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SUPPORTING INFORMATION

Computational details

The calculations were performed in the framework of density-functional theory using the generalized
gradient approximation (GGA) of Perdew-Burke-Ernzerhof (PBE).! We have used ultrasoft
pseudopotentials*® and a plane-wave basis set up to a kinetic energy cut-off of 27 Ry (216 Ry for the
charge-density cut-off). Brillouin zone (BZ) integrations have been performed with the Gaussian-
spreading special-point technique*> and a smearing parameter of 0.03 Ry. All the calculations have been
performed using the Pwscf package® while molecular graphics has been generated with the
XCRYSDEN package.”

Surfaces were modeled by periodic super-cells. For the perfect Rh(111) a dab consisting of four (111)
layers was used and molecules were adsorbed on one side of the slab forming a (2x2) surface lattice.
The ad-row (ad-atom) defects were modeled by the above slab model and adding onto the fcc sites two
(one) additional Rh atoms per supercell. Hence, the supercells consist of 16, 17, and 18 Rh atoms for the
perfect Rh(111), ad-atom, and ad-row defects, respectively. The step edge defect was modeled by a Rh
(211) slab composed of twelve (211) layers, where a (2x1) supercell was used to describe the adsorption
phenomena (this model comprises 24 Rh atoms in the supercell). The thickness of the slabs (i.e. number
of layers) is sufficient to yield converged results for adsorption energies and activation barriers. For
example, 3-, 4-, and 5-layers models of perfect (111) surface give amost the same adsorption energies
of methyl (CHs) and the activation energy for the CH, — CHs+H reaction.

We used the calculated bulk lattice parameter of 3.86 A as the in-plane | attice spacing. For the perfect
surface, ad-row and ad-atom defects only the bottom substrate layer of the slab was fixed, while for the
step edge the bottom three (211) layers were fixed. The remaining degrees of freedom were optimized.
The thickness of the vacuum (the distance between the molecule and the adjacent slab) was set to about
16 a.u. For the perfect surface, ad-row, and ad-atom defects the BZ integrations were performed with a
4x4 uniform and shifted k-mesh,® while for the step edge the 4x3 k-mesh was used.

Reaction minimum energy paths (MEP) of dehydrogenation reactions were calculated using the
nudged elastic band (NEB) method.® To obtain areliable estimates of activation energies, and transition
state structures, a climbing image variant of NEB was applied.:°
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In the calculation of the transition state (TS) and a minimum energy path (MEP) using the NEB
method, one chooses an initial state (1S) structure (reactants) and a final state (FS) structure (products),
and connects the two structures with several images which are interconnected by an elastic string (for an
example see Figure S1). It usualy happens that several reaction channels exists between a given
reactants and products. In the communication we discuss only the best (characterized by the minimum
activation energy) obtained MEPs.
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Figure S1. Reaction minimum energy paths for the first two steps of methane dehydrogenation over the
(100)-type step edge on the Rh(111) surface.
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Figure S2. The side view on the fcc (211) vici nal surface. Note that the exposed number of terrace

. 2 : .
atoms is not 3 but only 2+§ , because the inner terrace atom (i.e the one below the step-edge atom)

Is covered by its neighboring step-edge atom.

Step, ad-row, and ad-atom defects formation energies

In Table S1 we report the surface energies of the above described models for the perfect (111),
stepped (211), ad-row, and ad-atom defects. The formation energies for the step, ad-row, and ad-atom
are reported as well. The surface energies of the latter three defected surfaces are higher than that of
(111) surface, afact related to the lower coordinated atoms at defects. Namely, an energy is required for
the formation of defects. Indeed, the excess step formation energy can be evaluated using the relation:

ystep = Ystep__ ﬁ(;(lll),

where X% is a surface energy per terrace for stepped surface, fi is the effective number of atomsin the
terrace per (1x1) unit cell, while 69 is the surface energy per atom for perfect (111) surface. Although



the (111) terrace of (211) vicinal surface is composed of 3 atoms per (1x1) unit cell, the effective
number of atoms i (i.e. the number of exposed terrace atoms) is only 2+% . The number i is shown

graphically in Figure S2. For more elaborate discussion on the step formation energies refer to, for
example, Ref. 11.
The ad-row and ad-atom formation energy can be evaluated using the relation:

rydefect - nl {Zdefect_ 2(111)},
d

where Xdfect s g surface energy per supercell of defected surface, while 21 is the surface energy per
supercell for perfect (111) surface. The ng is the number of atoms constituting the defect per supercell.
For the ad-row the nq is 2, while for the ad-atom nyis 1.

Table S1. Calculated surface energies (o), and defect formation energies (y) for four models described
in the text.

Structure o] y

(eVIA?) (eV/defect-atom)
perfect (111) 0.13 —
step-edge 0.15 0.46
ad-row 0.21 0.99
ad-atom 0.19 1.64
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