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Abstract

Iridium oxide (IrO2) is one of the most efficient catalytic materials for the oxygen
evolution reaction (OER), yet the atomic scale structure of its aqueous interface is
largely unknown. Herein, the hydration structure, proton transfer mechanisms and
acid-base properties of the rutile IrO2(110)-water interface are investigated using
ab-initio based deep neural-network potentials and enhanced sampling simulations.
The proton affinities of the different surface sites are characterized by calculating
their acid dissociation constants, which yield a point of zero-charge in good agree-
ment with experiments. A large fraction (= 80%) of adsorbed water dissociation
is observed, together with a short lifetime (& 0.5 ns) of the resulting terminal hy-
droxy groups, due to rapid proton exchanges between adsorbed HyO and adjacent
OH species. This rapid surface proton transfer supports the suggestion that the
rate-determining step in the OER may not involve proton transfer across the double

layer into solution, as indicated by recent experiments.
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Electrocatalytic water-splitting has been one of the most sought after routes for the
sustainable production of ”green” hydrogen over the past decade.!? The oxygen evolu-
tion reaction (OER), presents the largest bottleneck in this process, owing to its sluggish
kinetics resulting in major energy losses.'® Thus far, IrO, has been the only viable cat-
alyst for the OER, due to its good activity and reasonable stability under the typically
acidic operating conditions encountered in proton exchange membrane (PEM) electrolyz-
ers.28 Research efforts, both experimental and computational, have therefore intensely
targeted the improvement of catalytic activity guided by physical descriptors. 18 It is
only recently that computational studies of the OER mechanism on IrO, have started to
appear, albeit mostly based on model surfaces in vacuum or with implicit solvation. 922
However, insights into the coupling between the reaction mechanism, activity and stabil-
ity, are still limited, owing to a general lack of microscopic information on the IrOs-water
interface. 2:6:8:23-30

The important role of the surface chemistry of IrO,, electrocatalysts in the OER? was
recently demonstrated through a combination of experiments and computational studies.
However, the roles of surface chemistry and applied voltage are highly interconnected,
and separating the two is far from trivial.3"3? Indeed this remains a major challenge in
discerning the atomistic factors that control the kinetics of inner-sphere electron transfer
processes encountered in heterogeneous electrocatalysis.?*33 Therefore, it is highly rel-
evant to characterize the surface proton affinities of the different surface sites and the
resultant acid-base equilibria at the IrOs-water interface in the absence of external fields
and other perturbations.

One fundamental characteristic of oxide surfaces is the point of zero proton charge
(pHpzc), which controls the effective surface charge. At py < pHpzc, the surface prefers
to adsorb protons while at py > pHpzc the hydroxy group is preferred, thus directly
affecting the adsorption of ions, surface composition of adsorbed species, and the surface
reactivity as well.313436 Experimentally, this can be used as a tuning knob to optimize

the OER kinetics through, e.g., the appropriate selection of electrolytes or via surface

modification of the electrocatalyst.??3%3738 However, central to the atomistic design and



optimization of the electrocatalyst is the estimation of the acid dissociation constants
(pK,s) of the different surface sites, which are directly related to the pHpz¢ but still not
accessible using current experimental techniques. Therefore, their estimation through
computational methods provides critical information on how atomistic features can be
used to influence macroscopic observables. In a broader context, the acid-base chemistry
of metal-oxide water interfaces is also important in environmental geochemistry,3? 4!
biomass conversion“? and various other applications, and the surface composition of these
complex interfaces can also be elucidated through the computational estimation of the
pK,s of the different surface sites as done in this work.

In this work, we set out to elucidate the acid-base equilibrium at the rutile IrO,-water
interface, while also providing a detailed characterization of the hydration structure of
this interface, hitherto unreported in the literature. To overcome the fundamental limi-
tations of system size and timescales accessible through conventional AIMD simulations
(especially cumbersome for water-metal interfaces such as aqueous IrOs) we trained a
deep neural network potential (DP) using accurate first-principles data to represent the
potential energy surface of water in contact with the most abundant (110) surface of
rutile IrO,.%% After validating the trained DP by its ability to reproduce the hydra-
tion structure obtained from a short AIMD simulation, a long (nanosecond) timescale
equilibrium sampling of the interface using deep-potential molecular dynamics (DPMD)
provided fundamental insights such as the water dissociation fraction and proton transfer
mechanisms. We found that a significant fraction (= 80%) of the adsorbed water was dis-
sociated at the interface. However, the lifetime of the resulting terminal hydroxy groups
was relatively short due to the prevalence of proton transfer mechanisms that preserved
the dissociated fraction but caused rapid interchanges in the identity of the adsorbed
species. These observations formed the basis for the subsequent simulations combining
DPMD and enhanced sampling methods, which allowed an efficient exploration of the
free-energy surface to obtain quantitative estimates of the pK, of the different surface
sites and the pHpzc, found to agree well with experiments. The free-energy for water

dissociation obtained from the computed pK,s was exergonic, consistent with the ob-



served large water dissociation fraction. Overall, these results support a scenario where
the commonly assumed rate-determining step in the OER may involve proton transfer

between the surface sites, rather than across the double layer into solution. 3?38

The DP for the IrO4(110)-water interface was trained using the active-learning ap-

I.,%344 with first-principles data for the following systems and thermo-

proach of Zhang et a
dynamic conditions: a) bulk IrOy (96 atoms) at 200-1000 K and 1 bar; b) isolated water
molecules adsorbed on a (2x4) rutile IrO5(110) surface in vacuum (198 atoms) at 200-600
K and constant volume; c¢) (2x4) IrO5(110) interfaced with a 16 A thick water layer (432
atoms) at 200-800 K and constant volume; and d) liquid water (192 atoms) at configura-

f.34 For the calculation of the surface acidity, configurations obtained

tions taken from Re
from enhanced sampling simulations, involving the (2x4) IrO5(110)-water (16 A) inter-
face with a net non-zero proton charge on the IrO, surface and a free hydronium or
hydroxide ion in solution, were also included as part of the training set. At the end of the
training, three distinct DPs that differed only in their initialization were obtained. All
computational details concerning the training procedure as well as the AIMD, DPMD
and enhanced sampling simulations are given in the Supporting Information (ST).

As a first assessment of the quality of the DP, Figure S3 in SI shows the parity plot
of the norm of the atomic forces (100 configurations), comparing the values given by
the DP versus those computed using Density functional theory (DFT) with the SCAN 4
exchange-correlation functional, for each of the different systems used in the training.
Root mean-square errors (RMSE) are in the range 130-180 meV/ A, which is similar to

that of previous DPMD studies of aqueous oxide interfaces3446:47

and suggests a well-
trained DP model.

We also assessed the ability of the DP to describe configurations involving the IrO5(110)
surface with a net non-zero proton charge and a free hydronium ion in water at distances
lower and higher than the short-range cut-off (6 A) used to define the atomic environments

during training. As shown by the parity plots in Figure S4, the RMSE in atomic energy

and forces are similar for the two cases, indicating that despite the lack of long-range



electrostatics*® the trained DP reproduces the DFT-SCAN results for proton transfer
processes with good accuracy. This DP can thus be confidently used to study the acid-
base equilibrium at the (2x4) IrO5(110)-water (16 A) interface (i.e., the model used for
the training).

Additional validation tests included the bulk lattice constant of rutile IrO, (Table S6
in the SI), the dissociation barrier for a single water molecule adsorbed on (2x4) rutile
IrO2(110) in vacuum (Figure S5 in the SI), and the relative stabilities of different con-
figurations of a water monolayer adsorbed on the same surface (Figure S6 in the SI). In
particular, the DP well reproduces the DET-SCAN prediction of almost barrier-less dis-
sociation of molecular water adsorbed on the Ir.,, site to form a terminal hydroxy group
(OH.ys) and a protonated Oy, site. Similarly, both DFT-SCAN and the DP predict that
the completely dissociated configuration of a monolayer of water is ~ 0.35 eV /molecule
more stable than the completely molecular configuration, with the partially dissociated
configurations falling in between the two (Figure S6). The above results are also in
agreement with prior computational studies. 2

In order to evaluate the DP’s ability to represent the potential energy surface of the
[rOq-water interface, we further compared the water density profiles and radial distribu-
tion functions (RDF's) of selected atom pairs obtained from 15 ps long AIMD and DPMD
simulations of the (2x4) IrO,(110)-water (16 A) interface (Figure 1). Both DPMD and
AIMD predict an almost symmetric water-density profile characterized by a sharp peak
corresponding to the first adsorbed water-layer followed by a smaller peak corresponding
to a layer of intact water molecules hydrogen bonded to the adsorbed water. In addition,
DPMD well reproduces the RDFs of selected atom-pairs at the interface (Figure 1b).
Specifically, the strong peak at ~1 A for the O-H, RDF indicates a significant frac-
tion of dissociated adsorbed water at the interface, resulting in largely protonated O,
sites (H,, is the water hydrogen atom; used interchangeably with D). Similarly, the first
peak of the Ire,,-O, RDF at ~2 A is largely representative of adsorbed hydroxy groups
(rather than molecular water), which are in turn hydrogen bonded to the next layer of

intact water molecules (O,, is the water oxygen atom). This picture is confirmed by the
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Figure 1: Comparison between results from 15 ps AIMD (symbols) and DPMD simula-
tions for (2x4) rutile IrOy(110) interfaced with water (16 A): (a) water density profile
and (b) radial distribution functions of selected atom pairs. The solid lines and shaded
areas correspond to the average and standard deviation of three independent DPMD
simulations, each run with a distinct DP. Color codes- Ir: gold, O: red, H: white.

vibrational density of states (vDOS) for the first (adsorbed) and second water layers, as

shown in Figure S7a of the SI. Finally, the DP well reproduces the O,-O,, RDF of liquid



water obtained from AIMD (see Figure S9).
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Figure 2: Results from 10 ns DPMD simulations of (2x4) rutile IrO5(110) interfaced
with water (16 A): a) water density profile (last 5 ns), b) radial distribution functions
of selected pairs (last 5 ns), c) percentage of dissociated water on the Ir., sites and
d) survival probability of OD/DyO adsorbed on the Ir., sites. The solid lines and
shaded areas correspond to the average and standard deviation of three independent
DPMD simulations, each run with a distinct DP. The inset in b) illustrates the different
orientations of the O.H,, bonds that affect the positions of the water molecules in the
adjacent layer, represented by the double peaks in the O,,-O,, RDF.

The equilibrium structure of IrO4(110)-water interface was characterized by perform-
ing 10 ns long DPMD simulations for three interface models: (2x4) IrO2(110) in contact
with a 16 A thick slab of water (model I1); (2x4) IrO5(110) interfaced with 30 A water
(model 12); and (4x8) IrO5(110) interfaced with 16 A water (model I3). The hydration
structures and water dissociation fractions of these systems are shown in Figures 2 (I1),
S10 (I2) and S11 (I3). The interfacial water density profile is essentially identical for all
three interface models, with the first sharp peak representing the adsorbed water-layer
and the second peak corresponding to the second (intact) water layer, at ~1.5 A above

the adsorbed one. The layering of the interfacial water molecules becomes more diffuse
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moving away from the IrO, surface, with the third water layer represented by an even
smaller peak at ~2.5 A above the second layer. The effect of confinement between the
periodic interfaces does not manifest in the density profile at the interface, but rather in
the bulk water region, where the oscillations in the water density around 1g/cm? vanish
for the 30 A thick water layer (model I2). Tt is also interesting to consider the hydrogen
bond structure at the interface, which is illustrated by the hydrogen atom density profile
in Figure S12. One can see hydrogen bonds between the different water layers, especially
prominent between the first two layers.

The radial distribution functions of selected atomic pairs for the different interface
models are also identical (see Figures 2b, S10b and S11b for I1, I2 and I3, respectively),
and similar to those shown in Figure 1b. Since models I2 and I3 were not part of the
training set, the consistency of their properties with those of model I1 is an indication
of the robustness of the DP model in its application towards larger system sizes. These
RDFs confirm the significant amount of dissociated water at the interface, as evidenced by
the first-peak of the Op,.-H,, RDF. Another interesting feature is the double peak of both
the Op,-0,, and the O,-H,, RDFs around ~ 3 A. This can be understood by considering
the distribution of the angles between the O.-H,, bonds of the dissociated adsorbed
water layer and the surface normal (see Figure S13), which shows the presence of both
Op-Hy (L) and Oy,-H,y,(]|) species (i.e., surface bridging hydroxy groups perpendicular
and parallel to the surface normal) at the interface. This distribution directly influences
the positions of the water molecules in the layer above. Molecules interacting with the
Op-Hy (L) species are indeed closer to the surface than those interacting with the O~
H,(]|) species (see inset of Figure 2b), which explains the double peak in the O,-O,,
RDF.

The significant extent of dissociation is quantified in Figure 2c, which shows the time
evolution of the percentage of dissociated water molecules adsorbed at the Ir.,; site (see
Figures S10c and S1lc in the SI for dissociation in models I2 and I3). The average dis-
sociation fraction is ~ 80% for all three interface models (Table 1), confirming the strong

preference for water to be adsorbed in dissociated form on IrO5(110). In addition, the



survival probabilities, P(t), plotted in Figure 2d, show a much faster decay for adsorbed
molecular water (D,O) on the Ir., sites in comparison to dissociated water (OD) (see
Figures S10d and S11d in the SI for 12 and I3). The average lifetime, computed as: 7 =
J.C P(tytdt/ [;° P(t)dt, is indeed an order of magnitude larger for dissociated vs molec-
ular water (see Table 1). However, 7op is quite small considering the large dissociation
fraction of ~ 80% in our simulations. (For comparison, 7op ~ 0.6 ns has been reported
for anatase TiO5(101), but the average water dissociation fraction was only ~ 6% for
that surface.!) This suggests a rapid inter-conversion among the OD’s adsorbed on dif-
ferent Ir.,, sites, an effect that may play a crucial role in the rate-determining step of

the OER,?3® and is discussed further after the description of the acid-base equilibrium

of the aqueous rutile IrO4(110) interface.

Table 1: Average dissociation fraction of water, and average lifetimes of D,O
and OD adsorbed on the Ir. sites, obtained from DPMD simulations of
models I1, 12 and I3 of the rutile IrO,(110)-water interface.

System Dissociation fraction (%) 7p,0 (ps) 7op (ps)

I1 83.4 £ 5.5 12£+£6 725 £ 63
12 78.1 £ 4.8 11+4 320 £ 112
I3 81.6 £ 2.4 13+3 517 £ 25

To elucidate the mechanisms of proton transfer, it is essential to unambiguously iden-
tify the protonation states of the Ir.,, and O, surface sites during the equilibrium sim-
ulations. For this purpose, we used the protonation state collective variable (CV) s,

f. 49

introduced in Re , which is based on a partition of the space into Voronoi polyhedra.

A detailed description of this CV (also used for the enhanced sampling simulations re-

49,50 and its utilization in the present context is elaborated

ported below) is given in Refs.
in the SI (see Table S8).
Figure 3a shows the time evolution of s, for the Ir.,s (black line) and Oy, (red line)
sites, as well as their sum describing the net protonation state of the surface (blue line),
during a DPMD simulation with one of the three independent DPs for model I1 (see
Figures S14a and b in the SI for the other DPs and models). A prominent feature in

Figure 3a is that the net protonation state of the surface is zero, indicating a charge
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Figure 3: Protonation states and proton transfer mechanisms from equilibrium DPMD
simulations of (2x4) rutile IrO5(110) interfaced with water (16 A): a) protonation states
of the Ir.,, and Oy, sites and net surface protonation state, as obtained from one of three
independent DPs; b) pathways of surface charge-neutral proton transfer and c) observed
pathway for the surface non-charge-neutral proton transfer. Color codes-Ir: gold, O: red,
H: white; the proton being transferred is highlighted in yellow.




neutral surface, for most of the simulation, despite frequent changes in the values of the
individual s,’s for the Ir.,s and Oy, sites. However, there are also relatively short periods
where the surface acquires a net non-zero charge. On closer inspection, we find that a
charge neutral surface occurs when there is either no proton transfer, or proton transfer
between the OH/H,0O adsorbed on the Ir.,; sites or else from HyO adsorbed on the I,
site to the O, site (dissociation of adsorbed water) and vice-versa. On the other hand,
release or uptake of a proton from water results in the surface acquiring a net non-zero
charge, with either a solvated H3O™ or OH™ in solution.

In more detail, the different modes of proton transfer at the rutile IrO5(110)-water
interface observed in our simulations are illustrated in Figures 3b and c. Three distinct
modes of proton transfer that preserve surface charge neutrality were observed, namely:
a) direct proton transfer between adsorbed HoO and OH on adjacent Ir.,s sites (Figure 3b
top), b) second layer water-assisted proton transfer between adsorbed H,O and OH on
adjacent Ir.,s sites (Figure 3b middle) and c) second layer water-assisted dissociation of
adsorbed H,O on the Ir.,, site to form OH.,s and OH,,, and the reverse of this process
(Figure 3b bottom). We note that, in contrast to c¢), mechanisms a) and b) do not change
the total dissociated fraction of adsorbed water, although the identity of the adsorbed
species changes rapidly between H,O and OH. A prevalence of such mechanisms can
thus explain the rapid decorrelation of the adsorbate identity resulting in small survival
probability reported in Figure 2d.

The most common type of proton transfer leading to a loss of surface charge neutrality
is shown in Figure 3c. In this process, the OHy, releases its proton to water resulting in
the formation of a net negative charge on the surface, and a solvated H3O" species in
solution. This process is rarely observed over the course of a 10 ns simulation, suggesting
the existence of a finite free-energy barrier for this proton transfer to occur. Nevertheless,
it points to the acidic character of the aqueous rutile IrO5(110) interface, as observed in
experiment. !

The acid-base equilibrium of oxide surfaces is a complex process, involving various in-

terconnected steps and rare-events such as proton dissociation and transfer.3? The method
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of choice for calculating the pHpzc, especially for oxides where proton transfer between

31,35,36,52 1t ex-

the surface sites is infrequent, has been free-energy perturbation (FEP),
tension of this method to interfaces that involve rapid proton exchanges between the
surface sites is not straightforward.® In this study, we thus use an approach based on
enhanced sampling, notably well-tempered metadynamics combined with appropriately
chosen CV’s and DPMD, to estimate the acidity of aqueous IrO,.

Following the method of Grifoni et al.,*

we used two CV’s, namely s, that describes
the protonation state and s; that measures the distance between the pair of atoms that
have exchanged protons, for each of the two different reactive surface sites (Ir.,s and Oy,.).
Taking the fully hydroxylated surface as the reference state in each case, we studied the
release of a proton from OH} to form H307, i.e.,

OH,. + HyO(l) = Oy + H30%(ag),

and the uptake of a proton from neutral water to any of the OH e.,

cusy L
OH;us + HQO(Z) — HQOCUS + OHi(CLq),

separately. The implementation of the CV’s for this system along with all other details

of the enhanced sampling simulations are provided in the SI (see Table S5).

The converged free-energy surfaces (FES) for the deprotonation of the OH; site and
the protonation of the OH_, site are shown in Figure 4a and b respectively (see Figure S15
in the SI for the evolution of the s, CV over the course of the simulation). We observed
that the OH; transfers its proton to the nearest water molecule to form a hydronium ion
(H3O™), while subsequent proton transfer into solution happens through the Grotthus
mechanism. Similarly, release of a proton to an OH_ , site by the nearest water molecule
results in an adsorbed H5O.,s and a free hydroxide ion (OH™) in solution. With the
release of a proton, the surface acquires a net negative charge, while it is positively
charged in the latter case.

The free-energy for deprotonation/protonation (AF') can be directly estimated from
the converged FES, resulting in 20.4 £ 2.3 kJ/mol for the deprotonation of OH; , and

61.8 =+ 5.2 kJ/mol for the protonation of OH_, .. The pK, for the O, site can be
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Figure 4: The free-energy surface for a) deprotonation of the OH; site (OH, — H30™")

and b) protonation of the OH_, site (OH_,, — H20.s), from DPMD enahanced

sampling simulations of the (2x4) IrO,(110)-water (16 A) interface. The bottom panels
show a sketch of the proton transfer process for each case. Color code: Ir, gold; O, red;
H, white (the proton being transferred is highlighted in yellow). The free-energy surface
is obtained from the average of three independent DPMD simulations each run with a
different DP. We also note that the distance between the periodic interfaces is ~18 A |
while the water slab is 16 A thick. This accounts for the values of the s; CV >16 A in
a) since it measures the distance of a proton transferred from a O, site to water.

estimated from the free-energy for deprotonation (pK, = AF/2.303kgT), resulting in
pKupr = 3.6 £ 0.4. Since the formal definition of Brgnsted acidity is based on the
release of protons, the pK, s for the Ir., site is obtained from the corresponding pKj oy
(estimated from the AF for protonation) and the water ionic product pKy,, that is
K4 cus = PKw — pKpcus- To be fully consistent, the pKy should also be computed
using our DP water model, but here we simply take the experimental value of the pKy,
(14.05%), while also considering the sensitivity of the pHpzc and the dissociation free
energy AFyss (defined below) to changes of + 0.5 of this value (see Table S9). This gives
PKaeus = 3.2 £ 0.9, implying a significant acidity of the aqueous IrO5(110) surface.
Using the pK,’s of the individual surface sites, the pHpzc is given by pHpze =
(pKapr + pKocus)/2 = 3.4 £ 0.6, in good agreement with the experimental estimate of
~ 3.1 The free-energy for the dissociation of a water molecule adsorbed on the Ir.,,

site can also be estimated from the pK,’s of the two sites, which gives AFy, =
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2.303kgT [pKacus — PEapr] = —1.8 £ 4.9 kJ/mol. We note that although AFy, is
highly sensitive to the choice of pKy, varying from -4.7 to +1.0 kJ/mol for pKy in the
range 13.5 to 14.5, its value always suggests that water dissociation is facile, as observed
in our equilibrium DPMD simulations. To quantify the fraction of water dissociation,
we assume a simple two state model, such that the probability of adsorbed water being
dissociated (Pss) is given by Py, = e P8 s /(1 4 ¢7PAFaiss) This results in an average
dissociation fraction of ~68%, in reasonable agreement with the value observed in the
equilibrium sampling simulation (~83%). This further validates both the acidic nature
of the interface, as well as its equilibrium surface composition. Finally, the estimation of
the pK,’s of the different surface sites also allows the determination of the fraction of sites
that are protonated or occupied by hydroxy groups as a function of pH (see Figure S16),
which for a metal oxide holds significance across many different applications including

electrocatalysis. 3

We note that the mechanisms of proton transfer and the significant Brgnsted acidity

of the IrO4(110) surface revealed by our simulations may play a crucial role in the OER.

*

. intermediate commonly thought to be the

In particular, the formation of the OOH
rate-determining step33* may proceed through proton transfer between adjacent Ir.,,

sites (i.e., 2 Of,, + H,O — OOH},, + OH}

s s x.s) or between Ir., and Oy, sites (i.e.,

O, +0L + H,0 — OOH?

cus

+ OHj,) without the formal transfer of a proton
into solution. This mechanism is highly compatible with the facile dissociation of HyO,y
via proton transfer to the Oy, site, as well as the rapid exchange of protons between
OH.ys and HyO,ys seen in our simulations (see Figure 3). In such a scenario, the rate-
determining step would depend on the concentration of oxidized surface sites from the
subsequent deprotonation of either OH},, or OH}  as suggested by recent experiments.?
Indeed, such a scenario involving the ”chemical transfer” of protons between different
surface sites by modulating their Bronsted acidity has been suggested for the improved
performance observed in Ru-W binary oxides.?® Importantly, the Tafel slope was found

to be 42 mV dec™!,38 nearly identical to the 43-47 mV dec™! slope for crystalline IrO5,3
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suggesting the possible existence of a general OER mechanism for metal oxides with strong
Brgnsted acidity and rapid proton transfer between different surface sites. Therefore, a
careful analysis of the acid-base equilibrium and quantitative estimates of the pK,’s of the
different surface sites provide a potential route to uncover important molecular factors
that control macroscopic observables.

In summary, we have reported ab-initio based neural network potential simulations
that provide a comprehensive picture of the hydration structure, proton transfer mech-
anism and acid-base equilibrium on aqueous rutile IrO5(110), a model electrocatalytic
interface. Our results show that this interface is characterized by a large fraction of
dissociated water, with rapid proton exchanges between the different surface sites that
preserve the net surface charge. In rare instances, the release of a proton from a surface
Oy, site to water is also observed, resulting in a net negative surface charge and a solvated
hydronium ion, revealing the acidic nature of the interface. Enhanced sampling simula-
tions provide accurate estimates of the pK,’s of the different surface sites and a pHpzc of
~~ 3.4, in excellent agreement with experiments. The obtained estimate for the free-energy
of water dissociation indicates that this reaction is exergonic, confirming the equilibrium
surface composition and the observed acid-base equilibrium at the interface. The pre-
dicted short lifetime of the terminal hydroxy groups as a result of rapid proton exchange
and the strong Brgnsted acidity of the surface sites suggest that the rate-determining
step in the OER may involve ”intramolecular” proton transfer, with the concentration
of oxidized sites formed by deprotonation of OH.,s and OH,, sites largely determining
the overall rate, as shown by Tafel analysis in recent experiments.®3® The present results
therefore lay the foundation for a systematic investigation of the structure of the electrical

double layer and its influence on the surface reactivity of electrocatalysts.
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