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The oxidation of carbon monoxide using the metal organic framework (MOF) HKUST-1 is studied. Cata-
lytic results and characterizations by XRD, TEM, H,-TPR, SEM and LRS show that HKUST-1 itself is not
effective in CO oxidation, but is activated in the reaction atmosphere segregating active 5-15 nm CuO
particles upon the collapse of the MOF structure. Furthermore, the microporous structure of HKUST-1
is effective to disperse Ce precursors which, upon activation, allow the synthesis of a mixture of CuO
and CeO, nanoparticles in intimate contact. These nanoparticles present a very high activity in CO oxida-
tion. It is shown that this synthesis route employing HKUST-1 as a matrix is useful to immobilize
Cu0-Ce,0 nanoparticles in a monolithic reactor, while keeping a high catalytic activity.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Metal-organic frameworks (MOFs) are a relatively new class of
microporous and crystalline materials that consist of inorganic clus-
ters bridged by organic moieties in tridimensional arrangements
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[1]. They have a high pore volume and some of them have the high-
est specific surface areas reported to date [2]. These qualities pro-
vide MOFs with great potential in applications such as gas capture
and storage [3,4], drug release [5], gas separations with membranes
[6,7] or by vacuum swing adsorption [8], sensors [9] and heteroge-
neous catalysis [10,11]. Recently, an extensive revision of the cata-
lytic applications of MOFs has been compiled [12], in which it
becomes evident that they have been studied mainly for liquid
phase reactions, probably due to the low temperatures involved.
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In general, MOFs have a lower thermal stability than conventional
inorganic catalysts. In particular, the metal organic framework
HKUST-1 has been used in several liquid phase reactions [13-20].
In contrast, only a few studies have investigated the use of MOFs
for heterogeneous gas phase reactions and all of them have focused
on CO oxidation which is a reaction that can occur at moderate tem-
peratures. The MOFs studied in this reaction were: a MOF with high
thermal stability as ZIF-8 ([Zn(Melm),-(DMF)g.75(H20);.5]) incorpo-
rating Au particles [21], a MOF built up by nickel and 4,5-imidazol-
edicarboxylate (4,5-idc) with an additional alkali metal cation
consisting of either Na* or Li* [22], and a copper-based MOF com-
posed of 5-methylisophthalate ligands [Cu(mipt)(H,0)](H,0),
[23]. Furthermore, Pd/modified MOF-5 was also applied in the oxi-
dation of CO reaching about 90% of conversion at 230 °C [24].

The CO oxidation reaction presents environmental interest
because CO is extremely toxic being necessary to be removed from
indoor air [25] and also from the H; stream used to feed fuel cells
that tolerate only a few ppm of CO [26]. Many catalytic formula-
tions have been tested for this reaction and those composed by
supported Cu oxides [27], CuO phases dispersed onto CeO,
[28,29] and Ce;_,Cu,O, bimetal oxide nanocomposite catalyst
[30] are some of the most promising alternatives. These catalysts
avoid the use of noble metals such as Pt and Au [31,32], for which
there are limited sources and involve much higher costs while hav-
ing similar catalytic performance [33]. This scenario suggests, in
principle, that a copper-containing MOF could be an advantageous
alternative compared to purely inorganic counterparts, in view to
the high specific surface areas and low densities of these materials.
The MOF Cu3(BTC),(H,0)3-xH,0 (where BTC = benzene 1,3,5-tri-
carboxylate), denominated HKUST-1, was originally synthesized
by Chui et al. in 1999 [34]. It has a high specific surface area
(1925 m?/g) [6] and an interconnected 3D pore system with pore
sizes of 9 A x 9 A. In addition, HKUST-1 is made of binuclear copper
centers that interact weakly with water ligands that can be re-
moved, leaving the metal atoms exposed. It has recently been
claimed that this MOF was highly active for CO oxidation, quickly
reaching 100% conversion at 240 °C [35]. However, characteriza-
tion data of the used catalyst were not included despite the fact
that this temperature is on the edge of the thermal stability of
HKUST-1 [20].

The objective of this work is to study the catalytic performance
of HKUST-1 in CO oxidation and to show that this MOF is not active
by itself, but that in the reaction stream it has the ability to pro-
duce highly dispersed and active CuO nanoparticles. This behavior
and the microporous nature of the MOF can be exploited to further
synthesize a mixed CuO-CeO, nanoparticle catalyst highly active
in CO oxidation. Moreover, this route of synthesis gives an effective
alternative to immobilize nanoparticles in a monolithic structure
while preserving high catalytic activity.

2. Experimental

HKUST-1 (Basolite® C-300 from Sigma-Aldrich) was used as
received as catalytic material. The solids were evaluated in a con-
tinuous flow system equipped with flow mass controllers (MKS).
The composition of the reaction flow was 1% CO, 2-20% O, in He
balance. The reaction was carried out in a glass tubular reactor
heated by a furnace with temperature controller at temperatures
between 75 °C and 350 °C with flow/mass ratio (F/W) of 330 mL
(STP) min 'g™! (typically 60 mg of HKUST-1 and a total flow of
20 mL (STP) min~! were used). In the case of the washcoated
monoliths they were placed inside a tubular reactor and the free
space between the monolith and the reactor was filled with quartz
particles to avoid bypass flow. Prior to the evaluation, the samples
were dried in situ under He flow at 120°C and after that the

reaction mixture was fed. The analyses of the gases were per-
formed with a Shimadzu GC-2014 chromatograph equipped with
a TCD detector and a column of zeolite 5A. CO conversions (Xco)

were calculated as: Xco :%; where X is conversion, [COJ°

and [CO] are inlet and outlet gas concentrations in ppm,
respectively.

To obtain the catalysts with Ce, HKUST-1 samples were impreg-
nated with a 1 M ethanolic solution of Ce(Ill) nitrate hexahidrate
(Sigma-Aldrich, 99%). The incipient wetness impregnations were
performed in order to get mass ratios of Cu/Ce =1, 0.5 and 0.3 in
the solids. The catalysts were dried at 60 °C overnight. Further-
more, HKUST-1 and Ce-HKUST-1 coatings on cordierite honeycomb
monoliths (Corning, 400 cps, 0.17 mm average wall thickness)
were obtained. The monoliths containing 64 channels
(1 cm x 1 cm of section and 2 cm long) were washcoated with eth-
anolic suspensions of 10 wt.% of HKUST-1. The procedure was sim-
ilar to that employed with zeolites [36]. For Ce containing sample,
a washcoated HKUST-1 monolith was later impregnated with a
Ce(NOs); ethanolic solution.

Characterizations were performed by X-ray diffraction (XRD)
with a Shimadzu XD-D1 instrument at an acquisition rate of
2°min~! between 20 = 5° a 55° employing a Cu Kot radiation with
2=1.5418 A at 30kV and 40 mA. Scanning electron microscopy
(SEM) was performed with a JEOL JSM-35C instrument, operated
at 20 kV acceleration voltages. Temperature-programmed reduc-
tion with hydrogen (H,-TPR) was performed in an Okhura TP-
2002S equipped with a TCD detector. The sample was first pre-
treated in situ with N, for 1 h at 200 °C before the TPR. After that,
it was cooled at r.t. in N; flow and the TPR was immediately run in
a 5% H,-Ar stream (15 mL(STP) min~!), at 10 °C min~'. Thermo-
gravimetric analyses (TGA) were performed in a Mettler Toledo
STARe with a TGA/SDTA851e module from 25 °C to 400 °C at of
10°Cmin~! in a flow of air. Transmission electron microscopy
(TEM) analyses were performed in a JEOL 2000 FXII and in a TEC-
NAI T20 instruments. HAADF-STEM (high angle angular dark-field
scanning transmission microscopy) analyses were performed in a
TECNAI F30 TEM-STEM microscope. The samples were dispersed
in ethanol in an ultrasound bath for 15 min and then poured on
carbon-copper grids prior to observation. Laser Raman spectros-
copy (LRS) was performed using a LabRam spectrometer (Horiba-
Jobin-Yvon) coupled to an Olympus confocal microscope equipped
with a CCD detector cooled to about 200 K. The excitation wave-
length was 532 nm (Spectra Physics argon-ion laser). The laser
power was set at 30 mW.

3. Results and discussion
3.1. CO oxidation on HKUST-1 with different pretreatments

Table 1 summarizes the characteristics and treatments of all
samples tested in this work. Fig. 1 shows the CO conversion curves
of HKUST-1 (HK1) obtained with increasing temperatures, where
measurements were performed 15 min after reaching the desired
temperature. A sharp increase can be observed in the conversion
level, presenting 26% of conversion after 80 min at 230 °C, whereas
the conversion reached 69% after another 90 min at 240 °C. So far,
the behavior was similar to that recently reported in the literature
[35].

Subsequently, the sample was brought to 300 °C and main-
tained in reaction atmosphere for 30 min, and then conversions
at progressively decreasing temperatures were measured. As
shown in Fig. 1, a large increase in the activity of the material
was observed (HK2), shifting the conversion curve toward lower
temperatures. Whereas another sample of HKUST-1 was pre-
treated in flowing air at 400 °C for 1h and the resulting solid
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Table 1

Treatments and characteristics of all the evaluated catalysts.
Sample Id Crystallite size (nm)* T°0 (°C)P Treatment®
HK1 - 235 A
HK2 11.6 175 A+S
HK3 19.7 - P
HK4-82 - - I
HK4-100 53 143 12+S
HK5-2 - 210 A+S+C
HK5-20 15.4 200 A+S+C+0
HKCe(1) 137 A+S
HKCe(0.3) 5.6 (CeOy) 135 A+S
HKCe(0.5) 111 A+S
HKCe(0.5b) 113 A+S
HK/monolith - 171 A+S
HKCe/monolith - 124 A+S

A: activation produced in reaction atmosphere during the first catalytic run of fresh
HKUST-1.
S: stabilizing treatment after activation, for 30 min at 300 °C.
P: pyrolysis in air up to 400 °C.
C: cyclic evaluations in runs with increasing and decreasing temperatures.
O: evaluation performed with a 20% of O,.
I1: isothermal treatment at 240 °C in reaction atmosphere during 264 min until the
sample reached 82% conversion.
12: isothermal treatment at 240 °C in reaction atmosphere during 324 min until the
sample reached 100% conversion.
@ Calculated by Scherrer’s equation.
b Temperature at which 50% conversion was reached.
¢ Treatment applied at each sample.

showed very low activity (HK3). This suggests that in the reaction
stream containing diluted CO and O, the MOF underwent a strong
activation, probably by some change in their physicochemical
characteristics. Hereafter, we refer to as activation of fresh
HKUST-1 the treatment in the first catalytic run and as stabiliza-
tion the maintenance of this activated sample for 30 min at 300 °C.

During the first catalytic run an unstable behavior of the con-
versions was observed at temperatures close to 230 °C, i.e. keeping
the solid at that temperature for a few minutes did not stabilize
their activity level. To gain further insight, a new HKUST-1 sample
was heated in reaction atmosphere at 5°C min~! to 240 °C and
maintained at this temperature. Fig. 2 shows that the activity
evolved from zero to 82% conversion in approximately 4h
(HK4-82) and reached 100% conversion in approximately 5.5h
(HK4-100). The conversion reached by the HK4-82 sample is
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Fig. 1. Catalytic CO oxidation curves. HK1: HKUST-1 evaluated in increasing
temperatures; HK2: solid evaluated in decreasing temperatures after being kept
HK1 at 300 °C for 30 min; HK3: curve of HKUST-1 calcined in air at 400 °C.
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Fig. 2. Evolution of CO conversion with HKUST-1 maintained isothermally at 240 °C
in reaction atmosphere.

comparable to that of sample HK1 (Fig. 1) which remained at
230-240 °C for 170 min. This sample was stabilized for 30 min at
300 °C and the measured activity was even greater than in the pre-
vious cases as shown in Fig. 3. It should be noted that in our TG
analysis in air (not shown) HKUST-1 showed very small mass loss
up to 300°C, while Schlichte et al. [20] observed by high-
temperature XRD that HKUST-1 kept in Ar atmosphere, start to
decompose at 260 °C generating Cu® particles with a loss of the
MOF crystallinity. On the other hand, in the pioneering work by
Chui et al. [34], it was found by TGA (in N,) and high-temperature
single-crystal X-ray diffractometry that HKUST-1 was stable only
up to 240 °C.

Another fresh sample (HK5) was activated and stabilized and
then maintained at 200 °C for 9 h. After that, activity was measured
in cycles of increasing and decreasing temperature. A slight hyster-
esis is observed among the conversion points, which is a common
feature for the CO oxidation reaction. The constancy in the position
of the hysteresis indicates that is provoked by a catalytic effect,
explained by differences in CO and O, coverage upon heating and
cooling [37] and not by a physicochemical change in the catalyst.
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Fig. 3. Catalytic curves of activated HKUST-1. Sample isothermally activated (HK4-
100). Activated sample evaluated with 2% O, and 20% O, (HK5-2 and HK5-20,
respectively).
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This means that the catalyst was stable during the evaluation
period; even though the activity was lower now than for the HK2
solid. In fact the CO conversion at 200 °C after 36 h of time-
on-stream passed from 42% to 39%. Fig. 3 presents the first
evaluation curve during a heating run with 2% oxygen (HK5-2)
and a final evaluation of the same sample increasing by 20% the
oxygen concentration in the reaction flow (HK5-20). It can be seen
that conversion values were approximately the same, which
indicates a zero order reaction with respect to O,. This behavior
coincides with that shown by catalysts based on supported CuO
particles [38].

3.2. Characterization of fresh and used HKUST-1 catalysts

Fig. 4 shows the XRD patterns of the solids previously evalu-
ated. In general, all samples showed diffraction signals correspond-
ing to CuO and some of them also showed small peaks of Cu,O.
Fresh HKUST-1 presented all the previously indexed diffraction
signals for this material [34]. In contrast, the MOF structure col-
lapsed for HK2 and three signals appeared at 20 =35.3°, 38.5°
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Fig. 4. XRD patterns of as received HKUST-1, bulk CuO and the activated samples
HK2, HK3, HK4 and HK5-20.

and 48.6°, which correspond to the main reflections of CuO (JCPDS
44-706) and a small signal (36.5°) from the main reflection of Cu,0
(ICDD 5-667) was also observed. The experimental XRD pattern of
bulk CuO is also presented, where it is worth noting that the main
signals of CuO are located very close to some of HKUST-1
(20 =35.1°, 38.9°). In any event, this confirms that the activity of
HK2 is due to CuO particles generated by decomposition of the
HKUST-1 and not by the Cu present in the crystal lattice of the
MOF. Moreover, the XRD signals of this sample are broad, indicat-
ing a small crystal size that explains the high activity observed.
Meanwhile, in the diffractogram of HK3 sample there are also sig-
nals of CuO, but sharper than in HK2. The crystallite sizes were cal-
culated using the Scherrer’s equation, being for samples HK2 and
HK3 tyk, = 11.6 nm and tygs = 19.7 nm, respectively. The formation
of highly crystalline CuO in the HK3 sample was similar to that re-
ported from HKUST-1 pyrolyzed at 600 °C in air atmosphere [39].
An H,-TPR of the HK3 sample showed a reduction signal that initi-
ated at 270 °C. Then, the low activity of this solid may be mainly
ascribed to its larger crystallite size.

The XRD of HKUST-1 evaluated at 240 °C that reached 82%
conversion (HK4-82) showed a loss of MOF crystallinity given the
lower intensity of all reflections. Crystallinity can be estimated as
40% considering the area under the main peaks (20=9.4°, 11.5°,
13.3° and 17.4°) and taking 100% for fresh HKUST-1 as reference.
It is difficult to distinguish the signals of CuO in this sample be-
cause it was taken for XRD measurement during the activation pro-
cess and only a relatively low amount of Cu would have segregated
outside the MOF. This sample was placed again in reaction at
240°C and allowed to evolve until reaching 100% conversion
(HK4-100). After that, HKUST-1 signals virtually disappeared
(Fig. 4) remaining only a signal at 20 = 11.5° (HKUST-1 crystallinity
5%) while broad CuO signals arose having Scherrefs ty4 = 5.4 nm.
The small nanoparticle size was responsible for the high activity
of this sample, whereas the crystal size for the HK5 sample was
tuks = 15.3 nm, in agreement with the slightly lower activity of this
sample with respect to that of HK2 (Table 1).

The TEM image of collapsed HKUST-1 (Fig. 5a) showed dis-
persed nanoparticles having a cluster-like aspect, with an average
single particle size of about 10 + 4 nm in agreement with XRD find-
ings. From the analysis of the selected area electron diffraction
(SAED) pattern (Fig. 5b and c), it was possible to determine that
these nanoparticles correspond to crystalline CuO as shown by

u CuO (222)

—~
M

u CuO (40-2), ( 22-3)

Fig. 5. (a) TEM image showing dispersed nanoparticles in sample HK4; (b) SAED patterns taken in a sector of the same sample, showing that nanoparticles correspond to pure

CuO. The diffractions are from (222), (40-2) and (22-3) planes.
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Fig. 6. (a) H,-TPR profile of HKUST-1. (b-e) Successive H,-TPR profiles of HKUST-1
performed until 290 °C with intermediate oxidations in air flow at 200 °C. The H,
consumption up to 290 °C (umol Hy/umol Cu) is given between brackets.

the intense diffraction patterns with 0.112 nm and 1.113 nm lat-
tice spacing that can be indexed as the (222) and (40-2), (22-
3) planes of this oxide [40,41], respectively.

Fig. 6a shows the H,-TPR profile of HKUST-1 in which H, con-
sumption starts at about 200 °C (maximum at 265 °C) and another
after 300 °C. The first one may be assigned to the reduction of
Cu(II) of the HKUST-1, showing their instability in a diluted stream
of H, at temperatures slightly above 200 °C. The reduction temper-
ature of this copper is lower compared to that of bulk CuO, which
usually starts reducing at temperature >300 °C [42]. Since HKUST-
1 decomposes with mass loss at temperatures above 300 °C, the
second H,-TPR signal can be assigned to the evolution of the
decomposition gases, recorded by TCD and to CuO produced by
the thermal decomposition of the MOF. When another H,-TPR of
a fresh HKUST-1 sample was run up to 290 °C (Fig. 6b), the first
peak due to the reduction of Cu(ll) from the MOF network was
again observed (a). When in situ oxidation up to 290 °C with air

stream followed by H,-TPR was performed, new signals appeared
centered at 180 °C () and 210 °C (), which can be attributed to
highly dispersed CuO species generated by the oxidation of («) spe-
cies that disappeared. These dispersed CuO had a similar behavior
to that found for supported small CuO particles [43]. From the H,
consumption up to 290°C (indicated as pmol Hp/pumol Cu in
Fig. 6) and considering the stoichiometry, it can be inferred that
not all the Cu present in MOF was reduced up to 290 °C. After sev-
eral cycles of oxidation followed by TPR, another signal () ap-
peared at higher temperatures (Fig. 6c-e). In view of the
increased consumption in the latter cycles, this signal would be a
product of larger CuO particles generated by a progressive thermal
decomposition of the MOF at temperatures above 240 °C during
the redox sequence. It is noteworthy that in all patterns very small
particles were detected because they started reducing at tempera-
tures as low as 130 °C, revealing the ability of HKUST-1 to generate
dispersed CuO nanoparticles.

The SEM images of as received HKUST-1 (Fig. 7a and b) show
polyhedral crystals presenting well-defined edges and crystal fac-
ets with a size of 12.4 + 3.7 um. In contrast, the degraded sample
(Figs. 7c and d) shows a shapeless, fold appearance. This morphol-
ogy is similar to that of the so-called coralloid Cu 3D observed for
CuO produced after the thermolysis of HKUST-1 [44]. The genera-
tion of Co304 particles, which were active in the oxidation of CO,
both by decomposition of the MOF ZIF-67 and Co-ZIF-8 has been
recently reported [45].

The above results show that the atomic and periodic dispersion
of Cu in the tridimensional framework of HKUST-1 turns it into a
useful matrix to obtain finely and homogeneously dispersed active
CuO nanoparticles.

3.3. Catalytic behavior and characterizations of Ce/HKUST-1 catalysts

Taking into account the ability of HKUST-1 to generate dis-
persed CuO, the porous net of this MOF could also be used as a
temporary host to accommodate precursors of other oxides before
the degradation of the network during the activation process. Since

Fig. 7. (a and b) SEM images of as received HKUST-1 crystals; (c and d) SEM images of activated HKUST-1.
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Fig. 8. CO oxidation curves of samples HKCe(1); HKCe(0.5); HKCe(0.5b) and
HKCe(0.3), containing Cu/Ce mass ratios of 1, 0.5, 0.5 and 0.3, respectively.

Ce(NOs)s is fully decomposed before 280 °C to form CeO, (TGA not
shown), this salt can be used to generate this oxide simultaneously
to the CuO from the HKUST-1 above 300 °C. Under this assumption,
HKUST-1 was impregnated with ethanolic solutions of Ce(NO3)s
containing different Cu/Ce mass ratios (Section 2). By treating
these solids in reaction conditions after the initial pretreatments
a fast activation around 215-230 °C was observed, rapidly reaching
100% conversion. All the Ce modified HKUST-1 samples are pre-
sented in Table 1.

The Ce modified HKUST-1 samples were activated and stabi-
lized and then catalytically evaluated measuring conversion to-
wards lower temperatures (Fig. 8). A significant increase in
activity compared with the samples without Ce was observed.
Samples HKCe(1) and HKCe(0.3) showed a somewhat lower activ-
ity than of HKCe(0.5), indicating an optimal Cu/Ce proportion. In
view of these results, another sample with a Cu/Ce ratio of 0.5
was prepared (HKCe(0.5b)) and the activity of this sample was
very similar to that of HKCe(0.5), showing the reproducibility of
the preparation method. The existence of optimal proportions of
CuO-CeO, in catalysts for CO oxidation has already been reported
for CuO-promoted CeO, catalysts [46], while the activity improve-
ment in this reaction is provided by a synergism developed
between both oxide particles at their interphase [47]. In compari-
son to other Cu-Ce based catalysts, the activity of the catalyst
derived from HKUST-1 was high (T°° =111 °C, and complete con-
version below 150 °C), which is similar to the best CuO-CeO,
catalysts synthesized by other conventional techniques [28-30].
However, this comparison is approximate because the W/F ratios
were different.

As shown in Fig. 9 the HKCe(0.3) and HKCe(0.5) catalysts pres-
ent XRD signals of cubic fluorite type CeO, phase with reflections
at 20 = 28.4°, 32.7° and 47.4° (ICDD 34-0394), which can also be
compared with the experimental pattern of crystalline CeO, nano-
particles. In general, the low intensity of the reflections is probably
due both to the small amount of sample available for analysis and
their low crystallinity. From reflection of (111) plane (20 = 28.4°),
crystallite size of CeO, was calculated in 5.6 nm. In addition, the
reflections of CuO (35.6°; 38.7°) and Cu,0 (36.5°) can be distin-
guished in the HKCe(1) sample. It was possible to gain further
information of these samples by Laser Raman spectroscopy (LRS).
Fig. 10 shows common LRS bands for HKUST-1 [48], the most
intense being located at 500 cm™! related to vibrational modes
directly involving Cu(ll) species, 745 and 829 cm~! ascribed to

28.4
32.7
356
111365
387
433
47.4
50.6

Intensity / a.u.

HKCEE(0.3)

CeO, nanoparticles

T T

10 20 30 40 50
20/°

Fig. 9. XRD patterns of Cu-Ce containing samples derived from activation of Ce/
HKUST-1. Pattern of CeO, nanoparticles (10-20 nm) were obtained from Nyacol.

450
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HKCe(1)

Intensity / a.u.

T T T
500 1000 1500
Raman shift / cm™

Fig. 10. LRS spectra of HKUST-1, activated HKUST-1 and activated Ce/HKUST-1
samples.

out-of-plane ring (C-H) bending vibrations and 1006 cm™! (associ-
ated with C=C modes of the benzene ring). When HKUST-1 was
activated, all MOF signals disappeared in line with the collapse of
their framework. Simultaneously, there appeared the bands
located at 280, 335 and 615cm™! and a broad peak near
1090 cm~!, as shown in the spectra for the HK2 and HK4 materials.
All these signals correspond to CuO [43], which is consistent with
XRD, TEM and SAED observations. Additionally, a weak signal was
observed at 1600 cm~! which is characteristic of graphite, proba-
bly from small amounts of carbonaceous residues coming from
the HKUST-1 degradation. In activated Ce/HKUST-1 samples, CuO
LRS signals were also observed as well as a strong signal at
450 cm™!, which is due to CeO, [43,49]. The slight shift of this band
to a lower frequency is an evidence of the small crystal size of CeO,
[49]. The TEM image of Fig. 11a also shows small particles of about
5 nm that are attributed to CeO,, in agreement with the previously
calculated Scherrefs size. Moreover, as shown in Fig. 11b, the SAED
diffraction patterns halos obtained from these catalysts, show a
lattice spacing of 0.122(4) nm that can be indexed as the (331)
crystalline planes of CeO,. Besides, a diffraction halo with a
0.231 nm spacing indexed as the (200) CuO plane is observed.
An HAADF image of HKCe(1) sample is shown in Fig. 12a. The
contrast in this type of image depends both on the thickness of
the sample and the atomic number of the elements, therefore, con-
taining chemical information. The heavier Ce particles appeared
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brighter than Cu and it can be observed that the copper and cerium
atoms are closely packed. Fig. 12b and ¢ shows the EDS spectra ta-
ken from the areas indicated as 1 and 2, respectively. The

CuO (200) CeO; (331)

Fig. 11. (a) TEM image of HKCe(0.5) sample; (b) SAED patterns of the same sample,
showing the diffraction of the (200) plane of CuO and the (331) plane of CeO,.
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Fig. 12. (a) HAADF image of HKCe(0.5) sample; (b and c) EDS spectra collected from
the selected areas 1 and 2, respectively.

coexistence of X-ray signals of Cu and Ce coming from the small se-
lected analysis area confirms the close contact between both
oxides.

The incorporation of Ce in HKUST-1 allows obtaining highly dis-
persed phases of CuO and CeO, in high interaction which gives a
highly active nanoparticulated catalyst.

3.4. Immobilization of CuO-CeO, nanoparticles in a monolith reactor

The synthesis of the CuO-CeO, from HKUST-1 is an attractive
route to immobilize the catalytic nanoparticles in a monolithic
reactor. Since the MOF crystals have a size compatible with the
pore size of the walls of cordierite monoliths (10-50 pum), they
could be anchored and subsequently activated generating the
immobilized nanoparticles. The coating from a slurry, commonly
called washcoating, is usually carried out with a slurry of particles
of a comparable size to that of the macropores of the support [50].
To this end, cordierite monoliths were washcoated with HKUST-1
(HK/monolith) and Ce/HKUST-1 (HKCe/monolith). The MOF crys-
tals were able to be firmly retained in the monolith walls and were
well distributed throughout the length of the channels although
without completely covering the substrate, as shown in Fig. 13a.
In view of the proper anchorage of the crystals, HUKST-1 and Ce-
HKUST-1 monoliths were then activated and stabilized in the reac-
tion atmosphere. As shown in Fig. 13b, the performance of both
monoliths (evaluated under the same conditions as the other cat-
alysts) was very similar to that of the respective powders, being
T°°=171°C and T°° = 124 °C for the HK/monolith and the HKCe/
monolith, respectively.
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=
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Fig. 13. (a) Microscope image of HKUST-1/monolith after washcoat; (b) CO
oxidation curves for activated HKUST-1/monolith and Ce-HKUST-1/monolith.
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4. Conclusions

MOF HKUST-1 proved to be ineffective in the oxidation of CO;
what resulted active was its transformation product generated in
the reaction atmosphere at temperatures above 230 °C. This trans-
formation involves a gradual segregation of CuO nanoparticles
from the MOF, simultaneously with a loss of MOF crystallinity.
The incorporation of a Ce precursor in the network of HKUST-1
with a subsequent activation yielded a highly dispersed mixture
of CuO and CeO, nanoparticles with a high degree of interaction
that is highly active in CO oxidation. Finally, it has been shown that
the anchoring and subsequent activation of the HKUST-1 and Ce-
HKUST-1 coatings is a novel and effective route for synthesizing
immobilized CeO,-CuO nanoparticles in a monolithic reactor, thus
preserving their high catalytic activity.
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