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A B S T R A C T

The catalytic CO oxidative coupling to dimethyl oxalate (DMO) was studied by means of density functional
theory (DFT) calculations, and effects of different sizes of Pdn cluster and different defective graphenes on this
reaction were also discussed. A series of different sizes of Pdn (n=1, 4 and 6) anchored on single-vacancy
graphene (SVG) was firstly constructed, and the results show that the Pd-SVG catalyst shows remarkable cata-
lytic activity for CO oxidative coupling to DMO. In addition, the single Pd atom supported on different defective
graphenes were studied to reveal the effect of the vacancy type of graphene on reaction activity and selectivity. It
showes that the favorable pathway is COeCOOCH3 coupling path on the Pd supported on the graphene with
double vacancy (DVG), which has excellent activity and selectivity. Therefore, Pd-DVG can be considered as
effective catalyst to enhance the catalytic performance and greatly reduce cost of noble Pd-based catalysts.

1. Introduction

Dimethyl oxalate (DMO) is an important raw chemical material in
industry, which is commonly used as solvent, extraction agent, and also
serves as feedstock for the syntheses of oxalic acid, oxamide, dyes,
pharmaceuticals, etc [1,2]. More importantly, DMO hydrogenation is
the main source of ethylene glycol (EG) [3–6]. CO oxidative coupling
will lead to the formation of DMO, which is considered to be one of the
most important applications in C1 chemistry [7]. Pd-based catalysts
have been proved to possess high activity and selectivity for the CO
oxidative coupling to DMO via lots of experimental and theoretical
studies [8–12]. However, this technology is limited in industrial ap-
plications on a large scale due to the shortage of Pd resources and the
high price of noble metal Pd [13]. Aiming at this situation, it is an
urgent problem to find an excellent catalyst with a small amount of Pd,
but with high catalytic activity and selectivity for CO oxidative cou-
pling to DMO.

Noble metals clusters with a few atoms can largely reduce the
loading amount of noble metals, and show unique chemical and phy-
sical properties [14,15], which have received widespread attention and
application, such as the treatment of automobile exhaust gas [16,17],
selective catalytic reduction reaction [18,19], as well as CO oxidative

reaction [20–22]. The catalytic activity of Pdn clusters is influenced
greatly by the quantum size, and which can be improved by adjusting
the size dimension. Adsorptions of CO and NO, as well as the CO+NO
reaction on Pdn clusters [18,19] have been studied, it shows that
clusters with different sizes show different reaction mechanisms. Xiao
et al. [23] have investigated hydrogen adsorption on Pdn (n=1–5)
clusters which are supported on graphene by systematic density-func-
tional theory and showed that the hydrogen adsorption on the Pdn
(n≥ 3) clusters is stronger than on Pd(111). Previous report has been
revealed that Pd6 clusters doped single defective graphene is more
advantageous as adsorbent material for AsH3 removal compared with
Pd supported on single defective graphene and Pd4 supported on single
defective graphene [24]. Recently, single-atom catalysts has shown an
excellent catalytic activity and selectivity with minimal noble metal
usage and high atom efficiency. Thus it has been investigated as a
promising type of catalyst for various reactions [25,26]. The single-
atom Pd-VG catalyst showed excellent selectivity and durability against
deactivation during the selective hydrogenation of 1, 3-Butadiene for a
total 100 h [27]. Experimental results exhibited that Pt-FeOx is 2–3
times more active than the sub nanometer-sized catalysts for CO oxi-
dation, and is stable during a long term test [28]. Hackett et al. [29]
showed that atomically dispersed PdII on Al2O3 was much more active
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for the selective aerobic oxidation of allylic alcohols than Pd clusters
and nano-particles on the same support.

Single-atom catalysts can maximize the efficiency of metal utiliza-
tion due to well-defined and uniform single-atom dispersion on sup-
ports [30], and different types of supports have been studied, including
metal oxides [31–33], metal surfaces [34], and graphene etc [35–37].
Among them, graphene received widespread attention because of un-
ique properties, such as large surface area, high carrier mobility, good
mechanical properties, high thermal conductivity, and so on [38,39].
Defects on graphene can facilitate the interaction between the metal
atom and graphene sheet for graphene-based single-atom catalysts
[40]. Up to now, intrinsic point defects on graphene, including va-
cancies, topological defects and adatoms, have been experimentally
observed, and which influence physical and chemical characteristics of
graphene [41–47]. Single-vacancy and double-vacancy are typical and
common defects produced by missing the lattice atom [48–51]. The
stability and electronic structures of Pdn (n=1–5) clusters supported
on single-vacancy graphene surface have been studied, it showed that
point defect acts as a strong binding trap for Pd clusters and is favorable
for the dispersion of the Pd nanoparticles [52]. Similar results are also
found that oxygen molecule preferred to be chemisorbed on the gra-
phene surface containing vacancy-defect sites compared to the perfect
surface by Qi et al. [53] In addition, the electronic ground state of the
double vacancy defect possesses 70% closed shell character which in-
dicates a significantly chemical stability as compared to the single-va-
cancy case has been shown by Machado et al. [54] Besides intrinsic
point defects, a suitable dopant is considered to be a significant and
effective way to improve the chemical activity and electric properties of
carbon nanomaterials. Non-metal atoms (B, N, S) can effectively alter
the properties of graphene [55–57]. B-doped and N-doped carbon ma-
terials have been synthesized [58] by an arc-discharge method and
studied extensively [59–61]. N-doped graphene materials as catalysts
for oxygen reduction reaction (ORR) were tested and showed better
catalytic activity than that of pure graphene and commercial XC-72 due
to N incorporation [62]. Moreover, N-doped graphene can exhibit an n-
type behavior and lead to a decreased conductivity, an improved on/off
ratio and a Schottky barrier with the electrodes by electrical measure-
ments [63]. Simultaneously, boron as heteroatom has also been in-
troduced in graphene to modify electronic and physicochemical prop-
erties. The B-doped graphene can serve as an efficient metal-free
catalyst for hydrogen evolution reaction compared to defective gra-
phene [64]. Thus, atomic doped graphene with the type of defects in
also plays an important role in the reaction activity.

In this work, Pd clusters with different sizes supported on the single-
vacancy graphene are investigated to find the appropriate Pd metal
size, and then which is supported on graphene with different defects to
reveal the effect of the defective type of graphene on reaction activity.
Finally, an optimal catalyst with a little amount of Pd and high activity
will be obtained, and the selectivity will also be investigated.

2. Calculation details

2.1. Method

The DMol3 program package in Material Studio 5.5 was designated
to perform all density functional calculations [24,65]. The generalized
gradient approximation (GGA) with Perdew-Burke-Ernzerhof (PBE)
functional [66,67] was selected to calculate the exchange and correla-
tion energies. The doubled-numerical quality basis set with polarization
functions (DNP) [68,69] was employed with the effective core poten-
tials (ECP) scheme [70,71]. The real space cutoff radius was 4.8 Å. The
integration of the Brillouin zone was calculated using 3× 3×1 k-point
sampling for 6× 6 pristine graphene (PG) super-cells in a periodic
system (total of 72 carbon atoms) according to previous results
[72–74]. The thermal smearing level was set at 0.005 Ha
(1 Ha=2625.5 kJmol−1) to achieve accurate electronic convergence.

And no symmetry and spin polarization were allowed [75]. For geo-
metrical optimizations, the total energy, the maximum force and the
maximum displacement were converged to 2×10−5 Ha, 4× 10−3 Ha/
Å and 0.005 Å, respectively. Plane-wave electronic density functional
theory with long range dispersion interaction corrections DFT-D was
considered to balance computational efficiency and accuracy.

The complete LST/QST method was selected to search the transition
states (TS) for every elemental step during the CO oxidative coupling to
oxalate [76,77]. In the meantime, TS confirmation was carried out to
confirm the accuracy of the transition state.

The binding energy (Eb) has been considered for the structural
stability of Pdn/graphene (n= 1, 4, 6), Eb was calculated according to
Eq. (1):

= + −E E E E( )b Pdn graphene Pdn graphene/ (1)

where EPdn/graphene, EPdn and Egraphene were total energies of Pdn, gra-
phene and Pdn/graphene (n=1, 4, 6), respectively.

The activation energy of elementary step was calculated according
to the following equation:

= −E E Ea TS R (2)

where ETS and ER were total energies of the transition state and the
reactant. A smaller value of the activation energy means a more fa-
vorable kinetic process.

2.2. Model

In this study, pristine graphene was firstly optimized, and the lattice
parameter is a= b=2.466 Å, which was in good agreement with ex-
perimental results [78,79] and our previous result [80]. A p(6× 6)
supercell was chosen, which was enough to avoid interaction between
periodic images along the surface. The vacuum region in the model
structures was set to 15 Å in order to avoid interactions between two
successive layers along z-axis, and C atoms at the edge were fixed to
ensure that the interaction between periodic vacancy defects was neg-
ligible. Then, single-vacancy and double vacancy as two typical va-
cancy defects were considered [81,82]. The single-vacancy defective
graphene (SVG) was constructed by removing one C-atom from the
perfect graphene and leaving each of three neighboring C-atoms with
sp2 dangling bonds. The double-vacancy defective graphene (DVG) was
built by removing two neighboring C-atom from the perfect graphene,
which is comprised of two pentagonal rings and one octagonal ring
referred to as the 5-8-5 defect [55]. It has high stability and a symmetry
of the defect ring [83]. Moreover, the doped structures were modeled
by replacing one of the carbon atoms in the single-vacancy defective
region by the other selected heteroatom (N or B) [76,84], namely, N-
doped single-vacancy graphene (NVG) or B-doped single-vacancy gra-
phene (BVG). The optimized structures of different vacancy graphene
were also shown in Fig. 1.

3. Results and discussion

3.1. Stability of Pdn-SVG (n=1, 4, 6), Pd-DVG, Pd-NVG and Pd-BVG

The isolated Pd atom has a strong affinity to the C defected site on
the SVG with a high binding energy of 545.8 kJmol−1, and consistent
with the previous work [24,70,81]. The nearest Pd–C bond length is
1.959 Å in Pd-SVG [84], and the height of Pd atom above the graphene
sheet is 1.732 Å due to the larger radius of Pd than that of C atom, see
Fig. 2 and Table 1. For small Pdn (n= 1–7) clusters, Pd4 and Pd6
clusters are magic number clusters, possess the special stability by the
analysis of second energy difference Δ2E in previous study [85,86]. The
stable Pd4 cluster is tetrahedral and the octahedron Pd6 is the most
stable configuration [53,87]. Three different interaction modes be-
tween Pdn and SVG are considered through top Pd atom, the Pd-Pd
bridge and the Pd-Pd-Pd surface with the single-vacancy site [78]. The
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most stable Pd4-SVG is obtained when Pd4 interacts with graphene via
the Pd-Pd bridge and the C-vacancy of graphene with the Eb of
615.2 kJmol−1, which has also been shown by Jia et al. [53] The
average Pd-Pd bond length of Pd4 on SVG (2.650 Å) slightly elongated
compared with the gas-phase bond length of 2.564 Å, indicating that
there is a little effect of SVG on Pd clusters. A similar situation occurs in

Pd6-SVG, the most stable configuration is octahedral double triangular
pyramid with one Pd atom bounds to carbon vacancy site and other two
Pd atoms also bound to the substrate. Pd6-SDG has the strongest
binding energy of 681.6 kJmol−1 compared with Pd atom and Pd4
deposition on the single-vacancy defective graphene, which was ver-
ified by previous studies [53]. The average Pd-Pd bond length of Pd6-
SVG has a slight enhancement (2.962 Å) compared with Pd4-SVG. It can
also be seen that the binding energies of single-vacancy defective gra-
phene supported Pdn (n= 1, 4 and 6) clusters increase monotonously
with the increase of cluster size.

At the same time, we also constructed three different configurations
(Pd-DVG, Pd-NVG and Pd-BVG) in order to explore effects of different
defects and heteroatoms of graphene surfaces on reaction activity. The
most stable configurations of Pd-DVG, Pd-NVG and Pd-BVG are shown
in Fig. 2. It can be seen that Pd atom bounds on vacancy sites, re-
spectively. Pd atom protrudes from the vacancy defective graphene
surface due to the larger atomic radius of Pd atom. Pd-DVG has a
smaller height between Pd atom and the graphene sheet with 0.880 Å

Fig. 1. The optimized slab models of SVG, DVG, NVG, BVG surface. The red and dark grey spheres represent the fixed and relaxation carbon atoms, respectively. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. The most stable configurations of Pdn(n= 1, 4, 6) clusters on the SVG surface, as well as the most stable configurations of Pd-DVG, Pd-NVG and Pd-BVG.

Table 1
Energetic and structural properties for different defective graphenes supported
Pd atom. The properties listed are the smallest Pd-C distance (dPd-C), the
smallest Pd-X distance (dPd-X), the average Pd-Pd distance (dPd-Pd), Pd atom
height (h), and the binding energy (Eb).

Parameters Pd6-SVG Pd4-SVG Pd-SVG Pd-DVG Pd-NVG Pd-BVG

dPd-C (Å) 1.944 1.956 1.959 2.017 1.954 1.966
dPd-X (Å) – – – – 2.238 1.999
dPd-Pd (Å) 2.692 2.650 – – – –
h (Å) 1.904 1.901 1.732 0.880 1.798 1.849
Eb (kJ mol−1) 681.6 615.2 545.8 485.6 366.4 454.9
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than that in other models, this is due to the double vacancy can form a
larger space for Pd atom deposition. As a result, the hybridization be-
tween B (N) and C atoms around the vacancy decreases the binding
energy.

3.2. Activities of single-vacancy graphene supporting Pdn (n= 1, 4, 6)
clusters

CO oxidative coupling to DMO is the crucial step in the realization
of the conversion of C1 to C2 in CTEG, and is one of the important
topics in the research of C1 chemistry [88,89]. CO oxidative coupling
reaction starts with CO and CH3O because CH3ONO can easily dis-
sociate into the CH3O and NO on the Pd-based catalysts [90,91].
Meanwhile, NO is recycled to regenerate CH3ONO, which is a rapid
reaction at ambient temperature without any catalyst [92]. Hence, the
effect of NO on the reaction will not be discussed in following sections.

Three possible pathways were proposed in previous studies [3],
including COOCH3eCOOCH3 coupling path, COeCOOCH3 coupling
path and COeCO coupling path. However, COeCO coupling will not be
considered, since OCCO intermediate cannot be stably existed in this
catalytic reaction system. Therefore, two possible pathways for CO
oxidative coupling to DMO have been considered in this work, namely
COOCH3eCOOCH3 coupling route (Path 1) and COeCOOCH3 coupling

route (Path 2).

→ ⎯ →⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ ⎯ →⎯⎯⎯⎯⎯⎯⎯⎯

→ ⎯ →⎯⎯⎯ ⎯ →⎯⎯⎯⎯⎯⎯

Path 1: CO + CH O COOCH COOCH DMO

Path 2: CO + CH O COOCH OCCOOCH DMO

3 3
+CO+CH O

3
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3 3

3

3.2.1. CO oxidative coupling to DMO on Pd-SVG
CO oxidative coupling reaction is initiated by co-adsorption of CO

and CH3O on Pd-SVG surface, in which CO and CH3O are obliquely
adsorbed on Pd atom. It is indicated that the noble metal Pd is the
active site for the reaction. Single metal atom is as the active site but
not support has been proved in previous studies [93]. CO is stably
adsorbed on the Pt atom in Pt-SVG [94], and Au single atom can be
extremely active for CO oxidation when Au is dispersed on suitable
oxide supports. Then, CH3O oxidizes CO to form the common inter-
mediate COOCH3 via TS1-1, an energy barrier of 104.0 kJmol−1 is
needed, as shown in Fig. 3. In Path 1, the other COOCH3 is formed
between CO and CH3O via TS1-2 with an energy barrier of
89.3 kJmol−1. And then, two COOCH3 molecules can stably exist on
single-atom Pd due to large co-adsorption energy of −382.0 kJmol−1,
and coupled with each other to form DMO via a new CeC bond with an
energy barrier of 114.1 kJmol−1, this is the rate-limiting step for Path
1. In Path 2, the formation of intermediate OCCOOCH3 by CO

Fig. 3. Potential energy diagram of correlation reactions of CO oxidative coupling to DMO, and configurations of initial states, transition states and final states on Pd-
SVG.
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connecting with COOCH3, which is the rate-limiting step with a higher
activation energy of 139.0 kJmol−1 and form a new CeC bond. Finally,
CH3O attacks OCCOOCH3 to generate DMO via TS1-5, this elementary
reaction needs to overcome an energy barrier of 99.3 kJ mol−1. We can
see that the rate-limiting steps of these two pathways are
COOCH3+COOCH3→DMO and CO+COOCH3→OCCOOCH3 with
the corresponding activation energy of 114.1 and 139.0 kJmol−1, re-
spectively. As a result, the most favorable pathway of CO oxidative
coupling to DMO is COOCH3eCOOCH3 coupling route, but the COeCO
coupling route is the advantageous route on the Pd(111) surface [3]. In
addition, they are with similar energy barriers of the rate-limiting step
on Pd-SVG and Pd(111) surface (114.1 and 114.6 kJmol−1).

3.2.2. The catalytic reaction of CO on Pd4-SVG
We considered all possible reaction pathways for each elementary

reaction in CO oxidative coupling to DMO on Pdn (n= 4 and 6) sup-
ported on single-vacancy graphene catalysts, including reactive species
on different adsorption sites. The potential energy diagram of the fa-
vorable reaction path on Pd4-SVG catalyst is shown in Fig. 4. For the
first step, CH3O+CO→ COOCH3, in the reactant, CH3O adsorbs at
bridge site and attacks CO at an adjacent top site, it needs to overcome
an energy barrier of 110.5 kJmol−1 to form COOCH3. Subsequently,
the second of COOCH3 is produced via TS2-2, which overcomes an

energy barrier of 114.5 kJmol−1. This elementary reaction is the rate-
limiting step in Path 1. Then the CeC coupling reaction carries out
between two COOCH3 with an energy barrier of 109.9 kJmol−1 to form
produce DMO. For COeCOOCH3 coupling in Path 2, COOCH3 reacts
with CO via TS2-4 to form a stable intermediate OCCOOCH3, it needs to
overcome a high energy barrier of 266.0 kJmol−1, and it is the speed
control step. Finally, CH3O attacks OCCOOCH3 via TS2-5 to form DMO,
the energy barrier and reaction energy are 93.5 and −87.1 kJmol−1.
As mentioned above, the rate-determining steps of Path 1 and Path 2 on
Pd4-SVG catalyst is CO+CH3O (COOCH3)→ COOCH3+COOCH3 and
CO+COOCH3→OCCOOCH3 with the energy barriers of 114.5 and
266.0 kJmol−1, respectively. It shows that Path 1 is more advantageous
than Path 2. In addition, Pd4 cluster supported on SVG exhibits similar
catalytic activity than single-atom Pd (114.5 vs 114.1 kJmol−1).

3.2.3. The formation of DMO on Pd6-SVG
The reaction path is the same as that on Pd-SVG and Pd4-SVG cat-

alysts, as shown in Fig. 5. The co-adsorption of CO and CH3O on Pd6-
SVG with CH3O at a bridge site and the CO vertically at the adjacent top
site is as the reactant. Then CH3O attacks CO to form COOCH3 via TS3-
1, which needs to overcome a little energy barrier of 72.3 kJmol−1.
Subsequently, two different possible pathways will be gone. The second
COOCH3 is formed via CH3O and CO with TS3-2, which must surmount

Fig. 4. Potential energy diagram of the correlation reaction of CO oxidative coupling to DMO and the configuration of initial states, transition states and final states
on Pd4-SVG.
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a high energy barrier of 244.9 kJmol−1 in the COOCH3eCOOCH3

coupling route. In the last step, DMO is formed followed by two
COOCH3 coupling with each other via TS3-3, which has an energy
barrier and an exothermic energy of 143.1 and 2.5 kJmol−1, respec-
tively. For Path 2, CeC coupling between COOCH3 and CO to form
OCCOOCH3 via TS3-4, this process is accompanied by endothermic heat
of 22.2 kJmol−1 with an energy barrier of 138.4 kJ mol−1. Finally
DMO is formed by CH3O attacking OCCOOCH3 via TS3-5, which needs
to overcome an energy barrier of 216.3 kJmol−1 with an endothermic
energy of 11.9 kJmol−1.

To summarize, COeCOOCH3 coupling route is the favorable path
for the formation of DMO, and OCCOOCH3+CH3O→DMO is the rate-
determining step with the energy barrier of 216.3 kJmol−1 on Pd6-SVG
catalyst. However, a lower catalytic activity is exhibited for Pd6-SVG
comparing with that of Pd-SVG and Pd4-SVG catalysts, as well as Pd
(111) surface [3].

Fig. 5. Potential energy diagram of the correlation reaction of CO oxidative coupling to DMO and the configuration of initial states, transition states and final states
on Pd6-SVG.

Fig. 6. The comparison of the simplified potential energy profile for the most
favorable formation pathway of CO oxidative coupling to DMO on Pd-SVG, Pd4-
SVG and Pd6-SVG.
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3.2.4. The effect of size of Pd cluster on CO oxidative coupling to DMO
Both COOCH3eCOOCH3 coupling and COeCOOCH3 coupling

pathways for the formation of DMO are obtained on Pdn-SVG (n=1, 4
and 6) catalysts. However, the most favorable pathway on Pd-SVG and
Pd4-SVG is COOCH3eCOOCH3 coupling path, while COeCOOCH3

coupling path is the advantageous path on Pd6-SVG catalyst. In addi-
tion, energy barriers of rate-limiting steps in these three pathways are
114.1, 114.5 and 216.3 kJmol−1 (see Fig. 6), respectively. It can be
seen that activities of Pdn-SVG (n=1, 4 and 6) follow the order of Pd-
SVG≈ Pd4-SVG > Pd6-SVG. Obviously, Pd6-SVG catalyst is with a
lower activity for CO oxidative coupling to form DMO than Pd-SVG and
Pd4-SVG catalysts. Previous studies have shown the production of
benzene by the cyclotrimerization of acetylene was observed on single-
atom palladium at low temperature, because Pd atoms were activated
by charge transfer from defect sites of MgO [95]. The similar result
showed that a decrease of activity with an increase of the metal particle
size, and single-atom catalysts were most active in the alcohol oxidation
with Pd/meso-Al2O3 catalysts by Hackett et al. [96] Sun and co-workers
[97] synthesized isolated Pt atoms anchored to graphene using the ALD
technique, and Pt single-atom catalysts significantly improved catalytic

activity in methanol electro oxidation reactions. In addition, a strong
interaction between Pd metal and graphene is the key to prevent ag-
gregation of single atoms on the surface [78]. In this case, different
vacancies of graphene surface will play an essential role in stabilizing
single-atom metal species and changing catalytic activity.

3.3. Effect of different defects of graphene on CO oxidative coupling
reaction

3.3.1. The activity of Pd-NVG for the formation of DMO
Pd-SVG exhibits catalytically active and sufficiently stable, in-

dicating that single-atom metal catalysts can offer a more effective way
of utilizing noble metal elements. Thus, N-dopant were added to the
single vacancy graphene in order to study the effect of heteroatoms on
the chemical activity and selectivity. CO is adsorbed at single metal
atom on the Pd-NVG surface with end-on mode, which is in agreement
with that on Fe-N4VG surface [91]. The same pathways with that on Pd-
SVG are investigated, and the potential energy diagram is shown in
Fig. 7. Intermediates COOCH3 is firstly formed by CH3O attacking the
carbon atom of CO via TS4-1 on Pd-NVG surface with an energy barrier

Fig. 7. Potential energy diagram of the correlation reaction of CO oxidative coupling to DMO and the configuration of initial states, transition states and final states
on Pd-NVG.
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of 71.7 kJmol−1. Staring from COOCH3, two different elementary re-
actions can occur and two different intermediates can be obtained. The
other COOCH3 is formed via TS4-2 with a smaller energy barrier of
95.1 kJmol−1. And then two COOCH3 coupling results in DMO via TS4-
3, a higher energy barrier of 139.6 kJmol−1 is needed to overcome. It
can be seen that COOCH3eCOOCH3 coupling is the rate-limiting step in
Path 1. For COeCOOCH3 coupling path in Path 2, OCCOOCH3 resulting
from the coupling of CO and COOCH3 can connect with another CH3O
to form final product DMO, and this elementary reaction needs to
overcome an energy barrier of 149.9 kJmol−1, which is the rate-lim-
iting step. It implies that Path 1 is easier than Path 2 by comparing with
the energy barrier. In addition, the catalytic activity of the Pd-NVG
surface is lower than that of Pd-SVG.

3.3.2. CO oxidative coupling to DMO on Pd-BVG
B-doped graphene possesses long-time stability and excellent ac-

tivity toward oxygen reduction reaction [98]. Thus, the effect of B-
doped on the chemical activity is also considered. The COO-
CH3eCOOCH3 coupling path (Path 1) is the most favorable pathway of
CO oxidative coupling to DMO on Pd-BVG, and is shown in Fig. 8. For

Path 1, COOCH3eCOOCH3 self-coupling is the rate-limiting step, which
needs to overcome high energy barrier of 148.6 kJmol−1. The forma-
tion of COOCH3 and second COOCH3 only need to overcome the low
energy barriers of 23.4 and 39.1 kJmol−1. However, the COeCOOCH3

coupling is the rate-limiting step with a higher energy barrier of
186.1 kJmol−1 in Path 2. Therefore, CO oxidative coupling to DMO via
COOCH3eCOOCH3 self-coupling is the dominant pathway on Pd-BVG.

3.3.3. The formation of DMO on Pdn-DVG
Besides, graphene with double carbon vacancy defect has been

widely studied. In addition, Be-decorated graphene with double carbon
vacancy defect are investigated for hydrogen storage applications,
showing that the Be atom disperses well in the defective sites of gra-
phene and prevents clustering [99]. Thus, the mechanism of CO oxi-
dative coupling on the double-vacancy graphene supported Pd atom
catalyst has also been systematically investigated. Initially, the active
site on Pd-DVG has been confirmed at single Pd atom, and CO and
CH3O are adsorbed on this site. Previous studies have shown that single
metal atom was also active site for the adsorption of CO and CHO on Pt-
DVG [26]. The rate-determining step of COOCH3eCOOCH3 coupling

Fig. 8. Potential energy diagram of the correlation reaction of CO oxidative coupling to DMO and the configuration of initial states, transition states and final states
on Pd-BVG.
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path is the other COOCH3 formation with an energy barrier of
78.5 kJmol−1, while the coupling step of CO and COOCH3 is the rate-
determining step in COeCOOCH3 coupling route with an activation
energy of 62.2 kJmol−1, as shown in Fig. 9. It indicates that Path 2 is
the favorable pathway on the Pd-DVG catalyst, and Pd-DVG catalyst
shows a high activity for CO oxidative coupling reaction.

We can also see that the reaction barrier greatly decreases on Pd-
DVG (62.2 kJmol−1) catalyst comparing with that on Pd-SVG
(114.1 kJmol−1), which implies that different vacancy concentrations
on graphene surface will play an essential role in changing catalytic
activity. Therefore, the rate-determining steps of the most favorable
pathway for CO oxidative coupling to DMO on Pdn (n= 4 and 6)
clusters supported on double-vacancy graphene have also been studied,
and the energy barriers on Pd-DVG, Pd4-DVG and Pd6-DVG are shown
in Fig. 10. It can be seen that the energy barrier of rate-determining step
on Pd4-DVG (165.7 kJmol−1) is higher than that on Pd4-SVG
(114.5 kJmol−1), while it is on Pd6-DVG (141.5 kJ mol−1) lower than
that on Pd6-SVG (216.3 kJmol−1). It indicates that the size of Pd cluster
has an unneglectable effect on the catalytic activity except for the va-
cancy concentrations. Obviously, single atom Pd supported on DVG

catalyst still exhibits higher activity for CO oxidative coupling to DMO
than Pd4-DVG and Pd6-DVG catalysts.

3.3.4. Comparing activities of Pd atom supported on different defective
graphenes

It is obvious that different vacancy defects of graphene can affect
the advantageous path and activity of CO oxidative coupling to DMO.
Pd-DVG exhibits the most excellent catalytic activity for CO oxidative
coupling reaction, COeCOOCH3 coupling route is the favorable
pathway and the energy barrier of rate-limiting step is just
62.2 kJmol−1. However, for the other three catalysts, the optimal
formation pathway of DMO is COOCH3eCOOCH3 coupling path, and
forming new CeC bond is the rate-limiting step, the order of the energy
barrier is Pd-SVG (114.1 kJmol−1)< Pd-NVG (139.6 kJmol−1)< Pd-
BVG (148.6 kJmol−1) (Fig. 11). Obviously, Pd-SVG also shows rela-
tively good catalytic activity compared to Pd-NVG and Pd-BVG. In the
previous studies, Pd(111) surface is considered to be an excellent active
surface, the rate-limiting step needs to overcome 114.6 kJ mol−1 for CO
oxidative coupling to DMO [3]. Thus, Pd atom loading on double-va-
cancy and single-vacancy graphene show high catalytic activity for CO

Fig. 9. Potential energy diagram of the correlation reaction of CO oxidative coupling to DMO and the configuration of initial states, transition states and final states
on Pd-DVG.
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oxidative coupling to DMO compared with the Pd(111) surface.
Namely, Pd-DVG and Pd-SVG can not only maintain high activity but
also maximize the utilization of metal atoms. However, the selectivity
of DMO is an inevitable issue for CO oxidative coupling reaction, and
previous experimental results showed that the exclusive formation of
DMO over DMC on Pd-based catalyst [3,8]. In the next section, we focus
on the issue of selectivity of DMO.

3.4. Selectivity of catalysts to DMO

DMC can be formed by CH3O attacked COOCH3, which lead to

reduce the production of DMO. Thus, it is necessary to study the se-
lectivity between DMO and DMC, and the difference between the for-
mation barrier of DMC and that of DMO is used as the evaluation cri-
teria. The above discussion shows that COeCOOCH3 coupling path is
the most favorable path to form DMO on Pd-DVG catalyst, while
COOCH3eCOOCH3 coupling path is the optimal path on Pd-SVG cata-
lyst for CO oxidative coupling reaction. We considers the effect of CO
on DMC generation because CO is excess in the actual reaction, starting
with CO+CH3O (COOCH3), COOCH3 is attacked by CH3O to form
DMC. As is revealed in Fig. 12, the formation barrier of DMC on the Pd-
DVG catalyst is 125.8 kJmol−1. It is clear that the difference between

Fig. 10. The comparison of the simplified potential energy profile for the most favorable formation pathway of CO oxidative coupling to DMO on Pd-DVG, Pd4-DVG
and Pd6-DVG.

Fig. 11. The comparison of the simplified potential energy profile for the most favorable formation pathway of CO oxidative coupling to DMO on Pd-DVG, Pd-SVG,
Pd-NVG and Pd-BVG.
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the formation barrier of DMO and that of DMC is 63.7 kJmol−1,
namely, DMC is very difficult to appear on the Pd-DVG catalyst. In
addition, we also considered the formation of DMC on the Pd-SVG
catalyst which exhibits relatively high activity. A high energy barrier of
160.8 kJmol−1 is necessary to form DMC, while the formation of DMO
needs to overcome a smaller energy barrier of 114.1 kJmol−1. That is
to say that DMO is also a major product rather than DMC on Pd-SVG
catalyst. It can be seen that both Pd-DVG and Pd-SVG show high se-
lectivity to DMO.

3.5. General discussion

In general, it can be seen that the preferred paths for CO oxidative
coupling are various with the size of Pd cluster. The COOCH3eCOOCH3

coupling path is followed on Pd-SVG and Pd4-SVG, while the
COeCOOCH3 coupling path is the favorable path on Pd6-SVG. In addition,
the activity of the reaction is also affected by different cluster sizes, and
the single-atom Pd supported on the single-vacancy graphene shows a very
high catalytic activity. Further, the impact of different vacancy of gra-
phene on reaction activity was considered in order to find a more efficient
catalyst. The results show that the double-vacancy graphene supporting
single-atom Pd exhibits amazing activity, in contrast, N-doped and B-
doped catalysts show relative low activity comparing with the double-
vacancy graphene catalyst. It is obvious that Pd-DVG and Pd-SVG can
effectively reduce the cost of Pd-based catalyst and maintain the catalytic
performance for CO oxidative coupling to DMO.

In addition, the catalytic selectivity between DMO and DMC on Pd-
DVG and Pd-SVG catalyst was investigated. The result shows that DMO
is easy to form on both Pd-DVG and Pd-SVG catalysts. In addition, Pd-
DVG exhibits high activity for the formation of DMO due to low energy
barrier. Therefore, Pd-DVG may be an optimistic catalyst for CO oxi-
dative coupling to DMO. It is also believed that the insights derived
from this study can provide a clue for the designing of high-efficient
and low-cost catalyst.

4. Conclusions

In the premise of maintaining high activity, the study of reducing the
amount of noble metal has been carried out in this work. A series of Pdn
(n=1, 4 and 6) with different sizes anchored on single-vacancy graphene
were firstly investigated by density functional theory (DFT) calculations.
The results showed that the catalytic activity increased with the reduction
of the Pd atomic number. Of more interest and importance, for CO oxida-
tive coupling reaction, the Pd-SVG catalyst even exhibited similar high
activity to Pd(111) surface which was considered as the highest activity
surface in previous studies. The Pd-SVG catalyst makes it possible to de-
velop supported Pd catalysts with low cost and high activity. On the other
hand, the single Pd atom supported on different defective graphene were
studied to reveal the effect of the vacancy type of graphene on reaction
activity. It showed that the favorable pathway on Pd-DVG was
CO+CH3O→COOCH3+CO→OCCOOCH3+CH3O→DMO, while
COOCH3eCOOCH3 coupling path was the optimal pathway on Pd-SVG, Pd-

Fig. 12. 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 Pd-DVG and Pd-SVG catalysts.
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NVG and Pd-BVG. In particular, activities of CO oxidative coupling to DMO
on Pd atom supported on different vacancy graphene catalysts followed the
order of Pd-DVG > Pd-SVG > Pd(111) > Pd-NVG > Pd-BVG, sug-
gesting that both Pd-DVG and Pd-SVG showed more excellent catalytic
activity than that of Pd(111). Further, the selectivity of DMO was also an
inevitable problem. The DFT result showed DMO was the main product on
both Pd-DVG and Pd-SVG, and Pd-DVG exhibited more excellent activity.
Therefore, Pd-DVG catalyst can be applied to effectively enhance the cat-
alytic performance, maintain the selectivity, and greatly reduce cost.
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