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• A one-pot solvothermal method was 
developed for the preparation of Pd 
incorporated in Ce-BTC 

• The Pd-CeO2 catalyst derived from one- 
pot generated Pd@Ce-BTC exhibited 
superior CO oxidation activity 

• The activity of the Pd-CeO2 catalyst 
obtained through pyrolysis in nitrogen 
flow surpassed that obtained in air flow 

• High Pd dispersion and rich surface 
Ce3+ species contributed to the 
improved CO oxidation activity on Pd- 
CeO2  
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A R T I C L E  I N F O   
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A B S T R A C T   

Due to the capacity to offer abundant catalytic sites within porous solids featuring high surface areas, metal- 
organic frameworks (MOFs) and their derivatives have garnered considerable attention as prospective cata
lysts in environmental catalysis. To promote the industrial application of MOFs, there is an urgent need for an 
effective and environmental-friendly preparation approach. Breaking through the limitation of the traditional 
two-step preparation method that Pd was introduced to the already prepared Ce-BTC (Pd/Ce-BTC, BTC = 1, 3, 5 
benzenetricarboxylate), in this work, we present a novel one-pot solvothermal method for synthesizing the Pd 
material supported by Ce-BTC (Pd@Ce-BTC). After pyrolysis in N2 flow or air flow, Pd-CeO2 catalysts derived 
from Pd@Ce-BTC exhibited much higher CO oxidation activity than those from Pd/Ce-BTC. Moreover, Pd/Ce- 
BTC and Pd@Ce-BTC pyrolyzed in N2 flow (Pd/Ce-BTC-N and Pd@Ce-BTC-N) could better catalyze the oxida
tion of CO than Pd/Ce-BTC and Pd@Ce-BTC pyrolyzed in air flow (Pd/Ce-BTC-A and Pd@Ce-BTC-A). Further 
characterizations revealed that the abundant surface Ce3+ species, rich surface adsorbed oxygen species and 
superior redox properties were the main reasons for the superior CO oxidation activity of Pd@Ce-BTC-N.   

1. Introduction 

Due to their precisely controlled pore sizes, customizable structures, 
and adaptable surface functionalities, metal-organic frameworks 
(MOFs) have been widely applied in chemical, energy and environment- 
related fields [6]; [18]; [22]. Particularly, the abundant catalytic sites 
within high-surface-area porous structures and the remarkable stability 
of some MOFs and their derived materials have made them promising 
catalysts [9]; [14]; [28]. For instance, Ikuno et al. constructed Cu-oxo 
cluster catalysts stabilized in NU-1000 for catalyzing the oxidation of 
methane to methanol efficiently [11]. An et al. confined the ultra-small 
Cu/ZnOx nanoparticles in UiO-bpy, which exhibited superior catalytic 
performance in the hydrogenation of CO2 to methanol [1]. Recently, 
using MOFs and MOFs-derived materials in the environmental catalysis 
field has become a research hotspot. Among those MOFs materials, 
M-BTC (M = Mn, Ce, Cu, Fe, etc., BTC = 1, 3, 5 benzenetricarboxylate) 
has been widely used as important precursors in the preparation of 
catalysts for various catalytic oxidation reactions to eliminate CO, 
toluene, formaldehyde, and so on [2]; [4]; [16]; [24]; [34]. 

Platinum group metals (PGMs) catalysts supported by CeO2 have 
been one of the most attractive catalyst groups in various catalytic 
oxidation reactions.[19]; [26]; [29]; [30]; [32]; [36] Their catalytic 
performance was highly dependent on the states of PGMs as well as the 
properties of CeO2 supports. To further tap the potential of CeO2, many 
strategies have been proposed to increase the surface area, control the 
specific morphology, engineer the surface oxygen vacancies and 
enhance the redox capability [31]. PGM catalysts on such fine-tuned 
CeO2 support with proper metal-CeO2 interactions, dispersion and 
electronic states might exhibit superior catalytic performance in 
different reactions. Known for the high surface area, the presence of 
nanosized cavities/open channels and relatively low cost, Ce-BTC has 
been recognized as an ideal precursor for synthesizing CeO2-based cat
alysts with improved catalytic performance [4]; [7]; [8]; [13]; [24]; 
[34]. For instance, Pd/CeO2 catalysts derived from tetragonal Ce-BTC 
exhibited a higher proportion of Pd0 and featured smaller Pd nano
particles. These characteristics resulted in the enhanced catalytic per
formance in CO oxidation [7]. Pd/quasi-Ce-BTC synthesized through N2 
pyrolysis possessed elevated concentrations of Ce3+ and Pd0, which 
could promote the activation of oxygen, and thus resulting in the su
perior catalytic performance in toluene oxidation.[24] Typically, these 
catalysts were prepared through multiple steps, initially involving the 
synthesis of Ce-BTC followed by pretreatment or/and the metal loading 
processes. However, such a synthetic route was intricate, costly, and less 
environmental-friendly. In the preparation of Ce-BTC, dimethylforma
mide (DMF) was utilized as the solvent [35]. Additionally, it has been 
reported that DMF could be a reducing agent in the synthesis of precious 
metal particles, such as Pd [3]. These findings have inspired us to 
investigate the possibility of merging the preparation of MOFs with the 
simultaneous synthesis and incorporation of precious metal particles 

within the pore structures of MOFs. Through such a one-pot synthesis 
route, Ce-BTC supported metal catalysts could be obtained in one step. 

In this study, we present a one-pot solvothermal synthesis method for 
the in-situ construction of Pd species within the pore structure of Ce- 
BTC, resulting in Pd@Ce-BTC. Serving as a reference, a conventional 
method involving the synthesis of Ce-BTC followed by the impregnation 
of Pd was used to prepare Pd/Ce-BTC. Both Pd@Ce-BTC and Pd/Ce-BTC 
materials were pyrolyzed in either N2 flow or air flow at 500 ◦C before 
use. In comparison to the Pd/CeO2 catalysts derived from conventional 
Pd/Ce-BTC, those prepared from one-pot synthesized Pd@Ce-BTC 
exhibited higher Pd dispersion and enhanced CO oxidation perfor
mance. Furthermore, pyrolysis in N2 flow was found to better facilitate 
the formation of more surface Ce3+ and more surface-adsorbed oxygen 
species on Pd/CeO2 catalysts derived from both Pd/Ce-BTC and Pd@Ce- 
BTC than pyrolysis in air flow. The developed one-pot solvothermal 
synthesis method proved to be not only straightforward, efficient, and 
environmental-friendly, but also capable of fabricating Pd/CeO2 catalyst 
with superior catalytic performance in CO oxidation. 

2. Materials and experimental methods 

2.1. Catalyst preparation 

Ce-BTC was synthesized through a solvothermal method reported 
elsewhere [35]. Typically, 10 mmol of cerium nitrate and 6.67 mmol of 
trimesic acid were added to 60 mL of DMF. After stirring at room tem
perature (RT) for 1 h, the solution was transferred to a Teflon-lined 
autoclave and heated at 100 ◦C for 24 h with stirring. Afterwards, the 
product was filtered once cooling to RT naturally, and washed with 
methanol and deionized water, followed by drying in vacuum at 60 ◦C 
for 12 h. 

Pd/Ce-BTC was prepared by a solvothermal method. 2 g of as- 
prepared Ce-BTC was dispersed in 60 mL of DMF, followed by the 
addition of PdCl2 solution (1 wt% Pd/CeO2). After stirring at RT for 1 h, 
the solution was transferred to a Teflon-lined autoclave and heated at 
140 ◦C for 6 h with stirring. Then, the product was filtered, washed with 
methanol and deionized water, and dried in vacuum at 60 ◦C for 12 h. 
For comparison purpose, Pd/CeO2 was also prepared via the same 
method except using CeO2 as support. The CeO2 support was obtained 
by calcining cerium nitrate at 500 ◦C for 3 h. 

Pd@Ce-BTC was prepared via a one-pot solvothermal method as 
illustrated in Scheme 1. Typically, 10 mmol of cerium nitrate, 6.67 
mmol of trimesic acid, and PdCl2 solution (1 wt% Pd/CeO2) were 
sequentially added to 60 mL of DMF. After stirring for 1 h, the solution 
was transferred to a Teflon-lined autoclave and heated at 100 ◦C for 24 
h, and then heated to 140 ◦C and kept for another 6 h with stirring. After 
cooling to RT naturally, the product was filtered, washed with methanol 
and deionized water, and vacuum-dried at 60 ◦C for 12 h. 

Pd/Ce-BTC and Pd@Ce-BTC were set into a tube furnace and treated 
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in air or N2 flow at 500 ◦C for 3 h, and the obtained samples were suf
fixed with “-A” or “-N”, respectively. For comparison, the Pd@Ce-BTC 
powder was also treated in air or N2 flow at 800 ◦C for 3 h, and the 
obtained samples were denoted as Pd@Ce-BTC-A800 or Pd@Ce-BTC- 
N800, respectively. Pd/CeO2 reference was treated in air flow at 
800 ◦C for 3 h as well, and the obtained catalyst was named as Pd/CeO2- 
A800. 

According to the results of inductively coupled plasma atomic 
emission spectroscopic (ICP-AES), the real mass ratio of Pd in Pd/CeO2, 
Pd/Ce-BTC-A, Pd@Ce-BTC-A, Pd/Ce-BTC-N, and Pd@Ce-BTC-N to CeO2 
was 0.98, 0.95, 1.01, 0.97, and 0.93 wt.%, respectively. 

2.2. Catalyst characterizations 

The detailed descriptions of catalyst characterizations by X-ray 
diffraction (XRD), Scanning transmission electron microscopy (STEM), 
N2 physisorption, X-ray photoelectron spectroscopy (XPS), X-ray ab
sorption spectroscopy (XAS), CO temperature-programmed reduction 
(CO-TPR), O2 temperature-programmed desorption (O2-TPD), Raman 
spectroscopy, and thermal gravimetric analysis (TGA) techniques can be 
found in the Supplementary material. 

2.3. Catalytic performance evaluation 

CO oxidation test was carried out using a conventional fixed-bed 
flow reactor at atmospheric pressure. Prior to the test, a mixture of 
catalyst (50 mg) and SiC (0.25 g) was loaded into a quartz tube (inner 
diameter of 4 mm) and pretreated in 10% O2/Ar flow at 250 ◦C for 
30 min. The feeding gas (83.3 mL⋅min− 1) was composed of 1% CO and 
20% O2, using Ar as balance, corresponding to the weight hourly space 
velocity (WHSV) of 100,000 mL⋅g− 1⋅h− 1. The effluent gas was analyzed 
by mass spectrometer (MS) using the m/z of 28, 44 and 32 for CO, CO2 
and O2, respectively. The CO conversion (XCO) and reaction rate (r) on 
Pd catalysts were calculated according to the following equations: 

XCO (%) =
[CO]in − [CO]out

[CO]in
× 100%  

r (µmol⋅gPd
− 1⋅s− 1) =

FCO,in × XCO

mPd  

where [CO]in and [CO]out are the inlet and outlet concentrations of CO, 
FCO, in is the molar flow rate of CO, XCO is the CO conversion, and mPd is 
the real mass of Pd in the catalysts. 

3. Results and discussion 

3.1. Structural characteristics 

As depicted in Fig. S1, similar XRD patterns were observed on Ce- 
BTC and Pd@Ce-BTC, which could be well indexed to standard Ce- 
BTC structure as reported.[7] In consistence with Ce-BTC, Pd@Ce-BTC 
showed type IV isotherms (IUPAC classification) with H3-type hysteresis 
(Fig. S2a). These similar XRD patterns and N2 adsorption-desorption 
isotherm plots for Ce-BTC and Pd@Ce-BTC indicated that the Pd spe
cies have been successfully introduced into Ce-BTC without damaging 
its structure via this developed one-pot solvothermal method, although 
the pore distribution of them was slightly different (Fig. S2b). The 
thermal stability and the weight loss characteristics for Ce-BTC and 
Pd@Ce-BTC were investigated by thermogravimetric analysis (TGA). As 
shown in Fig. S3a, the thermal degradation of Ce-BTC in the air flow 
exhibited three distinct rapid weight loss phases within the temperature 
range of 40–800 ◦C. The initial weight loss below 100 ◦C could be 
attributed to the loss of adsorbed and lattice-coordinated water. Sub
sequently, from 100 to 350 ◦C, the second weight loss could be ascribed 
to the desorption and oxidation of organic solvents. Lastly, the third 
weight loss, occurring between 350 and 800 ◦C, was likely associated 
with the combustion of the organic ligand within Ce-BTC.9 When sub
jected to the N2 flow environment, Ce-BTC exhibited two primary 
weight loss steps. The initial weight loss, occurring at temperatures 
below 500 ◦C, could be attributed to the desorption of water and organic 
solvents. Beyond 500 ◦C, the second step corresponded to the decom
position of organic ligand within Ce-BTC. The thermal weight loss pro
file of Pd@Ce-BTC closely paralleled with that of Ce-BTC in both air flow 
and N2 flow, but with an overall lower weight loss (Figs. S3b and S3c). 
Based on the TGA results, the loading of Pd on the resulted Pd/CeO2 
catalysts for CO oxidation were precisely controlled at ca. 1 wt.%. 

The XRD patterns (Fig. 1a) for all supported Pd/CeO2 catalysts could 
be attributed to the cubic fluorite CeO2 (JCPDF No. 34–0394). 
Comparing to the samples obtained in air flow, the XRD peaks of Pd/Ce- 
BTC-N and Pd@Ce-BTC-N obtained in N2 flow displayed broader full 
width at half maximum (FWHM) of the peak, indicating the lower 
crystallinity of CeO2. It should be noted that there was a shift to lower 
angles in the XRD peaks for Pd@Ce-BTC-N and Pd@Ce-BTC-A compared 
to those observed for Pd/CeO2 and Pd/Ce-BTC-A (Fig. S4). This shift 
indicates a lattice expansion of CeO2 due to the presence of abundant 
Ce3+ species in the catalysts prepared using the one-pot solvothermal 
method, potentially benefiting the CO oxidation. The lattice expansion 
was further confirmed by the calculated lattice parameters of 0.543 nm 
for Pd@Ce-BTC-N and 0.542 nm for Pd@Ce-BTC-A, in contrast to 
0.541 nm for Pd/CeO2 and Pd/Ce-BTC-A. Comparing to Pd@Ce-BTC-N, 
the much weaker XRD peaks on Pd/Ce-BTC-N should be due to the 
incomplete deligandation during the pyrolysis in N2 flow. The 

Scheme 1. Schematic diagram of synthesizing Pd@Ce-BTC catalysts using a one-pot hydrothermal method.  

S. Xie et al.                                                                                                                                                                                                                                       



Journal of Hazardous Materials 466 (2024) 133632

4

crystalline size of CeO2 was further calculated using Scherrer equation 
for confirmation. As inserted in Fig. 1a, the crystalline sizes of CeO2 in 
Pd/Ce-BTC-N (4 nm) and Pd@Ce-BTC-N (9 nm) were indeed much 
smaller than that in Pd/Ce-BTC-A (15 nm) and Pd@Ce-BTC-A (13 nm), 
respectively. The results of XRD were further supported by the Raman 
spectra (Fig. S5), with lower intensity of the bands assigned to CeO2 F2 g 
mode observed on Pd/Ce-BTC-N and Pd@Ce-BTC-N, which was usually 
related to the lower crystallinity of CeO2.([17]) These results suggested 
that the calcination in N2 flow could benefit lowering the crystallinity of 
catalysts derived from Pd@Ce-BTC and Pd/Ce-BTC. As illustrated in 
Fig. 1b, through the measurement of N2 adsorption-desorption iso
therms, it was found that all catalysts exhibited IV isotherms with H3 
hysteresis loops, suggesting the presence of mesoporous structure, 
which was confirmed by the results of the pore size distribution 
(Fig. S6). It was also found that higher specific surface area was ach
ieved on the samples derived from the pyrolysis of precursors in N2 flow 
(Table S1), especially for Pd@Ce-BTC-N (100 m2⋅g− 1). 

To further investigate the structure of the prepared catalysts, 
HAADF-STEM and EDS-mapping images were collected. As shown in 
Figs. 1c-1f, all catalysts were in short rod shape, and the size of CeO2 rod 

in Pd@Ce-BTC-A and Pd@Ce-BTC-N was smaller than that in Pd/Ce- 
BTC-A and Pd/Ce-BTC-N. Moreover, it was noticeable that more uni
formly distributed Pd species were formed on Pd@Ce-BTC-N comparing 
to that on Pd/Ce-BTC-N. Much smaller Pd clusters could also be 
observed by HR-TEM images (Fig. S7). The observations above sug
gested that the one-pot solvothermal synthesis method could signifi
cantly decrease the size of CeO2 support and facilitate the dispersion of 
Pd species. 

3.2. Catalytic performance 

As a probe reaction, CO oxidation was used to evaluate the catalytic 
oxidation performance of the developed Pd-CeO2 catalysts derived from 
Pd-Ce-BTC materials. As shown in Fig. 2a, the catalysts derived from 
both Pd/Ce-BTC and Pd@Ce-BTC performed much better than the 
conventional Pd/CeO2 catalyst in CO oxidation reaction, hinting at the 
superiority of using Ce-BTC as the CeO2 precursor. Moreover, the cata
lysts derived from Pd@Ce-BTC exhibited higher activity comparing to 
those from Pd/Ce-BTC, underscoring the advantageous impact of the 
one-pot solvothermal synthesis method on enhancing the catalytic 

Fig. 1. (a) XRD patterns and (b) N2 adsorption-desorption isotherms for Pd catalysts; HAADF-STEM and EDS-mapping images for (c) Pd/Ce-BTC-A, (d) Pd@Ce-BTC- 
A, (e) Pd/Ce-BTC-N, and (f) Pd@Ce-BTC-N. The CeO2 crystalline sizes within the catalysts are inserted in Fig. 1a. 
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activity of Pd. Among all the catalysts, Pd@Ce-BTC-N exhibited the 
highest CO oxidation activity (with T50 = 135 ◦C, T50 was the temper
ature at which CO conversion reached 50%). In addition, the pyrolysis 
atmosphere had a notable influence on the CO oxidation activity of both 
Pd/Ce-BTC and Pd@Ce-BTC catalysts. Notably, the catalysts pyrolyzed 
in N2 flow showed higher CO oxidation activity comparing to those 
pyrolyzed in air flow. In comparison to the recently reported Pd-CeO2 
catalysts prepared by various methods including impregnation, the 
Pd@Ce-BTC-N catalyst developed in this study demonstrated superior 
performance (Table S2). The catalytic stability and thermal stability of a 
catalyst are crucial for various operations, particularly for those con
ducted under high engine loads [19]. Therefore, two rounds of activity 
testing were conducted on both Pd/Ce-BTC-N and Pd@Ce-BTC-N cata
lysts, revealing superior catalytic stability with no observable decrease 
in CO oxidation activity (Fig. S8). To further assess the thermal stability 
and validate the advantages of pyrolysis in N2 flow, Pd@Ce-BTC cata
lysts pyrolyzed in both N2 and air flows at a high temperature of 800 ◦C 
for 3 h were obtained and evaluated for CO oxidation activity. It was 
evident that Pd@Ce-BTC-N800 exhibited higher CO oxidation activity 
than Pd@Ce-BTC-A800 (Fig. 2b). Moreover, Pd@Ce-BTC-A800 exhibi
ted much higher CO oxidation activity than Pd/CeO2-A800, indicating 
the satisfactory stability of the catalysts derived from Pd@Ce-BTC. 

3.3. Oxidation states and local structure of Pd 

The oxidation state and local structure of Pd species on all catalysts 
could be determined by the Pd K-edge XAS results (Fig. 3, S9 and S10). 
As depicted in Fig. 3a, the Pd K-edge XANES patterns of Pd@Ce-BTC-N, 
Pd/Ce-BTC-N, Pd/Ce-BTC-A, and Pd/CeO2 catalysts were very similar to 
that of Pd foil, suggesting that the Pd species in these catalysts were 

mainly in metallic state. In contrast, the XANES pattern of Pd@Ce-BTC- 
A was a mixture of both Pd foil and PdO references, indicating that Pd 
species in Pd@Ce-BTC-A were partially in metallic state and partially in 
ionic state. It was further calculated by the XANES linear combination 
fitting analysis that the average valence state of Pd species in the 
Pd@Ce-BTC-N, Pd/Ce-BTC-N, Pd@Ce-BTC-A, Pd/Ce-BTC-A, and Pd/ 
CeO2 catalysts was 0.1, 0.2, 1.7, 0.3, and 0.3, respectively (Fig. S9 and 
Table S3). Such results further supported the conclusion that the Pd 
species in Pd@Ce-BTC-N, Pd/Ce-BTC-N, Pd/Ce-BTC-A, and Pd/CeO2 
catalysts were mainly in the form of Pd0, while those in Pd@Ce-BTC-A 
were mainly in the form of Pdδ+ (2 > δ > 0). Considering that the 
Pd@Ce-BTC-A, with Pdδ+, exhibited lower activity than Pd@Ce-BTC-N 
with metallic Pd, yet showed better performance than Pd/Ce-BTC-N, 
Pd/Ce-BTC-A, and Pd/CeO2 in which Pd was primarily in metallic 
states, there was no direct correlation observed between the CO oxida
tion activity and the oxidation valence of Pd in this catalyst system. To 
investigate the coordination environment of Pd on different Pd-CeO2 
catalysts, the EXAFS curve fitting analysis was performed (Fig. 3b and 
S10, Table S4). The observation of Pd-Pd shell similar to that in Pd foil 
as well as the Pd-O and Pd-O-Pd shells similar to that in PdO on Pd@Ce- 
BTC-A indicated the formation of both Pd and PdO clusters/particles. 
The absence of Pd-O and Pd-O-Pd coordination shells and the inclusive 
presence of Pd-Pd coordination shell on Pd@Ce-BTC-N, Pd/Ce-BTC-N, 
Pd/Ce-BTC-A, and Pd/CeO2 catalysts suggested that the Pd species on 
these catalysts were mainly in the form of metallic Pd clusters/particles. 

3.4. Catalyst reducibility 

CO-TPR experiment was conducted to investigate the redox proper
ties of the Pd catalysts (Fig. 4). The CO-consumption peaks could be 

Fig. 2. CO oxidation activity on (a) Pd/CeO2, Pd/Ce-BTC-A, Pd@Ce-BTC-A, Pd/Ce-BTC-N, and Pd@Ce-BTC-N catalysts. CO oxidation activity on (b) Pd/CeO2-A800, 
Pd@Ce-BTC-A800, and Pd@Ce-BTC-N800 catalysts. 
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divided into three zones, and zone α (50–280 ◦C), zone β (280–530 ◦C) 
and zone γ (530–800 ◦C) could be assigned to the reduction of Pd-O/Pd- 
O-Ce, surface Ce4+ and bulk CeO2, respectively.[10]; [31]; [33] Typi
cally, the reducible species at low temperature range could play an 
important role in low temperature CO oxidation reaction. For 
Pd@Ce-BTC-N and Pd@Ce-BTC-A, the CO consumption peaks in zone α 
were much more intensive than those for Pd/CeO2, Pd/Ce-BTC-N and 
Pd/Ce-BTC-A, suggesting the formation of more Pd-O and Pd-O-Ce 
species. This was further confirmed by the fact that a significantly 
higher relative CO consumption for the reduction of Pd-O/Pd-O-Ce 
species within Pd@Ce-BTC-N (11.5) and Pd@Ce-BTC-A (19.2) cata
lysts was observed comparing to that on other samples (5.1–8.2), as 
listed in Table S5. Considering the same loading of Pd on these catalysts, 
the formation of more Pd-O and Pd-O-Ce species could be resulted from 
the higher dispersion of Pd on Pd@Ce-BTC as suggested by the results of 
EDS-mapping. As previously reported, the dispersion state and the co
ordination environment of Pd species could play key roles in the CO 
oxidation reaction [12]; [20]; [23]; [31]. Our recent work also 
confirmed that the smaller Pd clusters on CeO2-Al2O3 support exhibited 
better catalytic performance in CO/hydrocarbon oxidation reactions 
[31]. Therefore, the higher dispersion of Pd along with the superior 
low-temperature redox ability should have contributed to the higher CO 
oxidation activity on catalysts derived from Pd@Ce-BTC than those from 
Pd/Ce-BTC. 

3.5. Oxygen vacancy and oxygen species 

Fig. 5a shows the Ce 3d XPS of all the catalysts, and the 

Fig. 3. (a) Normalized Pd K-edge XANES and (b) Fourier transformed k2-weighted EXAFS oscillations in R space for Pd K-edge in Pd@Ce-BTC-N, Pd/Ce-BTC-N, 
Pd@Ce-BTC-A, Pd/Ce-BTC-A, and Pd/CeO2 catalysts. 

Fig. 4. CO-TPR profiles for Pd/CeO2, Pd/Ce-BTC-A, Pd@Ce-BTC-A, Pd/Ce- 
BTC-N and Pd@Ce-BTC-N catalysts. 
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concentration of surface Ce3+ was calculated based on the fitting results 
[21]. All catalysts derived from Pd/Ce-BTC and Pd@Ce-BTC showed 
higher concentration of surface Ce3+ than Pd/CeO2. Furthermore, more 
Ce3+ species were observed on Pd/Ce-BTC-N (29.8%) and 
Pd@Ce-BTC-N (34.4%), which should be related to the lower crystal
linity of CeO2 supports with more oxygen vacancies. As widely reported, 
the higher concentration of surface Ce3+ could be beneficial for the 
adsorption and activation of oxygen, which therefore contributed to the 
improvement of catalytic oxidation performance [27]. The O 1 s XPS for 
all the catalysts were also collected and are illustrated in Fig. 5b. Peak Oα 
and peak Oβ were assigned to the surface adsorbed oxygen species and 
the lattice oxygen species, respectively [15]; [25]. As expected, much 
more surface adsorbed oxygen species were observed on Pd/Ce-BTC-N 
(56.6%) and Pd@Ce-BTC-N (66.5%) than on Pd/Ce-BTC-A (22.5%), 
Pd@Ce-BTC-A (21.3%), and Pd/CeO2 (25.9%), indicating that the cat
alysts obtained in N2 atmosphere showed better capacity in the 
adsorption and activation of O2. As previously demonstrated, the 
abundant surface adsorbed oxygen species could further facilitate the 
oxidation of CO, well explaining why the Pd/Ce-BTC-N and 

Pd@Ce-BTC-N catalysts showed higher CO oxidation activity than 
Pd/Ce-BTC-A, Pd@Ce-BTC-A, and Pd/CeO2 counterparts. The relatively 
higher ratio of surface adsorbed oxygen species on Pd@Ce-BTC-N 
(66.5%) than that on Pd/Ce-BTC-N (56.6%) accounted for the higher 
CO oxidation activity achieved on the former catalyst. 

O2-TPD was conducted to further investigate the oxygen adsorption- 
desorption properties of Pd catalysts. As illustrated in Fig. 5c, two sets of 
oxygen desorption peaks could be observed on all catalysts. The peak I 
could be attributed to the desorption of oxygen species adsorbed on the 
surface of the catalysts, which were highly active in catalytic oxidation 
reactions, while peak II could be assigned to the desorption of lattice 
oxygen. The normalized area of peak I was calculated and listed in 
Table S1, in which the amount of surface adsorbed oxygen species on 
Pd/CeO2 reference was normalized to 1. It was noticeable that the peak I 
on Pd@Ce-BTC-N was much more intensive than those on other Pd 
catalysts, suggesting the presence of a much higher amount of surface 
adsorbed oxygen species on Pd@Ce-BTC-N. The results of O2-TPD well 
supported the observation in O 1 s XPS that more surface oxygen species 
were formed on Pd@Ce-BTC-N. As reported by Chen et al., for Pd-CeO2 

Fig. 5. (a) Ce 3d XPS, (b) O 1 s XPS, and (c) O2-TPD profiles for Pd/CeO2, Pd/Ce-BTC-A, Pd@Ce-BTC-A, Pd/Ce-BTC-N, and Pd@Ce-BTC-N catalysts. (d) The 
relationship between CO reaction rate (at 100 ◦C) and surface Ce3+ concentration as well as the normalized surface adsorbed oxygen species (the amount of surface 
adsorbed oxygen species on Pd/CeO2 was normalized to 1). 
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catalyst, the enriched surface Ce3+ and oxygen vacancies could facilitate 
the activation of O2 to generate surface active oxygen species, which 
then effectively reacted with CO adsorbed on Pd sites [5]. To better 
reveal the relationship between surface Ce3+ concentrations, the 
amount of surface adsorbed oxygen species and the CO oxidation ac
tivity on these catalysts, the plots of Ce3+/(Ce3+ + Ce4+) ratio and the 
normalized surface adsorbed oxygen versus the CO reaction rate are 
presented in Fig. 5d. It was evident that the CO oxidation activity on the 
serial Pd-Ce-BTC derived catalysts was indeed strongly correlated to the 
surface Ce3+ concentrations and surface adsorbed oxygen. The higher 
concentration of surface Ce3+ and more abundant surface adsorbed 
oxygen species on Pd@Ce-BTC-N significantly contribute to its superior 
CO oxidation activity at low temperatures. 

4. Conclusions 

There is always urgent demand for simpler and more environmental- 
friendly preparation methods for catalytic materials, along with the 
enhancement of low-temperature catalytic activity. In this work, a facile 
one-pot solvothermal synthesis method was developed for the prepara
tion of Pd catalysts incorporated into the CeO2 derived from Ce-BTC 
(Pd@Ce-BTC). Comparing to the catalysts derived from Pd/Ce-BTC 
prepared by the conventional method, those derived from Pd@Ce-BTC 
via the one-pot solvothermal approach exhibited higher Pd dispersion 
and significantly improved the catalytic performance in CO oxidation. 
Additionally, the pyrolysis treatment conducted in N2 flow proved to be 
more favorable for obtaining more efficient Pd-CeO2 catalyst comparing 
to the pyrolysis treatment in air flow. Among all the investigated cata
lysts, the Pd@Ce-BTC-N pyrolyzed in N2 flow showed exceptional cat
alytic activity for CO oxidation, due to its higher Pd dispersion and more 
surface Ce3+ species and adsorbed oxygen species. This work provides 
an instructive strategy for the preparation of metal-MOF materials and 
their derived catalysts aimed at the more effective control of industrial 
or automotive emissions. 

Environmental Implication 

Precious metal catalysts derived from metal-organic frameworks 
(MOFs) have attracted considerable attention in environmental catal
ysis. However, the preparation of precious metal catalysts supported by 
MOFs typically involves multiple steps. Herein, we developed a novel 
one-pot solvothermal method for the preparation of Pd incorporated in 
Ce-BTC (Pd@Ce-BTC). The Pd-CeO2 catalyst, derived from the one-pot 
generated Pd@Ce-BTC exhibited superior CO oxidation activity 
comparing to the reference catalyst derived from Pd/Ce-BTC prepared 
through a conventional two-step method. This study offers an instructive 
strategy for preparing metal-MOF materials and their derived catalysts 
for potential emission control applications. 
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