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ABSTRACT: Ag-based catalysts have recently attracted much attention as potential candidates to substitute costly Pt-based
electrocatalysts for the oxygen reduction reaction (ORR) in alkaline media. Although the electrocatalytic activity of Pt-based alloys is
known to exhibit a strong dependence on their electronic structures, a relationship between electronic structure and the ORR
mechanism in Ag-based alloys still remains to be elucidated. Herein, by means of physical vapor deposition, we prepare Ag binary
thin films (CoAg, CuAg, AuAg, and FeAg) with well-controlled compositions as a tool to investigate the ORR mechanism on Ag
surfaces. The bimetallic thin films are evaluated for their ORR performance in alkaline media, and their specific activity at 0.8 VRHE is
shown to correlate with the Ag electronic structure. Even though all thin films show different responses to potential cycling, all
bimetallic samples exhibit a surface Ag enrichment after ORR. It is shown that the ORR occurs through different mechanisms on
these Ag-rich surfaces, which in turn is potential-dependent. Tafel slopes reveal faster ORR kinetics at low overpotentials on all
surfaces, whereas only CuAg surpasses pure Ag at higher overpotentials. Moreover, despite their incomplete O2 reduction, CuAg and
AuAg exhibit an overall superior ORR activity over pure Ag, with a more than 2-fold increase in specific activity at 0.8 VRHE
attributed to enhancements originating from electronic effects and surface defects, respectively. Since the potential-dependent
improved ORR mechanism observed for Ag bimetallic samples makes a rational design of Ag-based electrocatalysts difficult, these
results aim to provide insights for a more tailored design of electrocatalysts by shedding light on the mechanisms through which the
ORR kinetics are improved on Ag surfaces in alkaline media.
KEYWORDS: silver, oxygen reduction reaction, electrocatalysis, alkaline fuel cells, thin films, physical vapor deposition

■ INTRODUCTION
Increasing demands for lowering anthropogenic CO2 emissions
together with strengthened environmental legislation have
resulted in a growing interest in electrochemical devices,
among which fuel cells represent a possible net-zero carbon
emission power source. Hydrogen fuel cells are of particular
interest because H2 produced by electrolysis with renewable
electricity could reduce carbon emissions up to 75%.1 Moreover,
they hold great potential to substitute fossil-powered internal
combustion engines, which makes them suitable candidates for
the decarbonization of transport systems. Proton exchange
membrane fuel cells (PEMFCs) are, due to their high energy
density, low-temperature operation, and lightweight, a suitable
fuel cell for both light- and heavy-duty transportation.2

However, the widespread commercialization of PEMFCs in

automotive vehicles is currently impeded by their high cost and
limited lifetime, which in turn is greatly attributed to the large
amounts of platinum needed to catalyze the sluggish oxygen
reduction reaction (ORR) kinetics in the cathode.3 Thus, a large
portion of PEMFC research has focused on lowering their cost
by decreasing the amount of platinum in the cathode through
alloying and microstructuring.4−6 So far, platinum and platinum
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alloys remain as the catalyst benchmark for ORR in acidic media,
but their thermodynamic instability in acidic conditions
together with their scarcity and high cost demand alternative
routes toward precious-metal catalyst eradication.

One of the strategies that have emerged to eliminate costly
precious metals is to switch to the alkaline analogue of the
PEMFC, the anion exchange membrane fuel cell (AEMFC).
Besides the advantages of enhanced ORR kinetics and catalyst
stability in alkaline electrolytes, they also bring the possibility for
using non-platinum-group metals (PGM) electrocatalysts due to
their rather mild alkaline conditions that potentially broaden the
spectrum of inexpensive and efficient catalysts. These non-PGM
options include doped carbons,7 transition-metal oxides,8 and
metallic alloys.9 Among metallic alloys that are stable at a high
pH, Ag-based electrocatalysts have attracted much attention due
to the high activity of Ag for the ORR under alkaline conditions.
Furthermore, Ag is considered one of the few technoeconomical
alternatives to Pt for the ORR due to its comparatively low cost
and abundance.10 Other appealing features include high
electrochemical stability in alkaline conditions, high complete
O2 reduction selectivity, high electric conductivity, and adequate
surface area-normalized turnover frequency.11,12 However, Ag
exhibits the disadvantage of having a specific activity ∼1 order of
magnitude lower than Pt, as well as a half-wave potential about
200 mV lower than that of Pt-catalyzed ORR.13,14 Thus, efforts
are geared toward improving the ORR activity of Ag to make it
competitive with Pt. This often includes engineering the
nanostructure to increase its surface area11,15 or the use of
supports such as carbon16 and metal oxides.17 A complementary
strategy that has been widely used is to increase the intrinsic
activity of Ag catalyst through alloying with other metals.12,18−21

However, the effect of morphology on the activity of these alloys
often impedes a correct comparison of activity enhancement
mechanisms in different Ag-based transition-metal alloys,22

which in turn is potential-dependent. Hence, despite the great
progress in improving the catalytic activity of Ag-based alloys for
the ORR in alkaline media, mechanistic insights of the ORR on
Ag surfaces of the same morphology at different potentials
remain elusive.

Previous experimental studies have already shown ORR
activity enhancement in Ag alloys,23−25 which has been
predicted by means of theoretical modeling based on d-band
changes.26 The dependence of the ORR activity on the energy of
the d-band of metals can be elucidated by the mechanistic
insight of the reaction. Even though the exact ORR mechanism
remains to be elucidated, as in acidic media, it is scientifically
accepted that the electrocatalytic reduction of oxygen in alkaline
electrolytes can proceed by several pathways, either by a direct
4e− pathway (eq 1)22

O 4e 2H O 4OH2 2+ + (1)

which results in the formation of 4 hydroxyl anions, or via the
transfer of 2e−, which results in the formation of hydroperoxide
anion (eq 2)

O 2e 2H O HO OH2 2 2+ + + (2)

that can be further reduced by 2 additional e− (eq 3)

HO H O 2e 3OH2 2+ + (3)

through the so-called 2 + 2 pathway (eqs 2 and 3). Alternatively,
hydroperoxide species can also undergo disproportionation, i.e.,
without an electron transfer (eq 4)

2HO 2OH O2 2+ (4)

However, the process may be also limited to the formation of
hydrogen peroxide, i.e., 2e− pathway. Regardless of which
pathway the ORR undergoes, the generation of HO2

− must be
minimized due to its detrimental effect on the fuel cell
performance.27 Regardless of the pathway undertaken by the
oxygen molecule, this multistep reaction involves the formation
of several oxygenated intermediates, such as O2−, OH−, O,
HO2

−, and OOH, whose adsorption on the catalytic surface
depends on its d-band energy.28 As indicated by the well-known
Sabatier volcano, the fully occupied 5d band in Ag results in a
weak binding of oxygenated intermediates.26 Adsorption of
molecular oxygen on the surface is therefore the limiting step in
Ag electrodes, although it depends on the overpotential
region.22 Moreover, it has been proposed that the ORR on Ag
surfaces proceeds via the 2e− or the 4e− pathway depending on
the surface state, which in turn also depends on morphology and
electrode potential.22,29 Since it is highly desirable that the
reduction takes place with the complete transfer of 4 electrons, it
is of crucial importance that the Ag electrode surface is tuned in
order to optimize the ad/desorption ability of Ag sites if its ORR
activity is meant to be enhanced. In other words, Ag d-band
center must be increased in order to strengthen the Ag−O
interaction, leading to easier O−O bond breaking and thus
enhancing its ORR kinetics.

Alloying Ag with another metal such as Co, Cu, Pd, or Ni
could potentially result in a catalyst with an optimal binding of
oxygenated species and thus an improved ORR activity.21,22,24,25

There are two main mechanisms playing important roles in
changing the electronic structure of the host metal upon
alloying: ligand and strain effects. The former is observed when
the addition of a second metal with a different orbital occupancy
induces either an up- or downshift of the d-band center relative
to the Fermi level, whereas the latter takes place when the
addition of a metal with a dissimilar lattice constant is added,
thereby resulting in a broadening or narrowing of the d-band and
thus a shift in its center.30 It must also be mentioned that
deconvoluting the interplay between these two effects is often
very hard and frequently the “net” d-band center shift is used in
rational electrocatalyst design. However, the mixing of two
different metals may also result in a third effect that does not
necessarily involve alloying: the ensemble effect, in which each
metal on the surface plays a different role in the catalytic
reaction, thereby promoting a synergetic spillover effect in which
surface adsorbed species migrate between different surface
sites.31 Thus, mixing Ag with an oxophilic transition metal could
promote the initial O2 adsorption, whereas Ag would handle the
remaining electron transfer steps, thereby enhancing the 4e−

pathway through bifunctionality.32 In closing, for a rational
screening of efficient and stable Ag-based electrocatalysts, the
understanding of the catalytic mechanism, the catalytic
behavior, and the electronic and ensemble effects that play a
crucial role in catalyzing the ORR is imperative.

In this work, we use Ag−M bimetallic thin film model systems
to investigate the compositional and structural dependence of
Ag intrinsic activity for the ORR on Ag-based electrocatalysts.
By using Ag-based thin films, the contribution of the
morphology effect on the ORR activity is greatly reduced,
which enables direct studies of the activity enhancement
mechanism, as well as the Ag loading effect. Herein, we
deposited Ag onto four different films (Co, Cu, Au, and Fe) and
the change in activity due to the underlying film is evaluated in
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order to elucidate the effect through which the binding energy of
reaction intermediates is favorably modified toward the direct
4e− transfer. By means of cyclic voltammetry, X-ray diffraction,
and X-ray photoelectron spectroscopy, we report a correlation
between the composition and electronic structure of the Ag-rich
surface and the ORR route elucidated from monitoring H2O2
formation in rotating ring-disk electrode measurements. We
show that, despite an uncomplete 4e− O2 reduction, CuAg and
AuAg exhibit an overall enhanced ORR activity compared to
pure Ag, although these enhancements were found to be of
different origin. More importantly, we demonstrate that the
mechanisms that result in improved ORR activities in these
bimetallic thin films are highly surface- and potential-dependent
and should therefore be addressed individually if each of these is
meant to be further improved. Hence, understanding the
mechanism behind bimetallic alloy-based enhancements could
lead the way for the discovery of structure−activity relationships
for more complicated systems, which could potentially give rise
to further enhancement of ORR activity on Ag and thus make
AEMFCs competitive with current state-of-the-art PEMFCs.

■ EXPERIMENTAL METHODS
Fabrication of Ag Thin Films. Fabrication of thin films was carried

out in cleanroom facilities of Fed. Std. 209E Class 10-100. Bimetallic Ag
thin films were deposited onto glassy carbon substrates (5 mm diameter
diamond polished Sigradur G disks from HTW Gmbh). The carbon
disks were first cleaned by sonication in acetone, isopropanol, and Milli-
Q water for 10 min in each solvent followed by plasma cleaning with O2
at 150 W (Plasma-Therm). Electron-beam evaporation (PVD 225 from
Lesker) was used to deposit 40 nm of the underlying metal thin films
(i.e., Co, Cu, Au and Fe), after which 4 nm of Ag was sputtered onto the
40 nm metal using DC magnetron sputtering (Nordiko 2000). A
potential Ag target oxide layer was removed with 2 min of Ar pre-
sputtering. The base pressure of the sputtering system was kept below
1.0 × 10−6 mbar and sputtering was performed in 6.6 mbar under 50
sccm of argon flow. In order to avoid oxidation of the alloying metal in
air, the sample transfer time from PVD to Nordiko was kept below 1
min. The PVD was chosen to evaporate the alloying metal due to the
availability of materials to be deposited, whereas DC sputtering was
chosen to sputter Ag due to its smaller clusters of sputtered material
(compared to PVD) and nonlinearity, resulting in an excellent film
coverage with the minimum amount of material.33 The resulting
bimetallic thin films were 44 nm in thickness with a Ag loading of 4.2
μgAg/cm2 in all four films, namely, CoAg, CuAg, AuAg, and FeAg. Pure
metallic 40 nm samples of Co, Cu, Au, and Fe were fabricated by PVD,
whereas the 40 nm Ag samples were fabricated by DC magnetron
sputtering.
Electrochemical Measurements. Electrochemical measurements

were performed in a three-electrode rotating ring-disk electrode
(RRDE) PTFE cell (Pine Instruments) for alkaline electrolytes. The
RDE cell was equipped with a graphite rod (Sigma-Aldrich, 150 mm
length, 3 mm diameter) as a counter electrode (CE). Graphite was
chosen as CE to avoid metal contamination of the working electrode
(WE), a very likely event in alkaline electrolytes.34 A Hg/HgO (1 M
KOH) B2220+ Reference Electrode (SI Analytics) was used as a
reference electrode (RE). The reliability of the RE was by calibrating
before and after each electrochemical test using an RHE (clean Pt wire
in H2-saturated electrolyte) and measuring the intersection of zero
current by cycling the potential between −0.02 V and 0.02 VRHE at 2
mV/s. The calibration to 0.00 VRHE was reproducible and around
−0.888 V at all times. All polarization measurements were corrected for
the uncompensated electrolyte resistance, measured immediately
before the polarization measurements by electrochemical impedance
spectroscopy. The setup was also equipped with a gas inlet on the side
of the cell to allow the electrolyte to be saturated with gasses. The
potentiostat used (SP-300 from Bio-Logic) was controlled with the EC-
lab software. The samples were mounted on an RDE/RRDE PTFE tip

from Pine Instruments using PTFE U-cups. All potentials in this study
are potential- and iR-corrected and refer to that of the RHE (VRHE).

The electrochemical cell and glassware were cleaned prior to the
measurements in Piranha solution (98% H2SO4 (Sigma-Aldrich,
EMSURE) and 33% H2O2 (VWR Chemicals, Technical), 3:1 v/v)
for 24 h. An additional aqua regia cleaning (37% HCl (Supelco,
EMSURE) and 65% HNO3 (Supelco, EMSURE), 3:1 v/v) was carried
out after AuAg measurements to ensure the absence of Au traces. The
PTFE cell was then thoroughly rinsed with ultrapure water (18.2 MΩ
cm, <3 ppb TOC, Milli-Q IQ 7000, Merck) at least 10 times before each
measurement. The electrolyte used for ORR measurements consisted
of 0.1 M KOH prepared from KOH pellets (KOH hydrate ≥99.995%,
Suprapur, Merck) and ultrapure water. The electrolyte was prepared
and stored in a PFA volumetric flask (BRAND) to prevent
contamination over time from glass corrosion.35 The Ar used for de-
oxygenation of the electrolyte was supplied by AGA with instrument 6.0
purity and O2 by Strandmøllen (≥99,6 vol %). For surface area
determination, Pb(NO3)2 (99.999%, Sigma-Aldrich) was used.

Two sets of samples were investigated in this study. For one set of
bimetallic thin films, the ORR polarization curves were measured
directly in as-sputtered thin films. For the other set of bimetallic
samples, cyclic voltammetry (CV) at 50 mV/s between 0 and 1 VRHE in
Ar-saturated electrolyte was recorded for 25 cycles before the ORR. We
observed 25 cycles were enough to reach a stable voltammogram in all
samples. The potential window during CV was chosen to not exceed
1.05 VRHE to avoid destructive surface Ag oxidation, which induces
roughening.25 After ORR, another CV under the same conditions was
recorded for two cycles to evaluate changes of the surface from ORR. In
order to further track any changes in the surface roughness upon ORR
measurements, double-layer capacitance measurements between 0.6
and 0.7 VRHE in Ar-saturated were recorded before and after ORR
polarization curves. ORR polarization curves were conducted in the
same manner for both sets of samples: electrolyte was directly saturated
with O2 for at least 15 min and ORR polarization curves were measured
at 50 mV/s in 0.1 M KOH between 0 and 1 VRHE at different electrode
rotation speeds varied between 400 and 2500 rpm. We chose this scan
rate due to contamination issues, which are more severe at low scan
rates in liquid electrolyte.36 For all ORR polarization curves in both sets
of samples, the rotating/ring-disk electrode (RRDE) configuration was
used to measure the H2O2 generation during ORR. In order to oxidize
the H2O2 generated at the disk, the potential of the ring electrode was
kept at 1.23 VRHE. All samples were stored for <36 h when their
electrochemical performance was measured.

The electrochemical surface area (ECSA) of Ag in the bimetallic thin
films was measured using Pb underpotential deposition (PbUPD), a
common practice in Ag-based catalysts ECSA determination.21,29,37,38

For this, the electrolyte was first deoxygenated with Ar for at least 30
min and a 125 μM Pb(NO3)2 solution was added. To induce the Pb
monolayer deposition onto the Ag surface, the potential was held at 0.2
VRHE (slightly above Pb2+/Pb reduction potential) for 300 s and was
subsequently scanned to 0.6 VRHE at 10 mV/s to dissolve the
underpotentially deposited monolayer, resulting in an oxidative current.
The ECSA was then determined by integrating the PbUPD oxidizing
peak and assuming a charge density of 280 μC/cm2.20,39 For CuAg and
AuAg samples, the PbUPD is also active for both Cu and Au, but peak
overlapping was dismissed due to the PbUPD kinetics being much slower
on these surfaces and exhibiting stripping peaks at different potentials
than that of Ag.37,40 The ECSA from PbUPD was measured on as-
sputtered samples, after CV, after ORR and after CV + ORR.
Physical Characterization. A PHI 5000 VersaProbe III Microp-

robe X-ray Photoelectron Spectroscopy (XPS) instrument (Physical
Electronics) was used to study the surface composition of the bimetallic
thin films. The instrument is equipped with a monochromatic Al K-
Alpha X-Ray excitation source (1486.6 eV) operated at 50 W as well as a
dual charge compensation: an electron neutralizer (negative charge
compensation) and an ion gun (positive charge compensation). Surface
composition was evaluated by a survey scan in the binding energy range
between 0 and 1400 eV with an energy step width of 0.4 eV. The
chemical states of Ag 3d, Co 2p, Cu 2p, Au 4f, Fe 2p, C 1s, and O 1s
core-level spectra were studied in the narrow scan, which were recorded
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with an energy step of 0.1 eV and a pass energy of 69 eV. The measuring
area was about 200 μm in diameter. The chamber pressure was always
lower than 5.0 × 10−9 mbar during measurements. For all samples, the
binding energy scale was corrected by shifting the spectra with respect
to the adventitious C 1s peak of the C−C bond to 284.8 eV. Angle-
resolved XPS was used in the same XPS instrument at three different
angles (25, 35, and 45°) and thus three different probing depths in
order to measure the surface Ag chemical state more accurately. XPS
measurements including angle-resolved XPS were performed for as-
sputtered, CV, ORR, and CV + ORR samples. All samples were
introduced to the XPS chamber within 12 h after being measured in
RDE/RRDE.

Relative sensitivity factors from the PHI-Multipak software were
used for the concentration quantification. Concentrations were
determined with the effective peak areas after Shirley background
subtraction. For the electronic structure and chemical state analysis, the
core-level spectra of Ag 3d, Co 2p, Cu 2p, Au 4f, and Fe 2p were curve-
fitted with the Multipak software. The fitting routine of the peaks was
performed using an asymmetric Gaussian-Lorentzian sum function
with a Shirley background. For the Co 2p XPS spectra, the peak
associated with the Co 2p3/2 component of the mixed-valence Co3O4
was centered at 780.0 eV, whereas the Co(OH)2 peak was placed at
781.3 eV.41 Two shake-up satellite peaks were also observed at 786 and
790 eV, corresponding to Co(OH)2 and Co2O3, respectively.41 For the
Cu 2p spectrum, the peak observed at 931.8 eV was associated with
metallic Cu, the Cu 2p3/2 peak at 932.5 eV to Cu2O (CuI), and the peak
at 934 eV to CuO, whereas the satellites peaks at higher binding
energies were ascribed to the characteristic satellites of CuO and
Cu2O.42 Deconvolution of Au 4f doublet peaks marked the presence of
two pairs of bands whose 4f7/2 peak was centered at 84.0 and 84.9 eV,
which were attributed to Au0 and positively charge Au+ surface ions,

respectively.43 Lastly, Fe 2p XPS spectra were fitted using Fe0 (706.8
eV), Fe2+ (710.0 eV), and Fe3+ (711.8 eV) peaks, together with multiple
satellite features observed at higher binding energies arising from Fe
oxidized species.44

X-ray diffraction (XRD) spectra were collected on a Bruker D8
Discover equipped with a Cu source and an Eiger2 R 500K detector.
Measurements were carried out in a Bragg Brentano configuration, with
0.02° step size and 2 s exposure per step. An antiscatter knife was used
to eliminate background at low angles, and a motorized primary slit was
used to regulate the beam size in order to achieve a fixed sample
illumination area during the entire scan. 2.5° Soller slits were used on
the source as well as the detector side. A 0.02 mm Ni filter on the source
side was used to eliminate K-β radiation.

■ RESULTS AND DISCUSSION
Two sets of four bimetallic Ag-based thin film samples (CoAg,
CuAg, AuAg, and FeAg) were investigated for their electro-
chemical performance. One set consisted of as-deposited
samples in which the ORR activity was measured directly on
the Ag overlayer (referred to as “as-deposited” and “ORR”
before and after ORR testing, respectively), whereas in the other
set of samples, cyclic voltammograms (CVs) were run prior to
the polarization curves in order to investigate the ORR after
potential cycling, which might induce surface restructuring
(referred as “CVs” and “CVs + ORR” before and after ORR
testing, respectively).

Cyclic voltammograms run prior to ORR polarization curves
were employed to investigate how the surfaces of different
bimetallic thin films exhibit different responses upon potential

Figure 1. First (solid line) and 25th cycle (dashed line) of CVs performed on as-deposited films of (a) CoAg, (b) CuAg, (c) AuAg, and (d) FeAg at 50
mV/s in deoxygenated 0.1 M KOH. Every thin film had a different response upon both potential cycling and ORR polarization, as evidenced by (e) Ag
electrochemical surface areas (ECSAs) of bimetallic thin films before and after both CVs and ORR testing estimated by Pb-stripping. (f)
Approximation of the Ag overlayer thickness determined from XPS spectra at 45° and normalized by the maximum information depth.
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cycling (Figure 1a−d). To further track surface changes induced
by electrochemical testing and quantify the Ag surface content,
the Ag ECSA was estimated from PbUPD measurements and was
measured in as-deposited samples, samples after running CVs, in
ORR, and CVs + ORR samples (Figure 1e). Double-layer
capacitance was also measured after CVs (before ORR) and
after ORR to gain information on any changes in surface
roughness, whose values are reported in Table S1. Moreover, an
estimation of the Ag overlayer thickness normalized by the
maximum information depth in these four samples was obtained
from XPS measurements (Figure 1f), which took into account
binding energies, crystal structure, densities, X-ray incident
angle, and attenuation length. Details of the Ag thin film
thickness calculations can be found in the Supporting
Information.

As depicted in Figure 1a−d, the different bimetallic thin films
exhibit different responses upon potential cycling, which
depends on the oxophilicity of the added metal, as well as on
the miscibility and enthalpy of alloy formation of the two metals.
The different Ag ECSAs for as-deposited samples, instead, are
attributed to the different roughness of the underlying deposited
metal (Figure 1e). In the CVs, the potential window was kept
below 1 VRHE to avoid destructive surface Ag oxidation, which
resulted in Ag features being not observable in the CVs due to its
reduction/oxidation taking place above 1 VRHE.25,45 In the case
of CoAg, the voltammograms show the largest difference
between the first and last cycle, with one large unpaired peak at
0.5 VRHE (Figure 1a). This is attributed to the presence and/or
emerge of the highly oxophilic Co atoms on/into the surface,
where they undergo irreversible oxidation to Co(OH)2 and
Co3O4.25,46 The initial presence of surface Co in CoAg thin films
due to either the incomplete coverage by Ag or the Co atoms
emergence between fabrication and RDE testing is corroborated
by the broad oxidation peak in the first cycle, whereas the
broadening in the last peak confirms the surface Co species still
being present after CVs. This is confirmed by the major decrease
in Ag ECSA (Figure 1e), whereas the large total surface area
estimated from capacitance indicates a surface roughening
following CVs. Similarly, CuAg CVs also exhibit peaks
characteristic of Cu in both the first and last cycles: three
anodic peaks corresponding to Cu oxidation to Cu(OH)2 and
Cu2O, together with the further oxidation to CuO, and two
cathodic peaks ascribed to the different reduction steps to back
to Cu.40 Again, this confirms the presence of surface Cu in “as-
deposited” CuAg samples at the time of electrochemical testing
(Figure 1b). However, the shrinkage of all Cu peaks in the last
cycle indicates the disappearance of surface Cu atoms, either due
to the retreat into the thin film or the spreading of surface Ag
atoms, which increases its ECSA (Figure 1e). More importantly,
the CV of pure Cu (Figure S1) exhibits rather different peaks,
with a much larger CuI to CuII oxidation peak and a CuI to Cu0

reduction peak at a lower potential and higher intensity,
indicating both the presence of a more metallic Cu in CuAg and
a Cu of different nature than that in pure Cu. AuAg, instead, does
not exhibit any Au peak in the cycled potential (0−1 VRHE), so
only capacitive currents are observed (Figure 1c).47,48 Since the
total surface area remains close to its ECSA, the increase in the
double-layer capacitance region is attributed to the appearance
of surface Au, which exhibits reversible OH− adsorption in this
region.49 However, the emergence of Au into the surface can be
considered to be minor due to the slight change in Ag ECSA
(Figure 1e). Lastly, FeAg CV exhibits a broad peak at low
potentials (0−0.3 VRHE), which is reported to correspond to the

formation of Fe(O)(OH)x species and to be characteristic of
oxide-covered polycrystalline iron samples, which is also shown
in the pure Fe CV (Figure S1).50 The hardly noticeable change
in its CVs and the constant total surface area are in agreement
with the Ag ECSA, which remains almost constant after CVs.

For all samples, a substantial Ag surface enrichment after ORR
measurements is observed, which is even more pronounced for
CVs + ORR samples (Figure 1e). For ORR samples, the Ag
ECSA after ORR testing is between 1.5 and 2 times larger than
that of as-deposited samples, whereas for samples in which CVs
have been run prior to the ORR (CVs + ORR), the ECSA
increase ranges from 1.2- to 13-fold increase compared to the Ag
ECSA after only CVs for CuAg and CoAg, respectively. This
phenomenon has been observed in both experimental and
theoretical studies of many Ag-based bimetallic alloys upon
electrochemical cycling in O2-saturated electrolytes.18,51,52 The
reason behind the different surface Ag increase on different
samples can be explained in terms of both surface energies,
which in turn depends on crystal structure, and the oxophilicity
of the different metals. In all samples considered, the surface
energy of the alloying metal is always larger than that of Ag,
indicating that the Ag enrichment on the surface is
thermodynamically favored.53 For CoAg and FeAg, both host
metals exhibit a different crystal structure than Ag (hcp and bcc
vs fcc), which results in a system where the formation of an alloy
is more thermodynamically hindered and thus a more
heterogeneous surface is formed. For the case of CuAg and
AuAg, both metals exhibit an fcc structure and, although their Ag
enrichment could also be explained in terms of lower surface
energies, it has been speculated that the formation of a surface
enriched with the less abundant element is driven by entropy.54

The different metals’ oxophilicity also plays a role in the final
surface Ag content. Since the less noble metals will tend to
oxidize in the presence of O2, there could be a driving force at
positive potentials to form a surface oxide, which requires the
emergence of the underlying metal to the surface and thus a
decrease in Ag ECSA. Although the overall surface Ag
enrichment in ORR bimetallic samples is justified by the
differences in surface energies, the further increase in Ag ECSA
in all samples when CVs are recorded prior to the ORR
measurements cannot be explained in terms of surface energies
or oxophilicity. Instead, this phenomenon is associated with an
activation process taking place upon potential cycling, which
presumably increases the stability and reorganization of Ag
surface atoms.55,56 As expected, pure Ag thin films exhibit the
largest Ag ECSA among all samples, which is maintained
through electrochemical measurements. However, it was noted
that the measured Ag AECSA was largely reduced for the sample
with only ORR measurements. It is likely that the decrease in Ag
ECSA for the pure Ag sample after ORR arises due to a
reorganization of the surface toward a more thermodynamically
stable surface in those conditions, which is different than that of
bimetallic samples due to the absence of a second metal that
undergoes oxidation/reduction in the potential range consid-
ered.

The mobility of Ag atoms across and along the thin film can be
better understood with their Ag overlayer thickness, which was
estimated from XPS assuming a homogeneous discreet Ag film
with a well-defined crystal structure (Figure 1f). The relation
between the Ag ECSA and the thickness of the Ag overlayer can
provide insights into both overlayer homogeneity and thin film
roughness. Again, the different thicknesses in as-deposited
samples can be ascribed to the different roughness of the
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Figure 2. (a) ORR geometric current densities of ORR samples of Ag bimetallic thin films and of pure metals in 0.1 M KOH and (b) geometric current
densities of both ORR and CVs + ORR bimetallic samples at 0.80 VRHE. (c) ORR specific current densities normalized by the Ag ECSA estimated using
PbUPD for Ag bimetallic thin films at 1600 rpm and (d) specific current densities of both ORR and CVs + ORR bimetallic samples at 0.80 VRHE. (e)
Tafel plots and Tafel slopes of ORR samples and (f) geometric kinetic currents at 0.80 VRHE obtained from the Levich equation. This potential has been
chosen for a reliable activity comparison to ensure all samples were found at the kinetic and mass transport mixed region. The geometric and specific
current density plots of CVs + ORR samples are found in the Supporting Information (Figures S2 and S3).
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underlying films. Even though CoAg ORR and CVs + ORR
present the largest Ag ECSA, all CoAg samples exhibit an almost
nonexistent Ag overlayer after electrochemical testing, which is
ascribed either to an emergence of Co atoms during the time
between RDE and XPS measurements due to their high
oxophilicity and/or to the heterogeneous nature of surface Ag.
CuAg samples show the largest difference in Ag overlayer
thickness upon electrochemical cycling, with a rather smooth
thin Ag overlayer after ORR and a rough, thick layer after CVs +
ORR. Both AuAg and FeAg, instead, exhibit a rather constant Ag
thin film thickness throughout the electrochemical test, despite
the large difference in their ECSAs, which indicates a rather
stable homogeneous surfaces with a variable roughness, as
inferred by their invariant CVs.

The electrocatalytic ORR polarization behaviors of the Ag-
based thin film catalyst were evaluated in O2-saturated 0.1 M
KOH using an RRDE setup. Polarization curves of geometric
ORR currents (Figure 2a) revealed rather similar electro-
chemical responses to applied potential, with all bimetallic
samples exhibiting similar limiting current densities. However,
they present a comparatively wide range of onset potentials and
ORR geometric activities, with two bimetallic samples exhibiting
superior geometric activity compared to Ag 40 nm: CuAg and
AuAg, which both contain 10 times less Ag than the pure Ag
reference sample. For CuAg, the onset potential is lower than
that of Ag (0.87 VRHE vs 0.93 VRHE), but the activity trend
quickly reverses at 0.82 VRHE and thereafter becomes greater at
all potentials considered, with the highest activity enhancement
at 0.65 VRHE. The beneficial effect of alloying is therefore most
noticeable in CuAg, which shows an overall better ORR
performance than Ag and also Cu, which exhibits a high-onset 2
+ 2e− pathway that reduces hydroperoxide only at potentials
beyond 0.3 VRHE. AuAg, in contrast, does exhibit a better onset
potential than Ag (0.94 VRHE), although is still lower than that of
pure Au (0.97 VRHE), which exhibits an either 2e− or a 2 + 2e−

pathway.48,57 However, the resulting combination of these two
noble metals somehow gives rise to a catalyst with a seemingly
improved 4e−-driven ORR performance that is unfailingly
higher than Ag in all kinetic potentials. The enhancement role of
the added metal is most noticeable for CoAg samples, which
exhibited the lowest geometric current densities and onset
potential (0.83 VRHE) despite having the largest amount of
surface Ag. This is somewhat predictable given the activity of
pure Co, which exhibits the second lowest activity as a result of
2e− hydroperoxide production. Similarly, despite having a
reasonable onset (0.88 VRHE), FeAg thin films were found to
show an inferior ORR activity to Ag, which further diverges from
Ag with increasing overpotential.

Geometric activities at 0.80 VRHE have been compared for
both ORR and CVs + ORR samples (Figure 2b). As explained
above, only the addition of Cu and Au resulted advantageous in
ORR activities, with a 3- and 2-fold increase at 0.80 VRHE,
respectively. Although all bimetallic samples exhibited a further
Ag surface enrichment when CVs were run prior to the ORR
(Figure 1e), the geometric activities of CVs + ORR samples
indicated an overall decrease in ORR activities when more Ag
was present on the surface. CuAg CVs + ORR exhibited a
substantial decrease in ORR geometric activity compared to
CuAg ORR, only surpassing Ag in a short potential range
between 0.65 and 0.78 VRHE and showing an even lower onset
and limiting current density (Figure S2). The emergence of Co
during CVs is reflected in the activity of CoAg CVs + ORR,
which at low overpotentials behaved as CoAg ORR and

substantially decreased its activity as potential is swept. The
activities of both AuAg and FeAg, instead, were unexpectedly
similar for their ORR and CVs + ORR samples at all
overpotentials, indicating an electronically similar and stable
surface upon potential cycling regardless of previous electro-
chemical cycling. Thus, except for AuAg and FeAg, initial
potential cycling does induce surface composition variations
that affect their ORR performance.

ECSA is a valuable surface parameter to track surface
modifications and evaluate Ag utilization, as it depicts the
intrinsic activity of active sites. Specific current densities for
ORR and specific activities at 0.80 VRHE for both ORR and CVs
+ ORR samples are shown in Figure 2c,d, respectively. At low
overpotentials, two well-separated current−potential responses
can be observed in Figure 2c: a set of samples that exhibit a
distinctly enhanced ORR specific activity compared to Ag
(FeAg, CuAg and AuAg), and CoAg that present a low ECSA-
normalized activity. Evidently, the poorer specific activity of Ag
is attributed to its large amount of surface Ag, whereas CoAg
reflects the unimprovement of Ag intrinsic activity by Co atoms.
Hence, the beneficial effect of a second metal addition is evident
for CuAg, AuAg, and FeAg samples, which displayed more than
2-fold specific activity increase with respect to pure Ag at 0.80
VRHE (Figure 2d). If the potential is cycled prior to ORR
measurements, although the trend is rather maintained, the
observed specific activities are significantly lower than that of
ORR samples. This is attributed to the larger Ag surface
enrichment on CVs + ORR samples that brings enough Ag to
the surface to attenuate the effect of the underlying metal, which
is most noticeable for CuAg. Thus, specific activities
demonstrate that the overall performance was strongly
influenced to a different extent by the presence of a second
metal.

In order to further elucidate the detrimental or beneficial
effect of alloying Ag with other transition metals and gain
insights on the ORR mechanism in Ag bimetallic samples, Tafel
plots and kinetic current densities at 0.80 VRHE for ORR samples
are shown in Figure 2e,f, respectively. For most samples, two
different linear current−potential regions were considered for
the Tafel analysis: close to Eonset and ∼100 mV from Eonset. All
bimetallic samples show a remarkable change in Tafel slope
when going to higher overpotentials and, although the exact
mechanistic change is difficult to identify by Tafel analysis due to
the multistep nature of the ORR, this indicates intrinsic changes
in the rate-determining step (RDS), the electronic structure of
the active sites and/or adsorbates.58 Regardless, the remarkably
lower observed Tafel slope for all bimetallic samples in the
activation control region demonstrates the enhanced intrinsic
ORR kinetics on these samples with respect to pure Ag, whose
rather high Tafel slope indicates that the first electron transfer
step to O2,ad is the RDS.12,59 Both Tafel slope values found for Ag
are within previously reported Tafel slopes for polycrystalline Ag
surfaces in alkaline solutions, which are proposed to be highly
surface-dependent.12 At low-current densities, CuAg shows a
strikingly low Tafel slope of 27 mV/dec, which is by far the
lowest among all samples. This is in good agreement with its
outstanding geometric, specific, and kinetic current densities
and demonstrates a significantly higher ORR reaction rate with
the chemical step after the first electron transfer as the RDS, i.e.,
OOH formation.60 In the same region, AuAg shows the second
lowest slope (42 mV/dec), followed by CoAg (51 mV/dec) and
FeAg (72 mV/dec), which is also rather concomitant with their
kinetically corrected currents (Figure 2f). More importantly,
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whereas the significantly lower Tafel slopes observed for
bimetallic samples at low overpotentials indicate a prominent
enhancement of ORR kinetics, their notably larger Tafel slopes
at higher overpotentials resemble that of Ag, indicating a
mechanism controlled by the first electron transfer in all samples
except CuAg. At this region, only CuAg exhibits improved ORR
kinetics compared to pure Ag (55 mV/dec vs 94 mV/dec),
which suggest a more favorable oxygen binding energy, whereas
AuAg shows a very similar slope at the same potential (93 mV/
dec). Thus, given the different slopes observed at higher
currents, we infer that the first step in the ORR mechanism is of
different nature on all surfaces due to the different OH− and O
adsorption energies, which can exhibit a potential-dependent
site-blocking effect and thus hinder complete O2 reduction to
OH−.61 The kinetically corrected currents also reflect the
remarkably better performance of CuAg and AuAg in catalyzing
the ORR, which exhibit a 4- and 2-fold enhancement,
respectively (Figure 2f). Moreover, whereas AuAg CVs +
ORR maintains an enhanced kinetic current, it seems that the
ORR kinetics are significantly weakened for CuAg CVs + ORR,
which contains much less surface Cu than CuAg ORR. Pure Ag
kinetically corrected current also presents enhanced activity
after CVs, indicating the role of crystal planes and/or surface
defects in its ORR kinetics. Overall, the observed Tafel slopes at
low currents and the generally large kinetic current densities
suggest an either direct (eq 1) or indirect (eqs 2 and 3) 4e− ORR
pathway at low overpotentials for all samples.

Since hydrogen peroxide (H2O2) can be formed as a side
product for ORR, rotating ring-disk electrode (RRDE)
measurements were performed to monitor the peroxide fraction
and the electron transfer number (n) through potential cycling.
Figure 3a depicts both the n (top) and the peroxide fraction
(bottom) of all bimetallic thin films as well as pure metallic films
between 0.20 and 0.80 VRHE, whereas Figure 3b,c shows the n
and H2O2 formation, respectively, at 0.60 VRHE for all samples.
The complete range of n and H2O2 formation for all samples is
found in Figure S4. As observed, all bimetallic samples present a
lower H2O2 formation than the pure host metals and thus a
higher electron transfer number in all potentials considered,
indicating either a direct (eq 1) or indirect (eqs 2 and 3) 4e−

pathway (n > 3.7). However, only CoAg exhibits selectivity
toward H2O formation comparable to that of Ag, which exhibits
a complete 4e− O2 reduction at high overpotentials and thus
indicates that the Ag-Oad interaction is enough to break the O−
O bond. This is somewhat surprising given the poor activity of
Co toward catalyzing the complete O2 reduction to H2O, most
likely due to the presence of low valence Co oxides that catalyze
both the 2e− (eq 2) and the 2 + 2e− pathway (eq 3).62 This could
indicate the presence of ensemble effects in CoAg, in which Co
species facilitate the initial oxygen binding and Ag atoms help to
desorb the resulting OH−. Despite the improved activities and
low Tafel slopes that were observed for both CuAg and AuAg,
RRDE measurements revealed the existence of a 2e− pathway
taking place on these surfaces. AuAg shows the largest H2O2
formation among all bimetallic samples, up to 20 times higher

Figure 3. (a) Electron transfer coefficients (n) of bimetallic and pure metal ORR samples determined in RRDE measurements in 0.1 M KOH (top)
and the corresponding hydroperoxide formation percentage for the same samples (bottom). (b) Electron transfer coefficients at 0.6 VRHE for both
ORR and CVs + ORR samples and (c) hydroperoxide formation of the same samples at 0.6 VRHE.
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than that produced by pure Ag at 0.6 VRHE. However, the
dominance of the 2e− pathway in AuAg is seemingly very
dependent on the potential region, where it reaches a maximum
H2O2 production of 17% close to 0.5 VRHE. Interestingly, AuAg
CVs + ORR exhibits the exact same behavior but starting at
higher overpotentials (from 0.48 VRHE) and presenting a
complete O2 reduction to H2O until then (Figure S4). This
could be attributed to a presumably higher presence of surface
Au that emerges at certain potentials and fails to further reduce
HO2

− to H2O at the potential range considered, as evidenced by
its much larger ring currents, which in turn is ascribed to an
irreversible OH− adsorption that block the surface for the two-
site O2 adsorption required for the direct 4e− ORR.29

Regardless, the strong presence of the 2e− pathway in AuAg is
somewhat surprising given the large currents generated at a
rather wide potential range (Figure 2). CuAg, although it also
exhibits a H2O2 production apex between 0.50 and 0.75 VRHE, its
bump is concomitant with the sudden change of trajectory when
entering the diffusion-controlled region in its geometric currents
(Figure 2). Interestingly, this potential is in very good agreement
with the potential of Cu oxidation to Cu2O, which is inactive in
catalyzing the ORR and whose formation starts with the
adsorption of hydroxide species that would potentially hinder
the O2 two-site adsorption and thus facilitate H2O2 formation.24

Moreover, CuAg CVs + ORR also presents the same low n
region starting from 0.34 VRHE, which may indicate a more facile
Cu(OH)2/Cu2O formation. The third less efficient thin film to
catalyze the complete O2 reduction is FeAg, whose H2O2

production also exhibits an exponential behavior as Ag and
reaches its minimum at 0.20 VRHE (<2%). As in CoAg, the low
H2O2 production observed in FeAg is rather unexpected given
the poor activity of pure Fe, whose ORR seemingly proceeds
partially via the 2e− route at low overpotentials and approaches
4e− when decreasing potential. Thus, given that its ring currents
exhibit a near-parallelism with that of pure Ag, we infer that the
peroxide formation on this bimetallic surface is merely
dependent on the amount of surface Ag that catalyzes the 4e−

pathway. FeAg CVs + ORR, instead, revealed the presence of
2e−-driven oxide-covered Fe on the surface at potentials above
0.3 VRHE (Figure S5). The selectivity to H2O for all Ag-based
thin films was also assessed with the Koutecky−Levich analysis
at 0.60 VRHE (Table S2) and found that the number of electrons
transferred is between 3.5 and 4, indicating the virtually
complete reduction of O2 to H2O in these catalysts. The n
values calculated in the Koutecky−Levich analysis correlate well
with the ones found in RRDE. Moreover, all thin films exhibit
good linearity between current density and rotation speed, as
well as near-parallelism, suggestive of first-order reaction
kinetics with respect to dissolved O2. Nevertheless, a precise
comparison of H2O2 production on different bimetallic catalysts
is rather difficult due to their changes in surface crystal planes
and compositions upon potential cycling.

X-ray photoelectron spectroscopy (XPS) was used to track
changes in both surface composition and the binding energy of
Ag upon electrochemical testing. Figure 4a depicts the
deconvoluted XPS spectra for the different alloying metals

Figure 4. (a) XPS deconvoluted spectra of Co 2p, Cu 2p, Au 4f, and Fe 2p in bimetallic thin films for as-sputtered (top), ORR (middle), and CVs +
ORR (bottom) measured at 45°; (b) surface atom % of Ag for as-sputtered, after CVs, after ORR and after CVs + ORR samples of bimetallic thin films
measured in XPS at 25°.
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(Co 2p, Cu 2p, Au 4f, and Fe 2p) for as-sputtered thin films
(top), after ORR (middle) and after CVs + ORR (bottom),
whereas Figure 4b shows the changes in surface Ag after different
electrochemical tests. As expected, the XPS spectra of Co do not
show any metallic Co, even for the as-sputtered film (Figure 4a).
Instead, the spectra reveal the presence of both Co(OH)2 and
the mixed-valence spinel oxide Co3O4, which increases after
electrochemical testing, especially for ORR. Although Figure 4b
evidences the major Co surface enrichment after applying
potential (i.e., absence of surface Ag), the Ag ECSA discloses the
presence of surface Ag after testing (Figure 1e). We attribute this
disagreement to either the emergence of the highly oxophilic Co
atoms between testing and XPS analysis or to the presence of a
very thin Ag film. In either case, both geometric and specific
activities evidence the unsuccessful alloying between Co and Ag
that has previously been shown to enhance Ag intrinsic
activity.25,63 We therefore assign the better selectivity of CoAg
toward H2O formation at some potentials (Figure 3a) to the
larger presence of the high-valence oxide (Co3O4), which is
known to promote the 4e− route,62 whereas we attribute the
higher activity of CoAg CVs + ORR merely to a larger surface Ag
content. Taken together, these results show that surface ligand
effects do not play a role in catalyzing the ORR in the CoAg
surface; that is, Co oxides and Ag in close proximity are no better
than pure Ag.

The Cu XPS spectra in CuAg also present changes in the
surface Cu species after RDE testing, with the as-sputtered film
exhibiting only Cu oxides (Cu2O and CuO) and CuAg after
ORR showing both Cu0 and Cu2O (Figure 4a). This is in good
agreement with both in situ and theoretical studies that reported
a higher Cu oxidation resistance in CuAg than in Cu alone,
which is only active for the ORR as Cu0, and presumably gives
rise to the activity enhancement in the reduced Cu potential
region.64 Moreover, it should also be mentioned that, although
there is no Cu0 in the as-sputtered CuAg film to compare
binding energies with, the value of the Cu0 2p3/2 peak centered at
931.8 eV in after-ORR samples is significantly lower than those
reported in the literature,42,65 which could indicate a change in
Cu electronic structure that results in a weaker Oad and thus a
better ORR intrinsic activity. This is in good agreement with
previous studies on the same bimetallic samples, which claim
that the enhancement is due to electronic effects, in which either
Ag weakens Cu oxygen binding energy24 or Cu tunes Ag d-band
center toward better oxygen adsorption.16 On the other hand,
the distinctly better CuAg ORR performance compared to
CuAg CVs + ORR observed in Figure 2 could be explained in
terms of the surface Cu/Ag ratio, which has been determined to
be 68:32 in XPS (Figure 4b) and correlates very well with the
previously reported optimal Cu70Ag30 surface ratio for catalyzing
the ORR in alkaline media.64 However, there is a vast amount of
Ag/Cu surface ratios that have been reported to be optimal
catalysts for the ORR,16,18,66 although the difference in ORR
activities of CuAg catalysts may result from different
morphologies or crystal structures. Another plausible explan-
ation could be ensemble effects, in which Ag takes care of OH−

desorption, whereas Cu handles the first oxygen adsorption. In
any case, since a better OH− desorption by Ag and an enhanced
Oad by Cu would result in an optimal bifunctional effect, we
conclude that electronic and ensemble effects combined would
give rise to the utmost activity enhancement and therefore they
do not have to be ruled out by each other.

XPS on AuAg samples revealed a surprisingly stable bimetallic
system in terms of both Au species (Figure 4a) and surface

composition (Figure 4b), which is concomitant with their
almost identical ORR activities (Figure 2). Deconvolution of Au
4f XPS spectra shows a constant and insignificant amount of
positively charged Au+ before and after RDE tests. More
importantly, there is a major core-level downshift in the Au 4f
spectra of AuAg samples after ORR. Although this could indicate
a final state effect that shifts down the measured binding
energy,43 we attribute this shift toward lower binding energies to
either a downshift of its d-band center toward the Fermi level
and/or the presence of surface undercoordinated Au atoms.67

The reason for the dismissal of Au surface atoms with different
surface energy is due to the absence of surface Au. Thus, the
higher surface energy of Au that results in a thermodynamically
driven surface enrichment of Ag suggests the absence of
ensemble effects in AuAg.22 This is further proven by the highly
steady surface composition found in XPS (Figure 4b), together
with the unchanging Ag thin film thickness (Figure 1e), which
evidences the absence of Au and Ag intermixing in the surface. It
is also plausible that Au emerges to the surface at certain
potentials, which would explain the rather large H2O2
production in Figure 3 at specific regions and most likely differs
from that of AuAg CVs + ORR due to different system
thermodynamics induced by the precedent CVs. However, the
Ag ECSA determined in Figure 1e suggest the reorganization of
surface Ag atoms after potential cycling. For this reason, we
attribute the enhanced ORR kinetics of AuAg to either surface
defects, which would result in both increased ECSA and a higher
number of low-coordinated Ag atoms and/or an upshift of Ag d-
band center, since both effects may facilitate the chemisorption
of O* and potentially enhance the ORR on the pure Ag surface.
The presence of surface structural defects, such as crystalline
boundaries, can serve as excellent catalytic sites owing to the
enriched surface electronic states and shifted d-bands, which
favor the OH− adsorption.57 Hence, a large presence of
undercoordinated Ag atoms in edges and vertices results in a
less reversible OH− adsorption, which may hinder the two-site
O2 adsorption needed for the complete 4e− reduction and
therefore generate more H2O2, which is in accordance with the
RRDE results observed in Figure 3a.

Similarly, the Fe 2p XPS spectra in FeAg also exhibit a
constant ratio of Fe species throughout electrochemical testing,
largely consisting of Fe2+ and Fe3+ species. In contrast to other
samples, the deconvoluted Fe0 spectra do not show any
significant changes in its binding energy, thereby evidencing
the unchanged electronic structure of Fe during RDE testing.
Moreover, as in AuAg, both the XPS quantification (Figure 4b)
and the Ag thin film thickness in FeAg (Figure 1f) indicate a
surprisingly stable Ag overlayer upon potential cycling, which
explains the very similar geometric and kinetic currents observed
for FeAg ORR and FeAg CVs + ORR in Figure 2, which are both
very similar to that of pure Ag. Correspondingly, peroxide
formation on FeAg ORR surface (Figure 3a) reveals a surface
very similar to Ag although slightly less active in catalyzing the
complete O2 reduction, most likely due to the lower amount of
Ag. In FeAg CVs + ORR samples, instead, the RRDE
measurements revealed a Fe-like behavior, suggesting that the
CVs prior to ORR facilitate the emergence of Fe at those
potentials. Although previous research has demonstrated the
beneficial synergetic effect resulting from a Ag−Fe nanostruc-
ture,68 we conclude that the structure presented in this work fails
to induce electronic modifications in the Fe−Ag system that
would result in enhanced ORR kinetics.
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To further deconvolute the interplay between the different
effects playing a role in boosting Ag-based thin films ORR
activity, specific activities at 0.80 VRHE were plotted against Ag
binding energy (Figure 5a). As shown, there is a strong
correlation between Ag binding energy and the observed specific
activity for ORR samples, which in principle could indicate that
the d-band center of Ag is the main descriptor for the ORR on
Ag-based catalysts since it is related to the adsorption of rate-
limiting intermediates. Thus, all underlying metals besides Co
induce changes in Ag electronic structure (either by strain and
ligand effects or generating surface defects) that result in an
improved ORR intrinsic activity. In CoAg, however, an upshift
of Ag 3d5/2 can be explained in terms of surface strain since Co
may induce changes in the lattice of the overlying Ag film and
thus change the electronic structure of surface Ag atoms. The
effect of the underlying metal is further evidenced by the lack of
correlation in CVs + ORR samples. For these samples, the
electronic effects induced by the alloying metal on surface Ag is
weakened due to the rather thicker Ag overlayer, as observed in
the binding energy shift in CuAg CVs + ORR, which becomes

closer to that of pure Ag. For the same reason, since the Ag
overlayer thickness is rather stable in AuAg and FeAg samples,
they do not exhibit a significant change in their binding energies
compared to ORR samples. In CoAg CVs + ORR, instead, we
attribute the opposite shift to a different reorganization of
surface Ag atoms that results in an inverse strain.

In principle, the correlation in Figure 5a could explain the
enhanced activities observed for both CuAg and AuAg because a
downshift in Ag binding energy could indicate the upshift of its
d-band center closer to the Fermi level, which increases Ag
electron density and thus boosts ORR performance by
enhancing the kinetics of the O−O bond breakage and
promoting the OH− desorption. Moreover, the decrease in Ag
binding energy is in good accordance with the downshift
observed in both Cu0 and Au0, which could suggest a charge
donation from this metal to Ag, thereby resulting in a d-band
upshift. However, potential cycling up to 1.5 VRHE reveals
different oxygen affinities on these surfaces (Figure 5b). For
CuAg, the reduction potential of surface Ag oxides shifts
negatively by 41 mV with respect to pure Ag, which indicates a

Figure 5. (a) Correlation between the binding energy of Ag in bimetallic thin films and pure Ag measured in XPS at 25° and their specific activities at
0.80 VRHE; (b) cyclic voltammograms at 0−1.5 VRHE of CuAg ORR, AuAg ORR, and Ag ORR in Ar-saturated 0.1 M KOH and (inset) CVs of AuAg and
Ag between 0.85 and 1.15 VRHE; (c) anodic and cathodic polarization curves of Ag ORR, CuAg ORR, and AuAg ORR 400 rpm; and (d) XRD patterns
of Ag and AuAg as-sputtered and AuAg ORR.
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stronger adsorbed-oxygen interaction with Ag surface sites and
is therefore in good agreement with its superior performance
with respect to pure Ag. It should also be mentioned that this
does not rule out the existence of ensemble effects, since Cu 2p
spectra reveal a downshift of its d-band, which would also
enhance its ORR kinetics through ensemble effects that provide
sites for an optimal O2 adsorption. For AuAg, instead, a positive
shift of 37 mV in the Ag reduction peak suggests that Au
weakens the oxygen affinity of Ag, which in principle would be
contradictive with its improved ORR kinetics considering its
RDS is the O2 dissociative adsorption. This is, in effect, proving
that the reason for the enhancement in AuAg is its defect-rich
surface with a significant amount of Ag atoms with a low
coordination number. Ag atoms placed in these catalytically
active sites possess a narrower d-band and thus shifted upward,
which results in a more active interaction with adsorbents. In this
way, it is possible that the kinetics on AuAg became such that the
rate of the reaction is no longer governed by the initial rate of
OOH formation but by the OH− desorption in under-
coordinated Ag atoms. Hence, a weaker oxygen affinity in
these structural defects has a beneficial effect on its ORR
kinetics, which has been shown before in this system.69

Moreover, although it is plausible that the RDS changes in the
same reaction path due to the applied potential, the different
electrochemical behavior of CuAg and AuAg is in good
agreement with the different Tafel slopes observed in Figure 2e.

The different electronic structure of surface Ag in AuAg is
further evidenced by the features observed in the inset of Figure
5b. Since it was concluded that the 4e− pathway is dominant on
these surfaces, cycling up to 1.1 VRHE results in the Ag+/Ag
transition in the cathodic region, which is accompanied by the
OH− desorption (AgOH + e− = Ag + OH−).38 Thus, although
Ag exhibits larger cathodic currents due to the larger amount of
Ag, the positive shift of the Ag reduction peak in AuAg implies
the stronger desorption of OH− over AuAg despite the
presumably larger OH− adsorption of the latest. The difference
between positive- and negative-going potential sweeps, i.e.,
hysteresis, is also indicative of the OH− reversibility because it
arises from an additional overpotential required to remove
active-site blocking OHads species in the cathodic scan (Figure
5c). Thus, although single-crystal Ag is known the exhibit a lack
of hysteresis because of its reversible OH− adsorption,13 both Ag
and AuAg samples show hysteresis in our measurements,
thereby indicating the stronger OH− irreversibility on our
samples due to surface defects. In CuAg, instead, the observed
hysteresis most likely arises from the Cu0, which is the only
active Cu species for the ORR24 and confirms the role of Cu in
actively catalyzing the ORR in this sample. Even though XRD
peak assignation is very difficult in AuAg samples due to the very
similar lattice parameters of Au and Ag (0.408 nm vs 0.409 nm),
the (111) peak characteristic of the fcc structure was observed
for both AuAg and Ag samples (Figure 5d). Regardless of which
element gives rise to this peak, a negative shift of 0.11° is
observed in AuAg ORR samples. This indicates a tensile strain in
AuAg ORR of 0.15% with respect to AuAg, which demonstrates
the intermixing between Au and Ag and therefore the alloy
formation.

Taken together, the results presented in this work support the
picture of a potentially beneficial effect on the activity of Ag
resulting from the addition of a second metal. We demonstrated
that, although Co does not result in improved ORR specific
activity due to insufficient alloying, Cu, Fe, and Au hold great
potential to boost the activity of Ag active sites. These metals

improve the activity of Ag through mechanisms of different
nature, which in turn depend on both surface composition and
potential region. Although we report a rather strong correlation
between Ag ORR activity and its electronic structure in the
bimetallic system, we also observed that in some systems the
character of the increased activity seems to have an influence on
the RDS, which is variant depending on the surface electronic
and structural conditions. Hence, due to the highly potential-
and surface-dependent ORR mechanism on Ag surfaces, great
caution is advised when designing bimetallic or ternary Ag
systems that could eventually result in an enhanced ORR activity
in alkaline media. Moreover, it should be mentioned that in a
real fuel cell, the catalyst will most likely be in the form of
nanoparticles, where different alloys can reintroduction of
morphology effects that we have tried to avoid in this study.

■ CONCLUSIONS
In this study, Ag-based bimetallic thin films were fabricated by
physical vapor deposition and tested for their ORR performance
in alkaline media. The effect of surface composition and
electronic structure was investigated, with CuAg exhibiting an
over 2-fold ORR specific activity enhancement vs pure Ag at
0.80 VRHE. The improved ORR kinetics on this surface was
further demonstrated by its Tafel slope of 27 mV/dec at low
overpotentials, even though at this potential region all samples
showed improved ORR kinetics with respect to Ag. At higher
overpotentials, however, Ag exhibited a faster ORR mechanism
that was only surpassed by CuAg and equaled by AuAg, which
also exhibited an improved ORR specific activity. However,
CuAg and AuAg samples exhibited different responses to
potential cycling, which in turn resulted in enhancements of
different origin. Although the higher activity of the bimetallic
CuAg surface was attributed to both ligand and ensemble effects
that result in an optimal bifunctional effect, the better ORR
performance on the Ag-rich surface of AuAg was ascribed to the
increased presence of undercoordinated Ag atoms with
improved Oad due to the underlying Au, whose influence was
corroborated by means of XRD. The reversibility of OHad was
further proved by the hysteresis observed in CuAg and AuAg
samples. For FeAg and CoAg samples, instead, the insufficient
degree of alloying was attributed to be the reason behind the
weak improvement in Ag intrinsic activity. Thus, we infer that a
greater degree of alloying between Ag and other 3d metals has
the potential to result in even more active ORR catalyst. More
importantly, ligand effects observed in Ag-based catalysts were
found to be highly surface- and potential-dependent, as well as
the ORR mechanism, which is required to be elucidated in order
to achieve highly effective Ag-based cathode materials.
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H.; Sun, H.; Lian, Y.; Deng, Z.; Rümmerli, M. H.; Yin, W.; Zhang, D.;
Wang, S.; Peng, Y. Octahedral Gold-Silver Nanoframes with Rich
Crystalline Defects for Efficient Methanol Oxidation Manifesting a CO-
Promoting Effect. Nat. Commun. 2019, 10, No. 3782.

(58) Shinagawa, T.; Garcia-Esparza, A. T.; Takanabe, K. Insight on
Tafel Slopes from a Microkinetic Analysis of Aqueous Electrocatalysis
for Energy Conversion. Sci. Rep. 2015, 5, No. 13801.

(59) Linge, J. M.; Erikson, H.; Kasikov, A.; Rähn, M.; Sammelselg, V.;
Tammeveski, K. Oxygen Reduction Reaction on Thin-Film Ag
Electrodes in Alkaline Solution. Electrochim. Acta 2019, 325,
No. 134922.

(60) Fletcher, S. Tafel Slopes from First Principles. J. Solid State
Electrochem. 2009, 13, 537−549.

(61) Markovic,́ N. M.; Gasteiger, H. A.; Ross, P. N. Oxygen Reduction
on Platinum Low-Index Single-Crystal Surfaces in Alkaline Solution:
Rotating Ring DiskPt(Hkl) Studies. J. Phys. Chem. A 1996, 100, 6715−
6721.

(62) Lima, F. H. B.; de Castro, J. F. R.; Ticianelli, E. A. Silver-Cobalt
Bimetallic Particles for Oxygen Reduction in Alkaline Media. J. Power
Sources 2006, 161, 806−812.

(63) Hernández-Rodríguez, M.; Goya, M. C.; Arévalo, M. C.;
Rodríguez, J. L.; Pastor, E. Carbon Supported Ag and Ag−Co Catalysts
Tolerant to Methanol and Ethanol for the Oxygen Reduction Reaction
in Alkaline Media. Int. J. Hydrogen Energy 2016, 41, 19789−19798.

(64) Gibbons, B. M.; Wette, M.; Stevens, M. B.; Davis, R. C.;
Siahrostami, S.; Kreider, M.; Mehta, A.; Higgins, D. C.; Clemens, B. M.;
Jaramillo, T. F. In Situ X-Ray Absorption Spectroscopy Disentangles

ACS Applied Energy Materials www.acsaem.org Article

https://doi.org/10.1021/acsaem.3c00233
ACS Appl. Energy Mater. 2023, 6, 6428−6442

6441

https://doi.org/10.1039/c3cc47712f
https://doi.org/10.1039/c3cc47712f
https://doi.org/10.1039/c3cc47712f
https://doi.org/10.1021/jp047349j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp047349j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp301676n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp301676n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp301676n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c4cp03151b
https://doi.org/10.1039/c4cp03151b
https://doi.org/10.1039/c4cp03151b
https://doi.org/10.1016/j.apcatb.2015.09.035
https://doi.org/10.1016/j.apcatb.2015.09.035
https://doi.org/10.1016/j.apcatb.2015.09.035
https://doi.org/10.1021/acscatal.0c03885?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c03885?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c03885?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.tsf.2007.05.091
https://doi.org/10.1016/j.tsf.2007.05.091
https://doi.org/10.1149/2.0011815jes
https://doi.org/10.1149/2.0011815jes
https://doi.org/10.1002/adma.201806296
https://doi.org/10.1002/adma.201806296
https://doi.org/10.1002/adma.201806296
https://doi.org/10.1016/j.apcatb.2004.06.021
https://doi.org/10.1016/j.apcatb.2004.06.021
https://doi.org/10.1016/j.apcatb.2004.06.021
https://doi.org/10.1016/j.jelechem.2017.03.037
https://doi.org/10.1016/j.jelechem.2017.03.037
https://doi.org/10.1016/j.jelechem.2017.03.037
https://doi.org/10.1021/acsami.0c17973?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c17973?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cctc.201500899
https://doi.org/10.1002/cctc.201500899
https://doi.org/10.1016/j.apt.2018.09.034
https://doi.org/10.1016/j.apt.2018.09.034
https://doi.org/10.1016/j.apt.2018.09.034
https://doi.org/10.1021/acscatal.8b02666?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b02666?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b02666?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.0c04094?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.0c04094?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c4cp00308j
https://doi.org/10.1016/j.jhazmat.2018.11.105
https://doi.org/10.1016/j.jhazmat.2018.11.105
https://doi.org/10.1016/j.jhazmat.2018.11.105
https://doi.org/10.1021/jp910790u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp910790u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp910790u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/celc.202001199
https://doi.org/10.1002/celc.202001199
https://doi.org/10.1002/celc.202000923
https://doi.org/10.1002/celc.202000923
https://doi.org/10.1002/celc.202000923
https://doi.org/10.1016/j.jelechem.2017.02.034
https://doi.org/10.1016/j.jelechem.2017.02.034
https://doi.org/10.1016/j.jelechem.2017.02.034
https://doi.org/10.1016/0022-0728(95)04389-6
https://doi.org/10.1016/0022-0728(95)04389-6
https://doi.org/10.1016/0022-0728(95)04389-6
https://doi.org/10.1016/j.electacta.2016.11.108
https://doi.org/10.1016/j.electacta.2016.11.108
https://doi.org/10.1039/d2ee00047d
https://doi.org/10.1039/d2ee00047d
https://doi.org/10.1021/acsaem.9b01920?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.9b01920?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.9b01920?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0039-6028(98)00363-X
https://doi.org/10.1016/S0039-6028(98)00363-X
https://doi.org/10.1039/d2fd00092j
https://doi.org/10.1039/d2fd00092j
https://doi.org/10.1039/d2fd00092j
https://doi.org/10.1016/j.cej.2022.136966
https://doi.org/10.1016/j.cej.2022.136966
https://doi.org/10.1002/asia.202100746
https://doi.org/10.1002/asia.202100746
https://doi.org/10.1002/asia.202100746
https://doi.org/10.1038/s41467-019-11766-w
https://doi.org/10.1038/s41467-019-11766-w
https://doi.org/10.1038/s41467-019-11766-w
https://doi.org/10.1038/srep13801
https://doi.org/10.1038/srep13801
https://doi.org/10.1038/srep13801
https://doi.org/10.1016/j.electacta.2019.134922
https://doi.org/10.1016/j.electacta.2019.134922
https://doi.org/10.1007/s10008-008-0670-8
https://doi.org/10.1021/jp9533382?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp9533382?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp9533382?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jpowsour.2006.06.029
https://doi.org/10.1016/j.jpowsour.2006.06.029
https://doi.org/10.1016/j.ijhydene.2016.07.188
https://doi.org/10.1016/j.ijhydene.2016.07.188
https://doi.org/10.1016/j.ijhydene.2016.07.188
https://doi.org/10.1021/acs.chemmater.9b03963?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.3c00233?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the Roles of Copper and Silver in a Bimetallic Catalyst for the Oxygen
Reduction Reaction. Chem. Mater. 2020, 32, 1819−1827.

(65) Li, R.; Xu, J.; Zeng, R.; Pan, Q.; Tang, T.; Luo, W. Halides-
Assisted Electrochemical Synthesis of Cu/Cu2O/CuO Core-Shell
Electrocatalyst for Oxygen Evolution Reaction. J. Power Sources 2020,
457, No. 228058.
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