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A novel Pd;0y@ a~Al,O; catalyst under hydroxylated effect:

high activity in CO oxidation reaction

Qiaohong Li, Yongqin Wei, Rongjian Sa, Zuju Ma and Kechen Wu’

State Key Laboratory of Structural Chemistry, Fujian Institute of Research on the
Structure of Matter, Chinese Academy of Sciences, Fuzhou 350002, PR China

ABSTRACT

Considering the importance of palladium-based and doped metal-oxide catalysts in
CO oxidation, we design a new Pd;Oy@ a-Al,O3 catalyst and simulate its efficiency
under a hydroxylated effect. The structure, electronic structure and oxidation activity
of hydroxylated Pd;Oy@ a-Al,O3(0001) surface are investigated by density functional
theory. Under the O-rich growth condition, Pd preferentially replaces Al. The lowest
formation energy of the Pd-doped a-Al,03(0001) surface is 0.21 eV in the condition
under which the coverage of the Pd-doped o~Al,O; is 0.75 on a pre-hydroxylated
surface and the water coverage is 0.25, which leads to formation of a Pd;Og cluster
embedded in the Al,03(0001) surface. The reaction mechanisms of CO oxidization
have been elucidated first by CO adsorption and migration, second by O, formation
with the first CO, release, then by the first foreign O, filling and CO co-adsorption,
and finally by the second CO, desorption and restoration of the hydroxylated
Pd;09@ a-A1,03(0001) surface. The rate determination step is the formation of the
first CO, in the whole catalytic cycle. The results also indicate that the energy barrier

for CO oxidization is obviously reduced compared to the undoped surface, which
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implies that the introduction of Pd can efficiently improve the oxidation reactivity of
the a~Al,05(0001) surface. Compared to the synthesized Ir;/FeOy (1.41 eV) and
Pt1/FeOx (0.79 eV) catalyst, the reaction activation barrier of CO oxidation is lowered
by 0.65 eV and 0.03 eV, respectively. Therefore, the Pd;O9@ a-Al,O5 catalyst shows
superior catalytic activity in CO oxidation. The present results enrich the
understanding of the catalytic oxidation of CO by palladium-based catalysts and
provide a clue for fabricating palladium-based catalysts with low cost and high
activity.

Keywords: carbon oxide, hydroxylation, palladium, a~Al,O3, DFT
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A new Pd;09@a-Al,O3 catalyst has been designed and shows superior catalytic

activity for CO oxidation.
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1. Introduction

The concept of catalytic active sites has widely gained ground in homogeneous
and heterogeneous catalysts'™. Supported metal nanostructures, the size of which is a
key factor in determining the performance of such catalysts, are the most widely used
type of heterogeneous catalyst in industrial processes™ . The low-coordinated metal
atoms in those catalysts often act as catalytically active sites. Therefore, in
heterogeneous catalysis, one of the significant targets is to explore the relationship
between the catalytic behaviour and electronic structure of the active sites to assist in
optimizing and designing a new catalyst with high activity and selectivity.

The surface free energy of metal species, as is known to all, increases rapidly
with reduction in the size of metal particles, which will facilitate the activation of
these metal species and thus generate more dangling bonds and empty d atomic
orbitals of metal species on the surface. Therefore, it is the ultimate goal and
challenge of heterogeneous catalysis to downsize the particles or clusters in the
supported noble-metal catalysts.

Substitution cation doping is not the only possibility. There is evidence that the
presence of a large collection of doped oxides. Noble metals Pt, Pd Au, and Rh
supported on conventional materials such as alumina, zirconia, ceria, iron oxide and

d> "' Zhang’s group™ '® ' ' fabricated a series of

titania have been studie
single-atom catalysts (SAC) Pt;/FeOy and Ir;/FeOy, which exhibit high activities and

significant stabilities for CO oxidation. The rate-determining step in the catalytic

cycle of CO oxidation has been reported to be the formation of the second CO,.
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Peterson et al”’ reported low-temperature carbon monoxide oxidation catalyzed by
re-generable atomically dispersed palladium on alumina, and aberration-corrected
scanning transmission electron microcopy (STEM) and X-ray adsorption
spectroscopy confirmed that isolated palladium atoms can be catalytically active on
industrially relevant y—alumina supports. Narula' and his co-workers studied Pt
atoms on a 6-Al,Os3 (010) surface and found that CO oxidation on a single Pt atom
cannot occur via a conventional Langmuir-Hinshelwood scheme (L-H scheme), which
requires at least one Pt-Pt bond. There are only a few experimental examples of
supported single-atom catalysts, whereas a host of theoretical investigations have
been reported'® '> 1 17 1921 1312 jnyestigated formaldehyde oxidation on the
Pt/TiO,(101) surface to map out the reaction network. A single Pd atom embedded in
CeOy(111) for a reaction between NO and CO was studied by Li"", who described in
detail the formation of a Pd;-O, pair and the synergetic effect between a Pd 4d
electron and the reducibility of CeO, by electronic structure analysis. Recently, Liu*
investigated the electronic structure and reactivity of Pt atoms stabilized by vacancy
defects on hexagonal boron nitride (h-BN) by first principles-based calculations, and
the barriers for CO oxidation were 0.38, 0.1 and 0.04 eV, suggesting the superiority of
PtBV as a catalyst for low-temperature CO oxidation. However, so far, little has been
reported on the Pd-doped hydroxylated a-Al,03(0001) surface. Considering the
importance of palladium-based and doped metal-oxide catalysts in CO oxidation, the
study herein focuses on simulating novel catalysts with noble metals supported on

conventional materials, which not only reduces the amount of high-priced noble ones
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in the catalyst but also improves the catalytic activity through an oxide made by
substituting a small fraction of cations in a “host oxide” with a different cation. Over
the past decade, the value of modelling doped oxide (metal/metal oxide) interactions
has been illustrated by many studies concerning the modelling of metal atoms and
nanoparticles on metal oxides®® 2% Owing to their numerous applications, Pd/Al,O;
and Pt/ALOs are the most commonly studied systems®**®. However, Pd doped on
a-Al,05(0001) with a Pd;0y cluster has been rarely considered. Several studies have
observed the adsorption of water molecules onto the a~Al,03(0001) surface because it
has been found that a clean, H-free and Al-terminated (0001) Al,O3 surface readily
reacts with water to form surface hydroxyls. In this paper, we present a detailed
comparison of the formation energy in the different doped coverage and the water
adsorbed coverage with an in-depth analysis through structures, relative stabilities,
and electronic structures of a clean and hydroxylated Pd@ a-Al,0O3(0001) surface
(denoted as hy- Pd@ a-Al,O3).

CO oxidation is of particular interest and has been extensively investigated over

2,21,29-37 and

the past 40 years, and a number of noble metals (e.g., Pt, Au, Ir, Pd, Cu)
metal oxides™ * have been identified as active catalysts for CO oxidation. Nano
Pd-based heterogeneous catalysts have been demonstrated to be active for CO
oxidation” " ***!_ Therefore, it would be of great interest to investigate the detailed
reaction mechanism of CO oxidation on a Pd@a-Al,O; catalyst. To elucidate the

nature of the binding of Pd;Oy clusters to a-Al,O3 support and the mechanism of CO

oxidation on this Pd@a~Al,O; catalyst with hydroxylation, we have performed
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extensive theoretical investigations using density functional theory (DFT) on the
possible catalytic reaction pathways of CO oxidation on the hydroxylated
Pd;09@ ~Al,O; (defined as hy-Pd;Oy9 @a-Al,O3) and the electronic structural
properties of the reactants, transition states, and intermediate products. Mulliken
charge analyses and density of states (DOS) have also been studied to evaluate the
performance of Pd;Oq@ a-Al,O; catalyst for CO oxidation. The results will enrich the
understanding of the catalytic oxidation of CO by palladium-based catalysts and
provide a basis for fabricating palladium-based catalysts at low cost and with high

activity.
2. Computational detail

Following previous work*> *, the most stable (0001) surface plane for a clean
a-Al,03(0001) surface is formed by nonpolar termination with an AI-OOO-Al repeat

pattern. Our surface is described by a 15-layer thick slab (five Al-OOO-Al repeated

patterns) with a p(2x2) configuration (Fig. 1). Without the adsorbate, the vacuum

AR o-Re,
> PR

Top view Side view

Fig. 1. Top view of the optimized stable geometry of the o~Al,03(0001) surface.
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between the slabs is set to span a range of 13 A. All atoms in the five bottom layers
are fixed to the bulk positions. The adsorbate is set on one side of the slab.
All calculations are performed according to the DFT approach using the Dmol

44,45
software package™

, which can simulate periodic systems. The generalized gradient
approximation (GGA) is adopted to describe the density functional using the
Perdew-Wang (PW91)46 functional for the exchange-correlation term. The reliability
of the method has been confirmed by previous reports regarding the adsorption on the
AlLO3 surface?® *2. The wave functions are expanded in terms of numerical basis sets.
The double-numeric quality basis set with polarisation functions (DNP* " #%) ig
adopted, which is comparable to 6-31G*****!. The numerical basis sets can minimise
the basis set superposition error’>. A Fermi smearing of 0.005 hartree is utilized, and
a Monkhorst-Pack A-point grid of size of 3x3x1 is used for structural relaxation and
TSs location. The tolerances of the energy, gradient and displacement convergence are
1107 hartree, 2x107 hartree/A, and 5%107 A, respectively. The transition states (TS)
are located using the complete linear synchronous transit/quadratic synchronous
transit (LST/QST) methods.
The adsorption energies AE,g4s are defined as follows:
AEq45= Eotal = [Estab T Eadsorbate] (1)

where Ey, represents the total energy for the slabs with adsorbate. Ej,, represents the

total energy of the bare slab of the surface. E,gsorvate Tepresents the total energies of

free adsorbate molecules.
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3. Results and discussion

3.1 Structures and relative stabilities of the hydroxylated Pd@ a-Al,03(0001)

surface.

. . 42, 43
As many previous studies have shown™

, the surface is characterized by a
strong inward relaxation of the topmost aluminium layer into the following oxygen
layer at the same level to create an Al-O surface. Furthermore, dissociated adsorption
of water is found to be stable, and the most stable hydroxylation form on the clean
surface is found to be in the 1-2 dissociation configurations®, with the OH group
binding to the top of the surface Al layer and the H' ion of H,O binding to the surface
O atom. Our work agrees with those results. Pd replaced surface Al in our model for
Pd-doped clean and hydroxylated a-Al,03(0001) surface (defined as hy-a~Al,Os).

To compare the relative stability of the various structures, the formation energy
(AEfm) 1s used. This is derived from the formation energy of Pd@AI,Os starting from
a clean or hydroxylated Al,O3(0001) surface and bulk Pd>*™’.

AlpmO3m(0001) + n Pd = nPd@AlmnO3m(0001) + n Al 2)
where m is the number of Al,O; units in a surface unit cell and n is the number of Pd
atoms in a surface unit cell. The formation energies AEsm are defined as follows,
AEform = %[EnPd@ Alym-n03m(0001) T N4t — Ear, 0. (0001) — Nipal (3)
Where n is the number of doped Pd atoms; E,pi@aiznr0sm@o0) a0d E 4p0smoo01)are the
total energies of the Al,03(0001) surface with and without dopant, respectively; .

and wup; are the chemical potentials of the aluminium and palladium atoms,

respectively. In eq. 3, the formation energy is not fixed but depends on the growth
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condition, including O-rich and O-poor conditions. Under the O-poor condition, x4
and up; are assumed to be the energy of bulk Al and Pd, respectively. Under the
O-rich condition, the chemical potential of the O atom, up, is obtained from the
ground-state energy of the O, molecule—that is, uy = % Uo,—and the chemical
potentials of Al and Pd are calculated by the thermodynamic equilibrium relation,
which is defined as follows:
Hpa + o = UpHD' 4)
204 + 3uo = uis, (5)
bulk _

With respect to the dopant atom Pd, the chemical potential pupg = Upgo

% Uo, from the corresponding metal oxide (namely, PdO). Moreover, the chemical

. _1 bulk 3
potential p, = (M40, — 5 Ho, )-

Table 1 and Fig. 2 list the formation energies of various Pd-doped clean and
hydroxylated Al,O3(0001) surface under O-rich and O-poor conditions. To investigate
the effect of Pd doping, the coverages of 0.25, 0.50, 0.75 and 1.00 are analyzed with
respect to surface relaxation modes. According to the values of AEj,,,, it can be seen
clearly that the Pd atom occupies preferentially at the coverage of 0.75 for both O-rich
and O-poor conditions. Because the smaller values of AEj,., are obtained for a
Pd-doped clean and hydroxylated Al,O3(0001) surface under the O-rich growth

condition, the introduction of Pd is preferential under O-rich conditions.
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Fig. 2. The formation energy (AEy,,.,, V) of adsorbed H,O onto a Pd@a-Al,05(0001) surface.

Table 1. The formation energy (AEs,», €V) of adsorbed H,O onto a Pd@a-Al,03(0001) surface.
hydroxylated coverage on the top surface is defined as Oy, and doped coverage on the top

surface is defined as Dpy.

growth Dpa=0.25 Dpa=0.5 Dpa=0.75 Dpa=1
condition
clean O-rich 0.67 0.65 0.21 0.60
surface  O-poor 7.51 7.49 7.05 7.44
Oyae=0.25  O-rich 0.64 0.48 0.17
O-poor 7.49 7.32 7.01
Oyaer=0.50  O-rich 0.69 0.68
O-poor 7.53 7.52
Bwate=0.75  O-rich 0.71
O-poor 7.55

Moreover, to further investigate the effect of hydroxylation, water adsorption
values of 0.25, 0.50 and 0.75 are considered. Our results indicate that the most stable
hydroxylation is at Oy,=0.25. Therefore, we pay close attention to the structural and
electronic properties of the Pd-doped coverage (D,¢=0.75) and hydroxylated coverage
(Owater=0.25) on the Al,03(0001) surface, which is denoted as Pd;O0y@ a-Al,Os.

The results of geometry optimization for eight clean and hy-Pd@ a-Al,0; models
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are shown in Table 2 and Fig. 3. Compared to the pure Al,O3(0001) surface, the
substitution of Pd atoms has some influence on the surface relaxation. Owing to the
Pd-doped a-Al,03(0001) surface, there is the obvious enhancement of the surface
relaxation in which surface reconstruction occurs. Owing to the substituting effect, the
Pd atoms in the hy-Pd@ a~Al,O3, hy-2Pd@ a-Al,03, and hy-3Pd@ a-Al,O3 drive up
0.476 A, 0.562 A and 0.698 A on average, respectively. Moreover, the outward
movements for the surface O atoms around Pd atoms (Opq) are between 0.043 A and
0.066 A. However, the surface Al atoms drop slightly except for the 3Pd@a-Al,O;
model, and the surface O atoms near Al atoms (Og4j) decrease as well. Furthermore,
because of the hydroxylated effect, the slight elongation of Al-O and Pd-O bond
lengths is larger than those on unhydroxylated surface. Attention must be paid to the
hy-3Pd@ a-Al,O3 model, in which AEg,, is the smallest and represents the outward
movements for Pd atoms, and the average length of the Pd-O bond is the largest. We
also found that the oxygen coordination number of Pd changes from three to four, and
part of the surface O atoms (Os) change from three coordinations (Osf) to four
coordinations (Oy¢). Three Pd atoms around oxygen atoms form a Pd;Og cluster,
which embeds into the Al,03(0001) surface. Moreover, Pd atoms rise on the surface,
pyramiding with four neighbouring O atoms. Thus, the effect of Pd doping is not to be
neglected, or it will result in the destruction of the geometric structures of the a-Al,Os

surface.
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Table 2. Optimized structural parameters with respect to the clean a~Al,03(0001) surface for
different Pd-doped or hydroxylated o~Al,05(0001) surfaces.

hy- Pd@ 2Pd@ 3Pd@ 4Pd@ "hy-Pd@ hy-2Pd@ hy-3Pd@
a—A1203 OZ-A1203 a—A1203 OZ-A1203 a—A1203 a—A1203 a—A1203 a—A1203

Displacement (A) along the [001] direction compared to the ideal a-Al,O3 (0001) surface”

Pd* - 0.686 0.675 0.480 0.669 0.698 0.562 0.476
Opdb - 0.044 0.047 0.066 0.043 0.053 0.050 0.066
Al° -0.063 -0.023 -0.043 0.043 - -0.043 -0.388 -
OAld -0.003 -0.004 -0.010 -0.019 - -0.013 -0.032 -
Aloy® 0.612 - - - - 0.609 0.631 0.609
Bond length (A)
Al-O* 1.706 1.703 1.705 1.702 - 1.711 1.736 -
Pd-O¢ - 1.949 1.958 2.026 1.964 1.952 1.967 2.029

 surface Pd atom; b surface O atom bonding with Pd; ©: surface Al atom; 4. surface O atom
bonding with Al; °: surface Al atom adsorbed OH group; f, average bond of surface Al-O; &
average bond of surface Pd-O. "The negative and positive values indicate that the atom moves
toward the bulk and vacuum sides, respectively. ™: hy is defined as hydroxylated.

B9 5008 DXE:
BB OF0E 050N

a-ALO;(0001) Pd@a-ALO,(0001) hy 1Pd@a-ALO,(0001)
= )_‘v_‘,.:’
}4 >}-< }«z , }-4 >
l | W\ >_4 ?: -*:.>= %\):}}

2Pd@a-ALO;(0001)  3Pd@a-Al,04(0001)  4Pd@a-Al,0,(0001)

hy-2Pd@a-ALO4(0001) hy-3Pd@a-ALO4(0001)  hy-a- A1203(0001)

Fig. 3. Top view of the optimised stable geometry. hy is defined as hydroxylated.

3.2 Electronic structures of clean and hydroxylated Pd;O¢@ a-Al,03(0001)

surfaces
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The total density of states (DOS) of a clean a-Al,03(0001) surface, Pd-doped
clean and hydroxylated Pd-doped a-Al,03(0001) surface are shown in Fig. 2S (seeing
surpplementary), which depicts a clear splitting at the Fermi energy and some states
shifting down in energy above the Fermi energy.

At the same time, hydroxylation has a litter effect on the total DOS in general.
From Fig. 4, the partial DOS of surface atoms on the Pd;O¢@ a-Al,03(0001), bulk Pd
and Osrof clean a-Al,03(0001) are demonstrated. For the substitution of Pd, we can
see a clear splitting of the p orbital of the closest oxygen; not only Ost pg but also
Ous pa. This splitting of the p orbital with the d orbital of the depoted Pd atom creates
an antibonding state above the Fermi energy, indicating that the bonds are formed
between the metal and the oxygen, as observed by Briquet for the adsorption of Pd on
the (0001) surface of e-alumina®. A splitting of the d band for Pd is also observed at
the Fermi level as well as the p band of the oxygen. Besides, compared with DOS of
bulk Pd, the DOS of Pd atom are upshifted, which is accord with PtN3°%, This kind of
shift implies the activation of adsorbates would be easy activated by the transfer of the

Pd-d electron from Pd;Oq.
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Fig. 4. Partial DOS of Pd;0¢@a-Al,05(0001) surface. The Fermi level is set at zero. Osf pg
defines the three-coordination surface O atom, which is close to the Pd atom; and Oy defines the

four-coordination surface O atom, which is close to Pd atom.

From Fig. 5, we see the value of the Mulliken charge of clean a-Al,03(0001)
surface, 3Pd@ a~Al,03(0001) surface and hy-3Pd/a-Al,03(0001). Compared to the
undoped Al,Os, it is found that the total charge on the surface AlO; group is negative
and accepts some electrons. With hydroxylation or without, the total charge of the
Pd;O9 group is also negative and accepts some electrons. Furthermore, the Pd;Oq
group, especially with the hydroxylation effect, obtains more electrons than the AlO;
group. Next, Ozr pg and Oys pq obtain fewer electrons from Pd atoms than Oy, obtains

from Al atoms. The hydroxylation makes the charge of Pd atoms in the Pd;Oy clusters

unequal.
-0.913
1.082
6 13 0%
A B C

Fig. 5. The value of Mulliken charges for clean a-Al,05(0001) surface (A), Pd;Oy@ a-A1,05(0001)
surface (B) and hy-Pd;0y@ a~Al,05(0001) (C). The pink, dark blue, and red sticks denote Al, Pd

and O atoms, respectively.
With the combination of optimized structure and partial DOS and Mulliken
charges, the Opy atoms are easier to remove and are also more reactive. The

subsequent formation of an oxygen vacancy will benefit from a strong acid-base
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interaction, and the energy to form a vacancy will be lowered by this interaction.

3.3 Catalytic CO oxidation cycle on a hydroxylated Pd;O¢@ a-Al,03(0001)

surface

The reaction mechanism for CO oxidation on a hydroxylated
Pd;09@ a-A1,05(0001) surface has been studied. The initial step of the reaction
involves the formation of complexes in which the CO binds to the hydroxylated

Pd;09@ a~Al,03(0001) surface. After testing different possible adsorption

configurations, we found eight that were stable.

| RIS
NN L
Q*(*%ﬁ(/k)\ |
AP 2N

Fig. 6. Top and side views of the optimised stable geometry for Hy-Pd;O¢@a-Al,05(0001)
surface. The dark blue, pink, red, green and white balls denote Pd, Al, O, O in OH and H atoms,

respectively. The same colour scheme is applied in Figs. 7-11.
Table 3 and Figs. 6 and 7 depict CO binding to the surface in eight modes with
the carbon atom approaching the surface [i.e., top modes (T1 and T2), Pd-O bridge

modes (B1, B2 and B3), and intermediate carbonate-like CO; modes (B4, B5 and
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B6)]. The CO molecule preferably coordinates through its C atom. The most
favourable adsorption site is the B2 site, which has an adsorption energy of -2.13 eV.
The CO molecule preferably coordinates to the surface with bridge codes. Then, the
CO migrates (from B2 to B6), resulting in the formation of the intermediate
(carbonate-like, COs3) with an adsorption energy of -3.04 eV (see Fig. 8). In this
process, the CO molecule overcomes an activation barrier of 0.59 eV while releasing
0.91 eV of heat. In addition, from the structure analysis (see Table 3), we can see that

the C-O distance is slightly elongated, especially in the bridge modes.

Fig. 7. Top view of the optimized stable geometry of single CO adsorption on
hy-Pd;O0¢@ a-A1,03(0001) surface.

Table 3. The adsorption energy (in €V) and bond length (in A) of eight modes in which the CO
binds to the hy-Pd;09@ a-Al,0;(0001) surface.

T1 T2 B1 B2 B3 intermediate
B4 B5 B6
Eags -0.90 -0.91 -1.74 -2.13 -1.61 -2.48 -2.68 -3.04

C-0 1.148 1.148 1.204 1.210 1.209 1.291 1.205 1.201
Pd-C 1.930 1.932 1.986 1.986 1.989 - - -
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migration

Fig. 8. The optimized stable structures of CO adsorption on the hy-Pd;Oy@ a~Al,05(0001) surface.
The grey ball denotes the C atom in CO.

A reaction mechanism is proposed as displayed in Fig. 9, in which the energetics
are also shown. In this putative mechanism, the catalytic cycle is initiated by the
adsorption of CO onto Pd (step i). After overcoming an activation barrier of 0.59 eV,
an intermediate (step ii: carbonate-like, COs) is found, and there is a reaction with a
surface oxygen atom coordinated with Pd (Opq). At the transition state (TS1), the C-O
bond length and two C-Opq bond lengths are computed to be 1.187, 1.216 and 2.197 A,
respectively. After passing over TS1, a CO, molecule is generated completely and
desorbed from the surface with an activation barrier of 0.76 eV and endothermic heat
of 0.64 eV, resulting in an oxygen vacancy (O,) near the Pd atoms (step iii). The
oxidation reaction of the first CO, formation occurs through a Mars-van Krevelen
mechanism®. Our results note that the formation of CO; is easier than the desorption
of CO,, which is the same as with the oxidation of CO along the path Mggr» reported
by Sun® ez al. The primary reason is that the carbonate-like intermediated COs is very

stable on the a-Al,03(0001) surface.

Compared to the Mars-van Krevelen mechanism on the first half of the catalytic
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cycle, the adsorption of O, competing with CO on the top of the Pd atom has been
calculated (see Table. 4). On the top of the Pd atom, the adsorption energy of the O,
molecule is -1.35 eV, which is lower than that of the CO molecule (-0.90 and 0.91 eV);
this is less stable than the most favourable adsorption site (B2 site) of the CO
molecule. The co-interaction of adsorbed CO and adsorbed O, molecules on the top of
the Pd atom directly gives rise to intermediate OCOQ, intermediate CO3; or CO, gas
and adsorbed O, respectively, which have high activation barriers of 1.91, 1.81 and
4.52 eV, respectively. It is clear that these significantly high barriers make the three
paths less possible for CO oxidation. Thus, we believe that the oxidation reaction of
the first CO, formation occurs through a Mars-van Krevelen mechanism.

Table 4. Activation barrier and reaction energy for CO oxidation along coadsorbed CO and O, on

the top of the Pd atom. All energies are given in eV.

Reactant Intermediate Activation barrier Reaction energy
(eV) (eV)
0COO 1.91 1.94
CO+ 0, COs 2.81 -1.56
CO,+0 4.52 -0.56

According to the crude electron-pair Lewis theory of the chemical bond®’,
removing an oxygen atom from the surface leaves behind two unpaired electrons.
This means that an oxygen vacancy (Oy,) is a strong Lewis base, which adsorbs O,

strongly because O, is a strong Lewis acid.
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Fig. 9. Proposed reaction pathway for CO oxidation on the hydroxylated Pd;O0¢@ a-Al,0O3(0001)
surface (side view). The orange balls denote O atoms in O,. The energy and bond lengths are

given in eV and angstroms, respectively.

The second half of the catalytic cycle starts with the newly formed oxygen
vacancy from the first step, in which Pd is now coordinated to three surface oxygen
atoms with distances of 1.968, 2.029 and 2.069 A. Here, we first consider an
Eley-Rideal (E-R) mechanism. The adsorption of an O, molecule at the vacancy is
highly exothermic (E,g=-1.35 eV), with its bond length elongated from 1.230 A (O-O
bond length of the isolated molecule) to 1.383 A, which is the same as the CO
adsorption on the Pd/y-Al,03(0001) surface®. Then, the CO gas promptly reacts with
the pre-adsorbed O, on the O, site. For step v, the distance between the carbon atom
in CO and the oxygen atom in adsorbed O, is 2.932 A, indicating the weak interaction
between the CO molecule and the adsorption of the pre-adsorbed O,. In the transition

state (TS2), the distance between the carbon atom in CO and the oxygen atom in
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adsorbed O, decreases to 2.142 A, and the bond length of the O-O in O; increases
from 1.383 to 2.186 A, suggesting the formation of the CO, molecule. Through TS2, a
CO; molecule is generated completely and desorbed from the surface. This step has
an energy barrier of 0.44 eV, and the exothermicity is found to be 3.13 eV. By
releasing the CO, product, the Pd recovers its tetra-coordinated state on the

hydroxylated Pd;O¢@ a~Al,03(0001) surface.

TS 1.168 — /2.204

480

1938\

\//\1 Y

Fig. 10. Proposed reaction pathway for CO oxidation on the hy-Pd;O0¢@ a~Al,05(0001) surface via

L-H mechanism. The bond lengths and energies are given in angstroms and eV, respectively.
Compared to the E-R mechanism on the second half of the catalytic cycle, the
Langmuir-Hinshelwood (L-H) mechanism has been calculated (see Fig. 10). The CO
and the pre-adsorbed O, on the O, site are co-adsorbed on the
hy-Pd;O09@ a-Al,03(0001) surface. The binding energy of the CO adsorption on the
Pd atom is -1.27 eV (R). One oxygen atom in the pre-adsorbed O, molecule starts to
approach the carbon atom in the adsorbed CO to reach the transition state (TS),

resulting in the distance between the carbon atom in the adsorbed CO and the oxygen
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atom in the pre-adsorbed O, molecule decreasing from 2.869 to 2.204 A. The
calculated activation barrier for the reaction is 0.81 eV. Passing after the release of the
second CO; molecule from the surface, the remaining O atom in the pre-adsorbed O,
molecule restores the hy-Pd;Oy@ a-Al,03(0001) surface. Compared to the calculated
activation energy barrier (0.44 eV) in the E-R mechanism, the barrier (0.81 eV) is
much higher in the case of the L-H mechanism. Therefore, the formation of the

second CO, molecule is most likely through the E-R mechanism.

3.4 CO oxidation cycle on ideal a~Al,03(0001) surface

In this putative mechanism (Fig. 11, blue line, Mgr;), the catalytic cycle is
initiated by the adsorption of CO onto Al (R). After overcoming an activation barrier
of 1.72 eV, a CO, molecule is generated completely, which results in an oxygen atom
being adsorbed on top of the Al atom. In the transition state (TS3), the distance
between the carbon atom in CO and the oxygen atom in O, decreases from 2.634 to
1.424 A, and the bond length of the O-O in O, increases from 1.250 to 1.381 A. The
significantly high barrier makes the Mggr; path less possible for CO oxidation on

a-Al,05(0001) surface.
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Fig. 11. Proposed reaction pathway for CO oxidation on the a-Al,03(0001) surface via E-R

mechanism. The bond lengths and energies are given in angstroms and eV, respectively.

After testing different possible co-adsorption configurations, we found the stable
configuration, which is the carbonate-like (COs3) compound. Another path (Fig. 11,
green line, Mgg») is considered in which adsorbed CO reacts with the O, molecule to
form an intermediate (IS: carbonate-like, CO;3), via TS4, with an activation barrier of
1.24 eV and exothermic heat of 3.43 eV. In the next desorption path from COj; to the
final product of CO, gas, an energy barrier of 1.33 eV (TS5) is needed. The barriers
involved in this path are not too large to be surmounted; however, compared to the
calculated activation energy barrier of CO oxidation on the hy-Pd;Oy@ a-Al,O3(0001)
surface, the barrier of that on o~Al,03(0001) surface is much higher, and the results
indicate that the energy barrier for CO oxidization is obviously reduced compared to
the undoped case, which implies that the introduction of Pd can efficiently improve
the oxidation reactivity of the a-Al,03(0001) surface.

According to the above results, it is clear that the mechanism of CO oxidation on

the hy-Pd;O0¢@ a-Al,03(0001) surface occurs first by CO adsorption and migration,
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second by O, formation with the first CO, release, then by the first foreign O, filling
and CO co-adsorption, and finally by the second CO, desorption and restoration of the
hy-Pd;Oy¢@ a-Al,05(0001) surface. Our calculated results reveal that the high
activation barrier (0.76 eV) on the surface indicates the formation of TSI, the
rate-determination step in the whole catalytic cycle, which is lower than that of CO
oxidation at synthesized Ir;/FeOy (1.41 eV)" and equal to that of CO oxidation at
synthesized Pt;/FeOy (0.79 eV)Z. Therefore, the Pd;O¢@ a-Al,O; catalyst shows

superior catalytic activity for CO oxidation.

4. Conclusions

Because of the considerable importance of palladium-based and doped metal-oxide
catalysts in CO oxidation, we designed a new Pd;O9@ a-Al,O; catalyst and simulated
the hydroxylated effect. In this paper, the structure, electronic properties, and
oxidation activity of hy-Pd;O¢@ a-Al,03(0001) surface have been investigated by
DFT. A total of ten configurations of doping models considering hydroxylation were
calculated. Our results indicate that the Pd element preferentially replaces the Al atom
under the O-rich growth condition. The lowest formation energy of Pd-doped clean
and hydroxylated a-Al,03(0001) surface is 0.21 eV under the conditions in which the
coverage of Pd-doped a-Al,Os is 0.75 on a pre-hydroxylated surface and the water
coverage is 0.25, which leads to the formation of a Pd;Oy cluster embedded in the
Al,03(0001) surface. Furthermore, owing to the combination of an optimized

structure and partial DOS and Mulliken charges, the Opy atoms in the Pd;Og cluster

are easier to remove and are also more reactive, which agrees with the previous report.
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Theoretical calculations have been performed to explore the catalytic mechanism and
activity of the new hy-Pd;O0¢@a-Al,O5 catalyst for CO oxidation. We proposed a
catalytic mechanism of CO oxidation on the hy-Pd;O¢@ Al,O3 catalyst. The reaction
mechanisms have been elucidated first by CO adsorption and migration, second by O,
formation with the first CO, release, then by the first foreign O, filling and CO
co-adsorption, and finally by the second CO, desorption and restoration of the
hy-Pd;O09@ a-Al,03(0001) surface. The rate determination step is the formation of the
first CO; in the whole catalytic cycle. Furthermore, compared to the undoped surface,
the energy barrier for CO oxidization is obviously reduced from 1.33 eV for the pure
surface to 0.76 eV for Pd-doped surface (Dpq=0.75), which implies that the
introduction of Pd can efficiently improve the oxidation reactivity of the
a-Al,05(0001) surface. The calculation results also show that the formation of the
first CO, molecule is the rate-determination step (activation barrier 0.76 eV) in the
whole catalytic cycle, which is lower than that of CO oxidation at synthesized
Iri/FeOy (1.41 eV)" and Pt;/FeOy (0.79 eV)>. Therefore, the Pd;0o@a-Al,O; catalyst
shows superior catalytic activity for CO oxidation. The present results enrich the
understanding of the catalytic oxidation of CO by palladium-based catalysts and
provide a clue for fabricating palladium-based catalysts with low cost and high
activity. It is hoped that our theoretical study will provide experiments with
instructive information on further exploring the intriguing chemistry of CO oxidation
on palladium-based catalysts and may be beneficial to the further replacement of

high-priced noble metal catalysts.
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Figure captions

Fig. 1. Top view of the optimised stable geometry of a~Al,05(0001) surface.

Fig. 2. The formation energy (AEy,, €V) of adsorbed H,O onto Pd@ a-Al,03(0001) surface.

Fig. 3. Top view of the optimised stable geometry. Hy is defined as hydroxylated.

Fig. 4. Partial DOS of Pd;0¢@a-Al,05(0001) surface. The Fermi level is set at zero. Ojsf pa
defines the three-coordination surface O atom, which is close to Pd atom; and Oy defines the

four-coordination surface O atom, which is close to Pd atom.

Fig. 5. The value of Mulliken charges of clean a-Al,05(0001) surface (A), Pd;O0y@ a-Al,05(0001)
surface (B) and hydroxylated Pd;0y@ a-Al,0;5(0001) (C). The pink, dark blue, and red sticks

denote Al, Pd and O atoms, respectively.

Fig. 6. Top and side views of the optimised stable geometry for Hy- Pd;09@a-Al,05(0001)
surface. The dark blue, pink, red, green and white balls denote Pd, Al, O, O in OH and H atoms,

respectively. The same colour scheme is applied in Figs. 8—11.

Fig. 7. Top view of the optimised stable geometry of single CO adsorption on hydroxylated
Pd309@ OC-A1203(0001)

Fig. 8. The optimized stable structures of CO adsorption on the hydroxylated
Pd;09@a-Al,03(0001) surface. The grey ball denotes the C atom in CO.

Fig. 9. Proposed reaction pathway for CO oxidation on the hydroxylated Pd;O¢@ a-Al,05(0001)
surface (side view). The orange balls denote the O atoms in O,. The energy and bond lengths are

given in eV and angstroms, respectively.

Fig. 10. Proposed reaction pathway for CO oxidation on the hydroxylated Pd;O0¢@ a-Al,05(0001)

surface via L-H mechanism. The bond lengths and energies are given in A and eV, respectively.

Fig. 11. Proposed reaction pathway for CO oxidation on the a-Al,O3(0001)surface via E-R

mechanism. The bond lengths and energies are given in angstroms and eV, respectively.



