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Abstract: This study investigates the adsorption properties of methylidyne (CH) on Rh{111}, its partial
and full oxidation as well as its surface mobility, by means of plane-wave density functional theory (DFT)
calculations. Besides investigating known oxidation pathways on rhodium, such as decomposition of CH
and subsequent oxidation of the decomposition products, new pathways such as direct reaction of
methylidyne and oxygen toward a surface aldyhyde-type species and the decomposition of this species
are considered. The unexpected and novel pathway determined here by DFT is utilized for a microkinetic
model of the formation of CO and CO2 from methylidyne. A comparison of this microkinetic study with
experimental data shows that our novel mechanism can indeed describe the observations. This comparison
strongly suggests that this new alternative route is the main reaction pathway for the conversion of
methylidyne.

1. Introduction

Natural gas, which mainly consists of methane, often ac-
companies oil deposits and is furthermore a decomposition
product of organic waste. Hence, it is an energy source that is
available in abundance. In its raw form, however, it is frequently
uneconomic to transport to the marketplace. Fortunately, natural
gas can be converted into synthesis gas (syngas), a mixture of
CO and hydrogen, using steam reforming or catalytic partial
oxidation (CPO) over rhodium.1-7 Synthesis gas is an attractive
intermediate product for the chemical industry, since it is used
for a variety of important processes such as ammonia and
methanol synthesis.8 Ammonia is a precursor for fertilizers,
while methanol is a potential future fuel; the production of
synthesis gas might therefore be essential for the feeding of the
growing world population as well as for its energy supply.
Furthermore, by oxidizing natural gas to synthesis gas and
subsequent conversion into liquid fuel, via a gas-to-liquid (GTL)
process such as Fischer-Tropsch synthesis,8 the energy source
can be transported much more safely via existing pipelines than
is possible for gaseous natural gas. Presently, the most important
industrial route to syngas is steam reforming of methane.9 Steam
reforming, however, requires large-scale converters and in

addition is very energy demanding. CPO, in contrast, can be
carried out in miniature reactors and is less energy demanding.
The drawback of the CPO of natural gas is that it is high-
temperature catalysis and syngas is rather explosive, making
this process quite risky. High temperatures are compulsory for
the CPO, since the reaction is thermochemically controlled.
Initially, hydrocarbons are fully oxidized to CO2 and H2O, and
the catalyst heats up rapidly owing to the strongly exothermic
reactions. With increasing temperature, the system is steered
in the direction of the less exothermic pathway, the formation
of CO and hydrogen (the desired products). If the oxidation of
CO could be kinetically blocked, however, the process could
be steered to produce CO from ignition and thus could be carried
out in a lower-temperature regime, making the synthesis safer.
It has to be mentioned that this is a simplification of the CPO
mechanism and that processes in a monolithic catalyst are much
more complex: it is known for example that downstream in
the catalyst, steam reforming also sets in, which affects the
overall gas conversion.10 This study, however, focuses on the
surface processes inside the catalyst.

In order to steer a heterogeneously catalyzed reaction, the
possible reaction pathways have to be known, enabling the
scientist to determine the crucial elementary steps and to either
block or enhance particular steps to steer the reaction in the
desired direction. For these reasons, increasing efforts are
devoted to understanding the elementary processes inside
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catalytic converters for CPO. A promising tool which could aid
the development and optimization of catalytic converters are
microkinetic (MK) simulations, especially when combined with
computational fluid dynamics (CFD).6,7,10,11MK simulations,
based on elementary-step surface reaction mechanisms, can
predict conversions in catalytic converters accurately and,
furthermore, can predict the temperature evolution of the
monolith, provided that the mechanism is complete.6 A complete
mechanism is an elementary-step reaction mechanism, which
includes the main surface reaction pathways and the corre-
sponding kinetic parameters for the Arrhenius expression
(activation energy as well as pre-exponential factor). Addition-
ally, it was established recently that the activation energies of
the surface reactions strongly depend on coadsorbates,12-17

complicating the development of multistep surface reaction
mechanisms. A powerful computational tool that can aid the
development of those mechanisms is density functional theory
(DFT), vide infra.

Numerous publications show that DFT simulations are
generally very reliable in predicting preferred adsorption sites
of adsorbates as well as their detailed geometries.12,13,18,19Owing
to the constan1t acceleration of computer speed, it is now
routinely possible to locate the transition state of a surface
reaction on its potential energy surface (PES) and thereby to
determine the corresponding activation energy.16,20-23

In this work the adsorption, decomposition, and oxidation of
methylidyne (CH), a fragment of methane, on Rh{111} is
studied. This species is generated rapidly by decomposition of
CHx (x ) 1-3) species, which are formed upon alkane
decomposition. This study focuses on the subsequent step in
the reaction mechanism of hydrocarbon oxidation, because it
is well-known that especially the reactions of methylidyne are
the rate-determining steps.

The interaction of oxygen with Rh{111} was studied exten-
sively experimentally (see ref 18 and references therein) as well
as theoretically (see ref 12 and references therein). The nature
of the interaction of methyl species with the{111} facet of
rhodium is not as thoroughly studied. Mavrikakis et al. studied
the adsorption and diffusion of methyl in a (2× 2) symmetry
cell of Rh{111}.19 The weakening of the C-H bond upon
adsorption on a Rh10 cluster was investigated by Chen et al.24

Coadsorption of both species, methyl and atomic oxygen, was

studied by Walter and Rappe by means of plane-wave DFT
calculations.25 Methylidyne, however, is not as well studied:
Vlachos and co-workers for example calculated its binding
energy on a cluster-model of a Rh{111} surface, but did not
characterize the nature of the species.26 Bunnik et al. studied
the energetics of the decomposition of methane on Rh{111}.27

In this comprehensive study the direct decomposition pathway,
dehydrogenation by C-H bond breaking, is investigated;
however, no alternative reaction pathways are considered.
Alternative reactions of the methylidyne species are investigated
in the present work and found to be of profound importance.

2. Calculation Methods

2.1. Plane-Wave Density Functional Theory.The reactions of
methylidine, carbon and oxygen on Rh{111} have been studied by
means of DFT calculations using Cambridge Sequential Total Energy
Package (CASTEP).28 The generalized gradient approximation (GGA)
as proposed by Perdew et al. was applied,29 combined with Vanderbilt
ultrasoft pseudopotentials.30 The plane-wave basis set was truncated at
a kinetic energy of 300 eV. The reciprocal space was sampled using a
k-point mesh with a spacing of 0.05 Å-1 as generated by the
Monkhorst-Pack scheme.31 The surface was modeled using a four-
layer rhodium slab with the lower three layers fixed at their positions
in the bulk and the uppermost layer mobile. Periodic boundary
conditions are used to model an extended surface. A 10-Å vacuum
region was placed in between the periodic slabs to ensure that the
adsorbate and the subsequent slab do not interact. Convergence tests
have shown that this setup is sufficient to lead to fully converged
energies, even with oxygen-containing adsorbates.

The transition state of the surface reaction was located on the
potential energy surface (PES) by performing a linear synchronous
(combined with quadratic synchronous) transit calculation and conjugate
gradient refinements.32

2.2. Microkinetics. The heterogeneous kinetics are simulated using
the DETCHEM software package by Deutschmann et al.,33 based on
the elementary-step reaction mechanism derived from plane-wave DFT
calculations. DETCHEM uses an Arrhenius-type equation for the
determination of the surface reaction rate of each elementary-step
reaction, combined with a mean-field treatment of the catalytically
active surface. The details of the implementation are available.6

3. Results and Discussion

3.1. Mechanistic Investigation. 3.1.a. Methylidyne (CH)
on Rh{111}: Adsorption and Diffusion. The reactions of CH
on Rh{111} are studied in the absence of hydrogen, even though
hydrogen is generated during the dehydrogenation of methane.
This is a justifiable assumption, because at the temperatures
relevant for CPO, hydrogen will desorb rapidly.

According to our ab initio calculations, the most stable
adsorption sites for the methylidyne (CH) species are the
threefold hollow sites; the hcp-hollow site is more stable than
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the fcc-hollow position by 0.19 eV, well in accordance with
previous DFT studies.27 In the atop position, the CH species is
2.31 eV less stable than in the hcp position and 2.12 eV less
stable than in the fcc position. This immense energy difference
immediately suggests that, even though this position is the result
of a geometry optimization, it might not be a local energy
minimum. A vibrational analysis of the atop CH species
determined this species to have several imaginary frequencies,
and therefore it is concluded that the atop species is actually
unstable. This position can therefore act as a transition state
for the diffusion of CH between threefold sites via the atop
site. The activation energy for these jumps would consequently
be 2.12 eV from fcc-hollow and 2.31 eV from hcp-hollow.
Calculations of the PES between the atop and either hollow
positions showed that it is strictly monotonic, decreasing in any
direction from the atop position. This supports our conclusion
that the atop position is indeed unstable and could act as a
transition state for the different single-site jumps. However, as
discussed below, there is an alternative preferred pathway for
diffusion.

A stable, bridged CH species could not be determined on
the {111} facet of rhodium. It is therefore assumed that this
species acts as a transition state for the single-site jump between
fcc- and hcp-hollow sites. To verify this assumption, the
transition state of this single-site jump was located on the PES.
This calculation confirmed that the bridged species is indeed
the transition state for the diffusion of CH from one to the other
hollow position and that the PES is monotonic between the
bridge site and either of the hollow sites. The activation energy
for this diffusion is 0.56 eV starting from the hcp-hollow
position, whereas it is 0.36 eV starting from the fcc-hollow
position. These barriers suggest that CH is highly mobile on
Rh{111} at the temperatures considered in this study.

The stable and transition-state structures are shown in Figure
1, bond lengths are given in Table 1; the calculated distances
for CH in the fcc position compare very well with reported
values.27 Against this background, CH in the hcp-hollow position
was chosen as the starting point for our subsequent investigations
of its reactions.

3.1.b. Methylidyne Decomposition.The methylidyne de-
composition was studied starting from its most stable position,
the hcp-threefold site (Figure 2). Since also hydrogen is most
stable in the hcp-hollow position,34 it was assumed that, after
decomposition, the hydrogen will reside in an hcp-hollow
position adjacent to the formed carbon. Geometry optimization
has shown that this is indeed a stable structure with a hydrogen-
rhodium bond length of 1.87 Å for the rhodium atom that is
not shared with the carbon atom and 1.80 Å for the bond to the
shared carbon atom. The difference in the bond length can be
attributed to the bonding competition.20 The carbon-rhodium
bond length decreases slightly upon C-H bond breaking;
C-Rh: 1.91 Å compared to HC-Rh: 1.97/1.98 Å.

Locating the transition state of the decomposition reaction
on its PES determines the activation energy of this process to
be 1.28 eV (123.57 kJ/mol). The reaction is endothermic with
an energy of reaction of 0.67 eV according to our calculations.
The reaction parameters determined ab initio are in contrast to
unity bond index-quadriatic exponential potential (UBI-QEP)
estimations by Lin et al.,35 where the activation energy was
determined to be 20.93 kJ/mol (0.22 eV), clearly in marked
contrast to the ab initio results. Mhadeshwar et al., however,
more recently estimated the activation energy to be 115.53 kJ/
mol using UBI-QEP, close to our findings.26 Bunnik and Kramer
recently determined the activation barrier to be 1.18 eV using
a slightly different DFT setup.27

3.1.c. Hydrogen Abstraction by Coadsorbed Oxygen.A
further reaction pathway toward atomic carbon is the abstraction
of the hydrogen from methylidyne by an oxygen atom adsorbed
in its vicinity. The products are atomic carbon and a surface
hydroxyl species. Geometry optimization of this coadsorption
system led to a structure in which the hydroxyl group is located
in a bridged position, while carbon remains in the threefold-
hcp site (Figure 3, right). The hydroxyl group is tilted with an
angle of 38°. According to our first-principles calculations, this
abstraction reaction has an activation energy of 1.46 eV and an
energy of reaction of 0.68 eV. Again the ab initio value is far
higher than the UBI-QEP value estimated by Lin et al. (0.23
eV),35 while the estimate of 1.32 eV by Mhadeshwar et al. is in
closer agreement.26
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Figure 1. Top (bottom) and side (top) views of methyne in a hollow (right)
and a atop (left) position on Rh{111}.

Table 1. Characterization of the Surface Methylidyne Species,
Stable, Saddle Point and Transition State, Distances are Given in
Å [10-9 m]

position

atop bridged hollow

bond length [Å] (saddle point) (transition state) fcc hcp

C-H 1.09 1.11 1.09 1.09
C-Rh 1.75 1.90 1.98 1.97

1.91 1.99 1.98

Oxidation Pathways of Methylidyne on Rhodium A R T I C L E S
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In the transition-state structure, the hydrogen is located
between the oxygen and the carbon atom, making bond lengths
of 1.33 and 1.31 Å, respectively (Figure 3, middle). Both bonds
are considerably longer than regular hydrogen-oxygen and
carbon-hydrogen bonds, and hence, the bonds are not covalent.
This indicates that the calculated structure is indeed a genuine
transition state.

Even though the activation energy of this reaction is slightly
higher than the decomposition activation energy, this reaction
is an alternative pathway toward surface carbon formation.
Especially at high oxygen coverage, e.g., in automotive convert-
ers of lean-burn engines, this reaction will be a likely pathway
in the decomposition of hydrocarbons. In both cases, the
abstraction of hydrogen and the decomposition of methylidyne,
the adsorbed atomic carbon so formed will be oxidized by
atomic oxygen. This reaction is investigated in detail in the
subsequent section.

3.1.d. Abstraction of Hydrogen by a Coadsorbed Hydroxyl
Group. The hydrogen atom of a methylidyne group can also
be abstracted by a coadsorbed hydroxyl group, forming water
and atomic carbon. The starting point for this calculation was
an atop hydroxyl group adsorbed adjacent to carbon in a
threefold hollow site. In the transition-state structure, the
hydrogen is located between the oxygen and the carbon atom,
making bond lengths of 1.57 and 1.59 Å, respectively (Figure
4). The transition state is located rather late on the reaction
coordinate (0.7), already indicating that the reaction is exother-
mic. The activation barrier for this reaction is 1.27 eV, and it is
exothermic (-0.17 eV); the abstraction is therefore kinetically

and thermochemically more likely than the decomposition of
CH, according to our DFT results.

3.1.e. Carbon Monoxide Formation on Rh{111}. The
formation of a surface carbonyl species (Figure 5, right) was
investigated, starting from an initial state in which atomic carbon
and oxygen are adsorbed in adjacent hcp positions (Figure 5,
left). The transition state of the transformation leading to a CO
molecule adsorbed in a hcp position was located on the PES.
While carbon remains in its hollow position in the activated

Figure 2. Decomposition of a CH species adsorbed in a threefold-hcp position; initial, transition, and final state from left to right.

Figure 3. Abstraction of the hydrogen atom from methylidyne by a vicinal oxygen coadsorbate; initial, transition, and final state from left to right.

Figure 4. Transition state of the abstraction of hydrogen from CH by
coadsorbed OH.
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complex, oxygen is located in a bridged position (Figure 5,
middle). The calculated activation energy for this process is 0.99
eV, and the process is strongly exothermic with an energy of
reaction of -2.43 eV. The exothermicity found here is in
agreement with most other DFT studies,19,36 while Liu et al.
found this reaction to be endothermic using a rather similar
setup.37 Possible reasons for this discrepancy remain unclear to
us, but we believe our results to be accurate. The transition state
of the oxidation reaction is located at 0.25 of the reaction
coordinate, in which 0 denotes the reactant geometry and 1 the
product geometry. The rather low activation energy and the
location of the transition state rather early on the reaction
coordinate is in agreement with Hammond’s postulate.13,36,37

The UBI-QEP investigation by Lin et al. gives an activation
energy of 97.95 kJ/mol (1.01 eV) which in this case is in
agreement with our ab initio study.35 The back reaction (the
carbon monoxide decomposition), however, is activated by 3.42
eV according to the DFT calculation, whereas UBI-QEP
estimates the activation energy to be only 1.75 eV35 or 2.13
eV.26 Hence, UBI-QEP underestimates the exothermicity of the
carbon oxidation drastically. Another possibility is the direct
reaction of oxygen with the CH group forming an aldehyde-
type surface species, considered below.

3.1.f. Direct Reaction of Methylidyne with Oxygen.An
alternative reaction toward CO would be the direct reaction of
CH with oxygen. According to our calculations, this reaction
leads to a stable aldehyde-type surface species (Figure 6, right).
This species is bonded to the surface via the carbon as well as

the oxygen atom. The carbon resides in a slightly distorted
bridged position with C-Rh bond lengths of 1.96 and 2.31 Å.
The oxygen atom resides in a stronger distorted bridged position
with O-Rh distances of 2.73 and 2.22 Å.

The aldehyde-type structure is 0.14 eVlower in energy than
the oxygen-methylidyne coadsorption system. Since the other
reactions of CH are endothermic, this pathway is the thermo-
chemically more likely pathway, at least on this low index
surface. An analogue species has already been observed
experimentally on Pt{110}38 and was confirmed theoretically
by means of DFT geometry calculations.39

Determining the transition state on the PES for the transfor-
mation of the coadsorbates to the aldehyde-type species led to
a structure in which both CH and oxygen species are located in
bridged positions (Figure 6, right). The activation energy for
this reaction was calculated to be 1.15 eV, making it also
kinetically the most probable pathway. The transition state is
located rather early on the reaction coordinate, and therefore,
the rather low activation energy as well as the exothermicity
are in agreement with Hammond’s postulate.36,37

The exothermictiy and the relatively low activation barrier
(which is lower than the activation barrier of the “classic”
pathway) suggests that this reaction should be considered in
microkinetic simulations of hydrocarbon oxidation reaction over
rhodium. In order to proceed with this assumption, the competi-
tive process leading to the decomposition of the aldehyde species
was investigated.

(36) Hammer B.Top. Catal.2006, 37, 3-16.
(37) Hammond, G. S.J. Am. Chem. Soc.1955, 77, 334-338.

(38) Watson, D. T. P.; Harris, J. J. W.; King, D. A.Surf. Sci.2002, 505, 58-
70.

(39) Petersen, M. A.; Jenkins, S. J.; King, D. A. Manuscript in preparation.

Figure 5. Oxidation of atomic carbon to carbon monoxide: initial, transition, and final state from the left to the right.

Figure 6. Reaction of oxygen with methylidyne forming a surface aldehyde species, initial, transition, and final state, from left to right.
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3.1.g. Decomposition of the Surface Aldehyde Species.Two
scenarios have to be considered: the aldehyde species can
decompose on the surface, leading to coadsorbed hydrogen and
CO, and it can decompose to form gas-phase CO thus leaving
hydrogen behind on the surface. In order to verify which
pathway is the most likely, the transition states of both were
determined (Figure 7). In case of the decomposition forming
exclusively adsorbed species, the activation barrier is 0.3 eV
and the reaction ismarkedlyendothermic with a reaction energy
of -1.33 eV. The subsequent desorption of CO is activated by
2.07 eV, whereas the oxidation is activated by 0.99 eV. The
oxidation is therefore kinetically favored, leading to a prefer-
ential formation of CO2 in the kinetically controlled regime; if
this could be reversed, catalysts could be tuned to yield CO
preferentially. Recent results indicate that bimetallic systems
could be the key to this problem, because theydrasticallyalter
the adsorption properties of diatomic molecules; this study
therefore goes hand-in-hand with ongoing research on bimetallic
surfaces.40

The direct formation of gas-phase CO from CHO has an
activation barrier of 0.84 eV, and the reaction is endothermic
(0.72 eV). In the transition state the hydrogen is located in a
bridged position, and the hydrogen-carbon distance lengthens
significantly to 2.48 Å in the transition state compared to 1.10
Å in the precursor. The H-Rh distances in the transition state

are 1.85 and 1.69 Å, and the final state H resides in a hollow
position with a H-Rh distance of 1.85 Å.

Even though the formation of CO via pathway B is overall
kinetically favored, the first step of pathway A is kinetically
and thermochemically more probable, and therefore the reaction
will proceed in this direction in the low-temperature regime. It
is furthermore sensible to assume that during the high-
temperature oxidation of methane on Rh{111} both pathways
have to be considered. The difference between these two
processes is that, in pathway A, CO remains on the surface,
whereas in pathway B, gas-phase CO is formed. Since CO on
the surface can easily be oxidized to CO2, vide infra, pathway
B might provide an opportunity to steer the oxidation of
hydrocarbons in the direction of the desired CO.

3.1.h. Further Reactions of the Aldehyde Species.The
aldehyde species can obviously also react with further coad-
sorbates such as oxygen. This reaction would, according to our
calculations, lead to a surface formic carboxylate species (i.e.,
formate). The reaction has, however, a rather high activation
barrier of 1.42 eV, compared to 0.3 eV for the on-surface
dissociation of CHO. This, combined with the fact that CPO is
a high-temperature, low-coverage process (and hence two
subsequent collisions with oxygen are not very likely), leads to
the conclusion that such a species can be excluded as an
intermediate in a main reaction path. It can, however, explain
why minor amounts of formic acid are observed in CPO(40) Inderwildi, O. R.; Jenkins, S. J.; King, D. A. 2006. Manuscript submitted.

Figure 7. Transition state of the decomposition of surface CHO to adsorbed CO and H (right) and to adsorbed H and gas-phase CO (left: top view, middle:
side view).

Figure 8. Surface carboxylic anhydride species (left: top view, middle: side view) and the transition state of its formation from coadsorbed CO and O
(right).
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experiments and why catalysts can be tuned to produce formate
preferentially.41,42 A detailed study of this side process is,
however, outside the scope of this work.

3.1.i. Formation and Desorption of Carbon Dioxide.
According to our calculations, CO is most easily oxidized when
it is absorbed in an atop fashion. Oxygen attacks the partially
positively charged carbon atom, and a surface carboxylic

anhydride species is formed (Figure 8). The carboxylic anhy-
dride species resides in a hollow position with the oxygen
located in a bridged position (Rh-O: 2.17 Å) and the carboxyl
group located in an atop position (Rh-C: 2.00 Å), forming a
bridge over the hollow site (C-O: 1.30 Å). Locating the
transition state of the oxidation on the PES leads to an activated
complex in which the attacking O is in a bridged site and CO
in an atop, leaning toward the O (Rh-C: 1.91 Å; Rh-O: 2.00
Å; C-O 1.16 Å).

The reaction has an activation barrier of 1.13 eV (108.50 kJ
mol-1) (significantly higher than theEA of the decomposition
of CHO) and is endothermic (0.55 eV). The transition state is
depicted in Figure 8 on the right. The back reaction is
consequently exothermic and has an activation barrier of
0.58 eV.

The desorption of the surface CO2 species formed in this
reaction is exothermic (-0.13 eV), and the desorption process
has, according to our DFT calculations, a real transition state
and a rather high activation barrier of 1.17 eV. This is not too
surprising, since this desorption process not only cleaves an
adsorbate-surface bond, but also includesπ-bond formation
and consequently rehybridization. In the activated complex the
CO2 is, as expected, not linear but bent (144°), and one of the
CO bonds is 1.35 Å longer than a C-O double bond, indicating

(41) Larkin, D. W.; Lobban, L. L.; Mallinson, R. G.Catal. Today2001, 71,
199-210.

(42) Parmaliana, A.; Frusteri, F.; Arena, F.; Mezzapica, A.; Sokolovskii, V.Catal.
Today1998, 46, 117-125.

Figure 9. Transition state of the formation of gas-phase CO2 from a surface
carboxyl anhydride species.

Table 2. Improved Reaction Mechanism for the Oxidation of
Methylidyne, Origin of the Parameters Is Given on the Right-Hand
Side

process A [mol, cm, s] Ea [kJ mol-1] ref

Desorption
CO(s) f Rh(s) + CO 3.5× 1013 133.4 43
CO*(s) f Rh(s) + CO* 3.5× 1013 133.4 43
CO2(s) f Rh(s) + CO2 1.0× 1013 21.7 a
CHO(s) f CO* + H(s) 1.0× 1013 80.9 a
H2O(s) f Rh(s) + H2O 3.0× 1013 45.0 6
H(s) + H(s) f H2 + Rh(s) + Rh(s) 3.0× 1021 77.8 6
O(s) + O(s) f O2 + Rh(s) + Rh(s) 1.3× 1022 355.2 6

Surface Reactions
CH(s) + Rh(s) f C(s) + H(s) 3.7× 1021 123.0 a
C(s) + H(s)) f CH(s) + Rh(s) 3.7× 1021 58.0 a
CH(s) + O(s) f CHOs) + Rh(s) 3.7× 1021 111.0 a
CHOs) + Rh(s) f CO*(s) + H(s) 3.7× 1021 28.9 a
CH(s) + O(s) f C(s) + OH(s) 3.7× 1021 141.0 a
CH(s) + OH(s) f C(s) + H2O(s) 3.7× 1021 122.0 a
C(s) + O(s) f CO(s) + Rh(s) 3.7× 1021 95.4 a
CO(s) + O(s) f CO2(s) + Rh(s) 3.7× 1021 128.0 a
CO*(s) + O(s) f CO2(s) + Rh(s) 3.7× 1021 128.0 a
CO2(s) + Rh(s) f CO(s) + O(s) 3.0× 1021 57.0 6/a
CO(s) + Rh(s) f C(s) + O(s) 3.0× 1022 329.0 6/a
CO*(s) + Rh(s) f C(s) + O(s) 3.0× 1022 329.0 6/a
H(s) + O(s) f OH(s) + Rh(s) 5.0× 1022 83.7 6
OH(s) + Rh(s) f H(s) + O(s) 3.0× 1020 37.7 6
H(s) + OH(s) f H2O(s) + Rh(s) 3.0× 1020 33.5 6
H2O(s) + Rh(s) f H(s) + OH(s) 5.0× 1022 106.4 6
OH(s) + OH(s) f H2O(s) + O(s) 3.0× 1021 100.8 6
H2O(s) + O(s) f OH(s) + OH(s) 3.0× 1021 224.2 6

a Refers to values derived from this work: activation barriers from DFT
and pre-exponential factors from transition state theory.

Figure 10. Simulated TPD spectra of 0.15 ML CO on Rh{111}.

Figure 11. CH consumption and CO formation on Rh{111} at 400 K as
function of time using the mechanism developed in this work by means of
DFT.

Oxidation Pathways of Methylidyne on Rhodium A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 129, NO. 6, 2007 1757



a genuine transition state. The decomposition of the CO2 species
is kinetically and thermochemically favored. If it would be
possible to either hinder oxidation or enhance the decompositon
of the surface carboxylic anhydride species, the reaction could
be steered into the direction of CO formation (Figure 9). This
in addition to a possible enforcement of the direct decomposition
of the surface aldehyde species, vide supra, could enforce the
preferential formation of CO and thereby lower the temperature
of the partial oxidation of hydrocarbons.

3.2. Kinetic Modeling. The presented DFT results strongly
suggest that on Rh{111} the main reaction pathway of CO
formation is via the aldehyde species as opposed to the
decomposition of CH and subsequent oxidation of atomic carbon
by oxygen.

In order to support this assumption, microkinetic simulations
of the temperature programmed desorption (TPD) of CO and
the temperature programmed reaction (TPR) of methylidyne and
oxygen were carried out. Since it is well-known that DFT
calculations overestimate the adsorption energies of molecules
on metal surfaces, the desorption energy of CO from Rh{111}
and its coverage dependence were taken from ref 43. The

complete mechanism and the corresponding kinetic parameters
are given in Table 2.

The simulated TPD spectra of 0.15 ML CO on Rh{111} is
shown in Figure 10; the desorption sets in at∼400 K, in
agreement with Schennach et al.,43 the desorption peaks at
480 K, slightly below the desorption temperature of 490 K
determined by Somorjai and co-workers, while slightly above
the 470 K reported by Thiel et al.44

Subsequently, the surface reaction of a surface covered with
0.2 ML CH and 0.7 ML oxygen was simulated. CO generated
from an aldehyde species is labeled in the subsequent reactions
to determine through which pathway the CO was formed. The
simulation was carried out at 400 K, because this temperature
is sufficient to decompose CH and to form the aldehyde species,
but below the light-off temperature of the CO oxidation and
the initiation of CO desorption. As can be seen from Figure
11, the surface CO is exclusively formed via the aldehyde
pathway, and formation of surface carbon is negligible, first,
because the activation barrier is higher than the barrier to
aldehyde formation and, second, the reaction is endothermic
and consequently the back-reaction has a much lower activation
energy. Since the barrier to decomposition of CHO via both
pathways is much lower than the barrier of the formation of
the species itself and 0.14 eV are generated upon CHO
formation, the concentration of the surface aldehyde is negli-
gible.

A simulation of the mole flux of the different species
generated shows that these simulations can very well describe
a shift from H2 to H2O production as well as a shift from CO2

to CO, exactly as observed by experiment.6 In Figure 12 the
mole flux over the surface is given as function of time; from
the upper graph it can be seen that initially water is formed,
but the water flux at the surface decreases exponentially, while
the hydrogen flux increases due to the shift of the reaction from
kinetic to thermochemical control. Hydrogen formation peaks
at∼30 s and decreases afterward, owing to the consumption of
the surface methylidyne species. The same shift of the reaction
pathway can be seen for CO and CO2: initially CO is formed,
and the slightly exothermic reaction provides the energy for
the ignition of CO oxidation, which becomes manifest in the
formation of CO2. After the ignition of CO2 formation both
species are formed and desorb simultaneously, but the equilib-

(43) Schennach, R.; Krenn, G.; Klotzer, B.; Rendulic, K. D.Surf. Sci.2003,
540, 237-245.

(44) Thiel, P. A.; Williams, E. D.; Yates, J. T., Jr.; Weinberg, W. H.Surf. Sci.
1979, 84, 54-64.

Figure 12. Surface mole flux of water and hydrogen (top) and CO and
CO2 (bottom) as a function of time over a surface precovered with 0.7 ML
oxygen and 0.2 ML methylidyne.

Figure 13. Surface coverage of CH and CO as well as surface flux of CO
as a function of the surface temperature.
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rium favors CO formation, in accordance with experimental
studies of the ignition process.

In order to verify the calculated kinetic parameters with
experimental data, a temperature-programmed reaction-de-
sorption spectrum of the studied system was simulated. It can
be seen from Figure 13 that initially CH is consumed (light-off
at 440 K) and adsorbed CO forms. The CO generated is almost
exclusively via the novel aldehyde pathway. At 400 K desorp-
tion of CO sets in and peaks at approximately 515 K. The center
of the simulated desorption peak is at 495 K, which is in very
good agreement with the experimentally determined value of
490 K.45 This excellent agreement with experimental data further
supports our newly developed mechanism. To firmly establish
this reaction route, however, further experimental work is
necessary.

4. Summary and Conclusion

The present study investigates the oxidation of CH on Rh-
{111}. These steps are of utmost importance for the microkinetic
modeling of hydrocarbon oxidation since they are part of the
product selection and rate-determining steps, apart from methane
dissociative adsorption. Calculated activation energies for the
elementary steps partially support mechanisms used in the
literature, which are based on approximations made with UBI-
QEP. The activation energy of the oxidation of atomic carbon
for example is supported by plane-wave DFT calculations.
However, other activation energies for elementary reactions such
as hydrogen abstraction and CH decomposition determined via
UBI-QEP do not agree even approximately with our first-
principles results.

Apart from the common elementary reactions, a novel
pathway, not previously considered in microkinetic models, is
found. This pathway, involving the formation of an aldehyde-
type surface species, is kinetically as well as thermodynamically
more likely than the usual reaction step, according to our DFT

results. Microkinetic simulations based on this mechanism, as
improved by our DFT investigation, support our assumption
that decomposition of CH and subsequent oxidation of the
decomposition products is not the main reaction pathway of
hydrocarbon oxidation. CO and CO2 formed are, according to
our microkinetic study, almost exclusively generated via the
surface aldehyde species. By contrast the amount formed via
CH decomposition is negligible. We emphasize that we are
aware of the fact that the TPD spectrum can also be simulated
using the “conventional” mechanism; nevertheless, our mech-
anism is based on first-principles results, whereas the kinetic
parameters of the conventional mechanism are fitted or esti-
mated.

This study gives therefore further insight into the hydrocarbon
oxidation on Rh{111} and will therefore aid the development
of elementary-step reaction mechanisms, not only for CPO but
also for other processes such as automotive emission control.
Furthermore, the crucial steps of the partial and full oxidation
processes provide a basis for analyzing a possible blocking/
enhancement to steer the reaction in the direction of the desired
partial oxidation product. If a bimetallic system could be found
that stabilizes methylidyne and enhances direct CO formation
from CHO, the catalytic partial oxidation could be carried out
under milder conditions, which are less costly and, more
importantly, less dangerous.

The influence of surface defects such as steps and kinks is
also of crucial importance for a comprehension of heterogeneous
catalysis.16,22 A thorough study of hydrocarbon decomposition
and oxidation on stepped rhodium surfaces is therefore currently
in progress.
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