
RSC
Sustainability

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
A

pr
il 

20
25

. D
ow

nl
oa

de
d 

on
 5

/2
0/

20
25

 1
:0

3:
23

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal
Field effects exp
Department of Physics, Technical Universit

E-mail: geokast@dtu.dk

† Electronic supplementary informa
https://doi.org/10.1039/d5su00080g

‡ These authors contributed equally to th

Cite this: DOI: 10.1039/d5su00080g

Received 6th February 2025
Accepted 23rd April 2025

DOI: 10.1039/d5su00080g

rsc.li/rscsus

© 2025 The Author(s). Published b
lain the unintuitive potential
response of electrochemical oxygen evolution
in acid†

Anjana Tripathi, ‡ Vivianne K. Ocampo-Restrepo, ‡ Jens Nørskov
and Georg Kastlunger *

Electrochemical water oxidation (OER) is the most important electrode reaction in electrocatalysis,

representing the default counter-reaction in the plethora of modern electroreductions. Given this

prominent role in the electrochemistry-based green transition, improving its efficiency is of utmost

importance. Here, identifying novel catalysts by means of computational screening necessitates clarity on

the reaction mechanism as this is used to decide on appropriate activity descriptors. To date, however, the

mechanism of OER, even on the most widely used catalyst in acid, IrO2, is still debated, and the debate is

fuelled by the consistent appearance of Tafel slopes indicative of a non-electrochemical rate-limiting step.

Here, we employ density functional calculations and microkinetic modelling to analyse the mechanism of

acidic OER on IrO2(110), with an emphasis on the polarization of reaction intermediates. Introducing this

degree of freedom shows that the electrostatic destabilization of surface-bound oxygen atoms with

increasingly positive potentials increases the effective potential response of the reaction. Thus, a reaction

mechanism through OOH*-formation could be confused with a non-electrochemical rate-limiting step.

Furthermore, we highlight that a mechanism limited by the desorption of adsorbed O2 is unlikely, as this

step is facile at room temperature, but caution is needed in treating adsorbed O2 in GGA-DFT. By

incorporating these elements into our model, we simulate Tafel curves that reproduce the experimental

potential response in both the low and high overpotential regions, pointing out that including surface

dipole effects is essential for understanding and reproducing experiments.
Sustainability spotlight

The oxygen evolution reaction (OER) plays a critical role in the development of efficient and sustainable energy solutions, particularly in water splitting for
hydrogen production. However, the dependence on trial-and-error experiments has made it difficult to nd promising electrocatalysts. By applying DFT
calculations andmicrokinetic modeling to OER, we can pinpoint key intermediates, rate-determining steps, and reaction pathways that are central to improving
the catalyst performance. This approach can signicantly minimize the discrepancy between theory and experiment, making it easier to identify promising
materials and conditions that lead to higher efficiency and lower environmental impact. This aligns with the goals of the creation of energy-efficient tech-
nologies for renewable energy production where understanding of the OER mechanism offers a promising route for advancing sustainable energy technologies.
Introduction

The oxygen evolution reaction (OER) is crucial to achieve a fossil
fuel-free economy.1 When powered by renewable energy, OER
supports the sustainable production of hydrogen, hydrocar-
bons, and other valuable chemicals. However, oxidizing
potentials and the corrosive environment at the anode limit the
efficiency of OER, making it a key area for improvement.
y of Denmark (DTU), Lyngby, Denmark.
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Further, state of the art catalysts (IrO2 and RuO2) require
signicant overpotentials (∼300 mV) to function effectively,
which adds to energy losses in nearly all electroreduction
reactions of interest.1 The overpotential and stability could be
reduced slightly through modications such as, varying catalyst
supports2 or introducing alternative metals into IrO2/RuO2.3

However, although representing the likely most applied half-
reaction in electrocatalytic technology, designing better OER
catalysts remains a challenge, even down to the level of knowing
the relevant reaction steps, as the mechanism of e.g. acidic OER
on its historically most used catalyst, IrO2, is still under debate.

OER requires the transfer of four electrons across the
electrode/electrolyte interface and the generation of four
protons via the stepwise decomposition of water followed by the
RSC Sustainability
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Scheme 1 Schematic illustration of the possible reaction mechanism for OER on IrO2(110). The O2 molecule is formed by O–O bond formation
either by a Langmuir–Hinshelwood (LH) mechanism or Eley–Rideal (ER) mechanism via a coupled proton–electron transfer. Possible rate-
limiting steps (RLS) are marked in blue and green colors.
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formation of an O–O chemical bond, as shown in Scheme 1. In
the 1960s, Bockris et al. suggested 14 possible routes for OER on
Pt, proposing primary water discharge as the rate-determining
step.4 Conversely, on RuO2(110), OER was suggested to occur
via the Eley-Rideal (ER) mechanism, with the coupling of
surface-bound oxygen with H2O from the solution being re-
ported as the rate-limiting step (RLS).5 In contrast, the Lang-
muir–Hinshelwood (LH) mechanism (such as by coupling two
oxygen atoms on the surface) was deemed energetically less
favoured and weakly inuenced by the applied potential.
Finally, a participation of lattice oxygen in the reaction could
also be hypothesized (Mars–Van Krevelen mechanism). Kasian
et al. and Scott et al. addressed this possibility by O-isotope
labelling of the reacting water and the oxide catalyst, respec-
tively. Both studies concluded that on rutile IrO2, the vast
majority of oxygen is formed out of interfacial water.6,7 While
lattice oxygen could be a minor contributor in RuO2 and IrO2, it
can be important in other materials, such as perovskite (e.g.
SrIrO3,8 LaCoO3,9) and Co-based catalysts (e.g. Co3O4).10

Computational analysis of the thermodynamic landscape in
OER reveals that the formation of OOH* is the most difficult
step for many electrocatalysts including IrO2,11,12 and a further
analysis by Dickens et al., including explicit calculations of
potential-dependent activation energies conrmed that O–OH
bond formation is most likely the RLS in all cases.13 However,
the O–O coupling pathway via a LH mechanism, involving
a chemical RLS between two oxygen atoms, was suggested in
earlier studies due to OER's potential response above ∼1.5 V vs.
RHE.14–16 Additionally, S. Kwon et al. concluded that the OER
mechanism and RLS depend on the facet and potential of
IrO2.17 They concluded that direct oxygen coupling is favourable
on the (101)-facet of IrO2, while the other facets follow a mech-
anism limited by the nucleophilic attack of water.

Recent theoretical analyses further suggested that, at high
overpotentials on IrO2, the nal oxygen desorption step may
become thermodynamically unfavourable.18,19 As an alternative
to direct O2-desorption from the catalyst surface, recent
RSC Sustainability
ndings by Binninger et al. suggested that OER on IrO2 may
follow the association of two O–O* species, especially at high
overpotentials.20 Exner further validated this result21,22

concluding that the *OO–OO* recombination mechanism is
crucial and should not be overlooked in future screening
studies of OER.

All these deviating mechanistic interpretations need clari-
cation to justify specic catalyst screening strategies. Turning to
experiments, one of the strongest mechanistic tools in electro-
catalysis for a distinction between the varying pathways is the
interpretation of the potential needed to change the current by
one order of magnitude, the so-called Tafel slope. From
empirical models, such as Butler–Volmer theory in the absence
of mass transport limitations,23 the Tafel slope is a consequence
of the transfer coefficient a following the relationship:

a ¼ kBT

e
lnð10Þ v log10ðj=j0Þ

vU
z

59 mV

Tafel slope
; (1)

with
v log10ð j=j0Þ

vU
referring to the change of current density j

with applied potential U and kB, T, and e representing the
Boltzmann constant, temperature, and the charge per electron,
respectively. Fig. 1 presents a collection of experimental data for
OER on IrOx-based catalysts in acid, including both lms and
nanoparticles (NPs).24–31 Although few data span a broad
potential window, for those cases, it is evident that OER exhibits
two distinct Tafel slope regions. The potential at which this
transition occurs denes the low and high-potential Tafel
regions for the data below and above, respectively. The low-
potential Tafel region slope is about 40 mV dec−1, represent-
ing a z 1.5. However, the more commonly investigated (and
commercially more relevant) high-potential region exhibits
Tafel slopes of 60–72 mV dec−1 (a between 0.83 and 1) for lms
and around 50 mV dec−1 for NPs (az 1.2). Previous theoretical
studies successfully reproduced low-potential region behav-
iours and overestimated values for higher potential ones,13
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Experimental Tafel plots for OER on IrOx-based catalysts in
acidic conditions. Square and circle symbols represent films and
nanoparticles (NPs), respectively.24–31 Note that the reported current
densities (jtotal) vary in their normalization, making the direct
comparison of jtotal unjustified. This does not affect the highlighted
Tafel slope values.
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indicating that there is still a gap in understanding mechanistic
details and the origin of the Tafel slope values in the high-
potential region.

The interaction of intermediate species and transition states
with the interfacial eld during acidic OER might be the key to
solving this conundrum as it adds a degree of freedom to the
potential response of the thermodynamic landscape of the
reaction. Its relevance is likely, as the intermediate steps involve
highly electronegative oxygen species. Electron donation to
them upon adsorption creates the formation of distinct surface
dipoles, whose interaction with the interfacial eld leads to
signicant electrostatic (de-)stabilization. Further, a variation of
this interaction with altering applied potentials leads to
contributions to Tafel slopes specic to the surface species and
transition states determining the measured current.

The role of such electrostatic effects have recently been
experimentally studied by Liang et al., highlighting the role of
the interfacial water structure in acidic and alkaline electrolytes
on the binding energetics of O* species.31,32 Further, Kelly et al.
showed that interfacial eld interactions are responsible for
selectivity changes within the ORR on noble metal based
surfaces like Au(100), Au(111) and Pt(111).33 Both ndings
emphasize the importance of accounting for interfacial effects
on intermediates for mechanistic analyses, which are oen
overlooked in conventional models.

In this paper, we analyse the possibilities for the reaction
mechanism from microkinetic considerations. We show that
both the low and high-potential Tafel slopes can be explained by
the OOH*-formation mechanism if the interaction of O* and
OH* with the interfacial eld are accounted for. Further, we will
© 2025 The Author(s). Published by the Royal Society of Chemistry
show that the combination of two oxygens from the surface is
unlikely as it would lead to negligible current densities that
would marginally benet from an increase in overpotential, and
that the desorption of O2* is never rate-limiting but is poorly
captured by DFT.

Results

In an atomistic picture, a results from the potential dependence
of the effective activation free energy, DGact,34 which is the free
energy cost to reach the RLS transition state starting from the
catalysts resting state (RS), at constant pH, i.e.

a ¼ �
�
vDGact

veU

�
pH

¼ �1

e

�
vG

‡
RLS

vU
� vGRS

vU

�
pH

(2)

Here G‡
RLS and GRS denote the free energies of the RLS transition

state and the RS with respect to a common reference state (e.g.
the empty catalyst surface and gaseous molecular references).
While the RLS is a well-known concept, the RS is oen poorly
dened. It represents the state that denes the predominant
coverage on the surface under the reaction conditions,
including empty catalytic sites.35

The two derivatives in eqn (2) can formally be further
simplied into�

vG
‡
RLS

veU

�
pH

¼ �
�
N‡

pe �N0
pe

�
þ bRLS (3)

and �
vGRS

veU

�
pH

¼ �
�
Npe;RS �N0

pe

�
; (4)

where (N‡
pe,i − N0

pe) is the number of produced proton–electron
pairs under acidic and neutral conditions or the number of
hydroxides consumed alongside producing electrons (in base)
up to state i from a common reference state (e.g. empty surface
and H2O(l)). bRLS further represents the symmetry factor of the
RLS. As decisive characteristics, Npe is generally limited to
integer numbers, while bRLS is fractional and oen simplied to
−0.5 (note our choice of sign for bRLS to reect the potential
dependence of G‡

RLS instead of that of the current).36 Combining
eqn (2)–(4) leads to the expression

a = N‡
pe − Npe,RS − bRLS. (5)

Interpreting the Tafel slopes in the high overpotential region
in Fig. 1 (60–72mV dec−1) might indicate an RLS whose rate was
independent of potential, i.e. bRLS z 0, as it suggests that a is
close to an integer value (cf. eqn (1)). Conversely, DFT-based
studies suggest that sequential water dissociation is a more
feasible pathway.13 Employing such an ER-based mechanism,
where OOH* formation is the RLS, it is possible to reproduce
the experimental Tafel slope (∼40 mV dec−1) behaviour in the
potential region below ∼1.5 V vs. RHE on rutile metal oxides
such IrO2, while a Tafel slope of about 120 mV dec−1 is pre-
dicted in the higher potential region in disagreement with
experiments. Thus, an interpretation based purely on eqn (5)
would indicate that the mechanism changes from a proton-
RSC Sustainability
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coupled electron transfer (PCET)-based RLS at low overpotential
(bRLS < 0), to a RLS dened by a potential-independent chemical
step (bRLS = 0).

The picture of expected Tafel slopes changes once the system
is allowed to deviate from the idealized values. Two deviations
can be envisioned; pinning the value of bRLS to −0.5 for PCET
steps or zero for formally non-electrochemical steps has no
strong justication, where bRLS can, in principle, adopt any
value between the effective potential responses of the initial
state and nal state of the elementary steps.37,38 Further,
neglecting the contribution of the polarization of reaction
intermediates, g,34 is a crude approximation. Here, the eld
response of the RS, gRS, is particularly important, as it will

directly inuence
vDGact

veU
. While oen negligible, particularly

the binding of oxygen-containing adsorbates can exhibit
a substantial inherent dipole, which changes a into:

a = N‡
pe − Npe,RS − bRLS + gRS (6)

Note that, analogous to bRLS, we chose the sign of gRS to be

consistent with
�
vGRS

veU

�
pH

rather than a.

Fig. 2 shows the variations in the Tafel slope, resulting from
variations in gRS and bRLS. We highlight the combination of
Tafel slopes for RS conditions of a monolayer of OH* (y-axis)
and O* (x-axis) dening the RS of the catalyst. The two cases
differ in N‡

pe − Npe,RS, being 1 and 0 for OH* and O* coverage,
respectively. This difference results from the need of OH* to
traverse an O*-intermediate to reach the RLS, while O* does not
have an equilibrated elementary step preceding the RLS.

Fig. 2a focuses on the mechanism involving O–OH* forma-
tion as the RLS. Here, bRLS = −0.5 together with gRLS of both
OH* and O* being zero (light turquoise line, gOH − gO = 0)
results in the expected combination of 120 and 40 mV dec−1 on
the x and y-axes, respectively. While keeping bRLS constant,
Fig. 2 Tafel slopes considering (a) the ER mechanism (O–OH formati
variation in the Tafel slope considering the potential response (g) of O
respectively. Experimentally observed Tafel slopes are marked with a da

RSC Sustainability
increasing gOH and gO results in a reduction of their respective
Tafel slopes, where e.g. bRLS =−0.5, gO= 0.2 and gOH = 0.1 lead
to Tafel slopes of 86 and 38 mV dec−1.

The dependency of the Tafel slopes on gRS in the LH
mechanism, shown in Fig. 2b, is even more prominent as its
effect is doubled due to the participation of two O*-species in
the RLS. Equally, N‡

pe − Npe,RS in this case takes the values of 2
and 0, for OH* and O* covered surfaces, respectively. Note that,
in this mechanism, bRLS / 0 is likely, making the potential
response purely dened by gRS and leading to large Tafel slopes
in the high overpotential region.

Overall, Fig. 2 shows that gRS is a central component of the
measured potential response and leads to a large variety of
possible Tafel slope combinations in OER, independent of the
actual mechanism at play.

To estimate the magnitude of gRS, in Fig. 3 we show the DFT-
predicted response of the differential formation free energy of
the relevant intermediates of OER to an applied homogeneous
electric eld perpendicular to the electrode surface at a full
background coverage of OH* (Fig. 3a) and O* (Fig. 3b) on the
CUS sites of IrO2(110) (see ESI Section 1† for Computational
details). Analogous results for the eld dependence of the
change of surface phases by means of average formation free
energies are shown in ESI Section 3,† with nearly identical
values.

We found that, in the vicinity of the potential of zero charge
(PZC) of the electrode, O*, OH*, and O2* are destabilized by
negative eld strengths, corresponding to more anodic condi-
tions, while H2O* and OOH* are stabilized. This varying
behaviour results from the varying surface dipole changes upon
adsorption, Dm, and, thus, g, as summarized in Fig. 3c. We
provide the framework to dene g from the change in surface
dipole Dm and polarizability Dh in ESI Section 4.†

gO is generally enhanced relative to gOH, which can be
attributed to its bindingmotif in a top site on the IrO2(110) CUS,
forming a distinct dipole perpendicular to the catalyst surface.39
on) and (b) the LH mechanism (O–O coupling). Contours show the
H* and O* for estimating low (y-axis) and high (x-axis) Tafel slopes,
rk green box.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Field response of the relevant intermediates in OER on IrO2(110) under (a) OH* coverage and (b) O* coverage on IrCUS sites. (c) Table with

fitted values for the change in surface dipole (Dm,[eÅ]) and polarizability

 
Dh;

"
eÅ

2

V

#!
associated with a change in surface phase. Additionally, the

net potential response for each adsorbate is indicated where ~U = USHE − UPZC.
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Conversely, OH* tends to form a hydrogen bond network with
the hydrogen pointing parallel to the surface, reducing its
overall dipole perpendicular to the surface.

We now show how g, and particularly its relative differences
inuence phase stabilities. Fig. 4a shows the calculated Pour-
baix diagrams for IrO2(110) including interfacial eld effects
(see ESI Section 5† for calculation details). In agreement with
previous results,32 we identied that IrO2(110) is covered by OH*

on the IrO2(110) CUS when ramping up the potential to 1.52 V
vs. RHE, where it transitions into a monolayer of O*. We also
identied that the deprotonation of the bridge-O (Ob) is likely
responsible for the capacitive peaks in cyclovoltammetry (CV)
appearing at intermediate positive RHE potential, as reported in
ref. 26 for single-crystal IrO2(110). This phenomenon has also
been documented in amorphous IrOx and rutile IrO2 in acid.31,32

The eld response of the varying surface phases has a minor
effect on the transition from OH*- to O*-covered IrO2(110) CUS
sites when compared to the case without the inclusion of the
eld effect shown in ESI Sections 6 & 7.† Conversely, OH*

formation on IrO2(110) CUS shis by ∼−0.7 V. This behavior is
a consequence of our choice of PZC in the eld response model,
© 2025 The Author(s). Published by the Royal Society of Chemistry
which we chose based on the calculated value for the bare IrO2

surface (see Fig. S2†). As the OH*- to O*-covered IrO2(110) CUS-
transition happens close to the PZC, the eld is small and thus
has little inuence on it. We note that the PZC does inuence
the specic transition potential, but its change with potential,
our central benchmark, is less affected.

Differences in g of the two phases involved in the transition
are expressed as pH-dependence on the RHE potential scale,34

which allows us to directly benchmark our determined values
against experimental observations. In Fig. 4b, we benchmarked
the potential where the RS changes from a monolayer of OH* to
a monolayer of O* on the CUS of IrO2 against experimental
validations from Kuo et al., who studied the transition between
the two phases based on the appearance of oxidation/reduction
waves in CVs.26 The ngerprint CVs of IrO2(110) were recorded
in a wide pH range, exhibiting a non-Nernstian shi in the peak
position of two phase transitions between 0.8 and 1.6 V vs. RHE.
Based on Fig. 4a, we can attribute the two waves to the elec-
trochemical desorption of H* from the Ob sites (0.87 V vs. RHE)
and the transition from OH* to O* (1.52 V vs. RHE) on IrO2(110)
CUS. With increasing pH, the experimental peak positions
RSC Sustainability
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Fig. 4 Surface phase diagram for different coverage conditions on the pristine IrO2(110) surface at the full coverage limit with field effects (a).
Potential vs. RHE where full OH* coverage transitions to full O* coverage at different pH when no field effect is included (white circles), when
a field effect is included (solid black circles) and from experimental data (black triangles)26 (b). *IrCUS represents empty IrCUS sites and Ob an
oxygen bridge.
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shied in the negative direction against the RHE potential
scale, which allows us to directly probe the gO with respect to
gOH. The experimental behaviour is in line with the results from
our calculations including the calculated gi, with
vURHE;x

vpH
¼ �10:9 mV pH�1. This proves the qualitative behavior

that O* is destabilized by increasingly anodic potentials more
than OH*, strongly indicating that gO may substantially inu-
ence on the Tafel slopes in the high overpotential region. Spin
polarized results for the same are shown in Fig. S3.†

Aer having identied the relevant surface phases at reac-
tion conditions and estimating gOH and gO, we now show how
both these aspects inuence experimental OER observations.
For this, Fig. 5 shows the calculated free energy diagram at pH
zero for all the intermediates involved in the (a) ER and (b) LH
pathways. The effective changes of the free energy of each state

with U at constant pH,
�
vDGi

veU

�
pH

¼ Npe;i þ gi, are explicitly

given. For clarity, only the energetics on an O*-covered surface
are shown, while corresponding energetics with a full OH*

coverage as the RS are shown in Fig. S6,† and the qualitative
picture is equal in both cases. The direct link to experimental
observations is made in the corresponding lower panels (c and
d) of Fig. 5 resulting from amicrokinetic model (see section 8 in
ESI† for more detail).

Starting from an empty IrO2(110) CUS-site, the adsorption of
water to form H2O* does not involve a proton–electron pair
RSC Sustainability
(Npe,*H2O = 0). However, H2O* is considerably stabilized by
increasing the potential, and when calculating gH2O at 1.23,
1.43, and 1.63 vs. RHE the average value is gH2O = −0.29,
dening its whole potential response. Next, one proton–elec-
tron pair is produced for reaching OH* (Npe,*OH = 1). Combined
with gOH, the effective potential response of OH* formation
resulted in −0.98 eV/V. Subsequently, to produce O*, two
proton–electron pairs are created with respect to the empty site
(Npe,*O= 2). However, the considerable gO partially counters the
purely Nernstian potential response leading to an effective
vDG*O

vU
¼ �1:80 eV

V
. O* is followed by the RLS in both considered

reaction mechanisms. For the ER mechanism shown in panel
(a), we used the activation energy and bO–OH = −0.58 as deter-
mined in our previous work.13 Here, Dickens et al. calculated the
activation energy for the formation of OOH* on oxides and
investigated its dependence on the applied potential (See ESI

Section 8† for further details). N‡
pe;*O�H2O

¼ Npe;*O ¼ 2; as no

extra proton or OH− are involved for reaching the transition
state under acidic conditions. Aer crossing the RLS barrier in
the ER mechanism, OOH* is reached, which, in contrast to O*
and OH*, is stabilized by an increase in the negative eld (more
positive potential), resulting in an enhanced potential response
compared to the eld free case (i.e. aOOH* − aO* = 1.71).

Finally, O2* results from the deprotonation of OOH*, which
exhibits a net potential response of−3.93 eV/V. Note that we did
not use the bare DFT calculated formation free energy of O2* in
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5su00080g


Fig. 5 Free energy diagrams and simulated current densities for OER including effects of the electric field on IrO2(110). Panels (a) and (b) show
free energy diagrams for the ER and LH mechanisms, respectively, under full O* coverage. The mean values of the effective changes of the free

energy of each state with U at constant pH,

�
vDGi

veU

�
pH

, are noted for each step. Panels (c) and (d) show the simulated current density (j) at pH =

0 for the ER and the LH pathways, respectively. The solid lines represent the effective current taking into account the change in surface phase.
Coverages obtained from themicrokineticmodel are shown in blue for OH (qOH) and O (qO). The obtained Tafel slopes for the pre-kink and post-
kink regions are given in panels (c) and (d).
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the free energy diagram in Fig. 5, as it is overstabilized by the
applied GGA-DFT methodology. Instead, we used a value
benchmarked by employing the Redhead analysis of experi-
mental temperature-programmed proles (TPD) of O2 desorp-
tion from IrO2(110).40–42 We describe the process of determining
the energy in more detail in ESI Section 9† and will discuss the
need for this correction for a correct mechanistic analysis in the
discussion of the microkinetic results below.

For the denition of a in the ER mechanism (aER), we can
invoke eqn (6), hence simply calculating the potential response
difference between the RLS transition state (−2.58 eV/V) and the
RS, i.e. −0.98 eV/V and −1.80 eV/V at low and high over-
potentials, respectively. Thus, the predicted aER values are 1.6
and 0.78. In the LH mechanism, shown in Fig. 5b, 2O* species
act as the reactants of the RLS. Thus, the energy landscape is
altered involving two adsorbates throughout up to the RLS.
Analogously, the potential response of each step before the RLS
is doubled as well. As the RLS represents a formally non-
electrochemical step in this mechanism, the potential
response between 2O* and O2(g) only varies by 0.4 eV/V, purely
dened by the quenching of gO upon desorption. Thus, aLH
calculated from Fig. 5b results in 2.04 and 0.4 for the low and
high overpotential regions, respectively.

A comparison of the simulated polarization curves in Fig. 5c
and d reveals that the ER mechanism aligns much more closely
© 2025 The Author(s). Published by the Royal Society of Chemistry
with experimental data both in terms of Tafel slopes and
absolute current densities, which approach at 1 mA cm−2 at
∼1.6 V. Conversely, the LH mechanism, exhibits negligible
reaction rates throughout the potential range because of the
huge thermodynamic barrier connected to the formation of O2

from two O* species.
As expected, aER directly translates into the Tafel slope esti-

mates of 37 mV dec−1 and 77 mV dec−1 for the low and high
overpotential regions, respectively, under O* coverage (see
Fig. 5c). Note that this result is only obtained when the O2* to
O2(g) energy value is set to ∼0.31 eV, as tted from the TPD
analysis shown in Fig. S7,† as O–OH* formation remains the RLS
within the simulated potential range. Specically, including the
eld effect for O2* shows that this species destabilizes at oxida-
tive potentials, weakening its interaction with the surface
compared with pure TPD-derived data, then when the potential
increases, the O2* to O2(g) value is even smaller than 0.31 eV.
However, this picture changes when using the desorption energy
predicted by GGA-DFT (∼0.81 eV). As the activation energy for O–
OH* formation is potential-dependent, it decreases as the
potential increases. At a certain potential, it becomes smaller
than the desorption energy of O2*, as predicted by GGA-DFT,
making the latter the apparent RLS. This shi alters the Tafel
curve behaviour, resulting in a near complete loss of potential
response, in strict disagreement with experiments.
RSC Sustainability
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In contrast to the ER reaction path, the simulated LH
mechanism exhibited Tafel slopes of 29 and 150 mV dec−1 (see
Fig. 5d), which also disagrees with the measurements shown in
Fig. 1. A degree of rate control analysis (cf. Fig. S8 & S9 in ESI†)
for this mechanism shows that the chemical O–O coupling step
and the energy of O2* do not inuence the overall rate of the
reaction, as O2(g) denes the highest barrier to the product
starting from the RS.

Note that we have chosen constant values of CH (i.e. 25 mF
cm−2) and Upzc (1.5 V vs. SHE) in our model. These choices
directly affect the quantitative values of the Tafel slopes and the
potentials of surface phase changes. Therefore, we also probed
the sensitivity of simulated Tafel plots to variations of CH

(Fig. S10†) and Upzc (Fig. S11 and S12†). The results show that
the trends in Tafel slopes are mostly unaffected by the choice of
parameters. That is, while the low overpotential region (*OH-
covered surface) is virtually unaffected by the interfacial eld,
the high overpotential region (*O-covered surface) shows
a substantial eld response, leading to reduced Tafel slopes
compared to the case without the eld effects.

While in the present study, we focussed only on the most
stable (110)-surface of IrO2, we are condent that analogous
characteristic eld interactions are present on other facets.
Further, the stronger binding of *O on less coordinated surface
sites likely even reduces the probability of the LH mechanism.
However, specic evaluations on other facets would be needed
to conrm these hypotheses.

Overall, our analysis shows that while the proximity of
experimental Tafel slopes to the characteristic value of 60 mV
dec−1 might make it tempting to assign a chemical RLS. This
can be equally well explained by the combined potential
response of the RLS and RS in a PCET-limited step, as is the case
for the ER mechanism. Conversely, the LH mechanism would
never have a value approaching 60 mV dec−1, as it would
formally (from purely Nernstian behaviour) only exhibit Tafel
slopes of ∼30 mV dec−1 or innity. However, including gO leads
to non-zero potential responses, which still deviate strongly
from the experimentally observed values.

This a priori unintuitive Tafel behaviour likely extends
beyond IrO2(110), both in terms of alternative surface facets and
other rutile oxides. To account for the behaviour, a further
simplied model directly applicable in large scale screening
studies can be applied: conventional DFT calculations for the
relevant reaction intermediates directly provide m from the
ground state charge density (mostly given in the output of DFT
codes) and the work function as an estimate for Upzc. Utilizing
them allows a rst order estimate of relevant g values without
the need for eld dependent (or even more sophisticated)
calculations.

Conclusions

In this study, we used DFT calculations and microkinetic
modelling to analyse the mechanism of acidic OER on IrO2(110)
including the polarization of reaction intermediates. We have
shown that the ER type mechanism through a coupled proton–
electron transfer RLS to form OOH* suggested by Dickens
RSC Sustainability
et al.13 does not contradict the experimentally measured Tafel
slopes as long as the eld response of reaction intermediates is
considered. Further, our results suggest that the combination of
two oxygen atoms from the surface via the LH mechanism is
unlikely, as it would result in negligible current densities that
would be marginally affected by the increase in overpotential.
Additionally, by analysing experimental data of temperature-
programmed desorption proles, we emphasized that the
desorption of O2* is fast. Hence, it is unlikely to be a RLS.
However, GGA-DFT poorly captures this, overestimating the O2*

adsorption energies.

Data availability

All the data for DFT calculated energies are summarized in the
ESI.† Data such as inputs for the gures and the atomic struc-
tures will be made available at https://github.com/
CatTheoryDTU/OER_mechanism_IrO2_acid upon acceptance
of the article.
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Particle Size Dependence of the Electrocatalytic Activity of
© 2025 The Author(s). Published by the Royal Society of Chemistry
Nanocrystalline RuO2 Electrodes, J. Electrochem. Soc., 2006,
153(6), E111–E118.

17 S. Kwon, K. A. Stoerzinger, R. Rao, L. Qiao, W. A. Goddard
and Y. Shao-Horn, Facet-Dependent Oxygen Evolution
Reaction Activity of IrO2 from Quantum Mechanics and
Experiments, J. Am. Chem. Soc., 2024, 146(17), 11719–
11725, DOI: 10.1021/jacs.3c14271.

18 T. Binninger and M.-L. Doublet, The Ir–OOOO–Ir Transition
State and the Mechanism of the Oxygen Evolution Reaction
on IrO2 (110), Energy Environ. Sci., 2022, 15(6), 2519–2528,
DOI: 10.1039/D2EE00158F.

19 K. S. Exner and H. Over, Beyond the Rate-Determining Step
in the Oxygen Evolution Reaction over a Single-Crystalline
IrO2 (110) Model Electrode: Kinetic Scaling Relations, ACS
Catal., 2019, 9(8), 6755–6765, DOI: 10.1021/
acscatal.9b01564.

20 T. Binninger, P. M. Kowalski and M. H. Eikerling, Oxygen
Desorption–Critical Step for the Oxygen Evolution
Reaction, Curr. Opin. Electrochem., 2023, 42, 101382, DOI:
10.1016/j.coelec.2023.101382.

21 K. S. Exner, Implications of the M-OO-OO-M Recombination
Mechanism on Materials Screening and the Oxygen
Evolution Reaction, JPhys Energy, 2023, 5(1), 014008, DOI:
10.1088/2515-7655/aca82a.

22 K. S. Exner, On the Mechanistic Complexity of Oxygen
Evolution: Potential-Dependent Switching of the
Mechanism at the Volcano Apex, Mater. Horiz., 2023, 10(6),
2086–2095, DOI: 10.1039/D3MH00047H.

23 O. Van Der Heijden, S. Park, R. E. Vos, J. J. J. Eggebeen and
M. T. M. Koper, Tafel Slope Plot as a Tool to Analyze
Electrocatalytic Reactions, ACS Energy Lett., 2024, 9(4),
1871–1879, DOI: 10.1021/acsenergylett.4c00266.

24 Y. Lee, J. Suntivich, K. J. May, E. E. Perry and Y. Shao-Horn,
Synthesis and Activities of Rutile IrO2 and RuO2
Nanoparticles for Oxygen Evolution in Acid and Alkaline
Solutions, J. Phys. Chem. Lett., 2012, 3(3), 399–404, DOI:
10.1021/jz2016507.

25 H.-S. Oh, H. N. Nong, T. Reier, A. Bergmann, M. Gliech,
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