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Abstract: The synthesis method of metal-organic frameworks (MOFs) has an important impact on
their properties, including their performance in catalytic reactions. In this work we report on how the
performance of [Cu3(TMA),;(H,0)3]n (HKUST-1) and Ce@HKUST-1 in the reaction of CO oxidation
depends on the synthesis method of HKUST-1 and the way the cerium active phase is introduced to
it. The HKUST-1 is synthesised in two ways: via the conventional solvothermal method and in the
presence of a cationic surfactant (hexadecyltrimethylammonium bromide (CTAB)). Obtained MOFs
are used as supports for cerium oxide, which is deposited on their surfaces by applying wet and
incipient wetness impregnation methods. To determine textural properties, structure, morphology,
and thermal stability, the HKUST-1 supports and Ce@HKUST-1 catalysts are characterised using X-ray
diffraction (XRD), N, sorption, scanning electron microscopy (SEM), high-resolution transmission
electron microscopy (HRTEM), X-ray photoelectron spectroscopy (XPS), Fourier transform infrared
spectroscopy (FT-IR), and thermogravimetric analysis (TGA). It is proven that the synthesis method
of HKUST-1 has a significant impact on its morphology, surface area, and thermal stability. The
synthesis method also influences the dispersion and the morphology of the deposited cerium oxide.
Last but not least, the synthesis method affects the catalytic activity of the obtained material.

Keywords: HKUST-1; surfactant; cerium oxide; CO oxidation

1. Introduction

HKUST-1, i.e., [Cuz(TMA),(Hp0)3]n, is a metal coordination polymer which was reported for the
first time in 1999 by Chui et al. [1]. In its framework, copper (II) ions form dimmers in which a single
copper atom is coordinated with four oxygen atoms from the trimesic acid (H3BTC) linker and H,O
molecules. Cubic crystal structures with a 3D system of pores which are characterised by a square
shape and similar size (9 X 9 A) are formed [2]. Usually, HKUST-1 is synthesised via the solvothermal
method; however, to control crystal size and morphology, templates can be used. A common approach
is to use monodentate ligands that have the same bond functionality as the linker. In such a case,
the template (sometimes called the “modulator”) competes with the organic linker to a metal ion and
regulates at the same time the nucleation and crystal growth [3]. It has been found [4] that the addition
of acetic acid leads to anisotropic growth of crystals, which physically prevents their aggregation.
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Coordination modulators are used to obtain other metal-organic frameworks (MOFs) with different
sizes and morphologies, including nHKUST-1 [5], nUiO-66 [6,7], nMOF-801 [8], and nZIF-8 [9]. In the
case of HKUST-1, triethylamine (TEA) is frequently used as a template [10,11]. Materials prepared
with TEA are nanocrystalline, e.g., their size can be decreased from 16 pm to 175 or 65 nm when the
TEA:H3BTC molar ratio is 1 or 3, respectively. This operation is slightly different than for classical
templates because the use of TEA increases the pH of the solution and causes deprotonation of H3BTC,
facilitating its coordination to Cu?* and speeding up the nucleation of HKUST-1 crystals [12].

The application of surfactants during MOF synthesis is also an important issue. It allows
for controlling the size and growth of desirable crystalline material and conducting synthesis
under milder conditions. Nune et al. [13] obtained nanosized ZIF-8 using high molecular weight
poly(diallyldimethylammonium) chloride as a template. They maintained good thermal and chemical
stability of the MOF. A no-ionic Pluronic F-127 surfactant (PF-127) was used as a controlling agent in the
synthesis of rod-like HKUST-1 particles [14]. The growth mechanism of these particles assumed that
the initially formed Cu(H,O)¢?* ions were surrounded by PF-127 surfactant molecules that inhibited
direct contact between Cu?" ions and BTC ligands, preventing HKUST-1 crystallisation from occurring.
Then, the H,O ligands were exchanged with BTC ligands to form Cu-BTC crystals that worked as
the crystallization nucleus. Further direction of HKUST-1 crystal growth was induced according to
the specific adsorption of the PF-127 surfactant. Other coordination modulators used in HKUST-1
syntheses are polyacrylic acid (PPA) [15] and hexadecyltrimethylammonium bromide (CTAB). Long
chain CTAB molecules are known to form micelles and vesicles under different situations [16]. Without
CTAB, HKUST-1 crystals are cubic in their shape, with an average particle size of about 300 nm. In the
presence of CTAB, the HKUST-1 morphology is changed. For example, Tan et al. [17] used CTAB to
obtain ring-like HKUST-1 structures. It should be noted that the concentration of the surfactant, as well
as the proper acid—base environment for the reaction that controls deprotonation of the organic linker,
and, hence, the nucleation process, has an impact on the size of the HKUST-1 particles [17,18].

HKUST-1 has open copper sites which make it a reasonable candidate for catalytic applications.
Unsaturated Cu?* ions coordinate oxygen atoms, forming py—oxygen bridges that inhibit saturation of
the active centres. The open metal sites in MOFs are much more stable than in homogeneous systems [19].
HKUST-1 has already been used as a catalyst in a few reactions. For example, Yepez et al. [20] tested it
in the reaction of oxidation of trans-ferulic acid to vanillin. HKUST-1 was found to be a very efficient
catalyst in this reaction, providing a 98% acid conversion. It was found that the activation of HKUST-1
is crucial for the removal of H,O, and, thus, generation of unsaturated metal sites, which is a key
point for good catalyst performance. HKUST-1 has also been used as a catalyst in the synthesis of
1,4-dihydropyridine (1,4-DHP), a compound that possesses important biological and pharmaceutical
properties. Arzehgar at al. [21] have reported one-pot synthesis of 1,4-DHP in EtOH with an excellent
(95%) yield in the presence of HKUST-1. Toyao et al. [22] describe examples of catalysts which consist
of nanoparticles loaded onto HKUST-1. Fe;O0,@HKUST-1 and Pd/Fe;O,@HKUST-1 have been used for
one-pot deacetalisation and Knoevenagel condensation reactions as well as in the hydrogenation of
olefins. Guo et al. [23] have studied HKUST-1 in bimetallic catalysts [Cus«Pdx(BTC),]. They found
that incorporation of Pd?* into Cu nodes in HKUST-1 allowed for the obtaining of catalysts with
unsaturated palladium centres. They also proved that the catalyst contained some amounts of Cu™. The
obtained catalyst was found to be very active in alcohol oxidation, allylic oxidation and rearrangements,
cycloisomerisation, and olefin hydrogenation. It was also used in the selective oxidation of benzyl
alcohol to benzaldehyde. HKUST-1-supported catalysts are promising materials for CO oxidation to
CO,. HKUST-1 and PdA@HKUST-1 have been reported by Ye et al. [24] to reveal 100% conversion of CO
to CO; at 240 and 220 °C, respectively. It was observed by these authors that Pd presence improves
HKUST-1 activity and decreases the temperature of CO maximal conversion. It was also observed that
HKUST-1 lost its crystallinity after impregnation with Pd, but the structural collapse arising from the
cleavage of coordination bonds was said to contribute to the improvement of catalytic activity of the
material, owing to the increased number of unsaturated Cu cation coordination sites active for CO



Catalysts 2020, 10, 108 30f17

oxidation. Owing to the very good redox properties of ceria, the bimetallic Ce-Cu system is a good
alternative for noble metals. Zamaro et al. [25] have reported a 100% CO conversion over HKUST-1
at 240 °C. The HKUST-1 itself was not very active as a catalyst but it was found to be a good matrix
for obtaining a CuO-CeO, system of improved performance in CO oxidation compared to the initial
material (100% CO conversion was achieved at 150 °C).

In this work we show the catalytic activity of HKUST-1 and Ce@HKUST-1 materials in the
reaction of CO oxidation. Our aim was to obtain a Ce—Cu system and employ the best features
of HKUST-1 (including its developed surface area, porosity, and the presence of open Cu sites)
together with the already mentioned advantages of cerium. Cerium—copper oxide mixtures have
recently shown increased importance for oxidation catalysis [26]. In this work we obtain HKUST-1
using (i) conventional solvothermal synthesis and (ii) a CTAB-assisted procedure. Both MOFs are
later impregnated with cerium salt to obtain a bimetallic Ce-Cu catalyst, preserving the original
HKUST-1 framework.

2. Results and Discussion

2.1. Characterisation

Figure 1 presents the XRD results for obtained HKUST-1 (i.e., H1 and H1_CTAB) and Ce@HKUST-1
samples (i.e., Ce@H1(W), Ce@H1(D), Ce@H1_CTAB(W), and Ce@H1_CTAB(D), where W and D stand
for samples obtained via wet and incipient wetness impregnation, respectively). The diffraction peaks
at 6.6,9.4,11.5, and 13.4° correspond to the (200), (220), (222), and (400) crystal planes, respectively. It
can be observed that the position of these reflexions is the same when HKUST-1 is synthesised with
CTAB (H1_CTAB) and after impregnation of both HKUST-1 supports with cerium nitrate. Hence,
neither the addition of the CTAB template during synthesis nor the impregnation process damaged
the HKUST-1 framework. The particles sizes calculated for (200), (220), (222), and (400) reflexions are
presented in Table 1. In addition, no peaks of cerium phase are observed.
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Figure 1. XRD of HKUST-1 and Ce@HKUST-1 materials (descriptions for sample names are given in
Materials and Methods, i.e., in Sections 3.1 and 3.2).

The specific surface area (Spgr) of HKUST-1 and Ce@HKUST-1 was calculated from N
adsorption/desorption isotherms. The shape of each plot presented in Figure 2 indicates a Type
I isotherm according to the IUPAC classification, which is typical for microporous materials. The
hysteresis loop observed for H1 and Ce@H1(W) at a relative pressure P/P > 0.4 indicates the capillary
condensation in mesopores whose presence can arise from the stacking of larger particles of HKUST-1
or the formation of defects in the HKUST-1 framework. It was also confirmed with the N, sorption
experiments that the total pore volume was similar for both H1 and Ce@H1(W) (Table 2). The textural
properties of the HKUST-1 and Ce@HKUST-1 materials are presented in Figure 2. Pure HKUST-1 had
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Spgt of 1003 m?/g, whereas the addition of CTAB to the synthesis as well as impregnation with cerium
nitrate led to a decrease in the surface area which arose from the blockage of pores and the coverage of
HKUST-1 crystals with the cerium phase. The most severe decrease in Sgrr was observed when the
synthesis of HKUST-1 was carried out in the presence of CTAB (H1_CTAB); this was caused by the
insufficient removal of CTA* cations from the sample. The impregnation of that material with cerium
nitrate, followed by thermal activation at 160 °C, helped to remove the CTA* from the sample, resulting
in an increase in Spgr in the case of Ce@H1_CATB(W) and Ce@H1_CTAB(D). Moreover, impregnation
of H1_CTAB resulted in an increase in the mean pore size (d) because it facilitated the removal of the

40f17

remaining CTA" ions, and this led to formation of large-scale defects in the HKUST-1 particles.

Table 1. Particle size for HKUST-1 and Ce@HKUST-1 materials calculated for (200), (220), (222), and

(400) reflexions.
Crvstal Plane Particle Size (nm)

Ty H1 H1_CTAB Ce@H1(D) Ce@H1_CTAB(D) Ce@H1(W) Ce@H1_CTAB(W)
(200) 429.1 504.9 233.6 302.9 237.6 253.9
(220) 453.5 318.6 364.5 227.5 818.7 226.6
(222) 4739 358.6 565.7 220.7 713.5 278.0
(400) 469.9 290.2 268.2 287.5 748.6 218.7
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Figure 2. N; adsorption-desorption isotherms at standard temperature and pressure (STP) for HKUST-1

and Ce@HKUST-1 materials. “Ads”—adsorption, “des”—desorption.

Table 2. Textural properties of HKUST-1 and Ce@HKUST-1 materials: specific surface area (Sggt), total
pore volume (Viy1), and mean pore size (d).

Sample SpeT (M%/g)  Vigpar (cm3/g)  d (nm)
H1 1003 0.584 2.3
Ce@H1(W) 958 0.574 4.2
Ce@H1(D) 318 0.331 4.2
H1_CTAB 160 0.602 1.5
Ce@H1_CTAB(W) 444 0.952 8.6
Ce@H1_CTAB(D) 328 0.409 5.0
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The morphology of HKUST-1 and Ce@HKUST-1 and the dispersion of the cerium phase over
HKUST-1 was observed with scanning and high-resolution transmission electron microscopy (SEM
and HRTEM) (Figures 3-6). It can be seen in Figure 3a that the size of the octahedral particles of
HKUST-1 obtained via the solvothermal method (H1) is uneven and ranges from around 5 to 20 um.
SEM pictures also show the pores in the H1 material, including after its wet impregnation with
cerium nitrate (Figure 3b,d). It can be seen that the cerium phase formed spherical CeO, particles of a
diameter ranging from around 200 nm to 1 um that dispersed over HKUST-1. The incipient wetness
impregnation of H1 with cerium nitrate (Ce@H1(D)) led to the uniform coverage of HKUST-1 particles
with CeOx rods [27] of 200 nm—2 pm length (Figure 3e,f). The Ce;O3 presence in the Ce@H1(D) sample
was detected by the selected area electron diffraction (SAED) (Figure 4b). Blocking of the porous
surface of the HKUST-1 with the cerium phase caused a significant decrease in Spgr and Vo, when
compared to H1 and Ce@H1(W) (Table 2). In both samples the nanocrystals of cerium oxide were
distributed over HKUST-1 but also formed agglomerates detached from the MOF (Figure 4).

Figure 3. Morphology of H1 (a,b), Ce@H1(W) (c,d), and Ce@H1(D) (e,f).
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Figure 4. High-angle annular dark-field imaging (HAADF-STEM) images of Ce@H1(W) (a) and
Ce@H1(D) (b) with marked area of Cu and Ce EDS maps. The SAED electron diffraction of Ce,O3 in
Ce@H1(D) is shown on the right side of (b).

Figure 5. Morphology of H1_CTAB (a,b) and Ce@H1_CTAB(W) (c,d).
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Ce@Hl_CTwV)

HKUST-1

Figure 6. HAADF-STEM image of Ce@H1_CTAB(W) with SAED electron diffraction of CeO, phase.

The CTAB-assisted synthesis (H1_CTAB) resulted in the formation of smaller HKUST-1 particles
with a diameter of up to 100 nm that were more spherical in shape. Tan et al. [17] used CTAB to obtain a
hierarchical ring-like HKUST-1. This allowed for an increase in the mesoporosity and anionic properties
of that MOF. In our case, the ring-like structures did not occur in the H1_CTAB sample (Figure 5a,b),
but this may have been due to insufficient removal of CTAB during the washing step. Additionally, the
temperature of thermal activation of the H1_CTAB samples was too low for thermal decomposition of
CTAB, which takes place at 200-250 °C [28]. Successful removal of CTA* from HKUST-1 makes the
MOF anionic, facilitating the introduction of another metal cation to the framework and providing good
dispersion of that metal. In contrast to Tan et al. [17], who exchanged CTA™* with Co, Ni, and Ce, etc.,
the impregnation of obtained in this work the H1_CTAB with cerium nitrate resulted in the formation
of thin, irregularly-shaped sheets around small HKUST-1 particles (Figure 5c,d) that formed a kind of
sponge. According to the SAED and energy-dispersive X-ray spectroscopy (EDS) performed during
the HRTEM examination of that sample, that sponge-like structure was CeO, (Figure 6). Also, it can be
observed in Figure 3d that some of the HKUST-1 particles in Ce@H1_CTAB(W) have a ring-like shape,
which evidences the elimination of CTAB molecules. Chitsaz et al. [29] studied the impact of CTAB on
nano-CeO, crystallisation via the co-precipitation method using cerium (III) nitrate hexahydrate as the
Ce precursor. Obtained CeO; nanoparticles of around 5 nm in diameter possessed a cubic fluorite
structure. Kim et al. [30] synthesised micro-sponges of CeO,-CuO (6 wt.% Cu) nanoparticles by mixing
aqueous nitrate solutions of Ce and Cu with natural biopolymers (dextran and xyloglucan). In their
method the freeze drying of the metal oxide—dextran mixture was applied as a first step which allowed
for the forming of porous monoliths and minimised crystal sintering during the subsequent step of
heating the obtained material at 600 °C. During wet impregnation the H1_CTAB was suspended in
EtOH, which probably resulted in the removal of the CTA* from the inside of the HKUST-1 particles.
In the ethanolic solution CTAB interacted with Ce(NO3)3;, whereas during heating the O, and NOx
that desorbed from nitrates accelerated the combustion of CTAB. Pan et al. [31] have reported that
the Ce®>*/CTAB ratio as well as the synthesis temperature and duration influence the morphology of
obtained CeO,. At a lower temperature, nanoplates are formed and their geometry changes from
irregular to hexagonal when the temperature increases to 140 °C. The CTAB absorbs on the exposed
surface of CeO; crystal and limits its growth. The increase in reaction time results in the transformation
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of nanoplates to nanorods. In our case, the reaction time was relatively short, i.e., 3 h, which explains
the formation of CeO, thin sheets.

SEM and TEM revealed that cerium dispersion over H1 was less uniform than in the case of
H1_CTAB. Hence, cerium deposition over HKUST-1 obtained in the presence of CTAB is more efficient.
This may be due to some exchange of CTA™ to Ce3", according to the mechanism described in [17].

Determination of the electronic properties of the prepared HKUST-1 and Ce@HKUST-1 catalysts
was performed with X-ray photoelectron spectroscopy (XPS). The peak fitting of high-resolution C 1s,
O 1s, Cu 2p, and Ce 3d (Figure 7) allowed for a comparison of the chemical states of C, O, Cu, and Ce
in the modified HKUST-1 samples. The fitted XPS spectra of Cu 2p consists of a few peaks and shows
domination of the divalent Cu. The Cu 2p3/, and Cu 2p;), peaks of Cu?* are located at around 934
and 954 eV, respectively, with a shake-up satellite at around 944 eV. The presence of Cu* is confirmed
by peaks at around 932 and 952 eV [32]. In order to further investigate the valence state of copper
and differentiate between Cu* and Cu®, CuLMM spectra were recorded for all samples. The CuLMM
Auger peaks (Figure 8) occur at around 571.5 eV, which indicates the presence of Cu™ ions. Normally,
the Auger peak of Cu® is about 2 eV lower than for Cu*, but the CuLMM spectra do not show band
broadening to lower binding energies. Hence, we may assume that Cu” was not present in the sample.

The Cu?*/Cu™ ratio in the obtained samples was found to be as follows: 2.39 for H1, 1.75
for H1_CTAB, 1.69 for Ce@H1(W), 1.55 for Ce@H1_CTAB(W), 1.63 for Ce@H1(D), and 1.60 for
Ce@H1_CTAB(D). Hence, the Cu** ions were found to predominate over Cu® in all the samples,
but the contribution of the latter increased after CTAB use in the synthesis of HKUST-1 and after Ce
deposition. A higher concentration of Cu™ than in the case of conventional HKUST-1 (H1) can be said
to be due to an oxygen transfer from Cu?* to Ce*, leading to reduction/oxidation to Cu* and Ce?*,
respectively. This may indicate strong interactions between Cu nodes in HKUST-1 with deposited
Ce species.

The C 1s spectra show a few peaks at binding energies of around 284.6, 288, and 288.8 eV,
which correspond to C-C/C=C, C=0, and O=C-O bonds in trimesic acid [33]. The peaks assigned to
O-C=0 and C=0 are shifted to higher binding energies after H1 and H1CTAB impregnation with
cerium. Modification of HKUST-1 either by the addition of CTAB or cerium decreases the amount
of the deprotonated carboxylic groups; the concentration of pendant O-C=0" decreases from 16.87
to 7.41 at.% and from 6.93 to 6.86 at.% after impregnation of H1 and H1_CTAB, respectively. The
peak at around 285.5 eV can be attributed to a C-N bond and its occurrence indicates the presence of
N,N-dimethylformamide (DMF) in the HKUST-1 pores [34].

The O 1s spectra shows three oxygen species, i.e., the C—O-Cu in the paddle-wheel secondary
building units (SBU) at around 531.5 eV, the O-C=0 of the trimesic acid at around 532.6 eV, and the
O-H at around 533.8 eV [35,36]. The energy of the Ce3*—O bond can occur at around 531.7 eV.

The Ce 3d XPS spectra show few peaks that are characteristic of the +3 and +4 oxidation states of
cerium of CeOx. There is no artificial increase in the Ce3* concentration because samples were not
subjected to Ar sputtering, causing oxygen scavenging. Normally, the existence of Ce>* and Ce**
is evidenced by doublets that are bound together, and their splitting is at around 18.4 eV. The Ce®*
presence is also shown by three singlets [37]. In the presented case, the peaks corresponding to Ce3*
predominate, whereas only two doublets for Ce** are observed. The Ce?*/Ce** ratio was found to
be 1.69 for Ce@H1(W), 1.62 for Ce@H1(D), 1.66 for Ce@H1_CTAB(W), and 1.63 for Ce@H1_CTAB(D).
Hence, there is no significant difference in the contribution of both species in all samples and one
may conclude that neither the CTAB application for HKUST-1 synthesis nor the impregnation method
influence the Ce oxidation state.

The FTIR spectra of HKUST-1 and Ce@HKUST-1 are shown in Figure 9. All spectra in the
2000-400 cm~! region display bands at the same wavenumber. The bands below 1200 cm™~! are
assigned to the vibrations of the BTC linker, whereas bands in the 1700~1300 cm™! region correspond
to the BTC linker coordinated to the copper sites (the asymmetric and symmetric stretching vibrations
of the carboxylate in BTC are observed at around 1650 cm™! and 1374 cm ™!, respectively) [38,39].
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The IR band at 1440 cm™! can be ascribed to C=0 of uncoordinated H3;BTC [40]. In addition, on the
FTIR spectra of H1_CTAB and Ce@H1_CTAB(D) there are low intensity bands at 2853 and 2923 cm™!
(Figure 9a) that correspond to the symmetric and asymmetric stretching modes of CH, coming from
trapped CTA" species [17].
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Figure 7. XPS Cu2p (a), O 1s (b), C 1s (c) and Ce 3d (d) spectra of HKUST-1 and Ce@HKUST-1 materials.
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Figure 8. CuLMM Auger spectra for HKUST-1 and Ce@HKUST-1 materials.
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Figure 9. FTIR spectra of HKUST-1 and Ce@HKUST-1 materials in the 4000-2500 cm™! (a) and
2000-400 cm~! (b) range.

The results of TGA for the obtained materials are presented in Figure 10. The first mass loss up to
110 °C can be ascribed to the evaporation of physically adsorbed water. It is known that HKUST-1
easily adsorbs water, and it can be removed from the sample via heating at around 110 °C. A further
mass decrease at up to around 300 °C for HKUST-1 obtained via solvothermal synthesis and its
Ce-containing counterparts, and up to around 250 °C for HKUST-1 and Ce/HKUST-1 obtained with
CTAB, is due to evaporation of H,O that was chemically adsorbed on the Cu atoms or the solvent
that remained in the HKUST-1 pores. In the case of the H1_CTAB sample, a rapid mass loss of 4.2%
can be observed at 240-260 °C. This may be attributed to the thermal decomposition of unwashed
CTAB. The TGA profiles for cerium-containing samples (Ce@H1_CTAB(W) and Ce@H1_CTAB(D)) do
not show a mass loss in that region because the residual CTAB was removed from HKUST-1 upon
extended washing after impregnation with cerium nitrate. That is also the reason for the higher Sggr
of the Ce@H1_CTAB compared to H1_CTAB (444 m?/g versus 160 m?/g, Table 2).
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Figure 10. Mass of the sample (blue) and DTG (red) plots for HKUST-1 (a,b) and Ce@HKUST-1
materials (c—f).

The obtained samples are characterised with different thermal stability. The framework of
HKUST-1 obtained in solvothermal synthesis (H1) was found to be stable up to 286 °C, whereas the
material obtained with the template (H1_CTAB) started to decompose at a temperature lower than this
by 15 °C (Table 3). Impregnation with cerium nitrate decreased the thermal stability of all samples
but the effect of cerium was more pronounced for Ce@H1_CTAB(W) and Ce@H1_CTAB(D). The total
mass decrease owing to BTC linker decomposition was about 36% for H1 and Ce@H1, which is a
typical value for those materials. A significantly higher, over 52% mass decrease was observed for
the H1_CTAB and Ce@H1_CTAB samples and was due to the presence of metal cluster vacancies.
In the CTAB-assisted synthesis the cationic surfactant (CTA*) coordinates to BTC3~ instead of Cu®™,
thus producing larger structure defects.

Table 3. Temperature of structure decomposition and mass loss due to combustion of BTC linker.

Sample Temperature of Decomposition (C) Mass Loss (%)
H1 286 36.8
Ce@H1(W) 270 36.1
Ce@H1(D) 271 35.8
H1_CTAB 261 56.4
Ce@H1_CTAB(W) 235 52.1
Ce@H1_CTAB(D) 229 57.9

2.2. Catalytic Tests of CO Oxidation

The HKUST-1 and Ce@HKUST-1 catalysts were tested in the reaction of CO oxidation. The results
of the catalytic tests are presented in Figure 11. It can be observed that the samples obtained with the
use of the CTAB template reveal significantly lower CO conversions than their analogues synthesised
via the solvothermal route. The best catalytic performance was shown for Ce@H1(D) which was active
from 150 °C and provided 100% conversion of CO at 200 °C. Its analogue obtained via wet impregnation,
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i.e.,, Ce@H1(W), required a significantly higher temperature for converting CO to CO, (above 180 °C),
which could have been caused by the poorer coverage of HKUST-1 with CeOy, and thus the reduced
number of sites of strong Cu—Ce contact. It was proven by microscopic observations that Ce@H1(D) was
well covered with the CeOx phase; this (not the specific surface area) is the most important factor when
speaking of the catalytic activity of Ce@HKUST-1 materials. Both Ce@H1(W) and Ce@H1(D) provided
100% CO conversion at lower temperatures than those reported in [24]. Similarly, CO oxidation to
CO; over materials obtained in CTAB-assisted synthesis was also observed above 180 °C, but the
maximal CO conversions were as low as 8 and 3.5% for H1_CTAB and Ce@H1_CTAB(W), respectively.
Ce@H1_CTAB(D) showed a much better performance than the other two materials. It must also be
mentioned that each catalyst decomposed in a CO/O,/Ar mixture when the temperature exceeded the
maximal value marked on the plot. H1 was revealed to have the highest thermal stability under the
reaction conditions. The introduction of CeOy to the catalytic system decreased the thermal resistance
of the catalysts. Both the H1- and H1_CTAB-supported cerium catalysts were thermally stable up to
200 °C. Only H1_CTAB decomposed at above 190 °C, which was probably due to combustion of CTA*,
followed with thermal degradation of BTC linker molecules coordinated to CTA™.

100
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>
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Figure 11. CO conversion versus temperature over HKUST-1 and Ce@HKUST-1 catalysts.

In contrary to other works on CO oxidation over MOF-based catalysts that undergo in situ
transformation to CeO,—-CuO [25,41], our aim was to conduct the reaction maintaining the metal-organic
framework. It was proven by the XRD analysis for H1, Ce@H1(W), and Ce@H1(D) (Figure 12) that
after catalytic tests the HKUST-1 structure was preserved; however, small intensity reflexes of CuO
and CuyO can be observed on the diffractogram of H1, which is due to oxidation of the BTC linker.

For example, Zamaro et al. [25] reported that HKUST-1 itself was not active in CO oxidation but
that it was found to be a good matrix for obtaining well-dispersed CuO nanoparticles. In addition,
incorporation of Ce and further activation of the material resulted in a highly dispersed bimetallic system
of strong CeO,—CuO interactions that improved CO oxidation when compared to HKUST-1-derived
CuO alone. Over the Ce-HKUST-1-derived CeO,—CuO, total CO conversion was achieved at 150 °C.
Guo et al. [41] obtained CeO;—CuO bimetallic catalysts derived from Cu supported on Ce-MOF-808
which showed 100% CO conversion above 300 °C, which is a significantly higher temperature than
in the case of that reported in this work for HKUST-1-based catalysts. Zhu et al. [42] synthesised
Ce-UiO-66-derived CuO-CeO, catalysts and studied them in preferential CO oxidation (PROX). Total
CO conversion was achieved at 112 °C. It is known [43] that the Cu—Ce-O system is very active for
complete oxidation of CO, with catalytic activity comparable to that of Pt-based catalysts. In the Cu—Ce
system, the Cu* species are centres for CO adsorption and are stabilised by interactions between CuO
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and CeO,, whereas ceria provides the oxygen. The redox cycles occurring in Cu?*/Cu* and Ce®*/Ce?*
pairs in the CeO,—CuO mixture are extremely important for the performance of the catalyst. However,
the CeO,—-CuO interaction is also dependent on the synthesis method of such a system [44].

A CuO
+ Cu20
B
s Ce@H1(D)
g
£ o Ce@H1(W)
: A A A H1

(%,

15 25 35 45 55 65 75 85
2 theta (°)

Figure 12. XRD for HKUST-1 and Ce@HKUST-1 catalysts after tests of CO oxidation.

MOFs and MOF-supported catalysts have great potential in heterogeneous catalysis because of
their exceptional electronic types and their ability to promote the capture and activation of reagents
or intermediates. The nodes in MOFs are active sites in redox processes; hence, their geometry and
accessibility (i.e., open metal sites (OMS)) are key factors in catalytic performance. The co-adsorption
of CO and O, over HKUST-1 and MOF-14 has been studied in situ by using ultrahigh vacuum infrared
spectroscopy (UHV-FTIRS) [45]. It was found that CO adsorbed at the intrinsic Cu?* coordinatively
unsaturated sites (CUS) at =168 °C and that its oxidation to CO, occurred even at this low temperature.
According to the proposed mechanism, two CO molecules adsorbed at the same time over two
adjacent CUS, forming CO-Cu?*. The catalytic reaction occurred only in the case of CO pre-adsorption,
which facilitated activation of O, species. No intermediate products were observed to be formed;
hence, it was assumed that O, molecules reacted directly with adsorbed CO to give CO,. However,
the CO adsorption over the metal nodes in MOFs should be considered complex because, as was
reported by Noei et al. [46], more than one thermally stable CO species characterised by different
binding energies can adsorb on unsaturated coordination sites in mixed-valence MOF.

3. Materials and Methods

3.1. Synthesis of HKUST-1

Synthesis of HKUST-1. Copper (II) nitrate trihydrate (5.0731 g) and trimesic acid (2.5281 g) were
dissolved in DMF (62.5 mL) and ethyl alcohol (62.5 mL). The mixture was sonicated for 10 min until a
blue suspension was obtained. The solution was placed in an oven and heated at 120 °C for 24 h. The
blue product was filtered off under vacuum and washed with DMF (130 mL) and ethanol (200 mL).
The obtained product, denoted H1, was dried at 60 °C for 12 h.

Synthesis of HKUST-1 with CTAB. The synthesis was conducted according to Tan et al. [17]. In the
first flask, to deionised water (72 mL) a 0.11 M solution of trimesic acid (H3BTC, 8.4 mL) was added.
Next, triethylene amine (1.82 mL) was instilled and the mixture was stirred for 30 min. In the
second flask, 0.5 M aqueous solution of copper (II) nitrate trihydrate (1.13 mL) was mixed with 0.1 M
hexadecyltrimethylammonium bromide (CTAB, 48 mL) and H,O (30 mL). The contents of both flasks
were mixed together and stirred for 30 min at room temperature. The obtained green product was
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filtered, washed with ethanol and dried at 60 °C for 12 h. The synthesised material was denoted
H1_CTAB.

3.2. Synthesis of Cec@ HKUST-1

Synthesis of Ce@ HKUST-1 via wet impregnation. The H1 or H1_CTAB (1 g) was suspended in
ethanol (190 mL) and stirred for 5 min. Next, a methanolic solution of 0.1 M cerium (II) nitrate
hexahydrate (10 mL) was slowly instilled and the mixture was stirred for 3 h. The obtained product
was filtered under vacuum and washed with ethanol. The obtained products, denoted Ce@H1(W) and
Ce@H1_CTAB(W), were dried at 160 °C for 12 h. The nominal loading of cerium in both samples was
10 wt.%.

Synthesis of Cec@ HKUST-1 via incipient wetness impregnation (IWI). To H1 (1 g) or H1_CTAB (0.2 g)
an ethanolic solution of cerium (III) nitrate hexahydrate was slowly instilled and stirred continuously.
Next, the homogeneous mixture was left to dry overnight at room temperature. Then, it was dried at
160 °C for 12 h. The obtained materials were denoted Ce@H1(D) and Ce@H1_CTAB(D). The nominal
Ce loading in both samples was 10 wt.%.

3.3. Characterisation

Powder X-ray diffraction analyses were performed from 5 to 80° with a 0.03° step using an X'Pert
Pro apparatus (PANalitycal, Malvern, UK) which had Ni-filtered Cu K« radiation (A = 1.54056 A) and
was equipped with specific optics for performing analysis by small-angle X-ray scattering (SAXS) in
transmission geometry. The X'Pert HighScore Plus program was used for results analysis.

N, adsorption at 77 K was performed using an Autosorb 1C (Quantachrome Instruments, Boynton
Beach, FL, USA). Before tests the sample was outgassed in a vacuum at 100 °C for 12 h. The specific
surface area was determined using the multipoint BET method and the total pore volume was estimated
from the N, uptake at a relative pressure of P/Py = 0.99.

X-ray photoelectron spectroscopy was performed using a Thermo-Scientific K-ALPHA (Waltham,
MA, USA) spectrometer equipped with Al-K radiation (1486.6 eV). The hemispherical analyser was
run in constant energy mode with survey scan pass energies of 200 eV for measuring the whole energy
band and 50 eV in a narrow scan for selective measuring of particular elements. The background
subtraction and fitting of the experimental curve to a combination of Lorentzian (30%) and Gaussian
(70%) lines was performed. The binding energies were referenced to the C 1s line at 284.6 eV and had
an accuracy of + 0.1 eV.

Microscopic observations of the samples were carried out using a scanning electron microscope
(Zeiss Supra 35, Zeiss, Oberkochen, Germany) with a field emission gun. The SEM was equipped
with a TEAM™ Trident Analysis system. Secondary electron imaging and energy-dispersive X-ray
spectroscopy (EDS) were used to determine the morphology of the samples. Transmission electron
microscopy was performed using a S/TEM Titan 80-300 (FEI, Hillsboro, Oregon, UK) working at an
accelerating voltage of 300 kV and equipped with EDS detector.

Thermogravimetric analysis of the HKUST-1 and Ce@HKUST-1 was performed using a Mettler-
Toledo apparatus (Columbus, Ohio, USA). The loss of sample mass was registered during analyses
conducted in flowing air at a temperature increasing from 25 °C to 900 °C with a heating rate of
10 °C/min.

3.4. Catalytic Tests of CO Oxidation

The activity of HKUST-1 and Ce@HKUST-1 in the reaction of CO oxidation was determined at
temperatures ranging 140 to 220 °C. The catalyst bed was placed in a quartz reactor and heated up
to the given temperature in flowing Ar, with a heating rate of 5 °C/min. Then, a reaction mixture
consisting of 1 vol.% CO and 5 vol.% O, in Ar was introduced. After at least 3 h of testing under
isothermal conditions, the temperature was decreased by 10 °C. The tests were conducted at the gas
hourly space velocity GHSV = 10000 h~!. The CO, CO,, and O, concentrations at the reactor outlet
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were determined by gas chromatograph. The CO conversion was calculated both from CO consumed
and CO; produced.

4. Conclusions

In this work, a series of HKUST-1 and Ce@HKUST-1 catalysts was synthesised and tested in the
reaction of CO oxidation at temperatures ranging from 140 to 210 °C. The HKUST-1 was obtained both
in solvothermal and CTAB-assisted syntheses, whereas the cerium phase was deposited by applying
wet and incipient wetness impregnation methods. Our study revealed that the synthesis method
of HKUST-1 has a significant impact on its morphology, surface area, and thermal stability. From
a chemical point of view, the obtained structures were identical, i.e., they contained both Cu?t and
Cu* ions, and —in the case of the cerium-loaded samples —had Ce** and Ce3* ions. However, some
impact of the synthesis method on the Cu?*/Cu* ratio was observed. It was determined with EDS
that cerium deposition over HKUST-1 obtained in the presence of CTAB (either via wet or the IWI
method) was more efficient, since CTA* could be partially exchanged with cerium. Moreover, cerium
deposition over HKUST-1 structures obtained both via the solvothermal and CTAB-assisted routes
resulted in an increase in the concentration of Cu* ions owing to oxygen transfer from Cu?* to Ce3*,
and indicating strong interactions between the Cu nodes in HKUST-1 with deposited Ce species. The
negative aspect of such a strong Cu—Ce interaction could be decreased thermal stability under the
reaction conditions compared to HKUST-1 samples. This phenomenon was more pronounced for
catalysts supported on HKUST-1 obtained using CTAB-assisted synthesis due to the aforementioned
partial exchange of CTA™ to Ce. The reduced surface area of the Ce@H1_CTAB catalysts could also
play a role in reduced CO conversion. According to the obtained results, the best catalytic performance
revealed the catalytic system composed of nanorods of CeOx evenly distributed over high surface
area HKUST-1, which was obtained using the IWI method. This allowed for the achievement of a
good compromise between the physicochemical properties of Cec@ HKUST-1, i.e., the uniform CeOy
dispersion over HKUST-1, good CeOy contact with Cu clusters, sufficient surface area, and relatively
high thermal stability, with its catalytic activity in CO oxidation.
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