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ABSTRACT: Recent studies have shown that the addition of Cu to Ag catalysts improves
their epoxidation performance by increasing the overall selectivity of the bimetallic catalyst.
We have prepared AgCu near-surface alloys and used scanning tunneling microscopy to gain
an atomistic picture of O2 dissociation on the bimetallic system. These data reveal a higher
dissociative sticking probability for O2 on AgCu than on Ag(111), and density functional
theory (DFT) confirms that the O2 dissociation barrier is 0.17 eV lower on the alloy.
Surprisingly, we find that, after a slow initial uptake of O2, the sticking probability increases
exponentially. Further DFT calculations indicate that surface oxygen reverses the segregation
energy for AgCu, stabilizing Cu atoms in the Ag layer. These single Cu atoms in the Ag surface
are found to significantly lower the O2 dissociation barrier. Together, these results explain
nonlinear effects in the activation of O2 on this catalytically relevant surface alloy.

Selective oxidation reactions over heterogeneous catalysts
produce key chemical intermediates such as aldehydes,

ketones, epoxides, and organic acids that are used in the
synthesis of many value-added products. The partial oxidation
of ethylene to produce the important chemical precursor
ethylene oxide is one of the most industrially relevant of these
selective oxidations with a global production of 34.5 million
tons in 2016.1−3 Great interest lies in understanding and
optimizing this reaction as slight improvements in catalyst
selectivity and activity can translate to large energy and cost
savings. This reaction is typically performed on Ag-based
catalysts where selectivity toward ethylene oxide can reach 80−
90% through the use of promoters such as Cl and Cs.4−9

Though the catalysts can achieve high selectivity, they operate
at around 15% conversion.10 O2 activation plays an important
role in this reaction, and atomic oxygen has been confirmed as
the active species in both the partial and total oxidation
pathways.11 It has also been shown that selectivity toward
ethylene oxide increases with increasing oxygen coverage.10 As
such, much interest lies in the generation of these active
oxygen species on relatively inert Ag(111).
Bimetallic alloys are a proven method to improve the overall

efficiency of a given reaction while maintaining selectivity
toward the desired product. The addition of Cu to
heterogeneous Ag catalysts has been shown to improve
epoxidation performance.12,13 While Cu has been demon-
strated to improve the overall selectivity of the catalyst, its
exact role is unknown.1,2 In this study, we explored the
possibility of increasing the ability of Ag to activate O2 by
creating a near-surface alloy (NSA) consisting of a single
atomic layer of Ag on Cu(111). NSAs consist of a solute metal

present in a lower concentration than the host metal and
confined to the top, or, in some cases, to the subsurface layer of
the alloy. The presence of a solute metal in the near-surface
region alters the electronic and thus the catalytic properties of
the alloy.14,15 Some NSAs possess desirable catalytic properties
compared to the constituent metal counterparts as shown both
in practice and in theory.15−20

In a pioneering example, Greeley and Mavrikakis systemati-
cally calculated the reactivity toward hydrogen dissociation of
NSAs consisting of one monolayer solute metal on the surface
of a host metal or confined to the second (subsurface) layer.21

Their findings presented exciting new possibilities for hydro-
genation catalysts. In practice, some of these NSAs have
proven to behave differently in experiments than predicted by
DFT, often reconstructing to reduce overall free energy of the
system. One such case is Ag on Cu(111), which reconstructs
to form a well-characterized 9 × 9 reconstruction in the
underlying Cu(111) leading to a triangular pattern in the Ag
layer. While the structure of this system is well-characterized,
to the best of our knowledge its chemical reactivity has not
been investigated.14,22−25

Here, we report the first systematic study of molecular O2
dissociation on the 9 × 9 AgCu NSA using STM and DFT and
compare and contrast these results to the dissociation of O2 on

Received: March 20, 2020
Accepted: June 30, 2020
Published: June 30, 2020

Letterpubs.acs.org/JPCL

© 2020 American Chemical Society
5844

https://dx.doi.org/10.1021/acs.jpclett.0c00887
J. Phys. Chem. Lett. 2020, 11, 5844−5848

D
ow

nl
oa

de
d 

vi
a 

T
U

FT
S 

U
N

IV
 o

n 
A

ug
us

t 2
8,

 2
02

0 
at

 1
6:

40
:5

0 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Laura+A.+Cramer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yilang+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Prashant+Deshlahra"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="E.+Charles+H.+Sykes"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpclett.0c00887&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c00887?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c00887?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c00887?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c00887?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c00887?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jpclcd/11/15?ref=pdf
https://pubs.acs.org/toc/jpclcd/11/15?ref=pdf
https://pubs.acs.org/toc/jpclcd/11/15?ref=pdf
https://pubs.acs.org/toc/jpclcd/11/15?ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.jpclett.0c00887?ref=pdf
https://pubs.acs.org/JPCL?ref=pdf
https://pubs.acs.org/JPCL?ref=pdf


Ag(111) under ultrahigh vacuum (UHV) conditions. Taken
together, these experiments provide new insights into O2
dissociation, spillover, and reaction at catalytically relevant
Ag−Cu interfaces. Importantly, our statistical analysis of these
experimental STM images shows that the dissociative sticking
probability of O2 on the AgCu NSA can be up to ∼2 × 10−5,
which is much higher than the literature value of ∼1.1 × 10−7

for Ag(111).26

We first examined the growth of Ag on Cu(111) at room
temperature using STM and observed the characteristic 9 × 9
reconstruction (Figure 1a,b). Bellisario et al. have shown that,

upon deposition of Ag on Cu(111) at room temperature, Ag
atoms traverse large distances (>100 nm) until encountering a
step edge where the 2D 9 × 9 reconstructed Ag layer grows
outward from the step.27 Ag layer growth continues until a full
monolayer is formed, at which point multilayer growth begins.
The AgCu NSA reconstructs to relieve lattice strain due to the
relatively large lattice mismatch of 13% between Ag and Cu
(bulk dAg = 0.289 nm, bulk dCu = 0.256 nm). This
reconstruction forms in the topmost Cu layer underneath the
Ag monolayer via ejection of Cu atoms and the shift of
approximately 20% of the underlying Cu atoms from fcc to hcp
sites. This leads to a triangular dislocation loop and 9 × 9
reconstruction in the Cu that appears in STM images as a
triangular pattern in the top Ag layer.16 The atomically
resolved STM image of the AgCu NSA in Figure 1b shows a
full unit cell with one of the repeating triangles. Figure 1c
shows a DFT-optimized model of the atomic structure of this
dislocation loop with first layer Cu atoms shifted from fcc to
hcp sites represented as orange spheres and the remaining fcc
Cu atoms as darker brown spheres while the small silver
spheres represent the center of Ag atoms in the overlayer. A
DFT-simulated STM image in Figure 1d shows the same
repeating triangular pattern as that observed in the
experimental STM images. To avoid confusion between the
9 × 9 reconstruction and the atomic resolution of the Ag
overlayer which have a similar appearance, the blue parallelo-
grams in Figure 1 indicate the 9 × 9 unit cell in each panel.
STM imaging after exposure of the AgCu NSA to molecular

O2 at 300 K revealed depressions within the 9 × 9
reconstruction that increased in number with increasing O2
exposure (Figure 2a−f). These new features are distinguishable
from the 9 × 9 reconstruction as randomly located depressions
∼20 pm lower than the top Ag layer. Given that molecular O2
desorbs from Ag below room temperature,26 these depressions
must be due to atomic O-adatoms resulting from molecular
dissociation. Oxygen is known to image as a depression in
STM, in line with our assignment of the features as O-
adatoms.28−30 Furthermore, our DFT-simulated STM images
of the bare AgCu NSA and the AgCu NSA with O-adatoms are
consistent with the experimental imaging results (Figure
S2a,b).
A statistical analysis was performed using multiple 50 nm ×

50 nm STM images for each of the O2 exposures in Figure 2a−

Figure 1. Visualizing the AgCu NSA. (a) Large scale STM image of
AgCu NSA. Scanning conditions: 120 mV 15 pA. (b) Atomic
resolution STM image of the AgCu NSA. Scanning conditions: 1V 55
nA. (c) Top and side view of the optimized DFT model. Ag atoms are
shown as semitransparent silver spheres with dark silver dots at the
center. Orange spheres represent atoms shifted to hcp positions in the
top Cu layer. Brown spheres represent all other unperturbed Cu
atoms. Blue parallelograms represent the 9 × 9 unit cell of the NSA.
(d) DFT-simulated STM image.

Figure 2. (a−f) Room temperature STM images of AgCu NSA with increasing exposure to O2 at 300 K: (a) 0, (b) 100, (c) 200, (d) 300, (e) 400,
and (f) 500 L (1 L = 1.0 × 10−6 Torr s). Scale bars are 10 nm. Imaging conditions: −120 mV, 15 pA. (g) Dissociative sticking probability of O2 on
AgCu NSA as a function of exposure to O2 at 300 K. Error bars represent one standard deviation of the mean. Red square indicates initial
dissociative sticking probability of 1.1 × 10−7 for O2 on Ag(111) at 490 K under UHV conditions.27
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f. We were able to extract a dissociative sticking probability
using this analysis, and the results are shown in Figure 2g. We
found a sticking probability of 2.6 × 10−6 at the lowest O2

exposure investigated (100 L O2, Figure 2a). Interestingly, this
is almost an order of magnitude higher than the reported
sticking probability of O2 on Ag(111) of ∼10−7.31,32
Furthermore, Figure 2g reveals that higher O2 exposures lead
to exponentially higher sticking probabilities reaching 2.6 ×
10−5 for 500 L O2. To avoid miscounting of small O-adatom
clusters, each depression was conservatively counted as a single
O-adatom meaning that the concentration of O-adatoms may
in fact be higher than those quoted experimentally. Details of
O-adatom analysis are included in Table S1 in the Supporting
Information.
Previous studies of O2 dissociation on Ag(111) under UHV

conditions have shown that the O-adatom coverage increases
linearly with increasing O2 exposure.26,33 This is in sharp
contrast to the nonlinear increase of O2 dissociation
probability with increasing O2 exposure we see on the AgCu
NSA. Though not common to Ag(111), this nonlinear increase
is seen for O2 dissociation on other metals. A temperature-
programmed desorption (TPD) study of O2 on Pt(111)
attributed the increase in oxygen coverage with increasing
exposure to O-adatom island formation.34 Zambelli et al.
studied this effect using STM and found that exposure of the

Pt(111) surface to 1 L of O2 above 95 K led to O2 dissociation
with atomic O-adatoms clustering in 1D chains.35 It was also
found for Au(111) that the presence of O-adatoms increased
the dissociation probability of O2 by more than 3 orders of
magnitude at 400 K and was also accompanied by O-adatom
island formation.36,37

We turned to DFT to investigate the origin of the increasing
dissociative sticking probability with O2 exposure in our AgCu
NSA system. Figure 3 shows that the O2 dissociation transition
state energy relative to gas phase O2 and bare surfaces is 0.53
eV on Ag(111) and 0.37 eV on the AgCu NSA. This is
consistent with our STM derived initial sticking probability,
which is much higher on AgCu than on Ag(111). Next, we
examined the possibility of atomic O self-promoting further
dissociation of molecular O2 using DFT. Our results revealed a
transition state energy of 1.2 eV for O2 dissociation on AgCu
near an O-adatom, following the pathway shown in Figure 3b.
This arises from strong repulsive interactions between O-
adatoms and O2 molecules, ruling out the possibility of an
autocatalytic process. Such repulsive interactions are in fact
well-known to lead to a decreasing sticking probability with
coverage, in sharp contrast to the exponential increase shown
here.38

We then considered the possibility of the AgCu NSA
restructuring to expose a Cu active site for O2 dissociation.

Figure 3. (a) Electronic energies as a function of reaction coordinate and (b) structures for O2 dissociation on Ag(111) and AgCu showing an
increased dissociation barrier in the presence of an O-adatom due to a repulsive interaction between adjacent O-adatoms. The O−O distances are
shown in the Supporting Information (Table S3).

Figure 4. (a) Electronic energies as a function of reaction coordinate for O2 dissociation on AgCu NSA showing a decreased dissociation barrier for
a Cu atom in the Ag surface layer. (b) STM image of AgCu showing CuxO patches within the Ag layer. Scale bar is 10 nm. (c) Structure for O2
dissociation on a Cu atom in the Ag layer of AgCu. Yellow and red spheres represent exposed Cu atoms and O-adatoms, respectively.
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Such reverse-segregation of Cu is unfavorable in the bare NSA
surface by +0.39 eV due to the higher surface free energy of
Cu.39 The strong O binding to the exposed Cu atom, however,
compensates for the +0.39 eV restructuring energy of the bare
NSA as shown by the adsorbed O2 energy of −0.47 eV for the
restructured NSA. Figure 4a shows the energy pathway for O2
dissociation over an exposed Cu atom in the Ag layer after
accounting for the restructuring energy (details in Supporting
Information, Table S2). The transition state energy drops from
1.2 eV for the autocatalytic process just discussed to −0.11 eV
for a single Cu atom in the Ag layer. This result is further
supported by the appearance of CuxO patches within the Ag
layer as seen in Figure 4b. For this process to occur, the surface
segregation energy of Cu reverses and the AgCu NSA must
undergo a dynamic restructuring to expose a Cu atom active
site in the Ag layer. This finding is supported by previous
studies that have shown the formation of Cu2O on the surface
of AgCu alloys under higher oxygen exposures.40,41 With this
knowledge, we propose that there are two dissociation
pathways that lead to the nonlinear increase in sticking
probability plotted in Figure 2g. The first pathway is direct
dissociation of O2 on the perfect AgCu NSA at low exposures,
and in another the Cu atoms are exposed within the Ag layer at
higher O2 exposures. The exponential increase in dissociative
sticking probability arises from dissociated O-adatoms on the
surface which make the exposure of more Cu atoms in the
surface energetically favorable, which in turn lowers the barrier
for subsequent O2 dissociation. Details of the exponential
relationship between dissociative oxygen uptake and oxygen
exposure are provided in the Supporting Information under
Section S6.
In summary, we have found that relatively low O2 potentials

are able to reverse the segregation energy for the AgCu NSA
and dynamically restructure the NSA to expose Cu atoms in
the surface layer. Higher O2 pressures expose more Cu, which
dramatically enhances the dissociative sticking probability.
DFT reveals that a single Cu atom in the Ag layer can
significantly reduce the O2 activation barrier. Given that Ag is a
ubiquitous element in selective oxidation catalysis in which
selectivity often comes at the cost of conversion, this rate
limiting O2 activation step is important. It has been
demonstrated that the addition of Cu to Ag promotes ethylene
epoxidation, but its mode of action is currently unclear.
Together, our results demonstrate how Cu, both in and under
Ag, lowers O2 activation barriers compared to pure Ag, which
sheds some light on the role of even very dilute amounts of Cu
in Cu-promoted Ag-based epoxidation reactions.12,13
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