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terize catalytic properties of oxide materials12,13. Methanol, the
smallest of all alcohols, adsorbs on CeO2 at low temperature by O-
H cleavage to form methoxy and a co-adsorbed hydrogen. But, at
higher temperatures the C-H bond of the methyl can be activated
leading to dehydrogenation of the molecule. In single crystal7

as well as reactor experiments11 differences in reaction selectiv-
ity are controlled by the structure and the degree of reduction
of the surfaces. Structure dependence in oxides may be linked
to acid/base properties of the oxide surface, vacancy formation,
reducibility of the oxide surface and geometry of the adsorption
site. Site geometry can influence sterics for reactions and cooper-
ativity between acid and base sites. A key question is how these
factors combine to control the activation of the α-C-H bond in
methanol. Here, we explore this question computationally using
density functional theory (DFT). In particular, we want to under-
stand how the adsorption site type, the geometry, the degree of
reduction, and the basicity of the hydrogen receiving surface oxy-
gen on the (111), (100), and (110) surfaces influence the C-H
bond cleavage, which is the initial step of the dehydrogenation of
methoxy on the ceria surface.

DFT has been used in previous work to study the dissocia-
tive adsorption of methanol on the (111) surface14,15. Recently,
Kropp et al. have extended this work to include dehydrogenation
up to formaldehyde on the fully oxidized as well as the partially
reduced (111) surface16. The authors concluded that the reactive
sites for methanol oxidation are oxygen vacancies since adsorp-
tion in a cerium atop site is not strong enough to prevent des-
orption of methanol before reaction. However, a commonly dis-
regarded experimental observation is low temperature water des-
orption in the temperature programmed desorption (TPD) spec-
tra7,17,18 of methanol over ceria thin films. If the coadsorbed
hydrogen is removed as water, methoxy cannot be hydrogenated
to desorb from the surface. Therefore, the consequence of low
temperature water desorption is both the loss of surface lattice
oxygen and the stabilization of methoxy, even for TPD from an
initially, fully oxidized surface.

Detailed investigations of the methanol decomposition mech-
anism on ceria surfaces up to carbon oxides have been under-
taken very recently19,20, although in the latter studies, oxygen
vacancies were not considered as reactive sites. Related work on
the fully oxidized (110) ceria surface for initial bond breaking
in methanol (albeit not methoxy) have been reported21. Other
relevant work includes the investigation of ceria support effects
on methanol oxidation22, DFT studies on formaldehyde adsorp-
tion23,24 and oxidation24 on ceria, and the examination of path-
ways for dehydrogenation and dehydration for methanol’s larger
homolog, ethanol25.

In the following, we present computational details, results,
and discussion of our study of the α-C-H cleavage in methoxy
to form formaldehyde on the (111), (100), and (110) ceria sur-
faces. This extends previous comparative investigations of the
three surfaces19 to include dehydrogenation of methoxy react-
ing at oxygen vacancy sites. This is important because even on
the fully oxidized surfaces, low temperature water formation re-
moves surface oxygen, which implies oxygen vacancies7,17 that
can trap methoxy. We find that TPD product distributions are a

consequence of the interplay between barrier controlled dehydro-
genation and desorption processes.

2 Computational Details

All electronic structure calculations are carried out using the
projector-augmented wave (PAW) method26,27 as implemented
in the Vienna ab initio simulation package (VASP)28–31. The
DFT+U method is commonly used to overcome shortcomings
of standard gradient-corrected exchange-correlation functional to
properly localize electrons in reduced ceria. We refer to an excel-
lent review on computational work on ceria surface chemistry32.
In particular, we employ the PBE+U33,34 functional. A value of
5.0 eV for U is optimized to position occupied Ce 4f states about
1.3 eV above the oxygen 2p states in bulk Ce2O3

35 and a value
close to it (4.5 eV) has been used in recent methanol dehydro-
genation studies mentioned above16,19. It was observed that a
lower value of U (2.0-3.0 eV) results in a better description of the
redox chemistry over ceria surfaces36 and in bulk37. Similarly, a
low U value was recommended for the calculation of activation
barriers38. Our work on methanol conversion over ceria39 also
suggests that a value of 3.0 eV agrees better with hybrid func-
tional results16 for reduction processes. For f-electrons to localize
on cerium, a minimum value of 3.0 eV40 was reported. In our
experience, U=3.0 eV is not always sufficient for proper localiza-
tion, particularly during geometry optimizations. Since electron
localization influences the defect structure and vice versa, we use
a value of 5.0 eV for the relaxation of vacancy structures, a value
of 3.0 eV otherwise. All energies are reported utilizing a value of
3.0 eV for U.

The (111) and the (100) surface cells are constructed by stack-
ing 9 atomic layers while the larger (110) cell only contains 7
atomic layers. While the (111) and the (100) surfaces are oxygen
terminated, the top layer of the (110) surface contains cerium
and oxygen atoms. To compensate for the nonzero dipole mo-
ment normal to the (100) surface, 50% of the top layer oxygen
atoms are removed and added to the bottom (forming the ninth
atomic layer) in a checker board configuration, which was found
to be most stable41. The slabs are separated by a vacuum layer of
15 Å. We use a p(2x2) expansion of the surface cells, within which
one methanol molecule is dissociatively adsorbed. The partially
reduced surfaces are modelled by including a single oxygen va-
cancy in the top layer of the surface cell. For the (111) surface, we
believe that the single oxygen vacancy is a good model at moder-
ate degree of reduction42. Vacancy clustering is not expected and
the subsurface/surface vacancy distribution is controlled by ther-
modynamic equilibrium42. For the (100) and the (110) surfaces,
we follow common practice43. Using the p(2x2) expansion, this
amounts to a vacancy and methoxy/H coverage of 1.9 nm

−2, 1.7
nm

−2, and of 1.2 nm
−2 for the (111), (100), and (110) surface

respectively. The cerium site surface concentration is 31.0 nm
−2,

26.9 nm
−2, and 19.0 nm

−2 and the vacancy surface concentration
as it applies is 7.8 nm

−2, 6.7 nm
−2, and 4.7 nm

−2 for the (111),
(100), and (110) surface respectively. Removing one surface oxy-
gen results in an oxygen vacancy with two electrons remaining in
the surface. These electrons localize in cerium 4f-bands reducing
two Ce4+ to Ce3+ ions that are nearest and next-nearest neigh-
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