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Abstract: It is demonstrated that the synthesis procedure for preparing three-dimensionally ordered
macroporous (3DOM) Pr-doped ceria catalysts using a polymethylmethacrylate (PMMA) template
not only affects the porous structure, but also the chemistry of the ceria surface. The PMMA template
does not affect the crystalline features (type of phases, crystallite size, and cell parameter) of Pr-doped
ceria, Ce and Pr location into the particles, and the bulk reduction of the Ce-Pr mixed oxide catalysts.
On the contrary, the utilization of the PMMA template improves both the porosity and surface redox
properties. 3DOM Ce-Pr mixed oxide catalysts combine micro, meso, and macropores, the most
area being in the macropore range, while a reference unshaped catalyst presents poor porosity in
all ranges. However, the catalyzed CO oxidation rates do not correlate with the surface area of
the catalysts (neither micro nor meso/macro). The Ce-Pr-3DOM catalyst also presents improved
surface reducibility with regards to the counterpart reference material prepared without the template,
and improved redox behavior under reaction conditions; that is, it has a higher area and this area
is reduced and reoxidized more easily. X-ray photoelectron spectroscopy analysis evidences that
this is mainly attributed to praseodymium cations, which accomplish redox cycles more easily than
cerium cations.
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1. Introduction

Three-dimensionally ordered macroporous (3DOM) solids have been successfully developed
in the last few years for a number of catalytic applications. Ceria-based 3DOM catalysts have
demonstrated improved diesel soot combustion activity with regards to disordered counterparts,
and this improvement has been attributed to the enhanced solid-solid contact between the soot and
catalyst particles [1-5]. The same argument has been appealed to explain, for instance, the high soot
combustion activity of 3DOM cobalt-based perovskites [6].

3DOM CuO-CeO; catalysts have been also successfully used for the preferential oxidation of CO
in the presence of H; for fuel cell applications, and it has been suggested that the ordered macropores
favor mass transfer [7]. Au/3DOM-CeO, has shown better catalytic performance for formaldehyde
oxidation than similar unshaped catalysts, and this improvement was attributed to the good Au
dispersion and higher Au loading content [8].

All these examples evidence that the macroporous structure of 3DOM solids benefits the catalytic
performance due to improvements related to this particular morphology, but little is known about
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the effect of the 3DOM synthesis procedure on the chemical features and behavior of the 3DOM ceria
surfaces. For instance, Ji et al. [9] suggested that the improved catalytic activity of Co- and Fe-based
3DOM catalysts for toluene oxidation with regards to bulk catalysts could be related to the presence of
a higher concentration of adsorbed oxygen species and better low-temperature reducibility, and the
same argument has been used by Si et al. [10] to explain the high toluene oxidation capacity of 3DOM
MnO;/LaMnOj; catalysts.

It is well known that the surface properties of pure and ceria-based mixed oxides play a key role
in their catalytic performance. These properties include the crystal size (or surface/bulk ratio), cation
distribution in the surface and bulk, surface reducibility, surface oxygen mobility and oxygen mobility
from the bulk to surface and vice-versa, surface species (such as hydroxyls, superoxides, or peroxides),
and so on [11,12].

The goal of the current study is to demonstrate that the synthesis procedure followed to obtain
3DOM ceria catalysts not only affects the porous structure of the solids, but also the chemistry of the
3DOM ceria surfaces. As a proof of concept, Pr-doped ceria catalysts have been prepared with 3SDOM
and an uncontrolled structure, and CO oxidation in excess oxygen has been used as a test reaction.

2. Results and Discussion

2.1. Catalytic Oxidation of CO

Two catalysts with the nominal composition Ceg 9Pry 10, have been prepared, which are referred
to as Ce-Pr-3DOM and Ce-Pr-ref. The former has a three dimensionally ordered macroporous (3DOM)
structure while the latter is a reference material of similar composition but synthetized without control
of the structure. Figure 1 shows the CO oxidation rates for the catalytic experiments performed with a
total flow of 60 mL/min. The catalytic activity of the macroporous mixed oxide Ce-Pr-3DOM is higher
to that of the reference counterpart (Ce-Pr-ref), with an onset CO oxidation temperature of 275 °C and
higher oxidation rates at all temperatures. The mass balances of carbon and oxygen were properly
closed for both catalysts, supporting that the steady-state was achieved at each temperature. These
experiments were repeated three times with the same parcel of each catalyst, confirming their stability
under the experimental conditions (these results are not included for the sake of brevity).
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Figure 1. CO oxidation rate as a function of temperature for catalytic tests performed with Ce-Pr-3DOM
and Ce-Pr-ref. (Total gas flow 60 mL/min; 1% CO + 17% O, in Nj; 50 mg of catalyst).

Similar experiments to those shown in Figure 1 were performed for different total gas flows,
keeping the CO and O, concentrations constant in the inlet gas and the mass of the catalyst. The CO
oxidation rates obtained are included in Figure 2a,b for Ce-Pr-3DOM and Ce-Pr-ref, respectively,
and are in agreement with the results in Figure 1; Figure 2 confirms that the catalytic activity of
Ce-Pr-3DOM is higher to that of Ce-Pr-ref for all the total gas flows screened.
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Figure 2. CO oxidation rate as a function of temperature for catalytic tests performed with (a) Ce-Pr-3DOM
and (b) Ce-Pr-ref with different total gas flows. (1% CO + 17% O, in Nj; 50 mg of catalyst).

The results in Figure 2 also show that the reaction rate does not depend on the total gas flow for
temperatures lower than 385 °C, which means that the reaction takes place under chemical control of
the rate. On the contrary, above 385 °C, the CO oxidation rate depends on the total gas flow (the higher
the flow, the higher the rate), and it is concluded that the reaction behaves under diffusion control
of the rate. This threshold temperature (385 °C) is the same for both catalysts, which suggests that
differences in the porous structure of the mixed oxides does not significantly affect the rate control
regime for these particular catalysts.

2.2. Catalyst Characterization

2.2.1. Characterization of the Catalysts’ Crystallinity by Raman Spectroscopy, X-ray Diffraction (XRD),
and Helium Picnometry

The crystalline structure of the catalysts was studied, and Figure 3 shows the X-ray diffractograms.
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Figure 3. X-ray diffractograms of the fresh catalysts.

These diffractograms include the characteristic peaks attributed to the fluorite structure of ceria
(JCPDS 34-0394), and are similar for the two catalysts. The cell parameters and the crystallite sizes,
compiled in Table 1, were obtained from these diffractograms, and are also equal for both Ce-Pr-3DOM
and Ce-Pr-ref. The crystallite sizes are 10 nm and the cell parameter is 0.5429 nm, this value being in
agreement with the cell parameters reported in the literature for materials of similar composition [13].
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Table 1. Quantitative results of the fresh catalysts” characterization by X-ray diffraction, helium
picnometry, Nj adsorption, and mercury intrusion porosimetry.

Hg porosimetry Area BET * Heln{m Frystalhte Cell Parameter
Catalyst (Meso and (m2/g) Density Size Scherrer (am)
Macropores; m?/g) 8 (g/cm®) (nm)
Ce-Pr-3DOM 41 51 6.2 10 0.5429
Ce-Pr-ref 3 24 6.3 10 0.5429

* Specifec surface area determined with the Brunauer-Emmett-Teller (BET) model.

The density of the two catalysts, which was determined by helium picnometry (Table 1), is also the
same. This is additional evidence of the similar structure of the primary crystals of both Ce-Pr-3DOM
and Ce-Pr-ref.

The conclusions shown by XRD and He picnometry are supported by Raman spectroscopy.
Figure 4 shows the Raman spectra of the fresh and used catalysts, all of them being qualitatively similar.

Ce-Pr-3DOM

1145 cm-!
(used) :

5
s
T Ce-Pr-3DOM
§: (fresh)
@ o~ ]
9 |
[0}
(2]
>
(]
£
§ Ce-Pr-ref
(used)
Ce-Pr-ref
(fresh)

100 300 500 700 900 1100 1300
Raman shift (cm-)

Figure 4. Raman spectroscopy characterization of the fresh and used catalysts.

A single band centered at 462 cm~! is shown, which is the Fag band of the typical fluorite structure
of ceria. In this structure, cerium cations are located at the corners and center of the faces of a cubic unit
cell and oxygen anions are placed in the octahedral positions. The Fy; band is related to the oxygen
anions’ vibration around the octahedral position [14,15].

The maximum of the Fpg band is located at 462 cm ™1 in all spectra, and this value is slightly lower
to that reported for pure ceria (465 cm ™! [14,16]). This shift towards low values can be related to the
partial substitution of Ce** cations (0.097 nm) by Pr3* cations (0.113 nm), the latter being larger than
the former. Note that both cerium and praseodymium can adopt the +3 and +4 oxidation states, but
praseodymium is reduced more easily than cerium [17]. Therefore, the Raman spectra in Figure 4
provide evidence of Ce-Pr solid solution formation in both catalysts.

In addition to the Fpg band at 465 cm~!, ceria also presents two low-intensity bands around
260 and 595 cm ! [14,18,19], and our spectra in Figure 4 show bands at 194 and 572 cm ! that could be
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consistent with these two features. Our spectra also show a band at 1145 cm ™! that has been assigned
to surface oxygen species. The small band around 572 cm~! has been related to oxygen vacancies, and
relevant differences in the intensity of the vacancies bands have been detected for the two catalysts.
The intensity ratio of the vacancies (572 cm~!) and Fog (462 cm~ 1) bands are compiled in Table 2 for
all spectra.

Table 2. Relative signal of selected Raman bands (vacancies/Fag).

Catalyst Signal at 572 cm ~/Signal at 462 cm !
Ce-Pr-3DOM (fresh) 0.51
Ce-Pr-3DOM (used) 0.52
Ce-Pr-ref (fresh) 0.42
Ce-Pr-ref (used) 0.40

The relative intensity of the vacancies band is higher for the Ce-Pr-3DOM catalyst than for the
reference catalyst (Ce-Pr-ref), and the vacancies’ population is preserved during the catalytic tests.
These results point out that the formation of the Ce-Pr solid solution into the PMMA template enhances
the formation of oxygen vacancies. A more detailed analysis of the presence of 3+ and 4+ cations on
the catalysts and their reducibility was carried out by X-ray photoelectron spectroscopy (XPS) and
Temperature-programmed reduction with H; (Hy-TPR), respectively, and the results are discussed
later on.

As a summary, it can be concluded that according to the Raman spectroscopy, XRD, and helium
density results, the utilization of the PMMA template does not affect the crystalline features (type of
phases, crystallite sizes, and cell parameters) of the catalysts, which seem to be related to the chemistry
and thermal history of the synthesis process. However, evidences of different populations of vacant
sites have been provided by Raman spectroscopy, suggesting that the PMMA template affects this
parameter. These results allow the interpretation of the differences in catalytic activity, paying attention
only to the porous structure of the catalysts and to the chemical properties of their surface, and ruling
out differences in the structure of the primary crystals.

2.2.2. Characterization of the Catalysts” Surface by Scanning electron microscopy (SEM), Mercury
Intrusion Porosimetry, and N, Adsorption

The morphology of the catalysts was studied by SEM microscopy, and representative images are
shown in Figure 5 together with one image of the PMMA template. The reference catalyst (Figure 5a;
Ce-Pr-ref), prepared without the template, shows a flat surface without evident porosity. Monodisperse
spheres of PMMA with about 200 nm diameter are observed in Figure 5¢c, which are packed in regular
planes forming the colloidal crystal, and the catalyst prepared by infiltration into the PMMA template
(Figure 5b; Ce-Pr-3DOM) shows the opposite morphology. Large spherical macropores with roughly
80 nm diameter are arranged in the same way as the PMMA spheres. This shrinkage from 200 to 80 nm
(60%) is quite similar to that reported by other authors for other 3DOM-ceria catalysts [20]. The inset
in Figure 2b shows that the spherical macropores are linked by smaller windows, which are necessary
for the gases to diffuse into the solid structure during the catalytic reactions.

These important differences in the SEM images are consistent with differences in the meso and
macroporosity measured by mercury intrusion porosimetry (Figure 6). The reference catalyst Ce-Pr-ref
has almost negligible area in the range of meso and macropores, while the catalyst prepared by
infiltration into the PMMA template shows two well-defined peaks in the macropore range. The area
of these meso and macropores was estimated from the mercury intrusion curves (Table 1), being
41 m? /g for Ce-Pr-3DOM while only 3 m? /g for Ce-Pr-ref.
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Figure 5. SEM images of (a) catalyst Ce-Pr-ref; (b) catalyst Ce-Pr-3DOM; and (c¢) PMMA colloidal

crystal template.
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Figure 6. Pore size distribution of the fresh catalysts determined by mercury intrusion porosimetry.
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In addition, the catalyst Ce-Pr-3DOM also presents much more developed microposority than
the reference catalyst Ce-Pr-ref, as deduced from the N; adsorption-desorption isotherms included in
Figure 7.
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Figure 7. N, adsorption-desorption isotherms of the fresh catalysts.

The shape of the Ce-Pr-3DOM isotherm is Type IV, according to the IUPAC classification [21].
This isotherm combines N, adsorption at very low partial pressures with a certain adsorption in the
whole range of partial pressures and a well-defined hysteresis loop. This type of isotherm is attributed
to solids with both micro and mesopores. The shape of the hysteresis loop also suggests the presence
of macropores, in agreement with the mercury intrusion results, since the adsorption near saturation
pressure does not reach horizontal values but keeps increasing.

On the contrary, the N adsorption-desorption isotherm of the Ce-Pr-ref catalyst shows little
N, adsorption in the whole range of partial pressures and the hysteresis loop is almost negligible,
evidencing that this solid has a very poor porosity. In agreement with the shape of the isotherms, the
BET specific surface area of Ce-Pr-3DOM (51 m?/g; data shown in Table 1) is also much higher to that
of Ce-Pr-ref (24 m2/ g).

Additional information about the porosity of both solids is obtained by comparing the BET
specific surface areas with the areas determined by mercury intrusion porosimetry (Table 1). The BET
surface areas include the whole porosity, while the surface area determined by mercury intrusion
porosimetry provides information about the meso and macropores. The areas of Ce-Pr-3DOM (41 and
51 m? /g for mercury intrusion and N; adsorption areas, respectively; Table 1) confirm that this solid
combines micro, meso, and macropores, with the most area lying in the macropore range.

According to these surface characterization results, it could be argued that the better catalytic
activity of Ce-Pr-3DOM with regards to Ce-Pr-ref is related to its higher surface area, since it has
more surface available for CO to be adsorbed and oxidized. However, different attempts have been
performed in order to normalize the reaction rate per square meter of catalyst surface (considering
BET surface areas and areas in different ranges determined by mercury intrusion) and all of them have
failed. This leads us to think that, probably, it is partially true that the higher surface area leads to
higher catalytic activity, but surface area differences alone are not enough to explain the differences in
activity. In other words, if the only reason for the better catalytic activity of Ce-Pr-3DOM with respect
to Ce-Pr-ref was its higher surface area, much higher differences in the CO oxidation rates would be
expected. Raman spectroscopy evidenced the higher population of vacant sites on the Ce-Pr-3DOM
catalyst and, as demonstrated in the next section, the nature of the surface must also be taken into
account. The surface of the Ce-Pr-3DOM catalyst seems to be more efficient than that of Ce-Pr-ref, that
is, the formation of the Ce-Pr solid solution into the PMMA porosity framework has benefits in catalytic
activity with respect to crystallization without the template, in addition to the improved porosity.
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2.2.3. Characterization of the Chemical Properties of the Catalysts’ Surface by
Temperature-Programmed Reduction with H, (H,-TPR) and X-ray Photoelectron Spectroscopy (XPS).

Finally, the catalysts were characterized by H,-TPR and XPS, and important differences in the
surface properties were noticed. Figure 8 shows the H; reduction profiles, and three different reduction
peaks are distinguished. The high-temperature peak at 750 °C can be assigned to the bulk reduction
of the catalysts and the peak at 575 °C to surface reduction. The small peak at 450 °C is not easily
assigned, because it could be produced by the desorption of hydroxyls and/or carbonates together
with actual reduction events. The main difference in the reduction profiles of the two catalysts is the
intensity of the surface reduction peak at 575 °C, which is much more intense for Ce-Pr-3DOM than
for Ce-Pr-ref.
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Figure 8. Characterization of the fresh catalysts by Temperature-programmed reduction with Hj.

These H,-TPR experiments confirm that the surface reducibility of the 3DOM catalyst is much
higher than that of Ce-Pr-ref, while bulk reduction is more or less equal for both materials. This is
consistent with the previous characterization, where it was confirmed that the primary Ce-Pr mixed
oxide crystals are equal, and therefore they are reduced in the same way, while the main differences
are in their surfaces.

The catalysts’ surface was characterized by XPS and the Ce/Pr ratio and percentages of +3 cations
were estimated (Table 3). The XPS spectra are included in a Supplementary Materials file (Figure S1:
XPS spectra in the energy range of Ce 3d and Figure 52: XPS spectra in the energy range of Pr 3d).
The Ce/Pr surface ratio is the same for both catalysts (~4.2), and the ratio is lower than the nominal
value (9), that is, there is more Pr in the solid solutions’ bulk than on their surface, while the opposite
occurs with Ce.

Table 3. XPS characterization of the fresh and used catalysts’ surface.

Catalyst Ce/Pr * Ce* (%)  Pr¥* (%)  Total Ce®* + Pr3* (%)
Ce-Pr-3DOM (fresh) 43 29 54 34
Ce-Pr-3DOM (used) 4.7 28 14 26

Ce-Pr-ref (fresh) 4.2 33 38 34
Ce-Pr-ref (used) 4.7 30 44 32
* Nominal Ce/Pr 9.

The total percentage of 3+ cations (Ce3* + Pr3*) are similar for both fresh catalysts (34%), but the
contribution of Ce3* and Pr®* cations to these total values is different for Ce-Pr-3DOM (fresh) and
Ce-Pr-ref (fresh). The percentage of reduced Pr>* cations is much higher in the Ce-Pr-3DOM catalyst
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(fresh) (54%) than in the reference counterpart (Ce-Pr-ref (fresh); 38%), while the opposite occurs in the
Ce3* percentage.

The percentages of 3+ cations change during the catalytic tests, as deduced from the XPS results
obtained with the used catalysts, and these changes affect the Ce-Pr-3DOM catalyst to a higher
extent than they affect the Ce-Pr-ref catalyst. The total percentage of 3+ cations on the Ce-Pr-3DOM
catalyst decreases from 34% to 26% during the catalytic tests, an evidence of severe modification of
the surface’s oxidation degree, this fact being consistent with the redox mechanisms taking place,
while the 3+ cations in the Ce-Pr-ref catalyst only change from 34% to 32%. The higher extent of the
surface modification of the Ce-Pr-3DOM catalyst during the catalytic experiments agrees with its
higher catalytic activity (Figures 1 and 2), and suggests that the better performance of the Ce-Pr-3DOM
catalyst is not only related with its higher surface area but also with the nature of its surface. The higher
reducibility of the Ce-Pr-3DOM catalyst surface observed by Hy-TPR (Figure 8) is also in line with this
observation, that is, it seems that crystallization of the Ce-Pr solid solutions into the PMMA template
improves both the surface and the redox properties of the catalyst. Additional information is obtained
from the individual percentages of the Ce>* and Pr>* cations on the catalyst’s surface before and after
the catalytic tests. As deduced from the data in Table 3, the main changes during the catalytic tests
affect the oxidation of the Pr®* cations of the Ce-Pr-3DOM catalyst.

In conclusion, the utilization of the PMMA template for the preparation of Ce-Pr-3DOM improves
the porosity of the material, in agreement with the literature, but also the redox properties of the
catalyst. The Ce-Pr solid solution prepared with the PMMA template has improved surface reducibility
with regards to the counterpart reference material prepared without the template, and improved redox
behavior under reaction conditions, that is, it has higher area and this area is reduced and reoxidized
more easily. This is mainly attributed to praseodymium cations, which seem to accomplish redox
cycles more easily.

3. Materials and Methods

3.1. Catalyst Preparation

For Ce-Pr-3DOM preparation, a polymethylmethacrylate (PMMA) colloidal crystal template
has been firstly synthetized. This template consists of monodisperse PMMA spheres packed in
a three dimensional structure, which is known as a colloidal crystal. The PMMA spheres were
prepared by polymerization in a boiling aqueous solution of methylmethacrylate, methacrylic acid,
and divinylbenzene in a 100:1:5 volume ratio. The polymerization was conducted for 75 min, and
started upon K,5,0g addition to the mixture. After cooling, the PMMA spheres’ colloidal crystal was
obtained by centrifugation.

For Ce-Pr 3DOM preparation, Ce(NO3)3-6H,O and Pr(NO3)3-6H,O were dissolved in ethanol in
a 9:1 molar ratio, and citric acid was added to the solution in an equimolar proportion to the 3+ cation
content. This dissolution was added dropwise to the PMMA template, and the excess was removed
under soft vacuum. After drying at 60 °C the impregnation was repeated, and the PMMA template
was finally removed by calcination at 500 °C for 2 h.

The reference catalyst (Ce-Pr-ref) was prepared following the same protocol but by skipping the
impregnation step into the PMMA template, that is, the dissolution with citric acid and the Ce and Pr
precursors were directly dried and calcined.

3.2. Catalytic Tests

CO oxidation in excess oxygen was selected as the test reaction. Experiments were performed in a
U-shaped fixed-bed reactor with 16 mm inner diameter, using 50 mg of catalyst and different gas flows
(60, 90, and 120 mL/min) of a gas stream with 1% CO and 17% O; in Nj. The gas composition was
monitored by gas chromatography in a HP 6890 gas chromatograph equipped with a TCD detector
and two columns (Porapak Q, for CO, separation and Molecular Sieve 13X, for O, and CO separation).
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Experiments were carried out in ramp conditions by increasing the temperature from 25 to 500 °C
at 2 °C/min. Once the maximum temperature was achieved, CO was removed from the mixture, and
the catalyst was cooled down under an O, /N, atmosphere. Following this protocol, all experiments
were performed with the same parcel of catalyst in consecutive runs. The reproducibility of results and
the stability of the catalysts were confirmed in consecutive experiments and, under these experimental
conditions, a pseudo steady-state at each temperature can be assumed.

3.3. Catalyst Characterization

The crystalline structure of the catalysts was studied by XRD and Raman spectroscopy. The X-Ray
diffractograms were recorded between 10 and 90° (26) with a step of 0.025° in a Bruker D8-Advance
diffractometer, using CuK« radiation (A = 0.15418 nm). Raman spectra were recorded in a Jasco
NRS-5100 dispersive Raman spectrometer using a laser source of 632.8 nm and a 4-stage Peltier
cooled CCD detector. The Raman signal was collected using a 20x (0.45 NA) objective. The laser
power, calibrated on the sample, was kept close to 1.8 mW. The Raman shift was calibrated using the
520.7 cm ! line of crystalline silicon prior to the sample analysis.

The density of the samples was assessed by He picnometry by using an automatic helium
pycnometer (MicroUltrapyc 1200e, Quantachrome, Boynton Beach, FL, USA).

SEM images of the PMMA template and of the two catalysts were obtained in a JEOL microscope,
Tokyo, Japan, model JSM-840.

The surface composition of the catalysts was characterized by XPS in a VG-Microtech Multilab
electron spectrometer using a MgKa (1253.6 V) radiation source and a pressure of 5 x 10~1° mbar.
The binding energy (BE) and the kinetic energy (KE) scales were adjusted by setting the C 1s transition
at 284.6 eV. The Ce®* (%), with regards to total cerium, was calculated with the procedure reported by
Romeo et al. [22] and the Pr3*(%), with regards to total praseodymium, was estimated as proposed by
Borchet et al. [23].

N, adsorption and mercury porosimetry were used to determine the porosity of the catalysts.
N, adsorption-desorption isotherms were measured at —196 °C in an automatic volumetric system
(Autosorb-6, Quantachrome) after outgassing the catalysts at 150 °C for 4 h. Mercury intrusion
porosimetries were carried out in a Poremaster 60 GT (Quantachrome, Boynton Beach, FL, USA),
which is able to intrude mercury in pores up to 3.6 nm (60,000 psi), and the analysis in low and high
pressure modes were consecutively performed. The powdered catalysts were outgassed at 50 °C under
vacuum (13 mbar) for 12 h. A contact angle () of 140° and a value of mercury surface tension (y) of
0.48 J/m? were used. The Washburn equation was used to relate the intrusion pressure and the pore
diameter. Note that obtained pore diameter relates to the entrance of the pore while the pore diameter
through the channel may vary [24].

The reducibility of the catalysts was studied by Temperature Programmed Reduction with Hj
(H,-TPR) in a Micromeritics Pulse ChemiSorb 2705 device with a TCD detector located after a cold
trap at —89 °C. The experiments were performed with 40 mg of catalyst and 40 mL/min of gas with
5vol % Hy in Ar. The heating rate was 10 °C/min from room temperature to 1000 °C.

4. Conclusions

Ceg9Prp 10; catalysts have been prepared with and without the infiltration of Ce and Pr precursors
into a PMMA colloidal crystal template, and have been deeply characterized and tested for CO
oxidation, and the following conclusions can be drawn:

Ce and Pr precursor infiltration into the PMMA template does not affect the crystalline features
(type of phases, crystallite size, and cell parameter) of the catalysts, which seem to be related to the
chemistry and thermal history of the synthesis process. Consequently, the bulk reduction of the Ce-Pr
mixed oxides is not affected by PMMA utilization during the synthesis. According to XPS results, the
Ce and Pr location in the Ce-Pr mixed oxide particles is not affected by the synthesis using PMMA.
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Utilization of the PMMA template for the preparation of Ce-Pr mixed oxides improves both the
porosity and surface redox properties of the catalyst. The catalyst prepared upon PMMA infiltration
combines micro, meso, and macropores, with the most area being in the macropore range, while the
reference unshaped catalyst presents poor porosity in all ranges. However, the catalyzed CO oxidation
rates do not correlate with the surface area of the catalysts (neither micro nor meso/macro).

The Ce-Pr solid solution prepared with the PMMA template also presents improved surface
reducibility with regards to the counterpart reference material prepared without the template, and
improved redox behavior under reaction conditions, that is, it has a higher area and this area is reduced
and reoxidized more easily. This is mainly attributed to praseodymium cations, which accomplish
redox cycles more easily than cerium cations.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4344/7/2/67/s1,
Figure S1: XPS spectra in the energy range of Ce 3d. Figure S2: XPS spectra in the energy range of Pr 3d.
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