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Role of facet in the competitive pathway of ethylene epoxidation 
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A B S T R A C T   

Ethylene epoxide (EtO) is used as raw material for a broad range of products from pharmaceuticals and plastics 
to paints and adhesives. Although the reaction of ethylene interacting with preadsorbed oxygen on Ag surface is 
known for decades, the underlying mechanism of EtO formation is not completely understood. Successful 
investigation of oxametallacycle (OMC) intermediate common to selective as well as non-selective pathways has 
ensured at least 50% selectivity. The current study brings out the electronic signatures of distinct conformers of 
OMC stabilised on two different facets of Ag viz. (100) and (111). There are subtle differences between OMC 
conformers observed on these two facets with near-eclipsed on Ag(100) and near-staggered on Ag(111). A 
detailed analysis of Ag-O, C-O, C-C, and Ag-C interactions along with projected Density of States (pDOS) and 
projected Crystal Orbital Hamilton Population (pCOHP) imply towards ring closure on Ag(100) and hydrogen 
transfer on Ag(111). Finally, our understanding based on electronic and structural signatures are backed up by 
activation barriers computed through NEB calculations. Activation barrier for EtO is lower on (100) as compared 
to (111) facet. Thus, our study sheds light on how these differences between OMC affect the selectivity towards 
EtO.   

1. Introduction 

Ethylene oxide is widely used as a raw material to produce some of 
the industrially important derivatives such as ethylene glycol, ethox-
ylates, ethanolamines, glycol ethers, polyethylene glycol, etc. The global 
market for ethylene oxide is estimated to grow by 3% from 2021 to 2026 
[1]. Therefore, even modest improvements in the epoxidation mecha-
nism will significantly benefit the economy. While intense efforts have 
been made for decades there are still ambiguities in finer details of un-
derlying mechanism of epoxidation. Involvement of electrophilic oxy-
gen and effect of oxygen coverage has been the focal point of research in 
the past few decades[2–14]. Direct epoxidation and intermediate for-
mation (OMC) are two pathways suggested for EtO formation[15–18]. 
Although not completely understood, theoretical studies point out direct 
epoxidation to be 100% selective. On the flip side, formation of OMC 
explains 50% selectivity towards EtO[9]. Thus, selectivity greater than 
80% achieved at industrial scale is to be perceived comprehensively. 
Hence, role of various factors like use of promoters,[19,20] poly-
crystalline facets of Ag,[21–24] and presence of subsurface oxygen[25] 
are under investigation. Since the discovery of OMC[17] and it’s 
fundamental role in selective and non-selective ethylene oxidation,[16] 

immense volume of work has been carried out with an aim to understand 
the principles behind selectivity and then improving it further in favour 
of EtO formation [16,20,26–31]. Thermodynamically the most stable 
facet is Ag(111) which has 50% selectivity without promoters[32]. 
However, studies elevate Ag(100) as a promising facet for EtO selectivity 
[33,34]. Of facets with lower Miller indices, Ag(100) flaunts high 
selectivity of  75% [22]. Comparative studies on Ag facets with lower 
miller indices using DFT and Monte Carlo simulations also points Ag 
(100) facet to favour EtO formation even under industrial temperature 
conditions (500-600K)[23]. On the other hand, Ag(111) predominates 
in the commercially available polycrystalline catalyst in presence of 
embedded promoters. This difference of selectivity between two silver 
facets have developed considerable interest especially in past two de-
cades. Formation of OMC is an important step in epoxidation and 
various studies have been carried out to get deeper insights of it. Linic 
and Barteau studied OMC formation on Ag clusters and differentiated 
them based on coordination of oxygen with Ag. They observed that OMC 
with oxygen connected to two Ag atoms undergoes ring closure[28]. 
Kokalj et.al. demonstrated with the help of DFT studies that Ag(100) 
facet has lower energy barrier for the formation of oxametallacycle in-
termediate wrt to the step facet [35]. Bocquet et. al. highlighted the role 
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of the stoichiometric composition of oxygen adsorbed on Ag(111) sur-
face which facilitate the cyclisation of OMC for the formation of EtO 
[36]. Christopher et. al. was successful to demonstrate high EtO selec-
tivity for silver nanowire which has maximum Ag(100) and modest 
amount of Ag(111) concentration [22]. The study on the effect of OMC 
orientation towards selectivity claims syn (eclipsed) arrangement to 
favour ring closure while anti(staggered) arrangement hinders selec-
tivity by facilitating H migration [37]. Thus, role of facet for tuning the 
interactions in the selection process lies fundamental to EtO selectivity. 
To summarize, 1,2-H shift is integral to non-selective pathway whereas 
strengthening of C-H bond, and preservation of ethylene symmetry are 
crucially important to achieve highest possible selectivity towards EtO. 
In the present work, we demonstrate role of facet in determining the 
selectivity by investigating the similarities and differences in the OMC 
formed on these two facets. To connect structural observations with that 
of underlying electronic structure, we have examined Ag-O, Ag-C, 
Ag-Ag, C-O and C-H interactions with pDOS and pCOHP. 

2. Computational Details 

All the calculations are carried out within the Kohn-Sham formalism 
of Density Functional Theory (DFT). Projector Augmented Wave po-
tential[38,39] is used, with Perdew Burke Ehrzenhof (PBE)[40] 
approximation for the exchange-correlation and generalized gradient 
approximation,[41] as implemented in planewave, pseudopotential 
based code, Vienna Ab initio Simulation Package (VASP).[42–44] The 
lattice parameter computed for Ag [4.10 Å] within the framework is 
within 1% of experimentally measured lattice parameter [4.09 Å]. Van 
der Waals corrections are applied to account dynamic correlations be-
tween fluctuating charge distribution by selecting Grimme method 
(DFT-D2).[45] Two different facets of Ag, (100) and (111) are modeled 
as slabs by cleaving a surface with 4 layers in 100 (111) direction with 
ASE keeping the bottom layer fixed[46]. Thus, the supercell used is 
3x3x4 for both facets. We have also tested that the trends remain un-
changed even if we model the slab as 4x4x4 or 3x3x5, i.e. either by 
choosing a larger supercell or increasing the number of layers. 20 Å  of 
vacuum along z-axis which is also adjusted as 100 (111) direction of the 
crystal is found sufficient to avoid interaction between adjacent images 
of planes along the z-direction. Geometry optimization is carried out 
with a force cutoff of 0.01 eV/Å  on the unfixed atoms and the total 
energies are converged below 10− 4 eV for each SCF cycle. A 
Monkhorst-Pack grid of 6x6x1 is used for (100) and that of 5x5x1 for 
(111) facet. To compute the pDOS, Löwdin charges on individual atoms, 
and COHP, LOBSTER package is employed.[47–50] We have also 
confirmed that calculating pDOS using higher k-points does not change 
our results. Adsorption energy (Eads) and Energy of formation (Ef ) are 
calculated according to formulae as below, 

Eads = EAg− O - (Eslab + EO) where EAg− O is the energy of the surface 
with adsorbed oxygen, Eslab is the energy of the bare surface and EO is the 
energy of the atomic oxygen. We note that, although atomic oxygen is 
taken as reference for computing adsorption energies, with molecular 
oxygen as a reference state, the difference in adsorption energies is of the 
order of 1 meV. 

Ef = EOMC - (EAg− O + EEt) where EOMC is the energy of the surface with 
OMC, EAg− O is the energy of the surface with adsorbed oxygen, and EEt is 
the energy of the Ethylene molecule. Nudged eElastic bBand (NEB) is 
used to find the minimum energy path between reactant and product. 
We have used CI-NEB (climbing image nudged elastic band) to deter-
mine the energy barrier on both facets towards EtO formation. A force 
cut off of 0.1 eV/Å and spring constant of -5 is employed in the calcu-
lation. 

3. Results and Discussion 

In this section, we take a look at finer details regarding electronic 

structure of OMC, on two facets of Ag, (100) and (111). Atomic oxygen is 
adsorbed at distinct adsorption sites of these two facets. Oxygen was 
placed at 1-fold top (1FT), 2-fold bridge (2FB), and 4-fold hollow (4FH) 
on Ag(100) surface. On Ag(111) surface apart from 1FT, 2FB, oxygen 
was also placed at 3-fold fcc hollow (3FH-1), and 3-fold hcp hollow 
(3FH-2). Optimization resulted in oxygen placed at 2FB site to adjust in a 
tetra-coordinated site making it the most stable conformation among 
others in the case of Ag(100). However in case of Ag(111), 3FH-1 was 
found to be the most stable adsorption site for O. It is observed that 
higher the coordination of oxygen, greater is its tendency to acquire 
charge. Löwdin charge of tetra-coordinated oxygen on Ag(100) is 
slightly more (-0.93 e− ) than tri-coordinated oxygen on Ag(111) (-0.89 
e− ). Even in the presence of differently coordinated oxygen on the fac-
ets, the average charge on surface for both the facets remains compa-
rable. Interestingly adsorption energy of oxygen (Eads) on Ag(100) is 
-5.95 eV whereas it is -5.41 eV on Ag(111) indicating that oxygen 
adsorption is more favoured on Ag(100) than Ag(111). Further, all Ag-O 
bond-lengths are 2.25 Å  on Ag(100) whereas they are 2.13 Å  in case of 
Ag(111) suggesting that Ag-O bonds are weaker on Ag(100) as 
compared to those on Ag(111). It is fascinating to note that Ag(100) 
facet undergoes reconstruction upon adsorption of oxygen leaving traces 
of Ag(111) on the surface. In contrast no such sign of surface recon-
struction is visible on Ag(111). Further, the configuration on (100) at-
tains lower symmetry than that on (111). 

OMC is a common intermediate for two pathways of epoxidation viz., 
selective and non selective. It is described as a cyclic structure consisting 
of one of the carbons (C1) of ethylene connected to the preadsorbed 
oxygen on Ag surface and another carbon (C2) of Et connected to the 
surface Ag. Ethylene was adsorbed on Ag-O complex in various orien-
tations to scan different conformers of OMC. Energetically most fav-
oured OMCs formed on these two facets are shown in Fig. 1. As can be 
seen from the figure, there are subtle differences in the OMC conformers 
formed on these two facets. 

In Table 1 we have noted formation energies, Ag-O, C-O, and all C-H 
bond-lengths along with dihedral angles for both OMCs. Oxygen was 
tetra-coordinated on Ag(100) which is now tri-coordinated when OMC 
is formed. Same is the case with Ag(111) in which oxygen coordination 
changed from 3 to 2 upon formation of OMC. Despite of all Ag-O bond- 
lengths being identical before co-adsorption of ethylene on both the 
facets, formation of OMC leads to weaker bonds with uneven Ag-O bond- 
lengths. These elongated bonds can facilitate release of oxygen from the 
surface once the product is formed. However when Ag-O bonds of OMCs 
formed on Ag(100) and Ag(111) are compared (refer Tab. 1), the later 
are relatively stronger. Though C(1)-C(2) bond-lengths are same for 
both the facets (1.51Å), C(1)-O bond of OMC@100 is longer than 
OMC@111. Dihedral angles for OMC@100 are 2.2o and 5.7o. The value 
of dihedral angle is slightly away from 0o and hence it is referred as near- 
eclipsed conformation. On the other hand, dihedral angles of OMC@111 
are 33.6o and 41.7o hence, referred as near-staggered configuration. The 
difference in conformations is also pointed out from the charges on in-
dividual atoms as shown in Fig. 2. From the distribution of charges on 
hydrogen atoms attached to C(1) and C(2), we note that OMC@100 has 
two pairs of hydrogen atoms having same environment as should be in 
the case of near eclipsed structure. On the contrary, for OMC@111, all 
four hydrogen atoms have different magnitude of charges which in-
dicates that all of them experience different environment like in the case 
of a near staggered conformation. To summarize, relatively strong Ag-O 
bond, unequal strength of C-H bonds with one of them relatively elon-
gated along with the near staggered conformation of OMC@111 pro-
vides a locale for hydrogen transfer. On the other hand, near-eclipsed 
conformer emphasizes the hindrance to hydrogen transfer and main-
tains the symmetry of both carbons of OMC@100. So far, we have 
investigated structural differences in the OMCs formed on two different 
facets. Further, we analyse the electronic structure of these two OMCs 
with the help of site specific pDOS and pCOHP. Fig. 3 brings out the 
variation in the electronic structure of Ag atoms from (100) and (111) 
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facets upon oxygen adsorption. Structural rearrangements observed in 
case of Ag(100) upon oxygen adsorption were also reflected in their 
pDOS. In Fig. 3, we represent pDOS of Ag atoms which were coordinated 
with adsorbed oxygen for both facets (100) (Fig. 3-a,b) and (111) (Fig. 3- 
c,d). The comparison is made between Ag-5s (Fig. 3 a and c) and Ag-4d 
(Fig. 3 b and d) states of two facets. In absence of adsorbed oxygen, all 
atoms on the surface are equivalent and exhibit identical pDOS, tagged 
as “bare” in the plots. In case of Ag (100), since adsorbed oxygen is 
coordinated with 4 Ag atoms, pDOS for those 4 Ag atoms is shown. In 
case of Ag (111), since oxygen is coordinated with three Ag atoms, their 
pDOS is shown along with “bare” Ag (111). The difference in both these 
cases is evident. Since, upon oxygen adsorption there is hardly any 
surface rearrangements in case of Ag (111), the pDOS for all the coor-
dinated Ag atoms are almost similar (see Fig. 3 c and d). Although, they 
differ from the case of pDOS for “bare” Ag atoms. Contrary to this, Ag 
(100) undergoes (partial) surface reconstruction and hence Ag atoms 
which were equivalent before oxygen adsorption, are no longer equiv-
alent. The change in their connectivity with the surrounding atoms (Ag 
as well as oxygen) is reflected in their pDOS. The variation is more 
evident if we compare it with that of Ag(111). All three Ag atoms (co-
ordinated with oxygen) in case of Ag (111), have pDOS overlapping on 
each other, whereas, every atom coordinated with oxygen in case of Ag 
(100) show a distinct pDOS. Thus, pDOS for Ag-4d in case of Ag(111) 
show only two curves, one for Ag coordinated with O and another for 
non-coordinated Ag atoms. On the contrary, pDOS of Ag-4d for Ag (100) 
atoms show distinct lines for each of the Ag atom coordinated with 

oxygen. The rearrangement of atoms upon oxygen adsorption in case of 
Ag (100) is also shown in the inset of Fig. 3 (b) and is compared with that 
of Ag (111) (shown in the inset of Fig. 3 (d)). Although, Ag (100) does 
not get restructured completely into Ag (111), upon oxygen adsorption, 
glimpses of Ag(111) are seen in the restructured Ag(100) and are 
highlighted to aid the observer. Further, in comparison to bare surface 
the intensity of Ag-5s peaks has decreased for both Ag-O(100) and Ag-O 
(111) complexes. This decrease of intensity can be understood as loss of 
charge by surface Ag atoms to adsorbed oxygen. It is also confirmed 
from Löwdin charges calculated on both, Ag atoms and oxygen. This 
variation of intensity is however not evident for Ag-4d states. Hence, Ag- 
5s states dominate in interaction with oxygen than Ag-4d states. 

Fig. 4 brings out an interesting observation regarding pDOS of 
hydrogen atoms in OMCs formed on Ag(100) and Ag(111). Based on the 
structural analysis, we propose that the hydrogen atoms connected to 
same carbon atom in an OMC@100 are equivalent, in terms of their 
bonding as well as underlying electronic structure. PDOS of four 
hydrogen atoms in OMC@100 is shown in Fig. 4 (a) which show two 
distinct lines indicating two types of hydrogen atoms, connected to two 
different carbon atoms. Since the carbon atoms within OMC experience 
different environment (one is connected to oxygen whereas other is 
connected to surface Ag atom) the hydrogen atoms connected to these 
two carbon atoms also show slight variance in their pDOS reflecting the 
variation in their connectivity. On the other hand, hydrogen atoms in 
OMC@111 are all distinct in terms of their C-H bond lengths and 
environment which also reflects into their pDOS plots. This is in line 

Fig. 1. (a)Top and (b) side views of OMC@100 and OMC@111 are shown. Subtle difference in the structure of these two OMCs is evident from side view.  

Table 1 
Formation energies (Ef ), bond-lengths, and dihedral angles of OMC@100 and OMC@111 are tabulated.  

System Ef (eV)  Bond lengths (Å) Dihedral Angle   

Ag-O C(1)-O C(1)-H(3) C(1)-H(4) C(2)-H(1) C(2)-H(2)  

OMC@100 -0.81 2.25, 2.32, 2.36 1.46 1.105 1.106 1.097 1.097 2.2o, 5.7o  

OMC@111 -1.12 2.24, 2.25 1.43 1.112 1.106 1.100 1.098 33.8o, 41.7o   

Fig. 2. Configurations of most stable OMC on Ag(100) and Ag(111) along with Löwdin charges. The charge variation on H atoms bring out subtle difference in OMCs 
formed on these two facets. 
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with observation made from dihedral angle and Löwdin charges on H 
atoms of both facets which distinguishes OMC@100 and OMC@111 as 
near eclipsed and near staggered respectively. pDOS represents the 
density of states specific to an atom. To get a complete picture of the 
interaction between various atoms of the complex, we have analysed 
COHP for various pairs of atoms like C1-O, C2-O, Ag-O, etc. In simpler 

words, COHP is a theoretical bond-detecting tool for solids. It is a “bond- 
weighted” density-of-states between a pair of adjacent 

atoms. Integration of COHP curves leads to bond-strength. In COHP, 
bonding and anti-bonding interactions are represented by negative and 
positive values respectively [51]. We investigate C1-O, C2-O, and Ag-O 
interactions in order to understand the differences in OMC@100 and 

Fig. 3. Figures (a) and (b) compares site specific pDOS for Ag-5s and Ag-4d states respectively of oxygen adsorbed Ag(100) surface with that of bare Ag(100) surface. 
Figures (c) and (d) shows the comparison of Ag-5s and Ag-4d states respectively of oxygen adsorbed Ag(111) surface with that of bare Ag(111) surface. The scattered 
distribution of pDOS in Ag-O(100) indicate reconstruction of the surface which is absent for Ag-O(111). 

Fig. 4. pDOS of H-1s for (a) OMC@100 and (b) OMC@111 conformers. In case of OMC@100, hydrogen atoms connected to one carbon have identical pDOS, thus 
resulting into two pairs. In case of OMC@111, all the hydrogen atoms are distinguishable as evident from their pDOS. Region below Fermi level is magnified and 
shown in the inset. 
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OMC@111 conformers. COHP plots for C1-O and C2-O are shown in 
Fig. 5- a and b respectively. Comparing the magnitude of COHP of C1-O 
interaction with that of C2-O clearly shows that C2-O interactions are 
much weaker as observed in Fig. 5. It is also observed that C1-O inter-
action peaks for OMC@111 have slightly shifted towards Fermi level in 
comparison to that of OMC@100. The strength of interaction can be 
validated from IpCOHP values, -6.96 eV for OMC@100 and -7.41 eV for 
OMC@111. However, even if the C2-O interactions in both cases seem 
comparable, there are subtle differences. In case of OMC@100, contri-
bution from bonding molecular orbitals (BMO) is sharper whereas the 
peak near Fermi, indicating contribution from anti-bonding molecular 
orbitals is sharper for OMC@111. Further, when COHP for Ag-O in-
teractions are compared for OMC@100 and OMC@111, it can be seen 
that Ag-O interaction is weaker in case of OMC@100 as can be seen from 
Fig. 6. IpCOHP values of 2 elongated Ag-O bonds out of 3 are -0.51 eV 
and -0.56 eV for OMC@100 and -0.73 eV, -0.75 eV for OMC@111. This 
confirms the weakening of Ag-O bonds on OMC@100. 

So far, we have held our attention on structural and electronic data 
for OMC formed on Ag(100) and Ag(111) from which we noted how 
OMC intermediates are subtly different for both the facets. Weaker Ag-O 
bonds, reconstructed surface due to oxygen adsorption on facet, dihedral 
angles of OMC establishing near eclipsed structure and weak C1-O 

interactions are noteworthy observations made for OMC@100. Similarly 
OMC@111 has comparatively shorter or stronger Ag-O bonds than 
OMC@100. Near staggered configuration along with comparatively 
strong C1-O interactions are also emphasised in our investigation. 

By assembling all the above discussed factors together, it is found 
that OMC@100 favours EtO formation over OMC@111. To support this, 
Wwe have employed CI-NEB to determine the energy barrier on both 
facets towards EtO formation. The result shows that the transition state 
energy barrier for OMC@111 towards formation of EtO is slightly higher 
than OMC@100 as shown in Fig. 7. We note that the difference in 
activation barrier between the two is 0.0517 eV. Agreeably the differ-
ence in the activation barrier is marginal. However, our observations 
based on structure, bond-lengths, dihedral angle, charges, pDOS, and 
pCOHP suggest OMC@100 to favour EtO formation and OMC@111 
provides a locale for hydrogen transfer. NEB results have added an extra 
evidence to the above noted factors. We also noticed that upon EtO 
formation Ag-O interaction reduces significantly for both the facets 
which can aid in easy abstraction of product. 

4. Conclusions 

We investigated the role of facet in epoxidation by comparing 

Fig. 5. Figure (a) represents weak long range C2-O interactions for OMC@100 (C2-O-100) and OMC@111(C2-O-111). Figure (b) compares C1-O interactions for 
OMC@100 (C1-O-100) and OMC@111 (C1-O-111). C1-O interactions are found to be slightly weaker for OMC@100 which is favourable for EtO formation. 
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industrially important Ag(111) facet with Ag(100) facet. It was inter-
esting to note that Ag(100) undergoes reconstruction on oxygen 
adsorption and has traces of Ag(111) facet on the distorted surface. 
However presence of oxygen does not have much effect on Ag(111) 
facet. Oxygen adsorption is favoured on distorted Ag(100) over Ag(111) 
facet. OMC which acts as intermediate for both epoxide and acetalde-
hyde formation is unique for both the facets and is distinguished with 
the help of bondlength analysis, dihedral angles, Löwdin charges, site 
specific pDOS, and pCOHP data analysis. OMC@100 orients in a near 
eclipsed fashion while OMC@111 takes a near staggered configuration. 
This is supported by Löwdin charges as well as site specific pDOS for H- 
1s states of hydrogen atoms attached to carbons on OMCs. By digging 
deeper through our observations it was deduced that weak C1-O in-
teractions along with near eclipsed orientation and shorter C2-O bond 
distance for OMC@100, ring closure is favoured leading to EtO forma-
tion. Weak Ag-O bonds can aid to selectivity by easing the release of 
product formed on surface. For OMC@111 however, comparatively 
stronger C1-O interactions, near staggered orientation, shorter Ag-O 
bonds and slight elongation of one of the C-H bonds can cause 

hindrance to selectivity. Thus, we can draw inference that OMC@100 
favours EtO formation than OMC@111. CI-NEB supports the above 
observation as the results clearly showed that the energy barrier for EtO 
formation from OMC@111 is higher than that for OMC@100. This 
makes Ag(100) facet comparatively facile for EtO formation than Ag 
(111) facet. Our study finds that oxygen adsorption is favoured on Ag 
(100) while OMC stabilizes better on Ag(111) facet. Further, the acti-
vation barrier towards EtO formation from OMC formed on Ag(100) is 
lower in comparison to OMC on Ag(111). Therefore facet determination 
is a complex matter of contention and it is significant to consider the 
interplay of various factors for deciding the suitable facet for 
epoxidation. 
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