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The ethanol electro-oxidation catalyzed by Pd in an alkaline environment involves several intermediate
reaction steps promoted by the hydroxyl radical, OH. In this work, we report on the dynamical paths of
the first step of this oxidation reaction, namely the hydrogen atom abstraction CHsCH,OH + OH —
CH3CHOH + H,0, occurring at the Pd(111) surface and address the thermodynamic stability of the
adsorbed reactants by means of quantum and molecular mechanics calculations, with special focus on
the effect of the solvent. We have found that the impact of the solvent is significant for both ethanol
and OH, contributing to a decrease in their adsorption free energies by a few dozen kcal mol™ with
respect to the adsorption energy under vacuum. Furthermore, we observe that hydrogen atom
abstraction is enhanced for those simulation paths featuring large surface—reactant distances, namely,
when the reactants weakly interact with the catalyst. The picture emerging from our study is therefore

Received 23rd February 2022, that of a catalyst whose coverage in an aqueous environment is largely dominated by OH with respect

Accepted 19th April 2022 to ethanol. Nevertheless, only a small amount of them, specifically those weakly bound to the catalyst, is
DOI: 10.1039/d2cp00909a really active in the ethanol electro-oxidation reaction. These results open the idea of a rational design of

co-catalysts based on the tuning of surface chemical properties to eventually enhance exchange current
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1 Introduction

In the last few years, fuel cells have emerged as a promising
technology for clean power generation, because they can pro-
vide electric energy in an efficient way with negligible emission
of polluting products and hence with a moderate impact on the
environment.' The nontoxicity, ease of storage and transport,
carbon neutrality and relatively high energy content make
ethanol (EtOH) more attractive than other fuels for large-scale
energy production.

In direct EtOH fuel cells, the EtOH oxidation at the anode is
counterbalanced by the oxygen reduction at the cathode, gen-
erating a voltage of about 1.14 V. With respect to methanol, the
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complete oxidation of EtOH to CO, gives a higher energy
density, since it can deliver 12, against 6, electrons per mole-
cule. However, optimal conditions for direct EtOH fuel cells
have been obtained in alkaline media,** where only 4 electrons
per molecule are delivered, with EtOH being partially oxidized
to acetate®”’

CH;CH,OH + 50H” — CH;COO™ +4H,0+4e~ (1)

The EtOH oxidation reaction (EOR) into direct EtOH fuel
cells occurs only if promoted by a catalyst. Among the large
amount of catalysts tested for enhancing the EOR rate, those
based on Pt, and especially on Pd into alkaline media, revealed
surprisingly high electrocatalytic activity.>®° Furthermore,
alkaline electrolytes offer the advantage of providing an
environment in which transition metals and rare-earth metals
can be used as co-catalysts to promote the catalytic activity and
functionality of Pd-based systems.® In this respect, in the last
few years much attention was attracted by Pd used synergisti-
cally with a ceria-based, CeO,, co-catalyst.'®™">

The reaction mechanism leading from EtOH to acetate
involves a number of elementary steps.” In the literature, several
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hypotheses, based on experimenta and theoretica
studies, have been proposed. It has been shown that the Pd
electrode reaches a peak performance for the EOR at very high
pH values'”'® (greater than 13) forming acetate as a product,
while, at pH values lower than 13, the EOR can also proceed
towards the formation of CO,.

Concerning the first reaction steps of the EOR, different
mechanisms have been proposed. Several authors invoked
H-atom abstraction at the a-carbon site of EtOH as the first
reaction step, followed by electron transfer from the adsorbed
H,%>'®**7*7 while other studies pointed to a determinant role of
the adsorbed OH species in the H-atom abstraction process as
follows%>"*”

Pd(CH;CH,0H),q, + Pd(OH),qs — Pd(CH;CHOH),q; + Pd + H,0

(2)

The above mechanisms, differing for the species acting as
the H acceptor (the Pd surface or the OH), are not necessarily
mutually exclusive, but can act synergistically to yield the H-
atom abstraction,> with a possible modulating effect of the pH.

A fundamental aspect concerning electrocatalytic reactions
is the dramatic influence of the medium (aka the solvent) on
the adsorption free energy of the reacting species.”® Addressing
solvation in a rigorous way by using quantum mechanical
simulations is difficult because these approaches may account
for a very limited number of solvent molecules and the reduced
sampling prevents accurate free energy calculations. Implicit-
solvent models can be used to calculate configurational entro-
pies, but they often provide inaccurate results when compared
to explicit-solvent models. In our opinion, the most suitable
techniques to obtain configurational entropies, and hence
adsorption free energies, with explicit solvation are those based
on the molecular dynamics (MD) simulations supplied with
empirical force fields.>**°

In this work, we collect several results obtained from quan-
tum mechanical calculations and classical MD simulations to
provide some insight into the EOR mechanism, especially
focusing on eqn (2). We combine several calculated quantities,
such as the binding energies and the adsorption free energies
of EtOH and OH™ on the Pd(111) surface, to interpret the
experimental data and to reveal a possible reaction pathway
for the initial steps of EtOH oxidation. Adsorption free energies
of OH™ and EtOH are provided to assess separately the thermal
and solvation effects on the binding of these species to the Pd
surface. The present results are consistent with early studies of
the EOR pathways and provide insightful suggestions for
rational design of Pd based co-catalysts aimed at enhancing
the electro-oxidation rate in direct EtOH fuel cells.

2 Methods and computational details
2.1 Quantum mechanical calculations

Quantum mechanical calculations have been carried out using
density functional theory (DFT). In particular, we performed (a)
single-point energy calculations of EtOH, OH , OH and water
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onto the Pd(111) lattice aimed to model an empirical force field
for the Pd interatomic interactions, (b) geometry optimizations
to evaluate the adsorption energies of EtOH, OH and OH™ and
(c) Born-Oppenheimer MD simulations to identify dynamical
paths for H-atom abstraction represented by the reaction of
eqn (2). All calculations have been realized with the Quickstep®”
module of the CP2K suite of programs.*”

The generalized gradient approximation of Perdew, Burke, and
Erzenhorf® was used to compute the exchange-correlation energy,
while the dispersion interactions were accounted for by the Grimme
D3 correction.*® Pseudopotentials were used through the parame-
terization proposed by Goedecker, Teter and Hutter:*>*® GTH-PBE-
g6 for O, GTH-PBE-gq4 for C, GTH-PBE-q1 for H and GTH-PBE-q18
for Pd. The wave function is expanded in the DZVP-MOLOPT-GTH
Gaussian basis set. For Pd, the short-range version of this basis was
used.’” The electron density was modeled by using the plane-wave
cutoff and relative cutoff set to 500 Ry and 60 Ry, respectively. The
smearing technique according to the Fermi-Dirac distribution
(electronic temperature equal to 300 K) was adopted to handle the
electronic properties. The number of additional molecular
orbitals is 50.

The Pd(111) sample was prepared replicating a unit cell obtained
by cutting the Pd(100) lattice with an experimental lattice constant
of 3.89 A.*® A slab with a periodicity of 9.528 x 8.252 A, arising from
a 2 x 3 unit cell replication, was built. The Pd lattices employed for
DFT calculations are shown in Fig. S1 of the ESL{ Structural
manipulation was carried out by using the VESTA package.’® In
single-point energy calculations, in order to estimate the energy of
the unbound states, the molecules were also placed far from the
surface. To avoid possible spurious interactions of the molecules
with atoms in the closest image of the cell, no periodic boundary
conditions were applied along the normal to the surface. The same
protocol was used for the geometry optimizations of OH, OH and
EtOH on the Pd surface. The problem of closest images along the
normal to the surface is not present in the MD simulations, because
the two reactants remain in close contact with the surface during
the whole trajectory. This allows us to speed up the simulations
adopting periodicity also along the normal to the surface (lattice
period 30 A).

In single-point calculations and geometry optimizations, the
Pd lattice is assembled with four (111) layers, for a total of 48
atoms (left panel of Fig. S1 of the ESIT), while two layers were
taken to build the samples for MD simulations (right panel of
Fig. S1 of the ESIf). Simulations were carried out in the
microcanonical ensemble. The simulation time step is 0.2 fs.
The trajectories are about 100 fs long, a time ample enough to
identify the occurrence of a reactive event. In order to reduce
the computational cost, the plane wave cut-off was reduced to
400 Ry (the Gaussian basis set was not changed). The initial
velocities of all atoms were set to zero. Additional technical
details about the single-point calculations and the simulation
setup are reported in Sections 3.1 and 3.3, respectively.

2.2 Classical MD simulations

Enhanced sampling simulations were performed to compute
the potential of mean force (PMF, or free energy profile) of four
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systems: the Pd(111)/EtOH system, with and without the sol-
vent, as a function of the C,-surface distance and the Pd(111)/
OH"™ system, with and without the solvent, as a function of the
O-surface distance. Adsorption free energies were then com-
puted exploiting the PMF as described in Section 3.2. To
compute the PMF, multiple-window umbrella sampling in the
framework of serial generalized ensemble approaches*>*" was
employed, assuming, in turn, the aforementioned distances as
collective variables. In this method, called MultiWindow
tempering,*" several identical copies of the system (replicas)
are simultaneously and independently simulated by adding an
harmonic potential energy term (window potential) to the
physical Hamiltonian. Such an additional potential can be
centered at established values of the collective variable, z;, z,,
etc., giving rise to a set of ensembles, each featured by a
different value of z;. Thus, the ith ensemble is characterized
by a window potential of the type k(z — z;)?, where z is the
current value of the collective variable. The replicas are initially
assigned to arbitrary ensembles. Then, for each replica, a
switch z; — z,., is attempted at established time intervals
(every 90 fs) according to a Monte Carlo-like criterion based
on the free energies of the ensembles computed on the fly via
the Bennett acceptance ratio. The instantaneous work, needed
to compute the free energies of the ensembles, is collected from
all replicas every 9 ps through a message passing interface
protocol.””*' In this way, the replicas have two kinds of
dynamics, one in the space of atomic coordinates and the other
through the ensembles. The latter dynamics forces the system
to randomly explore the space of the collective variable. The
PMF as a function of the collective variable is computed at the
end of the simulation via the multistate Bennett acceptance
ratio analysis.””> For all systems under study, we performed
MultiWindow tempering simulations using 128 replicas. The
centers of the window potentials are distributed along the
collective variables as reported in Table S1 of the ESIL.{

The charge and Lennard-Jones parameters for OH™ have
been taken from the CHARMM force field.** The SCP/E model**
was adopted for water. The AMBER-like ff99sb force field*® in
combination with atomic charges computed through a RESP
fit*® at the HF/6-31G* level of theory was used to model the
EtOH molecule. The obtained atomic charges as well as the
AMBER atom-types assigned to the atoms of the EtOH molecule
are reported in ref. 47. For the interactions between Pd and the
other atoms, an empirical force field based on Lennard-Jones
interactions was built as described in the ESI.T Lorentz-Berthe-
lot mixing rules were employed to account for the pairwise
interactions between different atomic types.

The simulation box is orthorhombic and was prepared by
extending the Pd unit cell along the (111) lattice plane to obtain
a simulation-box face of 28.585 x 24.756 A. The box side-length
along the normal to the (111) lattice plane is set to 50 A. Thus,
nine Pd slabs were arranged in the box for a total of 972 atoms.
In the empty region of the box, the EtOH or OH™ molecule and
714 water molecules were randomly arranged. The simulation
box is shown in Fig. S6 of the ESI.{ The simulations for
calculating the PMF in the absence of the solvent were
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performed with the same setup after removing the water
molecules from the box.

All simulations were realized in the constant-volume,
constant-temperature (canonical) thermodynamic ensemble
under standard periodic boundary conditions. The temperature
control (298 K) was achieved using the Nosé-Hoover
thermostat.*® Electrostatic forces were treated with the smooth
particle mesh Ewald method"’ using a fourth order B-spline
interpolation polynomial for the charges, an Ewald parameter
of 0.43 A™" and a grid spacing smaller than 1 A for the fast
Fourier transform calculation of the charge weighted structure
factor. The cut-off distance for the non-bonded interactions is
11.5 A. A five time-step r-RESPA integrator®® was employed for
integrating the equations of motion (with the largest time step
of 9 fs). Constraints were enforced to covalent bonds involving
H atoms. The Pd atoms were held fixed in the experimental
arrangement during the entire duration of the simulations.
Equilibration was obtained by scaling the atomic velocities in
the first 100 ps and then freely relaxing the system for 1.8 ns.
Data for the PMF calculation were obtained from production
runs lasting for 3.6 and 1.5 ns for Pd/EtOH and Pd/OH™,
respectively. MultiWindow tempering simulations were carried
out with the ORAC program.*">!

3 Results and discussion
3.1 Adsorption energies of the reactants

The H-atom abstraction of eqn (2) was studied through ab initio
MD simulations, as discussed in Section 3.3. Since eqn (2)
involves adsorbed species, the binding between reactants and
the Pd surface is a determinant factor entering the reaction
process. Considering that the physisorption of OH™ is prodro-
mic to the formation of adsorbed OH, the thermodynamic
stability of this adsorbed species is somehow correlated with
the amount of OH present on the surface, and hence with the
reaction rate. Clearly, also the stability of the adsorbed EtOH
plays an important role. Before addressing adsorption free
energies, in this section, we report on the stability of the
OH ™, OH and EtOH adsorbates from the quantum mechanical
standpoint. Even if a thorough description of minimum energy
structures is not the very aim of the present study, the data
reported below will help us to rationalize and corroborate the
outcomes concerning solvation and reactivity discussed in the
following sections.

On one hand, quantum mechanical methods can provide
accurate estimates of binding energies related to minimum
energy configurations, however, on the other hand, they omit,
besides solvation, the configurational entropy arising from the
possible presence of several competitive minimum energy
states. In spite of this, the quantum mechanical calculations
that we have carried out not only are a necessary input to model
the empirical force field for classical MD simulations, but also
give a reliable evaluation of the global stability of the adsor-
bates. In order to obtain a wide energetic panorama as well as a
valid training set of energies/configurations to model the force
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Fig. 1 Configurations of the Pd(111)/EtOH system employed to model the
empirical force field for the Pd—EtOH interactions, as described in the ESI.+
For the sake of clarity, only a limited portion of the surface is reported. The
VMD program®? was used for molecular graphics.
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Fig. 2 Configurations of the Pd(111)/OH~ system employed to model the
empirical force field for the Pd—OH™ interactions, as described in the ESI.{
For the sake of clarity, only a limited portion of the surface is reported. The
black lines are drawn to make evident the OH™ displacement with respect
to the surface. The VMD program® was used for molecular graphics.

field (see the ESIT), we opted to compute the energies of the
Pd(111)/EtOH and Pd(111)/OH" systems for various arrange-
ments of the adsorbed molecules, chosen heuristically to
explore a variety of configurations (Fig. 1 and 2). For each
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configuration reported in the figures, the energy was deter-
mined for various arrangements obtained by translating rigidly
the molecule along the normal to the surface, while keeping
fixed the Pd surface, the molecular structure and the mutual
arrangement of the surface and adsorbate as shown in Fig. 1
(for the EtOH-n, n=1, 2,.. ., 5, configurations) and Fig. 2 (for the
OH-1, OH-2 and OH-3 configurations). The DFT energies of the
Pd(111)/EtOH and Pd(111)/OH" systems as a function of the
adsorbate-surface distance are reported in Fig. 3. Clearly, we do
expect that the binding energy E;, of each configuration,
defined as the absolute value of the energy at the minimum
(zero point energy correction is not considered), provides an
underestimate of the value that would be obtained from an
optimization procedure. Overall, all of the energy curves pre-
sent a minimum, revealing a tendency of EtOH and especially
of OH™ to form a stable adsorbate with the Pd surface. In this
respect, it is worth noting that the OH™ anion (36 < E, <
48 kecal mol ") forms an adsorbate about 4 times more stable
than EtOH (8.7 < E, < 11.5 kcal mol™'). The comparable
values of Ej,, obtained for radically different configurations in
EtOH (the energies of all EtOH configurations fall within an
interval of less than 3 kcal mol "), suggest that van der Waals
interactions contribute to adsorption more than the electro-
static dipolar ones.>*

Geometry optimizations at the DFT level, as described in
Section 2.1, were performed for both Pd(111)/EtOH and
Pd(111)/OH" systems, obtaining binding energies of 19.0 and
56.2 kcal mol ™', respectively. The binding energy for EtOH is in
fair agreement with the values of 19.6 keal mol™" obtained by
Li and Henkelman® and of 16.6 kcal mol ' reported by
Tereshchuk and Da Silva.>® Our calculation overestimates by
about 7.2 kcal mol™! the value obtained by the analysis of
temperature-programmed desorption data.> The binding
energy of OH™ is comparable to earlier calculations by Cao and
Chen,>® who found 55.6 kcal mol ' using a PW91 exchange-
correlation functional. Moreover, the obtained molecular
arrangements of EtOH>® and OH °° are in perfect agreement

Energy (kcal/mol)

P NI IU [T B I S

1 2 3 4 5 6 7 8 9
oxygen-surface distance (A)

01 2 3 4 5 6 7 8 9
oxygen-surface distance (A)

Fig. 3 DFT energy of the Pd(111)/EtOH and Pd(111)/OH~ systems (panels A and B, respectively) as a function of the O-surface distance. The energy plot
for a given configuration is recovered by using structures where the atomic coordinates are obtained translating rigidly the molecule along the normal to
the surface, while keeping fixed the arrangement as shown in Fig. 1 (for the EtOH-n, n =1, 2,..., 5, configurations) and Fig. 2 (for the OH-1, OH-2 and
OH-3 configurations). The zero energy is taken at the largest O-surface distance. The spline lines are guide for the eyes. Note that, in order to reveal the

details of the curves, different scales have been used in the two panels.
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Fig. 4 DFT energy of the Pd(111)/OH system as a function of the
O-surface distance for the OH-1 and OH-3 configurations (circles). The
energy plot for a given configuration is recovered by using structures
where the atomic coordinates are obtained translating rigidly the molecule
along the normal to the surface, while keeping fixed the arrangement as
shown in Fig. 2. The zero energy is taken at the largest O-surface distance.
The spline lines are guide for the eyes. The corresponding energies
obtained for the anionic form (Fig. 3) are reported for comparison as
dashed lines.

with the data reported in the literature. Ball and stick repre-
sentations of the minimum energy structures are reported in
Fig. S2 and S3 of the ESL¥

It should be considered that, at the working cell voltage, the
electrochemically favored form of the OH species is the radical
one. Hence, the adsorption energy of OH is the actually relevant
quantity in the context of the EOR. For the sake of comparison
with the results obtained for the Pd(111)/OH" system (Fig. 3), in
Fig. 4 we report the energy of the Pd(111)/OH system, where the
OH is arranged as in the lowest-energy configurations observed
for Pd(111)/OH ", namely OH-1 and OH-3. The most interesting
feature of these data is that OH undergoes stabilization by more
than 10 kcal mol " with respect to the anionic form and that
such a stabilization occurs for both OH-1 and OH-3 configura-
tions. The geometry optimization of OH provides a binding
energy of 71.3 kcal mol ', which is greater than the binding
energy of OH™ by about 15 kcal mol ™. Ball and stick views of
the minimum energy structure are reported in Fig. S4 of the
ESL

The DFT data reported above reveal an energetic scenario in
which the OH™ species is much more strongly bonded to the Pd
surface with respect to EtOH and its stabilization increases
significantly upon oxidation to the radical form.

3.2 Adsorption free energies: thermal and solvation effects

An aspect often ignored in evaluating the stability of the
adsorbed reactants is the solvating power of the medium. Here,
we evaluate the impact of the solvent on the stability of OH™
and EtOH adsorbates by computing their adsorption free
energies in a water environment via classical MD simulations.
While addressing OH™ and EtOH is straightforward because of
their molecular stability, the calculation on OH is unfeasible
because it would require a quantum mechanical approach to
account for its high reactivity. On the other side, using
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quantum mechanics would be too expensive computationally.
Nevertheless, the effect of solvation on the OH™ anion may
provide semi-quantitative indications on the change in the
stability of the adsorbed OH in an aqueous environment. The
assumption of extending the trend of the solvation effect
occurring in the Pd(111)/OH" system to the Pd(111)/OH system
is supported by a Bader charge analysis,”° that revealed that the
charge of adsorbed OH (—0.43 e) is similar to the charge of OH™
in water (—0.62 e), indicating that OH preserves the character-
istics of the anionic form in an aqueous solution. Thus, it is
likely that OH and OH™ might have similar intermolecular
interactions with water and hence their adsorption free ener-
gies could show comparable changes when solvation is
considered.

Furthermore, in order to disentangle the thermal and solva-
tion contributions to adsorption, we also determined the
adsorption free energies at finite temperature in the absence
of the solvent. In a liquid-surface environment, the formation
of EtOH and OH adsorbates goes through a competition with
other species present in the solution. Adsorption of other ions,
in particular cations like Na" or K', can be considered almost
irrelevant, given the positive potential of the metal surface.>**’

As described later in this section, the method employed to
compute adsorption free energies is based on the evaluation of
the PMF as a function of the adsorbate-surface distance.
However, as we will see, the PMF minimum already gives a
quantitative estimate of the adsorption free energy and hence
we first discuss its behavior. The PMFs of the Pd(111)/EtOH
system as a function of the C,-surface distance and of the
Pd(111)/OH" system as a function of the O-surface distance are
reported in Fig. 5A and B, respectively.

The PMFs computed without the solvent show an almost
regular behavior, with minimum values comparable to those
obtained from quantum mechanical geometry optimizations.
For EtOH, thermal effects contribute to a destabilization by
about 5 kcal mol " with respect to the quantum mechanical
minimum, while a stabilization of about 12 kcal mol™' is
obtained for OH . In the latter case, it is probable that
stabilization arises from overestimating the binding energy of
the OH-3 configuration in the fit of the force field (see the
energy curve of OH-3 in Fig. S8 of the ESIY). In fact, the minima
of the PMF and of the energy curve of OH-3 both fall at the
same oxygen-surface distance (~1.2 A).

As we can see from Fig. 5A, solvation leads to a further
destabilization of the EtOH adsorbate by about 12.5 kcal mol ™
with respect to the under vacuum case. Moreover, some articu-
lated modulation of the PMF profile is observed. Actually, such
a solvation-induced destabilization is expected if we consider
the polar nature of EtOH. A low PMF barrier of ~3 kcal mol "
at about 5 A is noted. However, considering the moderate
height of the barrier, it is unlikely that it plays a decisive
role in the rate of the electro-oxidation process, limiting, for
example, the delivery of EtOH towards the surface of
the electrode. Also in the case of OH " (Fig. 5B), solvation
leads to a significant destabilization of the adsorbate with
respect to vacuum, amounting to ~27 keal mol~". The larger
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Fig. 5 PMFs of the Pd(111)/EtOH system as a function of the C,-surface distance (panel A) and Pd(111)/OH™ system as a function of the O-surface
distance (panel B), computed with and without the solvent. The zero PMF is taken at the largest distance, 11 A, where the PMF takes an almost constant

trend.

destabilization observed for OH™ with respect to EtOH can be
ascribed to the larger solvation free energy of the former
species. Moreover, the distance corresponding to the free
energy minimum shifts from 1.2 to 2 A, while it remains almost
unchanged in the EtOH case. Also this feature can be explained
considering the large solvation free energy of OH .

If we assume that the decrease in stability observed for OH™
upon solvation might be extended to OH as discussed above,
then we would expect a PMF minimum for the radical species
ranging around —55 kcal mol™". In any case, the thermody-
namic stability of adsorbed OH in an aqueous environment is
expected to be comparable to that of its anionic form.

The PMF provides a quantitative estimate of the change of
free energy by moving along an established collective variable,
which, in the present context, is the distance between the
molecule and the metal surface. Thus, the physically relevant
quantity is related to differences between PMFs of two specific
values of the collective variable. Strictly speaking, the PMF at
the minimum referred to the PMF at infinite distance does not
correspond exactly to the binding/adsorption free energy,
because the extension of the PMF basin corresponding to the
adsorbed state of the system is not accounted for. The adsorp-
tion free energy, namely the free energy difference between
adsorbed and desorbed states, is related to the difference of
specific PMF values computed for these states in a rather
articulated way.®>° Actually, this PMF difference provides the
major contribution to the adsorption free energy, but it does
not correspond exactly to it. According to ref. 58 and 59, the
adsorption free energy can be expressed in terms of two
quantities. One is the difference of the PMFs computed for
two arbitrary values of the collective variable that must however
represent the bound and unbound states of the system. In the
present context, the collective variable is the C,-surface dis-
tance for the Pd/EtOH system and the O-surface distance for the
Pd/OH™~ system (Fig. 5). As values of the collective variable
representative of the bound states, we have arbitrarily taken
2, = 2 A and z, = 3.3 A for the Pd/OH™ and Pd/EtOH systems in
solution, respectively, that nearly correspond to the distances of
the PMF minima. The collective variable associated with the
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unbound state corresponds to the distance at which the PMF is
almost flat, namely z, = 11 A for both systems. The PMF values
corresponding to these collective variables are ¢(z,) =
—1.6 keal mol ™" for Pd/EtOH and ¢(z;,) = —42 keal mol " for
Pd/OH ", while ¢(z,) = 0 kcal mol " for both systems. The other
quantity entering the adsorption free energy calculation is the
probability density, p(zp), of finding the system at the chosen
bound collective variable, z;,, during the sampling of the bound
state through an equilibrium MD simulation. MD simulations
of the bound states led to p(z) = 4.6 x 10 ° A and p(z,) =
1.9 x 107> A~ for Pd/OH™ and Pd/EtOH systems, respectively.
Given the quantities reported above, the adsorption free energy
is computed as®®

AGags = ¢(20) — P(za) +RTIn(p(21)/C") ®3)

where R is the ideal gas constant, T is the absolute temperature
and C° is the standard concentration (1 M or 1 molecule/
1661 A®). The contribution arising from the probability
density term is almost negligible, corresponding to 1.2 and
0.7 kcal mol™"' for the Pd/OH™ and Pd/EtOH systems in
solution, respectively. Similar values have been obtained for
the systems under vacuum. Thus, we may quantify the adsorp-
tion free energies (eqn (3)) of the PdA/OH ™~ and Pd/EtOH systems
as —40.8 and —0.9 kcal mol*, respectively. Hence, the proper
calculation of AG,q45 confirms the physical remarks on the PMF
discussed above.

From the PMF curves shown in Fig. 5, we infer that the large
difference in the stability of EtOH and OH /OH may affect
somehow the efficiency of a direct EtOH fuel cell. Specifically,
the adsorption free energies of EtOH and OH ™ are expected to
affect their optimal concentration ratio in solution, namely the
concentration ratio providing the greatest efficiency of a fuel
cell. To this regard, the effect of the concentration of the
reactants on the direct EtOH fuel cell efficiency has been
assessed experimentally. Liang et al.'® reported on the cyclic
voltammetry measurements on an alkaline solution of EtOH
upon varying, in turn, the concentrations of OH™ and EtOH.
Keeping fixed the concentration of KOH at 1 M, the oxidation
current increases monotonically as the EtOH concentration
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increases from 0.25 to 2 M (at potentials smaller than —0.2 V;
reference electrode Hg/HgO/KOH 1 M). At higher EtOH con-
centrations, specifically from 2 to 4 M, the electric current does
not change significantly, showing an almost irrelevant
decrease. On the basis of our results, the surface concentration
of the OH species should be independent of the EtOH concen-
tration in the solution, because of the large difference of the
adsorption free energies of the two reactants. Therefore, on
increasing the EtOH concentration, a greater quantity of EtOH
can reach the electrode by simple diffusion, without affecting
the surface concentration of OH. We notice that the low barrier
observed in the PMF of Fig. 5A is not expected to slow down
significantly the diffusion of EtOH towards the surface. Thus,
the increasing delivery of EtOH to the surface yielded by the
increase of concentration enhances the EOR rate, and hence
the electric current. When the amount of EtOH at the electrode
overcomes a given threshold, the EOR rate, and the electric
current with it, becomes almost constant, because saturation of
all active sites by OH and EtOH is reached.

On the other side, on fixing the EtOH concentration to 1 M,
the electric current is found to increase as the KOH concen-
tration increases from 0.01 to 1 M. In this case, in contrast to
the trend observed by varying the EtOH concentration, a further
increase in the OH™ contents, specifically from 1 to 6 M, leads
to a relevant electric current drop.'® We may argue that, at low
OH™ concentrations, an increase of concentration leads to an
electric current growth because the added OH™ are adsorbed
and the amount of EtOH on the electrode is enough to allow the
EOR to proceed quickly. Adsorption of OH™ continues regularly
by increasing its concentration owing to the large adsorption
free energy and the low degree of surface coverage. Such a
process is not affected by the presence of EtOH on the elec-
trode, because of the large difference in the adsorption free
energies of the two species. In this range of concentrations,
EtOH is continuously replaced by OH ™, while the EOR rate still
continues to increase. The maximum electric current is reached
at 1 M OH™ concentration. Above this threshold, the coverage
of the electrode by OH species is large enough to avoid a
sufficient delivery of EtOH from the solution to the electrode.
This replacement of EtOH in favor of OH species removes one
reactant from the reaction environment, ultimately yielding an
electric current drop.

3.3 Reaction pathways for H-atom abstraction of EtOH

The scenario emerging from the previous discussion highlights
an unbalanced competition in the adsorption process comple-
tely in favor of the OH species against EtOH. This calls for an
oxidation mechanism in which the reaction step leading from
EtOH to CH;CHOH may not concern EtOH adsorbed species in
the strict sense of the term, namely with the presence of a free
energy well at the surface, but rather through a continuous
delivery of EtOH from the solution to the surface according to a
diffusive process. On such a basis, we suggest that the first H-
atom abstraction step might take place without a really active
participation of the catalyst on the side of EtOH. In this respect,
assessing the propensity of eqn (2) in terms of mutual
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arrangement of the reactants and of the reactants with respect
to the Pd surface can provide insightful information on the
EOR mechanism.

To study the possible EOR pathways and to obtain quanti-
tative information on the energy barriers of the single reaction
steps, including eqn (2), the most natural approach would be
that of the minimum energy path. In this way, it is possible to
obtain the energy profile as a function of some reaction
coordinate, as well as the energies of reactants and products
and those of the reaction intermediates.>*' Here, we study the
propensity of the reaction step of eqn (2) from the perspective
of dynamical paths produced through ab initio MD simulations
in which the reactants, specifically EtOH and OH, are arranged
on the Pd surface according to the structural information
obtained from the binding energy calculations of Section 3.1.
Thus, the OH molecule is displaced almost parallel to the
Pd(111) surface, while EtOH is oriented like in the EtOH-1
configuration shown in Fig. 1, with the hydroxyl H in the cis
position with respect to the Cg atom. One H atom, H,, bonded
to C, points towards the O atom of OH, forming a C,—H,- - -O*
angle of about 152 degrees (here and in the following the
symbol * indicates that O belongs to the radical OH) and a
H,- - -O*-H angle of 92.4 degrees, much lower than the typical
bonding angle of water. Several MD simulation paths have been
realized as described in Section 2.1. The various paths differ
only for the initial displacement of EtOH 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 EtOH molecule rigidly shifted along the
H, - -O* direction, while keeping OH fixed (horizontal transla-
tion). Therefore, the paths are classified according to the initial
values of the O*-surface distance (d,), denoting the vertical
translation, and the H,---O* distance (d}), denoting the hor-
izontal translation. The d, distance can take discrete values
from 1.8 to 3.3 A, while d;, can take discrete values from 1.5 to
1.9 A. Smaller d,, distances are not considered in this study to
roughly preserve the individual molecular nature of the two
reacting species in the initial state of the dynamical paths. The
reference arrangement of the system, considered to build the
initial configurations of the ab initio MD simulations, is shown
in Fig. 6, together with the directions associated with the
vertical and horizontal translations.

We remark that, in all simulated reaction paths, the initial
atomic velocities of EtOH and OH were set to zero without
applying rescaling during the simulation. We point out that
this kind of calculation is not addressed to quantify the energy
barriers or 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.

A total number of 35 MD trajectories have been carried out.
For each trajectory, we have verified the occurrence of a reactive
event leading to CH;CHOH and water, according to eqn (2). A
trajectory is classified as reactive if the distance dj changes
from the initial set value to values oscillating around 0.96 A,
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Fig. 6 Arrangement of EtOH and OH over the Pd(111) surface adopted to
build the initial configurations of the ab initio MD simulations. A system
configuration is built by setting the distances d,, and d, along the horizontal
and vertical directions as indicated with left-right arrows. In particular, the
molecules can be either shifted rigidly as a unique assembly along the
normal to the surface by changing d, or the EtOH molecule can be rigidly
shifted along the H,: - -O* direction by changing d}, while keeping the OH
molecule fixed. The reference plane taken to define the normal to the
surface is drawn in gray transparency. The VMD program®? has been used
for molecular graphics.

namely the typical length of a covalent bond in water. As a
confirmation criterion, we also checked the H,- - -O*-H angle.
When the reaction occurs, the angle is expected to vary from the
initial value of 92.4 degrees to the typical bond angle of water.
In this approach, the presence of an energy barrier is thus
probed indirectly, evaluating the propensity of the reactants to
form the products, upon enforcing initial molecular arrange-
ments differing only in the dy and d, distances. A sort of
bidimensional reaction map as a function of d;, and d,, indicat-
ing when the reaction of eqn (2) takes place, is thus produced.
The map is reported in Table 1. We remark that the simulation
setup is not expected to be the optimal one to favor the
reaction, neither in terms of structural arrangement nor in
terms of atomic momenta, with the initial velocities of the
reactants being set to zero. Hence, these results should be
interpreted in a comparative fashion, trying to infer trends or
systematic behaviors. First, we note that for d, = 1.8 A, which
almost corresponds to the distance of the binding-energy
minimum of the Pd(111)/OH system and to the distance of
the minimum PMF of the Pd(111)/OH" system (Fig. 5B), no
reactive event is observed for all considered d}, distances. It is

Table 1 Map reporting whether the reaction of egn (2) occurs (green
circles) or does not occur (red circles) when the reported dy and d,
distances (A units) are enforced in the initial configuration of the MD
simulation paths
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worth noting that this behavior is common to all simulations
performed with d, < 2.85 A, namely distances to which OH is
strongly bound to the surface. This means that, at short d,
distances, an energy barrier, if any, should fall below dj, = 1.5 A.
The data suggest that, when OH is strongly bound to the Pd
surface, its reactivity against EtOH drops. This occurs because,
in order to make OH available for reaction, energy should be
spent to break the nearly covalent Pd-OH bond. Accordingly,
for d, > 2.85 A, namely when the surface-OH bonding is
weaker, reactive events are observed also for d;, distances
greater than 1.5 A (see Table 1). For d, = 3.3 A, the reaction is
barrier-less even for d, = 1.8 A. Here, we recall that O---H
distances around 1.8 A are typical of H-bonding. Therefore,
considering that effective impacts in a chemical reaction are
those for which the components of the atomic velocities along
the collision direction are relevant and that, in our simulations,
the initial velocities of EtOH and OH atoms are set to zero, the
reactive events observed even at small d, may indicate a large
propensity of the chemical reaction under consideration.

The general enhancement of the reactivity of OH vs. EtOH in
consequence of an increase of the d, distance (and hence a
weakening of the surface-OH bonding) inferred from the reac-
tion map of Table 1 is more evident on inspecting the time
dependence of the dj, distance. In Fig. 7A and B, we report d, as
a function of time obtained from MD simulations in which the
initial value of dy, is set to 1.5 and 1.6 A, respectively (data
obtained for dj, = 1.7, 1.8 and 1.9 A are reported in Fig. S5 of the
ESI{). The curves obtained for all d, are drawn.

The trajectories leading to a reactive event are evident, as the
dy, distance shifts in a few fs from the initial value to values
ranging around ~1 A, i.e., the typical covalent bond distance in
water. Here, it is interesting to note that the oscillating beha-
vior is reached earlier in simulations starting from larger d,,
indicating greater reactivity when the surface-OH bonding is
weaker. Vice versa, when the surface-OH bonding becomes
stronger, which occurs by lowering d,, the MD trajectories
appear gradually less reactive and the dy, distance drifts towards
large values.

Now the question is: why should the OH molecules strongly
bonded to the Pd surface enter H-atom abstraction rather than
remain peacefully bonded to the surface? To this regard, one
should take into account that adsorbed OH are distributed at
distances z from the surface according to a probability density
dependent on the PMF as a function of z. The probability of
finding a molecule at a distance ze [a,b] from the surface can
be estimated through the relationship

b

p(z € la, b)) = N[ exp[—¢(2)/(RT)]dz (4)

Ja
where ¢(z) is the PMF and N is a normalization constant such
that p(ze [0,00]) = 1. Using eqn (4), we can estimate the ratio
P, /Py, between the probabilities of unbound and bound states at
equilibrium. The calculation for the OH™ species can be done
by exploiting the PMF shown in Fig. 5B. From the PMF trend,
we infer that a OH™ can be considered as bound to the Pd
surface when it lies inside the free energy well, namely z < 4 A.
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Fig. 7 d, distance as a function of time for various initial d, distances (see legend:; the values are in A). Two sets of simulations are reported in the panels,

differing for the initial dy, distance: 1.5 A (Panel A) and 1.6 A (Panel B).

According to this assumption, we can thus write Py, = p(z€ [0,4])
and P, = p(ze [4,0]). The two integrals give Py/P, ~107>%,
which implies that only the bound state is really observable.
This is in agreement with the large value of the adsorption free
energy of the OH™ species, which is of the order of the energy of
a typical covalent bond.

The same approach adopted for evaluating P,/Py, provides a
rough estimate of the ratio between reactive (weakly-bonded)
and non-reactive (strongly-bonded) OH molecules according to
the reaction of eqn (2). For this calculation, we should use, in
principle, the PMF related to the Pd(111)/OH system, which is
however unavailable. As a first approximation, we can resort,
instead, to the PMF obtained for the Pd(111)/OH™ system. On
the basis of the simulated reaction paths (Table 1), we note that
a reactive event may occur when the distance of the OH from
the Pd surface is greater than the PMF-minimum distance, that
is ~2 A. Therefore, indicating Zeaet as the distance threshold
above which a OH becomes reactive, the probability of a
bonded OH to be reactive iS P(Zreact) = P(ZE [Zreacts4])/
p(ze [0,4]). Of course, such a probability depends critically on
the threshold distance z;e,cc- From our reaction paths (Table 1),
we can roughly locate zZe,.. between 2 and 2.85 A; perhaps,
Zreact = 2.5 A would be an effective value. In such a case, the
probability of observing a reactive bonded molecule ranges
from P(Zreact = 2) =~ 0.5 t0 P(Zreact = 2.85) =~ 10 *°, with
P(Zreact = 2.5) ~ 107° Such a value reveals that only a small
amount of adsorbed OH could really be involved in reactive
events. However, this is probably an underestimate, as we
evaluated reactive paths (Table 1) through simulations
enforcing suboptimal and hence unfavorable setup (think, for
example, the initial atomic velocities which are zero).

4 Concluding remarks

The EOR catalyzed by Pd in alkaline media occurs through a
sequence of reaction steps in which OH plays a fundamental
role. In this study, we investigate the first step of the EOR,
namely eqn (2), by means of quantum and molecular mechan-
ical calculations. The effect of solvation on the adsorption of

This journal is © the Owner Societies 2022

OH™ and EtOH on the Pd surface has been investigated as well.
We have found that both anion and radical OH are strongly
adsorbed on the electrode, guaranteeing a significant surface
coverage in this reactant. In contrast, EtOH, despite a non-
negligible adsorption free energy under vacuum, shows a very
modest affinity with the surface when solvation is accounted
for. This implies that the role played by adsorbed EtOH could
be almost irrelevant in the EOR, at least from the point of view
of thermodynamics, thus suggesting that the electrode cover-
age in EtOH is dominated by diffusion processes. This picture
is consistent with cyclic voltammetry measurements performed
at different concentrations of EtOH and OH ™. Furthermore, we
have observed that the rate of the reaction step of eqn (2)
depends critically on the distance of EtOH 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, especially that of OH, decreases.

The picture emerging from our study is that of an electrode
surface rich in the OH species, owing to the large adsorption
free energy, but only a small amount of them, specifically those
weakly bound to the surface, are really active in the EOR. 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 of not having a
really 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
current density of the H evolution reaction on monometallic
surfaces in alkaline media and the H binding energy on the
metal.®>®" The aspect common to volcano-type relationships
and our mechanism is that an excess binding energy might lead
to a sort of passivation of the catalyst, making the adsorbed
reactants not available for the reaction. The idea that the
adsorption energy of the reactants can be used to identify the
activity of electrocatalysts, not only in an average way, as
revealed by volcano-type relationships,®® but also in a detailed
way within a distribution of adsorbed molecules, as observed in
the present study, suggests that the exchange current density
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could be tuned by modifying the surface chemical properties

through, for example, the introduction of properly designed
co-catalysts. "3

Abbreviations

EtOH ethanol.

EOR ethanol oxidation reaction.
MD molecular dynamics.

DFT density functional theory.
PMF potential of mean force.
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