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Abstract

Ethylene oxide (EO) is a vital compound used as an intermediate in the production of other important
compounds, such as ethylene glycol and glycol ether. EO is produced by selective ethylene oxidation
(epoxidation) over supported Ag catalysts. Achieving high selectivity is the primary goal of research in
this area, and understanding the factors that influence selectivity is thus critical for improving
performance. The most widely accepted intermediate in EO production is the oxametallacycle (OMC).
However, possible reactions between surface O and the OMC have not been comprehensively studied. In
this work, density functional theory was used to systematically study the possible reaction pathways from
the OMC in the presence of surface O. We find that surface O opens up two kinetically and
thermodynamically favorable pathways that have received little or no attention in previous studies, neither
of which form EO. Specifically, O-assisted C-H bond scission and the formation of ethylenedioxy are
quite facile and predicted to be more favorable than the traditional EO (ring-closure) and acetaldehyde (H
transfer) pathways. Thus, the predicted selectivity in the presence of coadsorbed O is very low, less than
0.1% at typical reaction temperatures. Furthermore, surface O has a similar effect on the propylene-
derived OMC, which may have relevance to propylene oxidation. These results show the potential
importance of surface O in influencing selectivity, as surface O greatly promotes these non-selective
reactions and should therefore be minimized. These O-promoted reaction pathways should be considered
in both design and kinetic modelling of EO catalysts.

1. Introduction

Ethylene oxide (EO) is an important chemical with a wide range of applications such as sterilizing
agents, fumigants and blowing agents in foam production. More importantly, it is an essential
intermediate in the chemical industry that can be converted into many other chemicals of interest, such as
ethylene glycol, a key ingredient of antifreeze and coolant, and glycol ether, which is used in paints and
cleaning products.! In 2022, the global market volume of EO was 31.6 million metric tons, with a market
value of $51.7 billion. The forecasted market volume will grow to more than 37 million metric tons and
its market value is projected to reach $91 billion in 2032.23 Meanwhile, EO production generates 0.4 tons
of CO, per ton of product, making it one of the chemical industry's largest contributors to carbon
emissions.* This suggests that improvements in EO production techniques, particularly with respect to
selectivity, could lead to enormous benefits for energy and the environment. Similarly, there is great
interest in the improvement of propylene oxide (PO) industrial production because of PO’s role in the
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industry of polyurethane foams that are used in the production of bedding, furniture, automotive interiors,
and many other products that are used daily.>¢

In industry, EO is produced by selective oxidation of ethylene over supported Ag-based catalysts.
While millions of tons of EO are produced yearly, the nature of the catalytic process is not fully
understood, leading to ongoing and significant efforts into understanding the mechanism and design
principles.” The primary goal of these investigations is to reach higher conversion and, most importantly,
higher selectivity towards EO. Additionally, PO production via the epoxidation of propylene has proved
to be a particularly challenging reaction for heterogenous catalysts, which usually suffer from poor
selectivity.® Many current studies on Ag-catalyzed ethylene oxidation focus on the surface conditions of
the catalyst,”'> the ethylene oxidation mechanism itself,'2° and the role of various promoters.’-3%-38
Despite intensive research, there are still some critical questions related to mechanism that remain
unclear. In this work, we examine the mechanism and propose overlooked possible pathways that are
more likely to occur than traditionally studied pathways if coadsorbed O is present.

The most widely accepted intermediate for ethylene oxidation on Ag surfaces is an oxametallacycle
(OMC).1617:3% Two somewhat different OMC configurations with similar energies have been studied, one
where the C and O share an Ag atom and one in which the C and O are bound to separate Ag atoms.!”-1%40
The OMC has been used as the intermediate in many ethylene oxidation studies,?*?’ where most
theoretical investigations use the structure with two Ag atoms.?*?3 In addition to the OMC pathway, a
direct epoxidation pathway has been proposed, primarily for a Ag,O surface mimicking a high oxygen
coverage.3%41-42

In many previous studies, it is assumed that there are two primary pathways from the OMC: the ring
can close to form EO, or H can transfer from C to O to form acetaldehyde, which combusts. The
competition between these two pathways is often assumed to control selectivity.?!#34* Additional
pathways have also been studied.*> For example, H transfer to the O within the OMC to produce
CH,CHOH has been studied, but found to have a higher barrier than the traditional pathways on
Ag(111).» With the assistance of machine learning, another possible pathway from the OMC has been
reported more recently: H transfer to a hollow site on the Ag surface, eventually leading to AA.#® This
new pathway consists of C-H bond breaking to form 2-oxoethyl and adsorbed H, which can then
recombine to form AA or CH,CHOH. This pathway is thus non-selective and was predicted to have a
lower free-energy barrier than the EO and traditional AA pathways.

In industrial practice, the reaction temperature varies from 200 to 300 °C and the pressure from 10 to
30 atm,” while conditions used in academic research include wide variations in the ethylene:oxygen ratio
as well as a wide range of pressure including ultrahigh vacuum.” Catalytically, different ethylene-to-
oxygen ratios and overall pressure can have significant effects on the catalytic performance, and can give
trade-offs between overall production rates, conversion, and selectivity.!?13-204547:48 The wide range of
conditions in different studies suggests that many different surface states are accessed in these different
studies, necessitating an understanding of how reactivity depends on conditions. Many studies examine a
low O coverage, such as some ultrahigh vacuum studies and many computational studies; however, these
may be quite different from industrial production conditions.!”'* Some studies have accounted for the
oxygen coverage in various ways. Using density functional theory (DFT) calculations, it has been
suggested that the barrier for OMC formation strongly depends on the oxygen coverage.?’ Based on
experimental studies, Waugh concluded that the selectivity of fully oxidized Ag is determined by the Ag-
O bond strength.?? Reconstructed Ag surfaces induced by high oxygen coverage have been studied
experimentally and theoretically, showing that they are not selective in ethylene oxidation.?* The oxygen
coverage has been suggested to be important for selectivity,* and O-assisted C-H activation in ethylene
has been studied but found to be less favorable than OMC formation.*> These studies show that the
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ethylene oxidation mechanism could depend significantly on the oxygen coverage, highlighting the need
for further investigation of the role of O in the mechanism.

However, the effect of coadsorbed O on the reactivity of the OMC, or the possible downstream
intermediate ethylenedioxy (EDO), has received very little research attention, despite previous work
showing that surface O can directly assist surface reactions, including C-H cleavage.’*2 In this work, we
use DFT to systematically study the possible reaction pathways from the OMC in the presence of surface
O. We find that surface O opens up two kinetically and thermodynamically favorable pathways, neither of
which form EO. Specifically, EDO formation and O-assisted C-H bond scission are quite facile and
predicted to far outcompete the previously studied EO (ring closure) and AA (H transfer, either directly
within the molecule or via the surface) pathways. Furthermore, we studied propylene oxidation on Ag and
demonstrated that the oxygen coverage has a similar effect in the propylene-derived OMC. These results
suggest that excess atomic O will greatly diminish the selectivity and should be considered in catalyst
design.

2. Computational methods

Density functional theory (DFT) calculations were performed using the Vienna Ab initio Simulation
Package (VASP).>3* The Perdew, Burke, and Ernzerhof generalized gradient functional (GGA-PBE)>’
and the projector augmented-wave (PAW) method>%>” were used. The Tkatchenko-Scheffler method>®
was used for the dispersion correction. The cutoff energy was set to 400 eV, and a 7 x 7 x 1 k-point mesh
was used for all the calculations. During the surface relaxations, a 3 x 3 x 4 unit cell was used with the
bottom two layers fixed, and a 15 A vacuum. Dipole corrections were not used. The geometric
convergence criterion was set to 0.03 eV/A, and the electronic convergence criterion was set to 10 V.
The transition states were calculated by the dimer*® method and verified by vibrational frequency
calculations. For products that are stable molecules (EO, AA, propylene oxide, and propionaldehyde), we
use the gas-phase energies, while for other products we use the adsorbed state energies. The calculated
adsorption energies of these species are -0.41, -0.54, -0.47, and -0.46 eV, respectively.

Product probabilities for Figure 2 were calculated in a simple way, with the free energy barriers and the
exp(%)
% exp(—2)
where 8¢ was set to 1/9 ML in all cases and k is the rate constant determined by DFT. Specifically, we
used a linear interpolation of the barrier at 0 ML O and 1/9 ML O to determine the coverage-dependent
barrier for reactions that did not explicitly involve O, although this has a negligible effect on the coverage

at which the rates are predicted to become similar to each other.

probability equation, p; = We calculated rates for Figure 3 as v = 68p0opmck or v = 0opck

3. Results and Discussion

3.1 Ethylene oxidation pathways and products

The OMC is a commonly studied intermediate for ethylene epoxidation, and atomic O may be
present on the surface of ethylene epoxidation catalysts under certain reaction conditions.!* Because it is
likely that the OMC and atomic O interact under certain conditions, we studied various reactions of the
OMC in the presence of 1/9 monolayers (ML) of O. We examined six pathways from the OMC, two of
which have received little or no consideration in previous work.

To start, we examined the reactivity of the OMC under the assumption that the OMC does not
directly react with O present on the surface, similar to most previous studies. The most widely studied
pathways from the OMC are ring closure to form EO and intramolecular H transfer to form AA. Our
calculations predict these two pathways to have very similar barriers, approximately 0.85 eV (see Figure
1). Of the two, AA has a lower energy in the gas phase by ~1 eV. These results are consistent with
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previous studies.?”**4° Meanwhile, hydrogen transfer to the O atom within the OMC to form vinyl alcohol
(VA pathway) gives the lowest energy product, but has the highest barrier of approximately 1.49 eV (~0.6
eV higher than the barriers discussed so far). The same behavior was observed in a previous study,*
showing that VA formation is kinetically hindered. On the other hand, H can be transferred from the
OMC to the surface (Hg,r pathway) with a barrier of ~0.9 eV, and this C-H scission pathway is expected
to be non-selective. This was also shown in a previous study.*® The H transfer to the surface has a similar
barrier to EO and AA, and the energy of the product is between EO and AA, suggesting that this pathway
is achievable similar to AA and EO. Overall, these results are similar to previous work, suggesting three
pathways with fairly similar barriers, one of which is selective (ring closure, EO pathway) and two of
which are nonselective (H transfer to C, AA pathway, and H transfer to the surface, Hy,r pathway). If we
recalculate these barriers without co-adsorbed O, we find somewhat lower barriers of 0.74, 0.72, and 0.66
eV for EO, AA, and Hy,g, respectively, which leads to a similar conclusion.

Next, we studied reactions where the OMC directly reacts with coadsorbed atomic O. We found two
pathways which are significantly more thermodynamically and kinetically favorable than any of the
previously studied pathways. First, the OMC can react with a coadsorbed O to form ethylenedioxy
(EDQO).32:6%61 Qur calculations predict a relatively low barrier (~ 0.5 ¢V), lower than an early DFT study.*?
This pathway is likely facilitated by the high stability of C-O bonds. Alternatively Alternatively, the

coadsorbed oxygen can promote C-H activation, as has been seen in several other systems.>-63

Specifically, H can transfer from the OMC to the surface oxygen (OHg,r pathway). This pathway has an

even lower barrier and reaction energy than the EDO pathway. Previous work shows weakly bound O,

such as the O on Ag(111), can greatly facilitate C-H activation in coadsorbed species.’” These results
show that, in the presence of coadsorbed O, the OMC is much more likely to react with O than to go

through the traditionally studied pathways. Thus, the importance of the EDO and OHj,,; pathways may
have been neglected in previous studies.
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Figure 1: The calculated reaction energetics for six possible products from the OMC in ethylene
oxidation, starting from gas-phase ethylene and 1/20,, proceeding to coadsorbed OMC and O,
and undergoing various possible reactions from this state. The final structures for OHg,, EDO,
and Hg,s are shown. EDO formation and O-assisted H abstraction are the most thermodynamically
and kinetically favored pathways.
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3.2 Product probabilities

The probability of each pathway for the OMC reacting in the presence of coadsorbed O was
calculated from 0 to 700 K based on the barriers. Using the calculated free energies of the barriers, the
OHg,,r product has the highest probability, above 99% over the entire temperature range. For example, at a
typical reaction temperature of 425 K, OHg,s has a probability of 99.90%. The OHj,¢ pathway is expected
to be nonselective, indicating very low predicted selectivity from the OMC+O state. Given the possible
errors in DFT calculations and the sensitivity of the probabilities to the energy differences, we also tested
the inclusion of a 0.2 eV change in the relative barriers—specifically, the energy of the OHg, barrier was
increased by 0.2 eV. Under this scenario, the probability of forming EDO becomes ~10% at 300 K and
~30% at 700 K, suggesting the possibility that EDO could build up on the surface. The H,; pathway also
shows a nonnegligible probability starting around 400 K and reaches ~5% at 700 K. The probability of
forming EO never reaches above ~2%, even under this more favorable scenario, indicating that the
selectivity is very low for metallic Ag with a significant amount of adsorbed atomic O.
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Figure 2: The calculated probability of each possible product from the
OMC based on the reaction free energy barriers. The solid lines use the

DFT energetics, and the dotted lines account for a 0.2 eV error in the OHy,¢
barrier.

At low O coverage, the rates of O-assisted reactions decrease, such that reactions that do not involve
O may still dominate. To estimate the coverage at which O-assisted reactions begin to dominate, we
calculated rates as a function of O coverage. These calculations indicate that O-assisted H abstraction may
begin to dominate at O coverages as low as 10-8 ML. Furthermore, both O-assisted reactions become
more favorable than the reactions that do not involve O by 10-5 ML. These results are likely somewhat
sensitive to errors in DFT, the O mobility, and the kinetic modelling framework, but overall suggest that
even quite low coverages of O may be detrimental to the selectivity.
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Figure 3: Calculated rate for various reactions as a function of O
coverage, at a temperature of 425 K and a fixed OMC coverage of 1/9
ML.

3.3 EDO pathways and products

The EDO intermediate has received relatively little attention for ethylene epoxidation on Ag. Its
relative energy was previously calculated by DFT along with other structures such as the OMC.52 EDO
was thermodynamically predicted to form once the oxygen coverage reaches 1/2 ML. However, this
previous study also predicted a high barrier to form the second C-O bond in this structure, in contrast to
our calculations. EDO has also been studied on Ag-Cu alloys, where it was suggested that the EDO
structure is so stable that subsequent reactions from this intermediate are less likely.®® However, a
comprehensive study of its formation and reactivity on Ag is lacking.

Based on the product probabilities, EDO could potentially form at a high enough rate to build up on
the surface, and could potentially be an intermediate or a spectator. This raises questions about the
selectivity of a pathway that proceeds through EDO and whether it is likely to persist or react. We
considered pathways both with and without coadsorbed O. Without coadsorbed O, we considered ring
closure to form EO, H transfer between the C atoms in EDO (AA, as a C-O bond breaks simultaneously
in this pathway), and H transfer to the surface (H,,¢ pathway). We also considered O-assisted C-H bond
scission (OHg,r pathway).

In the absence of coadsorbed O, H,r gives the lowest-energy product, while AA formation has the
lowest barrier. EO formation is the least favorable pathway, both thermodynamically and kinetically.
Thus, EDO does not appear to be an intermediate in selective EO formation. However, all three pathways
have very high barriers, suggesting that EDO may persist without reacting for relatively long times in the
absence of coadsorbed O. This agrees with the previous studies on CuAg showing that EDO is too stable
to react further in the absence of coadsorbed O.%°

Coadsorbed O can significantly promote C-H bond activation in EDO, whereby the H transfers from
the EDO to this coadsorbed O (OHg,y). Similar to the O-assisted C-H bond breaking in the OMC, this
pathway has a low barrier (0.37 eV) and gives a very stable product. Thus, in the presence of coadsorbed
O, EDO is predicted to quickly decompose.
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Figure 4: The calculated reaction energetics for four possible products from EDO. Without
coadsorbed O, all reactions are kinetically and thermodynamically unfavorable, but if
coadsorbed O is present then O-assisted H abstraction is facile.

3.4 Propylene oxidation pathways and products

We performed similar calculations for propylene oxidation to test whether the new pathways we
discovered could also be relevant to this system. Some studies have suggested that OMCs may be
important in propylene epoxidation,®® raising the question of whether the trends we saw above for an
ethylene-derived OMC will also apply to a propylene-derived OMC. However, it is important to note that
Ag is a poor catalyst for propylene, with low selectivity.56%70 Indeed, the OMC’s role in PO is
controversial, and some studies have indicated that it does not form because Ag activates the C-H bond of
the methyl group.?’-7!

In the propylene oxidation case, the OMC can react to form propylene oxide (PO) or propionaldehyde
(PA), neither of which involve direct reaction with coadsorbed O. Alternatively, the OMC can react
directly with surface O: H can transfer to the surface oxygen (OHg,) or propylenedioxy (PDO) can form.
We performed calculations for all of these pathways, including coadsorbed O at 1/9 ML in all cases. As
shown in Figure 5, although PA still has a lower energy than PO, the barrier for PO formation is 0.13 eV
lower than PA. This contrasts with the ethylene oxidation case, where AA had a larger barrier than EO.
At higher oxygen coverage, the OHy,; pathway has a very low barrier (0.19 eV), suggesting that the H is
readily abstracted. However, unlike in the EO case, PDO is the most stable product.

Qualitatively, in the presence of surface O, propylene oxidation pathways have similar trends to
ethylene oxidation: O-assisted C-H scission in the OMC is a lower-energy pathway than PO and PA. This
again suggests that surface O will lead to nonselective reaction of the propylene-derived OMC, with
possible implications for the overall reaction selectivity not only for PO, but possibly other epoxidation
reactions as well.
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Figure 5: The calculated reaction energetics for four possible products from the OMC in
propylene oxidation. Similar to ethylene epoxidation, PDO formation and O-assisted H
abstraction are the most thermodynamically and kinetically favorable pathways.

4. Discussion

Overall, we can conclude that surface atomic O has high reactivity in assisting C-H bond activation in
both the OMC and EDO. This is consistent with the experimental findings that, at high oxygen coverage,
EO selectivity increases with a higher ethylene pressure as this would likely reduce the amount of surface
atomic O.*® Similarly, experimental studies often suggest that Cl reduces the presence of surface atomic
0372

Some previous studies indicate that the Ag surface is quite oxidized under certain conditions,'?!328 in
contrast to the metallic surface considered here and in most computational studies. It is likely that a
metallic surface persists under other conditions, particularly those with a higher ethylene:oxygen ratio
and/or at a higher temperature, and it is these conditions that are most directly relevant to our study.

5. Conclusions

This study provides a detailed, DFT-based analysis of the impact of coadsorbed atomic O on
epoxidation reaction pathways. Our findings reveal that surface O significantly affects selectivity,
opening up the nonselective pathways of EDO formation and oxygen-assisted C-H bond scission, which
are both kinetically and thermodynamically more favorable than traditional EO and AA pathways. These
pathways dominate when coadsorbed O is present, greatly reducing the predicted overall selectivity
towards EO from roughly 50% in the traditional picture to roughly 0.1%. These insights underline the
critical importance of controlling surface oxygen coverage in EO production. Similar trends observed in
propylene oxidation support the possible applicability of these findings to other alkene epoxidations.
Consequently, surface oxygen coverage may be a critical factor to consider when designing selective
catalysts for EO and related processes.
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