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Preparation of Cerium Doped Cu/MIL-53(Al) Catalyst
and Its Catalytic Activity in CO Oxidation Reaction
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Abstract: Metal-organic framework (MOF) material MIL-53(Al) with high thermal stability was
prepared by a solvothermal method, serving as a support material of cerium doped copper catalyst (Ce-Cu)/
MIL-53(Al) material for CO oxidation with high catalytic activity. The catalytic performance between the (Cu-
Ce)/MIL-53(Al) and the Cu/MIL-53(Al) catalytic material was compared to understand the catalytic behavior
of the catalysts. The catalysts were characterized by thermogravimetric-differential scanning calorimetry (TG-
DSC), N, adsorption- desorption, X-ray diffraction (XRD), and transmission electron microscopy (TEM).
The characterization results showed that MIL-53(Al) had good stability and high surface areas, the (Ce-Cu)
nanoparticles on the MIL-53(Al) support was uniform. Therefore, the heterogeneous catalytic composite
materials (Ce-Cu)/MIL-53(Al) catalyst exhibited much higher activity than that of the Cu/MIL- 53(Al) catalyst
in CO oxidation test, with 100% conversion at 80 °C. The results reveal that (Cu-Ce)/MIL- 53(Al) is the suitable

candidate for achieving low temperature and higher activity CO oxidation catalyst of MOFs.

Key words: metal-organic framework; solvothermal synthesis; MIL-53(Al); cerium doped copper

catalyst; CO catalytic oxidation

1 Introduction

The oxidation reaction of CO is the basal issue
in the catalysis field due to its theoretical and practical
. One of the key elements of the oxidation reac-
tion is the development of active and stable catalysts

value

with excellent catalytic performance. Recently, metal
nanoparticles such as Au, Pd™” efc have been contrib-
uted to tackle these issues for delivering excellent per-
formance for CO catalysts. However, due to the trend
of particle agglomeration and thus corresponding drop
of the specific surface area, these metal catalysts are
easily deactivated. Consequently, developing low-cost
catalysts with well-distributed form without serious ag-
glomeration for application in selective CO oxidation is
highly desirable.

Unlike traditional Au, Pd metal nanoparticles,
metal-organic frameworks (MOFs) have been surveyed
for their possible roles in catalytic applications owing
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to their high pore volume, large surface area, geomet-
rical control and varied nano structure controlled by
a self-assembly process'*™. The mechanically robust
walls of the frameworks can be employed both to con-
fine metal nanoparticles and to depress their growth,
which are critical features to their applications in CO
catalytic oxidation. Generally, catalysis based on MOFs
include cyanosilylation of benzaldehyde and acetone”,
oxidation of alkanes, olefins, alcohols, and amines!*"",
hydroxylation of aromatic compounds'”, hydrolysis of

esters, esterification of acetic acid with 1-propanol"”,

1 How-

and regioselective ring opening of epoxides
ever, most of these MOFs catalyzed reactions are in
liquid phase!”, probably due to their stability limitation
since most MOFs decompose at approximately 350
C, which limits their catalytic application. In addition,
MOFs’ application in CO catalysis has also been im-
peded by their hardly accessible open-metal sites which
are rather necessary in catalysis. Recently, (AI(OH)
[0,C-C(H,-CO,]), one of the most studied MOFs and
often denoted as MIL-53(Al), was used as a support
material for catalyst in CO oxidation reaction. Com-
pared with other MOFs carriers with nanoparticles,
MIL-53(Al) as an excellent carrier with unique microp-
orous structure and excellent thermal stability (550 C)
exhibits good catalytic performance”*”. In particular,
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Tan et al'” found that the conversion on Co/MIL-53(Al)
was 100% at 160-180 °C. Liang et al”’ found that the
conversion on Pd/MIL-53(Al) was 100% at 120-140
‘C. But Jiang et al” reported the temperature for 100%
oxidation of CO on Au/ZIF-8 at 315-340 °C before this.
Obviously MIL-53(Al) as a carrier with good thermal
stability showed excellent catalytic performance com-
pared with ZIF-8 carrier. Hovever, the temperature is
relatively higher than that of traditional CO oxidation
catalyst”' ",

Herein, based on Cu/MIL-53(Al) catalyst, we re-
port the rational design and facile synthesis of cerium
doped Cu/MIL-53(Al) catalyst (denoted by (Ce-Cu)/
MIL-53(Al1))*. Obviously, the highly dispersed CeO,
nanoparticles can limit the migration and aggregation
of CuO nanoparticles, which will dramatically increase
the activity in catalytic reactions. Also, cerium oxide
owns the properties of N type semiconductors because
they can easily transform valence between trivalent and
tetravalent oxide, which encourages to excellent ability
of storing and releasing oxygen. In addition, the ther-
mal stability of the carrier, the sulfur storage capacity
of the catalyst and the resistance to carbon deposit on
catalysts are also improved remarkably. By doping ce-
rium on the Cu/MIL-53(Al), the catalytic activity of the
designed (Ce-Cu)/MIL-53(Al) material was remarkably
enhanced comparing with that of Cw/MIL-53(Al).

2 Experimental

2.1 Preparation of catalyst
2.1.1 Materials

All reagents were obtained from standard suppli-
ers and were analytical grade unless noted. Aqueous
solutions were prepared with distilled water.

2.1.2 Synthesis of support MIL-53(Al)

Terephthalic acid (0.01 mol, 1.66 g) and
AI(NO;),9H,0 (0.01mol, 3.75 g) were dissolved in 60
mL solvent (N,N-dimethylformamide (DMF): H,O:
=5:1, v/v). The resultant solution was stirred for 0.5 h
and placed in a stainless steel vessel, which was sealed
and placed in a programmable furnace. The mixture
was heated to 220 C at 5 “C-min~' and held at that
temperature for 96 h, then cooled to room temperature.
The products were filtered, washed with deionized wa-
ter (4 X 15 mL) and ethanol (4 x 15 mL), and then air-
dried to give 2.522 g of MIL-53(Al).

2.1.3 Synthesis of Cu/MIL-53(Al) catalyst and Ce
dopped Cu/MIL-53(Al) catalyst

Cu/MIL-53(Al) catalysts with different copper

loadings (5 wt%, 10 wt%, 15 wt%) were prepared by
means of incipient wetness impregnation method of
the respective MIL-53(Al) with the desired amount of
aqueous copper nitrate. The wet mass was dried at 120
C for 12 h. The samples were labeled as x%Cu/MIL-
53(Al), in which x represents the copper loading. Ce
dopped Cu/MIL-53(Al) catalyst with 5 wt% cerium
loading was prepared similarly.
2.2 Characterization of support and catalyst

TG-DSC analysis was performed with a NETZSCH
STA449F3 analyzer in a temperature range of 30 to 600
"C in flowing O, with a heating rate of 10 “C-min~".
Prior to analysis the sample was first dried at 120 C
for 4 h. A Bruker advanced D8 powder X-ray diffrac-
tometer with monochromatic Cuka radiation and nickel
filter equipped with VANTEC-1 detector was used for
XRD measurements, the large angle scan ranges were
10-80°. N, adsorption-desorption experiment was con-
ducted at —196 ‘C with a Quantachrome Autosorb-1-c/
TCD/MS. The surface area was obtained from the
adsorption branch by means of the BET model in rel-
ative pressure ranging from 0.05 to 0.3. The total pore
volumes were calculated from the amount of N, vapor
adsorbed at relative pressure of 0.99. TEM analyses of
the samples were performed with an FEI TECNAI G2
F20 S-Twin microscope. X-ray photoelectron spectros-
copy (XPS) analyses were performed on a VG Multilab
2000 spectrometer with Alka(l 486.6 eV) radiation.
The binding energy was calibrated against the Cls peak
(284.6 eV) of surface adventitious carbon.
2.3 Catalysis measurements

The CO catalytic oxidation activity was deter-
mined by using a fixed bed plug flow reactor system
equipped with an on-line GC. Typically, pure CO and
atmosphere were supplied through mass flow con-
trollers and mixed with each other, and then the final
reactant gas (800 mL-min~'") was passed through the
catalyst bed (1.0 g). Reaction gas was composed of CO
(1 vol%) and atmosphere (37.5 vol%) and the gas hour-
ly space velocity (GHSV) was 48 000 mL-h™"-g~". The
reaction temperature was programmed and controlled
by means of thermocouple that extend to the catalyst
bed inside the reactor. Heating rate of 2 “C-min~' was used
to reach pre-set reaction temperature and the product
gas was analyzed after 20 minutes of reaction at the set
temperature. Reaction gas composition was monitored
through on-line sampling using computer controlled
Agilent Micro GC 3000A. The analysis was done after
every 6 minutes of reaction time. CO conversion was
calculated as follows.
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CO conversion=([CO],-[CO],)/[CO],*x100

where [CO], and [CO], are inlet and outlet gas concen-
trations in ppm respectively. Prior to measurement the
samples were first calcined at 400 ‘C for 4 h.

3 Results and discussion

3.1 TG-DSC result

The TG/DSC curve of the MIL-53(Al) carrier
is shown in Fig.1. The TG curve shows that there is
a continuous mass loss totaled 10% from room tem-
perature to 500 ‘C due to the loss of physisorbed H,O
and residual ethanol in the MIL-53(Al) channels and
the weight loss from 500 to 560 ‘C corresponds to the
decomposition of BTC ligand (about 50%). In contrast,
MIL-53(Al) shows better stability compared with most
other metal organic frameworks decomposed at 350
"C™%, which is beneficial to CO catalytic oxidation. The
TG/DSC curve shows that the activation of the MIL-
53(Al) sample is beneficial to its catalytic activity.
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Fig.1 Thermogravimetric-differential scanning calorimetric(TG-
DSC) curves of support MIL-53(Al)

3.2 N, adsorption-desorption result

The N, adsorption-desorption isotherms of MIL-
53(Al) and (Cu-Ce)/MIL-53(Al) with various Cu/
Ce ratios are shown in Fig.2. The curve shows a high
specific surface area of the obtained MIL-53(Al) with
1 050 m*g". These curves are type IV(H,) hysteresis
loop, type of mesoporous silica with large cages and
small opening pores. With increasing cerium-copper
loading, the specific surface area of (5%Ce-5%Cu)/
MIL-53(Al), (5%Ce-10%Cu)/MIL-53(Al) and (5%Ce-
20%Cu)/MIL- 53(Al) fell significantly to 780, 590
and 280 m”g"' respectively, which indicates that ceri-
um-copper species were introduced into the cages. It is
reported that the size of the carrier specific surface area
would greatly influence the activity of the catalyst, the
bigger the specific surface area, the better the catalytic

activity!". It is noticeable that the specific surface areas
of the three compounds are obviously higher than that
of traditional Ce-Cu catalyst”> > which implys more
outstanding catalytic activation.
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Fig.2 N, adsorption-desorption isotherms of the supports MIL-
53(Al) and the corresponding catalysts: (1) MIL-53(Al), (2)
(5%Ce-5%Cu)/MIL-53(Al), (3) (5%Ce-10%Cu)/MIL-53(Al),
(4) (5%Ce-20%Cu)/MIL-53(Al)

3.3 TEM result

The morphology and structure of the MIL-53(Al)
support and (Ce-Cu)/MIL-53(Al) catalyst are illustrated
by TEM in Figs.3(a)-(d). The average particle sizes of
MIL-53(Al) support are nearly 50 nm with uniform dis-
tribution (Fig.3(a)). The TEM images also indicate that
the porous crystals are made of nanorods connected by
such bridges, which can be observed at the edge of the
particles (Figs.3(a)-(d)). For (Ce-Cu)/MIL-53(Al), there
are no apparent aggregated particles, which implys that

Fig.3 TEM of the supports MIL-53(Al) and the corresponding
catalysts: (a) MIL-53(Al); (b) (5%Ce-5%Cu)/MIL-53(Al);
(c) (5%Ce-10%Cu)/MIL-53(Al); (d) (5%Ce-20%Cu)/MIL-
53(Al)



26 Vol.32 No.l TAN Haiyan et al: Preparation of Cerium Doped Cu/MIL-53(Al) Catalyst and...

the (Ce-Cu) nanoparticles are well-distributed on the
external surface of MIL-53(Al) support (Figs.3(b)-(d)).
The well-size-distributed Ce-Cu nanoparticles, which
resulted from the three dimensional porous structure of
MIL-53(Al), give rise to a superior catalytic activity for
CO oxidation.
3.4 XRD result

Fig.4 demonstrates that the X-ray diffraction (XRD)
patterns of CeO, and CuO match well with the published
powder XRD patterns. It is obvious that diffraction
peaks at 26=34.0°, 38.3° and 67.1° indicate that copper
is present in the form of CuO crystalline phase on all the
catalysts after calcination at 400 C, which also means
that most of the copper species were impregnated into
the cages”™’. From the XRD data, diffraction peaks at
28.5°, 47.7°and 56.8° are clearly observed. This result
suggests the existence of cubic fluorite type of CeO,,
which can also be compared with the experimental pat-
tern of crystalline CeO, nanoparticles™”.
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Fig.4 XRD patterns of support and catalysts: (1) (5%Ce-5%Cu)/
MIL-53(Al), (2) (5%Ce-10%Cu)/MIL-53(Al), (3) (5%Ce-
20%Cu)/MIL-53(Al)

3.5 XPS result

The Cu 2p core level spectrum of (Ce-Cu)/MIL-
53(Al) catalysts is shown in Fig.5(a). The spectrum
demonstrates that Cu is divalent copper ions because
the binding energies at 952.33 eV and 932.06 ¢V are
characteristic peaks for Cu”""". Especially, the binding
energy is rather low and the ability of oxidation is ex-
tremely strong, which further confirms that Cu®* is easy
to catch oxygen atom for CO catalytic oxidation. For
Ce 3d core level spectrum of (Ce-Cu)/MIL-53(Al) in
Fig.5(b), the consisting of three peaks at 888.46, 916.53
and 906.98 eV corresponded to Ce** final states, while
two possible peaks 882.25 and 900.61 eV are related
to Ce’* final states, which is consistent with previous

reports[zg'”].
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Fig.5 XPS spectra of (a) Cu and (b) Ce

3.6 Catalytic activity result and mechanism
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Fig.6 Catalytic performances of Cu/MIL-53(Al), (5%Ce-5%Cu)/
MIL-53(Al), (5%Ce-10%Cu)/MIL-53(Al) and (5%Ce-
20%Cu)/MIL-53(Al) for CO oxidation.

Fig.6 displays the CO oxidation activities for
the (5%Ce-10%Cu)/MIL-53(Al), (5%Ce-20%Cu)/
MIL-53(Al) and (5%Ce-5%Cu)/MIL-53(Al), with cor-
responding 100% conversion temperatures at 75, 83
and 85 “C respectively, but the temperature for 100%
oxidation of CO on Cu/MIL-53(Al) is located at 300
"C. Ye and Liu"" reported that MOF-Cu[ Cuy(BTC),]
could be used as catalysts for CO oxidation, with 100%
conversion at 220-240 C. Tan et al”” reported that
the temperature for 100% oxidation of CO on MOF-
Co[Co,(BTC), 12H,0] at 150-160 °C. Obviously, the
above three (Ce-Cu)/MIL-53(Al) catalysts display
excellent activities, which is far better than that of Cu/
MIL-53(Al) catalyst and previous reports’' ", We
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can reasonably envision that doping of Ce-Cu cations
facilitates defect formation within the MIL-53(Al)
lattice by generating lattice strain, which eventually
improves the extrinsic surface defects, resulting in su-
perior CO oxidation performance. The cerium doped
copper nanoparticles resulting from the three dimen-
sional porous structure of MIL-53(Al), the high specific
surface area of MIL-53(Al) and the synergistic catalysis
between cerium and copper are beneficial to increase

the superior catalytic activity, which is consistent with
[33,34]

previous literature reports

D
58 9 0 ¥

Fig.7 Schematic diagrams of dispersion of Ce doped CuO nano
particles on the MIL-53(Al) carrier,
represent the Ce, O, Cu, Al and C atoms, respectively
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Fig.7 displays the calculated structure of cerium
doped copper nano-particles (NPs) dispersed in MIL-
53(Al). It is noticeable that the CuO NPs which were
located in the center of a four member ring, consisted
of four O atoms belonging to two adjacent Al nodes
interacting with the O atoms of the MIL-53(Al), where
the organic framework, such as benzene, virtually
serves as spectator. Structurally, the high activity of
the catalyst is mainly attributed to the relatively large
specific surface area of the (Ce-Cu) NPs, which origi-
nated from the small particle size in the MOFs and the
strong synergistic effect between copper and cerium.
This configuration is pretty beneficial to much more
exposure of the CuO NPs than the saturation of CuO
embedded in the carrier, which is easily accessible for
CO and O, gases due to the abundant pores and chan-
nels in the MOFs. Furthermore, the strong interaction
between (Ce-Cu) NPs and MOFs increased the thermal
and catalytic stabilities of the catalyst, which is sharply
improved compared with the reported MOFs-based
catalysts™ ", In conclusion, the analyses indicate that
the unique copper spatial confinement in the obtained
solids minimizes catalyst deactivation, resulting in high
activity and stable operation.

4 Conclusions

In summary, (Ce-Cu)/MIL-53(Al) catalyst has
been prepared by impregnation method, serving as a
catalyst with high activity for CO oxidation. Due to the
high surface area, excellent stability, highly dispersed
nanoparticles, strong synergistic effect between cerium
and copper, (Ce-Cu)/MIL-53(Al) displays excellent ac-
tivity in CO oxidation application, with 100% conver-
sion at 75-85 °C, which is better than that of previous
reports. This simple design strategy opens the door to
the controlled pattern of highly dispersed and stable
metal nanoparticles in porous matrices, one of the
major challenges in MOF-materials and CO catalytic
oxidation. The Ce doped Cu nanoparticles supported
on MIL-53(Al) can be facilely implemented in industry
and provides a commercially feasible choice for CO
oxidation reaction at low temperature and with high ac-

tivity.
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