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Pd for CO oxidative coupling to DMO†

Juan Zhao,a Li-Fei Yin,a Li-Xia Ling,*ab Ri-Guang Zhang,cd

Mao-Hong Fan b and Bao-Jun Wang *cd

The reaction mechanisms of CO oxidative coupling to dimethyl oxalate (DMO) on different β-Mo2C(001)

based catalysts have been studied by the density functional theory (DFT) method. The activity and

selectivity of DMO formation on Mo termination of β-Mo2C(001) are poor, and its C termination has no

catalytic activity. After loading a Cu monolayer, the CuML/Mo2C(001)–Mo catalyst shows poor activity for

the CO oxidative coupling reaction, but on CuML/Mo2C(001)–C, the CO oxidative coupling reaction can

occur owing to the synergistic effect between the Cu monolayer and Mo2C(001), and it is expected to be a

catalyst to replace precious metal Pd in DMO generation. Furthermore, the d-orbital state density of the

Cu monolayer on CuML/Mo2C(001)–C is most similar to that of the Pd monolayer of Pd(111), which is the

reason why CuML/Mo2C(001)–C has high activity and selectivity to DMO on the CO oxidative coupling

reaction.

1. Introduction

Dimethyl oxalate (DMO) is a crucial organic chemical raw
material used in the preparation of various dyes,
pharmaceuticals, important solvents, extractants and other
intermediates, and the most attractive use is as a key
intermediate in the process of producing ethylene glycol.1–3

The production of DMO by a gas phase method through CO
oxidative coupling has more economic advantages because of
its reaction conditions, atom economy and low production
cost, and this process involves coupling reactions for DMO
generation and methyl nitrite (MN) regeneration. The only by-
product is water in the whole reaction process, meeting the
green and environmental protection energy demand, and the
gas phase method is also the most suitable method for

industrial production of DMO compared to the liquid phase
method.4–6 In addition to the optimization of the actual
production process,7 research on DMO production by the gas
phase method focuses more on the design and preparation of
catalysts, to accelerate the improvement of catalytic
performance and decrease the usage of Pd, which is the active
component loaded on different supports such as oxide
carriers (ZnO,8 MgO,9 Al2O3,

10 Ti2O) and carbon material
carriers (carbon nanofibers,11,12 graphene13), and to improve
the dispersion of Pd through Fe, Cu and other additives.14,15

For the structure design of Pd catalysts, the influence of core–
shell catalysts,16 different crystal planes and different second
metal modifications on CO oxidative coupling to DMO were
discussed through theoretical calculations.17–20 However, in
order to fundamentally reduce the use of precious metal Pd
in the CO oxidation coupling reaction, it is necessary to
explore appropriate noble metal like catalysts.

Molybdenum carbide is produced by introducing C atoms
into the interstitial positions of densely packed molybdenum
which has high hardness and good thermal stability, and it
has the comprehensive properties of a covalent solid, ionic
crystal and transition metal.21–24 β-Mo2C is an efficient
catalyst in many processes. β-Mo2C is an efficient catalyst in
many processes such as Fischer–Tropsch synthesis,25 the reverse
water gas shift (RWGS) reaction,26,27 hydrogen evolution reaction,
and so on.28–30 It's even more remarkable that as early as 1973,
studies had shown that the addition of C to non-precious
metal Mo and W would give them some typical catalytic
properties of noble metals (Pt and Pd), and the reason is that
the d-band of transition metal atoms shrinks and the density
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of states of the Fermi level increases after non-metal C atoms
enter the metal atom gap.21,31–33 Molybdenum carbide has
excellent catalytic activity for NO direct decomposition, which
is similar to Pd.34 A variety of transition metal carbides and
transition metal nitrides were prepared and their catalytic
performance for the Fischer–Tropsch synthesis was
evaluated; it was found that the selectivity of Mo2C to C2–C4

hydrocarbons was higher than that of other transition metal
carbides and nitrides.25 DFT analysis showed that Mo2C(001)
not only exhibited carbon reaction activity similar to the
transition metals Rh, Co and Pd, but also that the C–C
coupling barrier to be crossed was below 1.5 eV, and the C–C
coupling can easily occur.35 The better carbon reaction
activity of Mo2C appears to be applicable to the oxidative
coupling of CO, because the key step of DMO formation often
involves the formation of C–C bonds on Pd catalysts,6,19 but
the application of Mo2C in the CO oxidative coupling reaction
has not been studied.

Molybdenum carbide can not only be used as an active
component, but also be modified to further regulate its
catalytic performance;36 both C-termination and Mo-
termination loaded Ni promoted the removal of O* on the
Mo2C(001) surface.37 The Pt@Mo2C catalyst exhibited more
excellent catalytic performance for H2 production than pure
Pt under the same conditions.38 Demirtas et al.39 explored
the role of metal Pt supported on Mo2C(0001) in the
dissociation of CO and discovered that supported Pt reduced
the activation energy barrier by stabilizing the transition state
and the final product. Cu/δ-MoC could efficiently and stably
reduce CO2 to CO, and then selectively hydrogenate to form
methanol; Cu supported on δ-MoC can easily activate CO2 to
CO which cannot happen on Cu(111) or Cu(100).40 The
structure effect between α-MoC and Cu resulted in large
tensile strain of the Cu monolayer, and the charge transfer
between Cu and α-MoC made the d-band center shift to the
Fermi level, which made *H2O splitting easier than that on
Cu(111).41 In addition, a β-Mo2C supported Cu catalyst has
been synthesized, and Cu is highly dispersed and stabilized
on the β-Mo2C surface. Cu/β-Mo2C exhibits good catalytic
activity and stability for the reverse water gas shift (RWGS)
reaction26 and CO2 hydrogenation to methanol.42 Meanwhile,
Zhou et al.42 have built a model of Cu/2D-Mo2C with a Cu
atom adsorbed on the β-Mo2C surface, and the adsorption of
CO and CO2 hydrogenation to methanol reaction are
investigated. The adsorption energy of CO at the top site of Cu
atom is 89.0 kJ mol−1. Besides, a single Cu atom doped
β-Mo2C(001) catalyst [Cu@Mo2C(001)] and Cu4 cluster modified
β-Mo2C(001) catalyst [Cu4@Mo2C(001)] have been synthesized,
and the results show that Cu4@Mo2C(001) exhibits better
catalytic activity for the RWGS reaction than the Mo2C catalyst.43

Therefore, this work used the DFT calculation method to
study the catalytic effect of Mo2C in the CO coupling
reaction, and modify it by loading the non-noble metal Cu.
The research results can provide a certain reference value for
the development of catalysts that can replace precious metal
Pd for the CO oxidative coupling reaction.

2. Computational details
2.1. Models

There are two main categories of Mo2C, α-Mo2C and β-Mo2C,
and the difference is that one is an orthorhombic phase and
the other is a hexagonal phase.44 The hexagonal Mo2C is
selected for research in this work, and the most frequently
studied surface is the β-Mo2C(001) plane; the lattice
parameters of the selected model are a = b = 3.011 Å and c =
4.771 Å, which are consistent with the experiment.45 In the
experiment, the β-Mo2C with exposed C termination or Mo
termination can be prepared by different preparation
methods, and so it is necessary to consider the influence of
different exposed terminations on CO oxidative coupling to
DMO.46 For the catalyst model modified by metal Cu, the
morphology of Cu nanoparticles supported on β-Mo2C(001)
was studied by Posada-Pérez et al.47 They found that Cu
nanoparticles tended to present a two-dimensional structure
no matter at Mo termination or C termination, and a single
layer of metal Cu could be deposited on the surface of Mo2C
by the physical vapor deposition (PVD) method.48 Therefore,
we also consider the influence of β-Mo2C(001) with different
exposed terminations loaded on the Cu monolayer on the CO
oxidative coupling reaction. The calculation adopts the
β-Mo2C(001) model with 8 layers, 3 × 3 supercell, and 15 Å
thickness of the vacuum layer, and the CuML/Mo2C(001)–C
and CuML/Mo2C(001)–Mo models are obtained by replacing
the topmost atom with a single layer of Cu atoms. In the
calculation process, the adsorption energies of the key
reaction species CO on Mo2C(001)–Mo with fixed bottom four
layers and fixed bottom two layers were compared, and the
difference of the adsorption energies is only 2.57 kJ mol−1.
Therefore, the bottom four layers are fixed in the subsequent
calculation. The adsorption sites on β-Mo2C(001) are shown
in Fig. 1, and the adsorption sites of CuML/Mo2C(001) are
similar to that of β-Mo2C(001).

2.2. Calculation methods

The spin-polarized DFT calculations in this study were based
on VASP (Vienna Ab initio Simulation Package) calculation
software, where the value of the plane-wave cut off energy
was set to 400 eV (1 eV = 96.485 kJ mol−1).49–51 The Perdew–
Burke–Ernzerhof (PBE) exchange correlation function under
generalized gradient approximation (GGA) was employed52

and the Monkhorst–Pack k-point of 2 × 3 × 1 was adopted to
optimize the supported systems.53–55 The Gaussian smearing
with a sigma value of 0.2 eV was used for the transition metal
carbide systems. When the total energy change between the
two steps was less than 1 × 10−5 eV and all forces on each
atom were less than 3 × 10−2 eV Å−1, the structure
optimization was completed and a stable configuration was
obtained. The transition state structure between the reactant
and product of each elementary reaction was first obtained
through the climbing image-nudged elastic band method (CI-
NEB),56,57 and then the transition state structure was
optimized by the dimer method.58,59 When the force was
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converged to 5 × 10−2 eV Å−1, the transition state was
considered to be obtained. Furthermore, the frequency
analysis of the reactant and transition state structure was
further carried out to verify the accuracy of the structures
with the force threshold of 3 × 10−2 eV Å−1, that is, the
vibration corresponding to one imaginary frequency of the
transition state was the fracture or formation of reactive
chemical bonds, and there is no imaginary frequency for the
reactants. Moreover, the GGA-PW91 functional and Grimme's
DFT-D3 were used to calculate the adsorption energy of CO
on the CuML/Mo2C(001)–C surface, and the results are
compared with the value of the PBE functional without
considering dispersion correction. As shown in Table 1, the
differences of the CO adsorption energies between using PBE
and PW91 functional are only 0.8, 1.1 and 1.2 kJ mol−1 at the
top, bri and fcc sites, respectively. And the activation energies
for CO + OCH3 → COOCH3 on the CuML/Mo2C(001)–C surface
are 59.3 and 67.4 kJ mol−1 by using the PBE and PW91
functional, respectively. It can be seen that different
functionals have a negligible effect on the CO oxidative
coupling reaction. However, the adsorption energies of CO at
different sites with DFT-D3 are greater than that without
dispersion correction. It is well known that dispersion
correction is usually used to describe a weak interaction
system,60,61 and can increase the adsorption energy.62

Therefore, dispersion correction enhances the adsorption
energy of CO on the surface, however, it has little effect on
the reaction process. Zhao et al.63 investigated the adsorption
system of a water bilayer on Au(111), Pt(111) and Pd(111)

surfaces by considering the first-principles calculations with
dispersion correction. It can be found that the dispersion
correction created a distance between O in H2O and the
surface shrank to some extent. However, the impact on the
H–O–H angle is very weak, and the interesting feature of
potential energy landscape smoothness remains the same. It
can be seen that the PBE functional without the dispersion
correction can present many properties of the adsorption
system. Moreover, there are many studies about the catalytic
reaction on the Mo2C surface without considering the
dispersion correction and reliable results are obtained. For
example, Pistonesi et al.64 studied CO adsorption and
dissociation on the clean and K-doped β-Mo2C surfaces, and
Jing et al.43 studied WGS reaction on the Cu modified
β-Mo2C(0001) surface.

In addition, a smaller force threshold of 1 × 10−3 eV Å−1 was
applied to calculate the frequency of the reactant and transition
state aiming for the elementary step of CO + OCH3 → COOCH3

on the CuML/Mo2C(001)–C surface, which are shown in Table
S1 in the ESI.† The results show that the frequencies of the
reactant structures have small differences when the force
threshold values are 1 × 10−3 and 3 × 10−2 eV Å−1, and the
transition state structures both have nearly the same imaginary
vibration frequency. It can be concluded that the threshold of
force convergence has a negligible influence on the vibration
frequency. At the same time, the force threshold of 3 × 10−2 eV
Å−1 has also been applied in previous studies. A force threshold
of 3 × 10−2 eV Å−1 was used for studying the conversion of CO2

into methanol on the β-Mo2C and Cu/β-Mo2C surfaces,65 and a
new route for methanol and CO production avoiding methane
formation was found, which is in good agreement with the
results of catalytic activity test that the deposition of Cu
clusters increases methanol production. In addition, a
force threshold of 3 × 10−2 eV Å−1 has also been
used to study carbon dioxide-assisted propane
aromatization,66 and the enhancement effect of CO2 and high
selectivity to aromatics have been obtained. These all show that
the convergence threshold can meet the requirement of the

Fig. 1 β-Mo2C(001) and CuML/Mo2C(001) configurations with different terminations and adsorption sites on the surface. Cyan represents Mo, gray
represents C, and orange represents Cu.

Table 1 The adsorption energies (kJ mol−1) of CO at different sites on
the CuML/Mo2C(001)–C surface using the PBE functional, PW91
functional, and PBE functional with dispersion correction

PBE PW91 DFT-D3

Top 95.3 96.1 113.2
Bri 75.8 76.9 98.3
Fcc 79.0 80.2 94.7
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study. Moreover, the calculation formulas of adsorption energy,
activation energy and reaction heat are detailed in the ESI.†

3. Results and discussion
3.1. CO oxidative coupling to DMO on β-Mo2C(001)

β-Mo2C(001) can selectively expose the Mo termination or the
C termination, and then the CO oxidative coupling reaction
on β-Mo2C(001)–C and β-Mo2C(001)–Mo has been studied.
For the β-Mo2C(001)–C catalyst, the surface is severely
deformed when the first elemental reaction CO + OCH3 →

COOCH3 occurs, and the appropriate transition state
structure could not be obtained. Therefore, β-Mo2C(001)–C is
not suitable for the CO oxidation coupling reaction. Since the
OCCO intermediate can statically exist on β-Mo2C(001)–Mo,
three different pathways to generate DMO on β-Mo2C(001)–
Mo are introduced in Scheme 1. With CO and OCH3 as the
initial reactants, the main difference between these three
paths lies in the generation mode of C–C bonds: path 1 is
CO–COOCH3 coupling, path 2 is COOCH3–COOCH3 coupling,
and path 3 is CO–CO coupling. Furthermore, the by-product

dimethyl carbonate (DMC) produced by COOCH3 + CO +
OCH3 → DMC + CO is also considered.

3.1.1. Adsorption of related species on β-Mo2C(001)–Mo.
Regarding the adsorption of CO on β-Mo2C(001)–Mo (Fig. 2
and Table 2), it can be stable at the top, bri and fcc sites, and
the corresponding adsorption energies are 186.1, 188.3 and
185.0 kJ mol−1, respectively. The adsorption energies of CO at
different locations have little difference. OCH3 can be stable
at the top, hcp and fcc sites, and its adsorption energy at the
top site (248.3 kJ mol−1) is much lower than that at the hcp
and fcc sites (384.5 and 332.4 kJ mol−1, respectively). When
the OCCO molecule is adsorbed on β-Mo2C(001)–Mo, its four
atoms are all bonded to the surface of the catalyst, and the
adsorption energy is as high as 397.4 kJ mol−1. COOCH3 can
only stably exist at the hcp site with an adsorption energy of
322.3 kJ mol−1. Due to the larger molecular structure of
OCCOOCH3, it occupies the adjacent hcp and fcc sites on
β-Mo2C(001)–Mo with an adsorption energy of 387.5 kJ mol−1.
DMO is adsorbed on β-Mo2C(001)–Mo in a cis-structure, and
the two O atoms and two C atoms of the molecule form a
bond with β-Mo2C(001)–Mo; the adsorption energy is 170.1 kJ
mol−1. The adsorption behavior of DMC on the catalyst

Scheme 1 Pathways of CO oxidative coupling to DMO.

Fig. 2 The stable adsorption configurations of all possible species involved in CO oxidative coupling to DMO on β-Mo2C(001)–Mo.
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surface is physical adsorption, and the adsorption energy is
23.1 kJ mol−1.

3.1.2. CO oxidative coupling reaction on β-Mo2C(001)–Mo.
For CO oxidative coupling on β-Mo2C(001)–Mo, the process of
COOCH3 generation when CO and OCH3 are located on
different locations is studied firstly. There are five stable co-
adsorption structures of CO and OCH3, which are CO(T) +
OCH3ĲT), CO(T) + OCH3ĲF), CO(F) + OCH3ĲH), CO(B) +
OCH3ĲT) and CO(B) + OCH3ĲF), and the corresponding
activation energies required to generate COOCH3 are 115.8,
240.9, 246.5, 140.8 and 243.8 kJ mol−1, respectively (Table 3
and Fig. 3). When both CO and OCH3 are located on the top
location, the lowest energy barrier needs to be overcome to
generate COOCH3, and the reason is that a smaller
adsorption energy is conducive to the migration of reactive
species on the surface of the catalyst, so that the product can
be formed with lower activation energy. The adsorption
energies of CO on β-Mo2C(001)–Mo have little difference, so
the activation energies for the formation of COOCH3

from CO at different sites and OCH3 at the same site
have little difference, such as CO(T) + OCH3ĲF) and
CO(B) + OCH3ĲF), and CO(T) + OCH3ĲT) and CO(B) +
OCH3ĲT).

Then, the three pathways for producing DMO by CO
oxidative coupling over β-Mo2C(001)–Mo were studied
(Fig. 4). The first elementary step for both path 1 and path 2
is CO + OCH3 → COOCH3, and the co-adsorption
configuration with the minimum activation energy is
selected, and CO and OCH3 are at the top position. The

second elementary step for path 1 is COOCH3 + CO →

OCCOOCH3, and COOCH3 is located at the hcp site and CO
is located at the adjacent top position in the co-adsorption
configuration, and the activation energy and heat of reaction
for the formation of OCCOOCH3 are 187.5 and 60.1 kJ mol−1,
respectively. The last elementary step for path 1 is
OCCOOCH3 + OCH3 → DMO, and the activation energy and
heat of reaction are 277.9 and 137.2 kJ mol−1, respectively.
For path 2, the second elementary step is the generation of
another molecule of COOCH3, which is in a similar way of
the generation of the first COOCH3; both CO and OCH3 in
the co-adsorption structure of COOCH3 + CO + OCH3 are at
the top position, and an activation energy of 159.9 kJ mol−1 is
needed via TSA-4. The existence of the generated first
COOCH3 increases the lateral force between molecules, which
increases the activation energy of CO and OCH3 at the same
site to generate another COOCH3 molecule. The last

Table 2 Adsorption sites and adsorption energies (Eads, kJ mol−1) of
some possible species involved in the CO oxidative coupling to DMO on
β-Mo2C(001)–Mo

β-Mo2C(001)–Mo

Top Bri Hcp Fcc

CO 186.1 188.3 — 185.0
OCH3 248.3 — 384.5 332.4
OCCO 397.4 — — —
COOCH3 — — 322.3 —
OCCOOCH3 387.5 — — —
DMO 170.1 — — —
DMC 23.1 — — —

Table 3 The activation energies (Ea) and reaction energies (ΔH) of the
first elementary step for CO oxidative coupling to DMO on β-Mo2C(001)–
Mo (kJ mol−1)

Ea ΔH

CO(T) + OCH3ĲT) 115.8 0.2
CO(T) + OCH3ĲF) 240.9 76.9
CO(F) + OCH3ĲH) 246.5 120.3
CO(B) + OCH3ĲT) 140.8 11.6
CO(B) + OCH3ĲF) 243.8 89.1

Fig. 3 The structures of the initial states, transition states, and final
states of the first elementary step for CO oxidative coupling to DMO
on β-Mo2C(001)–Mo.
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elementary step of path 2 is the COOCH3–COOCH3 coupling
to produce DMO. Both COOCH3 are located at the
hcp site, the coupling process needs to get over the
energy barrier of 209.9 kJ mol−1, and this is an
endothermic step with energy of 118.5 kJ mol−1. The first
elementary step in path 3 is CO + CO → OCCO, which
generates a C–C bond through the coupling of two CO, and
then combines two OCH3 in turn to generate an
OCCOOCH3 intermediate and product DMO. The activation
energy and heat of reaction required to generate OCCO are
180.9 and 79.6 kJ mol−1, and those required to generate
OCCOOCH3 are 208.3 and 95.9 kJ mol−1, respectively. The last
elementary step in path 3 is the same as that in path 1. By

comparing the three pathways of DMO formation on
β-Mo2C(001)–Mo, it can been seen that DMO is more easily
formed through path 2, and the rate-determining step needs
to get over the energy barrier of 209.9 kJ mol−1 by the
coupling of two COOCH3 to generate DMO via TSA-5, which
is much higher than the 120.6 kJ mol−1 required for DMO
formation on Pd(111).20

Finally, the process of DMC generation on β-Mo2C(001)–
Mo was studied (Fig. 5), and the reaction of COOCH3 and
OCH3 in the COOCH3 + CO + OCH3 co-adsorption structure
to produce by-product DMC needs 176.8 kJ mol−1 of
activation energy via TSA-8, which is lower than the energy
barrier of the rate-determining step for the DMO formation

Fig. 4 Potential energy diagram of the reaction of CO oxidative coupling to DMO and the structures of the initial states, transition states, and final
states on β-Mo2C(001)–Mo.
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through path 2, so the main product of β-Mo2C(001)–Mo is
DMC. The energy barrier that needs to be overcome to
generate DMO on β-Mo2C(001)–Mo is extremely higher than
that on Pd(111),20 because it has a large adsorption capacity
for O-containing species, which is not conducive to the
occurrence of each elementary step during the formation of
DMO. And the strong combination of product DMO and
β-Mo2C(001)–Mo is also not conducive to its desorption from
the surface of the catalyst. Therefore, β-Mo2C(001)–Mo does
not show catalytic performance similar to the noble metal Pd
for the CO oxidation coupling reaction.

3.2. CO oxidative coupling to DMO on a Mo2C(001) supported
Cu monolayer

3.2.1. Adsorption of related species on a Mo2C(001)
supported Cu monolayer. A Cu monolayer loaded at different
exposed terminations of Mo2C(001) will affect the adsorption
of the substance involved in the reaction, and further affect its
catalytic performance for the preparation of DMO by CO

oxidative coupling. On CuML/Mo2C(001)–C (Fig. 6 and Table 4),
CO can stably exist in the top, bri and fcc positions, and the
adsorption energies are 95.3, 75.8 and 79.0 kJ mol−1,
respectively. When OCH3 is located at the top and bri sites, it
will transfer to the fcc site in the process of structural
optimization. Therefore, there are two stable adsorption sites
for OCH3, the hcp site and fcc site, with adsorption energies of
233.5 and 261.2 kJ mol−1, respectively. The adsorption energy of
COOCH3 is 171.5 kJ mol−1 at the top site and 213.6 kJ mol−1 at
the bri site. When OCCOOCH3 is adsorbed on CuML/
Mo2C(001)–C and occupies the adjacent hcp site and fcc site,
the adsorption energy is 193.8 kJ mol−1, while when two O
atoms and C atoms bond with the catalyst only one fcc position
is occupied with the adsorption energy of 183.1 kJ mol−1. Both
the product DMO and the by-product DMC are physically
adsorbed on CuML/Mo2C(001)–C with the adsorption energies
of 10.1 and 15.9 kJ mol−1, respectively, and desorption can be
easily achieved on CuML/Mo2C(001)–C. OCCO that can stably
exist on β-Mo2C(001)–Mo will become two CO molecules in the
structure optimization process on CuML/Mo2C–C.

Fig. 5 The structures of the initial states, transition states, and final
states of DMC generation on β-Mo2C(001)–Mo.

Fig. 6 The stable adsorption configurations of all possible species involved in CO oxidative coupling to DMO on CuML/Mo2C–C (kJ mol−1).

Table 4 Adsorption sites and adsorption energies (Eads, kJ mol−1) of
some possible species involved in CO oxidative coupling to DMO on
CuML/Mo2C–C

Cu/Mo2C–C

Top Bri Hcp Fcc

CO 95.3 75.8 — 79.0
OCH3 — — 233.5 261.2
COOCH3 171.5 213.6 — —
OCCOOCH3 — — 193.8 183.1
DMO 10.1 — — —
DMC 15.9 — — —
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On CuML/Mo2C(001)–Mo, CO can stably exist at four
adsorption sites (Fig. S1 and Table S2†), and the adsorption
energies at different sites have little difference. The adsorption
energies of CO at the top, bri, hcp and fcc sites are 111.6, 111.3,
107.4 and 116.2 kJ mol−1, respectively. The adsorption of OCH3

on CuML/Mo2C(001)–Mo is similar to that on CuML/Mo2C(001)–
C, both of which could only stably adsorb to the hcp and fcc
sites, with adsorption energies of 268.5 and 294.8 kJ mol−1. The
adsorption energies of COOCH3 on the top, hcp and fcc sites
are 185.0, 214.6 and 226.8 kJ mol−1, respectively. Moreover, the
surface of CuML/Mo2C(001)–Mo is significantly deformed due to
the adsorption of COOCH3. There are two adsorption
configurations of OCCOOCH3 on CuML/Mo2C(001)–Mo, and the
adsorption energies are 182.2 and 187.2 kJ mol−1, respectively.
The adsorption energies of DMO and DMC on CuML/
Mo2C(001)–Mo are 30.5 and 6.6 kJ mol−1, both of which are
physically adsorbed. Similarly, the OCCO species cannot be
stably present on CuML/Mo2C(001)–Mo and will become two CO.

3.2.2. Correlative reaction of DMO formation on CuML/
Mo2C(001)–C. According to the adsorption of CO and OCH3

on CuML/Mo2C(001)–C, six co-adsorption structures CO(T) +
OCH3ĲH), CO(T) + OCH3ĲF), CO(B) + OCH3ĲH), CO(B) +
OCH3ĲF), CO(F) + OCH3ĲH) and CO(F) + OCH3ĲF) are
constructed (Table S3 and Fig. S2†). But after structural
optimization, CO(F) + OCH3ĲH) changes into CO(B) +
OCH3(H) and CO(F) + OCH3(F) changes into CO(B) +
OCH3ĲF), so there are four different co-adsorption structures
of CO and OCH3, and the corresponding activation energies
for COOCH3 generation are 91.9, 133.6, 59.3 and 77.9 kJ
mol−1, respectively. When CO is located at the bri site and
OCH3 is located at the hcp site, the activation energy for the
generation of COOCH3 is the lowest, and the corresponding
adsorption energy of CO and OCH3 is the lowest among all
sites. Similar to β-Mo2C(001)–Mo, it is easier to generate
COOCH3 when CO and OCH3 are located at the site with a
low adsorption energy.

There are two paths for generating DMO on CuML/
Mo2C(001)–C (Fig. 7). The first elementary step of the two
paths is the generation of COOCH3, and the second
elementary step of path 1 is the generation of OCCOOCH3. In
the CO + COOCH3 co-adsorption configuration, CO is located
at the fcc site, and COOCH3 is located at the bri position
through the C and O atoms. The energy barrier to be
overcome to form OCCOOCH3 is 144.3 kJ mol−1 via TSB-2.
Then the generated OCCOOCH3 and OCH3 located at the
hcp site need an activation energy of 113.2 kJ mol−1 to generate
product DMO. In path 2, the activation energies required to
generate the second COOCH3 by the reaction of CO at the
top site and OCH3 at the fcc site and the COOCH3–COOCH3

coupling to DMO are 131.4 and 177.6 kJ mol−1, and the
reaction heat is 73.3 and 12.6 kJ mol−1, respectively. The
optimal path for DMO generation by the CO oxidative
coupling on CuML/Mo2C(001)–C is path 1, and the energy
barrier of the rate-determining step is 23.7 kJ mol−1 higher
than that on the Pd(111) surface, so the activity is slightly
lower than that of Pd(111).20

When DMC is generated on CuML/Mo2C(001)–C (Fig. 8),
OCH3 and COOCH3 in the co-adsorption structure of
COOCH3 + CO + OCH3 are close to each other to generate
DMC + CO. The activation energy and reaction heat of this
process are 197.0 and 53.9 kJ mol−1, respectively, which is
52.7 kJ mol−1 higher than the highest energy barrier required
for DMO generation. After comprehensively considering the
formation of DMO over CuML/Mo2C(001)–C, and comparing
the catalytic process of CO oxidative coupling on Pd(111), it
is found that although the catalytic activity of
CuML/Mo2C(001)–C is slightly weaker than that of Pd(111),
the high selectivity to product DMO is maintained as on the
Pd(111).

3.2.3. The DMO generation on CuML/Mo2C(001)–Mo.
Similar to CuML/Mo2C(001)–C, the reaction of CO and OCH3

adsorbed at different positions to form the first COOCH3 on
CuML/Mo2C(001)–Mo was first considered, and the specific
structures of the initial state, transition state and final state,
activation energy and reaction heat of the reaction are
detailed in Fig. S3 and Table S4.† The stable sites of CO and
OCH3 can be arranged and combined to form eight different
co-adsorption configurations, and four stable co-adsorption
configurations are obtained by further structural
optimization, which are CO(T) + OCH3ĲH), CO(T) + OCH3ĲF),
CO(F) + OCH3ĲH) and CO(F) + OCH3ĲF), respectively. The
activation energies required for COOCH3 generation through
these four co-adsorption configurations are 156.0, 164.3,
141.7 and 148.0 kJ mol−1, and the heats of reaction are 82.3,
100.6, 78.2 and 88.6 kJ mol−1. The energy barrier of the first
elementary reaction on CuML/Mo2C(001)–Mo is significantly
higher than that on Pd(111),20 and it is believed that CuML/
Mo2C(001)–Mo has poor catalytic activity for the formation of
DMO through CO oxidative coupling, so subsequent
calculations will not be performed.

3.3. Microscopic kinetic analysis

In order to more accurately describe the reaction process of
DMO generation at different temperatures and determine the
selectivity to the product, we carried out the microscopic
reaction kinetic calculation under actual production
conditions. According to the influence of the production
process on the preparation of DMO by the gas phase method,
the appropriate temperature range and the reaction pressure
conditions are selected; methyl nitrite can easily decompose
under high temperature conditions, so the reaction
temperature should not be higher than 140 °C. When the
proportion of methyl nitrite in the feed gas is too large, a
large amount of methanol and methyl formate will be
produced, and when the proportion of CO is too large, it will
preempt the active center of the catalyst and affect the
reaction rate. Therefore, the conditions for micro-kinetic
calculations are pCO = 280 kPa, pOCH3

= 200 kPa and T = 375–
415 K, and the corresponding calculation formula and
calculation details are described in detail in the ESI.† The
rate of formation of product DMO and by-product DMC and

Catalysis Science & Technology Paper

Pu
bl

is
he

d 
on

 2
5 

Fe
br

ua
ry

 2
02

2.
 D

ow
nl

oa
de

d 
by

 T
ai

yu
an

 U
ni

ve
rs

ity
 o

f 
T

ec
hn

ol
og

y 
on

 4
/2

1/
20

22
 8

:0
6:

12
 A

M
. 

View Article Online

https://doi.org/10.1039/d1cy01631h


2550 | Catal. Sci. Technol., 2022, 12, 2542–2554 This journal is © The Royal Society of Chemistry 2022

the selectivity to product DMO are listed in Table 5. It can be
seen that the generation rates of DMO and DMC increase
with an increase of the reaction temperature in the
temperature range of 375–415 K, and under the same
conditions, the generation rate of DMO on CuML/Mo2C(001)–
C is higher than on β-Mo2C(001)–Mo. And further comparing

the generation rates of DMO and DMC to obtain the product
selectivity on β-Mo2C(001)–Mo and CuML/Mo2C(001)–C, the
generation rate of DMO on β-Mo2C(001)–Mo is not much
different from that of DMC, while the generation rate of
DMO on CuML/Mo2C(001)–C is much higher than that of
DMC, and the selectivity is as high as 100%, indicating that

Fig. 7 Potential energy diagram of the reaction of CO oxidative coupling to DMO and structures of the initial states, transition states, and final
states on CuML/Mo2C(001)–C.

Fig. 8 The structures of the initial states, transition states, and final states of DMC generation on CuML/Mo2C(001)–C.

Catalysis Science & TechnologyPaper

Pu
bl

is
he

d 
on

 2
5 

Fe
br

ua
ry

 2
02

2.
 D

ow
nl

oa
de

d 
by

 T
ai

yu
an

 U
ni

ve
rs

ity
 o

f 
T

ec
hn

ol
og

y 
on

 4
/2

1/
20

22
 8

:0
6:

12
 A

M
. 

View Article Online

https://doi.org/10.1039/d1cy01631h


Catal. Sci. Technol., 2022, 12, 2542–2554 | 2551This journal is © The Royal Society of Chemistry 2022

the Cu monolayer loaded on Mo2C(001) significantly
increases the selectivity to DMO.

3.4. General discussion

Different exposed terminations of β-Mo2C(001) have different
results for the formation of DMO, and when different
exposed terminations are loaded with the same Cu
monolayer, the results of the catalytic CO oxidation coupling
reaction are also different. The surface of β-Mo2C(001)–C is
severely deformed during the reaction and has no catalytic
activity for the preparation of DMO by the gas phase method,
and in other reactions such as synthesis gas conversion and
NH3 dissociation, it is believed that only the metal end has
catalytic activity.67,68 For β-Mo2C(001)–Mo, according to the
adsorption results of related species, there are three pathways
for DMO formation, and the COOCH3–COOCH3 coupling
pathway is preferred to generate DMO. The energy barrier of
the rate determining step is 209.9 kJ mol−1, which is much
higher than the activation energy needed to form DMO on
the surface of Pd(111).20 Furthermore, the process of DMC
formation on β-Mo2C(001)–Mo has been studied, and an
energy barrier of 176.8 kJ mol−1 needs to be overcome.
Compared with the formation process of DMO, the main
product of β-Mo2C(001)–Mo is DMC. Therefore, β-Mo2C(001)–
Mo is not suitable for the CO oxidative coupling reaction
because of its poor activity and selectivity. When different
exposed terminations are loaded with the same Cu
monolayer, CuML/Mo2C(001)–Mo is considered to have no
good catalytic activity for DMO generation due to the high
energy barrier of the first elementary reaction. Meanwhile,
CuML/Mo2C(001)–C needs to get over the energy barrier of
144.3 kJ mol−1 to generate DMO through path 1, which is
much lower than the 197.0 kJ mol−1 required to generate
DMC. In addition, the calculation results of the microscopic
kinetics also show that CuML/Mo2C(001)–C has an excellent
selectivity for the formation of DMO. The activation energy of
producing DMO is 23.7 kJ mol−1 higher than that on
Pd(111),20 but there is no precious metal Pd in the catalyst,
which can greatly reduce the reaction cost.

The Cu monolayer supported on Mo2C(001) can
significantly affect the adsorption performance of the
reaction species on Mo2C(001). Therefore, the adsorption
configuration and adsorption energy of the reaction species
involved in the DMO generation on β-Mo2C(001)–Mo, CuML/
Mo2C–Mo and CuML/Mo2C–C are further compared (Fig. 9).

On β-Mo2C(001)–Mo, when the adsorbed molecule contains
O atoms, it is very tightly bound to the catalyst surface. OCH3

is adsorbed on the catalyst surface through the O atom, and
the adsorption energy of the most stable adsorption site is as
high as 384.5 kJ mol−1. When COOCH3 and OCCOOCH3

molecules are adsorbed on the surface of β-Mo2C(001)–Mo,
different from their adsorption on Pd(111), the O atoms in
the molecule form a bond with the catalyst surface, and the
adsorption energy is also higher than 300 kJ mol−1. The
product DMO also forms a bond with the surface of the
catalyst, which is a typical chemical adsorption, which is not
conducive to its desorption from the surface of β-Mo2C(001)–
Mo. Due to the strong adsorption capacity of β-Mo2C(001)–
Mo to the participating species, they are closely bound to the
catalyst and cannot easily migrate during the reaction
process, so it is necessary to overcome the large reaction
energy barrier to generate the target product. The study of
Wan et al. showed that Mo2C had high oxygen binding
energy,69 and the selection of Cu with low carbon/oxygen
binding energy for modification can significantly reduce the
oxygen affinity of Mo2C, thereby regulating the selectivity of
glycerol hydrodeoxygenation. When the Cu monolayer is
loaded on the different exposed terminations of β-Mo2C(001),
the adsorption energies of the species participating in the
reaction on CuML/Mo2C(001)–Mo and CuML/Mo2C(001)–C
decrease significantly, and the adsorption energy of CO
decreases from 188.3 kJ mol−1 on β-Mo2C(001)–Mo to 95.3 kJ
mol−1 on CuML/Mo2C–C and 116.2 kJ mol−1 on CuML/Mo2C–
Mo. The adsorption energies of the most stable adsorption
sites of OCH3, COOCH3 and OCCOOCH3 on β-Mo2C(001)–Mo
are 384.5, 322.3 and 387.5 kJ mol−1, respectively, while those
on CuML/Mo2C(001)–C are 261.2, 213.6 and 193.8 kJ mol−1,
and those on CuML/Mo2C(001)–Mo are 294.8, 226.8 and 187.2
kJ mol−1, which are much lower than those on β-Mo2C(001)–
Mo. The adsorption energy of the related species after
loading the Cu monolayer is reduced by 89.7 kJ mol−1 at least
and 200.3 kJ mol−1 at most. The product DMO is chemically
adsorbed on β-Mo2C(001)–Mo, while on CuML/Mo2C(001)–Mo
and CuML/Mo2C(001)–C, it is physically adsorbed, which is
easier to desorb from the surface.

After Mo2C(001) is loaded with the Cu monolayer, the
optimal path, activity and selectivity of DMO generation will
change. Comparing the CO oxidative coupling reaction process
on β-Mo2C(001)–Mo and CuML/Mo2C(001)–C, it can be seen that
there are three reaction paths due to the stable existence of
OCCO on β-Mo2C(001)–Mo, while there are only two reaction

Table 5 The formation rates (s−1) and selectivity to the product (375 K ≤ T ≤ 415 K)

375 K 385 K 395 K 405 K 415 K

β-Mo2C(001)–Mo DMO 7.81 × 10−40 2.08 × 10−38 4.70 × 10−37 9.10 × 10−36 1.52 × 10−34

DMC 1.02 × 10−42 3.18 × 10−41 8.33 × 10−40 1.86 × 10−38 3.57 × 10−37

S (%) 99.9 99.8 99.8 99.8 99.8
CuML/Mo2C(001)–C DMO 7.56 × 10−14 3.32 × 10−13 1.36 × 10−12 5.18 × 10−12 1.85 × 10−11

DMC 6.78 × 10−26 7.89 × 10−25 8.11 × 10−24 7.45 × 10−23 6.16 × 10−22

S (%) 100 100 100 100 100
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paths on CuML/Mo2C(001)–C, because OCCO will decompose
into two CO molecules when adsorbed on CuML/Mo2C(001)–C.
High adsorption energies of key species on β-Mo2C(001)–Mo
lead to a large activation energy for DMO formation, while
CuML/Mo2C(001)–C weakens the adsorption of the participating
species, which makes the CO oxidative coupling reaction easier
and enhances the reaction activity. Not only that, different from
β-Mo2C(001)–Mo, CuML/Mo2C(001)–C also shows better
selectivity for the formation of product DMO. The calculation
results of Han et al.19 showed that the Cu(111) surface could not
produce the product DMO because the appropriate transition
state structure cannot be obtained in the last elementary
reaction of DMO formation. However, on CuML/Mo2C(001)–C,
Mo2C(001) enables the DMO generation process on the Cu
monolayer to occur, and the Cu monolayer weakens the
adsorption energy of the participating species on Mo2C(001),
and the synergistic effect between Mo2C(001) and the Cu
monolayer enables the CO oxidative coupling reaction to occur.

The d-orbital state densities of the Mo monolayer on
β-Mo2C(001)–Mo, Cu monolayer on CuML/Mo2C(001)–Mo and
CuML/Mo2C(001)–C, and Pd monolayer on Pd(111) are further
studied (Fig. 10); there are four obvious peaks (a, b, c and d)
in the d-orbital state density of the Pd monolayer, while the
Mo monolayer on β-Mo2C(001)–Mo has two obvious
characteristic peaks at the corresponding positions a and d
in Pd(111), and the d-orbital state density of the Mo
monolayer on β-Mo2C(001)–Mo overlaps a large part of the
d-orbital state density of the Pd monolayer on Pd(111), which
may be the reason why β-Mo2C(001)–Mo has noble metal
properties in specific catalytic reactions. The d-orbital state
density of the Cu monolayer on CuML/Mo2C(001)–Mo is very
local, and there is only a sharp peak, while the d-orbital state
density of the Cu monolayer on CuML/Mo2C(001)–C has
characteristic peaks corresponding to the four peaks on
Pd(111). Although the positions of the peaks are very close,
the heights of the peaks are different. Based on the position

of the peak and the coincidence degree with the d-orbital
state density of the Pd monolayer on Pd(111), the d-orbital
state density of the Cu monolayer on CuML/Mo2C(001)–C is
most similar to that of the Pd monolayer on Pd(111), which
is also the reason why the activity and product selectivity to
DMO are similar to those on the Pd(111) surface.

4. Conclusions

In order to find a catalyst that can replace the precious metal
Pd used in DMO formation, the oxidative coupling of CO on
Mo2C with noble metal properties and Mo2C supported Cu is
studied, and the effects of different exposed terminations of
Mo2C and Cu monolayers loaded on different exposed
terminations on the catalytic performance are investigated. Only
the metal termination of Mo2C has catalytic activity for CO
oxidation coupling, and the generation of DMO is more inclined

Fig. 10 The d-orbital state density of the Mo monolayer over
β-Mo2C(001)–Mo, Cu monolayer over CuML/Mo2C(001)–Mo and CuML/
Mo2C(001)–C, Pd monolayer over Pd(111). a–d represent four obvious
peaks of d-orbital state density of Pd monolayer over Pd(111).

Fig. 9 Comparison of adsorption energies of different species participating in the CO oxidation coupling reaction on β-Mo2C(001), CuML/
Mo2C(001)–Mo and CuML/Mo2C(001)–C.
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through the COOCH3–COOCH3 coupling path which needs to
overcome the activation barrier of 209.9 kJ mol−1, but the main
product is DMC which shows poor selectivity to DMO. After
loading the Cu monolayer at the different terminations of Mo2C,
the synergistic effect between the Cu monolayer and Mo2C(001)–
C makes CuML/Mo2C–C suitable for the CO oxidative coupling
reaction; the Cu monolayer can weaken the adsorption
capacity of Mo2C(001) on oxygen-containing species, and
Mo2C(001) enables the formation of DMO on the Cu
monolayer. Although the activity of CuML/Mo2C(001)–C is
slightly lower than that of Pd(111), it maintains good product
selectivity, while the activity of DMO formation on CuML/
Mo2C–Mo is poor. Further analysis of the d-orbital state
density of the topmost metal monolayer shows that the
d-orbital state density of the Cu monolayer on CuML/Mo2C–C
is most similar to that of the Pd monolayer on Pd(111), which
is also the reason why its DMO formation activity and
product selectivity are most similar to those of Pd(111).
Although the activation energy for DMO formation on CuML/
Mo2C(001)–C is only 23.7 kJ mol−1 higher than that on
Pd(111), CuML/Mo2C(001)–C does not contain noble metals
in the catalyst, which can reduce the reaction cost, and is
expected to be an alternative catalyst for the formation of
DMO instead of the noble metal Pd.
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