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Ag-Cu alloy catalysts for ethylene epoxidation have been shown to yield higher selectivity towards
ethylene oxide compared to pure Ag, the unique catalyst employed in the industrial process. Pre-
vious studies showed that under oxidizing conditions Cu forms oxide layers on top of Ag. Using
first-principles atomistic simulations based on density functional theory, we investigate the reaction
mechanism on the thin oxide layer structures and establish the reasons for the improved selectivity.
We extend the range of applicability of the selectivity descriptor proposed by Kokalj et al. [J. Catal.
254, 304 (2008)], based on binding energies of reactants, intermediates, and products, by refitting
its parameters so as to include thin oxide layer catalysts. We show that the selectivity is mainly con-
trolled by the relative strength of the metal-carbon vs. metal-oxygen bonds, while the height of the
reaction barriers mostly depend on the binding energy of the common oxametallacycle intermediate.
© 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4803157]

Il. INTRODUCTION

The production of ethylene oxide (EO) through the par-
tial oxidation of ethylene is one of the largest industrial cat-
alytic processes,' with a world annual production of about 19
million metric tons in 2009.? Ethylene oxide is mostly used in
the synthesis of ethylene glycol, an important chemical for the
production of antifreeze, polyester, and polyethylene tereph-
thalate (PET). EO finds applications also in the production
of surfactants and detergents. The oxidation process must be
carried out with high selectivity, since the competing reaction,
leading to total combustion (CO, + H,O) is thermodynami-
cally favored. The unique catalyst used in the industry is Ag,
in the form of particles dispersed on an «-Al,O3 support.’
While pure Ag achieves selectivities towards the formation of
EO lower than 50%, the addition of suitable promoters (typ-
ically Cl and Cs) can enhance the selectivity up to around
90%.*

The nature of the oxygen species on Ag is responsi-
ble for the epoxidation of ethylene and the reasons why sil-
ver is the unique catalyst for this process have long been
debated.>'* Of the various O species identified on Ag, a so
called “electrophilic” oxygen is believed to be responsible for
the insertion into the electron-rich C=C double bond of ethy-
lene, while the “nucleophilic” oxygen should activate the C—
H bond in ethylene, the first step towards total combustion.'?
The former type of oxygen is usually identified as a form of
atomic oxygen chemisorbed on clean Ag, but recent theoreti-
cal works point towards a 2-fold coordinated oxygen atom at
the surface of Ag,0(001),'% while the latter is thought to be an
oxygen atom at the surface of oxide-like layer.'>'® Moreover,
on Ag oxygen can diffuse into the subsurface layers,'> 71
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and several works stressed the key role played by subsurface
oxygen in this catalytic process.”™

On silver surfaces, experimental and theoretical works
by Linic and Barteau®*?! suggest the reaction mechanism to
involve a common oxametallacycle (OMC) intermediate for
both the selective path leading to EO and for the unselective
path leading to acetaldehyde (Ac), which is quickly converted
to CO, on Ag surfaces. On Ag,O(001), on the other hand,
van Santen and co-workers identified competing a mecha-
nism, where EO forms via a non-activated direct path with-
out involving any intermediate.'”> When considering other
coinage metals, theoretical calculations show that the Cu(111)
surface can, in principle, afford even higher selectivities than
Ag.?>% The unique ability of Ag to selectively catalyze this
reaction has been attributed to Ag being able to bind oxygen
strongly enough to dissociate O,, but not too strongly so as to
make desorption of EO more activated than competing paths
leading to total oxidation.!'*

Given the industrial relevance of ethylene epoxidation,
modifications of the Ag surface to improve the selectivity to-
wards the formation of EO have long been attempted. Barteau
and co-workers, in particular, through a combination of the-
oretical modeling and experiments on model catalysts, have
shown that alloying Ag with Cu significantly improves the
selectivity compared to pure Ag.?* This improvement was ra-
tionalized on the basis of the formation of a surface alloy.?*
At temperature and pressure typically used in industrial pro-
duction of ethylene oxide (T =~ 500-600 K, p >~ 1-10 atm),
however, Cu impurities in Ag tend to segregate to the surface
and form copper oxide.?® Cupric oxide, CuO, is the thermo-
dynamically stable form of copper oxide at these conditions
of temperature and pressure. In situ XPS measurements show
that both Cu(I) and Cu(Il) are present at the surface of Ag-Cu
alloys at 520 K and a pressure of 0.5 mbar.?> These measure-
ments reveal the presence of thin overlayers on top of silver

© 2013 AIP Publishing LLC
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particles where Cu is present in its oxidized form, while no
signatures of metallic Cu are detected. This is in agreement
with theoretical studies indicating a thermodynamic driving
force towards the formation of thin copper oxide structures,
and showing that a variety of surface structures with different
stoichiometries can form under these conditions, all having
similar surface energies.>>>

While previous studies focused on the structure of Ag-
Cu alloys under reaction conditions, the crucial issue of how
(oxidized) Cu alloyed into Ag improves the catalytic proper-
ties of pure Ag is still unclear. In this work, we employ density
functional theory (DFT) calculations to model the mechanism
of ethylene epoxidation promoted by thin Cu-oxide layers on
Ag surfaces. We investigate, in particular, the role of sub-
surface oxygen and compare the results obtained for the alloy
to the case of pure Ag. We develop an indicator of the cat-
alysts activity and selectivity based on the binding energy of
the reaction intermediates, along the lines proposed by Kokalj
et al.,’® that enables us to rationalize the catalytic properties
of Cu-oxide overlayers on Ag. We show that thin Cu-oxide
layers improve the selectivity towards EO compared to pure
Ag due to an increase of the metal-oxygen bond relative to
the metal-carbon bond, in agreement with what has been pro-
posed for clean metal surfaces.*

Il. METHODS

In this work, the DFT calculations are performed using
the generalized gradient approximation (GGA) of Perdew-
Burke-Ernzerhof (PBE)®' for the exchange and correlation
functional. The electron-ion interactions are computed using
ultrasoft pseudopotentials,>33 including scalar relativistic ef-
fects, and the energy cutoff for the plane wave expansion
is 30 Ry (300 Ry for the charge density cutoff). Brillouin-
zone integration has been performed with the special-point
technique,* and broadening the Fermi surface according to
the Marzari-Vanderbilt cold-smearing technique,® using a
smearing parameter of 0.03 Ry (0.41 eV). We model the cat-
alysts employing a periodically repeated slab geometry using
a (2 x 2) surface supercell for the (111) surface orientation,
with adsorbates on one side of the slab only. The Brillouin-
zone integrations are performed with a 6 x 6 x 1 Monkhorst-
Pack grid.** The Ag slabs are four layers thick and the bot-
tom two layers are kept fixed in their bulk positions during
relaxations. A 12 A vacuum layer is used, which is found to
be sufficient to ensure negligible coupling between periodic
replicas of the slab.

For the calculation of the reaction pathways we adopt the
nudged elastic band (NEB) technique.’® The transition state
along the minimum energy path is located using the climbing
image method.*® During the NEB minimization, all the atoms
except the bottom two layers of the silver slab are allowed to
relax, until the forces are less than 0.05 eV/A. All the calcu-
lations are performed using the PWscf code contained in the
Quantum-ESPRESSO distribution.?’

To take into account the effects of temperature (7) and
pressure (p) of reactive environment, we use the constrained
ab initio atomistic thermodynamics approach,'®3%3% in which
the system under investigation is considered to be in contact
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with the oxygen and ethylene reservoirs at fixed chemical po-
tentials (i.e., at fixed temperature and partial pressure), while
the two reservoirs do not interact with each other. We define
the surface free energy of adsorption as

V(T) = (Etot - Ezlgb - NAgMAg — Ncultcu, (1)

— Nowo — Ne,u,icm,) /A, (2)

where A is the surface area, Eyy is the total energy of sys-
tem, Eﬂgb is the total energy of the Ag slab, N, is the num-
ber of Ag atoms in addition to the ones contained in the slab,
Ncu, No, and Nc,y, are number of Cu and O atoms, and C;Hy
molecule, respectively. pag, fcu, Ho, and pc,n, are the chem-
ical potential of Ag, Cu, O, and C,Hy, respectively. In this
expression, the free energies of the adsorption system and
the clean slab are approximated with total energies, thus ne-
glecting vibrational and configurational entropy terms. With
this definition, lower values of surface free energy correspond
to more stable structures. The chemical potentials of Ag and
Cu are fixed at their bulk values, while the oxygen and ethy-
lene chemical potentials depend on temperature and pressure.
The detailed determination of these chemical potentials can
be found in Ref. 29.

lll. RESULTS AND DISCUSSION

In our previous works>2*40 we have shown, theoreti-

cally and experimentally, that under conditions of temperature
and pressure relevant for ethylene epoxidation, copper in Ag-
Cu alloys tends to segregate to the surface and form thin ox-
ide layers. While we theoretically identified several candidate
surface structures with similar energetics, here we will focus
on the (111) facet and in particular on the “CuO/Ag(111)”
structure, consisting of an overlayer with a one-to-one ratio
of Cuand O in a (2 x 2) unit cell on top of a Ag(111) slab.
This single “CuQ” layer bears little structural resemblance to
the corresponding CuO bulk oxide.?® Moreover, we stress that
DFT-PBE fails to accurately describe the electronic structure
of bulk CuO, predicting this material to be a metal with an
almost orthorhombic structure, rather than an antiferromag-
netic semiconductor with a monoclinic structure.*!' Therefore,
when considering the formation of thicker CuO layers, we
must keep in mind that absolute values of quantities such as
the surface free energy are likely affected by a significant er-
ror. We will first examine the role of sub-surface oxygen in the
catalytic properties of this structure, and compare the results
with Ag(111) and with structures in which the Cu substitutes
for Ag in CuO/Ag(111). This will enable us to build indicators
of activity and selectivity that will be instrumental for ratio-
nalizing the improvement of selectivity due to the formation
of a CuO layer on Ag(111).

A. Thermodynamic stability of Os"® in Ag-Cu alloys

The role played by subsurface oxygen (O*®) in ethy-
lene epoxidation has been investigated for more than 30
years, but is still a controversial topic. van Santen et al. have
shown that O**® acts as a promoter that can improve se-
lectivity of Ag. O™ is proposed to reduce the strength of
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FIG. 1. The top-view (top panel) and side-view (bottom panel) of the most stable structures at the given Cu surface content. In the top panel, the small red
atoms represent oxygen on the first thin oxide layer, the large light-brown ones represent copper on the first thin oxide layer, the small dark-red ones represent
sub-surface oxygen, the large dark-brown ones represent copper on the second layers, and the large white ones represent silver.

the bonds of on-surface oxygen, thus facilitating the binding
of on-surface oxygen to the C=C double bond of ethylene,
forming EO.° Mavrikakis et al., on the other hand, through
DFT calculations, found that O*"® can stabilize the on-surface
oxygen,'>4>%3 and also increases the chemisorption energy
of ethylene on pure Ag surface.*> Experiments on ethylene
epoxidation on pure Ag surfaces detected the presence of O
upon oxidizing ethylene molecules. Nevertheless, the cat-
alytic promotion of this oxygen strongly depends on the ex-
perimental set-up. For example, in the transient experiments
by Grant and Lambert” and van Santen and co-workers,®#*
an increase of silver selectivity towards the formation of EO
was found to correlate with presence of O™, On the other
hand, experiments done by Campbell and co-workers, under
steady-state conditions, showed that as the temperature in-
creases oxygen tends to be incorporated in subsurface posi-
tions, but this does not seem to effect the catalytic proper-
ties of the system.»® By using temperature programmed re-
action (TPR) and temperature programmed desorption (TPD)
for ethylene and oxygen species, Atkins et al. showed that
O™ can be present on Ag(111) surface in an amount up to
2.28 ML.* Moreover, measurements of Ag surfaces in oxy-
gen atmosphere showed that O*"° induces an electronic effect
on Ag atoms on surfaces in the same way as Cl does.*6*3

In this work we examine a variety of structures con-
taining subsurface oxygen. For the clean Ag(111) surface,
we consider a (2 x 2) unit cell with 0.25 ML coverage of
chemisorbed atomic oxygen on the surface. In agreement with
Li et al.," we find two stable configurations for O*** having
nearly identical surface free energy: (i) a structure with the
surface oxygen at a fcc site and O™® at a tetrahedral (tetra)
subsurface site, denoted as O*'°(tetra) 4+ O(fcc)/Ag(111),
and (ii) a structure with the surface oxygen at a hcp site
and O at a octahedral (octa) site, denoted as O%'°(octa)
+ O(hpec)/Ag(111).

In the case of the CuO/Ag(111) structure, we find the
most stable site for O*° to be at the interface between the
Cu-oxide layer and the Ag slab, corresponding to a fcc ad-
sorption site of the underlying Ag(111) surface. However,

as previously discussed,”’ the formation of O**® at tem-
perature and pressure relevant for ethylene epoxidation is
not thermodynamically favorable. We therefore considered
the effect of substituting Ag with Cu in the first Ag layer
of the CuO/Ag(111) structure. We label these structures
Cu,Agu—nO, + CuO/Ag(111), where x is the number of Cu
atoms replacing Ag and y is the number of O atoms at subsur-
face positions. The CusO4 + CuO/Ag(111) thus corresponds
to two layers of CuO on Ag(111) (see Fig. 1). O in this
case can be seen as playing the role of the nucleation site for
bulk oxide formation.'” In recent studies of oxidation reac-
tions over transition metal such as Ru, Rh, Ag, and alloy sur-
faces such as NiAl(110),'*4°! it has been shown that the
incorporation of oxygen into subsurface sites is a precursor to
the oxide formation.'%>?

In Fig. 2, we present the surface free energy (Eq. (1))
of the Cu,Agu — nO, + CuO/Ag(111) structures at the oxy-
gen chemical potential o = 0.61 eV (corresponding to p(O,)
= 1 atm and T = 600 K), as a function of the Cu content.
Correspondingly, the content of subsurface oxygen is varied
between 0 and 1 ML. In the case of Cu content equal to 1 ML
(i.e., no Cu replacing Ag in the second layer) the presence of
O™ is unfavorable. At least a quarter of a monolayer of Cu
in the second layer (i.e., one Cu replacing an Ag atom in the

T
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FIG. 2. Surface phase diagram showing the surface free energy at Auo
= —0.61 eV (T = 600 K, po = 1 atm), for the structures as the function
of Cu surface content, while changing the O™ coverage.
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TABLE I. For all the structures considered in this work we report coverages of Cu and O (in ML), activation energies and their difference (AE*) computed
using NEB, binding energies of the OMC intermediate, O, CH3, and CH3O radicals, and the final products Ac and EO. The last column shows the value of the
selectivity indicator (A E*SD). All energies are in eV. The (a) and (b) superscripts refer to two different geometries for the OMC intermediate.

Surface structure Ocu ©0 Ei. Ej,  AE* Elyc E} Ey,  Efuo ER, EB, AE*SD
O(fec)Ag(111) 000 000 064 072 —008 024 —-040 —159 —217 -013 -006  —0.03
O™®(tetra)+O(fcc)/Ag(111)* 000 025 063 088 —025 —006 —095 —198 —238 —0.19 001  —015
O0%®(tetra)+O(fcc)/Ag(111)°  0.00 025 120 132 —0I12 —058 —095 —232 -—251 —041 —026 —0.I5
0%®(octa)+O(hpe)/Ag(111)* 000 025 077 101  —024 015 -080 —169 —210 —012 —006 —0.10
O%®(octa)+O(hpe)/Ag(111)° 000 025 116 128 —012 —034 —080 —208 —221 —013 —007 —0.I5
CuO/Ag(111) .00 000 112 110 0.02 012 —134 —129 -—254 —019 —0.I2 0.16
0% (fcc)+CuO/Ag(111)* 100 025 127 095 032 —021 —132 —179 —271 —0I1 —022 0.22
O™ (fee)+CuO/Ag(111)° 100 025 107 108 —001 —038 —132 —175 —261 —022 —022 0.12
Cu;Ag30+CuO/Ag(111) 125 025 136 104 032 —052 —152 —203 —285 —010 —035 0.25
CuAgr02+CuO/Ag(111) 1.50  0.50 -077 -176 —-225 —-307 -019 —0.16 0.28
Cu3Ag; Oy+CuO/Ag(111) 175 050 -063 —175 —211 =307 -016 —0.16 0.07
Cus04+CuO/Ag(111) 200  1.00 -040 —-150 —198 —280 —017 —024 0.06

2 x 2 cell) is necessary to promote the presence of O*°. The
calculations show that O atoms prefer to reside right at the
interface under the first CuO layer rather than on the surface
or deeper in the Ag slab (i.e., under the second Ag layer). This
is due to the fact that the Cu—O bond is considerably stronger
than the Ag—O one.?®

From the phase diagram in Fig. 2 we can see that as the
number of Cu atoms replacing Ag in the second layer in-
creases, so does the number of O atoms at the interface.
The surface free energy tends to decrease as more CuO layers
are formed, in agreement with the fact that bulk CuO is stable
phase at this value of oxygen chemical potential.*%2’

B. Effects of Os' and Cu content on activity
and selectivity: NEB calculations

In this section we study the minimum energy paths
(MEP) for the oxidation of ethylene along the two com-
peting paths, leading to the formation of either Ac or EO.
Linic and co-workers have experimentally shown the exis-
tence of a common OMC intermediate for both reaction paths
on clean Ag.? In our simulations, the initial state is ethylene
physisorbed at the catalyst surface and in all cases we find the
reaction to go through an OMC intermediate before branch-
ing to give one of the two products. On each surface structure
we identified several OMC geometries, often with similar en-
ergetics (see Table I).

Given the common OMC intermediate, within transition
state theory (assuming the pre-exponential factors to be the
same) the selectivity towards the formation of EO is a func-
tion of the difference in the activation energy for the two com-
peting processes. We therefore define AE* = E — Ef,
and positive values of AE™ indicate that the formation of EO
is kinetically, albeit not thermodynamically, favored.

The energies of local minima and transition states along
the minimum energy paths computed through NEB calcu-
lations are shown in Fig. 3. We considered six kinds of
structures: Ag(111) in the absence and presence of O,
CuO/Ag(111) with and without one O atom, and Cu; AgzO
+ CuO/Ag(111), where one Cu atoms substitutes for Ag in

the first layer of the Ag slab below the CuO layer. The val-
ues of the activation energies are reported in Table 1. The re-
sults suggest that, on Ag(111), the presence of O increases
the height of activation energies in both reactions (~0.5 eV),
in agreement with the results of Greeley and Mavrikakis.*
On the thin oxide-like layer structures, on the other hand,
O™® slightly decreases the activation energies, by ~—0.05 eV.
The behavior towards an increase of the Cu content, how-
ever, is different for two reaction paths: E%_ increases by
0.3 eV, while Ef, is almost unchanged (~—0.05 eV) as one
Cu substitutes for Ag. This data seem to indicate that O
can either increase or decrease the selectivity towards EO de-
pending on the surface structure: its effect is detrimental in
the case of Ag(111) while it can be beneficial in the case of
CuO/Ag(111). The presence of Cu, on the other hand, clearly
enhances the tendency to form EO, since the least selec-
tive among the Cu-containing structures (AE* = —0.01 eV)
is more selective than the best Cu-free structure (AE*
= —0.08 eV).

C. Selectivity and activity indicators

In Fig. 4, we show the geometry of the transition state
(TS) for the formation of both EO and Ac on the six surface
structures discussed in Sec. III B. We can see, as already
noticed by Kokalj et al.,** that the geometry of TS is not
strongly influenced by the underlying catalyst surface. The
TS of the OMC — EO reaction is characterized by a fully
broken C-surface bond, while in the OMC — Ac case, at
the TS both the C-surface and O-surface bonds are partially
broken. On the basis of this observation, Kokalj et al.’®
decomposed the OMC-surface interaction into the sum of
the interactions of methyl (CHze) and methoxy (CH3;Oe)
radicals with the surface. Accordingly, the authors postulated
the activation energy of the two processes to depend linearly
not only on the enthalpy of reaction (Brgnsted-Evans-Polany
principle), but also on the strength of the two radical-surface
bonds according to:

Efy" = Ci + o1 Edy, + v EES, 3)

EZ(cSD =G+ “2E8H3 + ﬁE8H3O +yER”, C))
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FIG. 3. Energy profiles for ethylene epoxidation over the selected surface structures. At the initial state (IN) ethylene is physisorbed on the surface, the
intermediate state is the oxametallacycle (OMC), while the final state (FIN) of the reaction is either acetaldehyde (Ac, red solid line) or ethylene oxide (EO,
blue dashed line) physisorbed on the surface. In the case of CuO/Ag(111), the formation of EO can proceed directly from the initial state without involving the

OMC intermediate (black dashed line).

where

BEP b b
EAC = EAc - EOMC’ (5)

b b
Eggp = Ego — Eonme: (6)

and C; and C; are two additive constants. The (SI) super-
script is used to distinguish these quantities obtained with a
“Selectivity Indicator” from those computed directly through
a NEB calculation.

O(fcc)/Ag(111)

O™*(tetra)+O(fcc)/Ag(111) O%(octa)+O(hpc)/Ag(111)

The selectivity towards the formation of EO is a function
of AE* = E}_ — Ef, which therefore reads:

AE*Y = a B2y + BEXqy o+ V[ER. — Efo)] +C, (7

with ¢ = a, — . Fitting C, «, B, and y against a se-
ries of NEB calculations on clean metal surfaces (Ag, Cu,
Rh, and Au), Kokalj et al’® obtained o ~ —8 ~ y
= 0.39 eV. This selectivity indicator could fit their data set
with a root-mean-square-error (RMSE) of 0.05 eV and a
maximum-absolute-error (MAE) of 0.07 eV. We tested the

CuO/Ag(111) O**(fcc)+CuO/Ag(111) Cu Ag.O+CuO/Ag(111)

@ © ® (©

[
rgf 1.ip,._.’
2.3 - 2,56 2.52

2.62
£
X

TS(Ac)

(d)

(f)

(9)

1.45g 2.07
3.32

RN

o

TS(EO)

FIG. 4. Transition state geometries for the formation of acetaldehyde (a)—(f) and ethylene oxide (g)—(1) for the six low energy structures considered in this
work. The red, brown, gray, yellow, and green spheres represent O, Cu, Ag, C, and H atoms, respectively.
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FIG. 5. Comparison of the ability of two selectivity indicators to predict the difference in activation energy for the two reaction paths considered. AE* are
the values obtained through NEB calculations, A E*SD are those obtained using the selectivity indicators. Left panel: selectivity indicator proposed by Kokalj
et al. 3% Right panel: selectivity indicator obtained by refitting the parameters of Kokalj’s indicator. Circles represent the data set used by Kokalj er al.,>° squares
the structures computed in this work. Red symbols indicate Cu-free structures, blue symbols Cu-containing structures.

applicability of this indicator on our set of structures, com-
prising both clean Ag(111) and CuO/Ag(111), with and with-
out subsurface oxygen, as well as Cu,Ag,O + CuO/Ag(111)
structures and found a much poorer agreement with the NEB
results, leading to RMSE = 0.11 eV and MAE = 0.27 eV.

To derive an indicator able to describe the selectivity both
on clean metal surfaces as well as on structures covered with
thin CuO layers, we first refitted the parameters of the selec-
tivity indicator proposed by Kokalj et al. The data set for the
fitting includes all the structures described in Table I (squares
in Fig. 5) as well as the structures originally used in the deriva-
tion of the selectivity indicator®® (circles in Fig. 5). Keeping
o = —f3, we obtain values of 0.24, 1.01, and —0.12 for «, y,
and C, respectively, leading to RMSE = 0.07 eV and MAE
= 0.13 eV (see Fig. 5). The fact that the largest coefficient
in this linear fit is y suggests that the difference in binding
energy between the final products plays the largest role, as
predicted by the BEP principle. As can be seen in Table I,
however, these quantities do not vary appreciably from struc-
ture to structure, while the binding energies of the methyl and
methoxy radical strongly depend on the catalyst surface.

The data shown in Fig. 5 clearly show that the struc-
tures containing Cu (blue circles and squares) tend to have
a higher selectivity towards EO compared to Cu-free struc-
tures (red circles and squares), given the fact that most of the
blue symbols are found on the top right corner of the graph.

The selectivity indicator correctly captures the improvement
in selectivity of Cu-containing structures, thus showing that
this effect is to be attributed to the ability of Cu to increase
the strength of the O-surface bond compared to the C-surface
bond. This is in agreement with the results presented by
Kokalj et al. on metal surfaces.>” We cannot fail to notice,
however, that the error in the selectivity indicator (~0.1 eV)
is often as big as the differences in AE* between one structure
and the other. Its quantitative predictive power is limited in the
cases where AE* < 0.1 eV. It allows, however, to rationalize
the reason for the improvement in selectivity of Ag-Cu alloys
compared to pure Ag on the basis of the relative strength of
bonds between OMC and the surface.

To get further insights into the role of Cu in improving
the selectivity of Ag, we separately fitted the parameters of
Egs. (3) and (4), obtaining the following expressions for the
indicators of the activity towards EO and Ac:

Efy" = —0.08EQy, +0.45ER,
—0.68EQyc + 1.24€V, ®)
ESY = 0.02E2y, +0.01E& o +0.57ES,
—0.87Egyc +0.98¢eV. )

The quality of the fit is shown in Fig. 6. We obtain a
RMSE of 0.09 eV and MAE of 0.23 eV for E}_. and a RMSE

ue
MAE = 0.23 eV MAE =0.25eV p
L5 RME =0.09eV L5 RME=0:10¢V
e
2 oo R |
m = m S n
8 “|® Kokalj,woCu || [ @ Kokalj, w/o Cu
o Kokalj, w Cu o Kokalj, w Cu
0.5 m This work, w/o Cu| | 0.5 ° m This work, w/o Cu||
m This work, w Cu m This work, w Cu
0.5 . 1.5 0.5 s 1.5
E .. (V) E "o (V)

FIG. 6. Activation energies for the formation for Ac (left panel) and EO (right panel) obtained from NEB calculations (E*), and from the indicators in Egs. (3)

and (4), (E*SD). The meaning of the symbols is the same as in Fig. 5.
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0f 0.10 eV and a MAE of 0.25 eV for Ef,. Comparing the two
panels in Fig. 6 we can see that while the presence of Cu tends
to increase the activation energy towards the formation of Ac,
no such effect is present for the selective path. The overall
effect of Cu, through an increase of the metal-oxygen bond
relative to the metal carbon bond, is therefore to suppress the
unselective reaction channel.

A closer look at Egs. (8) and (9) reveals that the activity
of the catalyst mostly depends on the binding energy of the
OMC intermediate, since the largest coefficient in both ex-
pressions is the one in form of EJ.. As we can see from
the data reported in Table I, this quantity changes appreciably
from structure to structure, giving rise to variations in the ac-
tivation energies of a factor of 2. To improve the activity of
the CuO/Ag catalyst, while keeping its high selectivity, one
should therefore aim at decreasing the stability of the OMC
intermediate. This suggests a possible strategy in the search
for superior alloy catalysts for ethylene epoxidation.

IV. CONCLUSIONS

Using DFT calculations we studied the catalytic proper-
ties of Ag-Cu alloys for ethylene epoxidation, accounting for
the fact that Cu tends to oxidize and form thin Cu-oxide lay-
ers on top of the Ag particles. We investigated the role played
by subsurface oxygen and found that, depending on the cat-
alyst surface structure, it can either increase or decrease the
selectivity towards the formation of ethylene oxide. The ther-
modynamic stability of subsurface oxygen is enhanced in the
presence of high Cu contents, in line with the fact that the for-
mation of bulk Cu-oxide is favored at values of temperature
and pressure typically used in ethylene epoxidation.

By reparametrizing the indicator proposed by Kokalj
et al.,’® we developed indicators of the catalysts activity and
selectivity based on binding energies of reactants, interme-
diates, and products which estimate barrier heights and dif-
ferences in barriers with errors of the order of ~0.1 eV. As
shown earlier for clean metal surfaces, we find that the im-
proved selectivity of CuO layers on Ag is due to an increase of
the strength of the surface-oxygen bond relative to the surface
carbon bond. The activity of the catalyst, on the other hand,
is mainly due to the strength of the interaction between the
OMC intermediate and the surface. Reducing OMC binding
energy while at the same time retaining the high selectivity
afforded by CuO layers might constitute a rational strategy to
design improved alloy catalysts for ethylene epoxidation.
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