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ABSTRACT: Cation effects are frequently observed for electro-
chemical reactions that take place at strongly reducing potentials.
But a clear understanding of when cation effects will be observed
for chemistries like the oxygen reduction reaction (ORR), which
occurs at more mildly reducing potentials, has not been
developed. Here, based on the results of experimental and
computational studies, we propose that the potential of zero total
charge (PZTC) predicts whether ORR rates will be influenced by
alkali metal cation size. For metals whose PZTC is positive of the
ORR potential window (Pt, Ir, Ru, and Au), the surface is
negatively charged during catalysis, allowing cations to accumu-
late in the double layer and influence the stability of reaction
intermediates. For these metals, ORR rates increase with cation
size (Li+ < Na+ < K+ < Cs+). We argue that interfacial cations decrease *OH poisoning over strongly binding catalysts whose
rates are limited by product desorption and decrease the apparent activation barrier for O2 adsorption over weakly binding
catalysts. Conversely, for metals whose PZTC is negative of the ORR potential window (Ag and Pd), the surface is positively
charged; therefore, cations are electrostatically repelled from the surface under reaction conditions. Their corresponding ORR
rates are insensitive to the electrolyte composition.

Technologies based on electrocatalysis hold promise for
decarbonizing chemical manufacturing processes and
storing energy from intermittent renewable electricity

sources in chemical bonds.1 Extensive research has been done
to advance these technologies by developing highly active and
stable electrocatalyst materials.2,3 Complementary to these
efforts, there has also been significant recent interest in
enhancing catalytic performance by tuning the composition of
the electrolyte in which the reaction takes place.4 Specifically,
the identity of alkali metal cations in the electrolyte has been
shown to consistently affect rates for a variety of electro-
catalytic reactions including CO2 reduction, hydrogen
evolution, hydrogen oxidation, and methanol oxidation.5−7

However, for electrochemical reactions occurring at more
positive electrochemical potentials, such as the oxygen
reduction reaction (ORR) and the oxygen evolution reaction,
cation effects are less general.8−10 For instance, for the ORR in
alkaline electrolytes, cation effects are only sometimes
observed, depending on the nature of the catalyst sur-
face.7,11−15 An explanation for why cation effects are observed
for some catalytic materials, but not for others, is needed.

Here, we argue that the metal’s potential of zero total charge
(PZTC), or the potential at which the surface carries no excess
charge in the presence of adsorbates, effectively predicts
whether cation effects will be observed over a particular metal
surface. We use the ORR as a probe reaction because its
equilibrium potential lies close to the potential of zero charge
(PZC) of many transition metals. Additionally, the ORR is
practically important for fuel cell and water purification
technologies.16−19 Experimentally, we measured ORR rates
and selectivities over a series of polycrystalline and carbon-
supported metal catalysts (Pt, Ir, Ru, Au, Ag, and Pd) in LiOH,
NaOH, KOH, and CsOH electrolytes. Over Pt, Ir, Ru and Au,
ORR rates increased with cation size (Li+ < Na+ < K+ < Cs+)

Received: July 12, 2024
Revised: August 11, 2024
Accepted: August 29, 2024

Letter

http://pubs.acs.org/journal/aelccp

© XXXX American Chemical Society
4724

https://doi.org/10.1021/acsenergylett.4c01897
ACS Energy Lett. 2024, 9, 4724−4733

D
ow

nl
oa

de
d 

vi
a 

IN
D

IA
N

 I
N

ST
 O

F 
T

E
C

H
 M

A
D

R
A

S 
on

 S
ep

te
m

be
r 

12
, 2

02
4 

at
 0

4:
36

:2
9 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jay+T.+Bender"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rohan+Yuri+Sanspeur"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Angel+E.+Valles"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alyssa+K.+Uvodich"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Delia+J.+Milliron"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="John+R.+Kitchin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="John+R.+Kitchin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joaquin+Resasco"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsenergylett.4c01897&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.4c01897?ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.4c01897?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.4c01897?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.4c01897?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.4c01897?fig=tgr1&ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsenergylett.4c01897?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/aelccp?ref=pdf
https://http://pubs.acs.org/journal/aelccp?ref=pdf
https://pubs.acs.org/page/policy/editorchoice/index.html


while rates were insensitive to cation identity over Ag and Pd.
ORR selectivity was not affected by cation size over Pt, Ir, Ru,
Ag, and Pd but increased to favor H2O2 production with
increasing cation size over Au.
To explain this behavior, we propose that the potential

window where the ORR occurs for a particular metal relative
to its PZTC predicts whether cation effects will be observed
for the ORR. For metals where the ORR occurs negative of the
PZTC, the negative charge of the surface during catalysis
drives cations toward the interface where they modify the
electric field experienced by the ORR reaction intermediates.
Over metals where the ORR occurs positive of their PZTC, the
surface is positively charged during catalysis, so it repels cations
from the interface. Thus, the electric field experienced by ORR
reaction intermediates at the interface is the same regardless of
cation size. Surface charge density has been used to understand
trends with cation size for the hydrogen evolution reaction and
the electrochemical CO2 reduction reaction, but has not been
used to understand cation effects on the ORR or to predict
when cation effects will be observed.20−22

The central role of the PZTC in governing cation effects is
supported by our density functional theory (DFT) calcu-
lations, which estimate the PZTC of low Miller index metal
surfaces, accounting for the presence of relevant coverages of
adsorbed hydroxide (*OH) and adsorbed oxygen (*O). Our
study rationalizes why cation effects are observed for the ORR
over some metals and not others and ultimately furthers two
key criteria for electrochemical reactions to be sensitive to the
choice of electrolyte cation: the reaction needs to occur at a
potential negative of the metal’s PZTC and the rate-
determining elementary steps need to involve intermediates
or transition states that are field-sensitive. These criteria may

provide insights for predicting cation effects for novel
electrochemical reactions and identify future opportunities to
optimize electrocatalytic rates by changing the environment
surrounding the active site.

■ UNDERSTANDING HOW CATIONS AFFECT THE
ORR MECHANISM

To examine the effect of alkali metal cations on the ORR,
rotating ring-disk electrode (RRDE) activity measurements
were conducted over a series of commercially available
polycrystalline metals (Pt(poly), Au(poly), Ag(poly), Pd-
(poly)) and carbon-supported metal nanoparticle catalysts
(Pt/C, Ir/C, Ru/C, Au/C, Pd/C). Cyclic voltammograms
were measured in an Ar-saturated electrolyte of pH = 13
containing 0.1 M XOH (where X = Li, Na, K, Cs) (Figure S1)
followed by the same electrolyte saturated with O2. To report
ORR activity, the current response of the Ar-saturated
solutions was subtracted from the current response of the
O2-saturated solutions (Figure S2).23 To investigate if
observed trends in total ORR current with cation size were
due to changes in ORR selectivity between the 4e− and 2e−

pathways, the Pt ring was held at 1.1 V versus RHE and the
ring current was recorded at each disk potential (Figure S3).
Selectivity for the 2e− ORR was calculated by dividing the ring
current by the disk current and scaling the quotient by the ring
collection efficiency (Figure S4).24 The ring collection
efficiency in each electrolyte was determined using K3Fe(CN)6
(Figure S5).24 The RRDE selectivity trends were confirmed
using Koutecky−́Levich analysis, by measuring ORR activity at
100, 400, 900, 1600, and 2500 rpm (Figures S6−S14). Finally,
to understand why ORR rates depend on cation size, we
measured the hydroxide reaction order over the Pt(poly)

Figure 1. Cation effects for the ORR over transition metal surfaces. Over (a) Pt/C and Pt(poly), (b) Ir/C, (c) Ru/C, and (d) Au/C and
Au(poly), increasing cation size increases ORR activity quantified by the half-wave potential (V vs RHE). Over (e) Ag(poly) and (f) Pd/C
and Pd(poly) ORR rates are not affected by cation size. All electrolytes contained 0.1 M XOH (X = Li, Na, K, Cs). The half-wave potentials
were extracted from cyclic voltammetry scans in the anodic direction and are corrected for 85% of the solution resistance.
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catalyst in 0.1, 0.2, 0.5, and 1.0 M XOH electrolytes and
apparent activation barriers over the Au(poly) catalyst in each
0.1 M electrolyte between 25 and 50 °C (Figures S15−S18).
Further experimental details are available in the Supporting
Information (SI) (Sections S1−S5).
Figure 1 shows two different trends among transition metal

catalysts. Over Pt/C, Pt(poly), Ir/C, Ru/C, Au/C, and
Au(poly), ORR rates increase with alkali metal cation size.
Here, increases in activity are represented by an increase in the
half-wave potential (Figure 1a−d) versus the reversible
hydrogen electrode (RHE). The half-wave potential is the
electrode potential required to reach a current density that is
halfway between zero and the mass-transfer-limited current
value. Conversely, ORR rates over Ag(poly), Pd/C, and
Pd(poly) are not affected by cation size (Figure 1e,f). ORR
rates over carbon-supported metal nanoparticle catalysts were
greater than rates over polycrystalline metal catalysts due to
their higher surface area (Figure 1a,d,f). Our results are
consistent with prior work showing increasing ORR activity
with cation size over Pt/C,7,11,25,26 Pt(poly),7,27 Ir,13 and Ru13

and no cation effect over Ag28,29 and Pd.11,15 Finally, all
measured ORR activity from this study shows good agreement
with benchmark data in prior work.7,11,25−30 Benchmark
comparisons are available in the SI (Section S9 and Figure
S19).
For the ORR, H2O2 desorbs as a product if the O−O bond

in *OOH is not broken (eq 1b). Gold exhibits relatively high
selectivity to H2O2 due to its exceptionally weak interaction
with oxygen. All materials except Au(poly) and Au/C showed
full selectivity for the 4e− ORR pathway toward H2O (Figure
S4), consistent with prior work,26,28,31,32 while selectivity for
the 2e− ORR pathway toward H2O2 increased with cation size
over Au(poly) and Au/C (Figure 2).31,32 Koutecky−́Levich

analysis confirmed the RRDE selectivity trends (Figures S6−
S14). Finally, the same trends in Figure 1 and Figure S2 were
observed when accounting for only the 4e− ORR current.
To understand the effect that cations have on the ORR rates,

we can consider the ORR mechanism. Here, we assume the
ORR proceeds through an associative mechanism via 4 proton-
coupled electron transfer (PCET) elementary steps:33−35

+ + + * *+ FO (H e ) ( ) OOH2 (1a)

* + * * + *FOOH ( ) O OH (1b)

* + + *+ FO (H e ) OH (1c)

* + + + *+ F2( OH (H e ) H O ( ))2 (1d)

where (*) denotes a catalytic active site. We note that although
the mechanism is written as a series of PCET steps, the H+

source under alkaline conditions is water via its dissociation
(H2O → H+ + OH−), rather than protons/hydronium ions. It
is generally accepted that the entry step of the reaction (eq 1a)
is rate limiting over noble metals such as Au and Ag while the
removal of adsorbed hydroxide (eq 1d) is rate limiting over
reactive metals such as Pt, Ir, Ru, and Pd.17,34 Tafel analysis of
the kinetic current density showed an increase in Tafel slope
from ∼60 to ∼120 mV/dec with increasing overpotential over
all metal surfaces in all electrolyte compositions (Figure S20).
Recent work has argued that this shift in Tafel slope is due to
changes in *OH surface coverage (θOH) and does not
necessarily mean that all metals share the same rate limiting
step.35 More details on the Tafel analysis and kinetic modeling
are given in the SI (Section S10, Figures S21 and S22).
Previous studies have attributed cation effects to changes in

interfacial electric fields and the resulting impact on adsorbed
reaction intermediates.5,36−41 Strong interfacial fields (de)-
stabilize intermediates and transition states with large dipole
moments and polarizabilities,5,36,41 and field strength increases
with alkali metal cation size.5,20 The resulting influence on
rates depends on the field sensitivity of the adsorbates involved
in kinetically relevant elementary steps, the orientation of their
dipole, and the surface charge. For example, for electro-
chemical CO2 reduction, the effect of the field is most notable
on CO2 activation and C−C bond formation steps.36,39

Applying this model here, the relevant reaction intermediates
of the oxygen reduction reaction (*OOH, *O, and *OH) have
large dipole moments, meaning that changes in interfacial field
strength could have a strong influence on ORR rates.42,43 In
particular, recent DFT calculations suggest that an increasingly
negative electric field toward the catalyst surface could
facilitate O2 activation on weakly binding catalysts and slightly
destabilize adsorbed hydroxide on strongly binding catalysts.42

Alternatively, other work has implicated noncovalent
interactions between electrolyte cations and adsorbed hydrox-
ide to explain observed cation effects.7 The size effect stems
from an increase in the concentration of hydrated cation
clusters with increasing cation hydration energy and decreasing
size.7 These clusters “block” metal active sites, with the extent
of site-blocking being dependent on the oxophilicity of the
metal.13 These models suggest that a high θOH is necessary to
observe cation effects. Consistent with that requirement, these
authors did not observe cation effects for the ORR over Au
catalysts.12,44 Similarly, in this study, we did not observe a
cation effect over Ag(poly) (Figure 1e). However, in this
study, we observe a notable cation effect over both Au/C and
Au(poly) (Figure 1d). A model based on cations coordinating
with *OH to form site-blocking complexes would fail to
explain why cation effects were observed over Au but not over
Ag and the fact that cation effects are observed for other
reactions where *OH does not play a significant role.5,20,45−47

Knowing the elementary steps that control rates over
different catalysts, we can experimentally interrogate the role

Figure 2. Cation effects on selectivity for the 2e− ORR pathway
toward H2O2 over Au. RRDE measurements indicated increasing
selectivity toward H2O2 with cation size over (a) Au(poly) and (b)
Au/C. All electrolytes contained 0.1 M XOH (X = Li, Na, K, Cs).
The ring was held at 1.1 V vs RHE, and the current response was
measured during simultaneous cyclic voltammetry at 10 mV/s and
1600 rpm at the disk. The data shown represent the scan in the
anodic direction and are corrected for 85% of the solution
resistance.
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of cation size for each class of transition metal. To understand
cation effects for strongly binding catalysts whose ORR rates
are limited by *OH removal (eq 1d), OH− concentration
dependent measurements were conducted over Pt(poly)
(Figure S15). The reaction order in XOH (where X = Li,
Na, K, or Cs) (δXOH) becomes less negative with applied
potential and increasing cation size (Figure 3a). The negative

order indicates that *OH poisons strongly binding catalysts,
including Pt. δXOH increasing with cation size provides
evidence for the idea that the extent of *OH poisoning
decreases with increasing cation size.7,13 We determined δXOH
on the standard hydrogen electrode (SHE) potential scale
because we were interested in determining how cation-
mediated electric fields influence *OH desorption, and the
electric field strength depends on the absolute potential of the
electrode. We further compared ORR rates in electrolytes
containing 0.1 M NaOH + 0.1 M NaClO4 (Figure S16a) and
0.1 M KOH + 0.1 M KClO4 (Figure S16b) with ORR rates in
electrolytes containing only 0.1 M NaOH or KOH to examine
the role of X+ concentration separately from OH− concen-
tration. We observed that X+ concentrations of >0.1 M did not
affect kinetic ORR rates. Further analysis was precluded by the
fact that some alkali metal salts are insoluble at high
concentrations or contain anions that are known to strongly
adsorb to metal catalysts and influence reactivity.48 To
understand the influence of cations on the ORR over weakly
binding catalysts whose rates are limited by O2 adsorption (eq
1a), we conducted temperature-dependent activity measure-
ments over Au(poly) (Figure S17). Figure 3b shows Arrhenius
plots for the ORR in each electrolyte. At a fixed overpotential
of η = 400 mV, we observed that the apparent activation
barrier (EA,apparent) decreased from 40.0 to 21.7 kJ/mol with
increasing cation size. We also determined EA,apparent over a
fixed applied potential range and similarly found that EA,apparent
decreased with increasing cation size (Figure S18). Both
experimental sets of data in Figure 3 are consistent with recent
DFT calculations which demonstrate that increasingly negative
interfacial fields increase ORR rates over both strongly binding
and weakly binding catalysts.42 The reaction order results
(Figure 3a) are compatible with arguments based on cations
forming site-blocking complexes with *OH, but the EA,apparent
trends (Figure 3b) are not. The measurements in Figure 3b

and Figure S18 suggest that cations’ primary role is not to
block active sites. A change in the number of accessible or
highly active sites would change only the intercept of each
Arrhenius plot and not its slope.

■ UNDERSTANDING WHEN CATION EFFECTS WILL
BE OBSERVED FOR THE ORR

Having identified that cations can modulate reaction rates,
likely through a field effect, we now attempt to rationalize why
cation effects were observed for the ORR over some metal
catalysts but not for others. The concentration of hydrated
cations at the solid−liquid interface increases as the electrode
is polarized to increasingly negative potentials relative to the
surface’s potential of zero charge. This can be described using
the surface charge density (σ), according to21

= ·C E E( )gap SHE PZC (2)

where Cgap is the gap capacitance,20,49 ESHE is the applied
potential versus the standard hydrogen electrode, and EPZC is
the potential of zero charge. σ is roughly proportional to the
interfacial electric field. A higher interfacial cation concen-
tration correlates with an increased surface charge density and
larger interfacial electric field strength.20 When ESHE < EPZC
and σ is negative, cations accumulate at the electrochemical
interface. At a fixed potential ESHE, the interfacial cation
concentration changes due to differences in the cation
solvation energy. Smaller, more strongly solvated cations are
less willing to break their interactions with solvent molecules
and interact with the electrode.20,42 Thus, with increasing
cation size, the interfacial cation concentration and Cgap
increases, leading to larger σ and a stronger interfacial field.
When ESHE > EPZC, and σ is positive, cations do not accumulate
at the interface, resulting in insignificant differences in the field
experienced by adsorbates and thus no cation effects.50

Reactions in which cation effects are consistently observed,
such as the alkaline hydrogen evolution reaction and
electrochemical CO2 reduction, occur at potentials significantly
negative of the PZC of transition metals. On the other hand,
the ORR occurs at more positive potentials, closer to the PZC
of metals.51−54 We propose that the PZTC can serve as a
descriptor to predict whether cation effects will be observed for
the ORR. We use the PZTC, rather than the PZC, as it
accounts for adsorbate coverage, which can be high for some
metals during the ORR. However, we compare our
experimental results and ensuing PZTC calculations with
literature PZC values because literature PZTC values specific
to the alkaline oxygen reduction reaction are not available. We
note that reliably measuring the PZC in the absence of
electrolyte adsorption, known as the potential of zero free
charge (PZFC), is challenging and that reported literature PZC
values may be more representative of the metal’s PZTC.55 For
further discussion of the differences between the PZC, PZTC,
and PZFC, we refer readers to prior work.53,56,57 For metals
that we experimentally observed to display cation effects for
the ORR (Figure 1a−d), their experimental ORR potential
window was negative of previously published PZC values for
close-packed metal surfaces, with the exception of Ru. (Table
1).51,52 The resulting negative surface charge would electro-
statically attract cations to the catalyst interface, where they
can influence ORR rates (Figure 4a). For Ru, we attribute the
discrepant prediction to high *O coverage, which is captured
by our PZTC calculations, as discussed below. For metals that

Figure 3. Understanding the role of cation size over strongly
binding and weakly binding ORR catalysts. (a) The reaction order
in hydroxide (δXOH) increases with cation size over Pt(poly).
These measurements were conducted in 0.1, 0.2, 0.5, and 1.0 M
electrolyte concentrations. (b) Arrhenius plot used to extract
apparent activation energies from kinetic current density (jk) at a
fixed overpotential of η = 400 mV for ORR over Au(poly).
EA,apparent decreases with cation size over Au(poly).

ACS Energy Letters http://pubs.acs.org/journal/aelccp Letter

https://doi.org/10.1021/acsenergylett.4c01897
ACS Energy Lett. 2024, 9, 4724−4733

4727

https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.4c01897/suppl_file/nz4c01897_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.4c01897/suppl_file/nz4c01897_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.4c01897/suppl_file/nz4c01897_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.4c01897/suppl_file/nz4c01897_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.4c01897/suppl_file/nz4c01897_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.4c01897/suppl_file/nz4c01897_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.4c01897?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.4c01897?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.4c01897?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.4c01897?fig=fig3&ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.4c01897?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


did not show cation effects (Figure 1e,f), their experimental
ORR potential window was positive of previously published
PZC values (Table 1), resulting in a positively charged surface
that repels cations from the interface (Figure 4b).51,52

Consistent with this hypothesis, recent experimental work
used in situ X-ray photoelectron spectroscopy to confirm the
presence of cations at electrocatalytic interfaces negative of
their PZC, concurrent with an observation of cation effects for
the ORR.43

To understand whether these effects could be captured
computationally, we performed DFT calculations on the (111),
(100), and (110) surfaces of Pt, Ir, Au, Ag, and Pd and on the
(0001), (10−10), and (10−11) surfaces of Ru using the
semiautonomous WhereWulf f workflow.58 As we expected
simulating adsorbate coverage would be important to
estimating surface charge, we used WhereWulf f to calculate
surface Pourbaix diagrams including *OH and *O adsorbates
to determine the relevant ORR coverages under experimental
conditions (Figures S23−S28). Then, WhereWulf f artificially
applied an electric field at each ORR elementary step at 0.80 V
versus RHE at the coverage predicted by the metal’s surface
Pourbaix diagram by changing the excess number of electrons

in the metal slab. This potential was selected because
experimentally all metals displayed a Faradaic ORR current
at 0.80 V versus RHE. Next, WhereWulf f calculated the slab’s
change in electric potential versus SHE in response to applying
the field.59,60 Finally, the PZTC was determined by fitting
these single-point data to a continuous parallel plate capacitor
model which contained the PZTC as a variable (Figure 5 and
Figures S29−S34).61 Generally, the adsorbate coverage
predicted at the PZTC was the same as the coverage at 0.80
V vs RHE (Figures S23−S28). We note here that the
calculated PZTC differs slightly from the PZTC derived from
experimental measurements. The calculations allow us to
estimate the potential at which the metal surface is free of
excess charge, accounting for adsorbate coverage, but does not
accurately capture the charge transferred from the adsorbate to
the surface experimentally during the chemisorption process.
Computational details are available in the SI (Section S6).
Figure 5 shows the free energy of each metal as a function of

applied potential with different adsorbates present. The free
energy follows the expected quadratic behavior with each
adsorbate having a different response to the interfacial field
depending on its orientation, dipole moment, and polar-
izability.36,42,61 The maxima of each parabola, plotted as a
dashed bar along the x-axis, correspond to the PZTC at that
elementary step based on each of the reaction intermediates.
Beneath each plot are illustrations of the metal surfaces at each
elementary step with the surface coverage termination returned
by WhereWulf f representative of ORR reaction conditions.
Finally, the experimental ORR half-wave potential in 0.1 M
KOH is plotted as a dashed blue line to qualitatively compare
the experimental results with our model. Over Pt(111),
Ir(111), Ru(0001), Au(111), and Pd(111) surfaces, the
calculated PZTC was positive of the experimental ORR
potential window (Figure 5a−d,f). On the other hand, over
Ag(111), the calculated PZTC was negative of the
experimental ORR potential window (Figure 5e). Our
computational model rationalizes the experimentally observed
cation effects over Pt, Ir, Ru, and Au catalysts (Figure 1a−d)
and the absence of cation effects over Ag (Figure 1e). All Pd
surfaces had calculated PZTC values positive of their ORR
potential window (Figure 5f and Figure S34) despite no cation
effects being experimentally observed (Figure 1f). Possible
reasons for this discrepancy are discussed later on. Otherwise,
the same trends for metals with and without cation effects were
also observed over all other metal (100), (110), (10−10), and
(10−11) surfaces (Figures S29−S33).
Our model accurately predicted that cation effects should be

observed over Au/C and Au(poly) (Figure 5d) despite
WhereWulf f returning a bare surface termination over
Au(111) and Au(110) (Figure S26a,c). This suggests that
high θOH is not a requirement to observe cation effects, and
that cations’ primary role in mediating ORR catalysis is not site
blocking. Instead, our EA,apparent results (Figure 3b) suggest that
increasing cation size lowers the barrier for O2 adsorption (eq
1a) over Au by modifying the interfacial electric field strength.
This is supported by prior microkinetic modeling studies
which show that strong negative fields stabilize *O2 or *OOH.
As O2 adsorption (eq 1a) is the sole kinetically relevant step
over Au surfaces, this predicted an increase in ORR rates.42

While WhereWulf f predicted a 1/8 monolayer *OH termi-
nation over Au(100) (Figure S26b), consistent with prior
studies,61 all three Au facets studied had calculated PZTC
values positive of the experimental ORR potential window

Table 1. Comparison between Experimental Half-Wave
Potentials, Available Literature PZC Values, and PZTC
Values of Pt, Ir, Au, Ag, Pd (111), and Ru (0001) Surfacesa

Catalyst
Half-wave V
(vs SHE) Literature PZC (vs SHE)

Our PZTC (vs
SHE)

Pt/C 0.11; Cation
effect

0.27;51 0.2;52 Predicts cation
effect

0.92; Predicts
cation effect

Pt(poly) 0.032; Cation
effect

0.27;51 0.2;52 Predicts cation
effect

0.92; Predicts
cation effect

Ir/C −0.048;
Cation effect

−0.02;51 0.13;51 Predicts
cation effect

0.68; Predicts
cation effect

Ru/C 0.033; Cation
effect

−0.48;64 Predicts no cation
effect

0.30; Predicts
cation effect

Au(poly) 0.012; Cation
effect

0.51;51 0.50;52 Predicts cation
effect

0.33; Predicts
cation effect

Ag(poly) −0.11; No
cation effect

−0.45;51 −0.70;51 −0.60;52
Predicts no cation effect

−0.39; Predicts
no cation
effect

Pd(poly) 0.089; No
cation effect

0.21;54 Predicts cation effect 0.58; Predicts
cation effect

aIn each table entry we note if cation effects were experimentally
observed and if PZC/PZTC values would predict cation effects.

Figure 4. Proposed scheme for the PZTC predicting cation effects
for the oxygen reduction reaction. (a) Over metal surfaces where
the ORR occurs negative of the PZTC, the negative surface charge
density (−σ) allows cations to accumulate near the surface to
mediate the electric field experienced by ORR reaction
intermediates. (b) Over metal surfaces where the ORR occurs
positive of the PZTC, the positive surface charge density (+σ)
prevents cations from accumulating at the surface, resulting in a
low cation concentration and no cation effect.
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(Figure 5d and Figure S32). Furthermore, cation effects were
not experimentally observed over Pd despite WhereWulf f
returning an *OH terminated surface over all three facets
(Figure S28), further suggesting that high θOH does not
generally predict whether cation effects will be observed. The
influence of cations on ORR reaction rates is thus more
consistent with a field effect than prior models that attribute
ORR cations forming site-blocking complexes with adsorbed
ORR reaction intermediates.
In our proposed mechanism, the relationship between the

PZTC and the experimental potential where the ORR occurs
should govern the emergence of cation effects. The half-wave
potentials from our experiments in 0.1 M KOH electrolytes are

compared to our calculated PZTC values for the close-packed
surfaces and to available literature PZC values in Table 1. The
same comparisons are available for the (100) and (110) or
(10−10) and (10−11) surfaces in the SI (Section S12, Tables
S1 and S2). The strongly binding metals (Pt, Ir, Ru, and Pd)
have calculated PZTC values significantly more positive than
the literature PZC values. This shift likely occurs because these
reactive metal surfaces have a high *OH or *O coverage under
ORR conditions. Specifically adsorbed oxygen intermediates
withdraw electrons from the metal surface, leading to a
significant offset between PZC and PZTC values.61 For the Ru
catalyst, accounting for the specific adsorption of *O in the
PZTC calculations allowed the model to properly predict

Figure 5. PZTC calculations for metal close-packed surfaces at each ORR elementary step. Over (a) Pt(111), (b) Ir(111), (c) Ru(0001), (d)
Au(111), and (f) Pd(111), the PZTC for all ORR intermediates (colored dashed bars) are positive of the experimental ORR half-wave
potentials (dashed blue vertical lines). Over (e) Ag(111), the PZTCs for all ORR elementary steps are negative of the ORR half-wave
potential. Beneath each plot are illustrations of the metal surfaces with adsorbate coverage representative of ORR experimental conditions
that the calculations were performed on.
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cation effects compared to the PZC value from the literature.
Weakly binding metals (Au and Ag) have calculated PZTC
values that are closer to the PZC values from the literature
because these surfaces are free of significant coverages of
adsorbates, which alter the surface charge of the metal. We
calculated PZC values of completely bare metal surfaces and
compared them to our PZTC values (Tables S3−S5). Other
than the Ru catalyst, calculating the PZTC accounting for
specific adsorption did not change the prediction of whether
cation effects would be observed compared to using our
calculated PZC. Finally, we compared our PZC and PZTC
values from Tables S3−S5 with available literature metal work
function values (Figure S35).62 The linear relationship
between the PZC and work function (Figure S35a) agrees
well with prior reports.63 Including *OH or *O coverage
slightly increases the PZC, and this offset between the PZTC
and PZC was greater for more oxophilic metals (Pt, Ir, Ru, and
Pd) than for noble metals (Au and Ag) (Figure S35b).
Accurately estimating the PZTC of transition metal surfaces

with computational methods is challenging.52,60,65,66 Using
implicit solvation models, as we have done in this work,
introduces inaccuracies, particularly for metals with work
functions exceeding ∼5.5 eV such as Pt, Ir, and Pd. These
reactive metals strongly adsorb water, causing a greater
electron redistribution and larger difference between the
metal’s work function and PZC.67 Continuum solvation
models are not able to accurately account for specific
adsorption of water, causing an overestimation of the PZC
by ∼0.40 V for reactive metals compared to noble
metals.52,62,65 Here, if the calculated PZTC values for Pt and
Ir were lowered by 0.40 V, cation effects would still be
correctly predicted across all three Pt and Ir surface
terminations. For Pd, lowering its calculated PZTC by 0.40
V would result in a PZTC closer to experimental PZC values.
Using this PZTC, we would predict cation effects to be
observed over Pd(111) but not over Pd(100) and Pd(110).
Interestingly, this exact facet dependence is observed in studies
over Pd single-crystal surfaces.15 The absence of cation effects
in our polycrystalline Pd data may reflect activity from (100)
or (110) terminations or less highly coordinated Pd sites.
Overall, our continuum solvent calculations were able to
capture nearly all of the observed experimental trends while
allowing us to understand the influence of adsorbate coverage.
Explicit solvent calculations have also been considered to

calculate the PZC of metal surfaces. Beyond the significant
increase in computational cost, use of an explicit solvent may
not increase the accuracy of PZC calculations68 and introduces
additional uncertainty due to the difficulty in properly
equilibrating the solvent/vacuum and solvent/catalyst inter-
faces.69 Even for well studied surfaces such as Pt(111), PZC
values calculated using ab initio molecular dynamics simu-
lations vary from 0.2 to 0.6 V versus SHE.52,70−72 Alternatively,
correlations between descriptors such as water or *OH binding
energies can be used to estimate PZC values to avoid having to
do costly ab initio molecular dynamics calculations.64,67 Ideally,
experimentally measuring the PZTC for metals under ORR
reaction conditions would provide the most accuracy.56,73−76

Regardless of the model used to explain cation size effects,
the electrochemical conditions need to be favorable to provide
a driving force to bring alkali metal cations to the catalyst
surface (Figure 4a). To satisfy this electrostatic requirement,
the reaction needs to occur negative of the metal’s PZTC. We
demonstrated this principle by comparing Pt, Ir, Ru, and Au

catalysts (Figure 1a−d) whose ORR operating potentials were
negative of their calculated PZTC values (Figure 5a−d) with
the Ag catalyst (Figure 1e) whose ORR operating potential
was positive of its calculated PZTC value (Figure 5e). We
hypothesize the reversal of surface charge for Ag would repel
cations from the surface and eliminate cation size dependence
(Figure 4b).50 Furthermore, to observe cation effects, the
reaction must involve reaction intermediates with significant
dipole moments or polarizabilities. We have previously
observed the absence of cation effects for other reactions
under conditions when the reaction occurs negative of the
metal’s PZC.6 However, these mechanisms involve intermedi-
ates that do not have significant surface dipole moments.
In this study, we investigated the effects of alkali cation size

on the activity of transition metal catalysts for the oxygen
reduction reaction in alkaline conditions. ORR reaction rates
increased with cation size (Li+ < Na+ < K+ < Cs+) over several
polycrystalline (Pt(poly) and Au(poly)) and carbon-supported
nanoparticle (Pt/C, Ir/C, Ru/C, and Au/C) catalysts. Over
strongly binding catalysts, whose rates are limited by ORR
product desorption, ORR rates increased with alkali metal
cation size due to decreased *OH poisoning. Over weakly
binding catalysts, whose rates are limited by O2 adsorption,
increasing cation size decreased apparent activation barriers.
We propose that when the ORR occurs negative of the PZTC,
the negatively charged surface allows cations to accumulate in
the double layer and influence reaction rates. On the other
hand, over polycrystalline and carbon-supported nanoparticle
Ag and Pd catalysts, the choice of alkali metal cation had no
effect on ORR rates. We attribute this to the ORR occurring
positive of these metals’ PZTC, preventing cations from
accumulating at the catalyst surface. This hypothesis was
supported by DFT calculations which estimated the PZTC,
accounting for specific adsorption of ORR intermediates to
mimic experimental conditions. We hypothesize that trends
with cation size depend on the interfacial cation concentration,
with larger, weakly solvated cations more readily approaching
the electrode surface. Taken together, this study furthers two
key criteria for electrocatalytic reaction mechanisms to show
cation effects: they must involve reaction intermediates that are
field-sensitive and must occur negative of the metal’s PZTC in
order for cations to be present at the interface.
Developing fundamental principles to rationally influence

the performance of electrocatalysts through electrolyte
engineering is key to advancing the performance of electro-
chemical systems. Through this work, we hope to have
contributed to this understanding. This work could help
identify opportunities in which alkali metal cations can be used
to enhance electrocatalytic rates in practical devices.
Continued experimental studies that use kinetic or spectro-
scopic techniques to understand electrochemical reaction
mechanisms and the structure of electrochemical interfaces
would be of great value.77−83 Combining these studies with
advanced computational models can help further the field of
electrocatalysis.84
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