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Abstract: Single atom catalysts usually show unique catalytic activity and the physical nature is not
clear. In the present work, density functional theory calculations are presented for adsorption and
dissociation of CH4 on clean and oxygen atom pre-adsorbed Rh metal surfaces with different
coordinate number such as (111), (100), (110), (211), kink, ad-row (add two atom on a p(2x2)-111 unit
cell) and ad-atom (add one atom on a p(2x2)-111 unit cell). The present calculation results show that
the pre-adsorbed oxygen atom inhibits the methane dehydrogenation on Rh surfaces in general except
on ad-atom model where it has no effect, and thus the possibility of the partial oxidation of methane to
produce syngas (the mixture of CO and H,) on Rh ad-atom catalysts. Having been analyzed by the
barrier decomposition method, it was found that the presence of oxygen atom usually reduces the
adsorption energy of dissociated fragments and increases the interaction between the dissociated
fragments, both of which lead to an increase of the reaction barrier. Moreover, the electronic analysis
indicated that the oxygen effect can be attributed to the strong interaction of acid-base pair sites on
oxygen-metal systems, and a strong acid-base interaction related to the low dehydrogenation barrier.

Keywords: Methane; C-H bond activation; Oxygen species; Rh model catalysts; Density functional

calculations.
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1. Introductions

It is important to control bond break/formation in chemical processes, and high selectivity is
required for a given catalytic reaction.'"" The catalytic reactivity and selectivity of surfaces are found
to be dominated by low-coordinated atoms such as step-edge sites, and research showed that the step
Ni(211) is favorable for C-C bond breaking rather than C-H bond breaking, while opposite trend
occurs over flat Ni(111), and the reactivity of Ni(211) can be altered by the addition of Ag atom."’

It is well-known that methane is a low-cost material which could provide energy by hydrogen
extraction. Usually transition metals like Pt, Pd and Rh are regarded as effective catalysts in methane
dehydrogenation processes to produce H», particularly for the partial oxidation to form syngas (a
CO+H, mixture), and thus have been extensively investigated from experimental and theoretical
aspects. '~ * Most recently, single-atom catalysts (SAC) have attracted much attention due to their
unique catalytic properties and potential utility in heterogeneous catalysis including oxidation, water
gas shift and hydrogenation.* Through theoretical study, it was found that the energy barrier of
methane dehydrogenation over MoOs-(010) supported isolated Pt ad-atom surface is far lower than that
of flat Pt(111) surface, whereas the further dehydrogenation of methyl is limited.*® Similarly, study
about methane dehydrogenation on a series of Rh model catalysts found that although the first
dehydrogenation of methane is significantly promoted, methyl dehydrogenation is inhibited on the Rh
ad-atom model(i.e., a single atom catalyst model),30 which is because the formed methylene radical
has to form two bonds with substrates and such requirement cannot be met on isolated ad-atom easily.
Recently theoretical study about methane oxidation on isolated ionic Pt atom-doped CeO, found that
the reactivity of methane oxidation increases with the increase of the amount of isolated ionic Pt atom
on CeO; support, which is due to the reason that the presence of Pt weakens the bond between the
oxygen atoms located in its neighborhood and therefore activates them.*> However, their study
focused on the initial oxidation step, namely from methane to methyl, and ignored the further step.

It is well-known that the catalytic activity of X-H (X = C, H, O, N, or S) bond scission would
significantly altered by oxygen atom since the strong O-H bond formed. Interestingly, both the
experimental and theoretical studies demonstrated that the effect of chemisorbed oxygen atoms on the
activation of X—H bonds scission depends strongly on the nature of the metals, namely, facilitating
the X-H bond scission on less reactive metals like IB groups, and inhibiting the X-H bond cleavage on

4247

reactive metals like Ni and Fe/W. For the oxidative dehydrogenation (ODH) of CH,4 via adsorbed
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oxygen atom (O,q) on Pd,jo cluster, theoretical study36 found that the reaction barrier is significantly
larger than that of the pyrolytic dehydrogenation (i.e. direct dehydrogenation reaction) due to the
larger repulsive interaction between the adsorbed O,q and H-atom in CHy species at transition sate.
Moreover, it was found that on both clean and O,q pre-adsorbed Pt surfaces the barrier decreases with
the decrease of the coordination number(CN) of surface atom.> Similar result was also reported in the
study of ODH of CH, by O,q on Pt(111) and Pt(211).%°

Considering that catalytic activity can be significantly altered by the co-adsorbed species like
oxygen atom, and the single Rh ad-atom model catalyst inhibits the methyl dehydrogenation due to

. . . . . 30.38
the insufficient active site available,

one may expect if one or more oxygen species were
introduced into the Rh added-tom system, the co-adsorbed oxygen species may act as an extra ‘active
site’, namely Rh and O atoms simultaneously interact with methyl and may assist the dehydrogenation
process. Inspired by such point, the methane dehydrogenation on a series of Rh model catalysts with
and without co-adsorbed oxygen atom was systematically studied by the first principles density

functional calculations, focusing on the relation between dehydrogenation activity and the CN of the

active metal site as well as the effect of co-adsorbed oxygen species.

2. Calculation method and models
To investigate the energy and structural details of methane dissociation on Rh surfaces, we did
periodic, self-consistent DFT calculations that were performed with VASP (Vienna ab initio

simulation package).**°

The exchange-correlation effects have been described within the
generalized gradient approximation (GGA), with the use of the Perdew—Wang (PW91) functional.’’
The electron-core interaction was described with the projector-augmented plane-wave (PAW)
method.’>> All calculations were performed with a cutoff energy of 400 ¢V. The Brillouin zone was
sampled with the Monkhorst-Pack grid.”* Electronic energies were calculated with a (3x3x1)
Monkhorst-Pack mesh k-points. The flat (111), (100) and (110) surfaces were modeled by a p(2x2)
unit cell containing four layers that were separated by a 15 A vacuum. During the optimization the
adsorbates and the top two layers were relaxed and the bottom two layers were fixed at the
bulk-truncated positions with the theoretical lattice constant of 3.86 A. The add-row (add-atom)
models were modeled by adding two (one) extra Rh atoms onto fcc site of (111) slab model per

supercell. Therefore the supercells of (111), ad-atom and ad-row contain 16, 17 and 18 atoms,

respectively. The ad-atom model was used to simulate the single atom site catalysts.*’ The Rh(211) slab
3
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composed of twelve layers, including total 24 Rh atoms in the p(2x1) supercell, and the top six layers
were relaxed during the optimization. The kinked surfaces were constructed by removing one edge atom
at the step in a (1x3) unit cell of the (211) surface. The CN of the surface atom is 9, 8, 7, 7, 6, 5 and 3 for
(111), (100), (110) (211), kink, ad-row, and ad-atom, respectively. The possible adsorption sites of
these models are shown in Figure 1. The climbing-nudged elastic band method (¢cNEB) was employed
to locate transition states (TSs).>” In addition, the frequency analysis was performed to confirm the
transition state. Vibrational frequencies were calculated by a second order finite difference approach
with a step size of 0.015 A. In this work, the adsorption energy (E,g) and the activation energy (E,)
were calculated by the following two formulas: E.qs = Eam-Ewm - Ea and E, = E1s. Es, Here, Eam,
Evi, Ea, Ets and Eis mean the calculated energies of the adsorption system, substrate, adsorbate,

transition state (TS) and initial state (IS), respectively.

3. Results and discussion

3.1 Adsorption energy trends of possible species

In order to find out how CHy dissociation is affected by the existence of an oxygen atom, the first
two dehydrogenation/oxidative dehydrogenation steps (CH4—CHs;+H and CH;—CH,+H) were
studied in the present work. First we investigated the adsorption energies and configurations of possible
species involved in the processes of methane dehydrogenation/oxidative dehydrogenation (see Tables 1,
2). In addition to the most stable adsorption configuration of each species as seen in Tables 1 and 2,
other less stable adsorption configurations are given in Table SI in the supporting information. We
also summarize the previous theoretical calculation results in Table S2 for comparison. As seen from
Tables 1, 2 the adsorption energy of CH4, CH3, CH,, O and H increase with the decrease of CN in
general, but the most strong adsorption occurred on ad-row (CN=5), instead of ad-atom (CN=3),
because both O and CH; species prefer to adsorb on two hollow site which ad-atom can not afford due
to its limiting active site. For CHj3, it prefers to adsorb on atop site, and the adsorption energy differences
are small on all the models. Moreover, in the presence of oxygen species, adsorption energies are
generally smaller than those on pure metals due to the competitive adsorption between oxygen atom and

CHy species.

As seen from Table 1 the calculated adsorption energy of methane is very small and the reason is

clear that the DFT-GGA calculations usually underestimate the adsorption energy of weakly adsorbed

4
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molecules due to the lack of long-range interaction (i.e. dispersion effect). Indeed, the general
correction of dispersion effects to the adsorption energy of aromatic molecules on noble metals is ca.
0.60 eV ° based on the scheme of Grimme et al.”® To account for the effect of dispersion force on
the calculated methane adsorption energy, the dispersion correction was taken into account in this
work. Dispersion interactions are empirically defined as the attractive part of the van der Waals-type
interaction between atoms and molecules that do not directly bond to each other. Grimme and
coworkers have developed efficient methods, DFT-D3 with zero-damping % and DFT-D3(BJ) * with
Becke and Johnson (BJ) damping, ®*°' for the computation of the dispersion interactions in molecules.
In this work DFT-D3(BJ) scheme was used to estimate the dispersion force for some typical adsorbed
species, where all force field parameters were gained based on the PBE functional as given in ref.[57],
which were also applied to DFT calculations with the PW91 functional because both functionals
produce very similar total energies. As seen from Table 1, which shows the adsorption energy and
dispersion effect correction, the magnitude of the dispersion force is generally in the magnitude within
the 0.30 eV or so, smaller than the aromatic molecules.>® The previous DFT calculation of Henkelman
et al.  indicated that the adsorption energy of methane on Ir(111) increases by less than 0.10 eV after
the correction of dispersion effect.

It is necessary to analyze the adsorption energy trends in terms of bond order conservation
principle proposed by Abild-Pedersen et al.”> for the adsorption energies of any CH,(x=1~4) species

with the adsorption of C atom on transition metal surfaces (so-called ‘scaling relationship’). That is

ES=y(x)ES,+& where E{, is the adsorption energy of atomic C, E(,* is the adsorption energy

ads ads
of CHy(x=1~4) species and & and y are the correlation parameters, corresponding to different
adsorbates. We give the adsorption properties of carbon atom on various Rh models in Table S3 and
the Figure S1 in the supporting information. The DFT results show that the carbon atom adsorption
energy varies with the CN of the surface atom, that is,
(100)>(211)>ad-atom>(110)>kink >ad-row>(111), and because adsorption site of carbon atom is very
complex and strongly depends on the CN of surface metal atom, this trend does not correlate with the
CN of surface metal atom. On (100), the adsorption height of carbon atom is very short (ca. 0.20 A)
and nearly parallel to the metal surface, which means it tends to bind more Rh atoms (in fact, the CN
of carbon atom is five containing four in the top layer and one in the subsurface layer) and results in

the strongest binding energy (-8.06 eV). On ad-atom model, carbon atom inserts into the Rh-Rh bond



RSC Advances

and binds to the three Rh atom, leading to a relatively high adsorption energy (-7.82 eV). On (110),
carbon atom adsorbed at long bridge site and binds to four Rh metals, i.e. two in the surface layer and
two in the subsurface layer, and thus the binding energy is relatively small (-7.79 eV). On ad-row
model, carbon atom adsorption energy is smaller (-7.61 eV) because it only binds to two Rh atoms.
Due to the fact that the adsorption site of carbon atom strongly depends on the surface topology and
the methyl fragment is almost at the top site on all the Rh models investigated in this work, no clear
correlation is found for the CHy species on Rh model catalysts, which differs from the result of
previous study about CHx on the same single crystal face like fcc(111) of a series of transition
metals.”**
3.2 Methane dissociation on the clean Rh surfaces

In this section we studied the dissociation of methane and methyl on Rh model catalysts without
the pre-adsorbed oxygen species, and the calculated energetic data are summarized in Tables 3 and 4,
and Figure 2 displays the optimized IS, TS and TSs. Moreover, we also summarized the previous
theoretical calculation results in Table S4 for comparison. The reaction mechanism of methane/methyl
dehydrogenation on various Rh models is similar, so we only give the examples of Rh(111), Rh(211)
and Rh-ad-atom to describe the methane/methyl dehydrogenation processes. On Rh(111), for the
dissociation of methane, the molecular methane adsorbed at the top site at beginning, then close to the
adjacent surface metal atom to active its 6-CH bond gradually, and methyl moiety in a little tilted
adsorption type. At TS, the formed H species adsorbed between the bridge and hollow sites and the
CH; fragment adsorbed close to the top site with the distance between abstracted H atom and central
carbon atom being 1.55 A. After TS, methyl diffused to the more stable top site and completed the
reaction process. This process undergoes with a barrier of 0.78 eV and endothermic by 0.33 eV. For
the dissociation of methyl, the distance between abstracted H atom and central carbon atom was 1.60

A at TS, and the energy barrier is 0.55 eV and it is exothermic by 0.12 eV. A little difference from

other Rh models, there are two successive steps in the dissociation of methane on the stepped Rh(211):

In the first step methane approached the step edge Rh atom to form a precursory state for further
dehydrogenation, which requires an increase in the energy by 0.10 eV; and in the next step methane
dehydrogenated to form methyl, the distance between C and H was 1.53 A at TS. The calculated
energy barrier is 0.61 eV, close to the 0.50 eV reported by Kokalj et al., ** but larger than the 0.30 eV
reported by Liu et al,” which is due to the different energy reference used: chemisorbed methane verse

gas phase methane. For the dissociation of methyl on Rh(211), it is easily performed with the barrier
6
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of 0.39 eV. At TS, CH; species occupied at edge bridge site, and the distance between C and H was
1.70 A. Clearly, a relatively long distance and thus a weaker competing interaction between H and
CH; at TS may explain why CH; dehydrogenation shows a low barrier. On the ad-atom model, the
activation energy of methane dissociation is close to the result reported by Kokalj et al. 40.0.48 vs
0.46 eV), while the energy barrier of methyl dissociation is a little higher (0.80 vs 0.63 eV).

From Tables 3 and 4 we know that the dehydrogenation barrier decreases with the decrease of
CN of the surface atom, agreeing with the general point that the dissociation barrier at defect site is
smaller than that of flat one. However, it was found that the barrier is largest on ad-atom (0.80 eV), by
enormous contrast with the highest activity of the first dehydrogenation step, and that is because the
ad-atom model can not afford sufficient active site to bind the produced CH, species which requires at
least two active sites. Moreover, it was found that the reaction activation energy of methane
dehydrogenation is usually higher than that of methyl dehydrogenation except on ad-atom model,
which is in agreement with the reaction energy trend, that is, the produced CH, via CH; dissociation
binds more strongly than that of CHj; species through CH4 dissociation in general.

It is necessary to analyze the possible reason why the C-H bond scission barrier varied with the
CN of the surface metal atom based on both geometric and electronic effects further. For methane
dehydrogenation step, at TSs, the binding energy of H atom does not change with the CN (the energy
difference less than 0.13 eV ), and the binding energy of CHj follows the order of ad-atom (-1.93 eV) >
ad-row (-1.83 eV) > (111) (-1.65 eV), in accordance with the CN of surface metal atom, which results
in the decreasing in the energy barrier. Moreover, on the more open faces like (100), the two
dissociated fragments do not share the same Rh atom as compared to that of (111), and thus give rise
to weak repulsive interaction between these two fragments on (100) face, leading to the relatively low
energy barrier on the (100) face. ® In fact, the increased repulsive interaction between the surface
species when they bind to the same metal atom is in line with the Bond Order Conservation(BOC)
principle proposed by Shustorovich, ® that is, the valence electrons of the metal atom on the binding
shared TS complex would distributed over more bonds than the situation without the shared metal
atom, i.e., the clean Rh surfaces.

In addition to the above analysis in terms of the energetic factor, a deep analysis based on the
electronic structure was also performed in this work. In general, the catalytic activity of methane
dehydrofgenation varies with the coordinate number of surface metal atom, namely the smaller the

coordinate number, the stronger is the C-H bond activation. In addition, a linear relation of d-band
7
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center with C-H bond cleavage activation energy is determined on flat surfaces, i.e., the closer the
d-band center to the Fermi level, the lower the activation barrier would be.***” Figure 3 shows the
relationship between C-H bond cleavage energy barrier and the d-band center of the surface Rh metal
for all the models studied in this work. However, the d-band center alone can not explained all the
data completely, suggesting that other factor like surface structure may also affect the catalytic activity.
For example, as the layer spacing of fcc (110) is relatively shorter compared to those of (111) and
(100), and the dissociated H atom can also binds to the subsurface Rh atom at TS, so leading to a low
energy barrier for methane dehydorgenation process on Rh(110).
3.3 Methane dissociation on the oxygen pre-adsorbed Rh surfaces

In this section we turned our attention to the methane/methyl dissociation in the presence of
oxygen species, and the effect of oxygen species on the activation of C-H bond. Although oxygen
atom can act either as reactant in the methane/methyl dissociation directly
[CH4(CH3)+O—CH;3(CH,)+OH], or as “spectator” [CH4(CH;3)+O—CH3(CH;)+H+O],and here we
focused the former case. The ODH of CH4(CH3)+O—CH3(CH;)+OH is in fact a concerted process
containing C-H bond breaking and O-H bond formation. The calculation results are given in Tables 3
and 4, and the TSs are shown in Figure 2. The reaction feature is similar on these Rh models, and (111)
and ad-atom models are chosen as the examples to describe the whole reaction process. On Rh(111),
for the step of CH4s+O—CH;+H+O, the oxygen species adsorbed at the fcc site, and the methane
molecular adsorbed at the top site of surface Rh atom, with the distance of pre-adsorbed oxygen and
stripped hydrogen atom in methane being 2.71 A. Then molecular methane approached to oxygen
atom and the C-H bond was activated gradually. At TS, the CH; was nearly located at the top site, and
the oxygen atom was located between the top and the fcc sites, and the H was roughly halfway
between methyl and oxygen. The distance of C-H/O-H is 1.45/1.21 A at the TSs. This dissociation
process has a barrier of 1.49 eV and it is endothermic by 0.67 eV. For step of CH;+O—CH,+OH,
methyl adsorbed at the top site and oxygen remained at the fcc site, and the distance of pre-adsorbed
oxygen and stripped hydrogen atom in methyl was 2.50 A. During the methyl dissociation processes,
CHs close to the oxygen species and tends to adsorb at the bridge site. At TS, the CH; was located
nearly at the bridge site, the O atom is located between the bridge and the fcc sites, and the H is
roughly halfway between CH, and O and far away from the rhodium surface. The distance of C—
H/O-H is 1.46/1.36 A at the TSs. At the FS, both the OH and CH, were located at the bridge site. The

reaction barrier is 1.15 eV and the corresponding energy change is exothermic by 0.28 eV. On
8
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Rh-ad-atom model, the oxygen species adsorbed at the edge-bridge site, and then methane molecular
adsorbed at the top site of surface Rh atom. In such co-adsorption configuration, the distance of
pre-adsorbed oxygen and hydrogen in methane is 2.69 A. This dissociation process has a barrier of
0.75 eV and the dissociation process is exothermic by 0.28 eV. At TS, the CH3 species binds to the
atop site of edge Rh atom with the distance of 2.35 A, and the distance of C-H/O-H is 1.31/1.41 A.
For the second oxidation step, CH;+O—CH,+OH, the distance of pre-adsorbed oxygen and hydrogen
in methane is 3.21 A. This dissociation process has a barrier of 0.76 eV and it is endothermic by 0.18
eV. At TS, the distance of C-H/O-H is 1.44/1.21 A.

Based on above calculation results we find that the C-H bond length in TSs is general smaller than
that on clean Rh surfaces due to the interaction between O, and H species at TSs. It is found that
when the Rh surface is modified by the chemisorbed oxygen species, its dehydrogenation behave
dramatically changes. In general, the chemisorbed oxygen species increases the value of barriers in
most surfaces of Rh in this study, indicated the poison effect of oxygen atom in the processes of
methane dissociation. This result is consistent with our previous study as well as the experimental
observations that the X-H bond activation is usually hinted by the chemisorbed oxygen on more active
metals like Rh. However, on the ad-atom model, the catalytic activity of methyl dissociation is even
higher on oxygen pre-adsorbed system than that on clean one, which means that the process of
methane partial oxidation may be comparable to that of methane dissociation on the Rd-ad-atom
model catalysts.

It should be pointed that the effect of dispersion force on the activation energy is very complex
because the dispersion force not only affects the reactant but also affects the transition state, and the
exactly activation energy calculation should be taken by considering the dispersion force for both the
reactant and transition state. Tables 3 and 4 give the calculated results for the effect of dispersion force
on the energy barrier based on the DFT-D3 method.”” As seen from Tables 3 and 4 we can know that
the dispersion force correction has a relative large effect on the methane dehydrogenation reaction,
and has a little effect on the methyl dehydrogenation step. The reason is apparently because the effect
of dispersion force correction is large on the methane due to this physisorption character, whereas it is
little on the methyl because of its chemisorption character. Interestingly, we find that the barrier of
methyl dehydrogention in the presence of oxygen atom is smaller than that of the direct
dehydrogenation after the dispersion force correction(0.66 verse 0.77 eV). It must be pointed out that

the activation energy barrier corrected by DFT-D3 method is usually smaller than that of standard
9
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DFT-GGA method (see Tables 3 and 4), whereas the more accurate calculation based on the van der
Waals density functional (vdW-DF) °*®” indicated that the activation barrier is large than the standard
DFT-GGA calculation (0.98 eV for methane dehydrogenation on Rh(111)).The detailed discussion of
dispersion force correction on the activation energy will be given in our future work.
3.4 The general rule of oxygen species in the activation of C-H bond

Based on above calculation results, it can be seen qualitatively that the more strongly the oxygen
atoms adsorb on the surface, the smaller the promoting effect would be. The possible reason is that the
pre-adsorbed atomic oxygen occupies the high-symmetry site, which can interact with both metal
atoms and reactant molecule, where competition exists. So if the atomic oxygen strongly binds to the
metal surface, a weak interaction will form between it and the breaking H atom, and presents a less
promoting effect. To confirm such point, the correlation between energy barrier change (AE, = E,; —
E.», where E,; and E,; are the reaction barriers with and without atomic oxygen respectively) and the
binding energy of atomic oxygen (E,4(O)) was investigated, and the fitting linear correlation is shown
in Figure 4. For all 28 reactions involved in this work, a roughly linear correlation was found between
barrier difference and oxygen adsorption energy except methyl dissociation on ad-atom model. The
linear correlation was strong for the methane step, but less strong for the methyl dissociation, for
which the reason is clear that the CH; fragment always stays at the top site in the methane dissociation,
but the CH, fragment via the methyl dissociation stays depending on the surface geometry of Rh
surface.

It is worthy to analyze the reason behind the oxygen activation for methane dissociation. Here

two methods were applied in the following analysis.
a) Energy barrier decomposition scheme analysis

For dissociation reactions like AB—A+B, the adsorption energy of A+B activated complex at the

TS can be divided into three parts: E'

S =ES+EPS+EB =3% +EB ! here ETS(ETS) is the

Int ?

adsorption energy of reactant A(B) at TS without B(A), and E is the interaction energy between A

nt

and B at TS. And therefore the dissociation barrier can be written as g =3 4 E — g5 _ &),
a n

where E!S is the adsorption energy of AB at IS, and E® is the bond energy of AB at gas phase
AB p gy B gy gas p

which was calculated by the equation Eap-Ea-Eg. Table 5 gives the calculated barrier decomposition

results of methyl dissociation on (111), ad-row and ad-atom with and without the oxygen species. For

10

Page 10 of 27



Page 11 of 27

RSC Advances

methyl dehydrogenation, E'®) is calculated to be -5.04 eV. On these three models the presence of

oxygen species weakens the adsorption energy of A(B) at TS but increases the interaction between A
and B at TS, both of which lead to the increase of the barrier of methyl dissociation. Due to the
similarity between (111) and ad-row, we only give a detailed analysis of ad-row and ad-atom models.
On ad-row model, at TS, the CH, fragment adsorbed on the edge-bridge site with the average bond
distance of dc.ry was 2.05 A, and the H fragment adsorbed on the edge-top site with the adsorption
height of 1.62 A. In the presence of oxygen species, at TS, the CH, fragment in a tilted edge-top site
with the dcgp of 2.11 A, and the H fragment in a edge-top site with the adsorption height of 1.86 A.
Obviously, being far away from the substrate weakens the adsorption strength of both CH; and H
fragments in the presence of oxygen species. For the interaction part, we find this magnitude even

becomes an attractive interaction in the presence of oxygen atom as compared to the situation without

oxygen species, which would reduce the reaction barrier to some extent. For the magnitude of g7, it

can be considered as the contributions of direct Pauli repulsion, bonding competition and electrostatic
interaction between H and CH, in the TS configuration. Since the distances between H and CH; at TS
configuration are usually smaller when oxygen atom exists(see Tables 3 and 4), and also considering

that the fragments of CH, and H at TS shared one surface Rh atom in spit with and without oxygen

atom, one may believe that the change in the g™ is mainly due to the electrostatic interaction. For

the magnitude of electrostatic interaction, it was roughly estimated from sign of charge of central C
atom and H atom, which can be analyzed by Bader charge scheme (see Table 6). Fortunately, the
Bader charge analysis shows that the charge sign of C is always negative and the H atom changed
from negative to positive due to the strong electron withdraw of O atom.

On ad-atom model, in the presence of oxygen species, both the CH, fragment and H fragment
were far away from Rh surface, which means a very weak adsorption of CH, and H at the TS
geometry, and more energy would be cost when CH,/H moves from IS to TS than that of clean one,
and thus increases the reaction barrier to some extent. However, the attractive interaction between
CH; and H on the O/ad-atom system is far more stronger than that on clean model due to the strong
electrostatic interaction according to the Bader charge analysis results as seen in Table 6. And the
combination of above two opposite parts makes the reaction barrier of methyl dissociation changed a

little on the oxygen pre-adsorbed Rh-ad-atom model.

11
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It is important to analyze the reason why TS is destabilized by the oxygen atom. Firstly, oxygen
atom causes the change of d-band center may be one of the possible reason. In the presence of oxygen
atom, the d-band center of surface Rh metal atom generally away from the Fermi level, indicated the
less active of metallic atom. The reason is clear because of the large electronegative of oxygen atom
and withdraw electrons from Rh atom. So the binding energy of CH,+H at TS would become less
stable in the form of oxygen-preadsorbed Rh surfaces, which leading to the high activation energy
barrier. This can also be confirmed based on the feature of TS complex. For the methyl
dehydrogenation on pure Rh(111), both CH; and H species binds to the Rh atoms and with relatively
strong binding energy; In the presence of oxygen atom, however, both CH, and H species are far away
from the Rh surface due to the existence of oxygen atom, and thus leading to the weak interaction
between TS complex and substrate. Secondly, by analyze the TSs carefully we find that the TS
complex in the presence of oxygen atom shows a CH,--H--O feature, in which C, H and O atoms
shared with same Rh atom. From the point of BOC,” the valence electrons of the metal Rh atom at
the TS complex would become more distributed compared to the case of direct dehydrogenation on
Rh(111), and thus results in a weak interaction with the TS complex.

b) Acid-Base pair interaction model analysis

For the effect of chemisorbed O,q on the methane dissociation on Rh surfaces, the Rh atom may
act as Lewis acid site and O,g atom may act as Brensted base site for the proton abstraction from
methane/methyl, and the acid-base sites interact with molecular methane/methyl simultaneously,
which lead to the higher activity in the methane dissociation (see Figure 4). °*’° The magnitude of
acid and base was measured by the electron charge change based on the Bader charge analysis, that is,
the Lewis acid is an electron acceptor and the Lewis base is an electron donor. Apparently, positively
charged on Rh atom and negatively charged in O species means a strong Acid-Base interaction and
would result in strong promoting in the activation of C-H bond. Similarly, the methyl dehydrogenation
on (111), ad-row and ad-atom are chosen in such kind of analysis. The Bader charge analysis results
show that the Bader valence (BV) is +0.22 ¢ on Rh atom and -0.77 ¢ on O, on (111), +0.36 ¢ on Rh
atom and -0.73 e on O,q0n add-row, and +0.62 e on Rh atom and -0.60 e on O,q0n ad-atom . Clearly,
the trend of BV difference between Rh and O,q is ad-atom (1.22 ¢) > ad-row (1.09 e) > (111) (0.99 e),
is consistent with the barrier trend as seen in Table 4, namely 0.76 eV for ad-atom model, 0.88 eV for
ad-row model and 1.15 eV for (111) model. It should be pointed out that the H-CHx bond cleavage in

methane/methyl is in fact a heterlytic bond cleavage processes over the oxygen-preadsorbed Rh
12
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surfaces, that is, CHx species adsorbed on the metal Rh site, and the dissociated H atom binds to the
oxygen atom to form OH species. The previous DFT study of Li et al. indicated that the C-H bond
cleavage energy barrier is correlated well with the acid strength of oxygen atom, namely the weaker
acid of oxygen atom related to the higher activity in the C-H bond cleavage.71 Clearly, this is
congistent with our present results: the strong binding energy of oxygen atom means weak acid

strength and thus a high re-activity in the C-H bond activation.

4. Conclusions

The present calculation results show that the adsorption energy of CHx does not linearly correlate
with the carbon atom adsorption energy due to the different adsorption site of CHy on the Rh model
catalysts. The reaction path study indicates that the pre-adsorbed oxygen atom significantly inhibits
the methane dehydrogenation on Rh surface, whereas it shows very little effect or even become
promotion effect on the methyl dehydrogenation step on ad-atom model, which means that the Oy
may act as a active site. Moreover, the possible physical nature behind the oxygen effect has been
analyzed by the barrier decomposition method, and it was found that the presence of oxygen atom
reduces the adsorption energy of dissociated fragments but increases the interaction between the

dissociated fragments, and the whole result increases the reaction barrier.
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Figure captions:

Figure 1 Adsorption sites of Rh(hkl) surfaces.

Figure 2 DFT optimized IS, TS and FS of methane/methyl dehydrogenation on clean and oxygen
pre-adsorbed Rh models

Figure 3 Methane dehydrogenation barrier verse d-band center

Figure 4 Relationship between barrier difference with and without oxygen species and the adsorption

energy of oxygen atom on various Rh model catalysts. a) Both methane and methyl dissociation, b)

methane dissociation..

Figure 5 Schematic for for methane dissociation process via the Acid-base interaction model.
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Table 1 Adsorption energy of methane on various Rh-model catalysts (eV)

111 100 110 211 Kink Ad-row Ad-atom
DFT -0.03 0.04 -0.04 -0.16 -0.05 -0.08 -0.09
DFT-D3(PBE) -0.38 -0.16 -0.15 -0.26 -0.13 -0.16 -0.11

Table 2 Adsorption energies and geometry parameters of O, H, CH; and CH; on Rh surfaces

(0) H CH; CH,
Site  E,(eV) Site  E,gs(eV) Site  E,(eV) Site E.qs(eV)
(111) FCC -5.14 FCC -2.82 Top -1.84 FCC -4.12
(100) 4h -5.24 4h -2.72 Top -2.01 4h -4.51
(110) Sb -5.32 Sb -2.70 Top -2.21 Sb -4.58
(211) EB -5.43 EB -2.87 Top -2.35 EB -4.58
Kink K3H -5.18 K3H -2.84 Top -2.24 KB -4.64
Ad-row EB -5.69 EB -2.88 Top -2.42 EB -4.68
Ad-atom EB -4.80 EB -2.87 Top -2.25 EB -4.52

Note: EB means Edge-bridge, KB mean Kink-bridge, K3H means Kink-3H and E3H means the Edge-3H.
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Table 3 Energetic and distances at the TSs of methane dissociation on Rh models

Clean surface

O/Rh surface

Surfaces  E.(eV) AH(eV) C-H(A)  Ei(eV) AH(eV) C-H(A) O-H(A)
0.78 0.33 1.49 0.67
111 1.55 1.45 1.21
(0.62) 0.11) (136)  (0.50)
100 0.65 0.23 1.55 1.30 0.56 1.48 1.22
110 0.51 0.02 1.61 0.84 -0.32 1.54 1.69
211 0.61 -0.07 1.53 1.46 0.09 1.38 1.23
Kink 0.65 0.13 1.61 1.30 -0.13 1.45 1.20
0.54 -0.21 1.45 0.08
Ad-row 1.63 1.43 1.21
(0.40) (-0.38) (136)  (-0.23)
0.42 0.01 0.75 -0.28
Ad-atom 1.63 1.31 1.41
(0.31) (-0.11 0.69)  (-0.42)

Note: The date in parenthesis are the calculation reulst based on the DFT-D3 method.
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Table 4 Energetics and distances at the TSs of methyl dissociation on Rh models

Clean surface O/Rh surface
Surfaces  E.(eV) AH(eV) C-H(A)  Ei(eV) AH(eV) C-H(A) O-H(A)

0.55 -0.12 1.15 0.28

111 1.60 1.46 1.36
(0.52) (-0.18) (1.16) (0.32)

100 0.28 -0.12 1.68 0.47 -0.05 1.47 1.34

110 0.36 -0.06 1.57 0.90 0.43 1.22 1.47

211 0.39 -0.13 1.70 1.15 0.35 1.47 1.33

Kink 0.53 0.31 1.79 1.32 0.03 1.48 1.33
0.38 -0.24 0.88 -0.50

Ad-row (0.37) (-0.26) 1.66 (0.88) (-0.50) 1.42 1.30
0.80 0.10 0.76 0.18

Ad-atom 1.63 1.44 1.21
(0.77) (0.02) (0.66) (0.00)

Note: The date in parenthesis are the calculation reulst based on the DFT-D3 method.
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Table 5 Energy decomposition of the calculated activation energy of methyl dissociation (eV).

_Rh_ O/Rh

E, SE EE E%, E, SE™ EE El
(111) 0.38 -6.40 -0.09 -1.84 1.15 -5.00 -0.73 -1.84
Ad-row 0.38 -7.08 0.00 -2.42 0.88 -5.05 -0.85 -1.74
Ad-atom 0.80 -6.45 -0.04 -2.25 0.83 -1.10 -5.60 -2.49

Table 6 Bader charge analysis of TS for methyl dissociation with and without oxygen atom

_Rh O/Rh
C(Hy) /e H /e C(H,) /e H /e
(111) -0.35 -0.08 -0.28 0.30
Ad-row -0.36 -0.12 -0.23 0.31
Ad-atom -0.27 -0.12 -0.31 0.38
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