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ABSTRACT: RuO, and IrO, are among the most active catalysts
for the Oxygen Evolution Reaction (OER). Recently, it was
demonstrated that the catalytic surface of these oxides plays a role in
the reaction, where a hydrogen bond with a neighbor OH group
stabilizes an unconventional —OO intermediate (—OO—H), prior
to O, evolution. Quantum chemical calculations neglecting
solvation effects indicated that this intermediate is more stable
than the conventional —OOH, and that deprotonation of the
stabilizing —OH is the rate limiting step for OER on Ru0O,(110)
and Ru0,(100). In this work, we investigate the role of water 5

molecules on the relative stability of —OOH and —OO-H ' i.
oxygenates on RuO, (110) by means of density functional theory

calculations combined with ab initio Molecular Dynamics
simulations (AIMD). We show that the two intermediates
participate in a hydrogen bonding network with water to a similar extent, but leading to different interfacial water structures,
with possible implications on interfacial proton dynamics and reaction kinetics. Moreover, —OOH can spontaneously convert to
—OO—H through a process mediated by water, demonstrating the critical role of explicitly including water in the model. This study
provides further mechanistic insights on the role of the oxide surface chemistry in the OER mechanism and highlights the
importance of explicitly treating the catalyst/water interfaces including dynamical aspects to assess the stability and the
interconversion mechanism of key surface species, since the adoption of static solvation approaches tends to overestimate the
energetic difference between —OOH and —OO—H reaction intermediates.
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Improving the efficiency of the oxygen evolution reaction

(OER) is crucial for enabling the production of energy carriers The best catalysts for water splitting are based on precious
such as hydrogen, ammonia, or synthetic fuels derived from metal oxides (IrO, and Ruoz),g’9 which display a significant
CO, reduction.'™ In the case of water electrolysis, the overpotential for the OER.

cathodic part of an electrolyzer converts protons into An important aspect for understanding the reaction

molecular hydrogen and involves the formation of a single
intermediate made by an adsorbed hydrogen atom on the
active site of the catalyst,” so that the intermediate formation
energy can be used as a suitable descriptor for the catalytic
activity.”® In the anodic part of the reaction the oxidation of

mechanism of an (electro)chemical reaction is the identi-
fication of the chemical intermediates,"®™'* since it can allow
tailoring of the catalytic activity and rationally design novel
systems with optimized performance. Specifically, it is of

water to molecular oxygen takes place, 2H,0 — O, + 4H" + particular relevance to understand whether the catalytic surface
4e” in acid and 4OH™ — O, + 2H,0 + 4e” in alkaline plays a role in the reaction, resulting in the formation of
solution. Such a reaction can be described by four concerted unconventional intermediates.'’>~!® Due to their record

proton—electron transfer steps’ as follows (in acid, where *

catalytic activity and stability in acid, a number of studies
denotes an active catalytic site):

H,O + O  + HY + e (1) Received: April 25, 2023
Revised: ~ May 8, 2023

Published: May 18, 2023
OH* » O* + HY + ¢~ @) ’

H,0 + 0" - OOH™ + H* + e~ (3)
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have investigated the OER reaction mechanism on RuO, and
Ir02.14’15’17_20

Recently, some of us have performed joint experimental and
computational studies on RuO, single crystals with different

. ) 17,18

crystallographic orientations.””"° Operando surface X-ray
scattering crystal truncation rod (CTR) analyses combined
with Density Functional Theory (DFT) calculations of RuO,
surfaces as a function of the applied potential show an O—O
intermediate adsorbed on Rugys (—OO-H, Figure 1) at
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Figure 1. Structure of —OOH and —OO—H reaction intermediates
adsorbed at the Ruyg site of the RuO, (110) surface. Panels (a) and
(b) refers to stoichiometric and oxidized conditions. Ru atoms are

represented in gray, surface oxygens in red, oxygens of —OOH and
—OO—H reaction intermediates in orange and hydrogen in white.

potential 1.5 Vyyyg which is stabilized by a hydrogen bond with
a neighboring surface OH group. This surface complex is more
stable than the conventional —OOH reaction intermediate on
the undercoordinated Ru site (Figure 1a). This observation is
further supported by other studies which reveal the higher
stability of —OO—H compared to —OOH at the oxide/
vacuum interface (dry conditions) on Rqu.”’18 Moreover,
deprotonation of —OO—H represents the rate limiting step for
OER on Ru0,(110) and RuO,(100)."* As pointed out by
Divanis et al,*' the proton transfer to surface bridging oxygens,
as observed in —OO—H, gives rise to a more favorable reaction
pathway for OER which allows the DFT prediction to be
reconciled with the high activity reported experimentally for
RuO,(110).”* On the other hand, calculations with implicit
solvent on Ir0,(110)"” showed that —OOH spontaneously
evolves to —OO—H through a direct proton transfer.
Compared with previous studies performed in vacaum'”'® or
in implicit solvent,'” the inclusion of water solvent in the
computational model may imply relevant changes in the
energetics and reactivity of the pre-OER surface intermediates.

In this work, we investigate the interplay between the water
solvent and the catalytic surface in stabilizing the pre-OER
reaction intermediates by studying the dynamics of the
conventional —OOH and newly reported —OO—H inter-
mediates on RuO,(110) in an aqueous environment, thus
considering explicitly the role of the solvent by means of DFT
calculations in conjunction with ab initio molecular dynamics
(AIMD). AIMD of —OOH and —OO—H surface complexes in
the presence of water molecules show that the two species have
a distinct chemical interaction with the solvent. Specifically, the
—OO-H system is characterized by a rather stable chemical
interaction between the —OO and H, where the presence of
water does not alter the hydrogen bond between —OO and H
species, indicating that the intermediate is suitable to form in

water and can play a role in the OER. On the other hand, the
presence of water enables that —OOH spontaneously
interconverts to —OO—H via a process mediated by a water
molecule, while —OO—H remains stable over time. The
presence of the solvent is responsible for comparable
stabilization of the two species, without altering the energetic
ordering with respect to vacuum conditions, further validating
previous work.'® This result demonstrates the importance of
the —OO—H species with respect to the conventional reaction
intermediate, and the potential role of the solvent not only as a
dielectric medium, where the reaction occurs, but also as a
source of ligand molecules that can take part in the reaction.
The adoption of static solvation schemes, consisting of small
water clusters surrounding the reaction intermediate (micro-
solvation), tends to overestimate the energetic difference
between the two intermediates, showing that the complex
surface chemistry of RuO, (110) requires the treatment of
dynamical effects, where the surface can induce a sizable
dissociation of adsorbed solvent molecules. Future work will be
dedicated to the role of solvation in the chemistry of
unconventional reaction paths for OER.

B COMPUTATIONAL DETAILS

Density Functional Theory (DFT) calculations were per-
formed using the VASP**~*° code and the generalized gradient
approximation, as implemented in the Perdew—Burke—
Ernzerhof (PBE) functional.*’” Ab-initio Molecular Dynamics
(MD) trajectories were propagated at a working temperature
of 350 K, which guarantees a frank diffusive motion of liﬂuid
water,>' and controlled by the Nosé—Hoover thermostat. 8,49
Full details on the computational setup and how the working
simulation cells were created are reported in the Supporting
Information.

The computational setup is consistent with that adopted in
refs 17 and 18. A possible way to improve the description of
the electronic structure of both RuO, and water is the
adoption of hybrid functionals,”®™>> that however are
computational demanding. Recently, a nonhybrid functional
showed reasonable results,”’ including the PBE in conjunction
with the Grimme’s parametrization scheme (PBE+D3);>* ™
we have then decided to study the RuO,/water interface with
PBE+D3.%

B RESULTS AND DISCUSSION

The attention of this work is on the relative stability of two key
intermediates in the OER under different environments. One
intermediate is a species generally assumed to form during this
reaction, indicated here as —OOH, Figure 1a; the second is a
novel species where a —OOQO group interacts via hydrogen
bonding with a surface OH at the oxygen bridging site,
indicated here as —OO—H, Figure 1b. We adsorbed —OOH
and —OO—H species on the stoichiometric RuO, (110)
surface, comprising two-coordinated bridging oxygen sites O,,
and empty coordinatively unsaturated Ru sites Rucyg. The
Gibbs free energy of the intermediates, computed with respect
to the reference free catalyst (empty Rucys site) and water, in
vacuum is 343 and 324 eV for —OOH and —OO-H
respectively, indicating that the latter is more stable by 0.19 eV,
as shown in Figure la. The two reaction intermediates are
different in nature and are characterized by different charge
transfers with the oxide. The —OOH intermediate has a O—O
distance of 1.45 A, typical of hydroperoxide OOH™ consistent
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Figure 2. Radial distribution function between —O;—O;—H atoms and water. O}, Oy, and H atoms of —OOH and —OO—H intermediates are
reported in green, orange, and black, respectively. Panels (a) and (b) are for —OOH and —OO—H, respectively. Black, orange, and green lines are

for H-Oy,o hydrogen bonding, Oy—Hjy,o bonding, and O;—Hy o hydrogen bonding. The dashed black curve in panel b is associated with the

Op—H interaction of the OO—H intermediate. Insets: structure of —OOH and —OO—H reaction intermediates at the RuO,/water interface. Ru
atoms are represented in gray, surface oxygens in red, oxygens of —OOH and —OO—H reaction intermediates in orange, and hydrogens in black.

with its negative charge (—0.3 lel as estimated by the Bader
charge).”® Conversely, —OO—H consists of a superoxo O,”, as
demonstrated by the O—O distance (1.30 A), and a proton
adsorbed on the bridging oxygen site, and is then characterized
by a lower interfacial charge transfer (0.1 lel).

OER conditions could lead to oxidation of the electrode
surface relative to that in vacuum, by filling the Rucyg sites by
oxygen adsorbates.'” To understand the effect of surface
oxidation on the relative stability of —OOH and —OO—H, we
repeated the simulation in the presence of an oxidized surface,
as in previous work,'® where every Rucyg on the top layer,
except the one where —OOH or —OO—H is adsorbed, is
bound to an O atom, as shown in Figure 1b. The Gibbs free
energies of the —OOH and —OO—H intermediates become
3.72 and 3.11 eV, demonstrating that the latter intermediate is
more stable than the classical —OOH species under these
conditions by 0.61 eV, in agreement with previous work (0.54
eV)."® On the other hand, the interfacial charge transfer
between the intermediates and the surface is not affected by
the oxidation of the surface, as demonstrated by the O—O
distance in —OOH of 1.45 A typical of a hydroperoxide, and
the O—O distance of 1.30 A in —OO—H, characteristic of a
superoxo group. The destabilization of —OOH and stabiliza-
tion of —OO—H compared to the stoichiometric surface can
be understood considering the lower reducing power of the
oxidized surface which renders the formation of hydroperoxide
less favorable, whereas it affects the stability of —OO—H only
slightly, due to its reduced interfacial charge transfer.
Therefore, the oxidation of the surface does not lead to
changes in the stability ranking of —OOH and —OO—H and
would only stabilize the —OO—H intermediate. For this
reason, we consider stoichiometric surface models in the
following to study the interaction of water with oxygenate
intermediates. We also checked that neglecting spin-polar-
ization induces errors as high as 0.1 eV (see Table S2), which
allows us to neglect spin-polarization and to reduce the
computational cost of the simulations.

We then considered the effect of water molecules on the
relative stability of —OOH and —OO—H. We propagated a
trajectory of the RuO,/H,O interface made by a (H,0)4

water box, which ensures a water density close to 1 g-cm™.

The initial configuration of the RuO,/H,0 interface was made
by water molecularly adsorbed on the surface. The system has
been equilibrated for 1 ps. Interestingly, after propagating the
trajectory for 2.5 ps, about 40% of water molecules on the
surface dissociate, indicating a tendency of the RuO, (110)
surface to induce water dissociation, in agreement with
previous work on static water monolayers adsorbed on
RuO,(110).”* This result is also consistent with previous
MD reports,20 showing that about 50% of water on the surface
dissociate after very long propagation times. Although much
larger simulations times are needed to reach a full sampling of
the configurational space,”>*® we can the propagation time in
the present work acceptable for the specific purpose of
describing the chemistry of the RuO, (110) surface. Further
details on how the surface interacts with water as evinced by
the analysis of the Pair Distribution Function (PDF) can be
found in Section S3.

We now discuss the effect of the water layer on the stability
of —OOH and —OO-H intermediates. We propagated two
different trajectories characterized by the presence of —OOH
and —OO—-H intermediates adsorbed on the surface. The
interaction network with the solvent is different for the two
intermediates. In the case of —OOH, labeled as O;0H, the O,
atom (bound to the surface) does not form any hydrogen bond
with water, as shown by the PDF (Figure 2a), where its
coordination number with Hydrogen atoms of water is less
than 0.1. The Oy; species, that is the O atom bound to H, and
farthest from the RuO, surface, forms on average 1.5 hydrogen
bonds with water. The hydrogen atom is always involved in a
hydrogen bond with water, with a coordination number close
to one (Figure 2a). Moving to the —OO—H species, labeled as
—0,0;—H, the PDF (Figure 2b) between O; and water
indicates that 0.5 hydrogen bonds are formed, different from
O; in —OOH. The Oy atom forms on average two hydrogen
bonds, one with a water molecule and the second one with the
H atom of the surface OH group. The H atom in turn does not
interact with solvent molecules, as suggested by the calculated
coordination number with O atoms of water (<0.1), since it is
strongly linked to the OOy species, having the calculated
averaged O;—H distance of 1.6 A. This result shows that the
—OO-H species is stable in the presence of water and its
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dynamical behavior does not imply the breaking of the —OO—
H hydrogen bond. It is interesting to observe that the first
intermediate is involved in about 2.5 hydrogen bonds with
water, which is consistent with previous reports demonstrating
that OOH species on metals are surrounded by a micro-
solvation environment made by three water molecules.”’
Remarkably, the interaction network of water is totally
different for —O,0;H and —O,0;—H intermediates. In
—OOH, Oy and H are mainly involved in 1.5 and 1 hydrogen
bonds respectively, and O; does not interact with water. In
—0O0-H, O is involved in 0.5 bonds, and Oy forms two
bonds, one with H, and the other with a water molecule. The
different water networks for the two reaction intermediates can
have implications on the reaction kinetics involving these
species. Indeed, as pointed out for the case of the hydrogen
evolution reaction (HER), a more ri§id water network might
imply a larger reorganization energy,”” and a slower transfer of
species between the interfacial region and the bulk of the
electrolyte.”

The contribution of the solvation energy was evaluated by
sampling energy points of the —OOH and —OO-H
trajectories. Given that very large simulation times are needed
to properly sample the configurational space of complex
system including water, we sampled a number of points leading
to an acceptable error bar. The error was estimated by means
of the blocking analysis.’”>' We observed that a sampling of 2
ps (4000 structures) was sufficient to obtain an error of 0.1 eV,
which we can consider leads to reasonable results. Having

AGy, 0 = AGy — AGy, where AGyy, is the stabilization
contribution induced by the interaction of X (X = —OOH,

—0O0-H) with H,0, AGy, and AGy are the Gibbs free
energies of the X in water and in vacuum, the contribution of
solvation stabilizes both —OOH and —OO—H by AG_ox/m,0

= —0.42 eV and AG_pp_p/p,0 = —0.28 €V respectively. These

solvation energies are of the same order of ma%nitude as for
other oxygenates species reported previously.”” Then, it is
possible to correct the Gibbs free energies with respect to

those in vacuum as AGy = AGX,d,y + AGX/Hzo' The calcu-

lated Gibbs free energies (AGy) of —OOH and —OO-H
become 3.02 and 2.96 eV, respectively, from those in vacuum
(AGM,),), 343 and 3.24 eV, respectively. Because of the
mentioned nearly systematic stabilization, the energy difference
between the two intermediates is —0.06 eV, very similar to that
found in vacuum (—0.19 eV). The limited effect of solvation
on the relative stability of adsorbates is consistent with that
reported for other intermediates on RuO, (110).°*** Of
course, this result is affected by the rather low propagation
time, and it must also be considered that such an energy
difference is of the same order to the typical error of DFT
calculations (0.1 eV). Therefore, it can be concluded that the
two structures are nearly isoenergetic, justifying the predictions
of previous work'® in vacuum, where —OO—H is more stable
than —OOH.

While the energy of the two intermediates is similar both in
vacuum and in water, the dynamics behavior is different. When
the trajectories of —OOH and —OO-H groups were
propagated further, we observed that after one additional
picosecond, —OOH spontaneously converts irreversibly into
the —OO—H species. The —OO—H intermediate did not
show any structural change. This result provides further

evidence for the stability of this intermediate and, as a result, of
its key role for OER. More importantly, the path is not simply
described by a proton transfer according to the reaction
—OO0H + 0O,, > —00—H-0,, (where O,, is a surface
bridging oxygen), but the process is mediated by a water
molecule via the formation of a H;O" species, as depicted in
Figure 3. The —OOH intermediate is very fluxional (Figure 3),

Figure 3. Schematic representation and snapshots of dynamics of
—OOH interconversion to —OO—H. Ru atoms are represented in
gray, surface and water oxygens in red, oxygens of —OOH and
—OO-—H reaction intermediates in orange, hydrogens of water in
white, and hydrogens of —OOH and —OO—H reaction intermediates
in black.

and the H atom of the —OOH complex is bound to a water
molecule via hydrogen bonding. The H atom can even be
transferred to the H,0O molecule, with formation of H;0*
(Figure 3), which in turn can share the proton with the Oy,
atom of the surface, leading finally to the formation of the
—00-H-0,, adduct. This result shows that the presence of
water does not affect the stability of the two intermediates
which remains basically the same predicted in vacuum, but it
mediates the transformation of the —OOH complex (if
formed) to —OO—H via formation of H;O" species. As
discussed above, due to the different interfacial charge transfers
of the two reaction intermediates, we expect surface oxidation
to further increase the relative stability of the —OO-H
intermediate. We notice that the explicit inclusion of water
molecules and of dynamic effects is a step forward toward a
realistic model of the electrochemical interface compared to
calculations performed in vacuum. Other effects like the
electric field due to the applied potential and the presence of
ions in solution can also have a role, and their effect could be
considered in future studies.

Once the important features of the RuO,/water interface
were established, as well as the chemistry of —OOH and
—OO-H in water, we then investigated the performance of the
state-the-art static approaches for the treatment of solvation of
such species. Indeed, the simulation of explicit solid/water
interfaces and the corresponding solvated intermediates is
computationally demanding. This challenge has driven the
development and adoption of affordable solvation approaches
based on static calculations with a reduced number of solvent
molecules. In this section, we compare the stability of —OOH
and —OO—H species under different solvation schemes. In
particular, we first considered a model consisting of a bilayer of
water,”* " and then another model formed by three-water
molecules, the so-called microsolvation scheme.”” Moreover
we also report and discuss the case of the smallest possible
explicit solvation environment, represented by a single water
molecule in section S4.

The first solvation scheme, a water bilayer, is a common
choice for a static solvation environment, which has been used
for instance for the case of metal surfaces, Pt electrodes in
particular.”” ~>” A possible limitation of this model is that the
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Figure 4. Panels (a) and (b) report the structure of —OOH and —OO—H adsorbed on RuO, (110) surface in the presence of an adsorbed water
bilayer. Ru atoms are represented in gray, surface oxygens in red, water oxygen in pink, oxygens of —OOH and —OO—H reaction intermediates in
orange, hydrogens of water in white, and hydrogens of —OOH and —OO—H reaction intermediates in black.

water bilayer must be commensurate with the lattice constants
of the catalytic system, introducing possible strain effects. The
structure of the two intermediates is reported in Figure 4. With
this static solvation model, the calculated Gibbs free energies
of —OOH and —OO—H intermediates are 3.95 and 3.06 eV.
Thus, the order of stability is the same as that obtained with
MD approaches, but the energy difference is much larger
compared to the one obtained with MD probably due to the
tendency of low dimensional and more rigid static solvation
models to maximize the interaction between water and the
reaction intermediate. The second static solvation model is
based on the microsolvation approach recently proposed by
Calle-Vallejo et al.”” The basic idea is to approximate the entire
solvation environment with a local one made by a few water
molecules around the chemical intermediate. In this case, one
must consider that small aggregates of water molecules can be
characterized by several nearly isoenergetic local minima.**~*
An optimum number of three molecules was found to nearly
resemble the energy stabilization induced by an extended water
bilayer.””** Using this approach, the calculated free energies
are 3.94 and 3.02 eV for —OOH and —OO—H, respectively, as
shown in Figure SS. This result confirms that a microsolvation
environment allows one to mimic the behavior of an extended
water bilayer in stabilizing oxygenates. However, both the
bilayer and microsolvation models exaggerate the difference in
stability of the two isomers compared to the MD approach.
Therefore, we conclude that molecular dynamics is essential to
properly estimate the relative energy of two similar chemical
intermediates, since the difference in stability can be
overestimated using static approaches. This difference is
probably due to the complex nature of the RuO,/H,0O
interface that requires accounting for the dynamics effects to
properly describe the simultaneous presence of dissociated and
molecularly adsorbed water molecules.

B CONCLUSIONS

In this work we have investigated the interplay between the
water solvent and the oxide surface in stabilizing OER reaction
intermediates, focusing on the relative stability of —OOH and
—OO-H species that can form on the RuO, (110) surface
during the OER. These species are key intermediates in OER,
but while the —OOH complex is usually assumed to be the

only species present prior to O, evolution, the formation of
—OO—H complexes has been suggested recently based on
combined operando CTR measurements and theoretical
studies.'””'® These theoretical predictions have been done in
vacuum conditions, leaving an open question on the stability
and chemistry of the two complexes in aqueous environment.
To this end, we have performed density functional theory in
conjunction with ab initio molecular dynamics calculations.
Our results show that the two species display very different
chemistries when interacting with the solvent, resulting in
different interfacial water structures with possible implications
on the reaction kinetics. Moreover, solvation has a primary role
in the conversion of the —OOH to —OO—H, via a dynamic
process mediated by a water molecule. The second
intermediate is stable along the simulation time explored
here, and the —OO—H interaction remains intact during the
simulation and is not broken by solvent molecules. These
results demonstrate the importance and relevance of the
—0OO-H intermediate with respect to —OOH for OER on
oxide catalysts. The inclusion of solvation implies a nearly
systematic stabilization of both species, and does not alter the
energetic ordering from vacuum conditions, thus justifying the
predictions of ref 18. Finally, we have analyzed the perform-
ance of common static solvation schemes by using two well
established static solvation approaches, the water bilayer and
the microsolvation, finding that both lead to a considerable
overestimation of the energy difference between the two
species. In conclusion, this study provides an atomistic insight
into the stability of the —OO—H OER reaction intermediate
formed on the RuO,(110) surface, compared to the conven-
tional —OOH intermediate found for OER/ORR on metal
surfaces, in an aqueous environment. It provides an important
example of the interplay between the catalyst surface and the
water solvent in stabilizing the reaction intermediates at the
water/oxide interface, and of the need to explicitly include
dynamical effects at water/solid interfaces.
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