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Non-noble metal single-atom catalysts with
phosphotungstic acid (PTA) support: A theoretical
study of ethylene epoxidation

Shamraiz Hussain Talib', Xiaohu Yuz*, Qi Yu’, Sambath Baskaran® and Jun Li""

ABSTRACT Geometric and electronic structures of phos-
photungstic acid (PTA) supported single transition metal
atom (Fe, Co, Ni, Ru, Rh, Pd, Os, Ir and Pt) catalysts have been
systematically investigated by using the first-principles theo-
retical methods. Possible reaction mechanism for ethylene
epoxidation was explored. The most possible anchoring site
for the single transition metal atom is the fourfold hollow site
on PTA. As the non-noble metal Fe,-PTA system possesses
considerable adsorption energies towards both O, and C,H,,
the strong bonding interaction between Fe, and PTA cluster
was analyzed. It is found that the electron transfers from Fe
atom to PTA cluster and strong covalent metal-support in-
teractions (CMSI) between the Fe 3d orbitals and O 2p orbitals
of PTA lay the foundation of high stability. The proposed
catalytic reaction mechanism for ethylene epoxidation on Fe,-
PTA single-atom catalyst (SAC) includes three steps: the O,
adsorbs on Fe,-PTA via electron transfer; the first ethylene
attacks the adsorbed O, molecule on Fe,-PTA followed by the
formation of C,H,O; finally, the O atom remained on Fe,-PTA
reacts with a second ethylene to form the product and ac-
complish the catalytic cycle. The Fe,-PTA has high selectivity
and catalytic activity for ethylene epoxidation via an Eley-
Rideal mechanism with low energy barriers. A potentially
competitive pathway for the formation of acetaldehyde is not
kinetically favorable. These results provide insights for the
development of highly efficient heterogeneous SACs for
ethylene epoxidation with non-noble metals.

Keywords: single-atom catalyst, non-noble metal, phospho-
tungstic acid, ethylene epoxidation, computational modeling

INTRODUCTION

Single atom catalysts (SACs) have aroused significant
interest both experimentally and theoretically in hetero-
geneous catalysis since Qiao et al. [1] reported for the first
time that the isolated Pt single atom supported by iron
oxide showed excellent catalytic performance for CO
oxidation. A number of experimental and computational
studies show that SACs are promising for precise control
of catalytic reactions due to the well-defined active sites
and for potential industrial applications because of their
high catalytic activity, stability, efficiency and selectivity
[2-4]. SACs have been prepared by dispersing transition
metal atoms on the surface of support, where single metal
atoms surrounded by other atoms from the support serve
as the active sites to provide unique chemical and physical
properties [5-12]. Especially, the metal atom utilization
efficiency is greatly increased by the atom form disperse,
which helps to reduce the demand and costs of noble
metals often used in industrial catalysis. Due to the ver-
satility and tunability of the coordination environment at
the single-atom metals, SACs also provide peculiar op-
portunity for developing catalysts with non-noble metal
atoms at the active center [13-16].

Compared with the nanoparticle-based catalysts or
metal clusters, the active sites of SACs have different
electronic and geometrical structures; particularly the
varied oxidation states, charges, and valence shell elec-
tronic configurations of the metal atoms render special
physicochemical properties and outstanding catalytic
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performance. One of the challenges of practical applica-
tion of SACs is the intrinsic static stability and the dy-
namic stability under reaction conditions of the catalysts.
Because of the high surface free energy of low-co-
ordinated metal atoms, these atoms tend to aggregate into
small clusters or nanoparticles on support, especially
under high-temperature and redox reactions. Therefore, a
significant effort has been devoted to the field of SACs for
developing suitable supports that can effectively anchor
the single metal atom on the supports, without reducing
the performance of the catalyst and devastating supports
[17-20]. Currently, a series of practically utilized supports
are studied for SACs, including reducible and irreducible
oxides, nitrides, carbides, metals, as well as carbon or
carbon-nitrogen materials [21-25].

In the field of catalytic reactions with nanoparticles,
direct epoxidation of ethylene to ethylene oxide (C,H,O)
catalyzed by Ag is a vital chemical process because
ethylene oxide is an important raw material for the pro-
duction of useful chemical products such as glycols,
plastics, polyester, and other fine chemicals [26-28]. Ex-
perimentally, the selectivity of ethylene oxide over clean
Ag is about 40%-50%, and its selectivity can be increased
to 90% by the accumulation of solid promoters such as
alkali metals as well as Re and Mo [27-29]. Among nu-
merous experimental studies, van Hoof et al. [30] studied
the ethylene epoxidation over Ag catalysts by adding se-
lective species, and found that substantial impact of a
small amount of impurity on a well-studied hetero-
geneous catalyzed reaction. These results point to the
importance of adding fine-selected “impurity” on im-
proving catalytic reaction performance for ethylene
epoxidation.

Among the various metal oxide supports, poly-
oxometalate (POM) clusters are heteropolyacid oxo-
anions that posses considerable stability, well-defined
structures, and interesting catalytic properies, thus being
a promising support for developing SACs with high sta-
bility. The solid POMs possess a separate anionic struc-
ture, which is more like a distinct portion of the solid
metal oxides [30-41]. For many years, POMs have been
used as catalyst support materials due to the following
advantages. (i) POMs are an isolated and compact anionic
structure. The reported cluster compounds have been
characterized by X-ray single crystal diffraction. (ii)
POMs have a discrete anionic structure due to the dis-
solution of both organic solvent and water and can act as
heterogeneous as well as homogeneous catalysts. (iii) Due
to the isolated and robust structure of POMs both in
solution and solid phase, it can be easily examined by
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using chemical and spectroscopic technologies [42-47].
(iv) A number of theoretical studies on the bonding,
stability, and physicochemical properties have also been
done for various POMs [48-50]. Thus, POMs are ideal
system which provides an opportunity to study the me-
chanistic behavior of SACs at molecular levels.

In the POMs family, of particular importance are the
Keggin type structures of phosphomolybdic acid
(H;PMo,,04, PMA) and phosphotungstic acid
(H;PW 1,040, PTA), which consist of tungsten or mo-
lybdenum and oxygen atoms with a PO, unit located at
the center of M;,0;5 cage. These POMs have attracted
remarkable attention recently in SACs, owing to the
unusual properties in catalysis and energy storage. He
et al. [51] reported the first SAC of palladium substituted
Wells-Dawson  polyoxometalate (Pd-POM)  which
showed high catalytic activity for Suzuki-Miyaura cou-
pling and semihydrogenation reactions. Yan and collea-
gues [52,53] found remarkable performance of SACs with
PMA and PTA structures. They deposited Rh on the PTA
surface via a self-assembly method and found that Rh
catalyst exhibited excellent stability in the reaction of CO
oxidation when the loading of Rh was reduced to 0.9 wt%.
They also reported that the Pt single atom supported by
PMA did not compromise hydrogen activity and the
loading of 1 wt% Pt showed excellent catalytic perfor-
mance in the hydrogenation of nitrobenzene and cyclo-
hexanone [52,53]. According to computational and
experimental studies, they proposed that the Pt strongly
binded at the four-fold hollow site on POMs in a dis-
torted square-planar geometry of the Keggin type struc-
ture with +IV oxidation state of Pt. Recently, using in-situ
spectroscopic experiments, they further studied structu-
rally well-defined atomically dispersed Rh atom sup-
ported on PTA for CO oxidation, and found that the
reactions followed an unusual Mars-van-Krevelen path-
way for the oxidation of CO [54,55]. The SACs with POM
supports have also received attention in computational
modeling. Yu et al. [56] recently performed systematic
theoretical studies on a series of SACs with PMA for CO
oxidation and found interesting trend of PMA-based
SACs for this reaction. The development of SACs with
POMs support is helpful for the fundamental under-
standing of catalytic mechanism of singly dispersed atoms
on surface and such catalysts have potential for practical
applications [57-60].

On the basis of these developments, we have carried out
systematic theoretical studies of the geometries, stability
and catalytic properties of PTA-supported SACs (M;-
PTA with M = Fe, Co, Ni; Ru, Rh, Pd; Os, Ir and Pt) for
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ethylene epoxidation using density functional theory
(DFT). We attempt to screened computationally the most
promising SACs for the ethylene epoxidation reaction.
We also addressed the adsorption and conversion of O,
and C,H, molecules on M;-PTA SACs for the ethylene
epoxidation reaction, and found that non-noble metal
SAC of Fe|-PTA was one of the appropriate catalysts with
overall robust performance. Moreover, the mechanism of
ethylene epoxidation over Fe,-PTA were explored and the
highest energy barrier among all the reaction steps was
found to be less than 1 eV, much lower than the forma-
tion of acetaldehyde, suggesting that the Fe,-PTA catalyst
was promising for ethylene epoxidation reaction under
ambient temperature.

COMPUTATIONAL DETAILS

Geometrical optimization and energy calculations were
performed by using spin-polarized Kahn-Sham formal-
ism of DFT. The generalized gradient approach (GGA)
was used with proton balance equation exchange-corre-
lation functional [61], as implemented in the Vienna Ab
initio Simulation Package (VASP) [62,63]. The projector
augmented-wave (PAW) potentials were employed to
account for the interaction between the valence electrons
and ionic core [64-67]. The valence electrons were de-
signated by 5d'6s” for W, 3d°4s’ for Fe, 3s’3p° for P,
25°2p" for O, 25’2p” for C, and 1s' for H, respectively. The
kinetic cutoff energy of 400 eV was used for the expan-
sion of plane-wave basis sets of the electronic eigen-
functions. A vacuum space of 25 A was set to avoid
interactions between the images of the periodic systems.
For geometry optimizations, the Brillion zone integration
was calculated with 1 x 1 x 1 k-sampling point to gain the
required accuracy. The maximum force for all the ions
allowed for relaxation was set to be less than 0.03 eV A™".
Atomic charges were computed using Bader’s atom-in-
molecule formalism [68,69].

Following the thermodynamic convention, the binding
energy of metal atom (M,) on the PTA was defined as E,
(M,) = E(M,-PTA) - E(PTA) - E(M,) (Equation (1)). The
adsorption energy of molecule A on M;-PTA was defined
as Eg(A) = E(A..M,-PTA) - E(A) - E(M,-PTA)
(Equation (2)), where E(M,-PTA), E(M,), E(PTA), and E
(A) were the total energy of the M;-PTA catalyst, the
metal atom, the free PTA cluster, and the non-adsorbed A
molecule, respectively.

To explore the reaction transition states of the ele-
mentary reaction steps, we used the climbing image-
nudged elastic band (CI-NEB) [70,71] and dimer method
[72,73]. The most elevated images along the least energy
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barrier were used to determine the transition state (TS).
The energy barrier of each elementary reaction was de-
termined by the energy difference between the TS and
initial state (IS). All the transition states geometries were
confirmed by having one imaginary frequency in vibra-
tional frequency calculations. All the other settings used
were the default value of the program.

RESULTS AND DISCUSSION

In this work, PTA ion (PW,,0,," ) was chosen as the
support to anchor the single metal atom M,. It is notable
that Keggin-type PTA anions are made from 12 MOq
octahedrons connecting their corners or edges to a central
PO, tetrahedron. There are various possible coordination
positions on the surface oxygen atoms of a PTA cluster:
terminal (O,), bridging (Oy,), and at the sides of the
Keggin structure (O.). Coordination at these surface
oxygen atoms of Keggin-type structure can create single-,
two-, three-, and four-fold binding sites for a metal atom.
The fully optimized structure of PTA is shown in Fig. 1
and the possible coordination sites are presented in
Fig. S1 of the Supplementary Information (SI). The cubic
unit cell contains 12 W atoms, 40 O atoms and one P
atom located in the center. The optimized key geometry
parameters are presented in Table S1. The calculated
bond lengths of P-O, W-O, W-0Oy,; and O;-Oy, are
1.54, 1.71, 1.94, and 2.69 A, respectively, which are in
good agreement with the theoretical and experimental
studies [51-53].

Screening M;-PTA catalysts for ethylene epoxidation
reaction

To search for an optimal catalytic system for the ethylene
epoxidation reaction, a series of transition metals (Fe, Co,
Ni, Ru, Rh, Pd, Os, Ir and Pt) from the group-VIII ele-
ments in the Periodic Table were tested. We have found
that all the transition metal atoms studied in this work

Figure 1 (a) Top and (b) side views of the optimized structure of PTA.
The calculated bond lengths of P-O, W-O,, W-Oy,;, and O;-Oy,; are
1.54, 1.71, 1.94, and 2.69 A, respectively. The grey, red, magenta, and
blue color represent terminal oxygen (O,), bridge oxygen (O,), phos-
phorus (P), and tungsten (W) atom, respectively.
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prefer to anchor on the four-fold hollow (4H) site of PTA
cluster (Fig. S2 and Table S2), consistent with previous
theoretical studies on similar M;-PMA systems [56]. The
calculated binding energies of the transition metal atoms
anchored on 4H site of PTA cluster, vary from 5 to 11 eV
(Table S3) and the binding configurations are shown in
Fig. S3. The binding strength of the transition metal
atoms with PTA cluster decreases in the order of Ru > Os
> Fe > Co > Ni > Ir > Rh > Pt > Pd, respectively. That is,
for the transition metals in the same period, the adsorp-
tion energy (absolute value) decreases with the increased
atomic number (Fe >Co > Ni; Ru > Rh > Pd; Os > Ir >
Pt). Overall, Fe, Ru, Os have the strongest binding with
PTA, compared with the 3d-, 4d-, 5d-row of metals with
the same number of valence electrons. The results in-
dicate that the Ru and Os atoms have strongest interac-
tion with PTA cluster than other transition metal atoms.
Among the non-noble metals, Fe atom strongly binds to
PTA rendering it a good candidate for constructing
chemically stable SACs.

To find the suitable catalyst for ethylene epoxidation,
we also analyzed the adsorption energies of C,H, and O,
on the M-PTA cluster, because the adsorption of re-
actants is the key step for heterogeneous reaction. The
optimized structures of C,H, and O, on M-PTA cluster
are displayed in Figs S4 and S5, and the adsorption en-
ergies are presented in Fig. 2 and Table S3. From these
calculation results, C,H, adsorbs weakly on Co,-PTA,
with the adsorption energy of only —0.52 eV and the
strongest interaction is found on Os,-PTA, with an ad-
sorption energy of —2.45 eV. For O, adsorption on M;-
PTA, different configurations are observed. We find that
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Figure 2 Adsorption energies of O, (red) and C,H, (blue) on M;-PTA
(Fe, Co, Ni, Ru, Rh, Pd, Os, Ir, and Pt) (M, = group-VIII transition
metals).
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O, prefers to lie parallel over the Fe, Co, Ru, Os, and Ir
atom with both oxygen atoms of O, connecting to the
metal atom (i.e., side-on coordination), whereas for Ni,
Rh, Pd and Pt only one oxygen atom connects with the
metal atom (i.e. end-on coordination). The strongest in-
teraction is also observed on Os,;-PTA with an adsorption
energy of —2.23 eV, and the least adsorbed system to-
wards O, is Co,-PTA. The fact that O, on Co,-PTA has
an adsorption energy of 0.08 eV indicates that Co,-PTA
can hardly adsorb O,; this conclusion may be valid even
with more accurate calculations including strong elec-
tron-correlation and dispersion, which are absent in the
current study so that the adsorption energy on Co,-PTA
is flawed. As have been shown previously, the different
reduced O," species possess different O-O distances,
which lie around 1.21 A for O, (free dioxygen), 1.28 A for
0, (superoxide), and 1.50 A for 0227 (peroxide) [74].
Therefore, we can conclude that the O, molecule is ac-
tivated as superoxide, strongly on Fe-PTA and only
weakly on M,-PTA for M = Co, Ni, Rh, Pd, Pt; but it is
much strongly activated on M;-PTA for M = Ru, Os, Ir as
peroxide.

The transition metals Co, Ni, Ru, Rh, Pd, Os, Ir, and Pt
based PTA catalysts show that the C,H, adsorption en-
ergy is higher than the corresponding O, adsorption,
which tunes the competition of these species in adsorp-
tion. Especially noteworthy is the fact that O, and C,H,
adsorption on Fe-PTA were energetically comparable,
while others all favor the adsorption of C,H, rather than
O,. Therefore, the Fe;-PTA SAC shows considerable
binding strengths with both C,H, and O,, which is ne-
cessary for the initiation of ethylene epoxidation reaction.
Consequently, to check their catalytic performance for
ethylene epoxidation reaction, we studied the reaction
mechanism of ethylene epoxidation on Fe-PTA under
normal reaction conditions in details.

Geometry, electronic structure, and stability of Fe;-PTA

The optimized geometry of the most stable Fe-PTA is
shown in Fig. 3a. As mentioned before, the Fe atom
prefers to locate at the four hollow (4H) site of the PTA,
with the binding energy of —9.77 eV and Fe-O bond
lengths of 1.85 and 1.82 A, respectively. According to the
Bader charge analysis, the Fe atom embedded on PTA
cluster is positively charged, with atomic charge about
+1.61 |e|. The four oxygen atoms forming chemical bonds
with iron atom gain 0.28, 0.30, 0.35, and 0.35 e, re-
spectively. That is, there is substantial electron transfer
from Fe atom to PTA cluster upon Fe binding, which
plays an important role for the large stabilization of Fe
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Figure 3 (a) Top view of the optimized geometry of Fe embedded on PTA cluster; (b) charge density difference. For the contour plots, the electron
accumulation regions are represented in blue region while the electron depletion regions are shown in yellow. The counter value of the charge density
difference is +0.05 a.u. The spin density localization is shown in (c), with the spin density population displayed in yellow. (d) The spin-polarized
partial density of states (PDOS) projected on Fe 3d and 4s (cyan and red) and O 2p (blue) states. The Fermi level was set to zero.

single atom due to both ionic and covalent interaction.
Moreover, the positive Bader charges mean that the Fe
atom is in an oxidized form, which might stimulate the
catalytic activity of C,H, oxidation because of its high
chemical potential and high oxidation state. To gain more
insight into the nature of the chemical bonding of Fe
atom to PTA, charge density difference plot is presented
in Fig. 3b. It is clear that there is a loss of electron density
above the embedded Fe atom, which indicates that the
electron density flows from Fe atom towards the nearest
O atoms of PTA. This charge transfer from Fe center to
the Keggin type PTA cage mainly accounts for the large
binding energy. The spin density population of Fe,-PTA
is shown in Fig. 3¢, which shows that due to the strong
spin polarization and magnetic properties of iron atom,
the spin density populations are mainly situated on the Fe
atom as well as slightly on the four nearest neighbor
oxygen (O) atoms. The magnetic moment of Fe atom is
2.66 py and the oxygen atoms is —0.03 yp. Such a large
spin density population on Fe site may be one of the key
factors to activate the O, molecule because these free
electrons on Fe are more accessible for O, coordination
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and activation.

These results can be further confirmed by spin polar-
ized partial density of states as shown in Fig. 3d. The 3d
orbitals of the Fe atom are found to be strongly mixed
with the 2p orbitals of the PMA oxygen atoms, suggesting
that in addition to the ionic interaction, there is strong
covalent metal-support interaction (CMSI) between the
Fe and O atoms at the 4H site of PTA, as is found in other
SACs [10]. The spin-up and spin-down PDOS of the Fe
3d orbital are asymmetric near the Fermi level. The
presence of Fe 3d orbital near the Fermi level shows high
reactivity and may play a role in activating the adsorbates
during the catalytic reaction.

Adsorption of O, and C,H, over Fe,-PTA

To study the mechanism of ethylene epoxidation, we first
considered the adsorption of individual O, and C,H,
molecules on Fe,-PTA surface. In order to find the most
stable configuration of the adsorbed O, and C,H, dif-
ferent adsorption modes were considered. The resulting
most stable configuration of the adsorbed O, on the Fe,-
PTA is shown in Fig. 4a. As mentioned earlier, O, mo-
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Figure 4 (a) Top view of the optimized geometry of O, embedded in the Fe,-PTA cluster. (b) Charge density difference. For the contour plots, the
electron accumulation regions are represented in blue region while the electron depletion regions are shown in yellow. The counter value of the charge
density difference is £0.05 a.u. The spin density localization is shown in (c), with the spin density population displayed in yellow. (d) The spin-
polarized PDOS projected on Fe-3d/4s (cyan and red) and adsorbed O, 2p (blue) states. The Fermi level was set to zero.

lecule is adsorbed and activated on the Fe atom of Fe,-
PTA as a superoxide with a large adsorption energy of
—0.98 V. The interatomic distances are 1.85 A for Fe-O,
and 1.33 A for O-O, which is 0.12 A longer than those of
free O, molecule. Bader charge analysis shows that Fe
atom remains positively charged (+0.21 |e|) after O, ad-
sorption, indicating significant charge transfers from Fe,-
PTA to the O,(ads). We also calculated the charge density
difference of O, on Fe,-PTA as shown in Fig. 4b. The
calculated charge density difference confirms that sub-
stantial charge transfers from the Fe-PTA to the ad-
sorbed O,. The surplus charge accumulates between the
0-0 bond and fills the 2pn* antibonding orbital of the O,
molecule, resulting in the O-O distance significantly
elongated. The spin density population of O,-*-Fe;-PTA
shown in Fig. 4c demonstrates that the spin distribution
of Fe;-PTA is strongly influenced by the adsorbed O,.
Remarkably, the magnetic moment decreases (from 2.66
to 1.91 pp) on the Fe-PTA cluster after O, adsorption,
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which suggests the decrease of the unpaired electrons due
to the mixing between the Fe 3d and O 2p orbitals. The
magnetic moment is mainly located around the Fe
(1.91 pp) atom. To gain better understanding of the
electronic structure, the spin-polarized PDOS of O,/Fe;-
PTA is plotted, as shown in Fig. 4d. It shows that the 3d
orbitals of Fe are energetically close to the 2p orbitals of
oxygen atom of the adsorbed O, on the single Fe atom
near the Fermi level, suggesting that there is a relatively
strong interaction between the single Fe atom and the O
atom of the adsorbed O, molecule. This interaction leads
to charge transfer from the Fe-PTA catalyst to O,. The
partial occupation of the 2pn-based antibonding mole-
cular orbitals of O, causes the weakening of O-O bonding
and strong binding of O, molecule on the Fe,-PTA.

In addition to the adsorption of oxygen molecule, dif-
ferent adsorption configurations of C,H,; on Fe,-PTA
were also tested with the most stable configuration shown
in Fig. 5a. The adsorption energy of C,H, on Fe-PTA

June 2020 | Vol.63 No.6
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Figure 5 (a) Top view of the optimized geometry of C,H, adsorbed on Fe-PTA cluster. (b) Charge density difference. For the contour plots, the
electron accumulation regions are represented in blue region while the electron depletion regions are shown in yellow. The counter value of the charge
density difference is £0.05 a.u. The spin density localization is shown in (c), with the spin density population displayed in yellow. The spin-polarized
PDOS projected on Fe 3d/4s (cyan and red) and C 2p (blue) states (d). The Fermi level was set to zero.

was calculated as —0.78 eV, which was (0.20 eV) less than
that of O, adsorption, indicating that the adsorption of O,
was more preferred than that of C,H, although the dif-
ference is small. The interatomic bond distances are
2.37 A for Fe-C, and 1.35 A for C-C, which is 0.02 A
longer than that in free ethylene molecule. From Bader
charge analysis, the adsorbed C,H, molecule gains 0.12 |e]
from the Fe-PTA due to charge transfer. The charge
density difference depicted in Fig. 5b indeed shows that
the charge density accumulates between the Fe and C
atoms and the charge density decreases between the two
carbon atoms, as seen by the blue and yellow areas, re-
spectively. The spin density population of the system with
C,H, molecule adsorbed on the Fe,-PTA surface is shown
in Fig. 5¢c. The spin density is mainly localized on the Fe,-
PTA, indicating weak interaction between C,H, and Fe,-
PTA. The magnetic moment is slightly decreased from
2.66 to 2.50 uz on the Fe-PTA cluster after C,H, ad-
sorption, which agrees with the weak interaction between
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the Fe atom and C,H, molecule. The PDOS projected
onto the adsorbed C,H, molecule, as well as the Fe 4s/3d
and C 2p orbitals is shown in Fig. 5d, which confirms the
orbital mixing between the C 2p and Fe 3d orbitals, al-
though it is not significant due to the large distance
(2.37 A) between them. In addition, small overlap is ob-
served between the Fe 3d orbital and C 2p orbital near the
Fermi level, indicating the weak interaction between C,H,
and Fe-PTA. Compared with the spin-polarized PDOS
of the Fe;-PTA cluster as presented in the Fig. 2d, the 3d
orbitals of Fe near the Fermi level slightly decrease after
the adsorption of C,H, on Fe;-PTA. These results are
confirmed by the electron density difference and spin
density localization.

Reaction mechanism of ethylene epoxidation on Fe,-PTA
To explore possible reaction mechanism for the oxidation
of ethylene to ethylene oxide by O, molecule on Fe,;-PTA,
we have considered the following three steps:
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Step 1: [Fe] + O,—[Fe]O,;
Step 2: [Fe]O, +C,H,—[Fe]O"~0~C,H,—[Fe]O +C,H,0;
Step 3: [Fe]O” + C,H,—[Fe]O +C,H,—[Fe] + C,H,0;
where [Fe] represents the active site of the Fe,-PTA SAC.
Fig. 6 shows the calculated energy profile of the pro-
posed reaction mechanism for ethylene epoxidation on
Fe,-PTA, and the IS, intermediate (IM), TS, and final
structure (FS) are shown in Fig. 7. The step 1 is the ad-
sorption of dioxygen molecule on the Fe -PTA surface, as
discussed above (see Fig. 4). Because of the strong
bonding of the PTA surface terminal-oxo to W and the
limited space around the isolated single Fe atom em-
bedded on PTA, it is rather hard to extract the surface
oxygen atoms or adsorb both O, and C,H, on Fe atom
simultaneously, which makes the well-known Mars-van
Krevelen and Langmuir-Hinshelwood mechanisms
highly unfavorable compared with the Eley-Rideal me-
chanism_ Therefore, we only consider the adsorbed di-
oxygen molecule (i.e, O,) on Fe-PTA surface
interacting with an ethylene (C,H,) molecule via the
Eley-Rideal mechanism to form an ethylene oxide
(C,H,O) molecule and an iron-oxo complex ([Fe]O) in
step 2. The IM1 of C,H, attacking O, adsorbed on Fe,-
PTA is calculated to be 0.18 eV above the initial state of
O, --Fe;-PTA (IS). This process is feasible thermo-
dynamically because O, adsorption on Fe-PTA is
strongly exothermic by —0.98 eV. In Fig. 6, the adsorbed
structure of O, on Fe,;-PTA is chosen as IS, in which the
0-0 bond distance is elongated to 1.31 A when com-
pared with free O,. The reaction intermediate IM1 cor-
responds to C,H, weakly adsorbed on the chemisorbed
O, molecule, and the adsorption of O, is converted from

":ix’
0.72

S TSI
M1 - 0.54 L
100 —

0.0 —pmmmet* 0.18
= ji CZH-t
+

Energy (eV)

IM2

Reaction Coordinates

Figure 6 Schematic energy profile for the epoxidation of ethylene. All
DFT energies are in eV.
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IS1 IM1 T81 M2

IM3 TS2 FS

Figure 7 Optimized geometries of IS, TS, IM, and FS of the ethylene
oxidation on Fe;-PTA. All the calculated bond lengths are given in A.

side-on in IM1 to end-on mode to form [Fe]-O-O---
C,H,, which leads to the formation of IM2 through the
TS1. Here TS1 has an activation energy barrier of 0.54 eV
with one imaginary frequency of 381i cm ', which is as-
sociated with the formation of carbon-oxygen (C-O)
bond and the dissociation of oxygen-oxygen (O-O) bond.
At the TS1, the bond length of the O-O increases from
1.31 to 1.33 A and the bond length of C-C in ethylene is
elongated from 1.34 to 1.41 A, respectively. That is, an
oxygen transfer process occurs from O, adsorbed on Fe,-
PTA to C,H, molecule and the formation of new C-O
bond (1.74 A) gives rise to the IM2. In IM2, the bond
length of C-C in C,H,O molecule is elongated to 1.47 A,
indicating a single C-C bond with calculated Wiberg
bond order of 1.32. In the final step, the Fe-oxo complex
directly interacts with another C,H, molecule and forms a
new ethylene oxide (C,H,O) molecule through the TS2.
Here TS2 has an activation energy barrier of only 0.28 eV
with one imaginary frequency of 443i cm ', which is as-
sociated with the formation of C-O bond and the dis-
sociation of Fe-O bond. The formation of new C-O bond
(1.73 A) gives rise to the FS.

The spin magnetic moments can provide useful in-
formation for the elementary steps involved in the ethy-
lene epoxidation reaction. From the calculated spin
magnetic moments, the Fe-PTA catalyst has a spin
magnetic moment of 3.85 yj at the Fe’" active center. The
TS and desorption species are the most important ones in
this reaction. In IS1, when one electron is transferred
from Fe’" to O, to form O, , the magnetic moment of
Fe’* is 2.02 ug, when C,H, physisorbed over the O,/Fe,-
PTA. However, the spin magnetic moment of IMI is

June 2020 | Vol.63 No.6
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quenched to 0.71 pg, indicating that Fe’" is reduced. The
spin magnetic moment is 0.81 pg for TS1 and 0.69 pj for
IM2, due to the strong interaction between the second
C,H, molecule and OFe;-PTA. In TS2, the Fe-oxo in-
teracts with ethylene molecule and Fe* is oxidized, with
the magnetic moment increasing to 1.22 uz. With deso-
rption of ethylene epoxide molecule, the magnetic mo-
ments of Fe’" in FS increase to 3.85 yg and the Fe™" is
again oxidized. We have also calculated the PDOS of all
the elementary steps and the results are presented in
Fig. S6. It can be seen that Fe 3d orbital plays an im-
portant role in changing the magnetic moment of Fe in all
the elementary steps near the Fermi level.

In addition, other possible oxidation products (such as
acetaldehyde) was also examined in this work. It is found
that the formation of acetaldehyde from the IM of ethy-
lene epoxidation has an activation energy barrier of
1.47 eV (TS with 790i cm ). It follows that the formation
of acetaldehyde is not favorable kinetically despite the
large exothermicity of 1.39 eV (Fig. S7).

CONCLUSIONS
In this work, the geometrical structures, electronic
structures, and catalytic activity for ethylene epoxidation
of single transition metal atom (Fe, Co, Ni, Ru, Rh, Pd,
Os, Ir, and Pt) supported on PTA cluster were system-
atically investigated by using the first principles calcula-
tions. The results show that the transition metal atoms
prefer to anchor at the four hollow (4H) site of the PTA
cluster, with Fe, Ru, Os atoms having the strongest
binding with PTA in each row of the transition metals.
We have then studied their catalytic activities by using
ethylene epoxidation as an illustrative reaction. For this
purpose, the adsorption of C,H, and O, molecules on the
M,-PTA (Fe, Co, Ni, Ru, Rh, Pd, Os, Ir, and Pt) systems
are considered and detailed calculations reveal that the
Fe,-PTA system has comparable adsorption energy to
C,H, and O, molecules. The facile conversion between
Fe" and Fe' oxidation state renders the Fe,-PTA system
robust catalytic activity for ethylene epoxidation. It has
been found that the anchored Fe atom is positively
charged and there are charge transfer from iron metal
atom to PTA cluster and orbital mixing between Fe and
surface oxygen, which make the Fe,-PTA catalyst stable.
The first step of ethylene epoxidation is the adsorption
of dioxygen molecule on the Fe-PTA cluster, and the
adsorbed O, molecule then interacts with the C,H, mo-
lecule directly via Eley-Rideal mechanism. The second
step involves the interaction of the first ethylene molecule
with the adsorbed O, on Fe complex and the formation of

June 2020 | Vol.63 No.6
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an ethylene oxide (C,H,O) molecule and an [Fe]O
complex with a small activation energy barrier of 0.54 eV.
The final step of the reaction reveals that Fe-oxo complex
directly interacts with the second C,H, molecule and
generates another ethylene oxide (C,H,O) molecule with
a rather small energy barrier of 0.28 eV. The potentially
competing pathway of the formation of acetaldehyde is
not kinetically favorable.

These results suggest that the Fe-PTA SAC is a robust
system for ethylene epoxidation. As iron is a non-noble
metal, the current finding is helpful for guiding future
experimental exploration of such catalysts for ethylene
epoxidation. It seems possible that through systematic
computational screening and modeling, stable and effi-
cient non-noble metal catalysts can be developed for
various important catalytic reactions because of the easy
control of the electronic structure of the active center
through coordination chemistry [75,76]. SACs thus serve
as a bridge between homogeneous/biological and het-
erogeneous catalysts.
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W BETEMEE, AXREUR TSR AR5 8
B 5T, B8 4 B B A1) DOE BRIEIR (PTA) AL R LR TLA AT
FEHiM, TR BT SRR Bk SR R T RE
SV HLER. FRATABIPTA SR Al RESE & b 5 6 Bl O i 2 Y
Ref s fr. ZME PR AL TR T I IR T SRR, JE Bt mFey-
PTAE AW AR GE, X025 A LA TE PR R SC B IR A1)
BE— 2B BT T BREA I RIPTASS & A A T, R B LG Bk ERL
THBFIPTAM R, I H 3k Z A Fe- O34 & Jm - A AR TAE ]
(CMSI) 2 H S Ae e T SEA. AEMEAL S Fe,-PTA LW BERY IR IF4A
WAECHIER AL E4E =20 1) S0 7l FE e e RS W ] £ Fe,-PTA
s 2) AT F AT EFe,-PTA ERYRASF BEIETE
J%C,H,O; 3) ML A AR AN EE — A L7 ARG HLO, 58
BRARILIBER. ABFFT R B, Fe,-PTAXTF ) B4 (L 3 B i3 Eley-
Rideal HLERBEAT. A TAE N & R 02 AR 53 5 FLU - R 14
AL R AL T PRI A
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