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ABSTRACT

CO dimerization and trimerization on icosahedral Ptss cluster were investigated using
density functional theory. It is found that the products of CO polymerization depend
on the different active sites of the metal surface and CO coverage. C,0, can be
adsorbed on either two neighboring Pt atoms or one Pt atom, and the former case is
preferred. The preference can be ascribed to the stronger interaction between the 8o
orbital of C,0O, and 5d orbitals of Pt in the former case, and this interaction increases
the stability of C,0,. Two neighboring adsorbed CO molecules (CO*) can capture one
free CO to form a ring-opening CO trimer on the Pt surface. High CO coverage can
facilitate the dimerization and trimerization of CO and change the preferred
adsorption site of C,0,, and highly-coordinated Pt atoms present the superior
chemical activity for CO polymerization at high CO coverage. The CO dimerization
by two CO* need to overcome a high energy barrier of 1.92 eV, but one CO* can
capture one free CO molecule to form the C,0, with overcoming a much lower

energy barrier of 0.87 eV. The energy barrier of CO trimerization is 1.14 eV.

Page 2 of 36



Page 3 of 36

RSC Advances

1. Introduction

Carbon monoxide hydrogenation to form hydrocarbons (Fischer—Tropsch synthesis)
has received much attention both in academia and industry with clean transportation
fuels produced from natural gas, coal, and biomass, etc." The process of
Fischer—Tropsch (F-T) synthesis is complex and is composed by several elementary
steps: chains initiation, chains growth and chains termination. There are several
prevalent mechanisms of CO activation and dissociation in the chains initiation. One
of the mechanisms is called H-assisted CO dissociation mechanism, where the
chemisorbed hydrogen (H*) bonds with chemisorbed CO molecule (CO*) before the
CO dissociation.”"® The oxygen atoms (O*) in H-assisted CO dissociation are
removed as H,O. Another mechanism is called the carbide mechanism, where CO*
dissociates directly on the metal surface to form chemisorbed atomic carbon and
oxygen species (C* + 0%*)."'""* Then CH, (x = 1 ~ 3) species are formed by the
reaction of C* atom and H* atoms, and O* is removed as C02.1’14'16 In these
mechanisms, polymerization of CH, leads to the growth of chain.'”'®

However, Schouten et al. postulated a different mechanism of electrochemical
reduction of carbon dioxide to ethylene.19 In this mechanism, the first step is the
formation of a CO dimer. Although no experiment has directly observed the formation
of a CO dimer on a metal surface, theoretical calculations on the C-C coupling
provide consistent results with available experimental data. Using DFT, it is found

that the CO dimer is preferentially adsorbed on Cu(100) rather than on Cu(111), and

H' Li" and Na' can facilitate the C-C coupling.zo’21 On the other hand, the mechanism
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with a rate-determining CO coupling step reveals that on Cu(100) at low overpotential
only C, species can be formed, and the formation of C; species is hindered.”” These
results coincide with the facts found in the experiments, where the formation of C,
species on Cu(100) is found easier than on Cu(111), and on Cu(100) at low
overpotential only C,Hs is observed and CHj is not.”% The electrochemical
reduction of CO; can also occur on the other metal surfaces such as Pt, Cu-Au and
Pt-Ru/C.***” Moreover, C, species are also found on other metal catalysts such as
silver surface in CO, electrochemical reduction, although the amounts of C, species
are small.*®

In fact, C,0,, remaining undetectable even after numerous experimental efforts, is
believed to be an intrinsically short-lived molecule. Theoretical calculations indicate
C,0; is a triplet, which indeed rapidly dissociates into two CO molecules with a
lifetime of 0.5 ns.*>*° Similarly, neutral (CO), (n > 2) polymers are also very unstable
due to the great tendency toward dissociation into CO molecules.”'™* In order to
increase the stability of (CO),, it has been demonstrated feasible to change (CO), into

3336 or nega‘[ively37 charged oxocarbons, which are more stable than the

positively
corresponding neutral ones. Low-valent f-elements with high reduction potentials are
found to be applicable to CO coupling. Recently, reductive CO coupling,
cyclo-trimerization and cyclo-tetramerization at mild conditions have been exhibited
by U(III) complexes.***! Indeed, head-to-head C-C coupling of six CO molecules was

observed in the reduction of CO with a ditantalum hydride complex, and the

synthesized (CO); is stable unless it is exposed in O, and H20.31
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In another experiment of CO; electroreduction on Cu surfaces, C; species were also
detected, and the C-C coupling was presented to be involved in the formation of the
C; species.42 So in this work, the dimerization, as well as the trimerization, of CO is
studied to explore the possibility of C-C bond formation before CO dissociation. Fe
and Co are the most common catalysts in F-T synthesis industry, but the CO*
dissociates directly on these metal surface.”” Important experimental and theoretical
studies suggest that the activity for CO dissociation is higher for the metals in left-side
of the periodic table than that of the metals on the right-hand side, and it decreases
from 3d- to 5d-metals.**** The 5d-metals on the right-hand side of the periodic table
can be selected to avoid the direct CO dissociation after CO adsorption. Platinum
surface may be proper to produce (CO), because of its low activity of direct CO
dissociation, but the activities for other reactions are very high. For instance, H, can
be oxidized by O, into water on Pt(5 5 7) facet at 298 K.** Hydrogenation of
unsaturated hydrocarbon compounds, as well as pyrrole, is also easy when selecting
platinum as catalyst.*® Furthermore, the activities relate to the shape and size of metal,
e.g. smaller Pt clusters have higher activities for ethylene hydrogenation.”’” High
stability of icosahedral Ptss (~ 1 nm) cluster has been demonstrated in many
studies.*®* Thus, we selected the Ptss cluster to investigate the possible reactions
between CO* molecules.

At first, we obtained the most stable geometrical structures of CO, C,0, and C;0;
adsorbed on the Ptss. The reaction processes of forming C,0, and C;0; were carried

out with the nudged elastic band (NEB) method.*® Theoretical studies have found CO
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coverage can dramatically affect the reaction process. CO dissociation on Rh(1 0 0) is
hindered when CO coverage is greater than or equal to 3/12 ML, and the oxidization
of CO* by O, was facilitated when CO coverage is increased.”’ In order to study CO
coverage effect, the most stable geometrical structures of C,0, and C;0; adsorption,
as well as the preferred reaction processes of forming corresponding carbon oxides,
were researched with high CO coverage taken into account. Finally, we utilized
density of states and Mulliken population analysis to investigate the electronic
properties of C,0; adsorption.
2. Computational details

Spin-polarized density functional theory (DFT) calculations were carried out using
the CP2K code™ in the Gaussian and plane waves (GPW) formalism.”> The PBE
exchange correlation was employed,54 as well as the DZVP Molopt local basis sets™
in combination with Geodecker—Teter—Hutter (GTH) pseudopotentials®® and a plane
wave density cutoff of 300 Ry. The self-consistent field (SCF) convergence criterion
was set to be 1.0 x 10°® Ha and the calculations were performed in a periodic cubic
simulation box of 25 x 25 x 25 A%, large enough to neglect the interaction between
the nanoparticles in periodic images. Geometry optimizations were performed using
the Broyden-Fletcher-Goldfarb-Shanno (BFGS) minimization algorithm until the
maximum atomic force was less than 4.5 x 10™* Ha/Bohr.”” To compute the reaction
barrier we used the climbing image nudged elastic band (CI-NEB) method,™ where
the convergence criterion of maximum force on the band was fixed at 2 x 107

Ha/Bohr. We chose 8 images for every NEB calculation.
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The geometrical structure of icosahedral Ptss, as well as one of the (1 1 1) facets, is
shown in Fig. S1 in the Supporting Information. In every facet, there are two different
Pt atoms: the comner Pt atom (T1) and the edge Pt atom (T2). The adsorption
properties of single CO molecule on Ptss cluster are investigated to confirm the
preferred adsorption site, because it is found that some DFT calculations present
inconsistent results compared with many experimental studies at low temperature by
underestimating CO preference for low-coordination sites on Pt(11 1. By comparing
CO adsorption energies at the six different sites, the adsorption energy decreases in
the sequence of T1 > T2 > B1 > B2 > H1 > H2. Namely, the single CO molecule is
preferentially adsorbed on the atop site, and the Pt-C bond length is 1.85 A, which
agrees with experimental results fairly well. '

3. Results and discussion
3.1. Geometrical Structures and Reaction Processes of CO Dimerization and
Trimerization on Ptss Cluster

3.1.1 CO Disproportionation and Dimerization on Ptss Cluster without CO
Coverage Effect. The geometrical structures of two CO molecules adsorption on Ptss
cluster are shown in Fig. 1 (I-IV). As can be seen from Fig. 1, the two CO molecules
prefer to occupy two corner Pt atoms and stay away from each other because of
repulsive interaction between CO molecules. Various experiments of CO molecules
adsorbed on a Pt surface have also confirmed the strong repulsive interaction, which
results in the reconstruction of metal surfaces, including the formation of small

. 62-65
metallic clusters.
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We also present other possible structures produced by two CO molecules in Fig. 1
(V-VIID). It is found that two CO molecules can bond with each other by C-C bond to
form CO dimer. C,0; can be adsorbed on either two adjacent Pt atoms or one Pt atom,
and the former case is preferred. In addition, the energy difference between C,0,
adsorption on two edge Pt atoms (structure VI in Fig. 1) and C,0, adsorption on two
adjacent corner and edge Pt atoms (structure V in Fig. 1) is very small (0.01 eV).
However, the selectivity of adsorption site is relatively high in the cases of C,0,
adsorption on one Pt atom, because the energy of C,0, adsorption on the corner site
(structure VII in Fig. 1) is lower by 0.23 eV than that of C,0, adsorption on the edge
site (structure VIII in Fig. 1).

The reaction processes of C,O, formation and CO disproportionation are
investigated. The structure of two CO molecules adsorbed on two adjacent corner and
edge Pt atoms is selected as the reactant of all the reactions between CO" adsorbates.
Another reaction path of CO dimerization between one CO" and one free CO is also
considered. In each reaction, we considered several structures of products to find out
the most stable products. All the relative energies of structures involved in the
reactions are depicted in Fig. 2, and the geometrical parameters of all the minima and
transition states are presented in Fig. S2 in the Supporting Information. The
disproportionation of CO on the Pt surface is found to be one-step reaction by
overcoming a very high energy barrier (4.86 eV), which indicates CO, is very
unlikely to be generated by CO disproportionation on Pt surface. This result coincides

with the conclusion of the experiments of temperature programmed desorption (TPD)
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of CO adsorption on the Pt surface.®*®” In the experiments, little CO, produced by
disproportionation of CO is detected.

The formation of C,0, adsorbed on one Pt atom by two CO* undergoes two steps.
First, the CO adsorbed on the edge Pt atom moves to the B1 site (seen in Fig. S1).
During this step, no transition state is observed, and the process is endothermic by
0.45 eV. Then the bridge CO overcomes an energy barrier of 2.76 eV to migrate to the
corner site and form the C,0,. During the whole reaction process, the energy barrier is
3.21 eV. The CO adsorbed on the corner Pt atom can capture one free CO molecule to
form C,0, with overcoming a much lower energy barrier of 0.97 eV.

The formation of C,0, adsorbed on two adjacent corner and edge Pt atoms takes
place in only one step, and the energy barrier is 2.25 eV. The C-C distance is 1.60 A in
the product, which is 0.16 A longer than that in the C,0, adsorbed on one corner Pt
atom. However, the Pt-C bonds are shorter by 0.01~0.02 A in this case.

According to the potential energy surface of neutral C,0, in the previous study, it
costs at least 69 kcal/mol (2.99 eV) for two singlet state CO molecules to form
isolated C,0,.*° As can be seen from above, when Ptss cluster is involved in the
formation of C,0,, the necessary energy is dramatically decreased.

3.1.2 CO trimerization on Ptss cluster without High CO Coverage Effect. The
structures of three CO molecules adsorbed on Ptss cluster are presented in Fig. 3
(I-IV). Compared with the structure I, the repulsive interaction between the three CO
molecules is increased when the adsorbed CO molecules move closely. The main

purpose of searching the structures of three CO molecules adsorbed on Ptss cluster is
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to confirm whether the C;05 carbonyl compound can form at low CO coverage, and if
so, which site C;0; prefers to be adsorbed. Actually, we found three structures
containing C303, shown in V, VI and VII in Fig. 3. The C303 can be adsorbed either
on two adjacent Pt atoms or on corner Pt atom, and it preferably forms on two top
edge Pt atoms. However, it failed to find the structure of C;05; adsorbed on one edge
Pt atom.

Moreover, in order to verify if C30; can be formed by two CO* molecules
capturing a free CO molecule, we have searched the potential energy surface of the
reaction process by the CI-NEB method. Because the preferred adsorption sites of two
CO* molecules and C;0; are different, we considered two paths of C303 formation on
two Pt atoms, as presented in Fig. 4. The geometrical parameters of all the minima
and transition states involved in the reaction paths are shown in Fig. S3.

As can be seen in Fig. 4, both reactions are one-step processes, and the CO*
adsorbed on two adjacent top edge Pt atoms (Path-Cl) is better at capturing an
additional CO to form C;0;3 by overcoming a lower energy barrier of 1.13 eV. In
Path-C1, the free CO bonds with the two adsorbed CO molecules at the same time.
While in the other process, the free CO bonds with the CO molecules adsorbed on the
edge site first, then it combines with the corner CO.

On the other hand, isolated C;0; is also very unstable. Using HF, G2, and CBS
methods, the symmetry of isolated C;03 (cyclopropanetrione) is D3, with the three C
atoms forming an equilateral triangle. The energy of the C;0; triangular molecule is
323~383 kJ/mol (3.45~3.97 eV) higher than that of three CO molecules.® However,

10
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no stationary point of C3;0; is found using DFT and other high level computational
method in previous studies.”® The free C30; obtained in this study is a ring-opening
compound, and no cyclopropanetrione adsorbed on the Ptss cluster is found. Although
C305 can also be adsorbed at one corner Pt atom, the C-C distance between two
terminal C atoms is 2.33 A, which is too large to form C-C bond. The energy
increases by only 0.91 eV when one free CO molecule bonds with two CO*
molecules.

3.1.3 CO Disproportionation and Dimerization on Ptss Cluster with High CO
Coverage Effect. Due to a strong repulsive interaction between adsorbed CO
molecules, the CO coverage should be taken into account while studying the
adsorption properties of CO. For this purpose, we have obtained the structure
presented in Fig. 5 (I), where 16 CO molecules are adsorbed on the five facets of the
Ptss cluster with six CO molecules completely surrounded by the other ten CO
molecules. The geometrical structures of C,0, formed by two CO* are presented in
Fig. 5 (II-V). Unlike the cluster where only two CO molecules are adsorbed on the
Ptss, the preferred adsorption sites of C,0, are two edge Pt atoms when the repulsive
interaction between the C,0, and neighboring adsorbed CO is taken into account.
What is more, the relative stabilities of all the C,0, isomers are increased by about
0.3 eV. For example, when only two CO molecules are adsorbed, the energy of the
cluster where C,0, is adsorbed on one corner Pt atom (structure VII in the Fig. 1) is
higher than that of the cluster where two CO molecules are adsorbed on two adjacent
edge and corner Pt atoms (structure III in the Fig. 1) by 2.92 eV. However, when the

11
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corner C,0; is surrounded by many CO* molecules, the relative energy is remarkably
decreased to 2.58 eV.

Similarly, we still investigated the dimerization and disproportionation processes
between the CO* at high CO coverage. Two different dimerization paths and one
disproportionation path are performed. The reaction paths are depicted in Fig. 6, and
the geometrical parameters of all the minima and transition states involved in the
reaction paths are shown in Fig. S4. The three reaction processes change significantly
with high CO coverage effect, although the dimerization and disproportionation of
CO on two Pt atoms remain to be one-step reaction and the dimerization of CO on one
Pt atom is still a two-steps reaction. The active sites of CO dimerization and
disproportionation on two atoms are changed into two adjacent edge Pt atoms. On the
other hand, all the reactions become easier because of lower energy barriers: the
energy barrier of CO disproportionation decreases from 4.86 eV to 4.45 eV, and for
the CO dimerization on two edge Pt atoms it decreases from 2.25 eV to 1.92 eV.
Besides, no transition state is observed in the first step of C,O, formation on the
corner Pt atom, and the energy barrier decreases from 3.21 eV to 2.82 eV in the whole
reaction process.

3.1.4 CO dimerization and trimerization with Free CO Molecule Involved at
High CO Coverage. Generally, it is found that each surface metal atom can interact
with more than one CO molecules, which results in significantly great ratio between
the CO* and the surface metal atoms.® In this section we will study the adsorption

behavior of additional CO when each surface Pt atom has adsorbed one CO molecule.

12
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In addition, the structures discussed in this section are based on the structure where
sixteen CO molecules are adsorbed on the five facets of the Ptss cluster. First, the
preferred adsorption site of the additional CO is investigated. When the free CO is
adsorbed on the B1 site, the adjacent CO adsorbed on the T2 site (seen in the Fig. S1)
is found to be forced to migrate to another neighboring B1 site, corresponding to the
structure II shown in Fig. 7. Namely, one edge Pt atom attaches two bridge CO
molecules, and the adsorption energy of the additional CO in this structure is the
largest (1.43 eV) among all the considered cases. The additional CO can be also
adsorbed on other sites, including the B2 and hollow sites, without changing the
adsorption pattern of neighboring CO.

At the high CO coverage, it is found the free CO can also interact with CO*
molecules to form the CO dimer and trimer, as shown in Fig. 7 (IV-IX). For the
dimerization between the free CO molecule and CO*, the C,0, prefers to be adsorbed
on the edge Pt atom rather than the corner Pt atom, which is contrary to the studies of
C,0; adsorption on one Pt atom in the Ptss(CO), and Ptss(CO);6. For the C;03, the
favorite adsorption site is still two edge Pt atoms. It should be emphasized that the
C303 can also be adsorbed on one edge Pt atom, as shown in Fig. 7 (VIII), which is
not observed without the CO coverage effect. Meanwhile, the C;0; prefers to be
adsorbed on one edge Pt atom rather than one corner Pt atom.

The processes of the free CO molecule reacting with CO* to form CO polymers are
illustrated in Fig. 8, and the adsorption process of the free CO molecule to the B2 site
is also presented. The geometrical parameters of all the minima and transition states

13



RSC Advances

involved in the reaction paths are shown in Fig. S5. It is observed that the free CO
molecule can be easily adsorbed at the B2 site by overcoming an energy barrier of
0.32 eV (Path-E in Fig. 8), although each of the Pt atoms near the adsorption site has
adsorbed one CO molecule. In terms of the calculated results of NEB, the CO
molecule adsorbed at the B2 site cannot directly bond with two adjacent CO
molecules to form the C;0;. In Path-C’, the free CO molecule migrates to two
neighboring CO molecules adsorbed on two edge Pt atoms to form the C;0;. The
energy barrier of the C;0; formation is 1.14 eV, which is decreased by 0.22 eV
compared with the C;03 formation without the high CO coverage effect. Furthermore,
the mobility of this newly formed C;0; is also observed: the C303; adsorbed on two
edge Pt atoms can be adsorbed on one edge Pt atom by overcoming an energy barrier
of 1.25 eV, and the two C-C bonds are shortened to 1.56 A. In the whole reaction
process of forming the C3;03 adsorbed on one edge Pt atom, the energy barrier is 2.01
eV. The formation of C,0, on one edge Pt atom is also found to be slightly easier with
overcoming an energy barrier of 0.87 eV, which is the lowest energy barrier among all
the considered reaction process of CO polymer formation.
3.2. Electronic Properties of C,0, Adsorption on Ptss cluster

The electronic structure such as density of states (DOS) can present deep insight
into the interaction between the adsorbate and metal surface. In this section we use the
DOS to explain how the C,0, is adsorbed on the Ptss cluster with or without the CO

coverage effect.

14
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In Fig. 9, we plot the projected density of states (PDOS) of the C,0, and the Pt
atoms before and after the C,0, adsorption. The relevant molecular orbitals of one
free C,0, molecule are plotted in Fig. S6 in the Supporting Information. The two
uppermost occupied orbitals of the free C,0, are two singly-occupied 3z orbitals,
represented as 37'”. Because the ground state of the free C,0, molecule is a triplet,
we plot its DOS of spin up and spin down at the same time. While the DOS of spin up
and spin down are the same not only for the adsorbed C,0, but also for the Pt atoms
after C,0; adsorption, we used the spin polarized calculation method. Thus we plotted
only the DOS of spin up for the adsorbed C,0, and the bonding Pt atoms.

As can be obtained from Fig. 9-(b), when the C,O, is adsorbed on the two
neighboring corner and edge Pt atoms, the two carbon atoms re-hybridize from sp to
sp2 . What is noteworthy is that only the 8¢ orbital shifts to lower energy by about 0.3
eV compared with the free C,0,, but the other orbitals shift to higher energy. For
example, the 70 orbital shifts to higher energy by as much as 2.0 eV. The shift to
higher energy arises from the elongated C-C bond length (1.61 A), which weakens the
interaction between the two C atoms. For the Pt atoms connected with the C,0,, their
d orbitals interact with the 8¢ orbital of C,0,, resulting in the shift to lower energy of
these orbitals. The 8¢ orbital dominates the interaction between the C,0, and Pt atoms.
On the other hand, in according to the newly formed peaks of the DOS of Pt at -12.0,
-6.0, -5.0 and 2.0 eV, other orbitals of the C,0,, including 70, 90, 1z, 27 and 37z, are
also found to participate in the interaction between the adsorbate and the metal
surface. The molecular orbitals of the C,0, after adsorption on two Pt atoms are

15
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exhibited in Fig. 10. As can be seen from the Fig. 10, the 7 orbitals in z-axis are
broken after C,0, adsorption. Since the 8¢ and 9¢ orbital are anti-bonding orbitals in
the C,0,, the interactions between the two orbitals and the Pt cluster increase the
stability of the C,0O, with donating the electron from the 8¢ and 9¢ orbitals to the
metal. The interactions of the z orbitals of C,O, with the Pt cluster decrease the
stability of C,0, because of the electron donation from the 1z and 2z orbitals to the
empty metal orbitals and the electron back donation from the Pt cluster to the empty
37 orbitals. However, the 8¢ orbital dominates the electron transfer due to its strong
interaction with the Pt cluster. Thus the C,0, transfers 0.13 electrons to the Ptss
cluster in the light of the Mulliken population analysis.

In Fig. 9(c), when the C,0; is adsorbed on one corner Pt atoms, the two carbon
atoms also re-hybridize from sp to sp2 . All the orbitals except the 8¢ shift to lower
energy compared with C,0, adsorbed on two Pt atoms. There are two reasons leading
to this fact. The first one is that the C-C bond length is 1.44 A, which is much shorter,
resulting in the enhancement of the interaction between the two carbon atoms. The
second one is that the interactions between the orbitals of C,0, and the metal orbitals
also are strengthened, as can be seen from that all the bonding orbitals of the Pt atom
dramatically shift to lower energy. But the orbital overlap between the 8¢ and the
metal orbitals is not increased, and the energy of 8¢ is 0.3eV higher. The bonding
orbitals of the C,0O, adsorbed on one corner Pt atom are depicted in Fig. S7 in the
Supporting Information. It is worth noting that the interaction between the empty 37"

of C,0, and the d orbitals of Pt is relatively strong due to part of 37" state

16
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dramatically shifting to lower energy near the Femi level, leading to more electrons
transferred from Pt atom to empty 37 orbital.

When the CO coverage effect is taken into account, all the bonding interactions
between the C,0, and Pt are weakened, because the intensities of the peaks below
-5.0 eV are weakened especially for the Pt, as shown in the Fig. 9(d, e). The
adsorption of CO can change the geometrical and electronic properties of the Pt
cluster. The repulsive interaction between adsorbed CO elongates the bond length of
neighboring Pt atoms, and every CO molecule donates as many as 0.3 electrons to the
Pt cluster. The high CO coverage weakens the adsorption of C,0, on the Ptss cluster,
and the adsorption of CO is also weakened as found in previous studies.®"*®
4. Conclusions

In summary, the adsorption properties of CO, C,0; and C;03 on the icosahedral
Ptss cluster were investigated. It is found the CO prefers to be adsorbed at the corner
site without the effect of CO coverage, while the high CO coverage leads to the CO
migration from the top site to the bridge site. The CO can dimerize to form a C-C
bond not only on two Pt atoms but also on one Pt atom. In the former case, the C-C
bond length is 1.60 A, and in the latter case it is 1.44 A. The dimer prefers to be
adsorbed on two Pt atoms rather than one Pt atom. The preference can be ascribed to
the stronger interaction between the 8¢ orbital of C,0, and the 5d orbitals of Pt for the
C,0; adsorbed on two Pt atoms, and this interaction increases the stability of C,0..
But for the C,0, adsorbed on one Pt atom, the interaction between the 37" orbital of

the C,0, and the 5d orbitals of Pt is stronger, resulting in the decrease of the C,0,
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stability. The C;0; also prefers to be adsorbed on two Pt atoms rather than one Pt
atom. The high CO coverage can weaken the adsorption strength of the CO adsorption,
which is beneficial for the CO polymerization, although the adsorption strength of CO
polymers is also weakened. When the CO coverage is increased to 1 ML, the energy
barrier of the CO dimerization by two CO* is decreased from 2.26 eV to 1.92 eV,
which is still much too high. However, the CO* can capture one free CO molecule to
form the C,0, and C30; by overcoming much lower energy barriers. At the high CO
coverage, the energy barrier of the CO dimerization by one CO* and one free CO
molecule is decreased from 0.97 eV to 0.87 eV, and the energy barrier of the CO
trimerization by two one CO* and one free CO molecule is decreased from 1.36 eV to
1.14 eV. Thus, the CO polymerization between CO* and free CO should be
considered especially when the CO coverage or CO pressure is high. In this study, we
have investigated the static properties of the CO dimerization and trimerization on the
Pt cluster. In order to gain more accurate results about the stabilities of CO dimer and
trimer, pressure and temperature should be considered, and that is what we will do in
our next study.
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Figure Caption

Fig. 1. Geometrical structures of two CO molecules adsorption and dimerization on
Ptss cluster.

Fig. 2. Geometric structures and relative energies of all the minima and transition
states involved in the reactions of CO dimerization on two neighboring corner and
edge Pt atoms (Path-Al), CO dimerization on one corner Pt atom (Path-A2 and
Path-A3), and CO disproportionation on two neighboring corner and edge Pt atoms
(Path-B).

Fig. 3. Geometrical structures of three CO molecules adsorption and trimerization on
the Ptss cluster.

Fig. 4. Geometric structures and relative energies of all the minima and transition
states involved in the reactions of CO trimerization on two edge Pt atoms (Path-C1)
and CO trimerization on two neighboring corner and edge Pt atoms (Path-C2).

Fig. 5. Geometrical structures of sixteen CO molecules adsorbed on five facets in the
Ptss cluster.

Fig. 6. Geometric structures and relative energies of all the minima and transition
states involved in the reactions of CO dimerization on two neighboring corner and
edge Pt atoms (Path-A1’), CO dimerization on one corner Pt atom (Path-A2"), and CO
disproportionation on two neighboring corner and edge Pt atoms (Path-B’) with high
CO coverage effect.

Fig. 7. Geometrical structures of seventeen CO molecules adsorption on five facets of
the Ptss cluster. The energy of the structure (I) containing one free CO molecule is set
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at 0.00 eV.

Fig. 8. Geometric structures and relative energies of all the minima and transition
states involved in the reactions of an additional free CO adsorbed at the B1 site
(Path-D), CO dimerization between a free CO molecule and a corner CO* on one
corner Pt atom (Path-E), and CO trimerization on two edge Pt atoms (Path-C1’) with
high CO coverage effect.

Fig. 9. The PDOS of free C,0, (a) and adsorbed C,0, on two neighboring corner and
edge Pt atoms (b), on one corner Pt atom (c), on two neighboring corner and edge Pt
atoms in Ptss(CO)6 (d), and on one corner Pt atom in Ptss(CO);7 (e). The right side is
the PDOS of Pt atoms before adsorption and Pt atoms adjacent to C,Os,
respectively. The Fermi level is set at 0.00 eV.

Fig. 10. 76 (a), 8o (b), 95 (c), 1z (d,e), 2n (f,g) and 3n"” (h,i) orbitals of C,0, when

C,0, 1s adsorbed on two Pt atoms.
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V234 eV VI235eV VII 3.15 eV VIII 3.38 eV

Fig. 1. Geometrical structures of two CO molecules adsorption and dimerization on

Ptss cluster.
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Path-A1

IS 0.00 eV

Path-A3

IS 2.67 eV TS 3.64 eV FS 3.15e¢V

Fig. 2. Geometric structures and relative energies of all the minima and transition
states involved in the reactions of CO dimerization on two neighboring corner and
edge Pt atoms (Path-Al), CO dimerization on one corner Pt atom (Path-A2 and
Path-A3), and CO disproportionation on two neighboring corner and edge Pt atoms
(Path-B).The IS, MS, TS, and FS represent the initial state, metastable state, transition

state and final state, respectively.
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Fig. 3. Geometrical structures of three CO molecules adsorption and trimerization on

the Ptss cluster.

28



Page 29 of 36 RSC Advances

Path-C1

Path-C2

IS 0.00 eV TS 1.44 eV FS 1.00 eV

Fig. 4. Geometric structures and relative energies of all the minima and transition
states involved in the reactions of CO trimerization on two edge Pt atoms (Path-C1)
and CO trimerization on two neighboring corner and edge Pt atoms (Path-C2). The IS,

TS, and FS represent the initial state, transition state and final state, respectively.
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IV 2.58 eV V2.85eV

Fig. 5. Geometrical structures of sixteen CO molecules adsorbed on five facets in Ptss

cluster.
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Fig. 6. Geometric structures and relative energies of all the minima and transition
states involved in the reactions of CO dimerization on two neighboring corner and
edge Pt atoms (Path-A1’), CO dimerization on one corner Pt atom (Path-A2'), and CO
disproportionation on two neighboring corner and edge Pt atoms (Path-B’) with high

CO coverage effect. The IS, MS, TS, and FS represent the initial state, metastable

state, transition state and final state, respectively.
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Fig. 7. Geometrical structures of seventeen CO molecules adsorption on five facets of

the Ptss cluster. The energy of the structure (I) containing one free CO molecule is set

at 0.00 eV.
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MS 076 eV TS 2.1 eV FS .49 eV
Fig. 8. Geometric structures and relative energies of all the minima and transition
states involved in the reactions of an additional free CO adsorbed at the Bl site
(Path-D), CO dimerization between a free CO molecule and a corner CO* on one
corner Pt atom (Path-E), and CO trimerization on two edge Pt atoms (Path-C1’) with

high CO coverage effect. The IS, MS, TS, and FS represent the initial state,

metastable state, transition state and final state, respectively.
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Fig. 9. The PDOS of free C,0, (a) and adsorbed C,0, on two neighboring corner and
edge Pt atoms (b), on one corner Pt atom (c), on two neighboring corner and edge Pt
atoms in Ptss(CO)y6 (d), and on one corner Pt atom in Ptss(CO);7 (e). The right side is
the PDOS of Pt atoms before adsorption and Pt atoms adjacent to C,O,,

respectively. The Fermi level is set at 0.00 eV.
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Fig. 10. 76 (a), 8o (b), 95 (c), 1z (d,e), 2n (f,g) and 3n"” (h,i) orbitals of C,0, when

C,0, 1s adsorbed on two Pt atoms.
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