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a b s t r a c t

Methanol decomposes on oxides, in particular CeO2, producing either formaldehyde or CO as main
products. This reaction presents structure sensitivity to the point that the major product obtained
depends on the facet exposed in the ceria nanostructures. Our density functional theory (DFT) calcula-
tions illustrate how the control of the surface facet and its inherent stoichiometry determine the sole for-
mation of formaldehyde on the closed surfaces or the more degraded by-products on the open facets (CO
and hydrogen). In addition, we found that the regular (100) termination is the only one that allows
hydrogen evolution via a hydride–hydroxyl precursor. The fundamental insights presented for the
differential catalytic reactivity of the different facets agree with the structure sensitivity found for ceria
catalysts in several reactions and provide a better understanding on the need of shape control in selective
processes.

� 2015 Elsevier Inc. All rights reserved.

1. Introduction

Cerium oxide, CeO2, is a versatile and economically attractive
oxide used in solid oxide fuel cells [1], biomedicine [2], and catal-
ysis [3]. Either as a catalyst or as a support, it is widely used in a
vast number of oxygen-related reactions such as the water–gas
shift (WGS) [4,5], the preferential oxidation of CO [6,7], SO2 oxida-
tion [8,9], and the HCl conversion to Cl2 [10]. All these applications
are due to the particular redox character of ceria that permits to
cycle between the Ce4+ and Ce3+ states, which involves oxygen
vacancy formation [11] and diffusion [10,12]. The oxygen storage
capacity (OSC) of CeO2 varies with the exposing surface [13], and
hence, in nanoparticles it ultimately depends on their morphology.

Recently, ceria has been also shown to present a high activity
and selectivity in hydrogenation processes [10,14]. More surpris-
ingly, the oxidation and hydrogenation capacities of different
nanostructured CeO2 materials have been found to present a mark-
edly structure sensitivity [15]. Thus, while hydrogenation takes
place preferentially on (111) facet orientations, oxidation reac-
tions are favored on the more open (110) and (100) facets exposed
in rods and cubes, respectively. Ceria nanoparticles have also been

found to exhibit different activities in soot combustion depending
on the exposed facet [16].

Among oxidation processes, the conversion of methanol to
formaldehyde is considered an ideal test for characterizing the cat-
alytic behavior of metal oxides [17,18]. The two main by-products
of this reaction are water and hydrogen. Therefore, the catalytic
activity and selectivity of a given material may be a result of the
interplay between its oxidation and hydrogenation abilities.

In industry, methanol is oxidized to produce formaldehyde
through the so-called Formox process [19]. There, methanol and
oxygen react at temperatures around 525–675 K in the presence
of iron oxide mixed with molybdenum or vanadium oxide accord-
ing to the following equations:

CH3OHþ 1=2O2 ! HCHOþH2O ð1Þ

CH3OH! HCHOþH2 ð2Þ

At higher temperatures, 875 K, silver can also act as catalyst,
probably in the form of a suboxide [20–22]. Hence, the oxidation
of methanol to formaldehyde has been extensively studied on
metal oxides, especially on titanium and vanadium oxides
[23–28]. In the case of ceria, most of the investigations have been
focused on the (111) facet [29–33]. On this stoichiometric surface,
methanol converts into formaldehyde, at ca. 550 K, via a dehydro-
genation process that involves surface oxygens followed by the
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subsequent reduction of two Ce4+ ions per methanol molecule [29].
The presence of oxygen vacancies was recently reported to have a
detrimental effect on the reaction selectivity as a result of the com-
petition between formaldehyde desorption and its further oxida-
tion to CO [34]. In the same work, the (100) surface was also
shown to have a reduced selectivity toward formaldehyde. Both
HCHO and CO were found to be the main products on
CeO2(100), while on the reduced CeOx(100) almost all methanol
was converted to CO [34]. Temperature-programmed desorption
(TPD) experiments on nanocrystals with different nanoshapes,
namely octahedra, cubes, and rods, showed that the latter is the
most reactive shape (but non-selective to formaldehyde) one,
evolving CO and H2 at T < 583 K [35]. On the other hand, Zhou
and Mullins reported that formaldehyde does not decompose on
stoichiometric CeO2(111), but does evolve to CO and H2 on the
same reduced surface at temperatures above 500 K [36]. Overall,
ceria appears to be very sensitive to the particular choice of active
surfaces.

Despite all the above and other theoretical works reported in
the literature [37–42], up to date there is no complete study
assessing the selectivity of methanol dehydrogenation on the most
representative ceria facets and proving their different behavior as
experimentally observed. Herein, we present a thorough mecha-
nistic study on the selective conversion of methanol to formalde-
hyde and its subsequent conversion to CO. To account for the
particular morphology of the three common nanoshapes above,
we have studied the three lowest index and energy surfaces
(111), (110), and (100) (Fig. 1), as these are the most exposed
facets in each nanoshape, respectively. The desorption of HCHO,
CO, and H2 from each surface is also discussed and compared to
the reported TPD results on the stoichiometric ceria surfaces
[29,33,34]. Overall, this work provides the clues behind the struc-
ture sensitivity in the aforementioned oxidation process.

2. Computational details

All the calculations reported in the present study were per-
formed at the DFT + U level using the Vienna Ab initio Simulation
Package (VASP, version 5.3.3) [43,44]. The Perdew–
Becke–Ernzerhof (PBE) [45] functional was used in combination
with an effective U term, Ueff, of 4.5 eV (this term is defined as
the difference between the Coulomb, U, and the exchange, J, terms)
[46], as it has been previously proven to provide satisfactory
results [47–50]. The purpose of adding this Hubbard term U is to
diminish the self-interaction error and to properly localize the Ce
4f states. Projector-augmented wave (PAW) pseudopotentials
[51] were used to describe the core electrons with a plane-wave
cutoff energy of 500 eV for the valence electrons (i.e., 5s, 5p, 4f,
6s for Ce atoms, and 2s, 2p, for O and C atoms).

Ceria presents a fluorite structure, with lattice parameter
aexp = 5.411 Å [52]. We optimized the lattice parameter using a
dense C-centered 7 � 7 � 7 k-point mesh, leading to the value

acalc = 5.497 Å, in good agreement with both the experimental
value and previous computational studies [53]. To maintain the
stoichiometry of the CeO2(100) surface and avoid the dipole
moment normal to the surface, a half oxygen monolayer was trans-
ferred from the surface to the bottom of the slab [54]. The (111),
(110), and (100) surfaces were modeled as (2 � 2) periodically
repeated slabs consisting of four, five, and three O–Ce–O layers,
respectively, separated by 15 Å of vacuum space, and were opti-
mized using a C-centered k-point mesh denser than 0.38 Å�1.
The layers allowed to relax in each surface were the five outermost
layers in CeO2(111), the three top-most layers in CeO2(110), and
the four outermost layers in CeO2(100), whereas the rest of atoms
were kept fixed to their bulk positions.

Transition states were located by means of the climbing image
nudged elastic band (CI-NEB) method [55]. The nature of all reac-
tion minima and transition states was confirmed by means of
numerical frequency analyses.

3. Results

3.1. Dehydrogenation of methanol to formaldehyde on CeO2

We investigated the conversion of methanol to formaldehyde
on the three lowest energy surfaces corresponding to the low-in-
dex planes (111), (110), and (100). Their surface and relaxation
energies are presented in the Supplementary Material (Table S1).

The reaction consists in the sequence of the following elemen-
tary steps:

CH3OHþ � ! CH3OH� ðR1Þ

CH3OH� þ � ! CH3O� þH� ðR2Þ

CH3O� þ � ! HCHO� þH� ðR3Þ

HCHO� ! HCHOþ � ðR4Þ

Methanol physisorbs on ceria (R1) and dissociates (R2) giving
rise to a chemisorbed methoxy and surface OH groups. The meth-
oxy intermediate then leads to formaldehyde through a C–H bond
breaking (R3) with the concomitant hydrogenation of another sur-
face oxygen. Finally, formaldehyde desorbs from the surface to the
gas phase (R4).

Reaction (R2) is controlled by the acid–base properties of the
surface and does not involve any change in the oxidation state of
the reactant fragments or the surface metal atoms. In contrast,
reaction (R3) can be seen as the main redox step as two Ce4+

cations are reduced to Ce3+ after the C–H scission and the subse-
quent formation of a second surface OH group. The discrimination
in terms of acid–base and redox steps has been recently found to
be crucial to tune the catalytic activity of oxides [56].

The calculated energy profiles for the methanol to formalde-
hyde conversion on the different CeO2 surfaces are presented in

Fig. 1. Top views of the three lowest index CeO2 surfaces. The outmost oxygen (in red) and cerium (in green) layers are highlighted, while the rest of atoms are shown dashed.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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