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Abstract

We have performed computations to better understand how surface structure affects se-
lectivity in dehydrogenation and dehydration reactions of alcohols. Ethanol reactions on the
(111) and (100) ceria surfaces were studied starting from the dominant surface species, ethoxy.
We used DFT (PBE+U) to explore reaction pathways leading to ethylene and acetaldehyde
and calculated estimates of rate constants employing transition state theory. To assess path-
way contributions, we carried out kinetic analysis. Our results show that intermediate and
transition state structures are stabilized on the (100) surface compared to the (111) surface.
Formation of acetaldehyde over ethylene is kinetically and thermodynamically preferred on
both surfaces. Our results are consistent with temperature programmed surface reaction and
steady-state experiments, where acetaldehyde was found as the main product and evidence was
presented that ethylene formation at higher temperature originates from changes in adsorbate

and surface structure.
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Introduction

Cerium is one of the most abundant rare earth elements with wide applicability in its oxidized form.
The most important technological utilization of cerium oxide is the use as a promoter in three-way
catalysts to reduce toxic automotive gas emissions.! Ceria is capable of storing and releasing oxy-
gen while the oxidation state of cerium changes between +4 and +3. This also enhances catalytic
activity when ceria is used as support for transition metals, for instance for the water-gas-shift reac-
tion and steam reforming of hydrocarbons.? Ceria-zirconia supported catalysts have been efficient

in other hydrogen forming processes>

as well, such as autothermal reforming, catalytic partial ox-
idation, dry reforming, and thermochemical water-splitting.* Further, the redox properties of ceria
have been exploited to manufacture electrodes in solid oxide fuel cells.! Recent developments in
the controlled synthesis of nanostructured ceria give rise to exciting new applications, for instance
as biomedical protection agents against radiation damage and inflammation.>

Most computational studies on ceria and ceria catalyzed reactions® utilize density functional
theory (DFT). While fully oxidized ceria does not pose a particular problem for DFT, the presence
of Ce* causes difficulties due to the self-interaction error inherent to density functionals that
implement approximate gradient-corrected exchange potentials. Nevertheless, ceria has become a
computationally well studied system.® The tendency of gradient-corrected functionals to delocalize
atomic-like 4f electrons can be overcome by introducing on-site correlation using a Hubbard-type
U term or adding Hartree-Fock exchange in hybrid functionals. The correct description of both the
oxidized and reduced states is essential to study technologically important catalytic reactions such
as the oxidation of CO to CO, or the reduction of NOy to N> over ceria surfaces, which involve
oxygen vacancy formation.

In our current work, we examine ethanol dehydrogenation on the fully oxidized (111) and (100)
surfaces using DFT. This was motivated by a recent study of the effect of surface structure on
the catalytic selectivity for ethanol oxidation over ceria nanocrystals.” In particular, temperature-

programmed surface and steady-state reactions with co-fed O, were performed using cube, octa-

hedron, and rod shaped nanocrystals as catalysts. Oxygen serves as a healing agent for potentially



formed vacancies on the ceria surfaces. Whereas (100) crystallographic planes are exposed on
cubes, octahedra show (111) surfaces, and rods display a mixture of faces. It was postulated that
the observed variations in selectivity towards ethylene and acetaldehyde production are a conse-
quence of different rates for - and B-H-C bond scission on the (111) and (100) surfaces; i.e.
reaction occurs on the terrace and not on the edge sites. We, therefore, carry out model surface
calculations to investigate the selectivity of acetaldehyde versus ethylene formation from ethanol
on the (111) and (100) ceria surfaces.

Computational work on related systems has been conducted previously; notably, the study of
ethanol dehydrogenation on the Rh/CeO,(111) system,® where reported reaction paths proceed
through an oxametallacycle involving the Rh atom, and the investigation of acetaldehyde conver-
sion on the ceria (111) surface.” Computational results on ethanol’s smaller homolog, methanol,
are also available including DFT calculations on the dissociative adsorption on the (111) sur-

10,11

face and kinetic data for initial bond-breaking on the (110) surface. 12 Other relevant work

13,14 4

includes DFT studies on formaldehyde adsorption and oxidation. !
In the following we present reaction path and kinetic analysis for acetaldehyde and ethylene
formation from ethoxy. The latter is the dominant surface species after ethanol adsorption on the

(111) and (100) ceria surfaces.’
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Figure 1: Competitive reactions of ethoxy to form acetaldehyde and ethylene over ceria surfaces
studied herein; ® on (111) surface only.



Computational Details

All electronic structure calculations were carried out using the projector-augmented wave (PAW)

d!3-16 as implemented in the VASP ab initio simulation package.'’~?* Although we investi-

metho
gated ethoxy dehydrogenation on fully oxidized surfaces, see Figure 1, the overall oxidation state
of the carbon atoms in the adsorbate increases during acetaldhyde formation and we, therefore, ex-
pected a corresponding reduction of the surface. As discussed above, for the reduced ceria surface
standard gradient-corrected exchange-correlation functionals are known to fail and we used the
PBE+U?2!-22 functional within the DFT formalism. While a value of 5 eV for U is optimized to po-
sition occupied Ce 4f states about 1.3 eV above the oxygen 2p states in bulk Ce,032 and is often
used in calculations of reduced ceria,® a value of 2-3 eV for U was suggested for the description of
redox chemistry over ceria®* and bulk reduction energies, > a value of 2 eV was recommended for
activation barriers.? Here, we chose a value of 2.5 eV for the effective U parameter. This resulted
in a lattice constant for CeO; of 5.48 A, intermediate between the lattice constants obtained with
PBE(U=0) and PBE+U(U=4.5)% and compared to the experimental value of 5.41 A.

We employed spin-polarized functionals, an energy cut off of 700 eV, and dipole corrections
perpendicular to the surface. Previously,!! we found that a I'-centered 4-4-4 Monkhorst-Pack k-
point mesh is converged to 0.01 eV for bulk calculations. We, therefore, utilized a I'-centered 4-4-1
Monkhorst-Pack k-point mesh for the surface calculations.

d?728 and the most stable surface of ceria. The

The (111) ceria surface is oxygen terminate
surface cell was constructed by stacking three units of oxygen-cerium-oxygen layers for a total of
9 atomic layers, which resulted in a zero dipole moment normal to the surface. The top 6 atomic
layers were relaxed during optimization, while the bottom 3 layers were fixed. Figure 2 shows the
top view of the (111) surface. Using a vacuum layer of 15 A, we calculated a surface energy of
0.70 J/m? (unrelaxed 0.71 J/m?), similar to the previously published surface energy of 0.71 J/m?
using PBE+U(U=5) and 12 atomic layers.?’

In contrast to the (111) surface, the (100) surface has a nonzero dipole moment normal to the

surface. Experimental observations 23931 suggest that the (100) surface is terminated by 0.5 ML



Figure 2: Top views of the (111) surface (left) and the (100) surface (right); top oxygen and cerium
layers shown in lighter colors; Ce: ochre, O: red.

(mono layer) of oxygen. To obtain a consistent model, we constructed the oxygen terminated (100)
surface by removing half of the oxygen atoms on the surface and adding them at the bottom of the
slab in a checker board [c(2 x 2)] structure, which was found to be most stable>? and is depicted in
Figure 2. We again used a surface cell that included 9 atomic layers, where 6 layers were relaxed
while the bottom layers were fixed, with a vacuum layer of 15 A. Surface energies reported in
the literature utilizing different functionals and slab thicknesses %3233 are 2.05 and 2.06 J/m? for
the unrelaxed slab and 1.41 - 1.44 J/m? for the relaxed surface, where both sides of the slab were
relaxed. This is consistent with our values of 2.09 J/m? for the unrelaxed and 1.76 J/m? for the
relaxed surface, where only one side of the slab was relaxed. To ensure that 9 atomic layers are
sufficient, we repeated the calculation of the surface energy using a slab with a thickness of 13
atomic layers and obtained a value of 1.75 J/m? for the relaxed surface.

After ethanol adsorption on the ceria surface, the dominant surface species is ethoxy, as found
previously from UHV studies of CeO,(111)3* and for CeO, octahedra.” At temperatures where
ethylene and acetaldehyde formation occurs’ (higher than 250°C on ceria cubes and octahedras),
ethanol is present on the surface predominantly in its dissociated form and we, therefore, used
ethoxy as the starting point for our calculations. Full coverage of ethoxy on CeO,(111) was re-
ported to be about 8 nm~! at 200 K.3* Here, we assumed approximately 1/4 ML coverage or one

ethoxy per p(2x2) expansion of the surface cell corresponding to 1.9 and 1.6 nm~! on the (111) and



(100) surface, respectively. We also assumed that the ethanol H stays co-adsorbed on the surface,
thereby avoiding charge separation.

Minimum adsorbate structures were obtained by relaxation of the adsorbate and 6 surface lay-
ers. Minimum energy paths were preoptimized with the nudged elastic band method*> (NEB) and
transition states were located with the climbing image nudged elastic band method3® (CI-NEB),
where we used tools provided by the Henkelman group to set up the input. During the NEB and
CI-NEB calculations only the adsorbate and the surface O and Ce atoms that interact directly with
the adsorbate were relaxed while most of the surface was fixed. The final geometries of the transi-
tion states were recalculated by letting the remainder of the top 6 surface layers relax. Stationary
points on the potential energy surface were confirmed by frequency analysis. In a few instances,
we found spurious imaginary frequencies, which could not be removed by tight convergence crite-
ria for forces (0.01 eV/A). In these cases, we displaced along the spurious imaginary mode to find
the corresponding minimum along that mode.

Rate constants for surface reactions (k,.qr) Were calculated using transition state theory. The
harmonic approximation was invoked to compute pre-factors, where only the adsorbate was con-
sidered,

KT qyiy g

—-e K (D
h qfih

kreacl =
where k is the Boltzmann constant, 4 the Planck constant, T the temperature, qVTli the vibrational
partition function of the transition state, and qlfib the vibrational partition function of the reactant.

Although we did not calculate equilibrium constants (K) for thermal equilibria between surface

species, we give the formula here so the reader can follow the argument in the text below,
P
. AE
K = Db i )

where qfib is the vibrational partition function of the product and AE the energy difference between
product and reactant. Desorption rate constants (kg.s) were calculated employing the model of

indirect desorption,3” where the transition state for desorption is free to move across the surface
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Figure 3: Energetically lowest structures of A ethoxy, B intermediate, C acetaldehyde product, D
ethylene product, upper panel on the (111) surface, lower panel on the (100) surface; Ce: ochre,
O: red, C: gray, H: white.

while rotating and vibrating.
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where q,zrlz,’fs is the two-dimensional translational partition function, ¢,, the rotational partition
function, and qfib the vibrational partition function of the desorbed molecule, E; is the desorption
energy.

Kinetic simulations were performed with Mathematica.3® Transition state estimates for rate
constants were used in the rate equations that describe the mechanism shown in Figure 1. The
corresponding system of coupled differential equations was solved for numerically.

Bader charge analysis was carried out with the code provided by the Henkelman group. 34!

Results and Discussion

Only monodentate ethoxy adsorbed on top a Ce** cation site was found as a stable surface species
on the (111) surface. We performed geometry optimizations using 8 different starting structures,

where ethoxy can be characterized as standing up with the C-C axis close to perpendicular to



Table 1: Dissociative adsorption energies (relative to the ethanol/ceria system) of ethoxy and
adsorption energy (hydrogen atoms are co-adsorbed) of acetaldehyde in eV on the (111) and
(100) ceria surfaces.

surface
(111) | (100)
on top 0.62 | 0.57
bidentate - 1.48
acetaldehyde 0.04 | 0.21

species

ethoxy

the surface and laying down with the C-C axis close to parallel to the surface. Further, rotation
of ethoxy around the O-Ce axis was considered. The energetically lowest structure is depicted
in Figure 3. On the (100) surface, in addition to the monodentate, on-top position, the ethoxy
oxygen can also occupy the position of the lattice oxygen that has been removed from the surface
layer, yielding a bidentate surface species. We carried out optimizations using 18 different starting
structures. The energetically lowest ethoxy structure is the bidentate species shown in Figure 3.
The dissociative adsorption energies (relative to the ethanol/ceria system) for the on-top position on
the (111) and (100) surface are 0.62 and 0.57 eV, respectively, while the bidentate ethoxy species on
the (100) surface is considerably more stable with a dissociative adsorption energy of 1.48 eV (see
Table 1). Note, that the dissociative adsorption energy for ethanol in the on-top position appears
to be underestimated since it corresponds to a weak interaction between molecule and surface,*
while experiment has found ethoxy to be stable on the surface.>* This can be partly attributed to
dispersion effects that are not properly accounted for in density functionals.® However, in a study
of water on the ceria (111) surface,?® adding dispersion terms to the PBE functional (optPBE-
vdW+U) increased adsorption energies only by 0.1 - 0.2 eV.

The energetically lowest ethoxy structures on either surface were used as starting points to
locate product and intermediate structures. In particular, we looked for cyclic intermediates but
could not find any. The formation of acetaldehyde only involves a-H-C scission, while two bonds
have to be broken to yield ethylene, in a one- or two-step process. We found an intermediate
(CH,CH,0), where B-H-C scission occurs first, which is followed by O-C cleavage to obtain

ethylene. In addition, intra-molecular H-transfer in the intermediate is an alternative route to ac-

10



Table 2: Sum of Bader atomic charges of surface species in electrons (including H and O
atoms on surface); magnetic moments of second layer cerium atoms, numbering according
to Figure 4.

magnetic moment [Ug]
Ce(1) | Ce(2) | Ce(3) | Ce(4)
ethoxy 0.09 0.00 | 0.00 | 0.00 | 0.00
intermediate | 0.59 | -0.02 | -0.76 | -0.02 | -0.03

surface species charge

(11D acetaldehyde | 1.16 | -0.43 | 0.56 | 0.83 | 0.01
ethylene 0.27 | 0.00 | 0.00 | 0.00 | 0.00

ethoxy 0.06 | 0.00 | 0.00 | 0.00 | 0.00

(100) intermediate | 0.58 | 0.00 | 0.80 | 0.22 | 0.00

acetaldehyde | 1.14 | 0.03 | 0.79 | 0.78 | 0.01
ethylene 0.25 | 0.00 | 0.00 | 0.00 | 0.00

etaldehyde formation. While we were able to locate acetaldehyde adsorbed on the surface, ethylene
does not form a stable adsorption product on the ceria surface but desorbs immediately. Surface
hydrogen readily moves towards the oxygen atom left behind on the (111) surface during ethylene
formation yielding a hydroxy bound to the surface. A NEB calculation indicated that there is no
activation barrier for this process. On the (100) surface H-migration to the oxygen atom does not
provide stabilization since the latter is fully integrated in the top oxygen layer of the surface. The
competitive reactions of ethoxy over ceria to yield acetaldehyde and ethylene studied herein are
summarized in Figure 1.

On the (111) surface, ethoxy is surrounded by 3 surface oxygen atoms. One of them carries the
co-adsorbed ethanol H and the other two are equivalent and free to accept H from either - or -
H-C scission. On the (100) surface, ethoxy possesses 4 neighboring surface oxygen atoms. Again,
one of them is occupied. We place the a- or B-H opposite to the occupied site. Although the
other adjacent O atoms are not completely equivalent, H transfer pathways to these are expected
to be similar and not explored herein. Product and intermediate structures are given in Figure 3.
We only considered reaction paths to products present immediately after reaction. In particular,
a more stable, chemisorbed species of actealdehyde exists on the (111) ceria surface.” While we
incorporate desorption in the kinetic analysis later on, product rearrangement and further reactions

were not included in this work.
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Figure 4: Top view of acetaldehyde products on the (111) and (100) surface; 3 surface layers are
shown, the lowest O layer is transparent, second layer Ce atoms numbered; Ce: ochre, O: red, C:
gray, H: white.

In order to analyse the degree of reduction of cerium that occurs during reaction (see Figure 1),
we calculated Bader atomic charges, local magnetic moments, and projected densities of states
(PDOS). Table 2 includes the sum of the Bader atomic charges of the adsorbates. A positive value
indicates that an equal amount of negative charge has been transferred to the surface. For a better
comparison between the (111) and the (100) surface, the (111) ethylene product included in the
table is the minimum structure prior to H migration to form OH. The Bader charge analysis shows
very similar charge transfer on the (111) as on the (100) surfaces. Ethoxy combined with ethanol
H is close to charge neutral, indicating that no charge transfer to the surface takes place. When
the intermediate is formed, the sum of the carbon oxidation states formally changes from -4 to -3,
potentially releasing one electron to the surface. Charge analysis indeed shows a charge transfer to
the surface of 0.59 electron on the (111) surface and 0.58 electron on the (100) surface. The sum of
the formal oxidation states of the two carbon atoms in acetaldehyde is -2, giving the possibility for
two electrons to be transferred to the surface. We observe that 1.16 and 1.14 electrons are donated
from the acetaldehyde to the (111) and (100) surface, respectively, approximately twice as much
charge as from the intermediate. Although the overall oxidation state in ethylene is with -4 the
same as in ethoxy, a formally doubly negative oxygen ion is produced on the surface giving rise to
a fairly small amount of charge transfer to the surface.

The magnetic moments of the second layer cerium atoms shown in Table 2 indicate if the

cerium atoms are reduced. However, the degree of 4f electron localization is a function of the pa-

12



rameter U and one should be cautious when interpreting the sites of nonzero magnetic moment.*3

Similar can be said about the analysis of the projected density of states (PDOS) below. Cerium
atoms are numbered according to Figure 4. Reduction of second layer cerium atoms with varying
degree of delocalization can be observed in the intermediates and the acetaldehyde products on
both surfaces in agreement with the results of the charge analysis. Ethoxy does not reduce cerium
and there is also no magnetic moment on the cerium atoms of the ethylene products. The reduction
of cerium in the intermediates is accompanied by a magnetic moment on the 3-carbon atom of
0.27 up and 0.28 up on the (111) and (100) surface, respectively, showing the radical character of
the B-carbon. The unpaired spin density in the acetaldehyde products is considerably larger than in
the intermediates, again signifying that the surface is further reduced in the acetaldehyde product
in accordance with the charge analysis.
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Figure 5: Projected densities of states: 4f states of the second layer cerium atoms, numbering
according to Figure 4; A - intermediate, B - acetaldehyde product, upper panel on the (111) surface,
lower panel on the (100) surface.
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In addition, we monitored PDOS for the 4f states of the second layer cerium atoms. The 4f
states are unoccupied when ethoxy is adsorbed and in the ethylene product. Partial occupation
of the 4f states is observed for the intermediate and the acetaldehyde product; the corresponding
PDOS are given in Figure 5. The PDOS mirror the magnetic moments in Table 2: a negative
magnetic moment corresponds to a partial occupation of the B-spin 4f states, while a positive
magnetic moment correlates with a partial occupation of the a-spin 4f states of that cerium atom.
Note, however, that the degree of splitting of the 4f sates due to cerium reduction is a function of

the parameter U.+3
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Figure 6: Initial ethoxy structure for A 3-H-C scission, B a-H-C scission, upper panel on the (111)
surface, lower panel on the (100) surface; O-H distances in A; Ce: ochre, O: red, C: gray, H: white.
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The lowest energy structures for dissociatively adsorbed ethanol on the (111) and (100) surface
are given in Figure 3. For «- or B-H abstraction to occur, the respective H atom has to be in
close proximity to the surface oxygen to which the H atom is transferred to. This can be easily
accommodated by a rotation or tilting of ethoxy around the O-C axis. The resulting minimum
structures are shown in Figure 6 and are very close in energy. We expect that the transitions
between the structures proceed through correspondingly small barriers. We performed a CI-NEB

calculation for the rotation of ethoxy on the (111) surface yielding the reactant for B-H abstraction
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(Figure 6, B upper panel) and did not find a barrier. We, therefore, assumed that the rotamers are in
thermodynamic equilibrium with each other. For a-H abstraction on the (111) surface, a rotation is

not necessary because the energetically lowest ethoxy is oriented such that o-H transfer can occur.
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Figure 7: Transition states for A -H-C scission and simultaneous O-C cleavage, B 3-H-C scis-
sion, C O-C cleavage, D a-H-C scission, E intramolecular H transfer, upper panel on the (111)

surface, lower panel on the (100) surface; distances of transitioning bonds in A; Ce: ochre, O: red,
C: gray, H: white.
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We located transition states on the (111) and (100) surface for the one-step ethylene forma-

tion involving B-H transfer to the surface and simultaneous O-C cleavage, intermediate generation

15
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Figure 8: Reaction profiles for ethylene and acetaldehyde formation on the (111) and (100) surface;
E - ethoxy, R - rotated/tilted ethoxy, TS1, TS, TS2 - transition states, I - intermediate, P - product,
PH - product with migrated H (ethylene product), PD - desorbed product.

through 3-H abstraction, intermediate reaction to ethylene via O-C cleavage, intermediate trans-
formation to acetaldehyde through intramolecular H-transfer, and a-H transfer to the surface to
form acetaldehyde. The transition states are depicted in Figure 7 and the corresponding reaction
profiles in Figure 8. Note that reaction energies and barriers in Figure 8 are given relative to the
ethoxy/ceria system with ethoxy in its lowest energy conformation as shown in Figure 3 and can
be found in tabular form in the Supporting Information. We observe that transition states and
intermediate are stabilized on the (100) compared to the (111) surface. The transition state for in-
tramolecular H-transfer, which does not directly involve the ceria surface, is notably less stabilized.
Pathways for stepwise and simultaneous -H-C scission and O-C cleavage leading to ethylene are
close in energy on both surfaces. Intramolecular H-transfer on the (111) surface has nearly the
same barrier as O-C cleavage after intermediate formation and is only 0.32 eV higher than on
the (100). Acetaldehyde formation through a-H-C scission is on both surfaces the energetically
lowest reaction path. Even though we located a minimum structure for acetaldehyde adsorbed on
the (111) surface, the adsorption energy is very small. On the (100) surface the (dipole corrected)
adsorption energy of acetaldehyde is 0.21 eV (see Table 1).

To obtain selectivities for acetaldehyde and ethylene formation at finite temperature including
all identified pathways and subsequent acetaldehyde desorption, we calculated rate constants for
each elementary step and simulated reaction progress. Rate constant estimates at 300°C and 450°C
are given in Table 3 and corresponding prefactors can be found in the Supporting Information.

Note that we used a symmetry number of two for H-C scission on the (111) surface since there

16



Table 3: Rate constant estimates k for elementary steps shown in Figure 1 and included in
the kinetic analysis, subscript (s) indicates surface species and (g) gas phase.

k [s7!]

label | elementary reaction step (111) surface (100) surface

300°C [450°C [300°C [450°C
ki | CH3CH;0(,) — CH,CHyy) +H( o +0¢) [ 2x1077 [ 6x10° T [4x10" |2x10°
ko | CH3CH0() — CH2CH20( )+ H) 6 2x10° | 4x10° | 6x10°
k- | CHyCH,0() +H(;) — CH;CH, 0 3x 102 | 3x10% | 1x 10" | 3x 10"
k3 | CHyCHyO(y) — CHyCHy + O( ) 1x107 [ 2x10% | 1x10° | 7x10°
ks | CH3CH,0(,) — CH3CHO(,) +Hy 1x10° | 8x10° | 1x10" | 3x10®
k_4 | CH3CHO(,)+Hs) — CH3CH,Oy 2x10* | 1x10* | 1x10* |5x10°
ks | CH,CH,O(,) — CH3CHOy 7x10% | 7x107 | 2x10% | 3x10°
k_s | CH3CHO(;) — CH,CH,0y 4%107° |1 2x107% | 1x107% | 3x 10!
ks | CH3CHO(;) — CH3;CHO g 8x 10" | 4x 10 | 3x 10 | 3x 10

are two equivalent surface O available (one surface O is occupied by co-adsorbed ethanol H).
On the (100) surface there are three surface O closest to the adsorbate and free to accept H, the
symmetry number is three. Note, however, that the co-adsorbed H breaks the symmetry and the
three pathways may differ to some extent. In addition, we introduced symmetry numbers for
the varying number of equivalent H atoms in the reactants and the intermediate. Also note that
if we assume that rotated and tilted ethoxy structures on the surface are in thermal equilibrium
with the energetically lowest ethoxy structure, the transition state rate constants for the combined
equilibrium and forward reactions equal the rate constants where the lowest ethoxy structure is
the reactant. This is because the partition functions of the higher energy structures cancel and the
barrier is adjusted by the energy differences of the ethoxy structures.

We performed kinetic analysis by integration of the coupled rate equations corresponding to
the elementary steps contained in Table 3 and Figure 1. The starting point of our simulations was
ethoxy adsorbed on the surface. We chose a unit of gmol/m?/s for the rate of reaction. The initial
coverage is then 3 gmol/m? (approximately 2 ethoxy per nm?) and the amount of product formed is
understood as the number of mol of product formed per m? of surface. Once a product is released

in the gas stream back reaction is not allowed. In a temperature-programmed surface reaction

(TPSR) and steady-state reaction, the reaction mixture over the surface is a constantly flowing gas
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stream and, ideally, products are removed and detected as they are formed.” In practice, products
released in the gas stream may re-adsorb at a later time, this is neglected here. The simulation result
for ethylene and acetaldehyde formation on the (111) and (100) ceria surface at 300° C and 450°
C i1s that acetaldehyde is almost exclusively produced. Figure 9 shows, as an example, reaction
progress as a function of time on the (111) surface at 300° C. Note, that even at the scale where
ethylene formation becomes visible (right side of Figure 9), the intermediate does not accumulate
and almost all of the acetaldehyde desorbs immediately. The calculated selectivity at steady state
for acetaldehyde over ethylene formation ranges from 7 x 108 [(111), 300° C], 1 x 107 [(111),
450° CJ, 2 x 10° [(100), 300° C] to 8 x 103 [(100), 450° C]. Although, the selectivity is smaller
on the (100) surface, ethylene formation is not competitive on either surface. Also temperature
increase within the experimental range does not lead to a prediction of an appreciable amount
of ethylene production. In TPSR experiments,’ acetaldehyde is indeed predominantly observed
at 300° C. Also steady-state reaction experiments at 350° C do not show a significant amount
of ethylene being formed. In TPSR experiments at 450° C, ethylene production is competitive
over octahedra-shaped ceria nanoparticle, which expose the (111) surface, and dominates on cube-
shaped ceria nanoparticles, which are terminated by (100) surfaces. Our calculations do not show
that ethylene production from ethoxy is favourable either kinetically nor thermodynamically and,
therefore, a raise in temperature does not lead to ethylene being the main product. However, the
increased detection of ethylene at higher temperature in TPSR experiments was proposed to occur
in an anaerobic regime, where dominant surface species and surface structure (for instance through
vacancy formation) might change and a different mechanism for ethylene production may apply.’
Our work supports the hypothesis that ethylene at higher temperature is not formed from ethoxy
on the fully oxidized surface.

We also analysed the contribution of the two-step pathways through intermediate formation.
While it is negligible for acetaldehyde production, one- and two-step pathways have equal weight
for ethylene formation on the (100) surface. On the (111) surface, the one-step pathway leading to

ethylene is preferred with a selectivity of 8 at 300° C and 5 at 450° C.
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Figure 9: Reactant depletion and product formation as a function of time on the (111) surface at
300° C, left: reaction progress, right: same as left but focused in on low concentration region.

At this point, we would like to advise against the use of the rate constant estimates given in Ta-
ble 3 as absolute values. Although kinetic data obtained with DFT is used in ab initio kinetic Monte
Carlo simulations to study chemical kinetics on catalytic surfaces,** the accuracy of DFT is not
sufficient to predict absolute rate constants reliably. The self-interaction error in DFT causes a sys-
tematic underestimation of energy barriers. This error is exaggerated in rate constant calculations
due to the exponential dependence of the rate constant on the activation energy. For instance, an
underestimation of the barrier of 0.5 eV causes the rate constant at 300° to decrease by 4 orders of
magnitude. It is difficult to gauge the error made in reaction barriers but using the DFT+U method,
errors far greater than 0.5 eV have been reported for the heat of reduction and defect formation
energies.® Hybrid functionals correct the self-interaction error to some extent but are prohibitively
expensive for our systems, especially for reactions on the (100) surface. The large discrepancy
of a few orders of magnitude between the calculated rate of reaction (initial slope in Figure 9 is
approximately 3 x 10°umol /m? /s at 300°C) and experimental reactivity (4 x 10~ umol /m? /s for
octahedra at 350°C in”) can also be caused by adsorbates other than ethoxy being on the surface,
which would slow reaction. The presence of additional surface species was apparent in the DRIFT
spectra in.” We used calculated rate constants to obtain an understanding of pathway selectivity,

given our computed values for reaction barriers.
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Conclusion

Ethoxy is the dominant surface species when ethanol is adsorbed on ceria surfaces. We performed
PBE+U (U=2.5e¢V) calculations to explore reaction pathways of ethoxy on fully oxidized (111)
and (100) ceria surfaces yielding ethylene and acetaldehyde. We calculated estimates for rate con-
stants using transition state theory and carried out kinetic simulations to assess the relative pathway
contributions. We identified a one-step pathway for ethylene formation, where 3-H transfer occurs
simultaneously with O-C bond scission, and a two-step pathway, where B-H transfer occurs first
leading to an intermediate that further reacts through O-C scission. This intermediate can also
intramolecularly transfer a hydrogen atom producing acetaldehyde. The latter pathway and both
ethylene pathways are higher in energy than the one-step pathway for acetaldehyde formation,
where the o-H is transferred to the surface. Bader charge analysis, projected density of states, and
magnetic moments of the reactant and products show that cerium becomes partially reduced dur-
ing acetaldehyde formation, while it remains fully oxidized during ethylene production. At 300°
C, the only appreciable product on both surfaces is acetaldehyde. Ethylene formation is neither
kinetically nor thermodynamically preferred and a temperature increase to 450° C does not lead
to a reverse selectivity, where ethylene is the main product. Our results agree with temperature-
programmed surface and steady-state reaction experiments, where an ethanol/oxygen stream was
flowed over ceria nanoparticles at 300° C and 350° C and the dominant product was found to be
acetaldehyde. Experimental evidence led to the hypothesis that ethylene formation seen at 450° C
does not originate from ethoxy on the oxidized surface but is produced in a regime where adsor-

bates and surface have significantly changed. Our results support this hypothesis.
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