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ABSTRACT: Ethene epoxidation on Ag-based catalysts, an important
heterogeneous catalytic reaction with large-scale global wide production,
has generated continuous debate on the active site of epoxidation over the
past 60 years. The controversy is not only on the roles of the phase
transition from Ag metal to oxidation but also on the necessity of the
minority crystal facets of the Ag metal, i.e., Ag(100). Herein, we identify,
via a machine-learning reaction exploration, that ethene oxidation on the
Ag metal surfaces has three low-energy pathways and the most important
one, the dehydrogenation of oxometallacycle intermediate (OMC-DH), is
entirely overlooked previously. By computing the free energy profile and
performing microkinetics simulation, we show that irrespective of the
reaction conditions the dehydrogenation path is always dominant for
ethene oxidation on both Ag(100) and Ag(111) metal surfaces (>90%),
which rationalizes the low selectivity to combustion products (CO2 and H2O) in low oxygen pressure experiments and rules out the
chance of Ag metal phases being the active site of ethene epoxidation under industrial conditions (high O2 pressures). The universal
presence of the OMC-DH pathway and the general low selectivity on metal sites are then confirmed by evaluating this mechanism
on different catalysts. Our results highlight the power of machine-learning-based reaction exploration for resolving the complex
reaction network and also point the direction to reveal the true active site of Ag-based catalyst in ethene oxidation.
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1. INTRODUCTION

Ethene epoxidation on Ag-based catalyst is the only viable path
to produce ethene oxide (EO) in the industry with huge
economic incentives (estimated global EO market to reach
$64.1 billion by 2027).1 The high selectivity to EO, a
kinetically controlled product, has been constantly pursued,2−6

which can be considered the result of competition between the
desired epoxidation path (C2H4 + 0.5O2 → C2H4O, ΔH
(298.15 K) = −105 kJ/mol) and the side-reaction path, i.e., the
combustion of ethene to water and carbon dioxide (C2H4 +
3O2 → 2CO2 + 2H2O, ΔH (298.15 K) = −1327 kJ/mol).7 To
understand the reaction, silver metal has been popularly
considered as a model system, which is shown to achieve about
50% selectivity with a low conversion (around 10%) only at
the industrial conditions (e.g., 500 K and 20 bar with 5% of
both ethene and oxygen).8−11 The high sensitivity of selectivity
to reaction conditions, especially O2 pressure, has generated
continuous debate on the active site of epoxidation over the
past 60 years,7,12 and the physical origin of the selectivity on
Ag catalysts remains elusive.
To date, many mechanisms on ethene epoxidation have

been proposed, such as molecular O2 mechanism,13 direct
oxidation,14,15 oxometallacycle (OMC) mechanism,11,16,17 etc.
Among them, the OMC mechanism is widely accepted with

experimental spectroscopy evidence on the OMC intermedi-
ate.17 In this mechanism, as illustrated in Figure 1, ethene first
combines with an adsorbed oxygen atom to form an OMC
intermediate and then has two possible paths: the cyclization
to EO and the 1,2-H-transfer to form acetaldehyde (AA), the
precursor of combustion products as verified in the temper-
ature-programmed reaction (TPR) spectrum.18 It was thus
believed that the competition between the cyclization and the
H-transfer pathways controls EO selectivity.19

Based on this picture, early theoretical results using density
functional theory (DFT) calculations appear to favor Ag metal
as the active site for EO production10,11,20 since both Ag(111)
and Ag(100) achieve similar barriers for the two pathways. For
example, on Ag(111), the Gibbs free energy barrier of
cyclization is only 0.013 eV higher than that of H-transfer,
suggesting ∼40% EO selectivity on Ag(111) at 400−500 K.21

This is, however, not consistent with the surface science
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experiment on the Ag single crystal surfaces. With the oxygen
pressure (0.63 mbar) lower enough to avoid surface deep
oxidation, the Wintterlin group had managed to detect only a
trace production of EO on 1.1 cm2 Ag(111) crystals with a
selectivity of 2.0%, using quadrupole mass spectrometry
(QMS) at 523 K.22 Similar results were also found by
Campbell’s group on Ag(111), showing a low EO selectivity
(<30%) under low oxygen pressure (<10 mbar).23 With the
recent advance in near-ambient pressure X-ray photoelectron
spectroscopy (NAP-XPS), the Schlögl group24 observed
various oxygen species on Ag(111) at low O2 pressures. The
electrophilic O with the O 1s XPS signal at about 530 eV was
suggested to be the O species for EO production as it appears
along with the EO production.25−28 These electrophilic O
species were suggested to be from the impurity SO4,

29,30 and
also argued to be from O3 species.

31 Due to the very low EO
conversion and selectivity under low-pressure conditions, these
understandings, such as on SO4 impurities, should not be
simply transferred to industrial EO production.
On the other hand, the structure of the Ag catalyst under

industrial conditions was long known to be much more
complex than the single-crystal Ag surfaces.32−35 In particular,
the structural characterization of Ag samples with high energy
O species (atomic O, NO2 reactants) has provided solid
evidence on the presence of various surface oxides on Ag,36−38

which are linked to the structures of the Ag catalyst at high O2

pressures of industrial conditions, as also confirmed by the
theoretical phase diagram.33 These oxygen species form
dynamically and were suspected to be the key reactive species
for EO production.37 To add more puzzles, a recent
experiment seems to favor the minority Ag metal sites as the
catalytic center. It was shown that at 510 K and the
atmospheric pressure (with 10% of both ethene and oxygen),
the performances of α-Al2O3-supported synthesized Ag
nanowires, predominantly exposing the {100} facet, and
commercial Ag nanoparticles with dominant {111} facets,
exhibit 65 and 47% EO selectivity, respectively.10 The minority
{100} sites appear to be more active.
As pointed out by Pu et al. in a recent review,7 “the Ag

surface must become oxidized to generate the catalytic active
oxygen sites responsible for ethene oxidation”. There is a
knowledge gap on the transition between Ag metal and oxides
surfaces that leads to a poor understanding of the selectivity
under different reaction conditions. As the first step to answer
these questions, it is a must to revisit the generally accepted
OMC mechanism on Ag metal surfaces for reconciling the

observations in surface science experiments and theoretical
calculations.
With the help of machine-learning-based global potential

energy surface (PES) exploration, here we are able to resolve
the ethene oxidation reaction network on Ag surfaces in an
automated way without the need for a priori knowledge. This
leads to the discovery of a new low-energy pathway to the AA
byproduct via the OMC dehydrogenation on Ag surfaces. Our
microkinetics simulation based on the DFT free energy profile
settles finally the long-standing puzzles on the low selectivity of
epoxidation at low O2 pressures, and thus, rules out the
possible contribution of Ag metal surfaces to high EO
selectivity. By extending our understanding to other catalysts,
including Ag nanoparticles, Ag surface oxides, and Cu and Au
surfaces, we prove the universal presence of a three-way
mechanism for ethene epoxidation and the key role of the
dehydrogenation pathway in decreasing the EO selectivity. The
implication of searching for better epoxidation catalysts is
discussed after the catalyst electronic structure analyses.

2. METHODS

2.1. Machine-Learning Atomic Simulation. In this
work, we have generated the first quaternary Ag−C−H−O
global neural network potential for the structure and pathway
search using the stochastic surface waling (SSW) method
based on the global neutral network (G-NN) potential. The
details of the method are reported previously and also in the
Supporting Information, Section 1.39−42 The data set for G-
NN training is obtained iteratively by the SSW global potential
energy surface (PES) searching, which has 47 147 structures in
total, containing the bulk and surfaces of Ag and AgOx, as well
as different C−H−O molecules on Ag and AgOx surfaces, as
detailed in Table S1. The G-NN has a three-hidden layer (305-
80-50-50-1 net) feedforward NN architecture for each
element, which reaches 124 524 parameters in total. The
final root mean square (RMS) errors for the energy and force
were 2.73 meV/atom and 0.08 eV/Å, respectively, which is
accurate enough for the exploration of PES and the
identification of reaction pathway. Our benchmark between
G-NN and DFT results for the calculated energies of some
reaction pairs and reaction barriers is shown in Tables S2 and
S3.

2.2. Automated SSW-RS Method for Pathway Search.
To explore all of the likely pathways for ethene epoxidation, we
have utilized SSW-based reaction sampling (SSW-RS) to build
up the reaction network. While the method was utilized

Figure 1. Proposed mechanism in literature studies for ethene epoxidation on silver catalysts via the OMC intermediate, in which EO is the desired
product and CO2and H2O are the combustion products.

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.1c02029
ACS Catal. 2021, 11, 8317−8326

8318

https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c02029/suppl_file/cs1c02029_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c02029/suppl_file/cs1c02029_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c02029/suppl_file/cs1c02029_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c02029/suppl_file/cs1c02029_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c02029?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c02029?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c02029?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c02029?fig=fig1&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.1c02029?rel=cite-as&ref=PDF&jav=VoR


previously in combination with DFT calculations for crystal
phase transition,43,44 the advent of G-NN potential allows the
SSW-RS simulation to perform much more efficiently,45 and
thus, is applied to large-size systems, such as molecules on
surfaces.
As shown in Figure 2a, we can consider a reaction network

as a graph with nodes and edges, each node and edge
representing a distinct minimum and a pathway between
minima, respectively. SSW-RS can resolve a reaction network
by iteratively performing three consecutive tasks: (i) exploring
the likely pathways of a selected minimum on PES that is the
reactant initially (e.g., ethene and an adsorbed atomic O on the
Ag surface in this work) and will be replaced by other
intermediates in subsequent cycles; (ii) identifying all of the
transition states (TSs) for the pathways collected in task (i)
and compare the overall barriers for each minimum starting
from the initial reactant; and (iii) ordering the overall barrier,
an intermediate with the lowest overall barrier and not being
sampled in task (i) is preferentially selected as the new
minimum and then the next cycle starts by returning to task
(i).
In the above tasks, task (i) yields a library of reaction pairs

(initial state/final state, IS/FS) linking from the sampled
minimum to the minimum nearby. The structural similarity
between different states (molecules on surfaces) is judged
based on the bond matrix of adsorbates and the Euclidean
distance between structures. Task (ii) identifies the low-energy
pathway and locates the TS for each reaction pair using the
double-ended surface walking (DESW) method.46 This is
achieved by driving two images from IS and FS toward each
other via the consecutive addition of bias Gaussian potential.

After the path is connected, the constrained Broyden dimer
(CBD) method47 starting from the maximum energy point
along the path is then utilized to locate the TSs, which are
further confirmed by vibrational frequency calculations and the
extrapolation optimization to the correct IS and FS.

2.3. DFT Calculations. All DFT calculations were
performed using the plane-wave VASP package,48 in which
the electron−ion interaction was represented by the projector-
augmented wave (PAW) pseudopotential,49 and the exchange
functional was evaluated with the GGA-PBE.50 The energy
cutoff was set as 450 eV, and the convergence criterion of
energy was set to be 10−6 eV, while that of the force was 0.02
eV/Å for stable structures and 0.05 eV/Å for TSs. As for metal
surfaces, a four-layer slab model with p(4 × 4) supercell was
utilized, where the bottom two layers were kept fixed in the
bulk truncated positions. The Monkhorst−Pack k-mesh was 30
times the reciprocal lattice vectors (1/30 Å−1, i.e., (3 × 3 × 1)
mesh for the p(4 × 4) Ag surface). It should be mentioned that
while G-NN calculations are utilized initially for pathway
searching, all reaction data reported in this work without
explicitly mentioning are from DFT calculations to compare
accurately our theoretical predictions with experiments.
To construct the free energy profile under the reaction

conditions and perform microkinetics, we have considered the
free energy corrections for gas-phase molecules and vibrational
zero-point energy (ZPE) for all surface states. The free energy
corrections of the gas-phase molecules are obtained from
standard thermodynamics equations, which are −1.06, −0.99,
−1.31, and −1.40 eV for 1 bar of ethene and oxygen, and 0.05
bar of EO and AA at 500 K, respectively (the typical reaction
conditions with 50% selectivity and 10% conversion).51 The

Figure 2. (a) SSW-RS method to resolve the catalytic reaction network in an automated way. (b) SSW-RS results for ethene epoxidation. The
simulation starts from ethene in the gas phase and an adsorbed O on Ag(111). The left bar code denotes the energy spectrum of the low-energy
minima along different oxidation pathways, and the right figure resolves these minima in the order of their overall formation barriers from low to
high, in which the minima with the barrier smaller than 1 eV are indicated by name. Abbreviations. OMC: oxometallacycle; EO: ethene oxide;
OxoE: 2-oxoethyl; AA: acetaldehyde; VA: vinyl alcohol. (c) The top 5 pathways with the lowest overall barriers in ethene oxidation on Ag(111), in
which the three pathways bifurcating at OMC are highlighted in color.
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Gibbs free energy of the surface state is set to be the ZPE-
corrected DFT total energy since the entropy and thermal
contribution are negligibly small.52

3. RESULTS

3.1. SSW-RS Reaction Sampling for Ethene Oxidation.
With machine-learning-based reaction sampling, we are able to
build the reaction network of ethene oxidation on Ag surfaces
in an automated way, which not only vastly reduces the manual
efforts to explore the likely mechanism but also helps to
identify the unexpected new reaction channels. Our SSW-RS
simulation starts from ethene and an atomic adsorbed oxygen
(O*), the reactant, on the silver surface (p(4 × 4) slab). In
total, more than 26 cycles with 20 000 SSW steps per cycle are
carried out, which leads to the identification of 56 and 50 low-
energy intermediates/products, and 7600 and 7967 reaction
pairs connecting them for Ag(100) and Ag(111), respectively.
Finally, the TSs for all these pairs are located, from which the
lowest energy pathways are determined.
We now consider Ag(111) as an example to illustrate the

SSW-RS results (results of Ag(100) are described in the
Supporting Information, Section 2 and Figures S1 and S2).
The energies in this section are based on G-NN calculations
directly from all SSW-RS simulations.
Figure 2b shows the energy spectrum of all of the sampled

50 products (left) and the name of them sorted by their overall
formation barrier from low to high (right). While there are 8

structures with relatively low formation barriers (<1 eV), only
the top five structures (marked blue in the figure) are both
thermodynamically stable and kinetically facile to reach
(exothermic in reaction and <0.78 eV in the overall formation
barrier). Importantly, these five products contain the known
intermediates in the experiment, including the OMC
intermediate (ranked 1st, exothermic by 0.35 eV with a barrier
of 0.58 eV), EO and AA products (ranked 2nd and 4th,
exothermic by 0.70 and 1.75 eV with barriers of 0.74 and 0.78
eV, respectively). There are also unexpected products, such as
vinyl alcohol (VA) and 2-oxoethyl (OxoE), which can be
regarded as the well-known fast keto−enol tautomer of AA and
the dehydrogenated product of OMC, respectively. The most
stable configuration of OxoE is also shown in Figure 2b, where
its terminal C and O bond with the surface, and the dissociated
H is at the nearby threefold hollow site.
As for the products with low stability, there are the

intermediates from direct C−H bond breaking of ethene
(vinyl and hydroxyl, ranked 6th), adsorbed carbene species
(CCH2* + H2O and CHCH2OH*, ranked 7th and 8th,
respectively), and also the C1 species like formaldehyde. These
products generally also need to overcome the high barrier to
form, and thus, unlikely to form in reality. The appearance of
these high-energy products from SSW-RS implies the
completeness of the pathway sampling for important low
barrier reactions.

Figure 3. Gibbs free energy profiles for ethene oxidation on pristine Ag(100) and Ag(111) under industrial conditions (500 K and 1, 0.05, 0.05 bar
of ethene, EO, and AA, respectively). The reaction snapshots of the OMC intermediate and three TS2s are also shown with key bond lengths
labeled. Color scheme of atoms: Ag, blue; C, gray; H, white; and O, red.
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Now, we can focus on the lowest energy pathways, as plotted
in the energy profile (Figure 2c). We found that the ethene to
EO pathway identified from SSW-RS is consistent with the
previous literature studies, that is, only the cyclization pathway
has a low barrier and should thus be responsible for EO
production (blue line). On the other hand, the ethene to AA
pathway is rather unexpected, and a number of low-energy
pathways emerged from SSW-RS (the overall barriers are
smaller than 1 eV). We found that in addition to the
cyclization pathway, two other pathways (green and red lines)
are also via the OMC intermediate but tend to produce AA.
Interestingly, the traditionally regarded H-transfer process via
OMC to form AA (green line) is in fact competing with a more
favored new pathway (red line) with a barrier difference of
only 0.06 eV. This new pathway, denoted as OMC-DH, is a
two-step reaction via the OMC dehydrogenation to form the
OxoE intermediate, and then hydrogenation to form AA or VA
(see Figure 2c). It should be mentioned that the OMC-DH
pathway is also present on Ag(100), which is 0.35 eV lower
than the H-transfer pathway (see Figure S2 and Table S3).
For other less favored pathways, they do not bypass the

OMC intermediate but undergo the direct dehydrogenation of
ethene to form the adsorbed vinyl group. These pathways are
kinetically avoided because the ethene dehydrogenation barrier
is 0.37 eV higher than that of the OMC formation. Our results
are consistent with the previous theoretical work on Ag
surfaces,53 which suggests that the OMC intermediate is the
kinetically selected product.
To summarize, SSW-RS shows that ethene epoxidation on

Ag surfaces follows a three-way mechanism via the same OMC
intermediate, including the OMC cyclization to EO, the H-
transfer to AA, and the new OMC-DH pathway. To further
confirm these G-NN simulation findings, we further conducted
DFT calculations to validate the low-energy pathways, which
gave essentially the same conclusion. In Section 3.2 and 3.3, we
will analyze in detail the kinetics of the low-energy pathways
on two Ag surfaces based on DFT results.
3.2. DFT Pathways on Ag(100) and Ag(111). For the

three lowest energy pathways, we first determined the Gibbs
free energy profiles based on DFT energetics, as shown in
Figure 3. It can be seen that the OMC-DH pathway (red line)
is always the lowest barrier pathway on both surfaces.
The free energy profile on Ag(100) is elaborated as follows.

The adsorption of ethene on Ag is highly endothermic by 1.02
eV due to the weak adsorption of ethene (−0.04 eV) and the
large entropy loss at 500 K reaction conditions. The ethene can
react with the O atom with a barrier of 0.42 eV (TS1 in Figure
3) to form an OMC intermediate. The adsorbed OMC prefers
the bridge-adsorbed configuration at its O end, which is
slightly more stable (0.07 eV) than the configuration of O at
the hollow site. The OMC then has three possible routes to
produce EO, AA, and OxoE (TS2-cyc, TS2-Htr, TS2-DH),
where OMC adopts different precursor geometries (structures
in Figure 3). The barriers are 0.85 eV for cyclization to EO,
0.78 eV for H-transfer to AA, and only 0.39 eV for
dehydrogenation to OxoE and an adsorbed H. For the
cyclization step, the oxygen first shifts from the bridge site to
the hollow site and then links with the terminal C in achieving
the TS (TS2-cyc), where the C−O distance is 2.00 Å. Both the
H-transfer and the DH pathway first require the breaking of
the α-C−H bond of OMC. After passing through the α-C−H
breaking TSs, a new C−H or a Ag−H bond with a distance of
1.53 or 1.75 Å at the TS evolve to form the AA or OxoE,

respectively. We note that the β-C starts to leave the Ag surface
at the TS2-cyc and TS2-Htr, which have a Ag−C distance of
0.90 and are 0.43 Å longer than that in the initial OMC.
As for the atomic H produced in the OMC-DH pathway, it

can react with the terminal C of OxoE to form AA via TS3, in
Figure 3 with a barrier of 0.55 eV. Alternatively, the H may also
react with the terminal O of OxoE to form VA, or diffuse away
to react with the other surface O (O* + H* → OH*)
considering that H diffusion on Ag has a low barrier. For these
possible pathways, the VA formation from OxoE has a
comparable barrier with that of the hydrogenation to AA,
while the OH* formation is the least likely pathway (see Figure
S3). Considering that the formation of AA, VA, and OH* are
all exothermic (see Figures 3 and S3), once the dehydrogen-
ation occurs the full oxidation would be inevitable, indicating
the key role of the dehydrogenation reaction to decrease the
epoxidation selectivity. Finally, the EO and AA products can
desorb readily from the surface since they adsorb only weakly
on Ag (adsorption energy of 0.04 eV for EO and 0.07 eV for
AA).
While the mechanism of ethene oxidation on Ag(111) is the

same as that on Ag(100), the three pathways have quite
different geometries and energetics on the two surfaces (Figure
3). The differences between (111) and (100) are highlighted
as follows.

(i) Fewer Ag atoms take part in the TS. There are only
three Ag atoms involved in the TSs on Ag(111), but four
Ag atoms on Ag(100). As a result, for all TS2 on
Ag(100), the O atom of OMC remains at the bridge site,
but the O atom has to shift to the atop site for the TS2-
Htr and TS2-DH on Ag(111).

(ii) The poorer O atom adsorption. Compared with
Ag(100), the atomic O has a lower stability on
Ag(111). As a result, the reaction from ethene and
adsorbed O to the final product EO(g) and AA(g) are
more exothermic on Ag(111) (by 0.46 eV). The relative
stability of OMC on Ag(111) is also higher: +0.65 on
Ag(111) and +0.81 on Ag(100).

(iii) The narrower reaction barrier difference for three
pathways. The relative stability of TS2 follows the
order of TS2-cyc > TS2-Htr > TS2-DH on Ag(111), the
same as that in Ag(100), but the barrier difference
between them is much reduced on Ag(111). For
example, the energy difference between the TS2-Htr
and TS2-DH is 0.39 eV on Ag(100) but only 0.08 eV on
Ag(111). This suggests that the OMC-DH pathway on
Ag(111) is not as dominant as that on Ag(100).

It should be noted that the barriers of the three OMC
transformation pathways can be rather close, e.g., <0.1 eV on
Ag(111), which is within the typical error bar of DFT
calculations (also see Table S4). We thus have also examined
the key results using different functionals (PW91, RPBE) and
with van der Waals (vdW) corrections (Table S4). It shows
that the inclusion of the vdW interaction will not affect the
order of barriers and thus the selectivity. This is also true for
the coverage of O atoms up to 1/4 ML on Ag(111) (see Table
S5). By comparing with known experimental results on
Ag(111),22,23 we confirm that DFT results with the PBE
functional are reliable for predicting the selectivity.
It is of interest to compare our DFT results with the

previous literature studies, where the PBE or PW91 functional
was mostly used to investigate the cyclization and the H-
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transfer pathways (also see in Table S6). For Ag(111), by
combining the frequency calculations on a Ag15 cluster and the
geometry optimization on the periodic Ag(111) model, Linic
and Barteau21 obtained the Gibbs free energy barrier difference
of 0.013 eV (0.3 kcal/mol) between the two pathways, where
the H-transfer pathway is slightly preferred. This is consistent
with the 0.02 eV obtained in this work. Other DFT
calculations, despite different computational models and
settings, generally predict not more than 0.06 eV difference
between the cyclization and the H-transfer pathway on
Ag(111).53 For Ag(100), using a p(2 × 2) supercell of
Ag(100), Özbek et al.53 obtained ZPE-corrected EO and AA
formation barriers of 0.75 and 0.68 eV (72 and 66 kJ/mol),
which are slightly lower than the 0.85 and 0.78 eV obtained in
this work. The ∼0.1 eV differences for EO and AA formation
barriers on Ag(100) are also reported by several groups.10,11 It
should be emphasized that the lower barrier of the OMC-DH
pathway, especially on Ag(100) identified in this work,
invalidate the previous kinetics models for estimating
selectivity using only the cyclization and the H-transfer
pathways.11,19,54 The barrier difference of the two pathways
is no longer important to determine the selectivity, as clearly
supported in Section 3.3.
3.3. Microkinetics Simulation. To examine EO selectiv-

ity, we then conducted the microkinetics simulation for ethene
oxidation with all of the reaction data from DFT. A
continuous-stirred tank model is used in simulation, and the
kinetic equations are iteratively solved until the contents of the
species are in equilibrium.55 More details on our microkinetics
simulation setup and the comparison with the previous work11

are shown in the Supporting Information, Section 4. All of the
reaction data for microkinetics simulation are shown in Table
S7. To examine the influence of O2 pressure, we consider two
conditions utilized in the experiment: (i) condition Iat
typical industrial conditions with C2H4 and O2 being both at 1
bar, 500 K;54 (ii) condition IIat low oxygen pressure
conditions with 0.63 mbar of ethene and 0.36 mbar of oxygen
at 523 K.22

Our simulation results on the production of EO and AA with
time are shown in Figure 4a, and the equilibrium volumes for
all of the species are given in Table S8 (our results with the
PBE-D3-corrected energies are also shown in Table S9, which
can yield higher rates but remain at low EO selectivity). To
better distinguish the source of AA, we use AA1 and AA2 to
denote the AA generated from the H-transfer and OMC-DH
pathways, respectively. In Figure 4a, we show that for

condition I, after about 0.005 s, the system reaches a steady
state. In the steady state, AA2 is the dominant product, being
about 10 times more than AA1 and EO on Ag(111) and 104

times more on Ag(100). The production of AA1 and EO are
low and have a similar order of magnitude. Overall, as shown
in Figure 4b, the selectivity to EO is zero and 7.4% for
Ag(100) and Ag(111), respectively. When switching to
condition II, we found that the low EO selectivity does not
change much: the selectivity on Ag(111) only slightly increases
from 7.4 to 8.1% when the ethene and oxygen pressures drop
below 1 mbar at 523 K. These results suggest that the OMC-
DH pathway is always the dominant pathway on both the Ag
surfaces, independent of the O2 pressure.
Now, we are in a position to compare our kinetics results

with the experimental data (note that the previous theoretical
work11 overlooked the OMC-DH pathway and we have
discussed this issue in Figure S4). As shown in Figure 4b, the
Wintterlin group found that under condition II, the EO
selectivity is 2% at 1% conversion on Ag(111).22 Although the
EO production under condition II might be from impurities,29

our results for O/Ag surfaces also predict low conversion and
low selectivity. It might be noted that the defective sites (steps,
edges) could also contribute to the overall activity,11 which is
not considered here. For the experiments at high oxygen
pressures, the maximum selectivity can be more than 47% with
ethene conversion of 3%,10 which is obviously higher than our
theoretical results. This indicates that the metallic Ag is not the
catalytic site under high oxygen pressures.

4. DISCUSSION

4.1. EO Selectivity in the Context of Three-Way
Mechanism. To examine the generality of the three-way
mechanism for ethene epoxidation, we go beyond the Ag
crystal surfaces to examine ethene oxidation on a series of
other catalysts, as shown in Figure 5a. These catalysts include
three types: (i) a partially oxidized Ag surface with a p(4 × 4)
pattern observed in the experiment after the pre-oxidization of
Ag(111),56,57 and is denoted as Ag-surf-oxide. The surface O is
four-coordinated with the surface Ag atoms in the surface
oxide, which is similar to that in Ag(100). (ii) A Ag
nanoparticle Ag55 with the exposure of (111) facet. (iii) The
(111) surface of Cu and Au crystals. The Ag-surf-oxide has
been extensively studied previously and shown to exhibit no
EO selectivity in the experiment;58 Ag55 is an icosahedral
cluster59−61 and is regarded to be the model for silver
nanoparticles in the supported industrial catalyst (Ag/Al2O3);

Figure 4. Microkinetics simulation results under two typical experimental conditions. Condition I: typical industrial conditions, i.e., 500 K and
p(C2H4) = p(O2) = 1 bar; condition II: the low oxygen pressure conditions often used in surface science experiments, i.e., 523 K, p(C2H4) = 0.63
mbar, and p(O2) = 0.36 mbar. (a) The partial pressures of EO, AA1 (AA produced via the H-transfer pathway), and AA2 (AA produced by the
OMC-DH pathway) species versus time on pristine Ag(100) and Ag(111) under condition I. (b) The ethene conversion and EO selectivity from
our simulation and from the previous experiment (exp) at the two conditions. Experimental results of Ag(111) at condition II are from ref 22 and
those of supported Ag nanoparticles at condition I are from ref 10.
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and Cu and Au are group IB noble metals, same as Ag, and also
poor catalysts with low activity for ethene oxidation in the
presence of O2.

62,63

Since the selectivity is determined by the relative rate of the
three pathways initiated from OMC, here, we compare directly
the calculated Gibbs free energies of TS2, G(TS2), for three
pathways (G(TS2-cyc), G(TS2-Htr), and G(TS2-DH)) with
respect to the reactant (adsorbed O on the surface and an
ethene in the gas phase). These catalysts have similar reaction
routes as those on Ag surfaces, and the determined ethene
adsorption and O coordination sites on them are labeled in
Figure 5a. For the Ag-surf-oxide and Ag55 nanoparticle where
multiple reaction sites are available, we found that the most
stable TS is achieved at the edge of the triangle Ag6 and the
low coordinated apex Ag, respectively. Our results for G(TS2)
data are summarized in Figure 5b, and the detailed information
is shown in Table S10 and Figures S5−S8.

Importantly, we found that G(TS2-DH) (red line) is always
the lowest among the three likely pathways for all of the
catalysts examined, indicating the universal presence and the
importance of the OMC-DH pathway. In general, the trends of
G(TS2-cyc) and G(TS2-Htr) are close to each other (green
and blue lines) but the trend of G(TS2-DH) (red line) is
different, showing a plateau on the three Ag metal catalysts
(differs by not more than 0.10 eV).
Now, we focus on four different Ag systems (three Ag metals

and one Ag surface oxide). We found that the small particle
Ag55 will increase G(TS2-cyc) and G(TS2-Htr) by 0.28 and
0.11 eV, respectively, compared to those in Ag(111), but
affects slightly the G(TS2-DH). This indicates that the
presence of low-coordinated Ag (apex Ag has only 6-
coordination) will reduce the selectivity. For the Ag-surf-
oxide, all G(TS2) are much larger than those on the Ag metal
surfaces, indicating the relative inertness of the positively
charged Ag that reduces the activity. For selectivity, the energy
difference (0.28 eV) of G(TS2-cyc) and G(TS2-DH) on the
Ag-surf-oxide is smaller than that (0.46 eV) in Ag(100) but
larger than that in Ag(111); thus, the selectivity is not
obviously improved over the Ag metal.
To understand the trend of G(TS2), we have compared the

adsorption energies of O atom on these surfaces, as also shown
in Figure 5b. While calculating the O atom adsorption energy
(Ead(O)), we consider the O atom that will react with ethene
during epoxidation, i.e., the adsorbed O atom on the metal
surface and the fourfold surface O atom on the Ag-surf-oxide.
From Figure 5b, it is clear that the adsorption energy of the O
atom has a strong correlation with G(TS2-cyc) and G(TS2-
Htr): the stronger the O adsorption, the higher the G(TS2-
cyc) and G(TS2-Htr). This finding may not be surprising since
both the cyclization and the H-transfer reactions are required
to break the O-surface bonds to form the EO and AA
molecules at the final state. As evident in the TS structures in
Figure 3, the O atom moves appreciably away from the surface
in achieving the TSs of the cyclization and the H-transfer
reaction, where the O−Ag bonding is much weakened.
On the other hand, the trend of O atom adsorption energy

does not exactly coincide with the trend of G(TS2-DH),
mainly because of the plateau of G(TS2-DH) on the three Ag
metal surfaces. It implies that, in addition to the O adsorption
energy, other factors also play important roles in the stability of
the TS2-DH. Indeed, the O−Ag bond distances for the
dehydrogenation reaction also increase from the initial OMC
to the TS (see Figure 3) but less significant compared to the
other two TSs. The major change occurs at the C−H bond
breaking, which leads to the formation of the new H−Ag bond
and sp2-hybridized α-C. It is, therefore, important to consider

Figure 5. (a) Atomic structure of the partially oxidized Ag surface
(Ag-surf-oxide), silver nanoparticle Ag55, and Cu(111) and Au(111).
The metal atoms in the reaction are highlighted by blue circles and
red triangles (the ethene adsorption site). (b) DFT-calculated Gibbs
free energies of three TS2s on different catalysts. The free energy zero
is set as that of the initial reactant (ethene in the gas phase and the
adsorbed O atom). The O adsorption energies (Ead(O), with respect
to half of the gas phase O2) on these catalysts are also plotted.

Table 1. Atomic Bader Charge Analyses on the TS of Dehydrogenation (TS2-DH, see Figure 2)a

catalysts α-C(TS) β-C(TS) H(TS) M(TS) O(TS) Δα-C Δβ-C ΔH ΔM ΔO G(TS2-DH) (eV)

Au(111) +0.70 −0.30 −0.01 +0.05 −1.04 +0.83 −0.17 −0.08 −0.11 −0.30 0.71

Ag(111) +0.68 −0.30 −0.10 +0.09 −1.10 +0.81 −0.17 −0.17 −0.09 −0.25 1.22

Ag55 +0.67 −0.25 −0.09 +0.11 −1.10 +0.80 −0.12 −0.16 −0.10 −0.24 1.14

Ag(100) +0.65 −0.25 −0.10 +0.11 −1.10 +0.78 −0.12 −0.17 −0.08 −0.11 1.20

Ag-surf-oxide +0.41 −0.25 −0.01 +0.24 −1.05 +0.54 −0.12 −0.08 −0.12 −0.15 1.60

Cu(111) +0.59 −0.33 −0.14 +0.13 −1.09 +0.72 −0.20 −0.21 −0.12 −0.16 1.79

aThe listed data include the atomic charge on the dissociating H (H), α-C, β-C, O, and the metals in reaction (M, on average) and the charge
differences (Δ) of these atoms at the TS2-DH with respect to the initial state (gas-phase ethene and adsorbed atomic O). G(TS2-DH) is also listed
for comparison.
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the evolution of α-C bonding. To this end, we have performed
Bader atomic charge analysis64 for the TS2-DH and the
reactant as shown in Table 1, which lists the net charge for the
dissociating H, α-C, β-C, O, and the metals coordinated with
the TS complex (M, labeled in Figure 5a, on average) at the
TS2-DH and the charge differences from the reactant to the
TS2-DH on these atoms.
Table 1 shows that the major feature of the TS2-DH is the

accumulation of positive charges on the α-Cδ+ during
dehydrogenation (Δα-C in the range of +0.54 to +0.83, in
bold), which is caused largely by the internal polarization of
the [C2H4O] entity. The electron on α-C shifts to all
neighboring atoms, including the O, the β-C, the dissociating
H, and the metals. Comparing different catalysts, we found that
the extent of charge accumulation on α-C is the lowest in Ag-
surf-oxide and is similar in other Ag metal systems. We can,
therefore, attribute the low stability of TS2-DH in Ag-surf-
oxide to the poor ability to form α-Cδ+. Since Ag atoms on the
surface of Ag-surf-oxide are already positively charged (+0.36,
see Table 1), the through-space electrostatic repulsion between
α-Cδ+ and the cationic surface Ag atoms destabilizes TS2-DH,
leading to a higher G(TS2-DH) than other three metallic Ag
catalysts. The trend of G(TS2-DH) can thus be qualitatively
understood by taking into account both the O atom adsorption
and the surface cationic state.
While the previous theoretical studies suggested the

adsorption strength of O (like OCH3 group) affects
selectivity,65 i.e., the weak O-surface bonding is beneficial to
the selective oxidation of ethene,66,67 our results indicate that
these statements are not complete because of neglecting the
dehydrogenation pathways. From Figure 5, the weak Ag−O
bonding may benefit the activity but certainly not the key
factor to selectivity. Instead, we propose that the cationic state
of the metal could be the key to depress the dehydrogenation
channel and thus increase the selectivity. Nevertheless, for the
Ag-surf-oxide with cationic Ag, the barrier of the dehydrogen-
ation pathway increases, and the other two pathways, the
cyclization and the H-transfer, also have increased barriers due
to the surface O with four-coordination with two Ag6 patterns
(see Figure 5a) has large adsorption energy. This implies that
other more reactive O (less adsorption energy) on the cationic
AgOx surfaces might be the true active sites for ethene
epoxidation under industrial conditions. We expect that a good
catalyst for epoxidation should not only possess the weak O-
surface bonding that benefits EO formation but also contain
the cationic surface atoms that inhibit the dehydrogenation
reaction channel.
4.2. Active O Species for Epoxidation Under

Industrial Conditions. To date, the active O species for
epoxidation remains elusive under industrial conditions. The
available key experimental data, such as isotope labeling68 and
in situ XPS experiments,24 were all collected at the surface
science conditions (low O2 pressure), which identified
different oxygen species, and only the electrophilic oxygen
was found to be active for EO formation. While the nature of
the electrophilic oxygen is still in debate,24 recent experimental
work suggested that these active O comes from SO4

impurities.29,30 However, since the selectivity under low
pressures is typically below 10%, being far less selective than
that at high pressures,23 it is questionable to attribute the
massive EO production at high pressures to the SO4

contamination. In particular, the electrolytic Ag samples (triple
refined) were long known to be excellent EO catalysts that are

99.999% pure,69 and the input gas for epoxidation needs to be
purified to remove sulfur contamination in industry.70 Further
studies are required to reveal the active O species at high
pressures.
Our results with the new OMC-DH pathway now establish

the complete reaction mechanism of epoxidation, which
appears to be consistent with all known experimental findings.
The general presence of the low-energy OMC-DH pathway
over different metals (Cu, Ag, Au) and different Ag sites
(nanoparticles and surface oxides) points to the future
direction to search for the true active site for Ag-based
industrial catalyst. By excluding the metallic Ag sites, the deep-
oxidized Ag sites with subsurface O and those related to the
other elements (such as SO4 additive) become the most likely
choices. With the methodology for automated pathway
sampling and powerful G-NN potential generation, we believe
that the active site in real catalytic systems for epoxidation can
be identified in the near future.

5. CONCLUSIONS

With the advent of G-NN potential, this work revisits the
reaction network of ethene oxidation on silver surfaces using
automated global reaction sampling. A new dehydrogenation
pathway accounting for the combustion of ethene is discovered
on Ag surfaces, which has a lower barrier than the other two
traditionally regarded pathways, the cyclization and the H-
transfer pathways. From first-principles free-energy profiles of
the three-way mechanism and microkinetics simulation, we
now rule out from theory the possibility of Ag metal as the
active site for the selective ethene epoxidation under industrial
conditions.
By evaluating the three-way mechanism on a series of

catalysts, including Ag nanoparticles, partially oxidized Ag, and
Cu and Au surfaces, we confirm the universal presence and the
general preference of the dehydrogenation pathway in ethene
oxidation. Even for the partially oxidized Ag surface, EO
selectivity remains poor since its surface O atoms are too
strongly bonded, but it does shows promise for the inhibition
of the dehydrogenation pathway due to the formation of
cationic surface Ag sites.
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