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Abstract

The selectivity of a catalyst in ethylene epoxidation reaction was addressed using quantum mechanical computer simulations. We found that the
catalyst’s selectivity in the reaction of oxametallacycle to form ethylene epoxide (EO) rather than the competing acetaldehyde (Ac) is determined
in part by the differential bonding affinity of the catalyst toward the O and C atoms of the oxametallacycle. This interplay between O- and
C-metal bond strength is due to the different structures of the two transition states. Based on this finding, we introduce a new indicator that
determines the difference between the EO and Ac activation energies in the oxametallacycle reaction remarkably well for a number of different

materials.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

The ethylene epoxidation is one of the most important selec-
tive oxidation processes occurring on metal catalysts [1-4]. Sil-
ver is a remarkably good catalyst for this reaction, with a selec-
tivity of up to 80% at high temperature and high pressure in the
presence of promoters such as Cl and Cs [1-3]. It has been es-
tablished [5—12] that the ethylene epoxidation proceeds through
an oxametallacycle (OMC) intermediate! [13—15], which then
transforms to either ethylene epoxide (EO) or acetaldehyde
(Ac), with the latter reaction leading to undesired total combus-
tion. Despite the many computational studies [16-22] spurred
by this finding, where the reaction mechanism of OMC con-
version to EO and Ac have been characterized, knowledge of
the specific surface factors that lead to different competing re-
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! In the OMC intermediate, one of the two C atoms of ethylene binds to the
metal substrate through an oxygen bridge, and the other binds directly to one or
more metal atoms.

0021-9517/$ — see front matter © 2008 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2008.01.008

action products remains elusive. Consequently, we explored
the catalyst’s activity and selectivity using quantum mechani-
cal computer simulations, based on density functional theory
(DFT) and the plane-wave pseudopotential scheme. We first
demonstrated that for ethylene epoxidation to occur, the cata-
lyst must be mild enough as to form and to stabilize an OMC,
rather than break C—H bonds, either in the reactant (ethyl-
ene) or in the intermediate state (OMC). We then found that
for OMC to transform to EO rather than to Ac, its C—metal
bond must be sufficiently weak with respect to the O-metal
bond, and the adsorbed EO should be stabilized against the ad-
sorbed Ac. Finally, we propose a simple indicator for catalyst
selectivity that improves considerably on the straight applica-
tion of the Brgnsted—Evans—Polanyi (BEP) relation to both the
EO and Ac formation reactions. Our model, which is suggested
by the inspection of the two transition states from the OMC,
explains why Cu/Ag alloys displays a better selectivity than
pure silver for the formation of EO, as has been suggested re-
cently [17].

Although there is growing evidence that ultrathin oxide over-
layers [23-25], may play an important role in the reactivity of
metal catalysts under ordinary industrial conditions, we focus
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here on model catalysts, which allows us to gain insight into the
fundamental factors that govern the selectivity at atomic scale,
with a reasonable computational effort. In particular, we con-
sider the (100) and (111) surfaces of IB metals, as well as of a
more reactive catalyst, such as rhodium. We consider and com-
pare several competing reaction mechanisms.

2. Computational details

The reactions are modeled on (100) and (111) surfaces by
(2 x2), (3 x2),and (4 x 3) supercells of periodically repeated
slabs. Reaction pathways are determined as the minimum en-
ergy paths (MEPs) connecting the reactants (initial state: IS)
with the products (final state: FS), using the climbing-image
nudged elastic band method [26]. The configuration of max-
imum energy along the MEP is identified as the transition
state (TS), the energy difference of which with respect to
the IS gives the activation energy, E*. Calculations were per-
formed using the PBE density functional [27] as implemented
in the PWscf code [28] of the Quantum ESPRESSO distribu-
tion [29]. Kohn—Sham orbitals were expanded in a plane-wave
basis set to a kinetic energy cutoff of 27 Ry (216 Ry for the
charge-density cutoff), whereas core electrons were treated by
ultra-soft pseudopotentials [30,31]. For the (2 x 2), (2 x 3), and
(4 x 3) supercells, the Brillouin zone integrations were per-
formed with (4 x 4), (4 x 3), and (2 x 3) uniform shifted k-
mesh, respectively. Molecular graphics were produced by the
XCRYSDEN graphical package [32]. Further computational de-
tails are provided in the Supplementary material.

3. Results and discussion

Table 1 presents the activation energies calculated for a num-
ber of relevant reactions on Rh(100) and Ag(100): (1) OMC for-
mation; (2) C-H bond-breaking (for OMC the H cleavage from
the C atom bonded to metal is considered); (3) C—C bond break-
ing; (4) product formation from the OMC intermediate; and (5)
ethylene formation back from OMC, which can be seen as C-O
bond-breaking. It is known from experiments that more reac-
tive metals break the C—H bond (and thus burn the ethylene),
whereas Ag does not [1]. It has been suggested that on Ag, C-H
bonds may be activated by chemisorbed oxygen [1,2,33]. The
results in Table 1 support these conclusions: on the more reac-
tive Rh surface, ethylene dehydrogenation (2.1) and OMC for-
mation (1) followed by its dehydrogenation (2.3) are by far the
most favorable reactions, whereas the formation of EO and Ac,
(4.1) and (4.2), are the least probable. Our results are in agree-
ment with experimental results [34,35] that indicate rapid de-
composition of OMC on Rh. Among the two suggested decom-
position paths, C—C and C-H bond cleavage, our calculations
strongly favor the latter. On Ag, the most favorable reactions are
instead the formation of OMC, (1), and its reverse, (5), followed
by the transformation of OMC to EO and Ac, (4.1) and (4.2).
Dehydrogenation reactions are less probable; in particular, C-H
bond activations by the metal itself, (2.1) and (2.3), have higher
barriers than reaction (2.2), where C—H bond-breaking is facili-
tated by chemisorbed oxygen. These results clearly show that a

Table 1

Activation energies (E*) of some representative reactions that ethylene and
its oxametallacycle (OMC) may undergo on oxygen-covered Rh(100) and
Ag(100) surfaces. Energies quoted as lower bounds are estimated from the
energy difference between the products and the reactants. As for the OMC de-
hydrogenation, reaction 2.3, the C—H bond cleavage of the C atom bonded to
the metal is considered

# Reaction E* (eV)
Rh(100) Ag(100)

1 CoHy(g) + O(a) — OMC(a) 031 0.33
2.1 CyHy(a) - CoHjz(a) + H(a) 0.46 >1.41
2.2 CyHy(a) + O(a) - CoH3z(a) + OH(a) 1.45 1.03
23 OMC(a) — CoH30(a) + H(a) 0.26 ~1.55
3.1 CyHy(a) — 2CHa(a) 133 ~3.08
32 OMC(a) — CHy(a) + CHyO(a) 1.62 >1.69
4.1 OMC(a) — Ac 1.90 0.83
42 OMC(a) — EO 2.17 0.87
5 OMC(a) - CoHy + O(a) 1.13 0.68

mild catalyst is required for the formation of EO and/or Ac; oth-
erwise, other competing reactions, particularly those involving
C-H bond-breaking, would occur. Still, the catalyst should be
sufficiently reactive to form an ethylene OMC. Silver, as well as
other noble IB metals [20,21,36-38], fulfill these requirements.

Fig. 1 displays reaction profiles for the formation of EO
and Ac starting from gas-phase ethylene and oxygen-covered
Cu(100), Ag(100), and Au(100).2 The barrier for the forma-
tion of OMC is greatest on Cu(100) and almost vanishes on
Au(100). However, in the reverse direction, the barrier for the
formation of the OMC starting from EO is the smallest on Cu,
indicating that it should be possible to isolate OMC on Cu, as
has been done on Ag [8,10]. As for the formation of EO and Ac
from the OMC intermediate, our results show a similar trend as
found in a previous study of IB-metal (111) surfaces [20,21].
Ag displays the smallest barriers for the formation of both EO
and Ac; the largest barriers occur on Cu, but Cu is intrinsically
more selective than Ag for the formation of EO [20]: the activa-
tion energy for the formation of EO is smaller than that for Ac,
whereas the opposite is true for Ag and Au, with the latter being
the least selective for the formation of EO. However, on Cu, the
formation of EO is endothermic from either OMC or gas-phase
ethylene (the opposite is true on Ag, see Fig. 1), and Torres
et al. anticipated that short contact times might be required to
limit the decomposition of the EO product [20]. It also has been
reported that an oxide film forms on Cu surfaces that is cat-
alytically inert toward EO formation [40,41]. Another problem
with Cu is that it is sufficiently reactive for the C—H bond to
break significantly, at least on more open surfaces or near sur-
face defects. On Cu(100) the calculated activation energy for
OMC dehydrogenation, reaction (2.3), is indeed 1.31 eV, lower
than for the formation of EO and Ac (1.49 and 1.61 eV, respec-
tively). On the more compact (111) surface, this problem would
be substantially alleviated. Namely, the latter two relevant ac-
tivation energies are smaller, 1.27 and 1.44 eV, respectively,

2 Au(100) actually undergoes a hexagonal reconstruction. See Ref. [39], and
references therein. For the sake of establishing chemical trends, such a recon-
struction was not considered in our simulations.
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Fig. 1. Reaction profiles for the formation of ethylene epoxide (EO, blue line) and acetaldehyde (Ac, red line) starting from the gas-phase ethylene and chemisorbed
atomic oxygen on Cu(100)-(2 x 2), Ag(100)-(2 x 2), and Au(100)-(2 x 2). The zero level is the energy of gas-phase ethylene and chemisorbed atomic oxygen,
whereas the energy position of the gas-phase 50, is marked by violet horizontal line. The labels on the abscissa have the following meaning: Eth—ethylene,
TS—transition-state, OMC—oxametallacycle, P(a)—adsorbed product (either EO or Ac), and P(g)—product in the gas-phase. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

whereas the barrier for C—H bond-breaking (1.52 eV) is larger
than that on Cu(100), consistent with the finding that the barrier
for dehydrogenation increases with the atomic coordination of
the reaction site [42,43].

To gain insight into the factors that affect catalyst selectiv-
ity toward EO synthesis, we analyzed the formation of EO and
Ac separately, searching for a simple quantity correlating with
the activation energies, with the aim of devising an indicator
for estimating the catalyst’s selectivity. Torres et al. [22] re-
cently suggested that stabilization of the EO product decreases
the barrier for EO formation due to the BEP relation, accord-
ing to which the activation energy correlates linearly with the
enthalpy of reaction, AH,: E* = a + bAH,. Fig. 2 shows the
BEP fit for the formation of EO and Ac, on Rh, Cu, Ag, and
Au surfaces for both (100) and (111), as well as on Ag adatom
on Ag(100) and on highly oxygen-covered Ag(100). These data
demonstrate that the formation of Ac follows remarkably well
the BEP relation, whereas the formation of EO does so to a
lesser extent (with root mean squared errors [RMSEs] of 0.18
and 0.07 eV for EO and Ac formation, respectively, with largest
errors of 0.32 and 0.15 eV, respectively).

Although an approximate magnitude of the activation barri-
ers for EO and Ac formation can be determined from the BEP
principle, the BEP principle alone is not sufficiently accurate to
estimate the selectivity of a catalyst toward EO formation (see
Fig. 5a), which at given temperature depends on the difference
between the Ac and EO activation energies, AE* = E j;c — EEO.

To identify other important factors affecting catalyst selec-
tivity toward the formation of EO with respect to Ac formation,
we considered the structural features of the TSs for both reac-
tions. Fig. 3 compares the TSs for EO and Ac formation from
OMC on Ag(100), which we label as TSEO and TSAC, respec-
tively. The main difference between the two TSs is that in TSEO
the C—surface bond is fully broken, whereas in TSAC both the
C- and O-surface bonds are only partially broken. Indeed, in
EO formation, the closure of the epoxy ring is made possible by
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Fig. 2. Correlation between the activation energy, E*, and the enthalpy of re-

action, AH; = Efi — E;‘Sis, that is, Brgnsted—Evans—Polanyi (BEP) relation

for the formation of EO (a) and Ac (b). The RMS errors are 0.18 and 0.07 eV
for (a) and (b), respectively, whereas the largest errors are 0.32 and 0.15 eV,
respectively.

the oxygen shift beneath the ethylene fragment that is concomi-
tantly lifted upward, thus breaking the C—surface bond. On the
other hand, the formation of Ac involves the 1,2-hydrogen shift
(i.e., the H-atom shift from the first C atom to the second) and
the formation of a C=0 double bond, thus breaking both the C—
and O—-surface bonds only partially. A comparison between the
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Fig. 3. Snapshots and schematic presentations of an OMC intermediate with transition states leading to EO (left) and Ac (right) on Ag(100). In the TS leading to
EO the C—surface bond is broken, whereas in the TS leading to Ac both C— and O-surface bonds are elongated (distances are in A units). During the EO formation
the O-atom moves beneath the ethylene fragment, which is concomitantly shifted upward (indicated by blue arrows) and as a consequence the C—metal bond is

ruptured, whereas in the formation of Ac the whole molecule is upshifted during the
broken.
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Fig. 4. The OMC-surface interaction can be decomposed into C— and
O-surface terms, which can be approximated by the interaction of methyl
(CHj3-+) and methoxy (CH3O-) radicals with the surface, respectively.

two TSs shows that the C— and O-surface bond strengths in the
OMC contribute differently to the two activation energies. In
particular, the stronger the OMC’s O—surface bond with respect
to the C—surface bond, the more selective the substrate will be
toward EO formation. To make this argument more quantita-
tive, we decompose the OMC-surface interaction into C— and
O-surface contributions, which can be approximated by the in-
teraction of methyl (CH3-) and methoxy (CH30O-) radicals with
the surface, respectively, as shown in Fig. 4. We postulate that
the activation energies for EO and Ac formation from OMC can
be approximated as

CH
Efo~a1E 4’ + )/EBEP +Cq,

1,2-hydrogen shift, and consequently the C— and O—surface bonds are partially

and

CH3
ads

CH30
+BE " + yEBEP + C3,

respectively, where C; and C; are additive constants. The last
term in these relations accounts for the standard BEP contribu-

tion, that is,

* o~
E ., ~aE

EOMC

OMC
ads —E

ads

EBEP = EEO and EREF = gAC

ads ads

The first term in Ef, accounts for the completely broken C—
metal bond in TSEC, whereas the first two terms in Ez . account
for the partially broken C— and O-metal bonds in TSAC. The
difference between the foregoing two relations gives an approx-

imation of the selectivity as

CH CH30

ads3 +/3Ead53 +V[Eads Eads] +C,

where o = a» — a1, and C is an additive constant. A fit to the
main reactions considered in this work shows that « >~ —f ~
y =~ 0.39, as described in the Supplementary material, Sec-
tion S2. We conclude that, to a very good approximation, we
have

AE* ~aE

AE*~ 039[EGE — EGRO + EAC — EEQ] - 031, (1)

ads ads

Fig. 5 compares the quality of the fit given by Eq. (1) with
that obtained from the simple BEP relation. Our indicator is
able to estimate A E* with an accuracy better than 0.1 eV (with
RMSE and maximum error of 0.05 and 0.07 eV, respectively),
and it demonstrates that A E* is determined mainly by two con-
tributions: (1) the difference between the adsorption energies of
CHj3 and CH30 and (2) the difference between the adsorption
energies of the two final states, Ac and EO.

Recently, Torres et al. [20] explained the larger selectivity
(i.e., more positive AE*) of Cu compared with Ag in terms of
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Fig. 5. Comparison of the BEP relation and Eq. (1) in predicting the
AE* = EZC - EEO. (a) The BEP estimation of AE*: AE* «x EAC — EEO
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The RMS and the maximum errors are 0.19 and 0.38 eV, respectively. (b) Fit
of AE* by Eq. (1). The RMS and the maximum errors are 0.05 and 0.07 eV,

respectively.

different character of the TSEO of early type on Ag and late type
on Cu. This observation led them to suggest that the stronger
is the OMC—surface interaction, the more favored the EO for-
mation would be with respect to the Ac. Our calculations on
Rh(100) are at variance with this suggestion; the OMC—surface
interaction on Rh(100) is stronger than on Cu(100), yet AE*
is —0.27 eV on Rh(100), lower than its value on Cu(100) of
0.12 eV. Our analysis shows instead that Cu has higher selectiv-
ity toward EO formation than the other IB metals, because Cu
displays the highest relative O— vs. C—surface bond strength in
OMC (first contribution in Eq. (1)). In particular, moving from
Ag(100)-(2 x 2) to Cu(100)-(2 x 2) the EAS — EED contribu-
tion to AE™* decreases from —0.10 to —0.15 eV, whereas the
Egsh - ES:30 increases from 0.94 to 1.16 eV.

Our model for selectivity toward EO can be easily extended
to alloys. Recently, Linic et al. [17] showed on the basis of DFT
calculations that Cu/Ag alloy should display a greater selec-
tivity toward EO compared with pure Ag, a finding that was
later confirmed by experiments [44,45]. However, no explana-
tion has been given as to why this is so. Our analysis can explain
this result. Cu is more reactive than Ag, and, as stated in the
preceding paragraph, copper also shows greater affinity toward
the O atom with respect to the C atom than silver. On diluted
Agi_,Cu, alloys (assuming no Cu—Cu nearest neighbors), the
most stable OMC binds its O atom to Cu and the C atom to

Ag (e.g., such OMC orientation is preferred by 0.16 eV on
Cu/Ag(100)), enhancing the O—metal bond strength and mak-
ing the C—metal bond relatively weaker. According to first part
of Eq. (1) (i.e., the difference between the adsorption energies
of CH3 and CH30), this makes the formation of EO more selec-
tive. In particular, AE* is 0.17 eV higher on Cu/Ag(100) alloy
than on Ag, with 0.04 eV of this due to the BEP contribution
and 0.10 eV due to the C— vs. O—surface bond contribution.

4. Conclusion

In summary, for ethylene epoxidation to occur, the catalyst
must be sufficiently mild so as to form an OMC rather than to
break C—H bonds in either ethylene or OMC. Careful analysis
of the results of DFT computer simulations allows us to disen-
tangle two mechanisms that determine the selectivity of specific
(model) catalysts at the nanometric scale. We propose a sim-
ple indicator for catalyst selectivity toward EO, as embodied by
Eq. (1). In particular, for OMC to transform to EO rather than
to Ac, (1) its C—metal bond has to be sufficiently weak with
respect to its O—metal bond, and (2) the adsorbed EO should
be stabilized against the adsorbed Ac. Thus, catalyst selectiv-
ity is determined in part by a peculiar electronic effect, which is
related to the differential bonding affinity of a catalyst toward
the C and O atoms of the OMC. Although the catalyst is not
a perfect low-Miller index Ag surface under industrial condi-
tions, we believe that the selectivity arguments presented here
are important even under realistic conditions. More generally,
we believe that the differential bonding affinity of a catalyst to-
ward the various atoms of the molecule to which it binds may
play an important role in determining selectivity in other reac-
tions as well.

Supplementary material

The online version of this article contains additional supple-
mentary material.
Please visit DOI: 10.1016/j.jcat.2008.01.008.
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