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Pd(111) surface in alkaline media has been studied through ab
initio molecular dynamics simulations. It is known that, under

ABSTRACT: The ethanol electro-oxidation mechanism on a

" G
these conditions, ethanol undergoes partial oxidation to acetate and - od
that hydroxylation of the acetyl radical plays a fundamental role in L o / % 0 L.
the overall reaction kinetics. Therefore, we focused on this reaction
step, specifically addressing the interplay of the acetyl and hydroxyl
radicals and especially the effect of their arrangement over the Pd 1
surface on the hydroxylation process. We observed that the
strength of the interactions of the reacting species with the Pd
surface significantly modulates the propensity of the reaction. In
fact, for minimum-energy arrangements of the acetyl-surface and
OH-surface systems, hydroxylation appears hindered by the strong interactions between the surface and substrates, while it readily
takes place when the substrates are moved away from the surface. These results open to the idea of rational design of cocatalysts
based on the tuning of surface chemical properties addressed to weaken the adsorbate/adsorbent interactions, eventually enhancing

the exchange current density.

Pd Pd

1. INTRODUCTION metals, rare-earth metals, and oxides can be used as cocatalysts
to promote the catalytic activity of Pd-based electrodes.”'*~"*

The EOR mechanism has not been completely charac-
terized, but it has been ascertained that EOR involves some
steps.5 In the literature, several hypotheses, based on
experimental*”'®™'® and theoretical®'"~*°

In the last years, direct-ethanol (EtOH) fuel cells emerged as a
promising technology for power generation because they can
provide electric energy in an efficient way with negligible
emission of polluting products.””” EtOH has several advantages
over hydrogen and methanol, the other two compounds
extensively studied for the same purpose. It is much less toxic
and less volatile than methanol, and its storage and transport
are safer than hydrogen. In addition, EtOH can be produced in
large quantities from biomass and agricultural waste. ) -

In direct EtOH fuel cells, EtOH is oxidized at the anode, step occurs in t}.le methylene group. Ther'l, two competitive
while the oxygen reduction reaction occurs at the cathode. In routes, leading, in turn, to l-hydroxyethyhdenej (CH3CQH)
principle, the complete oxidation of EtOH to CO, gives higher and acetaldehyde (CH;CHO) can occur. B Ot}_l intermediates,
energy density than H, oxidation since it can deliver 12 however, _converge to acetyl (CH,CO), which can evolve
electrons per molecule. In practice, partial oxidation to acetic towar(.i either the C1 or C2 pathwaliys, through a C—C bond
acid (acetate into alkaline media) occurs and only 4 electrons breaking (C1) or a h}fdroxylatlon process (C2). The
per molecule are delivered.” ® The EtOH oxidation reaction occurrence of acetyl during the EOR pathway has been

(EOR) occurs only when promoted by a proper catalyst.

> studies, have been
proposed. Two theoretical pathways leading to CO, or acetate,
often termed C1 and C2 pathways, respectively, have been
reported. In both cases, after the adsorption of the EtOH
molecule on the Pd(111) surface, the first dehydrogenation

Among the many tested catalysts, those based on Pd in alkaline Received: July 7, 2023
media were found to be very effective.””* For example, Ma et Revised: ~ October 3, 2023
al. showed that the apparent activation energy for EOR on Pd Published: October 18, 2023

at basic pH is significantly lower than that observed on Pt in
acid conditions.” Furthermore, alkaline electrolytes have the
advantage of providing an environment in which transition
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revealed in several experimental studies and has been
considered as a key intermediate in theoretical analysis.”***°

Furthermore, the pivotal role of acetyl in determining the
EOR rate has also been outlined with experimental techniques
like in situ attenuated total reflection surface-enhanced infrared
absorption and density functional theory (DFT) calcula-
tions.'¥*>*® In particular, it has been hypothesized that acetyl
hydroxylation

CH,CO + OH — CH,COOH 1)

is the rate-determining step of the oxidation process of
EtOH.'**

In a previous article’® by some of us, the a-hydrogen
extraction of EtOH performed by the hydroxyl radical on the
Pd(111) surface has been studied through quantum mechan-
ical methods, highlighting the importance of the mutual
arrangement of reacting species and Pd surface in modulating
the reaction rate.

In the present study, we apply the approach employed in ref
28 to the key reaction step, eq 1, occurring on Pd layers
assembled along the (111) direction. Specifically, this reaction
has been investigated by ab initio molecular dynamics (AIMD)
simulations modulating both the distance between the two
reacting species, namely, CH;CO and OH, and the distance
between these molecules and the Pd surface. The simulation
trajectories reveal that the distance of the reactants from the
surface plays a key role in the kinetics of the process. In
particular, we observe that the most reactive trajectories are
featured by long distances, corresponding to low interaction
energies between reactants and the Pd surface.

2. COMPUTATIONAL METHODS

Quantum mechanical calculations were carried out using DFT.
In particular, we performed (a) a series of energy-based
geometry optimizations of the acetyl and acetyl-OH assembly
on the Pd(111) surface in order to estimate their adsorption
and coadsorption energies, respectively, and (b) Born—
Oppenheimer molecular dynamics simulations to identify the
propensity of the acetyl hydroxylation reaction (eq 1) in
dependence of the mutual arrangement of acetyl and OH on
the Pd surface. Calculations have been performed with the
Quickstep module of the CP2K suite of programs.””*

The Perdew—Burke—Ernzerhof (PBE) functional® has been
used to treat the exchange—correlation energy along with the
Grimme D3 correction” to account for the dispersion
interactions. The electronic structure has been computed by
means of the Gaussian and plane-wave approach, with the core
region of each atom described through Goedecker—Teter—
Hutter (GTH) pseudopotentials.”*** In particular, GTH-PBE-
q6, GTH-PBE-q1, GTH-PBE-q4, and GTH-PBE-q18 pseudo-
potentials have been employed for the O, H, C, and Pd atoms,
respectively (the last part of the pseudopotential name
indicates the number of valence electrons). The electron
density has been modeled by using a plane-wave cutoff of 500
Ry and a relative cutoff of 80 Ry, whereas the wave function
has been described through the DZVP-MOLOPT-GTH
Gaussian basis set. For the Pd atom, the short-range version
of this basis set has been employed.”> All calculations
performed on the acetyl-surface system are open-shell (doublet
spin multiplicity), while when both acetyl and OH radicals
enter the calculation, namely, in the geometry optimizations of
the acetyl-OH assembly on the Pd surface and in the AIMD
simulations, a singlet spin state has been enforced to preserve

the spin multiplicity. We note, in fact, that the reaction product
is acetic acid, namely, a species with singlet spin multiplicity.

The Pd surface has been prepared from a .cif file containing
the experimental atomic coordinates at 298 K.***” The unit
cell has been transformed to show the (111) surface on the xy
plane, using the VESTA package.’® The metal slab consists of 2
X 3 unit cells along the xy plane, and therefore, the system has
periodicity along the x and y directions. Accordingly, periodic
boundary conditions have been applied with an x, y periodicity
of 9.529 X 8.252 A. The metal surface is thus formed by 48 Pd
atoms distributed in four layers parallel to the xy plane, with
2246 A being the distance between adjacent planes. In
principle, the system does not have periodicity along the z
direction. Nevertheless, in order to speed up the calculations,
we have also enforced periodic boundary conditions in the z
direction with an arbitrarily long periodicity, i.e, 30 A, a size
large enough to avoid interactions among the images.
However, despite the modest dimensions of the acetyl and
OH molecules, such spurious interactions cannot be excluded
a priori, especially for those images arranged in the xy plane.
Therefore, to verify the absence of artifacts due to the periodic
boundary conditions in the x and y directions, we have
repeated two representative AIMD simulations by doubling, in
turn, the box side lengths in the x and y directions. In
particular, we chose to repeat the two simulations leading one
to a reactive path (acetyl hydroxylation) and the other to a
nonreactive path. Overall, we noted negligible changes in the
system trajectories. Details on these control calculations are
reported in Section 1 of the Supporting Information. Since Pd
is a metal conductor, the smearing technique according to the
Fermi—Dirac distribution (300 K electronic temperature) was
adopted to handle the electronic properties. The number of
additional molecular orbitals is 50.

In order to reduce the computational time of the ab initio
geometry optimizations, we first performed energy-based
structural optimizations using the semiempirical approach
called the Geometry, Frequency, Noncovalent, eXtended Tight
Binding (GFN-xTB) method.” Optimizations have been
carried out taking the bottom two layers in their bulk positions
fixed, while the uppermost two layers and the adsorbates were
fully relaxed without any constraints. These structural
optimizations basically led to two minimum-energy arrange-
ments of the acetyl radical on the Pd surface, which have been
further optimized using DFT, adopting the settings described
above. In both the semiempirical and DFT calculations, the
orbital transformation method by VandeVondele and
Hutter*”*" has been adopted for wave function optimization.
The adsorption energy of acetyl has been computed by
subtracting the energy of the minimum-energy acetyl-surface
system with the C, atom constrained to a large distance from
the surface (a distance, say d, at which the interaction
between acetyl and surface is negligible) to the energy of the
minimum-energy nonconstrained acetyl-surface system esti-
mated as described above. We point out that the zero-point
vibrational energies have not been accounted for in the
calculation. However, such a contribution to the adsorption
energy is expected to be negligible, since a frequency shift upon
adsorption as large as 1000 cm™' yields an energy change of
only ~1.4 kcal mol™, namely, about 2%, or less, of the
adsorption energies into play. In order to estimate d,, we
carried out a series of single-point DFT calculations. In these
calculations, the arrangements of the Pd surface and acetyl
have been fixed to those obtained from the DFT geometry
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optimizations. In particular, taking fixed the mutual orientation 60
of acetyl 'and sur'face as well as the.t geometries of acerl and w0l e Configuration (a) -
surface, single-point energy calculations have been carried out e Configuration (b)

20

by progressively increasing the acetyl-surface distance, until
reaching an almost constant energy trend. In addition to the
determination of the d distance, estimated around 7.6 A,
useful to compute the adsorption energy of acetyl as discussed
above, these calculations also provide a reliable estimate of the
dependence of the interaction energy on the acetyl-surface
distance, which turns out to be useful for the interpretation of
the reactivity between acetyl and OH radicals on the Pd
surface, eq 1. The coadsorption energy of the acetyl-OH
molecular assembly on the Pd surface has been also estimated
using an approach similar to that adopted for the acetyl.
Basically, we evaluated the difference between two energies:
the energy of a system formed by the three isolated species,
namely, acetyl, OH and surface, has been subtracted from the
energy obtained by optimizing the acetyl-OH assembly on the
Pd surface. The former energy has been computed by a DFT
geometry optimization enforcing a constraint to the C, atom
and to the hydroxyl O atom. The acetyl has been constrained
at a d, distance of 7.6 A from the uppermost Pd layer (exactly
the same distance employed to compute the adsorption energy
of the acetyl alone), while OH has been constrained at a d,
distance of ~14.8 A from the uppermost Pd layer, shifted on
the xy plane with respect to the acetyl. The resulting distance
between the acetyl group and OH is ~7.2 A. This arrangement
is consistent with a system formed by isolated species. In fact,
as shown for the acetyl-surface system (see discussion of Figure
2), for distances above 6 A, the residual interaction, dominated
o 9

by dispersive forces, is negligible.
\-’\%ﬁ
Configuration (a)‘I i3 A Configuration (b) © b= 161 A

Figure 1. Ball and stick representations of the two minimum-energy
arrangements of acetyl on the Pd surface obtained by DFT
calculations. The distance of the C, atom from the uppermost Pd
layer, d,, is reported. Periodic boundary conditions are applied: box

side lengths along x, y, and z are 9.529, 8.252, and 30.000 A,
respectively, the z direction being perpendicular to the surface.

©

:,5.

As stated above, reaction 1 is the main target of the present
study, which has been addressed through AIMD simulations
using microcanonical-ensemble (NVE) equations of motion
with standard periodic boundary conditions. Note that all
simulations presented here do not describe a system at
equilibrium. Therefore, talking about sampling in the NVE
ensemble does not make sense. In this respect, we point out
that the NVE equations of motion, at variance with the
canonical (NVT) equations of motion that exploit the coupling
between the physical system and an unphysical thermostat,
evolve the system without any external perturbation. Several
simulations have been performed, differing from each other for

E / kcal/mol

d /A

Figure 2. DFT energy scan at fixed configurations, specifically (a,)b) of
Figure 1, as a function of d,, i.e, the distance between the C, atom
and the uppermost Pd layer. The curves are shifted to match the zero
energy at the plateau, denoted as a dashed line. The adsorption
energy, computed as described in the text, is indicated with a blue line
for comparison. The calculated energies are reported with filled
circles, while the solid lines are guides for the eyes.

the initial arrangement of the acetyl and OH molecules on the
Pd surface. Specifically, keeping fixed the mutual orientation of
acetyl and OH, their distance from the Pd surface, and/or the
distance between acetyl and OH are set to different values in
the initial configuration to probe the occurrence of reaction 1
in terms of these two configurational parameters. The system
setup is further detailed in Section 3.2. Each simulation starts
with all atoms at rest to eventually evaluate which initial
configuration leads to the reaction product. During the
simulations, in order to speed up the convergence of the
self-consistent field calculation of the wave function, all the Pd
atoms have been constrained to their bulk positions. Given the
very short simulation times (none is longer than 250 fs), such
an assumption is not expected to affect the qualitative trend in
the results. Clearly, at the beginning of the simulation, a lot of
potential energy is converted to kinetic energy, yielding global
system heating. Therefore, to prevent uncontrollable heating of
the reactive species during the dynamics, a threshold
temperature of 1300 K has been enforced. When the
temperature exceeds this threshold, the atomic velocities are
uniformly scaled to cool the system to 300 K. A simulation run
is stopped after establishing whether or not reaction 1 has
occurred according to the geometrical criteria detailed in
Section 3.2. Thus, the various simulation runs have different
lengths, ranging between 150 and 250 fs. The time step used to
integrate the equations of motion is 0.2 fs.

3. RESULTS AND DISCUSSION

3.1. Adsorption Energy of the Acetyl on the Pd
Surface. Energy-based geometry optimizations of the acetyl
on the Pd(111) surface were performed using the approach
described in Section 2. In principle, several relative minimum-
energy arrangements of the acetyl on the Pd surface may
feature the system. Therefore, in order to address such a
possibility, a series of GFN-xTB geometry optimizations have
been carried out, starting from different initial configurations.
All optimizations basically led to two prevalent structural
motifs, in which the C, atom of acetyl points toward the Pd
surface and the CCO plane is nearly perpendicular to the
surface. Representative configurations of these two structural
motifs were employed in turn as input for further DFT
geometry optimizations, obtaining modest rearrangements

https://doi.org/10.1021/acs.jpcc.3c04587
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with respect to the GFN-xTB geometries. Ball and stick
representations of the minimum-energy arrangements obtained
by DFT are shown in Figure 1.

An important difference between the two arrangements,
denoted as configurations (a) and (b) in the figure, relies on
the distance of the C, atom from the Pd surface, namely, the d,
distance in Figure 1. This distance differs by more than 0.3 A
in the two configurations, being 1.93 and 1.61 A in the (a) and
(b) cases, respectively. This is basically due to the arrangement
of the C, atom above the uppermost Pd layer. In the (a)
configuration, the C, atom is located above a Pd atom in a
nearly eclipsed configuration, while in the (b) configuration,
the C, atom forms a bridge-type structure together with two
Pd atoms of the uppermost layer. The latter arrangement
allows for a closer packing structure that, however, does not
affect significantly the distance between the C, atom and the
first neighbor Pd atoms. In fact, in the (a) configuration there
is one neighbor Pd atom at 1.97 A, while in the (b)
configuration, there are two equivalent neighbor Pd atoms at
2.10 A.

Despite the structural differences outlined above, the two
configurations are almost equivalent energetically, with the
energy difference being as small as 0.01 kcal mol™". In this
respect, we point out that the DFT energy accuracy with
present available functionals is around 2 kcal mol™.** This
implies that the adsorption energies associated with the two
configurations are also almost identical. As a matter of fact,
different minimum-energy arrangements of the type observed
in the present work were also found in previous studies,””"’
with energies differing by less than 1 kcal mol™.*

As discussed in Section 2, to compute the adsorption energy
of the acetyl, both the minimum energy of the system and the
energy of the noninteracting acetyl-surface system must be
determined. For the latter calculation, the acetyl must be
constrained at a distance from the surface large enough to
prevent acetyl-surface interactions (we arbitrarily chose to fix
the C, atom). To roughly estimate such a distance, we have
carried out a series of DFT single-point energy calculations
varying the d, distance while taking fixed the acetyl-surface
arrangement as resulting from the structural optimizations
discussed above. In practice, we have rigidly shifted the acetyl
along the normal to the Pd surface. The energy vs d, trend
obtained from the two configurations is reported in Figure 2.
The curves have been shifted to match the zero energy at the
plateau. Therefore, the energy at the minimum corresponds to
the acetyl-surface interaction energy evaluated at the fixed
(optimized) geometry of the acetyl-surface system. From the
two curves, we infer that the acetyl-surface interaction energy
in the (b) configuration is greater than that in the (a)
configuration by about 3 kcal mol™". This implies that as the
relaxed structure of the system at large d, is unique, a greater
structural deformation features the (b) configuration upon
adsorption. This could be justified by the fact that the closer
packing featuring the (b) configuration globally yields a
stronger interaction between the acetyl and surface. Never-
theless, this additional stabilization is counterbalanced by an
almost equivalent loss of energy arising from the structural
deformation of acetyl and surface. On the other side, in the (a)
configuration, the acetyl does interact less strongly with the
surface, leading to a smaller system deformation.

In summary, we note that a stronger interaction of the acetyl
with the surface, as observed in the (b) configuration, leads to
an energy gain upon binding but at the same time gives an

energy loss due to a larger structural deformation of the
system. Exactly the opposite occurs in the (a) configuration, in
which a weaker acetyl-surface interaction is established. It is
worth noting that these opposite effects counterbalance each
other, making the two binding sites almost equivalent from the
energetical standpoint. This may suggest that, assuming the
strength of interaction as a dominant factor in the kinetics of
the acetyl hydroxylation (eq 1), the EOR could be distributed
almost homogeneously on the Pd surface, without the presence
of any preferential reaction site.

As stated above, the evaluation of the d, distance at which
the energy plateau is reached (see Figure 2), allows us to
perform a geometry optimization of the system in the absence
of acetyl-surface interaction and hence to determine the
structural relaxation contribution to the adsorption energy. In
particular, we carried out a geometry optimization of the
system by constraining d, at 7.6 A. Subtracting the
corresponding energy to that of a (a) or (b) minimum-energy
configuration allows us to recover the adsorption energy of that
configuration including the structural relaxation. The resulting
value amounts to —67.2 kcal mol™' for both (a) and (b)
configurations, since, as outlined above, their energies are
nearly coincident. The adsorption energy is reported as a blue
line in Figure 2 for comparison.

The adsorption energy obtained in the present study is lower
by about 21 and 17 kcal mol™' with respect to the values
estimated by Pallassana and Neurock™ and by Li and co-
workers,”” respectively. As pointed out by Tereshchuk and Da
Silva,** this discrepancy could be ascribed to the van der Waals
energy contribution, whose general effect is to enhance the
molecule—surface interaction. In order to verify this observa-
tion, we repeated DFT energy optimizations of the acetyl-
surface system in the absence of van der Waals interactions,
starting from the bound and unbound arrangements of the (b)
configuration of Figure 1 (d, = 1.61 and 7.6 A, respectively),
obtained through optimization runs that include the van der
Waals interactions. Our calculations partially confirm the
Tereshchuk and Da Silva’s*™* conclusions, as we obtained an
adsorption energy of —56.6 kcal mol™!, a value lower by only
~6 and ~10 kcal mol™" with respect to the values obtained in
refs 22 and 43.

The adsorption energy for the acetyl is comparable to that
obtained for the OH, i.e., about —71.3 kcal mol™, by using the
same level of theory.”® The strong interaction between the
acetyl and OH radicals and the Pd surface supports the
hypothesis that the removal of the acetyl from the Pd surface
by the hydroxyl radical (eq 1) is the rate-determining step of
the EOR. Although the two reacting species show separately a
large affinity with the Pd surface, assessing the effect of their
mutual interaction on the adsorption features of the acetyl—
OH assembly is mandatory. To this aim, we have estimated the
coadsorption energy of acetyl and OH as described in Section
2. The minimum-energy geometry of the acetyl-OH assembly
on the Pd surface is displayed in Figure 3. In this multibody
interaction, the arrangement of the acetyl and OH molecules
on the surface does not differ significantly from that observed
in the absence of coadsorbed species. In fact, the C, atom of
the acetyl lies above a Pd atom (Pd“ in Figure 3), in a very
similar way to the (a) configuration (see Figure 1). Also, the
distance between the atoms C, and Pd® is nearly equal to that
observed in the (a) configuration, namely, 1.98 A against 1.97
A. Analogously, the arrangement of the OH radical is not
significantly affected by the presence of acetyl. Like in the

https://doi.org/10.1021/acs.jpcc.3c04587
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Figure 3. Ball and stick representation of the minimum-energy
geometry of the acetyl-OH assembly on the Pd surface obtained by
DFT calculations. The C, atom lies nearly above the Pd® atom. The

hydroxyl O atom lies above the axis connecting the Pd* and Pd®
atoms

absence of coadsorbed species, OH forms a bridge-type
structure together with the Pd* and Pd® atoms (see also Figure
S4 of the Supporting Information of ref 28), with a distance of
1.65 A from the uppermost Pd layer (against 1.62 A found in
the absence of coadsorbed species”®). In spite of the almost
irrelevant effect of coadsorption on the structural features of
the single adsorbed species, a more significant impact has been
revealed on the energetics of the multibody interaction. In fact,
we have found a coadsorption energy of —115.4 kcal mol ™/,
which is about 23 kcal mol™" smaller than the sum of the
adsorption energies of the single reactants, amounting to
—138.5 kcal mol™'. Although this difference does not
substantially change the energetic scenario of strongly
adsorbed reacting species, the weakening of the adsorption
arising from the mutual interaction of the reactants is
remarkable. The coadsorption energy obtained in the present
work is comparable with the one reported in refs 45 and 46,
namely, —115.8 and —120.6 kcal mol™, respectively.

3.2. Acetyl Hydroxylation Reaction (Eq 1): AIMD
Simulation Pathways. Considering the pivotal role of the
acetyl in the rate-determining step of the EOR,' 22
especially in relation to the hydroxylation reaction (eq 1), to
assess the propensity of such a process in terms of mutual
arrangement of the two reactants and of the reactants with
respect to the Pd surface is of paramount importance. This
aspect has been investigated in the present work through
simulations of possible reaction pathways obtained from
different initial arrangements of the reacting species.”®

Usually, to obtain quantitative information on the energy
barriers and transition states of a chemical reaction, minimum-
energy path methods are employed. In this way, it is possible to
obtain an energy profile as a function of some reaction
coordinate, the energies of reactants and products, as well as
structural and energetical insights on the reaction intermedi-
ates, 2147

As stated above, we aim instead to establish the propensity
of the reaction of eq 1 from the perspective of dynamical paths

produced through AIMD simulations in which acetyl and OH
species are arranged above the Pd surface according to the
structural information on the acetyl discussed in Section 3.1
and on the OH reported in ref 28. In particular, we opted to
carry out two series of simulations, in which the initial
arrangement of the acetyl is chosen in accord with the
minimum-energy configurations (a) and (b) (see Figure 1).
Instead, OH has been arranged in order to favor the reaction,
by following simple considerations based on the chemical
intuition. Therefore, as the acetic acid is formed when the
hydroxyl O attacks the C, atom, the angle between the
hydroxyl H, the hydroxyl O, and the C, atom has been set
equal to 180°, while the axis containing these three atoms is
nearly perpendicular to the CCO plane of acetyl. Specifically,
the angle formed by the HO---C, axis and the normal to the
CCO plane is about 9.3° being the HO---C, axis and the
normal to CCO arranged on a plane parallel to the Pd surface.
The previous geometric requirements imply that the distances
of the hydroxyl O and C, atoms from the surface are equal.
Ball and stick representations of the initial arrangements of the
two series of simulations are shown in Figure 4. It is worth

o Configuration (b) ‘@’
(2 09
>

Configuration (a)
P o
® 0 8
(]
K

Figure 4. Ball and stick representations of the two configurations
taken as initial structures for the AIMD simulations. They are based
on the two minimum-energy arrangements of acetyl (Figure 1). The
distance between the surface and the two reactants is indicated with
d,, while the distance between the reactants (specifically, the HO---C,,
distance) is indicated with dj,. For the sake of clarity, only the first two
Pd layers are displayed.

noting that, in both cases, the surface—OH energy is not
expected to deviate much from the minimum energy reported
in ref 28 (which amounts to ~ — 71.3 kcal mol™"). Actually,
the surface-OH interaction is marginally affected by the OH
orientation. In fact, the adsorption energies of different OH
arrangements above the Pd surface were found greater than
that of the energy-optimized structure”® by only 10 kcal mol™
or less. The symbol dy in Figure 4 represents the distance
between hydroxyl O and C, atoms, and it can be considered as
an effective distance between the two reactants. The symbol d,
indicates the distance between the OH radical (or,
indifferently, the C, atom) and the Pd surface. AIMD
simulations were performed for various initial settings of the
structural parameters d, and dy. Thus, the simulated paths are
classified as reactive or nonreactive on a map of initial values of
d,, denoting the vertical shift of the acetyl-OH assembly, and
dp, denoting the horizontal shift of the reactants. These
geometrical descriptors have been adopted in analogy to a
previous study of the reaction CH;CH,OH + OH -
CH;CHOH + H,0, occurring at the Pd(111) surface.”®

For both simulation series, namely, starting from the (a)-
and (b)-type configurations, the initial d, parameter is set to
one of the following values, 1.9, 2.2, 2.5, 2.8, and 3.1 A
Considering that for the acetyl-surface system, arranged in the
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Figure 5. Time evolution of the d;, distance (in A) and of the y angle (in degrees) for the AIMD simulations starting from (b)-type configurations.
The trajectories are classified on the basis of the initial d, and d}, distances. In particular, the data of a panel refer to trajectories featured by the same
initial d, (reported in the panel in A units). The various lines in a panel refer to simulations featured by different initial d;, (see the top legend).
Note that the data of d}, and y for a given initial d, are displayed in adjacent panels. For the sake of clarity, the d, value is specified only in the panels
reporting dy. Dashed lines denote the limit values featuring a reactive path.

(b)-type configuration, the minimum energy is observed at d,
= 1.61 A (see Figure 2), the additional d, value of 1.6 A has
also been considered only for the simulation series starting
from the (b)-type configuration. For each d,, the initial d},
parameter can take, in turn, the values 1.4, 1.6, 1.8, 2.0, 2.2, and
2.5 A. Distances d; smaller than 1.4 A have not been
considered to roughly preserve the individual molecular
character of the two reacting species in the initial state of
the dynamical paths. Thus, the various simulation paths differ
only for the initial displacement of acetyl and OH. In
particular, two generic initial configurations may differ for
being the two reactants, considered as a unique assembly,
rigidly shifted along the normal to the Pd(111) surface
(vertical translation) and/or for being the OH molecule rigidly
shifted along the HO--C, direction, while keeping the
molecular structures of OH and acetyl fixed (horizontal
translation).

Actually, not all possible combinations of d, and dj, were
considered in the simulations. In fact, as we will see below, the
reactivity trend classified in terms of the initial d, and dj
parameters has a clear systematic behavior, and hence, it
allowed us to make reliable predictions of some dynamical
paths, without really performing the corresponding simu-
lations. All in all, a total number of 25 and 27 AIMD
trajectories have been carried out for the (a)- and (b)-type
configurations, respectively.

We remark that, in all simulated paths, the initial atomic
velocities are set to zero, applying a uniform down-scaling of

the velocities during the simulation only when the temperature
T, computed with the classical equation kinetic energy = 3/
2NkgT, where N is the number of atoms and kg is the
Boltzmann constant, exceeds an established threshold (see
Section 2). We point out that this kind of calculation is
addressed neither to quantify the energy barriers nor to
determine optimal reaction paths but rather to evaluate if there
is some evident dependence of the reactivity on the initial
configuration, with special attention to the distance of the
reactants from the catalyst.

The occurrence of a reactive path is probed by the time
evolution of the dj, distance, which should progressively
converge from the initial value to the value typical of a C,—OH
covalent bond in acetic acid, i, 1.32 A.*® As a confirmation
criterion, we also checked the y angle formed by the vector
joining the C, atom to the hydroxyl O atom and the normal to
the CCO plane, pointing toward the hydroxyl O atom. In the
case of a reactive path, the latter geometric descriptor should
shift from 9.3° to 90°.

In Figure 5, we report the time dependence of the d
distance and the y angle computed for the simulations starting
from the (b)-type configuration. As similar trends are obtained
for the simulations starting from the (a)-type configuration, the
corresponding data are not reported here. In the figure, the
dashed lines indicate the limit values for d; and y featuring a
reactive path.

According to the above-mentioned criteria, reactive and
nonreactive paths are classified easily. In reactive paths, dj, and
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Table 1. Map Reporting whether the Reaction of Eq 1 Occurs (Green Circles) or Does Not Occur (Red Circles) When the
Reported dj, and d, Distances (A Units) Are Set in the Initial Configuration of the AIMD Simulation Paths”

conf. (a) dy,
14 1.6 18 20 22 25
3.1
2.8
d, 25 o o
2.2 e O
1.9 e o o

conf. (b) dp,
14 16 18 20 22 25
3.1
2.8
2.5 ®
d, 2.2 o O
1.9 o o
16 ® ® @

“The outcomes refer to the simulation paths starting from (a)- and (b)-type configurations (left and right part, respectively). The pink circles
identify the simulation paths, not really performed, that are predicted to be nonreactive on the basis of the general trend.
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Figure 6. Time evolution of the system in the [d,(OH), d,(C,)] two-dimensional space, where d,(OH) is the distance of the hydroxyl O from the
surface and d,(C,) is the distance of the C, atom from the surface. The trajectories are classified on the basis of the initial d, and d}, distances (in
A). The data of a panel refer to trajectories featured by the same initial d, values (reported in the panel). The various lines in a panel refer to
different initial d;, (see the top legend). The filled circles mark the end of the simulation.

y shift rapidly toward the limit values and then begin to
fluctuate around them. Instead, in nonreactive paths, d; shifts
far away from the limit value, while y settles on values much
lower than the limit value. We point out that once the acetic
acid is formed, the d, distance and the y angle can be
associated with the CC-O stretching and COO out-of-plane
bending coordinates that can be roughly exploited to assess the
vibrational properties of the molecule. In this respect, in
reactive paths, we do observe almost regular oscillations of
these internal coordinates around their respective equilibrium
values, with periods of about 30 fs (~1100 cm™) and 60 fs
(~550 cm™), respectively. Even if in AIMD simulations the
atomic motions are necessarily classic, the oscillations
represent well the quantum mechanical behavior of the system
in terms of vibrational frequencies. In fact, the frequencies
reported above are fully consistent with vibrational assign-
ments reported in either theoretical®*° or experimental
studies.”!

In Table 1, we report a sort of map to classify the simulated
paths as reactive or nonreactive in terms of the initial values of
dy, and d,. It is worth noting that no significant differences are
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observed for the two series of simulations. This further
supports the observations made on the adsorption energy of
acetyl in the (a)- and (b)-type configurations (see Section 3.1),
namely, that no preferential site, at which hydroxylation may
occur, can be clearly identified. Furthermore, we note that at
the d, distances around 1.9 A or smaller, namely, the typical
distances of maximum interaction between acetyl and surface
[1.93 and 1.61 A in the (a) and (b) cases, respectively] and
between OH and surface (1.62 A; see ref 28), hydroxylation
occurs only when the initial d}, distance, namely, the distance
between the reactants, is as short as 1.4 A. For d, = 2.2 A, the
initial d, distance of 1.6 A or smaller allows reactivity. In order
to observe reactivity for dy values of the order of the
intermolecular distances, say greater than 2 A, d, should be
equal to or greater than 2.5 A.

These results suggest that a strong interaction between the
surface and reactants prevents hydroxylation. Conversely,
hydroxylation can be observed in a much wider interval of dj,
when the reactants are located far away from the surface.
Therefore, the capability of the Pd surface to adsorb the
reacting species has two conflicting features. On one side, it
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fulfills the function of bringing the reacting species into
contact, whereas on the other side, it plays a competitive role,
hindering the reaction involving such species or intermediates.

Another interesting feature observed in the reaction paths
concerns the time evolution of the distances of the reacting
species, OH and acetyl, from the Pd surface. In Figure 6, we
plot d,(OH) vs d,(C,), namely, the distances of the hydroxyl
O and C, atoms from the Pd surface, as a function of time for
the simulations starting from the (b)-type configuration. The
significant aspect of the figure is that reactive and nonreactive
trajectories show a very different pattern. In particular, we note
that in nonreactive trajectories, the OH and acetyl molecules
tend to remain strongly adsorbed to the Pd surface. In fact, the
quantities d,(OH) and d,(C,) are both about 2 A, i.e., nearly
the distance of the minimum-energy configuration. Instead, in
reactive paths, such quantities shift far away from the optimal
interaction distance or preserve the initial large values (see the
cases where d, = 2.8 and 3.1 A in Figure 6).

These results support the hypothesis that the formation of
acetic acid, or acetate in alkaline media, makes the removal of
the reaction product easier owing to the low adsorption energy
with respect to the acetyl and OH reactants.

From the data reported in Section 3.1, we infer that the
contribution of the van der Waals interactions to the acetyl
adsorption energy amounts to about 11 kcal mol™, namely, ~
16% of the total adsorption energy. This suggests that such
interaction may play a not-so-negligible role in the acetyl
hydroxylation process and hence in the EOR. To qualitatively
assess how the van der Waals interactions affect the
hydroxylation process, we have repeated two representative
AIMD simulations (leading, in turn, to a reactive and
nonreactive path) deprived of the van der Waals forces,
while preserving all the other simulation settings. The time
evolution of the dj, distance and y angle obtained from these
simulations is compared with that obtained from the
corresponding simulations with the full potential in place.
The data, reported in Section 2 of the Supporting Information,
show that only negligible changes to the system trajectories are
produced in the absence of van der Waals forces, supporting a
scenario in which the dependence of the EOR on the
dispersive forces is rather marginal.

4. CONCLUSIONS

The EOR catalyzed by Pd in alkaline media proceeds through
several reaction steps, among which acetyl hydroxylation, eq 1,
is the rate-determining step. In this study, we have investigated
the hydroxylation process by means of quantum mechanical
calculations.

We observed that the rate of the hydroxylation process
depends critically on the distance of acetyl and OH from the
Pd surface. In particular, we noted a rate enhancement when
the distance of the two reactants from the surface increases,
and hence, the adsorption strength decreases. This behavior
closely relates to that recently observed on the H atom
abstraction of EtOH by the OH radical.”®

The concept that optimal performances of an electrocatalyst
are obtained from a subtle balance between the requirements
of having significant interactions between the reacting species
and the electrode to allow electron transfer and not having an
excessively strong interaction with the electrode itself in order
to make such species available for the reaction is not new in
electrocatalysis. This is, for example, in close correlation with
the volcano-type relationship existing between the exchange
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current density of the H evolution reaction on monometallic
surfaces in alkaline media and the H binding energy on the
metal.*>*?

An aspect that deserves an in-depth evaluation in future
studies is certainly the role of the solvent in the EOR process.
Although the solvent can play a relevant role in the chemical
processes occurring in direct EtOH fuel cells,”® it is often
overlooked in quantum mechanical calculations, due to the
large computational cost of introducing a significant number of
water molecules. Concerning the intermediate reaction 1, we
may speculate that the effect of the solvent is to decrease
roughly the adsorption energies of the reactants,”® eventually
increasing the average distance between the surface and
reactants compared to vacuum. Ultimately, this would globally
enhance the propensity of reaction 1. Nonetheless, such a rate
enhancement should be rather general. From a qualitative
point of view, the propensity of a single hydroxylation event in
the presence of a solvent, expressed in terms of the distance of
the reactants from the Pd surface, is, however, expected to
show some dependence on the distance itself, as revealed in
the present study.

These results provide a quite robust theoretical framework
for the design of Pd-based catalyst devices using, for example,
light or heating of the electrode surface to selectively weaken
the interactions between electrode and reacting species to
eventually enhance the overall reaction rate of the EtOH
electro-oxidation.
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