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In this paper we present an in-operando spectroscopic study of the reaction intermediates involved in
ORR on electrified Pt nanoparticle electrocatalysts. To accomplish this, we have synthesized Ag-Pt
core–shell nanoparticles, that contain a thin shell of Pt (~1 nm) uniformly deposited on a larger Ag core
(~60 nm). We show that these nanostructures are ideal platforms for in-operando Plasmon Enhanced
Raman Spectroscopy (PERS) of ORR on Pt. We combined these PERS studies with DFT calculations to
assign the measured vibrational spectra to relevant surface intermediates as a function of electrocatalyst
potential. These vibrational assignments were further verified and validated by performing PERS mea-
surements using de-oxygenated and heavy oxygen (O2-18) saturated electrolyte. These studies allowed
us to identity the presence of critical reaction intermediates (OH, O2, OOH, and H2O) as the function of
operating voltage on the Pt surface and derive voltage-dependent elementary step mechanisms of the
reaction.

� 2021 Elsevier Inc. All rights reserved.
1. Introduction

Hydrogen fuel cells take advantage of two electrochemical half
reactions, hydrogen oxidation (HOR) at the anode and oxygen
reduction (ORR) at the cathode, to exchange chemical for electrical
energy [1–3]. Owing largely to the sluggish kinetics of the cathodic
ORR even on state-of-the-art Pt-based nanoparticle electrocata-
lysts, these devices have not enjoyed a widespread adoption
[4,5]. To combat this issue, there have been many attempts to
improve the electrocatalyst efficiency by combining Pt with other
metals to form Pt-metal alloys that exhibit higher reaction rates
compared to pure Pt materials [6–9]. These studies have yielded
a number of promising ORR electrocatalysts, among which Pt/3d
(Ni, Co, Cu) metal alloy nanoparticles show the most promise
[10–15].

Parallel to these efforts to identify better performing ORR elec-
trocatalysts, there has also been a significant interest to unearth
the reaction mechanism at the elementary step and critical surface
intermediates levels [16–22]. Obtaining direct experimental spec-
troscopic evidence, in the form of vibrational or electronic spectra
of relevant ORR surface intermediates at the electrified interfaces
between an electrolyte and Pt nanoparticle electrocatalysts, how-
ever, has proven challenging. The experimental difficulties are
associated with (i) the lack of surface sensitivity of many spectro-
scopic techniques, making it difficult to separate the spectroscopic
signals associated with surface reaction intermediates from those
associated with the species in the water-based electrolyte [23],
(ii) the presence of the interfacial electric field effects which
change as the electrode potential changes, (iii) the presence of
water molecules whose interfacial surface orientation changes as
a function of potential, and (iv) the existence of electrolyte ions
which further complicate the mechanism [24–29]. Due to these
difficulties, spectroscopic studies of ORR have been rather limited
and mainly focused on highly idealized model electrocatalysts or
on idealized electrochemical environments that are not consistent
with the above described electrocatalyst/electrolyte interface com-
plexities [30]. For example, Adzic and coworkers used surface
enhanced infrared reflection absorption spectroscopy (SEIRAS)
whereas Dong et. al used shell-isolated nanoparticle-enhanced
Raman spectroscopy (SHINERS) to investigate the reaction on the
model single crystals of extended Au [31] and Pt [32,33] surfaces.
Casalongue et. al conducted an in-situ x-ray photoelectron spec-
troscopy (XPS) at relatively low pressure (<100 Torr) [34] where
humidified gas was used to simulate an aqueous electrolyte envi-

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcat.2021.02.009&domain=pdf
https://doi.org/10.1016/j.jcat.2021.02.009
mailto:linic@umich.edu
https://doi.org/10.1016/j.jcat.2021.02.009
http://www.sciencedirect.com/science/journal/00219517
http://www.elsevier.com/locate/jcat


S.T. Dix and S. Linic Journal of Catalysis 396 (2021) 32–39
ronment, while Nayak et. al used non-surface specific infrared
spectroscopy to study Pt/C electrocatalysts in a limited vibrational
mode range between 950 and 1500 cm�1. [35] Due to these chal-
lenges in the spectroscopic characterization of electrochemical
transformations, mechanistic understanding of ORR is largely
based on either quantum chemical calculations (mainly employing
Density Functional Theory (DFT)) of the energetics of various pro-
posed reaction intermediates on idealized model Pt surfaces and
on the experimental studies of reaction kinetics which are coupled
to the mechanism using variations of micro-kinetic modelling [16].

Spectroscopic studies on non-model Pt nanoparticle electrocat-
alysts represent a missing link that would be very valuable, since it
would serve to validate or dispute the mechanisms proposed based
on the studies of model systems. In this work we present an in-
operando spectroscopic study of the reaction intermediates
involved in ORR on electrified Pt nanoparticle electrocatalysts. To
accomplish this, we have designed and synthesized Ag-Pt core–
shell nanoparticles, that contain a thin shell of Pt (approximately
1 nm) deposited on Ag nanoparticle cores (~60 nm diameter).
We show that these nanostructures are ideal platforms for in-
operando Plasmon Enhanced Raman Spectroscopy (PERS) of ORR
on the Pt surface sites since the electrochemical transformations
take place on the Pt surface, while the Ag core plays a role of an
antenna which amplifies the Raman signal through the excited
localized surface plasmons, giving us the required spectroscopic
surface sensitivity. We combined these PERS studies with DFT cal-
culations to assign the measured surface-specific Raman vibra-
tional spectra to relevant surface intermediates as a function of
electrocatalyst potential. This was done by using DFT calculations
to compute vibrational fingerprints of likely surface intermediates
at various potential-dependent Pt/electrolyte surface environ-
ments and identify the reaction intermediates that are consistent
with the experimental spectra. These vibrational assignments were
further verified and validated by performing PERS measurements
in deoxygenated electrolyte and heavy oxygen (O2-18) saturated
electrolyte. These studies allowed us to identity the presence of
critical reaction intermediates (OH, O2, OOH, and H2O) on the Pt
surface as the function of operating voltage and derive voltage-
dependent elementary step mechanisms of the reaction.
2. Synthesis and characterization of Ag-Pt core–shell
nanoparticles:

We used a colloidal approach to synthesize the Ag-Pt core–shell
nanostructures as described in detail in the methods section and
previous publications [36,37]. In short, Ag nanoparticles of spheri-
cal shape with ~ 60 nm diameter were synthesized first. After
washing, the Ag nanospheres were dispersed in a basic solution
with a mild reducing agent (glucose). Upon addition of a Pt precur-
sor (K2PtCl4), the Pt shell slowly forms on the Ag core. We have
characterized these nanostructures, showing the presence of the
thin Pt shell on the Ag cores. For example, the elemental mapping
data in Fig. 1a shows a spherical core–shell nanoparticle of ~ 60 nm
in diameter with a thin Pt shell surrounding Ag. Since cubical
shapes are easier to characterize with scanning transmission elec-
tron microscopy, we also synthesized Ag-Pt core–shell nanocubes
using a similar approach. Further characterization of these materi-
als is shown in the supplement (Figure S1) [36,37], suggesting an
approximately 1 nm thick (~5 to 6 layers of Pt atoms) shell on Ag.

The first questions we wanted to address was whether these
Ag-Pt core–shell nanoparticles show electrochemical ORR activity
that is consistent with the activities of Pt electrocatalysts. To
address these questions, we used a three electrode rotating disk
(RDE) setup to measure the ORR activity of the Ag-Pt core–shell
nanostructures supported on carbon black in an O2 saturated
33
0.1 M NaOH solution and compared it to the uncoated 60 nm Ag
nanoparticle cores. The kinetic current densities (reaction rates)
for the Ag-Pt and Ag nanoparticle electrocatalysts, measured at
the voltage of 0.9 versus a reversible hydrogen electrode (RHE)
and normalized to the respective electrochemically active surface
area of the Ag and Pt using a RDE, are plotted in the inset in
Fig. 1b [38,39]. The data in Figure S2 in the supplement show the
electrochemical surface-area normalized kinetic current density
over a range of applied voltages. The data in Fig. 1b insert and Fig-
ure S2 show that the kinetic current (reaction rate) on Ag-Pt core–
shell nanoparticles electrocatalyst is ~ 7 times higher than the rate
on the Ag nanoparticle electrocatalyst, suggesting that the Pt sur-
face atoms in the Ag-Pt core–shell nanoparticles are performing
the reaction. Furthermore, the data in Fig. 1b (insert) shows that
the kinetic ORR current on the Ag-Pt core–shell nanoparticle elec-
trocatalyst at 0.9 V vs. RHE is ~ 1.4 mA per cm2 of Pt which is quan-
titatively consistent with the literature reported values for Pt
nanoparticle electrocatalysts [40,41] and a polycrystalline-Pt elec-
trode (Figure S3), suggesting that the electrochemical ORR takes
place on the surface Pt sites which are engulfing the Ag core atoms.

We also assessed the ability of these Ag-Pt core–shell nanos-
tructures to support surface enhancements in Raman spectroscopy
measurements. The data in Fig. 1c show measured Raman spectra
(obtained using a 532 nm Raman laser) of a probe dye molecule
(methylene blue (MB)) deposited on three different substrates.
The data show that for MB deposited on a silica chip and on pure
Pt nanoparticles covering the Si chip, the MB Raman spectra is
hardly detectable. On the other hand, for an identical MB concen-
tration deposited on the Ag-Pt core–shell nanoparticle on the silica
chip, the intensity of Raman scattering is larger by several orders of
magnitude. The reason for this large Raman intensity enhancement
is that the Ag core in the Ag-Pt core–shell nanoparticles interacts
strongly with the incident 532 nm photons of the Raman laser
through the excitation of localized surface plasmon resonance
(LSPR). This strong interaction of light with the nanostructure
results in an elevated optical extinction of the nanoparticles at res-
onant frequencies as shown in Fig. 1d. Under these resonant exci-
tation conditions, strong oscillating electric fields are established at
the surface of the nanoparticle, amplifying the rates of Raman sur-
face scattering [42–44]. We used finite difference time domain
(FDTD) optical modeling (see the supplement for details) to show
that the oscillating electric field intensity is ~ 35 times larger
around the Pt shell of a Ag-Pt nanoparticle (consistent with our
nanoparticle geometry) compared to the electric field of incoming
light (Figure S4). This means that the expected surface enhance-
ment in the Raman signal of a surface intermediate residing on
the Ag-Pt nanoparticle surface compared to the surface of
monometallic Pt nanoparticles is ~ 352 (which is ~ 103). We note
that pure Pt nanoparticles do not support these plasmon induced
Raman surface enhancement [44,45]. As a side note, we point out
that the LSPR extinction spectra in Fig. 1d show that the plasmon
peak for Ag-Pt nanoparticles is slightly red-shifted and broader
compared to pure Ag nanoparticles, which is fully consistent with
the engulfment of the Ag core by a thin Pt shell [46–48]. Collec-
tively, the data in Fig. 1 show that the Ag-Pt core–shell nanoparti-
cles achieve the reaction rates that are consistent with the reaction
taking place on Pt nanoparticles, and that these materials are
excellent platforms for surface sensitive Raman spectroscopy.
3. Spectroscopic results and discussion

The PERS measurements were performed in an electrochemical
flow cell specifically designed for in-operando Raman spectroscopy
(Figure S5) [49]. The working electrode contained the Ag-Pt core–
shell nanoparticle electrocatalysts uniformly coated on a 100 nm



Fig. 1. (a) Energy-dispersive X-ray spectroscopy (EDS) map of the Ag-Pt nanoparticle. Ag is pink while Pt signal is green. (b) ORR current(rate)/voltage curve measured for the
Ag-Pt nanoparticles at 50 mV/s in the in-operando flow cell in 0.1 M NaOH with O2 (red) or He (black) saturating the electrolyte. (Inset) Electrochemical surface area
normalized ORR current measured in a rotating disk electrode (RDE) setup of the Ag-Pt on carbon and monometallic Ag spheres on carbon. The kinetic current was measured
at 0.9 V vs. RHE in O2 saturated 0.1 M NaOH. (c) Raman spectra of methylene blue (MB) on a silica chip with and without the Ag-Pt nanoparticles or Pt nanoparticles (~20 nm
diameter). The MB was deposited on the three substrates at identical concentration. The Raman laser wavelength was 532 nm. (d) UV–vis extinction spectra of the Ag
nanoparticle (60 nm diameter) and the identical Ag particles covered by a thin Pt shell.
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thick Ag film. We used Hg/HgO as a reference electrode and a clean
Pt wire as a counter electrode. The data in Fig. 1b show that the
current (reaction rate) as a function of applied potential measured
on the Ag-Pt nanoparticle electrocatalysts in this flow cell system
exhibits all the features consistent with the ORR electrochemistry
on Pt, including the mass transport, polarization and kinetic lim-
ited ORR rate regimes. The Pt-surface normalized kinetic current
is also consistent with the currents measured in the rotating disk
setup discussed above.

The data in Fig. 2a show the measured vibrational Raman spec-
tra as the function of voltage obtained for the Ag-Pt core–shell
nanoparticles in the O2–saturated (ORR taking place) and de-
oxygenated, He-saturated 0.1 M NaOH electrolyte. We note that
the Raman spectra on the core–shell Ag-Pt nanoparticles look dif-
ferent than those measured on Ag nanoparticle cores (see Fig-
ure S6). The PERS data on Ag-Pt show three information-rich
families of Raman spectra:

(i) The O2 and the electrode potential-sensitive Raman modes,
appearing at 933, 1072, 1102, 1131, 1404 and 1441 cm�1

(see Fig. 2a and 2b). These modes do not show up in the
He-saturated electrolyte. The data in Fig. 2a show represen-
tative PER spectra, while the data in Fig. 2b shows the statis-
tical analysis (detailed in Figure S7) of the intensities of the
Raman peaks as the function of voltage. The data show that
as the potential increases, the intensities of the O2-sensitive
bands of peaks at 933, 1072, 1102, 1131 and 1404 cm�1

increase. On the other hand, the intensity of the O2-
sensitive 1441 cm�1 mode decreases with increasing elec-
trode potentials.
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(ii) The Raman modes at 1600, 1664, 2020 cm�1 (see Fig. 3a and
3b) that appear with identical intensities in both, the O2A
and He-saturated electrolytes, and are sensitive to changes
in the electrode potential. The data show that the voltage-
dependent and oxygen-insensitive spectral features at
1600 cm�1 is maximized at 750 mV while the features at
1664 cm�1 and 2020 cm�1 decrease with increasing
potential.

(iii) the Raman features between 2800 and 3000 cm�1 that exhi-
bit a weak electrode potential dependence and that appear
in the O2A and He-saturated electrolytes. The data in
Fig. 3a show that at a given potential the intensity of these
modes is larger in the O2-saturated compared to the He-
saturated electrolytes.

To aid in the assignment of the experimentally measured
Raman spectra, DFT calculations were used to model the complex,
potential-dependent Pt/electrolyte(water) interface. We employed
the Pt(111) model surface, which is consistent with the spherical
shape of the nanoparticles used in the PERS measurements that
are dominated by the (111) surface facet. Our strategy was to
focus on the thermodynamically stable, potential-dependent geo-
metric configurations of the Pt/water interface that have been
derived previously based on ab-initio thermodynamics and molec-
ular dynamics modeling [17,50]. The vibrational Raman spectra of
the likely reaction intermediates (O2, OH, O, OOH, etc.) was calcu-
lated by embedding these intermediates within these potential-
dependent, thermodynamically relevant surface/water interfaces
and converging the structures to their lowest energy
configurations.



Fig. 2. (a) Measured in-operando PER spectra of Ag-Pt nanoparticles in O2 and He saturated 0.1 M NaOH at electrode voltages from 50 to 900 mV vs. RHE. (b) Statistical
analysis of potential dependent intensity changes for oxygen sensitive bands of peaks at 933, 1072, 1102, 1131, 1404, and 1441 cm�1. Error bars are ± the standard error of the
population mean of n spectra taken for each potential where n is a minimum of 3. (c) The arrows represent the DFT calculated movement of atoms corresponding to different
Raman vibrational modes. The 3x3 surface unit cell was employed.

Fig. 3. (a) Measured in-operando PER spectra of Ag-Pt nanoparticles in O2 and He saturated 0.1 M NaOH from 50 to 900 mV vs. RHE. (b) Statistical analysis of potential
dependent intensity changes for oxygen insensitive modes at 1600, 1664 and 2020 cm�1. Error bars are ± the standard error of the population mean of n spectra taken for each
potential where n is a minimum of 3. (c) The arrows represent the DFT calculated movement of atoms corresponding to different Raman vibrational modes. The 3x3 surface
unit cell was employed.
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The relevant potential-dependent water/Pt(111) interfacial
configurations are shown in Figure S8. At potentials below
450 mV wrt. RHE, the process of the hydrogen underpotential
deposition on Pt takes place. Ab-initio thermodynamic studies
have shown that under these conditions, a water layer with the
water hydrogen atoms facing towards the surface rests above
underpotential deposited hydrogen (H-UPD) atoms adsorbed in
three-fold hollow sites (Figure S8a) [51,53]. As potential increases,
the H-UPD atoms desorb from the surface, and the water layer
35
above the Pt surface moves closer to the surface (Figure S8b). As
potential further increases, the Pt surface approaches the potential
of zero charge (pzc), allowing the water molecules to be more
loosely arranged above the Pt surface [54]. Eventually, water mole-
cules are split and the hydroxide adsorbate (OH) starts populating
the surface above ~ 650 mV [17]. This leads to the formation of OH-
H2O hydrogen bonds which results in the establishment of the
hydrogen bonding-reinforced hexagonal H2O/OH network, which
resides flat on the Pt surface (Figure S8c). At the electric potential
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above ~ 650 mV two OH/H2O networks are considered: (1) a
1/3ML-OH/1/3ML-H2O and a (2) 5/12ML-OH/3/12MLH2O. Both
structures have similar free energy and both have been identified
as thermodynamically stable under these conditions [17,50]. As
potential increases further above 0.9 V, the O-H bond in the
adsorbed OH is cleaved and oxygen atoms are formed on the Pt
surface. We note that due to the diversity of surface sites on our
non-model nanoparticle systems and dynamic fluctuations, there
are significant overlaps between these different phases as a func-
tion of voltage.

As mentioned above, our approach was to embed various possi-
ble reaction intermediates (O2, OOH, OH, O) in these thermody-
namically stable water/Pt networks and use DFT to compute the
Raman spectra associated with these intermediates. In this process,
we identified the lowest energy states of the intermediates in these
water/Pt networks, and by comparing the measured to the com-
puted Raman spectra, we were able to identify the reaction inter-
mediates as the function of potential.

We first focus on the analysis of the O2 and electrode potential-
sensitive spectral features at 933, 1072, 1102, 1131, 1404 cm�1.
The data in Fig. 2b show that these Raman bands increase in inten-
sity as the function of the electrode potential. Based on the DFT cal-
culations, we assigned these bands to the structures where an O2

molecule is embedded in a 1/3ML-OH/1/3ML-H2O structure [17].
Collective atomic movements associated with these Raman active
vibrational modes are indicated by blue arrows in Fig. 2c. For
example, the DFT simulated mode at 903 cm�1 (measured at
933 cm�1) is directly associated with the O-O stretch within the
O2 molecule on the Pt surface embedded in the 1/3ML-
OH/1/3ML-H2O network, giving us an indication for the presence
of this intermediate. The other modes are associated with the
movements of atoms in this 1/3ML-OH/1/3ML-H2O network,
which are influenced by the presence of O2 within the network.
The intensity of these modes increases as the function of potential,
which is consistent with the fact that the OH/H2O network starts
appearing on the surface at higher voltages as the OH adsorbate
starts to populate the surface Pt sites. Another piece of information
that supports these Raman mode assignments is that the modes
associated with the motions of atoms in the flat OH/H2O network
(1072, 1102, 1131, 1404 cm�1) are very weak or do not appear in
the He-purged electrolyte (i.e., without the O2 present in the elec-
trolyte). The reason is that the Raman selection rules for the hexag-
onal symmetry of the 1/3ML-OH/1/3ML-H2O network makes these
modes Raman inactive. The introduction of O2 to the surface leads
to the breaking of the symmetry of the hexagonal network, which
gives rise to these modes.

The data in Fig. 2b show that unlike the above discussed modes
associated with the O2 molecule on the surface, the intensity of the
O2-sensitive mode at 1441 cm�1 decreases with increasing poten-
tial. Based on DFT calculations, we assigned this peak to the OOH
intermediate embedded in a network of 2/3 ML H2O molecules
with the H atoms in H2O pointing to the Pt surface (Fig. 2c and Fig-
ure S8b). This H2O structure is more stable at lower potentials
owing to the negatively charged Pt surface that electrostatically
reorients the water molecules toward this configuration. The
decreasing intensity of the vibrational mode with increasing
potential suggests that the surface concentration of the OOH inter-
mediate declines as the function of an increasing voltage.

To further confirm the assignments of the modes between 933
and 1441 cm�1, we performed Raman measurements when we
replaced the O2-16 reactant with the O2-18 isotope. Quite surpris-
ingly we found that these Raman modes were insensitive to the
nature of the O2 isotope (Figure S9). To explain this observation,
we performed DFT calculations to compute the Raman spectra
for O2-16 and O2-18 in vacuum (Figure S10) and in the thermody-
namically stable interfacial structures. These calculations sup-
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ported the experimental observations leading us to conclude that
in this water environment, the O2 isotopic labeling does not yield
significant shifts in the observed Raman spectra associated with
the O2 intermediates due to the collective nature of the molecular
vibrations (Table S1 and S2).

We also analyzed the potential-dependent behavior of the spec-
tral features that are not sensitive to the presence of O2 in the elec-
trolyte and that appear with equal intensities in the O2A and He-
purged electrolyte (Fig. 3). The Raman band centered at
1600 cm�1 increases with increasing potential reaching its maxi-
mum intensity at 750 mV (Fig. 3b). Based in DFT calculations, we
assign this peak to the H2O bending mode in the 1/3ML-
OH/1/3ML-H2O network. The observed maximum intensity of this
mode at the potential of around 750 – 800 mV is consistent with
the notion that at the potentials higher than ~ 800 mV the H2O/
OH network is disrupted by the formation of the O atoms on the
surface, while at significantly lower potentials the OH is not avail-
able on the surface. It is informative to note that unlike the above-
discussed Raman inactive H2O/OH modes (1072, 1102, 1131,
1404 cm�1), which are not visible in the He electrolyte due to
the hexagonal symmetry of the 1/3ML-OH/1/3ML-H2O network
on Pt, the mode at 1600 cm�1 can be detected in both electrolytes
since it is not subject to the same Raman surface selection rules.

The data in Fig. 3a and b also show that the bands at 1664 cm�1

and 2020 cm�1 decrease in intensity as the potential is increased in
both the He and O2 electrolytes. Our DFT calculations show that the
1664 cm�1 mode corresponds to a molecular H2O bending within
the 2/3 ML H2O structure with H atoms in water facing down to
the Pt surface. We assigned the peak at 2020 cm�1 to the Pt-H
vibrations, where H atoms in Pt top sites, surrounded with H2O
vibrate on the Pt surface. This H-vibration mode has also been pre-
viously identified in the literature to appear between 2000 and
2100 cm�1 [55]. It has also been proposed that this mode exhibits
a strong Stark tuning effect, with its frequency changing with elec-
tric field intensity [51,52]. This Stark tuning effect is observed in
our experimental data in Fig. 3 that show this mode shifts to higher
wavenumbers as the potential is increased. We note that in this
same vibrational range, in the CO-polluted electrolyte, a linearly
bonded CO on Pt would appear. To rule out the potential interfer-
ence of CO, we measured the Raman spectra for CO saturated elec-
trolyte. Data in Figure S11 show that the CO adsorbed on the Pt
sites of Ag-Pt core–shell nanoparticles exhibits different spectral
features compared to those we assigned to H on Pt. [56] (see Fig-
ure S11 and supplement for further discussion).

Additionally, we also detected Raman modes centered at 2854
and 2933 cm�1 in both, the oxygen and helium saturated elec-
trolytes. These modes are more intense when O2 is present and
do not exhibit significant potential dependence (Figure S12). These
peaks match well with modes associated with the movement of H
atoms in the 1/3ML-OH/1/3ML-H2O (2835, 2879 cm�1) and the
5/12ML-OH/3/12ML-H2O structures (2853, 2980 cm�1). Since
these OH/H2O networks are not stable on the Pt(111) surface at
the low potentials (50, 250 mV), we cannot associate these modes
with these surface networks. Potential explanation for these modes
is that, as pointed by Janik and coworkers, these OH/H2O networks
can exist on more chemically active non–(111) surface facets of Pt
even at low potentials (50, 250 mV) [57]. This would imply that
these OH/H2O networks could exist at low potentials on the Pt
defects such as edges and kinks sites. Alternatively, these modes
could simply be associated with the networks of OH� surrounded
with H2O molecules in the vicinity or at the electrocatalyst surface.
Since these modes are more pronounced when O2 is present, this
would indicate that the introduction of O2 leads to an accumula-
tion of OH� at the surface within the double layer.

There are a few critical observations of the PERS studies that
shed light on the reaction mechanism. First, the measured Raman
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spectra directly identifies the potential-dependent, thermodynam-
ically stable structures at the water/Pt electrified interface on Pt
nanoparticle electrocatalysts. At low potentials, loosely bonded
water molecules with hydrogens facing down populate the Pt sur-
face. As the potential is increased, water and hydroxyl molecules
are adsorbed more strongly on Pt top sites in a hexagonal 1/3ML-
OH/1/3ML-H2O surface patterns as evidenced by bands of peaks
at 1072, 1102, 1131, 1404 and 1600 cm�1. This structure seems
to be the most pronounced at around 750 mV as OH and H2O mole-
cules are replaced with O atoms at higher voltages. Perhaps a sur-
prising outcome of this work is that these different
thermodynamically stable configurations seem to co-exist on the
nanoparticle surface over relatively wide potential ranges, indicat-
ing that the diversity of the surface sites provides a wide range of
binding energies for surface intermediates (mainly OH and O) that
influence the existence of the different surface structures. Perhaps
most importantly, our spectroscopic data point to the existence of
surface intermediates with the preserved OAO chemical bond. The
data showed that at high potentials, the O-O surface intermediate
was observed (peak at 933 cm�1). The data also show that at lower
potentials the OAOH intermediate (peak at 1441 cm�1) was
detected which is consistent with the recent in-situ studies by
Nayak et. al that showed decreasing abundance of OOH as a func-
tion of increasing potential [35]. These observations suggest that
over a wide range of operating voltage, the oxygen reduction reac-
tion could proceeds via an associative mechanism where O2 does
not spontaneously, thermally decompose on the Pt surface upon
its adsorption.

The sketch in Fig. 4, shows the potential energy surface of the
ORR on Pt surface sites that is consistent with the spectroscopic
analysis reported herein. The potential-dependence of the relative
abundance of these two intermediates (O-O and O-OH), where at
high electrode potentials the O-O intermediate is detected at
higher quantities, and at low potentials O-OH is a more abundant
intermediate, is suggestive of the fact that the dissociation of O2

involves a proton-electron addition to the adsorbed O2 and the for-
mation of the O-OH intermediate. At high voltages (Fig. 4), the
proton-electron addition step (O2* + (e� + H+) ?*OOH in acid
and O2* + (e� + H2O) ?*OOH + OH� in base) is slow compared to
the O-OH dissociation step, so we can observe the O-O intermedi-
ate on the surface. On the other hand, at lower voltages, the
proton-electron addition step is fast, and the O-OH intermediate
is trapped on the surface. The fact that we can even observe the
O-OH intermediate leads us to conclude that the dissociation of
this intermediate is an activated process with an activation barrier
that is low but sufficient for the trapping of this intermediate on
the surface. Finally, these spectroscopic studies support the notion
that the Pt surface operates in two different kinetic regimes as a
function of the Pt electrode potential. At high voltage, the reaction
Fig. 4. Potential energy surface for various intermediates of the ORR on Pt derived from
refers to ~ 50–500 mV. The red barriers indicate kinetically relevant steps that trap reac
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rate is affected by the presence of the packed network of OH and
water, which makes it difficult for O2 to find landing spots on the
surface, and by the slow rates of proton-electron addition to the
adsorbed O2. On the other hand, at lower voltages (far from equi-
librium) the surface is clean and the rate is controlled by the for-
mation of the O-OH intermediate and its conversion to OH and O.
4. Conclusions

In-operando characterization of heterogeneous electrochemical
reactions at the levels of elementary steps and critical surface
intermediates is challenging due to a buried, complex and
potential-dependent electrolyte/electrocatalyst interface where
these reactions take place. To address this challenge, we have
designed and synthesized Ag-Pt core–shell nanoparticle electrocat-
alysts that exhibits a high degree of surface enhancements in
Raman spectroscopy. The Raman surface enhancements are
derived from the Ag core which interacts strongly with visible light
through the excitation of LSPR. This material platform allows us to
study the (electro)chemical transformations that take place on Pt
surfaces and probe surface intermediates with a high surface sen-
sitivity. We note that monometallic Pt nanoparticles do not sup-
port surface enhancements in Raman spectroscopy. We have
used these nanoparticle materials to perform a detailed Raman
spectroscopy study of the mechanism of electrochemical ORR.
The studies showed that these materials exhibit the ORR activity
consistent with monometallic Pt electrocatalysis. Based on the
DFT computed assignments of Raman spectral features we identi-
fied the critical electrolyte/Pt interfacial structures as a function
of electrode voltage. Furthermore, the spectroscopic studies
allowed us to identify the O-O and O-OH surface intermediates
on the Pt surface, suggesting that the associative ORR mechanism
plays a critical role over a wide range of potentials. The spectro-
scopic studies also revealed that the Pt surface operates in two dif-
ferent ORR kinetic regimes as a function of the operating potential.
At high voltage, the reaction rate is affected by the presence of the
network of adsorbed OH and water, which makes it difficult for O2

to find landing sites on the surface, and by the slow rates of proton-
electron addition to the adsorbed O2. On the other hand, at lower
voltages the surface is clean, and the rate is controlled by the for-
mation of the O-OH intermediate and its conversion to OH and O.
5. Data Availability

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
the PERS data. High potential is consistent with ~ 750–900 mV while low potential
tant intermediates on the Pt surface allowing for spectroscopic detection.
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