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The formation of dimethyl oxalate (DMO) via CO catalytic coupling on a series of catalysts including Pd,,
(n =1, 2 3,4 and 6) clusters loaded on TiO,.y has been explored by density functional theory (DFT)
calculation. The results show that different Pd,, clusters have a remarkable influence on DMO formation.
The Pd;/TiO,.y catalyst is not suitable for the CO catalytic coupling reaction since CO is easily bound
to the O atom on the surface of TiO,_y leading to the formation of CO,. The activity of four catalysts
complies with the following order of Pd4/TiO,.y > Pdg/TiOp.y > Pd,/TiO,y > Pd3/TiO,.y by
comparing the activation energy barriers of the rate-determining steps in the optimal paths. Charge
analysis implies that less charge is transferred from the Pd,/TiO,.y and Pdg/TiO,_y catalysts to CO than
on the other catalysts, which leads to the relatively weak adsorption of CO, and therefore CO has a
greater tendency to react with other species on the surface. In addition, Pdg/TiO,.y also exhibits
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relatively higher selectivity toward DMO than the other three catalysts. Therefore, Pdg is regarded as a
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Introduction

CO catalytic coupling to dimethyl oxalate (DMO) is a pivotal
step in coal-to-ethylene glycol (CTEG) processes, during which
the conversion of inorganic C1 to organic C2 is realized." Metal
palladium (Pd) as a catalyst has been used in many important
organic reactions.” Recently, Pd-based nanomaterial catalysts
have been found to have wide utilization in heterogeneous
catalytic processes, and what’s more, rich experimental and
theoretical studies on the synthesis process of DMO via CO
catalytic coupling over Pd-based catalysts have been done.>™®
However, high cost and scarce reserves of Pd bulk on the earth
make its application in industry more difficult.*” In view of the
present situation, it is necessary to seek a Pd-based catalyst
with high economic benefits and catalytic performance for the
formation of DMO. It is well known that both the geometrical
structures of the Pd surface and Pd size have an influence on
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suitable cluster, which is supported on TiO,_, demonstrating high catalytic activity and selectivity to DMO.

catalytic performance. Pd clusters exhibit many different pro-
perties from those of micro and macro substances. In addition,
Pd clusters contain different atomic numbers with different
physicochemical properties.”®

Usually, metal particles exhibit special characteristics
compared with the surface, and therefore they have received
extensive attention and have been applied to various aspects.”*®
Moreover, it has been shown that different sizes of Pd clusters
display various catalytic activities aiming at the same reaction.””™°
In general, the potential activities of catalysts in clusters
are distinctly attributed to the smaller average coordination
number in small particles than in large crystals.”>™" It was
proved that ultra-small copper clusters exhibited remarkable
catalytic activity compared with the larger size catalysts for the
formation of methanol.’ The reaction mechanisms of 2CO +
2NO — N, + 2CO, on Pd clusters with various sizes are
distinetly different.>” It was also proved that an Au single atom
supported on suitable oxide supports is extremely activated for
CO oxidation via both experimental and theoretical studies.>*
Recent research by Tahereh et al. found that Pd, could be
used as a favorable catalyst for the selective hydrogenation of
acetylene in comparison to the Pd,, nanocluster.>* In general,
compared to bulk alloys, small metal particles have unique
properties and specific interactions with supports, so small cluster
supported catalysts have unique properties.> The adsorptions of
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C,H, on isolated Pd,, Pd,/y-A1,05(100) and Pd,/y-A1,05(110) were
studied, and this showed that C,H, adsorption in m mode is
favorable on isolated Pd, and Pd,/y-A1,05(110), whereas the di-c
mode is preferred on Pd,/y-A1,05(100).>° Ultra-dispersed Pd clus-
ters supported on alumina also showed higher activity for CO
oxidation than Pd(111).*® The catalytic reduction of NO by C;Hg
was studied over zeolite supported small Pd clusters, and the
results showed that it displayed a prominent catalytic activity,
and N, is the only reduced product in the temperature range of
573-873 K.*”*® The BN-supported sub-nanometer Pdg cluster for
the decomposition of HCOOH was studied, and HCOO-mediated
and COOH-mediated paths were considered. It was found that
the former path is more favorable on the Pdgs cluster than the
latter one, and the under-coordinated metal atoms in the sub-
nanometer cluster played an important role.>® In addition, adsorp-
tion energies of H on Pd, (n = 3, 4 and 5) clusters supported on
graphene are greater than that on the Pd(111) surface by density
functional theory (DFT) calculation.*® And the Pd, (n < 6) cluster
loaded on the alumina support is generally more reactive than the
larger clusters for CO oxidation.*" All the above studies show
that metal clusters have great application prospects in catalytic
reactions due to their special structures.

Titanium dioxide is a promising heterogeneous catalyst with
good photoelectric and photochemical properties. It has been the
preferred system for industrial application for many years, and has
been widely used in many fields of materials and catalysts.*>* Due
to the unique physical properties of crystal phases in titanium
dioxide, it can be divided into three main types: anatase, rutile and
brookite.***® Anatase titania is thought to be more active compared
with the rutile phase.”” According to the research of Li et al.,*® there
was a strong metal-support interaction (SMSI) effect between Pd
metal and an anatase titania catalyst at a low-temperature while for
rutile there is not. This is mainly due to the existence of Ti>*, which
was obtained by the reduction of Ti**.*® By the study of Sanz and
Miérquez,* DFT calculation indicated that Pd atoms had stronger
binding ability with the O-vacancy surface than that with the
perfect surface. According to the research of Yang et al.,*® it was
found that significant charge transfer resulted from the existence
of O-vacancies, which led to a strong ability to capture the Pd,
cluster on the O-vacancy surface, and the same result was also
obtained by previous studies.’”*" In addition, the periodic DFT
study also showed that the step-by-step hydrogenation of ethylene
on the surface of Co;0,(111) with O-vacancies was easier than that
on the perfect surface.*

Previous studies have shown that the (001) facet of titania is
considerably more active than the (101) one.*>** In this work,
different Pd clusters with different structures supported on
TiO,(001) with an O-vacancy are discussed in order to find
which Pd metal size is more suitable for the formation of DMO.
The single atom catalyst is first considered due to its special
catalytic property and high atomic efficiency.*® Pd, and Pd; are
different two-dimensional structures, Pd, is linear*® and Pd, is
the smallest planar structure,”” and they are often chosen to
investigate the adsorption of CO. The most stable Pd, and Pd,
clusters are small and three-dimensional structures, and were
proved to be the stable magic number clusters in our previous
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work®® and other works.***°

As compared with the Pd, and
Pde clusters, the relative stability of the Pds cluster is lower.
Therefore, Pd; is not considered in this work. A suitable catalyst
with less precious metal Pd, high activity and DMO selectivity

will be screened out at last.

Calculation details
Calculation methods

A periodic plane-wave DFT+U study was performed in the
Vienna ab initio simulation package (VASP).>"** The general-
ized gradient approximation (GGA) is implemented in the
exchange-correlation functional of Perdew-Burke-Ernzerhof
(PBE).>® A plane wave with a cut-off energy of 400 eV (1 eV =
96.485 k] mol ') was used. The k-point was sampled at a
density of 6 x 6 x 6 for the bulk of TiO,, and a k-point of
2 x 2 x 1 for the p(3 x 3) supercell was used. The U value of Ti
was determined as 4 eV*° to evaluate the on-site coulomb
interactions in the localized d orbital and exchange interactions.
The Gaussian smearing method was employed to improve the
convergence of states near the Fermi level with the value of SIGMA =
0.2 eV. All geometries were optimized until the force and energy
on each atom were converged to 0.03 eV A™* and 1 x 107° eV,
respectively. Moreover, the smearing value of 0.1 eV was used to
calculate the adsorption energy of CO on the Pd,/TiO,y catalyst,
as shown in Table 1. The result shows that little energy differ-
ence exists by using smearing of 0.1 and 0.2 eV, and the
structures with different smearing are similar. Furthermore,
the smearing value of 0.01 eV with the force convergence set to
0.01 eV A™" and energy convergence set to 1 x 10™° eV was
employed to calculate the above adsorption energy. This did not
affect the adsorption energy by more than 0.1 k] mol ' as
compared to that with the smearing value of 0.2 eV, and the
distance between two Pd atoms by more than 0.007 A. In
addition, the Gaussian smearing method with SIGMA =
0.2 eV was also used in previous work.>*>> Force convergence
to 0.03 eV A~* was used to study the Co-doped TiO, structure,’®
as well as CO adsorption and methanation.>” And energy con-
vergence to 1 x 10> eV was employed in investigating the
adsorption of CO on Pt/graphene and the oxidation reaction.’®
In this work, the ISPIN value of 2 was set in the INCAR file, and

Table 1 Adsorption energies of CO on Pd,/TiO,.y with different smearing
values, as well as the corresponding structures
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spin-polarized calculations were performed. However, spin state
was not fixed.

The transition state (TS) search was first carried out by the
climbing-image nudged elastic band (CI-NEB) method, and
then the dimer method was used to optimize the possible
image to locate the transition state until the maximum forces
on all of the adsorbate atoms as well as the relaxed atoms on
the catalysts were converged to less than 0.05 eV A™™,

The structural stability of Pd,/TiO, (n = 1, 2, 3, 4 and 6) is
expressed by the binding energy (E,), which is calculated
according to eqn (1):

Ey = Epa, + Etio,,, — Epd,/Tio,,, (1)

where Epq , Etio,,, and Epq s1io,,, are the total energies of the Pd
clusters, TiO,.y support and Pd,/TiO,y (n = 1, 2, 3, 4 and 6),
respectively.

The adsorption energies (E,qs) of the reactants, intermediates
and products on Pd,/TiO,v (7 = 1, 2, 3, 4 and 6) are calculated
using eqn (2):

Eads = Etotal - Eadsorption-species - EPdn/TiOZ,V (2)

where Eiotal, Eadsorption-species ad Epg /rio,,, are the electronic
energies of the whole adsorbed systems, isolated adsorption
species and Pd,/TiO,.y (n = 1, 2, 3, 4 and 6), respectively.

The activation energy barrier and reaction energy for every
elemental step are calculated, as follows:

E,=Ers — Eg (3)
E.=Ep — Eg [4]

where Ers, Er and Ep are the total energies of the transition
states, the reactant and the product. The smaller the activation
energy barrier, the more favorable the whole process will be.

View Article Online
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Calculation models

In this study, the TiO,(001) surface with an O-vacancy was
modeled by a (3 x 3) slab with 12 atomic layers including 4
O-Ti-O repeat units, and the vacuum spacing was set as 15 A.**
In the calculation, the bottom 2 O-Ti-O layers were fixed, and
the top 2 repeat units and the adsorbed species, including Pd,,
clusters and reaction species, were relaxed. The stable isolated
Pd, (n = 1, 2, 3, 4 and 6) clusters were selected by previous
studies,”®®" which are displayed in Fig. 1. And average bond
lengths of Pd-Pd were also calculated, and were in line with the
previous research work.®*"** The most stable configuration of
Pd,/TiO,y (n =1, 2, 3, 4 and 6) with 4 O-Ti-O repeat units of
TiO,v and the corresponding binding energies between Pd,
clusters and TiO,.y are displayed in Fig. 2.

Results and discussion
Stability of Pd,,/TiO,.v

The electronic structure analysis is studied to explore the
relationship between the Pd clusters and TiO,.y support, and
partial density of states (pDOS) of deposited Pd clusters and
free Pd clusters are presented in Fig. 3. The shape of the pDOS
of supported Pd clusters is changed compared to the gas phase
Pd clusters, and is broadened significantly. Meanwhile, the
peak height of occupied states below the Fermi level decreases,
indicating that an interaction occurs between the Pd clusters
and support, which is in agreement with the research by Jia
et al.,”® in which Pd,, clusters were supported on graphene with
a single vacancy. Moreover, spin states of the singlet and triplet
were chosen to calculate the pDOS of Pd,/TiO,., which are
shown in Fig. S1 in the ESI.{ This also shows that the shape of
Pd, is broadened after adsorbing on TiO,.y, implying that there
is an interaction between Pd, and TiO,y. In addition, the

2 486 2.607 2.66
2.523
- A

Pd, Pd, Pd;

Pd, Pds

Fig.1 Most stable configurations of Pd, (n = 1, 2, 3, 4, 6) clusters and the average bonds of Pd—Pd.
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Fig. 2 Top and side views of the most stable configurations of Pd,/TiO,.y (n = 1, 2, 3, 4 and 6) and the corresponding binding energies between Pd,,

clusters and TiO,_y (kJ mol™).
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Fig. 3 Partial density of states (pDOS) for Pd,, clusters on TiO,.y and free
Pd,, clusters. The blue dotted line, black line and red line represent the
Fermi level, and pDOS of supported Pd clusters and free Pd clusters,
respectively.

binding energies between small Pd clusters and TiO,.y for five
catalysts are calculated, which are 311.8, 462.5, 457.8, 407.6 and
405.3 k] mol ™", respectively. Obviously, Pd,, clusters (n =1, 2, 3,
4 and 6) have strong binding ability with TiO,.y, implying that
there are stable supported catalysts. Previous experiments also
proved that small Pd,, clusters can deposit on the metal oxide
support stably.*"

Reaction mechanism for CO catalytic coupling to DMO

We first show the possible mechanism in the process of DMO
formation before investigating the effect of Pd clusters with
different structures on the reaction. According to previous
studies,>®® it is found that there are three mechanisms for
DMO formation. The difference between the three paths lies in
different C-C coupling routes, which is the key step for the
conversion of inorganic C1 to organic C2,°°"%® and the detailed
content is visible in Fig. 4. The blue line is Path 1 (COOCH;-
COOCH; route), the red line is named as Path 2 (CO-COOCH;
route), and the green line is called Path 3 (CO-CO route).

' CO+OCH
[& COOCH;————— COOCH;(COOCH;)— DMO
: co e
C |0 oc ([00( H, OCH,
b 0CCO ——
co OCH,
Pathl Path2  — Path3

Fig. 4 Different coupling paths of DMO formation by the CO catalytic
coupling reaction.>®®
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CO and OCHj; co-adsorption on Pd,/TiO,.y

It is widely reported that single-atom catalysts can maximize
the utilization efficiency of metals due to uniform dispersion of
single-atoms on the supports.® Therefore, we first consider the Pd
atom on the TiO,. support. The CO catalytic coupling reaction
begins with CO and OCHj; co-adsorbed on Pd,/TiO,y, which is
attributed to the easy dissociation of CH;ONO leading to CH;0 and
NO on the Pd-based catalysts.”®”’° The different co-adsorption
configurations of CO and OCHj; are considered. Unfortunately, CO
is easily bound to the O atom on the surface of TiO,-Oy to form
CO, after structural optimization, as seen in Fig. 5. Therefore, we
conjecture that the structure is unsuitable for the CO catalytic
coupling reaction and we do not consider the subsequent reaction
on this catalyst. Moreover, the same results were also observed on
the surface of CeO,(111), when Mn or Fe atoms were doped into the
surface of CeO,(111), and the surface O atoms were activated,
which made the adsorbed CO on the surface easy to convert
to CO,. "2

CO catalytic coupling reaction on Pd,/TiO,.v

Every possible reaction pathway for CO catalytic coupling to DMO
on the Pd,/TiO,y catalyst is considered, and the OCCO inter-
mediate has not been obtained on the Pd,/TiO, catalyst. The
reaction barrier and the reaction energy of each elementary step
in two paths are shown in Table 2, and all of the structures
including the initial, intermediate and final states, as well as
transition states are displayed in Fig. 6. The potential energy profile
for CO catalytic coupling to DMO on the Pd,/TiO,.y can be seen in
Fig. S2 (ESIf), and the corresponding adsorption energies of stable
species are also shown in Table S1 in the ESL{ For the first
step CH;0 + CO — COOCH;, the activation energy barrier is
79.0 k] mol ™. It can be seen from Fig. 6 that intermediate COOCH;
is absorbed at the interface between Pd, and TiO,y. And then,
another intermediate COOCHj; is produced via TS1-2 in Path 1,
which is also adsorbed at the interface, and it needs to overcome an
activation energy barrier of 58.6 k] mol " in this step. Two COOCH;
via TS1-3 couple to form the product of DMO, which is a rate-
determining step with a high activation energy of 202.8 k] mol . In
Path 2, the stable intermediate COOCHj; is generated, which is
attacked by CO to produce intermediate OCCOOCH; via TS1-4.
This step requires an activation energy of 73.7 kJ mol . Finally,
DMO is generated by OCCOOCH; and OCH; adsorbed at the
interface via TS1-5 with an activation energy of 147.9 k] mol ',
which has the highest active energy in Path 2. Compared with our
pervious study on the Pd,/TiO,.y catalyst, the active energy barrier for

Fig. 5 Optimized structures for the co-adsorption of CO and OCHsz on
Pd4/TiO5._y.
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Table 2 Activation energy (E./kJ mol™) and the reaction energy (E,/kJ mol™?) for each elementary step during DMO formation on Pd,/TiO,.y and

Pds/TiO,.y catalysts

E, E; E, E;
Elementary reaction Pd,/TiO,. Pd;/TiO,.y
CO + OCH; — COOCH; 79.0 —44.7 90.3 24.7
COOCH; + CO + OCH; — COOCH; + COOCH, 58.6 —86.5 107.4 46.0
COOCH; + COOCH; — DMO 202.8 149.8 207.2 98.4
COOCH; + CO —» OCCOOCH; 73.7 37.2 160.1 141.3
OCCOOCH; + OCH; — DMO 147.9 84.0 13.3 —69.6

COOCH;+
COOCH;

TS1-5

Fig. 6 Configurations of initial, intermediate and final states, as well as transition states for CO catalytic coupling to DMO on Pd,/TiO,.y.

DMO formation is greatly increased on Pd,/TiO,y (77.0 vs.
147.9 K] mol ").*" It is even higher than that on Pd(111), in which
an energy barrier of 120.6 kJ mol ' needs to be overcome.®®

DMO generation on Pd;/TiO,.y

The reaction path on Pd;/TiO,y is the same as that on the
Pd,/TiO,.y catalyst, and the potential energy profile and the

This journal is © the Owner Societies 2020

CO+OCH3;
(COOCH3;)

OCCOOCH;+
OCH3;

OCCOOCH;

corresponding adsorption energies of stable species on the
Pd;/TiO,.y catalyst are shown in Fig. S3 and Table S1 in the
ESL{ The reaction also starts with the co-adsorption of CO at
the Pd-Pd bridge site and CH3;0 at Ti top in TiO,.y on the
Pd;/TiO,.y catalyst, to form the first COOCH; adsorbed at the
interface between Pd; and TiO,.y via TS2-1 (Fig. 7). There is an
activation energy of 90.3 k] mol ' (see Table 2) in this step,

Phys. Chem. Chem. Phys., 2020, 22, 4549-4560 | 4553
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DMO’

CO+OCH;

H
OCCOOCH;3; OCH;

Fig. 7 Configuration of initial states, intermediates and final states, as well as transition states about the CO catalytic coupling reaction to DMO on

Pd3/TiO5.y.

which is a little higher than that on Pd,/TiO,y. The second
COOCH; arises via TS2-2 by another CO and OCHj; in the
COOCH;-COOCH; coupling path, which gets over an energy
barrier of 107.4 k] mol . The last step will generate a new C-C
bond by two COOCHj; via TS2-3 with an activation energy of
207.2 kJ mol ; this also means that our target product DMO is
difficult to generate via Path 1. Another route is the COOCH;
and CO coupling path, when CO attacks COOCH; via TS2-4 to
form OCCOOCH;, and a high energy barrier of 160.1 k] mol ™"
needs to be overcome. Finally, DMO is generated by over-
coming a minimal barrier with 13.3 kJ mol™'. The rate-
determining step in Path 2 is COOCH; and CO coupling to
create a new C-C bond.

As can be seen from the above, the energy barrier of the
optimal pathway for the CO catalytic coupling reaction to DMO
on Pd;/TiO,y is greater than that on the Pd,/TiO,.y catalyst, so
it is difficult to synthesize DMO on this catalyst.

4554 | Phys. Chem. Chem. Phys., 2020, 22, 4549-4560

CO catalytic coupling to DMO on Pd4/TiO,.y*"

CO catalytic coupling to DMO on the Pd,/TiO,.y catalyst was
studied in our previous work, and the corresponding potential
energy profile can be seen in Fig. S4 in the ESI.¥ The optimal
path is the COOCH;-COOCH; coupling path, and the corres-
ponding activation energies for every elementary reaction are
74.9, 77.0, and 66.7 k] mol .

CO catalytic coupling to DMO on Pd4/TiO,. v

The potential energy diagram of CO catalytic coupling to DMO
on Pd/TiO,.y is displayed in Fig. 8, and all of the reactions are
carried out on the Pd, cluster. Firstly, the distance between CO
and OCH; adsorbed at two Pd top sites is 5.003 A, then a stable
intermediate COOCHj; on this catalyst is formed, in which the
bond length between the C atom and the O atom in CO and
OCH; decreases to 1.397 A via TS3-1. An activation energy
barrier of 76.3 k] mol~! is needed.

This journal is © the Owner Societies 2020
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Fig. 8 Potential energy profile for CO catalytic coupling to DMO on the Pde/TiO,.y catalyst together with the structures of initial, intermediate and final

states, as well as transition states.

In Path 1, when the first COOCH; is generated at the Pd-Pd
bridge site, another COOCHj; is produced through TS3-2 by
another CO and OCH;. In this step, the activation energy is
95.2 kJ mol™', the distance of C in CO and O in OCHj; is
decreased from 3.292 A via 2.006 A in TS3-2 and eventually to
1.366 A. The last elementary reaction in this path is COOCH,
and COOCHj; coupling to DMO via TS3-3, this process needs to
overcome a higher energy barrier of 105.9 k] mol~" due to the
new C-C bond formed. Thus in Path 1, the step of COOCH; +
COOCH; — DMO is the rate-determining step.

In Path 2, following the first step for COOCH; generation,
the CO attacks COOCH; to form a stable intermediate
(OCCOOCH3;), and this process is also the key step of new bond
formation by two C atoms, which overcomes a higher activation

This journal is © the Owner Societies 2020

energy barrier (120.6 k] mol ') than the first step. Subsequently,
OCCOOCHj; is attacked by OCHj, the first C atom in OCCOOCH;
and the O atom in OCH3; are approached slowly, and their distance
changed from 3.416 to 1.349 A. Eventually, the target product
DMO is generated via TS3-5, which needs a low energy barrier of
31.8 k] mol ™.

As mentioned above, on comparing the energy barrier of the
two paths (105.9 vs. 120.6 k] mol "), it is found that the optimal
path of CO catalytic coupling to DMO on Pde/TiO,-Oy is the
COOCH;-COOCH; route, which is the same as that on
Pd,/TiO,.y. It can be seen that the activity of Pds/TiO,—Oy is
higher than that of Pd(111) and Pd-M (M = Co, Ni, Cu).*>"?
Furthermore, the activity of Pds/TiO,-Oy is also higher than
that of Pd¢/SVG.”*

Phys. Chem. Chem. Phys., 2020, 22, 4549-4560 | 4555
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Selectivity of DMO on different catalysts

In the process of DMO formation, when the first elementary
reaction CO + OCH; — COOCH; occurs, by-product dimethyl
carbonate (DMC) may be generated by the OCH; attacking
COOCHj;. So the selectivity of DMO is considered relative
to DMC.

The active energy barrier of the determining step for DMO
and DMC on the four catalysts is displayed in Fig. 9. The
activation energy for forming DMO is far greater than that of
DMC (69.5 k] mol '), which means that there is a poor
selectivity to DMO on Pd,/TiO,y. As for Pd;/TiO,y and
Pd,/TiO,.y catalysts, the energy difference between DMO and
DMC is 18.9 and 14.0 k] mol™*;*! this indicates that DMO
and DMC are the main products in the CO oxidative coupling
process. Concerning the Pde/TiO, catalyst, the formation of
DMC is extremely difficult with the higher energy barrier than
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that of DMO, which means that the Pde/TiO,.y catalyst displays
an excellent selectivity toward DMO.

Effect of different Pd cluster size on CO catalytic coupling
to DMO

For the purpose of investigating the influence of Pd clusters on
the adsorption of CO, the relationship between Pd cluster size
and CO adsorption energy on Pd,/TiO,.y, Pd;/TiO,.y, Pd4/TiO,y
and Pd¢/TiO,.y catalysts is analyzed. CO is adsorbed at different
sites of different catalysts to participate in the reaction, and
the adsorption structure and the corresponding adsorption
energies of CO on Pd,/TiO,.y are shown in Table 3. CO is at
the Pd-Pd bridge site and the corresponding adsorption
energies are —225.4 and —220.9 k] mol™" on the Pd,/TiO,.y
and Pd;/TiO,.y catalysts, respectively. CO at the bridge site
takes part in the reaction, and the adsorption energy is
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Fig. 9 Activation energy barrier of DMO and DMC on Pd,/TiO,.y, Pd3/TiO,.y, Pd4/TiO,.y and Pdg/TiO,_y catalysts and the corresponding structures of

initial states, transition states and final states.
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Table 3 Corresponding adsorption energy (kJ mol™) and the adsorption structure of CO on the Pd»/TiO5.y, Pds/TiOs.y, Pd4/TiO5_y and Pde/TiO.y

Pd,/TiO,.y Pd;/TiO,.y Pd,/TiO,.y Pd¢/TiO,.y
Eo4s—CO (k] mol™") —225.4 —220.9 —144.8 —164.5
o -4 - .
[ ¥
Structures -4 4 <
=4 - ] -
- ) fia ¢ S R Bl TR § b =

—144.8 k] mol™ " on the Pd,/TiO,. catalyst. Unlike the above
three catalysts, CO at the top site participates in the formation
of COOCH; on Pd¢/TiO,.y and the corresponding adsorption
energy is —164.5 kJ mol ™. It can be seen that Pd,/TiO, and
Pd¢/TiO,.y catalysts show lower adsorption energies of CO as
compared to Pd,/TiO,y and Pd;/TiO,.y catalysts, which means
that CO easily migrates on the surface of Pd,/TiO,y and
Pd¢/TiO,y, and may lead to higher activity, as shown in
Fig. 10. In addition, the Bader charge has also been calculated.
This shows that charges of 0.23 and 0.17 e transfer from the
Pd,/TiO,.y and Pd;/TiO,.y catalysts to CO, respectively. And
charges of 0.13 and 0.14 e transfer from the Pd,/TiO,y and
Pd¢/TiO,.y catalysts to CO, which shows less charge transfer
than that on Pd,/TiO,.y and Pd;/TiO,.y, corresponding to lower
adsorption energy of CO. This indicates that the adsorption
energy of CO is proportional to the amount of charge transfer.
Therefore we can conclude that Pd,/TiO,, and Pdg/TiO,.y
catalysts exhibit less charge transfer to CO, resulting in weaker
adsorption of CO, ultimately leading to higher activity for DMO
formation than Pd,/TiO,.y and Pd;/TiO, catalysts.

The optimal reaction paths for the formation of DMO on
different catalysts are various. Both CO-COOCH; and COOCH;-
COOCH; coupling paths aiming at the reaction of DMO formation
on Pd,/TiO,vy (n = 1, 2, 3, 4 and 6) catalysts have been studied.
However, DMO cannot be formed on the Pd,/TiO,. catalyst since
CO is easy to react with the O atom on the surface of TiO,..
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Fig. 10 Relationship between adsorption energy (kJ mol™) of CO and the
charge transfer (Q) from Pd,/TiO,.y catalysts to CO, as well as the
activation energy barrier (kJ mol™) of the rate-determining step for
DMO formation on Pd,/TiO,.y, Pds/TiO,.y, Pd4/TiO,y and Pde/TiO5.y
catalysts.
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The most optimal paths on Pd,/TiO,y and Pd;/TiO,y are
CO-COOCH; coupling paths, while the rate-limiting steps on the
two catalysts are different, which are OCCOOCH; + OCH; — DMO
and COOCH; + CO — OCCOOCH;, and the corresponding
activation energy barriers are 147.9 and 160.1 kJ mol ',
respectively. Both on Pd,/TiO,y and Pd¢/TiO,.y catalysts, the best
routes are COOCH;-COOCH; coupling paths, and the barriers of
the rate-determining steps are 77.0 and 105.9 kJ mol ", as
compared to Pd,/TiO, and Pd;/TiO, .y catalysts, which have lower
values than the activation barriers and even lower than that on
Pd(111).%° It can be found that the advantageous reaction paths are
changed when n > 4 in the Pd, cluster, and this is similar to the
study by Li et al.,** in which the favorable reaction pathways for the
hydrogenation of acetylene to ethane are different with the change
of n value. The ethane was formed via intermediates of the ethenyl
[Pd,(H) - -CH—CH,] and ethylene [Pd,, - -CH,-CH,] in Pd,, (n =2, 3
and 4) clusters, while the other pathway including intermediates of
the ethenylidene [Pd,--CH—CH,], ethylidyne [Pd,(H)---C-CHj]
and ethylidene [Pd,,(H)- - -CH-CHj] is favorable over Pd,, (n =5, 6, 7
and 8) clusters.

The order of activity for CO catalytic coupling to DMO on
four catalysts abides by the following order: Pd,/TiO,y >
Pd¢/TiO,y > Pd,/TiO,y > Pd,/TiO,y. Obviously, Pd,/TiO,.y
and Pde/TiO,.y show higher catalytic activity than Pd,/TiO,y
and Pd;/TiO,y. Furthermore, the reaction active sites are
analyzed on these four catalysts. We found that the reaction
mainly concentrates on the Pd clusters over Pd,/TiO,y and
Pde/TiO,.y with better catalytic activity, while part of the
reaction process occurs at the interface between the Pd cluster
and TiO,.y on Pd,/TiO,y and Pd3/TiO,.y. It is further proved
that Pd is the active center for DMO synthesis. Besides, there is
a good correlation between electron transfer, CO adsorption
and catalytic activity. We can see that the adsorptions of CO on
Pd,/TiO,.y and Pd¢/TiO,.y catalysts are weaker than those on
Pd,/TiO,.y and Pd;/TiO,.y catalysts, so CO migrates more easily
on these two catalysts and reacts more easily with other species.
Therefore, lower activation energies are needed on Pd,/TiO,.y
and Pd¢/TiO,y, which exhibit higher activity as compared to
Pd,/TiO,.y and Pd;/TiO,.y catalysts.

Moreover, previous studies also provided that the activity is
non-monotonically dependent on deposited cluster size.>' For
DMO synthesis on Pd,/TiO,y (n = 1, 2, 3, 4 and 6), when the
load is the Pd, cluster, its activity is the highest, followed by the
Pde cluster. In addition, spin multiplicity of the singlet and
triplet is considered to calculate the energy profile for the rate-
determining step (COOCH; + CO + OCH; — COOCH; + COOCHj)
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Table 4 Structures with average bond lengths (A) of Pd,, and relative
energies (kJ mol™Y) of pure Pd, clusters and Pd4/TiO,.y with different spin
states

Pd, Pd,/TiO,.y

2.606
Spin-singlet state

18.4

2.607
Spin-triplet state

0.0

on Pd,/TiO, (Fig. S5, ESIt), and the reason for the high activity
will be explored. The result shows that the reactant of this rate-
determining step favors the spin-singlet state, as well as Pd,/TiO,.y,
which is different from the fact that pure Pd, in the spin-triplet
state is more stable than the spin-singlet state.””> The structures
and relative energies of pure Pd, clusters and Pd,/TiO,.y with spin
states of singlet and triplet are shown in Table 4. The same result
obtained by Zhang et al”® also showed that the relative energy
order of the Pd cluster on TiO,(110) with spin multiplicity of the
singlet and triplet may interchange as compared to the gas phase
results. Moreover, the spin-triplet of Pd,/TiO,.y is an unstable state,
and it contributes to the high activity of Pd,/TiO,y, which facili-
tates the CO oxidative coupling reaction. However, we have to
admit that Kohn-Sham density functional theory (KS-DFT)
calculation within the projector augmented wave (PAW)
method includes spin contamination errors, which affects the
energy,”’ ®" and further influences the analysis of spin conversion.
In addition, clusters with 4 atoms also exhibited high catalytic
activity in previous work.”® The Cu, cluster supported on Al,O;
showed high activity for the conversion of CO, to CH;OH with a
low activation barrier via X-ray adsorption spectroscopy and DFT
calculations. This may also be attributed to its special magic
number structure. When studying the removal of Hg® on
Pd,/g-C;N,, the Pd,/g-C;N, catalyst enhanced the adsorption
of Hg®, and had better application prospects due to its more
active sites than Pd(,-1-3)/g-C3N,.*> Moreover, the activation
energy barriers of DMO formation on Pd, and Pds clusters
supported on TiO,.y were 77.0 and 105.9 k] mol !, which were
lower than that on SVG with 114.5 and 216.3 kJ mol *.7*

The formation of DMO and DMC shows that the DMO
selectivity on different Pd,, clusters varies greatly. DMC is easily
formed on the Pd,/TiO,.y catalyst and shows poor DMO selec-
tivity. Both the Pd;/TiO,~ and Pd,/TiO,y catalysts exhibit low
DMO selectivity, because the activation barrier difference
between DMO and DMC is very small, so both DMO and
DMC are the main products on these two catalysts. It can also
be seen that Pd,/TiO,.y exhibits high activity to DMO, but has a
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poor selectivity. However, Pds/TiO,y not only shows better
catalytic activity than Pd(111), but also has a high selectivity
to DMO. Therefore, Pde/TiO,.y is an effective catalyst to improve
the activity and selectivity towards DMO generation. In addition,
it has been reported that the BN-supported Pd, catalyst exhibited
a high selectivity to H, during the decomposition of HCOOH,
and the catalytic activity is higher than that on the Pd(111)
surface.> In the reaction of cyclohexane oxidation, the graphene
oxide supported Ags cluster catalyst exhibited high selectivity
to cyclohexanone.®* The subnanometer-sized Pdg(C12Hz58)1:
cluster could be synthesized in one-step rapidly under mild
conditions, after removing the ligands, and Pds nanoclusters
supported on carbon black showed an ultrahigh catalytic activity
for the reduction of 4-nitrophenol (4-NP) to 4-aminophenol
(4-AP). And the low coordination of Pd atoms in Pd nanoclusters
was an important reason for their high catalytic activity.®> The
Pde cluster loaded on single defect graphene as an adsorbent
also showed higher selectivity for AsH; removal than Pd and Pd,
clusters.®® The Pdg cluster supported on TiO, had also been used
to research the reduction of NO by H,, and the energy barrier for
the formation of N, on Pde/TiO, is significantly reduced
as compared to that on the Pd(211) surface, implying that
Pd,/TiO, exhibits a better selectivity to N, than Pd(211).5"%®

Conclusions

In this work, the DFT method is used to clarify the effect of
different small Pd, (n = 1, 2, 3, 4 and 6) on CO oxidative
coupling to DMO. It can be seen that Pd,/TiO,.y is not an ideal
catalyst for CO oxidation coupling to DMO since the surface of
O on Ti0,-Oy is too active to co-adsorb CO and OCH;. The CO
oxidative coupling reaction mainly occurs on the interfaces
between the Pd cluster and the TiO,.y support on Pd,/TiO,.y
and Pd;/TiO,.y catalysts, and the CO-COOCH; path is favor-
able. While the COOCH;-COOCH; path is advantageous on
Pd,/TiO,.y and Pde/TiO, v, and the reaction occurs on the active
component Pd. In addition, the activity of DMO formation on
the four catalysts is not linear with the atomic number of the Pd
cluster. Pd,/TiO,-Oy and Pde/TiO,-Oy exhibit higher activity
than Pd,/TiO,-Oy and Pd;/TiO,-Oy, and also higher activity
than that on the Pd(111) surface. The calculation results show
that the Pde/TiO,-Oy catalyst exhibits high DMO selectivity
compared to the other catalysts. Moreover, Pde/TiO,.y not only
has high catalytic activity, but also exhibits high selectivity to
DMO, which can be used as a potential catalyst for DMO
synthesis.
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