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ABSTRACT: Understanding the mechanistic interplay between
the activity and stability of water splitting electrocatalysts is crucial
for developing eflicient and durable water electrolyzers. Ir-based
materials are among the best catalysts for the oxygen evolution
reaction (OER) in acidic media, but their degradation mechanisms
are not completely understood. Here, through first-principles
calculations we investigate iridium dissolution at the IrO,(110)/
water interface. Simulations reveal that the surface-bound IrO,0OH
species formed upon iridium dissolution should be thermodynami-
cally stable in a relatively wide potential window undergoing
transformations into Ir'' (as IrO;) at high anodic potentials and
Ir'™ (as Ir(OH),) at low anodic potentials. The identified high-valence surface-bound dissolution intermediates of Ir are determined
to display greater OER activities than the pristine IrO,(110) surface in agreement with the experimentally observed high activity of
an amorphous hydrated IrO, surface layer. Combined with recent experimental results, our simulations illuminate the mechanistic
details of the degradation mechanism of IrO, and how it couples to electrocatalytic OER.

lectrocatalytic water splitting is an environmentally benign challenging. Catalyst degradation can involve a range of
approach to storing energy from intermittent energy coupled processes such as OER, dissolution, redeposition,
sources in the form of pure H,.'"® Amid recent efforts to surface segregation, and restructuring, making the interpreta-
develop cheaper platinum group metal-free (PGM-free) tion of experimental observations rather difficult.'”>* In the

electrocatalysts,” '’ noble metal-based materials remain
dominant for water electrolysis due to their favorable
combination of activity and durability.'' Specifically, Pt is
still considered to be the state-of-the-art catalyst for the
cathodic hydrogen evolution reaction (HER), whereas Ru- and
Ir-based materials are among the best electrodes for the anodic

case of Ir-based catalysts, a variety of corrosion mechanisms
have been put forward in the literature.””** In recent years,
however, significant progress has been achieved in terms of the
quantification of dissolution data through the utilization of
highly sensitive time-resolved measurements of dissolution

25-27 . . .
oxygen evolution reaction (OER) in acidic environments.'*~"° operando. For example, by using a scanning flow cell with
RuO, is known to be more OER active but less stable than inductively coupled plasma and online electrochemical mass
IrO,, making Ir-based materials standard anodes for proton- spectrometers, the dissolution products of Ir under OER
exchange membrane water electrolyzers.'”'® However, elec- operating conditions were monitored, enabling identification
trode corrosion is a critical issue in the long-term utilization of of the highly unstable IrO, dissolution intermediate.”® From a
water-splitting systems even for such a robust catalyst as Ir. At theoretical standpoint, a great deal of insight into surface
the same time, corrosion engineering has proven to be a viable chemistry and interface stability can be obtained by analyzing
approach to enhancing OER activity owing to the formation of the Pourbaix diagrams calculated from first principles.

highly active hydrous metal oxide layers at the catalyst surface.
Therefore, understanding mechanistic pathways of catalyst
degradation accompanied by the formation of highly reactive
surface species is important from both activity and stability
perspectives.

Although experimental and theoretical studies of the OER Received: January 31, 2020
mechanism and kinetics for various systems abound, Accepted: March 18, 2020
mechanistic investigations of electrocatalyst corrosion are Published: March 18, 2020
much less frequent. This is in large part due to the fact that
the experimental probing of electrocatalyst/water interfaces at
the nanoscale to detect short-lived reaction intermediates is

However, as recently demonstrated by the example of BiVO,
photocorrosion,” thermodynamic arguments may not always
be sufficient to predict the interfacial behavior of a catalyst,
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Figure 1. Free-energy profile (AG) of Ir dissolution from the IrO,(110) surface: (a—d) Initial (dy,_o, = 2.02 A), intermediate (dj, o, = 3.27 A,
die—0, = 4.17 A), and final (dy,_o, = 6.68 A) metastable structures along the dissolution pathway shown on top. The inset shows the initial slab

model used for simulations in this study. Final state d corresponds to primary dissolution product IrO,OH.

making kinetic factors essential for a proper description of the
dissolution process.

In this work, we employ ab initio molecular dynamics
(AIMD) simulations to elucidate the mechanism of IrO,
dissolution in an aqueous environment and reveal the chemical
nature of the dissolving species under OER conditions.
Additional ab initio thermodynamics calculations for the
found dissolution intermediates are undertaken to evaluate
their stability as a function of applied electrode potential and
activity toward OER.

The 1rO,(110)/water interface was modeled using a
periodic slab with a 12.85 X 9.42 A surface cell and a 10 A
vacuum region filled with 27 water molecules (inset in Figure
1). On the basis of the previous calculations of surface phase
diagram for IrO,(110) in water, we employed both fully
oxidized and hydroxylated surface models depending on the
electrode potential of interest.’® All calculations were
performed by employing the revised Perdew—Burke—Ernzer-
hof (revPBE) functional’"** within the projector-augmented
wave (PAW) formalism®>** and a cutoff energy of 400 eV.
Grimme’s D3 dispersion correction®*® was used to take into
account the long-range van der Waals interactions. AIMD
simulations were carried out at the I' point within the
framework of Born—Oppenheimer dynamics as implemented
in the VASP code.”””® The slow-growth approach was applied
to monitor the sequence of bond-breaking and bond-making
events followed by an assessment of the activation barriers
(AG) associated with the identified dissolution pathway by
means of the Blue Moon ensemble method.” We used the
distance between topmost Ir and subsurface O as a starting
collective variable (CV) to push Ir into solution with a velocity
of 0.5 A/ps. Furthermore, different sets of CVs were checked
to verify that our dissolution results are not affected by the
specific choice of the CVs, as discussed below. Each state in the
free-energy profile presented in Figure 1 was equilibrated for 2
ps following the averaging of forces over this time frame. It was
previously shown that this approach could provide activation
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barriers of metal dissolution with errors of less than 10% as
evaluated through the block averaging method.”” A time step
of 1.0 fs and the H mass of 3 amu were set in AIMD
simulations. The Nose—Hoover thermostat was chosen to
keep the temperature around 300 K in our simulations. Similar
AIMD approaches to simulate transition-metal dissolution
from nonelectrified surfaces into aqueous solutions have
recently been applied in a series of modeling studies,*~*
and a more detailed technical description can be found in our
previous publications.*”” Tt should also be noted that
although our calculations were performed under constant-
charge rather than constant-potential conditions, the change in
the electrode potential due to the dissolution process is small
(~0.15 V)* compared to the situations considered in this
study (i.e., Vgyg = 1.99, 1.49, and 0.39 V for high, intermediate,
and low anodic potentials, respectively). The voltage can be
derived as Vg = @ — 4.44, where @ is the work function and
—4.44 eV is the chemical potential of SHE.

To compute the OER overpotentials within the computa-
tional hydrogen electrode (CHE) approach, atomic positions
of the bottom layer of the slab were fixed to their respective
bulk values, allowing the top three layers to fully relax. In these
calculations, a 3 X 4 X 1 Monkhorst—Pack sampling of the
reciprocal space was used. The free energies (AG) for the OER
were computed, including zero-point energy (ZPE) and
vibrational entropy S, contributions taken at 300 K as AG
= E + ZPE — TS, To evaluate the electrostatic potential at
the IrO,(110) /water interface, we employed the hybrid model
that combines the explicit/implicit treatment of solvent. The
implicit part was described by the continuum solvation model
using 78.4 as the relative permittivity of water as implemented
in the VASPsol code.”™ This hybrid approach provides a
more realistic description of the dielectric properties of water
at the catalyst/water interface than a purely implicit model.*®
Electrostatic profiles for each potential regime are provided in
the SI Surface free energies were computed using the
following expression

https://dx.doi.org/10.1021/acs.jpclett.0c00335
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Figure 2. Structural configurations obtained employing AIMD with different collective variables (CV1—CV4). IrO,OH is formed independently in
all cases. The relative stabilities of the obtained structures (DI1—DI3) are also presented. The free energies of OER are computed for both top
(OH,,;,) and side (Ogy,) oxygen sites that are depicted as a star and triangle for DI3, respectively.

AGsurf = Gsurf,NHZO -G

pris

n
- NGHZO + EGHz(g) + neVSHE
(1)

where G, is the free energy of the O- or OH-covered surface,
Gyris is the pristine surface, N is the number of explicit water
molecules, n is the number of H atoms removed from the
pristine surface, ¢ is the electron charge number, and Vgyy is
the applied potential. We used the CHE method to calculate
the free energy of the aqueous-phase proton from the free
energy of gas-phase hydrogen at the equilibrium potential of 0

Vsug:

1
EGHZ(g) - GH+ (PH - 0) (2)

The free energies of adsorbed species AGgoy: were calculated

as a function of potential

AGOHf = GOHf -G, — GHZO(aq) + (2 — x)Gy+

H{y)
— (2 — x)eVgy (3)

where Gy is the free energy of the surface with adsorbed

water products (x can be 0 or 1 to represent O* or OH*
adsorption). More details on the calculation of the surface
phase diagram are provided in the SIL

The surface diagram of IrO,(110) was previously calculated
using DFT for a range of electrode potentials relevant to water
splitting.”® It was shown that the surface should be fully
oxidized (O-terminated) above 1.5 Vg (the onset of OER),

becoming 50% protonated (50% OH-terminated) in the range
of (1.2—1.5)Vsyy and then transforming into a fully
hydroxylated surface (100% OH-terminated) at less-positive
potentials. Therefore, we start our dissolution analysis with the
O-terminated surface and then consider how lowering the
electrode potential affects dissolution products.

Figure 1 shows the free-energy profile of Ir dissolution from
the IrO,(110) surface in water obtained using AIMD-based
thermodynamic integration. The first bond-breaking event (a
— b) leads to an intermediate structure with Ir forming new
bonds with the closest structural oxygen atoms, which is
characterized by an activation barrier of 1.7 eV. Next, the
dissolving Ir species is attacked by H,O from solution (b — ¢),
resulting in the formation of IrO,OH at the surface. Finally,
breaking the last bonds between dissolving Ir and surface
oxygen atoms (¢ — d) leads to the detachment of IrO,0H
into solution. These last two steps require the activation
barriers of 0.2 and 0.35 eV, respectively. The cumulative
energy barrier to dissolving Ir into solution turns out to be 0.25
eV higher than dissolving Ru from RuO,(110), being
consistent with the greater stability of IrO,.* It is worth
mentioning that the obtained dissolution barrier is rather high
since dissolution should more efficiently occur at other surface
sites such as kinks. However, since we are not concerned with
the magnitude of the dissolution barrier, to simplify our
analysis we focus only on the flat IrO,(110) facet.

It is important to point out that for our AIMD simulations of
the dissolution process we chose a set of CVs based on
preceding slow-growth calculations aimed at identifying a

2697 https://dx.doi.org/10.1021/acs.jpclett.0c00335
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Figure 3. Schematic showing the formation of Ir(OH)s, IrO,0H, and IrO; dissolution intermediates at the IrO,(110)/water interface under high

(+V) and low (—V) anodic potentials as observed in our simulations.

sequence of bond-breaking and -forming events. Nevertheless,
we also test a few other CVs to demonstrate that the choice of
our CVs does not affect the chemical nature of the formed
IrO,OH species. Figure 2 shows the resulting atomic structures
from these simulations using four different CVs. It is seen that
in all cases the chemical identity of the surface-bound
dissolution intermediate is IrO,OH. Also, the dissolution
intermediate found above using slow-growth calculations
combined with thermodynamic integration (denoted as DII
in Figure 2) is characterized by the lowest energy among all
identified configurations. The relative energy stability of the
dissolution intermediates seems to be chemically reasonable
with DI1 forming two bonds with neighboring Ir—O octahedra
through O, and Oy, sites, whereas less-stable DI2 forms two
Ir—O bonds with the same octahedra and least-stable DI3
forms only a single bond with the Oy, site.

Furthermore, we examine the influence of electrode
potential Vg on the stability of the identified IrO,OH
intermediate (DI1). To simulate the fully oxidized surface of
IrO, under a more positive potential, we remove four
electrons, leading to Vgyp = 3 V, as estimated using the
hybrid scheme (Figure Sla). This results in the almost
instantaneous formation of IrO; at the surface during AIMD
equilibration. We also observe the formation of IrO; if we start
simulating the dissolution of Ir from the regular IrO,(110)
surface under such a positive potential (with 4e” removed),
rather than starting from IrO,OH already formed at the surface
at a lower potential. These transformations as a function of
applied potential are schematically shown in Figure 3. It should
be noted that the experimental observation of the IrO;
intermediate has been rather challenging due to its high
reactivity with water. Nevertheless, not only was this
intermediate detected in recent experiments,”® but it also
managed to be stabilized through a proton intercalation
mechanism leading to enhanced OER activity.” Below, we
indeed reveal that this high-valence surface-bound intermedi-
ate displays OER overpotentials much lower than those for the
regular IrO,(110) surface.

To explore the dissolution behavior of Ir under low anodic
potentials, we employ the fully protonated surface model that
is characterized by Vg = 0.39 V (Figure Slc), in agreement
with the previously calculated surface diagram.”® This leads to
the formation of Ir(OH); right at the IrO,/water interface as
depicted in Figure 3. When simulating the detachment of Ir'™
from the surface under such a low potential, we observed that
Ir prefers to either fill the newly formed metal vacancy or roll
over the surface rather than dissolve into water. This may
suggest the relatively fast kinetics of Ir'" redeposition to the
surface in comparison to its dissolution. The existence of Ir'™
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species at relatively low potentials was previously proven using
X-ray absorption near-edge structure (XANES) spectrosco-
py.”" Moreover, it was shown that Ir'! and Ir¥ may coexist
beyond the OER onset, which is in line with our observation of
Ir'" being trapped at the surface. We should also point out here
that we did not examine the fate of the dissolved species in
water after they detach from the surface and focused only on
the identification of dissolution intermediates in the immediate
vicinity of the IrO,(110) surface.

Figure 4 shows a surface phase diagram for IrO,OH and
IrO; intermediates in the potential region relevant to OER. As

12
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Figure 4. Surface phase diagram for the Ir dissolution products
formed at the half-OH-terminated (protonated cus oxygens) and fully
oxidized IrO,(110) surface. Surface-bound IrO, at the oxidized
surface is taken as a reference state. The most stable atomic structures
are presented.

a reference, we chose a partially OH-terminated and oxidized
surface with dissolved IrO, at the interface. It was established
in a previous thermodynamic analysis of IrO,(110)° that the
surface is partially OH-terminated from 121 to 1.50 V,
becoming fully oxidized above 1.5 V. We find that the surface-
bound IrO,OH intermediate is stable at 50% OH termination
and then at fully oxidized surfaces of up to 1.77 V, beyond
which the intermediate loses a proton and transforms to IrO;.
It should be noted that in recent experiments the formation/
dissolution of IrO; was observed to become pronounced when
the potential exceeds 1.6Vyyg, which is in agreement with our
thermodynamic calculations.

https://dx.doi.org/10.1021/acs.jpclett.0c00335
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Figure 5. Free-energy diagrams for OER occurring at the IrO,OH (solid line) and IrO; (dashed line) dissolution intermediates obtained from
AIMD. The arrow depicts the potential-determining step of the reaction.

It is well known experimentally that a hydrated IrO, layer
formed at the anode surface under OER working conditions
exhibits high OER activity due to the availability of highly
reactive electrophilic oxygen serving as active sites for
nucleophilic attack from water. Therefore, we further analyze
the activity of the found dissolution intermediates, IrO,OH
and IrO;, toward OER. Figure 5 shows the calculated
overpotentials for the four H'—e™ steps of OER for the
three lowest-energy dissolution intermediates found in our
simulations (Figure 2). Since the OER reaction may proceed at
either OH or O sites of the same dissolution intermediate, we
examine both possibilities denoted as a star and a triangule in
Figure 2 and as the IrO,OH and IrO; cases in Figure 5. It can
be seen that in all cases the OER activity of the dissolution
intermediates turns out to be higher than that of the regular
1rO,(110) surface (7 = 0.88 V).

In summary, we carried out explicit solvent AIMD-based
simulations of Ir dissolution at the IrO,(110)/water interface
as a function of electrode potential. We found that IrO,0OH is
formed at the surface over a broad range of applied potentials,
transforming into IrO; at high anodic potentials. At relatively
low electrode potentials, however, Ir'" is formed at the surface
that can be reoxidized back to IrO,, be trapped at the surface
as I, or dissolve as Ir(OH); into solution. Thus, our results
corroborate the recently proposed mechanism of Ir dissolution
during the OER-based dissolution measurements.”® The
identified surface-bound iridium dissolution intermediates are
also found to display greater OER activity than the regular
IrO,(110) surface. The presented mechanistic study demon-
strates that first-principles calculations are capable of capturing
the interfacial chemical dynamics to detect dissolution
intermediates with short lifetimes that are challenging
experimentally.
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