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Abstract: Metal organic framework (MOF) is a type of porous organic material. In this work, three
catalysts loaded with noble metal Pt were prepared by NaBH4 reduction method with three different
morphologies of Ce–MOF as carriers. Their physicochemical properties were characterized by XRD,
Raman, FTIR, N2 adsorption, SEM, XPS, and TGA. The catalytic performances of different catalysts
were evaluated via toluene oxidation and CO2 selectivity. Rod–shaped Pt/MOF–BTC exhibited
best catalytic performance compared to Pt/MOF–808 and Pt/UiO–66, its T50 and T90 were 140 ◦C
and 149 ◦C, respectively. After deducting the effect of specific surface, Pt/MOF–BTC still had the
lowest apparent activation energy (62.8 kJ·mol−1), which is due to the abundant atomic Pt and
oxygen vacancy content on its surface. After the reaction, the structure of Pt/MOF–BTC may become
amorphous according to XRD results. Furthermore, the presence of amorphous structure had no effect
on the catalytic activity of the catalyst. In the stability test of Pt/MOF–BTC to toluene oxidation, both
toluene conversion and CO2 selectivity remained at 100%, and remained stable for 11 h. Moreover,
Pt/MOF–BTC also had better resistance to high weight hourly space velocity (WHSV) or water
resistance. The catalyst maintained high catalytic activity for 3 times reusability. This study provides
valuable experience for the future work of MOF in the field of VOC catalytic oxidation.

Keywords: Ce–MOF; noble metal; oxygen vacancy; catalytic oxidation

1. Introduction

Most volatile organic compounds (VOCs) are toxic and harmful to human beings.
The emission of VOCs is increasing year by year. The sources of VOCs are numerous,
such as automobile industries, fuel, chemical industries, combustion, printing presses,
insulating materials, office supplies, and printers [1–4]. Most of them are toxic and harmful
to human beings. Moreover, VOCs can react with other gases or particles in the air to
form secondary aerosol which is one of the major air pollutants and can cause ozone layer
destruction, photochemical smog, and greenhouse effect. Therefore, the elimination of
VOCs is of great urgency. Many technologies have been developed in recent years to
remove VOCs, including adsorption [5–7], photocatalysis [8,9], catalytic oxidation, plasma,
biological, and combustion [10–14]. Among them, catalytic oxidation has attracted great
interest due to its properties by which it can convert VOCs into carbon dioxide and water
in an environmentally friendly way under moderate conditions without producing other
secondary pollutants.

In various catalysts used for the catalytic oxidation of VOCs, noble metal catalysts
have been considered to be very promising due to their excellent catalytic activity and
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unique physicochemical properties. The traditional supports of noble metal catalysts are
usually metal oxides and molecular sieves [15]. By adding Pt on nanorod CeO2 for the
catalytic oxidation of toluene, the catalyst exhibited excellent catalytic activity. This may
be due to its higher oxygen vacancy concentration, which may be related to the exposed
crystal plane [16]. In other research, it was found that the precursor of Pt nanoparticles
and the morphologies of TiO2 support had an effect on the electronegativity of Pt on the
catalyst surface and thus affecting the catalytic activity of the catalyst [17,18].

In recent years, as an emerging porous material, metal organic frameworks (MOFs)
have been studied in multiple fields, such as adsorption [19], photocatalysis [20], proton–
conducting membranes [21], drug delivery [22], chemical sensors [23], and electrocatal-
ysis [24]. They exhibit excellent physical and chemical characteristics. MOFs have been
considered as an excellent catalyst support due to its huge specific surface area, regular
channel, and adjustable aperture. Among many MOFs materials, Ce–MOFs have been
widely studied due to cerium 4f orbitals being beneficial for the formation of oxygen
vacancy [25]. For instance, Zhang et al. [26] synthesized CeO2 derived from Ce–BTC (ben-
zene tricarboxylate) used for the oxidation of CO which showed great catalytic activity on
account of the higher oxygen vacancy content.

In this study, three different Ce–MOFs (MOF–808, UiO–66, and MOF–BTC) were
synthesized via hydrothermal and solvothermal method. With the loading of Pt to different
Ce–MOF, this research investigated the effect of carriers on the content of Ce3+, oxygen
vacancies, and Pt species. The vibration of surface chemical state and structure properties
over different catalysts were analyzed by X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS), and scanning electron microscopy (SEM). The Fourier transform in-
frared (FTIR) and Raman spectra were performed to test the difference of functional groups
between different catalysts. Thermogravimetric analysis was carried out to investigate the
thermal stability of samples, and the catalytic oxidation of toluene was tested to evaluate
the catalytic activity of the obtained Pt/Ce–MOF. Furthermore, the recycle stability, long–
time operation and water resistance were measured to evaluate the catalytic activity to
toluene combustion.

2. Results and Discussion
2.1. Catalysts Characterization
2.1.1. Phase and Stability Analysis

To study the difference of phase composition, the XRD patterns of these catalysts were
presented in Figure 1. These were consistent with previous literature [27]. The diffraction
peaks of all samples remained unchanged irrespective of Pt was added, indicating that all
three MOFs were stable. Additionally, there was no peak assigned to Pt or PtOX, suggesting
the high dispersion of Pt species [16,28].

Catalysts 2022, 12, x FOR PEER REVIEW 2 of 13 
 

 

In various catalysts used for the catalytic oxidation of VOCs, noble metal catalysts 
have been considered to be very promising due to their excellent catalytic activity and 
unique physicochemical properties. The traditional supports of noble metal catalysts are 
usually metal oxides and molecular sieves [15]. By adding Pt on nanorod CeO2 for the 
catalytic oxidation of toluene, the catalyst exhibited excellent catalytic activity. This may 
be due to its higher oxygen vacancy concentration, which may be related to the exposed 
crystal plane [16]. In other research, it was found that the precursor of Pt nanoparticles 
and the morphologies of TiO2 support had an effect on the electronegativity of Pt on the 
catalyst surface and thus affecting the catalytic activity of the catalyst [17,18]. 

In recent years, as an emerging porous material, metal organic frameworks (MOFs) 
have been studied in multiple fields, such as adsorption [19], photocatalysis [20], proton–
conducting membranes [21], drug delivery [22], chemical sensors [23], and electrocatalysis 
[24]. They exhibit excellent physical and chemical characteristics. MOFs have been con-
sidered as an excellent catalyst support due to its huge specific surface area, regular chan-
nel, and adjustable aperture. Among many MOFs materials, Ce–MOFs have been widely 
studied due to cerium 4f orbitals being beneficial for the formation of oxygen vacancy 
[25]. For instance, Zhang et al. [26] synthesized CeO2 derived from Ce–BTC (benzene tri-
carboxylate) used for the oxidation of CO which showed great catalytic activity on account 
of the higher oxygen vacancy content. 

In this study, three different Ce–MOFs (MOF–808, UiO–66, and MOF–BTC) were 
synthesized via hydrothermal and solvothermal method. With the loading of Pt to differ-
ent Ce–MOF, this research investigated the effect of carriers on the content of Ce3+, oxygen 
vacancies, and Pt species. The vibration of surface chemical state and structure properties 
over different catalysts were analyzed by X-ray diffraction (XRD), X-ray photoelectron 
spectroscopy (XPS), and scanning electron microscopy (SEM). The Fourier transform in-
frared (FTIR) and Raman spectra were performed to test the difference of functional 
groups between different catalysts. Thermogravimetric analysis was carried out to inves-
tigate the thermal stability of samples, and the catalytic oxidation of toluene was tested to 
evaluate the catalytic activity of the obtained Pt/Ce–MOF. Furthermore, the recycle stabil-
ity, long–time operation and water resistance were measured to evaluate the catalytic ac-
tivity to toluene combustion. 

2. Results and Discussion 
2.1. Catalysts Characterization 
2.1.1. Phase and Stability Analysis 

To study the difference of phase composition, the XRD patterns of these catalysts 
were presented in Figure 1. These were consistent with previous literature [27]. The dif-
fraction peaks of all samples remained unchanged irrespective of Pt was added, indicating 
that all three MOFs were stable. Additionally, there was no peak assigned to Pt or PtOX, 
suggesting the high dispersion of Pt species [16,28]. 

 
Figure 1. The XRD patterns of different catalysts. Figure 1. The XRD patterns of different catalysts.



Catalysts 2022, 12, 775 3 of 14

The thermal stability of three Ce–MOFs was evaluated with thermogravimetric analy-
sis under air atmosphere (supplementary Figure S1). The initial weight loss stage below
150 ◦C was assigned to the evaporation of physically adsorbed water on the catalyst sur-
face [29–31]. The subsequent weight loss was related to the volatilization of residual DMF
and part of coordinated water. With the further increase of temperature, the framework
decomposition of three Ce–MOFs was observed at 300 ◦C, 330 ◦C, and 388 ◦C. Moreover,
the complete decomposition temperature of MOF–BTC was found at 428 ◦C, which was
58 ◦C and 63 ◦C higher than that of MOF–808 and UiO–66, indicating the better thermal
stability of rod–shaped MOF–BTC [32].

2.1.2. Morphology and Pore Structure Analysis

The scanning electron microscopy (SEM) images of catalysts before and after the loading
of Pt are demonstrated in Figure 2 and Figure S2. As shown in Figure 2, MOF–BTC displayed
stick morphology, while MOF–808 and UiO–66 catalysts exhibited granular morphology
(Figure S2). MOF–BTC had a more regular shape compared to MOF–808 and UiO–66. The
particle size of UiO–66 is larger, which could be related to the ligands used in the synthesis
of MOFs. The different morphology of the support indicates that the crystal growth mode is
different, which further leads to the difference of Ce coordination environment.
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With the presence of Pt, the size for MOF–808 or UiO–66 was smaller and the surfaces
of catalysts became rougher (shown in Figure S2b,d). This result indicated the etching
effect of reducing agent. However, for Pt/MOF–BTC, the etching effect was not obvious
according to SEM images (Figure 2b). The morphology of Pt/MOF–BTC was kept with the
loading of Pt. This could be due to other characteristics, such as pore volume, which will
be discussed later.

In order to further investigate the MOF physical characteristics, the N2 adsorption–
desorption isotherms study was carried out. The results are presented in Figure 3 and
Table 1. All the samples had typical type IV isotherms indicating the formation of uniform
mesoporous structure [33,34]. After loading with Pt, the isotherms of MOF–808 translated
to H3 type hysteresis loops from H1 hysteresis. This result suggests that the particle packing
type changed [35]. From SEM photos (Figure S2a,b), the morphology of Pt/MOF–808 was
irregular compared to MOF–808. The pore volume of Pt/MOF–808 was smaller than that
of MOF–808, which might be related to the blockage of smaller pores. By contrast, the BET
specific surface area and pore volume of UiO–66 and MOF–BTC were both increased after
Pt were added. For UiO–66, the etching effect was more obvious. The pore volume of
MOF–BTC is the lowest, this led it to keep its morphology after the etching effect of the
reducing agent. Additionally, amorphous structure was observed for fresh Pt/MOF–BTC
(not shown in the text), which is consistent with previous literature [36,37]. The amorphous
part may contribute to low BET surface area of fresh Pt/MOF–BTC.
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Table 1. BET surface areas, pore volume, percentages of Ce3+, Pt0, and Oad of all samples.

Samples SBET (m2/g) Pore Volume (cm3/g) Ce3+/(Ce3+ + Ce4+) Pt0/Pttotal Oad/Ototal

MOF–808 184.8 0.27 0.43 * 0.80

Pt/MOF–808 181.8 0.05 0.52 0.39 0.57

UiO–66 528.8 0.11 0.39 * 0.76
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* The load of Pt is zero.

2.1.3. Analysis of Surface Chemical Properties

To better understand the coordination environment of cerium and the surface com-
position on the catalysts surface, XPS measurements were performed and the results are
displayed in Figure 4. The Ce 3D of MOF–808 and UiO–66 could be divided into eight
peaks at 918.1, 908.2, 904.5, 901.1, 899.8, 888.8, 885.7, and 883.2 eV. The peaks at 918.1, 908.2,
901.1 899.8, 888.8, and 883.2 eV were assigned to Ce4+ and the other two peaks at 904.5 and
885.7 eV belonged to Ce3+ (Figure 4a) [38–40]. However, the Ce 3D spectra of MOF–BTC
was different from the other two catalysts. The peaks of Ce 3D in MOF–BTC could be
deconvoluted into six peaks at 908.1, 901.1, 888.8, and 883.2 eV corresponding to Ce4+ and
904.5 and 885.7 eV correlated to Ce3+. Two peaks belonging to Ce4+ at 918.1 and 899.8 eV
disappeared. This difference indicated that the coordination environment of Ce over rod–
shaped MOF–BTC was different from the other two particle–shaped catalysts. According
to previous literature [16,36,41], the coexistence of Ce3+ and Ce4+ species indicates the
existence of oxygen vacancies. The position and FWHM of Ce over different samples were
listed in Table S1. The ratios of Ce3+/(Ce3+ + Ce4+) for all samples were listed in Table 1
and ranked as follows: MOF–BTC > MOF–808 > UiO–66. The XPS result of Ce for three
Ce–MOF catalysts indicate that the coordination environment of cerium in MOF–BTC was
more conducive to the formation of Ce3+.

Furthermore, by fitting the Pt 4f spectra, Pt4+, Pt2+, and Pt0 species were observed in
three Pt/Ce–MOF catalysts (Figure 4c) with the position and FWHM of Pt over different
samples were listed in Table S4 An extra peak at 78.2 eV for Pt/MOF–808 was found,
which was assigned to Pt4+ [42]. The peaks at 76.1 and 72.7 eV over Pt/MOF–808 and
Pt/UiO–66 were associated with Pt2+ species, while the peaks at 74.7 and 71.6 eV were
attributed to Pt0 species [41]. The binding energy of peaks of Pt/MOF–BTC were obviously
shifts to low binding energy, indicating a weaker interaction between Pt and O atoms [43].
According to other literature, the increased electron density caused by oxygen vacancies
can reduce the binding energy of lattice oxygen [32], which results in weakening Pt–O bond
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strength. Therefore, the weakened Pt–O bond may facilitate the formation of atomic Pt in
the reduction of Pt species and the formation of oxygen vacancies. Pt0 was the main active
site compared to Ptσ+ in the oxidation of CO. The electron–rich Pt0 is more conducive to
the transfer of electrons from Pt species to the reaction substrate [32]. Additionally, some
studies suggested that the atomic Pd0 species, rather than ionic Pdσ+, was the active site.
Therefore, Pt/MOF–BTC with the highest ratio of Pt0/Pttotal was more conductive to the
oxidation of toluene theoretically. This theory was verified in Section 3.2.
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On the other hand, oxygen species are also an important factor affecting the catalytic
performance of catalysts and the position and FWHM of O over different sample were
shown in Table S2 As shown in Figure 4d,e, the O 1s spectra of samples was fitted to
three peaks at 529.6, 531.5, and 533.0 eV, corresponding to lattice oxygen (Olat), surface
adsorbed oxygen (Oads), and carboxyl group organic oxygen (Ocar), respectively. It should
be noted that there is no consensus on whether Oads or Olat plays a key role in toluene
oxidation. There are reports proving that abundant Oads could significantly improve the
catalytic performance of catalysts in the toluene oxidation process [44,45]. Some other
studies preferred Olat as conductive to the oxidation of toluene [46,47]. In this work, the
Oads of Pt/MOF–BTC was almost as same as that of Pt/UiO–66. Therefore, in this study,
the excellent catalytic performance of Pt/MOF–BTC was attributed to its abundant Ce3+

and high Pt0/Pttotal ratio.
The FTIR and Raman spectra were studied to analyze the topology and structure of

the three Ce–MOF catalysts. As shown in Figure 5, the FTIR spectra of three Ce–MOF
catalysts were similar with the band from 1376 to 1654 cm−1 corresponding to carboxylate
groups and aromatic rings of trimesic acid or adsorbed water [34,48]. In MOF–BTC and
UiO–66, the Ce–O vibration appeared at 539 and 516 cm−1, respectively, while that of
MOF–808 was observed at 572 cm−1 [32,49]. The difference indicated the different Ce–O
distance [50], which indicated the coordination environment of Ce was different over three
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samples. The Raman spectrum of MOF–808 was mainly correlated to trimesic acid ligands
(shown in Figure S3). The peaks at 1000, 1356, and 1558 cm−1 were attributed to the C=C
vibration of aromatic ring, while the peak at 1444 cm−1 was from the COO groups [47].
In addition, the out-of-plane vibration of C–H groups was observed at 793 cm−1. The
spectrum of UiO–66 was identical to previous study [51] and the peaks at 1607, 1417,
1136, and 852 cm−1 correspond to the C=C, COO, C–C, and C–H vibration, respectively.
Compared to MOF–808, there was a weak peak at 415 cm−1 corresponding to the vibration
band of Ce–O.
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The spectrum of MOF–BTC was different from the two other catalysts, except for the
peaks at 1565, 1450, 998, and 801 cm−1 corresponding to the vibration of asymmetric and
symmetric COO, C=C, and C–H, respectively. The other two peaks at 392 and 243 cm−1

were assigned to the stretching vibration of Ce–O and Ce–Ce, respectively. The appearance
of Ce–Ce stretching vibration peak at 243 cm−1 further shows the coordination environment
of Ce in MOF–BTC.

2.2. Catalyst Performance

The catalyst performance of toluene conversion is presented in Figure 6. The catalytic
activity sequence ranked as follows: Pt/MOF–BTC > Pt/MOF–808 > Pt/UiO–66. With
the temperature at 80 ◦C, the Pt/MOF–BTC catalyst showed catalytic activity with the
toluene conversion efficiency around 10%. By contrast, the Pt/UiO–66 was observed with
little catalytic activity when the temperature was higher than 150 ◦C. The T50 and T90
(the temperature corresponding to toluene conversion of 50% and 90%, respectively) of
the supported catalysts were summarized in Table 2. Pt/MOF–BTC exhibited excellent
catalytic performance when the T50 and T90 were 140 ◦C and 149 ◦C, which were 28 ◦C and
30 ◦C lower than that of Pt/MOF–808 and 42 ◦C and 45 ◦C lower than that of Pt/UiO–66,
respectively. From XPS results, the higher catalytic performance could be attributed to its
higher Ce3+ content and high Pt0 content, which favors the activation of oxygen adjacent to
Pt species via the spillover effect [16,52].
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Table 2. Catalytic activities of the different Pt–based catalysts.

Samples T50 (◦C) T90 (◦C) Ea (kJ·mol−1)

Pt/MOF–808 154 178 72.7

Pt/UiO–66 168 193 176.7

Pt/MOF–BTC 140 149 62.8

Considering the large difference of the specific surface area of the three catalysts,
the normalized reaction rate of the specific surface area of different catalysts calculated
according to Equation (3) is shown in Figure 6b. The reaction rate of Pt/MOF–BTC increased
almost linearly higher than 120 ◦C, while the reaction rate of Pt/MOF–88 and Pt/UiO–66
remained at a low level until the temperature was higher than 250 ◦C. By deducting the
effect of the BET area, the Pt/MOF–BTC showed the best catalytic effect to toluene. This
indicates that the surface area is not the key factor to determine the activity of Ce–MOF–
based catalysts [16].

Figure 6c demonstrates the Arrhenius plots for the catalytic combustion of toluene
at a conversion efficiency less than 20% over the three catalysts. The linearity of these
plots indicates that the reaction only remains in the kinetically controlled region at low
temperatures where the conversion is less than 20%, which was documented in a previous
study [53]. The apparent activation energies (Ea) were summarized in Table 2. The Ea
values decreased in the following order: Pt/UiO–66 (176.7 kJ·mol−1) > Pt/MOF–808
(72.7 kJ·mol−1) > Pt/MOF–BTC (62.8 kJ·mol−1). The Pt/MOF–BTC with the lowest Ea
exhibited the best catalytic activity for toluene oxidation.

Figure S4 exhibits the CO2 selectivity curves calculated based on Equation (2). It is
worth pointing out that the toluene conversion to CO2 over three Pt/Ce–MOF exceeded
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100% with the increase of temperature due to the accumulation of intermediates formed
at a low temperature region [54]. Moreover, it was clear that the conversion to CO2 over
Pt/MOF–808 and Pt/UiO–66 was higher than 150% in the highest temperature region,
indicating their poor selectivity to CO2 and poor oxidation ability to intermediate products.
In contrast, Pt/MOF–BTC exhibited better selectivity to CO2 and oxidation ability to
intermediate products. Moreover, Pt/MOF–BTC sample was tested by XRD (Figure S5) after
reaction. The used Pt/MOF–BTC catalyst may be transformed into amorphous structure,
which was consistent with previous study [55]. However, the presence of amorphous
structure does not affect the performance of the catalyst (Figure 7a). The relationship
between amorphous structure and catalyst performance deserves further study.
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Figure 7. The toluene conversion (a) and CO2 selectivity (b) of Pt/MOF–BTC in the reusability
test; the toluene conversion (c) and CO2 selectivity (d) of Pt/MOF–BTC in the stability test.In order
to eliminate the influence of toluene adsorption at low temperature on the calculation of toluene
conversion over three Ce–MOF catalysts, only the CO2 selectivity curve was shown in Figure S4b. All
three Ce–MOF catalysts showed poor catalytic performance in the whole temperature region, with
their CO2 selectivity no more than 8% even at the highest temperature region. Therefore, based on the
above results, the introduction of Pt could exactly improve the catalytic activity to toluene oxidation.

To further investigate the catalytic performance of Pt/MOF–BTC, the effect of WHSV
and water was measured, with the results displayed in Figure 6d,e. The catalytic activity
to toluene combustion presented Figure 6d did not change significantly with the increase
of WHSV from 30,000 mL/g/h to 60,000 mL/g/h, which indicated a great resistance to
WHSV of Pt/MOF–BTC.
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Considering the real reaction conditions, 5 vol.% water was added to the reaction
system. As depicted in Figure 6e, with the introduction of water, the toluene conversion
decreased from 100% to around 65%. When the water was off, the toluene conversion
reached 100% again, suggesting that Pt/MOF–BTC had a good water–resistance. Therefore,
the decrease of toluene conversion might be due to the competition between water and
toluene for active sites.

2.3. Reusability and Stability

The recyclability of Pt/MOF–BTC to the toluene oxidation test was repeated three
times with the same catalyst (Figure 7a,b). Notably, during the second and third cycle,
the low temperature oxidation performance of the catalyst was slightly improved, which
indicates that the surface environment might be restructured in the oxidation of toluene [56].
The CO2 selectivity remained stable during the repeat tests.

To examine the catalytic stability of Pt/MOF–BTC, the on–stream reaction was con-
ducted at 150 ◦C for more than 10 h. As shown in Figure 7c, toluene was quickly converted
in a very short time and showed no significant decrease in the 10 h, indicating the good sta-
bility of Pt/MOF–BTC in toluene oxidation. Additionally, the CO2 selectivity also reached
100% in a very short time and remained stable (Figure 7d), which indicated that Pt/MOF–
BTC had a wonderful selectivity to CO2 and excellent oxidation ability to intermediates.
Table S3 demonstrated the catalytic activity for toluene combustion of several Pt catalysts
compared with other Pt catalysts, such as Pt/ZrO2 [57], Pt/Al2O3 [58], and Pt/Mn3O4 [59].
The activation or reaction temperature of Pt/MOF–BTC was lower for toluene oxidation.

3. Materials and Methods
3.1. Materials

Cerium (IV) ammonium nitrate (Ce (NH4)2(NO3)6, AR) and ethanol (99.0%) were pur-
chased from Sino reagent (Shanghai, China). Cerium nitrate hexahydrate (Ce (NO3)3·6H2O,
99%), 1,3,5-benzenetricarboxylic acid (H3–BTC, C6H3(CO2H)3, 98%), N,N-dimethylform-
amide (DMF, C3H7NO, 99.5%), and platinum nitrate solution (Pt, 18.02 wt.%) were bought
from Aladdin (Shanghai, China). Formic acid (CH2O2, 98%), 1,4-benzenedicarboxylic acid
(H2–BDC, C8H6O4, 99%), and sodium tetra hydroborate (NaBH4, 98%) were obtained
from Macklin (Shanghai, China). Toluene which was balanced with nitrogen was supplied
from Yancheng Guanghua Gas Co., Ltd (Yancheng, China). All chemical reagents were
used directly.

3.2. Catalysts Preparation

All catalysts used in this work were prepared via hydrothermal and solvothermal
method combined with NaBH4–reduction method based on the literature with few modifi-
cations [25–27].

3.2.1. Synthesis of MOF–808

The synthesis process of MOF–808 was as follows: 7.306 g Ce (NH4)2(NO3)6 was
dissolved in 25.0 mL deionizer water (Solution A). Then, 0.224 g H3–BTC and 2.57 mL
HCOOH were added into 12.0 mL DMF at the same time (Solution B). Then, Solution
A and Solution B were mixed to obtain Solution C. Solution C was sealed and heated at
100 ◦C. After stirring for 30 min, the suspension was centrifuged and washed with DMF
and ethanol three times. Finally, the obtained slurry was dried at 70 ◦C in an oven for 12 h
and collected as MOF–808 powder.

3.2.2. Synthesis of MOF–BTC

To obtain MOF–BTC catalyst, 2.100 g H3–BTC was dissolved into 10.0 mL ethanol
and 10.0 mL deionized water (Solution A). Then, 4.340 g Ce (NO3)3·6H2O was dissolved
in 45 mL deionized water (Solution B). Then, Solution A and Solution B were mixed to
obtained suspension which was heated at 60 ◦C for 1 h with continuous stirring. The



Catalysts 2022, 12, 775 10 of 14

suspension solution was centrifuged and washed with deionized water and ethanol three
times. Finally, the obtained slurry was dried at 70 ◦C in an oven for 12 h and collected as
MOF–BTC powder.

3.2.3. Synthesis of UiO–66

The synthesis method of UiO–66 was modified based on that of MOF–808. H2–BDC
(0.531 g) was dispersed in 12.0 mL DMF followed by adding 6 mL aqueous solution of
Ce (NH4)2(NO3)6 prepared in Section 3.2.1. The subsequent steps were the as same as
Section 3.2.1.

3.2.4. Synthesis of Pt/M (M = MOF–808, MOF–BTC, UiO–66)

Pt/M catalysts were synthesized via NaBH4–reduction. The M (0.600 g) catalyst were
dispersed in 40.0 mL DMF. The suspension was activated at 140 ◦C in a vacuum oven for
6 h. Then, 3.33 mL platinum nitrate solution was added to the suspension solution. The
mixture was stirred under room temperature for 24 h. Afterwards, a certain amount of
NaBH4 (NaBH4/Pt = 10, molar ratio) was added dropwise into the mixture with stirring,
with stirring continued for 2 h. In the dropping process, the color of catalysts gradually
changed from light yellow or white to gray, indicating the reduction of Pt species. Finally,
the gray precipitations were centrifuged and washed with ethanol three times, and then
dried at 70 ◦C overnight.

3.3. Catalysts Characterization

X-ray diffraction (XRD, Bruker D8 Advance, Karlsruhe, DE) equipped with a Cu Kα

(40 Kev, 40 mA) radiation monochromatic detector was used to analyze the crystallinity
of all samples with a scan rate of 10◦/min. The scanning range was 5–90◦. The specific
surface areas, pore size distribution, and pore volume were characterized by N2 adsorption–
desorption at 77 K on a Quanta chrome autosorb–iQ–2MP (ASAP 2460, Atlanta, GA, USA)
apparatus after a pretreatment under vacuum at 140 ◦C for 4 h to remove impurities.
Morphology images of samples were observed by a scanning electron microscopy (SEM,
JEOL JSM–7900F, Tokyo, Japan) equipped with a Philips FEIXL–30. Three catalysts were
characterized via a Fourier transform infrared (FTIR, Thermo Fisher Scientific Nicolet iS50
spectrometer, Waltham, MA, USA) spectroscopy and Raman spectra (Thermo Scientific
DXR SmartRaman, Renishaw, London, UK) at an excitation wavelength of 532 nm. The
chemical states and surface composition of all catalysts were characterized by the X-ray
photoelectron spectroscopic (XPS, THERMO ESCALAB 250Xi, Waltham, MA, USA) with Al
Kα as radiation. The thermal stability analysis over different catalysts were carried out on
a thermogravimetric analysis (TGA, Shimadzu SDT650, New Castle, DE USA) apparatus.

3.4. Catalyst Characterization

First, 100 mg of as–prepared catalyst (40–60 mesh) was packed into a quartz tube
(outside diameter 6 mm) for the toluene oxidation test. Toluene (500 ppm, balanced with
N2) and 20% O2 in N2 were mixed and stabilized for 30 min. The mixture of gases was
controlled by a mass flow controller. The temperature of the reactor was increased from
room temperature to target temperature with a heating rate of 1 ◦C/min. The outlet toluene
concentration was detected via MKS instruments (651 Lowell St., Methuen, MA, USA)
digital flow meters. T50 and T90 were recorded to evaluate the catalytic activity of the
catalysts. In order to investigate the water resistance during toluene combustion, 5 vol.%
water was injected to the system with bubbling method.

Toluene conversion and carbon dioxide selectivity were calculated according to
Equations (1) and (2) as follows:

XC7H8 (%) = ([Toluene]in − [Toluene]out)/[Toluene]in × 100% (1)

XCO2 (%) = [CO2]out/7[Toluene]in × 100% (2)
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where XC7H8 is the toluene conversion, XCO2 represents the CO2 selectivity, [Toluene]in,
[Toluene]out and [CO2]out refer to the inlet and outlet concentration of toluene and outlet
CO2 concentration, respectively.

The normalized initial reaction rate (r, mol·m−2 s−1) was calculated as Equation (3):

r = −F/(m·SBET) × P/RT × Ln (1 − XC7H8) × [Toluene]in (3)

where F is flow rate, m and SBET refer catalyst amount and its BET surface area, respectively.
P represents standard atmospheric pressure and R is molar gas constant.

The apparent activation energy Ea of the catalyst was obtained by fitting the Arrhenius
curve (toluene conversion is less than 20%), which was calculated as Equation (4):

lnr = −Ea/RT + lnA (4)

4. Conclusions

In this work, three different morphologies of Ce–MOF, i.e., MOF–BTC, UiO–66, and
MOF–808, were synthesized with loading Pt for the oxidation of toluene. MOF–BTC had the
best thermal stability, and its rod morphology was kept after the noble metals were loaded.
During the toluene combustion test, Pt/MOF–BTC showed the best catalytic activity, its
T50 and T90 were 140 ◦C and 149 ◦C, respectively, which were 42 ◦C and 45 ◦C lower than
that of Pt/UiO–66 with the lowest activity. Its apparent activation energy is 62.8 kJ·mol−1,
which was also lowest among three catalysts. Compared with the traditional Pt–based
catalysts, such as Pt/ZrO2, Pt/Al2O3, and Pt/Mn3O4, Pt/MOF–BTC still exhibited lower
reaction temperature. The performance of Pt/MOF–BTC benefits from the abundant atomic
Pt and oxygen vacancy content on its surface. In addition, Pt/MOF–BTC also exhibited
tolerance capability to water or WHSV. For water, 5 vol. % water induced 35% efficiency
drop. However, when the water was cut off, the catalytic capability recovered to 100%. For
WHSV, ranging from 30,000 to 60,000 mL/g/h, the oxidation of toluene over Pt/MOF–BTC
had no obvious effect. Moreover, in the three cycle tests, the catalytic activity of Pt/MOF–
BTC remained basically stable. In the stability test of Pt/MOF–BTC, the toluene conversion
and CO2 selectivity increased to 100% and remained stable for 11 h. It should be pointed
out that part of Pt/MOF–BTC was amorphous structure, its catalytic performance was
not affected according to the cyclic test. The effects of the amorphous part on the catalytic
characteristics need further study.

Supplementary Materials: The following supporting information can be downloaded at: https:
//zenodo.org/deposit/6574053, Figure S1: The TGA plots of MOF–808, UiO–66, and MOF–BTC;
Figure S2: The SEM images (a) of MOF–808, (b) Pt/MOF–808, (c) UiO–66, and (d) of Pt/UiO–66;
Figure S3: Raman spectra of MOF–808, UiO–66, and MOF–BTC (the laser wavelength = 514 nm);
Figure S4: The CO2 selectivity of different catalysts in the oxidation of toluene (the total flow
rate was 50 mL/min with the weight hourly space velocity WHSV = 30,000 mL/g/h and the
toluene concentration was 500 ppm); Figure S5: The XRD pattern of Pt/MOF–BTC after toluene
oxidation; Table S1: The position and FWHM of Ce over different samples; Table S2: The position
and FWHM of O over different samples; Table S3: Comparison of the activities of different Pt–based
catalysts for toluene combustion; Table S4: The position and FWHM of Pt over different samples.
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