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ABSTRACT: An extended microkinetic model (MKM) for the selective oxidation of
ethylene to ethylene oxide (EO) is presented, based on an oxidic representation of the
silver (Ag) surface, namely, the p(4 × 4) oxidic reconstruction of the Ag(111) phase
to mimic the significant oxygen coverage under reaction conditions, as is evidenced by
recent operando spectroscopic studies. The MKM features three pathways each for
producing either ethylene oxide (EO) or carbon dioxide (CO2), including the
common intermediate or oxometallacycle (OMC) pathway, an atomic oxygen
pathway, as well as pathways centered around the role of a diatomic oxygen species
occupying an oxygen vacancy (O2/O*). The MKM uses a composite set of
experimental and density functional theory (DFT) kinetic parameters, which is further
optimized and trained on experimental reaction data. A multistart ensemble approach
was used to ensure a thorough sampling of the solution space, and a closer analysis
was performed on the best-performing, physically meaningful solution. In agreement
with published DFT data, the optimized MKM observed that the OMC pathway heavily favors the total combustion pathway and
alone is insufficient in explaining the ∼50% EO selectivity commonly reported. Furthermore, it confirmed the pivotal role of the O2/
O* species in the flux-carrying pathways for EO production. The MKM additionally highlights the fluctuating nature of the catalyst
surface, in that the proportion of metallic to oxidic phase changes according to the reaction conditions, accordingly resulting in
kinetic implications.
KEYWORDS: ethylene, oxidation, ethylene oxide, silver, microkinetic modeling, density functional theory

■ INTRODUCTION
The selective oxidation of ethylene (C2H4) to ethylene oxide
(EO) is a relatively mature industrial process producing a pivotal
upstream commodity chemical, typically relying on the use of
silver (Ag) catalysts,1−3 heavily modified by promoters such as
chlorine, cesium, and rhenium to enhance the desired partial
oxidation pathway and limit the total combustion of C2H4.
In terms of the mechanism of the EO reaction system, it is

generally accepted that there is a common key intermediate in
the production of the two main reaction products, EO and
carbon dioxide (CO2), representing the partial and total
oxidation pathways, respectively. Following early mechanistic
studies by Grant and Lambert,4,5 which feature the complete
decoupling of the partial and total combustion pathways, Linic
and Barteau6 determined, through a series of experiments
investigating the reverse reaction of EO adsorption on a
Ag(111) single crystal under ultrahigh vacuum (UHV)
conditions, that the likely structure of a reaction intermediate
is an oxometallacycle (OMC). This species is commonly
accepted as the common intermediate for this chemistry7−13 and
is further supported by the experimental evidence of similar
magnitudes of apparent activation energies (EA) and orders of
reaction with respect to both reactants (nO2

, nC H2 4
).3,14−16

Building upon this, several kinetic and microkinetic modeling

(MKM) studies have been performed, focusing on this OMC-
based mechanism. Notably, Linic and Barteau proposed a
reaction coordinate for an OMC-based EO synthesis on
Ag(111).12 Building upon this, Stegelmann et al.17 presented
an extension to the prior MKM by including a pathway to
produce acetaldehyde (AA) (as a precursor for CO2) from the
common OMC intermediate, as well as an additional decoupled
pathway for direct total combustion of C2H4. Hus ̌ and Hellman
proposed a common intermediate model sans the additional
direct combustion pathway, and instead treated AA as a
desorbing gaseous product, but extended the analysis with a
kinetic Monte Carlo (kMC) model for more single-crystal
surfaces (Ag(111), Ag(110), Ag(100)).9

While the mechanistic studies above are mainly focused on
the commonly stable and abundant FCC phases of the Ag
catalyst, surface science and spectroscopic studies18−23 suggest
that in the highly oxidizing environment of epoxidation
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reactions, the Ag surface is not completely metallic. Xu et al. also
demonstrated in their DFT study24 that the presence of
subsurface oxygen atoms on an Ag(111) facet results in
appreciable energetic shifts that translate to significant
implications when choosing a purely metallic Ag surface as the
catalyst model. These observations have motivated the
increasing consideration of partially and fully oxidized models
of the Ag catalyst. These include the Ag2O(001) facet studied by
Özbek et al.25,26 looking into the importance of the oxygen
vacancies, the O−Ag−O oxide trilayer models featured in
studies by Li, Stampfl, and Scheffler,18 and the partially oxidized
Ag featuring Ag6 or Ag10 triangular building blocks in the study
by Besenbacher et al.19 More recently, the trend continues with
the study of “hybrid oxygen structures” by Tang et al.27 and Liu
et al.28 which identified many forms of reactive oxygen species in
the EO reaction system.
The apparent complexity of the reaction system then led to

alternative studies that deviated from the mainstream OMC-
basedmechanism. This includes works exploring themechanism
on oxidized surfaces such as the “direct” EO pathway on bulk Ag
oxide featured in the works of van Santen et al.,29 in which EO is
produced without the formation of an OMC-like intermediate
on Ag2O surfaces, or translations of the OMC-based mechanism
onto partially oxidized Ag(111) and Ag(110) surfaces in the
DFT work of Jones et al.30 Harris et al.31 showed a non-OMC-
based kinetic model for ethylene oxidation on chlorine (Cl)
promoted metallic Ag, which was able to account for the
changing EO selectivity and ethylene consumption reaction
orders with changing Cl content. Most recently, Liu et al.32

published anMKM for the reaction system that involves both an
OMC-based Langmuir−Hinshelwood (LH) and an Eley−
Rideal (ER) epoxidation mechanisms and importantly high-
lights that ethylene epoxidation can proceed on various
configurations of the Ag catalyst surface with differing extents
of oxidation.
In recognition of the breadth of varied interpretations seen in

the literature, two key questions arise: 1) Is it sufficient to model
the Ag catalyst using metallic models, or is there a need to
consider more complicated partially/fully oxidized models? and
2) Is the framework of the OMC-based mechanism sufficient
not only in providing a model for the reaction network but also,
more importantly, in capturing the kinetics and the molecular-
level details of the reaction? Or is it necessary to also consider
alternative pathways? The current study attempts to address
these questions using a combination of DFT, kinetics experi-
ments, and microkinetic modeling, with insights leveraged from
our prior spectroscopic studies.21,33 In particular, we calibrate
our models to ensure we have quantitative and qualitative parity
with the experiments, allowing us to make reliable predictions of
the reaction pathways and surface coverages.

■ METHODS
Density Functional Theory (DFT). All DFT calculations

were carried out using the Vienna Ab-initio Simulation Package
(VASP) software.34−37 In all of the cases, a 4× 4 slab model with
periodic boundary conditions is used, consisting of four layers
with the bottom two layers fixed to simulate the difference in the
dynamic nature of the surface region compared to the bulk
phase. A 15 Å vacuum is included perpendicular to the surface.
Calculations for gas-phase molecules are done in a large cubic
unit cell to simulate the individual gas molecules in a vacuum
with minimal interunit cell interactions. All of the calculations
are done using the projector augmented wave (PAW) potentials

with generalized gradient approximation (GGA) along with the
Perdew−Burke−Ernzerhof (PBE) exchange-correlation func-
tional38 with a dDsC dispersion correction.39−41 An energy
cutoff of 500 eV was used with a self-consistent field (SCF)
convergence criterion of 10−6 eV and a force-convergence
criterion of 0.02 eV/Å. Methfessel−Paxton smearing was used
with a spread of 0.1 eV, and a Monkhorst−Pack 5 × 5 × 1 K-
point sampling was used. The chosen settings for these
parameters were based on an initial benchmarking study. Spin-
polarized calculations were used for all cases. For the sampling of
transition states, nudged elastic band (NEB)42−44 analyses were
performed using seven intermediate images, which were carried
out up to a force convergence criterion of 0.5 eV/Å, with a
refinement run using the climbing-image nudged elastic band
(CI-NEB)45,46 method using a tighter force convergence
criterion of 0.1 eV/Å.

Microkinetic Modeling. A continuous stirred tank reactor
(CSTR)-based microkinetic model (MKM) is constructed to
represent the reaction system as a differential algebraic equation
(DAE) network. The CSTR model is a reasonable choice for
modeling low single-pass conversion (≤15%) heterogeneous
catalytic reactions. The single-site model can be written in the
following form:
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Here, i and j are the indices over the total of I species and J
reactants, respectively. kj is the Arrhenius reaction rate constant
for reaction j. θi is the mean-field surface coverage of species i
with denticity di, while * represents the free site coverage. νij is
the stoichiometric coefficient of species i in reaction j, while j*
represents the stoichiometric coefficients specifically for the free
sites. Superscripts over the entire set of species and reactions
represent subsets thereof. The superscripts G and S represent
the subset of only gaseous and only surface species, respectively.
A more complete formulation of the MKM is included in
Sections S1−S3. The MKM is implemented in Python 2.7 with
CVODES from the SUNDIALS suite47,48 as the integrator. The
extended formulation of the microkinetic model is included in
Section S1. To ensure parity with experimental models,
deviations from the kinetic parameters can be introduced and
optimized in the parameter optimization workflow below.

Parameter Optimization Workflow. The generalized
procedure for parameter optimization is summarized in Figure
1. The experimental data set is used to both initialize the reaction
conditions over which the model is trained and evaluate the
accuracy of the model-predicted turnover frequency (TOF)
values. The TOF is defined as the number of reaction events
occurring per unit time normalized to the number of active
catalytic sites. Deviations from the kinetic parameters of each
reaction step and thermodynamic parameters of each species in
the MKM (δEA and δHf) serve as the decision variables that are
optimized at every iteration of the optimization loop. As noted,
the objective chosen for optimization is the root-mean-square
error (RMSE) of the model-predicted TOF values relative to
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their experimental values. Solving the MKM-optimization
problem comes with commonly reported challenges:49−51

• High degree of nonlinearity due to the stiffness of the
optimization problem.

• Strategies should be adopted to minimize issues related to
overfitting.

• Thorough coverage of the solution space to compare
solutions beyond a particular minimum.

Various strategies have been proposed in tackling stiff
optimization problems, including the use of various algorithms
like Sensitivity-Supervised Interlock Algorithm (SSIA),52

Particle swarm optimization and modified NEWton’s method
Coupling System (PNEWCS),50,51 and Reversibility Iteration
Method (RIM).53 In our case, an automatic differentiation (AD)
algorithm was found to be capable of tackling the optimization
problem. To minimize possible overfitting issues, an L2
regularization term was included in the optimization loss
function to favor smaller parameter shifts away from the initial
DFT values. The L2 regularization term was ensured to be
≤∼5% of the objective value. Finally, to ensure ample coverage
of the solution space, a multistart approach is used, which results
in an ensemble of similar models, from which the best-
performing model is selected for further analysis. The sequential
and multistart optimization procedure is implemented in
Python 2.7 with IPOPT54 under CasADi55 for the optimization.
The individual instances in the multistart optimization are run in
parallel with an RNG-randomized seed for every batch of 8000
instances, each of which was randomized following a uniform
random distribution within defined bounds. Detailed formula-
tions of theMKM and the parameter optimization procedure are
included in Sections S1−S4.

Experimental Data. Materials. The α-Al2O3 support was
purchased from CeramTec. Silver oxalate (≥99%) was prepared
by Scientific Design Inc. Ethylene diamine was purchased from
JT Baker (≥98%). NH4Cl was purchased from Sigma-Aldrich

(ACS Reagent Plus, ≥99%). The gas supplies (Ar balance, 40%
O2/He, C2H4 (99.99%), and CO2 (99.99%)) for steady-state
ethylene oxidation experiments were purchased from Praxair.

Catalyst Preparation. The supported Ag/α-Al2O3 catalyst
was synthesized with Ag loading of ∼16 wt%. The Ag/α-Al2O3
catalyst was prepared using the standard incipient-wetness
impregnation method by using silver oxalate as the precursor.
The Ag complex solution was prepared by mixing silver oxalate,
ethylene diamine, and deionized water at a mass ratio of
1:0.5:0.5. The desired amount of solution was mixed with α-
Al2O3 support and stirred for 30 min. The mixture was allowed
to dry at 90 °C overnight before being calcined at 450 °C in N2
for 45min. CO temperature-programmed reduction (CO-TPR)
is used to determine the number of active sites and for catalyst
reducibility assessments.

Steady-State Kinetics Measurements. For steady-state
ethylene oxidation in a fixed-bed reactor, 0.5 g of catalyst
(40−60 mesh) was used. The reaction mixture nominally
consisted of 25% C2H4, 7% O2, and 2% CO2 balanced by He at
atmospheric pressure. The flows were adjusted with a Brooks
5850E mass flow controller (MFC) to the desired composition
and passed over the catalyst (at nominal WHSV= 6000 mL

gcat h·
).

The catalyst was loaded into a microflow quartz reactor (3 mm
i.d.), and reactions were performed at 170−220 °C in a vertical
tube furnace system. Before the steady-state kinetics test, the
catalyst was first oxidatively dehydrated in 5% O2/Ar at 100 °C
for 1 h and then preconditioned by reaction with 8% C2H4, 4%
O2, and 4% CO2 at 240 °C for 3 h. The conversion of C2H4 and
the formation of EO were quantified with an Agilent 6890 gas
chromatograph with a Poraplot Q column equipped with a flame
ionization detector (FID) and a thermal conductivity detector
(TCD). The products, EO and CO2, were monitored by FID
and TCD detectors, respectively. The conversion of C2H4 is
calculated from the carbon balance. In order to determine the
reaction orders of EO and CO2 formation over the supported
Ag/α-Al2O3 catalyst with respect to C2H4 and O2, the
temperature was held constant at 190 °C for Ag/α-Al2O3 to
ensure comparable C2H4 conversion at∼5%. TheC2H4 feed was
adjusted from 10% to 40% while the O2 feed was maintained at
7% for the C2H4 reaction order determination. The O2 feed was
adjusted from 7% to 30% while the C2H4 feed was maintained at
12% for the determination of the order of the O2 reaction. For
each data point, the systemwas allowed to run for at least 30 min
prior to data collection to ensure steady-state operation.

■ RESULTS AND DISCUSSION
Feasibility of Bypassing the OMC Intermediate. A key

initial step involves the assessment of the feasibility (from a
reaction kinetics perspective) of considering an alternative
pathway to the OMC intermediate in the first place. The
previously cited MKM by Stegelmann et al.17 was chosen as the
control model as the mechanism featured in the model is
centered around the OMC intermediate, and it also features an
interesting usage of the /O* species nomenclature, representing
“some kind of surface oxide site”. In the original Stegelmann
model, the kinetic parameters for the forward and backward
reactions (pre-exponential factors Ai and transition state
enthalpy Hi

‡) were defined independently from each other,
which does not inherently ensure thermodynamic consistency56

in the formulation. Therefore, the first step involves implement-
ing thermodynamic consistency by reformulating the Steg-
elmann model in terms of the forward activation barrier in each

Figure 1. Flowchart of the parameter optimization procedure.
Rectangles with rounded corners represent end points, rectangles
represent processes, trapezoids represent inputs/outputs, and diamond
represents decision points.
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elementary step used in the original model (EA) and the
formation energy of each of the surface species involved (Hf).
Additionally, thermodynamic consistency constraints were
applied (Section S2), and the parameters for the reverse
elementary reactions were defined in relation to their forward
counterparts via the equilibrium constant. To ensure that the
reformulated model stays consistent with its original reference,
the parameter optimization procedure described earlier was
performed with the deviations from the aforementioned new
parameters (δEA and δHf) as decision variables, with the
additional constraint that the post-optimization kinetic param-
eters stay as close as possible (activation barriers deviating no
more than ∼10 kJ/mol) to the reference Stegelmann model.

Following the implementation of thermodynamic consis-
tency, the feasibility of bypassing the OMC intermediate was
assessed. A nonelementary bypass reaction that allows for the
formation of EO without the explicit formation of the OMC
intermediate was added to the MKM, after which a parametric
reoptimization was performed to generate a second pool of
different types of models (again, with δEA and δHf as decision
variables and TOF RMSE as the optimization objective),
particularly ones in which the reaction flux does not go through
the formation of the OMC intermediate. The training data for
parameter optimization include the following reaction condition
ranges: T = 443−468 K, PC H2 4

= 0.13−0.30 atm, PO2
= 0.07−0.2

atm, PCO2
= 0.02 atm.

Figure 2. Parity plots comparing the simulated and experimental TOF values from two different types of models: an OMC-based model (Left) and a
non-OMC-basedmodel (Right). The reported RMSE and percentage error values are based on TOF. The gray shaded region represents experimental
data uncertainty.

Figure 3. 2D potential energy diagram along the reaction coordinate of the OMC-based partial oxidation mechanism. All of the states are presented
relative to the initial state, and the reported EA values correspond to their adjacent double-sided arrows. Atomic representations of the different
intermediates are included (from left to right): top view of C2H4*, side view of the truncatedOMC* structure, and side views of the truncated EO* and
AA* intermediates.
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Parity plots of the best models from both runs are shown in
Figure 2. Clearly, both models perform well, and importantly, all
of the TOF values fall within the experimental uncertainty of the
training data set. Statistically speaking, therefore, the non-OMC
model performs, as well as the OMC model, in reproducing the
experimental data. Additionally, the predicted steady-state
surface coverage of the non-OMC-based model (Figure S.5)
points to a high coverage of O* and O/O*, which further
motivates the investigation toward partially oxidized Ag surfaces.
The next sections detail our DFT-based exploration of the
atomic picture of the common intermediate mechanism and the
“bypass” mentioned above in the context of a partially oxidized
Ag surface.

Common-Intermediate Mechanism on a Partially
Oxidized Surface. Previous studies28,57 have noted that
there exist various known configurations of AgOx surfaces with
different extents of oxidation, and it was additionally confirmed
through recent XPS and AP-XPS studies that an Ag catalyst
undergoes phase transitions toward an oxidized Ag phase under
reaction conditions.21,58 For the scope of this study, the p(4 ×
4)-O-Ag(111) partially oxidized surface was chosen as the
model catalyst to represent a partially oxidized Ag catalyst due to
its stability and relatively ordered structure with a Ag2O
stoichiometry.
The OMC-based mechanism12 was first studied on the p(4 ×

4)-O-Ag(111) surface using DFT calculations. The results show
that, following an initial activation of the ethylene double bond
via adsorption onto a Agδ+ site5,59−61 (charge analysis included
in Table S.6), C2H4* then reacts with an O atom that is part of
the unmodified p(4 × 4)-O-Ag(111) surface to form the OMC
intermediate, which then forms either EO or AA. In agreement
with previously reported studies,25,30,62 multiple pathways of
forming either EO or AA were considered depending on slight
configurational changes in the transition state and/or the

adsorbed product state. Among them, the most energetically
favorable ones for EO and AA are shown in Figure 3. There is a
mismatch between the expected ∼50% EO selectivity for
unpromoted Ag catalysts3,8,63−65 and apparent activation energy
(EA) difference obtained from DFT (0.38 eV), which clearly
favors the total combustion pathway. It is likely that a common-
intermediate mechanism, while relevant, does not comprehen-
sively capture the key portions of the EO reaction system. An
extended set of reactions may be necessary to represent the
mechanism on a partially oxidized surface.

Beyond the First Oxidation. One key difference between
the metallic and oxide surfaces of Ag is the generation of oxygen
vacancies. On a metallic Ag surface, the oxidant is an adsorbed
oxygen. On the oxide surface, the oxygen atom that is part of the
oxidized surface can react with ethylene, in which case an oxygen
vacancy is created after the initial OMC-like mechanism (Figure
S.9).
Borrowing the nomenclature used in the model by

Stegelmann et al.,17 the naming convention O/O* will
henceforth be used to describe the oxygen atoms that are part
of the unmodified p(4 × 4)-O-Ag(111) surface, and thus, /O*
will be used to represent the oxygen vacancy site. Other
adsorbate nomenclature follows similar logic, e.g., O2/O*
represents a dioxygen molecule adsorbed at an oxygen vacancy
site.
The creation of a vacancy site, /O*, opens up new reaction

steps not relevant to the metallic surface. Notably, the O2(g)
molecules can adsorb into the oxygen vacancy, forming an O2/
O* species. There are ongoing discussions on similar dioxygen
species under different names like “hybrid dioxygen”, or simply,
a dioxygen occupying the vacancy that was previously occupied
by an atomic oxygen.28,66−69 Studies that looked into lower-
symmetry representations of the silver oxide phase similarly
identified the adsorbed dioxygen species as occupying an

Figure 4. 2D potential energy diagram along the reaction coordinate of a direct partial oxidation mechanism. All of the states are presented relative to
the initial state, and the reported EA values correspond to their adjacent double-sided arrows. Atomic representations of the different intermediates are
included (from left to right): reactant gases (rxt(g)), top view of O2/O*, top view of O/Ag6, and the regenerated p(4 × 4)-O-Ag(111) surface with the
EO product.
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“oxygen vacancy” typically with vibrational mode frequencies at
around 750−800 cm−1 as opposed to surface-adsorbed O2
vibrating at the 1050−1100 cm−1 range.28,70,71 Our previous
study21 additionally reported that slight rotational configuration
changes of theO−Obond axis relative to the surface could result
in DFT energy differences upwards of 70 kJ/mol and vibrational
frequency shifts upwards of 200 cm−1. In consideration of these
differences and for the sake of consistency, mentions of the O2/
O* species in this study will henceforth refer to one in which the
O−O bond axis is parallel to the surface (Figure S.10) as it is the
most stable out of the pool of sampled configurations. Our DFT
calculations additionally observed that the transitions between
the different rotational configurations are unactivated, and thus,
thermodynamics will drive the different configurations toward
the most stable parallel configuration. The parallel configuration
also exhibits a vibrational frequency most closely associated with
the active oxygen species in previous Raman spectroscopy
studies of the reaction system.21

As illustrated in Figure 4, once the O2/O* species is formed, it
can dissociate to regenerate the initial O/O* site while
depositing an O atom at the adjacent 3-fold Ag site (O/Ag6),
which could then react with C2H4 to form EO (labeled as “Ag6
EO” pathway), or a gaseous C2H4 molecule can physisorb onto
the O2/O* species and react with one of its O atoms in a partial
oxidation step without the need to form OMC (labeled as the
“EO Phys” pathway for the way the reactant C2H4 directly
physisorbs onto the reacting oxygen); either outcome results in
the regeneration of the initial p(4 × 4)-O-Ag(111) surface,
completing the catalytic cycle. As the apparent barriers for these
two partial oxidation steps are similar in magnitude, both
reactions are included in the MKM in this study. To reiterate,
the p(4 × 4)-O-Ag(111) is chosen as a model catalyst to
conceptually assess the general reaction mechanism of ethylene
epoxidation on partially oxidized Ag surfaces. This model was
also chosen as it features multiple oxygen-based species that can
react as the oxidant for ethylene: molecular adsorbate (O2*),
atomic adsorbate (O*), atomic oxygen below the top Ag layer

(O/O*), and molecular oxygen below the top Ag layer (O2/
O*). In reality, a mixture of oxidized Ag phases and oxygen
species can exist under the oxidizing epoxidation condi-
tions,27,28,57,72−75 and the observed experimental kinetics will
be the compound effects of these mixed conditions, even among
similar types of oxygen species, but the p(4 × 4)-O-Ag(111)
model is utilized here as a general representation. Furthermore,
in this representation, the /O* free site serves a key role in
maintaining the site economy between the different oxygen
species, as well as a key precursor to the active O2/O* species.
The details of C2H4 oxidation via physisorption onto a singlet
oxygen are discussed in Section S6, and a discussion on the
different total combustion pathways considered is included in
Section S7.

Parameter Optimization of an Extended MKM. The
new pathways for ethylene oxidation identified using DFT were
added to the existing OMC-based model to form the extended
reaction network. Additional steps explored via DFT are added
to the Stegelmannmodel as additional pathways shaded in red in
Figure 5 (Right), and the steps highlighted in blue now explicitly
represent reactions on a p(4 × 4)-O-Ag(111) surface. As
illustrated in Figure 5 (Left), this extended model features three
main pathways for producing EO, with an alternate path for the
Ag6 pathway depending on the source of oxygen:

• OMC-based Pathway: r3 r4 r6 r5
• Vacancy-based Pathway: r18 r19
• Ag6 Pathway: r18 r22 r16 r17
• Ag6 Pathway-Alt: r1 r2 r16 r17
The critical difference here is that, with the modification in

nomenclature, the kinetic parameters of each step need to be
redefined accordingly, except for existing steps occurring on the
metallic-like portions of the surface. In other words, the steps in
blue have their parameters updated using the DFT data for the
equivalent reactions on a p(4 × 4)-O-Ag(111) surface, while the
adsorption and combustion steps in gray remain unaltered. For
the remaining steps in red, the kinetic parameters are derived
from additional DFT calculations. Subsequently, a parameter

Figure 5. Left: Schematic illustration of the extended reaction network, showing the three oxidation pathways in red, orange, and gray. Right: An
extended reaction network was used for the selective oxidation of ethylene. Steps shaded in gray are taken verbatim from the referenced MKM by
Stegelmann et al.,17 the steps shaded in blue have their representation altered with the new usage of the O/O* nomenclature, and steps shaded in red
are added after DFT exploration.
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reoptimization procedure (Section S2) was carried out on the
kinetic parameters to minimize the model-predicted TOF
RMSE. With the DFT-derived kinetic parameters as a starting
point, additional rounds of multistart optimization procedures
were performed, resulting in an ensemble of models. To
maintain relevance to the initial guess of the kinetic parameters,
energetic deviations during the parameter optimization steps are
maintained to not exceed ±35 kJ/mol, with an overall average in
deviation across all parameters of ±15 kJ/mol. Details on the
DFT-derived MKM steps are included in Section S8.
Additionally, the binding energy (BE) of molecular O2 on a

metallic Ag site is a key point of discussion. Various BE values
have been reported,9,24,76 ranging from DFT-based values of
∼0.15 eV for O2*/Ag(111) (uncorrected for the typical 0.3−0.4
eVO2(g) DFT errors), followed by stronger adsorption onmore
open facets and/or with higher coverage of subsurface oxygen
(Osub), up to ∼1.1 eV for O2 adsorption on Ag(111) with 1 ML
coverage of Osub. The Stegelmann model uses a BE value of 44.5
kJ/mol, close to the experimental value of 38.5 kJ/mol reported
by Campbell, both of which assumed a metallic Ag(111) facet to
represent the surface. In this case, however, since a more
oxidized surface representation is considered, a higher BE value
is expected. For the sake of completeness, three different initial
guesses for the BE values were used (40, 70, and 100 kJ/mol),
which encompass the full range of reported values when
considering the ±35 kJ/mol allowed deviation bounds. Over the
series of initial optimization rounds, it was found that the model
was able to reproduce the experimental data when the O2(g) BE
is set to 83.9 kJ/mol, which corresponds to the DFT values of
O2*/Ag(111) adsorption with anOsub coverage between 0.5 and
1.0 ML24 (accounting for the typical 0.3−04 eV O2(g) DFT
errors).

Filtering Physically Meaningful Solutions. The param-
eter optimization procedure generates a pool of solutions with
the main goal of minimizing TOF RMSE, independent of any
other nuances in chemical kinetics. Therefore, some solutions
achieve very low RMSE values but are not necessarily physically
meaningful. To address this, postoptimization solutions are
filtered based on the following criteria:

• All reaction orders of both reactants w.r.t. both products
are positive.

• Apparent activation energy values must be between 50
and 150 kJ/mol.

• Apparent activation energy values of both main products
must be within 25 kJ/mol of each other.

The statistics of the reduced pool of solutions that passed the
above filtering process are summarized in Section S5. Note that,
in future uses of the model, especially when extended to
promoted catalyst training data, the criteria of the filtering
process can be adjusted accordingly. Additionally, two general
types of solutions exist for the models when the reaction is
performed at the following conditions: T = 467.95 K, PC H2 4

=
0.25 atm, PO2

= 0.07 atm, PCO2
= 0.02 atm. These are as follows:

• Type I: Solutions in which there is a large coverage of the
surface by species unobserved in spectroscopic studies.
While these types of solutions were able to reproduce
experimental TOF within 5% of the experimental data,
they also exhibit unexpectedly large coverages (θ ≥ 0.1
ML) of intermediates like vinyl alcohol, acetaldehyde,
OH*, and CO2*, as well as the kinetic significance ( RC ≥
0.1) of corresponding steps.

Figure 6. Reaction flux diagram showing the main EO generation pathways. The thickness of the arrows indicates the magnitude of fluxes, and gray
arrows indicate fluxes that are at least two orders of magnitude smaller than the rest. Pastel red rectangles indicate gaseous species. Pastel orange
rectangles indicate surface intermediates. The pastel green diamond represents an OMC common intermediate. Steps related to the combustion
pathways are not included.
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• Type II: Solutions in which the direct EO formation via
the singlet oxygen (r19) is the most rate-controlling at
nominal conditions, conversely showing kinetically
insignificant steady-state coverages (θ ≤ 0.05 ML) of
vinyl alcohol, acetaldehyde, other unexpected intermedi-
ates, and higher steady-state coverages of oxygen-based
species (O*, O2*, /O*, O/O*, and O2/O*).

Between the two, solution Type I tends to exhibit lower TOF
RMSE values, but vinyl alcohol coverage is generally unexpected
under experimental reaction conditions. The higher coverage is
attributed mainly to how the combustion step r12 is defined,
requiring the simultaneous presence of five distinct instances of
O*, which then translates to a probabilistic hurdle in the
Arrhenius expression. On the other hand, solution Type II,
while exhibiting higher TOF RMSE values, makes more physical
sense, at least in terms of the expected steady-state coverages.
Despite the distinction, most of the qualitative trends are
maintained across the solution types. The flux of reactant going
through the OMC formation pathway (r4) preferentially leads
to total combustion products (by several orders of magnitude
relative to the production of EO from the OMC), and this
reaction serves a key role in maintaining the economy of the
vacancy sites/O*. In all of the solutions, the flux-carrying
pathways toward EO formation are the direct formation via the
singlet oxygen/vacancy-based pathway (r19) and the Ag6
pathway (r16), both of which are dependent on the O2/O*
species. In the scope of this study, the parameter optimization
procedure is mainly used as a tool to perform a wide search of
similar solutions. The detailed analysis of the MKMwill be done
by focusing on the best-performing individual solution under
Type II.

Analysis of the Best-Performing Individual Model.
Overall Fits: TOF, Activation Barrier, and Reaction Orders.
Figure 7 shows how the best-performing Type II model out of
the aforementioned solution pool reproduces the experimental
data across a range of experimental conditions. For reference,
the reaction flux diagrams of the main EO-producing pathways
are included in Figure 6. Following the convention in Table S.5,
the experimental data can largely be divided into three subsets,
where the varied conditions for each subset are the reaction
temperature, oxygen partial pressure (PO2

), and ethylene partial
pressure (PC H2 4

), respectively. Figure 7 shows that theMKMwas
able to capture the similar apparent barriers between the two
products and reproduce the TOF values, on average, within 20%

of the experimental data. Figure 7 (Left) shows a better
reproduction of the TOF at higher temperatures compared with
particularly the three data points at lower temperatures. The
dependence of activation barrier heights on the reaction
temperature is expected, and more importantly, the 10−20 kJ/
mol difference in EA value for a 25 °C gap between the minimum
andmaximum temperatures in the training data set is in line with
the values reported in the literature.17 In the context of
parameter optimization, the objective of simply minimizing
TOF RMSE tends to manifest in earlier/coarser optimization
batches, achieving better model fits for the temperature variation
data but poorer fits for the data with varied PO2

/PC H2 4
, or vice

versa. This solution bifurcation is expected as all of the reactant
pressure variation data (corresponding to Figure 7 (Middle and
Right)) were taken at a fixed temperature value of 468.15 K,
while the temperature variation data (Figure 7 (Left)) were
taken at a fixed inlet pressure ratio.

Oxidic Surface Ratio, EO Selectivity, and Degree of Rate
Control. Beyond the reproduction of TOF values and metrics
such as reaction orders, theMKM allows us a closer look into the
model-predicted nature of the surface. Figure 8 highlights how
two metrics change due to variations in reaction temperature
and PO2

/PC H2 4
ratio in the feed. SEO is well understood as the

selectivity toward the EO product, while “oxidized ratio” here is
the ratio between the sum of oxygen species whose coverages are
predicated on the existing coverage of the p(4 × 4)-O-Ag(111)
phase, and the sum of oxygen species that can exist readily on
either themetallic surface or themetallic portion of the p(4× 4)-
O-Ag(111) phase.

Ox. Ratio
O/O O /O

O O

2

2

=
+
+

* *

* * (4)

The oxidized ratio provides a measure of how much of the
catalyst surface is in the p(4 × 4)-O-Ag(111) phase under
reaction conditions, where higher values signify a larger
proportion of the partially oxidized phase. Figure 8 (Left)
shows that in an unchanging feed composition, an increase in
reaction temperature corresponds to a quicker consumption of
the O2/O* species via r19 and r22 r16, leading to its lower
steady-state coverage, accompanied by an increase in SEO. On
the one hand, Figure 8 (Middle) points to an intuitive result,
where increasing the oxygen chemical potential in the system via
PO2

leads directly to an increase in the steady-state coverage of
the oxide phase. On the other hand, this increase is coupled with
a slight decrease in SEO. The increase in oxygen chemical
potential should also increase the accessibility toward the
“metallic” oxygen-based species, which are more closely
associated with the total combustion pathways (r8, r10−r13).
The increase in the oxidized ratio suggests that species like O*
are more readily consumed relative to O/O* andO2/O*. Lastly,
a relatively mild trend is seen in Figure 8 (Right) as the increase
in PC H2 4

did not confer a direct effect on the oxygen chemical
potential. Figure S.13 shows a different view of Figure 8, where
instead of the oxidized ratio, the total sum of the oxygen species
is plotted.

Tot. Ox. /O O/O O /O O O2 2
= + + + +* * * * * (5)

Figure S.13 (Left) further supports the temperature-based
trends, where the O2/O* species initially covering the surface is
gradually depopulated with the increase in reaction rates at
higher temperatures, leaving the oxygen vacancy to populate

Figure 7. All three subplots share the same y-axis. Left: Arrhenius plot
of EO and CO2 formation using the extended MKM at the following
conditions: T = 443.18−467.95 K, PC H2 4

= 0.25 atm, PO2
= 0.07 atm,

PCO2
= 0.02 atm.Middle: ln(TOF) of EO and CO2 as a function of O2

partial pressure at the following conditions: T = 468 K, PC H2 4
= 0.13

atm, PO2
= 0.07−0.27 atm, PCO2

= 0.02 atm. Right: ln(TOF) of EO and
CO2 as a function of C2H4 partial pressure at the following conditions:
T = 468 K, PC H2 4

= 0.13−0.35 atm, PO2
= 0.07 atm, PCO2

= 0.02 atm.
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most of the surface. A similar trend was observed in our previous
spectroscopic studies,21,33 where an increase in reaction
temperature past ∼400 K was accompanied by a decrease in
the ∼800 cm−1 Raman band corresponding to O2/O* and an
increase in the ∼300 cm−1 band corresponding to the atomic
oxygen part of the p(4 × 4)-O-Ag(111) phase in general. Figure
S.13 (Middle) also corroborates the observation in Figure 8
(Middle). An increase in the oxygen chemical potential
manifests a direct effect on the equilibrium between the
steady-state coverages of O2/O* and /O*. The same increase
in potential is counterintuitively reflected in the static coverage
trends of the “metallic” oxygen species, suggesting the faster
consumption of O* via combustion pathways, therefore leading
to a decrease in SEO. Finally, the mild effect of PC H2 4

in Figure
S.13 (Right) similarly results in the mild trends in Figure 8
(Right).
Furthermore, consistent with recent discussions on the active

oxygen species,33,58 the model identifies O2/O* as the active
oxygen species, maintaining a low steady-state coverage at high
enough temperatures as it is being quickly consumed upon
generation. As mentioned, across the range of experimental
conditions, the reactant flux toward the production of EO is
carried by pathways dependent on O2/O*: the vacancy-based
pathway (r19) and the Ag6 pathway (r16) via O2/O*
dissociation (r22).

Controlling Pathways at Different Regimes. In line with the
coverage trends in Figure S.13, Figure 9 (Left) shows that at

lower temperatures, r19 is the most rate-controlling step as the
surface is still covered primarily by O2/O*. As the increasing
temperatures increase the reaction rates, r19 becomes less rate-
controlling, and the primary flux-carrying pathway for EO
production gradually shifts toward r16 instead. At sufficiently
high temperatures, the production of OMC (r4) becomes the
most rate-controlling step in an inhibiting manner.
An important observation here is the relationship between the

degrees of rate control of the OMC formation step (r4) and the
Ag6 pathway (r16). An increase in one is accompanied by the
corresponding increase in the opposite direction of the other.
This coupling is a reflection of the accessibility and site economy
of the two types of “free sites”. The first type of free site comes in
the form of the /O* oxygen vacancy. Gas-phase adsorption steps
into the vacancy (r5, r18) are equilibrated, and utilization of this
site type is unhindered by the occupation of neighboring sites, as
r19 only requires an O2/O* species, with the C2H4 reactant
adsorbing directly onto theO2/O* as wasmodeled byDFT. The
second type of free site is the “free site” in the conventional sense
(*). With reactions directly interacting with this free site (r1−
r3) being equilibrated, accessibility to * is represented, in a
mean-field sense, by the coverage of O* and O2* species on the
surface. At increasing temperatures, the decreasing coverage of
O* and O2* imparts a kinetic strain on reactions requiring the
free site * to proceed. The OMC formation (r4) is particularly
bottlenecked downstream at r21, in which a free site is required
for the AA* intermediate to diffuse away from the oxygen
vacancy /O* and toward the metallic site * for the combustion

Figure 8. Model predicted EO selectivity (SEO) (solid, left axis) and the ratio of oxidized surface (dotted, right axis) as a function of reaction
temperature, PO2

, and PC H2 4
. Left: T = 400−490 K, PC H2 4

= 0.25 atm, PO2
= 0.07 atm, PCO2

= 0.02 atm.Middle: T = 467.95 K, PC H2 4
= 0.25 atm, PO2

=
0.05−0.25 atm, PCO2

= 0.02 atm. Right: T = 467.95 K, PC H2 4
= 0.15−0.35 atm, PO2

= 0.07 atm, PCO2
= 0.02 atm.

Figure 9.Model predicted degrees of rate control (XRC) of the threemain EO-producing pathways as a function of reaction temperature, PO2
, and PC H2 4

. Left: T = 400−490 K, PC H2 4
= 0.25 atm, PO2

= 0.07 atm, PCO2
= 0.02 atm.Middle: T = 467.95 K, PC H2 4

= 0.25 atm, PO2
= 0.05−0.25 atm, PCO2

= 0.02
atm. Right: T = 467.95 K, PC H2 4

= 0.15−0.35 atm, PO2
= 0.07 atm, PCO2

= 0.02 atm.
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steps to proceed. This hurdle is primarily alleviated by r16 and
r17, which cumulatively free up multiple free sites *. In this
sense, the increasing inhibiting rate control of r4 must be
accompanied by the increasing enhancing rate control of r16, by
way of the free site economy. The shift to and from the regimes
where the populations of the two types of free sites impact the
kinetics more significantly are further reflected in Figure 10
(Left).
Figure 10 (Left) shows how the most rate-controlling

reactions change as a function of both reaction temperature
and oxygen partial pressure. A more generalized view of the
trend seen in Figures 9 and S.13 is observed. At low
temperatures with low reactivities, the surface is populated by
O2/O*, and increasing the overall EO TOF hinges upon
clearing the catalyst surface of the most abundant species, which
is primarily done via r19. This limitation persists for most of the
lower reaction temperatures of ≤450 K. T = 460−470 K
represents the transition region, where the competition between
the three main controlling pathways (r4, r16, r19) is close
enough for the most controlling step to be dependent on the
oxygen partial pressure, as seen in Figure 9 (Left). At T≥ 480 K,
the low coverage of O2/O* is accompanied by a shift in kinetic
control away from r19 and toward r4. While theOMC formation
is most negatively controlling, the degree of rate control of r16
remains high in this regime due to the previously discussed site
balance.

Global Sensitivity Analysis (GSA). The degree of rate control
provides a local interpretation of the sensitivity of the TOF with
respect to a particular kinetic parameter, i.e., under the
assumption that other parameters are static. A variance-based
sensitivity analysis can provide a more generally applicable view
of how the variance of a particular parameter contributes to the
total variance in the output variable. The details of the approach
are covered in Section S9. For each parameter perturbation
range, 20 000 data points were generated, and the perturbation
in each of which was sampled from a uniform random
distribution within the set perturbation ranges. For each data
set, about 1−3% of the data set encountered convergence or
thermodynamic consistency issues, and these data points were
discarded.
As seen in Figure 10 (Right), at small perturbations (±0.5 kJ/

mol) around the nominal point, the most sensitive parameters
are qualitatively comparable to the local picture; r19 is most rate-

controlling, and O* is involved either directly with reactions on
the metallic phase or indirectly as a reactant for the oxidic
reconstruction of the surface. r22 is particularly interesting,
being identified as a kinetically important step. r22 represents
the dissociation of O2/O*, which can be understood as the
interconversion between the two types of free sites.
Extending the perturbation range up to ±5 kJ/mol around the

nominal point reveals that the sensitivity of r19 persists only
within a local range of parameter perturbation, whereas O*, as
the main reactant, remains important at larger perturbation
ranges as well. Moving toward a larger span of the considered
parameter space, more distinct parameters are identified as being
important, instead of only a handful of important ones (as with
the ±0.5 kJ/mol data set). At larger perturbations, all of the
oxygen species other than O2* are identified as being important,
as well as both main reactants, represented by O* and C2H4*.
Interestingly, the OMC formation r4 is important over a larger
range of parameters relative to the two EO flux-carrying
pathways r16 and r19. This is a reflection of the different kinds of
possible solution types due to the multiple possible pathways for
EO generation considered in the model. Some solutions can
involve only the Ag6 pathway (r16), only the vacancy pathway
(r19), or a combination of both. On the other hand, the OMC
formation (r4) remains important in a more general sense due to
its necessity in maintaining the active site economy.
In the context of systematic catalyst design, in a more general

sense, the effectiveness of a possible catalyst promoter or
promoter combinations can be assessed via their effect on the
stability of O*, /O*, O/O*, O2/O*, and C2H4*, as well as how
the promoter affects the formation of the OMC intermediate.

■ CONCLUSION
Following the translation of the known ethylene oxidation
mechanism to the partially oxidized Ag surface, a DFT-based
exploration of feasible reaction pathways was performed, from
which an extended microkinetic model was created. Parameter
optimization was performed to ensure that the extended model
remains relevant and is able to reproduce experimental
observables (EA, TOF, and reaction orders). The model
predicted that not only does the catalyst surface contain a
mixed coverage of metallic and oxidized Ag regions but also
these coverages change with the change in reaction temperatures

Figure 10. Left: Phase diagram showing which reaction step is themost rate-controlling (based on absolute degree of rate control values). This data set
simulates the following conditions:T = 400−500 K, PC H2 4

= 0.25 atm, PO2
= 0.05−0.25 atm, PCO2

= 0.02 atm. Total pressure balanced with inert gas to 1
atm. Regions with hatched overlay represent conditions where the most rate-controlling step is controlled via inhibition. Right: Total-order Sobol
indices of the nine most globally sensitive parameters at three different ranges of parameter perturbation/variance.
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and reactant partial pressures. Said changes in the oxidized
extent of the surface are also correlated with changes in reaction
kinetics, the most notable being higher temperatures shifting the
kinetic choke point away from the direct ethylene oxidation by
O2/O* and toward the site balance interplay between the
formation of the OMC intermediate and ethylene oxidation via
O/Ag6. While the oxidation of ethylene via O2/O* controls the
reaction rate, especially at lower temperatures, within a broader
range of the design space of the system, the EO TOF was found
to be more sensitive to the formation of the OMC intermediate
as well as the binding strength of the different oxygen-based
species and the adsorbed ethylene intermediate. In line with our
previous Raman study,33 the extended MKM identified the O2/
O* species as the most active species for EO production, here,
maintaining high fluxes through r16 and r19.
It is important to reiterate that the p(4 × 4)-O-Ag(111)

reconstruction is chosen as a model catalyst for its relatively
ordered nature, stability, the Ag2O stoichiometry for the top
atomic layer, and because it allows for the stable formation of
oxygen vacancies along with its associated atomic and diatomic
oxygen species both on the adsorbate layer and below the
topmost Ag layer. In the fluctuating conditions of the oxidation
reaction, and in consideration of the many other similarly stable
reconstructions of the Ag catalyst, it is likely that the oxidic
coverage of the Ag catalyst is composed of many slightly
different configurations of partially oxidized Ag. However, the
focus of this study is on the kinetic and mechanistic role of a
diatomic oxygen intermediate that occupies a site previously
occupied by an atomic “lattice” oxygen, i.e., an oxygen vacancy.
This dioxygen species in the vacancy site was previously
reported as the active species in ethylene oxidation and has been
reported in other oxidic reconstructions/oxidized forms of the
Ag catalyst as well. It should be noted that this type of dioxygen
species is distinct from the surface-level dioxygen adsorbate O2*,
which was the center point of the discussions in the ethylene
oxidation literature from decades past.
Although notions of a nonmetallic catalyst surface and hybrid

oxygen species have been in discussions, especially in the past
few years of ethylene oxidation literature, the current DFT−
MKM study would like to encourage a shift in the collective
mechanistic understanding of the reaction system. With this
extended reaction network as a foundation, investigations,
particularly regarding promoter effects, can be performed at a
higher mechanistic resolution.
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