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ABSTRACT: RuO2 is one of the most active electrocatalysts toward oxygen evolution
reaction (OER), but it suffers from rapid dissolution in electrochemical environments.
It is also established experimentally that corrosion of metal oxides can, in fact, promote
catalytic activity for OER owing to the formation of a surface hydrous amorphous layer.
However, the mechanistic interplay between corrosion and OER across metal-oxide
catalysts and to what degree these two processes are correlated are still debated. Herein,
we employ ab initio molecular dynamics-based blue moon ensemble approach in combination with OER thermodynamic
analysis to reveal a clear mechanistic coupling between Ru dissolution and OER at the RuO2(110)/water interface. Specifically,
we demonstrate that (i) dynamic transitions between metastable dissolution intermediates greatly affect catalytic activity toward
OER, (ii) dissolution and OER processes share common intermediates with OER promoting Ru detachment from the surface,
(iii) the lattice oxygen can be involved in the OER, and (iv) the coupling between different OER intermediates formed at the
same Ru site of the metastable dissolution state can lower the theoretical overpotential of OER down to 0.2 eV. Collectively, our
findings illustrate the critical role of highly reactive metastable dissolution intermediates in facilitating OER and underscore the
need for the incorporation of interfacial reaction dynamics to resolve apparent conflicts between theoretically predicted and
experimentally measured OER overpotentials.

■ INTRODUCTION
Electrochemical water splitting is a promising technology to
support renewable hydrogen production.1−3 Oxygen evolution
reaction (OER) is the most energy-intensive part of water
splitting thermodynamically as it involves multiple proton-
coupled electron transfer steps yielding the Gibbs energy of the
overall reaction of water oxidation to molecular oxygen of
about 4.92 eV in experiments.4,5 Noble-metal oxide materials
such as RuO2 and IrO2 are among the best anode catalysts for
OER due to their relatively low overpotentials at practical
current densities. The OER process, however, is accompanied
by appreciable electrode corrosion in electrochemical environ-
ments even for noble-metal-based catalysts. A series of
experimental investigations have demonstrated that the activity
and stability of many electrocatalysts including Ru, Ir, and Pt
are inversely related always requiring a practical compromise
between the two.6−10 Nevertheless, the extent to which these
two processes are related is still debated11,12 due to the lack of
mechanistic information on the activity/stability/morphology
relationships. For instance, it is still unclear whether OER and
catalyst dissolution share common reaction intermediates and
how it varies across electrode materials and different facets of
nanocatalysts.13,14 If such atomistic information was available,
this would provide strategies to decouple the two processes
aiming to increase OER activity with minimal electrode
dissolution.
Previous computational density functional theory (DFT)-

based studies have provided valuable insights into the
thermodynamics of OER for a variety of metal-based
catalysts15−17 including the concept of linear scaling between
adsorption energies for OER intermediates.18 These theoretical

investigations have primarily focused on regular defect-free
surfaces to compute the thermodynamic overpotential for OER
within the computational hydrogen electrode (CHE) ap-
proach18−20 based on the following four-step reaction
mechanism (water nucleophilic attack, WNA)

H O HO e H2* + → * + +− +
(1)

HO O e H* → * + +− + (2)

H O O HOO e H2 + * → * + +− +
(3)

HOO O (g) e H2* → + + + *− +
(4)

where * denotes the surface active sites and HO*, O*, and
HOO* are adsorbed OER intermediates. Each step is
characterized by the reaction Gibbs energy ΔGi (i = 1, 2, 3,
4) with the potential-determining step (PDS) given by

G G G G Gmax , , ,PDS 1 2 3 4Δ = {Δ Δ Δ Δ } (5)

The theoretical overpotential can be then computed as ηOER =
(ΔGPDS/e) − 1.23 V, where 1.23 V corresponds to the
equilibrium potential of water splitting. According to this
mechanism, the ideal catalyst (ηOER = 0) would have the four
equidistant Gibbs free-energy steps of 1.23 eV.
When predicting the OER activity within the DFT-based

CHE approach, several key assumptions are typically made. It
is assumed that the OER occurs at a single active site following
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the same reaction mechanism (e.g., WNA) over the catalyst
surface that is not being transformed in the course of the
reaction. However, there is mounting evidence suggesting a
key role of the dynamic evolution of the catalyst/water
interface in defining the catalytic activity, reaction mechanisms,
and measured OER overpotentials.21−23 For instance, it was
experimentally shown that the formation of amorphous
nonstoichiometric oxide layers such as RuOx and IrOx, either
through the electrochemical oxidation of a metal catalyst or via
metal-oxide dissolution, leads to an increased OER perform-
ance that gradually decreases upon transformation of the
interfacial region into stable RuO2 and IrO2.

24−26 This suggests
that metastable species formed during electrochemical cycling
should be responsible for enhanced OER activity. Indeed, our
recent first-principles-based thermodynamic analysis of the
OER at Ir surfaces has revealed that thin-oxide precursors
formed at the initial stages of Ir surface oxidation should result
in improved OER activity relative to both oxidized Ir surfaces
and thick-oxide films.27 It was determined that one of the
reasons for such enhanced activity over nonstoichiometric Ir−
O layers is the more energetically favorable I2M (interaction of
two M−O units) rather than WNA mechanism of OER. These
results agree with other theoretical investigations showing that
the I2M pathway can be preferred over the WNA mechanism,
for example, in the case of β-NiOOH catalyst.28

Another important aspect of OER that was not previously
addressed computationally is how the OER and dissolution of
an electrocatalyst are coupled mechanistically. It was
experimentally proposed for a number of noble-metal catalysts
such as Ru and Ir that metal corrosion is triggered by OER
based on the coincidence of the onsets of OER and
dissolution.14 Based on electrochemical measurements, various
possible pathways of metal dissolution during the OER were
put forward relating the two processes, but the relationship is
not well understood atomistically.12,14 The main goal of the
present computational study is to examine Ru dissolution from
the RuO2(110) surface and determine the OER activity
associated with the identified dissolution intermediates. We
aim to demonstrate that the OER and corrosion of RuO2 are
coupled processes determining the high OER activity of RuO2
in electrochemical environments. To this end, we employ ab
initio molecular dynamics (AIMD)-based thermodynamic

integration calculations to study Ru dissolution and thermody-
namic analysis within the CHE approach to investigate the
OER on the observed Ru dissolution intermediates. Previously,
these approaches were broadly applied to explore the kinetics
of transition-metal dissolution (by AIMD) and the thermody-
namics of water-splitting reactions (by ab initio thermody-
namics) across a variety of oxide systems. In this study, we
combine both techniques to investigate the coupling between
OER and Ru dissolution at the RuO2(110) surface.

■ COMPUTATIONAL METHODOLOGY
Electronic structure calculations are performed within the
density function theory (DFT), as implemented in the Vienna
ab initio simulation package (VASP).29,30 We employ the
revised Perdew−Burke−Ernzerhof (revPBE) functional31,32

along with the projected-augmented wave formalism33,34 and
Grimme’s D3-dispersion correction35,36 to incorporate long-
range van der Waals interactions. The revPBE exchange−
correlation functional was previously shown to provide
overpotentials and adsorption energies in good agreement
with experimental data.18,37 The Ru_pv potential is used to
include p semicore states as valence electrons for Ru, whereas
the standard potentials are chosen for O and H atoms. The
energy cutoff of the plane wave basis set of 400 eV is applied,
and the convergence criteria for the energy and forces are set
to 10−6 eV and 0.02 eV/Å during structural optimization,
respectively.
AIMD-based simulations are performed to model dissolu-

tion of Ru from the RuO2(110) surface. A periodic slab
comprised of four RuO2 layers with a surface cell of 12.85 ×
9.42 Å2 and a vacuum layer of 8 Å filled with 27 water
molecules to provide a water density of about 1 g/cm3 is used
to simulate the RuO2(110)/water interface. To determine the
mechanism of Ru dissolution, we first apply DFT-based Born−
Oppenheimer molecular dynamics simulations coupled with
the slow-growth approach. We use the distance between
surface Ru and subsurface O as a collective variable to push Ru
to the adsorbed state with a velocity of 0.5 Å/ps determining
the sequence of Ru−O bond-breaking events. Then, an
accurate evaluation of free-energy barriers (ΔG#) between
intermediate states along the identified Ru dissolution pathway
(see Figure 1) is performed using the thermodynamic

Figure 1. Free-energy profiles (ΔG#) of Ru dissolution from the RuO2(110) surface calculated using the AIMD blue moon ensemble approach.
(a−f) correspond to the initial, final, and intermediate metastable structures along the dissolution pathway shown on the right panel. Only the top
part of the slab is shown with water molecules removed for clarity. The inset shows a relationship between ΔG3 of the potential-determining step of
OER and calculated Bader charges of Ru for all dissolution intermediates (a−e). The final state (f), corresponding to the primary dissolution
product RuO4(aq) as detected experimentally, is characterized by the Bader charge of 2.79.
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integration approach within the blue moon ensemble method,
as incorporated into the VASP code.38 Similar approaches to
investigate transition-metal dissolution from nonelectrified
oxide surfaces into aqueous solutions have been recently
employed in a series of first-principles studies.39−42 Each
configuration shown in Figure 1 is equilibrated for 2 ps, after
which the force averaging is done over a 2 ps time frame. A
time step of 1.0 fs and the H mass of 3 amu are set in AIMD
simulations. The Nose−Hoover thermostat is used to keep the
simulation temperature around 300 K. All AIMD calculations
are carried out at the Γ point with no symmetry imposed.
To compute OER overpotentials, we apply ab initio

thermodynamics within the computational hydrogen electrode
(CHE) approach.18,19 In these calculations, the bottom layer of
the slab is fixed to the bulk position, whereas the top three
layers are allowed to relax. Simulations are performed using a 3
× 4 × 1 Monkhorst−Pack mesh to sample the Brillouin zone.
The Gibbs free energy (ΔG) for OER is obtained by including
zero-point energy (ZPE) and entropic contributions (ΔG = E
+ ZPE − TS). To estimate the electric potential of the RuO2
slab, we calculate the work function (Φ) using the Fermi
energy level (EF) and electrostatic potential in vacuum (Evac)
as Φ = EF − Evac employing the continuum solvation model as
implemented in the VASPsol code.43 The Bader charge
analysis44 is used to determine the evolution of the Ru
oxidation state upon dissolution.

■ RESULTS AND DISCUSSION
Since first-principles simulations cannot realistically cover a
diverse set of all possible active sites that may form under real
OER conditions at the RuO2 surface, we illustrate the relation
between dissolution and OER by analyzing two representative
types of OER active sites. First, we carry out AIMD-based
slow-growth calculations in combination with the blue moon
ensemble modeling to explore the minimum energy pathway of
Ru dissolution from the ideal RuO2(110) surface. This allows
us to identify energetically preferred metastable dissolution
intermediates adsorbed at the model surface for which the
detailed ab initio thermodynamic analysis of the OER is
subsequently performed. The obtained results are then
compared to the OER activity of the RuO2 surface kink that
was previously suggested to form during dissolution. Because
active Ru dissolution occurs at electrode potentials above 1.23
V, here we focus on the fully oxidized RuO2(110) surface. The
electric potential of the simulated surface referenced to the
standard hydrogen electrode (SHE) can be computed as VSHE
= (−4.6 − Φ)/e, where Φ is the work function of the slab and
−4.6 eV is the approximate chemical potential of SHE.45 Using
the implicit water model with the fully oxidized RuO2(110)
surface, we estimate VSHE to be around 1.96 V. We also
determine that VSHE does not change significantly during Ru
dissolution evaluated at 1.81 V for the dissolved surface-bound
dissolution intermediate. We note, however, that the exact
value of the electrode potential is not that important for our
purposes since we are not studying how the activation barrier
of Ru dissolution varies as a function of the applied potential.
Our AIMD simulations of Ru dissolution from the RuO2

surface into the aqueous solution reveal that the process
proceeds through a number of metastable states, as depicted in
Figure 1. Starting from the initial state a in which Ru is 6-fold
coordinated by structural oxygen atoms, Ru eventually
dissolves as an aqueous RuO4 complex (state f). The first
dissolution step (from state a to b) with an activation barrier of

about 1.34 eV is comprised of almost simultaneous breaking of
the three structural Ru−O bonds followed by the formation of
a bond between the dissolving Ru ion and an adjacent bridging
oxygen atom. Upon breaking of the next Ru−O bond, a H2O
molecule from the solution attacks dissolving Ru to yield an
OH group with an activation barrier of 0.25 eV (state c).
During the next step, one more bond between Ru and surface
O becomes broken accompanied by deprotonation of the
newly formed OH group and attachment of H2O from the
solution, which subsequently dissociates to yield OH bound to
dissolving Ru (state d). For this reaction step, we have also
observed in simulations that instead of water nucleophilic
attack to compensate for the broken structural Ru−O bond
described above, dissolving Ru can alternatively snatch the
other nearest structural oxygen atom. This can explain the
experimentally observed leaching of the lattice oxygen during
dissolution,23 which may further promote Ru dissolution due
to the formation of short-lived oxygen vacancies. For the next
dissolution step (from state d to e), after a short period of
time, another H2O from the solution attacks the dissolving Ru
ion to form the second OH group. These last two steps require
the activation barriers of 0.09 and 0.20 eV, correspondingly. It
should be pointed out that under real electrochemical
conditions, dissolution barriers should be some functions of
the electrode potential applied to drive OER. Nevertheless, the
qualitative picture of the dissolution mechanism along with its
coupling to OER should be captured in our simulation model,
as discussed below.
We next demonstrate using the identified dissolution

intermediates that Ru dissolution and OER are coupled
processes sharing a set of common reaction intermediates.
Also, the computed overpotential of OER turns out to be
considerably lower for the surface-bound dissolution inter-
mediate than for regular RuO2 surfaces. According to the
simulated dissolution mechanism (Figure 1), interfacial
transformations involve a series of bond-breaking and bond-
forming events including dissociation of water molecules,
which is the initial step in OER (step 1). The formation of
OOH intermediate (step 3) is known to be the potential- and
rate-determining step for OER at the pristine RuO2(110)
surface with the reaction Gibbs free energy ΔG3 of 1.72 eV, as
calculated in our work (see the bar plot inset in Figure 1).
Here, we show that the formation of OOH species should be
even more thermodynamically unfavorable with the energy
steps of 2.84 and 1.95 eV at the initial stage of dissolution (the
bars b and c in Figure 1). Being unsaturated, Ru has a potential
to increase the oxidation state and recover coordination with
oxygen, either structural or from solution H2O. Thus, it is
energetically more favorable to bind an additional H2O
molecule rather than to loose O due to the formation of
OOH and O2 species. The formation of OOH intermediate at
the dissolving Ru site for states d and e is characterized by the
decreased thermodynamic steps of 1.79 and 1.43 eV,
respectively. Thus, although the initial steps of Ru dissolution
promote water dissociation, the formation of OOH and O2
species become energetically more favorable at the final steps
of dissolution. The final dissolution intermediate bound to the
surface (state e) renders the overpotential for step 3 of OER of
only 0.2 eV suggesting that such intermediates should
outperform the most active sites identified in previous
theoretical studies of RuO2

20,37,46 being in agreement with
experimental data for OER on RuO2.

47 The Bader charge
analysis shows that the oxidation state of dissolving Ru
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gradually increases approaching the Bader charge of 2.79 for
the completely dissolved RuO4(aq) species, which correlates
well with the decrease in ΔG3.
The dissolution intermediates found in our simulations have

several OH/O groups exposed to the solution, as seen in
Figure 1. For the flat rutile-structured surfaces, such as
RuO2(110), it is typical to analyze the energetics of OER
occurring at a single reaction site. However, the presence of
several reactive sites at the same interfacial Ru center of
dissolution intermediates may imply coupling between OER
reaction intermediates since their nature greatly affects the
charge state of Ru. Therefore, we next analyze the influence of
possible cooperativity between several OER intermediates on
the OER energetics. We first focus on the RuO2(OH)2
dissolution intermediate at the RuO2(110) surface (state e),
which gives rise to the lowest theoretical overpotential of the
potential-limiting step (ΔG3) and compute the thermody-
namics of the four-step OER process. In particular, we look at
the coupling between OER intermediates at the equatorial (top
reaction) and axial (side reaction) active sites as an example.
It is seen from the two-dimensional matrix in Figure 2 that

the coupling between two OER reactions should significantly

affect the overall reaction pathway by changing the
thermodynamic heights of the reaction steps. Specifically, we
observe that the most thermodynamically favorable pathway is
1−2−2′, where state 1 corresponds to the RuO2(OH)2
dissolution intermediate, leading to the detachment of Ru as
RuO3OH with an overpotential of only 0.04 eV based on our
thermodynamic estimate. When this detached species is placed
into an aqueous solution, we observe after a short equilibration
time that RuO3OH deprotonates to form RuO4(aq). We note
that the formation of the RuO3OH intermediate upon RuO2
dissolution during OER was indeed proposed based on the

experimental data as a step preceding the formation of
dissolved RuO4(aq).

14,47,48 The other favorable reaction path-
way involving RuO2(OH)2 (1−2−3−3′−4′) leads to OER
characterized by a small theoretical overpotential of 0.2 eV. We
also want to point out that coupling between multiple
reactions is linked to the charge state of Ru, as demonstrated
by the Bader change analysis. In particular, the removal of a
proton during the side reaction 3−3′ increases the effective
charge on Ru and leads to destabilization of OOH
intermediate atop of Ru and, thus, promotes OER. Projected
density of states for reaction intermediates 3 and 3′ also shows
that this destabilization is associated with increased occupancy
of the antibonding orbitals formed upon hybridization of the
Ru 4d and O 2p states.
We point out that the surface-bound dissolution inter-

mediates found in our simulations bear close similarities with a
structural motif of the stable reconstructions of the (110)-
RuO2 surface determined recently by using first-principles
evolutionary algorithm search.49 The identified surface atomic
structures characterized by multiple Ru−O bonds exposed to
the solution were also found to be stable at elevated
temperatures with dynamical changes of O−Ru−O angles in
AIMD simulations. To further demonstrate that our
conclusions about the coupling between several OER at the
same reaction site are not limited to the dissolution
intermediates obtained from AIMD calculations for Ru
detachment from the flat surface, we also examine the kink
active site that may form at RuO2(110) during the dissolution.
The dissolution process from such kink sites should clearly be
characterized by reduced activation energies compared to the
flat RuO2(110) surface. Various types of kink motifs at the
RuO2 surface were previously examined computationally,46

and here we focus on the bridge-CUS (coordinatively
undersaturated site) double kink (see Figure 3) characterized
by the presence of two O atoms (Os and Ot) exposed to the
solution, and thus we can also explore the coupling between
two OER at the same site. Figure 3 shows the atomic structure
of the kink with the estimated thermodynamics for all four
elementary steps for two coupled OER. It is seen that the most
favorable reaction pathway corresponds to the case when one
OsH deprotonates to form Os, whereas the reaction at the Ot
site proceeds with the highest theoretical overpotential of 0.35
eV.
The computational results presented thus far allow us to link

Ru dissolution and OER at the RuO2(110) surface at the
mechanistic level, as shown in Figure 4. First steps of
dissolution are associated with several bond-breaking events
and nucleophilic water attacks leading to the oxidation of
Ru(IV) to Ru(VI) and the formation of the surface-bound
RuO2(OH)2 oxyhydroxide complex in accordance with the
previous experimental hypothesis.48,50,51 The formed complex
is attached to the surface through the oxygen atom and could
either dissolve as RuO4 (see corrosion cycle in Figure 4) or
participate in OER (see OER cycle in Figure 4). As discussed
above, the most energetically favorable oxygen evolution
pathway exhibits a significantly lower overpotential for the
potential-limiting step of OER than the kink and flat surfaces
of RuO2(110) (0.2 vs 0.35 vs 0.52 eV). It also shows that the
dissolution of Ru is even more energetically favorable for this
specific dissolution intermediate, however, other metastable
surface states may have different energetic relationships
between OER and dissolution, thereby affecting the balance

Figure 2. Reaction Gibbs free energies ΔG for the two coupled OERs
occurring on top (blue numbers) and side (red numbers) oxygen sites
of the Ru dissolution intermediate e. The most energetically favorable
pathways for OER (1−2−3−3′−4′) and dissolution (1−2−2′) are
highlighted. Pathways 1−4 and 1′−4′ correspond to OER on the top
of Ru with OH or O on the side.
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between the loss of material and turnover frequency of the
catalyst.

■ CONCLUSIONS
In this work, we have investigated the interplay between OER
and Ru dissolution at the RuO2(110) surface by elucidating
the mechanistic details of how these processes are coupled at
the atomic scale. Our simulations demonstrate that the
formation of metastable Ru dissolution intermediates adsorbed

at the surface results in the theoretical OER overpotential as
low as 0.2 eV. This helps explain the highly active nature of
RuO2 toward OER including the case of electrochemically
activated nanocatalysts. The obtained results are in agreement
with previous experimental studies14,47,48 showing that the
onset of OER and dissolution coincide well for RuO2 and
suggesting that the dissolution is triggered by OER.
The study qualitatively confirms the experimentally

proposed reaction mechanism involving the oxidation of a
surface-bound RuO2(OH)2 dissolution intermediate via
RuO3OH into RuO4(aq). It is also observed in simulations
that the dissolving Ru species may be stabilized at the surface
not only by splitting water but also by snatching lattice oxygen
that will evolve into oxygen molecules as a result of OER, in
agreement with experimental observations21,52 and thermody-
namic arguments.11 We also demonstrate that the coupling
between different OER intermediates at the same catalytic site
of the electrode surface can modify the overall reaction
pathway and energetics, an aspect previously disregarded in
theoretical studies of OER. It should be stressed that under
real electrochemical conditions, a range of metastable catalyti-
cally active Ru intermediates could be realizable leading to a
complex dependence of the macroscopically measured OER
overpotentials. Thus, an accurate quantitative comparison
between theoretical predictions and experimental values is
challenging and would ideally require an evaluation of steady-
state concentrations of catalytically active sites as well as
activation barriers for the coupled OER and dissolution
processes.
Overall, the obtained mechanistic insights should help

advance the development of more corrosion resistant materials
with high catalytic activity. For example, we can envision the
development of a layered oxide material utilizing the highly
reactive nature of metastable Ru−O species strongly attached
to a support to suppress materials dissolution. Recent
experiments have indeed demonstrated the power of corrosion
engineering for transforming metal-oxide catalysts into highly
active and stable electrodes for OER.53 Since we do observe
the involvement of lattice oxygen in OER upon Ru dissolution,

Figure 3. Reaction Gibbs free energies ΔG for the two coupled OERs
occurring at the double kink surface of RuO2 taken from ref 46.
Oxygen atoms on the top and side of Ru are labeled as Ot and Os,
correspondingly. The most energetically favorable pathway is
highlighted in bold.

Figure 4. Schematic representation of the found coupling between corrosion and oxygen evolution reaction for the representative dissolution
intermediate determined in AIMD simulations for the RuO2(110) surface. Dissolution and OER cycles are highlighted in blue and green,
respectively.
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developing chemistries that would minimize oxygen-ion
diffusion without sacrificing the electric conductivity, as
previously proposed,11 would be a feasible strategy. In
addition, we suggest that future computational-based rational
design of electrocatalysts, if it is aimed to capture both the
activity and stability of the electrode in dynamic electro-
chemical environments, should involve descriptors accounting
for the transient nature of electrocatalyst/water interfaces
rather than relying on a single static-property descriptor.
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