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Abstract

We study methyl formate formation during methanol conversion on the fully oxi-
dized and partially reduced ceria (111) surface using density functional theory. Starting
from methanol and formaldehyde adsorbed on the surface, we consider two pathways
of methyl formate production. Pathway 1 consists of formaldehyde dehydrogenation
followed by oxygen-carbon bond formation. Along pathway 2, the oxygen-carbon bond
is established prior to intermediate dehydrogenation. Formaldehyde production is ob-
served at elevated temperature at which we expect both pathways to be energetically
attainable on the fully oxidized surface. However, the probability of both reactants
being adsorbed next to each other is low. This probability can be increased by the re-
duction of the surface. The partially reduced ceria surface is modelled by the introduc-
tion of an oxygen vacancy in the surface. If formaldehyde adsorbs over a vacancy, both
pathways potentially contribute to methyl formate formation. In contrast, if methoxide
that is obtained by dissociative adsorption of methanol is placed in the vacancy, methyl
formate production becomes energetically highly demanding. Still, dehydrogenation of
methoxide or methoxide exchange with coadsorbates converts methoxide in a vacancy
to an active species for methyl formate formation while increasing the residence time
of methoxide on the surface. Importantly, the preference of pathway 1 is due to the

promotion of surface bound formaldehyde dehydrogenation by methoxide.

This manuscript has been authored by UT-Battelle, LLC under Contract No. DE-AC05-
000R22725 with the U.S. Department of Energy. The United States Government retains and
the publisher, by accepting the article for publication, acknowledges that the United States
Government retains a non-exclusive, paid-up, irrevocable, world-wide license to publish or
reproduce the published form of this manuscript, or allow others to do so, for United States
Government purposes. The Department of Energy will provide public access to these results

of federally sponsored research in accordance with the DOE Public Access Plan.
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Introduction

Cerium oxide possesses outstanding catalytic properties in part due to its ability to rapidly
change oxidation state between Ce3* and Ce**. For this reason, cerium oxide is an excellent
material to store and release oxygen, which is apparent in its phase diagram as a function
of the chemical environment.! The oxygen storage capacity of cerium oxide is exploited
in many of its applications. For instance, one of the primary function of cerium oxide in
automotive catalytic converters that reduce the emission of harmful gases is the buffering
of the oxygen content in the exhaust composition.?3 Applications for solid oxide fuel cells
are based on the high oxygen conductivity in cerium oxide, which can be increased through
doping and oxygen vacancy formation.* Although cerium oxide is catalytically active on its
own, it also greatly enhances the activity of platinum group metals when used as support
material? for industrially important reactions such as the water-gas-shift reaction or steam
reforming of hydrocarbons. Decreasing cerium oxide particle size to the nanoscale® can
have a significant impact on its catalytic properties® and has led to recent applications
as an antioxidant adsorbing reactive species in cell cultures” and in vivo.® In nanoshaped
materials, the exposure of certain facets is maximized, which may lead to a higher degree of
control over catalytic performance. In addition, the use of faceted nanoparticles as catalyst
material? ! facilitates fundamental understanding since results can be compared to surface
science experiments using CeO, single crystal faces. 113

The investigation of the structure-function relationship in catalysis over ceria has been
the focus of our experimental work, where we utilize probe reactions to characterize acid /base
properties, reducibility, and adsorption site geometries of the ceria catalyst. In particular,
reactivity and selectivity in methanol decomposition has been measured as a function of
surface structure and catalyst morphology in temperatur-programmed reactor experiments. !
In these and in single crystal temperature programmed desorption (TPD) experiments!21415

it was shown that activity and selectivity are controlled by the structure and the degree of

reduction of the surfaces. While in previous UHV-based TPD experiments using oriented
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12,14,15

cerium oxide surfaces methyl formate was not observed, in reactor experiments using

cerium oxide catalysts methyl formate was detected as a product in methanol oxidation

16,17 and as a reaction intermediate in Au — CeO, nanorods. '*° It was reported°

reactions
that in catalytic methyl formate formation over ReO,/CeO, formate could act as the key
intermediate. Conditions are certainly quite different between UHV and reactor experiments.
While desorbed products or unreacted methanol do not return to the surface in UHV based
TPD experiments, in the catalytic reactor, reactants are continuously supplied and products
readsorb as the reaction proceeds and surface changes occur. In this work, we explore the
formation of methyl formate using density functional theory (DFT) for different surface
conditions (pristine and reduced) and adsorption sites.

The computational investigation of ceria and the catalytic conversion over ceria has now
become a widely studied field. Work up to 2012 is summarized in a comprehensive review.?!
Some attention has to be paid to the fact that standard DFT methods are unable to describe
the local character of the Ce 4f electrons in reduced ceria. However, the DFT+U method is
commonly used to rectify the localization problem while introducing other issues,?! such as
the overstabilization of the reduced state.?? Specifically, methanol adsorption and dissoci-

23725 initial transformation,?%2” formaldehyde oxidation,3® specific aspects of

ation on ceria,
methanol conversion on ceria,3! and decomposition over vanadia/ceria®? have been computa-
tionally studied. In-depth computational analysis of methanol conversion over ceria has been
undertaken as well. 333* Methanol adsorbs on ceria at low temperature forming methoxide as
a stable surface species through O-H cleavage. At higher temperatures methoxide undergoes
stepwise dehydrogenation leading to formaldehyde and to the fully oxidized carbon oxide
products. In most of the previous studies, isolated molecules have been considered although

22,31 Tn fact, neither the desorption of water

the importance of coadsorption has been shown.
at low temperature nor methanol at high temperature that were observed in TPD exper-
iments of methanol on the fully oxidized ceria (111) surface can be explained without the

interaction of adsorbates on the surface.?> Of course, for the formation of methyl formate
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Figure 1: Reaction pathways to form methyl formate over ceria considered in this work.

during methanol conversion, surface species have to be available at conditions where reaction
can occur, which lends one possible explanation for why methyl formate has not been seen in
TPD experiments. 21415 Surface species may desorb before reaction conditions are reached
leading to a coverage that is too low for a significant number of bimolecular reactions to
occur.

In the following, we examine the energetic requirements for methyl formate formation dur-
ing methanol conversion over the most stable ceria (111) surface using the DET+U method.
Surface intermediates that are present during methanol decomposition and that serve as pos-
sible reactants are dissociatively adsorbed methanol (methoxide and hydroxide), chemisorbed
formaldehyde (dioxymethylene%), and dehydrogenation products (formate) species. Start-
ing from methanol and formaldehyde adsorbed on the surface, we investigate two possible
pathways 1) dehydrogenation of chemisorbed formaldehyde followed by carbon-oxygen cou-
pling 2) carbon-oxygen coupling of methoxide followed by dehydrogenation, both shown in
1. Note that dehydrogenation implies surface reduction, while carbon-oxygen coupling does
not.

We assume that the reactants formaldehyde and methanol adsorb on the catalyst surface
from the gas phase, where methanol forms methoxide and hydroxide without a significant
barrier.?> This is valid when modeling reactor experiments (as we do here), where product
readsorption occurs. It prevents the saturation of surface oxygen sites with hydroxide that
are produced during prior methoxide dehydrogenation. Although hydroxide on the surface
due to methoxide dehydrogenation have been omitted during formaldehyde oxidation,? this
is strictly not correct when comparing to TPD results since formaldehyde readsorption does
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not occur and diffusion events would have to be considered. Note, it is necessary to maintain
hydroxide from O-H cleavage in methanol during the simulations to model the correct ionic
character of the surface species.?? Because of previous surface reactions at the adsorption
site; i.e., water formation and desorption,®> adsorption may occur over an oxygen vacancy.
In earlier work,3"3® it was established that although the subsurface oxygen vacancy is more
stable, due to the low barrier for oxygen migration, vacancies are readily available on the
ceria surface through equilibration. It was also found®”?? that at a moderate degree of
reduction, vacancies are unlikely to cluster on the ceria surface and that a single vacancy is a
good model for the partially reduced surface. Therefore, we consider three different surface
configurations: the fully oxidized surface, the reduced surface where formaldehyde adsorbs
over a single surface oxygen vacancy, and the reduced surface where methoxide occupies a
single surface oxygen vacancy. Our results are presented below, following the description of

the computational details.

Computational Details

All electronic structure calculations are carried out using the projector-augmented wave
(PAW) method %! as implemented in the Vienna ab initio simulation package (VASP).424°
We employ the PBE+U*%47 functional to correct for shortcomings of standard DFT func-
tionals due to the self-interaction error. 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 CeyO5.4% Accord-
ingly, a value of 4.5 eV has been used in recent methanol dehydrogenation studies mentioned
above. 273331 However, a lower value of U (2.0-3.0 eV) was recommended to better describe
the redox chemistry over ceria surfaces®® and in bulk.?® A low U value was also suggested for
the calculation of activation barriers.®! In our work on methanol conversion over ceria,?? we
have found for reduction processes that a value of 3.0 eV agrees better with hybrid functional

results?” than a value of 5.0 eV because of an increasing overstabilization of the reduced state

6
ACS Paragon Plus Environment

Page 6 of 28



Page 7 of 28

©CoO~NOUTA,WNPE

The Journal of Physical Chemistry

with larger U. Performance variations of the DFT+4+U method depending on the chemical
process have been observed previously.?®2? Although it was reported that a minimum value
of 3.0 eV is necessary for the f-electrons to localize on cerium,®® we have found that a value of
3.0 eV is not always sufficient, particularly during geometry optimization. Since the correct
defect geometry requires electron localization, we employ a value of 5.0 eV during geometry
optimizations and reaction path determinations but execute single point calculations with a
value of 3.0 eV for more accurate energy differences for redox processes. Transition states
are confirmed by frequency analysis using a value of 5.0 eV for U. This strategy has been
used in previous work by us on methanol conversion over ceria.?®3 Unless otherwise noted,
all energy values and reaction profiles reported throughout the paper are obtained at U =
3.0 eV while optimization paths in figures (including the Supporting Information) are given
for U = 5.0 eV.

The (111) surface is constructed by stacking 9 atomic layers that are terminated by
an oxygen layer and that extend periodically in the x- and y-directions. A vacuum layer
of 15 A is added in the z-direction to avoid interaction between slabs. We use a p(2x2)
expansion of the surface cell that contains one dissociatively adsorbed methanol molecule

2 simulating a

and one dioxymethylene molecule for a carbon species coverage of 3.8 nm™
fairly high coverage. The coverage in a reactor experiment is expected to be variable and to
depend upon reactor conditions. However, high coverage is certainly a reasonable starting
point in a UHV type TPD experiment.!? The partially reduced surfaces are modelled by
including a single oxygen vacancy in the top layer of the surface cell, which amounts to a
vacancy coverage of 1.9 nm~2. Removing one surface oxygen results in a vacancy with two
electrons remaining in the surface. These electrons localize in cerium 4f-bands reducing two
Ce'™ to Ce®' ions that are nearest and next-nearest neighbors to the vacancy on the (111)
surface. 3”3 We use the corresponding surface structure as a starting structure for adsorbate

relaxation. However, we do not constrain the magnetic moments and the Ce3* location may

change during the relaxation.
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During optimizations of minimum adsorbate structures and reaction paths, the top 6
atomic layers are relaxed while the remaining layers are fixed. We employ spin-polarized
functionals, an energy cut off of 700 eV, a I'-centered 3-3-1 Monkhorst-Pack k-point mesh,
and dipole corrections perpendicular to the surface. Dispersion corrections are included
through the D3 method by Grimme.?® Minimum energy paths are optimized with the climb-
ing image nudged elastic band method® (CI-NEB), where we use tools provided by the
Henkelman group to set up the input. A positive adsorption energy indicates exothermic
adsorption. The dissociative adsorption energy is defined as the sum of adsorption energy
and dissociation energy. For the case of methanol, it is the difference between the energy
of methoxide, coadsorbed hydroxide, and further adsorbates on the surface and the sum of

energies of methanol and the surface with remaining adsorbates.

Results and Discussion

In reactor experiments of methanol conversion over ceria, methanol and formaldehyde are
present in the gas phase and may adsorb on different parts of the catalyst that may or
may not have undergone previous reduction. Here, we examine the fully oxidized ceria
(111) surface and the partially reduced surface represented by a surface with an oxygen
vacancy. Since either methanol or formaldehyde can adsorb over a vacancy, the following
section is divided into three subsections according to the surface configuration considered
(fully oxidized, dioxymethylene in vacancy, methoxide in vacancy) and given in 2. Note
that methanol adsorbs dissociatively forming methoxide and hydroxide and formaldehyde
adsorbs by interacting with a surface oxgygen forming dioxymethylene. Similarly, formyl
(obtained through dehydrogenation of dioxymethylene) interacts with the surface producing
formate. In all figures, species that are connected through bonds are rendered using covalent
radii®® including oxygen atoms that are part of the surface. We assume that for a coupling

reaction to occur on the surface, the adsorbates have to be in neighboring positions. For
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Figure 2: Ceria (111) surface configurations considered in this work; dioxymethylene and
methanol dissociatively adsorbed on the A - fully oxidized surface, B - partially reduced
surfrace with dioxymethylene in vacancy, C - partially reduced surface with methoxide in
vacancy; top views, surface atoms are rendered using crystal ionic radii,?® atoms forming
covalent bonds are rendered using covalent radii,®® red - general oxygen, orange - third layer
oxygen, silver - cerium, gray - carbon, white - hydrogen.

each configuration shown in 2, we explore the pathways given in 1.

Oxidized Surface

The first step of pathway 1, 1 is the dehydrogenation of dioxymethylene starting from con-
figuration A in 2. Hydrogen transfer may occur from dioxymethylene to a surface oxygen.
Note, that there are only four oxygen atoms in the top layer of the surface cell of a p(2x2)
expansion, one of them is bound to hydrogen, another to formaldehyde forming dioxymethy-
lene. Of the two available surface oxygen atoms, one is too far from the hydrogen (4.6 A) to
be considered, the other is somewhat crowded by the neighboring methoxide. We calculate
a barrier for hydrogen transfer to the latter oxygen of 1.71 eV using a U value of 3.0 eV (CI-
NEB path is included in the Supporting Information, S1). Since dehydrogenation involves
the reduction of cerium, the barrier strongly depends on the choice of the U parameter (see
computational section). Our barrier calculated with U=5.0 eV is 1.27 eV. In the literature,
an activation energy for dioxymethylene dehydrogenation without neighboring adsorbates of
1.53 eV 33 was reported using a value of 4.5 eV for U. The literature value for dehydrogenation

of isolated dioxymethylene for U=4.5 eV lies between our values for U=3.0 eV and U=5.0
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eV; albeit, one might expect the barrier for U=4.5 eV to be closer to the value for U=5.0
eV. However, this suggests that the crowding of the surface oxygen atom by neighboring
methoxide does not cause an overestimation of the activation energy.

Another possible path for dioxymethylene dehydrogenation is through a formaldehyde
intermediate that is not chemically bound to the surface. The formaldehyde intermediate
forms from dioxymethylene without barrier (CI-NEB path is included in the Supporting
Information, S2) and could rotate towards the surface to bring the hydrogen to be transferred
closer to the surface than is possible in dioxymethylene. A second intermediate, formyl,
could then be formed through dehydrogentation of weakly bound formaldehyde. The formyl
intermediate can rotate to the surface yielding formate without barrier (CI-NEB path is
included in the Supporting Information, S3). However, we were not able to find a transition
state for hydrogen transfer from the weakly bound formaldehyde intermediate to the surface.
Thermodynamic analysis shows that this path requires at least 1.50 eV activation energy.

Alternatively, we have identified a path with a significantly smaller activation barrier.
Along this path, hydrogen is transferred from dioxymethylene to methoxide forming methanol
(not identified as intermediate). This methanol then rotates and deposits hydrogen onto a
surface oxygen without further activation barrier. The CI-NEB path (U=5.0 e¢V) together
with selected structures along the path are shown in 3. The activation barrier for this
path is with 0.59 eV (U=3.0 eV) considerably lower than unassisted hydrogen transfer from
dioxymethylene to the surface (1.71 eV). Formate formation is exothermic with -1.36 eV
(U=3.0 eV).

Similarly, the disproportionation of two methoxide to form methanol and dioxymethylene
on the ceria (111) surface involves hydrogen transfer from the methyl group to oxygen of
a second methoxide. Methoxide also promotes C-H cleavage in methoxide but to a lesser
extent than in dioxymethylene. The activation energy for unassisted hydrogen transfer from
methoxide to the ceria surface is 1.06 eV, while the barrier is reduced to 0.79 eV when hydro-

gen transfer is assisted by methoxide (1/2 monolayer caoverage).?> Note that the barrier for
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Figure 3: CI-NEB path (U=5.0 eV) for hydrogen transfer from dioxymethylene to surface
oxygen via methanol formation on the fully oxidized ceria (111) surface; top views, rendering
as in 2.

methoxide assisted dioxymethylene dehydrogenation is lower than the adsorption energy of
methanol (in the reactant configuration considered here), which is 0.71 eV. This underlines
the importance of adsorbate interactions on the surface. If methanol and formaldehyde ad-
sorb adjacent to each other, dehydrogenation of dioxymethylene may occur before methanol
desorption. High enough coverage of methoxide and dioxymethylene may be achieved in
reactor experiments were formaldehyde and methanol are co-fed.

The second step of pathway 1, 1 is the oxygen-carbon bond formation between methoxide
and formate (CI-NEB path is included in the Supporting Information, S4). This step has
an activation barrier of 0.57 eV leading to methyl formate with an overall reaction energy of
-0.92 eV. The reaction profile for methyl formate formation through pathway 1, 1 is given
in 4.

In pathway 2, 1, the oxygen-carbon bond forms first between methoxide and dioxymethy-
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Figure 4: Reaction profile for methyl formate formation via pathway 1, 1 on the fully oxidized
ceria (111) surface; energies in eV; (s) denotes species adsorbed on the surface, (g) denotes
species in the gas phase; top views, rendering as in 2.

lene, which requires an energy of 0.62 eV (CI-NEB path is included in the Supporting In-
formation, S5). Bond formation is thermoneutral. The subsequent dehydrogenation of the
intermediate has an activation barrier of 0.96 eV leading to methyl formate (CI-NEB path
is included in the Supporting Information, S6). The final product has a slightly different
surface configuration than in pathway 1, 1 since the hydrogen is transferred from the in-
termediate to a different surface oxygen. 5 shows the reaction profile for methyl formate
formation through pathway 2, 1.

When methanol is converted over ceria in a TPD experiment,'* formaldehyde is formed
above 500 K, which is sufficient to overcome a reaction barrier of above 1.0 eV for methoxide
dehydrogentaon.®® Since the reactant formaldehyde has to be present for methyl formate
to be produced, the reactor temperature at which methyl formate is potentially formed is
above 500 K. Assuming entropic factors of similar magnitude for dehydrogenation of the
different species adsorbed on the ceria surface, we expect that at similarly high temperature

than during methoxide dehydrogentaion pathway 1 and 2 for methyl formate formation are
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Figure 5: Reaction profile for methyl formate formation via pathway 2, 1 on the fully oxidized
ceria (111) surface; energies in eV; (s) denotes species adsorbed on the surface, (g) denotes
species in the gas phase; top views, rendering as in 2.

both attainable. The reaction barriers in pathway 1 are below 0.6 eV, which should lead
to a significant amount of methyl formate being produced through pathway 1. However, in
the reactant configuration 2 A, the dissociative adsorption energy of methanol is 0.71 eV
and that of formaldehyde is 0.89 eV. The adsorption of both reactants next to each other
is difficult to achieve. Certainly, in TPD experiments above 500 K configuration A in 2 is
unlikely, while, in a reactor, the probability of that configuration to occur is a function of the
partial pressure of methanol and formaldehyde. Removing the coadsorbed hydroxide through
reaction or diffusion eliminates the recombination and desorption pathway. Adsorption over
an oxygen vacancy also results in larger adsorption energies. The partially reduced surface

is discussed in the following.

Reduced Surface, Dioxymethylene in Vacancy
In this section, we investigate methyl formate formation from methanol dissociatively ad-

sorbed atop a cerium atom and formaldehyde adsorbed over an oxygen vacancy as shown in
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Figure 6: Reaction profile for methyl formate formation via pathway 1, 1 on partially reduced
ceria (111) surface, dioxymethylene in vacancy; energies in eV; (s) denotes species adsorbed
on the surface, (g) denotes species in the gas phase; top views, rendering as in 2.

2 B.

We first discuss methyl formate formation through pathway 1, 1. When formaldehyde
adsorbs over an oxygen vacancy, it forms dioxymethylene as we have seen on the fully ox-
idized surface. However, in contrast to the oxidized surface, we are not able to isolate a
formaldehyde intermediate that is not surface bound and we, therefore, do not study the
corresponding path for dioxymethylene dehydrogenation through a formaldehyde interme-
diate. We consider dehydrogenation of dioxymethylene via hydrogen transfer to a surface
oxygen and to methoxide. While configuration B in 2 is the starting configuration for path-
way 2, it is not optimal for pathway 1. Dehydrogenation would result in formate that is
unfavourably rotated for further coupling to methoxide. In addition, the hydrogen atoms in
dioxymethylene are too far from methoxide oxygen for transfer. Instead, we use an energeti-
cally slightly higher starting configuration (by 0.25 eV) for pathway 1, where dioxymethylene
is rotated by about 60° towards methoxide, see 6. Hydrogen transfer from dioxymethylene

to the only available surface oxygen requires an activation energy of 1.60 eV (CI-NEB path is
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Figure 7: Reaction profile for methyl formate formation via pathway 2, 1 on partially reduced
ceria (111) surface, dioxymethylene in vacancy; energies in eV; (s) denotes species adsorbed
on the surface, (g) denotes species in the gas phase; top views, rendering as in 2.

included in the Supporting Information, S7). As on the oxidized surface, hydrogen transfer
to methoxide has a much lower activation barrier of 0.51 eV. This time, we isolate methanol
as an intermediate for hydrogen transfer from dioxymethylene to the surface (CI-NEB paths
to yield methanol and for subsequent oxygen-hydrogen bond cleavage are included in the
Supporting Information, S8 and S9, respectively). Formate formation is exothermic with
a reaction energy of -1.11 eV. Coupling of methoxide and formate yielding methyl formate
is endothermic but proceeds without barrier (CI-NEB path is included in the Supporting
Information, S10). Pathway 1 is summarized in 6.

During our attempts to locate a formaldehyde intermediate that is not bound to a surface
oxygen, optimization led to oxygen-carbon coupling between methoxide and dioxymethylene
resulting in the intermediate of pathway 2, 1. However, the CI-NEB path for intermediate
formation (included in the Supporting Information, S11) shows a plateau region that cor-
responds to formaldehyde that is not bound to a surface oxygen. This region is 0.44 eV

higher in energy than the reactant configuration. Intermediate formation is with -1.14 eV
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exothermic. The final hydrogen transfer step from intermediate to surface oxygen has an
activation barrier of 1.38 eV (CI-NEB path is included in the Supporting Information, S12).
7 shows the reaction profile for methyl formate formation through pathway 2.

Comparing activation barriers on the fully oxidized surface and on the partially reduced
ceria surface, where dioxymethylene is located in an oxygen vacancy, we observe an increase
of the highest barrier in each path. However, in pathway 1, the maximum barrier is still only
0.66 eV for oxygen-carbon bond formation. Above 500 K, where reactant (formaldehyde)
formation is observed,!* the expected bottleneck for methyl formate formation to occur on
the oxidized surface is the adsorption of both reactants next to each other on the surface, as
discussed above. For configuration B in 2, the reaction barriers for methyl formate production
through pathway 1 are still below the activation energy for methoxide dehydrogenation
(above 1 eV3?) to form formaldehyde but the adsorption energy of formaldehyde has increased
from 0.89 eV on the oxidized surface to approximately 1.10 eV (estimated as the adsorption
energy of formaldehyde over a vacancy next to methanol since the optimization of methoxide
next to a vacancy leads to the migration of methoxide into the vacancy). This increases the
probability for the occurrence of configuration B in a reactor experiment, where methanol
is present in the gas phase and may adsorb next to a more stable dioxymethylene on the

surface allowing methyl formate to form.

Reduced Surface, Methoxide in Vacancy

The last starting configuration for methyl formate formation we want to consider is configu-
ration C in 2, where methoxide is located in an oxygen vacancy. However, a thermodynamic
analysis reveals that the minimum activation barrier for oxygen-carbon bond formation along
pathway 1, 1is 2.73 eV and for pathway 2 is 1.95 eV. This can be deduced from the energy di-
agram in 8. The large energy requirements are due to the increase of the dissociative adsorp-
tion energy of methanol over an oxygen vacancy (by 1.47 eV) compared to the dissociative
adsorption energy on the fully oxidized surface. In configuration B, 2, one dioxymethylene
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34 Figure 8: Energy diagram for methyl formate formation via pathway 1 and 2, 1 on par-
35 tially reduced ceria (111) surface, methoxide in vacancy; energies in eV; (s) denotes species
36 adsorbed on the surface, (g) denotes species in the gas phase; top views, rendering as in 2.

39 oxygen remains anchored to the oxygen vacancy as methyl formate is formed (6 and 7), while
41 in configuration C, the methoxide must drift off the vacancy to form the oxygen-carbon bond
43 in methyl formate (8). An unfilled surface oxygen vacancy is created that is associated with
a large energy penalty.

Still, configuration C, 2 may contribute to overall methyl formate production. Methoxide
can be replaced by another suitable adsorbate that is located next to the vacancy. If, for
instance, hydroxide is situated next to the methoxide filled vacancy, hydroxide can push
methoxide to an atop position. In the reactant configuration hydroxide/methoxide exchange
requires an energy of 0.63 eV. In the formate configuration along pathway 1 this replacement

58 requires 0.43 eV (CI-NEB paths are included in the Supporting Information, S13 and S14,
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respectively). Activation energies for methyl formate formation are then expected to be
similar to what we have shown for configuration A, 2 on the fully oxidized surface.

Another possible route for methoxide adsorbed in an oxygen vacancy to participate in
methyl formate production is through dehydrogenation. The activation barrier for C-H
cleavage of an isolated methoxide in a vacancy is 1.28 eV.2% The resulting dioxymethylene
in the vacancy could then react with coadsorbed methoxide following the reaction paths
outlined in above section ”Reduced Surface, Dioxymethylene in Vacancy”.

Finally, we discuss potential generalizations of the work presented herein. Previously, it
was shown that the barrier for dehydrogentation of methoxide is similar for the (111), (100),
and (110) surfaces but that the adsorption energies of surfaces species vary significantly for

26,3334 Tt, is reasonable to deduce that dehydrogenta-

different crystallographic orientations.
tion of dioxymethylene is similarly promoted by methoxide on all ceria surfaces resulting
in lowered barriers for methyl formate formation. However, differences in residence time
of surface species change the probability for finding formaldehyde and methanol adsorbed
adjacent to each other. We, therefore, predict that methyl formate production is increased
on the (100) surface due to larger adsorption energies of methanol and formaldehyde on the
surface. We also believe that the promotion of dioxymethylene dehydration by methoxide
is not restricted to the ceria surface but should be observable on other oxide surfaces as
well. Badlani and Wachs!” have shown that activity in redox active oxides, those oxides
that yield methyl formate and formaldehyde as primary products in methanol oxidation, is
highly correlated with methoxide decomposition temperature. Their remarkable correlation
supports the conclusion that methoxide C-H bond cleavage is the rate limiting step, but
does not provide insight into the pathways for coupling that leads to methyl formate or the
selectivity between formaldehyde vs methyl formate. The present results provide initial in-
sight into how formaldehyde/dioxymethylene adsorption energy and its methoxide promoted
dehydrogenation may combine to control this selectivity in the entire group of redox active

oxides.
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Conclusion

Using DFT, we studied methyl formate formation during methanol conversion on the (111)
ceria surface. We excluded the possibility of direct coupling between two methoxide and con-
sidered two pathways of methyl formate production starting from methanol dissociatively
and formaldehyde adsorbed on the surface, the latter forming dioxymethylene. In pathway
1, dehydrogenation of dioxymethylene occurs prior to oxygen-carbon bond formation, while
in pathway 2, the oxygen-carbon bond is formed first followed by dehydrogenation of the
intermediate. Previously, we calculated activation barriers for methoxide dehydrogenation of
about 1 eV and above.??35 Correspondingly, formaldehyde production was observed above
500 K in experiment.'* On the fully oxidized surface pathways 1 and 2 have a maximum
barrier below 1 eV. The maximum barrier of pathway 1 is only 0.59 eV. However, the ad-
sorption energies of methanol and formaldehyde are below 0.9 eV and both species desorb
at temperatures above 500 K that allow for prior methoxide dehdrogenation (reactant for-
mation). In reactor experiments, readsorption occurs but the probability of both reactants
adsorbing adjacent to each other is low. This probability can be increased by prolonging
the residence time of either adsorbate. The desorption pathway of methanol can be elim-
inated by hydroxide removal through water formation.*> Another option is the increase of
the adsorption energy by adsorbate placement in an oxygen vacancy. When dioxymethylene
is located in a vacancy, pathway 1 continues to have a lower maximum barrier than pathway
2 with 0.66 eV for pathway 1. The large increase of the dissociative adsorption energy for
methanol at a vacancy resulted in activation barriers for oxygen-carbon bond formation of
above 2 eV for either pathway. Still, reduction of the ceria surface is anticipated to enhance
methyl formate formation through stabilization of either formaldehyde or methanol since
methoxide trapped in a vacancy can easily be exchanged with a suitable coadsorbates (i.e.
hydroxidel) or proceed to dehydrogenation forming formaldehyde that is active for methyl
formate production.

Importantly, we found that methoxide promotes dehydrogenation of dioxymethylene ei-
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ther on the oxidized surface or in an oxygen vacancy. The activation barrier for C-H cleavage

of about 1 eV and above,?*35

which we also observed here for C-H cleavage in the intermedi-
ate of pathway 2, is lowered to below 0.6 eV. We predict that if methanol and formaldehyde
are co-fed in a reactor experiment, a significant amount of methyl formate is produced at

low temperature.
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