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CO oxidative coupling to dimethyl oxalate (DMO) on Pd(111), Pd—Cu(111) and Pd-Al(111) surfaces was
systematically investigated by means of density functional theory (DFT) together with periodic slab models
and micro-kinetic modeling. The binding energy results show that Cu and Al can be fine substrates to
stably support Pd. The favorable pathway for DMO synthesis on these catalysts starts from the formation
of two COOCHs5 intermediates, followed by the coupling to each other, and the catalytic activity follows
the trend of Pd—-Al(111) > Pd(111) > Pd-Cu(111). Additionally, the formation of DMO is far favorable than
that of dimethyl carbonate (DMC) on these catalysts. The results were further demonstrated by micro-
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1. Introduction

Coal to ethylene glycol (CTEG)" ™ as a new EG synthesis technology
has attracted substantial attention because of its green and atomic
economy, which can greatly enhance the efficient and clean
utilization of coal resources. CO oxidative coupling to dimethyl
oxalate (DMO) is the crucial step in the realization of the conver-
sion of inorganic C1 to organic C2 in CTEG,® and it is considered
to be one of the most important applications in C1 chemistry. This
process includes two major chemical reactions: (1) DMO synthesis:
2CO + 2CH;ONO — (COOCH;), + 2NO; and (2) CH;ONO
regeneration: 2NO + 2CH3;OH + 1/20, — 2CH3;ONO + H,O.
Among these, CH;ONO can easily dissociate into NO and
OCH; on palladium-based catalysts,””® the generated NO can
desorb directly’ and react quickly with methanol and oxygen to
form CH3;ONO without any catalyst,’® and the generated OCH;
initiates the reaction of CO oxidative coupling to form DMO on
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of high-efficient and low-cost Pd-based bimetallic catalysts.

palladium-based catalysts.” The overall chemical process is an
environmentally friendly technology with mild reaction conditions
and low energy consumption. In addition, lots of CO exhausts from
steelmaking plants, coke oven, vehicles, etc., cause serious environ-
mental pollution and resource waste. Therefore, CO oxidative
coupling to DMO can not only sufficiently utilize the CO exhausts
to produce valuable chemicals, but also effectively reduce environ-
mental pollution.

Palladium-based catalysts have been proved to be promising
and effective catalysts for CO oxidative coupling to DMO,”"™*8
which exhibited high activity, selectivity and stability, and the
exposed (111) facet was identified as the active plane in
catalysis."* However, Pd metal is too expensive for the com-
mercial application, and the Pd loading of industrial catalysts
for CO oxidation to DMO is still relatively high at 2 wt% (the
state of the art), resulting in a great increase in the cost of
production. Moreover, the shortage of noble metal resources is
more and more serious in the world along with their large
consumption in various industrial catalysts and the jewellery
industry. Thus, how to reduce the amount of Pd catalyst and
keep or improve its catalytic performance for this process is an
urgent problem.

Bimetallic catalysts'®>” have attracted tremendous attention
due to their electronic and chemical properties distinct from
those of monometallic ones, which provide the opportunities to
develop novel catalysts with increased activity, selectivity, and
stability through lattice strain,®® ligand,>® geometric,'*>*>*
electronic,'>** or bifunctional®® effects. Additionally, bimetallic
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catalysts can also show promise of replacing noble metal catalysts
with enhanced catalytic performance, but low-cost catalysts which
are composed of noble and cheap metals.?®** As for bimetallic
catalyst synthesis, a variety of solution-based synthetic methods
have been established, which include co-reduction, thermal decom-
position, seeded-growth, galvanic replacement reaction, and the
noble-metal-induced-reduction (NMIR) strategy.”>

More recently, it has been reported that Pd-based bimetallic
catalysts have been widely studied experimentally and theoretically,
such as Pd-Fe,**** Pd-Mg,*® Pd-Ag,*” Pd-Ni,*® and Pd-Co,*® where
the noble metal Pd generally occupies surface layers with cheap
metals as substrates, in order to increase their catalytic activities by
the synergistic effect and reduce the cost of the catalysts. In
addition, Cu and Al, which are much cheaper than Pd, have also
been widely considered to be substrates to synthesize Pd-based
bimetallic catalysts. For example, Kyriakou et al’® studied the
selective hydrogenation of styrene and acetylene on Pd atoms
deposited on the Cu(111) surface and found it exhibited high
activity compared with pure Cu or Pd metal alone. Additionally,
Cu@Pd/C core-shell bimetallic catalysts were synthesized using an
aqueous method and showed excellent activity and stability toward
formic acid oxidation (FAO) than Pd/C.*' The experimental results
were further demonstrated using DFT calculations, where Cu@Pd
bimetallic catalysts were modeled by Pd monolayers placed on the
top of the Cu(111) surface, indicating that the Pd-Cu(111) surface
could well reflect the catalytic performance of Cu@Pd bimetallic
catalysts toward FAO. And, Pd-based bimetallic catalysts with Cu,
Al, Mn, Zn, Fe, Sn, and Mg were synthesized by depositing Pd onto
these metal substrates, to explore the influence of metal substrates
on hydrodechlorination reactivity of 2-chlorobiphenyl.** Among
these catalysts, Pd-Al bimetallic catalysts presented the highest
stability and relatively high reactivity. Al was also proved to be a fine
metal substrate to support tiny Pd, which exhibited a high catalytic
performance to biodegradable phenol.** Additionally, the strong
interaction between monolayer Pd and Al substrates was attributed
to the hybridization of the Pd d orbital and Al p orbital.**™*® The
adsorption of halogen (Cl, Br and I) was studied on Pd-M(111)
surfaces, where the palladium monolayer was deposited on M(111)
surfaces (Me = Cu, Au or Pt).*’ It was found that the adsorption
energies of halogen atoms depended roughly linearly on the d-band
centers of substrates. Additionally, a novel core-shell Al;;@Pt,,
bimetallic catalyst was developed to increase Pt utilization for the
oxygen reduction reaction in fuel cells using DFT calculations.*
The results showed that the Al;@Pt,, cluster possessed high
catalytic activity, and the Pt atoms at the edge sites were effectively
activated by Pt-Al bonds, greatly increasing its utilization efficiency.
Moreover, it also exhibited excellent cluster stability because of the
strong orbital hybridization of the p band of the Al;; core and the d
band of the Pt,, shell, which indicated that the Al,; core can exist
stably without being oxidized in catalysis. These types of DFT
calculations, coupled with parallel experimental efforts, will offer
fruitful opportunities for the rational design of bimetallic catalysts
that are low in cost and that exhibit a high catalytic performance.

As mentioned above, Pd-Cu or Pd-Al bimetallic catalysts
exhibited excellent catalytic activity and stability for chemical
reactions,”** however, there are few systematic and comparative
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studies about DMO synthesis on Pd-Cu and Pd-Al bimetallic
catalysts. Besides, the microscopic mechanism about controlling
the catalytic performance of the catalysts is still unclear. Therefore,
in this work, we carried out a systematic study using DFT together
with periodic slab models and micro-kinetic modeling to investi-
gate CO oxidative coupling to DMO over Pd(111), Pd-Cu(111) and
Pd-Al(111) surfaces. It is expected that the study can provide a good
clue for designing a high-efficient and low-cost Pd-based bimetallic
catalysts for DMO synthesis.

2. Methodology and models

All the calculations were performed using the Vienna ab initio
simulation package (VASP),°»*? in which the electron-ion
interactions were expressed using the projector-augmented
wave (PAW) method.>>* The generalized gradient approximation
(GGA) with Perdew-Burke-Ernzerhof (PBE)>® was used to describe
the exchange-correlation energies and potential. A plane wave
basis set with a cutoff energy of 400 eV and a (3 x 2 x 1) k-point
grid generated with the Monkhorst-Pack scheme were found to
give converged results. The atomic structures were relaxed using
the conjugate gradient algorithm as implemented in the VASP code
until the electronic energy and forces on all unconstrained atoms
became less than 1 x 107° eV and 0.03 eV A", respectively.
Transition states were located by combining the climbing-
image nudged elastic band method (CI-NEB)>**” and the dimer
method,”®* where a linear interpolation between reactant and
product states was used to find saddle points between the known
reactants and products for all NEB calculations, and the initial
guess for the transition state structure was optimized using the
dimer method. In this study, the forces for all atoms of the
optimized transition state structure using the dimer method were
less than 0.05 eV A~ The transition states were further confirmed
using vibrational frequency calculations, in which only one imag-
inary frequency was obtained at the saddle point.

The lattice constants calculated for bulk Pd, Cu and Al are
3.955, 3.623 and 3.992 A, respectively, which are in good
agreement with the experimental values (Pd, 3.891; Cu, 3.615;
Al, 4.049 A).°° The pure Pd(111), Cu(111) and Al(111) surfaces
are modeled using a three-layer supercell with dimensions of
3 x 4 x 1. In light of previous work,** Pd-Cu(111) and Pd-Al(111)
surfaces are constructed by substituting the top layer atoms of
pure Cu(111) and Al(111) surfaces with Pd atoms, which are
employed to represent the Pd monolayer supported on Cu and Al
substrates. The corresponding Pd-Pd bond lengths calculated
are 2.650 and 2.863 A, respectively, (that of pure Pd(111) is
2.797 A), indicating that the bond length of palladium is
decreased by Cu but improved by Al. The vacuum region was
set at 10 A to separate the slabs in the direction perpendicular to
the surface. During geometry optimization, the third layer is
frozen in their bulk positions, and the top two layers and species
are allowed to relax. The isolated molecules and radicals are
optimized in a large cell of 10 x 10 x 10 A. The side and top
views of Pd(111), Pd-Cu(111) and Pd-Al(111) surfaces are shown
in Fig. 1.
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Fig. 1 Side and top views of the optimized configurations of Pd(111), Pd—Cu(111) and Pd—Al(111) surfaces and the corresponding adsorption sites. Dark
cyan, orange, and violet red balls denote Pd, Cu and Al atoms, respectively. (Bond length: A)

The adsorption energy, E.qs, is defined using the following
eqn (1) and (2):

Eads = (Eslab/adsorbate — Lglab — Eadsorbate) + AZPEacls (1)
Vibrations Vibrations
hfi hfi
AZPE“‘S‘( 2 3 123
i=1 slab/adsorbate i=1 adsorbate
(2)

where Egpap/adsorbate 1S the total energy of the slab and adsorbate
system; Egp, is the energy of Pd(111), Pd-Cu(111) and Pd-Al(111)
surfaces; Eaqsorbate 1S the energy of the isolated adsorbate; AZPE, 4
refers to the zero-point vibrational energy, which is used to
calculate the ZPE correction via the vibrational frequencies (f})
for the species only including the gas phase and the adsorbed
state. This is because that compared with their large vibrational
contribution, the contribution of solid surfaces is negligible
for the large mass differences.®’ Additionally, % is Planck’s
constant.

For a reaction such as R (reactant) — P (product) on these
catalyst surfaces, the activation barrier with the zero-point
correction (E,) is calculated according to eqn (3) and (4):

Ea = (ETS - ER) + AZPEbarrier (3)

where Er and Erg are the total energies of the reactant and the
transition state, respectively, and AZPEy,cr refers to the ZPE
correction for the reaction barrier.

Vibrations Vibrations
hfi hfi
AZPEbarrier = ( Z 7f> _( Z Tf) (4)
; TS i R

i=1 i=1

The first term includes the vibrational frequencies of the
species in the TS, in which the imaginary frequency has not
been considered, and the second term includes the vibrational
frequencies of the adsorbed reactants.

The reaction energy with the zero-point correction (AH) is
calculated on the basis of the following formulas (5) and (6):

AH = (Ep — Eg) + AZPEenergy (5)

This journal is © the Owner Societies 2018

Vibrations ; » Vibrations j
i i
Aszmgy_( > 2) _< > 2) ©
i P R

i=1 i=1

where AZPEcpr,, refers to the ZPE correction for the reaction
energy, which is determined by the vibrational frequencies of
the reactants and products.

The binding energy (E,) per Pd atom is considered for the
interaction between the Pd monolayers and the bottom Pd(111),
Cu(111) and Al(111) surfaces. E}, is calculated according to

eqn (7):
Eb = (Eslab - EPd monolayer — Esubstrate]/n (7)

where Eg1ap, EPdmonolayer and Esubstrate are the total energy,
surface layer energy and bottom two layer energy of Pd(111),
Pd-Cu(111) and Pd-Al(111) surfaces, respectively (n = 12, the
number of surface Pd atoms).

The d-band center is calculated using eqn (8):°>%

_ | Epy(E)dE

= _pe(E)E ®)

&d
where pq represents the density of states projected onto the
d-band of the surface Pd monolayer of Pd(111), Pd-Cu(111)
and Pd-Al(111) surfaces and E is the energy of the d-band.

In this work, the binding energy, d-band center and the
adsorption energy of CO on Pd(111), Pd-Cu(111) and Pd-Al(111)
surfaces with three, four and five-layer are calculated to confirm
the sufficiency of the selected three-layer models. The results
indicate that the binding energies are —1.19, —1.20 and —1.22 eV
per atom on Pd(111) surfaces with three, four and five-layer,
respectively. Similarly, they are —1.32, —1.27 and —1.30 eV per
atom on Pd-Cu(111) surfaces, respectively. On the different
Pd-Al(111) surfaces, the binding energies are —2.03, —2.08 and
—2.06 eV per atom. It implies that there exists little difference in
the same catalysts with different layers. Further, d-band centers
of Pd monolayers on Pd(111), Pd-Cu(111) and Pd-Al(111) surfaces
with three-layer are compared with that on four and five-layer
models. They are —1.87, —1.89 and —1.90 eV on Pd(111) surfaces,
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—2.18, —2.23 and —2.14 eV on Pd-Cu(111) surfaces, —2.79, —2.80
and —2.83 eV on Pd-Al(111) surfaces. It can be seen that they are
close to each other on the same catalysts with different layers. In
addition, adsorption energies of CO at the top site on catalysts with
four and five-layer models (the top two layers with adsorbates are
relaxed, and the other bottom layers are fixed to their bulk
positions) are calculated. The corresponding adsorption energies
of CO are —129.9 and —126.7 k] mol " on the Pd(111) surface,
—79.0 and —76.8 k] mol " on the Pd-Cu(111) surface, —75.5 and
—73.4 k] mol ™' on the Pd-Al(111) surface, which are in good
agreement with the values of —132.0, —79.7 and —78.9 k] mol™* on
Pd(111), Pd-Cu(111) and Pd-Al(111) surfaces using three-layer
models, respectively. Therefore, considering the efficiency of calcu-
lation, three-layer models are thought to be suitable and enough for
our calculated systems.

Additionally, the stability of the constructed models is very
important to the following study. In light of previous work,™ the
stronger binding energy makes the higher dissolution resistance.
Therefore, the binding energy is employed to evaluate the stability
of Pd monolayers on Pd(111), Cu(111) and Al(111) surfaces. As
mentioned above, the binding energies are —1.19, —1.32 and
—2.03 eV per atom on Pd(111), Pd-Cu(111) and Pd-Al(111) surfaces,
which indicate that these structures are thermodynamic stable, and
Cu and Al can be fine substrates to support Pd monolayers. In order
to exactly elucidate the interaction between the surface Pd atoms and
substrates, the Bader charge analysis is executed. The results
show that the average electron transfers from substrates to surface
Pd monolayers are 0.03, 0.14 and 1.74 e on Pd(111), Pd-Cu(111) and
Pd-Al(111) surfaces, respectively. It is clear that the addition of Cu
and Al has effects on the electronic properties rather than the
geometry of ensembles, as well as the more transfer electrons and
the greater binding energy. The d-band center was also thought to
have a direct influence on binding energy.®*®® Thence, we
analyze the d-band structure of surface Pd monolayers of
Pd(111), Pd-Cu(111) and Pd-Al(111) surfaces, as shown in Fig. 2.
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Fig. 2 The PDOS of surface Pd monolayers on Pd(111), Pd—Cu(111) and
Pd—Al(111) surfaces (the vertical solid line represents the location of the d-band
centers, the vertical dotted line represents the location of the Fermi level)
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The d-band centers of surface Pd monolayers are —1.87, —2.18 and
—2.79 eV, respectively, suggesting that the d-band center is farther
away from the Fermi level, shifting to the low energy region and the
Pd monolayer is more stable.

3. Results and discussion

3.1 Adsorption of reactants, possible intermediates and
products

In this section, various possible adsorption configurations (top,
bridge, hep and fec) of reactants, intermediates, and products
are investigated in CO oxidative coupling to DMO over Pd(111),
Pd-Cu(111) and Pd-Al(111) surfaces. The corresponding
adsorption energies with the zero-point vibrational energy
(ZPE) correction are listed in Table 1 and the configurations
are shown in Fig. 3, as well as the detailed description is
discussed as follows.

CO binds to these catalyst surfaces through C atoms at top,
bridge, hep and fec sites, except that CO cannot stably exist on the
bridge site on the Pd-Al(111) surface. On the Pd(111) surface, the
corresponding adsorption energies are —132.0, —170.1, —187.4 and
—188.1 k] mol ™, respectively, which are in good agreement with the
reference values (130.8, 174.0, 190.4 and 193.3 kJ mol
respectively).”” The adsorption energies of CO are —79.7, —124.7,
—149.2 and —145.6 k] mol " at four sites on the Pd-Cu(111) surface,
and they are —78.9, —84.6, and —84.8 kJ mol " at top, hep and fee
sites on the Pd-Al(111) surface, respectively. The results show that
the adsorption energies of CO at hcp and fec sites on the same
catalyst are very close, and Pd-Cu and Pd-Al bimetallic catalysts can
decrease the adsorption strength of CO.

OCHj; is adsorbed via O atoms on the Pd(111) surface at top,
bridge, hep and fec sites, the corresponding adsorption energies are
—143.8, —157.0, —155.0 and —170.1 k] mol ™ *. Similarly, OCH; also

Table 1 The adsorption energies with the zero-point vibrational energy
(ZPE) correction of all possible species involving in CO oxidative coupling
to DMO on Pd(111), Pd—Cu(111) and Pd—Al(111) surfaces

Eads (k.] mOlil)

Top Bridge Hcep Fec
Pd(111) co -132.0 -170.1 —187.4  —188.1
OCH;3 —143.8 —157.0 —155.0 -170.1
COOCH; —198.9 —209.9 — —
OCCOOCH;  —187.9  —228.7 — —
DMO —13.6 — — —
DMC —13.0 — — —
Pd-Cu(111) CcO —-79.7 —124.7 —149.2 —145.6
OCH;3 —102.6 —100.4 —94.0 —101.4
COOCH; —162.6 —155.7 — —
OCCOOCH; —155.5 —149.2 — —
DMO —14.9 — — —
DMC —14.4 — — —
Pd-Al(111)  CO -789 — —84.6 —84.8
OCH;3 —137.5 —153.8 —162.1 —159.8
COOCH; —155.0 — — —
OCCOOCH;  —132.8 — — —
DMO —-11.3 — — —
DMC —-12.1 — — —
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Fig. 3 Adsorption configurations of all possible species involving in CO oxidative coupling to DMO on (a) Pd(111), (b) Pd—Cu(111) and (c) Pd—-Al(111)
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Fig. 5-8.

This journal is © the Owner Societies 2018 Phys. Chem. Chem. Phys., 2018, 20, 7317-7332 | 7321



Paper

connects with the four sites on Pd-Cu(111) and Pd-Al(111) surfaces,
the corresponding adsorption energies on the Pd-Cu(111)
surface are —102.6, —100.4, —94.0 and —101.4 k] mol™', as
well as those on the Pd-Al(111) surface are —137.5, —153.8,
—162.1 and —159.8 k] mol ', respectively. The results show that
the adsorption energies of OCH; at bridge and hcp sites on the
Pd(111) surface are very close. The same results have also been
obtained at top, bridge, and fcc sites on the Pd-Cu(111) surface,
and at bridge, hep and fec sites on the Pd-Al(111) surface. The
adsorption strength of OCH; on Pd-Cu(111) and Pd-Al(111)
surfaces is also decreased, except that of OCHj; at the hcp site
on the Pd-Al(111) surface.

COOCH; and OCCOOCH; only occupy the top and bridge
sites on Pd(111) and Pd-Cu(111) surfaces via C atoms, because
they are not stable at hcp and fcce sites, which easily migrate to
the bridge site. The adsorption energies of COOCH; are —198.9
and —209.9 k] mol " at top and bridge sites on the Pd(111) surface,
and they are —162.6 and —155.7 k] mol™* on the Pd-Cu(111)
surface, respectively. The adsorption energies of OCCOOCH; are
—187.9 and —228.7 k] mol " at top and bridge sites on the
Pd(111) surface, and they are —155.5 and —149.2 k] mol " on the
Pd-Cu(111) surface. Additionally, COOCH; and OCCOOCH; only
occupy the top site on the Pd-Al(111) surface through C atoms,
and the corresponding adsorption energies are —155.0 and
—132.8 kJ mol™", respectively. The adsorption energies of
COOCH; and OCCOOCH; were also decreased on Pd-Cu(111)
and Pd-Al(111) surfaces.

DMO and DMC are weakly adsorbed upon these catalysts
due to typical physisorption. The adsorption energies of DMO
are —13.6, —14.9 and —11.3 kJ mol~" on Pd(111), Pd-Cu(111)
and Pd-Al(111) surfaces, as well as the adsorption energies of
DMC are —13.0, —14.4 and —12.1 k] mol ', respectively.

From the above we can see that the addition of Cu or Al to
palladium catalysts can reduce the adsorption strength of CO,
OCHj3, COOCH; and OCCOOCH; species except that of OCH; at
the hep site on the Pd-Al(111) surface.

3.2 Reaction pathways for CO oxidative coupling to DMO on
Pd(111), Pd-Cu(111) and Pd-Al(111) surfaces

On the basis of the adsorption results, CO oxidative coupling to
DMO on Pd(111), Pd-Cu(111) and Pd-Al(111) surfaces was
studied. Since CH3;ONO can easily dissociate into the OCHj;
and NO on Pd-based catalysts,””® the dissociation of CH;ONO
will not be discussed in the following sections and the OCH;

Pathl CO + OCH; ——COOCH;—]

Path2 CO + OCH;4 —x7 > COOCH;

PCCP

radical initiates the reaction of CO oxidative coupling to form
DMO. According to previous work,” three possible pathways for
CO oxidation to DMO have been considered, namely the
COOCH;3;-COOCH; coupling route (Path1), the CO-COOCH;
coupling route (Path2) and the CO-CO coupling route (Path3),
as shown in Fig. 4. Additionally, due to the co-existence of
OCH; and COOCHy3;, the pathway for CO oxidation to dimethyl
carbonate (CH;0COOCH;, DMC) was also considered. However,
only two pathways (Path1l and Path2) are obtained on Pd-Cu(111)
and Pd-Al(111) surfaces, since the OCCO intermediate does not
stably exist.

In this work, the catalytic activity of pure Cu(111) and Al(111)
surfaces for CO oxidative coupling to DMO is firstly investi-
gated. Taking into account the calculation efficiency, the initial
and final steps of DMO formation, namely, CO interacting with
OCH; to COOCH3;, two CO coupling to OCCO, two COOCH;
coupling and OCCOOCH; interacting with OCH; to DMO on
Cu(111) and Al(111) surfaces are studied. Either the initial or
the final step cannot be occurred on Cu(111) and Al(111)
surfaces, indicating that CO oxidative coupling to DMO cannot
be proceeded. The results show that the CO-CO coupling path
does not occur, since the OCCO intermediate does not exist on
two pure surfaces. Moreover, CO interacting with OCH; needs
an energy barrier of 49.3 k] mol™" on the Cu(111) surface, but
the structure of the transition state is not obtained on the
Al(111) surface. In addition, transition states are also not
obtained for two COOCH; coupling and OCCOOCH; inter-
acting with OCH; to DMO on the Cu(111) surface. When the
structure corresponding to the change from the reactant to
product is searched, it is deformed and far away from the
minimum energy path. Therefore, DMO formation via CO
oxidative coupling cannot be carried out on pure Cu(111) and
Al(111) surfaces. Previous work®® has also indicated that the
transition state for CHCHO hydrogenation to CHCH,O cannot
be obtained, implying that the reaction of CHCHO to CHCH,O
does not take place on the Co(0001) surface.

Previous DFT calculation” and experiment results'' showed
that the linear absorption mode of CO was mainly involved in
CO oxidative coupling to DMO, because the weak chemical
adsorption implied that species could easily move on the surface.
In this work, we test the activation energies of the elementary
reactions between CO at the top site and OCHj3 at four sites, as well
as OCHj; at the top site and CO at four sites on the Pd(111) surface,
which are shown in Fig. 5. The results indicate that the activation
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————————
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€O + OCH,
—>
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- 2C00CH; —

co

OCH,
—5 - 0CCOOCH; — =3 DMO

R4
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OCH,4 OCHj,
Path3 CO +CO e > 0CCO——=» OCCOOCH;—=—®DMO

Fig. 4 Pathways of CO oxidative coupling to DMO.”
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energy of the reaction

, which is owing to their
weaker adsorption energies and shorter distance between them.
Hence, the site of the species which have the above two points is
preferred as the active site.

3.2.1 Reaction pathways for CO oxidative coupling to DMO
on the Pd(111) surface. As shown in Fig. 5, Path1 firstly starts from
the co-adsorption from CO and OCHj; to form a stable intermediate
(IS1) on the Pd(111) surface, where the adsorbed OCHj; obliquely
binds to a top site and meanwhile CO occupies the adjacent top site.
Then, the adsorbed OCH; approaches the carbon of nearby
adsorbed CO through its oxygen to form COOCH; sitting on the
top site through C atoms with a C1-O2 bond length of 1.355 A viz a
transition state TS1, where the distance between the O atom of OCHj;
and the C atom of CO decreases to 2.066 from 3.464 A in IS1.
An exothermic energy of 25.6 k] mol ' and an energy barrier of
38.1 kJ mol ! are needed in this step.

The other COOCH; formation is via a transition state TS2, as
shown in Fig. 6, which is exothermic (17.5 k] mol™") with an
energy barrier of 52.5 k] mol ™", finally leading to the formation
of two COOCHj (intermediate state, IS3). In TS2, the distance of

This journal is © the Owner Societies 2018

C3 and 04 is reduced from 3.184 to 2.077 A. Subsequently, DMO
is formed by two COOCHj3; coupling to each other on the Pd(111)
surface via a transition state (TS3), accompanied by a high energy
barrier of 120.6 k] mol™* and endothermic of 53.6 k] mol™*. In
TS3, the distance between C1 and C3 atoms of two COOCH;
shortens to 1.990 from 3.346 A in IS3. In summary, R3 is the rate-
determining step with a high energy barrier of 120.6 k] mol ™" in
Path1, which is lower than the previous DFT calculation results
(155.4 k] mol "), it is because that the co-adsorption configuration
of two COOCH; has a relatively weaker steric hindrance effects
compared with that in the literature.

Path2 also begins with the co-adsorption of CO and OCH; on the
Pd(111) surface. The first reaction step is the same as that of Path1.
In the second step, the other CO cannot be stable in the adjacent
top site due to the repulsion of COOCHj;, and migrates to the
bridge site, then COOCH; attacks CO to form OCCOOCH; with a
C1-C3 bond length of 1.542 A via a transition state (TS4),
accompanied by endothermic heat of 117.0 k] mol ' with an
energy barrier by 160.1 k] mol~'. In TS4, the C1-C3 distance
decreases to 1.867 from 4.381 A. In the last step, OCH; approaches
the carbon of OCCOOCH; to form DMO via a transition state (TS5),
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where the distance between C3 and O4 atoms shortens from 3.795
to 2.518 A. An energy barrier of 31.2 k] mol™* and an exothermic
heat of 43.2 k] mol * are needed in this process. Overall, the rate-
determining step is R4 with an energy barrier of 160.1 k] mol * in
Path2, which is higher (39.5 k] mol ) than that in Path1.

In Path3, two CO molecules are firstly adsorbed on the
Pd(111) surface, where one CO binds onto the top site and
the other CO occupies the fce site, then two CO molecules

7324 | Phys. Chem. Chem. Phys., 2018, 20, 73177332

couple to each other to form an OCCO intermediate, finally the
two OCHj; adsorbed approach the two carbon atoms of OCCO in
turn to form DMO. The process of coupling of two CO molecules
is accompanied by an activation barrier of 165.0 k] mol™* (TS6)
and a reaction energy of 153.2 kJ mol ™ *. Obviously, the energy of
the OCCO intermediate is only slightly lower (11.8 k] mol™*) than
that of TS6, that is to say, the step is easily reversible and only
when CO is pre-adsorbed and in excess, it is able to proceed to
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the right. In the following step OCH; attacks one carbon atom of
OCCO to form OCCOOCH;, which needs an energy barrier of
31.2 k] mol '. Finally, the other OCH; approaches to the
adsorbed OCCOOCH; to form DMO via TS5, which is the same
as the third step of Path2. In summary, the Path3 has a higher
C-C coupling barrier than Path1 and Path2.

As a result, the COOCH;-COOCH; coupling is the favorable
pathway for CO oxidation to DMO on the Pd(111) surface. In
addition, the mechanism of CO oxidative coupling to DMO
has also been investigated using in situ infrared spectroscopy.
The ON-Pd-COOCH; intermediate was identified and the
mechanism of DMO formation was proposed via two ON-Pd-
COOCH; intermediates coupling to each other.'> Moreover, the
Guo group! identified the CH;0CO-Pd-COOCH; intermediate
using the in situ diffuse reflectance infrared spectra, which
indicated that the CH;0CO-Pd-COOCH; intermediate quickly
formed in the intramolecular coupling, resulting in the formation
of DMO. Therefore, our DFT calculation is in good agreement with
the previous experimental results. Additionally, DMC formation
must overcome an energy barrier of 153.5 k] mol ", which is higher
than the energy barrier of COOCH;-COOCH; coupling to DMO,
indicating that it is very difficult for CO oxidation to DMC on the
Pd(111) surface. It is well consistent with the results of the in situ
DRIR spectra and space-time yield.”"*"**>

3.2.2 Reaction pathways for CO oxidative coupling to DMO
on the Pd-Cu(111) surface. Similarly, the co-adsorption of CO
and OCHj; initiates the reaction of CO oxidative coupling to
DMO on the Pd-Cu(111) surface, as shown in Fig. 7. In Path1,
the adsorbed OCH; and CO obliquely bind to the two adjacent
top site, then COOCH; is formed by the adsorbed OCHj;
through its oxygen attacking the carbon of nearby adsorbed
CO via a transition state (TS1), which is accompanied by a little
activation barrier of 15.6 k] mol " and an exothermic energy of
87.5 k] mol*. In TS1, the distance between the O atom of OCH;
and the C atom of CO shortens to 2.267 from 3.032 A in IS1.

On the basis of the adsorption of the formed COOCH3;, the
other CO is adsorbed at the adjacent fcc site through C atoms,
and the other OCH; occupies the bridge site through O atoms.
The other COOCH; is formed through a transition state TS2,
where the distance between the O atom of OCH; and the C atom
of CO decreases to 2.093 from 3.473 A. This step is exothermic by
25.7 k] mol ' with an energy barrier of 45.6 k] mol ', finally
resulting in the formation of two COOCHj; intermediates (IS3) with
a C3-04 bond length of 1.347 A. Two COOCH; coupling to DMO
with a C1-C3 bond length of 1.541 A via a transition state (TS3)
must overcome a high energy barrier of 132.2 k] mol™*, and it is
exothermic (34.1 k] mol ). In TS3, the distance between C1 and C3
atoms of two COOCH; is reduced from 3.288 to 2.026 A.

Additionally, the first reaction step of Path2 is the same as
that of Path1. The COOCH; formed attacks CO which occupies
on the fcc site to form OCCOOCH; with a C1-C3 bond length of
1.545 A. Then, OCH; which sits at the bridge site approaches
the carbon of OCCOOCH; to form DMO. The C-C coupling
process is accompanied by endothermic heat of 84.3 k] mol™"
with a high barrier by 151.5 k] mol™" (TS4), and the formation
of DMO with OCCOOCH; and OCH; must overcome a higher
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barrier of 166.1 k] mol~" and it is exothermic (130.2 kJ mol ™).
In TS4, the distance between C1 and C3 atoms of COOCH; and
CO decreases from 3.526 to 1.912 A. Moreover, the distance of
C3-04 in TS5 shortens to 2.879 from 3.661 A.

As for DMO synthesis, the rate-determining steps of Path1 and
Path2 on the Pd-Cu(111) surface are R3 and R5 with an energy
barrier of 132.2 and 166.1 k] mol ', respectively, indicating that
Path1 is a favorable pathway. However, DMC formation needs to
surmount a high barrier of 194.8 k] mol ", which indicates that it is
unfavorable for CO oxidation to DMC. Additionally, the energy
barrier of rate-determining steps of Path1l for DMO formation on
the Pd-Cu(111) surface is higher (11.6 k] mol™ ") than that on the
Pd(111) surface. Accordingly, the catalytic activity of the Pd-Cu(111)
surface is lower than that of the Pd(111) surface.

3.2.3 Reaction pathways for CO oxidative coupling to DMO
on the Pd-Al(111) surface. It is the same as that on Pd(111) and
Pd-Cu(111) surfaces, Path1 also starts from the co-adsorption
of CO and OCH; on the Pd-Al(111) surface, where the adsorbed
OCHj; is obliquely adsorbed at a top site and meantime CO
vertically binds to the adjacent top site, as shown in Fig. 8.
Then, the O atom of OCH; approaches the carbon of nearby
adsorbed CO to form COOCH; with a C1-O2 bond length of
1.368 A vig a transition state TS1, where the distance between
the O atom of OCH; and the C atom of CO decreases to 2.265
from 3.167 A in IS1. This step is exothermic with an energy of
34.8 k] mol " and a little energy barrier of 19.6 k] mol .

The other COOCHj3; is formed along I1S2-TS2-1S3, which has
an activation barrier and a small reaction energy of 38.5 and
—1.1 kJ mol ™, respectively, finally leading to the formation of
two COOCHj; (intermediate state, IS3) with a C3-O4 bond
length of 1.410 A. In 1S2, the COOCH; formed occupies the
top site through the C1 atom, CO binds to the adjacent top site
through the C atom, and OCH; occupies the bridge site through
the O atom. In TS2, the distance between the O atom of OCH;
and the C atom of CO shortens to 2.129 from 3.367 A. The
following coupling process of IS3 must surmount a high energy
barrier (96.4 k] mol™') via a transition state (TS3), and is
exothermic by 35.1 k] mol™" to DMO with a C1-C3 bond length
of 1.539 A. In TS3, the distance between C1 and C3 atoms of two
COOCH; is decreased to 2.003 from 3.528 A.

To summarize, R3 is the rate-determining step with an
energy barrier of 96.4 k] mol " in Pathl on the Pd-Al(111)
surface, which is lower (24.2 and 35.8 k] mol ™", respectively)
than that on Pd(111) and Pd-Cu(111) surfaces. As a result, the
Pd-Al(111) surface exhibits a higher catalytic activity in Path1.

The first reaction step of Path2 is just as that of Path1. The
second step is COOCHj attacks CO which obliquely occupies on
the adjacent top site to form OCCOOCH; with a C1-C3 bond
length of 1.543 A vig a transition state (TS4), where the distance
between C1 and C3 atoms decreases to 1.887 from 3.602 A. This
process is accompanied by an endothermic heat of 43.3 kJ mol *
with an energy barrier of 113.0 kJ mol . In the last step, DMO is
formed by OCH; which occupies on the fcc site attacking on
the carbon of OCCOOCH; via a transition state TS5, which is
exothermic (83.0 k] mol ") with an energy barrier of 42.0 k] mol .
In TS5, the C3-04 distance shortens from 4.417 to 2.120 A.
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In summary, the rate-determining step is R4 with an energy
barrier of 113.0 k] mol " in Path2. It is higher (16.6 k] mol ")
than that of Path1, indicating that Path1 is favorable on the Pd-
Al(111) surface. However, it is lower (47.1 and 53.1 kJ mol ,
respectively) than that of Path2 on Pd(111) and Pd-Cu(111)
surfaces, which implies that the Pd-Al(111) surface is signifi-
cantly superior to Pd(111) and Pd-Cu(111) surfaces with respect
to catalytic activity for DMO formation in Path1 and Path2. In
addition, DMC formation must overcome a high barrier of
349.1 k] mol ™, indicating that it is unable to proceed for CO
oxidation to DMC on the Pd-Al(111) surface.

3.3 Micro-kinetic modeling

On the basis of the calculated potential energy, we also take a
further step to estimate the rate of the overall reaction on each

7326 | Phys. Chem. Chem. Phys., 2018, 20, 7317-7332

system. Micro-kinetic modeling®®~”* has been widely employed
to investigate the activity and selectivity of the catalyst. For
example, Liu et al.”° have proved that the water dissociation was
faster on Au and Cu nanoparticles than their parent bulk
surfaces, which was the rate-determining step for the water-
gas-shift reaction. Additionally, it was obtained that that the
selectivity of N, is higher than that of NH; for the NO reduction
by H, on the stepped Pd(211) surface.””

In this study, the micro-kinetic modeling is implemented to
probe into the catalytic activity and selectivity for CO oxidative
coupling to DMO on Pd(111), Pd-Cu(111) and Pd-Al(111)
surfaces, where the surface coverage of all species and the
generation rate of products are obtained. As CH;ONO can easily
dissociate into OCH; and NO,”® and the generated NO desorbs
directly’ or reacts quickly with methanol and oxygen to form

This journal is © the Owner Societies 2018
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CH;0NO without any catalyst,'® the coverage of CH;ONO is not
considered, and the pressure of OCH; is approximately equal to
that of CH;ONO. All possible reaction steps for the formation of
DMO are listed in Table 2.

Rate constants for all elementary steps are calculated based
on the harmonic transition state theory (TST)”” in the following

eqn (9):

k = v;exp (;5:‘) )

where v; is the pre-exponential factor, E, is the ZPE-corrected
energy barrier, and T is the temperature. The pre-exponential
factor v; of each reaction is calculated by the following eqn (10):"®

3N hfIS
1— i
y = kT ,1;[1{ exP( kBT)]
T N hfTs
I -eo(557)

(10)
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Table 2 The related reactions and the representation of the corres-
ponding rate constant

Reaction Rate constant
CO* + OCH;* — COOCH;* k
COOCH,* + CO* + OCH,* — 2CO0CH,* + * ks
2COOCH;* — (COOCH,), + 2% ks
COOCH;* + CO* — OCCOOCH;* + * ks
OCCOOCH;* + OCH;* — (COOCH,), + 2* ks
2C0* — OCCO* + * ke
OCCO* + OCH;* — OCCOOCH;* + * &,
COOCH,* + CO* + OCH;* — DMC + CO* + 2% ks

where f'S ; are the vibrational frequencies at the initial state and
fi% are the vibrational frequencies at the transition state (excluding
the imaginary one). Additionally, kg is the Boltzmann constant.

The site balance of the intermediate species involved in the
reaction and free site (¥) can be written as follows:

Oco + Ooch, + Ocoocn, + Ooccoocn, + Oocco + 0% =1 (11)

Phys. Chem. Chem. Phys., 2018, 20, 7317-7332 | 7327
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The coverage of surface OCH; and CO is obtained by the
following formulas (12) and (13):

GOCH3 = POCHSKOCH_;@* (12)

Oco = PcoKcol* (13)

The adsorption process of OCH; and CO is also assumed to
be in equilibrium and the equilibrium constant K is estimated
according to eqn (14):

Keq = exp[—(AEq,qs — TAS)/RT] (14)

where AE,qq is the adsorption energy of OCH; and CO, respec-
tively. AS is the entropy change of OCH; and CO induced by
adsorption, respectively. It can be obtained by the following
eqn (15) and (16):””

AS = Sadsorbate - (15)

hfi
wi P (‘kB )
kgT hf;
1 —exp ( = T)

(16)

S, gas

3N nf;
S=R —In(1—exp| —2 +
> |-m(1-ow(-57))

where S,gsorbate 1S the entropy of OCH; and CO adsorbing on
Pd(111), Pd-Cu(111) and Pd-Al(111) surfaces, and S, is the gas
phase entropy. Typical experimental conditions' (Pcrono =
200 kPa, Pgo = 280 kPa and T = 375-415 K) are adopted.

The coverage of other surface species can be described
according to the steady-state approximation, where rates for

PCCP

the production and the consumption of each species were
assumed to be equal:

do
OcoocH; 1% = ki10ocu,0co + k200cn,0co — kscoocn,’
— k4Ocooch,0co — ksOcooch, 0och, =0
(17)
0 dfoccoocH,
0CCOOCH; 1 g~
= kaOcoocn,0co + k700ccolochs, (18)
— ksOoccooch; 0ocH, =0
do
focco 1% = keOco® — k10occolocn, = 0 (19)

The rate constants for all elementary steps and entropy
change of OCH; and CO in the temperature range of 375-415 K
are shown in Table 3. The favorable pathways for CO oxidation
to DMO on these catalysts are obtained from the analysis of rate
constants. The DMO formation is mainly contributed by the
COOCH;-COOCH; coupling route on these catalysts. Com-
pared with the rate constant of each elementary step in their
pathways, 2COOCH; — (COOCH;),, COOCH; + CO -
OCCOOCH; and 2CO — OCOO are the rate-determining steps
for DMO formation in Path1, Path2 and Path3, respectively,
except that OCCOOCH; + CO — (COOCH3), is in Path2 on the
Pd-Cu(111) surface. In addition, the rate constants for DMO
generation are far higher than those for DMC formation on

Table 3 The reaction equilibrium constants and rate constants k (s™%) (375 K < T < 415 K)

Equilibrium constants/rate constants

375 K 385 K 395 K 405 K 415K
Pd(111) Keo 5.50 x 10" 1.81 x 10" 6.32 x 10*? 2.32 x 10"? 8.95 x 10™
Kocn, 2.79 x 10'° 1.28 x 10'® 4.08 x 10%° 1.37 x 10*° 4.87 x 10™
ky 2.13 x 10° 2.93 x 10° 3.97 x 10° 4.59 x 10° 6.94 x 10°
k, 2.52 x 10* 3.89 x 10* 5.87 x 10* 7.16 x 10* 1.26 x 10°
ks 4.72 x 10°° 1.29 x 107° 3.35 x 107° 5.31 x 107° 1.98 x 1074
k, 1.54 x 10 ° 5.92 x 10 *° 2.12 x 10°° 3.92 x 10°° 2.27 x 1078
ks 4.03 x 108 5.28 x 10° 6.81 x 10° 7.70 x 10° 1.09 x 10°
ke 2.94 x 107! 1.17 x 107 4.32 x 107 8.12 x 10~ *° 4.91 x 107°
k, 1.49 x 10° 1.98 x 10° 2.60 x 10° 2.96 x 10° 4.30 x 10°
kg 1.43 x 107° 5.23 x 107° 1.79 x 1078 5.79 x 1078 1.77 x 1077
Pd-Cu(111) Kco 2.15 x 10° 1.10 x 10° 5.81 x 10° 3.17 x 10° 1.78 x 10°
Kocn, 1.48 x 10" 6.14 x 10 2.67 x 10 1.21 x 10*° 5.69 x 10°
ky 4.70 x 10° 5.36 x 10° 6.07 x 10° 6.83 x 10° 8.20 x 10°
ks 7.10 x 10° 1.04 x 10° 1.51 x 10° 2.14 x 10° 3.05 x 10°
ks 7.92 x 1077 2.42 x 10°° 6.98 x 10°° 1.91 x 10°° 2.71 x 10°°
ks 8.34 x 10° 3.00 x 108 1.01 x 1077 3.22 x 1077 410 x 1077
ks 1.27 x 107° 5.23 x 10~° 2.00 x 1078 7.15 x 1078 1.03 x 1077
kg 1.98 x 10~ 1.05 x 1073 5.10 x 107 2.30 x 1072 3.41 x 1072
Pd-Al(111) Keo 1.63 x 10° 8.39 x 10° 4.46 x 10° 2.45 x 10° 1.38 x 10°
Kocw, 4.35 x 10 1.35 x 10'® 4.47 x 10" 1.56 x 10*° 5.71 x 10**
ky 2.01 x 10*° 2.38 x 10" 2.79 x 10*° 3.26 x 10*° 3.77 x 10*°
ks, 1.85 x 107 2.57 x 10’ 3.51 x 10’ 4.73 x 107 6.28 x 10’
ks 6.69 x 102 1.50 x 10" 3.22 x 1071 6.66 x 10" 1.33
ks 8.13 x 10* 2.11 x 1073 5.21 x 10° 1.23 x 1072 2.79 x 1072
ks 1.06 x 10° 1.50 x 10° 2.08 x 10° 2.86 x 10° 3.85 x 10°
kg 1.24 x 107 2.47 x 107 4.22 x 1073 6.28 x 10 %° 8.21 x 10~
7328 | Phys. Chem. Chem. Phys., 2018, 20, 73177332 This journal is © the Owner Societies 2018
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Table 4 The surface coverage of different species (375 K < T < 415 K)
375 K 385 K 395 K 405 K 415 K
Pd(111) 0 5.04 x 107%7 1.83 x 107%¢ 7.60 x 107%¢ 2.53 x 107 1.07 x 107>
Oco 7.76 x 1078 9.27 x 107° 1.35 x 10~/ 1.64 x 1077 2.68 x 1077
Ooc, 2.81 x 107° 4.68 x 10°° 6.20 x 10°° 6.94 x 10°° 1.04 x 10°*
coocH, 1.00 1.00 1.00 1.00 1.00
fBoccooc, 1.06 x 107! 2.22 x 1072 6.76 x 102! 1.21 x 1072 5.33 x 1072°
occo 4.22 x 1073 1.08 x 10~ 4.86 x 10°*° 1.07 x 10728 7.88 x 10728
Pd-Cu(111) 0% 9.73 x 107% 3.46 x 107** 1.15 x 107> 3.61 x 107> 7.63 x 107>
Oco 5.87 x 10! 1.06 x 10 *° 1.87 x 10 1° 3.20 x 10 ° 3.80 x 10 °
Ooc, 2.87 x 107° 4.24 x 107° 6.15 x 10°° 8.74 x 10°° 8.68 x 10°°
Ocooct, 1.00 1.00 1.00 1.00 1.00
foccooc, 1.34 x 10°* 1.44 x 10°* 1.54 x 10 * 1.65 x 104 1.74 x 10°*
Pd-Al(111) 0 2.31 x 107 7.83 x 107 2.49 x 107*? 7.50 x 10~*? 9.18 x 10~*?
Oco 1.06 x 10~ 1.84 x 10~ 3.12 x 10! 5.14 x 10~ 6.29 x 10!
Boc, 2.01 x 107" 212 x 1071 2.23 x 107" 2.34 x 107" 2.86 x 107"
Ocooc, 7.99 x 107" 7.88 x 10" 7.77 x 107" 7.66 x 107" 7.14 x 107"
fBoccooc, 3.23 x 10°%° 9.62 x 10°2° 2.71 x 107 7.27 x 107 1.14 x 108

these catalysts, which implies that CO oxidation to DMC is
difficult.

From eqn (17)-(19), the coverage of all reactive species can
be obtained, as shown in Table 4. The results indicate that
coverage of COOCHj; is approximately equal to 0.71-1.00, and
much greater than that of other species on these catalysts,
because the other species are involved in the reactions whose
energy barriers are relatively lower, and they can be quickly
consumed. The similar results have been obtained in the
reaction of reduction of NO,”> where the micro-kinetic modeling
results indicated that NO coverage was about 0.99 owing to NO
participating in rate-determining steps, whereas the sum of the
coverage of other species was close to 0.01. In addition, the COOCHj;
coverage on the Pd-Al(111) surface is lower than that on Pd(111) and
Pd-Cu(111) surfaces. Relatively lower energy barriers of rate-
determining steps on the Pd-Al(111) surface make COOCHj; species
relatively easily participate in the following reactions.

The formation rate of one product is proportional to the
concentration of reactants and the reaction rate constant.”®
Therefore, the formation rates of DMO and DMC are expressed

as the following formula:
'pmo = k30COOCH32 + kSOOCCOOCHSOOCH3 (20)

pmc = kSQCOOCH300CH3 (21)

The formation rate of DMO and DMC in the temperature
range of 375-415 K is shown in Table 5. The results show that

the rate of DMO generation is far higher than that of DMC
formation and the selectivity towards DMO is close to 100% on
these catalysts, where the selectivity of DMO on Pd(111) surface
is in well agreement with the experiment that it is approxi-
mately equal to 100% and remains constant in the range of
375-415 K on Pd nanocatalysts dominated by the (111) facet,"" as
well as 99.6-100% at 363-413 K.” Additionally, the rate of DMO
generation follows the trend of Pd-Al(111) > Pd(111) > Pd-Cu(111),
which is in good agreement with the results of analysis of activation
energy barriers and rate constants.

3.4 General discussion

According to the above results, it is clear that the mechanism of
CO oxidation on Pd(111), Pd-Cu(111) and Pd-Al(111) surfaces
has priority to follow the COOCH;-COOCH; coupling pathway
and the catalytic activity of these catalysts abides by the trend of
Pd-Al(111) > Pd(111) > Pd-Cu(111). In Path1, the complex of
two COOCH; intermediates formed firstly, followed by the
coupling of two COOCHj; to form DMO. It is obvious that the
C-C coupling step is the rate-determining step, of which the
energy barrier on the Pd-Al(111) surface is lower (24.2 k] mol ™"
and 35.8 k] mol ') than that on Pd(111) and Pd-Cu(111)
surfaces, respectively. When CO oxidation to DMO occurs along
the Path2, it is difficult to accomplish coupling of COOCH; and
CO on these catalysts. Additionally, OCH; approaching OCCOOCHj;
also needs to overcome a higher energy barrier on the Pd-Cu(111)
surface. In Path3, OCCO is easily decomposed to adsorb CO on the

Table 5 The formation rates (s~%) of DMO and DMC (375 K < T < 415 K)

375 K 385 K 395 K 405 K 415 K
Pd(111) DMO 472 x 10°°¢ 1.29 x 107° 3.35 x 107° 5.31 x 107° 1.98 x 10°*
DMC 4.02 x 107 245 x 107" 111 x 1072 4.02 x 1072 6.04 x 10~ "2
Pd-Cu(111) DMO 7.92 x 1077 2.42 x 107° 6.98 x 107° 1.91 x 107° 2.71 x 107°
DMC 5.67 x 107%° 4.44 x 107" 3.14 x 1078 2.01 x 1077 2.96 x 107
Pd-Al(111) DMO 427 x 1072 9.29 x 10> 1.94 x 10" 3.91 x 107" 6.79 x 10"
DMC 1.99 x 107 412 x 107% 7.31 x 107% 1.12 x 107°° 1.68 x 107*°
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Pd(111) surface, therefore, the reaction is difficult to proceed to the
right. Additionally, the energy barrier for DMC formation is far
higher than that for DMO formation on these catalysts, indicating
that Pd-Cu and Pd-Al bimetallic catalysts possess high selectivity for
DMO formation. The micro-kinetic modeling is employed to probe
into the catalytic activity and selectivity of these catalysts, and the
result is in agreement with the results of energy barrier analysis.

It has been well established that catalytic activity of a
bimetallic catalyst is attributed to the strain subjected to the
surface (strain effect) and the electronic structure change of the
outermost metal caused by the substrates (ligand effect).”® "
The strain effect of substrate Cu or Al subjected to the Pd
surface, and the ligand effect of the electronic structure change
of the outermost Pd caused by the substrate lead to the change
of the catalytic activity of Pd-Cu(111) and Pd-Al(111) relative to
the pure Pd(111) surface. Therefore, we investigated strain and
ligand effects on the activation energy barrier of the rate-
determining step in a favorable reaction path on Pd-Cu(111)
and Pd-Al(111) surfaces. The strain contribution (AES™™), the
ligand contribution (AEL$"Y) and the total contribution
(AE®®™Y are defined using the following eqn (22)-(24),5%%
respectively:

AEztrain — E:train-M _ Ea(Pd) (22)
AESE™ = | (Pd-M) — ESTainM (23)
AE;Otal — AE;train + AEéigand (24)

where, ES™"™ is the activation energy barrier on the strained
monometallic Pd surface with the same lattice constant as the
corresponding Pd-M(111) surfaces; E,(Pd) and E,(Pd-M) are
activation energy barriers on Pd(111) and Pd-M(111) surfaces,
respectively. In addition, the positive value indicates that the
catalytic activity is decreased, whereas negative value shows
that it is increased.

Relative contribution of strain and ligand effects in the
activation energy barrier of 2COOCH; — DMO on Pd-Cu(111)
and Pd-Al(111) surfaces is shown in Table 6. It can be seen that
the strain effect reduces the activation energy barrier, whereas
the ligand effect increases it on Pd-Cu(111) and Pd-Al(111)
surfaces. The contribution of the strain effect is weaker than
that of the ligand effect on the Pd-Cu(111) surface, which leads
to an increase in the activation energy barrier, thereby decreas-
ing the catalytic activity for CO oxidation to DMO. The same
result was also obtained for the selective H, formation by
HCOOH decomposition. The catalytic activity of Pd-Ir(111) is
lower than that of the Pd(111) surface, in which the contribu-
tion of the strain effect (decreasing energy barrier) is weaker
than that of the ligand effect (increasing energy barrier) on the

Table 6 Relative contribution of strain and ligand effects to the activation
energy barrier (kJ mol™) of 2COOCHz — DMO on Pd—Cu(111) and Pd—
Al(111) surfaces

E;trainfM AE;train AE}:gand AE;Otal
Pd-Cu(111) 93.7 —26.9 38.5 11.6
Pd-Al(111) 71.2 —49.4 25.2 —24.2
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Pd-Ir(111) surface.*® Whereas, the contribution of the strain
effect is stronger than that of ligand effects on the Pd-Al(111)
surface for DMO formation, thereby improving its catalytic
activity.

4. Conclusions

In the present work, we combined DFT calculations and micro-
kinetic modeling to study the reaction mechanism of CO
oxidative coupling to DMO on Pd(111), Pd-Cu(111) and Pd-
Al(111) surfaces. Our DFT results show that Pd-Cu and Pd-Al
bimetallic catalysts possess high stability. Additionally, the C-C
coupling elementary reaction is the rate-determining step the
rate-determining step in each pathway on these catalysts,
except that OCH; attacking OCCOOCH; is in Path2 on the
Pd-Cu(111) surface. The favorable pathway for this process is
the COOCH;-COOCH; coupling route, and the catalytic activity
of these catalysts follows the order of Pd-Al(111) > Pd(111) >
Pd-Cu(111). Additionally, CO oxidation to DMC is difficult to
perform on these catalysts, which needs to overcome a very
higher energy barrier than for DMO formation. Furthermore,
the micro-kinetic modeling result demonstrates that the gen-
eration rate of DMO on these catalysts in the appropriate
temperature range of 375-415 K is consistent with the results
of energy barrier analysis. It can be concluded that the Pd-Al
bimetallic catalyst can effectively enhance the catalytic perfor-
mance and reduce the cost for CO oxidative coupling to DMO. It
is also believed that the insights derived from this study can
provide a clue for designing high-efficient and low-cost bime-
tallic catalysts.
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