, the energy of the 2a1, orbital increases as the bond
length decreases (see Figure S8). It is worth noting that this orbital has the same symmetry as the lowest
energy orbital. Thus, they can interact with each other via a second-order energy process,® where
nondegenerate orbital mixing plays an important role. The 1ai, orbital is stabilized by the 2a15, whereas the

2a1g is destabilized by the 1ai,. Likewise, the 1a,, and 2ay, can interact with each other.
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Figure 16. Walsh diagram at the eH level for the shortening of the C-C bond in ethane from 2.5 to 1.5 A: the

structural parameters other than the C-C bond length are not changed.

The mixing of the o orbitals with the same symmetry is summarized in Figure 17. As a result of
orbital mixing, the o} and o orbitals repel each other, resulting in the 1aig and 2a1 orbitals depicted on

the right side of the figure, respectively. The o} orbital consists primarily of the 2s orbitals of the carbon
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atoms, whereas the o orbital consists primarily of the 2p orbitals of the carbon atoms. Thus, the interaction
between them is termed s-p mixing. The same thing would happen for the o; and o* orbitals. However,
the degree of repelling would be smaller because the energy difference between the o5 and o¢* orbitals
is greater than that between the of and o. Note that the s-p mixing reduces the bonding character
between the C atoms in the HOMO (2a1g), making this orbital rather nonbonding. This reduces the degree
of orbital overlap increase associated with the shortening of the C-C bond, so that orbital stabilization is not
expected to be significant. Of course, the s-p mixing does not occur in the H, molecule, so the stabilization
of the o orbital in the H, molecule is greater than that in the C;Hs molecule. As such, the HOMO energy of
C,He decreases at a slower rate than that of H; as shown in Figure 8. This is why the formation of the H-H

bond is easier than that of the C-C bond.
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Figure 17. o orbitals of ethane generated by considering the nondegenerate orbital mixing. For clarity, the nt

orbitals are omitted.

The activation barrier to C-C bond formation is greater than that to H-H bond formation because
the HOMO of C;Hg is not stabilized as much as that of H, upon bond formation. As Figure 11 qualitatively
shows, in the first place, the activation barrier to H-H bond formation itself is high, so the activation barrier
to C-C bond formation is even higher. In situations where the activation barrier to H-H bond formation is
lower, we would expect the activation barrier to C-C bond formation to also be reasonably low.

Trinquier et al.? studied the reductive elimination of H, from the dinuclear complex of Mn;H1*
using orbital correlation diagrams and found that this reaction is forbidden in the ground state. On the other
hand, Tatsumi et al.*?> similarly studied the reductive elimination of R, from the mononuclear complex of cis
d® L,MR; to d*° L,M, and found that this reaction is an allowed reaction. This difference corresponds well to
the fact that reductive elimination from mononuclear complexes is well known, while that from dinuclear
complexes is less s0.8> As the cluster model in Figure 10 shows, the surface reaction we show here is, in the
language of organometallic chemistry, reductive elimination from the dinuclear center. If we could realize
that from a mononuclear center on the surface, we would expect the activation barrier for that reaction to
be lower. We have investigated two possibilities for achieving this.

One possibility is a coupling reaction at stepped surfaces. The highly stepped Pt surface of (332),
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which contains a high density of edge sites, have been investigated experimentally as a good model system
for nanoparticle catalysts.”” Moreover, this surface has the second lowest surface energy after the (111)
surface according to the Materials Project database.®® At a step edge of this surface, a reaction similar to
the C-C coupling on mononuclear complexes could be achieved. The energy diagram calculated for the
coupling reaction of two CHs species at the step edge of the Pt(332) surface is shown in Figure 18a.
Compared to the activation energy of the reaction shown in Figure 4b, that of this reaction is very low. This

result supports the idea that coupling reactions are more likely to occur at mononuclear sites.
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Figure 18. Energy profiles for the coupling reaction of two CHs species at (a) a step edge site in Pt(332) and (b) a
mononuclear center in Pt(111) calculated at the DFT level. In each structure, the nearest neighbor C-C and Pt-C

interatomic distances are indicated below.

Even on the (111) surface, a coupling reaction at a mononuclear center can be considered. This is
the other possibility. As shown in Figure 18b, consider C-C coupling on a Pt atom flanked by two bridge sites
at which CHs species are adsorbed. The activation energy for the C-C coupling reaction at this site is almost
as low as at the step edge site shown in Figure 18a. These results convince us of the ease of C-C coupling at
mononuclear centers. However, the CH; species adsorbed on the bridge sites are very close to each other,
and a repulsive interaction would be present. On top of that, the most stable adsorption site for CHs; on the
Pt(111) surface is the on top site, not the bridge site.*>*® For these reasons, it should be noted that a
reasonable energy cost is required to bring the separated CHs species closer together to form the initial
state in Figure 18b (see Figure S9). Thus, it would still be difficult to generate ethane on the Pt(111) surface
from two CHs species although the discussion here is important in showing the role of the single Pt site.

Comparing Figure 4b with Figure 18b, one can see that the activation energy of the C-C coupling
is dramatically reduced by moving from a dinuclear center to a mononuclear one. The complete energy
profile of C-C coupling, including CH3 diffusion on the Pt(111) surface, is shown in Figure S9. It can be seen
that the reaction at the mononuclear site is preferred over the dinuclear site. In the following, we address
a qualitative understanding of the difference based on the orbitals. The reaction shown in Figure 4b was

analyzed using the Walsh diagram shown in Figure 13. A similar analysis was applied to the reaction shown
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in Figure 18b, yielding the Walsh diagram shown in Figure 19. This Walsh diagram is essentially equivalent
to the one in Figure 13: there is a level that rises from around -14 eV, which eventually correlates to the
o¢_c orbital; in the latter half of the reaction, the oc_c orbital appears to stabilize. This orbital seems to
interact with the d; orbital of the Pt atom in a bonding manner. However, the two Walsh diagrams are not
without differences. The most significant difference we would like to point out is that in Figure 19b, there is
no level between -13.3 eV and the Fermi level, while in Figure 13b, some levels can be seen in that region.
Itis clear from Figures 13a and 19a that there are actually many levels in that region; in Figure 19b, any level
whose energy is changing is not found in that region. Note that the orbital gradient threshold for selecting
which orbitals to display is set to the same value in both figures. In the following, we illustrate what is

brought about by this difference with a schematic representation of the orbital interaction.
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Figure 19. (a) eH-calculated evolution of the crystal orbital levels calculated at the I point along the reaction
coordinate for CHsz* + CHz* - C2He* at the mononuclear center in Pt(111). (b) Plots obtained by extracting the
portion of the curves in (a) whose gradients are greater than 0.1 eV/A. Selected -point crystal orbital distributions

are visualized with an isovalue of 0.03 bohr=.

Figures 20a and 20b show abstracted depiction of the essentially important avoided crossing
patterns near the Fermi level in the Walsh diagrams shown in Figures 13 and 19, respectively. The situation
shown in Figure 20a is a weakly avoided crossing, while the pattern illustrated by Figure 20b is indicative of
a strongly avoided crossing. Whether a crossing is strongly avoided or weakly avoided can be determined
whether the size of the gap at the avoided crossing point is large or small.>® The upper orbital is caused by
an antibonding interaction between the d orbital(s) of the Pt atom(s) and the p orbitals of the C atoms,
whereas the lower orbital is caused by a bonding interaction between the d orbital(s) of the Pt atom(s) and
the p orbitals of the C atoms. Thus, the size of the gap is determined by the overlap between the carbon
and platinum orbitals. In the reaction at the mononuclear site, the orbital overlap is large even in the

transition state, but that at the dinuclear site is small, which is due to the directivity of the Pt d,; orbitals

23



and the C p, orbitals. The strongly avoided crossing ensues in the reaction at the mononuclear site, while
the weakly avoided crossing at the dinuclear site. Note that in Figure 20, the upper orbital is empty, but the
lower is occupied. When a weakly avoided crossing occurs, the lower orbital must carry electrons closer to
the Fermi level, which requires a larger energy cost. As such, the activation barrier is smaller for the coupling

reaction at the mononuclear site.

(@) < 7. (b)
0O, Oc—c

Opt—C
Figure 20. Schematic descriptions of essential avoided-crossing patterns abstracted from the Walsh diagrams for

the C-C coupling reactions at the (a) dinuclear and (b) mononuclear sites shown in Figures 13 and 19, respectively.

3.5. How Can We Prevent Over-Oxidation of Methane?

Up to this point, on surfaces with low Fermi levels or at mononuclear sites, the activation barrier
for the C-C coupling reaction has been found to become low. Nevertheless, the activation barrier for further
dehydrogenation of CHs* to CH,* is much lower (see Figure 3b). Therefore, the over-oxidation takes
precedence over the C-C coupling. In the following, we shall examine measures to reverse this relationship,
and to do so, we must first of all contemplate why dehydrogenation of CHs* occurs easily.

Figure 21 shows the Walsh diagram calculated for the process of dehydrogenation of CHs* to CH,*.
One will recognize the similarity to the Walsh diagram shown in Figure 7. Note that the activation energies
for the CHs* = CHs* + H* and CH3* = CH,* + H* reactions are nearly equal. At the beginning of the reaction,
the og_y orbital goes down while the oc_y orbital goes up. Since the oc_y orbital is occupied,
destabilization of this orbital is the main origin of the activation barrier. Although this orbital is destabilized,
the 1s orbital of the dissociating hydrogen atom effectively overlaps with the d,; orbitals of the surrounding
Pt atoms and is stabilized by a bonding interaction. Such an interaction has also been observed in CHs* -
CHs* + H* (see Figure 7). The presence of such a common interaction is a hindrance to designing methods

to inhibit only one of the reactions.
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(a) CHy* > CH,* +H*onPt(111)  (b) CH,* = CH,* + H* on Pt(111
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Figure 21. (a) eH-calculated evolution of the crystal orbital levels calculated at the I point along the reaction
coordinate for the second C—H bond cleavage reaction of methane on the Pt surface. (b) Plots obtained by
extracting the portion of the curves in (a) whose gradients are greater than 0.1 eV/A. Selected I-point crystal
orbital distributions are visualized with an isovalue of 0.03 bohr=3. A schematic illustration of the bonding

interaction between the dz2 orbitals of platinum atoms and the 1s orbital of hydrogen is shown as an inset.

Let us turn to the orbital derived from o¢_y. Therein lies a difference. The energy levels
corresponding to the crystal orbitals generated by the in-phase combination of the of_y orbital that has
descended below the Fermi level and the Pt surface orbitals are seen in the energy ranges from -13.5 to -
12.6 eV in Figure 7b and from -14.6 to -14.2 eV in Figure 21b. The crystal orbitals in question are reproduced
in Figure 22. It can be seen that the d,; orbital of the Pt atom(s) interacts with the p; orbital of the C atom.
CHs is stabilized by one Pt atom, while CH; is stabilized by two. This is a reasonable result considering the
valency of the carbon atom. We can also easily infer from the final state structure in Figure 3c that CH is
stabilized by three Pt atoms. Thus, it is suggested from the orbital point of view that ensembles such as Pt-
Pt duo and Pt-Pt-Pt trio contribute to the stabilization of the overoxidized states of methane. Such a critical
influence of local topology of atomic connectivity on the catalyst surface on catalytic activity and selectivity
is known as the ensemble effect. It is known that such ensemble effects are the main cause of coking on
active catalytic metal surfaces such as Pt and Pd.1%101 |n recent years, attention has focused on alloys,

especially single atom alloys (SAAs),102193.104 {5 prevent the presence of such ensembles.

(@) (b)

0808 & @%@? A

Figure 22. Stabilization of the o(_p orbital by a bonding interaction with the Pt surface orbitals in (a) CHas*
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- CHs* + H* and (b) CHs* = CH,* + H*. These orbitals were calculated at the eH level. An isovalue of 0.03

bohr=3 is used. A conceptual diagram for the orbital interaction is also shown on the right.

3.6. Rational Design of SAA Catalyst for NOCM

The present paper concludes with a study of NOCM on an SAA that produces neither Pt-Pt
diatomic nor Pt-Pt-Pt triatomic ensemble. We consider an SAA containing Pt monatomic sites as active sites.
The choice of the host is an important task. As presented in previous studies, inert elements such as Au, Ag,
and Cu facilitate hydrogen desorption as well as are resistant to coking.19%1%3 Therefore, it would be a good
idea to choose a host element from among these metals. Henkelman and co-workers thoroughly evaluated
the stability of various SAAs with these metals as a host by calculating the segregation energy.'®® They found
that Pt;/Ag(111) is not stable, while Pt;/Au(111) and Pt;/Cu(111) are stable. Indeed, synthesis and catalytic
activity of both of them have been reported.?%1%> Methane activation by Cu-based SAAs has also been
thoroughly investigated by Toyao et al. using a combination of DFT calculations and machine learning.3?

The Pt;/Au(111) and Pt;/Cu(111) SAAs were respectively modeled by replacing one atom in the
topmost layer of the close-packed Au(111)-(4 x 4) and Cu(111)-(4 x 4) slab models consisting of four atomic
layers with a Pt atom. The bulk layer remains unalloyed. The Bader charges'® calculated for the doped Pt
atoms show that the magnitude of the negative charge of the Pt atom in the Au(111) surface is smaller than
that in the Cu(111) surface (see Figure 23). This may be due to the fact that gold has a greater
electronegativity than copper.!®” We have learned from Figure 14 and others that a cationic surface is more
favorable for reductive elimination of ethane. As such, in the following, we shall consider Pt;/Au(111), which

has a smaller negative charge. The Au(111) surface without doping is also considered for comparison.

(a) Pt,/Au(111) (b) Pt,/Cu(111)
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Figure 23. Slab model structures for the (a) Pt1/Au(111) and (b) Pt1/Cu(111) SAAs. Top and oblique views are

shown. The Bader charge calculated at the DFT level for the doped Pt atom is indicated.

Let us start with the first C-H bond cleavage reaction of methane. From Figure 24, one can see
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that the C-H bond is easily cleaved on Pt;/Au(111), but it is difficult to achieve it on Au(111). When this SAA
is tested, this reaction is expected to occur only at the Pt active site. Compared to Pt(111) shown in Figure
3a, the activity can be said to be slightly reduced on Pt1/Au(111). The activation energy for recombination
to form methane (reverse reaction of the reaction in Figure 24a) on Pt;/Au(111) is 0.34 eV. However, as
shown in Figure S10, H* diffuses quickly over the surface with a small barrier of 0.24 eV, suggesting that the
diffusion is preferred over the recombination. This suggests the possibility of hydrogen spillover.2%® CH3*
left on the active site is attracted to the Pt atom, but the activation barrier required for it to diffuse onto a
neighboring Au atom does not exceed 1 eV as shown in Figure S11. Thus, C-H bond breaking and the

diffusion of H* and CH3* on Pt1/Au(111) can reasonably occur.

(a) CH* = CH,* + H* (b) CH,* > CH,* + H*
Pt,/Au(111) Au(111) Ny

transition

2 2
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Figure 24. Energy profiles for CHs* = CH3* + H* on (a) Pt1/Au(111) and (b) Au(111) calculated at the DFT level.

The difference in activation energy between Figures 24a and 24b is an issue worth pursuing. Let
us see the Walsh diagram calculated for the C-H bond breaking on Pt;/Au(111). Looking at Figure 25a, there
is a region between -16.4 and -14 eV where a large number of energy levels are densely packed. They form
the d-band of Au. It lies deeper than the Fermi level. On the other hand, that of Pt is in the region from -
14.2 to -11 eV (see, for example, Figure 7a), and the Fermi level crosses it. In Figure 25b, one can see that
the o¢_p orbital rapidly descends with the progress of the reaction and further stabilizes below the Fermi
level. From the crystal orbital distributions depicted in the figure, it appears that the o¢_y orbital does not
interact with surface orbitals in the early stage of the reaction, but interact with the Pt atom in the surface
exclusively in the late stage of the reaction, resulting in m-bonding. There are two things to note in this Walsh
diagram: 1) the surrounding Au atoms are not involved in the interaction with the o¢_p orbital; 2) there

are few occupied orbitals that are destabilized as the reaction proceeds.
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(a) CH,* = CH,* + H* on Pt,/Au(111) (b) CH,* = CH,* + H* on Pt,/Au(111)
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Figure 25. (a) eH-calculated evolution of the crystal orbital levels calculated at the I point along the reaction
coordinate for the first C—H bond cleavage reaction of methane on Pt1/Au(111). (b) Plots obtained by extracting
the portion of the curves in (a) whose gradients are greater than 0.2 eV/A. Selected T-point crystal orbital

distributions are visualized with an isovalue of 0.03 bohr=3.

Figure 26 shows a Walsh diagram for the C-H bond cleavage on Au(111). One can clearly see the
energy increase of the o¢_y orbital as the reaction proceeds. The amplitude of the wave function on the
Au atoms just below the oc_y orbital is not large. This means that the interaction between the o¢_y and
the Au surface is small. This is probably what makes the difference. Since this feature leads to destabilization
of the system, it makes sense that the activation barrier for the C-H bond cleavage on Au(111) is higher than
that on Pt1/Au(111).

Pt1/Au(111) SAA has been shown to be a good catalyst candidate for NOCM. The key to its catalytic
activity is to isolate Pt atoms and prevent the formation of Pt-Pt duo and Pt-Pt-Pt trio. Even if the bulk layer
of the catalyst is also alloyed, it will still serve as a good catalyst for NOCM, as long as this condition is met

(details are discussed in section 12 in the Sl).
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(a) CH,* = CHy* + H* on Au(111) (b) CH,* > CH;* + H* on Au(111)
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Figure 26. (a) eH-calculated evolution of the crystal orbital levels calculated at the I point along the reaction
coordinate for the first C—H bond cleavage reaction of methane on Au(111). (b) Plots obtained by extracting the
portion of the curves in (a) whose gradients are greater than 0.2 eV/A. Selected -point crystal orbital distributions

are visualized with an isovalue of 0.03 bohr=.

In Figures 25 and 26, right at the middle of the reaction coordinate, one can see a o¢_y orbital
with an energy of about -11 eV. The interaction between this orbital and the surface orbital is antibonding.
However, the oc_y orbital in Figure 7 interacts with the surface orbital in a bonding manner. On the Au
surface, the oc_y orbital is destabilized, whereas on the Pt surface, the oc_y orbital is stabilized. As the
reaction proceeds, the C-H bond is stretched, so the energy of the oc_y orbital generally rises. However,
on the Pt surface, the destabilizing o¢_y orbital is stabilized by the surface effectively.

Schematic diagrams to understand how the oc_y orbital interacts with the Pt and Au surfaces
are shown in Figure 27. These figures are qualitative, based on Figures 7 and 26. What is important is that
Pt has a higher d-band but lower Fermi level, while Au has a lower d-band but higher Fermi level. Note that
the work function of Pt(111) is 5.9 eV, while that of Au(111) is 5.3 eV.19%119 On the Pt surface, only the
orbital produced by the bonding interaction of the oc_y with the d-band has an energy below the Fermi
level. On the other hand, on the Au surface, both orbitals generated by the bonding and antibonding
interactions of the oc_y with the d-band have energies below the Fermi level. Note that both of them
contribute to the destabilization of the system upon the C-H bond elongation. This is probably the reason

why the C-H bond is difficult to break on the Au surface.
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Figure 27. Schematic diagrams of the interaction between the d-band and oc_y orbital of methane on (a)
Pt(111) and (b) Au(111). The d-band is represented by a rectangle. The shaded and unshaded areas represent the

occupied and empty bands, respectively. The interaction between the o¢_y and surface orbitals is omitted here.

There are still many issues to be considered, including the formation of a C-C bond, the formation
of an H-H bond, and the control of over-oxidation. It may not be profitable to discuss Au(111) any further.
From this point on, we shall concentrate on Pt;/Au(111). Figure 28 shows the coupling of two CHs species
on Pt1/Au(111). The activation energy for C-C bond formation at a mononuclear site on the Pt surface is 1.10
eV, which has been further reduced to 0.86 eV at the Pt site in Pt;/Au(111). This suggests the importance of
mononuclear sites in reductive elimination. A further interesting point in Figure 28 is that the energy of the
intermediate is almost the same as that of the initial state. To produce a similar structure on the Pt surface,
a high activation energy of 1.2 eV has to be overcome (see Figure S9). This difference is thought to be due

to the difference in binding energy between the Pt-C and Au-C bonds.
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Figure 28. Energy profile for CH3* + CHz* = C2He* on Pt1/Au(111) calculated at the DFT level. This figure was
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obtained by piecing together the results of two NEB calculations.

The binding energy (Ey,) of the two CH3 species to the surface can be evaluated by performing a
single-point calculation with the CH3 species pulled away from the surface and calculating the difference
between that energy and the energy of the CHs species adsorbed on the surface. The results of the binding
energy calculations are summarized in Figure 29. The CH3 binding energy to the Au atom is small, while that
to the Pt atom is large. Therefore, when the CHs’s on Pt;/Au(111) approach the active Pt site, the binding
energy becomes large because C-Pt bonds are formed. It is impossible to understand everything by relying
only on the binding energy. However, it is possible to understand trends based on it. If one only looks at the
binding energy, one may forget the repulsive energy of the CHs’s coming close to each other. On Pt1/Au(111),
the stabilization of the system due to the formation of the Pt-C bonds is offset by the destabilization due to
the proximity of the CHs’s to each other, resulting in an almost thermoneutral reaction profile, as seen in
the first half of the energy diagram in Figure 28. On the Pt surface, there is not much change in the binding

energy of the CHs's, so only the repulsive interaction between them is conspicuous.
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Figure 29. Binding energies (Eb) of two CH3’s to Pt(111) (top) and Pt1/Au(111) (bottom) calculated for the cases

where the CHs's are far (left) and close to each other (right). These energies were calculated at the DFT level.

We shall then look at the energy diagrams for the important side reactions: the first is the H-H
bond formation, which is essentially the same as the C-C bond formation. As shown in Figure 28, the
activation energy for the reductive elimination of ethane from Pt;/Au(111) is low, so the activation energy
for that of H, from this surface should not be high. This is indeed true (see Figure 30a). The activation barrier
required for two H atoms to come to the Pt active site is zero. The formation and desorption of H; requires
an energy of 0.17 eV, which is not high. The next side reaction to be considered is the over-oxidation. In
Figure 30b, the activation barrier for the further cleavage of the C-H bond of CHz* is shown. The activation
energy of 1.32 eV is the highest of all the processes we have seen on Pt;/Au(111). Thus, with careful
temperature control, Pt;/Au(111) SAA may be used to selectively synthesize ethane from methane. Indeed,
Sykes and co-workers''112 have observed that ethane is produced from iodomethane at temperatures as

low as approximately 250 K using Ni;/Au(111) and Pd1/Au(111) SAAs.
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(a) H* + H* > H,* (b) CHy* > CH,* + H*
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Figure 30. Energy profiles for (a) H* + H* = H>* and (b) CH3* = CH>* + H* on Pt1/Au(111) calculated at the DFT

level. Energy diagram (a) was obtained by piecing together the results of two NEB calculations.

In closing, we shall confirm the characteristic that Pt;/Au(111) SAA can inhibit over-oxidation from
the point of view of crystal orbital evolution. A Walsh diagram for CH3* = CHx* + H* on this SAA is shown
in Figure 31. This figure should be compared to Figure 21. As the reaction progresses, the o¢_y orbital falls
rapidly while the oc_y orbital rises gently. However, once the o¢_y drops below the Fermi level, there is
no clear indication that it is further stabilized. The distributions of the oc_y and og_y show that the wave
function of the C-H bond interacts well with that of Pt, but not so well with that of Au. From the above, it is
safe to say that, as expected, moving from the Pt-Pt-Pt triangular ensemble to the Pt-Au-Au has helped to
suppress over-oxidation. In relation to the graph in Figure 31b, lowering the threshold of the gradient of the

energy level curves to be displayed does not generally change the conclusion (see Figure S12 for details).

(a) CHy* = CH,* + H* on Pt,/Au(111 (b) CH,* = CH,* + H* on Pt,/Au(111)
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Figure 31. (a) eH-calculated evolution of the crystal orbital levels calculated at the I point along the reaction

coordinate for CHs* - CH2* + H* on Pt1/Au(111). (b) Plots obtained by extracting the portion of the curves in (a)
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whose gradients are greater than 0.2 eV/A. Selected I-point crystal orbital distributions are visualized with an

isovalue of 0.03 bohr=3.

4. Conclusions

NOCM is a process that produces ethane and hydrogen from two methane molecules. A
competing process to this is the over-oxidation of methane. The processes of C-H bond cleavage and the
formation of C-C and H-H bonds on catalyst surfaces are called oxidative addition and reductive elimination,
respectively, in the language of organometallic chemistry. We have attempted to interpret such reactions
on the surface of Pt in a molecular context by applying the Walsh diagram, or orbital correlation diagram,
of molecular science to the bands, or crystal orbitals, of surface science.

In general, reductive elimination from dinuclear complexes is less likely to occur, but that from
mononuclear complexes is more likely. Exactly the same is true for surface reactions. On the Pt surface,
reductive elimination of two CH3 species adsorbed on adjacent top sites requires a large amount of energy.
However, that of two CH3 species adsorbed on the same Pt atom occurs easily. In the case of reactions at a
mononuclear center, the CH; species can strongly interact with surface orbitals in the transition state,
whereas at a dinuclear center, the orbital overlap is smaller and so the interaction is weaker, making the
transition state more unstable.

Pt has a high d-band and a low Fermi level compared to Au. This feature is very effective in
stabilizing the C-H bond on Pt. Therefore, the C-H bond cleavage ability of the Pt surface is high compared
to Au. In addition, an H atom resulting from the C-H bond cleavage is effectively stabilized by the Pt-Pt-Pt
triangular ensemble on the surface.

Pt(111) is not desirable for controlling over-oxidation and promoting reductive elimination.
Nevertheless, the first C-H bond of methane must be broken. To meet these conflicting requirements, we
have proposed the SAA of Pti/Au(111) in which one Au atom in Au(111) is replaced by a Pt atom. The Pt
dopant active site is reactive enough to cleave the first C-H bond of methane. However, the absence of the
Pt-Pt-Pt ensemble prevents over-oxidation. On the other hand, the formation of mononuclear Pt sites is

advantageous for the reductive elimination of ethane and hydrogen.
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