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A B S T R A C T

The reaction mechanisms for CO oxidative coupling to DMO on Pd4 supported on TiO2(0 0 1) catalysts were
studied by using the density functional theory calculations with a Hubbard U correction (DFT+U). Two dif-
ferent supports including perfect TiO2(0 0 1) and oxygen vacancy TiO2(0 0 1) were investigated. The interaction
between Pd4 and supports showed that the binding energy of Pd4 cluster with oxygen vacancy TiO2(0 0 1) was
stronger than that with the perfect TiO2(0 0 1), and the relatively weak adsorption energy of CO was obtained on
Pd4/TiO2-Ov, implied that it was easier for CO removing and reacting. In addition, reaction mechanisms of CO
oxidative coupling to DMO on Pd4/TiO2 and Pd4/TiO2-Ov were studied, and the Pd4/TiO2-Ov catalyst showed
higher activity than Pd4-TiO2. Moreover, compared with Pd(1 1 1), Pd4/TiO2-Ov not only reduced the amount of
Pd, but also improved the activity of CO oxidative coupling to DMO. However, DMO and DMC were competitive
products on Pd4/TiO2 and Pd4/TiO2-Ov, showed that they were with poor selectivity to DMO.

1. Introduction

As an important raw materials, dimethyl oxalate (DMO) is widely
used in industrial production process. More importantly, the process of
DMO hydrogenation to ethylene glycol has already successfully in-
dustrialized [1–3]. As we all known, DMO can be obtained from many
processes, such as the esterification of oxalic acid with methanol [4]
and the oxidative carbonylation of methanol. However, CO oxidative
coupling to DMO has become the focus of people's attention due to its
green and atom economy. Palladium-based heterogeneous catalysts
with the pretty selectivity and reactivity for CO oxidative coupling
which have been widely used to form the DMO [5]. However, the high
price and large amount of Pd hindered its large-scale application in
industry [6]. So it is the urgent problem that how to reduce the amount
of Pd catalysts and keep the high catalytic performance. In order to
decrease the amount of the noble catalysts, many attempts have been
implemented, such as adding a second non-noble transition metals into
Pd catalysts [7–9] and supporting the precious metals onto the carrier
[10,11] to increase the dispersion of Pd catalysts and keep its activity at
a high level.

Supported catalysts exhibit unusual catalytic properties and it is

greatly impact on many heterogeneous catalytic reactions [12–16].
Compared to a pure Rh catalyst without a support, the Rh/TiO2 catalyst
exhibits better activity and selectivity of the ethanol formation [17].
The research of nitrobenzene hydrogenation over Pd-B/SiO2 showed
that the promoting effect of the SiO2 support was mainly attributed to
the stabilization of the Pd-B amorphous structure and the dispersion of
the Pd active metal [18]. Moreover, Patel et al. [19] studied the hy-
drogenation of nitrobenzene using polymer anchored Pd(II) complexes,
the results show that the catalyst showed high activity due to dispersion
of more metal ions on the surface of the polymer. Meanwhile, a series of
Pd-based loaded catalysts have been used in the reaction of CO oxida-
tive coupling to DMO, such as Pd/Al2O3, Pd/MgO, Pd/AC, Pd/ZnO, Pd/
TiO2, they all show that the catalytic properties has been demonstrated
to be strongly dependent on the support materials, and they all pre-
sented better activity and selectivity, and also reduced the amount of
noble metals [20–24].

Previous studies showed that crystal defects have significant effect
on the catalytic performance of catalysts [25–27]. For TiO2 support,
due to the defects and vacancy in the lattice, it shows better catalytic
activity [28], and previous studies showed that anatase TiO2 supported
palladium catalyst performed strong metal-support interaction (SMSI)
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effect at low temperature, and presented high activity for the hydro-
genation reaction of acetylene to ethylene [29]. Interestingly, studied
the mechanisms of selective hydrogenation of acetylene on Pd4 cluster,
oxygen defective anatase (1 0 1) and rutile (1 1 0) titania supported Pd4
cluster are studied recently, the result showed that anatase catalyst has
higher selectivity of acetylene hydrogenation than rutile catalyst [30].
Moreover the type and the surface structure of the support markedly
affect the catalytic property of the support catalysts and the active
components. Previous researches showed that the oxygen vacancy plays
a significant role in the enhancement of adsorption property and the
catalytic property [31–35]. Recently, the adsorption of oxygen mole-
cules on anatase (1 0 1) are studied, the results show the presence of
oxygen vacancies greatly enhances the binding ability of oxygen mo-
lecules to the surface [36]. Meanwhile, previous research found that the
oxygen vacancies increased the adsorption of Au clusters with CeO2

surface sharply [37]. Thus, the oxygen vacancy TiO2 is considered in
this work, which removing one surface oxygen atom to present the
oxygen vacancy surface.

Recently, owing to the high symmetry, high specific surface area,
low surface atom coordination numbers, small metal Pd clusters have
attracted more and more attention by researches [38,39]. As we all
know, Pd4 cluster, as the smallest magic cluster and three-dimensional
cluster, are got widely concerned. Meanwhile, previous calculation
results indicate that Pd4 cluster similar adsorption properties with Pd13
cluster [33]. The previous studies also confirmed that the tetrahedral
structure of Pd4 cluster is more stable than that of planar one [40–42].
Therefore, the tetrahedral Pd4 cluster has been selected in this work.

The (0 0 1) surface is considerably more reactive than the (1 0 1) one
because of the higher surface energy [43]. Hence, in this work, aiming
at illustrating the underlying mechanism and the influence of oxygen
vacancy on the stability of catalyst, adsorption of reactants, reaction
activity and selectivity, the reaction of CO oxidative coupling to DMO
on perfect and oxygen vacancy anatase TiO2(0 0 1) supported Pd4
cluster have been systematically investigated using density functional
theory (DFT) calculations. In a word, the results are expected to provide
a good clue for designing an excellent catalyst with high activity and
selectivity of CO oxidative coupling to DMO.

2. Computational models and methods

2.1. Calculation methods

A DFT+U calculations were performed in the Vienna ab initio si-
mulation package (VASP) [44–47], the generalized gradient approx-
imation (GGA) with the function of Perdew-Burke-Ernzerhof (PBE) was
adopted to describe the exchange–correlation energies [48] and the
electron-ion interactions were disposed by the projector-augmented
wave (PAW) [44,47]. To analyze electron correlations in transition
metal oxides, conventional DFT calculations based on the local density
approximation was failed to predict the values of the band gap and
band-gap states. Thus, DFT+U method [49] was introduced to eval-
uate the on-site coulomb interactions in the localized d orbital and
exchange interactions, by adding an effective Hubbard-U parameter to
express the repulsion between electrons on the same orbital [50]. In our
calculations, the value of U parameter was determined to be 4 eV for
the Ti atom [51,52]. The electronic wave functions were expanded in a
plane wave basis with the kinetic cutoff energy of 400 eV [53], and a
Gaussian smearing parameter of SIGMA=0.2 eV was used to improve
convergence of states near the Fermi level. A Monkhorst-Pack k-points
grid of 6×6×6 was carried out to sample the bulk of TiO2. The k-
point of 2× 2×1 and 3× 3×1 were selected to calculate adsorption
energies of CO and OCH3 on Pd4/TiO2, which are −284.1 and
−283.6 kJ·mol−1 for CO adsorption, −227.9 and −228.0 kJ·mol−1 for
the adsorption of OCH3. It is implying that there is little influence on
the adsorption energy with different k-point. Therefore, considering the
efficiency of calculation, the k-point of 2×2×1 was thought to be

feasible and enough for this calculated system. A force difference be-
tween two steps of less than 0.03 eV Å−1 was used as the criterion for
convergence of ionic relaxation. The relaxation of the electronic de-
grees of freedom is assumed to be converged, if the total energy change
and the band structure energy change between two steps are both
smaller than 1× 10−5 eV. The vacancy formation energy of TiO2(0 0 1)
and the binding energy Eb between Pd4 and TiO2 are calculated by the
following formulas:

= − +E E E E1/2f O def per O( ) 2 (1)

and

= + −E E E Eb Pd TiO Pd TiO/4 2 4 2 (2)

where Edef, Eper, and EO2 are energies of the defect system, the perfect
system and the free molecular oxygen. EPd4/TiO2, EPd4 and ETiO2 are the
energy of Pd4 located on the TiO2, the energy of isolated Pd4 and the
energy of isolated TiO2.

The adsorption energy, Eads and the activation energy Ea are defined
by using the following equations:

= − −E E E Eads tatal Pd TiO adsorbates/4 2 (3)

and

= −E E Ea TS IS (4)

where Etotal and Eadsorbates were total energies of total adsorbed systems
and isolated adsorbates. ETS, and EIS represent the energies of the TS
(transition state), and IS (initial state), respectively.

Reaction pathways have been investigated using the climbing-image
nudged elastic band method (CI-NEB) [54,55], and the image close to
the transition structure can be found. Furthermore, the dimer method is
used to optimize the image and obtain the transition state [56,57]. In
this study, the optimized transition state structure was deemed to be
converged when the forces for all atoms was less than 0.05 eV/Å, and
there is only one harmonic vibrational frequency in every transition
state structure.

2.2. Calculation models

The symmetric periodic slab models were used for anatase structure,
the calculated lattice constant of bulk TiO2(0 0 1) structure (a= 3.84 Å,
c= 9.63 Å, c/a= 2.5) is greatly agreement with the experimental
value [58]. On the TiO2(0 0 1) surface, there are two types of O atoms,
which are O1 and O2, and the vacancy formation energies are 195.1 and
354. 7 kJ·mol−1. It can be seen that the formation of vacancy by re-
moving O2 is more difficult than O1. However, the binding energies
between Pd4 cluster and TiO2 with O1 vacancy and O2 vacancy are
354.4 and 407.6 kJ·mol−1, respectively. It indicates that there is a
stronger binding ability between Pd4 cluster and TiO2 with the oxygen
vacancy of O2. In addition, the activity energy barrier of CO+OCH3-
COOCH3 on the Pd4 cluster supported on TiO2 with vacancy of O1 and
O2 are 118.5 and 74.9 kJ·mol−1, which means that Pd4 supported on
TiO2 with O2 may show higher catalytic performance. As a result,
combining with the binding energy of Pd4 and oxygen vacancy surface,
as well as the activity energy barrier of first step, TiO2 with the oxygen
vacancy of O2 was chosen. In addition, the size of supercell was in-
vestigated. The oxygen vacancy formation energies on TiO2(0 0 1) with
2×2, 3×3, and 4×4 supercell was studied, and there is little effect
of supercell size on the formation of oxygen vacancy. Meanwhile, ad-
sorption energies of important intermediate COOCH3 on three Pd4/
TiO2-Ov with 2× 2, 3×3, and 4×4 supercell were studied, and there
is little difference between three adsorption energies, as shown in
Fig. 1. In addition, 3× 3 supercell was widely used in previous work
[59–61]. Therefore, we chose 3×3 supercell in this research. Both
perfect and oxygen vacancy TiO2(0 0 1) slabs were with the thickness of
four OeTieO repeat units including 12 atomic layers. The bottom six
atomic layers were fixed in all structural optimizations, as shown in
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Fig. 2. A vacuum of 15 Å was used for all slab. The isolated molecules
and radicals were optimized in a large cell of 10×10×10 Å. We have
considered the influence of adsorption and reaction when a dipole
correction was added to system. The results showed that the co-ad-
sorption energy of CO and OCH3 was 442.9 kJ·mol−1 with a dipole
correction, it is similar with that energy (−441.2 kJ·mol−1) without
dipole correction. The adsorption energies of COOCH3 are 260.9 and
259.9 kJ·mol−1 with and without dipole correction. Meanwhile, the
result of the first elementary step (CO+OCH3→ COOCH3) showed
that the difference of energy barrier and reaction energy between these
two cases are 4.9 and 0.7 kJ·mol−1. That all implied that little differ-
ence exists when the dipole correction is added into system. The ad-
sorption energies for molecule such as CO on surface are with little
difference with and without dipole correction in previous study [62].
Thus, dipole correction is neglected and the former research has the
same treatment method [63]. In fact, it was handled with neutral
oxygen vacancy in this work, and previous studies on oxygen vacancies
were also treated as neutral oxygen vacancies [64,65].

Several possible active sites for Pd4 cluster on both perfect and

oxygen vacancy TiO2(0 0 1) surface were first considered, relaxed
structures and their adsorption energies are shown in Figs. 3 and 4. The
most stable structure of Pd4/TiO2 (a) is with the energy of
360.1 kJ·mol−1 and the most stable structure of Pd4/TiO2-Ov (c′) is with
the energy of 407.6 kJ·mol−1. And the possible adsorption sites of Pd4/
TiO2 and Pd4/TiO2-Ov are marked in Fig. 5, it includes top (T), bridge
(B1, B2, B3, B4) and 3-fold hollow (Hcp) sites.

3. Results and discussion

3.1. The structure properties of Pd4/TiO2 and Pd4/TiO2-Ov

The interactions between Pd4 cluster and two different TiO2(0 0 1)
surfaces are discussed. Firstly, bond lengths between Pd-Pd in these two
catalysts are considered, the average bond length is 2.652 Å for Pd4/
TiO2 catalyst, while the value is elongated in Pd4/TiO2-Ov of 2.692 Å.
The bond lengths of Pd-Ti were also taking into account, and the data
are displayed in Table 1. The shorter the bond length of Pd-Ti, the
stronger the ability of Pd combine with the carrier. We can see that the
stability of Pd4/TiO2-Ov is stronger than that of Pd4/TiO2. Secondly, the
binding energy Eb of Pd4 cluster with perfect and oxygen vacancy
TiO2(0 0 1) surfaces are 360.1 and 407.6 kJ·mol−1, the more positive
the value is, the interaction between active component and support is
the stronger, which indicates that oxygen vacancy surface shows
stronger binding ability with Pd4 clusters. It is consistent with former
studies, small Pdn(n=1–4) clusters have the larger adsorptive energies
with oxygen vacancy TiO2 than with perfect TiO2, more importantly, it
also proved that Pd4 and Pd5 clusters with 3D structures are more stable
on TiO2 [66]. Moreover, the binding energies between metals with both
perfect and oxygen vacancy MgO(1 0 0) have also shown that stronger
interaction between metal and oxygen vacancy MgO(1 0 0), in which
binding energies of 79.5, 105.4, 195.4 and 72.4 kJ·mol−1 for metals
(metal=Ni, Pd, Pt or Cu) on perfect MgO surface and 107.9, 249.8,
356.5 and 79.9 kJ·mol−1 on the MgO-Ov surface, the results also con-
firmed that the oxygen vacancy surface exhibits excellent binding
ability with metals compare to the perfect surface [67].

In addition, in order to investigate the influence of oxygen vacancy,
the projected density of states (pDOS) and d-band center of Pd4 cluster

Fig. 1. The oxygen vacancy formation energies of TiO2(0 0 1) with 2×2,
3×3, and 4×4 supercell and adsorption energies on three Pd4/TiO2-Ov cat-
alysts.

Fig. 2. Top and side views of the optimized structures of perfect and oxygen vacancy TiO2(0 0 1) models. Red, silvery spheres represent O, Ti atoms, and black sphere
represents oxygen vacancy.
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on TiO2 and TiO2-Ov are analyzed. It is known that different catalysts
exhibit different d-band centers, especially the presence of O vacancies,
which change the d-band. The electronic structure of the metal catalyst
surface has a deep relationship with the adsorption properties and
catalytic property. To some extent, d-band center exhibits the energy
level of the metal’s d-orbitals, and as a vital parameter to determine the
ability of the surface to bond with adsorbates, and to predict the ad-
sorption ability and catalytic activity of catalysts [68]. In this work, the
projected density of states (pDOS) and d-band center of Pd4 cluster on
TiO2 and TiO2-Ov are analyzed. The d-band center is calculated by the
following equation the d-band center is calculated by the following
equation [69]:

∫

∫
= −∞

+ ∞

−∞

+ ∞ε
Eρ E dE

ρ E dE

( )

( )
d

d
d

(5)

where ρd represents the density of states projected onto Pd atom’s d-
band, and E is the energy with respect to the Fermi energy, and the
integral limits are −∞ ∼ +∞.

The d-band centers of Pd4/TiO2 and Pd4/TiO2-Ov are −1.69 and
−1.82 eV (Fig. 6), obviously, the d-band center of Pd4/TiO2-Ov is far
away from the Fermi energy. CO as an important reactant in CO oxi-
dative coupling to DMO is necessary to study its adsorption firstly. As
listed in Table 1, the adsorption energies of CO are −159.6 to
−284.1 kJ·mol−1 and −144.8 to −193.3 on Pd4/TiO2 and Pd4/TiO2-
Ov, respectively. Obviously, Pd4/TiO2-Ov catalyst exhibits relatively
low adsorption ability. In order to reveal the microscopic reason of CO
adsorption, the d-band center, as a key parameter, is usually selected to

measure the distribution of solid energy levels, and it can also reveal
the ability to eject an electron to the adsorbed molecule from metal d-
band. More importantly, previous studies showed that the atomic C
adsorption strength on Ni(1 0 0), Ni(5 5 3), and Ni(1 1 1) decreased for
methane dissociation reaction on Ni catalysts, which originates from
the reduction of the d-band center of the surface Ni atoms [70].
Moreover, some researchers also proved that there is a deep relation-
ship between the d-band center and the catalytic activity [65,71]. The
binding ability between the palladium surface and adsorbates is not too
weak and not too strong, which shows a high catalytic activity [72]. In
this work, weak adsorption capacity of CO on Pd4/TiO2-Ov indicates
that adsorbates are easy to remove on catalyst, and then they are easier
to react with each one, thus shows high activity. Therefore, the activity
of these two catalysts are investigated in the following sections via the
reaction mechanism.

3.2. CO oxidative coupling to DMO on perfect and oxygen vacancy TiO2

support Pd4 catalysts

3.2.1. The reaction mechanism of CO oxidative coupling to DMO
In order to probe into the effect of support on the formation of DMO,

it is necessary to understand the possible reaction pathway of the DMO
formation. For the reaction of CO oxidative coupling to DMO, previous
research showed that the fracture energy barrier of O-N in CH3ONO
(MN) leading to CH3O and NO is 0.03 eV on the Pd based catalysts,
which indicates that MN is easy to dissociate [73]. Therefore, the dis-
sociation of MN is ignored. Two feasible paths have been obtained in

Fig. 3. The possible structures of Pd4/TiO2 model. Red, silvery, blue spheres represent O, Ti, Pd atoms, respectively.

Fig. 4. The possible structures of Pd4/TiO2-Ov model. Red, silvery, blue spheres represent O, Ti, Pd atoms, respectively.
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this work, as shown below:

Path 1: CO+OCH3→ CO+OCH3 (COOCH3)→ COOCH3

(COOCH3)→DMO
Path 2: CO+OCH3→ COOCH3+CO→OCCOOCH3+OCH3→
DMO

3.2.2. CO oxidative coupling on Pd4/TiO2

All of the possible co-adsorbed conformations of CO and OCH3 were
investigated for the first step on Pd4/TiO2 catalyst. The co-adsorption of
CO and OCH3 are on two facets of Pd4/TiO2 when CO and OCH3 are
placed at H1-H1, T-B1, T-B3, B1-B3 and B2-B2 sites in original struc-
tures, as shown in Fig. 7. They are almost no chance to react with each
other to form COOCH3 intermediate. Five possible co-adsorption con-
figurations are obtained for the reaction of CO and OCH3, one of which
is that CO and CH3O adsorb on B2 and B(Pd-Ti) sites (h), other four
structures (b, f, i and j) are that CO is at H1 site and OCH3 is at T site.
These two types of co-adsorption configurations are considered as re-
actants, and the formation of COOCH3 is investigated, the energy bar-
rier and reaction energy are shown in Table 2. We can found that the
formation of COOCH3 is easier when CO and CH3O are at B2 and B(Pd-
Ti) sites with an energy barrier of 95.1 kJ·mol−1, which proceeds to the
next step.

In Path 1, when the first COOCH3 is formed via TS1, another
COOCH3 is formed through TS2 with an energy barrier of 36.9 kJ·mol−1

(Fig. 8). Finally, DMO is formed by two COOCH3 coupling via TS3 and
this step needs to overcome a higher energy barrier of 146.4 kJ·mol−1,
which is the rate determining step in Path 1. The same rate determining
step has been obtained on the Pd(1 1 1) surface in our precious work
[74]. However, it is only 120.6 kJ·mol−1 for this step, which is lower
than that on the Pd4/TiO2 catalyst. For Path 2, the first step is the same
as the Path 1, and then CO attacks COOCH3 to generate a new C-C bond
via TS4, which is a process from C1 to C2 and the energy barrier is
173.5 kJ·mol−1. At last, OCCOOCH3 intermediate combines with OCH3

to produce the target product DMO via TS5, this elementary reaction
needs to overcome an energy barrier of 93.6 kJ·mol−1. The formed
DMO is similar that in Path 1, both of two DMO absorb on the top site.
Obviously, the step of CO reacting with COOCH3 is the rate determining
step with the highest elementary energy barrier of 173.5 kJ·mol−1 in
Path 2, which is extremely difficult to occur. It can be found that Path 1
is more favorable than Path 2 on the perfect TiO2 support Pd4 catalyst
as the lower energy barrier for rate determining step of 146.4 kJ·mol−1.
Similarly, COOCH3-COOCH3 coupling route (Path 1) is the favorable

Fig. 5. The optimized structures of top and side views of Pd4/TiO2 and Pd4/TiO2-Ov model. Red, silvery, blue spheres represent O, Ti, Pd atoms, respectively.

Table 1
The average atomic distance (dPd-Ti and dPd-Pd) and CO adsorption energies
Eads(CO) for Pd4/TiO2 and Pd4/TiO2-Ov catalysts.

Parameters Pd4/TiO2 Pd4/TiO2-Ov

Pd-Ti distance (Å) 2.686 2.436
Pd-Pd distance (Å) 2.652 2.692
Eb (kJ·mol−1) −360.1 −407.6
Eads(CO) (kJ·mol−1) −159.6 to −284.1 −144.8 to −193.3

Fig. 6. Projected density of states (pDOS) plots of the d-orbitals for the Pd atoms
of Pd4/TiO2 and Pd4/TiO2-Ov catalysts. The red vertical dashed line represents
the location of d-band center, and the red vertical solid line indicates Fermi
energy level.
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path on Pd(1 1 1), Pd-Al(1 1 1) [74], Pd13, Al@Pd12, Ag@Pd12 [75], Pd/
SVG and Pd4/SVG catalysts [76].

3.2.3. DMO formation on Pd4/TiO2-Ov

Two reaction processes of CO oxidative coupling to DMO on Pd4/
TiO2-Ov are shown in Fig. 9. For the formation of COOCH3, the energy
barrier is 74.9 kJ·mol−1 which is smaller than that on the Pd4/TiO2

Fig. 7. The initial and optimized co-adsorption configurations of CO and OCH3 on Pd4/TiO2 catalyst with the corresponding co-adsorption energies (kJ·mol−1) and
the distance of CeO (Å). Red, silvery, blue, grey and white spheres represent O, Ti, Pd, C and H atoms, respectively.
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catalyst, it means that COOCH3 is easier to form on Pd4/TiO2-Ov cata-
lyst. This may be due to the strong electron interaction between the
oxygen vacancy and the Pd4 cluster, which results in the weak ad-
sorption of CO on the catalyst surface, therefore, CO move easily and
react with OCH3. In Path 1, following the completion of first catalytic
reaction for first COOCH3 formation, another CO and OCH3 on the
adjacent T-site and B-site react with each other leading to the formation
of another COOCH3 by TS2′, which needs an energy barrier of 77.0

kJ·mol−1 with an exothermic energy of 10.9 kJ·mol−1. Subsequently,
two stable intermediates COOCH3 coupled to form DMO via TS3′ and
overcoming an energy barrier of 66.7 kJ·mol−1, which is lower than
that on Pd4/TiO2 with 146.4 kJ·mol−1. In this path, the formation of the
second COOCH3 is the rate determining step, which is different from
that on Pd4/TiO2. For the other path for the formation of DMO, the CeC
coupling occurs via CO attacking COOCH3 by TS4′, it overcomes a
larger energy barrier of 155.2 kJ·mol−1 leading to a stable intermediate
OCCOOCH3. Finally, OCH3 attacks OCCOOCH3 via TS5′ to DMO with
the energy barrier and reaction energy of 48.7 and −80.1 kJ·mol−1. In
this path, the generation of new CeC bond is the rate determining step.
It can be seen that Path 1 is the favorable route for CO oxidative cou-
pling to DMO. In addition, Pd4/TiO2-Ov shows higher activity than Pd4/
TiO2 comparing with activation energies on two catalysts, which is even
higher than that of the Pd(1 1 1) surface (77.0 vs 118.4 kJ·mol−1) [77].
Moreover, according to latest research by our work [74], the rate

Table 2
The energy barrier (Ea) and reaction energy (Er) of first elementary step for CO
oxidative coupling to DMO on Pd4/TiO2 catalyst.

Elementary reaction Ea (kJ·mol−1) Er (kJ·mol−1)

CO+OCH3 (h)→ COOCH3 (H1) 95.1 3.0
CO+OCH3 (j)→ COOCH3(H1) 195.6 45.4

Fig. 8. The potential energy profile for the most favorable formation pathway of CO oxidative coupling to DMO on Pd4/TiO2 catalyst together with the structure of
Product, Reactant and Transition State. Red, silvery, blue, grey and white spheres represent O, Ti, Pd, C and H atoms, respectively.

Y. Cao et al. Computational Materials Science 159 (2019) 1–11

7



determining step energy is 113.0 kJ·mol−1 on Pd-Al(1 1 1) catalyst,
means that Pd4/TiO2-Ov catalyst also exhibits better catalytic activity
than Pd-Al bimetallic catalyst.

3.2.4. Selectivity of catalysts to DMO
It is said that selectivity is an important parameter to measure the

catalysts besides the catalytic activity. For CO oxidative coupling re-
action, Dimethyl carbonate (DMC) is the main by-product. Therefore,
the selectivity of DMO is also considered in this work, and the results
were shown in Figs. 10 and 11.

DMC is formed by OCH3 attacked COOCH3, which has already de-
tected by calculation and experiment [77–79]. On Pd4/TiO2, a high
energy barrier of 150.4 kJ·mol−1 needs to be overcome to form DMC,
which is slightly higher than the activity barrier of forming DMO in
Path 1 (146.4 kJ·mol−1), the difference between the formation of DMO
and DMC is 4.0 kJ·mol−1. It means that the formation of DMO and DMC
are competitive reaction on Pd4/TiO2, which shows that Pd4/TiO2

catalyst exhibits low selectivity towards DMO. Then, we consider the
selectivity of Pd4/TiO2-Ov.

In Fig. 11, the formation of DMC needs to overcome a slightly lower
energy barrier (63.0 kJ·mol−1) via TS6′, compared with the active

energy barrier (77.0 kJ·mol−1) of forming the second COOCH3 by CO
and OCH3 in Path 1. The difference between the formation of DMO and
DMC is 14.0 kJ·mol−1, which indicates that the selectivity of DMO on
Pd4/TiO2-Ov is poor.

3.2.5. The role of oxygen vacancy on support in activity and selectivity
Oxygen vacancy on the surface of anatase TiO2 has obviously in-

fluence on the stability of catalyst, adsorption of reactants, reaction
activity and selectivity. The stability of catalyst is enhanced when the
oxygen vacancy appears on the TiO2 surface. The adsorption energy
becomes smaller when oxygen vacancy exists for the adsorption of re-
actants, which is consistent with the results about the co-adsorption of
CxHy and H on Pd4/TiO2-Ov catalysts [33] and the adsorptions of CHx

on the perfect and oxygen vacancy MgO(0 0 1) supported Ni4 catalysts
[80]. The existence of oxygen vacancy enhanced the catalytic activity
between Pd4 cluster and TiO2-Ov comparing with the perfect TiO2

support, the similar result has been obtained that a single Pd atom
loaded on an oxygen vacancy site of the MgO(1 0 0) surface is more
beneficial for the cyclization reaction of acetylene to benzene than
perfect surface [81]. Meanwhile, for the effect of oxygen vacancy on the
selectivity, M-TiO2-OV (M=Ag, Pt, and Pd) nanocomposites can be

Fig. 9. The potential energy profile for the most favorable formation pathway of CO oxidative coupling to DMO on Pd4/TiO2-Ov catalyst together with the structure
of Product, Reactant and Transition State. Red, silvery, blue, grey and white spheres represent O, Ti, Pd, C and H atoms, respectively.
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used as visible-light-driven photocatalysts for selective oxidation of
benzyl alcohol [82], but in this work, both Pd4/TiO2 and Pd4/TiO2-Ov

show poor selectivity, it means that the oxygen vacancy on surface has
little influence on selectivity of CO oxidative coupling to DMO.

4. Conclusion

In this work, the formation of DMO by CO oxidative coupling were
investigated on Pd4 cluster supported on anatase TiO2(0 0 1) including
perfect and oxygen vacancy surfaces. Pd4/TiO2-Ov exhibited higher

stability than Pd4/TiO2. The d-band of two catalysts show that Pd4/
TiO2-Ov has the weaker adsorption capacity to adsorbates, and the
adsorption energy of CO on Pd4/TiO2-Ov is weaker than that on Pd4/
TiO2.

Moreover, the optimal paths on these two catalysts were not
changed, Pd4/TiO2-Ov showed higher activity towards the reaction by
comparing the energy barrier (77.0 vs. 146.4 kJ·mol−1) of rate de-
termining steps about two catalysts. Meanwhile, compared with Pd
(1 1 1) with the rate determining step energy of 118.4 kJ·mol−1, the
Pd4/TiO2-Ov still showed higher activity of CO oxidation coupling to

Fig. 10. The comparison of the simplified potential energy profile for the pathway of DMO and DMC formation together with structures of initial states, transition
states and final states on Pd4/TiO2. Red, silvery, blue, grey and white spheres represent O, Ti, Pd, C and H atoms, respectively.

Fig. 11. The comparison of the simplified potential energy profile for the pathway of DMO and DMC formation together with structures of initial states, transition
states and final states on Pd4/TiO2-Ov. Red, silvery, blue, grey and white spheres represent O, Ti, Pd, C and H atoms, respectively.
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DMO. Hence, Pd4/TiO2-Ov not only reduce the amount of Pd, but also
improved the activity of CO oxidative coupling to DMO. Of course, the
selectivity of two catalysts were also considered, however, it was found
that poor selectivity of DMO appears on Pd4/TiO2 and Pd4/TiO2-Ov

catalysts.
In addition, the role of oxygen vacancy on support was discussed,

the existence of oxygen vacancy enhances the stability of catalyst, and
the adsorption capacity of reactants on the catalyst surface was wea-
kened, which makes the adsorbed species easier to migrate on the
catalyst and then the catalytic activity was effectively improved, but it
had little effect on selectivity.
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