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Abstract

We employed machine learning-augmented Density Functional Theory (DFT)
thermodynamic calculations to assess the stability of different AQOx structures under
catalytic ethylene epoxidation reaction conditions. We found that there are multiple AgOx
surface motifs that could co-exist under the relevant conditions. These included Ag surface
oxides (e.g. AgO_p(4x4) and AgissO) and atomic oxygen-covered Ag(111) surfaces.
Furthermore, we employed DFT calculations to evaluate the energetics of different
reaction mechanisms by which ethylene and oxygen can react on these surfaces. These
studies revealed several energetically viable reaction pathways for ethylene epoxidation.
Microkinetic modeling analyses, based on the DFT-calculated reaction pathways, showed
that ethylene epoxidation can proceed on all surfaces and that multiple pathways,
including those involving Langmuir-Hinshelwood and Eley-Rideal mechanisms, could be
involved in selective and unselective reactions. The diversity of mechanisms that we
discovered in the context of the relatively simple ethylene epoxidation reaction on Ag
suggests that the richness and complexity of surface chemistry is most likely a rule rather
than an exception in heterogeneous catalytic chemical transformations on metal surfaces,
and that the concept of a single or even a dominant mechanism and reaction intermediates

might need to be revisited for many reactions.
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Introduction

Ethylene oxide (EO) is an important gateway chemical widely employed in the
manufacturing of ethylene glycol, textiles, detergents, and many other chemical
products.t? EO is currently produced via the partial oxidation of ethylene, with CO; as a
major nonselective byproduct.® Selectivity to EO is the main figure of merit in the process*-
1 with solid silver (Ag) nanoparticle catalysts being the only monometallic material
achieving reasonably high EO selectivity.®!?-* Fundamental reasons for the uniqueness
of Ag and the corresponding molecular mechanisms that can explain the process
selectivity on Ag have been vigorously debated since the process discovery.115-24
Specifically, there are questions about the active phase of Ag (oxide versus metal), the
nature of selective oxygen species on the surface of Ag catalysts under reaction
conditions, and the molecular mechanism by which oxygen and ethylene combine to form

EO on the catalyst surface.?>-4°

In this work, we use machine learning accelerated first-principles calculations to
study the active species of oxygen and the ethylene epoxidation mechanism on Ag model
surfaces. Specifically, the compositions and structures of the Ag(111) surface over a wide
range of temperatures and oxygen partial pressures were determined using grand
canonical Monte-Carlo (GCMC) and ab initio thermodynamic simulations. Artificial Behler-
Parrinello® neural network potential (ANNP) energy calculations were used to
approximate the ground-state energy of DFT calculations for many possible AgOx
configurations. The inputs of these simulations were used in GCMC and ab initio
thermodynamic modeling to establish a phase diagram?¢274243 for AgOy surfaces under
realistic ethylene epoxidation conditions. Furthermore, DFT calculations were performed
to study different ethylene epoxidation mechanisms on the most thermodynamically stable
AgOy surface configurations. These studies revealed that on the majority of likely
thermodynamically stable AgOy surfaces, ethylene epoxidation proceeds through the
Langmuir-Hinshelwood (LH) mechanism involving an oxametallacycle (OMC)
intermediate?°2%3444 We also find that on the AgO_p(4x4) surface, the Eley—Rideal (ER)
mechanism is dominant with ethylene molecules directly interacting with surface oxygen
atoms. Our studies point towards the existence of multiple active AgOx surface phases as
well as multiple molecular mechanisms that can be activated under realistic ethylene
epoxidation reaction conditions. The variety of mechanisms that we discovered in the

context of the relatively simple ethylene epoxidation reaction suggests that the richness



and complexity of surface chemistry is most likely a rule rather than an exception in
catalytic chemical transformations on metal surfaces and that the concept of a single or
even a dominant mechanism and reaction intermediates, might need to be revisited for

many reactions.
Results and Discussions

The surface compositions and structures of a functioning catalyst are highly
dependent on the reaction conditions, namely, the temperature and partial pressures of
reactants. For example, it has been suggested based on multiple experimental studies*>4
that the Ag catalyst is either oxidized or metallic under epoxidation conditions. Additionally,
in general, there is no agreement on the geometric structure of the oxidized Ag surface
under reaction conditions. To address this question, we employed GCMC simulations
accelerated by artificial neural network potential (ANNP) energy calculations (Figure S1
— S4 and Table S1 — S2) to evaluate the thermodynamic stability of the Ag(111) surface
in contact with gas phase O.. The chemical potential of gas phase O, was considered for
conditions ranging from 100 K to 600 K at a constant O, pressure of 1 atm, and for gas
phase O pressures ranging from 101° atm to 10® atm at a constant temperature of 500
K. In addition to using the GCMC-ANNP framework to evaluate the stability of various
AgOx configurations with O atoms on the surface or sub-surface, we also used the ab initio
thermodynamic approach to evaluate the stability of a few Ag-oxide phases, mainly
Ag20(111), Ag1s30(111) and AgO_p(4x4) surfaces*~*° that have been experimentally

observed on well-defined Ag model surface in surface science experiments.

The data in Figure 1a show the calculated free surface energies normalized to the
surface area for various AgOx phases as a function of the O, chemical potential. Stars and
dots represent the most stable phases computed using the GCMC-ANNP framework as a
function of the O, pressure and temperature over the p(3x3) supercell (i.e., we considered
the AgO_1/9ML, 2/9ML, and 11/9ML structures). The lines describe the free energies
computed for specific structures, shown in Figure 1b-e and Figure S5, as a function of
external conditions using the ab initio thermodynamics framework. The oxygen surface
coverages are reported as the ratio between the numbers of adsorbed oxygen atoms and

surface Ag atoms.

The GCMC-ANNP data show that the Ag(111) surface is clean (no O adsorbate

on the surface) over a wide range of conditions corresponding to relatively low chemical



potential of gas phase oxygen. The stable configurations among the configurations that
contain only on-surface oxygen atoms on Ag(111) (no in-surface or sub-surface) are those
with 1/9, 2/9 and 11/9 ML coverage (at very high O, chemical potentials corresponding to
low temperature and/or high oxygen pressure). We note that further lowering the surface
oxygen coverage to 1/16 ML can increase the stability of the Ag(111) surface under an
oxygen atmosphere due to the reduction in the repulsive lateral interactions among the
oxygen adsorbates. Therefore, we also analyzed the behavior of this surface structure. It
is interesting to note that these on-surface oxygen structures are not thermodynamically
stable compared to the surface oxide structures where oxygen atoms are either embedded
in the surface Ag layer or positioned subsurface with respect to the surface Ag(111) layer,
at any conditions that result in more than 1/16 ML O coverage. Atthese higher coverages,

the repulsive electrostatic O-O on-surface interactions start pushing O atoms sub-surface.
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Figure 1. (a) Phase diagram of AgOy structures in equilibrium with gas phase O,. Gibbs

surface free energies for AgOy structures with p(3x3) supercells (i.e. AgO_1/9ML, 2/9ML,
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and 11/9ML) identified by the GCMC-ANNP simulations at different temperatures (fixed
pressure) and different O, partial pressures (fixed temperature) are denoted by solid dots
and stars, respectively. The labels x in AgO_xML indicate oxygen concentrations on
Ag(111) surfaces. The Gibbs surface free energies of the Ag-O(111), Ag1s30(111) and
AgO_p(4x4) surfaces relative to the Ag(111) surface are also shown. All the Gibbs
formation energies of AgOy surfaces were calculated with respect to the Ag(111) surface
and Oz molecules in the gas phase, which is reference state of zero free energy. We note
that, despite having different stoichiometries and surface configurations of Ag and O, the
Ag1530(111) and AgO_p(4x4) overlap due to their similar Gibbs formation energies (3.10
meV/A? vs 2.65 meV/A? at 500 K) and the same oxygen concentration. (b — e)
Representative Ag(111) surfaces under oxidation reaction conditions. There are abundant
Ag vacancies on Agis3O(111) surface, which is different from the stoichiometric
Ag-0(111) surface. The blue, red and green spheres are Ag atoms, surface oxygen atoms,
and subsurface oxygen atoms within the 2" Ag layer, respectively. The dark red spheres

are subsurface oxygen atoms within or beyond the 3 Ag layer.

It is important to realize that ethylene epoxidation under steady state conditions
does not necessarily take place on the most thermodynamically stable AgOy structures
where the equilibrium between gas phase oxygen and the adsorbed oxygen can be
assumed, i.e., due to the presence of ethylene and due to potential kinetic limitations in
activating O, the oxygen coverage might be lower than the equilibrium coverage.
Therefore, it is reasonable to assume that the functioning Ag surfaces are likely to be a
mixture of the equilibrium, Agi1s30(111), AgO p(4x4), AgO_1/16ML surface oxide
structures, as well as reduced quasi-stable structures such as AgO_1/9ML, which while
not being the most stable surface configurations under conditions, still have relatively low

Gibbs free formation energies.

Guided by the analysis above, we studied the ethylene epoxidation mechanisms
on these stable and quasi-stable AgOx surfaces, assuming that both molecular and atomic
oxygen can serve as the source of oxygen atoms in the reaction coordinates (Table S3 —
S6, Figure 2 and Figure S6 — S7a-f). We focused on multiple chemical pathways,
including ethylene epoxidation proceeding via LH and ER mechanisms. We established
that the lowest energy LH pathway on all surfaces involves the dissociation of O followed
by adsorbed ethylene reacting with the dissociated atomic oxygen to form an

oxametallacycle (OMC) intermediate, which is further isomerized into EO or acetaldehyde



(AA) products to complete the catalytic cycle. We note that further combustion of AA on
AgOx surfaces leads to the CO, byproduct.?? The ease of AA combustion on Ag surfaces
is well established®*->2 and therefore, we did not study it in this work. Alternatively, gas-
phase ethylene can react with dissociated atomic oxygen species, forming EO directly via

an ER mechanism.

The optimized transition state configurations and corresponding Gibbs free energy
diagrams of ethylene epoxidation following the above-described LH and ER mechanisms
over various AgOy surfaces are shown in Figure S8 — S12 and Figure 2b — 2f respectively.
We also considered the mechanisms by which molecular O, is the oxidizing species
(Figure S7). In this mechanism, adsorbed ethylene first associates with the adsorbed
molecular O, forming the C,H4O; intermediate, which is followed by OMC generation and
transformation into EO and AA products following an LH mechanism. In addition to the LH
mechanism, we also considered the direct oxidation of gaseous ethylene through its

reaction with the adsorbed molecular O via the ER mechanism (Figure S7b - f).

There are a few observations we can make based on a visual inspection of the
computed reaction pathways in Figures 2b — 2f and Figure S7. Data show that ethylene
epoxidation proceeding via the C;H4O; intermediate, except over AgO_2/9 ML surface,
has a higher apparent activation barrier by at least 0.45 eV compared to the alternative
mechanisms that involve atomic oxygen species in the generation of EO (Figure S7g -
S7k). This is mainly due to the weak adsorption of both ethylene and O, molecules on
different surfaces, which increases the Gibbs free energy of the systems (Figure S7). We
also observe that the free energies of the intermediates on the AgO_2/9 ML surface are
significantly higher than the free energies of the alternative surface structures, which
makes this surface and the chemical pathways on this surface highly improbable. The
Gibbs free energy diagrams in Figure 2 also reveal that epoxidation proceeding with
atomic oxygen via LH mechanism has a lower overall activation barrier than for the ER
mechanism over all AgOyx surfaces, except for the AgO_p(4x4) surface, where the ER
mechanism appears more energetically feasible. On the most stable metallic Ag surface
(the AgO_1/16 ML surface) (Figure 2b), the isomerization of OMC into EO and AA has
similar activation barriers with a difference of less than 0.02 eV, suggesting that both the
selective and nonselective pathways are quite feasible and comparable. We also observe
that the more oxidized Ag1.s30 surface (Figure 2e), compared to more reduced AgOx (i.e.,

the AgO_1/16 ML surface), has a lower barrier for the selective isomerization of OMC into



EO compared to the nonselective formation of AA, indicating that more oxygen-rich

surfaces might be beneficial for EO product selectivity.
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Figure 2. Ethylene oxidation mechanisms. (a) Scheme of elementary steps for ethylene
epoxidation mechanism via atomic O* over Ag catalysts. In short, ethylene adsorbs on an
atomic O*-covered Ag surface and reacts with atomic O* to form EO/AA. Molecular O;
then dissociates on the Ag surface to replace the consumed O*. The scheme also

considers the direct reaction of C2H, in the gas phase with surface O*. O, represents for
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oxygen vacancy formed by the generation of EO and/or AA products. (b — f) Gibbs free
energy diagrams of ethylene epoxidation over the AgO_xML (x = 1/16, 1/9 and 2/9),
Ag1830(111) and AgO_p(4x4) surfaces via (red line) ER mechanism and (black line) LH
mechanism under typical ethylene oxidation conditions (T = 500 K and Poz2 = Pcona = 1 atm),
respectively. * indicates the active sites over AgOy surfaces and Roman numeral labels in the
energy diagrams correspond to the respective surface state listed in Figure 2a. The
elementary activation barriers are shown in eV. The dashed lines indicate AA production
by OMC transformation. The Gibbs free energies of all clean AgOy surfaces, which is
referred to Ag(111) surface and O, molecules in the gas phase, were normalized to p(3x3)
unit cells for comparison. The bracket at the bottom of the figures show gas species also

present in the system at the corresponding elementary steps.

To gain additional insight into the nature of molecular mechanisms in ethylene
epoxidation, we also performed microkinetic simulations using the DFT-calculated
energetics as input. The microkinetic simulation data were used to calculate the relative
importance of different molecular mechanisms in ethylene epoxidation. The data is shown
in Figure 3 and Figure S13 in the form of normalized reaction fluxes associated with
different chemical pathways with which ethylene and oxygen can react on the different Ag
surfaces. The data show that on the AgO_xML (x = 1/16 and 1/9) and Ag.s30 surfaces,
ethylene epoxidation preferentially proceeds via a LH mechanism (Figure 3a — 3c), with
a smaller fraction of molecules moving from the reactant to the product state via the ER
mechanism. We also used microkinetic modeling to compute the degree of rate control
(DRC) for each elementary step. The DRC is a measure of the kinetic relevance of a
particular elementary step, i.e., it allows us to investigate whether a particular elementary
step is rate controlling or is kinetically irrelevant.>*¢ The data in Figure 3e — 3f indicate
that on the AgO_xML (x = 1/16 and 1/9) surfaces, the reaction rate is controlled by the
dissociation of O, resulting in a low surface coverage of atomic oxygen (Figure S14), while
the EO selectivity is controlled by activation energy of the branching reactions of the OMC
to EO and AA under ethylene epoxidation conditions (Figure 2b - 2c¢) (T =500 K and Po2
=1 bar).

The microkinetic simulation data also show that on the Agis0O(111) surface,
ethylene epoxidation proceeds through the LH mechanism with EO selectivity of over 90%
(Figure 3c). This high selectivity is due to the lower activation barrier for the isomerization

of OMC to EO than to AA over this surface (Figure 2e). The microkinetic analysis also



shows that adsorbed ethylene reacting with dissociated oxygen species in the formation
of the OMC intermediate acts as the rate-determining step (RDS) for ethylene epoxidation
on the AQ1830(111) surface (Figure 3g). On the other hand, we find that on the
AgO_p(4x4) surface, the reaction preferentially proceeds via the ER mechanism and
achieves the highest EO selectivity (Figure 3d). This preference for the ER mechanism
on this surface can be attributed the stronger adsorption and higher surface coverage of
atomic oxygen (Figure S14) in AgO_p(4x4) surface compared to the other surfaces,
resulting in a more endothermic OMC intermediate formation and subsequent reaction
through the LH mechanism (Figure 2f). We find that on this surface, gas-phase ethylene
reacting directly with surface atomic oxygen via the ER mechanism is the rate-limiting step
(Figure 3h).
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Figure 3. Reaction flux (a — d) and DRC (e — h) analyses for ethylene epoxidation over
the AgO_1/16 ML, AgO_1/9 ML, Agi1s0O(111) and AgO_p(4x4) surfaces at 500 K
determined by microkinetic simulations. The partial pressures of gas phase O, and
ethylene are 1 atm. Different colors indicate distinct elementary steps and only reactions with
an absolute DRC value greater than 0.05 are indicated for ethylene epoxidation via the

mechanism shown in Table S5 - S7 and Figure S6 — S7.



The microkinetic analysis of the feasible reaction pathways on Ag surfaces with
different coverages of O atoms suggests that within the mechanisms discussed herein,
higher O coverages might be beneficial for selectivity towards EO. For example, the data
show that the highest EO selectivity is achieved on the Ag1s30(111) and AgO_p(4x4)
structures. Since the EO selectivity is mainly governed by the activation barrier difference
between EO and AA formation via the isomerization of the OMC intermediate, in Figure
4a we show the calculated activation barriers for the two isomerization reactions on
different AgOx surfaces (active site motifs). The data in Figure 4a show that the
isomerization of the OMC intermediate into EO and AA products on different AgOx
surfaces generally obeys the Brgnsted-Evans-Polanyi (BEP) relationship®”*® with very
similar slopes. We note that the slope relates the heat of reaction to the activation barrier
via the expressions in Figure 4a. This means that for the isomerization reactions, a more
exothermic reaction will have a lower activation barrier. Since the BEP slopes for the OMC
isomerization into AA and EO on different AgOy surfaces are identical, the difference in
the activation barriers on different surfaces can be attributed to the stronger adsorption of
EO than AA on more oxidized AgOx surfaces (Table S3 — S4).

Since significant discussion related to the mechanism of ethylene epoxidation on
Ag is centered on the relationship between the electronic structure of reactive surface
oxygen atoms and the product selectivity, we also investigated the difference in the
electronic structure of different oxygen species by computing the Bader charge of oxygen
on different AgOx surfaces. The calculations showed that highly selective atomic oxygen
on the AgO_p(4x4) surface has the largest Bader charge (Qo = -0.98 |e|) (Figure 4b).
This high Bader charge is consistent with the formation of the relatively strong Ag-O bonds.
The charge transfer from surface Ag atoms to in-surface atomic oxygen proceeds through
a hybridization of the in-plane O-p orbitals with the Ag-d band (Figure 4c). In contrast, the
charge transfer between atomic oxygen and surface Ag atoms becomes smaller over the
Ag1830(111) surface (Qo = -0.95 |e|), which correlates with decreasing selectivity toward
EO. Even less charge transfer between surface atomic oxygen species and Ag atoms (Qo
= -0.92 and -0.90 |e|) are computed over the AgO_1/16ML and AgO_1/9ML surfaces
correlating with the lowest selectivity toward EO. The different Bader charge state of
atomic oxygen over AgO_p(4x4), Ag1s30(111) and AgO_x ML (x = 1/16 and 1/9) can be
attributed to their different adsorption sites and surface motifs. Atomic oxygen prefers to
adsorb in the fourfold site over AgO_p(4x4) surface and in the threefold site over the
Ag1530(111) and AgO_x ML surfaces.
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Figure 4. (a) Brgnsted-Evans-Polanyi (BEP) relationships for the isomerization of OMC
into EO and AA products. E. and AH are the activation barrier and elementary reaction
energies, respectively, for the isomerization of OMC to AA and EO. (b) Bader charge
analysis and isosurfaces of differential charge density of surface atomic oxygen on AgOx
surfaces. The isovalue is set to 0.002 |e|/A3. Yellow and cyan colors represent charge
depletion and accumulation, respectively. (¢) Density of states (DOS) for atomic oxygen
atoms on different AgQOx surfaces. Red and gray areas show the p-band of O and d-band

of Ag atoms, respectively. The dashed line indicates the Fermi level.
Conclusions

We employed machine learning-augmented Density Functional Theory (DFT)
thermodynamic calculations to show that there are multiple Ag-Ox surface motifs that could
co-exist under ethylene epoxidation conditions. Microkinetic modeling analyses, based on
the DFT-calculated reaction pathways on the thermodynamically accessible surfaces,
showed that ethylene epoxidation can proceed on all surfaces and that multiple pathways,
including those involving Langmuir-Hinshelwood and Eley-Rideal mechanisms, could be
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involved in selective and unselective reactions. The diversity of molecular mechanisms
that we discovered in the context of the relatively simple ethylene epoxidation reaction on
Ag suggests that the richness and complexity of surface chemistry is most likely a rule
rather than an exception in heterogeneous catalytic chemical transformations on metal
surfaces, and that the concept of a single or even a dominant mechanism and reaction

intermediates might need to be revisited for many reactions.
Methods

All the experimental and theoretical methodologies are presented in Sl.
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