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ABSTRACT: Increasing the activity of Ag-based catalysts for the
oxygen reduction reaction (ORR) is important for improving the
performance and economic outlook of alkaline-based fuel cell and
metal−air battery technologies. In this work, we prepare CuAg thin
films with controllable compositions using electron beam physical
vapor deposition. X-ray diffraction analysis indicates that this
fabrication route yields metastable miscibility between these two
thermodynamically immiscible metals, with the thin films consisting of
a Ag-rich and a Cu-rich phase. Electrochemical testing in 0.1 M
potassium hydroxide showed significant ORR activity improvements
for the CuAg films. On a geometric basis, the most active thin film
(Cu70Ag30) demonstrated a 4-fold activity improvement vs pure Ag at 0.8 V vs the reversible hydrogen electrode. Furthermore,
enhanced ORR kinetics for Cu-rich (>50 at. % Cu) thin films was demonstrated by a decrease in Tafel slope from 90 mV/dec, a
commonly observed value for Ag catalysts, to 45 mV/dec. Surface enrichment of the Ag-rich phase after ORR testing was
indicated by X-ray photoelectron spectroscopy and grazing incidence synchrotron X-ray diffraction measurements. By correlating
density functional theory with experimental measurements, we postulate that the activity enhancement of the Cu-rich CuAg thin
films arises due to the non-equilibrium miscibility of Cu atoms in the Ag-rich phase, which favorably tunes the surface electronic
structure and binding energies of reaction species.

KEYWORDS: electrocatalysis, oxygen reduction, fuel cells, sustainable energy, chloroalkali process, physical vapor deposition,
electrochemistry, thin films

■ INTRODUCTION

Electrocatalysts play an essential role in numerous clean energy
conversion and storage processes that will be integral for a
sustainable energy economy. The oxygen reduction reaction
(ORR) is one of the most heavily investigated reactions,1−3

owing to its importance for fuel cell, metal−air battery, and
chloro−alkali technologies. Under acidic conditions, Pt and its
alloys are the only known catalysts capable of achieving
technologically suitable activity and durability, albeit with the
drawback of high cost and scarcity. While significant progress
has been made recently toward development of Pt group metal-
free (PGM-free) catalysts for acidic ORR,4−7 challenges with
stability limit their practicality to alkaline conditions that
provide more favorable ORR kinetics and less harsh operating

environments.8,9 The challenges of acidic ORR, coupled with
recent advances in hydroxide exchange membrane and ionomer
developments,10,11 have led to renewed interest in the
development of system components for alkaline operating
fuel cell devices.12

The ORR in alkaline conditions is more kinetically favorable
than in acidic electrolytes, which has enabled the utilization of
various PGM-free catalysts.13,14 Transition metal oxides,15−18

heterogeneous transition metal−nitrogen−carbon (Fe−N−C)
nanostructures,3,9,19−22 or Ag-based23−29 catalysts have proven
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capabilities toward the ORR in alkaline conditions, with the
latter two showing the most promise from a practical
standpoint.12 Despite their low cost and high surface areas,
M−N−C nanostructures possess a relatively low density of
active sites (number of active sites per unit surface area), which
require the use of high cathode loadings to meet the desired
high performances. While this is not prohibitive from a cost
perspective, the high electrode loading combined with low
density of carbon materials results in thick catalyst layers that
pose challenges with respect to mass transport and ionic
conductivity.
Ag is an attractive catalyst material that can achieve relatively

high specific (surface area-based) activity (Supporting
Information, Table S1). Ag can also be nanostructured into
high aspect ratio morphologies,27−32 providing an increased
amount of surface area available for catalysis. While Ag is
considered the most technoeconomically viable electrocatalyst
material for the ORR in alkaline conditions,12 Ag electro-
catalysts still have roughly 1 order of magnitude lower activity
than Pt on a specific activity basis (Table S1). Due to the
significantly lower cost of Ag in comparison with Pt (ca. 0.6
$/gAg vs 33 $/gPt),

33 the activity deficiency of Ag can be
addressed by employing higher electrode loadings. However,
this strategy is only effective to a certain extent, as the
aforementioned mass transport issues of thicker catalyst layers
restrict high current/power density operation. New strategies to
improve the intrinsic activity of Ag-based catalysts for the ORR
in alkaline conditions are therefore needed for achieving high
electrode performance.
In the case of Pt, increased specific and mass activities have

been achieved by preparing solid solution or intermetallic alloys
with transition metals such as Co or Ni.34−40 Unlike Pt, Ag
demonstrates very different behavior as it is thermodynamically
immiscible in the bulk with many transition metals, and thus
achieving activity improvements via well-mixed alloy phases is
challenging. Phase segregation in catalysts, whether thermody-
namically favorable or adsorbate induced,41 has notable
implications on the kinetics and selectivity of numerous
reactions, such as CuCo for synthesis gas conversion to higher
alcohols,42−44 PtRu catalysts for small alcohol electrooxida-
tion,45 or CuPd nanostructures for electrochemical CO2
reduction.46 In the case of Ag-based catalysts for the ORR, a
recent study47 demonstrated a rapid heating, rapid quenching
technique for the synthesis of phase-segregated CoAg nano-
particles. An almost order of magnitude ORR Ag-based specific
activity enhancement was found for the CoAg nanoparticles in
comparison to pure Ag, attributed to the formation of a surface
alloy arising from their unique synthesis technique. This work
provided the first concrete evidence that the formation of
metastable Ag−M alloy structures may be indispensable for
achieving appreciable ORR activity enhancements. There also
exist reports on phase-segregated Ag−Cu bimetallic catalysts
for the ORR;24,48−50 however, only in few of these instances
were intrinsic activity enhancements compared to pure Ag
conclusively demonstrated.49,50 Furthermore, only limited
understanding regarding the underlying mechanisms of the
ORR enhancement for CuAg exists, particularly with respect to
the role Cu plays in enhancing the ORR activity of this
bimetallic system.
In this work, we adopt electron beam physical vapor

deposition (PVD) as a means to prepare and investigate
phase-segregated CuAg thin films as electrocatalysts for the
ORR. We show that PVD in the absence of external substrate

temperature control results in metastable bulk alloying within
these thin films. Through electrochemical testing in 0.1 M
KOH electrolyte, thin films with an optimal composition of
Cu70Ag30 were found to achieve a 4-fold enhancement in
activity over that of pure Ag on a geometric basis (at 0.8 V vs
RHE). Clear improvements to the ORR kinetics are indicated
by a Tafel slope that decreases from ca. 90 mV/dec for pure Ag
to ca. 45 mV/dec for Cu70Ag30, along with the emergence of
hysteresis between the anodic and cathodic polarization scans.
We use a variety of electrochemical, microscopic, and
spectroscopic probes in combination with density functional
theory (DFT) to help understand these electrochemical
reaction trends. We hypothesize that the activity enhancement
arises from the miscibility of Cu atoms within the Ag-rich phase
of these catalysts, resulting in electronic modifications through
both strain and ligand effects that are favorable for the ORR.

■ METHODS AND MATERIALS
Experimental Details. Thin films were prepared in a custom

designed PVD system (Technical Engineering Services) equipped with
two electron beams and a thermal source. Cu and Ag were deposited
using the electron beam sources. Each source is equipped with a quartz
crystal microbalance that has been independently calibrated to allow
careful deposition rate and composition control through the entire
thickness of the thin films. Prior to deposition, 5 mm diameter glassy
carbon disks (HTW Hochtemperatur-Werkstoffe GmbH) polished to
a mirror finish were first degreased by sonication in a mixture of
acetone, isopropanol, and Millipore water for 20 min. They were
subsequently rinsed, sonicated in pure Millipore water for 20 min, and
affixed to a 300 mm Si(100) wafer using double sided Kapton tape.
CuAg thin films were prepared with a thickness of 100 nm with
individual deposition rates tuned to achieve a total rate of 0.2 nm/s
and target compositions ranging from pure Cu to pure Ag. Bulk thin
film compositions were found to agree with nominal compositions
within 1 at. %, determined by inductively coupled plasma optimal
emission spectrometry on a solution prepared by digesting the thin
films in concentrated HNO3 (avoiding the formation of insoluble AgCl
when using aqua regia).

X-ray photoelectron spectroscopy was collected using a PHI
Versaprobe equipped with Al Kα radiation (1486 eV). Ar sputter
depth profiling was accomplished in sputter time increments of 30 s
with an Ar beam energy of 1 kV, current of 0.5 μA, and raster size of 2
μm × 2 μm. Compositional quantification of XPS spectra was
conducted using Multipak. Scanning electron microscopy (SEM)
imaging was conducted on an FEI XL30 Sirion operating in secondary
electron detection mode. Atomic force microscopy (AFM) images
were collected using a Park XE-70 instrument. X-ray diffraction (XRD)
measurements were taken on a PANalytical Materials Research
diffractometer equipped with a Cu Kα (λ = 0.154 nm) X-ray source.
Symmetric scans were collected on CuAg thin films grown on 3 cm ×
4 cm quartz sheets to increase the area of material under illumination
and eliminate background interferences from glassy carbon substrates.
Grazing-incidence X-ray diffraction (GI-XRD) measurements were
obtained at beamline 7−2 of the Stanford Synchrotron Radiation
Lightsource (SSRL) using a photon energy of 14 keV. For these
measurements, CuAg thin films were grown on degenerately n+ doped
Si(100) wafers with a 2 nm Ti sticking layer. This allowed for
comparison between as-deposited and post-electrochemistry films,
while avoiding the aforementioned interference from the glassy carbon
substrates. GI-XRD patterns were refraction corrected using a
modified version of the technique reported by Toney and Brennan.51

Electrochemical characterization was conducted by rotating disc
electrode (RDE) testing using a Pine Research Instruments rotator
setup and a Biologic VMP-300 potentiostat. A three-electrode cell was
used, employing a graphite rod counter electrode and a Ag/AgCl
reference electrode. The CuAg thin film coated glassy carbon discs
were affixed in a Teflon RDE tip (Pine Research Instrumentation) and
used as working electrodes. The electrolyte was 0.1 M KOH prepared
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from semiconductor grade pellets (Sigma-Aldrich) and Millipore water
(R = 18 MΩ·cm). All potentials in this work are vs the reversible
hydrogen electrode (RHE) based on calibration of the Ag/AgCl
electrode before and after each measurement vs a clean Pt wire in H2
saturated electrolyte. Prior to electrochemical measurements, the
working electrode was inserted into Ar-saturated electrolyte under
potential control at 0.2 V vs RHE, and then conditioned with 20 cyclic
voltammetry (CV) cycles at 50 mV/s from 0 to 1.0 V vs RHE. The
electrolyte was then purged with O2 for at least 15 min prior to ORR
activity evaluation, which was conducted by CV at 20 mV/s from 0 to
1.0 V vs RHE. All polarization measurements were corrected for
uncompensated electrolyte resistance along with background
capacitive contributions.52

Computational Details. Simulations were carried out using the
atomic simulation environment (ASE).53 The electronic structure
calculations were performed using the Quantum ESPRESSO program
package.54 The electronic wave functions were expanded in a series of
plane waves with a cutoff energy of 550 eV and a corresponding
electron density cutoff of 5500 eV. Core electrons were described with
ultrasoft pseudopotentials.55 Density functional theory (DFT)
calculations were carried out by means of the RPBE exchange-
correlation functional,56 as it has been shown to accurately describe
chemisorption properties on transition metals. The optimized lattice
constants for Ag and Cu calculated using RPBE are 4.21 and 3.71 Å,
respectively. For adsorption studies, supercells of lateral size (2 × 2)
and four layers were used and a vacuum region of at least 18 Å was
used to decouple the periodic images in the direction perpendicular to
the supercell. The first Brillouin zones were sampled with (4 × 4 × 1)
Monkhorst−Pack61 k-points. The adsorbates and top two layers of the
slab atoms were allowed to relax until the maximum force on each
atom was below 0.05 eV/A.
Catalytic activities of different surface structures were determined

by the binding energies of the reaction intermediates (i.e., OOH*, O*,
and OH*).57 To estimate the adsorption energies of different
intermediates at zero potential and pH = 0, we use the computational
hydrogen electrode (CHE) approach introduced previously.57 In this
model, the electrode potential (U, vs the RHE), is considered by
shifting the electron energy by −eU when an electron is transferred.
The overpotential is defined as the maximum positive free energy
difference between each two successive reaction steps.

■ RESULTS AND DISCUSSION
To understand the crystal structure of the as-prepared CuAg
thin films of varying nominal compositions, XRD patterns
collected from symmetric scans are shown in Figure 1a, along
with pure Ag and Cu thin films for comparison. Each
polycrystalline film shows a strong (111) peak consistent
with a preferential out of plane ⟨111⟩ orientation, with the
exception of Cu90Ag10 that demonstrates no clear texturing.

The ⟨111⟩ orientation for the majority of the thin films likely
arises due to the tendency of face-centered cubic metals under
no external influence (i.e., epitaxy) to grow with the minimal
surface energy {111} facet exposed.58,59 Clear phase
segregation of the Cu50Ag50 and Cu70Ag30 thin films is
indicated by the presence of two distinct (111) diffraction
peaks, attributed to a Ag-rich and a Cu-rich phase. For all
samples, of particular interest is the clear shift in the Ag-rich
(111) peaks to higher diffraction angles at increased nominal
Cu compositions. This is depicted more clearly in Figure 1b
and suggests a decrease in the lattice constant occurring in the
Ag-rich phase. A complementary shift in the Cu-rich phase
(111) peak to lower diffraction angles indicates a lattice
constant increase in this phase at increased nominal Ag
compositions. Atomic compositions of each phase were
estimated using Vergard’s law60 and are shown in the
Supporting Information (Table S2). This analysis implies that
Cu90Ag10 is the only bimetallic with a single phase, since only in
this sample the nominal composition matches the phase
composition predicted by the (111) diffraction peak (10.1 at. %
Ag). While a Cu-rich phase peak is not observed for Cu20Ag80,
the Ag(111) peak position corresponds to 13.1 at. % Cu, well
below the bulk composition. This implies there is a second,
albeit minor, Cu-rich phase, with a nondiscernable diffraction
peak due to the lower scattering factor of Cu vs Ag. Overall,
XRD patterns provide evidence that electron beam PVD is
amenable to preparing metastable solid solution phases in
thermodynamically immiscible CuAg. This has been demon-
strated previously by PVD techniques using near room
temperature substrates61,62 due to the “vapour quenching”
nature of the process that renders condensed atoms with
insufficient kinetic mobility to segregate into equilibrium (i.e.,
pure) phases.63 This technique has previously been applied by
our group to prepare NiAg thin films with metastable
miscibility for electrochemical hydrogen evolution and
oxidation reactions.64

SEM imaging of the thin film electrodes (Figure 2a−c, Figure
S1) showed surface flatness with a lack of topological features.
Cu70Ag30 thin films, primarily focused on in the main
manuscript due to its optimal ORR activity (vide infra), were

Figure 1. (a) Symmetric XRD patterns for Cu, Ag, and CuAg thin
films with varying compositions, and (b) magnified (111) diffraction
peaks with Ag (38.1°) and Cu (43.3°) locations shown by dotted lines.

Figure 2. SEM images of (a) Cu70Ag30, (b) Cu, and (c) Ag, along with
(d) AFM imaging of Cu70Ag30 thin films on glassy carbon electrodes.
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found to consist of irregularly shaped, quasi spherical
crystallites (Figure 2a). SEM imaging of other CuAg
compositions show very similar features and in plane grain
sizes (Figure S1). Pure Cu thin films (Figure 2b) show grain
anisotropy, consisting of what appear to be conjoined adjacent
crystallites. Pure Ag (Figure 2c) on average also shows larger
crystallites than CuAg, with a high degree of variability in the
average size. These trends are in agreement with XRD patterns
that show peak broadening for the CuAg thin films, indicating
that the smaller average crystallite size observed in plane by
SEM holds true for the out of plane direction probed by XRD.
The lack of topological features of the thin films was
corroborated by AFM imaging of the Cu70Ag30 thin film
(Figure 2d). A roughness factor (RF) of 1.002 and root mean
square (RMS) value of 0.85 nm indicated the thin films are very
flat. This demonstrates the suitability of PVD for preparing flat
surfaces that can be used for evaluating geometric electro-
chemical activity.64−67

CVs obtained in Ar-sparged 0.1 M KOH are shown in Figure
3a for pure Cu, pure Ag, and Cu70Ag30 thin films. Additional
CVs of various CuAg compositions are also shown in the
Supporting Information (Figures S2). The CV profile of Cu
(Figure 3a) shows several typical redox features consistent with
those reported previously.68−72 The oxidative peak centered at

0.54 V vs RHE is preceded by a small anodic feature at 0.47 V
vs RHE. This behavior arises from the two step formation of
Cu2O, involving sub-monolayer island oxide growth at the
lower potential, followed by complete surface oxide coverage at
the higher potential.70 Below this potential region, small
oxidation waves are observed in the range of 0.34−0.43 V vs
RHE. These oxidation features are typical of Cu68 and have
been shown to be facet dependent.69 In situ scanning tunneling
microscopy on single crystal Cu electrodes was previously used
to associate these anodic currents with the adsorption of
hydroxide species that serve as precursors for subsequent Cu2O
growth.70,73 The large oxidative current observed above ca. 0.76
V vs RHE is due to the formation of a so-called duplex surface
film, consisting of an inner Cu2O layer and outer CuO and
Cu(OH)2 layer.70,71 In the cathodic sweep direction, this
duplex surface film is not effectively reduced until the broad
cathodic wave centered at ca. 0.28 V vs RHE.68,72

With much smaller current magnitudes than those observed
for Cu, the Ag thin film electrodes show CV profiles (Figure 2a,
magnified CV provided in Figure S2d) with typical features that
have been investigated previously on single crystal74−76 or
polycrystalline77 electrodes. Particularly, redox features are
observed in the 0.30−0.53 V vs RHE range and related to the
adsorption/desorption of loosely bound hydroxide spe-

Figure 3. (a) CV curves in Ar-saturated and (b) ORR polarization curves in O2-saturated 0.1 M KOH for Cu, Ag, and Cu70Ag30. (c) Comparative
ORR polarization curves for various CuAg compositions. (d) Kinetically corrected Tafel plots and (e) geometric based activity values at 0.8 V vs
RHE for all electrodes. (f) XPS determined surface compositions of CuAg electrodes before and after electrochemical testing.
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cies.74,75,78 At higher potentials, oxidative maxima occur at ca.
0.80 and above 0.95 V vs RHE in the anodic direction, with
corresponding reductive features observed in the cathodic
direction. These are attributed to more strongly bound
hydroxide or perhaps underpotential deposited oxide spe-
cies,74,76,78 which serve as precursors for Ag2O formation at
potentials higher than those investigated in this study (i.e., >1.1
V vs RHE). The Cu70Ag30 thin film shows CV features (Figure
2a) expected for a mixture of Cu and Ag, albeit with two
notable exceptions. The first is that the oxidative feature seen
on pure Cu and associated with the formation of the duplex
Cu2O/CuO/Cu(OH)2 structure is significantly hindered,
suggesting that Ag potentially plays a role in partially inhibiting
this oxidative process. Second is the clear emergence of a
reduction peak with a shoulder centered at ca. 0.7 V vs RHE.
This potentially indicates that Ag can facilitate the reduction of
Cu-oxide/hydroxide species at potentials much higher than
observed for pure Cu, a hypothesis that will be discussed in
further detail below.
ORR polarization curves for Cu, Ag, and Cu70Ag30 thin films

in O2-saturated 0.1 M KOH are shown in Figure 3b. Pure Cu
provides very poor ORR activity. Correlating its ORR
polarization curves with CV profiles in Ar-sparged electrolyte
(Figure 3a), it is apparent that Cu only catalyzes the ORR in its
metallic state. This gives rise to the hysteresis observed in the
cathodic and anodic scans, and is consistent with results
reported previously in the literature.79 Interestingly, a localized
maximum in ORR current density is observed at ca. 0.48 V vs
RHE in the anodic scan direction. This occurs in the potential
region where Cu adsorbs hydroxide species,70,73 which
potentially could be underlying the current density enhance-
ment observed prior to the onset of Cu2O formation. A similar
role of hydroxide species was previously observed on Au(100)
single crystals, with the presence of adsorbed OHads favoring a
shift from the 2 electron to 4 electron ORR.80 The ORR
activity of pure Ag shows no hysteresis between the anodic and
cathodic scans, with a current density−potential profile similar
to those reported previously for Ag single crystal electrodes in
the same electrolyte.81 Also shown in Figure 3b, is that upon
the addition of Cu to Ag, an over 80 mV improvement in half-
wave potential is observed for Cu70Ag30. Additionally, a
potential sweep direction hysteresis emerges, with a ca. 45
mV increase in half-wave potential for the anodic vs the
cathodic sweep direction. This observed hysteresis is common
for Pt-based catalysts and associated with an additional
overpotential required to remove active site blocking OHads
species in the cathodic scan direction;2,52 however, this

behavior has not been observed previously for Ag-based ORR
catalysts and clearly arises due to the presence of Cu. This
phenomenon is consistent over all compositions of CuAg
evaluated, with Figure 3c illustrating that the ORR activity
decreased in the order of Cu70Ag30 > Cu90Ag10 > Cu50Ag50 >
Cu20Ag80.
SEM (Figure S1) and AFM (Figure S3) imaging on

electrochemically tested samples showed minimal changes to
the thin film surface topography, with only a marginal increase
in the roughness factor from 1.002 (RMS = 0.85 nm) to 1.004
(RMS = 0.94 nm) for Cu70Ag30 as a result of ORR testing. This
lack of discernible changes to the two-dimensional nature of the
thin film surface after electrochemical measurements indicated
that the activity enhancement observed was not due to
significant surface area enhancement. This is supported by
Tafel plot analysis, with kinetically corrected current densities
(electrode geometric basis) for all CuAg compositions shown
in Figure 3d alongside pure Ag. Dashed lines representing Tafel
slopes of 90 and 45 mV/dec are included for visual comparison.
The Ag thin film shows a Tafel slope that closely resembles 90
mV/dec, a value in line with previous reports on Ag-based
catalysts.81−83 CuAg thin film electrodes with nominal Cu
compositions of 50 at. % or greater show a striking reduction in
Tafel slope to ca. 45 mV/dec. This corroborates the fact that
the activity enhancements are not merely a surface area effect,
and indicates rate-determining step, adsorbate, and/or active
site structure induced changes that improve the ORR kinetics
on these surfaces.84 The ORR enhancement of CuAg is
depicted in Figure 3e, showing kinetically corrected ORR
current densities for the various electrodes measured at 0.8 V vs
RHE. Cu70Ag30 displays a kinetic current density of 1.62 mA/
cm2

geo, a 4-fold enhancement over that of pure Ag (0.38 mA/
cm2

geo). Owing to the decreased Tafel slope of Cu70Ag30 vs that
of Ag, an order of magnitude activity improvement is achieved
at an electrode potential of 0.77 V vs RHE, and a more than 30-
fold activity improvement at 0.70 V vs RHE. Comparison of the
ORR activity of Cu70Ag30 with that of Ag single crystals, Fe−
N−C catalysts and state-of-the-art Pt/C is provided in Table
S1.
To investigate the factors underlying ORR activity improve-

ments, the surface atomic composition and structure of the
CuAg thin films were evaluated. XPS was conducted before and
immediately after electrochemical ORR testing (Figure S4).
The as-prepared thin films exhibit surface compositions
consistent with nominal bulk values (black squares in Figure
3f). Following ORR testing, significant Ag surface enrichment
of the CuAg thin film was observed (red circles in Figure 3f),

Figure 4. GI-XRD measurements on as-prepared and after ORR electrochemical testing Cu70Ag30 thin films with (a) X-ray incident angle of 0.19°
corresponding to an estimated 6 nm penetration depth and (b) X-ray incident angle of 1° corresponding to a bulk measurement.
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limited only to the top several nanometers (Figure S5). This
likely results from surface segregation of Ag due to its lower
surface energy in comparison to Cu, or due to mild dissolution
of surface Cu species during electrochemical cycling.85,86 These
results indicate that it is a Ag-enriched surface that facilitates
the ORR catalysis measured by RDE. Besides the Ag surface
enrichment, high resolution XPS spectra also showed a higher
proportion of CuO to Cuo/Cu2O present in the thin films
following electrochemical testing (Figure S4).
The crystal structure of as-prepared and ORR tested thin

films was investigated further by GI-XRD measurements at
SSRL beamline 7−2. X-ray incidence angles were varied from
near the critical angle to 1° to study the thin film structure as a
function of depth. Figure 4 shows the diffraction patterns for
Cu70Ag30 as-prepared and after ORR. Panels a and b show
measurements for the shallowest (0.19°) and deepest (1.0°)
measured grazing incidence angles, respectively, corresponding
to a ca. 6 nm penetration depth and a bulk measurement.
Measurements are shown for the shallowest (0.19°) and
deepest (1.0°) measured grazing incidence angles, correspond-
ing to a ca. 6 nm penetration depth and a bulk measurement,
respectively. While the bulk appears unchanged through ORR
testing, the increase in the relative intensity of the (111) peak
of the Ag-rich phase relative to that of the Cu-rich phase post-
ORR indicates a surface enrichment of Ag, consistent with
results from XPS. Interestingly, the surface lattice parameters
are not appreciably different between as-deposited and post-
ORR samples. This indicates that the Ag-rich surface phase is
still comprised of a significant amount of Cu (22 at. %), and it
is this Ag-rich phase that could be underlying the measured
ORR activity enhancements. The emergence of a very minor
peak at a 2θ angle of 21° is also observed following
electrochemistry, attributed to Cu-oxide.
The ORR activity enhancement achieved through substitu-

tion of Ag for relatively inactive (and inexpensive) Cu atoms is
of interest from both a fundamental and technological
perspective. To understand the nature of active sites potentially
underlying the notable ORR activity enhancement, density
functional theory (DFT) calculations were performed. The
heterogeneous nature of CuAg electrodes, along with a wide
variety of possible surface configurations under electrochemical
conditions led us to investigate several different structures with

examples shown in Figure 5a. XRD measurements showing
metastable Cu/Ag miscibility and lattice spacing shifts suggest
an interplay between atomic ensemble, ligand, and strain effects
on ORR activity (for a detailed discussion of these phenomena
the reader is referred to refs 87 and 88). Assuming an
associative reaction mechanism with OOH*, O*, and OH* as
intermediates,57 activity was evaluated based on the calculated
limiting potential (UL), defined as the highest potential at
which all reaction steps become exergonic. This theoretical
basis has played a key role toward understanding the nature of
active site structures and has been used to guide catalyst design
and optimization efforts89−91 with a close correlation being
made between the thermodynamics and kinetics for the four-
electron ORR.92

To probe the role of strain effects on ORR activity, Ag
surface structures ranging from −5% compressive to +5%
tensile strain were studied (Figure 5a). Ag(111) has an oxygen
binding energy on the weak side of optimal for the ORR,57

leading to a calculated limiting potential of 0.4 V vs RHE. It is
well known that changes to the d-band position of metal
surfaces will affect surface binding energies of adsorbed
intermediates.93 Compressive strain will weaken the surface
binding energy of adsorbed intermediates due to lowering of
the d-band position, while tensile strain has the opposite
effect.91,94 Figures 5b and S6 correspondingly show that the
ORR activity of Ag decreases under compressive strain and
increases under tensile strain. As XRD indicated that the
smaller size of Cu atoms leads to lattice compression of the Ag-
rich phase, this analysis suggests that purely strain effects are
not responsible for the high activity of Cu70Ag30. However,
given the Cu/Ag miscibility shown by XRD, we investigated the
case of trapped surface Cu atoms in the Ag-rich phase (Cua−
Ag, Figure 5a). To additionally account for strain effects, we
considered Cua−Ag with varying degrees of host Ag lattice
strain as a simple representative case (Figure S7). The
calculated limiting potential of unstrained Cua−Ag is 0.64 V
vs RHE, indicating an increase in activity vs pure Ag(111).
With a compressive strain of 2%, Cua−Ag(−2%) shows an even
further increase in calculated limiting potential to 0.72 V vs
RHE (Figure 5b), followed by a decrease in activity with
increasing compressive strain (Figure S7). Tensile strain on the
other hand leads to a significant decrease in ORR activity

Figure 5. (a) Various configurations of the CuAg system examined by DFT for their effect on ORR activity. (b) ORR activity map showing
calculated limiting potentials for the various structures investigated by DFT.
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compared to Cua−Ag and is unlikely in these thin films based
on XRD analysis. Using the d-band model,91,95,96 these
reactivity trends are attributed to a dramatic difference in the
d-projected density of states (PDOS) of a Cu atom in Cua−Ag
vs Cu(111) (Figure S8). This difference results in a negative
shift of the d-band edge of Cua−Ag relative to the Fermi level,
culminating in a lower oxygen binding energy for Cua (Table
S3) and accompanied increase in ORR activity. This shift is
most prominent for Cua−Ag(−2%), which is thereby calculated
to provide the highest activity among all Cua−Ag configurations
investigated. Furthermore, this is the expected structure in
these thin film catalysts based on XRD analysis. While the Cua
atoms in Cua−Ag are predicted to provide the enhanced ORR
activity, electronic structure changes to Ag in Cua−Ag and to
Ag in Aga−Cu were also probed (details provided in the
Supporting Information). These configurations were found to
have electronic structures similar to that of Ag in Ag(111),
indicating that they neither hinder activity nor were underlying
the significant ORR activity enhancements observed exper-
imentally in comparison to pure Ag.
Another possibility for activity enhancement is the presence

of Cu-oxide species under ORR relevant potentials (Figure 2a),
which led us to investigate the influence of CuO and Cu2O on
activity. While our calculations suggested that Cu-oxide species
are not directly responsible for the observed ORR activity
increase (Figure S9), XPS and GI-XRD characterization of
post-ORR CuAg electrodes led us to investigate the possibility
of an Ag overlayer on different Cu-oxide substrates (Figure 5a).
Several of these structures resulted in major reconstruction due
to lattice mismatching; however, reasonably stable Ag over-
layers could be formed on CuO(100) and Cu2O(111),
exhibiting limiting potentials of 0.60 and 0.40 V vs RHE,
respectively. With additional details provided in the Supporting
Information (Figure S9), DFT analysis suggests that the ORR
activity enhancement could potentially arise from the formation
of Ag overlayers on Cu-oxide under reaction conditions.
While there are likely several active site configurations at

play, DFT investigations suggest two configurations that could
perhaps be responsible for the significant activity enhancement
observed for the CuAg thin films vs pure Ag, particularly: (i) Ag
overlayers on Cu-oxide species, identified by modeling Ag/
CuO(100); and (ii) Cu atoms in a Ag-rich phase (Cua−Ag),
with the activity enhancement maximized under −2%
compressive strain of the host Ag lattice. These findings are
in contrast to previous work49 that used DFT to speculate that
a Ag overlayer on a Ag3Cu(111) slab was responsible for ORR
activity enhancements. In our work, correlating the two
configurations identified by computational investigations with
experimental results leads us to believe that it is the Cua−Ag
configuration underlying the observed ORR activity enhance-
ment. This is based on XRD measurements clearly indicating
the presence of an Ag-rich phase with Cu atom substituents.
The highest activity Cu70Ag30 thin film also possesses a
compressive strain of ca. −2.4% vs pure Ag, very close to the
most active Cua-Ag(−2%) structure determined computation-
ally. GI-XRD further indicated that the proportion of this
compressively strained Cua−Ag structure at the surface of
Cu70Ag30 increases as a result of ORR testing. We also believe
that Cua−Ag as the source of improved activity could give rise
to the CuAg activity hysteresis observed in Figure 3b,c.
Notably, the baseline CV profile of Cu70Ag30 (Figure 3a)
demonstrates redox features in the region of enhanced ORR
activity (i.e., 0.70−0.85 V vs RHE) that are not observed on

pure Ag or Cu thin films. We thereby suggest that these redox
features arise from the influence that Ag has on Cu atoms in
terms of weakened oxygen binding energy. By facilitating the
reduction of Cu-oxide species at potentials higher than possible
on pure Cu, it is possible that these reduced Cu atoms in Cua−
Ag can give rise to the activity enhancement in this potential
region. This could explain the additional overpotential in the
cathodic sweep direction for CuAg, as it is required to reduce a
portion of these Cu-oxide species before enhanced ORR
activity is observed. Validation of this hypothesis still requires
elucidation of the atomic and electronic structure of these
CuAg thin film surfaces under operating conditions and will be
featured in a future publication. Regardless, ORR activity
improvements are conclusively demonstrated for CuAg thin
films. Correlating DFT and structural characterization, these
activity enhancements are postulated to arise due to the
miscibility of Cu atoms within the Ag-rich phase.

■ CONCLUSIONS
CuAg thin films were prepared by electron beam PVD and
tested for ORR activity in alkaline electrolyte. The effect of
composition on activity was investigated, with Cu70Ag30
providing a 4-fold ORR activity improvement (electrode
geometric area basis) vs pure Ag at 0.8 V vs RHE. Improved
ORR kinetics of the Cu-rich thin films (<50 at. % Cu) was
demonstrated by a Tafel slope of 45 mV/dec, which is much
lower than that of Ag (90 mV/dec), allowing for even greater
activity enhancement at higher overpotentials. XRD of the as-
prepared thin films demonstrated significant intermetal
miscibility to form a Cu-rich and an Ag-rich phase, despite
the fact that these metals are completely thermodynamically
immiscible at temperatures below ca. 200 °C. XPS and
synchrotron GI-XRD characterization of the thin films after
ORR measurements indicated a surface enrichment of the Ag-
rich phase. Experimental measurements were correlated with
DFT to understand the observed ORR activity improvements.
These results suggest that the activity enhancement arises due
to the presence of Cu atoms within the Ag-rich phase of the
catalyst, which tunes both the geometric and electronic
structure, allowing for improved binding energies of the
reacting species.
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