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A new Pd/Ce based metal-organic framework is designed and synthesized as a self-sacrificial template for
fabrication of an efficient catalyst for CO oxidation. The catalyst obtained by thermal annealing at 700 °C
(Pd/CeO,@NC-700) is composed of N-doped carbon with embedded Pd and CeO, nanoparticles, which
are highly dispersed and closely connected in the N-doped carbon; the high Pd loading (33.7 wt%) and
the coupling between Pd and the CeO, phase synergistically boost the CO oxidation performance. The
Pd/Ce0,@NC-700 catalyst exhibits a 100% conversion temperature of 89 °C and excellent long-term
stability. By combining structural characterization with density functional theory calculations, two
possible CO oxidation pathways of TPB and TOP are revealed, in which the adsorbed O, directly
dissociates to O* atoms and activates CO* molecules. The transfer of O* between Pd and Ce (TPB) or
Pd and Pd (TOP) facilitates the formation of CO, intermediates and finally results in the production of
CO,. This work provides a new insight into the development of novel efficient catalysts for CO oxidation
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Introduction

The carbon monoxide (CO) oxidation reaction is indisputably
important for mitigating pollution, which has attracted great
attention in the aspect of the living environment and industrial
research.”® Hence, development of highly efficient catalysts
that can enhance this reaction is crucial.*® As one of the most
commonly used reducible oxides, CeO, has been studied
extensively for CO oxidation catalysis due to its high oxygen
storage capacity and redox properties. Meanwhile, CeO, nano-
materials are also active carriers that can interact with catalytic
components, such as precious metals (such as Pd, Pt, etc.), to
enhance their stability and reactivity. Pd/CeO, composites not
only have the activity of Pd and CeO,, but also promote O,
adsorption through synergistic interactions between Pd and
CeO, (ref. 7) and can therefore be expected to be an efficient
catalyst for CO oxidation.*™°

Recently, progress has been made in Pd/CeO, systems with
different structures, and several preparation methods have
been reported, such as wet impregnation, coprecipitation, and
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based on metal-organic frameworks.

photoassisted deposition.”** Though it is generally acknowl-
edged that a higher Pd content contributes to stronger catalytic
activity, Pd/CeO, materials fabricated in most of these cases
possess a low content of Pd (0.081-11 wt%) as the agglomera-
tion of Pd nanoparticles (NPs) might become more serious with
the increase of the Pd content.***® Furthermore, to the best of
our knowledge, there is still no effective method to acquire Pd/
CeO, materials with a high content and dispersion of Pd NPs,
which greatly limits their activity. Thus, development of new
synthesis approaches that can achieve a high content and
uniform dispersion of Pd still represents a major challenge.
Metal-organic frameworks (MOFs), a new type of porous
material that is constructed by self-assembly of inorganic metal
centers and organic ligands,"?* have recently attracted
tremendous attention as self-sacrificial templates to derive
promising metal (M)/metal oxide (MO,) composites,*"** owing
to the following unique advantages: (1) the metal centers of
MOFs are periodically distributed throughout the whole
framework and separated by organic ligands, which can effec-
tively impede further agglomeration of metal centers and
ensure the highly uniform distribution of NPs. (2) The type of
atoms that coordinate with metal centers can be controlled by
choosing appropriate ligands. There is a great chance that the
metal centers connected to oxygen (O) atoms are transformed
into MO, NPs, while the metal centers bonding with nitrogen
(N) atoms are turned into M NPs.”® (3) Due to the high metal
content in MOF structures, more Pd can be retained in the final
products. (4) The carbon matrix derived from organic ligands
usually exhibits a partly graphitized structure and can be doped
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with N atoms, which would facilitate the synergistic interactions
between M and MO, NPs, ensuring the delivery of their catalytic
activities and good stability. Hence, MOFs are promising
precursors for the preparation of Pd/CeO,-based catalysts.
However, to the best of our knowledge, targeted design and
synthesis of proper MOF materials for deriving new Pd/CeO,
catalytic systems has not yet been reported.

Herein, we present a new Pd/Ce-MOF assembled from Pd
and Ce ions and 2,2'-bipyridine-4,4’-dicarboxylic acid (4,4’
H,bpydc) as a sacrificial template for synthesizing a novel Pd/
CeO, catalytic system for CO oxidation. This new Pd/CeO,
catalytic system obtained by thermal annealing in a hydrogen/
argon mixture atmosphere at 700 °C (Pd/CeO,-NC-700) is
composed of Pd and CeO, NPs embedded in N-doped carbon
and possesses a high Pd loading of 33.7 wt%, and it exhibits
excellent catalytic activity and stability for CO oxidation (Ty00 =
89 °C, 100% conversion temperature). By combining structural
characterization with density functional theory (DFT) calcula-
tions, two possible CO oxidation pathways are revealed: the TPB
and TOP pathways, which provide an in-depth theoretical
understanding of the catalytic process. Thus, this work provides
a new insight into the development of novel efficient catalysts
for CO oxidation based on MOFs.

Experimental
Materials and reagents

All reagents were purchased from commercial suppliers and
used without further purification. 4,4’-H,bpydc, palladium
acetate and cerium(m) nitrate hexahydrate were purchased from
Energy (China). Acetonitrile and 1,4-dioxane were supplied by
Tianjin Fuyu Fine Chemical Co. Ltd.

Synthesis of Pd/Ce-MOF

Pd/Ce-MOF was prepared by the solvothermal reaction. A
mixture of 4,4-H,bpydc (0.1 mmol, 0.0244 g), Pd(OAc),
(0.1 mmol, 0.0225 g), and Ce(NO3);-6H,0 (0.433 mmol, 0.1880
g) was ultrasonically dissolved in a solution of acetonitrile
(CH;3CN) and H,O (5.5 mL, v/v = 1: 1). Then, the solution was
transferred into a 10 mL vial, which was heated at 90 °C for 72 h.
After cooling down to room temperature, orange orthorhombic
prismatic crystals were obtained with a yield of 85% based on
Pd. The solid product was washed thoroughly with a solution of
CH;CN and H,O (v/v = 1:1) and dried in air at room
temperature.

Synthesis of Pd/CeO,@NC catalysts

Thermal annealing of the as-synthesized Pd/Ce-MOF was con-
ducted at 400, 500, 600, 700, and 800 °C in a hydrogen/argon
mixture atmosphere (H,, 5 vol%) for 6 hours. The obtained
samples were denoted as Pd/CeO,@NC-X (where X represents
the heating temperature).

Catalytic CO oxidation

The CO oxidation activities of Pd/CeO,@NC-X were measured in
a plug flow reactor using 50 mg of sieved (20-40 mesh) catalysts
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in a reactant atmosphere of 1 vol% CO/20 vol% 0,/79 vol% N,
(from Deyang Gas Co., Jinan, 99.997% purity) with a flow rate of
67 mL min~ ", corresponding to a space velocity of 80 000 mL
h™" g.ae ' Prior to the measurement, the catalysts were treated
with synthetic air (21 vol% 0,/79 vol% N,) at 300 °C for 30 min.
After this, the reactor was cooled down to room temperature
under a flow of pure N, gas. The catalytic tests were carried out
in the reactant atmosphere by increasing the temperature of
catalysts from room temperature to 300 °C (5 °C min~'). The
outlet gas compositions of CO and CO, were monitored online
by nondispersive IR spectroscopy (Gasboard 3500, Wuhan
Sifang Company, China).

Characterization

Infrared (IR) spectroscopy spectra were collected on a Nicolet
330 FTIR spectrometer within the 4000-500 cm™ ' region.
Elemental analyses (C, H, and N) were conducted on a Perki-
nElmer 240 elemental analyzer. Thermogravimetric analysis
(TGA) was performed on a Mettler Toledo TGA under a N, flow
by heating from room temperature to 900 °C (10 °C min ).
Powder X-ray diffraction (PXRD) measurements were carried out
on an analytical X-Pert pro diffractometer with Cu-Kao radiation
(y = 1.5478 A). Surface area and pore size distributions of the
catalysts were determined using nitrogen adsorption-desorp-
tion isotherms obtained on a Micromeritics ASAP 2020 surface
area analyzer at 77 K. The Pd contents were determined by
inductively coupled plasma atomic emission spectroscopy (ICP-
AES) on an IRIS Intrepid II XSP instrument (Thermo Electron
Corp.). Scanning electron microscopy (SEM) images were ob-
tained using a JEOL JSM-7600 field-emission SEM with an
accelerating voltage of 5 kv. TEM images were collected on a FEI
Tecnai F20 microscope operating at 200 kV. X-ray photoelectron
spectroscopy (XPS) analysis was performed on an Axis Ultra XPS
spectrometer (Kratos, U.K.) with 225 W of Al Ko radiation. The
Raman spectrum was collected via a HORIBA Evolution Raman
microscope using 532 nm incident wavelength.

Models and methods of DFT

All calculations were performed using the projector augmented
wave method (PAW)* as implemented in the Vienna ab initio
simulation package (VASP).>* Considering the exchange correla-
tion interactions in the Kohn-Sham equations, the generalized
gradient approximation (GGA) with Perdew-Burke-Ernzerhof
(PBE) functionals was applied.>® We chose a cutoff energy for the
plane wave basis set of 400 eV. Brillouin zone integration was
performed using a 2 x 2 x 1 Gamma grid for each surface.

For the calculations of Pd modified CeO,(111), we used a (3
x 3) supercell periodic slab with two O-Ce-O triple-layers. The
bottom O-Ce-O triple-layer was fixed and only the top layer was
relaxed when performing the geometric optimization.

The vacuum layer was set to 15 A to avoid the interactions
between replicated models. In order to determine the transition
state (TS) and activation energies, the climbing-image nudged
elastic band (CI-NEB)*” method was applied. Besides, the
vibrational mode was used to verify the accuracy of the transi-
tion states.

This journal is © The Royal Society of Chemistry 2020
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The isolated CO and O, molecules in the gas phase were
optimized in a vacuum cube.

The adsorption energies were calculated using the following
relationship:

AFE.qs = Eagsisub — Eads — Esub

where E,gg/sub, Eads and Egyp, represent the total energies of the
optimized surface with the adsorbate, the isolated adsorbate
molecule in the gas phase and the clean surface, respectively. A
negative adsorption energy indicates that the configuration is
stable and a positive adsorption energy means the adsorption of
molecules on the ceria slab is prevented by a barrier. The oxygen
vacancy formation energy (E,,.) is defined by

1
vac/sub + EEOZ - Esub

where Eyac/sub, Eo, and Eg,p, denote the total energy of the
substrate with an oxygen vacancy, an oxygen molecule in the gas
phase and the stoichiometric substrate, respectively.

Evae =

Pdz*

Ce3*

3

¢ Pd

@ CeO, Pd/Ce-MOF Pd/CeO,@NC

Scheme 1 Schematic illustration of the preparation of the Pd/
Ce0O,@NC-700 catalyst.
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Results and discussion

The structure of Pd/Ce-MOF was resolved by single crystal X-ray
diffraction (Fig. S1, Tables S1 and S2+t), which revealed that the
Pd and Ce centers are interconnected by 4,4’-bpydc®>~ molecules
to form one-dimensional chains that are constructed into
a three-dimensional framework by intermolecular force. The
powder X-ray diffraction (PXRD) pattern (Fig. S21) and Fourier
transform infrared (FTIR) spectrum (Fig. S3) indicate the
successful synthesis of Pd/Ce-MOF with high crystallinity and
phase purity. From thermogravimetric analysis (TGA), we
observe that the Pd/Ce-MOF structure can remain stable up to
330 °C. The following weight loss at higher temperature is due
to the collapse of the MOF structure and the decomposition of
the organic ligands (Fig. S4t). Based on these results, an
appropriate range of thermal annealing temperature from 400
to 800 °C was selected. Under a hydrogen/argon mixture
atmosphere (H,, 5 vol%), the Pd/CeMOF crystals were trans-
formed into Pd/CeO,@NC-X (where X represents the heating
temperature) catalysts (Scheme 1).

As revealed in the SEM image in Fig. 1a, the as-synthesized
Pd/Ce-MOF crystals present irregular bulk morphology. The
inset optical picture also confirms the good crystallinity of the
MOF crystal. After the annealing treatment at 700 °C in
a hydrogen/argon atmosphere, the sample is denoted as Pd/
CeO,@NC-700 and retains the original MOF crystal shape well
(Fig. 1b). More structural details of Pd/CeO,@NC-700 are shown
in SEM images with higher magnification (Fig. 1c—e). It can be
observed that these blocks are composed of abundant uniform
sphere-like nanostructures with diameters of 70-100 nm. By
TEM characterization, these sphere-like nanostructures are

e -
f‘i 1 um
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= ;
5 nm Pd (311)

10 1/ (nm)
e———cmm—mm

(a) SEM image of the Pd/Ce-MOF (inset: optical photomicrograph of a Pd/Ce-MOF crystal); (b—e) SEM images, (f) TEM image, (g) HRTEM

image and (h) selected area electron diffraction pattern of Pd/CeO,@NC-700; (i—n) elemental mapping images of Pd, Ce, C, N, and O distri-

butions in Pd/CeO,@NC-700.

This journal is © The Royal Society of Chemistry 2020
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confirmed to exist throughout the whole bulk (Fig. 1f). The
high-resolution TEM image (Fig. 1g) and selected area electron
diffraction pattern (Fig. 1h) verify that the sphere-like nano-
structure consists of Pd and CeO, NPs as well as carbon species
derived from organic ligands. As shown, the lattice fringes of
about 0.196 and 0.221 nm agree well with the (200) and (111)
crystal planes of Pd metal, while the lattice fringe with an
interplanar distance of 0.310 nm can be ascribed to the (111)
plane of CeO,. The Pd and CeO, phase are highly dispersed in
Pd/CeO,@NC-700 and simultaneously closely connected with
each other as shown by the red circles marked in Fig. 1g, which
has been proved by DFT calculation to be important in facili-
tating the catalytic activity for CO oxidation. The elemental
mapping images of Pd/CeO,@NC-700 further confirm the
uniform distribution of Pd, Ce, C, N, and O inherited from the
MOF precursor (Fig. 1i-n).

TEM characterization of Pd/CeO,@NC-600 and Pd/
CeO,@NC-800 was also performed for comparison and the TEM
images are presented in Fig. S5.1 Similar to Pd/CeO,@NC-700,
the particles of Pd and CeO, in Pd/CeO,@NC-600 are closely
connected and their lattice fringes can be clearly recognized as
Pd (111) and CeO, (111). For the Pd/CeO,@NC-800 sample, the
particles of Pd and CeO, are still closely connected, but no clear
lattice fringes of CeO, can be observed, indicating its amor-
phous structure at higher temperature. Furthermore, as illus-
trated in the marked red circle in Fig. S5b,T some of the lattice
fringes of Pd cannot be distinguished. This indicates that the
transformation of ceria from the crystalline to amorphous
phase affects the long-range order of the Pd crystal as well,
which can be further proved by the XRD and XPS results.

Fig. 2a shows the PXRD patterns of the Pd/CeO,@NC-X
catalysts obtained from 400 to 800 °C. The peaks present at 26
values of 40.1°, 46.7°, and 68.1° in the pattern of Pd/CeO,@NC-
400 correspond to the (111), (200) and (220) crystal planes of Pd
metal (PDF no. 46-1043). There is no CeO, phase formed at the
lower annealing temperature of 400 °C. When the temperature
reaches 500 °C, a series of new diffraction peaks appear due to
the formation of the CeO, phase. The peaks appearing at 26
values of 28.6°, 33.1°, 47.5°, 56.3°, 59.1°, and 69.4° are associ-
ated with the (111), (200), (220), (311), (222), and (400) crystal
planes of CeO, (PDF no. 34-0394). From 500 to 700 °C, the
intensity of the diffraction peaks gradually increases with the
temperature, and the full width at half maximum (FWHM)
gradually decreases, indicating the higher crystallinity of Pd
and the CeO, phase at a higher temperature. No extra peaks of
impurities are found, suggesting a complete conversion of the
Pd/Ce-MOF to Pd/CeO,@NC-X materials. When the annealing
temperature is as high as 800 °C, the crystallinity of the product
decreases remarkably and only large and broad peaks of Pd can
be clearly distinguished, which indicates that the crystalline
ceria was transformed to amorphous ceria at higher tempera-
ture. It should be mentioned that the larger Pd nanoparticle
sizes of Pd/CeO,@NC-600 (22.8 nm) and 700 (41.2 nm) calcu-
lated from XRD data are due to the inevitable formation of a few
larger Pd particles at 600 and 700 °C. As for Pd/CeO,@NC-800,
the XRD-based Pd size is 3.9 nm and no similar phenomenon is
observed. The impediment to the further growth of Pd particles
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Fig. 2 (a) PXRD patterns of the Pd/CeO,@NC-X catalysts obtained at
different temperatures and XPS spectra of (b) Pd 3d, (c) Ce 3d, (d) O 1s,
(e) C 1s and (f) N 1s for Pd/CeO,@NC-700.

can be attributed to the above discussed transformation of CeO,
from the crystalline to amorphous phase. Thus, for Pd/
CeO0,@NC-700, the presence of both the crystalline Pd and CeO,
phase and the largest surface area confirmed using N, adsorp-
tion isotherms (Fig. S61) are believed to contribute to its high
catalytic activity for CO oxidation.

The Pd/CeO,@NC-700 sample was also investigated by X-ray
photoelectron spectroscopy (XPS) to probe the alterations of the
surface electronic structure (Fig. 2b-f). The presence of
elemental Ce, Pd, C, N, and O was verified. The Pd 3d XPS
spectrum (Fig. 2b) demonstrates that the Pd phase in Pd/
CeO,@NC-700 is zero-valent with binding energies of Pd 3ds,, at
335.4 eV and Pd 3d;, at 340.8 eV, respectively, indicating
complete reduction of the Pd>" ions after annealing at 700 °C.
The Ce 3d XPS spectrum (Fig. 2¢) can be deconvoluted into three
kinds of peaks such as those associated with Ce*" (882.8 and
901.1 eV) and Ce®* (885.0 and 904.2 eV) and satellite peaks
(888.8, 898.5, 907.8 and 917.0 eV), which also indicates that the
main valence state of Ce in Pd/CeO,@NC-700 is +4 according to
the integral area ratio of the peaks. In the O 1s spectrum
(Fig. 2d), the peaks at 529.7 and 531.9 eV are ascribed to the
lattice oxygen of CeO, and the surface adsorbed oxygen species,
respectively. As for the C 1s spectrum (Fig. 2e), three peaks at
284.7, 285.6 and 288.4 eV are deconvoluted corresponding to
C-C (sp”), C-N and O-C=O0, respectively. In the N 1s XPS
spectrum (Fig. 2f), two fitted peaks around 398.5 and 400.2 eV
can be respectively assigned to pyridinic and pyrrolic N species.
The presence of N doped carbon and its partially graphitized

This journal is © The Royal Society of Chemistry 2020
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structure demonstrated by Raman characterization (Fig. S7t)
are speculated to play an important role in maintaining better
activity and stability of Pd/CeO,@NC-700 during the catalytic
process.

The XPS measurements of Pd/CeO,@NC-600 and Pd/
CeO,@NC-800 were also carried out for comparison. As illus-
trated in Fig. S8, Pd/CeO,@NC-600 shows similar XPS spectra
of Pd 3d, Ce 3d, C 1s and N 1s to those of Pd/CeO,@NC-700.
However, a difference is observed between the spectra of O 1s.
The peak assigned to lattice oxygen increases significantly from
600 to 700 °C, indicating the increase of the surface atomic ratio
of lattice oxygen in CeO,, which is in accordance with the
crystallinity enhancement of CeO, shown in the XRD pattern of
Pd/CeO,@NC-700. When the annealing temperature increases
to 800 °C, the peaks associated with Ce*" (882.6 and 901.0 eV)
are greatly reduced, and the peaks originating from Ce** (885.4
and 904.1 eV) increase remarkably, suggesting the reduction of
Ce* to Ce*" in Pd/Ce0,@NC-800. Furthermore, it is also
observed that the peak of lattice oxygen in the O 1s spectrum of
Pd/CeO,@NC-800 almost disappears, which reveals the trans-
formation of crystalline ceria to amorphous ceria at higher
temperature. This is the reason why Pd/CeO,@NC-800 shows no
XRD diffraction peaks of CeO,, consistent with the TEM results.

The amount of Pd in Pd/CeO,@NC-700 is determined by
ICPAES (Table S31) and is calculated to be 33.7 wt%. This is
higher than that of all the reported M/CeO, (M = Pd, Pt or Au)
composites (Table 1) to the best of our knowledge, which
ensures the good catalytic activity of the Pd/CeO,@NC-700
catalyst. It also higher than the theoretical value of Pd
(20.6 wWt%) in the crystal structure of Pd/Ce-MOF (Table S37).
This can be attributed to the mass loss during the thermal
annealing process.

Due to the high Pd content, the Pd/CeO,@NC-700 catalyst is
expected to show Pd-like catalytic activity for exhaust emission
control. And therefore, its catalytic activity and stability for CO
oxidation to CO, were evaluated.?®3° The CO conversion was
calculated according to the equation: CO conversion =
COreaction/COinput->*> As shown in Fig. 3, the five samples of Pd/
CeO,@NC-400, 500, 600, 700 and 800 exhibit a similar initial
conversion of 20% at room temperature. With the increase of
temperature, the conversion increases rapidly. The Tyoo (100%
conversion temperature) of the five samples follows the trend of
Pd/CeO,@NC-800 (137 °C) < Pd/CeO,@NC-400 (121 °C) < Pd/
Ce0,@NC-500 (114 °C) < Pd/Ce0,@NC-600 (108 °C) < Pd/
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Fig. 3 (a) CO conversion by using Pd/CeO,@NC-X catalysts and (b)
catalytic stability of the Pd/CeO,@NC-700 catalyst in the CO oxidation
reaction (t = 90 °C).

CeO,@NC-700 (89 °C) (Fig. 3a). Apparently, the annealing
temperature has a big impact on their catalytic activities. This is
due to the structural differences brought about by temperature,
which has also been confirmed by the XRD results.*”** The
sample obtained at 700 °C exhibits much higher catalytic
activity than its counterparts mainly owing to its higher crys-
tallinity of Pd and CeO,, thus enhancing the catalytic activity for
CO oxidation.*»*> Compared with other reported CeO,-based
composites, the Pd/CeO,@NC-700 catalyst exhibits better
activity with a lower Ty, of only 89 °C (Table 1).

Durability is another pivotal concern for evaluating a cata-
lyst. Thus, the cycling test of Pd/CeO,@NC-700 was carried out
to study its stability. As shown in Fig. 3b, the Pd/CeO,@NC-700
catalyst shows excellent catalytic stability at 90 °C for more than
24 h and no obvious reduction of the conversion of CO oxida-
tion reaction is observed after this process. From the TEM
images obtained after the stability test (Fig. S107), it can be seen
that the Pd/CeO,@NC-700 catalyst retains its original nano-
structure, indicating its good catalytic performance under long-
term cycling conditions.

It is apparent that the coupling of Pd and the CeO, phase is
crucial for synergistically boosting the CO oxidation perfor-
mance of Pd/CeO,@NC-700. Thus, we also carried out system-
atic DFT calculations to provide an in-depth theoretical
understanding of the catalytic process. Since the majority of Ce
ions have a valency of +4 in the Pd/CeO,@NC-700 catalyst, the
density of oxygen vacancies would be relatively low according to
the charge-compensation mechanism.** Furthermore, accord-
ing to Fig. 3b, the Pd/CeO,@NC-700 catalyst shows excellent
catalytic stability, which indicates that it is difficult to produce
oxygen vacancies on its surface.**® In other words, the Pd/

Table 1 Tjgo of the CO oxidation reaction for the Pd/CeO,@NC-700 catalyst and other CeO,-based composites

Content of the Pd loading Activity
Materials catalyst (mg) T100 (°C) Flow rate (mL min ") (Wt%) (mol gy, " h™") Ref.
Pd@CeO, 600 95 100 (1% CO/5% 0,/N,) 11.0 6.8 8
h-Pd-CeO, 10 150 50 (1% CO/20% O,/Ar) 2.0 63.9 9
Pd@CeO,/Al,03 200 110 50 (1% CO/20% O,/N,) 11.0 30.4 10
Pt@CeO, 8 135 30 (1% CO/20% O,/N,) 8.7 19.2 33
AU@CeO, 200 155 50 (1% CO/1.6% O,/He) 1.0 11.2 34
Pt-CeO, 12.5 140 50 (1% CO/20% O,/He) 7.7 23.2 35
Au/scCeO, 15 — 22.5(1% CO/20% O,/N,) 3.7 19.8 36
Pd/CeO,@NC-700 50 89 67(1% CO/20% O,/N,) 33.7 31.9 This work
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Fig. 4 The reaction path for CO oxidation to CO, on Pd/CeO, (111) surfaces: (a) the TPB pathway and (b) the TOP pathway. Atom key: Pd (dark

green), Ce (light yellow), C (gray), and O (red, yellow, and rose).

CeO,@NC-700 surface can barely activate the adsorbed CO by
the Mars-van Krevelen (M-vK) mechanism,* in which the lattice
O atom directly interacts with CO to form CO, leaving an oxygen
vacancy.”® Additionally, the formation energy of the oxygen
vacancy (2.308 eV) is higher than the dissociation energy of
adsorbed O, (1.745 eV). Therefore, we constructed the defect-
free CeO, (111) surface as the support of the catalyst.

The surface model is assembled with a Pdg cluster placed on
the stoichiometric CeO, (111) surface. Before this, the free Pdg
cluster structure was optimized in a vacuum and the lowest
energy of Pdg was adopted. Then the study of the CO oxidation
reaction was carried out on Pdg/CeO, (111), which follows the
well-accepted Langmuir-Hinshelwood mechanism that mole-
cules must first be adsorbed on the ceria surface before
undergoing oxidation. We found that a stable chemisorption
configuration can be formed between the CO molecule and Pdg
cluster supported on CeO,. The lattice O atoms of ceria are not
involved in CO oxidation as we have confirmed that the stable
adsorption sites for O, molecules are on the Pdg/CeO, (111)
surface. Hence, the adsorbed O, on the surface can easily be
activated and dissociated.

Due to the divergence in stable adsorption sites on the Pdg/
CeO, (111) surface, we explored two alternative reaction path-
ways for CO oxidation (Fig. 4), which do not follow the M-vK
mechanism according to the above discussion. It is worth
mentioning that there is a competitive adsorption relationship
between CO and O,, i.e. the CO and O, molecules cannot be
stably adsorbed on the same facet of the Pdg cluster. The CO
molecule prefers to adsorb on the Pdg cluster and coordinate
with two Pd atoms with adsorption energies of —1.13 and
—2.04 eV in TPB (three phase boundary)* and TOP (both CO
and O, molecules are adsorbed on top of the Pdg cluster),
respectively. The bond length of the adsorbed CO molecule is
1.18 A in both the pathways, slightly longer than that of CO in
the vacuum phase (1.14 A), which is attributed to the charge
transfer from C to the Pdg cluster. These indicate that CO can
interact with the Pdg cluster by forming a chemical bond.

760 | Nanoscale Adv., 2020, 2, 755-762

The formation of the bent O-C-O type from CO and O*
dissociated from O, is an exothermic elementary step and
requires energy barriers of 1.38 and 1.05 eV in the TPB and TOP
pathway (Fig. 5), respectively. In the TPB pathway, the most
energy-consuming step is the migration of O* from the Pd,
cluster to CO. It is important to note that the migration of O* is
affected by the morphology of the Pdg cluster. The topmost Pdg
layer consists of four Pd atoms before the CO oxidation reac-
tion. The co-adsorption of CO and O, affected the structure of
the topmost Pdg layer, leading to one Pd atom spontaneously
interacting with a surface lattice O atom. Because of the two
different molecular adsorption configurations of the two path-
ways, the impact of structural deformation on the reaction is
also different. Therefore, the Pdg cluster undergoes surface
reconstruction while the O* diffuses on the surface, which
entails different activation energy consumption in the two
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Fig. 5 Potential energy diagrams for CO oxidation. The elementary
reaction barriers are given in eV. M-vK represents the CO oxidation
pathway on the reduced Pdg/CeO, surface (the well accepted Mars-
van Krevelen mechanism?®°).
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pathways. Once the bent O-C-O intermediate is formed, the
valence electrons of C completely interact with O* and are no
longer bonded to the Pdg cluster, leading to the O-C-O inter-
mediate spontaneously desorbing to the gas phase without an
energy barrier.

It can be determined that the most stable adsorption sites of
subsequent CO bonding to the Pdg cluster are affected by O*
dissociated from O,. In the TPB pathway, the O* spontaneously
forms an ionic bond with Ce**, since the Ce*" on the surface is
unsaturated. However, if O* is adsorbed on the bridge sites of
the Pdg cluster, it would lead to a situation where the subse-
quent CO cannot be adsorbed on the adjacent facets of the Pdg
cluster.

Understandably, the activation energy of TS2 in the TPB
pathway is 0.52 eV, which is significantly lower than that in the
TOP and M-vK pathways since the dissociated O* can easily be
activated in the TPB area. However, in the TOP pathway, the O-
CO formation requires 2.02 eV to overcome the energy barrier
which is significantly higher than that for the first CO,
production. This is attributed to the specific diffusion route of
O*. Obviously, the most difficult step in the O* diffusion
process is the rotation of the O-Pd bond, which is caused by the
reconstruction of the Pdg cluster. The O* atom has to climb the
facet to combine with CO. A complete cycle of the CO oxidation
reaction contains two subsequent CO adsorption and oxidation
steps. However, by comparing the final states of the two path-
ways, it can be observed that there is a difference in the energy
of the solid surface after the removal of CO, molecules. This is
because the Pdg cluster undergoes surface reconstruction after
the dissociated O* bonds with Ce*" in the TPB pathway, and its
configuration is slightly different from the initial state. Never-
theless, in the TOP pathway, the Pdg cluster can always main-
tain the most stable configuration in which five Pd atoms
strongly interact with lattice oxygen of ceria. The accompanying
disadvantage is that this stable cluster configuration is difficult
to relax, which hinders migration of dissociated O*.

Based on the DFT calculations, two possible CO oxidation
pathways are determined on the Pd/CeO,@NC-700 surface.
Compared with the M-vK mechanism, the adsorbed O, directly
dissociates to O* and activates a CO* molecule rather than
a lattice O atom. The activation energy of the M-vK mechanism
in two subsequent CO oxidation reactions is slightly higher than
that of the TPB and TOP pathways because creating an oxygen
vacancy in this surface is not energetically favorable. The
transfer of O* between Pd and Ce (TPB) or Pd and Pd (TOP)
facilitates the formation of CO) intermediates and finally
results in the production of CO,.

All the above results suggest that the as-synthesized Pd/
CeO,@NC-700 material is a promising alternative catalyst for
CO oxidation. There are three reasons for its excellent catalytic
activity and stability: (1) the high content of Pd (33.7 wt%)
inherited from the MOF structure accelerates the reaction
dynamics; (2) the coupling of Pd and the CeO, phase synergis-
tically boosts the catalytic performance; (3) the N-doped and
partly graphitized carbon matrix ensures the delivery of their
catalytic activities and the good stability. These results give way

This journal is © The Royal Society of Chemistry 2020
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to great expectations for future MOF-derived catalysts for effi-
cient CO oxidation.

Conclusions

In summary, we have successfully designed and synthesized
a series of Pd/CeO,@NC catalysts by one-step thermal anneal-
ing of a new Pd/Ce-MOF precursor, after which the Pd** and
Ce*" centers in Pd/Ce-MOF were completely transformed to Pd
and CeO, NPs, respectively. In the sample obtained at 700 °C
(Pd/CeO,@NC-700), the Pd loading is as high as 33.7 wt%. The
coupling of Pd and the CeO, phase synergistically boosts the CO
oxidation performance of Pd/CeO,@NC-700. The 100%
conversion temperature of CO is as low as 89 °C with simulta-
neously excellent long-term stability. DFT calculations reveal
two possible CO oxidation pathways: the TPB and TOP path-
ways. This confirms that the transfer of dissociated O* between
Pd and Ce (TPB) or Pd and Pd (TOP) facilitates the formation of
CO, intermediates and finally results in the production of CO,.
The results demonstrate that using MOFs as self-sacrificial
templates provides a new insight into fabricating novel nano-
catalysts for efficient CO oxidation.
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