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ARTICLE INFO ABSTRACT

Enhancing the sluggish kinetics of electrochemical hydrogen-oxidation reaction in high pH environments is of
crucial importance considering its applications in alkaline-membrane fuel cells (AMFC) and regenerative hy-
drogen electrodes for energy storage. Alkaline H,-oxidation to form water involves reaction between H-adsorbed
intermediates and hydroxide anions wherein the nature/source of the latter plays a crucial role. Here, we take a
systematic approach to understand why H,-oxidation kinetics is slower in alkaline media compared to acid.
While recently reported models focus on surface-adsorbate bond strength optimization, we herein show that the
alkaline H,-oxidation mechanism is fundamentally different due to a complex interplay between electrocatalysis
and electrochemical double-layer structure. A heretofore unknown modern rendition of the double-layer
structure is proposed wherein specifically adsorbed (M-OH,4) and quasi-specifically adsorbed (M-Haq,upa™"OHgq-
aa) reactive hydroxide-species localized in the compact part of the electrochemical double-layer is shown to
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define Hy-oxidation kinetics on monometallic and bimetallic catalyst surfaces at high pH.

1. Introduction

Electrocatalysis of hydrogen oxidation reaction (HOR) in zero-
emission electrochemical energy conversion devices, in conjunction
with renewable sources of H, generation, constitutes a vital technolo-
gical strategy towards fixing the twin challenge of energy security and
climate change [1,2]. Proton-exchange and hydroxide-exchange mem-
brane fuel cell devices that operate in low and high pH environments,
respectively, provide such clean energy conversion options. A sig-
nificant challenge to the commercialization of acidic fuel cells is the
need for precious-group metal (PGM) electrocatalysts in the low pH
environment. U.S Department of Energy cost target demands the total
fuel cell system to be < $30/kW (for an 80 kW, system at 0.125 kW/
gpgm €qualing 10 gp./vehicle), out of which the electrocatalyst re-
presents the single largest expensive component in the stack [3,4].
Recent advancements in alkaline membrane electrolytes that enable
hydroxide-anion transport at useful conductivity values of
20-40 mS cm ™! provide an avenue for the application of non-precious
catalyst materials for cost-effective fuel cell development [5-9].

Despite these new opportunities, several key questions in alkaline
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electrocatalysis remain unanswered. For instance, HOR at high pH is a
kinetically sluggish process characterized by two to three orders of
magnitude lower exchange current density in sharp contrast to acidic
conditions [10-16]. This leads to performance losses in AMFCs with
predicted overpotential penalties of 130-150 mV thereby requiring
higher precious catalyst loadings [13,17]. In acid, HOR involves dis-
sociative-adsorption of hydrogen (Tafel step: 2H, + M — M-H,q) fol-
lowed by direct oxidation to protons (Volmer step: M-H,g = M + H*
+ e7) — leading to kinetics being primarily governed by M-H,q4 surface
energetics [11,18-20]. However, in alkaline media the adsorbed hy-
drogen intermediate (H,q) subsequently reacts with hydroxide anions to
form water (typically, Volmer step: M-H,q + OH" — M + H,0 + €)
[11]. Thus at high pH, HOR kinetics is dependent on the M-H,4 bond
strength and/or the relevant processes furnishing reactive-hydroxide
species [21-25]. While Volmer step is rate limiting in alkaline elec-
trolyte, there is some controversy on whether the M-H,4 bond strength
or the need for "reactive-OH,.4" species is the primary descriptor of the
reaction. Correspondingly, there are two schools-of-thought to explain
the slower alkaline HOR kinetics namely the i) hydrogen binding en-
ergy (HBE) theory [26-29], and ii) "reactive-OH,q" species theory [22].
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Proponents of the former theory suggest that for any given catalyst
surface, M-H,qg (M = Pt, Pd, Ir) bond strength is stronger in alkaline
electrolyte than in acid which leads to HOR kinetics being slower at
high pH conditions [26-31]. Further, alloying Pt with elements such as
Ru is suggested to weaken the Pt-H,4 bond strength due to ligand-effect
leading to higher alkaline HOR kinetics [28,32]. Proponents of the
latter theory suggest that the non-availability of reactive-OH,q species
at the reaction interface is the major cause for slower alkaline HOR
kinetics [22,23]. It was shown that alloying Pt with "oxophilic" alloying
metals (e.g., Ru, Ni) increases HOR activity significantly due to the
enhanced formation of (hydr)oxides on the alloying metal of the form
Ru-OH,q [22].

At the outset, we note that our experimental results clearly put us in
favor of the reactive-OH,4 theory and not the HBE theory. Further,
while there are certain merits to the reactive-OH,q4 theory in its existing
format the nature of the reactive OH,q4 species is unlikely to be a simple
specifically adsorbed Ru-OH,q4 type moiety. Its conditions and source of
formation requires detailed attention as this is a key intermediate
causing high HOR overpotentials. In this article, we attempt to answer
the following questions: i) Why is H,-oxidation kinetics on Pt slower in
alkaline electrolyte than in acid? ii) What is the nature of the reactive-
OH,q4 species responsible for HOR process at high pH? These learning
are then applied towards the development and rational understanding
of highly active bimetallic alloys. We accomplish this via a combination
of electrochemical and spectroscopic measurements aided by a series of
thought experiments to (i) understand the structural role of H,O mo-
lecule in alkaline media, (ii) examine the plane of closest approach of
OH anions, and (iii) scientifically interpret the commonality between
Hypq stripping and alkaline HOR mechanisms.

2. Results and discussion

2.1. Hypp deposition/stripping and HOR activity on Pt/C in alkaline
electrolyte

We begin by comparing the electrochemical characteristics of Pt/C
catalyst in dilute acid and alkaline electrolytes. Cyclic voltammetry
(CV) of Pt/C in dilute acid and alkaline electrolytes (Fig. 1a) shows the
expected features of polycrystalline Pt-surface with Hpq observed at
potentials below 0.45V followed by double-layer region (0.5-0.7 V)
and then oxide formation above 0.7 V [13,33,34]. Upon closer ex-
amination, Hypq processes in alkaline electrolyte are observed to be
shifted anodically compared to that in acid. For instance, the primary
Hypa deposition/stripping peak (attributed to Pt(110) crystal planes
[13,35,36]) observed at ~0.125 V in 0.1 M HClOy is shifted anodically
to ~0.275V in 0.1 M NaOH, representing a 150 mV overpotential (Fig.
S1).

HOR polarization behavior of Pt/C (Fig. 1b) reflects a diffusion-
controlled process in acid electrolyte even at very low potentials of
~0.05 V due to rapid kinetics [14]. Contrarily very high overpotential
is observed in alkaline media [12,13]. At a 'kinetic current density (i)'
of 1 A/mgp;, higher overpotential of ~170 mV is observed in 0.1 M
NaOH compared to 0.1 M HCIO4 which clearly quantifies the sluggish
HOR kinetics at high pH (Table S1). Further, HOR limiting current
density is not achieved until ~0.4 V in alkaline media. There is a
commonality observed between the high overpotentials required for
both H,pq stripping and HOR on Pt in alkaline electrolyte compared to
acid.

Recent studies have suggested that the anodic shift in Hypq stripping
peak potential (E,cqi) is an indication of a stronger Pt-H bond strength
at high pH based on elementary H-binding energy (Ej.y) calculations
using the equation Ey.y = -EpeaiF (F is the Faraday's constant) [26-29].
We note that the validity of such elementary calculations is question-
able and overlooks some of the profound changes in the reaction me-
chanisms. Such a method would be valid only if the responsible reac-
tions and the accompanying mechanisms in the Pt-Hpq process do not
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change as the pH traverses from acid to alkaline regime. This however,
is not the case as explained in the next section [1]. Further, from basic
principles of catalysis it is reasonable to understand that M-H,q bond
strength is different for various metal surfaces in any given electrolyte
pH [19]. Nonetheless, it is intriguing and quite unproven to note that
for any given metal surface, the M-H,q bond strength of a neutral ad-
sorbate (H,q) becomes stronger with increasing pH. Ab initio theoretical
studies used to calculate H-binding energies rarely account for the ef-
fect of changing pH [28]. Even those that did include the pH effect (via
incorporation of the changing electron work function) did not take into
consideration the effect of changing reaction mechanisms at high pH
[37]. Further, we have calculated here the d-band vacancy parameter
from X-ray absorption near edge spectra (XANES) of Pt Ly and L,
transitions which clearly shows only minor differences between acid
and alkaline electrolytes at any given potential for Pt/C (Table S2 and
Fig. S2). The d-orbital vacancy reflects the Pt electronic density of states
near the Fermi level [38,39], and our experimental evidence suggests
no major difference in the Pt-H,,q binding energies between acid and
alkaline electrolytes for monometallic Pt/C catalyst.

2.2. Electrochemical double-layer model and quasi-specific adsorption of
OH™ anions

We proceed by delving into the structural role of water and hy-
droxide anions in the alkaline electrochemical double-layer during Hypq
deposition and stripping processes, respectively. In acid, Pt-Hypq for-
mation simply involves the direct discharge of protons (Pt + H™ + e~
— Pt-Hypq). In alkaline media Hypq formation occurs via 1e” reduction
of solvent water molecules (Pt + H,O + e — Pt-Hypa + OH") which
involves OH™ anions being produced as conjugate base in the compact
part of double-layer [11]. Classically, this OH™ anion would be expected
to diffuse away into bulk electrolyte. Given the complexity of electro-
chemical events in this process, we performed a series of thought ex-
periments to sequentially visualize Hypq deposition/stripping mechan-
istic steps with detailed attention to double-layer structure. The modern
rendition of the electrochemical double-layer structural evolution
during Hypq deposition is shown in Fig. 1c (Stages 1 through 3 depicted
with respect to the double-layer potential region, Eg). In Stage 1
(E < Eq), prior to any electron transfer process the adsorbed H,O mole-
cule could be imagined as orienting itself in the inner-Helmholtz Plane
(IHP) with the hydrogen atoms facing the electrode due to the excess
negative charge on the surface (flip-down state of water dipole [40]).
After 1e” transfer (Stage 2, E < Eq)), hydroxide species formed would
not be completely cleaved from the water molecule but only be partially
cleaved, and remain stabilized in the outer-Helmholtz plane (OHP) via
a weak hydrogen-bond with the Hypq species. Such a structure is re-
presented here as Pt-Hpq""OHg.aq cluster which encloses the hydroxide
species in a quasi-specifically adsorbed state localized in the OHP. Only at
further negative potentials (Stage 3, E«Eq), OH anion could be con-
sidered to be completely cleaved followed by diffusion into the bulk.
Hence, the overall Hypq deposition in dilute alkaline electrolytes is
written as Pt + HyO + € — Pt-Hypq"OHgaq — Pt-Hypa + OH . The
reverse of this process (Fig. 1c, stages 3 through 1) occurs during anodic
Hypa stripping — such that the approach of OH™ anion (Stage 3, E<Eqp)
towards a negatively charged electrode surface would be limited to the
OHP forming a hydrogen bond with Hypq in the fashion Pt-Hypq'"OHg.aa
(Stage 2, E < Eq)). This is followed by water molecule formation in
Stage 1. The crucial aspect of the modern rendition is that the H,pq de-
position and stripping mechanisms in alkaline media progresses through a
transition state structure composed of Pt-H,q " OHg.qq involving both water
molecule bond-breaking and bond-formation processes, respectively. These
steps are simply not involved in acid electrolytes.

Hypa stripping process explained above could essentially be ex-
tended to depict the HOR mechanism in alkaline media (Fig. 2) by
simply replacing, for the sake of illustration, the Hypq species with the
HOR intermediate (H,q). Accordingly, Pt-H,4q intermediate (Stage 1,
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Fig. 1. HOR activity and Hypp on Pt in Dilute Acid versus Alkaline Electrolytes. Comparison of electrochemical characteristics of TKK 46% Pt/C in 0.1 M HClO4 and 0.1 M NaOH
electrolytes at room temperature: (a) cyclic voltammetry in argon saturated electrolytes; (b) HOR polarization curve in H, saturated electrolytes; inset shows the mass-transport corrected
HOR Tafel plots; (c) Schematic illustration of electrochemical double-layer structure during Hypp deposition/stripping process in dilute alkaline electrolytes at various potentials with
respect to the potential of double layer region (Eq). All experiments carried out at room temperature.

E«Eq) involves in a 1e  oxidation process only at more anodic poten-
tials (Stage 2-3, E < Eq)) to enable bond-formation in H,O molecule via
the transition state structure Pt-Hoq"OHg.aq. As depicted in Stages 1 and
2, the negative charge on the electrode surface prevents the direct
specific adsorption of OH anions but permits only quasi-specific in-
teraction with H,q from the OHP in the fashion Pt-H,q""OHg..4. Recent
studies suggest that specifically adsorbed Pt-OH,4 species are present on
"Pt-defect sites" in the Hypq region on [22]. Pt Lz-edge XANES and delta-
mu analysis discussed in Fig. S3, S4, and S5 show that in H,pq region,
there is no formation of specifically adsorbed Pt-OH,q which occurs

only at potentials above = 0.7 V.

In essence, the higher overpotential involved in the oxidation of Pt-
H,pa/Pt-Hag species to form water is inherent to the unique mechanistic
steps in alkaline electrolyte. It is due to the higher activation energy
required to draw negatively charged OH anions to the plane of closest
approach (i.e. OHP) of a negatively charged electrode surface followed
by the assemblage of an exclusive transition state structure of the form
Pt-Hypd/aa"OHg.aa prior to enabling bond-formation in the product
water molecule. On monometallic Pt surfaces, the "reactive-OH,q4"
species is the quasi-specifically adsorbed (OHg..4) hydroxide moiety

Stage 1 Stage 2 Stage 3 Fig. 2. Relationship between HOR electro-
catalysis and the electrochemical double-layer
structure in dilute alkaline electrolyte. Schematic
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Fig. 3. HOR electrocatalysis on bimetallic catalysts in alkaline electrolyte. (a) HOR
polarization curves, (b) Ohmic and mass transport corrected Tafel plots in H, saturated
electrolytes and (c & d) cyclic voltammetry in argon saturated electrolyte. All measure-
ments carried out at 40 °C.

localized in OHP. Interestingly, the above findings in alkaline HOR
mechanism agrees with the recent development in alkaline H,-evolu-
tion reaction (HER) mechanism where the bond-breaking of H,O mole-
cules was shown to be the major limitation for the sluggish HER kinetics
on monometallic Pt surfaces [41].

2.3. HOR on bimetallic catalyst systems

Given the limitations of monometallic Pt catalyst being unable to
furnish "reactive-OH,4" species at a low enough potential, we proceed
by developing bimetallic alloys for improved HOR activity and ex-
tending the double-layer structural model for better understanding of
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the reaction mechanisms [22,42]. Two alloying elements namely Ru
and Nb were chosen such that Ru represents a metal surface capable of
forming H,pq whereas Nb is a non-noble transition metal that is passi-
vated with an oxide/hydroxide layer in aqueous electrochemical con-
ditions. In both cases of bimetallic alloys (Fig. 3 and S6), a significant
improvement in HOR activity is observed over that of Pt/C in alkaline
pH. For instance, at iy = 1 A/mgp; HOR overpotential on PtRu/C and
PtNb/C is minimized by 110 mV and 80 mV respectively in comparison
to Pt/C. HOR behavior of PtRu/C in alkaline electrolyte is similar to the
diffusion controlled characteristics of Pt/C in acid. To rationalize the
alkaline HOR mechanism of the bimetallic catalysts, we delve into the
electrochemical and spectroscopic details of the reaction sequence.

CV of PtRu/C in 0.1 M NaOH (Fig. 3c) features a redox peak cen-
tered at ~0.1 V in the anodic scan followed by a tapering shoulder up to
~0.35V. CV of Ru/C in 0.1 M NaOH (Fig. 3c) features a sharp redox
peak in the potential region from 0.05 to 0.20 V followed by a slow rise
in current-density above 0.20 V consistent with earlier observations on
polycrystalline ruthenium [43-45]. A simple comparison of PtRu/C
with Ru/C clearly shows that the peak at 0.1 V arises largely from the
Ru component in the alloy. However, there is some controversy on the
reactions responsible for this feature on PtRu, i.e., i) due to the high
oxophilicity of Ru, some authors indicate the possibility of Ru-OH.q
below 0.2V [43,44], and ii) due to a possible ligand effect of Ru on Pt
some authors have suggested a "weakening of Pt-Hp,4" by the Ru alloy
which leads to a cathodic shift in the Hpq peaks in comparison to pure-
Pt [28].

We clarify here that the reaction responsible for the anodic peak
centered at 0.1 V on both PtRu/C and Ru/C arises due to Ru-Hypq for-
mation. X-ray absorption near edge spectra (XANES) of Ru K-edge (Figs.
S7 and S8) clearly shows that Ru nanoparticles are in a completely
reduced state with no evidence of oxidation below 0.2 V; only above
0.20 V, the formation of specifically adsorbed Ru-OH,q is evidenced on
Ru surface. Significant improvement in HOR activity on PtRu/C catalyst
is observed well below 0.2 V where no Ru-OH,4 formation is evidenced.
Additionally, Delta-mu (4p) technique, a surface sensitive spectral
subtraction methodology in the XANES region [46,47] (see Supple-
mentary Methods), is utilized here to identify the chemical nature of
adsorbates on Ru at potentials relevant for HOR. The experimental Ap
(Ap,) spectra of Ru (see Fig. 4a and S8) at 0.05 V and 0.2 V indicates a
large positive feature from —40 to —20 eV followed by a negative dip
at roughly —5 eV. As illustrated in Fig. 4a, the theoretical spectra (Ap,)
of a [Rug-Hypal cluster used in the simulation clearly reflects the ex-
perimental spectroscopic signature obtained at 0.05 and 0.2 V (also see
Figs. S6, S10). This yields unambiguous proof that the peak centered at
0.1 V on PtRu/C CV (Fig. 3c) can be ascribed to the Ru-H,pq process on
PtRu/C catalyst.

Fig. 3d compares the CVs of PtNb/C and Nb/C. While Nb/C CV is
essentially featureless, PtNb/C Hyq4 features are largely similar to Pt/C.
A comparison of the Hypq feature of PtNb/C and Pt/C in a single elec-
trolyte (i.e. 0.1 M NaOH) shows no shift in peak potentials. This is in
good agreement with the d-band vacancy calculated from XANES
spectra that show no major changes in the Pt electronic density of states
at relevant potentials of 0.04 V due to Nb alloying indicating that the
Nb does not affect the Pt-H binding energy (Table S2 and Fig. S11).
While Nb K-edge XANES (Fig. 4b) edge position suggests an oxidation
state of Nb2™, a careful analysis of EXAFS also shows the presence of
metallic Nb with a weak Nb-O(H) shoulder (Fig. S12). This indicates
that Nb is present as a metallic Nb core with niobium oxyhydroxide
surface (Nb4+OX(OHy)) under in situ conditions giving an average
oxidation state of Nb®>*. The above analysis suggests that the nature of
the electrochemical processes on bimetallic PtRu/C and PtNb/C in al-
kaline media is complex and needs careful examination using multiple
analytical techniques. While Ru exists in its metallic state enabling Hypq
formation, the surface of Nb is largely covered with an oxyhydroxide
layer - the implications of which for HOR are discussed in the next
section.
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2.4. Alkaline HOR mechanisms

This scenario brings us to some important conclusions on the HOR
mechanisms in dilute alkaline electrolytes on mono- and bi-metallic
catalysts. Briefly, on monometallic Pt/C (Fig. 5, Scheme 1) the higher
HOR overpotential in alkaline media arises from the higher activation
energy required to draw OH anion to the plane of closest approach (i.e.
OHP) of a negatively charged electrode surface and subsequently form
the transition state structure Pt-H,q"OHg.,q leading to the bond for-
mation of the final product water molecule. On monometallic Pt-sur-
faces, the nature of the reactive-OH,4 species is a complex quasi-ad-
sorbed hydroxide moiety (OHg.,q) involved in the formation of 'M-
Hypa'"OHg.ad' cluster.

In the case of PtRu/C catalyst, we propose the following HOR me-
chanism based on the combination of surface sensitive spectroscopic
studies (i.e., A analysis) on Ru (which shows no evidence of specifi-
cally adsorbed Ru-OH,q4 at potentials < 0.2V relevant to HOR) and
electrochemical double-layer structural model involving the formation
of quasi-adsorbed hydroxide species. Ru enables the formation of quasi-
specifically adsorbed reactive-hydroxide species of the form Ru-
Hypa"OHg.aq via 1€  reduction of water molecules at very low poten-
tials relevant for HOR. The dissociatively adsorbed H, intermediate on
Pt (Pt-H,q) reacts with the quasi-specifically adsorbed reactive-

Scheme 1: Monometallic Scheme 2: Bimetallic

Scheme 3: Bimetallic

hydroxide species (present in Ru-H,pq""OHgq.aq) to accelerate the bond-
formation of product H,O molecule at low potentials (Fig. 5, Scheme 2 —
Bimetallic System I).

Finally, in cases of bimetallic systems where Pt is alloyed with
transition metals such as niobium, gold [48], nickel [22] (Fig. S13), and
copper [42] (Fig. S14) etc. that do not form H,,q at high pH but instead
are passivated with a thin layer of oxide/hydroxide film, the promotion
of HOR activity can be said to follow Scheme 3 (Fig. 5, Bimetallic
System II). Only in such cases, electrocatalytic HOR involves a simpler
bifunctional mechanism involving direct reaction between Pt-H,.q4 in-
termediate and OH,q formed on an adjacent alloying element in the
fashion NbO,(OH,)/Cu-OH,q/Ni-OH,q4. To further buttress this argu-
ment on the effect of reactive-OH,4 on HOR, Fig. S15 shows the effect of
acid cycling PtCo/C. With the loss of surface Co-O(H), a concomitant
loss in HOR activity is also observed.

3. Conclusions

In summary, the rationale for high HOR overpotential lays in fun-
damental changes to the reaction mechanisms in alkaline electrolyte
and not simply due to an increase in hydrogen-binding energy. HOR
overpotential can be minimized by alloying a primary active site (such
as Pt) capable of dissociatively adsorbing H, with either: i) a base

Fig. 5. Relationship between HOR electrocatalysis and elec-
trochemical double-layer structure. Generic mechanistic re-

System System | System i action schemes for HOR in dilute alkaline electrolytes on mono-
IHP OHP IHP OHP and bi-metallic catalyst systems. M1 represents a metal site cap-
E<E ! 1 E<<E E<<E, 1 1 able of dissociatively adsorbing molecular hydrogen. In scheme 2,

dl

d

alloy element M, represents a precious metal site capable of
forming Hypq in alkaline electrolyte. In scheme 3, alloy element
M, represents a base-metal site passivated with adsorbed (hydr)
oxide species in dilute alkaline electrolytes.
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transition metal (M},) that is passivated with a (hydr)oxide layer (M-
OH,q) at potentials low enough in the HOR region; [22,42] or ii) a
metal, typically from precious metal-group (M,,) capable of activating 1e”
reduction of water to form My-Hypq"OHg.aq clusters. In such alloys, Pt-
H,q intermediate reacts either with OH,4 species formed on an adjacent
base metal (M,-OH,q) as in the former case or in the latter case with
OHg..q species formed on the precious metal alloying element (M-
Hypa'"OHg.aq) to enhance HOR kinetics.

4. Methods
4.1. Electrode preparations and electrochemical characterizations

Precious metal catalysts dispersed on high surface area carbon
supports, namely TKK 46 wt% Pt/C and Johnson Matthey 20 wt%
PtRu/C (bulk and surface Pt:Ru atomic ratio of 1:1) electrocatalysts
were used as received. The metal contents and their atomic ratios of the
as-received catalyst were verified using Energy Dispersive Analysis of X-
rays. The average particle size of the Pt and PtRu catalysts were de-
termined by both transmission electron microscopy and X-ray diffrac-
tion to be 2-3 nm and 4-5 nm, respectively. Ru/C with a nominal metal
loading of 20% by weight and average XRD crystallite size of ~13 nm
was synthesized in-house based on synthetic methodologies docu-
mented elsewhere [45]. PtNb/C catalyst was synthesized in-house using
the procedure given in Supplementary Information. Fig. S16 shows the
high resolution images and particle size distribution measurements of
PtNb/C catalyst. Fig. S17 shows the X-ray diffraction patterns of the
catalysts involved in this study. Electrochemical measurements were
made using a rotating ring-disk electrode (RRDE) setup from Pine In-
struments connected to an Autolab (Ecochemie Inc., model-PGSTAT 30)
bi-potentiostat. Alkaline (0.1 M NaOH) and acidic (0.1 M HCIO,) elec-
trolytes were prepared using sodium hydroxide pellets (semiconductor
grade, 99.99%, Sigma-Aldrich) and double-distilled 70% perchloric
acid (GFS Chemicals), respectively. Catalyst inks were prepared by ul-
trasonically dispersing the catalyst powder in a 1:1 (by volume) ratio of
deionized water (Millipore, 18.2 MQ cm) to isopropanol solution. Ty-
pical catalyst loadings employed were ~10 pg/cm 2 of the total pre-
cious metal content on 5mm glassy carbon (GC) disk (Pine Instru-
ments). GC disk was polished with 0.05 um alumina (Buehler) followed
by thorough rinsing with deionized water and dried at room tempera-
ture prior to use. Reversible Hydrogen Electrode (RHE) generated using
the same electrolyte as the bulk was used as the reference electrode. All
electrode potentials are addressed here with respect to the RHE scale in
the electrolyte of interest, unless otherwise stated. All current values are
normalized to the geometric area of the glassy carbon disk unless
otherwise stated. (Details on the X-ray Absorption Spectroscopy ex-
perimental methods and Delta-Mu analytical methodology are pre-
sented in the Supplementary Information).
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