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Probing the Effects of Acid Electrolyte Anions on
Electrocatalyst Activity and Selectivity for the Oxygen
Reduction Reaction
José A. Zamora Zeledón+,[a, b] Gaurav Ashish Kamat+,[a, b] G. T. Kasun Kalhara Gunasooriya+,[c]

Jens K. Nørskov,[c] Michaela Burke Stevens,*[a, b] and Thomas F. Jaramillo*[a, b]

The local microenvironment at the electrode-electrolyte inter-
face plays an important role in electrocatalytic performance.
Herein, we investigate the effect of acid electrolyte anion
identity on the oxygen reduction reaction (ORR) activity and
selectivity of smooth Ag and Pd catalyst thin films. Cyclic
voltammetry in perchloric, nitric, sulfuric, phosphoric,
hydrochloric, and hydrobromic acid, at pH 1, reveals that Ag
ORR activity trends as follows: HClO4>HNO3>H2SO4>H3PO4>

HCl@HBr, while Pd ORR activity trends as: HClO4>H2SO4>

HNO3>H3PO4>HCl@HBr. Moreover, rotating-ring-disk-elec-
trode selectivity measurements demonstrate enhanced 4e�

selectivity on both Ag and Pd, by up to 35%H2O2 and 10%H2O2

respectively, in HNO3 compared to in HClO4. Relating physics-
based modeling and experimental results, we postulate that
ORR performance depends greatly on anion-related phenom-
ena in the double layer, for instance competitive adsorption
and non-covalent interactions.

1. Introduction

Electrocatalysts are at the forefront of the environmental and
renewable energy revolutions, playing important roles and
offering opportunities in energy storage and conversion,[1]

wastewater treatment,[2] sustainable fertilizer production,[3] etc.
Understanding their behavior under diverse electrochemical
microenvironments including different pH, electrolyte composi-
tion, and applied potential is essential to ultimately optimizing
the performance of electrochemical devices.[4]

Electrochemical devices that utilize oxygen (O2) as a feed-
stock, e.g. fuel cells and metal-air batteries, rely on electro-
catalysts for the oxygen reduction reaction (ORR) for their
overall performance.[5–6] Commercially, ORR electrocatalysts
have been limited to precious metals in acidic electrolytes,
typically platinum (Pt)-based materials, owing to their high ORR
activity, 4e� selectivity, and stability compared to other

materials.[5,7] ORR catalysis in alkaline environments shows
promise as it enables the use of non-precious metal catalysts
owing to less demanding stability requirements and improved
oxygen adsorption at high pH’s.[7–10] Unfortunately, there are still
challenges, such as membrane stability and high hydrogen
oxidation overpotentials (at the anode),[11] facing the immediate
widespread deployment of devices such as anion exchange
membrane fuel cells (AEMFCs). Therefore, developing strategies
to increase ORR performance in conventional acidic environ-
ments and enable the use of a variety of non-Pt materials is of
high importance for ultimately improving the energy efficiency
and lowering the cost of devices such as proton exchange
membrane fuel cells (PEMFCs).

One possible avenue towards modulating ORR activity and
selectivity aside from material engineering (e.g. alloying and
micro-structuring) is to control the composition of the electro-
chemical double layer, for example by tuning the pH and/or the
ions at or near the catalyst surface. ORR activity and selectivity
have been observed to vary as a function of pH.[8,12,13] The
overall pH effect, on the ORR, namely that 4e� selectivity and
overall activity tend to increase with increasing pH, has been
explained in terms of the pH dependent adsorption thermody-
namics of O2,

[8] and more recently[12] by effect of the electrode
electric field corresponding to the absolute applied potential
(USHE), which significantly affects the binding energies of *O2,
*OOH, and H2O2*.

[8,12] Moreover, the pH effect has been shown
to affect weak-binding materials, for which the applied electric
field becomes more negative with increasing pH, more
significantly than strong-binding materials.[12,13] However, while
significant that pH plays a large role in modulating activity and
selectivity, the overall catalytic performance is also impacted by
changes in material stability as a function of pH. Changing the
electrolyte species, at constant pH, on the other hand, could
help control the local double layer electrochemical
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microenvironment[4] and modulate the activity of a material via
anion effects without compromising stability.

The identity of electrolyte ions is also known to affect ORR
performance; however, acid electrolyte effects on the ORR have
been mainly studied on Pt surfaces.[8,14–32] For example, activity
on Pt has been shown to decrease with the following anion
trend: ClO�4 >HSO�4 =SO

2�
4 >H2PO

�

4 >Cl� >Br� .[16–18,20,21] These dif-
ferences in the ORR performance have generally been attrib-
uted to anions, at or near the surface, blocking active sites
(competitive adsorption) and/or in some way altering binding
energy of oxygen intermediates.[8,14–24, 26,33] While substantial
understanding on the role of the anion has been gained, it
remains unclear if the trends seen on Pt can be extended to
other metal surfaces, especially considering that such trends
have been reported to vary on materials such as metal-
nitrogen-carbon (MNCs) electrocatalysts.[21] While competitive
adsorption is the main anion effect on ORR performance
highlighted in literature, there is a lot to learn about the nature
of anion interactions at or near the catalyst surface for acid ORR
as this may help tune performance using non-Pt materials, as
well as gain fundamental insight of the local electrochemical
microenvironment near the catalyst surface as a function of
acid electrolyte. Important questions remain regarding how
anions can modify ORR activity. From first principles, ions, both
near the surface or adsorbed, could interact with the catalyst
and/or adsorbates via a number of different effects, including
but not limited to electronic orbital hybridization/perturbation
and/or other induced localized electrostatic effects that could
affect adsorbate binding.[12,33–34] Investigating anion effects on
the ORR on weak and strong oxygen-binding materials can help
better design the local electrochemical microenvironments at
the surface-electrolyte interface to tune ORR performance.

Silver (Ag) and palladium (Pd) are known to be weak and
strong oxygen-binding electrocatalysts, respectively.[35] ORR on
Ag materials has largely been studied in alkaline environments,
where, Ag has been observed to be highly active and selective
to 4e� ORR; and significant activity enhancements have been
achieved via alloying.[36–42] Previous studies of Ag in perchloric
acid have shown that compared to in alkaline media, corrosion
is more prevalent, and the catalyst exhibits lower ORR activity
by approximately ~0.4 V, with lower selectivity for the 4e�

product, H2O.
[8] Pd ORR performance, on the other hand, has

been better investigated in acidic media, although performance
results have been seen to vary depending on crystal structure,
catalyst morphology, and conductive support.[13,43–49] Moreover,
as a strong oxygen-binding catalyst material, Pd serves as a
platform for comparison to the well-studied Pt-based catalysts.
Improving the activity and/or selectivity of Ag or Pd for 4e� ORR
in acid could make them more viable commercially by lowering
catalyst cost and decreasing the undesired H2O2 byproduct in
devices such as PEMFCs, as well as help in the design of tuned
electrolyte-catalyst interfaces with optimized performance. One
way to do this is by understanding the effects of anions in
solution to engineer better local microenvironments in the
electrochemical double layer.

In this work, we study the role that acid electrolyte (pH 1),
specifically the anion identity, plays on the ORR activity and

selectivity of smooth Ag and Pd thin films synthesized by
electron-beam (e-beam) physical vapor deposition (PVD). In
addition to investigating the ORR performance of weak oxygen-
binding Ag in various acid electrolytes, we also investigate the
role of acid electrolyte anion identity on Pd and examine if the
anion effects in acid electrolytes seen on Pt apply to also strong
oxygen-binding Pd.[8,14–27,35] We evaluate ORR performance and
material stability in six different acid electrolytes (HClO4, HNO3,
H2SO4, H3PO4, HCl, and HBr at pH 1) with combined electro-
chemical and physical characterization methods and compare
the activity trends to those previously seen on Pt.[14–27] For both
Ag and Pd we find activity to follow the trend: HClO4>H2SO4>

H3PO4>HCl@HBr; with the activity in HNO3 falling directly
below HClO4 on Ag and below H2SO4 on Pd. Moreover, both Ag
and Pd demonstrate improved 4e� selectivity in HNO3 com-
pared to in HClO4. With only minor or negligible surface
roughening and/or dissolution measured after electrochemical
testing, and in conjunction with physics-based modeling/
analyses, we postulate the changes in electrocatalyst activity
and selectivity we observe on Ag and Pd as a function of acid
electrolyte could arise likely from the combined influence of
anion competitive adsorption in certain electrolytes & applied
potential ranges and anion-induced non-covalent electronic
interactions with oxygen-intermediates. Understanding the role
of anions at or near strong or weak oxygen-binding surfaces in
acidic media could have broad implications across diverse
electrochemical systems.

2. Results and Discussion

2.1. Electrochemical Evaluation of Ag and Pd for the ORR in
Various Acid Electrolytes

Anion effects on the ORR on Pt are relatively well-studied, and
in general associated with competitive adsorption effects on
active sites.[8,14–27] In addition to active site blocking, from first
principles, surface adsorption effects can be broadly thought of
in terms of anion chemi- vs. physi-sorption, which would affect
the local catalyst and/or adsorbate electronic structure
differently.[33] However, electronic interactions with adsorbed
reaction intermediates could also be induced by anion species
near, but not bound, to the surface.[33,50,51] To achieve a more
complete fundamental understanding of anion effects in
electrochemistry it is necessary to have a full picture of the ORR
performance response, of diverse catalysts, to anion identity,
namely learning about the interplay between anion-adsorption
and anion-induced electronic structure changes. Developing
this understanding of the role of the anion on the ORR
performance in acidic media on different catalysts will help
enable the design and development of non-Pt electrocatalysts
and electrochemical microenvironments optimal for the ORR.
Therefore, we investigate the ORR performance of 70 nm thick,
smooth/flat, preferentially h111i orientated out of plane,
polycrystalline (face-centered cubic (fcc)) Ag and Pd thin film
electrodes (made by e-beam PVD and characterized
previously),[42] by cyclic voltammetry (CV) using a rotating (ring)
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disk electrode (RDE/RRDE,1600 rpm, 20 mVs� 1, 3 O2 CVs and
2 N2 CVs), as a function of various acid electrolytes at pH 1,
namely HClO4, H2SO4, HNO3, H3PO4, HCl, and HBr.

Aiming to understand the effects of acid electrolyte identity,
we investigated the ORR performance of weak oxygen-binding
polycrystalline Ag thin films in various electrolytes at pH 1. The
films were cycled up to 0.4 V vs. RHE to prevent instability
problems seen by us (see potential-dependent study of Ag
dissolution measured by ICP-MS in 0.1 M HClO4 Supporting
Figure S1) and others at potentials�0.6 V vs. RHE.[8] The ORR
polarization curves, with corresponding representative RRDE
selectivity measurements, of Ag as a function of acid electrolyte
(pH 1) are shown in Figure 1a,b (see RRDE CV and ring current
corresponding to selectivity in Supporting Figure S2). The total
disk current density seen in H3PO4 is lower owing to the
decreased O2 solubility with increased electrolyte concentration
(1.55 M H3PO4 is required to achieve pH 1 compared to 0.1 M
for all the other acids investigated here and for which solubility
is expected to be around the same order of magnitude).[52–54]

The CVs demonstrate similarly shaped profiles in the kinetic
region, with the ORR onset potential (at � 0.1 mAcm� 2geo)
decreasing from 0.31 V to � 0.09 V vs. RHE with the following
acid electrolyte trend HClO4>HNO3>H2SO4>H3PO4>HCl@
HBr (Figure 1a,c). Moreover, the Ag Tafel slopes (Figure 1f) are
between 90 to 100 mVdec� 1 in all tested acid solutions,

indicating that the overall reaction mechanism is not being
significantly affected by the different anion species.

To probe the intrinsic activity differences as a function of
electrolyte we combined electrochemical and physical surface
analyses. The specific activity (Figure 1d), which is a measure of
intrinsic activity, was calculated by normalizing the ORR kinetic
current density (-jk, calculated with Koutecký-Levich equation[55])
at 0.2 V vs. RHE using the exposed catalyst surface area, as
measured by atomic force microscopy (AFM) (Supporting Fig-
ure 3 and Supporting Table 1) before and after ORR testing.
AFM is one of the most reliable techniques to measure the true
exposed surface area of continuous material surfaces such as
thin films or disks (see further discussion in Supporting
Note S1).[42,56] Minor variations in oxygen solubility within the
different electrolytes leading to slightly different mass transport
are accounted for in this analysis, and thus the specific activity
trends are indeed representative of intrinsic activity (Fig-
ure 1d).[55] Furthermore, the specific activity here is normalized
by AFM surface area of the Ag both pre and post electro-
chemical testing to account for any surface changes related to
ORR (Figure 1d). In both cases, specific activity follows the same
trend observed for the onset potential (HClO4>HNO3>H2SO4>

H3PO4>HCl@HBr), starting at 1.2 mAcm� 2AFM; post in perchloric
acid and decreasing across the range of electrolytes to a
negligible specific activity in hydrobromic acid where ORR has
not yet onset by 0.2 V vs. RHE. These results suggest that the

Figure 1. (a) Representative RDE/RRDE (1600 rpm), N2-CV-subtracted, ORR cyclic voltammograms (20 mVs� 1) of Ag thin films as a function of acid electrolyte
(pH 1). (b) Representative RRDE H2O2 selectivity of Ag in select acid electrolytes (pH 1) (see corresponding CVs and H2O2 ring current density in Supporting
Figure S2). (c) Average ORR onset potential (Uonset, at � 0.1 mAcm� 2geo) and (d) average ORR specific activity (-jk, kinetic current density at 0.2 V vs. RHE
normalized by the exposed surface area measured before (open circles) or after (filled circles) testing via AFM) of Ag as a function of acid electrolyte. Note that
-jk,AFM pre and -jk,AFM post highly overlap. (e) Representative RDE/RRDE (1600 rpm) characteristic cyclic voltammograms (N2-saturated electrolyte, 20 mVs� 1) of Ag
thin films as a function of acid electrolyte (pH 1). (f) Average Tafel slopes (at low current densities) of Ag as a function of acid electrolyte (pH 1). Electrolyte
species color-coded: blue (HClO4), orange (HNO3), yellow (H2SO4), purple (H3PO4), green (HCl), cyan (HBr). Data in c, d, and f represent average values based on
the third CV cycle (average of cathodic and anodic sweeps) measured on at least three separate samples with corresponding standard deviations as error bars.
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ORR activity trend is related to intrinsic changes in the local
surface electrochemistry induced by the different electrolyte
anions rather than by mass transport limitations or differences
in exposed surface area. We hypothesize that these local surface
electrochemistry changes are related to the effects of anion
identity at or near the surface, which will be discussed in
conjunction with theory further below.

Selectivity for H2O2 was examined utilizing a rotating ring
disk electrode (RRDE) for four of the electrolytes: HClO4, H2SO4,
H3PO4, and HNO3. The other two electrolytes, HCl and HBr, were
not investigated in this manner due to potential safety hazards
pertaining to halogen gas evolution and potential damage to
the Pt ring.[33] As shown in Figure 1b, Ag demonstrates similar
selectivity profiles as a function of potential in HClO4, H2SO4,
and H3PO4, which are semi-quantitatively in agreement with the
selectivity previously reported in HClO4,

[8] in which the 4e�

product is favored (>50%) at potentials more negative than
~0 V vs. RHE. Quantitatively comparing our results in 0.1 M
HClO4 to those of previous work,[8] the H2O2 selectivity values
we measured are lower by ~10–30 H2O2 % points. These
selectivity differences may be due to the different surface
crystal structure of our polycrystalline thin film compared to the
single crystal Ag(111) employed by others,[8] though we note
that such differences in selectivity could likely be within error of
the measurement, specially at low overpotentials where only
small amounts of H2O2 are produced (as shown by the H2O2

current density in Supporting Figure S2).
In HNO3 the 4e� product (H2O) was favored (>50%) starting

at ~0.25 V vs. RHE, at approximately 0.1 to 0.15 V higher
potentials than the potentials where the 4e� product becomes
favored (>50%) in HClO4, H2SO4, and H3PO4 (Figure 1b). This
demonstrates that the 4e� activity/selectivity of Ag is substan-
tially enhanced in nitric acid compared to in the other acid
electrolytes (Figure 1b). For instance, at 0.1 V vs. RHE, the H2O
(4e� ) selectivity of Ag in HNO3 is ~65%, whereas it is ~30% in
HClO4, H2SO4, and H3PO4 (Figure 1b). This 4e� selectivity
enhancement in HNO3 might be due to the beneficial
interaction of NO�3 anions at or near the catalyst surface with
intermediate adsorbates and/or the active sites. As hypothe-
sized on the next section, such interactions could include
localized induced electric field effects or other non-covalent
interactions between the anion and the oxygen-adsorbates.[33]

Notably, current densities at lower potentials are not shown for
HNO3 because the hydrogen evolution reaction (HER) and the
nitrate reduction reaction dominate at potentials negative of
� 0.1 V vs. RHE.[3] This is the reason for the small upward kink,
indicating the HER and nitrate reduction currents are greater
under N2-saturation compared to in O2-saturation, seen below
� 0.05 to � 0.1 V vs. RHE in the N2-CV-substracted ORR CV of Ag
in HNO3 (Figure 1a).

To explore the non-ORR electrochemical impacts of the
anions we evaluated the characteristic redox behavior of Ag in
HClO4, H2SO4, HNO3, H3PO4, HCl, and HBr at pH 1 via cyclic
voltammetry (20 mVs� 1, 1600 rpm) in N2-saturated electrolyte
(Figure 1e and Supporting Figure S4). In agreement with
previous work,[8] the characteristic Ag CV profile we measured
in 0.1 M HClO4 is almost featureless except for a small reduction

feature (negative scan) around � 0.1 V vs. RHE, previously
associated with ClO�4 and/or Cl� (trace impurity)[8] adsorption
and the onset of the HER at more negative potentials. The
characteristic Ag CVs in H2SO4, HNO3, H3PO4, HCl, and HBr are
qualitatively similar to those seen in HClO4,

[8] with the key
differences being the HER onset and the location of observed
redox peaks hypothesized to be related to the adsorption/
desorption of anions. In HNO3 specifically, we observe an earlier
onset in the HER, subsequently convoluted with nitrate
reduction current,[3] compared to measurements in the other
tested acid electrolytes. Additionally, a small oxidation peak at
~0.25 V vs. RHE is visible, which we hypothesized could be
related to nitrate adsorption/desorption. Moreover, the lack of a
Ag-oxide reduction and/or Ag oxidation peaks in the character-
istic CV in all the tested electrolytes indicates that the Ag
surface remained metallic throughout our electrochemical test-
ing as is thermodynamically expected at the tested potential
ranges and pH values.[7] Characterization of the films via AFM, x-
ray photoelectron spectroscopy (XPS), and inductively coupled
plasma optical emission spectrometry (ICP-OES) suggest a slight
increase in surface roughness factors (from 1.02 up to 1.15), no
significant material contamination of the metallic surface, and
no significant dissolution after electrochemical testing, respec-
tively (see details in Supporting Figures S3, S5, S6, Supporting
Table S1, and Supporting Note S1). Altogether, the identity of
the anion species plays an important role in modifying ORR
activity and selectivity on Ag, demonstrating decreasing activity
down to a � 400 mV shift (HBr) in onset potential and up to
~35%H2O2 change (at constant potential) in selectivity (HNO3)
compared to in HClO4 acid. Possible physical explanations about
the nature of these changes will be discussed further below.

Aiming to better understand the acid electrolyte anion
effect on materials similar to Pt and investigate the role of
catalyst oxygen-binding strength on anion interactions, strong-
binding Pd thin films were tested for ORR performance using
CV as a function of electrolyte identity at pH 1 (Figure 2a,b) (see
RRDE CV and ring current corresponding to selectivity in
Supporting Figure S2). At high potentials, the ORR profiles of
our polycrystalline Pd thin films in all the acids have similar
shapes, with the ORR onset potential (at � 0.1 mAcm� 2geo)
decreasing from 0.82 V to 0.64 V vs. RHE with the following acid
electrolyte trend HClO4~H2SO4>HNO3>H3PO4>HCl (Fig-
ure 2a, c). ORR performance in HBr is not reported because the
Pd thin film was not stable in this electrolyte at ORR conditions,
likely owing to significant reaction between the film and the
electrolyte to produce PdBr2�4 (aq)[57] and/or PdBr2 (s),

[33] leading
to (observed) film delamination/failure. It may be worth noting
that a reduction reaction current density of at least � 0.1 mA
cm� 2geo was not observed until an onset potential of ~ � 0.6 V vs.
RHE, at which point film failure became evident. Importantly,
the ORR CVs shown in Figure 2a,b are shifted to lower
potentials (~140 mV lower onset potential at � 0.1 mA cm� 2geo)
compared to the ORR CV of the same Pd thin film[42] tested in
0.1 M KOH. Compared to in alkaline media, decreased perform-
ance in the investigated acid electrolytes, is partly due to minor
pH effects[12] and partly due to the observed mixed 2e� /4e�

selectivity in acid of our Pd thin films (Figure 2b).[58] These
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effects lowering performance are most prominent at higher
overpotentials (within the mixed kinetic/diffusion limited CV
region) where selectivity to H2O2 (Figure 2b) greatly impacts the
shape of the CV curve.[58] Consequently, this is evidence that the
anions are playing an important role in modifying the observed
ORR performance on Pd.

In general, the CV profile shape of our Pd thin films in acid
electrolytes resemble those previously seen in sulfuric acid
using bulk Pd disks and spherical Pd nanoparticles supported
on a polished Au substrate, which have onset potentials (at
� 0.1 mAcm� 2geo) ~7 mV higher than that we observe in 0.1 M
sulfuric acid (0.81 V), and similar mass transport limited regions
starting at ~0.3 V vs. RHE.[43] However, the ORR performance of
Pd has been seen to vary depending on exposed crystal facet
and catalyst support (for nano-particulate systems).[13,43–49] This
discrepancy on Pd ORR performance suggests that the exposed
crystal facet[44] and catalyst morphology or support play
important roles in modifying ORR performance.[47,59] Comparing
our Pd ORR CV results to those of higher performance Pd
systems,[44–48] we measure lower ORR current densities in the
kinetic region of the CVs and see the ORR become mass
transport limited around 0.3 V vs. RHE, in contrast to at around
0.7–0.6 V vs. RHE seen, for example, on previous studies using
Pd single crystals[44] and Pd nanoparticles supported on
carbon.[45,46]

To better understand Pd performance for the ORR as a
function of acid electrolyte we need to look at intrinsic kinetics
and selectivity. At low current densities, and in agreement with
previous work in perchloric and sulfuric acid,[13,43,47–49,60] Pd Tafel
slopes (Figure 2f), corresponding to a surface covered with
oxygen-adsorbate intermediates,[47,60] range from ~60 mVdec� 1

(in H2SO4) to ~75 mVdec� 1 (in HNO3) in all tested acid solutions.
The small differences in Tafel slope may indicate that the overall
reaction mechanism is similar in all the tested acid solutions.
Moreover, as seen in Figure 2b, the ORR selectivity of Pd
changes as a function of acid electrolyte. Negative of 0.7 V vs.
RHE (the standard reduction potential of O2/H2O2), the 4e�

selectivity is generally greatest in HNO3, followed, in descending
order, by that in HClO4, H2SO4, and H3PO4. Additionally, 4e�

selectivity above 90% was only achieved in HNO3 and HClO4,
which reached 95% 4e� selectivity at ~0.25 V vs. RHE. The
specific activity, -jk, of Pd at 0.75 V vs. RHE (Figure 2d) ranges
from 0 to 0.5 mA cm2

AFM;post and follows a trend similar to that
seen for the onset potential, but with a clearer difference
between the activity in perchloric and sulfuric acid (HClO4>

H2SO4>HNO3>H3PO4>HCl) and indicates that Pd ORR activity
changes as a function of acid electrolyte are related to intrinsic
differences in the local surface microenvironment electrochem-
istry. These clear differences in selectivity and specific activity
suggest that the anions are playing an important role in

Figure 2. (a) Representative RDE/RRDE (1600 rpm), N2-CV-subtracted, ORR cyclic voltammograms (20 mVs� 1) of a Pd thin film as a function of acid electrolyte
(pH 1). (b) Representative RRDE H2O2 selectivity of Pd in select acid electrolytes (pH 1) (see corresponding CVs and H2O2 ring current density in Supporting
Figure S2). (c) Average ORR onset potential (Uonset, at � 0.1 mAcm� 2geo) and (d) average ORR specific activity (-jk, kinetic current density at 0.2 V vs. RHE
normalized by the exposed surface area measured before (open circles) or after (filled circles) testing via AFM) of Pd as a function of acid electrolyte. Note that
-jk,AFM pre and -jk,AFM post overlap almost perfectly. (e) Representative RDE/RRDE (1600 rpm) characteristic cyclic voltammograms (N2-saturated electrolyte,
20 mVs� 1) of Pd thin films as a function of acid electrolyte (pH 1). (f) Average Tafel slopes (at low current densities) of Pd as a function of acid electrolyte
(pH 1). Electrolyte species color-coded: blue (HClO4), orange (HNO3), yellow (H2SO4), purple (H3PO4), and green (HCl). Data in c, d, and f represent average
values based on the third CV cycle (average of cathodic and anodic sweeps) measured on at least three separate samples with corresponding standard
deviations as error bars.
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modifying the overall ORR performance of Pd via surface or
near-surface interactions (as described in the next section).

Pd CV profiles were measured in N2-saturated electrolyte
after ORR testing. Similar features are seen across all acids
tested with the distinctive redox features being related to
hydrogen underpotential deposition (HUPD) processes from
~0.4 to 0 V vs. RHE (Figure 2e).[42,43,45,46] While the HUPD features
in the acids are not exactly the same, such differences are
commonly observed in literature.[13,43,45,46] Anion adsorption/
desorption redox features may influence the overall CV profile
in the HUPD region but the large magnitude and common
differences of HUPD features obscure the presence of any
anion-related redox features despite Pd characteristic CVs in
nitric acid and perchloric acid having very small oxidation peaks
at ~0.6 V vs. RHE that could be associated with the anions.
Moreover, the characteristic Pd CV profiles in all acids tested
lack Pd-oxide reduction and metal oxidation peaks previously
seen in HClO4

[45,46,48] and H2SO4,
[13,43,48] which suggests that Pd

remained metallic during our electrochemical testing. This
tendency of metal thin films like Ag and Pd made by e-beam
PVD to be mainly metallic has been shown before for ORR in
alkaline conditions.[36,42,61] Moreover, characterization of the films
via AFM, XPS, and ICP-OES suggest negligible surface rough-
ening (RFs of 1.01 to 1.02), no significant material contami-
nation and a constantly metallic surface, and no significant
dissolution after electrochemical testing, respectively (see de-
tails in Supporting Figures S3, S5, S6, Supporting Table S1, and
Supporting Note S1). The lack of Pd surface roughening and/or
dissolution is in agreement with previous work indicating that
Pd is electrochemically stable up to ~1 V vs. RHE.[62,63]

Altogether, anion species identity plays an important role in
modifying ORR activity and selectivity on Pd, exhibiting down
to � 180 mV shifts in onset potential (HCl) and selectivity
changes (at constant potential) by up to ~50%H2O2 (H3PO4)
with respect to the performance in HClO4, with the overall
activity trends following those previously seen on select acids
(HClO4, H2SO4, H3PO4, HCl) using strong oxygen-binding Pt
electrocatalysts (to the authors’ knowledge Pt ORR performance
in HNO3 has not been investigated before). Moreover, increased
4e� selectivity is seen in nitric acid (by up to 10%H2O2). The
nature of anion interactions at or near the catalyst surface will
be discussed further below.

Comparing the anion effects on ORR activity trends
observed on Pd and Ag, we can see that with the exception of
nitric acid, specific activity and onset potential for both Ag and
Pd reveal the following trend: HClO4>H2SO4>H3PO4>HCl>
HBr. The trend for HNO3 is slightly different between Ag and Pd
(Figures 1a, c,d and 2a, c,d); Pd ORR activity in HNO3 is between
that measured in H2SO4 and H3PO4, whereas in the case of Ag,
activity in HNO3 is between that measured in HClO4 and H2SO4.
This anion effect trend difference in nitric acid between Ag and
Pd could be due to nitrate adsorbing more strongly on Pd and/
or to different modes of interactions with adsorbates compared
to during the ORR on Ag. While the absolute activity trend in
nitric acid differs between Ag and Pd, the selectivity trends in
this electrolyte are similar. Specifically, there is improved 4e�

selectivity on both Ag and Pd in nitric acid compared to that

seen in the other investigated acid electrolytes. The generally
improved 4e� selectivity of both Ag and Pd in 0.1 M HNO3 could
suggest that NO�3 plays an important role in stabilizing the
intermediates in the 4e� reaction mechanism. NO�3 could, for
example, be facilitating the breaking of the O� O bond via
anion-adsorbate electronic (non-covalent[33]) interactions mod-
ifying the surface binding strengths of *O2, *OOH, and H2O2*.
Further comparing selectivity trends (Figures 1b and 2b), we
see that, with the exception of Ag in HNO3, the selectivity-
voltage profiles generally show a similar response to the
magnitudes of the current-voltage profiles. Finally, while there
was no significant dissolution or material contamination after
electrochemical testing of both materials in a variety of acids,
the surface of Ag becomes 2% to 13% rougher after testing
compared to the negligible changes in Pd roughness, showcas-
ing the superior material stability of Pd in acidic conditions at
ORR relevant potentials. Altogether our systematic electro-
chemical characterization of Ag and Pd thin film electrodes in
acid electrolytes suggests that anions are playing an import role
in modifying ORR activity and selectivity. In the next section, we
discuss the possible physical phenomena arising from anions at
or near the surface that could be responsible for the observed
changes in ORR performance.

2.2. Understanding Acid Electrolyte Anion Effects on ORR
Electrocatalysts

As demonstrated by our experimental work discussed above,
acid electrolyte anions play an important role in the ORR
activity and selectivity of electrocatalysts. Previously studied
anion effects on the ORR performance of Pt electrocatalysts in
acid conditions have been noted to be related to ORR-
intermediate active site blocking owing to anion competitive
adsorption.[8,14–31] While anion-induced electronic effects have
not been addressed in the literature as thoroughly as compet-
itive adsorption effects, electronic effects of adsorbed anions
have been hypothesized to be approximately proportional to
their surface coverage on the catalyst.[20] The electronic effects
of chemi- vs. physi-sorbed anions remains highly unexplored.
However, from first principles we can hypothesize that a
chemisorbed anion may affect the local electronic structure of
nearby available active sites as well as directly perturb nearby
reaction intermediates, while a physisorbed anion could likely
only perturb nearby reaction intermediates.[33] Moreover, from
previous work on cation and anion effects we know that the
composition of the double layer microenvironment can play an
important role in modulating the performance of electro-
chemical reactions.[4,26,27,33,34] For example, solvated ions near the
surface may stabilize or destabilize certain adsorbates via direct
non-covalent chemical interaction(s) of the solvated-ion struc-
ture with adsorbates and/or indirectly by inducing localized
electric fields perturbing absorbates.[12,26,27, 33,34] A simplified
microenvironment schematic summarizing the anion interac-
tions with the electrocatalyst and/or reaction ORR intermediates
we hypothesize to be possible is shown in Figure 3.
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A better understanding of anion effects on ORR perform-
ance is needed for optimal double layer microenvironment
engineering in electrochemical systems. To identify the role of
acid electrolyte anions on electrocatalyst performance for the
ORR, we evaluated the trends in adsorption free energies of

anions on model Ag(111) and Pd(111) surfaces as a function of
the electrode potential using density functional theory (DFT).
This allows us to disentangle active site blocking effects from
anion-induced electronic effects. The anion adsorption strength
to the catalyst surface indicates whether the active sites are
blocked (negative ΔGadsorption(eV)) by anions under relevant ORR
conditions. Based on the experimentally considered acid
electrolytes, the following anions were investigated in this
theoretical study: ClO�4 for perchloric acid, NO�3 for nitric acid,
HSO�4 and SO2�

4 for sulfuric acid, H2PO
�

4 and HPO2�
4 for

phosphoric acid, Cl� for hydrochloric acid and Br� for hydro-
bromic acid. All the considered electrolytes are strong acids
with pKa values <0, except H3PO4 with a pKa value of 2.15 (see
Supporting Table S2). Both sulfuric acid and phosphoric acids
are polyprotic acids, and therefore the corresponding compet-
ing anions species are included in the adsorption analysis. Note
that at pH 1, SO2�

4 and HPO2�
4 are present ~ <1.3% in solution

relative to HSO�4 and H2PO
�
4 .

For each anion, several configurations of anion adsorption
geometries were considered on a Ag(111) surface and the most
stable adsorption configuration is shown in Figure 4a. The
optimal adsorption of ClO�4 , HSO

�

4 , SO
2�
4 , HPO2�

4 to the Ag(111)
surface occurs with three O atoms on top sites, with Cl/S/P
above the hollow position, and the final O atom positioned
through the Cl� /S� /P� O bond perpendicular to the surface. For
both HSO�4 and HPO2�

4 , the H atom is connected through the O
atom in the S� /P� O bond perpendicular to the surface. In the
most stable geometry for NO�3 , two O atoms adsorb on top sites
and the third O atom is located through the N� O bond
perpendicular to the surface. For H2PO

�

4 , two O atoms adsorb
on bridge sites and the other two O atoms connected to H

Figure 3. Acid electrolyte anion effects on silver & palladium ORR perform-
ance. Electrochemical double layer microenvironment schematic summariz-
ing possible anion interactions at and/or near an ORR electrocatalyst’s
surface. The inner Helmholtz plane (IHP) and outer Helmholtz plane (OHP)
are qualitatively depicted by dashed lines.[64] Illustrations not necessarily to
scale.

Figure 4. (a) The most stable adsorption configurations of anions on the Ag(111) surface. Color coded: O: red, H: white, Cl: green, N: blue, S: yellow, P: orange,
and Br: brown. (b) The adsorption free energies of the anions, ΔGadsorption (eV), on the Ag(111) surface as a function of applied potential (V vs. RHE). The vertical
dashed line indicates the applied potential (0.2 VRHE) used to experimentally determine the average ORR specific activity (-jk) shown in Figure 1d. Anion/
adsorbate species color-coded: black (H2O/OH

� /O2
� ), blue (ClO�4 ), orange (NO

�

3 ), yellow (HSO�4 =SO
2�
4 ), purple (H2PO

�

4 =HPO
2�
4 ), green (Cl� ), cyan (Br� ).
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remain above the surface. Both Cl� and Br� adsorb strongly at
hollow sites and the calculations show that the adsorption free
energies at the hollow-fcc sites are slightly more favorable than
at the hollow-hcp sites.

The adsorption free energies of ORR intermediates (H2O*/
*O/*OH/*OOH) and anions on Ag(111) as a function of electrode
potential are illustrated in Figure 4b. Ag(111) adsorbs ORR
intermediates weakly and lies on the weak adsorption leg of
the 4e� volcano, where catalysts are limited by O2 activation
and the formation of *OOH.[35] In the potential range (<0.4 VRHE)
with measurable ORR activity on Ag in the acid electrolytes
investigated (Figure 1a, c,d), ClO�4 , NO

�

3 , HSO
�

4 , SO
2�
4 , H2PO

�

4 ,
and HPO2�

4 are calculated to not favor competitive adsorption
onto the Ag(111) surface and therefore likely do not influence
intrinsic ORR catalytic activity. Interestingly, Cl� and Br� adsorb
strongly on the Ag(111) surface compared to other anions and
H2O, likely resulting in decreased available active sites for ORR
intermediates to adsorb. It is important to note that treating
anion adsorption as a substitution reaction of adsorbed water
with an adsorbed anion is a more accurate description
compared to treating anion adsorption as an individual
adsorption process as done in this theoretical study. This trend
agrees well with the experimental observations showing
negligible ORR activity in hydrochloric and hydrobromic acid
electrolytes at 0.2 V vs. RHE (experimentally measured specific
activity shown at this potential in Figure 1d) and below
(Figure 1a). Calculations with explicit water molecules for Cl�

and Br� adsorption indicates no significant changes in adsorp-
tion free energies (see Supporting Table S3).

To study the anion coverage effects of the anions calculated
to competitively bind on the Ag(111) surface, we gradually

increased the Cl� and Br� coverages up to 1/3 monolayer (ML)
(see Supporting Table S4), which corresponds to a well-ordered
(
p
3×
p
3)R30° structure as observed previously by in situ

scanning transition microscopy (STM).[65] The average adsorp-
tion free energy of Cl� and Br� remains unchanged at low (1/
9 ML) and high (1/3 ML) coverages, indicating strong chem-
isorption of halides on the Ag(111) surface. This suggests the
possibility of high surface coverage of Cl� and Br� under ORR
reaction conditions and further supports the hypothesis that
these halogen anions likely competitively adsorb to the Ag
surface, blocking ORR active sites, explaining why the lowest
experimentally measured ORR activities among the acids are in
HCl and HBr.

A similar computational study was undertaken on Pd(111)
to gain theoretical insights on anion adsorption (Figure 5).
Unlike on the Ag(111) surface, ORR reaction intermediates
(H2O*/*O/*OH/*OOH) adsorb strongly on Pd(111) and therefore,
Pd(111) lies on the strong adsorption leg of the 4e� ORR
volcano.[35] The optimal adsorption configurations of anions
(Figure 5a) were similar to those calculated on Ag(111). A similar
trend as calculated on Ag(111) was observed on the Pd(111)
surface (Figure 5b), where ClO�4 , NO

�

3 , HSO
�

4 , SO
2�
4 , H2PO

�

4 , and
HPO2�

4 are calculated to not adsorb on the surface at potentials
after ORR onset (� 0.1 mAcm� 2geo, Figure 2a, c,d), while Cl� is
predicted to adsorb strongly at potentials down to the
beginning of the mass transport limited region (~0.3 VRHE) of
the Pd ORR CV in HCl shown in Figure 2a. Moreover, Cl�

adsorption is significantly stronger than the adsorption of ORR
reaction intermediates indicating active site blocking likely
affects the apparent ORR kinetics in HCl. Our high coverage
analysis (see Supporting Table S4) shows that the average

Figure 5. (a) The most stable adsorption configurations of anions on the Pd(111) surface. Color code: O: red, H: white, Cl: green, N: blue, S: yellow, and
P: orange. (b) The adsorption free energy of the anions, ΔGadsorption (eV), on the Pd(111) surface as a function of applied potential (V vs. RHE). The vertical
dashed line indicates the applied potential (0.75 VRHE) used to experimentally determine the average ORR specific activity (-jk) shown in Figure 2d. Anion/
adsorbate species color-coded: black (H2O/OH

� /O2� ), blue (ClO�4 ), orange (NO
�

3 ), yellow (HSO�4 =SO
2�
4 ), purple (H2PO

�

4 =HPO
2�
4 ), green (Cl� ), cyan (Br� ).
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adsorption free energy of Cl� is unchanged at 1/3 ML indicating
the possibility of high surface coverage of Cl� under ORR
reaction conditions. As calculated on Ag(111), on Pd(111) Br� is
expected to strongly adsorb to the surface, however, Br�

binding on Pd(111) was not investigated computationally
because as demonstrated by our experimental results discussed
above, Pd is not stable in 0.1 M HBr at ORR relevant conditions.
Calculated anion adsorption free energies on Ag(111) and
Pd(111) support a hypothesis where ClO�4 , NO

�

3 , HSO
�

4 , SO
2�
4 ,

H2PO
�

4 , and HPO2�
4 adsorb weakly on the surface while halides

chemisorb strongly (competitively) compared to the ORR
reaction intermediates. Further theoretical understanding, com-
bined with operando adsorbate characterization (e.g. by infra-
red reflection absorption spectroscopy), is necessary to precisely
determine the effects of the adsorbed halide anions on the ORR
reaction mechanism and kinetics. The effect on electrochemical
and electrocatalytic reactions by the adsorbed halide anions
could occur by a simple site blocking effect, or through more
complicated interactions where they affect the binding strength
and coverage of ORR reaction intermediates.[33] Moreover, the
weakly binding anions may affect ORR performance by non-
covalently interacting with O-intermediates.[33]

As noted above, competitively chemisorbed halide anions
(e.g. Cl� and Br� ) may strongly affect the catalytic properties of
nearby available active sites. This would likely occur mainly
from local electronic perturbations arising from the covalent
halogen-metal bond.[33] Non-covalent interactions of anions (at
or near the surface) with adsorbed reaction intermediates are
generally attributed to electrostatic effects (e.g. induced
localized electric field effects) arising from the anion (solvated
or adsorbed) charge.[27,33,34,50,51] To probe anion-induced localized
electric field effects analytically, we estimated an effective
unscreened composition-and-solvation-energy-weighted elec-

tric field ( ~Eeff ;w

�
�
�

�
�
�) radiating from the anions investigated in this

study, as well as calculated the composition-weighted Debye
lengths (LD) of the anions in each acid electrolyte (see

Supporting Figure S7). In short, we find that ~Eeff ;w

�
�
�

�
�
� has a large

magnitude and that the charge/field screening from the
solution, in addition to the electric field from the electrode,
likely plays an important role in modulating the true localized
electric field effects arising from the anions (Supporting Fig-
ure S7a).[33] We can look at LD to gain insight about the length
scales where anion-induced localized electric field effects may
occur (Supporting Figure S7b).[55] According to the calculated
anion LD’s, anion electrostatic effects/interactions may signifi-
cantly influence the microenvironment region within ~0.5 to
1 nm from the anion. Moreover, these length scales are within
the order of magnitude of the expected location of the outer
Helmholtz plane (OHP) (plane parallel to the nearest, non-
adsorbed, solvated ions near the surface),[55,64,66] therefore,
suggesting that anions at the surface and as far as the OHP may
electrostatically interact with adsorbed oxygen-intermediates.
Consequently, anion electrostatic interactions below the OHP
may be partly responsible for the observed changes in ORR
performance on Ag and Pd as a function acid electrolyte. The

hypothesized anion-induced electronic effects outlined above
merit detailed experimental and computational investigation in
future work in order to understand each possible effect
individually and ultimately be able to better engineer the
double layer microenvironment to control performance of
electrochemical systems.

While a comprehensive physics-based model of anion-
induced electronic interactions at or near the surface requires
complex detailed calculations beyond the scope of this work,
the experimental and computational efforts described above
provide fundamental insights into some of the key micro-
environment physical phenomena that govern ORR perform-
ance across different acid electrolytes. Figure 3 provides a
general illustration of a range of anion effects hypothesized to
be possible at or near the surface of an ORR electrocatalyst.[33]

Further discussion and analysis into the nature of these anion
effects can be found in the Supporting Information, where we
explore trends via a linear regression analysis (see Supporting
Figures S8–S15) of the measured ORR performance as a
function of 39 anion physical properties reported[67] in the
literature or calculated in this work, including anion size, proton
affinity, geometry, and Debye length (Supporting Note S2).
These efforts show that catalyst activity and selectivity can
indeed be tuned through the presence of anions and highlight
the opportunity for the design and development of improved
catalyst microenvironments.

3. Conclusions

The ORR is a reaction of great importance for a range of
technologies that enable sustainable energy conversion &
storage. Efforts to understand and enhance the performance of
ORR catalysts are often focused on the solid catalyst phase,
however, as we demonstrate in this work, the electrolyte
microenvironment around the catalyst also has a strong
influence on performance. ORR electrochemical testing, along
with extensive ex situ surface characterization, of strong oxy-
gen-binding Pd and weak oxygen-binding Ag thin films in
various acids (HClO4, HNO3, H2SO4, H3PO4, HCl and HBr) at pH 1
provided insight into factors that influence activity, selectivity,
and stability. Minimal surface roughening and catalyst dissolu-
tion was observed despite testing wide potential ranges in
various acids. Together with calculations of anion surface
adsorption free energies on both metals and a linear regression
correlation analysis of measured performance metrics with
anion properties, we gain insight into the possible anion effects
at or near the catalyst surface that influence ORR. With this
physical insight, we postulate hypotheses describing the nature
of possible phenomena in the electrochemical double layer
microenvironment that could lead to the observed changes in
ORR performance as a function of acid electrolyte identity and
which serve as motivation for future studies. Relative activity
trends on Ag and Pd catalysts in all acids were similar except
for in HNO3, for which in both metals also demonstrated the
highest selectivity towards 4e� ORR. Adsorption calculations
reveal large differences in binding energy between the oxyacid
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(HClO4, HNO3, H2SO4, H3PO4) anions, which may physisorb under
certain potentials, and the hydrogen halide acid (HCl, HBr)
anions which likely competitively chemisorb to the surface. In
turn, ORR activity in HCl and HBr is significantly hindered owing
to the significant influence of halide anion competitive
adsorption. Correlation analysis indicates possible ORR perform-
ance dependence on anion size, proton affinity, geometric
configuration, and Debye length that could be probed in future
work. In this work, we provide insights allowing for greater
understanding of the ORR from the electrolyte phase perspec-
tive and the effects of acid electrolyte anion identity on a
dynamic electrochemical surface microenvironment.

Experimental and Computational Details

Experimental Methods

Metallic Ag (99.99%, Kurt J. Lesker) and Pd (99.95%, Kurt J. Lesker)
thin film (70 nm) working electrodes were synthesized by e-beam
PVD (0.12 nms� 1) onto clean and polished glassy carbon (GC) disk
(0.196 cm2, roughness factor=1.01 and root mean squared rough-
ness=2.11 nm) substrates (HTW Hochtemperatur-Werkstoffe
GmbH) using the same tool and general approach as described in
our previous work resulting in smooth and flat thin films fully
coating the GC surface.[42]

We prepared pH 1 electrolyte solutions of HClO4 (0.1 M; 99.999%
trace metals basis, GFS Chemicals – Veritas Double Distilled), H2SO4

(0.1 M; 99.9999% trace metals basis, ThermoFisher Scientific), HNO3

(0.1 M; 99.999% trace metals basis, Alfa Aesar), H3PO4 (1.55 M;
99.999% trace metals basis, Sigma-Aldrich), HCl (0.1 M; 99.999%
trace metals basis, Alfa Aesar), and HBr (0.1 M, 99.9999% trace
metals basis, Alfa Aesar), using Millipore water (R=18 MΩcm). The
pH was checked with pH strips and by in situ calibration to the
reversible hydrogen electrode (RHE) (see more details below).

Electrochemical characterization via RDE and/or RRDE was per-
formed with a Pine Research Instruments rotator and a BioLogic
VMP-300 potentiostat. We used a three-electrode cell for all
electrolytes tested except for HCl and HBr, for which we employed
an H-cell separated with a sulfuric-acid-activated Nafion 212 proton
exchange membrane (stored in Millipore water (R =18 MΩcm))
with 0.1 M H2SO4 in the anode chamber to avoid potentially
hazardous anode reactions that could thermodynamically occur
with HCl and HBr. A Ag/AgCl reference electrode (Accumet) and a
graphite rod (grade A, Ted Pella) counter electrode (separate
graphite rods used for each electrolyte to avoid cross-contamina-
tion) were used. The cells and sparger were cleaned with aqua regia
and subsequently with 5 M KOH (semiconductor grade pellets,
Sigma Aldrich) before changing the material under investigation
(Ag or Pd) to avoid metal cross-contamination. Before each trial, the
cell, sparger, graphite rod and reference electrode were rinsed 3
times with the acid electrolyte under investigation. A clean, flame
annealed, Pt wire in H2-saturated electrolyte was used to calibrate
the reference electrode before and after each experiment to the
reversible hydrogen electrode (RHE) scale. This calibration to 0.00 V
vs. RHE was, reproducibly, approximately � 0.3� �0.01 V vs. Ag/
AgCl, indicating no reference electrode drift and that all electrolytes
had approximately pH 1. The activity for the ORR was evaluated by
cyclic voltammetry (CV, 3 cycles, 1600 rpm RDE/RRDE) at 20 mVs� 1,
from ~0.4 to � 0.4 V vs. RHE for Ag and ~0.9 to 0 V vs. RHE for Pd,
in O2-saturated electrolyte for all electrolytes except in HCl and HBr,
for which the potential ranges were modified to avoid irreversible
and destructive film changes observed in the initial stages of this

study, likely associated with the formation of AgCl and AgBr at
around 0.35 V and 0.2 V vs. RHE, respectively, and of PdCl2 at
around 0.8 V vs. RHE.[33] Moreover, Pd ORR performance in HBr is
not reported because of physical film failure likely due the
formation of PdBr2

[33] and/or PdBr2�4
[57] at potentials greater than

� 0.3 V vs. RHE. All 3 CV cycles were reproducible for each reported
electrolyte, and we use the third cycle for our analyses. After CV in
O2-saturated electrolyte, the electrolyte was sparged and saturated
with N2 and the characteristic redox CV profiles of the working
electrode were measured (20 mVs� 1,1600 rpm). Average onset
potential, Tafel slope, and specific activity were calculated based
the third CV cycle (average of forward and reserve scans) measured
on at least 3 separate samples. Selectivity in each electrolyte was
measured using a Pt RRDE, with the Pt ring held at 1.2 V vs. RHE
(Nc =0.22 as calibrated in house via the ferricyanide/ferrocyanide
redox couple), and with the disk under the same conditions used in
RDE measurements. RRDE measurements were not collected in HCl
and HBr to avoid damaging the ring via redox reaction with Br and
Cl based species possible at the working ring potential or metal-
halogen restructuring of the Pt-ring.[33] The ring current was
corrected by the background ring current under N2-saturated
electrolyte. All CV measurements in O2-saturated electrolyte were
corrected for the uncompensated electrolyte resistance (Ru, meas-
ured by potential electrochemical impedance spectroscopy (PEIS))
and background non-ORR contributions (CV under N2-saturation)
measured immediately after CV in O2-saturated electrolyte.

Al Kα (1486 eV) XPS was performed using a PHI III Versaprobe
instrument employing a 224 eV and 55 eV pass energies to collect
survey (Su) and high resolution (HR) spectra, respectively, and using
a 100 μm×100 μm high power spot (100 W, 20 KV) at approx-
imately the center of the samples. All measurements were collected
using the instrument’s neutralizer and the Ar+ gun in neutralizing
mode owing to severe sample charging otherwise. The sample-to-
detector angle was 45° (default) and the x-ray beam was
perpendicular to the samples. All XPS spectra were collected on the
films (grown on glassy carbon disks) before or after ORR testing.
The stage height was optimized for each sample to maximize signal
intensity. A Park Systems XE-70 or XE-100 instrument equipped
with a premounted Mikromasch NSC15/Al BS tip was used to
obtain 5 μm×5 μm size non-contact AFM images and topograph-
ical information (i. e. roughness factor) was calculated using
Gwyddion[68] software. We define the roughness factor (RF) as the
true (AFM-measured) surface area divided by the geometric surface
area. The samples were rinsed with Millipore water (R=18 MΩcm),
from a squirt bottle, immediately after removing them from
electrolyte. The samples were stored and transported in air before
and after ORR testing and prior to XPS and AFM characterization.

ICP-OES (Thermo Scientific ICAP 6300 Duo View Spectrometer,
Environmental Measurements Facility (EMF) at the Stanford School
of Earth, Energy, and Environmental Sciences) or ICP mass
spectrometry (ICP-MS; Thermo Scientific XSERIES 2 at Stanford’s
EMF) was used to determine the mass of the Ag and Pd thin films
before and after ORR testing. The as-deposited films and post-ORR
testing films were dissolved in aqua regia overnight and then
diluted with nitric acid and water to achieve a 2% nitric acid
concentration. The samples were then taken to be independently
analyzed via ICP-OES or ICP-MS. Ag and Pd calibration curves were
made by serial dilution of control solutions made from the as-
deposited films, whose thickness (70 nm as measured by a quartz
crystal microbalance (QCM) during PVD) and surface area
(0.196 cm2), and therefore mass, are known. Source data plotted in
this work are available online: DOI 10.6084/m9.figshare.14396456.
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Computational Methods

Periodic spin-polarized density functional theory (DFT) calculations
were performed using the RPBE functional,[69] a plane-wave basis
set with a cutoff kinetic energy of 500 eV, and the projector-
augmented wave method,[70] as implemented in the Vienna Ab-
initio Simulation Package (VASP version 5.4.4).[71] Pure Ag and Pd
surfaces were modeled as five-layer p(3×3) (111) fcc slabs with
RPBE optimized lattice constants of 4.219 Å and 3.989 Å, respec-
tively. The Brillouin zone was sampled with a Γ-centered (3×3×1)
Monkhorst-Pack grid.[72] In all of the slabs, the top two layers and
adsorbed species were fully relaxed, whereas the bottom layers
were constrained at the bulk positions. The slabs were separated in
the perpendicular z-direction by 15 Å of vacuum, and a dipole
correction was applied. The electronic and force convergence
criterion were 10� 4 eV and 0.05 eVÅ� 1, respectively. All crystal
structure generations and modifications were carried out using the
Atomic Simulation Environment (ASE).[73]

To identify the role of acid electrolyte anions on electrocatalyst
performance for the ORR, we evaluated the adsorption of anions
(An� , n =1,2) on Ag(111) and Pd(111) surfaces. The computational
hydrogen electrode (CHE) was used to express the chemical
potential of the proton � electron pair (H+ +e� ), which relates to
the chemical potential of the gas-phase H2 molecule based on the
equilibrium m Hþ½ � þ m e�½ � ¼ 1

2 m H2 gð Þ

� �
at 0 VRHE (where, RHE is the

reversible hydrogen electrode).[35] The effect of the electrode
potential on the adsorption free energy of the anions was then
taken into account by shifting the electron energy by -neURHE,

DGCHEðURHEÞ ¼ DGCHEðURHE ¼ 0 VÞ � neURHE (1)

where n, e, and URHE are the number of electrons involved in the
reaction, the elementary charge, and the electrode potential with
respect to the RHE, respectively. The adsorption free energies of the
anions at URHE =0 V and standard conditions are calculated as
ΔGCHE(URHE =0 V)=ΔEDFT +ΔEZPE +

R 298:15
0 CpdT – TΔS, where ΔEDFT is

the difference in the DFT calculated electronic energy, ΔEZPE is the
difference in zero-point energies,

R 298:15
0 CpdT is the difference in the

integrated heat capacity from 0 to 298.15 K, and ΔS is the change
in entropy of the adsorbed species with respect to the catalyst
surface, HnA(g) and H2(g). For gas molecules, the ideal gas
approximation with experimental molecular data[74] and a partial
pressure of 101 325 Pa was employed except for H2O, for which a
partial pressure of 3 534 Pa corresponding to the vapor pressure of
H2O was used.

The adsorption free energy (ΔGadsorption(A
n� )) of the anions (An� , n=

1,2) from solution was then calculated as,

DGadsorptionðAn� Þ ¼ DGCHEðURHEÞ� DGsolvationðHnAðgÞÞ�

DGdilutionðHnAðsolvatedÞÞ
(2)

where, ΔGsolvation(HnA(g)) and ΔGdilution(HnA(solvated)) are the solva-
tion free energy and dilution free energy calculated using
experimental literature data for standard thermodynamic relations
(see Supporting Table S5).[21,75,76] The effect of solvation was
evaluated by introducing explicit water molecules (see Supporting
Table S3) for strongly adsorbed anions.

Considering the ORR associative reaction mechanism, the four
proton-coupled electron transfer (PCET)[77] reactions under acidic
conditions are,[35]

O2 þ * þ ðHþ þ e� Þ ! *OOH (3)

*OOHþ ðHþ þ e� Þ ! *Oþ H2O (4)

*Oþ ðHþ þ e� Þ ! *OH (5)

*OHþ ðHþ þ e� Þ ! H2Oþ * (6)

To compare the competitive adsorption of anions and ORR
intermediates, the adsorption of H2O*, OOH*, O*, and OH*
intermediates were calculated. The coverage of reaction intermedi-
ates may impact the local environment of the active site;[78]

however, a detailed analysis considering adsorbate-adsorbate
interactions is beyond the scope of this study. Source data plotted
in this work are available online: DOI 10.6084/m9.fig-
share.14396456.
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