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ABSTRACT: Silver-based bimetallic catalysts for the oxygen
reduction reaction (ORR) are promising for a wide variety of
renewable energy technologies, including alkaline fuel cells and
metal-air batteries. The activity of bimetallic catalysts can
sometimes surpass that of either constituent element, but the
origin of the enhanced performance is still debated. At a given
active site, two complementary mechanisms are proposed to
explain the performance improvements: the binding energy of
intermediate adsorbates can be tuned by direct electronic
contributions from the alloying element or by changes in the
bond lengths from lattice distortion. To distinguish between these
eﬀects and elucidate the respective roles of each element in the
bimetallic, it is critical to study catalysts at the molecular scale
under reaction conditions. In this work, we use in situ X-ray absorption spectroscopy (XAS) alongside density functional theory
(DFT) to show that direct electronic rather than geometric eﬀects are the primary cause of improved ORR activity in a bimetallic
CuAg catalyst. Our results indicate that the local bonding as well as the electronic structure of Ag are virtually unchanged by the
presence of Cu, whereas the electronic states of Cu in CuAg are signiﬁcantly altered. DFT calculations support these experimental
ﬁndings. We show strong evidence that the activity of the bimetallic CuAg catalyst exceeds the sum of the activities of Cu and Ag,
not by incremental improvement of the active Ag sites, but by creating highly active Cu-centered catalytic sites. The insight that the
main role of Ag in bimetallic catalysts may be to promote its fellow element through local electronic interactions provides a new
design principle for engineering the next generation of bimetallic catalysts for the ORR and beyond.

■

INTRODUCTION
The electrochemical interconversion between oxygen and
water is a key process gating the wider deployment of a variety
of renewable energy technologies.1−3 In particular, improving
on the kinetics and limited selection of suitable catalysts for the
oxygen reduction reaction (ORR) could accelerate the
adoption of critical clean-energy technologies such as hydrogen
fuel-cell vehicles or metal-air battery-based grid-scale energy
storage.3−6 While Pt-based catalysts are the conventional
choice for acidic electrolytes, favorable oxygen reduction
kinetics and stability considerations in alkaline electrolytes, as
well as recent improvements in anion exchange membranes,7
provide the possibility for using non-platinum group metal
(non-PGM) catalysts.8,9 Non-PGM options include transitionmetal oxides, metal−nitrogen−carbon (M−N−C) systems,
and Ag-based catalysts.8,9 Of these, Ag exhibits important
characteristics in terms of conductivity, selectivity, and surface
area-normalized turnover frequencies, and it is considered one
of few technoeconomically viable alternatives to Pt for the
ORR in alkaline conditions.10
© 2020 American Chemical Society

Although Ag catalysts have achieved high speciﬁc activity for
a non-PGM material, further improvements are needed to
compete with Pt. Nanostructuring can increase the surface
area,11,12 and catalyst loadings of Ag can be much higher than
Pt for the same material cost. However, if the catalyst loading
is too high, leading to thicker electrodes, these designs may be
limited by mass transport. A complementary strategy is to
increase the intrinsic activity of Ag catalysts through alloying or
mixing with other metals,13,14 as has been shown for Pt and
other catalysts.15−18 In the well-known Sabatier volcano
relationship between the binding energy of an *OH adsorbate
and the activity of a metal for the ORR, Ag lies on the weakReceived: September 26, 2019
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Figure 1. DFT calculations showing the d-projected density of states for (a) a Ag atom in Ag(111) and a Ag atom adjacent to a Cu atom within
Ag(111) and (b) a Cu atom in Cu(111) and a Cu atom within Ag(111). While the electronic structure of Ag changes only slightly in the presence
of a Cu atom, the density of states of the Cu atom in a Ag lattice is dramatically altered compared to pure Cu. Data from ref 27.

oxidation state of the transition metal over a range of
electrochemical potentials and comparing any hysteresis in
the oxidation state to the hysteresis seen in cyclic voltammetry
of Pt-catalyzed ORR has provided additional insights.37 Our
study takes a similar approach to study the mechanism of
improvement in a CuAg catalyst compared to pure Ag by
employing in situ XAS.
In this work, we look at both the Ag and Cu absorption
edges and identify interesting changes in the redox properties
of Cu when it is within a Ag lattice. At ORR-relevant
potentials, Cu in the bimetallic system exists in a more metallic
state than in a pure Cu catalyst. In addition, we observe similar
hysteresis in the oxidation state of Cu as with the hysteresis
observed in the electrochemical ORR data. Previous DFT
calculations have suggested that the Fermi energy of Cu in a
Ag lattice may be dramatically shifted compared to pure Cu,
leading to the signiﬁcant tuning of the binding energy for
oxygen.27 Our experimental ﬁndings are consistent, suggesting
that Cu in a Ag lattice becomes an additional active site for the
ORR and boosts the performance of the bimetallic catalyst
despite the poor performance of Cu alone. The strong
correlation between theoretical DFT predictions and experimental in situ XAS demonstrates a powerful framework for
exploring the mechanistic understanding of electrochemical
catalysts.

binding side of the volcano. In other words, silver is
understood to bind oxygen too weakly, leading to a limiting
step of O2 + * → *O2−.19,20 An alloy with another metal such
as Cu, Co, or Ni could potentially result in a catalyst with a
more ideal *OH binding energy and improved catalytic
activity.21,22 However, unlike Pt, Ag does not readily alloy with
many of the transition metals. Nonetheless, there have been
several bimetallic Ag catalysts reported with increased ORR
activity,23−25 including metastable CoAg nanoparticles for
which the activity was attributed to a surface alloy achieved
through a rapid heating, rapid quenching technique.26
One promising candidate for a mixed Ag−M system is a
bimetallic CuAg catalyst, which we showed recently to have
improved activity for the ORR in the thin-ﬁlm form.27 In that
case, physical vapor deposition led to a degree of metastable
miscibility between Cu and Ag. The resulting Cu70Ag30 catalyst
showed a ca. 4-fold activity improvement over pure Ag at an
electrode potential of 0.8 V vs reversible hydrogen electrode
(RHE) and more than a 30-fold activity improvement at 0.7 V
vs RHE. The CuAg catalyst also exhibited electrochemical
activity hysteresis, with the forward scan outperforming the
reverse scan in a cyclic voltammogram (CV). Density
functional theory (DFT) was used to propose two hypotheses
for the activity enhancement of CuAg, including (i) the
presence of a Ag overlayer on Cu oxide under reaction
conditions, leading to tensile strain in the Ag or (ii) Cu atoms
in a silver lattice whose d-band structure is dramatically
changed compared to pure Cu (see Figure 1). This narrowing
of the d-band of Cu has also been predicted by DFT for dilute
Cu in Ag and shown experimentally by valence photoemission
spectra in another study,28 although there remains some
debate over the eﬀect of this change on the binding energy of
oxygen. Bimetallic CuAg is also a promising catalyst for
electrochemical CO2 reduction (CO2R); the addition of Ag to
Cu has been shown to improve the selectivity toward
oxygenated multicarbon products.29−34 Although reaction
conditions (electrochemical potentials, pH, electrolyte, etc.)
vary between the ORR and CO2R, understanding the interplay
between Ag and Cu under electrochemical conditions is of
interest to both communities.
As with any catalyst, to understand the performance of
CuAg, it is critical to observe the catalyst surface under
reaction conditions. One powerful tool that has proven useful
for probing the state of catalysts in situ is X-ray absorption
spectroscopy (XAS), which can examine the geometric and
electronic states of the atoms in a material as it catalyzes a
reaction.35,36 For Pt and Pd catalysts, for example, tracking the

■

RESULTS AND DISCUSSION
Improvement in the ORR activity of a thin-ﬁlm bimetallic
CuAg catalyst could, in principle, come from modiﬁcations to
either the Ag or Cu sites. As Ag alone is signiﬁcantly more
active than Cu alone,27 it may appear at ﬁrst glance that
modiﬁcation of the Ag site through strain or electronic eﬀects
is the more likely prospect, particularly as the surface of these
CuAg catalysts has been shown to be Ag rich after ORR.27
DFT calculations show little electronic eﬀect on the predicted
d-band structure of Ag when modiﬁed with dilute amounts of
Cu (Figure 1), but our previous calculations predict enhanced
activity if Ag is under tensile strain as an overlayer on Cu
oxide.27 Ex situ X-ray diﬀraction shows a silver-rich phase
under compressive strain due to metastable miscibility with
Cu, which would appear to refute the tensile strain
hypothesis.27 However, the same study showed Ag enrichment
near the surface after electrochemical testing, which may lead
to a diﬀerent Ag environment. To investigate this hypothesis,
we deposit thin ﬁlms (5 nm) of Ag and Cu70Ag30 (referred to
in this study as CuAg) in a back illumination cell (see the
experimental section for more details) and use in situ XAS to
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Figure 2. Ag L3 edge XAS of Ag and CuAg thin ﬁlms at 0.75 V vs RHE (0.1 M KOH with O2 bubbling). (a) Derivatives of in situ XANES show
that the white line peak (dashed line) is nearly identical in both intensity and position for both compositions. (b) Fourier transforms (FT) of
EXAFS show no signiﬁcant shift of the Ag−Ag distance (dashed line) for Ag and CuAg measured at 0.75 V vs RHE.

amplitude and atomic weight from Au > Ag > Cu.42 As these
changes in the higher-energy peaks can be attributed to
scattering from Cu rather than to the electronic state of the Ag,
and the white line of Ag is unchanged in the presence of Cu, it
appears that the electronic state of Ag is negligibly changed by
the presence of Cu atoms.
To look more closely at the Ag−Ag distances under reaction
conditions, the Fourier transform (FT) of the EXAFS is shown
in Figure 2b. Though high-resolution EXAFS is impeded by
the emergence of the Ag L2 edge at 3.5237 keV or an
approximate wavenumber k of 7 Å, there is a clear single ﬁrst
shell peak at approximately 2.9 Å as well as the extended
structure at approximately 5 Å. Under reaction conditions at
0.75 V vs RHE, the location of this peak corresponds to a
phase-corrected ﬁrst shell bond length of 2.86 for both pure Ag
and for CuAg (see Table S1 for details). In this case, the FTEXAFS measurements do not clearly indicate a second peak
that could be attributed to a Ag−Cu interaction. However,
such a peak may be challenging to observe due to the small k
range, low Cu content under reaction conditions, and smaller
atomic number of Cu. There does appear to be diminished
extended structure in the bimetallic sample, which is likely due
to small distortions in the lattice from the presence of Cu.
When probed under reaction conditions, Ag L3 XAS shows no
evidence of tensile strain in the ﬁrst shell of either Ag or CuAg.
In neither the XANES nor EXAFS regions of the Ag L3 edge
do there appear to be diﬀerences in either the electronic or
geometric state of Ag that are signiﬁcant enough to account for
the improved ORR activity observed for the bimetallic catalyst.
If the Ag atoms in CuAg are not changing dramatically, an
alternative hypothesis is that the changes in activity are due not
to mildly enhanced ORR activity at Ag sites, but to
signiﬁcantly enhanced activity at Cu sites. Although Cu
alone is a poor catalyst for the ORR, the dramatic change in
the predicted d-band density of states of dilute Cu in Ag (see
Figure 1) may lead to correspondingly large changes in
activity.27,28 In one study, the very narrow d-band of Cu in Ag
was compared to a free-atom-like state, and the authors posited
that the binding energy to oxygen would therefore be increased
by 0.3 eV compared to elemental copper using the Newns−
Anderson−Grimley model.28 However, another study predicted that the narrowing of the d-band would be accompanied
by a shift in the Fermi energy of Cu by approximately −0.35
eV,27 corresponding to a more reduced Cu. A similar shift of
−0.3 eV has been shown by ex situ XPS and Cu L3 XAS.28 As
Cu lies on the strong-binding side of the ORR volcano, more
reduced Cu should be more active for the ORR.19,20 To

probe the electronic and geometric structures of Ag under
reaction conditions in 0.1 M KOH. CuAg ﬁlms with an initial
composition of Cu70Ag30 have previously been shown to be an
optimal composition for ORR activity,27 as have nanoparticles
with an initial composition of Cu75Ag25.24 In both cases, Cu
leaches extensively, leaving behind a Ag-rich surface;24,27 the 5
nm ﬁlms show a similar Ag enrichment and are therefore used
as a template for studying the disperse active sites on the
surface. To expand, X-ray photoelectron spectroscopy (XPS)
of the 5 nm ﬁlms post-electrochemical testing indicates Cu
near the detection limit (∼0.1%) of the lab-based XPS (see
Supporting Information, Figure S3). However, due to the high
intensity of the synchrotron radiation, even these low levels of
Cu are measurable. The low concentration of Cu after
electrochemical testing suggests that under reaction conditions,
the Cu sites being measured are near-atomically dispersed.
More exact quantiﬁcation of the ratio of Cu and Ag sites was
previously attempted by Pb underpotential deposition,27,38 but
the presence of underpotential deposition stripping features in
similar regions for Cu and Ag,39 as well as background redox
features, made the analysis imprecise. We note that with the
rise of interest in Ag-based alloy catalysts, there is an
opportunity for the development of new techniques to
accurately quantify the surface composition of Ag-based alloys.
Comparisons of Ag and CuAg for both X-ray absorption
near edge structure (XANES) and extended X-ray absorption
ﬁne structure (EXAFS) at the Ag L3 edge are shown in Figure
2a,b, respectively. In the XANES region, multiple peaks are
observed and shift in both intensity and location based on the
presence or absence of Cu. The white line peak of Ag, at
approximately 3353 eV, is due to the excitation of 2p3/2
electrons to the ﬁrst unoccupied levels in Ag, which have a
mix of s and d characters. The white line is slightly more
intense for CuAg than Ag in the ex situ samples (see
Supporting Information, Figure S7), but Ag and CuAg are
nearly identical in situ at an electrode potential of 0.75 V vs
RHE. Ag is therefore likely slightly more reduced under dry
conditions in CuAg, but under ORR conditions there is little if
any electronic change. Peaks in the Ag L3 edge spectra at 3369,
3377, and 3397 eV have been attributed to multiple scattering
resonances, which will be aﬀected by the character of the
atoms adjacent to Ag. For example, in AgAu bimetallics, these
peaks have been shown to shift in both intensity and position
because of the inﬂuence of Au, which has a similar size as Ag
but a diﬀerent backscattering amplitude and phase.40,41 In the
case of CuAg, these peaks shift in the opposite direction as in
AuAg, which is consistent with the trend in backscattering
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Figure 3. XANES (a) and derivatives (b) of Cu K-edge spectra for a Cu and the CuAg catalyst in situ at 0.75 V vs RHE compared to various
copper reference materials. At ORR-relevant conditions, Cu appears to have mostly Cu2+ character, while the Cu in CuAg has a mixture of Cu0 and
Cu1+ character.

Figure 4. Cu K-edge XANES data (a, c, e) and the corresponding ﬁrst derivatives of the XANES (b, d, f). (a, b) Cu catalysts in situ at 0.35 and 0.75
V vs RHE. (c, d) CuAg catalysts in situ at 0.35 and 0.75 V vs RHE. (e, f) Reference materials, ex situ. Dashed lines in (b, d, f) highlight the
locations of the ﬁrst peak in the Cu foil, Cu2O, and CuO XANES derivatives.

Figure 3b against the derivatives of several known reference
materials. Qualitatively, the Cu catalyst measured at 0.75 V vs
RHE appears to be most similar to the Cu2+ oxide standard,
while the Cu in the CuAg catalyst measured at 0.75 V vs RHE
appears to be a combination of metallic Cu0 and Cu1+ oxide.
From this qualitative analysis alone, it is clear that Cu exists in
a more reduced state under reaction conditions when it occurs
in the bimetallic than when it occurs in the pure form. This
ﬁnding aligns with predictions from DFT that Cu in a silver
lattice should have a lower Fermi level and therefore be more

resolve the question of the oxygen-binding energy and
understand the possible activity changes of Cu in CuAg, we
look at the Cu K-edge XAS under reaction conditions.
Figure 3 shows the Cu K-edge spectra collected for both Cu
and CuAg. Unlike the Ag L3 edge spectra, diﬀerences at the Cu
K-edge are immediately apparent. In Figure 3a, the Cu K-edge
XANES spectra of Cu and CuAg are strikingly diﬀerent when
measured at 0.75 V vs RHE, as the edge peak is shifted several
eV lower in the CuAg catalyst compared to the pure Cu
catalyst. The derivatives of these XANES spectra are plotted in
1822
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reduced under reaction conditions than Cu alone.27 This
calculated change in the Fermi level and the experimental
resistance to oxidation of Cu atoms in CuAg compared to pure
Cu also suggest that the binding energies of oxygen species to
Cu have been weakened, which is consistent with DFT
calculations of the binding energy for *O and *OH of 1.39 and
0.64 eV, respectively, for isolated Cu atoms in CuAg and 1.20
and 0.37 eV, respectively, for pure Cu.19,27 As Cu sits on the
strong-binding side of the ORR volcano,19,20 a decrease in
binding energy to oxygen should improve the activity of Cu
sites for the ORR.
Because we see no signiﬁcant changes to the electronic state
or bond distance of Ag in the presence of Cu, but we do see
drastic shifts in the electronic state of Cu in CuAg compared to
pure Cu under reaction conditions, we propose that the
enhanced activity of CuAg for the ORR does not arise from an
improvement of the Ag site but rather from a new active site at
the reduced Cu.
Furthermore, changes in the Cu K-edge XANES spectra of
Cu and CuAg as the electrochemical potential is varied support
the conclusion that Cu has become the dominant active site for
ORR in thin-ﬁlm CuAg. While the diﬀerences at 0.75 V vs
RHE, a relevant electrode potential for the ORR, suggest that
the improvement in ORR activity originates with Cu rather
than Ag, another important feature to understand is the
hysteresis seen in the CVs of CuAg.
For each electrochemical potential discussed, XAS spectra
were measured under two conditions (see Supporting
Information, Figure S5 for schematic). The ﬁrst is meant to
understand phenomena that may occur during the forward
sweep of a CV, i.e., toward more positive potentials. This type
of measurement involved holding the thin-ﬁlm catalyst at 0.05
V vs RHE for 5 min before stepping the electrode potential up
to the potential of interest, where it was held for the duration
of the XAS measurement. This preconditioning is referred to in
the Figures and throughout the discussion as a measurement at
“0.05 Vhold”. Similarly, the second type of measurement probes
phenomena that may occur during the reverse sweep of a CV,
i.e., toward more negative potentials, and consisted of holding
the electrode potential at 0.90 V vs RHE before stepping it
down to the potential of interest. Measurements taken after
this preconditioning step are referred to throughout this work
as “0.90 Vhold”. This procedure was developed to probe the
origin of the hysteresis seen in the activity of CuAg for the
ORR.
Figure 4 shows the normalized Cu K-edge XANES (a, c, e)
and corresponding ﬁrst derivatives (b, d, f) for a thin-ﬁlm Cu
catalyst in situ (a,b), a thin-ﬁlm CuAg catalyst in situ (c,d), and
reference materials ex situ (e,f). As seen in both Cu and CuAg,
the Cu K-edge XANES shows changes in the intensity of the
mid-edge peak with the changing electrochemical potential.
This is consistent with the presence of Cu redox features in
this electrochemical potential window.27 Evidence of clear
changes in the Cu K-edge spectra with response to changing
potential also indicates that a signiﬁcant fraction of the Cu was
electrochemically accessible (i.e., near-surface species). For the
Cu catalyst, as expected, the in situ XANES spectra become
more similar to the oxide standards at more positive electrode
potentials; the intensity of the edge peak decreases and the
ratio of the ﬁrst and second peaks in the derivative spectra
decreases. For CuAg, the trend is less pronounced due to the
greater diﬀerence between the 0.05 Vhold and 0.90 Vhold
preconditions, but the fact that we see diﬀerences in the
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XANES with changing electrochemical potential validate the in
situ nature of these measurements.
In addition to the simple change of Cu becoming more
oxide-like at higher electrode potentials, we see hysteresis in
the XANES spectra of Cu for both Cu and CuAg. With the
exception of Cu at 0.75 V vs RHE, for which there is little
change, the 0.05 Vhold measurements (solid lines in Figure 4a−
d) are more similar to the Cu foil reference, while the 0.90
Vhold measurements (dashed lines in Figure 4a−d) are more
similar to the oxide standards. This diﬀerence can be clearly
seen in the intensity of the ﬁrst edge peak of the XANES at
∼8981 eV and in the shift of the ﬁrst peak in the derivative
spectra to higher energy. For the Cu catalyst, this diﬀerence is
most pronounced at 0.35 V vs RHE, while for the CuAg
catalyst, the diﬀerence is greatest at 0.75 V vs RHE.
To evaluate the Cu K-edge hysteresis more quantitatively,
the derivatives of the XANES spectra were ﬁt using linear
combination ﬁtting (LCF). Cu(OH)2 did not appear as a
contribution to any of the in situ data and is therefore not
included. The resulting ﬁts can be viewed as percentage
contributions of diﬀerent Cu species approximated by the
reference materials or as an estimate of the average oxidation
state, considering that the contribution of the Cu2O spectra
indicates Cu1+ character, CuO indicates Cu2+ character, and
the Cu foil indicates metallic character. LCF analysis of the Cu
and CuAg samples measured at 0.75 V vs RHE conﬁrms that
the Cu in CuAg is more reduced, with a 47% contribution of
metallic-like Cu compared to an 18% contribution for Cu at
0.75 V vs RHE.
Figure 5 shows the results of a LCF analysis of the XANES
data for Cu and CuAg at various electrochemical potentials
under both the 0.05 Vhold (solid) and 0.90 Vhold (dashed)
conditions. The contribution of the metallic copper standard to
the ﬁt is used as the metric of interest because of the
hypothesis from DFT that the more reduced Cu has a weaker
binding energy for oxygen and will therefore have greater
activity for the ORR. As expected, the Cu catalyst loses
metallic character at higher electrochemical potentials for both
preconditions. However, at lower electrode potentials, the
history of the electrode potential the catalyst had seen makes a
diﬀerence in the measured metallic character; the spectra taken
after a reducing electrochemical potential hold show
signiﬁcantly more metallic character than those taken after
being held at an oxidizing electrochemical potential. The range
of electrochemical potentials for which there is hysteresis in the
Cu XAS spectra is consistent with the electrochemical
potential range in which the CV of Cu exhibits hysteresis,
which conﬁrms the ability of this technique to see the
oxidation state changes expected of Cu in this electrochemical
potential region.
As seen in the Cu K-edge XANES, Cu and CuAg diﬀer at
higher, more ORR-relevant electrode potentials (i.e., above 0.6
vs RHE). For CuAg, hysteresis in the contribution of metallic
Cu character is seen at higher potentials. As might be expected,
the Cu in CuAg at these potentials is more metallic in
character in the 0.05 Vhold scan, that is, when the cell was
previously held at a reducing potential. When the cell was held
at 0.9 V vs RHE and then stepped down to the electrode
potential at which the XAS spectra were taken, the Cu in CuAg
looks quite similar in metallic character to the Cu in the Cu
catalyst. Like Cu, the hysteresis in the contribution of metallic
character for CuAg occurs at similar electrode potentials to the
hysteresis in the electrochemical activity data. Unlike Cu and
1823
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shown here are consistent with the second proposed
mechanism of improvement from DFT: that rather than a
small improvement in the activity of the Ag sites, CuAg has
enhanced catalytic activity for the ORR due to a stark increase
in the activity of the Cu sites. DFT predicted that dilute Cu in
a Ag lattice would have a dramatically diﬀerent density of states
than pure Cu and that it would be signiﬁcantly reduced as a
result.27 In situ XAS conﬁrms that the Cu in CuAg can and
does exist in a more reduced state than in Cu at ORR-relevant
electrochemical potentials, indicating a decrease in the binding
energy of oxygen species to Cu that should push it closer to the
top of the ORR activity volcano. Cu as the dominant active site
for the ORR in a bimetallic CuAg catalyst can explain both the
improved performance of CuAg compared to Ag and the
hysteresis seen in the CuAg electrochemistry, which improves
our conﬁdence in this hypothesis, as does the strong
correlation between DFT and experimental in situ characterization.

■

CONCLUSIONS
The incorporation of a Cu atom into a Ag lattice is predicted
by DFT to signiﬁcantly change its Fermi level and therefore its
binding energy for ORR intermediates. Under ORR conditions, the Ag atoms in a thin-ﬁlm CuAg catalyst have a nearly
identical L3-edge white line peak and Ag−Ag distance as pure
Ag, while the Cu atoms in a CuAg catalyst are signiﬁcantly
more metallic in character when in the presence of Ag. We
therefore conclude that the eﬀect of Ag changing the electronic
state of Cu is more potent in this case than the geometric or
electronic eﬀect of Cu atoms on the Ag lattice.
In situ XAS of catalyst materials during electrochemical
reactions has proven to be a powerful tool for diﬀerentiating
the role of each element in a bimetallic catalyst, particularly
when combined with DFT. Even without directly viewing the
adsorbate interactions in situ XAS provides compelling
evidence that Cu has surpassed the performance of pure Ag
and likely become the dominant active site for CuAg, despite
the poor ORR activity of Cu alone. This work not only
provides insights into the interaction between Cu and Ag that
may be useful for reactions beyond the ORR; it also suggests a
possible design principle for future nonprecious ORR catalysts.
Based on the CuAg system, we anticipate that other alloys in
which the d-band structure is signiﬁcantly narrowed and
shifted may be promising candidates for much sought after
catalytically competitive, cheap, stable, and earth-abundant
catalysts.

Figure 5. (a) Contribution of a metallic Cu standard to a linear
combination ﬁt of in situ Cu K-edge XANES data for Cu and CuAg
catalysts. (b) Diﬀerence in calculated % metallic character of Cu and
CuAg catalysts between 0.05 Vhold and 0.90 Vhold measurements. (c)
Cyclic voltammograms for Cu (blue), Ag (black), and CuAg (red)
catalysts. The alignment of the hysteresis in the XAS and
electrochemical data suggests that the electronic state of Cu is
paramount to its catalytic performance. *CV data from ref 27.

CuAg, Ag shows negligible electrochemical hysteresis (a detail
view of Figure 5c can be found in the Supporting Information
as Figure S9).
The ﬁnding that Cu atoms at more oxidizing potentials
(>0.6 V vs RHE) exhibit more metallic character in CuAg than
in Cu is consistent with previous results from the CO2R
literature. Previous experimental and theoretical work has
speculated that a small electron density donation from Cu to
Ag makes the Cu atoms more resistant to oxidation.43,44 In one
case, Ag was not signiﬁcantly aﬀected because the particles
were overall Ag rich and the eﬀect of the donated electrons was
therefore diluted.43 In a similar study of phase-segregated
CuAg nanoparticles, the ratio of Cu0/Cu1+ increased as the
ratio of Ag/Cu increased, and at low Ag concentrations, a blueshift in both the XPS binding energies and the characteristic
single plasmon resonance (SPR) peak of Ag can be seen that
indicates electron density donation from Cu to Ag.29 However,
in situ XAS of the Cu K-edge at −1.2 V vs RHE under CO2R
conditions shows little diﬀerence in the electronic state of Cu
between pure Cu and either phase-segregated or phaseblended CuAg catalysts,33 reinforcing that the suppression of
Cu oxidation is only relevant at oxidizing conditions (i.e., ex
situ in air or at potentials greater than ∼0.6 V vs RHE).
Both previous suggestions that the incorporation of Cu in
Ag results in resistance to oxidation and the in situ XAS data

■

EXPERIMENTAL SECTION

Computational Details. Simulations were performed using the
atomic simulation environment (ASE),45 and electronic structure
calculations were performed using the Quantum ESPRESSO
program.46 For further details, refer to ref 27.
Experimental Details. All XAS measurements were performed at
Stanford Synchrotron Radiation Lightsource (SSRL) at SLAC
National Laboratory in California. Ag L-edge XAS used beamline
14-3a, a tender X-ray beamline with a Si(111) monochromator in the
ϕ = 90° setting, and a 4-element Vortex detector to detect
ﬂuorescence. The intensity of the incoming beam was measured
using ion chambers. Cu K-edge measurements were conducted at
beamlines 4-1 and 11-2. 4-1 and 11-2 are both hard X-ray beamlines
with an LN2-cooled Si(220) monochromator used in the ϕ = 90
position. At 4-1, a Canberra 30-element Ge solid-state detector was
used, and a similar 100-element detector was used at 11-2. All XAS
data were processed using SixPack47 and Athena.48
1824
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Ag, Cu, and CuAg thin ﬁlms (5 nm) were deposited by electron
beam evaporation in a custom physical vapor deposition system
(Technical Engineering Services) as previously described.27 The
substrate was an 8 μm thick Kapton ﬁlm (DuPont) pyrolyzed at 1000
°C for 1 h in N2, following the procedure from ref 49. A 2 nm Ti
sticking layer, deposited in the same system, was used for the Cu and
CuAg samples to increase adhesion. In addition to our pure Cu and
pure Ag reference ﬁlms, we used a Cu70Ag30 ﬁlm, as this composition
was the most active for the ORR in our previous study.27
All experiments were done using an in situ back illumination cell to
maximize the signal at the lower energy Ag L-edge. Schematics and
pictures of the cell can be found in the supporting information, Figure
S2. The cell was constructed from a 50 mL high-density polyethylene
(HD-PE, Nalgene) bottle. The electrolyte was 0.1 M KOH prepared
from semiconductor grade pellets (Sigma-Aldrich) and Millipore
water (R = 10 MΩ·cm). The counter electrode, a graphite rod (Ted
Pella), and a Ag/AgCl 4M KCl reference electrode (Fisher Scientiﬁc,
Accumet) were inserted through the mouth of the bottle. Oxygen was
bubbled through a glass frit for the duration of the experiment. The
working electrode of the metal on pyrolyzed Kapton was epoxied over
a 0.67 cm diameter hole in the cell wall and contacted with a copper
clip (Ted Pella). For measurements at the Ag L-edge, the entire cell
was enclosed in a box purged with He to minimize scatter loss in air.
Electrochemical data during the in situ experiments were
conducted using a Biologic SP-300 potentiostat. All electrode
potentials are reported vs the reversible hydrogen electrode (RHE)
based on a calibration of the Ag/AgCl electrode vs a clean Pt wire in
the H2-saturated 0.1 M KOH electrolyte. For each new sample, an
initial CV was run from 0.05 to 0.9 V vs RHE. For each XAS
measurement, the sample was ﬁrst polarized at either 0.05 V vs RHE
(0.05 Vhold conditions) or 0.9 V vs RHE (0.90 Vhold conditions) for 5
min before being brought to the electrochemical potential of interest
where it was held for the duration of the measurement (see
Supporting Information, Figure S5).
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