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Advances in the fundamental understanding of alkane activation on oxide surfaces are essential for

developing new catalysts that efficiently and selectively promote chemical transformations of alkanes. In

this tutorial review, we discuss the current understanding of alkane activation on crystalline metal oxide

surfaces, and focus mainly on summarizing our findings on alkane adsorption and C–H bond cleavage

on the PdO(101) surface as determined from model ultrahigh vacuum experiments and theoretical

calculations. These studies show that alkanes form strongly-bound s-complexes on PdO(101) by

datively bonding with coordinatively-unsaturated Pd atoms and that these molecularly adsorbed species

serve as precursors for C–H bond activation on the oxide surface. In addition to discussing the binding

and properties of alkane s-complexes on PdO(101), we also summarize recent advances in kinetic

models to predict alkane dissociation rates on solid surfaces. Lastly, we highlight computations which

predict that the formation and facile C–H bond activation of alkane s-complexes also occurs on RuO2

and IrO2 surfaces.

Key learning points
(1) Alkanes form strongly bound s-complexes on PdO(101) by datively bonding with coordinatively-unsaturated Pd atoms.
(2) Adsorbed alkane s-complexes serve as precursors for C–H bond activation on PdO(101).
(3) The dispersion-corrected DFT-D3 method accurately reproduces alkane binding energies and the energy barrier for propane C–H bond cleavage on
PdO(101).
(4) Entropic contributions have a significant influence on the kinetics of alkane activation on solid surfaces and can be accurately reproduced using appropriate
models for the kinetic prefactors that incorporate weakly-hindered modes of the adsorbed species.
(5) The formation and facile C–H bond activation of adsorbed alkane s-complexes is predicted to occur on RuO2 and IrO2 surfaces and may be a general
property of late transition-metal oxide surfaces which expose coordinatively-unsaturated metal and oxygen atom pairs.

1. Introduction

Alkane activation on metal oxide surfaces is a critical step in the
catalytic processing of alkanes in applications such as the
catalytic combustion of natural gas, exhaust gas remediation
and the selective oxidation of alkanes to value-added products.
Advances in alkane catalysis are important for realizing tech-
nologies that more effectively utilize hydrocarbon resources
and would indeed have significant economic and environmen-
tal benefits. Despite the importance of catalytic applications
with alkanes, relatively few studies of alkane activation on well-
defined oxide surfaces have been reported. Because alkanes

interact weakly with many oxides, investigating alkane activa-
tion on such surfaces is challenging in typical experiments
conducted under ultrahigh vacuum (UHV) conditions. Palla-
dium oxide (PdO) appears to be an exceptional case as recent
studies demonstrate that PdO(101) thin films are highly active
toward alkanes and readily promote the activation and oxida-
tion of propane and higher n-alkanes under UHV conditions.1–5

These observations are consistent with reports that PdO for-
mation is responsible for the exceptional activity of high
surface-area Pd catalysts in applications of the catalytic com-
bustion of methane under oxygen-rich conditions.6 Recent
in situ investigations have also shown that the PdO(101) facet
develops preferentially during the oxidation of Pd(100)7,8 and
that PdO(101) formation coincides with increased rates of
methane oxidation during reaction at millibar pressures.9 More
generally, experimental and computational investigations
with well-defined PdO(101) surfaces have provided a new
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understanding of alkane activation on oxide surfaces that may
have broad implications for alkane catalysis.

In this review, we discuss the current state of understanding
of alkane adsorption and activation on well-defined oxide sur-
faces as revealed by UHV experiments and quantum chemical
calculations based on density functional theory (DFT). We focus
the article on the interactions of alkanes with PdO(101) since
this system has been studied extensively in recent years and is
the only example in which alkane activation on a crystalline
oxide surface has been investigated in detail both experimentally
and computationally. These studies show that alkane C–H bond
activation occurs on PdO(101) by a precursor-mediated mecha-
nism wherein a molecularly-adsorbed state serves as the pre-
cursor to initial dissociation. A particularly significant finding is
that the molecular precursor to dissociation corresponds to
adsorbed alkane s-complexes that form through dative bonding
interactions between alkane molecules and coordinatively

unsaturated (cus) Pd atoms at the PdO(101) surface. Alkane
s-complexes represent a type of coordination compound that
is well known in organometallic chemistry and thought to serve
as a key intermediate in alkane activation by various transition
metal compounds;10–13 however, experimental evidence for the
formation of adsorbed alkane s-complexes has only been
reported for the PdO(101) surface. In addition to discussing
the binding and activation of alkane s-complexes on PdO(101),
we also summarize recent kinetic modeling of alkane dissocia-
tion on PdO(101). Lastly, we report results which demonstrate
that the formation and facile C–H bond activation of alkane
s-complexes occurs on late transition-metal oxide surfaces other
than PdO(101). The prediction that alkane activation is facile on
several late transition-metal oxides is quite interesting because it
suggests the possibility of generating oxide surfaces that exhibit
both high activity and selectivity for transforming alkanes to
value-added products.
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1.1. Mechanisms for alkane activation on solid surfaces

The initial dissociative chemisorption of an alkane on a solid
surface can occur by two general mechanisms, namely, a direct
mechanism and a precursor-mediated mechanism.14 In the
direct mechanism, the alkane molecule dissociates during its
initial collision with the surface, rather than adsorbing into a
molecular state. Direct dissociation is typically activated rela-
tive to the energy level of a gas-phase alkane molecule, and the
probability for direct dissociation thus increases strongly with
increases in the gas temperature and, to a lesser extent, the
surface temperature. In the precursor-mediated mechanism,
the alkane first adsorbs intact on the surface and the resulting
molecularly adsorbed state then serves as a precursor for
dissociation. The probability for precursor-mediated dissocia-
tion is determined by a kinetic competition between desorption
and dissociation of the molecular precursor, and typically
exhibits a strong dependence on the surface temperature. The
dominance of the direct vs. precursor-mediated mechanisms
depends on the properties of the molecule–surface system as
well as the reaction conditions. Consideration of the main
features of the potential energy surface governing an alkane–
surface interaction is useful for clarifying the factors which
determine the predominant dissociation mechanism.

Fig. 1 shows a representative energy pathway for an alkane–
surface interaction which results in alkane dissociation on the
surface. This pathway may be considered as a one-dimensional
cut through the multi-dimensional potential energy surface,
and represents the minimum energy pathway to dissociative
chemisorption of an alkane. The zero of energy is taken as the
energy of the gaseous alkane molecule at infinite separation
from the surface and at rest. The energy pathway features an
initial minimum that corresponds to the molecularly adsorbed
alkane and a deeper well for the dissociated products, repre-
sented as adsorbed R and H species where R depicts an alkyl
group. The binding energy of the molecular species has a
value of Ed relative to the gas-phase zero where Ed is also

approximately equal to the activation energy for molecular
desorption (d = ‘‘desorption’’). An energy barrier separates the
molecularly and dissociatively adsorbed products and has a
magnitude of Er relative to the minimum energy of the
molecularly-adsorbed state (r = ‘‘reaction’’). The so-called
apparent barrier for dissociative chemisorption is measured
from the gas-phase energy level and has a value of Er � Ed.
Fig. 1 shows a case in which the apparent barrier is positive,
which means that dissociation is activated relative to the gas-
phase energy level. In some cases, however, the barrier lies
below the gas-phase level and dissociation is facile.

Direct dissociation can occur in an alkane–surface collision
if sufficient energy is channeled into the reaction coordinate to
allow the molecule to directly surmount the activation barrier.
Direct dissociation tends to become the dominant dissociation
mechanism at high reaction temperatures, and may be the only
mechanism that is important if the barriers for C–H bond
cleavage are large. Precursor-mediated dissociation makes a
significant contribution when low energy pathways for disso-
ciation are available and accessible to the molecularly-adsorbed
species. The nature of the molecularly adsorbed state plays a
central role in determining the importance of the precursor-
mediated vs. direct pathways. For example, a physically
adsorbed methane molecule on an oxide surface has a binding
energy of only about 10 to 15 kJ mol�1,14–16 while the barriers
for alkane C–H bond cleavage on oxides span a wider range,
typically between 50 and 150 kJ mol�1.5,17,18 For this range of
values, the dissociation probability of physisorbed methane
will be very small, and the direct mechanism will tend to
dominate over the precursor-mediated mechanism. Indeed,
methane experiences only weak dispersion interactions with
many oxides, such as alkaline earth oxides and rare earth
oxides, and direct dissociation appears to be the main mecha-
nism for methane activation in these cases.18 In contrast,
relatively strong molecule–surface dative interactions promote
the formation and C–H bond activation of alkane s-complexes
on late transition metal oxide surfaces, causing the precursor-
mediated mechanism for alkane dissociation to dominate for
this class of oxides.5

2. Physical adsorption of alkanes on
oxide surfaces

Despite the importance of metal oxides in the catalytic proces-
sing of alkanes, only a few investigations of the molecular
adsorption of alkanes on well-defined oxide surfaces have been
reported. Tait et al.15,16,19 have reported a thorough investigation
of the desorption kinetics of a series of n-alkanes physisorbed on
MgO(100), a graphitic C(0001) surface and Pt(111). These inves-
tigators analyzed temperature programmed desorption (TPD)
spectra using a method (inversion-optimization) which allows
accurate determination of both the activation energy and kinetic
pre-factor for desorption. Their analysis shows that the
desorption activation energies increase linearly with increasing
chain length for n-alkane desorption from each of the surfaces
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chemisorption of an alkane (RH) on a solid surface.
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investigated, and that plots of Ed vs. N exhibit a small y-intercept
of only a few kJ mol�1. A particularly significant finding from
this work is that the pre-factors for n-alkane desorption increase
significantly with increasing chain length, due to increasing
gains in the translational and rotational entropy when larger
alkanes desorb, and that accounting for this change is necessary
for accurately estimating the desorption activation energies.

The explanation for the linear Ed vs. N relationship is that
the n-alkanes adopt a flat-lying geometry on these surfaces and
that each CHn group makes a similar, additive contribution to
the total binding energy. For the surfaces studies by Tait et al.,19

n-alkane adsorption occurs almost entirely through molecule–
surface dispersion interactions (i.e., physisorption). The data
reported by Tait et al. also show that n-alkanes bind more
weakly on MgO(100) than on C(0001) and Pt(111), with the
differences in binding energy increasing with chain length. For
the C1 through C6 n-alkanes, the desorption energies increase
from about 12 to 46 kJ mol�1 on MgO(100) and from about 15
to 80 kJ mol�1 on Pt(111).19 Consistent with the findings of Tait
et al.,19 higher binding energies are expected for physisorbed
alkanes on a metal vs. an oxide surface since the higher electric
polarizability of the metal should strengthen the molecule–
surface dispersion interactions.

The molecular adsorption of alkanes has also been investi-
gated on oxides other than MgO(100). For example, an investi-
gation by Slayton et al.20 demonstrates that molecular n-butane,
n-hexane and n-octane bind relatively weakly on an Al2O3(0001)
surface, with binding energies similar to that reported for
alkanes on MgO(100). Chakradhar et al.21 have investigated
alkane desorption from a CaO(100) surface and observe broad
desorption features spanning a range from B100 K to at least
300 K, which is indicative of a wide variety of binding sites
and/or molecular configurations. The lower temperature
desorption features observed in the CaO(100) study lie in a
similar temperature range as those observed in alkane TPD
spectra obtained from MgO(100), while the high temperature
features indicate the presence of surface sites that bind the
alkanes strongly. As noted by the authors, the strongly-bound
alkanes may have originated from surface defect sites as the
CaO(100) samples employed in theQ3 work of Chadrakhar et al.21

had high defect densities.

3. Alkane adsorption and activation
on PdO(101)
3.1. Structure of the PdO(101) surface

Experimentally, PdO(101) surfaces have been generated as thin
films by oxidizing Pd(111) using O-atom beams in UHV under
conditions discussed previously.22–25 The PdO(101) thin films
are stoichiometrically-terminated, contain between 3 and 4 ML
of oxygen atoms and are 10 to 15 Å thick. A model representa-
tion of the stoichiometric PdO(101) surface is shown in Fig. 2.
Bulk crystalline PdO has a tetragonal unit cell and consists of
square planar units of Pd atoms fourfold coordinated with
oxygen atoms.26 The bulk-terminated PdO(101) surface is

defined by a rectangular unit cell, where the a and b lattice
vectors coincide with the [010] and [%101] directions of the PdO
crystal, respectively. The stoichiometric PdO(101) surface con-
sists of alternating rows of threefold or fourfold coordinated Pd
or O atoms that run parallel to the a direction shown in Fig. 2.
Thus, half of the surface O and Pd atoms are coordinatively
unsaturated (cus). The side view of PdO(101) shows that the
coordinative environment associated with each cus-Pd atom
resembles a square planar Pd complex with a coordination
vacancy directed away from the surface and three oxygen
ligands, one of which is a cus-O atom. The areal density of
each type of coordinatively-distinct atom of the PdO(101) sur-
face is equal to 35% of the atomic density of the Pd(111)
surface. Hence, the coverage of cus-Pd atoms is equal to 0.35
ML (monolayer), and each PdO(101) layer contains 0.7 ML of Pd
atoms and 0.7 ML of O atoms, where we define 1 ML as equal to
the surface atom density of Pd(111). The presence of cus-Pd–O
pairs is responsible for the high reactivity of the PdO(101)
surface toward alkanes.5

3.2. Facile C–H bond activation of propane on PdO(101)

The original discovery of strongly-bound molecular precursors
and facile alkane dissociation on PdO(101) was made through
experiments of the adsorption and oxidation of propane on a
PdO(101) thin film that is grown on Pd(111) in UHV.1 Fig. 3
shows the results of temperature programmed reaction spectro-
scopy (TPRS) experiments performed after saturating the
PdO(101) surface with propane at 85 K. The data reveal that a
fraction of the molecularly adsorbed propane desorbs without
reacting, generating two main TPD features centered at 120 and
190 K. The remaining propane is completely oxidized by the
surface during heating to produce H2O and CO2 which desorb
simultaneously in reaction-limited peaks at B465 K. A small
fraction of H2O also evolves in a desorption-limited peak near
350 K during the TPRS measurement.

The behavior observed during TPRS is consistent with a
facile pathway for the precursor-mediated dissociation of pro-
pane on PdO(101). In particular, the data show that a signifi-
cant fraction of the molecularly adsorbed propane dissociates
rather than desorbing during TPRS, and that the initial
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Fig. 2 Model representation of the stoichiometric PdO(101) surface iden-
tifying coordinatively saturated (4f) and coordinatively unsaturated (cus) Pd
and O atoms. The a and b directions correspond to the [010] and [%101]
crystallographic directions of PdO.
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dissociation occurs before the molecularly-adsorbed propane
desorbs from the surface at temperatures below about 200 K.
The data further suggest that initial dissociation occurs by
cleavage of a single C–H bond and that the resulting propyl
fragments remain stable on the surface up to about 400 K.
Support for this interpretation comes from the relative yields of
the desorption and reaction-limited H2O TPRS features. Analy-
sis of the data shows that about seven times as much water
desorbs in the reaction-limited peak compared with the
desorption-limited peak, which implies that C3H8 dissociates
below 200 K to liberate a H-atom which reacts with the surface
to generate the H2O peak at 350 K, and that the resulting C3H7

species undergoes negligible dehydrogenation until about 400
K, at which point this species is rapidly oxidized by the surface
to generate the reaction-limited H2O and CO2 peaks at 465 K.
The high reactivity of propane on PdO(101) represents the first
example in which an alkane molecule was found to undergo
facile dissociation on an oxide surface under UHV conditions.
This observation suggests that the PdO(101) surface engages in
a strong interaction with propane, the likes of which had not
been identified for other oxides.

To test the idea that propane dissociates on PdO(101) from a
molecularly-adsorbed state, Weaver et al.1 performed measure-
ments to estimate the initial dissociation probability So of
propane on PdO(101) as a function of the surface temperature
Ts, where So is defined as the dissociation probability in the
limit of zero surface coverage of propane. In that work, the
initial dissociation probability at a given temperature was
estimated from TPRS measurements of the CO2 desorption
yields as a function of the propane exposure. These measure-
ments show that the initial dissociation probability of propane
on PdO(101) decreases with increasing surface temperature
from 250 to 300 K, and thus that the apparent activation energy
for propane dissociation is negative on the oxide surface. The

authors showed that a simple kinetic model for precursor-
mediated C–H bond cleavage accurately reproduces the mea-
sured dependence of So on Ts. The model assumes that a
molecularly-adsorbed state of propane serves as the precursor
for dissociation and that a kinetic competition between dis-
sociation and desorption of the precursor determines the net
dissociation probability. From the model, the initial dissocia-
tion probability is given by the equation So = akr/(kr + kd) where
a is the probability for molecular adsorption, and is close to
unity for the conditions studied, and kr and kd represent rate
coefficients for dissociation (‘‘reaction’’) and desorption,
respectively. Analysis of the data using the precursor-
mediated model gives values of Er � Ed = �16.2 kJ mol�1 and
nr/nd = 3.9 � 10�4 for the apparent activation energy and the
apparent pre-factor for propane dissociation on PdO(101),
respectively, and supports the conclusion that propane disso-
ciation on PdO(101) occurs by a facile, precursor-mediated
mechanism. Additional studies have provided insights into
the nature of the molecular precursor and the reasons that this
species readily dissociates on PdO(101).

3.3. Molecular precursors for propane dissociation on
PdO(101)

A comparison of propane TPD spectra obtained from PdO(101)
vs. Pd(111) indeed demonstrates that propane molecules bind
strongly on the oxide surface. Fig. 4 shows propane TPD spectra
obtained from PdO(101) and Pd(111) as a function of the initial
propane coverage generated at 85 K. Propane physically adsorbs
on Pd(111) and desorbs in a single TPD peak centered at 155 K,
with a small amount of second layer propane desorbing in a
shoulder at 120 K. Propane dissociates on Pd(111) to an
immeasurable extent during the TPD experiments, in contrast
to the significant reactivity that propane exhibits on the
PdO(101) surface. The propane TPD spectra obtained from
PdO(101) exhibit a broad desorption feature that consists of
two distinct maxima centered at B120 and 190 K, and denoted
as the a2 and a1 states, respectively. The a1 and a2 desorption
features develop nearly sequentially with increasing propane
coverage, with propane initially populating the a1 state. Since
the oxide offers greater diversity in binding sites than Pd(111),
it is not surprising that the propane desorption behavior is
more complex for PdO(101). Interestingly, however, the total
saturation coverage is approximately the same for the propane
monolayers on PdO(101) and Pd(111), at a value of B0.20 ML.
Assuming that the propane which reacts, and desorbs as CO2

and H2O, originates from the a1 state, one estimates that
propane adsorbs in equal quantities in the a1 and a2 states
when the propane monolayer on PdO(101) is saturated at 85 K.
A likely interpretation is that the a1 and a2 states correspond to
propane molecules adsorbed on the cus vs. 4f Pd sites, respec-
tively, since these sites are also present in equal concentrations
on the PdO(101) surface.

Significantly, the propane TPD data reveal that propane
adsorbed in the a1 state on PdO(101) has a higher binding
energy than propane which is physically adsorbed on Pd(111).
This result was rather surprising because, as mentioned above,
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Fig. 3 TPRS spectra of m/z ratios equal to 29 (propane), 28 (propane +
CO), 44 (propane + CO2), 18 (H2O) and 2 (H2) obtained after saturating a
PdO(101) surface with propane at 85 K. Reprinted with permission from
ref. 1. Copyright 2009 American Chemical Society.
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one generally expects higher binding energies when alkanes are
physically adsorbed on a metal vs. a metal oxide, similar to the
observations of Tait et al.19 for alkanes adsorbed on Pt(111) vs.
MgO(100). The high binding energy associated with the a1 state
caused the authors to speculate that propane molecules experi-
ence a chemical bonding interaction in the a1 state on
PdO(101) that occurs negligibly on Pd(111) and enhances the
a1 propane binding energies on PdO(101) beyond that of
physically adsorbed propane on Pd(111).1

Experiments have established that the a1 state of adsorbed
propane and higher n-alkanes serves as the precursor for alkane
C–H bond cleavage on the PdO(101) surface. For example, the
yield of dissociated propane correlates with the amount of
propane which desorbs in the a1 state, but is independent of
the coverage of propane in the more weakly-bound a2 state.1

Site blocking experiments provide particularly convincing evi-
dence that the a1 state serves as the precursor for alkane
dissociation on PdO(101) and that the precursor binds to the

cus-Pd sites of the surface.2,27 Fig. 5 shows n-butane, CO2 and
H2O TPRS traces obtained after adsorbing n-butane onto clean
vs. H2O pre-covered PdO(101).27 In these experiments, the water
layer was prepared at 250 K to selectively saturate the cus-Pd
sites with H2O while avoiding water adsorption onto the 4f-Pd
sites.28 The TPRS results demonstrate that the pre-adsorbed
water completely suppresses both the adsorption of n-butane
into the strongly-bound a1 state and the initial dissociation of
n-butane, where the latter is evidenced by a lack of reaction-
limited CO2 and H2O desorption. These results reveal that the
n-butane molecules must adsorb into the a1 state to undergo C–
H bond cleavage during TPRS, and further show that the a1

state arises from n-butane molecules that are associated with
the cus-Pd sites of the PdO(101) surface.
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Fig. 4 Propane TPD spectra obtained from (a) PdO(101) and (b) Pd(111) as
a function of the initial propane coverage prepared at 85 K. Reprinted with
permission from ref. 1. Copyright 2009 American Chemical Society. Fig. 5 TPRS spectra of n-butane (top) and CO2 and H2O (bottom)

obtained after adsorbing n-butane on clean PdO(101) (red curves) vs. a
H2O-precovered PdO(101) surface (blue curves). Water was adsorbed on
PdO(101) at 250 K to selectively bind water only on the Pdcus sites.
Reprinted with permission from ref. 27. Copyright 2013 Elsevier.
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3.4. Adsorbed alkane r-complexes on PdO(101)

The binding of n-alkanes adsorbed in the strongly-bound a1

state on PdO(101) has been investigated extensively both
experimentally and computationally. Fig. 6 shows a plot of
molecular binding energies as a function of the chain length
for n-alkanes (C1 to C5) adsorbed on both Pd(111) and in the a1

state on PdO(101), where the binding energies were determined
from an analysis of experimental TPD data.2,29 It is important
to mention that neither methane nor ethane measurably dis-
sociate on PdO(101) during TPD experiments in UHV, but that
the C3 to C5 n-alkanes dissociate readily during TPD. Recent
dispersion-corrected DFT calculations reproduce these trends
in n-alkane reactivity on PdO(101).30 The plot in Fig. 6 shows
that the binding energies are enhanced by a nearly constant
amount for n-alkanes adsorbed on PdO(101) vs. Pd(111), and
that the Ed vs. N relation for PdO(101) is linear but exhibits an
intercept on the y-axis that is significantly larger than zero
(B25 kJ mol�1). Indeed, this comparison demonstrates that the
enhanced binding on PdO(101) relative to Pd(111) is a common
feature in the binding of n-alkanes on the oxide surface.

The authors suggested that two main energetic contributions
can explain the nature of the Ed vs. N relation for n-alkanes
adsorbed on PdO(101). The linear increase was attributed to a
chain-length dependent contribution that arises from molecule–
surface dispersion interactions, which is analogous to the explana-
tion given previously of the linear Ed vs. N relations for n-alkanes
that are physically adsorbed on close-packed surfaces.19 The non-
zero intercept was attributed to dative bonding interactions
between the alkanes and the cus-Pd atoms of the PdO(101) surface,
which enhance the alkane–surface binding on PdO(101) beyond
that afforded by only dispersion interactions. The constant
enhancement suggests that the molecule–surface dative bonding
produces a similar contribution to the total binding energy for the
n-alkanes studied (C1 to C5).

DFT calculations support the interpretation that n-alkanes
datively bond with the cus-Pd atoms of PdO(101), resulting in
adsorbed alkane s-complexes.2,5,9,29–33 In general, a dative (or
coordinate) bond is a covalent bond in which the shared
electrons originate from only one species that is involved in
the bonding. In an alkane s-complex, one or more C–H bonds
of the alkane acts as a ligand and donates electrons into empty
d-states of the transition metal atom.10 Back-donation of charge
from filled d-states into unoccupied molecular orbitals of the
alkane can also contribute to the bonding in an alkane s-
complex. According to DFT, CH4 adopts an Z2 configuration on
PdO(101) in which the CH4 molecule straddles a cus-Pd atom
and places the two Pd-coordinated C–H bonds in a plane that is
parallel to the cus-Pd row.2,29,30,32 DFT also predicts that CH4

binds more strongly on PdO(101) than Pd(111), with binding
energies of about 16 and 2 kJ mol�1, respectively.29 Since
conventional DFT accounts for bonding interactions, but does
not describe dispersion interactions, the calculations suggest
that CH4 experiences a form of covalent bonding with the cus-
Pd atoms of PdO(101) and that such an interaction occurs to a
negligible extent on the Pd(111) surface.

DFT-derived changes in the charge distribution and electro-
nic structure that are induced by CH4 adsorption on PdO(101)
demonstrate that the methane molecule experiences a donor–
acceptor interaction with the cus-Pd atom. Fig. 7 shows a
charge-density difference plot that is obtained by subtracting
the charge distribution of the isolated CH4 molecule plus the
clean PdO(101) surface from that predicted for the Z2 CH4

complex on PdO(101).29 The plot reveals that electrons accu-
mulate between the CH4 molecule and the cus-Pd atom and
that the electron density is depleted near the cus-Pd atom. The
latter feature is characteristic of back-bonding in which elec-
trons from filled d-states of the cus-Pd atom occupy anti-
bonding orbitals of the CH4 molecule that are empty when
the molecule is isolated from the surface. Such back-donation
of charge is expected to strengthen the molecule–surface
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Fig. 6 Desorption energy as a function of the molecular chain length for
n-alkanes adsorbed on PdO(101) and Pd(111). The desorption activation
energies were estimated from TPD data and the energies reported for
PdO(101) correspond to alkanes adsorbed as s-complexes (a1 TPD peak).

Fig. 7 Difference charge density plot determined by DFT for the CH4

Z2(H, H) complex adsorbed on a Pdcus site of PdO(101). Reprinted with
permission from ref. 29. Copyright 2010 American Institute of Physics.
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binding while weakening intramolecular bonds of the adsorbed
species. Consistent with this idea, normal mode analysis pre-
dicts that vibrational modes which involve motions of the Pd-
coordinated C–H bonds are redshifted by as much as 200 cm�1

from their gas-phase values, thus confirming that the dative
bonding interaction with the surface softens C–H bonds.2

To investigate the role of alkane–surface dative bonding in
promoting C–H bond cleavage on PdO(101), Weaver et al.2

calculated energy barriers for the cleavage of a Pd-
coordinated C–H bond vs. a ‘‘non-activated’’ C–H bond of the
CH4 Z2 complex, where the latter bond corresponds to one of
the C–H bonds that is directed away from the surface and is not
directly involved in the dative interaction. These calculations
predict that the energy barrier for breaking one of the Pd-
coordinated C–H bonds is lower by more than 100 kJ mol�1

than the barrier for breaking a non-activated C–H bond of the
CH4 complex on PdO(101), demonstrating that the dative
bonding interaction significantly weakens alkane C–H bonds.
Using DFT, Hellman et al.9 have further shown that the
population of filled 5s states is low on the cus-Pd atoms of
PdO(101) and consequently promotes a bonding interaction
with the CH4 molecule in addition to reducing the C–H bond
cleavage barrier. In contrast, the electron density in the 5s state
is higher for surface Pd atoms of bulk PdO(100) as well as a
monolayer PdO(101) film on Pd(100), and the CH4 molecule
consequently experiences a repulsive interaction with these Pd
oxide surfaces and larger dissociation barriers.

Overall, prior studies demonstrate that the formation of
adsorbed alkane s-complexes is critical to achieving facile C–
H bond cleavage on the PdO(101) surface. In the context of the
potential energy diagram of Fig. 1, the formation of an
adsorbed s-complex enhances alkane binding to the surface
relative to that achieved by physisorption alone, and thereby
increases the desorption activation energy Ed. In addition, s-
complex formation weakens the Pd-coordinated C–H bonds
and thus acts to lower the intrinsic activation energy for
reaction Er. Both of these effects serve to lower the apparent
energy barrier (Er � Ed) for alkane C–H bond cleavage on
PdO(101), making PdO(101) highly reactive toward alkane dis-
sociation. As discussed below, DFT calculations also predict the
formation and facile C–H bond activation of alkane s-
complexes on RuO2 and IrO2 surfaces. An implication is that
a high activity toward alkane dissociation is not limited to the
PdO(101) surface, but is a property of other late transition-
metal oxide surfaces as well.

3.5. Binding energies and configurations of n-alkanes on
PdO(101)

Accurately predicting the binding energies of alkanes on solid
surfaces is essential for developing kinetic models of alkane
surface chemistry and requires an accurate treatment of mole-
cule–surface dispersion interactions. Antony et al.30 have
recently shown that a dispersion-corrected DFT method (DFT-
D3) significantly improves the accuracy of binding energies
computed for n-alkanes adsorbed on the Pd(111) and PdO(101)
surfaces. The DFT-D3 method, developed by Grimme and

coworkers,34 combines conventional DFT with a semi-
empirical calculation of the dispersion energy in a molecular
system where the dispersion energy is computed after the self-
consistent determination of the electronic energy. The results
of Antony et al.30 show that conventional DFT significantly
underestimates alkane binding energies on the Pd surfaces,
as expected, and that the DFT-D3 method brings the binding
energies into close agreement with measured values. On
PdO(101), the binding energies predicted by DFT-D3 agree to
within about 5% of experimental values for the C1 to
C4 n-alkanes; with increasing chain length to C4, the predicted
n-alkane binding energies on PdO(101) are about 41, 57, 72 and
86 kJ mol�1. According to the calculations, dispersion interac-
tions account for about 65% of the binding energies of alkane
s-complexes on PdO(101) with dative bonding and electrostatic
interactions contributing the remaining 35%. In contrast, DFT-
D3 predicts that dispersion interactions are almost entirely
responsible for the molecular binding of alkanes on the
close-packed Pd(111) surface.

The DFT-D3 calculations of Antony et al.30 predict that, in
general, n-alkanes can adopt multiple stable configurations on
PdO(101), but follow a trend in which the preferred configu-
ration changes with increasing molecular chain length. Accord-
ing to the calculations, methane and ethane preferentially bind
in Z2 configurations in which a H–C–H bond angle straddles a
cus-Pd atom (e.g., Fig. 7). For larger n-alkanes, steric repulsion
with the cus-O atom row destabilizes Z2 configurations and
causes the n-alkane molecules to preferentially align along the
cus-Pd row and adopt Z1 configurations in which single H–Pd
dative bonds form at different CHn groups along the molecular
chain. Propane represents a special case since an Z2 configu-
ration is nearly energetically degenerate to an Z1 configu-
ration.30,31 The n-alkanes larger than propane strongly prefer
to adsorb on PdO(101) in all-trans conformations and adopt Z1

bonding configurations along the cus-Pd row.

3.6. Kinetics of alkane dissociation on PdO(101)

Antony et al.31 have recently reported a microkinetic model that
accurately reproduces the initial dissociation probability of
propane on PdO(101) as a function of the surface temperature
as well as the measured kinetic parameters. The microkinetic
model utilizes formulas from transition state theory (TST) to
compute rate coefficients, with binding energies, energy bar-
riers for C–H bond cleavage and vibrational properties deter-
mined from the results of DFT-D3 calculations. The model also
takes into account the possibility that propane can adsorb on
PdO(101) in different molecular configurations. From TST, the
rate coefficient for the reaction of an adsorbed species is given
by an equation of the general form,

k ¼ kBT

h

qk

/

qad
exp �DE

k/

kBT

� �

where DEk

/

represents the zero-point corrected energy barrier

for reaction and qk

/

and qad represent partition functions for the
transition state and the initial adsorbed state, respectively. The
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ratio qk

/

.
qad is proportional to the entropy difference between

the transition state and the initial state. Accurately describing
the partition functions and hence entropies of the adsorbed
alkanes is challenging because the frustrated translations and
rotations of these species are only weakly hindered and thus
behave in a manner that is intermediate to free motions and
localized vibrations.

Antony et al.31 compared two approaches for calculating the
partition functions of the adsorbed alkane structures, desig-
nated as the 3N and 3N � 2 models. In the 3N model, all
motions of the adsorbed alkanes and the transition states (TS)
for C–H bond cleavage are modeled as harmonic oscillators and
the partition functions are computed using the formula for 3N
uncoupled harmonic oscillators. In the 3N � 2 model, two of
the frustrated motions (one translation and one rotation) are
modeled as free motions while the remaining motions are
treated as harmonic oscillators. Fig. 8 shows the initial dis-
sociation probability of propane on PdO(101) as a function of
the surface temperature computed using the 3N and 3N � 2
models as well as that determined experimentally. As seen in
the figure, the 3N model underestimates the measured So

values by two to three orders of magnitude over the tempera-
ture range studied, whereas the 3N� 2 model predicts So values
that agree to within better than 25% of the measured values.
The 3N and 3N � 2 models predict apparent activation energies
for dissociation of Er � Ed = �18.1 and �18.4 kJ mol�1,
respectively, which agree to within better than 14% of the
experimental estimate of �16.2 kJ mol�1. The good agreement
between the predicted and experimental activation energies is
encouraging as it suggests the possibility that the DFT-D3
method can provide chemical accuracy in predicting alkane
C–H bond cleavage barriers. In contrast, however, the 3N model

predicts an apparent pre-factor for dissociation nr/nd that is
about a factor of 200 lower than the experimental value (10�6 vs.
3.9 � 10�4), whereas the 3N � 2 model predicts nr/nd = 2.0 �
10�4, which is within a factor of two of the experimental
estimate. The 3N model also predicts apparent pre-factors for
the dissociation of methane and ethane on PdO(101) that are 10
to 50 times lower than the values predicted by the 3N � 2
model.32 It is worth noting that the microkinetic models
predict that neither methane nor ethane should measurably
dissociate on PdO(101) during TPD experiments, which is
consistent with experimental observations.29,32

The studies of Antony et al.31,32 highlight the importance of
accurately describing entropic contributions in kinetic models
of alkane dissociation on surfaces. Key findings are that
adsorbed alkanes have significantly higher entropies than are
predicted by harmonic TST at temperatures where dissociation
and desorption rates are appreciable, and that the 3N � 2
model, in which two of the frustrated adsorbate motions are
treated as free motions, provides accurate estimates of the
entropies of adsorbed propane species on PdO(101). Signifi-
cantly, recent work by Campbell and Sellers shows that the
entropies of many adsorbed molecules are considerably higher
than the predictions of harmonic TST at temperatures for
appreciable desorption rates.35,36 Those authors show that the
entropies of many adsorbed species, including alkanes, are
equal to about 70% of the entropies of the corresponding gas-
phase molecules and that these entropies are linearly corre-
lated. The large slope of the Campbell–Sellers correlation
suggests that many adsorbed molecules move nearly freely
within the plane of a solid surface near the onset for
desorption, though the molecule–surface interaction does con-
tinue to slightly restrict the in-plane motion.37 Indeed, this
finding further demonstrates the need to develop accurate
methods for describing the entropies of adsorbed species when
modeling surface reaction kinetics. Such methods will ulti-
mately need to take into account more explicit details of the
weakly-hindered motions that molecules execute within the
surface plane, and consider key features of the molecule–sur-
face potential energy surface. Overall, the work of Antony
et al.31,32 reveals the possibility of accurately predicting alkane
dissociation rates on solid surfaces using microkinetic model-
ing. Stringent comparisons with experimental data are needed
to assess the accuracy of both the energetic and entropic
contributions that are estimated from DFT-D3 and the 3N �
2 model.

4. Methane C–H bond activation on
RuO2 and IrO2 surfaces

Recent results suggest that the formation and facile C–H bond
activation of alkane s-complexes is not limited to the PdO(101)
surface, but also occurs on RuO2 and IrO2 surfaces. For
example, an experimental study by Erlekam et al.38 shows that
methane and ethane adsorb strongly on RuO2(110) and achieve
binding energies that are similar to alkane s-complexes on
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Fig. 8 Initial dissociation probability of propane on PdO(101) as a function
of the surface temperature as determined experimentally and using the 3N
and 3N � 2 microkinetic models discussed in the text. The microkinetic
models employ parameters derived from DFT-D3 calculations. Reprinted
with permission from ref. 31. Copyright 2012 Royal Society of Chemistry.
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PdO(101). As with PdO(101), neither methane nor ethane
measurably dissociates on RuO2(110) during TPD experiments.
Recently, Wang et al.39 have reported DFT results which predict
that methane binds strongly on the IrO2(110) surface and that
the energy barrier for C–H bond cleavage is lower than that for
desorption of the molecularly adsorbed species by more than
B20 kJ mol�1. Similar to findings for methane on PdO(101),
DFT predicts that CH4 forms a strongly-bound s-complex on
IrO2(110) by datively bonding with an Ircus atom. Indeed, a
common feature of the PdO(101), RuO2(110) and IrO2(110)
surfaces is that they each expose rows of coordinatively-
unsaturated metal and oxygen atoms that interact strongly with
adsorbed alkanes.

Motivated by these findings, our groups have recently exam-
ined CH4 adsorption and activation on RuO2 and IrO2 surfaces
using DFT-D3 calculations. Fig. 9 shows energy diagrams
summarizing pathways for C–H bond activation of CH4 s-
complexes on PdO(101), RuO2(110) and IrO2(100) surfaces as
computed using DFT-D3. The energies of each stationary state
are corrected for zero-point vibrational energy. The plots reveal
that CH4 binds strongly on each of the oxide surfaces consid-
ered, achieving binding energies between about 37 and 50 kJ
mol�1, and that the barriers for C–H bond cleavage are also very
similar (B56 kJ mol�1) among these surfaces. As expected,
analysis of the electronic structures and charge density differ-
ences reveals that the strongly-bound molecular states of
methane on RuO2(110) and IrO2(100) may be regarded as s-
complexes. Notice that the apparent energy barriers for CH4

dissociation (Er � Ed) vary from about 6 to 19 kJ mol�1 on the
oxide surfaces considered in our calculations. These barriers
are comparable to or lower than apparent activation energies
that have been reported for methane dissociation on the most
reactive transition-metal surfaces that have been investigated in
detail.14,40–44

The few studies reported to date reveal that RuO2 and IrO2

surfaces exhibit similar behavior as PdO(101) toward binding
and activating small alkanes. Since the high activity of these
materials toward alkane activation arises from the presence of

cus-metal and oxygen surface sites, it is reasonable to anticipate
that other late transition-metal oxide surfaces will also be
reactive toward alkanes as long as cus-surface sites are avail-
able. Excluding the study by Erlekam et al.,38 experimental
investigations of alkane adsorption and activation on late
transition-metal oxide surfaces other than PdO(101) have not
yet been reported, which suggests that this class of surface
chemical interactions is fertile ground for future investigation.
In general, a key challenge for such studies is the development
of methods for generating well-defined oxide surfaces for
model UHV experiments.

Among the late transition-metal oxides, RuO2(110) and
PdO(101) surfaces can be routinely prepared as high-quality
thin films under UHV conditions. Recent work also demon-
strates that IrO2(100) domains form during the oxidation of
Ir(111) by O-atom beams,45 but the structural properties of
these surfaces have not yet been examined in detail. While
procedures for growing high-quality PdO(101) thin films
involve the use of O-atom beams to oxidize Pd(111), methods
for growing RuO2(110) films are more accessible since they
involve the oxidation of Ru(0001) using O2 under vacuum
conditions.46 As mentioned, the adsorption behavior of CH4

and C2H6 is similar on the RuO2(110) and PdO(101) surfaces –
both molecules adsorb as s-complexes but do not react during
TPD experiments because the apparent activation energies for
dissociation are positive for both surfaces (Fig. 9). Using DFT-
D3, Antony has recently predicted that Er � Ed is negative for
propane dissociation on RuO2(110), and has a value that is
similar to that determined for the propane–PdO(101) system.
One can thus expect that propane and larger n-alkanes will
readily dissociate on the RuO2(110) surface under UHV condi-
tions. Overall, recent studies suggest that several late
transition-metal oxide surfaces will exhibit high reactivity
toward alkanes due to the availability of both cus-metal and
oxygen surface sites. Experimental investigations with different
late transition-metal oxide surfaces can thus help to further
clarify the specific properties of these materials which promote
alkane s-complex formation and C–H bond activation, and
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ultimately facilitate the design of oxides that exhibit high
activity and selectivity toward the oxidation of alkanes.

5. Summary

Alkane activation on oxide surfaces plays a central role in many
applications of oxidation catalysis, including the complete
oxidation of alkanes for applications in power generation and
pollution control as well as the selective oxidation of alkanes to
value-added products. Advances in the fundamental under-
standing of alkane activation on oxide surfaces have strong
potential for guiding the design of new catalytic processes that
efficiently utilize alkanes as well as improving existing applica-
tions. Although model investigations of alkane chemistry on
crystalline oxide surfaces are limited, detailed studies of alkane
adsorption and activation on the PdO(101) surface provide
insights that may be broadly applicable for understanding the
interactions of alkanes with oxides of the late transition metals.

This review summarizes recent findings of our investigations
of alkane activation on the PdO(101) surface as well as results of
investigations of methane activation on IrO2 and RuO2 surfaces.
These studies demonstrate that alkanes form strongly-bound
s-complexes on the PdO(101) surface by datively bonding with
cus-Pd atoms at the surface, and that the s-complexes serve as
precursors for C–H bond activation. Our studies reveal that the
alkane–surface dative interactions enhance the binding of the
adsorbed s-complexes beyond that afforded by dispersion inter-
actions alone, and also weaken the Pd-coordinated C–H bonds.
Both of these effects serve to lower the apparent activation energy
(Er� Ed) for dissociative chemisorption, and thus increase alkane
dissociation probabilities significantly. Experiments reveal that
propane and larger n-alkanes dissociate on PdO(101) at tempera-
tures below about 215 K during UHV experiments. Computations
using the dispersion-corrected DFT-D3 method provide very good
agreement with experimental estimates of n-alkane binding
energies on PdO(101), and provide insights into the preferred
binding configurations of the n-alkane s-complexes. We also
discuss recent work showing that a microkinetic model, para-
meterized using results of DFT-D3 calculations, accurately repro-
duces measured dissociation rates of propane on PdO(101) as a
function of the surface temperature. The kinetic modeling stu-
dies highlight the importance of entropic contributions in alkane
dissociation on solid surfaces. Lastly, we report DFT calculations
which predict that the formation and facile C–H bond activation
of alkane s-complexes is not limited to PdO(101) but occurs on
RuO2 and IrO2 surfaces as well. This finding suggests that many
late transition metal oxide surfaces interact strongly with alkanes,
and thus represent a promising class of materials from which to
base the design of new catalysts for effecting chemical transfor-
mations of alkanes.
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