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A B S T R A C T   

Developing supported Pd-based catalysts with the low Pd amount and excellent catalytic performance is essential 
for CO oxidative coupling to dimethyl oxalate (DMO), where elucidating the effects of different exposed ter-
minals of substrate materials on catalytic performance is crucial to the design of supported catalysts. Herein, Pd 
monolayer was supported on SiC with different exposed terminals, constructing the models of PdML/SiC(111)-Si 
and PdML/SiC(111)-C terminal, which was used to investigate the effects of different exposed terminals of 
substrate materials on DMO synthesis from CO and OCH3. The density functional theory (DFT) calculations 
illustrated there existed no difference in the optimum path to generate DMO, which was COOCH3-COOCH3 
coupling path on two catalysts. However, the rate control steps of the optimum path were different, with 
2COOCH3 → DMO on the PdML/SiC(111)-Si terminal and COOCH3 + (CO + OCH3) → 2COOCH3 on the PdML/SiC 
(111)-C terminal. The micro-reaction kinetic model analysis further showed that the catalytic performance of 
PdML/SiC(111)-Si terminal was favorable than that of PdML/SiC(111)-C terminal, mainly attributing to that the 
difference in the exposed terminals of substrate materials led to the different electrons transfer directions of the 
Pd monolayer, then changed the adsorption energy of reactants (CO, OCH3) and key intermediates (COOCH3, 
OCCOOCH3), and further changed rate control step of the optimum path. This work offers the insights in rational 
design of supported Pd-based catalyst for heterogeneous catalytic reaction.   

1. Introduction 

Coal resources into high value-added chemical products have 
attracted widespread research interest of scientists, because it can not 
only reduce the pollution caused by coal burning but also increase the 
economic added value of coal resources [1–7]. Specially, the 
coal-to-ethylene glycol (CTEG) as a green clean and high efficient pro-
duction process in C1 chemistry field, is growing on more prosperously 
[8–12]. The CO oxidative coupling to DMO is known as the most 
essential procedure in CTEG process [13–15]. In addition to the main 
product DMO, the by-product dimethyl carbonate (DMC) is also be 
formed in the procedure of CO oxidative coupling to DMO. It has been 
confirmed that Pd-based catalysts exhibited the best activity and selec-
tivity for catalyzing CO oxidation to DMO [16]. However, the expensive 

price and high dosage of Pd increase production costs [17]. Hence, 
developing supported Pd-based catalysts with the low Pd usage and 
excellent catalytic performance is imperative for this process. 

Silicon carbide (SiC) as an excellent substrate owing to its 
outstanding properties of high mechanical strength, thermal conduc-
tivity, and oxidation resistance, was widely employed in heterogeneous 
catalytic reaction [18–21]. Guo et al. [22] adopted SiC material as 
substrate to prepare Pd/SiC catalyst through the incipient wetness 
impregnation method, and found that the high thermal conductivity of 
SiC support facilitated the fast temperature homogenization of the 
catalyst bed, which induced that Pd/SiC catalyst possessed a stable and 
excellent catalytic performance for hydrogenation reaction of acetylene. 
It was also found that Pd/SiC catalyst showed very high catalytic activity 
and stability in the catalytic combustion of low concentration methane 
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[23]. Pd was deposited on the surface of irregular SiC, which was used to 
study the bonding between Pd and SiC. The results showed that Pd and 
irregular SiC not only formed Pd-Si bond, but also formed Pd-C bond 
[24]. The adsorption properties of small molecules, such as pyrrole, has 
been studied on the SiC-Si terminal and SiC-–C terminal [25]. It was 
shown that the adsorption energy of pyrrole was different on different 
exposed terminal of SiC. 

As well known, the catalytic performance has a strong correlation 
with the adsorption energy of small molecules on catalysts [26,27]. For 
example, for the DMO synthesis from CO and OCH3, previous study 
testified the moderately strong CO chemisorption energy on Pd-based 
catalyst was beneficial for the activation of CO and the formation of 
DMO [28]. The differences in adsorption energies would lead to differ-
ences in the energy barriers of the elementary reaction, resulting in 
different catalytic performance. 

Nowadays, fundamental theoretical studies with density function 
theory (DFT) computations [29–33] have provided significant insights 
into the reaction mechanism and structural-performance relationship 
for catalytic reaction system. The micro-reaction kinetic model [34-38] 
is the link between the micro and practical reaction, which is used to 
calculate the formation rate of product under actual reaction conditions. 
In the work, the DFT computations combined with the micro-reaction 
kinetic model analysis have been adopted to study DMO synthesis 
from CO and OCH3 on PdML/SiC(111)-Si and PdML/SiC(111)-C terminal 
which represent SiC with different exposed terminals supporting Pd 
monolayer, so as to elucidate the effects of different exposed terminals 
on catalytic performance and obtain excellent catalytic performance of 
SiC supporting Pd monolayer catalyst. 

2. Computational methods and models 

The Vienna ab-initio simulation package (VASP) has been utilized to 
fulfill all the DFT calculations in this work [39,40]. The 
Perdew-Burke-Ernzerh (PBE) function about Generalized Gradient 
Approximation (GGA) [41] was utilized to describe the 
exchange-correlation energies. The Projector-Augmented Wave (PAW) 
function [42,43] was utilized to depict the interaction between electron 
and ion. The cutoff energy about plane wave basis was set within the 
400 eV. The Brillouin zone was sampled in setting the (3 × 2 × 1) of 
k-point mesh. The electronic energies of self-successive iteration was 
converged within 1 × 10− 5 eV, meantime the convergence of the force 
change on each atom must be low than 0.03 eV•Å− 1. The transition state 
(TS) structure was searched via adopting the Climbing-Image Nudged 
Elastic Band (CI-NEB) [44,45] united dimer approach [46,47]. The 

forces change on each atom for the optimized transition state structure 
was below 0.05 eV•Å− 1. When there existed a sole imaginary frequency 
along the reaction coordinate, the transition state structure was 
considered to be reasonable. 

The SiC(111)-Si and SiC(111)-C terminal were modeled firstly via 
constructing a seven-atom layers with the supercell size of (3 × 4), 
respectively. Then, the atoms on the surface layer of SiC(111)-Si and SiC 
(111)-C terminal were replaced with Pd atoms, i.e. PdML/SiC(111)-C and 
PdML/SiC(111)-Si terminal, as depicted in Fig. 1. The 15 Å vacuum was 
set to guard against the repeated slabs interaction. In order to reflect the 
bulk properties of the PdML/SiC(111)-Si and PdML/SiC(111)-C terminal 
in the practical reaction, the bottom two layers were set to be fixed, 
while the topmost five layers together with the adsorbed species were set 
to be relaxed. 

In this work, all the electronic energy was rectified by the zero-point 
energy (ZPE) which was calculated via the following formula (1). Here, 
h and νi referred to Planck constant and real frequency, respectively. 

ZPE =
∑

i=1

hvi
2

(1) 

The adsorption energy (Eads) was calculated by the following formula 
(2). Eslab/adsorbate was the total energy of the slab together with adsorbate; 
Eslab and Eadsorbate were energy of slab and isolated adsorbate, 
respectively. 

Eads = Eslab/adsorbate − Eslab − Eadsorbate (2) 

The reaction energy (ΔEf) and activation energy (Ea,f) of forward 
reaction as well as the reaction energy (ΔEr) and activation energy (Ea,r) 
of reverse reaction were obtained via the following formulas (3), (4), (5) 
and (6). EFS, EIS, ETS were the energy of final, initial, and transition state, 
respectively. 

ΔEf = EFS − EIS (3)  

Ea,f = ETS − EIS (4)  

ΔEr = EIS − EFS (5)  

Ea,r = ETS − EFS (6)  

Fig. 1. The structure of PdML/SiC(111)-Si and PdML/SiC(111)-C terminal as well as the corresponding possible adsorption sites. (Dark cyan ball, Pd; yellow ball, Si; 
gray ball, C) (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.). 
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3. Results and discussion 

3.1. Possible adsorption of all species 

The possible adsorption configurations of all species involved in CO 

oxidative coupling to DMO and the corrected adsorption energies by the 
zero-point energy (ZPE) have been calculated over PdML/SiC(111)-Si 
and PdML/SiC(111)-C terminal. The results were depicted in Figs. 2 and 
3, and the detailed discussion was described as follows. 

On the PdML/SiC(111)-Si terminal, the sites where CO could be 

Fig. 2. Possible adsorption configurations of all species on the PdML/SiC(111)-Si terminal and the corrected adsorption energies (kJ•mol− 1) by the zero-point en-
ergy (ZPE). 

Fig. 3. Possible adsorption configurations of all species on the PdML/SiC(111)-C terminal and the corrected adsorption energies (kJ•mol− 1) by the zero-point en-
ergy (ZPE). 
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adsorbed were Top, Hcp and Fcc sites, and its adsorption energies on the 
corresponding sites was − 68.2, − 104.8 and − 102.0 kJ•mol− 1, respec-
tively. OCH3 could be adsorbed on four sites, and its adsorption energy 
was − 117.2 on Top, − 142.6 on Bridge, − 182.2 on Hcp and − 181.1 
kJ•mol− 1 on Fcc site. The sites that COOCH3 and OCCOOCH3 could 
adsorb were Top and Bridge sites, and their adsorption energies were 
− 105.6 and − 118.8 kJ•mol− 1 as well as − 94.1 and − 146.1 kJ•mol− 1. 
The adsorption energies of DMO and DMC were − 16.4 and − 0.6 
kJ•mol− 1, respectively. They were physical adsorption in the suspended 
state. 

On the PdML/SiC(111)-C terminal, the site for CO stable adsorption 
was the Top site, and its adsorption energy was − 31.9 kJ•mol− 1. OCH3 
was only adsorbed on Hcp and Fcc sites with the adsorption energies of 
− 108.0 and − 154.9 kJ•mol− 1, respectively. The sites that COOCH3 
could adsorb were Top and Bridge sites, and its adsorption energies were 
− 98.4 and − 96.1 kJ•mol− 1, respectively. The site for OCCOOCH3 stable 
adsorption was the Top site, and its adsorption energy was − 71.7 
kJ•mol− 1. DMO and DMC were physical adsorption, and their adsorp-
tion energies were − 10.8 and 7.7 kJ•mol− 1, respectively. 

Comparing the adsorption energies of these species on catalysts, it 
could be obtained that the adsorption energies of these species on PdML/ 
SiC(111)-Si terminal were stronger than those on PdML/SiC(111)-C ter-
minal. The differences in adsorption energies of these species would lead 
to the differences in catalytic performance of catalysts to a large extent. 

3.2. Reaction mechanisms for DMO synthesis from CO and OCH3 

The initial reactant CH3ONO in CO oxidative coupling to DMO was 
readily decomposed into the OCH3 and NO [48,49]. Therefore, the 
dissociation of CH3ONO would not be studied in this work, and the 
OCH3 radical was thought as the initial species that induced DMO for-
mation. In the light of the different coupling modes of C–C bond, there 
existed three reaction paths for CO oxidative coupling to DMO, which 
was COOCH3-COOCH3, COOCH3-CO and CO–CO coupling path. For the 
OCCO intermediate could not survive stably on the PdML/SiC(111)-Si 
and PdML/SiC(111)-C terminal, the CO–CO coupling path was not 
considered. Only the two reaction paths, COOCH3-COOCH3 and 
COOCH3-CO coupling path, were considered in this work, which was 
shown in Scheme 1. Previous studies [28,50,51] have demonstrated that 
CO in a weakly adsorbed way participated in DMO synthesis from CO 
and OCH3, owing to the weak chemical adsorption making species easily 
activated. Therefore, the weakly adsorbed site was chosen as the reac-
tion active site in the following study. The corresponding energy barrier 
and reaction energy of elementary reaction have been listed in Table 1. 

3.2.1. Reaction mechanism for DMO formation on the Pdml/SiC(111)-Si 
terminal 

As shown in Fig. 4, the initial reactants of OCH3 and CO were firstly 
adsorbed at Top sites on the PdML/SiC(111)-Si terminal, which induced 
the first elementary step of OCH3 and CO mutual interaction to form 

COOCH3 intermediate. The step was easy to happen, and the energy 
barrier which it needed to overcome was only 1.4 kJ•mol− 1, meanwhile 
it released the heat of 11.3 kJ•mol− 1. The distance of C1⋯O2 was 
shortened from 3.061 Å in the initial state to 2.172 Å in TS1. The pro-
duced COOCH3 intermediate occupied on top site, then another re-
actants of OCH3 and CO occupied on the Hcp and Top site, respectively, 
and the second COOCH3 intermediate was generated through the 
interaction between OCH3 and CO. The reaction energy barrier to be 
overcome in this step was 52.2 kJ•mol− 1, and the endothermic heat was 
37.9 kJ•mol− 1. The distance of C3⋯O4 was diminished from 4.026 Å in 
the initial state to 1.897 Å in TS2. Ultimately, the DMO product was 
formed by mutual coupling of two COOCH3 intermediates through TS3. 
The energy barrier and reaction energy were 88.9 and − 123.0 kJ•mol− 1, 
respectively. The distance of C1⋯C3 in the initial state was shortened 
from 4.008 Å to 2.35 Å in TS3. 

The first elementary step in Path2 was the same as that in Path1. On 
the foundation of COOCH3 intermediate produced in the first step, 
another CO was adsorbed on the Hcp site. Then, OCCOOCH3 interme-
diate was formed via COOCH3 coupling with CO. The energy barrier to 
be overcome in this step was 107.5 kJ•mol− 1, and the endothermic heat 
was 60.3 kJ•mol− 1. Meantime, the distance of C1⋯C3 was reduced to 
2.020 Å in TS4 from 5.244 Å in the initial state. Finally, OCCOOCH3 
intermediate connected with OCH3 to generate DMO through TS5. The 
activation energy and exothermic heat of the step were 84.6 and 113.8 
kJ•mol− 1, respectively. The distance being 4.192 Å of C3⋯O4 in the 
initial state was shortened to 3.008 Å in TS5. 

By comparing the activation energies of elementary steps in each 
reaction path, it was obtained that the rate control steps of Path 1 and 
Path 2 were 2COOCH3 → DMO and COOCH3 + CO → OCCOOCH3, and 
their activation energies were 88.9 and 107.5 kJ•mol− 1, respectively. 
Obviously the optimum reaction path was Path1. 

3.2.2. Reaction mechanism for DMO formation on the Pdml/SiC(111)-C 
terminal 

On the PdML/SiC(111)-C terminal, as shown in Fig. 5, the first 
elementary step in Path1 began with co-adsorption of OCH3 and CO at 
Hcp and Top, respectively. Then, OCH3 interacted with CO to form 
COOCH3 intermediate. The energy barrier which the step needed to 
surmount was 43.7 kJ•mol− 1, and exothermic heat was 4.3 kJ•mol− 1. 
The C1⋯O2 distance was shortened from 3.484 Å in the initial state to 
1.908 Å in TS1. Hereafter, another OCH3 and CO occupied on the Hcp 
and Top site near the COOCH3 intermediate, respectively. Immediately, 
OCH3 and CO interacted with each other to form the second COOCH3 
intermediate. Its reaction energy barrier and endothermic heat were 
68.3 and 3.6 kJ•mol− 1. The distance of C3⋯O4 was diminished from 
4.986 Å in the initial state to 3.603 Å in TS2. Ultimately, the DMO 
product was formed via two COOCH3 intermediates coupling with each 
other. The energy barrier to be conquered was 52.7 kJ•mol− 1 and re-
action energy was − 120.6 kJ•mol− 1. The distance of C1⋯C3 in the 
initial state was shortened from 4.338 Å to 2.012 Å in TS3. 

Table 1 
The energy barrier and reaction energy of forward reaction (Ea,f and ΔEf) and that of reverse reaction (Ea,r and ΔEr) on PdML/SiC(111)-Si and on PdML/SiC(111)-C 
terminal.  

Surface Elementary reaction Ea,f (kJ•mol− 1) ΔEf (kJ•mol− 1) Ea,r (kJ•mol− 1) ΔEr (kJ•mol− 1) 

PdML/SiC(111)-Si terminal CO + OCH3 → COOCH3 1.4 − 11.3 12.8 11.3 
COOCH3 + CO + OCH3 → 2COOCH3 52.3 37.9 14.4 − 37.9 
2COOCH3 → (COOCH3)2 88.9 − 123.0 211.9 123.0 
COOCH3 + CO → OCCOOCH3 107.5 60.3 47.1 − 60.3 
OCCOOCH3 + OCH3 → (COOCH3)2 84.6 − 113.8 198.4 113.8 
COOCH3 + CO + OCH3 → DMC + CO 116.1 − 148.2 264.3 148.2 

PdML/SiC(111)-C terminal CO + OCH3 → COOCH3 43.7 − 4.3 48.0 4.3 
COOCH3 + CO + OCH3 → 2COOCH3 68.3 3.6 64.7 − 3.6 
2COOCH3 → (COOCH3)2 52.7 − 120.6 173.3 120.6 
COOCH3 + CO → OCCOOCH3 85.6 5.1 80.5 − 5.1 
OCCOOCH3 + OCH3 → (COOCH3)2 11.8 − 184.3 196.1 184.3 
COOCH3 + CO + OCH3 → DMC + CO 97.5 − 102.1 266.0 102.1  
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In path 2, another CO was adsorbed at the top site, which was next to 
COOCH3 intermediate produced in the first elementary step. Then, 
COOCH3 was coupled with CO to form the OCCOOCH3 intermediate. 
The energy barrier to be overcome in this step was 85.6 kJ•mol− 1, and 
the endothermic heat was 5.1 kJ•mol− 1. In TS4, the distance of C1⋯C3 

was reduced from 3.587 Å in the initial state to 2.016 Å. Finally, the 
OCCOOCH3 intermediate connected with OCH3 to generate DMO by 
TS5. The activation energy and exothermic heat of the step were 11.8 
and 184.3 kJ•mol− 1. The distance of C3…O4 in the initial state was 
shortened from 3.963 Å to 2.213 Å in TS5. 

Fig. 4. The potential energy and structures profile for DMO synthesis from CO and OCH3 on PdML/SiC(111)-Si terminal.  
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In summary, the rate control steps of Path 1 and Path 2 were 
COOCH3 + CO + OCH3→2COOCH3 and COOCH3 + CO→OCCOOCH3, 
and their activation energies were 68.3 and 85.6 kJ•mol− 1, respectively, 
indicating that Path1 was the optimum reaction path. 

3.3. Comparison of side-product DMC and major-product DMO 
formation 

In addition to research on the formation of major-product DMO, the 
formation of side-product DMC was also studied. DMC was formed by 

Fig. 5. The potential energy and structures profile for DMO synthesis from CO and OCH3 on the PdML/SiC(111)-C terminal.  
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Fig. 6. The comparison of potential energy profile of side-product DMC and major-product DMO on the PdML/SiC(111)-Si terminal.  

Fig. 7. The comparison of potential energy profile of side-product DMC and major-product DMO on the PdML/SiC(111)-C terminal.  
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the interaction of COOCH3 intermediate with OCH3, as presented in 
Figs. 6 and 7, where the influence of CO was taken into consideration, 
because CO was excessive in the actual reaction [50]. By the contrast of 
the activation barriers (88.9 vs 116.1, 68.3 vs 97.5) of the rate control 
steps in dominant paths about the DMO and DMC, we could know that it 
was more advantageous to generate DMO than DMC on PdML/SiC 
(111)-Si and PdML/SiC(111)-C terminal. 

3.4. Micro-reaction kinetic model analysis 

The micro-reaction kinetic model was the bridge between the micro 
and practical reaction. Hereupon, the work adopted micro-reaction ki-
netic model to study CO oxidative coupling to DMO on PdML/SiC(111)-Si 
and PdML/SiC(111)-C terminal under actual reaction conditions with 

pressures (PCO: 280 kPa, PCH3ONO: 200 kPa) and temperatures (T: 
375− 415 K) [16]. 

The adsorption process of the initial reactants (CO and OCH3) was 
assumed to be equilibrium. The K of equilibrium constants and the k of 
rate constants could be obtained by formulas (7), (8), (9) and (10), 
respectively, which was presented in Table 2. In this model, we not only 
consider the positive reaction but also the reverse reaction. Each species 
coverage and the production rate of DMO and DMC were obtained by 
formulas (11)–(15) and (16),(17), respectively, and the results were 
listed in Table 3. 

K = exp
[
−
(
ΔEads − T

(
Sadsorbate − Sgas

))/
RT

]
(7)  

S = R
∑3N

i=1

⎡

⎢
⎢
⎣ − ln

(

1 − exp
(

−
hvi

kBT

))

+
hvi

kBT

exp
(

− hvi
kBT

)

1 − exp
(

− hvi
kBT

)

⎤

⎥
⎥
⎦ (8)  

k =
kBT

h

∏3N

i=1

[

1 − exp
(

−
hvIS

i

kBT

)]

∏3N− 1

i=1

[

1 − exp
(

−
hvTS

i

kBT

)] exp
(
− Ea, f

RT

)

(9)  

k− =
kBT

h

∏3N

i=1

[

1 − exp
(

−
hvFS

i

kBT

)]

∏3N− 1

i=1

[

1 − exp
(

−
hvTS

i

kBT

)] exp
(
− Ea, r

RT

)

(10)  

θCO = PCOKCOθ∗ (11)  

θOCH3 = POCH3 KOCH3 θ∗ (12)  

Table 2 
The adsorption equilibrium constants and rate constant (k, s− 1) (T: 375–415 K).    

375 K 385 K 395 K 405 K 415 K 

PdML/SiC 
(111)-Si 
terminal 

KCO 2.94 ×
104 

1.65 ×
104 

9.53 ×
103 

5.65 ×
103 

3.44 ×
103 

KOCH3 2.99 ×
1013 

1.79 ×
1013 

7.03 ×
1012 

2.90 ×
1012 

1.25 ×
1012 

k1 1.23 ×
1012 

1.25 ×
1012 

1.27 ×
1012 

1.29 ×
1012 

1.31 ×
1012 

k2 9.43 ×
105 

1.47 ×
106 

2.25 ×
106 

3.37 ×
106 

4.94 ×
106 

k3 7.14 ×
10◦

1.53 ×
101 

3.14 ×
101 

6.24 ×
101 

1.20 ×
102 

k4 1.80 ×
10− 2 

4.48 ×
10− 2 

1.07 ×
10− 1 

2.43 ×
10− 1 

5.32 ×
10− 1 

k5 1.40 ×
101 

2.88 ×
101 

5.70 ×
101 

1.09 ×
102 

2.03 ×
102 

k6 1.01 ×
10− 3 

2.70 ×
10− 3 

6.89 ×
10− 3 

1.68 ×
10− 2 

3.91 ×
10− 2 

k−1  3.73 ×
1011 

4.29 ×
1011 

4.89 ×
1011 

5.55 ×
1011 

6.26 ×
1011 

k−2  3.81 ×
1010 

4.40 ×
1010 

5.04 ×
1010 

5.74 ×
1010 

6.50 ×
1010 

k−3  5.66 ×
10− 17 

3.46 ×
10− 16 

1.93 ×
10− 15 

9.90 ×
10− 15 

4.70 ×
10− 14 

k−4  5.80 ×
106 

8.88 ×
106 

1.33 ×
107 

1.96 ×
107 

2.83 ×
107 

k−5  3.46 ×
10− 16 

1.86 ×
10− 15 

9.23 ×
10− 15 

4.23 ×
10− 14 

1.80 ×
10− 13 

k−6  3.69 ×
10− 24 

3.49 ×
10− 23 

2.94 ×
10− 22 

2.24 ×
10− 21 

1.55 ×
10− 20 

PdML/SiC 
(111)-C 
terminal 

KCO 9.72 ×
10− 1 

7.41 ×
10− 1 

5.73 ×
10− 1 

4.49 ×
10− 1 

3.56 ×
10− 1 

KOCH3 1.95 ×
1017 

8.75 ×
1016 

2.55 ×
1016 

7.90 ×
1015 

2.59 ×
1015 

k1 3.48 ×
106 

5.03 ×
106 

7.15 ×
106 

9.98 ×
106 

1.37 ×
107 

k2 8.12 ×
103 

1.46 ×
104 

2.55 ×
104 

4.34 ×
104 

7.20 ×
104 

k3 1.30 ×
105 

2.02 ×
105 

3.07 ×
105 

4.57 ×
105 

6.68 ×
105 

k4 1.28 ×
10◦

2.63 ×
10◦

5.20 ×
10◦

9.95 ×
10◦

1.84 ×
101 

k5 1.34 ×
1010 

1.47 ×
1010 

1.61 ×
1010 

1.75 ×
1010 

1.89 ×
1010 

k6 1.17 ×
10− 10 

4.72 ×
10− 10 

1.77 ×
10− 9 

6.21 ×
10− 9 

2.05 ×
10− 8 

k−1  2.89 ×
105 

4.41 ×
105 

6.60 ×
105 

9.68 ×
105 

1.39 ×
106 

k−2  1.16 ×
105 

2.07 ×
105 

3.59 ×
105 

6.05 ×
105 

9.97 ×
105 

k−3  1.52 ×
10− 13 

6.58 ×
10− 13 

2.65 ×
10− 12 

9.96 ×
10− 12 

3.52 ×
10− 11 

k−4  3.87 ×
101 

7.82 ×
101 

1.53 ×
102 

2.89 ×
102 

5.29 ×
102 

k−5  4.65 ×
10− 17 

2.43 ×
10− 16 

1.17 ×
10− 15 

5.20 ×
10− 15 

2.15 ×
10− 14 

k−6  5.94 ×
10− 26 

5.67 ×
10− 25 

4.83 ×
10− 24 

3.71 ×
10− 23 

2.59 ×
10− 22  

Table 3 
The surface coverage of different species and formation rates (s− 1) of DMO and 
DMC (T: 375–415 K).    

375 K 385 K 395 K 405 K 415 K 

PdML/SiC 
(111)-Si 
terminal 

θ* 1.02 ×
10− 20 

2.48 ×
10− 20 

7.29 ×
10− 20 

2.03 ×
10− 19 

5.35 ×
10− 19 

θCO 8.39 ×
10− 11 

1.14 ×
10− 10 

1.94 ×
10− 10 

3.21 ×
10− 10 

5.16 ×
10− 10 

θOCH3 6.09 ×
10− 2 

8.85 ×
10− 2 

1.03 ×
10− 1 

1.18 ×
10− 1 

1.34 ×
10− 1 

θCOOCH3 9.38 ×
10− 1 

9.12 ×
10− 1 

8.99 ×
10− 1 

8.85 ×
10− 1 

8.68 ×
10− 1 

θOCCOOCH3 1.05 ×
10− 25 

4.43 ×
10− 25 

3.44 ×
10− 24 

2.40 ×
10− 23 

1.52 ×
10− 22 

rDMO 6.31 ×
10◦

1.29 ×
101 

2.55 ×
101 

4.89 ×
101 

9.03 ×
101 

rDMC 5.81 ×
10− 5 

2.24 ×
10− 4 

6.35 ×
10− 4 

1.78 ×
10− 3 

4.55 ×
10− 3 

PdML/SiC 
(111)-C 
terminal 

θ* 2.56 ×
10− 23 

5.71 ×
10− 23 

1.96 ×
10− 22 

6.33 ×
10− 22 

1.93 ×
10− 21 

θCO 6.96 ×
10− 18 

1.19 ×
10− 17 

3.15 ×
10− 17 

7.96 ×
10− 17 

1.92 ×
10− 16 

θOCH3 1.00 ×
10◦

1.00 ×
10◦

1.00 ×
10◦

1.00 ×
10◦

1.00 ×
10◦

θCOOCH3 1.38 ×
10− 8 

1.77 ×
10− 8 

2.89 ×
10− 8 

4.80 ×
10− 8 

8.35 ×
10− 8 

θOCCOOCH3 6.58 ×
10− 49 

9.47 ×
10− 48 

3.05 ×
10− 46 

8.26 ×
10− 45 

1.91 ×
10− 43 

rDMO 2.47 ×
10− 11 

6.32 ×
10− 11 

2.56 ×
10− 10 

1.05 ×
10− 9 

4.66 ×
10− 9 

rDMC 1.62 ×
10− 18 

8.36 ×
10− 18 

5.11 ×
10− 17 

2.98 ×
10− 16 

1.72 ×
10− 15 

Pd(111)  
[28] 

rDMO 4.72 ×
10− 6 

1.29 ×
10− 5 

3.35 ×
10− 5 

5.31 ×
10− 5 

1.98 ×
10− 4 

rDMC 4.02 ×
10− 14 

2.45 ×
10− 13 

1.11 ×
10− 12 

4.02 ×
10− 12 

6.04 ×
10− 12  
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θCOOCH3 :
dθCOOCH3

dt
= k1θOCH3 θCO − k−1 θCOOCH3 θ∗ + k2θOCH3 θCO − k−2 θCOOCH3 θ∗

+k3θ2
COOCH3

− k4θCOOCH3 θCO + k−4 θOCCOOCH3 θ∗ − k6θCOOCH3 θOCH3 = 0
(13)   

θOCCOOCH3 :
dθOCCOOCH3

dt
=k4θCOOCH3 θCO − k−4 θOCCOOCH3 θ∗ − k5θOCCOOCH3θOCH3 =0

(14)  

θCO + θOCH3 + θCOOCH3 + θOCCOOCH3 + θ∗ = 1 (15)  

rDMO = k3θ2
COOCH3

+ k5θOCCOOCH3 θOCH3 (16)  

rDMC = k6θCOOCH3 θOCH3 (17) 

In the above formulas, kB refers to Boltzmann constant; vi
IS and vi

TS 

refer to real frequencies of initial and transition state, respectively; ∆Eads 
and Sadsorbate refer to the adsorption energies and entropies of CO and 
OCH3 of the initial reactants, respectively; Sgas refers to the gas phase 
entropy. 

Previous studies indicated the catalytic performance of Pd(111) 
surface was close to that of industrial catalysts (Pd/a-Al2O3) toward CO 
oxidative coupling to DMO [16]. Therefore, the results of micro-reaction 
kinetic model analysis about PdML/SiC(111)-Si and PdML/SiC(111)-C 
terminal were compared with that of Pd(111), which hope to obtain 
better silicon carbide-supported Pd catalysts. The corresponding com-
parison results were as indicated in Table 3, it was obtained that the 
DMO formation rate was in regular succession of PdML/SiC(111)-Si 
terminal > Pd(111) > PdML/SiC(111)-C terminal. The DMO formation 
rate was far better than that of DMC on these catalysts. In conclusion, it 
was found that the PdML/SiC(111)-Si terminal possessed not only 
excellent activity but also outstanding selectivity for DMO generation 
among these catalysts. The similar micro-reaction kinetic model analysis 
has been successfully adopted to evaluate the catalytic performance of 

catalysts toward DMO synthesis from CO and OCH3 [28,52]. 

3.5. Analysis of factors affecting catalytic activity for DMO synthesis 

The catalyst usually facilitates chemical reactions through electronic 
interactions between it with guest molecules. In this work, the differ-
ential charge density and bader charge analysis were adopted to 
calculated charge transfer of Pd monolayer about the example of CO 
adsorbed on top site. The differential charge density plot in Fig. 8 
indicated that on the PdML/SiC(111)-Si terminal, the electron trans-
ferred from Si terminal to Pd monolayer, then from Pd monolayer to CO; 
on the PdML/SiC(111)-C teminal, the electron transferred from Pd 
monolayer bidirectionally to C terminal and adsorbent CO. The Bader 
charge analysis further obtained that Pd monolayer got the charge of 
0.41 e on the PdML/SiC(111)-Si terminal, but lost the charge of 0.25 e on 
the PdML/SiC(111)-C teminal. 

This electronic interaction was mainly reflected in the adsorption 
energy of guest molecules on the catalyst [53]. Compared with that on 
PdML/SiC(111)-C terminal, the adsorption energies of reactants (CO, 
OCH3) and key intermediates (COOCH3, OCCOOCH3) were moderate 
strong chemical adsorption on PdML/SiC(111)-Si terminal, which 
ensured them could be not only adsorbed stably but also easily acti-
vated. The difference in adsorption energy further resulted in different 
rate control steps of the optimal pathway, which was 2COOCH3 →DMO 
and COOCH3 + (CO + OCH3) → 2COOCH3 on the PdML/SiC(111)-Si and 
PdML/SiC(111)-C terminal, respectively. It led to the coverage of key 
intermediate COOCH3 determining the yield of DMO on the PdML/SiC 
(111)-Si terminal was much greater than that on the PdML/SiC(111)-C 
terminal, further resulted in that the DMO formation rate on the 
PdML/SiC(111)-Si terminal was higher than that on the PdML/SiC(111)-C 
terminal. The above factors were presumed to be the main reasons about 
that the catalytic performance of PdML/SiC(111)-Si terminal was 
favorable than that of PdML/SiC(111)-C terminal. 

Fig. 8. The differential charge density of CO adsorbed on top site over PdML/SiC(111)-Si (a) and PdML/SiC(111)-C terminal (b). (Blue shaded regions: charge gain; 
yellow shaded regions, charge loss). 

Scheme 1. Proposed reaction paths [50] for DMO synthesis from CO and OCH3.  

B. Han et al.                                                                                                                                                                                                                                     



Molecular Catalysis 515 (2021) 111926

10

4. Conclusions 

Using DFT calculations combined with the micro-reaction kinetic 
model analysis, we have investigated the effects of different exposed 
terminals of SiC substrate toward Pd catalytic CO oxidation to DMO. It 
could be concluded the COOCH3-COOCH3 coupling path was the opti-
mum to generate DMO on the PdML/SiC(111)-Si terminal, which had no 
difference with that on PdML/SiC(111)-C terminal. However, the rate 
control step of the optimum path was 2COOCH3 → DMO on the PdML/ 
SiC(111)-Si terminal, which was different with that on the PdML/SiC 
(111)-C terminal. Moreover, it was obtained that the PdML/SiC(111)-Si 
terminal exhibited excellent catalytic performance than PdML/SiC(111)- 
C terminal, which was mainly resulted from the difference of electrons 
transfer direction of Pd monolayer causing the difference in adsorption 
energies of reactants and key intermediates as well as rate control steps 
in the optimum path on two catalysts. This finding can provide the 
theoretical insights for designing of supported Pd-based catalyst for 
heterogeneous catalytic reaction. 
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