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ARTICLE INFO ABSTRACT

Keywords: High-efficiency and low-cost Pd-based catalyst is of vital importance toward CO oxidation to dimethyl oxalate
Pdyi/Ag(111) (DMO). Here, we design Pd monolayer, Pd stripe and Pd single atom embedded on Ag(111) surfaces, i.e. Pdyy/
PdsAgs/Ag(111) Ag(111), Pd,Ags/Ag(111) and Pd;-Ag(111), to investigate the effect of different content of Pd atoms in Ag

Pd;-Ag(111)
CO oxidation to dimethyl oxalate
DFT combined with micro-kinetic analysis

substrate toward DMO formation. The density functional theory (DFT) calculation illustrates that the optimal
pathway to produce DMO is two COOCHj3; intermediates coupling route on three catalyst surfaces, which is the
same to the Pd(111) surface, showing that it has no influence on the favorable route of DMO formation.
Additionally, the DFT combined with micro-kinetic analysis indicates that Pd;-Ag(111) exhibits the highest
activity for DMO generation, Pdyy; /Ag(111) is superior to Pd(111), while Pd4Agg/Ag(111) is inferior to Pd(111).
Among them, the high activity on the Pd;-Ag(111) is attributed to strain effect and ligand effect both reducing
activation barrier of the rate-controlling step. Moreover, Pd;-Ag(111) shows high selectivity for DMO, whereas it
is opposite on the Pdy;/Ag(111). Therefore, it is proposed that Pd;-Ag single atom surface alloy can be the
promising candidate not only improving the noble Pd’s catalytic performance for DMO formation but also re-

ducing its usage.

1. Introduction

Dimethyl oxalate (DMO) is one of the most important chemicals
produced worldwide, and an essential raw material in the highly effi-
cient production of ethylene glycol (EG) [1-3]. In past decades, DMO
was mainly produced by oxidative carbonylation of methanol, carbon
monoxide and oxygen under PdCl,-CuCl, catalysts, however the entire
reaction was proceeding in the liquid phase, which led to many dis-
advantages such as catalyst deactivation, equipment corrosion and so
on [4]. In order to solve these problems caused by liquid phase, the gas
phase coupling method to produce DMO has been developed via in-
troducing methyl nitrite (CH;ONO, MN) as a key agent in recent years
and getting more and more attention, where the introduced CH3ONO is
a well-known unstable substance and susceptible to be dissociated to
generate OCH;3 and NO [5,6]. Among them, the OCHj3 groups can be
catalyzed with Pd-based catalysts to generate DMO [7,8], and the NO is
easily desorbed to proceed non-catalytic regeneration of CH3;ONO
[9,10], which can be expressed by the equations, respectively: 2CO +
2CH30 — (COOCHj3), and 2CH30H + 2NO + 1/205, — 2CH30NO +

H,0. The entire reaction process of DMO formation via gas phase
method is environmentally friendly and highly efficient.

Pd has been demonstrated to be the sole metal that exhibits re-
markable catalytic performance for gas-phase method to synthesize
DMO, whose (111) plane has been also identified to be the master ac-
tive surface [11]. However, the large-scale industrial application of gas-
phase method is hindered owing to high Pd amount in the industrial
catalyst and expensive Pd cost [12]. In view of this, it is imperative to
lessen Pd usage in the precondition of its outstanding catalytic perfor-
mance. As well known, the relatively cheaper metals have been widely
used as the substrates to synthesize bimetallic catalysts with low Pd
dosage and extraordinary catalytic performance [13-16].

More recently, the study of experiment shows that Ag can be as the
fine carrier, of which price is lower than that of Pd, and surface Ag
atoms can be selectively etched to offer sites for Pd deposition [17].
Wang et al. [18] prepared Pd/CNTs and Pd-on-Ag/CNTs through the
atomic layer deposition (ALD) approach for the reaction of formic acid
oxidation and found the catalytic activity of Pd-on-Ag/CNTs was higher
than that of Pd/CNTs. The electron interaction between the Ag carrier
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and the Pd active component reduced the adsorption energy of CO over
Pd-on-Ag/CNTs, thereby enhancing its anti-deactivation performance.
The selective hydrogen production by formic acid dissociation on Pd/
Ag(111) has been studied by DFT calculation, and it was found that the
layer numbers of the supported Pd was different, and the selectivity
toward hydrogen production was also different. When the Pd layer
number on Pd/Ag(111) was the monolayer, the binding degree of key
intermediates (HCO and HCOO) to the surface was reduced, thereby
enhancing the selectivity of hydrogen formation [19]. And, Pd/Ag in-
terface alloy has been experimentally prepared by Pd deposition on the
Ag(111) surface [20-23]. Besides, Tedsree et al. [24] synthesized a
bimetallic catalyst with a thin layer of Pd supported on Ag nano-
particles by liquid phase reduction method. The result of atomic probe
tomography showed that the bimetallic nanoparticles possessed a well
core-shell structure. The activity toward the dissociation of formic acid
on Ag@Pd was much higher than that on pure Pd, which was due to the
electron action between Ag carrier and Pd. Besides, the Ag(111) surface
doped with a trace amount of Pd atoms in the surface layer has been
studied toward CO oxidation reaction by DFT calculation, which was
further compared with Ag(111) and Pd(111) surfaces. It was found that
the energy barrier of CO oxidation reaction was the lowest on the Pd-
Ag/Ag (111) surface. This was because the adsorption of CO on the Pd-
Ag/Ag(111) surface was weak chemical adsorption and easy to be ac-
tivated; while it was physical adsorption on the Ag (111) surface, which
was easy to be desorbed; and it was strong chemical adsorption on Pd
(111) and difficult to be activated [25]. Additionally, Li et al. [17]
prepared Ag@PdAg catalyst by inserting a small amount of Pd atoms
into Ag nanoparticles by selective deposition etching method. The core-
shell structure could facilitate the electron resolve of the adsorbed H
atoms, thus promoting hydrogen evolution reaction. Its catalytic ac-
tivity was 14 times that of conventional Pd catalysts. The strategy of
embedding the noble metal Pd in the Ag carrier improves the catalytic
performance and reduces the catalyst cost. And, Ag@PdAg catalyst has
been demonstrated that possessed much higher catalytic performance
than PdAg alloy and pure Pd catalysts [26]. Reducing the amount of Pd
atoms to the limit, that is, isolated Pd atoms are doped in Ag substrate
to form Pd;-Ag single atom surface alloy. Aich et al. [27] adopted a wet
impregnation method to ember a small amount of Pd atoms into the Ag
carrier, the analysis result by EXAFS showed that Pd had been in-
dividually dispersed in the Ag nanoparticles forming the Pd;-Ag single
atom surface alloy, when the concentration of doped Pd atoms was
below 0.01 wt%. Compared with the pure Pd, Pd;-Ag single atom alloy
exhibited higher activity of acrolein hydrogenation.

As mentioned above, Pd/Ag, Pd-Ag/Ag and Pd;-Ag bimetallic cat-
alysts showed outstanding catalytic performance toward specific che-
mical reactions [17-19,24-27]. However, there has been no related
research about synthesis of DMO from CO oxidation on these catalysts.
Nowadays, computation-designing high performance catalysts has been
increasingly receiving recognition and attention [13,28-32]. Thus, in
this study, the DFT method united with micro-kinetic analysis is em-
ployed to research DMO synthesis via CO oxidation on Pd monolayer,
Pd stripe and Pd single atom embedded in Ag(111) which represent
different content of Pd atoms in Ag substrate, in order to obtain a low
Pd content but excellent catalytic performance of Pd-Ag bimetallic
catalysts.

It is known that the extraordinary catalytic performance of bime-
tallic catalysts can be ascribed to the united strain effect and ligand
effect, in which strain effect arises from the tension or compression of
stress induced by carrier metal to doped metal as well as ligand effect
refers to charge change of doped metal caused by substrate metal
[33-37]. And, the DFT calculation has been used to investigate the
effects of strain and ligand on formic acid dissociation to hydrogen over
the Pd/Ag(111) surface, and it was found that the ligand effect caused
by electron transfer between Ag carrier and Pd had main influence on
selective hydrogen production by formic acid dissociation, and strain
effect resulted from different lattice constants of Ag and Pd had less
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impact on it [19]. However, it is still unclear that how strain and ligand
effect impact DMO synthesis over Pd monolayer, Pd stripe and Pd single
atom embedded on Ag(111), which remains to be clarified.

2. Methods and models

All the DFT calculations presented in this work were executed with
Vienna Ab-initio Software Package (VASP) [38,39] utilizing exchange-
correlation functional of GGA-PBE [40]. The interaction of electron-ion
has been depicted by Projector-augmented wave (PAW) approach
[41,42]. The k-point mesh being (3 X 2 X 1) and cutoff energy of
400 eV were employed to sample Brillouin zone and expand plane wave
basis, respectively. Self-successive iteration was thought to be con-
verged for the optimization of geometry structure when force change
and energy difference were below 0.03eV-A™! and 1 x 10 eV, re-
spectively. Additionally, the transition state (TS) was obtained by
adopting the CI-NEB (climbing-image nudged elastic band) [43,44]
combined with dimer approach [45,46] till the force difference was
below 0.05eV-A~!, and further identified by confirming that there
existed a sole imaginary frequency on the reaction coordinate.

The zero-point energy (ZPE) is considered to correct the electronic
energy, and determined by

ZPE= Y, L
o1 2 (€)]
where h stands for Planck constant, and u; reprensts real frequency.

Additionally, activation energy of E, and reaction energy of AE are
calculated as

Ey = Ers — Eis 2)
and
AE = Eps — Eis 3

where Ejs denotes the energy of initial state, Erg means that of transi-
tion state, and Egg represents that of final state. The rate constant of
each step can be obtained by the harmonic transition state theory (TST)

[47]:
3N hofS
ke T I, 1 - eXP(—,qTT)] (_Ea)
= = Xp
RT

k h 3IN-1 hvs ¢
Hizl [1- eXP(—k}TT)] 4

as presented in Table 2, where kg is on behalf of Boltzmann con-
stant, and T refers to temperature, as well as v}> represents real fre-
quencies of initial state and v{® is that of transition state.

The calculated lattice parameters of Pd and Ag are 3.955 and
4.153 A, and constant with the experimental ones (Pd, 3.900 [48]; Ag,
4.086 A [49]). The pure Ag(111) surface is firstly modeled via con-
structing a three layers of 3 X 4 x 1 supercell. Then, Pd monolayer, Pd
stripe and Pd single atom-embedded Ag(111) are built by displacing
monolayer Ag atoms, four striped Ag atoms and single Ag atom with Pd
atoms on surface layer of Ag(111), i.e. Pdy;/Ag(111), Pd,Agg/Ag(111)
and Pd;-Ag(111). The same method has been used to construct Pdyy/
Cu(111), Pd4Cug/Cu(111) and Pd;-Cu(111) to represent Cu substrate
doped by Pd monolayer, Pd stripe and Pd single atom [7,50]. And, the
bottom one layer is kept frozen while the other layers with adsorbates
are approved to completely relax (Fig. 1).

Additionally, the vacuum layer of 10 A is set so as to prevent the
periodic interaction of repeated slabs. Here, the vacuum layer refers to
the region added to the surface of catalyst slab model, and its thickness
is from the surface of the slab model to the bottom of another periodic
slab model in the vertical direction. Moreover, to verify the selected
vacuum thickness of 10 A is sufficient for the calculated system, the
activation barrier and reaction energy of the first elementary step
(CO + OCHj3; — COOCHj3) on Pdy;/Ag(111) at the vacuum thickness of
15 A are calculated, and compared with that at the vacuum thickness of
10 A. The results indicate that the corresponding activation barrier and
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Fig. 1. The surface morphologies of Pdy;/Ag(111), Pd4Ags/Ag(111) and Pd;-Ag(111) surfaces. Dark cyan and silver white balls denote Pd and Ag, respectively. * The

previous study [50].

reaction energy are 28.9 and -63.5 kJ/mol at the vacuum thickness of
15 A, which is very consistent with 26.4 and -63.1 kJ/mol at the va-
cuum thickness of 10 A, implying that there exists little influence on
activation barrier and reaction energy with the vacuum thickness in-
creases.

To demonstrate the sufficiency of the selected cutoff energy
(400 eV), the activation barrier and reaction energy of three elementary
steps in the COOCH3;-COOCH; coupling path on the Pdyy/Ag(111)
surface at the cutoff energy of 550eV are calculated, and further
compared with those at the cutoff energy of 400 eV, respectively. The
results show that the activation barrier and reaction energy of each
elementary step are 27.8 and -63.1kJ/mol, 93.9 and 40.7 kJ/mol,
118.8 and -2.4kJ/mol at the cutoff energy of 550 eV, respectively,
which are very close to the values of 26.4 and -63.1 kJ/mol, 96.0 and
41.3kJ/mol, 116.7 and -3.6 kJ/mol obtained at the cutoff energy of
400 eV, respectively, intimating that the activation barrier and reaction
energy do not change very much when the cutoff energy increases from
400 to 550 eV. Therefore, taking account the calculation efficiency, the
selected cutoff energy (400 eV) is considered to be sufficient and sui-
table for the calculated systems.

And, the influence of dipole correction on the energy barrier and
reaction energy of the first elementary step (CO + OCH3; — COOCH3)
on Pdy;/Ag(111), Pd4Ags/Ag(111) and Pd;-Ag(111) has been studied.
The results show that the corresponding energy barrier and reaction
energy are 27.2 and -66.0 kJ/mol on Pdyy;/Ag(111), 35.0 and -18.5kJ/
mol on Pd4Ags/Ag(111), 1.8 and -44.1 kJ/mol on Pd;-Ag(111), which
are very close to the values of 26.4 and -63.1, 34.2 and -20.3, 0.6 and
-44.3kJ/mol obtained without dipole correction, respectively, in-
dicating that there exists little difference for the results when the dipole
correction is added into system. Thus, dipole correction is ignored in
the work. The same treatment approach has been adopted in previous
study due to little impact of the dipole correction [7,51,52].

3. Results and discussion

3.1. Catalytic activities of DMO production on Pdy;;/Ag(111), Pd,Ags/Ag
(111) and Pd;-Ag(111)

The initial reactant of CH;ONO is a well-known unsteady substance
and easily inclined to be decomposed to produce OCHj; radical [5,6],
thence DMO generation can be thought to start with OCHj; radical in
the following study. According to different types of C—C bond coupling,
the pathways of DMO formation can be divided into three, as presented
in Scheme 1. However, the results indicate that OCCO intermediate
formed by the coupling of two CO in Path3 is very unsteady over these
catalyst surfaces and readily breaks down into two CO. The calculated
energy barrier E, and reaction energy AE that are related with the
process of CO oxidation to DMO on Pdy;/Ag(111), Pd,Ags/Ag(111)
and Pd;-Ag(111), have been listed in Table 1.

In addition, to demonstrate whether pure Ag substrate can catalyze
this reaction or not, the Ag(111) surface has been studied for DMO
synthesis. The preliminary steps (CO + OCH3 — COOCH3, CO + CO —
OCCO) are firstly studied. The reaction of DMO synthesis is thought not
to happen when the preliminary step cannot be proceeded. The results

RO 3 DMC + CO Side-product

Pathl CO + OCH;——3=COOCH;——2Th

WzCOOC H3W> DMO

OCH
Path2 CO + OCH;—g—#=COOCH;— 5= 0CCOOCH; —=*3DMO

OCHj; OCH
Path3 CO + CO ——=—3 OCCO —z—= OCCOOCH;—z—3DMO

Scheme 1. Proposed reaction paths [8] for DMO synthesis via CO oxidation.
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Table 1

The obtained energy barrier E, and reaction energy AE (kJ-mol ') related with
the process of CO oxidation to DMO on Pdy;/Ag(111), Pd4Ags/Ag(111) and
Pd;-Ag(111).

Surface Elementary reactions E, AE
Pdy; /Ag(111) CO + OCH; — COOCH; 26.4 —-63.1
COOCH3; + CO + OCH3 — 2COOCHj3 96.0 41.3
2COOCH3 — (COOCH3), 116.7 -3.6
COOCH3; + CO — OCCOOCH3; 135.1 96.9
OCCOOCH3 + OCH3 — (COOCH3), 33.4 —95.2
COOCH3; + CO + OCH3 — DMC + CO 59.5 -107.8
Pd4Ags/Ag(111) CO + OCH; — COOCH3 34.2 -20.3
COOCH3; + CO + OCH3 — 2COOCHj3; 31.6 —-30.4
2COOCH3 — (COOCH3), 122.6 0.7
COOCH; + CO — OCCOOCH3 156.6 96.1
OCCOOCH; + OCH; — (COOCH3), 30.9 -92.0
COOCH3; + CO + OCH3 — DMC + CO 266.3 11.1
Pd;-Ag(111) CO + OCH; — COOCH3 0.6 —44.3
COOCH; + CO + OCH3 — 2COOCHj; 42.7 -11.8
2COOCH; — (COOCH3), 54.6 —-57.7
COOCH; + CO — OCCOOCH3 93.8 5.6
OCCOOCH;3; + OCHj3 — (COOCH3), 31.0 -74.3
COOCH3; + CO + OCH3; — DMC + CO 97.5 —-34.1
Pd(111)* CO + OCH; — COOCH3 38.1 —25.6
COOCH; + CO + OCH3 — 2COOCHj; 52.5 -17.5
2COOCH3 — (COOCH3), 120.6 53.6
COOCH3 + CO — OCCOOCH3 160.1 117.0
OCCOOCH3 + OCH3 — (COOCH3), 31.2 —43.2
COOCH; + CO + OCH3 — DMC + CO 153.5 -110.8

2 The previous study [50].

show that when the structure of transition state is searched for
CO + OCH3 — COOCH3;, it appears to be severely deformed and de-
viates from the lowest energy route, resulting in that the structure of
transition state cannot be obtained, which implies that the step does not
happen. For example, the structures of transition states for CH hydro-
genation to CH, cannot be obtained on Cusg and Cuss clusters, which
indicates that the reaction of CH to CH, does not take place [53]. Ad-
ditionally, the preliminary step of CO + CO — OCCO does not also
occur, which is because OCCO intermediate is readily resolved to two
CO over the Ag(111) surface. Therefore, it can be obtained that DMO
synthesis does not happen over the pure Ag(111) surface.

3.1.1. Catalytic activity of DMO production on the Pdy;/Ag(111)

On the Pdy;/Ag(111), Pathl originates from co-adsorption of OCH3
and CO, in which OCHj3 and CO occupy on two neighbor top sites and
the corresponding energy of co-adsorption is -214.7 kJ-mol ~!, seen in
Fig. 2. Hereafter, OCH3 assaults CO to produce the key intermediate of
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COOCHj; through the transition state TS1, and the energy barrier is
26.4 kJ'mol ~ ! with reaction energy being -63.1 kJ-mol ~?, as well as the
distance of C1---02 is shortened from 3.575 to 2.186 A in TS1. The
generated COOCHj; intermediate binds to Pd top site, then the other CO
and OCH; are adsorbed at two adjacent fcc sites, respectively. The
second COOCHj3; can be subsequently generated through the adsorbed
OCH; attacking CO, accordingly bringing about the formation of
COOCH;-COOCH; intermediate, and activation barrier is 96.0 kJ-mol ~!
via TS2 together with endergonic energy being 41.3 kJ'mol ~*, as well
as the distance of C3---O4 is shrunk to 1.996 in TS2 from 3.160 A. Fi-
nally, the formed COOCH;-COOCH; is self-coupled to generate the
target product DMO by TS3, and corresponding activation energy is
116.7 kJ'mol ! with the reaction heat being -3.6 kJ'mol ~ . This step is
thought to be the rate-controlling step in Pathl, and its activation en-
ergy is below those (120.6 and 132.2 kJ'mol 1) on Pd(111) and Pdyy;/
Cu(111) [50]. Therefrom, for the catalytic activity in Pathl to produce
DMO, Pdy;/Ag(111) is stronger than Pd(111) and Pdyy/Cu(111).

With regard to Path2, based on generated COOCHj3 intermediate in
the first step, the other CO is adsorbed at bridge site, afterwards
COOCHj; approaches CO to generate OCCOOCHj; intermediate through
TS4, and the reaction heat is 96.9 kJ'mol ~! with the activation barrier
being 135.1kJmol 1. Lastly, OCH; binds to the bridge site and ap-
proaches the OCCOOCH; intermediate to produce final product DMO
by TS5, and the corresponding activation and reaction energy are 33.4
and -95.2 kJ'mol ~ !, respectively. It can be obtained that the second step
of COOCH;3 + CO — OCCOOCHj3; is speed-determining in Path 2, and its
energy barrier is rather bigger compared to that of Pathl (135.1 VS
116.7 kJ'mol ~ '), thereupon Path1 is the favorable route on the Pdyy/
Ag(111).

3.1.2. Catalytic activity of Pd4Ags/Ag(111) toward DMO formation
Inspired by the previous work that Cu substrate doped by Pd stripe
or Pd single atom could improve the catalytic performance for DMO
formation [7], Ag substrate doped by Pd stripe or Pd single atom is
constructed in the work and studied for CO oxidation to DMO, obser-
ving whether the selectivity can be improved with the further reduction
of Pd amount. On the Pd4Ags/Ag(111) surface, for the first step of
CO + OCH3; — COOCH; in Pathl, the initial reactant of OCH3 and CO
adsorb at Ag-Pd-Ag fcc and Pd top sites, subsequently OCHj is activated
to assault CO forming the COOCH3; intermediate through TS1, as shown
in Fig. 3, and it needs an energy barrier being 20.3 kJmol ™! and is
exothermic by 34.2kJmol~'. In addition, the distance of C1---02 is
diminished from 3.577 to 2.066A in TS1. Starting with the co-ad-
sorption of COOCH3, CO and OCHjs, the second COOCH3 is generated
via TS2, bringing about the generation of COOCH;3-COOCHj3, which has

Table 2
The rate constant (k, s~ ') for each step.
375K 385 K 395 K 405 K 415K

Pdyi/Ag(111) k; 2.21 x 108 2.77 x 108 3.43 x 108 4.20 x 108 5.10 x 108
ko 5.95 x 107! 1.35 x 10° 2.93 x 10° 6.12 x 10° 1.24 x 10!
ks 5.50 x 107° 1.47 x 10~4 372 x 1074 9.01 x 104 2.09 x 1073
k4 1.02 x 107° 3.18 x 107° 9.32 x 107° 2.59 x 107° 6.87 x 107°
ks 7.60 x 108 1.02 x 10° 1.34 x 10° 1.74 x 10° 2.24 x 10°
ke 8.71 x 10° 1.44 x 10* 2.33 x 10* 3.68 x 10* 5.69 x 10*

Pd,Age/Ag(111) ks 7.49 x 10° 9.94 x 10° 1.30 x 107 1.68 x 107 2.14 x 107
k2 1.20 x 108 1.56 x 108 2.01 x 108 2.55 x 108 3.20 x 108
ks 6.50 x 1077 1.74 x 107° 4.43 x10°° 1.08 x 10™° 2,50 x 107°
k4 1.45 x 107° 5.42 x 107° 1.90 x 1078 6.25 x 1078 1.94 x 1077
ks 1.45 x 108 1.88 x 108 2.42 x 108 3.06 x 108 3.83 x 10°
ke 6.65 x 10°% 6.36 x 10722 5.43 x 10~ 4.17 x 102 2.90 x 1071

Pd;-Ag(111) ks 7.04 x 10*? 7.14 x 10*? 7.24 x 10*2 7.33 x 10*? 7.42 x 10'?
ko 1.71 x 10° 2.44 x 10° 3.41 x 10° 4.69 x 10° 6.36 x 10°
ks 2.83 x 10° 451 x 10° 7.01 x 10° 1.07 x 10° 1.59 x 10°
k4 2.70 x 10° 5.98 x 10° 1.28 x 10! 2.62 x 10! 5.19 x 10*
ks 2.61 x 10° 3.35 x 10° 4.25 x 10° 5.32 x 10° 6.60 x 10°
ke 2.44 x 1071 5.61 x 1071 1.23 x 10° 2.61 x 10° 5.33 x 10°
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Fig. 2. The energy diagram toward DMO formation with corresponding configurations on the Pdy;/Ag(111).

the barrier being 31.6 kJ-mol ~! and reaction energy of -30.4 kJ-mol .
Ultimately, the product DMO can be synthesized via the self-coupling of
COOCH;3-COOCH; intermediate, and barrier energy is 122.6 kJ-mol !
via TS3 with reaction energy being 0.7 kJ-mol ~*.

In terms of Path2, the generated COOCHj3 in the first step connects
with CO to generate OCCOOCH; intermediate by TS4 with the reaction
energy of 96.1 kJ-mol ~! and barrier being 156.6 kJ-mol ~*. The distance
of C1--C3 is shortened to 1.904A in TS4 from 4.573A. Finally,
OCCOOCH;3; attacks OCHj3 to form DMO via TS5 together with the re-
action energy of -92.0 kJ'mol ~ ! and activation energy of 30.9 kJ-mol ~*.
In summary, the rate-controlling steps in Pathl and Path2 are R3 and
R4 with the activation energy being 122.6 and 156.6 kJ-mol ™%, re-
spectively, implying Path1 is the advantageous route to form DMO.

3.1.3. Catalytic activity for DMO production on the Pd;-Ag(111)

Based on the study of DMO generation over Pdy;/Ag(111) and
Pd,Ags/Ag(111), minimizing the usage of Pd noble metal to the limit,
Pd single atom-embedded on the Ag(111), i.e. Pd;-Ag(111), is con-
structed and investigated toward CO oxidation to DMO. As presented in
Fig. 4, OCH; and CO firstly bind to Ag-Pd-Ag hcp and Pd-Ag bridge sites
together with the exothermic energy of 228.7 kJ'mol~!, then OCHj

assaults CO to generate COOCHj3 intermediate by TS1 with distance of
Cl1.--02 being 2.129 A, which is with the activation energy of
0.6 kJ'mol ™! and exothermic heat of 44.3 kJ-mol ~'. Subsequently, the
COOCH;3-COOCHj; intermediate can be formed with the other COOCH3
generation by TS2, and the barrier energy of 42.7 kJ'mol ' and exo-
thermic energy of 11.8 kJ-mol ™! are wanted in this step. Finally, DMO
is generated via the COOCH;3-COOCH; intermediate self-coupling, and
the relevant barrier energy is 54.6 kJmol ! though TS3 with the re-
action energy of -57.7 kJ-mol ™.

With respect to Path2, the OCCOOCH; intermediate is generated
through COOCH; attacking CO with the TS4 with the activation and
reaction heat of 93.8 and 5.6 kJ'mol ™}, where distance of C1---C3 in
TS4 is 1.991 A. Then, OCCOOCH; connects with OCH; to produce DMO
via TS5, and the reaction heat is -74.3 kJ'mol ! with activation barrier
being 31.0 kJ-mol ~'. To sum up, R3 and R4 are identified to be the rate-
determining in Pathl and Path2 together with the barriers of 54.6 and
93.8 kJ'mol "', showing the Pathl is the predominant route.

Additionally, it can be obtained that Pd,-Ag(111) is advantageous to
Pdy;./Ag(111), Pd4Ags/Ag(111) and Pd(111) in terms of the catalytic
activity toward DMO generation by comparing the energy barriers
(54.6, 116.7, 122.6 and 120.6 kJ-mol ™ 1) of the rate-controlling steps in
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the advantageous route, as shown in Figs. 2-4. It is because the ad-
sorption stability of the reactive species determines the difficulty degree
in its activation, where the adsorption energy of COOCH3-COOCH;3 on
Pd;-Ag(111) is the most weakest (-281.0 kJ-mol ™), compared with that
(-343.8 and -337.5kJmol™") on Pd;Agg/Ag(111) and Pdy;/Ag(111),
thereby resulting in that the activation energy barrier is the lowest.
Generally, when the reaction species on the catalyst possesses moderate
weaker chemisorption energy, its activation energy barrier would be
lower. For example, Zhang et al. [54] studied CO oxidation reaction on
Pd;Au, PdigAu,, Pdi,Aus and Pd;gAu, alloy surfaces, where the ad-
sorption energy of the reactive species of CO-O on these catalysts were
-520.1, -447.7, -398.5 and -330.9 kJ-mol™, respectively. As a result, the
corresponding activation barriers were 85.9, 70.4, 33.8 and
20.3 kJmol™?, respectively. Additionally, the similar study of CO oxi-
dation reaction on Pd and Pd-Ni-Pd catalysts also obtained that the
adsorption energy of CO-O was relatively weaker (-511.4 vs
-463.1 kJ'mol!), and the corresponding activation energy barrier was
lower (67.5 vs 53.1 kJ'mol!) [55].

COOCH;3+CO

The diagram of potential energy toward DMO formation together with related configurations over the Pd4;Ags/Ag(111).

3.2. Comparison of DMO and DMC generation

Apart from the study of DMO production, the side-product dimethyl
carbonate (CH30COOCH3, DMC) formation has also been investigated.
DMC is generated via COOCHj intermediate attacking OCH; based on
co-adsorption of COOCH3, OCHj; and CO, in which the influence of CO
on DMC generation is premeditated due to redundant CO in the realistic
reaction [11]. It is found that the energy barrier (59.5 kJmol~1) of
DMC formation is lower than that (116.7 kJmol™ ') of 2COOCH; —
DMO in advantageous pathway on the Pdy;/Ag(111), which indicates
that DMC synthesis is strikingly better than DMO generation, yet DMO
is much more advantageous to be generated on the Pd;Agg/Ag(111)
and Pd;-Ag(111) via the comparison of the activation barriers (122.6
versus 266.3, 54.6 versus 97.5) of rate-controlling step in dominate
pathway of DMO and DMC formation, as presented in Fig. 5. Thus, the
DMO (main product) is much more favorable to be synthesized than the
DMC (side-product) over Pd4Ags/Ag(111) and Pd;-Ag(111), while it is
opposite on the Pdy; /Ag(111).
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As a result, Ag substrate doped by Pd stripe can improve the se-
lectivity for DMO formation, while the activity is slightly decreased.
And, Ag substrate doped by Pd single atom not only improves the se-
lectivity for DMO formation but also greatly enhances the activity.
More excitingly, the catalytic performance for DMO formation on Ag
substrate doped by Pd single atom is also far superior to that on Cu
substrate doped by Pd stripe or Pd single atom [7].

3.3. Micro-kinetic analysis

Based on the analysis of above energy barrier results, it can be ob-
tained CO + CH;0 — COOCH; + (CO + OCHs) — 2COOCH; — DMO
is the dominate path to synthesize DMO on these surfaces, in which
2COO0OCH3; — DMO is the rate-controlling step. In the light of activation
barrier of the rate-controlling step, it can be acquired that Pd;-Ag(111)
displays the highest activity for DMO formation, Pdy;/Ag(111) is
slightly superior to Pd(111), while Pd4Ags/Ag(111) is a little inferior to

Pd(111), as presented in Fig. 6.

For the purpose of further grasp the activity and selectivity of DMO
formation at the realistic condition, the micro-kinetic analysis [56-59]
based on transition state theory is executed by considering the factors of
temperatures and pressures (T: 375—415K, Pco: 280kPa, Pchsono:
200 kPa) in experiment [11]. Firstly, the adsorption processes of initial
reactants (CO and OCHs) are postulated to be in the state of equilibrium
and the corresponding equilibrium constants (K) are obtained in light of
the formulas (5), (6), which is listed in Table 3. Secondly, the coverage
of species can be calculated via the formulas (7)-(11) based on steady-
state approximation theory, as presented in Table 4. Lastly, the pro-
duction rate of DMO and DMC can be acquired by the following ex-
pressions:

oMo = k3 QCZOOCH3 + ks@occoocks Gochs a2

and
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fome = keBcoocn; Bocs (13)
respectively, which is exhibited in Table 5.
K= exp[_(AEads — T (Sadsorbate — Sgas))/RT] (5)
N hv; hv, eXP(_thiT)
S=RZ —ln(l—exp(— l))+—‘—Bhv_
i=1 ks T kgT1 — eXP(—kB'T) 6)

where AE,4s and S,gsorbate denote the adsorption energies and entropies
of CO or OCHj; over catalyst surfaces, additionally, Sg,s means the gas
phase entropy [60].

8co = PeoKco6* ()

(€))

Bocr; = Pocmy Kocr, 6*

Bcoocts: decg% = kaBocu Bco + kefocn; Bco — ksOooc,
— k46coocn; Oco — keOcoocr; Ooca; = 0 9)
Boccoocns: DOoccooen _ k48coocr; Oco — ksBoccoocr; Gocn; = 0
dt (10)
8co + ocn; + Bcoocn; + Boccoocn; + 68 =1 an

Among these, the coverage calculation is executed on basis of taking
the coverage of entire surface being 1. On the Pd;-Ag(111) surface, the
entire surface refers to Pd single atom and other Ag atoms, and each
atom (Pd or Ag) is regarded as one site. The similar micro-kinetic model
has been applied to other single atom surface alloys catalytic reactions
[61-64]. Zhou et al. [61] adopted density functional theory calcula-
tions and micro-kinetic model to study hydrodeoxygenation of phenol
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Fig. 6. The energy diagram for 2COOCH3; — DMO, the rate-controlling step of
the favorable route for DMO formation.

on Ni-based bimetallic single atom surface alloys denoted as M@Ni
(111) (M = Sc, Ti, V, Cr, Mn, Fe, Co, Mo, W, and Re), where phenol was
adsorbed on M atom and adjacent Ni atoms, and the sum of the cov-
erage of adsorbed species and free adsorption sites was considered to
being 1 on entire surface.

In the study, it can be known that the DMO generation rate is in the
order of Pd;-Ag(111) > Pdyy/Ag(111) > Pd(111) > Pd,Ags/Ag(111),
as presented in Table 5. Additionally, the formation rate about DMO is
far-off superior to that about DMC over Pd;-Ag(111) and Pd;Ags/Ag
(111), while the generation rate about DMO is smaller than that about
DMC over Pdy;/Ag(111). Accordingly, it is found that only Pd;-Ag
(111) surface possesses both outstanding activity and selectivity for
DMO production. The similar micro-kinetic analysis was employed to
obtain that activity and selectivity toward DMO production over Pdy;/
Cu(111), Pd4Cug/Cu(111) and Pd;-Cu(111) [7,50].

3.4. Respective role of strain and ligand effect toward catalytic activity of
DMO formation

The unusual catalytic performance of bimetallic catalysts is well-
known attributed to the combination of strain and ligand effect. The
strain effect emerges from the tension or compression of strain origi-
nating from carrier to doped metal, as well as the ligand effect appears
from the transfer of charge between carrier and doped metal [33-37].
On the Pd;-Ag(111) surface, the strain effect refers to the tensile strain
caused by doping a smaller Pd atom into a larger Ag lattice. And, the
strain area on the Pd;-Ag (111) surface only refers to around the Pd
single atom, where the reaction of CO oxidative coupling to DMO is
proceeded. The similar studies about strain effect on the single atom
surface alloy has been reported in the previous theoretical and ex-
perimental work [65-69]. Thirumalai et al. [65] has studied the reac-
tions of nitric oxide dissociation and acetylene hydrogenation to ethy-
lene on Pd;-Au and Pd;-Ag single atom surface alloy by using density
functional theory calculations, found that the activity of these catalysts
was enhanced in comparison with that of pure Pd, and further obtained
that it was due to the tensile strain effect caused by adding a single
atom of Pd to Au and Ag surfaces.
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The average bond length between Pd and neighboring atoms on the
optimized Pd(111), Pdy;/Ag(111), Pd4;Ags/Ag(111) and Pd;-Ag(111)
are measured and the values are 2.797, 2.847, 2.878 and 2.903 A, re-
spectively, showing that Ag carriers result in the stretch of average
bond length between Pd and neighboring atoms, which is so-named
strain effect, and the corresponding strain values (&) are 1.8 %, 2.9 %
and 3.8 %, respectively. Additionally, the average charge polarization
(Ao) between surface Pd atoms with Ag carrier metal on Pdy;/Ag(111),
Pd,Ags/Ag(111) and Pd;-Ag(111) are acquired via Bader charge ana-
lysis, of which the values are -0.06, -0.16, and -0.20 e, respectively,
displaying the charge transfer from Ag substrates to surface Pd, which is
so-called ligand effect. But the admixture of strain and ligand eff ;ect
covers the essential cause of activity change of bimetallic catalysts.
Thereupon, it is indispensable to segregate strain and ligand effect in
order to understand relative influence toward activity.

Considering computation efficiency, the rate-controlling step of
2COOCH; — DMO that decides the activity of DMO generation, is se-
lected to research the impact of strain and ligand on the activity of
Pdy;/Ag(111), Pd4Ags/Ag(111) and Pd;-Ag(111). In reference to
former study [7,70,711, the relative effect of strain (AE,S") and the
ligand (AE,"#%%) as well as combined effect (AE,*°™"®) can be ex-
pressed as the following formulas (14)—(16), where E,*™"~M g Pd anq
E,’"M mean the activation energy on strained monometallic Pd(111)
surface, that on the Pd(111) surface, and that on Pdy;/Ag(111),
Pd4Ags/Ag(111) or Pd;-Ag(111), respectively. For example, E, 5" ~M,
E.?4 and E,9™M (115.0, 120.6 and 116.7 kJ'mol ™) on the Pdy; /Ag(111)
are firstly acquired via DFT calculation, then AE,STain, AE, "84 and
AE,°mbined (.5 6 1.7 and -3.9 kJ'mol™) can be acquired via the formulas
(14)-(16).

AE:train - E:train-M _ E;’d (14)
A Egigand — E;d-M _ Eastrain-M 1 5)
AEacombined - AE;train_i_AEaligand (1 6)

As presented in Fig. 7, strain effect lessens energy barrier and ligand
effect raises it on the Pdyy/Ag(111), however it is reverse on the
Pd4Ags/Ag(111), where strain effect is superior to ligand effect, thereby
leading to the activity improved on the Pdy;./Ag(111) but fallen on the
Pd,Ags/Ag(111). Additionally, strain and ligand effect both subside the
barrier on the Pd;-Ag(111), therefore extremely enhancing the activity
for DMO generation. The same means has been applied to interpret the
relative role of strain and ligand effect toward activity of DMO for-
mation on the Pdy;/Cu(111), Pd4Cug/Cu(111) and Pd,-Cu(111) [7,50].

4. Conclusions

In this work, CO oxidation to DMO has been investigated over Pdyy/
Ag(111), Pd4Ags/Ag(111) and Pd;-Ag(111) by DFT calculation in
conjunction with micro-kinetic model, so as to obtain a dilute Pd con-
tent of Pd-Ag bimetallic catalysts under the premise of maintaining the
catalytic performance. The results indicate that the favorable route to
DMO generation is CO + CH30 — COOCH3; + (CO + OCHj3) —
2COOCH3; — DMO over three catalyst surfaces, where the 2COOCH3 —
DMO is the rate-controlling step. The combined energy barrier and

Table 3
The adsorption equilibrium constants of CO and OCH3,
375 K 385 K 395 K 405 K 415K
Pdy/Ag(111) Kco 1.95 x 10'? 7.47 x 10! 3.00 x 10! 1.26 x 10 5.52 x 10'°
Kochs 1.92 x 10° 8.05 x 108 3.53 x 108 1.62 x 10° 7.68 x 107
PdAge/Ag(111) Kco 6.86 x 10° 2.84 x 10° 1.23 x 10° 5.57 x 10® 2.62 x 108
Kocns 3.08 x 10'° 8.72 x 10'° 2.63 x 10%° 8.40 x 10'* 2.84 x 10**
Pd;-Ag(111) Kco 6.73 x 10° 2.77 x 10° 1.19 x 10° 5.37 x 108 2.51 x 108
Kochs 5.64 x 10'® 1.43 x 108 3.87 x 10%7 1.12 x 10" 3.44 x 10%°
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Table 4
The surface coverage for each species.
375K 385 K 395 K 405 K 415K
Pdyi/Ag(111) o* 7.13 x 107 223 x 1071 6.60 x 1071° 1.85 x 10 '8 491 x 10718
Oco 3.83 x 107° 5.04 x 107° 6.53 x 107° 8.36 x 107° 1.06 x 10~*
Oocns 2.79 x 1072 3.34 x 1072 3.96 x 1072 4.65 x 1072 5.42 x 1072
Ocoocns 9.72 x 1071 9.67 x 1071 9.60 x 1071 9.53 x 1071 9.46 x 101
Boccoocts 1.80 x 10718 455 x 10718 1.10 x 10~ 2.54 x 1077 565 x 1077
Pd4Ags/Ag(111) 0% 2.08 x 1072¢ 8.70 x 1072 3.38 x 10~ % 1.23 x 10™2* 4.20 x 10724
Oco 3.99 x 101 6.93 x 10711 1.17 x 107 1° 1.92 x 10~ 1° 3.07 x 10710
Bochs 1.28 x 1074 1.52x 1074 1.78 x 10™* 2.07 x 1074 238 x 1074
Ocoochs 1.00 x 10° 1.00 x 10° 1.00 x 10° 1.00 x 10° 1.00 x 10°
Ooccoocrs 3.12x 107 1.32 x 107 516 x 10723 1.90 x 10~ %2 6.54 x 10722
Pd;-Ag(111) o* 7.37 x 10 2.90 x 102 1.07 x 10™2 3.68 x 10 % 1.19 x 10722
6co 1.39 x 107° 2.25 x 107° 3.57 x 107° 5.53 x 107° 8.38 x 107°
Oocus 8.31 x 1071 8.28 x 1071 8.26 x 107! 8.23 x 1071 8.21 x 1071
Ocoocus 1.69 x 107! 1.72 x 107! 1.74 x 107! 1.77 x 107! 1.79 x 107!
Boccoocts 2.92 x 1071¢ 8.35 x 1071¢ 2.26 x 10715 5.84 x 1071° 1.44 x 1074
Table 5
The rates (s~ 'site™ ') of DMO and DMC generation.
375K 385 K 395 K 405 K 415K
Pdy;/Ag(111) DMO 5.20 x 10°° 1.37 x 1074 3.43 x 1074 8.20 x 10”4 1.87 x 1072
DMC 5.72 x 10° 6.14 x 10° 6.54 x 10° 6.91 x 10° 7.27 x 10°
Pd4Ags/Ag(111) DMO 6.50 x 1077 1.74 x 107° 4.43 x 107° 1.08 x 10™° 2.50 x 107°
DMC 8.52 x 10°% 9.64 x 1072° 9.64 x 102 8.61 x 10~* 6.91 x 10~
Pd;-Ag(111) DMO 8.11 x 10° 1.33 x 10* 2.13 x 10* 3.34 x 10* 5.11 x 10*
DMC 3.43 x 1072 7.98 x 102 1.78 x 107! 3.80 x 1071 7.85 x 1071
Pd(111)* DMO 472 x107° 1.29 x 107° 3.35x 107° 5.31 x 107° 1.98 x 104
DMC 4.02 x 10714 2.45 x 10712 1.11 x 10712 4.02 x 10712 6.04 x 10712
2 The study in Ref [50].
Surface Charge Polarization, Ac (e) down the expense.
-0.20 -0.15 -0.10 -0.05 0.00 0.05
T T T T
CRediT authorship contribution statement
20 1 —20
Pd,Ag/Ag(111)
5 Pd_/Ag(111) Bingying Han: Conceptualization, Data curation, Formal analysis,
—.:a‘ ) oy = Validation, Writing - original draft. Lixia Ling: Conceptualization, Data
E 0 ¥ o Y7 H0 g curation, Formal analysis, Funding acquisition, Investigation,
- =d.! - . . . . .
2 ! 172 PdThgll) 2 ethodology, Project administration, Resources, Software, Validation,
=2 ! Pd(111) 2 Methodol p t ad tration, R Software, Validat
£ | |-28.9 ’ w18 1 E Writing - review & editing. Riguang Zhang: Supervision, Funding ac-
=20 37 l: Pd Ag /Ag(111) 120 ;« quisition. Ping Liu: Writing - review & editing. Maohong Fan: Writing
- - review & editing. Baojun Wang: Investigation, Methodology,
! - .. .. . . . o e
! RaFaedLl) Software, Supervision, Writing - review & editing, Funding acquisition.
-40- 4-40 . .
40 Pd -Ag(111) Declaration of Competing Interest
1 1 1 1
4.0 3.0 2.0 1.0 0.0 -1.0 The authors declare that they have no known competing financial
Strain, & (%)

Fig. 7. The relative effect of strain and ligand toward the rate-controlling step,
2COOCH3; — DMO.

micro-kinetic results display the activity toward DMO generation is in
order of Pd;-Ag(111) > Pdy/Ag(111) > Pd(111) > Pd,Ags/Ag(111).
Additionally, the influence of strain and ligand on activity of Pd-Ag
bimetallic catalysts has also been probed into, it is found that strain
effect lowers energy barrier and ligand effect enhances it on the Pdy;/
Ag(111), while it is opposite on the Pd4Ags/Ag(111), where strain ef-
fect is prevail than ligand effect, thereby resulting in the activity in-
creased on the Pdy;/Ag(111) while decreased on the Pd,Ags/Ag(111).
On the Pd;-Ag(111), strain and ligand effect both reduce barrier, thus
significantly increasing the activity toward DMO formation. And, the
high DMO selectivity appears on the Pd;-Ag(111), whereas the opposite
phenomenon happens on the Pdy;/Ag(111). Therefore, it is suggested
to attempt the Pd;-Ag single atom surface alloy experimentally to en-
hance the catalytic performance toward DMO synthesis and whittle
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