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Abstract

In the present work, SBA-15 and SBA-16 ordered mesoporous silicas were synthesized with
different morphologies such as fibers, spheres, rods and irregular shapes. Copper and cerium
oxides active phase was introduced by two methods, incipient wetness impregnation and

solid-state impregnation by using a ball mill. The obtained catalysts were evaluated in the



CO preferential oxidation reaction (COPrOx). By means of SAXS, XRD, SEM and TEM
microscopies, the mesostructures and morphologies were characterized, as well as the
preservation of the porous structure and the presence of oxides nanoparticles. In addition,
XPS spectroscopy was used to analyze the chemical state and relative surface abundance of
the elements present in the catalysts. From the catalytic results, it could be seen that the
incipient wetness impregnation method was the most favorable. The unidirectional porous
structure SBA-15 with fiber shape and incipient wetness impregnation achieved the highest
conversion of CO and selectivity to CO; (CO conversion 98 % at 175 °C). SBA-16 based
catalysts were found less active. However, it is noteworthy that the best material was
prepared by using an irregular shaped SBA-16 impregnated by incipient wetness procedure.
This catalyst exhibited a maximum CO conversion of 80 % at 175 °C. Finally, the SBA-15
mesoporous structure and the incipient wetness impregnation method had a greater influence

on the better catalytic performance.

Keywords: SBA-15 and SBA-16, particle morphology, COPrOx, CuO-CeO> nanoparticles,

active phase incorporation.



1. Introduction

The preferential oxidation of CO (COPrOx) reaction has been deeply studied in the last years
because it represents an inexpensive and practical method to purify the H> that is fed to the
proton exchange membrane (PEM) fuel cells. Nowadays, the main way to produce this
hydrogen is by means of steam reforming or autothermal reforming of hydrocarbons and
alcohols. Usually, this step is followed by the Water Gas Shift (WGS) reaction, where the
stream is enriched in hydrogen. However, the effluent contains around 1 % CO and it must
be further purified to prevent the cell anode from poisoning. COPrOx has been demonstrated
to be a suitable reaction that selectively oxidizes CO to obtain high-purity Hz in a wide
operation temperature interval (80 - 180 °C) for practical application in fuel cells [1].
Numerous catalytic systems such as noble metal (Au, Pt, Rh, etc.) supported on different
carriers [2,3], bimetallic systems [4] and mixed transition metal oxides [5] have been studied
for total and preferential CO oxidation. In particular, ceria is among the most commonly used
reducible oxides in oxidation reactions due to its high oxygen storage capacity and its ability
to effectively supply oxygen to active centers. In this way, CeO; acts as an oxygen
transporter, whose mobility is favored by the ease of alternating between the two oxidation
states Ce**/Ce** at the surface level. As reported by the literature, when combined with
precious or transition metals these remarkable redox properties can be improved due to a
synergic effect linked to metal-support interactions [6—8]. In particular, CuOx-CeO2 and
CoOx-CeO> catalytic systems have been explored for their utility in a diversity of
environmental and energy applications such as water-gas-shift (WGS) reaction, volatile
organic compounds (VOCs) oxidation, low-temperature CO oxidation (COTOx) and CO

selective oxidation in rich hydrogen streams (COPrOx) [9,10,19,11-18].



The CuO-CeO> system has been tested and showed high activity, selectivity and durability
for the COPrOx [20]. The Mars van Krevelen mechanism has been proposed for this type of
oxide-based catalysts when used in CO oxidation reaction [21-23]. According to this
mechanism, CO molecules are adsorbed over Cu ions active sites and therefore activated.
Then the Cu ions-CO species react with the active oxygen species on the surface over Cu-Ce
oxides forming CO: and leaving an oxygen vacancy. Finally, the gas-phase provides the
oxygen necessary to replenish these vacancies._In addition, the interactions between metal
oxides (Cu and Ce) have a key role in the catalytic performance for COPrOx. Some studies
have shown that it is possible to improve the catalytic behavior of these materials by changing
the geometric type of interactions between copper oxide and ceria (e.g., by employing
different morphology of ceria particles, inverse configurations, etc.) [24-27]. In order to
improve the activity and stability of the catalysts, several materials were used as support of
the CuO-CeO; active phase. Aguila et al. [28] tested this system over various supports in
low-temperature CO oxidation and they observed that the deposition of the active metal
oxides on different materials affected the interaction between Cu and Ce species, being the
SiO> the better alternative. Different silica-based materials were used as supports for the
CuO-CeO:> system in COTOx and COPrOx reactions [29-32]. In this vein, ordered
mesoporous silicas such as SBA-15 have proven to be adequate catalytic supports. This
material has a bi-dimensional structure of parallel mesopores that allows the deposition of
active phase nanoparticles. Similarly, SBA-16 is a mesoporous silica from the same family
which has been significantly less studied as catalysts support. Unlike SBA-15, SBA-16 has
a three-dimensional configuration in which each cage-type mesopore is connected to eight
surrounding cage-type mesopores. Both SBA-15 and SBA-16 porous structures provide these

materials with high specific surface area, pore volumes and stability. In addition, they have

4



the advantage that these properties, among others (morphology, pore diameter, surface

silanols, etc.), can be tuned with careful control of the synthesis conditions.

Many authors studied the formation mechanisms of SBA-15 and SBA-16 particles [33-37],
they suggested a colloidal phase separation mechanism in which the separation of liquid
crystal-like phase from the solution and posterior condensation of silica species is a critical
stage in the final particle shape and dimensions. Because of this, changing synthesis
parameters in the initial steps (ripening) of SBA-15 and SBA-16 has the most influence on
the morphology which might be desired in some applications. For example, intending to
explore the inherent factors that determine the activity of supported Ag catalysts in CO
oxidation, Xu et al. [38] tested a series of mesoporous SiO; with different morphologies as
supports. They found that the morphologies of the SiO2 supports influenced the dispersion
of the supported Ag species, resulting in catalysts with different active metallic Ag surface
areas. Studying other applications, Jin et al. [39] observed that marked differences in
ibuprofen release behavior of stick and plate-like SBA-15. Cao et al. [40] tested NiMo
catalysts supported over five Al-SBA-16 materials with different morphology for
dibenzothiophene hydrodesulfurization. Despite the fact that they reported differences in
conversions among the tested materials, they did not find a direct relation between conversion
and particle shape. On the other hand, the morphology and the size of the particles can be
key factors in the preparation of structured catalysts [41—44]. In our previous work [45],
CuO-Ce02/Si0, powders were coated on monoliths, where SiO» supports were SBA-15
(fibers), aerosil (agglomerated nano-spheres) and celite (irregular micro-particles). The
deposited films showed differences regarding mechanical resistance, where the packing and

thickness of the layer also influenced the catalytic behavior.



To incorporate metal oxide precursors into mesoporous materials, incipient wetness
impregnation is one of the most widespread methods for its simplicity and because it ensures
that practically all the active phase is located inside the mesopores. However, various authors
have reported materials based on SBA-15 in which it is possible to obtain a good dispersion
of the active material incorporating it via "solid impregnation" [31,46—48]. For example,
Tang et al. [31] synthesized catalysts CuO-CeO2/SBA-15 using the solid impregnation and
wet impregnation methods and found better catalytic results for the first alternative. Although
these materials have been tested for various applications, a straightforward comparison of
CuO-CeO: supported on ordered mesoporous silicas with different mesostructures and

morphologies has not been addressed.

For this reason, the aim of this work is to investigate the catalytic behavior in COPrOx
reaction of the CuO-CeO; system supported on SBA-15 and SBA-16 with different
morphologies and to explore the differences between two impregnation methods. In
consequence, synthesis parameters of the mesoporous silica supports were modified with the
objective of obtaining diverse morphologies (fibers, rods, spheres, etc.). The catalysts were
prepared by solid-state impregnation and incipient wetness impregnation methods. The
resulting solids were tested in COPrOx reaction and characterized by several techniques.
SEM-EDS and TEM were used to analyze the morphology and structure of catalysts. In
addition, the textural properties, specific surface area, pore volume and pore size distribution
were evaluated from N> adsorption-desorption isotherms at 77 K. The mesoporous structure
and the crystalline phases were studied by small-angle X-ray scattering (SAXS) and XRD,

respectively. X-ray Photoelectron Spectroscopy (XPS) analyses were performed in a multi-



technique system, and the chemical state and relative abundance of copper and cerium

species on the surface were also studied.

2. Experimental
2.1 Materials

SBA-15 and SBA-16 mesoporous supports were synthesized using triblock polymers
Pluronic P123 (EO2-PO70-EO2, average Mn ~5800 g mol™") or Pluronic F127 (EO06-PO70-
EO\06, average Mn ~12600 g mol™') from Sigma-Aldrich® as structure-directing agents.
Tetraethyl orthosilicate (TEOS, reagent grade, 98 %, Sigma-Aldrich®) was used as the silica
source. Aqueous chlorhydric acid solution (36.5-38 %, Cicarelli®) was employed to adjust
the medium pH. In one of the syntheses of SBA-16, n-butanol (C4sHoOH, p. a., 99.5 %,
Cicarelli®) was added as co-surfactant. In addition, cerium nitrate (Ce(NO3)3 . 6H20, 99 %)
and copper nitrate (Cu(NO3), . 3H20, p.a.) from Sigma-Aldrich® were selected as precursors
salts. Ethanol (99.5 %) from Cicarelli® was used as solvent in the incipient wetness

impregnation method.

2.2 Mesoporous supports syntheses

Usually, the synthesis of SBA-15 and SBA-16 consists in the dissolution of the structure-
directing agent in the solvent (this step also includes adjustment pH, temperature, addition of
co-solvents, etc.) followed by the addition of the silica source. After the ripening and ageing
steps (where the hydrolysis, pre-condensation, and condensation processes take place) the
products are recovered, washed and dried. Finally, the template is removed from the

structure.



2.2.1 SBA-15

Two SBA-15 solids with different morphology were obtained by a typical synthesis method
changing experimental parameters in some stages [49]. In the first synthesis, 2 g of surfactant
Pluronic®P123 was added to the acidic solution of 65 g H,O deionized and 11.9 g HCI. The
mixture was stirred until complete dissolution and then 4.3 g of silica source TEOS was
added. The solution was heated at 45 °C and stirred for 7.5 h. Subsequently, the mixture was

aged in an oven at 80 °C for 15.5 h.

A similar SBA-15 synthesis procedure to the above described with some changes in physical
variables was followed. In particular, TEOS was added drop by drop and the ripening stage
was carried out under static conditions. The obtained solids were recovered by filtration,
washed with deionized water and dried at 45 °C for 24 h. Finally, they were calcined in air
for 6 h at 550 °C in a muffle furnace to remove the surfactant from the pores. The heating

ramp was 1.5 °C min™..

The solids obtained from these syntheses were labeled as 15-M where “M” refers to their

morphology.

2.2.2 SBA-16

Two synthesis protocols were carried out. On the one hand, the synthesis of Stevens et al.
was adapted [35]. First, 1.3 g of Pluronic® F127 and 4 g of n-butanol (co-surfactant) were
added to 65 g H>O and 2.8 g HCI (acidic medium). After completing the F127 dissolution,
6.7 g of TEOS was added, and the mixture was stirred at 45 °C for 24 h. Then, the mixture
was transferred to an autoclave and aged in an oven at 100 °C for 24 h.

8



On the other hand, a synthesis without co-surfactant and with one-step ripening and ageing
process was performed. A solution was prepared with 1.4 g of F127, 100 g H>O and 17.8 g
HCI and was immersed in a water bath to 60 °C and stirred until complete F127 dissolution.
Then, 6.7 g of TEOS was added drop by drop. The ripening-ageing stage was carried out in
an oven at 80 °C for 24 h in quiescent conditions. The same last steps as SBA-15 procedures

were followed to obtain the final materials (filtration, washing and calcination processes).

The solids obtained from these syntheses were identified as 16-M where “M” refers to their

morphology.

2.3 Catalysts preparation

The catalysts were prepared with 4.8 % wt. of CuO and 18.7 % wt. of CeO> (molar ratio
CuO/Ce0O; = 0.55), accordingly to our previous work [50] where the molar ratio of metal
oxides was optimized for CuO-CeO2/SBA-15 catalysts. The amount of precursor salts was

adjusted in order to obtain solids with the desired concentration.

The chemical composition of the powders was measured by X-ray Fluorescence technique,

using an XRF spectrometer Shimadzu model EDX-720.
The active phase was introduced by two impregnation methods:

Incipient wetness co-impregnation (WI). In this case, a solution of both copper and cerium
nitrates in ethanol was prepared to introduce the precursors by the incipient wetness method
in a single-step operation. The wet mixture of mesoporous silica and the mentioned solution
was mixed for 5 minutes to achieve its homogenization. The materials were dried at 45 °C
overnight and then calcined at 450 °C under air flow with a heating ramp of 3.0 °C min’! in

order to ensure the complete removal of nitrates. It is noteworthy that the calcination
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temperature is above COPrOx reaction temperatures, which should allow working with a

structurally stable material.

Solid-state impregnation by ball milling (BM). Firstly, the precursor salts were manually
ground in a ceramic mortar in order to reduce and homogenize the size of the initial crystals.
Then, the appropriate amounts of salts and support were mixed and ground by means of a
mechanical mill (Mini Mill PHILIPS) made of two zirconium oxide vessels. Samples were
placed in the vessels, in the presence of two balls of 10 g zirconium oxide, which rotated in
opposite direction to the rotating wheel of the mill direction. The rotation speed was set to
2600 rpm and the milling time was two times 15 min. After this step, the solids were calcined

in the same conditions as the WI method.

In order to identify the method of impregnation, the letters WI or BM were added at the end
of the names of the supports. In summary, the catalysts were labeled as 15-M/WI or 15-
M/BM for mesoporous structure SBA-15 and 16-M/WI or 16-M/BM for structure SBA-16,

where “M” refers to its morphology (F: fibers, R: rods, I: irregular or S: spheres).

2.4 Characterization techniques

Scanning Electron Microscopy (SEM) and Energy Dispersive Spectrometry (EDS)

Images of the catalysts and supports were obtained using a PhenomProX scanning electron
microscope (operated at 15 kV). EDS analyses were performed employing a fully integrated
detector and software of the aforementioned microscope. A second microscope JEOL model

JSM-7900F was used for additional analyses, element X-ray mappings were collected with
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a BRUKER QUANTAX EDS. In order to minimize the excitation volume and increase

spatial resolution of these maps, a low electron beam energy (5 kV) was applied.

Transmission Electron Microscopy (TEM)

Materials micrographs were collected on a Philips CM200 microscope equipped with a LaBe
filament. The accelerating voltage was 200 kV. Transmission Electron Microscopy (TEM
JEM-2100 plus, JEOL) was used to examine the size distribution and morphology of
nanoparticles. Samples were previously dispersed in water and immersed in an ultrasonic
bath for 10 min. Then, five to ten drops of the solution were deposited onto Cu grids coated

with a thin (5§ nm thick) holey carbon support film.

Textural properties

Nitrogen adsorption-desorption isotherms were recorded at liquid-nitrogen temperature (77
K) in a Micromeritics ASAP 2020 equipment. Before the adsorption, samples were degassed
at 170-200 °C for 8 h. The BET model was used to calculate the total specific surface area.
The total pore volume was measured at the P/P° = 0.97 single point. The pore size distribution
(PSD) was evaluated employing two methods: the BJH (Barret, Joyner and Halenda) method
modified by Kruk, Jaroniec and Sayari (BJH-KJS) [51] and the Density Functional Theory

(DFT) model, considering N> at 77 K, cylindrical pore and adsorption branch data [52].

Small-angle X-ray scattering (SAXS)

The as-synthesized supports and powder catalysts were characterized by small-angle X-ray

scattering (SAXS) on a SAXSess mc? instrument (Anton Paar), using a line collimation
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system. This instrument is attached to an ID 3003 laboratory X-Ray generator (General

Electric) equipped with a sealed X-Ray tube (PANalytical, Acu, ke = 0.1542 nm).

X-ray diffraction (XRD)

X-ray powder diffraction patterns were collected on a Shimadzu XD-D1 with
monochromatic Cu-Ka radiation and a Ni filter at a scanning rate of 2° min! in 26 = 10-70°.
The observed diffraction peaks were compared to standards published by JCPDS data (Joint
Committee on Powder Diffraction Standards). The crystallite size was estimated by

Scherrer's equation.

X-ray photoelectron spectroscopy (XPS)

The XPS analyses were performed in a multi-technique system (SPECS) equipped with a
dual Mg/Al X-rays source, and a hemispherical PHOIBOS 150 analyzer operating in the
fixed analyzer transmission (FAT) mode. The spectra were obtained using a pass energy of
30 eV and the X-ray source was operated at 200 W and 12 kV. The working pressure in the
main chamber was less than 2x10-6 Pa. For the quantitative analysis, the regions
corresponding to Ce 3d, Cu 2p, C 1Is, O 1Is and Si 2p core levels were recorded for each
sample. The binding energy (B.E.) of the Si 2p signal at 103.4 eV was taken as an internal

reference.

The data treatment was performed with the Casa XPS program (Casa Software Ltd, UK).
The peaks were considered a mixture of Gaussian and Lorentzian functions. For the
quantification of the different elements, sensitivity factors provided by the manufacturer were

employed.
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2.5 Catalyftic tests

The CO oxidation in the Hz-rich stream was evaluated at atmospheric pressure in a fixed bed
reactor (quartz tube, i.d. = 15.6 mm). The reaction mixture consisted of CO 1 vol %, Oz 1 vol
% and H2 40 vol %, He balance. For each test, approximately 0.2 g of powder sample were
loaded in the reactor. The W/F was 2.3 mgc min mL™! (STP) (contact time T =0.138 gear S
mL! STP), and the temperature was varied from 125 to 225 °C. The measurements were
performed after achieving the steady-state, the catalysts were tested for approximately one
hour at each temperature point. After evaluation in the whole temperature range, the best

conversion and selectivity values were verified with new measurements.

The CO conversion and the oxygen selectivity towards CO2 were defined according to

Equation (1), and Equation (2), respectively:

col°-[co
Xeo(%) = =22 100 (1)

[co]°—[co]

Sco, (%) = 0.5 75105

100 2)

where [CO] and [O2] were reactor exit concentrations and [CO]°, [O2]° represented feed
concentrations, which were measured using a Shimadzu chromatograph GC-2014 with a
thermal conductivity detector (TCD) equipped with a SA molecular sieve column. The
methane formation was negligible at temperatures below 250 °C under our reaction

conditions. The mass balance was closed within +4 %.

3. Results and Discussion
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In a typical synthesis of SBA-15, the P123 micelles in the acidic solution are spherical. When
the silica species begin to interact with them and condense the micelles begin to grow and
become elongated, favoring the rod morphology. However, fibers are obtained as the result
of the micelles alignment due to the shear force produced by the stirring. The cylindrical
micelles merge while the silica condensation continues, resulting in aggregates of long fibers
[9,53]. As it can be observed from the SEM micrographs (Figures 1 A and B), SBA-15 with
two main morphologies (fibers and rods) was obtained as a result of performing the ripening
process under agitation or quiescent conditions. Agglomerates composed of long fibers
(labeled as 15-F) are cross-linked with length around 30-40 pm and thickness of 5 pm were
obtained when ripening was carried out under agitation (Figure 1 A). On the other hand, the
material synthesized under static condition (15-R) presented mainly short rod particles and
the presence of some silica particles without defined shape (presumably not mesoporous),
together with rod-shaped particles, which have a length of up to 1 pm and thicknesses around

200 nm (Figure 1 B).

Regarding to SBA-16 materials, Figure 1 C shows the micrograph of the product of the
synthesis with butanol (labeled as 16-I). The image revealed irregularly shaped fragments
with a wide range of particle sizes (2-30 pm). It is known that the low condensation rate of
the inorganic species tends to generate spherical particles since this geometry is energetically
favored. However, the amount of added silica source can affect the morphology of the
synthesized SBA-16. As long as the amount of TEOS is sufficient, the micrometric particles
can agglomerate and form macrospheres. Nonetheless, if the amount of TEOS in the reaction
mixture is not enough to complete the agglomeration, irregularly shaped particles are

obtained instead. Stevens et al. [35] studied the formation of SBA-16 spheres, they observed
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that the amount of added TEOS controlled the size of the resulting spheres with diameters
from 4 um to 16 mm. On the other hand, the use of butanol in this procedure allows to obtain
the cubic Im3m mesophase in a wider range of concentration of precursors enabling the
tuning of pore volume, wall thickness and mesopore size. Since HCI acts as a catalyst for the
reaction, the low acid concentration is important to keep a slow silica condensation rate. In
this way the reaction is almost thermodynamically controlled, enabling the butanol to

participate as a structure-directing agent [54].

Figure 1 D exhibits the spherical morphology of the particles obtained from the SBA-16
synthesis without co-surfactant (16-S), showing homogeneity in their diameter which varies
between 2 and 5 um. Typically, according to the colloidal phase separation mechanisms, a
competition between the free energy of mesostructure self-assembly and the colloidal surface
energy occurs. For this reason, low acidity and low temperatures, among other variables, are
important to reduce the condensation rate of the silica species and minimize the surface free
energy, obtaining sphere-shaped particles. While relatively high temperatures and acidity can
be used to obtain polyhedral particles [33]. Another effective way to obtain spheres, and the
chosen pathway, is by using even higher temperatures and acidity. The high temperatures
can affect the regularity of the micelles and reduce the interaction between the surfactant and
the silica species consequently making them unable to template as a regular structure. In
addition, the combination of high acidity and temperatures promotes the degradation of the
surfactant which can lead to spherical particles by diverse mechanisms [36]. Table 1 displays
the different supports and catalysts synthesized and their textural properties. The

morphologies and impregnation methods of the materials are also detailed below.
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After the incorporation of the active phase by incipient wetness impregnation (Figure 2 A),
a shortening of the SBA-15 fibers is observed, attributed to the soft mechanical action that is
introduced when mixing, in the homogenization process of this method. On the other hand,
in the case of the fibers submitted to the incorporation treatment by ball milling, even shorter
fibers and a greater distribution of particle size can be seen (Figure 2 B). As expected, the
grinding has a more aggressive effect, resulting in more fractures. In the catalysts obtained
from the incorporation of Cu and Ce in the rod-shaped SBA-15, no changes in morphology
were observed, showing rods together with irregular and agglomerated formations (Figures

2 Cand D).

EDS studies revealed a homogeneous distribution of Cu and Ce for the 15-F/WI catalyst
(Figure 3). Different regions were analyzed, obtaining compositions very close to the
nominal Si/Ce/Cu = 0.88/0.075/0.042 (molar fraction, considering Si, Ce and Cu, excluding
oxygen). Regarding the 15-F/BM catalyst, the analysis of the different regions suggested a
certain degree of heterogeneity (0.88/0.035/0.088; 0.88/0.053/0.060)), also, some
agglomerates were found. EDS analyses revealed a homogeneous distribution of Cu and Ce
in 15-R/WI (0.87/0.08/0.05). In the catalyst 15-R/BM micrographs, irregular fragments of
different compositions could be found: some composed mostly of Si (0.96/0.020/0.015) and
others with a higher concentration of Cu and Ce (0.67/0.222/0.105) (Supplementary

materials, Figure S1).

SEM micrographs of the spherical SBA-16 based catalysts are shown in Figure 4. From the
images, it can be noticed that in both cases the spheres were well preserved, even after being
submitted to the grinding process. The catalyst 16-S/WI exhibits some “circles or halos” on

the surface of the spheres (Figure 4 A). The EDS analyzes in a wide region showed elemental
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concentrations near to the nominal values (0.835/0.110/0.055, Figures 4 B and C). The
inspection of smaller regions of the particles revealed that the brightest areas could
correspond mainly to CeOz deposits which were caused by the accumulation of the solution,
while the copper species appear to be homogeneously distributed. On the other hand, the 16-
S/BM catalyst revealed that the ball milling technique led to the formation of agglomerates
enriched mainly in ceria (Figures 4 D, E and F). Some molar ratio values found for the
agglomerates in different areas were (0.681/0.244/0.075) and (0.679/0.212/0.109).
Nevertheless, the influence of the material roughness cannot be discarded in the EDS images

obtained for each element.

Finally, in the 16-I/WI catalyst, the morphology conservation was observed without apparent
agglomerate formation. In all the samples analyzed, the elements copper and cerium showed
a homogeneous distribution. For example, the molar ratios were close to the nominal value

at different points measured; 0.886/0.067/0.047 and 0.894/0.064/0.042 (Figure S1).

The EDS results suggest that the use of a volume of solvent equal to the pore volume in the
incipient wetness impregnation method improves the distribution between the metal oxide
phases. In this vein, it is known that this method is one of the simplest and most widely used
for mesoporous materials, and is especially recommended when the adsorption of the
precursor salts is relatively weak [55]. On the other hand, the incorporation of the active
phase by ball milling shortens the fibers (15-F/BM) and produces some agglomerates and
irregular fragments with a distribution of copper and cerium species further from the nominal

values.

Figure 5 shows TEM images of the synthesized catalysts. The presence of the typical

channels of the SBA-15 hexagonal structure in the different morphologies (Figures 5 A, B
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and C), as well as the characteristic cubic /m3m structure of the SBA-16 along the [100]
direction (Figure 5 D and Figure S2 D Supplementary Materials) can be noted. The
micrographs revealed the incorporation of the active phase within the parallel channels of
15-F/WI and 15-F/BM catalysts (Figures 5 A and B). Likewise, the preservation of the
mesostructure and the presence of active phase nanoparticles inside the mesopores of catalyst
15-R/BM is verified in Figure 5 C. In the catalyst based on spherical SBA-16 (16-S/BM),

oxides nanoparticles and conserved porous structure could be observed (Figure 5 D).

The oxides particle size distributions were estimated from TEM images are also shown in
Figure 5 (graphics inserted) and Figure S2 (Supplementary Materials). During the
impregnation stage of copper and cerium (wet impregnation or ball milling), inside the
mesostructure a synergetic interaction between CuO and CeO; oxides nanoparticles takes
place. In this vein, the data show that the average size of the active phase is smaller than 10

nm in all catalysts.

In both SBA-15 materials prepared by incipient wetness impregnation, most of the particles
observed presented an elongated-shape in the channels direction. As the size particle
distribution and standard deviations suggest (Figures 5 A and S2 A), the length of these
particles was quite variable compared with the rest of the samples, with average particle sizes
equal to 7.4 and 8.0 nm, for 15-F/WI and 15-R/WI, respectively. In contrast, smaller and
more spheroidal particles were observed when the active phase was incorporated by ball
milling (Figures 5 B and C), also less dispersion in particle distribution was noticed (5.8 and

3.9 nm for 15-F/BM and 15-R/BM, respectively).

On the other hand, the CuO-CeO; nanoparticles observed by TEM in SBA-16 based catalysts

presented a small aspect ratio and homogenous size, regardless of the impregnation method
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used, average particle sizes between 5.3 and 6.4 nm (Figures 5 D, S2 B and S2 C). This
homogeneity could be attributed to the mesostructure, since the majority of the analyzed
particles appear to be confined in the mesoporous spherical cavities, probably limiting

particle size growth.

The solids were characterized by N> adsorption-desorption in order to analyze their structure
and textural properties. The measurements revealed type IVa isotherms for all synthesized
supports [56]. In particular, the 15-F silica showed an H1 hysteresis cycle characteristic of
the monodispersed cylindrical pores (Figure 6 A). As described in the literature, the SBA-
15 has a hexagonal pore arrangement with a non-intersection network of cylinders (2D
hexagonal pore system). The BET area of the as-synthesized fibers was 650 m? g!' and their
mesopore diameter calculated by the BIJH-KJS method was 8.2 nm (Table 1). Furthermore,
the DFT model was also used to analyze the pore size distribution (PSD) of the samples,
revealing an underestimation of the pore size by the BJH-KJS method. The narrow PSD
profile (15-F, Figure S3) evidences the presence of uniform cylindrical mesopores with a

diameter of 9.2 nm by DFT model.

On the other hand, the rod-shaped SBA-15 exhibited a partially deformed hysteresis cycle.
Concerning the 15-R isotherm, the capillary condensation step is smaller, not as steep as the
one of 15-F and the hysteresis is also a mixture of H1 and H3 types, which indicates a greater
dispersion in the pore size (Figure 6 B). For this sample, a broader PSD profile with the
maximum of pore size centered at 7.8 nm can be observed in Figure S4. In addition, the
hysteresis loop does not close in the area where the plateau is expected to be found, but at a
higher P/P°. These observations are in agreement with the presence of aggregates or

presumably non-mesoporous silica particles observed in SEM micrographs. Nevertheless,
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this material showed specific area values typical of SBA-15 materials 570 m? g'! (Table 1).
Likewise, the pore volume and diameter values are within the interval reported for this type

of mesoporous silicas [49,57,58].

The pore size distribution profiles of catalysts based on SBA-15 resulted broader than their
supports (Figures S3 and S4). The incorporation of Cu and Ce provokes the pore plugging

that can be seen in the desorption branches of Figures 6 A and B.

Regarding sphere and irregular shaped SBA-16 solids, they presented a gradual pore filling
on adsorption branch and a delayed pore emptying process with loop closures at P/P° around
0.42 corresponding to H2 hysteresis cycles (Figure 6 C). This is consistent with the presence
of "ink-bottle" type mesopores characteristic of cubic caged 3D pore structure of SBA-16
mesoporous silica. The obtained supports presented specific surface areas between 680 and
650 m? g'! with the pore size distribution profiles centered at 6.7 and 6.9 nm, for 16-S and
16-1, respectively (Table 1 and Figures S5 and S6). These values are closed to those reported
in the literature for these materials [40,59,60]. The PSD profiles showed a wide range of pore
sizes between 6-16 nm in 16-1/WI (Figure S6) with maximum values at 7.1 and 7.8 nm, while

in Figure S5 appear a broader peak centered at 5.3 nm (16-S/BM).

It should be mentioned that for the pore size assessment of the as-synthesized SBA-16 and
SBA-16 based catalysts, the adsorption branch was chosen since the percolation phenomenon
caused by the cage-like structure leads to inaccurate estimations. In addition, the closing
points of the desorption branches of hysteresis loops suggest that the pore windows are
around 4 nm or smaller [61,62]. The DFT model used to estimate the mesopore diameters

may underestimate slightly the pore size for the spherical cage-like geometry [63].
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In all catalysts, the incorporation of the CuO-CeO- active phases decreased the surface area
and pore volume, due to the presence of oxide nanoparticles inside the pore. In Table 1 it
can be observed that the specific areas of the impregnated materials decreased around 30-40

% and about 50 %, for SBA-15 and SBA-16 based materials, respectively.

The 15-F/WI preserved relatively high pore volume (0.52 ¢cm? g'') compared with the other
catalysts, particularly for catalysts based on SBA-16 where their pore volume values

decreased more than 50 %.

Figure 7 displays the SAXS patterns of the catalysts obtained by ball milling. The patterns
corresponding to 15-F/BM and 15-R/BM (Figures 7 A and B) exhibit a main peak and two
less intense ones corresponding to the reflections planes (100), (110) and (200) respectively,
which confirm the characteristic porous arrangement of the unidirectional structure of SBA-
15. The position of the peaks and the corresponding d-spacings are listed in Table 2. These
planes are characteristic for the P6mm symmetry group, in agreement with values previously
reported for this material [53,64]. The unit cell dimensions (ao) calculated from djoo have

values of 11.3 and 10.2 nm for the catalysts based on SBA-15 fibers and rods, respectively.

The measurement carried out on catalyst 16-S/BM allowed to identify the peaks
corresponding to the diffraction planes (110), (200) and (211) (Figure 6 C). The ao cell unit
parameter calculated from (110) and (200) planes was 14.1 nm (see Table 2), confirming the

three-dimensional cubic cage structure (Im3m space group) of SBA-16 [65].

From the analysis of the results obtained for mesoporous catalysts, it is possible to confirm
that the structural characteristics are preserved, even after incorporating the CuO-CeO; active
phase. Although the incorporation of the oxides caused a decrease in the values of surface
area and pore volume, no significant damage in the mesoporous structure was observed.
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Furthermore, it was possible to obtain a good distribution of the oxide nanoparticles in the

mesoporous cavities without the formation of large agglomerates.

The wide-angle X-ray diffraction technique was used to identify the crystalline phases
existing in the catalysts. Figure 8 presents the patterns and Table 3 displays the crystallite
sizes estimated by Scherrer’s equation of the catalysts based on SBA-15 and SBA-16
mesoporous silicas. In the diffractograms, the main peaks that appear at 26 equal to 28.58;
33.11; 47.52 and 56.38 degrees correspond to the fluorite phase of the ceria. In addition, the
halo of amorphous silica located around 25 degrees can be identified. On the other hand, no
signs of copper species were detected, indicating that the copper is well dispersed or forming
a solid solution. Despite the fact that the diffraction patterns show lattice parameters similar
to the bulk CeO; reference value (0.54131 nm), our previous Raman studies in CuO-

Ce02/S10; materials suggested the incorporation of Cu species into the ceria lattice [45].

Table 3 shows the average particle size of CuO-CeOz nanoparticles obtained from XRD and
TEM images (Figures 5 and S2). The crystallite sizes of CeO: in all catalysts, estimated from
Scherrer's equation, are between 4.9 and 5.9 nm, which are in the same magnitude order that
pore size obtained by the DFT model (Table 1). These results are in good agreement with
TEM observations. In addition, it can be concluded that the presence of solvent is not
essential to disperse the host species in the support. XRD and TEM analysis showed that, as
an alternative to conventional incipient wetness impregnation, solid-state impregnation can

disperse species of copper and ceria on all substrates.

XPS was used to analyze the chemical state and relative surface abundance of the elements
present in the catalysts. It is worth noting that the experiment performed corresponds to the

fresh catalysts before the chemical reaction. The data represent the initial state of the solid
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taking into account that the chemical species on the surface can change in presence of the

reagents (the reaction mixture has reducing properties, with 40 % of H»).

The Ce 3d complex spectra presented two sets of spin-orbital multiplets, corresponding to
the 3d3,2 and 3ds, contributions, which are labeled as u and v, respectively. The lower binding
energy (B.E.) peaks at 882.7, 888.4 and 898.3 eV, correspond to v, v’’, v’’’ peaks are
characteristic of 3ds., level of Ce** species (CeOz). While other three u, u”” and u’’’ located
at 901.2, 907.3 and 916.8 eV, respectively were assigned to Ce 3ds.. In addition, signals
attributed to Ce* species are designated as v° and v’ (3dsp), u® and u’ (3dsn), respectively
(Figure S7) [66]. The signals found in our studied catalysts (Ce 3ds» and Ce 3d3/ regions)
were slightly shifted towards higher binding energies (~ 0.5 eV), probably due to the
interaction between Ce and Cu species in the nanometric particles or the formation of solid

solution CuCeOx.

The overlapping of the numerous components described above on the Ce 3d region
complicated the analysis of the different species present on the surface. Nevertheless, the
ratio between Ce 3d32 v’’’ (~ 917.0 eV) peak and the total Ce 3d intensities could be linked
to the concentration of oxidized Ce** species, where Iy»/Ice ot = 0.14 implies 100 % Ce*
[67]. From Table 3, it can be observed that all catalysts showed mainly CeO;, with the
presence of Ce** species in some samples (15-F/WI, 15-R/BM and 16-I/WI), related to

oxygen vacancies in the ceria lattice surface.

On the other hand, the complete Cu 2ps3p-12 region was analyzed and Figure 9 shows the
catalysts spectra of Cu 2p3/; level. It is possible to observe the broad main peak between 928
and 938 eV, which denotes the presence of different copper species. The component that

appears at BEs above 933.5 eV corresponds to Cu®* (Table 3). These values are higher than
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pure copper (II) oxide (~ B.E.= 933.5 eV [68]), which suggests certain influence of SiO»
support. The characteristic satellite peak of Cu®* species is located at a higher binding energy
value (Figure 9). The asymmetry noted in the main peak at lower B.E. suggests another
component in a B.E. range of 932.8-933.1 eV, which is attributed to Cu* or Cu® species on
the surface. The absence of metallic Cu signal was validated by Auger spectra measured for
all catalysts. Moreover, all the catalysts showed higher Cu* values than the monometallic
sample (Table 3), which suggests that the presence of Ce promotes the formation of reduced
copper species (Cu*) on the surface of the catalyst [69]. It is noteworthy that Cu* is regarded
as an adsorption site for the chemisorption and the activation of CO molecules during the CO

oxidation reaction.

The Cu/Ce surface ratios of catalysts are listed in Table 3. The results show that the Cu/Ce
values of samples prepared by BM method are higher than the materials obtained by WI. In
this vein, in our previous work [50] we identified the molar Cu/Ce ratio in CuCe/SBA-15
catalysts as a key variable to obtain good catalytic behavior, where Cu/Ce = 0.55 was an
optimal ratio among the studied materials. Furthermore, other authors [31,70] have prepared
bulk and supported CuCe catalysts with similar Cu/Ce ratios and obtained good catalytic

performance.

In order to assess the catalytic activity, all the catalysts synthesized were evaluated in CO
preferential oxidation. Figure 10 depicts the CO conversion and oxygen selectivity curves. It
can be observed that the SBA-15 based catalysts, both fibers and rods, and prepared by wet
impregnation (WI) had the highest conversion values. In particular, the 15-F/WI catalyst
achieved more than 98 % CO conversion at 175 °C and presented a window above 90 %

between 155 and 190 °C. In the case of rod SBA-15 (15-R/WI), it showed a maximum
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conversion of 84 % at 175 °C. On the other hand, the catalysts prepared by BM, both fibers
and rods, conversions lower than 75 % were reached. The selectivity of O> to CO; of 15-
F/WI was 58 % at 175 °C. The Oz selectivity of this catalyst was the highest when the
temperature was above 170 °C. For the rest of the catalysts, the selectivity profiles were

similar between them.

When analyzing the surface of catalysts that were the most active, prepared by WI, 15-F/WI
and 15-R/WI, the Cu* signal was located at B.E. = 932.9 eV and the Cu®* values were 933.8
eV and 934.4 eV, respectively (Table 3). Besides, the Cu/Ce ratio on the surface resulted

close to the nominal one.

The group of SBA-15 prepared by BM, 15-R/BM and 15-F/BM, which showed lower CO
conversion (74 % and 67 %, respectively), was characterized by higher B.E. values
corresponding to Cu?* (B.E. = 935.3 eV). This behavior could be related to a greater

interaction with the support. Also, greater surface Cu/Ce ratios than the nominal one were

detected (0.77 and 0.82).

In the SBA-16 structure, it was observed that catalysts with spherical morphology have
similar catalytic behavior, where 16-S/WI reached its maximum conversion at higher
temperatures than 16-S/BM (Figure 10). The catalyst with irregular morphology obtained by
WI showed the best performance, with a CO conversion of 80 % at 175 °C. At lower
temperatures, 16-1/WI exhibited better selectivity. All SBA-16 based catalysts had similar
selectivity values between 175 and 200 °C. In particular, the most active catalyst presented a
high Cu™ concentration on the surface and a Cu/Ce ratio close to the nominal one. In contrast,

16-S/WI showed lower Cu* concentration and Cu/Ce ratio equal to 0.30. This is in agreement
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with SEM-EDS results, where a halo of CeO> was observed on the sphere surface, which

impairs the conversion due to a low copper concentration.

According to the catalytic behaviors and the study of materials by different characterizations,
some observations can be pointed out, since there are many factors that affected the catalytic

activity.

As a general trend the incipient wetness impregnation method produced better catalysts,
which can be attributed to higher active phase distribution and the surface Cu/Ce molar ratio
closer to the nominal value. In most cases, the SBA-15 based catalysts showed better CO
conversions and selectivities than those of SBA-16 based catalysts. In this sense, the
characteristic cylindrical pores of SBA-15 would favor the interaction between gaseous
reagents and the active phase. Particularly, the catalytic fibers showed the highest surface
area, pore volume and diameter. On the other hand, the mesostructure of SBA-16 with ink-

bottle pores could hinder the incorporation of the nanoparticles and the transport of gases.

Previous studies have established that a good interaction between Cu and Ce species is
imperative to promote the selective catalytic oxidation of CO and the partially reduced copper
is its main adsorption site [69]. In this line, the XPS data suggest that the best catalysts were
those which presented a certain amount of reduced copper species in combination with an
adequate Cu/Ce molar ratio on its surface. The EDS analyses revealed that the WI
impregnation method generates a more homogeneous distribution of the active phase over
the different supports. In contrast, these analyses showed a heterogeneous distribution and

some agglomerates of the oxides incorporated by BM method.

Regarding the same incorporation method of the active phase, the SBA-15 based catalysts
were more active than those prepared from SBA-16. In this sense, SEM micrographs and
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EDS analyses revealed that the incorporation of the active phase into the mesopores was not
complete for SBA-16 materials (more visible in the spheres). This can be explained by the
lower pore volume of as-synthesized SBA-16 and, as mentioned above, its porous structure.
It should be taken into account that the active phase concentration and impregnation methods
remained exactly the same for all supports, and further optimization of the metallic precursors

quantities for 16-S and 16-1 might be necessary.

TEM images revealed that the shapes and sizes of CuO-CeO; nanoparticles were conditioned
by the mesostructures and the impregnation method. In this vein, the bidimensional channels
characteristic of the SBA-15 silica allowed the formation of elongated-shape particles of 7.4
- 8.0 nm on 15-F/WI and 15-R/WI. Meanwhile, the materials prepared by BM showed

smaller and less dispersed sized particles (5.7 and 3.9 nm, for 15-F/BM and 15-R/BM).

On the other hand, the particles found within the SBA-16 porous array appear to be limited
by the size of the main spherical pores. In this vein, the impregnation method was not a
determinant factor, since the particles were relatively small and presented roughly the same
size for all materials. This could partly explain their similar catalytic behavior. In addition,
the active phase particle sizes, determined by TEM, were bigger than the pore windows sizes
of the as-synthesized SBA-16 materials (below 4 nm, estimated by N> physisorption). This
fact in combination with their relative lower pore volume could lead to the complete
obstruction of some mesopores, preventing access of the reagents to a fraction of the active
sites. However, it is possible that significantly bigger CuO-CeO: particles found outside of
the spherical SBA-16 (SEM-EDS) contributed to damp the catalytic activity of these

materials [71,72].
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4. Conclusions

In the present work, ordered mesoporous silicas were synthesized using different pathways
in which some synthesis variables were changed in order to modify the morphology of
materials. In this vein, SEM images revealed SBA-15 with fiber and rod morphologies and
SBA-16 with spherical and irregular morphologies. Fibers (15-F), whose length was around
30-40 pum and thickness 5 pm, and rods (15-R) of 1 x 0.2 um were obtained for SBA-15. The
spherical SBA-16 showed particles of 2-5 pm, whereas when butanol was used as co-

surfactant irregular fragments (2-30 pm) were obtained (16-1).

The mesoporous structures of supports and catalysts were verified by Transmission Electron
Microscopy, N» sorption and SAXS analyses. TEM images revealed that both impregnation
methods produced CuO-CeO; nanoparticles with sizes smaller than 10 nm inside the
mesopores. Nevertheless, EDS-SEM analyses showed a more homogenous distribution of

Cu and Ce in the materials prepared by the incipient wetness impregnation method (WI).

The catalytic performance was benefited when the catalysts were prepared by incipient wet
impregnation. However, several factors in a complex system CuO-CeO2/SBA contributed to
promoting CO oxidation. While the homogeneous cylindrical pore of the SBA-15 (fibers and
rods) improves the intimate contact between active centers and the reactants, the “ink-bottle”
type mesopores of SBA-16 would be obstructed by the active phase. In addition, XPS
analysis showed for the best catalysts the combination of reduced copper species with Cu/Ce

molar ratio close to the nominal one.
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Table 1. Morphology and textural properties of supports and catalysts.

Supports Impregnation BET Specific  Total pgre Pore size ] Porecsize
and Morphology method sul;fa_cle area VoluSmff1 BJH-KJS® DFT
catalysts (m°g”) (cm’ g™) (nm) (nm)
15-F Fibers - 650 0.70 8.2 9.2
15-R Rods - 570 0.70 6.7 7.8
16-S Spheres - 680 0.53 6.0 6.7
16-1 Irregular - 650 0.45 6.2 6.9
15-F/WI1 Fibers Inc. Wetness 430 0.52 7.5 8.3
15-F/BM  Fibers Ball Milling 401 0.47 7.9 8.9
15-R/WI  Rods Inc. Wetness 314 0.39 6.7 7.7
15-R/BM  Rods Ball Milling 406 0.36 6.9 7.9
16-S/WI Spheres Inc. Wetness 350 0.23 5.8 6.7
16-S/BM  Spheres Ball Milling 343 0.22 5.1 5.3
16-I/WI Irregular Inc. Wetness 300 0.21 6.5,7 7.1,7.8

“ Total pore volume at P/P° = 0.97
b Maximum in the pore size distribution from BJH-KJS method
¢ Maximum in the pore size distribution from DFT model
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Table 2. Small-angle X-ray scattering data of selected catalysts.

Catalysts planes q (nm) d-spacing® (nm) ay(nm)

(100) 0.64 9.8 11.3°
15-F/BM (110) 1.11 5.7

(200) 1.34 4.5

(100) 0.71 8.9 10.2°
15-R/BM (110) 1.27 4.9

(200) 1.43 4.4

(110) 0.63 10.0 14.1¢
16-S/BM (200) 0.89 7.1 14.14

@211) 1.10 5.7

@ d-spacings were calculated from the basic Bragg’s law equation
bag=(2/3"?) dipo

“ap=2"dpo

“ag =2 do[62]
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Table 3. XPS data and mean CuO-CeO; nanoparticle size of catalysts.

B. E. Cu 2p3/2
Cryst. Part.
fwh ¢
Catalysts size*  size®  Iuw/Icetot (fwhm)/eV % Cu* C((l)l/ SCS‘;
(nm) (nm) Cu” Cu® Sat. .

9329 933.8 9427
15-F/'WI1 49 74+24 0.13 (3.3) (4.0) (5.8) 78 0.63

933.1 9353 943.0
15-F/ BM 50 57+18 0.14 3.1) (2.9) (4.2) 77 0.82

9329 9344  943.7
15-R/WI 59 8022 0.14 2.2) 32) (5.3) 49 0.55

933.0 9353 9432
15-R/BM 54 39%1.1 0.13 (3.0) 2.8) (3.6) 74 0.77

9329 934.6 942.1
16-S/WI 54 57+13 0.14 @1 3.2) 6.0) 33 0.30

932.8 934.6 9429
16-S'BM 5.1 53=%1.1 0.14 2.8) (3.8) (4.2) 37 1.22

933.0 9350 9432
16-I/WI 51 64+10 0.12 2.8) (3.0) (7.2) 78 0.65

Cu-SBA- ) ) ) 933.2 934.1 943.7 25 )

15 (1.8) (2.3) (5.8)
@ Crystallite size of CeO; was estimated by Scherrer's equation from more intense diffraction peak, (111) plane of
CeO: phase (see Fig. 8)
b Mean particles size of CuO-CeO; measured from TEM images (see Fig. 5 and Fig. S2 supplementary materials)
¢ Surface atomic ratio, calculated considering Cu (2psz), Ce (3dsp) and Si 2p regions, in brackets nominal
ratio
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Figure 1. SEM images of the SBA- mesoporous supports (A) 15-F, (B) 15-R, (C) 16-1, (D)

16-S.

Figure 2. SEM micrographs of (A) 15-F/WL, (B) 15-F/BM, (C) 15-R/WI and (D) 15-R/BM

catalysts.

Figure 3. SEM image (A) and EDS mapping (B-E) of 15-F/WI catalyst. (B) Cu, (C) Ce, (D)

Si and (E) O. Molar fraction Si/Ce/Cu=0.88/0.071/0.048.

Figure 4. SEM images and EDS mapping of Cu and Ce of 16-S/WI (A, B, C) and 16-S/BM

(D, E, F) catalysts.

Figure 5. TEM images of selected catalysts (A) 15-F/WI, (B) 15-F/BM, (C) 15-R/BM and

(D) 16-S/BM. The inset graphs represent the CuO-CeO; particle size distribution.

Figure 6. Nitrogen adsorption-desorption isotherms of as-synthesized supports and catalysts.

(A) SBA-15 fibers, (B) SBA-15 rods and (C) SBA-16.

Figure 7. SAXS patterns. (A) 15-F/BM, (B) 15-R/BM and (C) 16-S/BM.

Figure 8. X-ray diffraction of the catalysts.

Figure 9. Cu 2ps3, spectra of CuCe catalysts based on SBA-15 (left), on SBA-16 (right).

Figure 10. COPrOx reaction. CO conversion and O> to COz selectivity. CuCe mesoporous

catalysts based on SBA-15 (left), on SBA-16 (right).
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Figure 7
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Figure 8
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Figure 9
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Figure 10
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