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Oxygen Reduction Reaction Hot Paper

Cations Determine the Mechanism and Selectivity of Alkaline
Oxygen Reduction Reaction on Pt(111)**

Tomoaki Kumeda, Laura Laverdure, Karoliina Honkala, Marko M. Melander,* and
Ken Sakaushi*

Abstract: The proton-coupled electron transfer (PCET) mechanism of the oxygen reduction reaction (ORR) is a long-
standing enigma in electrocatalysis. Despite decades of research, the factors determining the microscopic mechanism of
ORR-PCET as a function of pH, electrolyte, and electrode potential remain unresolved, even on the prototypical
Pt(111) surface. Herein, we integrate advanced experiments, simulations, and theory to uncover the mechanism of the
cation effects on alkaline ORR on well-defined Pt(111). We unveil a dual-cation effect where cations simultaneously
determine i) the active electrode surface by controlling the formation of Pt� O and Pt� OH overlayers and ii) the
competition between inner- and outer-sphere PCET steps. The cation-dependent transition from Pt� O to Pt� OH
determines the ORR mechanism, activity, and selectivity. These findings provide direct evidence that the electrolyte
affects the ORR mechanism and performance, with important consequences for the practical design of electrochemical
systems and computational catalyst screening studies. Our work highlights the importance of complementary insight
from experiments and simulations to understand how different components of the electrochemical interface contribute
to electrocatalytic processes.

Introduction

The oxygen reduction reaction (ORR) is a pivotal reaction
in green electrochemical technologies and one of the most
important model electrocatalytic reactions. While numerous
studies aiming to understand the ORR mechanism have
been published,[1] the factors determining the microscopic
ORR mechanism and performance remain partly unclear.
This incomplete understanding hampers the rational devel-
opment of more active and selective ORR catalysts.
Compared to the ORR in acidic media, the mechanism,

selectivity, and activity of the ORR in alkaline media are
more sensitive to reaction conditions such as the electrode
potential[2] and electrolytes.[3] In general, the ORR on
platinum is widely accepted to proceed via four-electron
(4e� ) inner-sphere (IS) multi-electron/multi-proton transfer

(ET/PT) or proton-coupled electron transfer (PCET) steps
leading to the overall conversion of O2 to H2O.

[2a,4] The IS
pathway is initiated by O2 adsorption, followed by the
production of various surface-bound intermediates, such as
O2
�
ad, HO2,ad, OHad, and Oad, through successive ET/PT or

PCET steps, as shown in Figure 1a (top).[5] The IS pathway
is prone to inhibition by high coverage of adsorbed oxide
species such as OHad and Oad.

[6] Several studies have also
suggested alternative pathways where alkaline ORR pro-
ceeds through IS and outer-sphere (OS) mechanisms in
parallel.[4b,6a,7] While the IS route begins by adsorption, the
OS pathway is initiated by a long-range OS-ET from the
surface to O2,sol forming O2

�
sol, as illustrated in Figure 1a

(bottom).[4b,8] Crucially, the OS pathway can generate
peroxide species through a two-electron (2e� )
mechanism.[4b,7] Understanding and controlling this IS/OS
competition is paramount for designing selective 4e� /2e�

ORR catalysts.
Generally, the 4e� /2e� ORR selectivity depends on the

electrode material and the electrolyte. The electrode’s effect
on selectivity is typically explained by OHad adsorption
energies, as discussed in Ref. [1 f] and references therein.
OHad has multiple roles as an ORR intermediate, an initial
component in the oxide formation, and an inhibitor of O2
adsorption blocking the IS-PCET pathway. OS-ET reactions
may also be sensitive to the electrode material due to
surface-specific (non� )covalent interactions.[9] Under alka-
line conditions, the role of OHad depends on non-adsorbing
species, such as electrolyte cations at the outer Helmholtz
plane (OHP).[3a] For instance, Li+ stabilizes OHad by 0.1 eV
whereas K+ destabilizes it by �0.1 eV.[10] A negative
correlation between OHad coverage and acidic ORR activity
has been identified, suggesting that OHad blocks O2
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adsorption and thus IS-ORR.[11] It was recently proposed
that cations impact the reversibility and kinetics of the OHad

$Oad step, thereby controlling the IS-PCET activity.[12]

However, connections between OHad coverage, ORR activ-
ity and selectivity, and electrolytes in alkaline media remain
to be established.[3d,13]

While the traditional view is that cations only affect
OHad stability and IS-PCET pathways, recent studies on
alkaline ORR and CO2 reduction reaction (CO2RR) have
shown that cations can induce a more dramatic effect,
changing the pathway from an IS-PCET to an OS-ET.[14]

OHad both changes the double layer structure and promotes
the OS-ORR pathway in alkaline media,[4b] but the role of
cations in the OS mechanism has not been fully understood.
Overall, cations appear to have multiple roles in alkaline
ORR, suggesting that they may impact the IS and OS

pathways through the stabilization of OHad and the
formation of solvated species such as O2

�
sol, respectively.

However, this suggestion has not been hitherto
confirmed.[3d,13]

Experimental evidence for the IS/OS in alkaline ORR
has been obtained from rotating ring disk electrode
(RRDE) studies by detecting OS products, H2O2 in acidic
media and HO2

� in alkaline media, at different
potentials.[4b,6a,15] RRDE experiments show that the selectiv-
ity depends on the pH, as the amount of O2

�
sol formed is

pH-sensitive. Increasing the pH from 0 to 7 decreases the
overpotential for the first OS-ET step (O2,sol/O2

�
sol) from

1.53 to 0.7 V,[4b,16] indicating that OS-ET becomes more
facile at higher pH. Support for the existence and contribu-
tion of the OS pathway has recently been obtained by
combining non-steady state voltammetry and scan direction
studies (Figure 1b).[17] Positive-going scan (PGS) RRDE
experiments, conventionally used to study ORR perform-
ance, show that alkaline ORR on Pt proceeds through an IS-
4e� mechanism.[4b,6a,18] As surface oxidation to OHad and Oad
species proceeds in parallel with IS-ORR on Pt electrodes,
the Pt surface is covered by inhibiting oxides at the
beginning of negative-going scans (NGSs) around the ORR
onset potential. Furthermore, in alkaline conditions, O2

�
sol,

an intermediate of the OS pathway, is formed through OS-
ET around the onset potential.[4b,17] Therefore, NGSs contain
direct information on both the IS and OS pathways while
PGSs map the IS pathway, as shown previously.[4b,6a,18] The
cations and potential scan direction have also been shown to
change the ORR and CO2RR pathways from an IS-PCET
to an OS-ET.[14] Yet, complementary analyses such as highly
accurate electrochemical kinetic isotope effect (haEC-KIE)
measurements and advanced electrochemical theory and
simulations are needed to distinguish ET and PCET steps.[2b]

While experiments have identified several cation effects
and proposed the role of OS pathways in alkaline ORR,
most computational and theoretical works have focused on
IS-PCET pathways and the electronic properties of the
electrode material. The understanding of the OS mechanism
and cation effects therefore remains limited. Furthermore,
explicit solvation, electrode potential, and electrolyte effects
have been largely omitted, even though experimental
evidence indicates that the entire electrochemical interface
contributes to the alkaline ORR and IS-PCET.[1f] Besides
the IS mechanism, pioneering studies by Schmickler’s group
demonstrated that ORR is likely initialized with an OS-ET
forming O2

�
sol on Au and Ag.

[7] However, these results rely
on the accuracy of model Hamiltonian and classical molec-
ular dynamics (MD) parametrizations,[7] and first-principles
studies are needed to validate the predictions. A “cross-
sphere” mechanism for H2Osol and OHad reduction to OH

�
sol

and H2Oad species on Pt(111) was recently discovered with
DFT-MD and enhanced sampling techniques.[14a] These
studies challenge the premise of most computational studies
by providing evidence that not only IS steps contribute to
alkaline ORR on Pt. They do not fully confirm nor reject
the role of initial OS-ET or OS-PCET steps as there are no
DFT-level studies on the kinetics of OS pathways and how
these are affected by cations.

Figure 1. a) ORR mechanisms in alkaline media. (top) IS-ORR via the
associative pathway is initiated by the adsorption of O2, which then
forms HO2,ad through an IS-PCET or IS-ET/IS-PT step. HO2,ad

dissociates into OHad and Oad. Finally, OH� ad is formed through an IS-
PCET or IS-ET/IS-PT, then OH� ad desorbs, forming OH� sol. (bottom)
OS-ORR is initiated by a long-range OS-ET from the electrode to O2,sol

via OHad, yielding O2
�
sol (highlighted O2 molecule). The very reactive

O2
�
sol abstracts a proton from a nearby water molecule and receives an

electron through an OS-PCET or OS-PT/OS-ET resulting in HO2
�
sol and

either OH� sol or OHad. b) ORR linear sweep voltammogram (LSV) for
Pt(111) with rotating disk electrode technique and the corresponding
schematic explanation (i-iv) of the LSV of Pt in alkaline solution during
positive-going scans (PGSs) and negative-going scans (NGSs). (i)
Before the surface oxidation during the PGS, the inner-sphere (IS) 4e�

pathway proceeds. (ii) The IS pathway proceeds after the surface is
oxidized and covered by adsorbed oxide species during the PGS. (iii)
Around the onset potential (�1 V vs. RHE), the surface is covered by
OHad and Oad. OHad promotes the outer-sphere (OS) electron transfer,
forming O2

�
sol. (iv) During the NGS, the surface is covered by OHad

and Oad, and the IS- and OS-ORR pathways proceed in parallel.
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To understand how cations control the IS/OS and
PCET/ET selectivity, we provide a joint experimental-
computational-theoretical study on cation effects in alkaline
ORR on a Pt(111) single-crystal electrode. The voltammet-
ric and haEC-KIE experiments are integrated with grand
canonical ensemble (GCE)-DFT simulations, semi-classical
harmonic transition state theory (SC-hTST) of nuclear
tunneling under electrochemical conditions, and Marcus
theory parametrized with constrained DFT-MD (cDFT-
MD). By integrating experiments, theory, and simulations to
address the same quantities (coverages, KIEs, potential-
dependent kinetics, and thermodynamics) on a well-defined
surface, we uncover a novel dual-cation effect where the
electrolyte simultaneously impacts both IS- and OS-PCET
pathways, activity, and selectivity towards OH� or OOH�

production. The cations control OHad stability, which in turn
controls the ORR mechanism and selectivity. We demon-
strate that the electrolyte affects the alkaline ORR, with
important implications for fundamental electrocatalysis, the
practical design of electrochemical systems, and catalyst
screening studies.

Results and Discussion

Surface Coverage

We studied the OHad coverage on Pt(111) as a function of
the electrode potential using cyclic voltammetry (CVs) in
Li+- and K+-containing solutions in an Ar atmosphere. The
results are shown in Figures 2a and 2b, respectively. The
CVs contain four different regions: hydrogen desorption/
adsorption between 0.05 and 0.4 V; the double layer

charging/discharging between 0.4 and 0.6 V; OH adsorption/
desorption between 0.6 and 0.9 V and irreversible oxide
formation above 0.9 V. In agreement with previous
studies,[3a,b,19] the OH and oxide regions are sensitive to
electrolyte cations. In KOH, the Pt-OHad coverage reaches
0.5 ML at �0.78 V, followed by OHad oxidation to Oad
above 0.9 V. In LiOH, the OHad coverage is 0.5 ML at
�0.74 V, and the Pt� Oad formation is shifted to higher
potentials than in KOH. Although OH adsorption starts at
the same potential (�0.6 V) in both electrolytes, the OHad
coverage in LiOH increases more rapidly at the potential
range between 0.6 and 0.8 V compared to KOH, as shown in
Figure 2b. This indicates that OHad is more resistant to
oxidation in LiOH than in KOH, in agreement with previous
experiments.[3a,12]

To determine the cations’ effect on the coverage and
stability of OHad and Oad, we computed the OHad and Oad
adsorption energies in pure water, constructed surface phase
diagrams as a function of pH and electrode potential, and
estimated the cation effects as differences between the
simulated and measured voltammograms (see Supporting
Information pages 34–45 for details). The simulated cover-
ages without cations qualitatively agree with those measured
in KOH during the PGS. In LiOH, the peak corresponding
to Oad formation is shifted to higher potentials outside the
potential range studied (see Supporting Information Fig-
ure S4),[3a] indicating that Li+ either weakens Oad or
stabilizes OHad, or both. To quantify the impact of cation-
induced (de)stabilization on the adsorbed oxide species, we
investigated how the simulated coverages and voltammo-
grams change when the OH and O adsorption energies are
manually modified from � 0.2 to 0.2 eV. When the OH
adsorption was stabilized, the onset of the OHad peak (
�0.6 V) was observed to shift to lower potentials, in contrast
to our experiments. Destabilizing Oad relative to OHad by
0.05–0.1 eV shifts the Oad peak from around 1.04 V to
potentials outside the experimental potential range, as
observed in the LiOH CV (see Supporting Information
Figure S15). With a 0.1 eV Oad destabilization, the calcu-
lations predict an OH coverage of 8/9 ML at �0.95 V, which
corresponds well to the measured coverage of �0.9 ML at
1.05 V in LiOH.
The best fit to the experimental Li+ data is obtained by

weakening the Oad energy by 0.05–0.1 eV, which we
interpret as a relative stabilization of OHad compared to Oad,
as suggested recently by Luo and Koper.[12] The magnitude
of this Li+ (de)stabilization agrees well with previous
experiments[3a] and DFT-MD simulations.[10] Overall, our
results show that even a modest 0.05–0.1 eV OHad stabiliza-
tion or Oad destabilization by electrolyte cations substan-
tially impacts the O and OH coverage of the Pt(111) surface
near the ORR thermodynamic potential. We also note that
the experimental ORR onset potentials in KOH and LiOH (
�1.0 V) coincide with the threshold potentials of an O
coverage of 5/9 ML and an OH coverage of 8/9 ML (Fig-
ure S12). This indicates that ORR cannot proceed when the
coverages of PtOH and PtO are too high.

Figure 2. a) Ar-saturated CVs of Pt(111) in 0.1 M KOH and 0.1 M LiOH
in H2O with an upper potential limit at 1.05 V (RHE). b) The
corresponding Had, OHad, and Oad coverages extracted from the PGS.
The scan speed was 50 mVs� 1.
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ORR Kinetics and Mechanism: Experiments

The adsorbate stability directly impacts the Pt(111) surface
state and hence the ORR performance. Figure 3a displays a
�130 mV shift in the half-wave potential between KOH and
LiOH voltammograms during the PGS, in agreement with
previous studies.[3a] The ORR kinetic region is limited by the
OHad region, indicating that the cation-dependent formation
and stability of OHad directly affect ORR activity. As shown
in Figure 3a, the ORR current exhibits a hysteresis (negative
shift of the half-wave potential) between the PGS and NGS.
Specifically, the ORR current in KOH is smaller during the
NGS than during the PGS; less shift is seen in LiOH. For
comparison, we also conducted similar CV and ORR polar-
ization measurements in NaOH and HClO4 solutions, which
exhibit a hysteresis comparable to that in KOH and LiOH
solutions, respectively (see Supporting Information Fig-
ure S1).
Based on the measured and simulated CVs and cover-

ages, we attribute the hysteresis in KOH and NaOH to the
irreversible Oad formation above 0.9 V during the PGS and

reduction below 0.9 V during the NGS, as shown in the CVs
in Figure 2a and Figure S1. During PGSs, the IS pathway
proceeds on the surface, which gradually becomes covered
by reversible OHad (0.6–0.9 V) followed by irreversible Oad
(>0.9 V). As the IS pathway is inhibited by high surface
coverages,[6a] the lower ORR activity in LiOH compared to
KOH during the PGS is attributed to the higher coverage of
poisoning OHad.

[3a] During the NGS from 1.05 to 0.8 V, the
irreversible Oad inhibits the IS pathway. The difference in
the surface oxidation state between PGSs and NGSs causes
the ORR hysteresis in KOH. In LiOH, since the irreversible
Oad is formed at higher potentials (>1.0 V), less change in
the surface oxidation state occurs between PGSs and NGSs
in the measured potential range (0.05–1.05 V). When the
polarization changes at 1.05 V, O2

�
sol, the initial intermediate

for the OS-ORR pathway, is formed through OS-ET, as
schematically shown in Figure 1b.[4b] As discussed below in
ORR kinetics and mechanism: Simulations and suggested in
Ref. [4b], the OS-ET is promoted by OHad stabilized in
LiOH. Therefore, the NGS reflects the effects of the
irreversible Oad in KOH and O2

�
sol in LiOH. As the

Figure 3. a) O2-saturated voltammograms of Pt(111) during the PGS (solid line) and NGS (dashed line) of Pt(111) in aqueous solutions of KOH
and LiOH with an upper potential limit at 1.05 V (RHE). b) Shifts of the ORR half-wave potential from PGS to NGS of Pt(111) in LiOH, NaOH,
KOH, and TMAOH with different upper potential limits. c) Ring current from O2-saturated voltammograms of poly-Pt ring and disk electrodes in
LiOH, NaOH, KOH, and TMAOH during PGSs (solid line) and NGSs (dashed line) with an upper potential limit at 1.05 V (RHE). The constant
potential applied to the ring electrode is 1.15 V. d) Peak ring current in O2-saturated LiOH, NaOH, KOH, and TMAOH during the NGS with
different upper potential limits. In (a) and (c), the working electrode rotation rate is 2500 rpm, and the potential scanning rate is 50 mVs� 1. All
electrolyte concentrations are fixed to 0.1 M.
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potential scan direction can alter the ORR mechanism from
the IS to OS pathway,[4b,6a,18] we interpret the smaller ORR
hysteresis between the PGS and NGS in LiOH compared to
KOH as an indication of the OS pathway being promoted
(see Supporting Information pages 11–12 for details).
As oxide formation on Pt depends on the electrolyte and

potential range applied, we studied the ORR hysteresis in
alkaline solutions: LiOH, NaOH, KOH, and tetrameth-
ylammonium hydroxide (TMAOH), with different upper
potential limits from 0.9 to 1.2 V. The hysteresis is quantified
by shifts in the ORR half-wave potential from PGSs to
NGSs shown in Figure 3b (see Supporting Information
Figure S4 for Ar-saturated CVs and ORR voltammograms).
The ORR hysteresis becomes more pronounced as the
upper potential limit increases in all investigated electrolyte
conditions. This result indicates that the irreversible Oad
species formed at higher potentials block the active sites for
the IS pathway during the NGS. The potential shifts in
LiOH are smaller than in NaOH, KOH, and TMAOH,
regardless of the upper potential limit. Crucially, the
hysteresis is present in NaOH, KOH, and TMAOH with
upper potential limits of 0.9 and 0.95 V, even though OHad is
the major oxide species. Therefore, the irreversible Oad
formation depending on the upper potential limit cannot
fully explain the ORR hysteresis; electrolyte cations influ-
ence the ORR kinetics and IS/OS selectivity.
The formation of peroxide species and the possibility of

OS pathways were studied by RRDE experiments as a
function of pH (see Supporting Information pages 12–14 for
details). The RRDE profiles’ pH-dependence shown in
Supporting Information Figure S6 is consistent with a
previous study,[4b] and proves the formation of OS pathway
species. Although the IS/OS selectivity depends on the Pt
surface morphology, the trends in the ORR kinetic current
between 0.6 and 1.0 V in different electrolytes (LiOH<
KOH) and for different scan directions (positive>negative
in KOH and negative�positive in LiOH) on poly-Pt
correlate well with those observed for Pt(111) (see Support-
ing Information Figure S7). Poly-Pt is therefore a suitable
Pt(111) proxy to study the OS pathway through RRDE
experiments.
Figure 3c shows ring currents of RRDE experiments in

LiOH, NaOH, KOH, and TMAOH. In NaOH, KOH, and
TMAOH, the lack of ring current during the PGS indicates
that the reaction follows a 4e� IS pathway, as reported
previously.[6a] In LiOH, the small ring current peak at 0.83 V
during the PGS corresponds to the peroxide formation and
is typically assigned to OS-ET for Pt-catalyzed ORR (see
Supporting Information pages 12–14 for details).[9c,20]

Although the peak is �0.1 V higher than the equilibrium
potential for H2O2 (E°= +0.695 V), this difference is
attributed to the lower local O2/H2O2 (HO2

� ) ratio, which
subsequently changes the equilibrium potential according to
the Nernst equation.[21] In the NGS, relatively large ring
currents are observed in both solutions. The peak ring
current in LiOH is approximately four times larger than in
KOH. These results strongly suggest that LiOH promotes
the 2e� OS process and that OHad and solvated species, such

as O2
�
sol, accumulate near the surface and significantly

contribute to the OS pathway.
The peak ring current during the NGS increases as the

upper potential increases, as shown in Figure 3d. This
indicates that the amount of dissolved intermediates from
the 2e� OS pathway increases near the electrode surface
above the ORR onset potential. The cation-dependent
peroxide yield during the NGS follows the sequence Li+

>Na+>K+>TMA+, regardless of the upper potential limit.
This trend is consistent with the cations’ hydration energies
(ΔHhyd) (Li

+>Na+>K+>TMA+).[3a,19b] This suggests that the
strength of cation-OHad and cation-H2O interactions, which
determine the OHad stability and interfacial water
structure,[3a] are descriptors for the IS and OS competition.
The difference between OS and IS steps and mechanistic

insight into the ET and PCET steps in KOH and LiOH
aqueous solutions were extracted from haEC-KIE
measurements[1e,2b,22] (see Supporting Information page 15
for details). The KIE rate constant ratios (KH/D) and the
transfer coefficients (αH/D) at representative potentials
extracted from a Tafel analysis of haEC-KIE measurements
are given in Supporting Information Table S1. The haEC-
KIE analysis shows that the rate-determining step (RDS)
depends on the scan direction and the electrolyte. In KOH,
during the PGS, the KH/D values at 0.93 VRHE and 0.83 VRHE
are 1.5 and 1.6, respectively, which indicates that the RDS
either involves a proton transfer process or is influenced by
water dynamics.[23] The corresponding KH/D values for the
NGSs are 0.8 and 1.2. While electrochemical KIEs below 1
have traditionally been taken as signatures of pure ET, it
has been recently shown that, in ORR, KIEs<1 result from
the greater stability of ODad compared to OHad.

[24] Hence, at
0.93 V in KOH, OH/OD adsorption determines the KIE,
while at lower potentials other factors, presumably kinetic,
also contribute to the KIE. The KH/D values in aqueous
LiOH for the NGSs and PGSs are between 1.5 and 1.7. in
the kinetic region at 0.88 VRHE, indicating that the RDS
involves a PCET step and that OD/OH stability is not the
KIE-controlling factor at these potentials.

ORR Kinetics and Mechanism: Simulations

To understand the atomistic underpinnings of the exper-
imental results, we studied both the IS and OS pathways by
examining the reaction kinetics, thermodynamics, and KIEs
for the O2!OOH and O!OH steps, which are typically
regarded as the slowest electrochemical PCET steps in
alkaline ORR on Pt(111).[2a,12,24b] Another possible KIE- and
rate-determining step, OH desorption, was recently consid-
ered in detail[24b] and thus we do not consider it here. For the
IS-PCET pathway, we computed the EC-KIEs as a function
of the electrode potential using GCE-DFT and SC-hTST
adapted for constant potential calculations, as summarized
in Supporting Information Figure S18a (see also Supporting
Information pages 52–59). The EC-KIEs were computed at
1.13 VRHE and 0.73 VRHE, both at pH=13, corresponding to
the limits of the experimental conditions in this work. At
1.13 V (overpotential � 0.1 V), the IS-PCET free energy
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barriers are small being below 0.3 eV, and they decrease
when the overpotential decreases to � 0.5 V, as shown in
Table 1. The reaction barriers and energies show that the IS-
PCET steps proceed readily on Pt(111) under alkaline
conditions and are consistent with previous computational
studies.[2a,14a] The barrier for the second PCET step, from
Oad to OHad, is twice that of the first step and is expected to
be the RDS at small overpotentials, in agreement with the
measured Tafel slopes. Under more reducing conditions, the
situation is less clear because the free energy barriers for
both reactions are almost identical and smaller than 0.1 eV.
However, the O2,ad!OOHad step is expected to be slightly
faster due to nuclear quantum effects discussed below.
Computed and measured KIEs show better agreement

for the O!OHad step than for the O2!OOH,ad step
suggesting that the former is the KIE-determining step for
the IS-PCET ORR mechanism on Pt(111) with LiOH and
KOH electrolytes. Despite a rather small KIE, nuclear
quantum effects can significantly influence reaction rates.
The tunneling correction (k �4) for O2!OOH,ad at 0.73 V
makes this step slightly faster than O!OHad. The tunneling
corrections vary due to subtle changes in the reaction
mechanism and bond lengths at different potentials. For
instance, at 0.73 V, the O2!OOHad transition state involves
both water reorganization and high vibration frequency
proton transfer motions, whereas at 1.13 V, the transition
state only involves water reorganization, which is followed
by a facile proton transfer with no additional barrier. The
analysis of the results (see Supporting Information pa-
ges 48–49) shows that the KIEs of the elementary steps
studied do not strongly depend on the presence of cations.
The OS-ET pathways were studied by simulating the

initial O2,sol!O2
�
sol OS-ET step using Marcus theory para-

metrized with cDFT-MD simulations (see Figure S15a for
details). Our results show that OS-ET in pure water is very
slow and has a high kinetic barrier of �1.3 eV (see
Supporting Information pages 50–51). To explore the impact
of cations on the OS pathways, the cDFT-MD simulations
were repeated with Li+ or K+ (Figure S15d). Initially, O2,sol
and O2

�
sol form complexes with both cations, but only the

K+� O2 complex remains stable throughout the 10 ps simu-
lation. Li+ is more reactive, and the initial Li+� O2 complex
reacts with an interfacial water molecule, leading to the
formation of Li+� OOH and OHad within 1 ps.
The calculations show that O2

�
sol is substantially more

reactive than O2,sol. In both LiOH and KOH, the O2
�
sol

coordinates with the corresponding cation (M+) for a few

picoseconds before abstracting a proton from a water
molecule close to the Pt surface, leading to the formation of
M+� OOH� and OHad. Due to the unstable and highly
reactive nature of O2

�
sol in cation-containing solutions, we

were unable to extract kinetics from these simulations.
However, qualitative observations show that both the Li+

and K+ have a clear impact on the OS-ET ORR steps as
they form complexes with O2,sol, O2

�
sol, and peroxide species,

and control which species form during the simulation. Our
simulations show that Li+ activates O2,sol and O2

�
sol towards

the formation of peroxide species more strongly than K+ or
pure water. We interpret this as evidence for Li+ catalyzing
the OS pathways in agreement with our experimental
measurements. The simulations also show that O2,sol/O2

�
sol

abstract protons exclusively from near-surface water mole-
cules producing OHad, which suggests that peroxide forma-
tion cannot take place without interfacial water molecules
and vacant Pt sites for OH adsorption.

Understanding the Electrolyte-Dependency in Alkaline ORR on
Pt(111)

Our experimental and computational results explain why the
alkaline ORR mechanism on Pt(111) depends strongly on
the electrolyte. We extend the cation-dependent OHad
stabilization model suggested by Marković’s group,[3a] by
showing that cations directly control both the IS and OS
pathways. For the IS pathway, our results demonstrate that
the OHad/Oad stability depends on the cation. Compared to
K+, Li+ destabilizes Oad relative to OHad by �0.05–0.1 eV in
accordance with recent findings.[12] Li+ and K+ were found
to promote OS pathways, which are unfavourable in pure
water. The presence of Li+ makes O2,sol more likely to
participate in OS-ET and OS-PCET, while in K+ solutions,
the more stable K+-O2,sol does not participate in any reaction
during the simulation timescale. Any O2

�
sol formed through

OS-ET in either pure water or electrolyte solutions readily
reacts with a water molecule near the surface, resulting in
the formation of OHad followed by either HO2

�
sol or H2O2,sol.

Together, these observations explain why the formation of
the peroxide species coincides with the adsorption potentials
of O and OH in electrolyte solutions. Overall, these findings
show that the cations have a dual role in alkaline ORR: they
affect both the IS and OS pathways through surface cover-
ages and by controlling OS-ET and OS-PCET steps.

Table 1: Computed energy barriers (E‡), grand free energy barriers (Ω‡), reaction energies (ΔE), and KIEs for IS-PCET steps. KIE TST indicates KIE
computed from GCE-DFT energies using the harmonic TST based on vibrational frequencies (Supporting Information Eq. S35). KIE SC-hTST
corresponds to the semiclassical harmonic TST expression accounting for the tunneling prefactor k (Eq. S35). ω‡ is the imaginary vibrational
frequency at the TS.

Reaction Potential [VRHE] E‡ [eV] Ω‡ [eV] ΔE ω‡ [cm� 1] ĸ KIE TST KIE SC-hTST

O2!OOHad 0.73 0.11 0.07 � 0.11 1821 3.9 5.8 4.3
1.13 0.14 0.12 � 0.01 734 1.7 3.5 4.3

O!OHad 0.73 0.12 0.06 � 0.56 455 1.2 2.1 2.1
1.13 0.29 0.26 � 0.47 804 2.0 1.5 1.6
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The above mechanisms, summarized in Figure 4, allow
us to explain the cation-dependent hysteresis shown in
Figure 3 and previous studies.[18] The differences in the
polarization curves of Figure 3a are attributed to i) the
cation-dependent O/OH coverages (Figures 2 and S15)
controlling surface blocking determining the IS-ORR activ-
ity, and ii) the OS-ORR activity evidenced by the ring
currents in Figure 3c. During the PGS, the ORR proceeds
primarily via an IS pathway in both LiOH and KOH
solutions, and the cation-dependency arises from the stabili-
zation of OHad relative to Oad, blocking O2 adsorption. The
KH/D value of �1.5 in KOH indicates that, during the PGS,
the RDS is water dynamics or a PCET step, most likely O
conversion to OH. In contrast, during the NGS, the ORR
mechanisms are different in KOH and LiOH solutions.
During the NGS in KOH, the ORR kinetic current is
significantly lower than during the PGS, and stable OHad or
Oad species inhibit the IS-ORR pathway by surface blocking
(Figure 4, top). In LiOH, PtO is not formed in the potential
range considered because OHad is more stable. Li

+ also
facilitates the formation and accumulation of solvated
species, such as O2

�
sol and HO2,sol, near the surface through

OS steps during the NGS (Figure 4, bottom). A KH/D of
�1.5 for the NGS in LiOH indicates that the RDS involves
water dynamics or a proton transfer. This in turn, suggests
that either an OS-PCET or an associative mechanism with
both IS and OS steps might create HO2

� (HO2
�
ad/O2

�
ad

$HO2
�
sol/O2

�
sol).

[17b] The computed KIEs for the Oad!OHad
step provide are in good agreement with the measured KH/D

and strongly support the recent conclusion[12] that this step is
not only the RDS of alkaline ORR but that its kinetics
control the overall ORR activity.

Conclusion

We addressed the ORR mechanisms, kinetics, and selectiv-
ity in alkaline media on a well-defined system, Pt(111), with
different cations using experimental and computational
methods. Our results show that electrolyte cations qualita-

tively and quantitatively modify the alkaline ORR
chemistry. Our study uncovers a novel dual-cation effect,
where the electrolyte simultaneously impacts both the IS
and OS-PCET pathways by 1) controlling the formation of
surface-blocking adsorbed species (OHad and Oad) through
OHad stabilization relative to Oad and 2) stabilizing O2

�
sol/

HO2
�
sol, which both influence the selectivity between IS and

OS pathways. Overall, our findings have important implica-
tions for the role of cations and outer-sphere pathways in
ORR and electrocatalysis in general, emphasizing the need
to account for the full complexity of the electrochemical
interface and various mechanistic scenarios when designing
electrocatalytic systems.
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Figure 4. Schematic mechanisms for alkaline ORR on Pt involving IS and OS electron transfer and proton-coupled electron transfer. The IS
mechanism during PGSs and NGSs in K+- and Li+-containing solutions (top). The OS mechanism during the NGS in Li+-containing solution
(bottom). The white arrows around the cations denote the direction of the hydration water dipoles. The dotted lines between the hydrated cations,
OHad (Oad), and ORR intermediates denote non-covalent interactions.
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Cations Determine the Mechanism and
Selectivity of Alkaline Oxygen Reduction
Reaction on Pt(111)

The electron/proton transfer (ET/PT)
mechanism of the alkaline oxygen reduc-
tion reaction (ORR) on the Pt(111)
electrode is dependent on electrolyte
cations. In KOH, the 4e� inner-sphere
(IS) ET/PT pathway proceeds on the
surface, and adsorbed oxide species
block the IS pathway. In LiOH, adsorbed
OH and interfacial water stabilized by
hydrated Li+ promote the 2e� outer-
sphere (OS) ET/PT pathway in parallel
with the IS pathway.
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