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Abstract: Nowadays, one of the most important challenges that humanity faces is to find alternative
ways of reducing pollutant emissions. CeO,/Bi;Mo;_xRuxOg and Au/Bi;Mo;_4RuxOg catalysts were
prepared to efficiently transform carbon monoxide (CO) to carbon dioxide (CO;) at low temperatures.
The systems were prepared in a two-step process. First, Bi;Mo;_4RuOg supports were synthesized
through the hydrothermal procedure under microwave heating. Then, CeO, was deposited on
BiyMo;_RuyOg using the wet impregnation method, while the incipient impregnation method
was selected to deposit gold nanoparticles. The CeO,/BipMo;_yRuxOg and Au/BizMo;_RuOg
catalysts were characterized using SEM microscopy and XRD. Furthermore, energy-dispersive X-ray
spectroscopy (EDS), X-ray photoelectron spectroscopy (XPS), and Raman spectroscopy were used.
Tests were carried out for the supported catalysts in CO oxidation, and high conversion values,
nearing 100%, was observed in a temperature range of 100 to 250 °C. The results showed that the
best system was the Au/BipMog gsRug 0504 catalyst, with CO oxidation starting at 50 °C and reaching
100% conversion at 186 °C.

Keywords: CO oxidation; CeO,; Au; Bi;Mo;_yRuxOg; nanostructured catalysts

1. Introduction

The drastic growth in atmospheric pollution is the product of industrial development as well
as the increasing use of automobiles for transportation, which in turn maintains a growing demand
for fossil fuels. It is an important and still pending task to decrease the atmospheric pollutants
coming from these processes, including COy, SOy, and NOy, which significantly contribute to the
phenomena of acid rain, global warming, and destruction of the ozone layer [1]. Carbon monoxide
(CO) is considered highly poisonous, and it causes severe health issues and irreversible environmental
damage [2]. In this context, the development of materials with high activity for removing CO becomes
necessary. Traditional supported noble metal catalysts are examples of materials with excellent catalytic
properties to promote CO oxidation at low temperatures [3,4].

BiMoQOg is recognized as a good catalyst, and it is useful in selective oxidation processes [5].
The most common methods to synthesize it include coprecipitation [6,7], followed by calcination
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processes or through solid-state reactions [8] at temperatures above 1000 °C. Alternatively, BiMoOg can
also be obtained by sol-gel synthesis [9] or spray-drying methods [10]. The catalytic properties
of bismuth molybdate are well known. For instance, in propane transformation reactions, it is
considered an essential component [6,11], even though some of its phases are not active, as has
been reported by Ueda et al. [12]. Schuh et al. [13] investigated the selectivity of several bismuth
molybdates in propylene oxidation reaction using x-Bi;Mo03O12, 3-BixM0,0y, and y-Bi;MoQOg phases.
When testing the y-Bi,MoOg catalyst containing an excess of stoichiometric bismuth/molybdenum in a
3:1 ratio, the authors obtained results for propylene conversion of up to 7.3%. However, the selectivity
toward acrolein formation was very low, and mainly COx was formed. Compounds with a Bi/Mo
ratio of 3:1 was found to produce a x-BiMo3O1; compound exhibiting acrolein selectivity in
the range of 36%-56%, providing a 60%—63% propylene conversion. Brazdil et al. [14] reported
on the synthesis of bismuth—cerium molybdate compounds with a BixCe;_4Mo30O1, formulation.
They studied the selectivity as a function of cerium content, to prove its effectiveness in reactions
for catalytic propylene ammoxidation. Their results allowed them to establish active sites as a
function of the bismuth content for propylene ammoxidation. Other investigations have been
conducted using BiMoxW1_,Og supported on Al,O3-5iO,, which were tested in carbon monoxide
oxidation reaction to evaluate its activation temperature. The compounds were found to activate at
200 °C, reaching 100% conversion at about 350 °C [15]. Furthermore, there have been investigations
based on the dehydrogenation of organic compounds using catalysts composed of mixed oxides
containing molybdenum, bismuth, and vanadium. The studies examined their catalytic activity and
determined how the bismuth-molybdate structure is modified when it is doped with a metal. In a
temperature-programmed reoxidation experiment, they established that catalysts containing vanadium
exhibited enhanced oxygen mobility in comparison to BiMoOg, showing an important 1-butene to
1,3-butadiene catalytic conversion (72%) in oxidative dehydrogenation reactions [16,17].

Ruthenium is not a widely used metal in oxidation reactions due to its low melting point as RuO».
However, its high reactivity toward carbon monoxide oxidation has become a point of interest in
the field of catalysis. In this regard, studies have been conducted on ruthenium in relation to their
particle size, which ranges from 2 to 6 nm, using polyvinylpyrrolidone (PVP) as the size-regulating
agent. The results showed that, as Ru nanoparticles became smaller, they began to be more active and
efficient in CO to CO, conversion [18]. Another reaction in which ruthenium is used as a catalyst
is in the heterogeneous oxidation of alcohols. To induce these reactions, ruthenium is obtained by
coprecipitation processes and deposited on Al,O3 metal supports being activated in an oxygen-rich
atmosphere [19]. Ruthenium nanoparticles deposited on cerium oxide has also been reported, with the
studies concluding that a relatively large CeO, surface area favors ruthenium particle dispersion,
increasing its catalytic activity in CO oxidation reaction [19,20]. Unfortunately, RuO, is not stable unless
it is stabilized by the addition of some external element, which makes its use technically complicated.
The key to the widespread use of RuO; is therefore to find a way to achieve such stabilization.

In the last few decades, researchers have studied the catalytic properties of supported gold catalysts
for CO oxidation. Au nanoparticles have been successfully tested in carbon monoxide oxidation
reactions at low temperatures [21]. One of the first investigations carried out on the synthesis of gold
nanoparticles was performed by Haruta [22], who reported the production of synthesized particles
smaller than 10 nm and deposited on oxide supports for its use in hydrogen and carbon monoxide
oxidation reactions. Other investigations examined the use of gold nanoparticles deposited on ceria
nanotubes and obtained good results in catalytic oxidation reactions [23]. Such materials perform an
important role in catalyzing different reactions at low temperatures. This feature is attributed to the
presence of low-coordinate gold atoms on the surface of CeO, nanoparticles [24]. CeO, powder has been
listed as one of the best supporting materials for catalysis when it is associated with gold nanoparticles
as an active phase due to its relevant storage and oxygen-releasing capability [25]. An important
feature attributed to CeO, compounds, is the formation of vacancies within the crystalline structure,
when doping is carried out because these could modify the entropy and increase its thermodynamic
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stability. These features are relevant as they determine the speed at which ions can move through
their surface [26], providing bandgap narrowing, which in turn promotes the transference of electrons
from the valence to the conduction band [21,25,27,28]. The oxidative capability of cerium oxide has
been widely demonstrated through several studies on CO oxidation reactions, used either as an active
phase [5] or as a support in noble metal catalysts [25]. Furthermore, specific studies on nanostructured
CeO, powders in the form of rods exposing predominantly (111) surfaces and cubes exposing (100)
surfaces have been reported. In those studies have been reported that Pd deposited on the (111) plane
of ceria rods, exhibited CO conversion at room temperature, while Pd on (100) ceria cubes showed
similar CO conversion values at 60 °C. The differences found in CO conversion can be attributed to Pd
redispersion, which is more pronounced in oxidative conditions for Pd/CeO, rods [29].

The results already discussed related to CeO,, RuO;, Au nanoparticles, and Bi;MoOg used as
catalysts in CO oxidation reaction, supports the hypothesis that different prepared materials including
oxides as CeO,/BiyMoj_xRuxOg (OCMBR) and Au/Bi;Mo;_4RuxOg (AuMBR), could oxidize efficiently
CO to COy. It is also important to elucidate the synergistic relationship between the active phases and
the mixed oxide support to promote CO to CO; conversion at low temperatures.

2. Results

2.1. Scanning Electron Microscopy (SEM)

The morphology of the MBR supports and OCMBR and AuMBR catalysts are shown in Figure 1a,b
and Figure 1c—, respectively. In Figure 1a,b, granular and small rounded structures can be observed.
The 500 nm particles had a similar shape but different distributions. In the case of Bi;Mog 95Rug 0504
(MBR1), there was formation of agglomerations, while the particles were smaller in Bi;Mog 97Rug 030¢
(MBR2). Figure 1c—f shows OCMBR and AuMBR catalysts consisting of rounded particles (< 70 nm)
obtained as a result of using the PVP surfactant agent. In this case, the particles had an average size of
approximately 100 nm.

Table 1 shows the chemical composition of the catalysts (Ce, Au, Bi, Mo, O, Ru). The chemical
content was determined by energy-dispersive X-ray spectroscopy (EDS). The atomic concentration
of the species corresponding to bismuth molybdate remained constant, with a high concentration of
oxygen. It is important to mention that the quantification performed for Au and Ce showed values
close to 1.5 atomic percent (at %) which is lower than the expected 2 (at %) content. This could be
attributed to some loss during the deposition or washing processes. In the case of cerium, the values
exceeded only 3 at %.

Table 1. Elemental chemical analysis (atomic percent) obtained by energy-dispersive X-ray spectroscopy
(EDS) using an EDAX detector.

Chemical Composition (Atomic Percent)
Bi Mo Ru (0) Ce Au

MBR1 22.05 13.62 1.56  64.34 - -

MBR2 29.81 12.56 1.49 57.63 -
OCMBR1 16.1 13.65 2.12 64.67 3.46 -
OCMBR2 16.72 1347 1.89 6495 3.21 -
AuMBR1 16.04 19.34 1.69 61.73 - 1.2
AuMBR2 1449 2229 1.35 60.54 - 1.33

Sample
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Figure 1. Scanning electron microscopy (SEM) images of (a) BiMogosRup 050 (MBR1);
(b) BixMog.97Ru,0306 (MBR2); () CeO,/BizMog 95Rug 0506 (OCMBR1); (d) CeO,/BizMog.97Ru0,0306
(OCMBR2), (e) Au/BirMog 95Rug 0506 (AuMBR1), and (f) Au/Bi;Mog g7Rug 9304 (AuMBR2) compounds
under a magnification of 20,000X.

2.2. X-Ray Diffraction (XRD)

X-ray diffraction patterns of the synthesized compounds, including the doped ruthenium catalytic
support and the catalysts after impregnation, are shown in Figure 2. The signal corresponding to the
260 angle of 28.34° can be attributed to the (131) plane characteristic of the BiMoOg gamma phase,
which has an orthorhombic-like structure. Two other signals located at 32.51° (200) and 47.10° (260)
were also found (Figure 2f).



Catalysts 2019, 9, 947 50f 15

Bl LJM_JL_JM

24 36 48 60

26 (degree)

Figure 2. X-ray diffraction patterns of (a) AuMBR1; (b) AuMBR2; (¢) OCMBR?2; (d) OCMBR1; (e) MBR2;
and (f) MBR1 synthesized catalysts. Cu K« radiation operating with a step size of 0.02°/min from 10°
to 90°.

The synthesis allowed correct ruthenium incorporation into the catalytic support structure [30].
This was verified through the signal displacement of the (131) plane toward greater angles (Figure 2a,b).

Regarding the OCMBR compounds, their X-ray diffraction pattern showed a signal located at
28.4° (20), as shown in Figure 2¢,d. The signal can be attributed to the CeO, (111) plane, in agreement
with results previously reported by other authors [31]. For the Au/BiMogg5Rug050¢ (AuMBR1)
catalyst, characteristic peaks of the gamma phase of bismuth molybdate (y-Bi;MoOg) were found.
Their main characteristic peak located at 28.3° (Figure 2e) can be attributed to the (131) crystalline plane,
on which it obtained a crystal size of 37.9 and 37 nm for MBR1 and MBR?2, respectively. These values
can be obtained through the Scherrer equation:

KA
D=
W cos 6

@

where K is a constant that depends on particle morphology (usually K = 1 for cubic or nearly cubic
systems), A is the Cu Ka radiation (nm), W is the full width at half maximum (rad), and 0 is the
diffraction angle (deg).

2.3. X-Ray Photoelectron Spectroscopy (XPS)

The XPS technique was used to detect the presence of different chemical species involved in our
catalysts. The binding energy (BE) analysis for the chemical species of the support revealed signals
at 530.57, 527.4, and 529.9 eV for oxygen (Ols). The peaks for Mo3d and Bi4f were also detected.
The signals for Mo™ were obtained at 235.66 and 232.63 eV [32]. In addition, the signals for Bi*3
were observed at 164.63 and 159.37 eV (Figure 3) [30,33]. An XPS signal, located at 280 eV, was found
corresponding to Ru3ds,. This is often confused with carbon signal, but a high-resolution analysis
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performed for this compound confirmed its presence (Figure 4). This BE signal matched Ru™* [34]
and was detected at 280.6 and 280.3 eV. These signals can be attributed to the presence of Ru-O bonds
within the Bi;Mo;_4RuxOy structure. This outcome agrees with the results discussed in the XRD
section, where the ruthenium oxide phase was not found, similar to previous findings [35].

Figure 5 shows the XPS analysis for CeOy/BiMoggsRup 0505 (OCMBRI1) and
CeO,/BizMog 97Rug 0306 (OCMBR2) supported catalysts. In addition to Bi, Ru, and O, the representative
signal of cerium (Ce3d) with a BE of 886.08 eV, corresponding to the Ce-O interaction in CeO,,
was established [36-38].

a) b)
Bi4f Bi4f

C1s, Ru3d C1s, Ru3d

O1s \ Mo3d o1s \ Mo3d

L L]

6('JO 400 200 800 600 400 20'0
Binding energy (eV) Binding energy (eV)

Figure 3. General X-ray photoelectron spectroscopy (XPS) scan of (a) MBR1 and (b) MBR2
support catalysts.

2554 288 282 276 288 285 282 2;9
Binding energy (eV) Binding energy (eV)

Figure 4. High-resolution XPS analysis for Ru3d of (a) MBR1 and (b) MBR2 supports.
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Figure 5. General XPS scans of (a) OCMBR1 and (b) OCMBR2 catalysts.

Figure 6 shows the XPS scans of AuMBR catalysts, where Bi, Ru, O, and Au signals were
detected. The oxidation state for every element present was matched according to established
standards. In addition, a high-resolution energy spectrum for gold was performed to obtain signals
for the different oxidation states present. The results showed the presence of gold as Au™ and Au’.
The corresponding XPS curves of Au spectra of the Au/MBR catalysts are shown in Figure 7a—d.
The characteristic signals for Au’ and Au*3 were found at the BE of 84 and 87.43 eV values, respectively,
which were assigned to Au 4f;, and Au 4fs), signals. The 4f;), signal revealed that the Au was in
a metallic valence, while the 4f5), signal was attributed to its ionic state [39,40]. The results of the
deconvolution procedure to establish the amount of Au*® and Au® are summarized in Table 2.

O =

4A'fO 250
Binding energy (eV)

v
660

Figure 6. General XPS scans of (a) AuMBR1 and (b) AuMBR?2 catalysts.
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Figure 7. High-resolution XPS analysis of Au4f of (a) AuMBRI1; (b) AuMBRI_R; (c) AuMBR2;

and (d) AuMBR2_R (R: reduced).

Table 2. Quantification of chemical gold species before and after reduction with Hj.

3 0,
Catalysts Au Species (%)
Aut3 Au®
Before reduction 61.34 38.66
AuMBR1 After reduction 39.24 60.76
Before reduction 45.03 54.97
AuMBR2 After reduction 38.56 61.44

To increase the presence of Au in both AuMBR1 and Au/Bi;Mog.g7Rug 0304 (AuUMBR2) catalysts,
they were subjected to a reduction process using Hj at 500 °C for 4 h. The results for Au™ and Au® are
shown in Table 2 and also in Figure 7b,d [41-43].

After reducing each AuMBR catalyst with Hj, the atomic quantification of each species was
performed, as shown in Figure 7. Table 2 gives the results of Au’ content before and after carrying
out the reduction process. It can be observed that, for the AuMBRI catalyst, the Au™3 percentage was
higher than that of Au’ before reduction. Once the reduction process was carried out, the Au’/Au*3
ratio increased, thus obtaining a higher amount of Au’. The corresponding analyses for the reduced
samples—AuMBR1_R and AuMBR2_R—are shown in Figure 7b,d. As can be seen, the AuY content
increased by about 30 at %. The oxidative capacity of the catalysts was studied before and after the
reduction procedure, and their corresponding values will be discussed later.

2.4. Raman Spectroscopy

Figure 8 shows the spectrum obtained for MBR supports, with their vibrational characteristic
mode values located at 68.16, 131.86, 788.78, and 880.8 cm~!. Similar results have been reported by
other authors, establishing that very strong vibrational modes are observed for Bi;MoOjg at 808 cm™!
as well as two minor peaks at 852 and 722 cm™!, corresponding to Mo-O stretches of the distorted
MoQg octahedra [44]. Additionally, two signals found at 356 and 283 cm ™!, which can be ascribed
to the Bi-O-Mo or Bi-O vibrational modes [34,35,45,46], were shown in the Raman spectra when a
-BixMoQOg phase was detected. The Ru characteristic band with Ru-O vibrational modes can be found
at 310 cm™! [36,41]. As can be seen from Figure 8, the ruthenium content promoted the shifting from
299.73 to 301.72 cm™ .
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Raman shift (cm™)
Figure 8. Raman spectra of (a) MBR2; (b) MBR1; and (c) Bi;MoOg compounds.
2.5. Catalytic Activity Tests

In this section, the results obtained for tests carried out on the capacity of the developed
compounds for carbon monoxide oxidation as a function of temperature are presented. MBR1 and
MBR2 supports showed an improvement in comparison to pristine Bi;MoOg (MB), as previously
reported [5]. MB showed its activation at 220 °C, reaching 98% CO oxidation at 380 °C. The MB support
never reached 100% conversion, as can be seen in Figure 9, which means that the support decreases its
oxidative capacity at a temperature above 300 °C. In comparison, MBR1 and MBR2 compounds started
their activation under 150 °C and reached 98% CO oxidation at 220 °C, demonstrating an improvement
due to ruthenium inclusion. The difference in conversion capacity between MB and MBR catalysts can
be attributed to the atomic content of ruthenium in the MBR supports, in accordance with previously
reported results [42].

100 <

80 <

60 -

40 <

CO conversion (%)

20 4

S W . = E—
0 100 200 300 400 500
Temperature (°C)

Figure 9. Comparative graph of CO conversion percentage for MB, MBR1, and MBR2 catalysts.
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Figure 10 shows the CO conversion behavior of AuMBR and OCMBR catalysts. The OCMBR1
catalyst was activated at 150 °C, reaching 100% conversion at 250 °C, while the OCMBR?2 catalyst was
activated at 175 °C and reached 100% CO conversion at 275 °C. The OCMBR catalysts were found to be
more efficient in CO conversion than MBR catalytic supports, being activated at 95 °C and reaching 100%
CO conversion at 280 °C. This is related to the oxidative capacity of ceria, which works synergistically
with the BiyMo;_Ru,Og compound [47]. Venkataswamy et al. [48] performed work on Mn-ceria-doped
solid solutions used as catalysts in CO oxidation reactions at low temperatures. They observed that
Mn-—ceria catalysts were activated at 50 °C, reaching 100% conversion at a temperature higher than
320 °C. It is necessary to highlight that OCMBR catalysts, in spite of being a highly active compound in
CO oxidation [21,49], were not the ones with the best results, as shown in the conversion graph.

—s— OCMBR1
—e— OCMBR2
i1 —— AuMBR1_R
804 —v—AuMBR2_R

100 -

—_ AuMBR1
1 ——AuMBR2
c 60+
S
o
g
2 404
Q
[8)
o)
O 204
0

. B e s S E e
0 50 100 150 200 250 300 350
Temperature (°C)

Figure 10. Comparative graph of CO conversion for OCMBR1, OCMBR2, AuMBR1_R, AuMBR2_R,
AuMBR1, and AuMBR2 catalysts. (R: reduced).

As described in the section on XPS analysis, AuMBR catalysts showed a higher concentration
of Au*® in comparison to Au’. Based on the analysis, it can be inferred that the catalysts underwent
a reduction with hydrogen to increase the Au” concentration (see Table 2). The reduced catalysts
were labeled as AuMBR_R. Figure 10 shows the results of CO conversion for the nonreduced catalysts
and the reduced ones. It can be observed that the AuMBR1 and AuMBR?2 catalysts were activated
at 150 °C, reaching 100% conversion at 275 °C and 300 °C, respectively. In the case of the reduced
catalysts—AuMBR1_R and AuMBR2_R—they were activated at 23 °C. The AuMBR1_R catalyst
reached 100% CO conversion at 186 °C, while the AuMBR2_R catalyst reached it at 225 °C. There was
substantial change in terms of oxidative capacity of the gold supported catalysts when they underwent
a reduction process. This means that a higher Au’/Au*! ratio, obtained through the reduction process,
improves CO oxidation [18,21,50].

3. Discussion

Several studies have been carried out to understand how CO molecules interact with Au particles
supported on ZnO [51]. According to the obtained results, the oxidation process starts with a process of
CO adsorption taking place in CO/Au/ZnO complexes in specific sites formed by Au clusters following
the Mars—van Krevelen (MvK) kinetic model [52]. AuMBR catalysts work similarly, carrying out
the CO oxidation process through a MvK kinetic model in synergy with the oxidative capability
of the MBR (Bi;Mo1_4RuxOg) support, which enhances the transport efficiency of electrons toward
the surface, thereby improving the oxidative activity of Au particles. The formation of the complex
CO/Au/BizMo;_4RuyOg is believed to happen in the same order as the MvK mechanism.
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Regarding the OCMBR catalysts, the reaction mechanism follows a consecutive series of elementary
steps that include a constant change in the cerium valence (Ce™ < Ce**) due to changes in oxygen
concentration occurring within the OCMBR structure. In CO oxidation reactions, the oxygen
storage capability of CeO, catalysts has been demonstrated. Oxygen located at the catalyst surface
oxidize the CO molecules, while the introduced bimolecular oxygen decomposes according to the
Langmuir-Hinshelwood mechanism to fill the vacancies created by the CO oxidation reaction [53].

Investigations with Au nanoparticles have reported obtaining compounds capable of being
activated at 0 °C. However, they do not reach a high conversion rate until temperatures above
300 °C [17,43,54]. In the case of compounds in which Au acts as active phase (Au/TiO,, Au/NiO,
Au/a-Fe;03), catalysts show a disadvantage because the formation of water vapor at high temperatures
increases to the point of reducing the oxidative activity of the Au nanoparticles, as shown by other
similar reports [21,23,38,41]. An important challenge in the present research was to ensure that most of
the dispersed gold particles on the Bi;Mo;_yRuxOg surface supports could be found in the metallic
oxidation state (Au') to further increase its oxidative behavior. Our XPS analysis demonstrated that
gold was found in Au*! and Au® oxidation states, with Au® more predominant, providing our catalysts
an outstanding oxidative capacity. This was demonstrated in the catalytic activity tests, where AuMBR1
reached 100% CO oxidation at 150° C. Furthermore, in our studies, metallic particles smaller than
10 nm in size were obtained, which is a determining feature to achieve the CO oxidation reaction,
as previously discussed by Zhang et al. [55] and Kimling et al. [56]. The results here discussed are
encouraging for continued work on the optimization of our systems.

4. Materials and Methods

4.1. Catalysts Preparation

MBR1 and MBR2 solid solutions were prepared starting with aqueous solutions of (NH4)sMo7O94
(97%, Alyt), BilNO3)3 (99.99%, Alfa Aesar), and Ru3(CO)1; (99%, Alfa Aesar), which were mixed in
a stoichiometric ratio. PVP was also added into the mixture as a capping agent to control particle
size. The mixture was stirred for about two hours at 30 °C. Then, the solid solution was formed
using hydrothermal treatment assisted by microwave heating at 150 °C for 1 h. The resulting powder
was washed with 5 mL of isopropanol, dried at 120 °C for 24 h, and then heated at 500 °C for 3 h.
The supported systems—AuMBR1 and AuMBR2—were obtained using HAuCl4 solution 0.0016 M
as a gold precursor and urea 0.42 M, through the deposit—precipitation (DP) urea method [57].
The Au/catalyst ratio was calculated as 1% (w/w).

Regarding OCMBR1 and OCMBR?2 catalysts, they were prepared via wet impregnation using a
0.23 M Ce(NO3)3 solution. The stoichiometric ratio of the active phase to the support was nearly 4%
(w/w).

After performing the impregnation procedure, all of the catalysts were dried at 120 °C for 12 h
and calcined at 550 °C for 3 h. Before the catalytic tests, AuMBR1 and AuMBR?2 catalysts were reduced
at 400 °C for 4 h in a 30 cm®min~! hydrogen flow.

4.2. Characterization

SEM images were obtained using a JEOL JSM 5300 scanning electron microscope Noran Instruments
(Japan), coupled with an energy-dispersive analyzer (EDAX) also provided by Noran Instruments
(Japan) operating at 20 kV and 1 x 10~® Torr. X-ray diffraction analyses were obtained in a Philips
X'Pert analytical diffractometer (England) using Cu K« radiation under conditions of 40 kV voltage and
30 mA current. Before the analysis, the catalysts were ground in an agate mortar and passed through
a 100-mesh sieve (Tyler series). The XPS technique allowed the oxidation states to be determined,
in which the main elements were found using a Thermo Scientific equipment with an X-ray source
provided with an Al-Ka monochromator (MA, USA). The analysis area was 400 um?. Before starting
the analysis, the surface was eroded with low-energy Ar ions for 15 s to eliminate possible surface
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impurities. Raman spectroscopy analyses were performed on a Witec Alpha 300 device (Germany)
using a laser as the illumination source (633 nm) provided with a charge-coupled device (CCD) detector
for the measurement of scattered Raman emission.

4.3. Catalytic Assessment

The CO oxidation reaction was carried out in a packed microflow quartz reactor, 8 mm diameter,
under atmospheric pressure in a range of 20-350 °C. The CO to O, ratio was adjusted to CO/O; =1
with a rate of 60 mL/min (2%, CO, 2% O, 96% Ar). The catalyst weight was 100 mg. Before the
tests, catalysts were pretreated (activated) at 300° C with a mixture of Hy/N, gases in a 2%/90% v/v
ratio, for 1 h. The reaction products were analyzed using thermal conductivity gas chromatography
provided with a carboxen-1000 column (1/8 inch diameter and 4 m long) using a thermal conductivity
detector (TCD) to determine the reaction products, as described in Figure 11.
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Figure 11. Schematic flow diagram of the reaction system.
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5. Conclusions

In the present study, the oxidative capability of CeO,/BiMo;_xRuxOg and Au/Bi;Mo;_4RuxOg
catalysts were demonstrated. It was found that the ruthenium inclusion as BiyMo;_4RuxOg improved
the oxidative behavior compared to BiMoQOg. The BiMo;_4RuxOg compound achieved 100% CO
conversion at 260 °C, which can be considered an improvement compared to the Bi;MoOg compound,
which achieved 95% CO conversion at 375 °C. Regarding the supported catalysts, a synergistic effect
was observed between the active phase and the catalytic support. The CeO,/BiMo;_4RuxOg4 system
showed an improvement, with OCMBR1 starting CO conversion at a temperature of 120 °C and
reaching 100% conversion to CO; at 225 °C. With the Au/Bi;Mo;_4Ruy,Og catalytic systems, it started
oxidizing CO at a temperature as low as 23 °C, reaching 100% CO conversion at a temperature of
180 °C. The Au/BizMog 9yRug 0306 compound was found to be the best catalyst to oxidize CO at low
temperatures. Further optimization studies are needed regarding the stability and oxidative capability
of Au and CeO, supported systems.
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