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Ethylene epoxidation is one of the most critical industrial reactions. Although there have been many studies
on the reaction, the details of the reaction kinetics remain elusive. In this work, an extensive microkinetic
modelling based on DFT calculations was conducted to study ethylene epoxidation on Ag(111). Coverage-
dependent and coverage-independent microkinetic modellings were performed with rigorous energetics
calculated on adsorption and transition states. The detailed comparisons between the two modellings
show that the coverage-independent modellings are inadequate even though the coverage is very low at
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the steady state. It is also found that the activity and selectivity trends from the coverage-dependent
modelling are consistent with the experimental values under the experimental conditions. A comprehensive
kinetic analysis under industrial conditions was conducted based on the coverage-dependent modelling,
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which shows that increasing the temperature and pressure can effectively enhance the activity and
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1. Introduction

Ethylene epoxidation is an essential part of the ethylene
industry: ethylene epoxide (EO) is the precursor of many
complex chemicals, including plastics, detergents, and
bactericides. With the development of global economy, the
demand for ethylene epoxide is increasing sharply. Therefore,
how to increase the yield of ethylene epoxide has always been
an enduring hot topic in the industry. Selective ethylene
oxidation based on silver catalysts is the primary approach of
industrial production of ethylene epoxide, which has been an
important research field experimentally and theoretically.'”
One of the most concerning issues is improving the activity
and selectivity, and some good progress has been made.*** For
example, some studies have utilized dopants to increase the EO
selectivity from 40% to more than 70%.>'*™” Since the catalytic
activity and selectivity are primarily affected by the state of the
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original crystal facet, it is still highly desirable to study the
reaction details on pure metal surfaces as a benchmark.

The most stable silver catalyst Ag(111) has
extensively studied theoretically and experimentally.
The mechanism of ethylene epoxidation on the
unpromoted Ag(111) surface is relatively straightforward.
Firstly, oxygen is adsorbed on the silver surface and
dissociated into oxygen atoms. In the past two decades,
several research groups have proposed the idea of an
initial reaction between ethylene and oxygen atoms to
form an oxametallacycle (OME) intermediate.'®**>>7
Subsequently, two parallel reactions occur from the OME
intermediates to  generate ethylene epoxide and
acetaldehyde (AA), respectively, which are the selectivity-
determining steps in the ethylene oxidation reaction.*®
Some experiments and theoretical calculations showed that
the reaction barriers of EO and AA are almost the same,
which indicates that the EO selectivity may be about 50%
on the unpromoted Ag(111) surface.'®?*?° Although both
parallel reactions are exothermic, it is evident that the EO
path is thermally disadvantaged.**® Therefore, improving
the EO selectivity needs to consider both thermodynamics
and kinetics. However, since the coverage effect was not
considered and the activation Gibbs free energies of EO
and AA under industrial conditions (ie., high temperature
and high pressure) were yet unresolved, the debate on the
activity and selectivity still exists in previous theoretical
studies.
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The coverage effect is one of the critical factors affecting
surface reactions. There is often a considerable difference
between simulated results that do not consider the coverage
effect and experimental values.>*™*° Reaction kinetics is an
essential part of studying the reaction mechanism in various
catalytic processes.*'** Therefore, incorporating the coverage
effects when studying surface reactions is an indispensable
step in computational kinetic simulations and implementing
the coverage-dependent kinetic model is necessary to obtain
accurate Kkinetic results. Our group has developed more
realistic heterogeneous microkinetic simulation models with
coverage effects for several systems, such as selective
acetylene hydrogenation and nitric oxide oxidation on
Pd(111), and with the coverage effect, the simulated activity
and selectivity were in good agreement with the experimental
values.*®*%° 1t is expected that the coverages of Ag catalysts
during the ethylene epoxide process are very low due to the
fact that the Ag catalysts are generally inert to adsorbates and
the temperatures under industrial conditions are also high.
Hence, it is not clear whether the coverage effect is still of
importance to the accuracy of kinetic simulations.

In previous studies, several simple microkinetic models
were discussed for ethylene epoxidation.””***”*® However,
there is still a gap when comparing the simulated results to
the experimental values, especially lacking simulation data
under industrial conditions. Therefore, it is desirable to
systematically perform the quantitative microkinetic study of
ethylene epoxidation under industrial conditions with the
coverage effects. In this work, the Ag(111) surface was utilized
to study the kinetic process of ethylene epoxidation with the
coverage effect. Quantitative comparisons between coverage-
dependent and coverage-independent microkinetic results
and experimental values were carried out. Our results of
coverage-dependent microkinetic modelling are in good
agreement with the experimental values. The effect of
adsorbed oxygen on the reaction kinetics under different
industrial conditions was systematically studied. There are
two reactant feeding approaches (i.e., the oxygen-rich and
ethylene-rich) in the EO industrial production, corresponding
to the ratios of oxygen partial pressure to ethylene partial
pressure (po /prg) being 3:1 (oxygen-rich) and 1:2 (ethylene-
rich), respectively.*” Thus, the po /pe range from 3:1 to 1:3
was used in our work, which is sufficient to cover the
industrial reaction conditions. Our results provide some
significant insights into the industrial EO production
process.

2. Computational method

2.1 Energy calculations

All DFT calculations in this work utilize the VASP package®*
with the generalized gradient approximation (GGA) based on
the Perdew-Burke-Ernzerhof (PBE) functional.>® PBE is the
most utilized functional for studying catalytic reactions on
metal surfaces. Valence electrons were simulated utilizing
projector-augmented-wave (PAW) pseudopotentials,®>*® with
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a cutoff energy of 400 eV. The determination of the transition
state utilized the constrained minimization method based on
the quasi-Newton algorithm.>*™” The Ag(111) bulk
simulation utilized a p(3 x 3) supercell with 2 x 2 x 1
Monkhorst-Pack k-point mesh sampling.’® The vacuum layer
was set as 12 A for all the simulations. The required
structural optimization accuracy was reached when the forces
on the relaxed atoms were less than 0.05 eV A™. The DFT-D3
approximation method was utilized to correct van der Waals
(vdW) interactions.”® All the energy utilized were free
energies, which were obtained from total energies with
thermodynamic corrections. All the gas-phase molecules were
optimized in a 10 A x 10 A x 10 A box with the
thermodynamic correction calculated by Gaussian 09 (ref. 60)
based on the B3LYP functional utilizing ideal gas
approximation.®"®*

2.2 Microkinetic models

Ethylene epoxidation on the Ag(111) surface utilizing
microkinetic modeling optimized by the coverage effects was
systematically studied. Nine elementary steps were utilized to
describe the overall process of ethylene epoxidation, as
shown in Table 1. In Table 1, r; represents the reaction rate
of the i-th step, and k; and k_; represent the forward reaction
rate constant and the reverse reaction rate constant. Since
the Langmuir-Hinshelwood and Eley-Rideal mechanisms in
ethylene epoxidation are still controversial and no unified
results have been obtained,*®® the model in this work
includes both mechanisms. The parallel pathways of EO and
AA formation (i.e., OME* — EO* and OME* — AA*) are
defined as the selective competition steps. The transition
state theory was utilized to obtain the reaction rate constant,

*AG?

r & e T
; = kgT —— 1
1 B h ( )
In the equation, 4 is Planck’'s constant, kg is the Boltzmann
constant, AG} is the standard Gibbs energy of activation
barrier between transition state and ground state, and T is

the temperature.

There are nine active sites on the surface of p(3 x 3)

Ag(111), which are occupied by adsorbates entirely defined as

Table 1 Elementary steps and reaction rate equations of ethylene
epoxidation (* is a surface active site)

Elementary step Rate equations

EO* — EO(g) + *
AA* — AA(g) +*

7y = kgOpo — k-gProl+
To = koOan — k_oPanOx

1 0,(g) + 2% — OF* 11 = k1Po,0% ~ k100,

2 CoHy(g) + * — CoH} I3 = koPo,u, 0% = k200 m,

3 Oo3* — 20% 73 = k3lo, — k300

4 C,H¥ + O* «— OME* + * 74 = kaOc,n,00 — k-sOome0=
5 C,H,(g) + O* — OME* 75 = ksPo,u,00 — k-sOome
6 OME* «— EO* 76 = ksOome ~ k-60r0

7 OME* — AA* 7 = krOome — k-rOan

8

9
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100% coverage, that is, one monolayer (1 ML). Except for
adsorbed oxygen molecules occupying two active sites, all
other surface species occupy only one active site. Therefore, if
one adsorbed oxygen atom is present on the surface, the
coverage is 0.11 ML, that is, the coverage at which the
energetics were obtained in the coverage-independent
modelling defined in this work. The adsorption energies
under different coverages are

Gads(gn) = Gn - Gn—l - Ggas (2)

where G, is the total free energy of n adsorbents, including
target adsorbents and environmental species on the surface,
and G, is the total free energy of n — 1 environmental
species on the surface. Targeted adsorbates are species
affected by coverage effects, such as O atoms, OME
intermediates, and transition states. The environmental
species are adsorbed oxygen atoms.

In order to study the relationship between surface
structure and adsorption energy under different coverage
conditions as well as an in-depth understanding of the
ethylene epoxidation reaction mechanism with coverage
effects, an optimized two-line model was utilized in this
work.?”#8677%% The two curves describing the interaction
between environmental adsorbates and target adsorbates
could be written as

J

Graas(0) =D (anign <)) + > (bhigh ng) 0206
J

J

9,
Gi?a“as<e>=Z(alowx®)+;(blow*é) o<t G

where i, 0, and 6, are target species i, total coverage, and
the coverage of environmental species j, respectively. o
(slope) and by, (intercept) are utilized to represent the
linear characteristics under low coverages; meanwhile,
Gnigh and bpien, were used in the high coverage region. 6
represents the coverage point that distinguishes between
low coverage areas and high coverage areas.
Mathematically, a is the slope of curves, which represents
the effect of changes in the coverage of environmental
species on the adsorption energy of the surface target
species.

Turnover frequency (TOF) is a commonly used
measurement of the catalytic activity and hence can
represent the intrinsic activity of the catalyst. A self-
consistent iterative method is applied to calculate the TOF
values (see Fig. 1) under industrial and experimental
conditions. The microkinetic modeling software utilized for
data analysis is CATKINAS.”®”® The coverage of species and
kinetic data of reactions at the steady state is achieved
when the coverage converges. The convergence value X set
during the convergence process of the microkinetic
modeling is small enough (X <0.001) to make the result
reliable.

This journal is © The Royal Society of Chemistry 2023
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Read the initial data (including the
convergence value X) and estimate a
coverage 6;.

e
r

Systematically calculate the
elementary reaction kinetics, energy
barrier, and energy under 6,,.

Choose a new coverage 6, and
perform the next iteration.

Obtain the novel coverage 6, 4

calculated in this iteration.

False

|Onew =6 <X

True

End the iterative calculation and
output the result.

Fig. 1 Flow chart of the self-consistent process of coverage-
dependent microkinetic modeling.

3. Results and discussion

3.1 Traditional ethylene epoxidation mechanism on the
Ag(111) surface

On the unpromoted Ag(111) surface, the ethylene epoxidation
mechanism consists of nine elementary steps, as shown in
Fig. 2(a): firstly, oxygen molecules and ethylene molecules
adsorb on the (reactions (1) and (2),
respectively). Then, the adsorbed oxygen molecules dissociate
into oxygen atoms through transition state TSOO (reaction
(3)). Both the Langmuir-Hinshelwood (reaction (4)) and Eley—
Rideal (reaction (5)) pathways to the oxametallacycle (OME)
intermediates are considered through transition state 1 (TS1).
Subsequently, the OME intermediate decomposes to produce
EO through TSEO (reaction (6)) and AA through TSAA
(reaction (7)) in parallel, which determines the selectivity of
the catalyst. Finally, the adsorbed EO and AA desorb
(reactions (8) and (9), respectively) into the gas phase.

The structures of all the species involved in the
epoxidation are shown in Fig. 2(b) and S1.f The oxygen atom
adsorbs on the fce site instead of the hep site because of the
stronger adsorption energy on the fcc site, which is
consistent with the experimental result.**”* The adsorption
energy of oxygen molecules is very small. However, the
activation energy of O, dissociation to form adsorbed oxygen
atoms is distinctly sizeable. This has a considerable impact
on the ethylene epoxidation, which will be discussed in detail
in the subsequent microkinetic analysis. The ethylene
adsorption on the Ag(111) surface is weak and easy to desorb,
unlike those on other transition metal surfaces.*®”® The
surface intermediate OME is widely present on transition
metal catalysts."®”®”7  On the Ag(111) surface, the
intermediate is a five-membered ring, as reported by Linic
and Barteau.'®?” The -O-C-C- fragments on the surface form
a spine-like structure, as shown in Fig. 2(b)-3. The structure

silver surface

Catal. Sci. Technol., 2023, 13, 3689-3700 | 3691


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cy01477g

Open Access Article. Published on 09 May 2023. Downloaded on 3/3/2026 7:03:20 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
@G ®®

C,Hy(g)

(a) // koz(g)
v,
@ @ (1) O,(g) + 2* > 0,**

(2) C;Hy(g) + * > G H,*

@ @ @ (3) 0,** > 20* l

o
I J
(8) C,H,* + O* > OME* + \

@O 6®®®

Yoo
(6) OME* > EO* () (& @ @ ®
|

(8) EO* > EO(g) + * (w)

View Article Online

Catalysis Science & Technology

C,Hu(g)

(5) C,H4(g) + O* > OME*

@9 (@9 (7)OME* -> AA*

}-@) (9) AA* > AA(g) + *

Fig. 2 (a) Reaction networks of ethylene epoxidation starting from ethylene and oxygen in the gas phase. (b) The top view of surface species
during the epoxidation. The first column (from 1 to 5): CoHZ, O%*, OME*, TSOO, and TS1. The second column (from 6 to 10): O*, EO*, AA*, TSEO,
and TSAA. Color code: red, oxygen; white, hydrogen; dark grey, carbon; blue, silver, which is adopted throughout the paper.

of OME is stable because its formation is a significantly
exothermic process. The selective competition steps of OME
to generate EO and AA have considerable reaction barriers in
the reaction network. As a result, the selective competition
steps are the crucial steps in determining the reaction
selectivity.

3.2 Coverage-dependent microkinetic modelling

3.2.1 Coverage-dependent chemical adsorption energies.
Previous studies showed that adsorbed ethylene, adsorbed
oxygen molecules, and OME intermediates that exist only for
a short time have little effect on epoxidation.***” The main
surface species that affects the ethylene epoxidation is the
adsorbed oxygen atom. Therefore, the adsorbed oxygen atom
is chosen as the leading environmental species in this work.
The Ag(111) surfaces occupied by different amounts of
adsorbed oxygen atoms were optimized to construct a
coverage-dependent model. Then, all the surface species of
ethylene epoxidation were calculated on the Ag(111) surface
with pre-adsorbed oxygen atoms. Taking the O*/Op, self-
interaction as an example, O* is the adsorbate of an oxygen
atom, and O, represents the environmental oxygen species.
Each oxygen atom in O*/O.,, occupies one active site, and
hence 0.33 ML is one oxygen atom adsorbate and two
environmental species of oxygen atoms adsorbed on the
surface in the unit cell. It is worth mentioning that there are
many feasible structures at each coverage, and all the

3692 | Catal. Sci. Technol., 2023, 13, 3689-3700

possible structures were calculated. The structure with the
lowest energy was selected to determine the differential
chemisorption energy under a specific coverage, as shown in
Fig. 3, because the structure with the lowest energy should
occur most often. In principle, other structures with energies
not far away from the lowest energy should also be
included,”®”® but they are beyond the scope of the current
microkinetic simulations and will be studied in future work.

The structures under different coverages of OME*/Ogpy,
which reflect the interactions between the environmental
species and the adsorbed OME intermediate, are included in
Fig. S2. The curves of adsorption energy changes with the
changes of coverages at 490 K are shown in Fig. 4, and
detailed diagrams at other temperatures are shown in Fig. S7
and S8.f All the adsorption energies utilized were determined
as the formation energies to reduce the simulation errors,
the detail of which is illustrated in ESI{ S5. Fig. 4(a) and (b)
present the self-interactions between the environmental
oxygen atoms and the oxygen atom adsorbate and the
interactions between the environmental oxygen atoms and
the OME intermediate adsorbate, respectively. As the number
of environmental species increases, the adsorption of the
adsorbate becomes weaker, which can be readily understood,
considering the combination of bonding competitions and
surface repulsion effects.®™® With the increase of surface
environmental species, the surface becomes more inert and
resists new adsorption, leading to a moderate decrease in
adsorption strength.

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cy01477g

Open Access Article. Published on 09 May 2023. Downloaded on 3/3/2026 7:03:20 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Catalysis Science & Technology

0*/0,,, 0.78ML
Fig. 3 Structures of O*/Qgp, at the coverages from 0.11 ML to 1.0 ML.

0*/0,,,0.89ML  0*/0,,, 1.00ML

As shown in Fig. 4, the adsorption energy changes
smoothly in the low coverage region, beyond which the
adsorption energy changes more rapidly. It is apparent from
Fig. 4(b) that the differential adsorption energy of OME* is
changed by 0.44 eV from 0.11 ML to 0.33 ML, while from
0.44 ML to 0.67 ML, the differential adsorption energy
changes significantly by 0.84 eV. The slopes of the regression
lines at different temperatures at different coverages are
listed in Table 2. It can be clearly seen from the table that all
the slopes of high coverages are higher than those of low
coverages at all the temperatures, and the trends of
adsorption energy changes are similar. The difference in
adsorption energy changes in the two coverage regions
suggests that the application of the two-line model is
necessary and effective.

(a) 45
o
4.0 |
2
<35 |
5 *
@ 3.0 |
[
w
25 / y=2.738x +1.752
* =2.545x + 1.605
2.0 — . Y :
0 0.2 0.4 0.6 0.8 1

Coverage / ML
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3.2.2 Coverage-dependent transition states. In this section,
we focus on the changes in energies/structures of all the
transition states involved in the ethylene epoxidation on the
Ag(111) surface with the coverage effects. The ethylene
epoxidation on the Ag(111) surface includes four transition
states, namely oxygen dissociation transition state (TSOO),
OME intermediate formation transition state (TS1), EO
formation transition state (TSEO) and AA formation
transition state (TSAA). The slopes of coverage-dependent
transition state energies are listed in Table 3. Each slope
represents the stability change of the transition states on the
surface affected by the surface environmental species as the
coverage changes. In general, the larger the slope is, the
stronger the influence. It can be seen from Table 3 that TSOO
has the highest slope, indicating that TSOO is most affected
by the coverage effect. Another interesting finding is that the
slope for TSEO is larger than that for TSAA in the selective
competition steps, suggesting that the pathway of EO
formation is more affected by the coverage effect. In the EO
formation pathway, the ethylene molecule needs to approach
the surface in such a way that both carbon atoms of the
ethylene molecule need to bind with the surface silver and
oxygen atoms, respectively. In the AA formation pathway, the
ethylene molecule does not need to approach entirely to the
surface; only one carbon atom bonds with the adsorbed
oxygen atom on the surface. Therefore, the comparison of
the two slopes explains why TSEO is more affected by the
coverage effect than TSAA. All the optimized structures at all
the coverages and the corresponding two-line models are
included in the ESI} (see Fig. S3-S6 and S9-512).

The TSOO structures at the coverages of 0.11 ML and 0.89
ML and the TS1 structures at 0.11 ML and 0.67 ML are shown
in Fig. 5(a)-(d), respectively. For TS1, the bond distances of
0-C1 and Ag-C2 change from 2.049 to 2.103 A and 2.514 to
2.438 A, respectively, corresponding to the coverage range of
0.11 ML to 0.67 ML. Meanwhile, the bond distance of O-O
gradually increases from 1.880 A to 1.975 A with the coverage
range of 0.11 ML to 0.89 ML at TSOO. The diagrams show
that the distance between O-O becomes more extended,
while the distance between oxygen atoms and surface silver
atoms becomes shorter at TSOO with the coverage increase.
Compared to the TS1 structure at 0.11 ML, the distance
between O-C1 is longer, but the distance between Ag-C2 is

5.0
(b) OME*/0,,,
47
2
L - 4.4
&
v 4.1 |
o
w
38 r y =3.652x + 2.629
y = 2.000x + 3.207
3.5 . . .
0 0.2 0.4 0.6 0.8

Coverage / ML

Fig. 4 Variations of adsorption free energies with different coverages at 490 K. (a) O*/QOg, (0.11 ML to 1.0 ML) and (b) OME*/QOg, (0.11 ML to 0.67
ML). The red lines represent the linear curves at low coverages, and the blue lines represent the linear curves at high coverages.
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Table 2 List of all the interactions of O*/QOg,, and OME*/Qgy,, from 490 K to 600 K obtained from the two-line model (see Fig. 4)

Slope (eV ML ™)

Slope (eV ML)

O* Low coverage High coverage OME* Low coverage High coverage
490 K 2.545 2.738 490 K 2.000 3.652
500 K 2.523 2.729 500 K 1.977 3.630
520 K 2.523 2.727 520 K 1.955 3.652
540 K 2.568 2.716 540 K 2.023 3.587
600 K 2.523 2.688 600 K 2.023 3.587
shorter in the TS1 structure at 0.67 ML, which means that  microkinetic modellings were performed utilizing the

the ethylene molecules are closer to the surface adsorption
state at 0.67 ML. In other words, the transition state where
the adsorbed ethylene molecule reacts with the oxygen atom
is easier to achieve with the coverage increase. Taken
together, these results suggest that the transition state
structures are closer to the adsorption state structures as the
surface coverage increases and the reaction barriers
associated with the corresponding transition states decrease
as the surface coverage increases along with the structural
variations.

3.3 Comparison of reaction kinetics between coverage-
independent and coverage-dependent models under
industrial conditions

In this work, the coverage-independent microkinetic
modelling means that the microkinetic simulations were
conducted using the energies of all species obtained on
Ag(111) at a low coverage (0.11 ML), an approach widely used.
All the adsorption and activation energies were obtained
from the DFT calculations, and the free energies at different
temperatures were acquired by thermodynamic
corrections.”®®” It is worth noting that all the molecule
adsorption and desorption barriers are very small on the
Ag(111) surface. Consequently, the microkinetic model
utilized in this work treats all the adsorption and desorption
processes as quasi-equilibrium steps. Extensive microkinetic
calculations under different temperatures and pressures were
systematically carried out, and the conversion rate was set to
be 1% to be consistent within the experimental range.***° In
the coverage-dependent microkinetic —modelling, the
coverage-dependent adsorption energies and reaction barriers
were accurately calculated with the coverage effects and the
steady state was achieved self-consistently. All the

Table 3 List of all the interactions of TSOO/Ogpny, TS1/Ocnve TSEO/Oepv,
and TSAA/Ogp, in low coverage regions from 490 K to 600 K

Slope (eV ML ™)

T TSOO TS1 TSEO TSAA
490 K 4.409 3.045 0.932 0.705
500 K 4.409 3.045 0.932 0.705
520 K 4.432 3.023 0.955 0.682
540 K 4.455 3.068 1.023 0.727
600 K 4.500 3.068 1.068 0.750

3694 | Catal. Sci. Technol, 2023, 13, 3689-3700

microkinetic program CATKINAS developed by our group,
mentioned in the Computational method section.

Several temperatures (510 K, 540 K, and 580 K) within the
experimental temperature range were selected for
comparison with the experimental values at po, = 20 kPa and
Pre = 2.66 kPa, as shown in Fig. 6. The microkinetic
modelling results reveal the following kinetic features of
ethylene epoxidation. Firstly, the range of log(TOF) values
(-1.41 to -2.30) calculated by the coverage-independent
modelling is several orders of magnitude smaller than the
range of experimental log(TOF) values (2.15-3.17) between
510 K and 580 K, as shown in Fig. 6(a). Instead, the log(TOF)
range (2.36-2.67) from the coverage-dependent microkinetic
modelling agrees well with the experimental values.
Furthermore, the calculated coverage of adsorbed species on
the Ag(111) surface is nearly zero from the coverage-
independent model, as shown in Fig. 6(b). There is an

1.975A

Fig. 5 Comparison between (a) the TSOO structure from the
coverage-independent model and (b) one from the coverage-
dependent model at 0.89 ML. The O-O distance in the oxygen
molecule is illustrated (colored light green and deep blue). Comparison
between (c) the TS1 structure from the coverage-independent model
and (d) one from the coverage-dependent model at 0.67 ML. The two
carbon atoms in ethylene are labeled C1 (grey) and C2 (orange). The
oxygen atom involved in the reaction is colored bright green.

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 (@) TOF values of ethylene epoxidation obtained from
experiments, the coverage-dependent modelling, and the coverage-
independent modelling at po, = 20 kPa, pge = 2.66 kPa. (b) The
calculated surface species distributions from the coverage-dependent
modelling and coverage-independent modelling at 540 K, po, = 20
kPa, pg = 2.66 kPa.

evident difference between the coverage at the steady state
derived from the coverage-independent modelling (near zero)
and the coverage of its input (0.11 ML), implying that the
neglect of coverage effects leads to significant kinetic
distortion. Meanwhile, the coverage-dependent microkinetic
modelling gives rise to a 7% coverage of surface oxygen
atoms, which is more reasonable for the reaction than the
coverage-independent results and is in fact in good
agreement with experimental values,’”*® reflecting the
accuracy of our microkinetic modelling with the coverage
effect.

Then, rigorous analyses of the microkinetic modelling
results under industrial conditions (po,= pge = 13.4 kPa, T =
490 K) were performed and the results are shown in Fig. 7(a).
The log(TOF) values from the coverage-dependent kinetic
modelling fall in the range of 2 to 4, in good agreement with
the reported experimental values.*® It is also not surprising
that the coverage-independent kinetic modelling results are
way off from the experimental values with temperature
variations: It decreases more rapidly as the temperature
drops. The free energy profiles for both kinetic models are
illustrated in Fig. 7(b). It is worth mentioning that the
energies in the figure obtained from the coverage-dependent
kinetic modelling at the steady state are at 0.051ML. The
significant differences between the energy results of the two
kinetic modellings are precisely striking. It can be seen from
the energy profiles that with the inclusion of the coverage
effect, the dissociation energy barrier of adsorbed oxygen
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Fig. 7 Comparisons between the coverage-dependent modelling
results and the coverage-independent modelling ones: (a) TOF
diagrams for the formation of EO at po, = pe: = 13.4 kPa. (b) Free
energy profiles of ethylene epoxidation on Ag(111) at 490 K, po, = pe: =
13.4 kPa. The black curve represents the energy profile of the
coverage-independent model, and the red curve represents the energy
profile of the coverage-dependent model at the steady-state. The
coverage-dependent data were obtained as follows: for each surface
species, including O, OME *, TSOO, TS1, TSEO, and TSAA, under each
coverage, all the configurations we could think of were all tried. Then
the structure with the lowest energy was selected as the
corresponding structure to determine the energy for our kinetic
simulations. For clarity, the profiles in (b) contain only the L-H
mechanism (step 4) without the E-R mechanism (step 5). Both L-H and
E-R mechanisms were considered in the microkinetic modelling, while
the profiles of the E-R mechanism pathway are shown in Fig. S13.} (c)
The different AE (TSEO-TSAA) at temperatures from 490 K to 600 K,
Po, = Pet = 13.4 kPa.

molecules drops significantly from 0.41 eV to 0.15 eV. The
decline of the reaction barrier allows consequently the
epoxidation to be more efficient. In addition, the reaction
barriers of the selective competition steps obtained from
the coverage-dependent kinetic modelling are higher than
those from the coverage-independent kinetic modelling.
Compared with the coverage-independent modelling, the
selective competition steps affect the reaction rate more
strongly than that in the coverage-dependent modelling.
With an almost empty surface in the coverage-independent
modelling, it is almost impossible for the steps after the O,
dissociation to affect the overall reaction rate. Linic et al
developed a straightforward selectivity indicator expressed
as AE (TSEO - TSAA), which represents the difference in the
reaction barriers of the TSEO and TSAA.** Herein, the
indicator is used to determine the selectivity variations in
ethylene epoxidation qualitatively. As can be seen from
Fig. 7(c), the reaction barrier of TSAA is gradually higher
than that of TSEO as the temperature increases, which
illustrates that the dominant reaction pathway shifts from
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the AA formation step to the EO formation step with the
temperature increase.

3.4 Comparison between the microkinetic modelling results
and experimental data

Although some experimental data have been mentioned in
the previous sections, here we specifically discuss the
comparison between experimental values, which were
obtained from the single-crystal experiment of Campbell and
co-workers, and the coverage-dependent microkinetic results
as well as the coverage-independent microkinetic ones.*® To
determine the effects of different reaction conditions of
ethylene epoxidation, Campbell and co-workers carefully
compared experimentally the various kinetic properties on
Ag(111) and Ag(110), and some valuable experimental data
were obtained. As a result, it is feasible to utilize the
experimental data of Campbell as the benchmark for our
simulations. In addition, Hu$ and Hellman conducted a
series of KMC simulations in which they obtained several
sets of kinetic properties of ethylene epoxidation on silver
catalysts.®®>  Therefore, the quantitative microkinetic
modelling we developed can be compared to the KMC
simulations to evaluate the simulation accuracy.

Firstly, the temperature-related TOF results calculated by
the coverage-dependent microkinetic modelling are in good
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agreement with the experimental values, as shown in
Fig. 8(a). We built the microkinetic model based on the
elementary steps and rate equations in Table 1. The steady
state was solved with the reaction energetics and reaction
conditions when the surface coverages of intermediates are
invariant with time, ie., df/dt = 0. Accordingly, the steady-
state reaction rate of each elementary step can be achieved,
and here the rate of EO formation is regarded as the TOF
and illustrated in Fig. 8(a). These results also corroborate the
results of Hu$ and Hellman, who suggested that the log(TOF)
values are located in the range of 0 to 4. In addition to the
similarities between the two simulation methods, the TOF
values of our coverage-dependent microkinetic modelling are
higher than those of KMC values. Interestingly, our coverage-
dependent values are closer to the experimental results,
whereas the KMC values are consistently lower than the
experimental values. In contrast to earlier experimental and
theoretical findings, however, the coverage-independent
microkinetic modeling results are wildly distorted from the
previous results. Taken together, these results suggest that
the coverage effect must be taken into account in the
microkinetic modelling to obtain accurate kinetic results.
Regarding the EO selectivity, the experimentally measured
EO selectivity does not change significantly due to
temperature and pressure changes but remains around 40%.
In general, all the EO selectivity from the coverage-dependent
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Fig. 8 Comparison between the experimental data from Campbell, simulated values obtained from the coverage-dependent/coverage-
independent microkinetic modellings, and simulated results from Hu$ and Hellman.>°** (a and b) log(TOF) and EO selectivity as a function of
temperature at po, = 20 kPa and pg. = 2.66 kPa. (c) EO selectivity as a function of oxygen pressure at pg; = 0.55 kPa and T = 490 K. (d) EO
selectivity as a function of ethylene pressure at po, = 20 kPa and T = 490 K.
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microkinetic models in this work are consistent with the
experimental values and trends, as shown in Fig. 8(b)-(d).

Finally, it is worth addressing a general consensus in the
field: When a catalyst is inert for adsorption or the reaction
temperature is relatively high, the coverage effect could be
omitted, and kinetic simulations could be carried out with
the energetics calculated from a low coverage. The rationale
for this consensus is simple: if the catalyst is relatively inert
for adsorption or the reaction is carried out at high
temperatures, the coverages of surface species are low under
the reaction conditions; then the adsorbate-adsorbate
interactions are weak and the energetics from the low
coverage would be a good approximation to describe the real
reactions. However, our work shows that this is not the case:
the coverage-independent microkinetic modelling, in which
the energetics were obtained at low coverage (0.11 ML) on
the Ag(111) surface, gives rise to inaccurate results even at
high temperatures, as discussed above. How can we
understand these results? Although the coverages at the
steady states from both the coverage-independent
microkinetic modelling and the coverage-dependent
microkinetic modelling are indeed low, there are two
problems in the coverage-independent microkinetic
modelling. Firstly, the coverage at the steady state from the
coverage-independent microkinetic modelling is 1.0 x 107
ML (the output coverage from the kinetic simulation), which
is lower than the input coverage (0.11 ML), meaning that the
steady state coverage of the coverage-independent
microkinetic modelling is inconsistent with the input
coverage (0.11 ML). Namely, it is not self-consistent
kinetically. Secondly, the energetics of such adsorption
energies and reaction barriers were obtained at 0.11 ML,
which should be different from those at the steady state,
resulting in the errors in the kinetics. Therefore, it is clear
that the coverage effect cannot be ignored even under low
coverage conditions.

3.5 The impact of industrial conditions on the surface
coverage, catalyst activity, and selectivity

In this section, the effects of industrial conditions on
ethylene epoxidation will be discussed. The temperatures
from 490 K to 600 K were selected in this work,
corresponding to the industrial temperature range.’”*° To be
consistent with the industrial conditions, the ratios of oxygen
and ethylene partial pressures po /pg: were chosen from 3:1
to 1:3, corresponding to the experimental pressure range of
13.4 kPa (0,):4.47 kPa (Et) to 13.4 kPa (0,):40.2 kPa (Et).
The kinetic simulations of this wide range of industrial
conditions should be sufficient enough to provide a
comprehensive understanding of the ethylene epoxidation on
the Ag(111) surface.

The coverage-dependent microkinetic model was utilized
to rigorously calculate the distribution of adsorbed oxygen on
the surface at different temperatures and different partial
pressures, as shown in Fig. 9(a). It can be seen that as the
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temperature increases under constant pressure, the coverage
of oxygen atoms on the surface maintains almost constant
without dramatic changes. For example, the coverage changes
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by only 0.3% when po /pge = 1:2 and the temperature is
increased from 490 K to 600 K. This result may appear to be
puzzling but can be wunderstood as follows: as the
temperature increases, the rate of O, dissociation increases,
leading to an increase of surface coverage, whereas the rates
of the elementary steps after the O, dissociation also increase
(Fig. 9(b)) so that the coverage of adsorbed oxygen atoms
reaches almost a dynamic equilibrium. The variation of the
coverage with the partial pressure is also illustrated
(Fig. 9(a)). Compared with the influence of temperature on
the coverage, the partial pressure changes have a more
significant influence on the coverage under constant
temperature. As the partial pressure of ethylene increases,
the coverage of adsorbed oxygen atoms on the surface
decreases relatively rapidly, being consistent with
experimental results.®® For example, the coverage changes by
1.7% when T = 600 K and the po /pr. changes from 3:1 to 1:
3. Like the temperature-related effects, more adsorbed oxygen
atoms participate in generating EO and AA as the reaction
rate (TOF) increases, resulting in a decrease in oxygen
coverage. Consequently, the temperature changes have a
relatively weak effect, while the variations of partial pressures
possess a considerable impact on the oxygen coverage.

As can be seen from Fig. 9(b), the TOF value steadily
increases with the increase in temperature. Likewise, the
effect of oxygen and ethylene partial pressure changes on the
ethylene epoxidation activity is distinct: The TOF value
improves swiftly when the po /pg: changes from 3:1 to 1:3.
The TOF change trends with temperature changes are similar
to those of pressure changes. The general trend of the
ethylene epoxidation activity increases with the increase in
temperature and pressure.

As mentioned before, the main by-product of the ethylene
epoxidation reaction is acetaldehyde (AA). However, from the
perspective of product ratio, ethylene epoxide seems to be
the “by-product” since the selectivity of ethylene epoxide on
the unpromoted Ag(111) surface is lower than 50%.
Consequently, improving the selectivity of ethylene epoxide is
a more critical issue in the ethylene epoxidation industry. In
this work, the EO selectivity is defined as eqn (4), and the
microkinetic modellings were carried out to scrutinize the
selectivity.

TOFzo

Selectivity = m

4)

Firstly, some significant differences are observed between
the selectivities obtained by the coverage-dependent
microkinetic modelling and the coverage-independent
modelling. For example, when the industrial condition was
set to 540 K and po, : pre = 13.4 kPa:40.2 kPa, the selectivity
obtained by the coverage-dependent microkinetic modelling
was 49%, but the coverage-independent result was only 28%.
This discrepancy could be attributed to TSEO being more
affected by the coverage effect than TSAA, and hence the
selectivity calculated by the coverage-independent model was
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relatively low. The results of the coverage-dependent
microkinetic modelling show that the EO selectivity increases
from 35% to 54% as the temperature increases from 490 K to
600 K, as illustrated in Fig. 9(c). The temperature induced EO
selectivity changes are consistent with the previous
discussion in section 3.2. Compared with the effect of
temperature changes, the selectivity is not sensitive to
pressure changes. Therefore, increasing the reaction
temperature is crucial for improving the EO selectivity.

In addition, the degree of rate control (DRC) analysis was
also performed to find out which step is the rate-determining
step. Through DRC analysis, it is found that oxygen
dissociation is the rate-determining step of the reaction. This
means that the surface oxygen coverage effect has a crucial
impact on the reaction kinetics. Meanwhile, we explain the
reason for the EO selectivity change caused by the
temperature change from the perspective of kinetics, which
is included in the ESI{ S11.

4. Conclusions

In this work, the activity and selectivity of ethylene
epoxidation on the Ag(111) surface with coverage effects were
quantitatively studied. The coverage-dependent microkinetic
modelling with consideration of all the major adsorbate-
adsorbate interactions including transition states was applied
to the reaction kinetic analysis. By the incorporation of the
coverage effect, the conflict between the simulation results of
the traditional first-principles method and the experimental
values was resolved. Our results show that the correct
microkinetic modelling could be utilized for quantitative
comparison with experimental Through the
systematic exploration of ethylene epoxidation, some
compelling conclusions are obtained as follows:

(i) The traditional coverage-independent microkinetic
modelling based on DFT calculation was not adequate to
describe the activity of ethylene epoxidation. The kinetic data
and coverage obtained by the coverage-independent
microkinetic modelling illustrated an extinct discrepancy
with the experimental results even though the coverages are
low on the Ag catalyst.

(ii) The coverage-dependent microkinetic modelling using
the energetics from rigorous DFT calculations was
established and investigated systematically. The coverage-
dependent microkinetic modelling was utilized to compare
the experimental data comprehensively. A good agreement
between the simulation results from the coverage-dependent
microkinetic modelling and the experimental data was
achieved.

(iii) The coverage-dependent microkinetic modelling was
used to rigorously analyze ethylene epoxidation under
industrial conditions. The impacts of industrial temperature
range and different partial pressures of oxygen and ethylene
on surface coverage, reaction rate, and EO selectivity were
systematically examined. The following was found. Firstly,
the surface coverage maintains almost a dynamic equilibrium

values.
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as the temperature increase. Secondly, as the temperature
and total pressure increase, the reaction activity moderately
Thirdly, the EO selectivity is affected by
temperature, but not significantly by pressure.

Although the surface coverage is low under industrial
conditions (7%), this does not indicate that the coverage
effect is not essential. Remarkable differences were revealed
through the quantitative comparison of coverage-dependent
modelling and coverage-independent modelling throughout
the work. Therefore, including the coverage effect will be
pivotal for quantitatively or semi-quantitatively studying
ethylene epoxidation activity and EO selectivity.

increases.
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