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ABSTRACT

We examined the potential catalytic role of the palladium chloride catalyst in CO
oxidation using density functional theory and experimental investigations. The active
plane of the palladium chloride catalyst is identified as (140). We found that the
defective PdCl, (140) surface is able to facilitate the activation of O, and subsequently
promote the oxidation of CO. The most significant reaction channel, the Eley-Rideal
mechanism (Mgg;), proceeds first by a peroxo-type (OOCO) intermediate formation,
second by O adsorption with the first CO, release, then by the second CO attraction
and the second CO, formation, and finally by the second CO, desorption and
restoration of the defective PdCl, (140) surface. The rate-determining step is the
formation of the second CO; in the whole catalytic cycle. Compared to the previously
reported catalytic systems, the reaction activation barrier (0.54 eV) of CO oxidation in

the PdCl, catalyst is low, indicating as a potential high-performance catalyst for CO
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oxidation. The present results enrich our understanding of CO oxidation of Pd-based
catalysts and provide a basis for fabricating Pd-based catalysts with high activity.

Keywords: carbon oxide, palladium chloride, defective PdCl, (140) surface, CO

oxidation mechanism, Pd-based catalyst
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The defective palladium chloride catalysts indicate as a potential high-performance
catalyst for carbon monoxide oxidation.
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Introduction

For decades, CO has attracted particular interest and been extensively investigated
both because of the abatement of toxic pollutant CO and because of its many
practical applications, such as developing CO sensors and CO, lasers'". A

> 11 such as Pt, Au, Ir, Pd, Cu, metal oxides™

significant number of noble metals
717 and doped oxides' '* 2! have been identified as active catalysts for CO
oxidation. One of the significant goals of this study was to explore the relationship
between the catalytic behaviour and the electronic structure of the active sites.
Pd-based catalysts have been found to be excellent candidates for CO
oxidation.!® Peterson and co-workers®' studied low-temperature CO oxidation
catalysed by re-generable, atomically dispersed palladium on alumina, and their
results suggested that isolated palladium atoms can be catalytically active on
industrially relevant alumina y-supports by aberration-corrected scanning
transmission electron microscopy (STEM). Uchiumi et al*® have reviewed
oxidative reactions from carbon monoxide by a palladium-alkyl nitrite system.
Kalita and Deka® have reported the reaction intermediates of CO oxidation on gas
phase Pd4 clusters and have found that Pd40 and Pds" clusters are more suitable
catalysts compared to Pds clusters. Pd-Au bimetallic catalysts for the CO
oxidation reaction have been studied using DFT calculations, which have
predicted that the [Pd](Au) core/shell nanoparticle catalyst should have a higher

activity toward CO oxidation because it combines the advantages of the ligand

effect of Au and the strain effect of Pd.*> Our group designed Pd doped on an
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0-Al,03(0001) surface with a Pd;Og cluster and investigated the CO oxidation
mechanism using DFT, and our results implied that the Pd;O9@ Al,O3 catalyst
showed superior catalytic activity toward CO oxidation. However, so far, little has
been reported with regard to the PdCl, surface.

Wang et al’’ reported that PACl,-CuCl,-KOAc/AC@ALOs is highly efficient
for gas-phase oxidative carbonylation of methanol to dimethyl carbonate and
further proposed the catalytic reaction mechanism. The PdCl, catalyst has been
determined, using indirect methods, to be effective in the synthesis of dimethyl
carbonate (DMC) in experiments;*® however, its catalytic activity decreased with
the passage of time, as determined by the loss of CI. Recently, Wang’s group®’
studied the surface structure and reaction properties of the CuCl,-PdCl, bimetallic
catalyst in the oxycarbonylation of methanol with DFT. On the CuCl,-PdCl,
surface, the active site for methanol oxidation was determined to be Cu-CI-Cu
(Pd). However, very little is known about the detailed structural information of
adsorbed CO and the CO oxidative mechanism on the PdCl, surface. Considering
the importance of palladium-based catalysts in CO oxidation, the study herein
focuses on the detailed reaction mechanism of CO oxidation over a defective
PdCl, (140) surface. In this study, we have examined the reaction pathway of CO
oxidation through DFT computations and through high-resolution transmission
electron microscopy (HRTEM), X-ray photoelectron spectroscopy (XPS),
extended X-ray absorption fine structure (EXAFS) spectra, X-ray absorption

near-edge structure (XANES) spectra, and in situ DRIRS measurements. To
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elucidate the nature of the binding of the PdCl, catalyst surface and the
mechanism of CO oxidation on this catalyst, the possible catalytic reaction
pathways of CO oxidation on the defective PdCl, (140) surface and the electronic
properties of the reactant, transition state (TS), and intermediate product have
been simulated. Mulliken charge analysis and the relative density of states (DOS)
were also calculated to evaluate the performance of the PdCl, catalyst for CO
oxidation. On the basis of these experimental and theoretical results, we expect to
provide a better understanding of CO oxidation on Pd-based catalysts and bring

forward a basis for fabricating Pd-based catalysts with high activity.

2. Experimental

2.1 DFT

As an inert carrier, the effect of a-Al,O; was not considered in this study. The
PdCl, (140) perfect surface is represented by seven-layer slabs (the Cl-Pd-ClI
chain denotes one layer) with a (2x2) supercell, as shown in Fig. 1. PdCl, is
composed of a chain structure of Pd connected by doubly coordinated CI, whereas
the interchain interaction occurs primarily via van der Walls. Without the
adsorbate, the vacuum between the slabs is set to span a range of 15 A. All of the
atoms of the two bottom layers were fixed to the bulk positions. The adsorbate
was set on one side of the slab. The calculation details were tested to be sufficient

to yield accurate results.
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Top view Side view

Fig. 1. Top and side views of the perfect PdCl, (140) surface. The Pd and Cl atoms are
coloured in blue and green, respectively.

All of the calculations were performed within the density functional theory

30, 31 . .
’ which can simulate

(DFT) approach using the Dmol® software package,
periodic systems. The generalized gradient approximation (GGA) is adopted to
describe the density functional using the Perdew and Wang (PW91)** functional
for the exchange-correlation term. The wave functions were expanded in terms of
numerical basis sets. The double-numeric quality basis set with polarization
functions (DNP** ****) was adopted, which is comparable to 6-31G***>*’_ The
numerical basis sets can minimize the basis set superposition error". All-electron
basis sets were used for all of the elements except Pd, which was treated by using
the effective core potential. A Fermi smearing of 0.005 hartree was utilized and a

Monkhorst-Pack k-point grid of size of 3x3x1 was used for structural relaxation

and TSs location. The energy tolerance, gradient, and displacement convergence
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were 1x107 hartree, 2x107 hartree/A, and 5x107 A, respectively. The transition
states were located using the complete linear synchronous transit/quadratic
synchronous transit (LST/QST) methods. The reliability of the method has been
confirmed by previous reports of studies on the mechanism of DMC (dimethyl
carbonate), DMO (dimethyl oxalate) and CO, synthesis™ 7>,
The adsorption energies AE,q are defined as:
AEqds= Evotal — (Esiab t Eadsorbate) (1)
in which Ey, represents the total energy for the slabs with adsorbate, Egap

represents the total energy of the bare slab of the surface, and E,gsorbate TEprEsents

the total energies of free adsorbate molecules.

2.2 Catalyst preparation and characterization

The PdCly/a-Al,03(2.0 wt.% Pd) catalysts were prepared by wet impregnation of
PdCl, (AR, Sino-Platinum Co., Ltd., China) in diluted hydrochloric acid solution;
the solution was dried at 393 K for 12 h and then reduced under an atmosphere
containing 10 vol.% H; in Ar at 150°C for 30 min.

The samples for the TEM and HRTEM observations were prepared by drying a
drop of a diluted ethanol dispersion of the PdCl,/a-Al,O5 catalyst on copper grids.
The particle sizes and shapes were examined by a transmission electron
microscope (JEM-2010) operated at 200 kV, equipped with a Gatan-794-MSC
CCD camera system, a Gatan-676TV system, and an OXFORD-INCA ultra-thin
window EDS system.

XPS was obtained using a VG MultiLab 2000 analyser with a Mg Ka radiation



Physical Chemistry Chemical Physics Page 8 of 25

source; the binding energies were referenced to C 1s (284.6 eV).

The in situ DRIRS measurements were performed on a Fourier transform
infrared spectrometer Nicolet 6700 equipped with a stainless steel in sifu IR flow
cell. The powder samples were placed into the cell after pre-treatment under N,
flow for 30 min at 423 K. The reference spectrum was collected when the sample
cooled down to a desired temperature. Then, spectra were recorded with a
resolution of 4 cm™ for 64 scans after the reactants were introduced into the

reaction cell at a constant flow rate.

2.3 X-ray absorption spectroscopy

The EXAFS spectra and XANES spectra of the Pd K edge were measured at the
BL14W1 beamline, Shanghai Synchrotron Radiation Facility (SSRF), with an
electron beam energy of 3.5 GeV under “top-up” mode (current: 220 mA). The
samples were analysed at room temperature using a fixed-exit monochromator
equipped with two flat Si (311) crystals. Data on the catalysts and reference
samples (Pd foil and PdCl, powder) were collected in the fluorescence mode
(32-clement HPGe detector) or the transmission mode (Oxford ion chamber).
Athena and Artemis software were used to extract the data and to fit the curves,
respectively®™ *. The Fourier-transformed curves were fitted in real space with

Ak =2-13 A" and AR = 1.1-3.3 A for Pd (k2 weighted).

2.4 Activity test and product analysis
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The activities of the PdCl,/a-Al, O3 catalysts for CO oxidation were evaluated in a
fixed-bed glass tubular reactor. The PdCl,/a-Al,O3 catalysts (1 g) were placed in
the reactor and were purged in N, flow for 30 min at room temperature; then the
reactant gases (CO, O,, and N, balance) were passed through the reactor at a gas
hourly space velocity (GHSV) of 3000 h™" with a ramp rate of 2 K/min from room
temperature to reaction temperature under a pressure of 0.12 MPa. The products
were condensed and analysed by Agilent GC-7820A gas chromatography fitting

with a flame ionization detector.

3. Results and discussion

3.1 The characterization of the catalyst

To confirm the presence of this surface in PdCly/a-Al,Os, the sample was
characterized by XPS, HRTEM, XRD, XANES, and EXAFS. The HRTEM image
of the catalyst in Fig. 2A (1) shows that the interval between two lattice fringes of
PdCl, NPs is approximately 0.226 nm, corresponding to the inter-planar distance
of the (140) plane of PdCl,*’. The inset shows the corresponding FFT pattern of
the PdCl, surface. The measured angle of 51.4° between the (140) and (211)
surfaces was in agreement with the calculated data based on formula 2**:

hihy  kikz Lilp
a? + b2 + c2

cos @ =

h? k%2 12 h% k3 15 )
(_1+_1+_1) (_2+_2+_2)
a2’ b2 c2'%a2 b2 2

in which hy, hy, ky, ko, 1;, and 1, represent Miller indices of (140) and (211), and a,

b, and c represent cell parameters.
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The XRD pattern (see Fig. 2A (2)) of PdCly/a-Al,O3 also displayed the 26
positions of PdCl,’s main peaks. The Al,O3; support had a diffraction pattern that
was characteristic of the alpha phase®. The diffraction peaks at 20=16.7°, 40.1°,
and 47° correspond to the orthorhombic PdCl, crystalline structure®®. The sharp
peaks of the catalyst may suggest the formation of a well crystalline PdCl,.

According to Fig. 2A (3), on the basis of the comparative intensity of Pd peaks,
we determined the ratio of PdClz/PdO in the sample to be 93.8%. The result
showed that the active Pd phase of the catalyst was primarily in the PdCl, state,
but a small number of sites were still in the Pd” state. The reduction step in the
catalyst preparation process induced a slight loss of chlorine and thus the defective
structure of PdCl, could be identified.

The short-range structure of PdCly/a-Al,Os was determined from Pd K-edge
XANES spectra (Fig. 2B(1)). The curve of PdCly/a-Al,Os fit well with the
reference PdCl, powder. The Fourier-transformed k2-weighted Pd K-edge
EXAFS data of the Pd particles are shown in Fig. 2B (2), (3), and Table 1. The
spectra of the initial state of PdCly/a-Al,O;5 indicated that the Pd-Cl distance (R)
of 2.29 A was similar to that for pure PdCl, powder. The Pd-Cl coordination
number (CN) of 5.3+0.9 for the catalyst was slightly lower than 8 for pure PdCl,,
suggesting that the Pd species in the catalyst were not perfect PdCl,, which is in
accordance with the catalyst preparation and activation process.

Both the XANES and EXAFS results clearly show that the short-range structure

of Pd phases in the catalyst was in agreement with the XPS results and further
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confirms the defective structure of PdCly/a-Al;Os.
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Fig. 2A. (1) HRTEM image of the fresh PdCl,/a-Al,O; catalyst; (2) XRD profiles of the
PdCly/a-AlLO; catalyst; (3) Curve fit of Pd and PdCl, 3d peaks for XPS profiles of the
PdCl,/a-AlO; catalyst.
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Fig. 2B. (1) XANES spectra; (2) k’-Weighted Fourier transform Pd K-edge EXAFS spectra of the
PdCly/a-Al,O5 catalyst: (A) pure PdCl,, (B) PdCl/a-AlOs, (C) Pd foil; (3) EXAFS data (black)
and fit data (red) of the PdCl,/a-Al,O; catalyst.

Table 1. Coordination numbers (CN), distances (R), and Debye-Waller factors for Pd-Cl and
Pd-Pd bonds in the PdCL/a-Al,O5 catalyst.

Pd-Cl Pd-Pd
Sample RA) N R (A) N D. W. AE, (eV)
Pd foil - - 2.74+0.00 12 0.006£0.000 -0.7£0.6
PdCl, 2.32+0.01 8 - - 0.006+0.001 7.4+2.2
PdCly/a-ALO; 2.29+0.01 5.3+0.9 - - 0.006+0.001 0.3£1.5

3.2 Complexes of defective PdCl, (140) with CO or O,

The reaction begins with the adsorption of CO and O, molecules over the
defective PdCl, (140) surface, which is consistent with the experimental

measurement. Considering the Cl vacancy, we tested various defect modes of
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monovacancy from the defect-free PdCI, (140) surface and selected the mode that
had the lowest defect forming energy. Fig. 3 displays the optimized stable
geometries of individual CO or O, molecules after testing several defect modes.
The most favourable site of single CO (M1) or O, (N1) molecules is bound to the
chlorine vacancy (V¢j), and the carbon atom (CO) or oxygen atom (O,)
approaches two Pd atoms in a bridged mode. The adsorption energy was -2.32 eV
and -3.19 eV, respectively, which clearly suggests the stability of the CO and O,
molecules on the PdCl, (140) surface. In addition, from the structural analysis, we
can see that the C-O and O-O distances remarkably increased from 1.128 to 1.172
A and from 1.207 to 1.296 A, respectively. The C-O and O-O bonds were
activated on the defective PdCl, (140) surface. Namely, O, exhibited a stronger
interaction with the defective PdCl, (140) surface, which implies that the reaction
channel where CO attacks the Pd-O, complex would process more favourably

than the other case in which the O, molecule attacks the Pd-CO complex.
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1.172(1.128)

Eads=-2.32 Eads=-3.19
M1 N1

1.323

Eads=-1.73 Eads=-0.92
N2 N3

Fig. 3 Optimized stable structures of single CO (M1) and O, (N1-N3) molecule adsorption on
a defective PdCl, (140) surface. The values in parentheses for CO and O, are the
experimental bond lengths. The bond lengths and the adsorption energies are given in
angstrom and eV, respectively. The Pd, Cl, C, and O atoms are coloured in blue, green, grey,
and red, respectively. The same colour scheme is applied in Figs. 4 and 8.

Stable intermediate adsorption on defective PdCl, (140)

To map out the mechanism of the CO oxidation process, the co-adsorption of CO
and O, molecules were studied. After testing several possible co-adsorption
configurations, interestingly, we found two stable configurations that were
peroxo-type (OOCO) and carbonate-like (COs) compounds (see Fig. 4).
Compared to the individual adsorption shown in Fig. 3 for OOCO, the O-O bond
was largely activated with the bond length increased from 1.296 to 1.465 A, and
the new C-O bond (1.465 A) was formed, finally resulting in the formation of
OO0OCO. For COs, the O-O bond was largely activated with the bond length

increased from 1.296 to 2.249 A, leading to breakage of the O-O bond.



Physical Chemistry Chemical Physics Page 14 of 25

Simultaneously, two new C-O bonds (1.306 and 1.346 A) formed, ultimately
bringing about the formation of COj;. Furthermore, the adsorption energy was
-4.12 and -3.81 eV, respectively. The large adsorption energy clearly suggests the
stability of the OOCO and CO; complexes on defective PdCl, (140). Additionally,
according to the atomic charges shown in Fig. 4, the C and O atoms of the newly
formed C-O bond attract one another, and the electrostatic interaction further

enhanced the stability of the OOCO and CO; intermediates, which were also

observed in recent publications™ .

-0.354

Eco-ads=-4.12 Eco-ads=-3.81
A B

Fig. 4. Optimized stable intermediates A: peroxo-type (OOCO) and B: carbonate-like (COs)
formed by CO and O, co-adsorption. The values in the blue rectangles indicate Mulliken
charges. The bond lengths and the adsorption energies are given in angstrom and eV,

respectively.

The DOS of the separate components (adsorbates and PdCl,) in the adsorbed
OOCO and COj; configurations is shown in Fig. 5. According to the OOCO
complex (see Fig. 5(a)), the partial density of states (PDOS) plots of the
interaction clearly show that a new strong C-O bond between CO and O, was

formed, as indicated by the significant overlap between the CO and O, 2 orbitals.
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In addition, Pd 4d-CO 2xn and Pd 4d-O, 2n* interactions were observed. For the
COs3 complex (see Fig. 5(b)), there was a broadening of O, 2n* overlap with the
Pd 4d state, which suggests that the electrons in the Pd 4d orbital are transferred
to the O, molecule, thereby leading to the rupture of the O-O bond.
Simultaneously, there was good 2w overlap of CO and O,, resulting in the

formation of two new C-O bonds between CO and O,.
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Fig. 5. DOS of the separate components (CO, O,, and Pd, respectively) before and after
adsorption. (a) for OOCO and (b) for CO;.
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In situ infrared spectra were acquired after the reactants were injected into the

reaction cell and the reaction temperature was set to the specified point. Fig. 6

shows the in situ DRIR spectra of the CO and O, reactions on the PdCl,/a-Al,03

catalyst at RT, 50, 70, 90, 110, 130, 150, 170, and 190 °C. The band at

approximately 2,075 cm” was assigned to linear CO, and the peaks at

approximately 1,978 and 1,932 cm™ were attributed to the bridge bonded CO".

Moreover, the peak at approximately 1,624 cm™ could be assigned to the bending

mode of the OH groups on the alumina surface. The bands at approximately

2,327 and 2,358 cm™ °! were attributed to the C-O stretching vibrations of the

product, CO,. All of the peaks gradually increased from RT to 190 °C.

190 C
170 'C

150 C

130 C

110 °C

90 C

70 C

50 C

RT
M,

C

1
1
I
1
1
1
1
1
1
1
1
I
1
1
I
1
I
1
1
1
1
1
1
:
(o}

2

Linear-CO

1
Bridged-CO
I 1 l 1 I 1 I 1 I 1

2800 2600

2400

2200 2000 1800
Wavenumbers (cm™)

1600 1400 1200

Fig. 6. IR spectra of the CO and O, reactions on the PdCl,/a-Al,O; catalyst at different
temperatures. The in situ infrared measurements were taken through the gas, and the
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temperature reached the specified temperature after balance and after 10 min data acquisition.

Reaction profiles for CO oxidation

The mechanism of the catalytic cycle of CO oxidation on the defective PdCl,
(140) from the DFT calculations is depicted in Fig. 7, and the bond lengths of
these structures are summarized in Fig. 8 (side view). After pre-reduction by H», a
chlorine vacancy was formed. On the basis of the adsorption results, CO
oxidation on defective PdCl, (140) was studied. Four reaction mechanisms are
proposed and displayed in Fig. 7, in which the energies are also shown, and the
bond lengths of these structures are summarized in Fig. 8. In these putative
mechanisms, we first consider the Eley-Rideal (E-R) mechanism. The catalytic
cycles are initiated by the adsorption of O, molecules onto the defective PdCl,
(140); then, the CO gas promptly reacts with the adsorbed O, on the V¢ site. The
initial step of the reaction involves the formation of complexes in which the O,

molecule binds to the defective PdCI,(140) surface (step A).

For Mgr;, after overcoming an activation barrier of 0.26 eV (TS1), an
intermediate (step B: peroxo-type, OOCO) is found. From the structure analysis,
along the reaction coordinate, the Pd-O bond is breaking and the C-O bond is
forming, resulting in the formation of an intermediate peroxo-type, OOCO (step
B). Next, the cleavage of one O-O bond of OOCO occurs to produce the first CO,
molecule and then desorbs from the surface with a low activation barrier of only
0.30 eV (TS2), which is exoergic by 2.13 eV, leaving behind an O atom bound to

the defective PdCl, (140) surface (step C). The second half of the catalytic cycle
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begins with the adsorbed O from the first step. The CO gas promptly reacts with
the adsorbed O (step D) to reach TS3, resulting in the formation of an adsorbed
CO; molecule (step E). The calculated activation barrier for the reaction is 0.54
eV. After passing over TS4, a CO, molecule is completely desorbed from the
surface with an activation barrier of 0.16 eV and exothermic heat of 0.14 eV,
resulting in an chlorine vacancy (V¢y) (step F). Our results note that the formation
of OOCO is easier than the desorption of CO, because the peroxo-type
intermediated OOCO is very stable on the defective PdCIy(140) surface.

Furthermore, these values are favourable enough to make this reaction occur.

In addition to intermediate OOCO, which arose directly from adsorbed O, and
CO gas, we also consider another intermediate, CO;3. A second possible pathway
(MgR») is illustrated in Fig. 7 (blue line) and Fig. 8. Compared to Mgr;, however,
the gaseous CO can insert into the O-O bond, via TS5, with a barrier height of
2.71 eV, forming a very stable carbonate adsorbate (step G) with an exotherm of
2.99 eV. The barrier involved in this step is so large that it is difficult to surmount.
In the next desorption path from COjs (ads) to the product CO, gas (step C), a
lower energy barrier of 1.61 eV (TS6) is required. It involves the scission of one
0-0O bond and the formation of a C-O bond, and this process is also exothermic
by 0.16 eV. It is clear that although the formation of the COs species (Mgr2) is
very difficult, the significantly high barrier for CO3 formation and dissociation on
the defective PdCl, (140) surface makes the Mggry path less possible for CO

oxidation.
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Fig. 7. Four proposed reaction pathways for CO oxidation on the defective PdCl, (140)

surface. Mgg; (green), Mggry (blue), Myy; (purple), and My, (red). The energy and bond
lengths are given in eV and angstroms, respectively.
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Fig. 8. Side view of the proposed reaction pathway for CO oxidation on the defective PdCl,
(140) surface. See the caption of Fig. 7.

Compared to the E-R mechanism in the first half of the catalytic cycle, the
Langmuir-Hinshelwood (L-H) mechanism has been calculated (see Figs. 7 and 8),
in which the adsorption of O, on the V¢ site is competing with adsorbed CO. The
co-adsorption energy of two adsorbed CO molecules and one adsorbed O,
molecule (step H) is -3.67 eV, which is lower than that of one adsorbed O,
molecule and one gaseous CO molecule (step A). The co-interaction of adsorbed
CO molecules and adsorbed O, molecules directly gives rise to intermediate
OCOO (via TS7, denoted as Myy;) and CO; (via TS8, denoted as Mym),

respectively. For My, in TS7, the distance between the carbon atom in the CO
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molecule and the oxygen atom in adsorbed O, decreases from 2.818 to 2.290 A,
suggesting the formation of the OOCO intermediate. This step has an energy
barrier of 0.72 eV, and exothermicity is found to be 0.68 eV. Unlike path Myyj,
Mim involves the co-interaction of adsorbed CO and adsorbed O, to form the
CO; intermediate. Although the process is exothermic by 2.51 eV, it has a high

energy barrier of 1.60 eV (TS8), which hinders My, reaction channels.

From the above results, it is clear that CO oxidation on the defective PdCI, (140)
surface can proceed along the E-R and L-H mechanisms because of their
moderate barrier height and high exothermicity. Because of the smallest barrier
involved in Mgg;, the CO oxidation on the surface prefers to follow an E-R

523 metal

mechanism, which has previously been observed for metal surfaces
doped surfaces’, and some oxide surfaces® '’. The reaction activation barrier

(0.54 eV) of CO oxidation in the PdCl, catalyst is low, indicating the potential

high catalytic performance of the PdCl, catalyst for CO oxidation.

4. Conclusions

In summary, the detailed structural information of adsorbed CO and the chemical
reaction mechanism of CO oxidation on defective PdCI, (140) surfaces has been
studied within the DFT computation framework, in situ DRIRS, and EXAFS
measurements. The defective (140) facet is identified as the active plane in PdCl,
catalysts. We found that the path along Mgr; appears to perform the best, in

which the largest barrier is only 0.54 eV and must be overcome. The reaction
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channel proceeds first via a peroxo-type (OOCO) intermediate formation, second
by O adsorption with the first CO, release, then by the second CO attraction and
the second CO, formation, and finally by the second CO, desorption and
restoration of the defective PdCl, (140) surface. The rate-determining step is the
formation of the second CO; in the catalytic cycle. The PdCl, catalyst is as good
as other transition metal nanostructures, the reaction activation barrier of CO
oxidation is low, indicating as a potential high-performance catalyst for CO
oxidation. In addition, the XPS results and the XANES and EXAFS results
indicate the defective structure of PdCly/a-Al,Os. It is hoped that the present
theoretical investigations will provide experiments with instructive information

on further exploring the CO oxidation on palladium-based catalysts.
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Figure captions

Fig. 1. Top and side views of the perfect PACl, (140) surface. The Pd and CI atoms are coloured in
blue and green, respectively.

Fig. 2A. (1) HRTEM image of the fresh PdCl,/a-Al,O; catalyst; (2) XRD profiles of the
PdCly/a-AlO; catalyst; (3) curve fit of Pd and PdCl, 3d peaks for XPS profiles of the
PdCl,y/a-AlyO;5 catalyst.

Fig. 2B. (1) XANES spectra; (2) k’-Weighted Fourier transforms the Pd K-edge EXAFS spectra
of the PdCly/a-Al,O; catalyst: (A) pure PdCl,, (B) PdCly/a-AlLO;, (C) Pd foil; (3) EXAFS data
(black) and fit data (red) of the PdCl,/a-Al,O5 catalyst.

Fig. 3 Optimized stable structures of single CO (M1) and O, (N1-N3) molecule adsorption on the
defective PdCl, (140) surface. The values in parentheses for CO and O, are the experimental bond
lengths. The bond lengths and the adsorption energies are given in angstrom and eV, respectively.
The Pd, Cl, C, and O atoms are coloured in blue, green, grey, and red, respectively. The same
colour scheme is applied in Figs. 4 and 8.

Fig. 4. Optimized stable intermediates A: peroxo-type (OOCO) and B: carbonate-like (CO3)
formed by CO and O, co-adsorption. The values in the blue rectangle indicate Mulliken charges.
The bond lengths and the adsorption energies are given in angstrom and eV, respectively.

Fig. 5. DOS of the separate components (CO, O,, and Pd, respectively) before and after adsorption.
(a) for OOCO and (b) for COs.

Fig. 6. IR spectra of CO and O, reactions on the PdCl,/a-Al,O5 catalyst at different temperatures.
The in situ infrared measurements were taken through the gas, and the temperature reached the
specified temperature after balance and after 10 min of data acquisition.

Fig. 7. Four proposed reaction pathways for CO oxidation on the defective PdCl, (140) surface.
Mgg; (green), Mgg, (blue), My (purple), and My, (red). The energy and bond lengths are given
in eV and angstroms, respectively.

Fig. 8. Side view of the proposed reaction pathway for CO oxidation on the defective PdCl, (140)
surface. See the caption of Fig. 7.



