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ABSTRACT: Catalytic reduction of NO with CO at a lower temperature is an extremely challenging task, thus requiring
conceivable surfaces to overcome such issues. Ru-substituted CeO, catalysts prepared via the solution combustion method were
employed in CO oxidation and NO—CO conversion studies. The characterization for material formation and surface structure was
carried out through XRD, SEM, TEM, and BET surface area. The catalytic study revealed the promising behavior of 5% Ru in CeO,
for the 100% conversion of NO—CO at 150 °C, proving it to be an excellent exhaust material. These observed results are also
supported by temperature-programmed studies, i.e. TPD of NO and CO in addition to NH;-TPD and H,-TPR for their convincible
surface interaction that is inclined toward a significant change in the conversion path. Additionally, the proposed mechanism, based
on the experimental evidence, sheds light on the NO—CO redox reaction, directing the reaction pathway toward the Langmuir—
Hinshelwood and Mars-Van Krevelen-type route. Moreover, the exceptional performance can be attributed to the strategic
incorporation of Ru in CeO,, where the strong interaction of Ru—Ce is able to gain a high synergy for NO and CO conversion.
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B INTRODUCTION

For the past many decades, heterogeneous catalysis has gained
huge attention in many catalytic reactions, including environ-
ment-related detoxification reactions. Knowing the fact about
the rise in gaseous pollutants, reducing their amount using a
catalytic process is the only way to maintain the purity of
atmospheric air and other environmental issues. The exhaust
pollutants such as CO, NO, and HC are the major products that
cause health and environmental deterioration. Thus, targeting
specific gases like NO and CO or NO and HC simultaneously
can significantly contribute to the elimination of such pollutants.
Converting NO and CO simultaneously using various catalytic
materials has been known for a long time." Although this idea is
quite interesting, the development of a catalyst for converting
NO to N, and CO to CO, at alower temperature is a challenging
task as NO is quite stable at a higher temperature.

Most of the catalysts that have been reported for such NO—
CO conversion are based on transition metal oxide series (such
as Cu—0O, Mn—0O, Co—-0O, Fe-0O, etc.),z_7 as their unique
oxidation-switching property makes them superior catalytic
materials. In the domain of material design, bimetallic
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compositions also offer the potential for achieving exceptional
catalytic performance.® In addition to these oxide catalysts,
CeO, is also studied for various catalytic reactions as it has high
oxygen-storing capability and redox character.”~"” This is the
reason why it has been mostly used in oxidation reactions for a
long time. However, only CeO, as a catalyst is not an ideal
choice for achieving the desirable activity. Electronically, Ce—O
exists in a redox pair (Ce®*/Ce*"), which oscillates as Ce*" <
Ce’" during the catalytic process to display a redox
phenomenon. The modification of CeO, with other metal
oxides generates more surface reactivity by increasing the
adsorption capacity and enhancing its redox property. Addi-
tionally, incorporating a precious metal in CeO, is another route
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Scheme 1. Schematic Representation of the NO—CO Catalytic Reaction Setup

[T

Reactor

Electric Oven

w.' =——> Moisture trap

"‘ ——> Precision needle valve

Gas mixing bulb

Injector

Module

Gas Chromatography

that can contribute significantly to the enhancement of catalytic
performance by exerting a higher electronic property that
triggers the adsorption and redox behavior.">'* Such effect of
precious metals has been known for several decades to improve
the performance of the host material for catalytic and sensing
studies,"” but developing an ideal combination (with a lower
concentration of the precious metal) for achieving the desired
target is still a challenging task. Also, in the literature, various
reports have demonstrated that CeO, and other metal oxides
collectively improve the performance of the catalytic reaction.
For example, Huang’s group reported on Pt-supported CeO,—
TiO, and Pt-supported TiO, for NO—CO conversion. They
observed a greater adsorption of NO and CO and a high electron
transfer in the Pt/Ce—Ti catalyst, which later showed significant
conversion of NO and CO.'® Similar other reported
combinations such as CeO,—ALOs,"" C00,/CeO,,* Mn-
doped CeO,,"® Ce0,—MO, (0.25) (M = Mn, Fe and Cu),"”
etc. tend to exhibit more synergy and behave as excellent
catalytic materials. Further, considering the influence of the
precious metal, in our previous report, a promising effect was
shown with Pd, wherein increasing amount of Pd assisted in the
NO and CO conversion reaction at a lower temperature with a
higher conversion yield.”* Furthermore, Yang et al. reported on
the MnOx-CeO,—Pd/GR catalyst for NO reduction and
observed the promising effect of Pd within MnO,—CeO,.”’
The La(Cuy;Mng;)00sMg020; (M = Pd, Pt, Ru, Rh) catalyst
was reported by Griinbacher et al. for efficient conversion of NO
and CO, wherein they were able to modify the electronic
structure of the catalytic surface with the introduction of a
precious metal.””

Like other precious metals, Ru with a specific combination
can possess significant catalytic activity in heterogeneous
processes. This property is achieved by decorating the surface
with Ru for developing active sites, which in turn help to
enhance the chemisorption and dissociative property. In ethanol
steam reforming studies over M/CeO,/YSZ (M = Pd, Ag, Ru),
Ines A. Carbajaland Ramos’ group demonstrated the promising
performance of the Ru-composed CeO,/YSZ catalyst even in
the presence of coke, which in other cases is the reason for the
catalyst deactivation.”> Moreover, Karatas et al. showed a
significant enhancement in the hydrogen generation on Ru
NPs@nano-CeO,.”*

In the present study, we have chosen Ru as dopant in the
CeO, lattice to enhance the performance of the NO—-CO
reaction. A very few reports of Ru—CeO, combination are found
in the literature and, to the best of our knowledge, no report on
Ru-substituted CeO, has been reported for NO—CO reaction.
This paper discusses the modification of the cerium oxide

catalyst with Ru for converting NO to N, and CO to CO,
efficiently. Further, the detailed characterization of the catalysts
has been presented through XRD, XPS, SEM, TEM, and BET
surface area. Also, changes in surface properties were monitored
using TPD and TPR studies, and using those experimental data,
a mechanistic pathway of NO—CO conversion reaction was
proposed.

B EXPERIMENTAL SECTION
Preparation of the Catalyst. Ce;_,Ru,0, (x =0, 0.01, 0.025, and

0.05). The tartaric-acid-assisted solution combustion preparative route
was employed to synthesize Ru-substituted CeO, series.”® First and
foremost, stoichiometric amounts of Ce(NH,),(NO;)s (Sigma-
Aldrich) and RuCl, (Sigma-Aldrich) were dissolved in double distilled
water. Further, in the resultant mixture, a weighed amount of tartaric
acid was added with vigorous stirring and kept on a hot plate equipped
with a stirrer until the solution transformed to gel. The obtained gel was
later combusted at 220 °C in an electric oven and finally kept for
calcination at 500 °C for 4 h to produce 1, 2.5, and 5% ruthenium-
substituted cerium oxide. The catalysts were formulated as
CegooRug 010, CeggrsRug 350, and CeggsRug gsO,, respectively.

Characterization. The recording of X-ray powder diffraction
patterns was done on a RIGAKU ULTIMA 1V diffractometer with a
scanning step of 0.02°. Cu Ka having a wavelength of 1.5418 A was used
as a source of radiation. A Zeiss EVO 18 scanning electron microscope
(SEM) was employed for understanding the surface morphology and a
Jeol/JEM 2100 high-resolution transmission electron microscopy
(HRTEM) instrument was used for determining the nano nature of
the prepared oxide. The BET surface area measurements were carried
out by N, sorption at liquid nitrogen temperature on a QUANTA-
CHORME AUTOSORB iQ-MP-C instrument. A heat treatment of
200 °C was given to the sample to degas the surface adsorbed species.
The same instrument is also equipped for temperature-programmed
studies such as H,-TPR, CO-TPD, NO-TPD, and NH,-TPD, which
were done in a quartz reactor from room temperature to 450 °C. Prior
to the temperature-programmed studies, samples were heated to 250
°C in a He atmosphere. Spectral data for determining the oxidation
state of the elements present in the catalyst were determined using X-
ray photoelectron spectroscopy on a PHI 5000 versa probe II
spectrophotometer.

Catalytic Study. A schematic representation of the catalytic study is
displayed in Scheme 1. Catalytic conversion of NO with CO was
studied in a continuous-flow fixed-bed glass reactor system. Around 900
mg of powdered catalyst was loaded between two glass wool plugs. The
reactant gases such as nitric oxide (NO) and carbon monoxide (CO)
were prepared in the laboratory with a standard preparative route
(provided in Supporting Information) and purified by passing through
several traps. The other gases like nitrogen (99.9%), argon (99.99%),
and hydrogen were used from a commercial pure source. In the reacting
chamber, the feed gas containing 5% NO and 5% CO in 90% Ar with a
flow rate of 5000 mL h™" was allowed to pass over the catalyst bed using
a mass flow meter. Before proceeding with the catalytic test, the catalyst
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was heated in a nitrogen atmosphere so as to remove any adsorbed
species from the catalyst surface. Later, the online monitoring of the
reactants and products was done by online Gas chromatogram
equipped with TCD detector. For the separation of the gases, a
column such as Porapak Q and molecular sieve 13X were employed and
analyzed with a TCD detector.

B RESULTS AND DISCUSSION

Structural and Surface Characterization. The crystal-
linity and phase formation of the Ru-substituted CeO, were
determined via the powder X-ray diffraction pattern and are
depicted in Figure 1. All of the prepared compounds show peaks
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Figure 1. XRD pattern of CeO, and Ru-substituted CeO,
(Ce,_,Ru,0,) (x=0.0,0.01, 0.025, and 0.05).

at 20 = ~28.51, ~33.01, ~47.55, ~56.23, ~59.23, ~69.33,
~76.75, and ~79.06°, which can be indexed for (111), (200),
(220) (311), (222), (400), (331), and (420), respectively. Even
after incorporation of Ru, the diffraction pattern of CeO,
remained identical to that of pure CeO,, suggesting the
formation of monophasic CeO, with the same crystal structure,
which also matched with the standard JCPDS data card 00-034-
0394.77%

This indicates the absence of extra reflection of the Ru species,
making Ru-substituted CeO, perfectly identical to the mono-
phasic compound. Further, the average crystallite sizes of all of
the samples were calculated using Scherer’s equation, which
were in the range of 10—8 nm. The data pertaining to the same is
given in Table 1.

Table 1. Average Crystallite Size and BET Surface Area of
Ce,_,Ru,0, (0.0, 0.01, 0.025, and 0.05)

average pore pore
crystallite size ~ BET surface  volume diameter
catalyst (nm) area (m?*/g) (cc/g) (nm)
CeO, 10 83 0.167 3.8
CeggoRug 10, 8 121 0.232 34
Cegg75Ru 0250, 8 91 0.180 3.0
CeggsRug 50, 9 S1 0.060 4.1

To gain sufficient idea about how the catalyst appeared at
microscopic level, a detailed morphological view of
CeggsRug 5O, was obtained using SEM. Figure 2a shows the
microscopic view at 2 pgm and 200 nm scale. By a careful
evaluation of the image, it was observed that the particles formed
during the preparation were not only in the nano range but also

caused a well-arranged porous morphology. This appearance of
CegosRuy 5O, at a lower scale was a consequence of the adopted
preparative route, wherein the evolution of the gases durin§ the
preparation of CeygsRugsO, created porous channels. °A
further in-depth microscopic view of CejgsRugosO, was taken
using high-resolution transmission electron microscopy
(HRTEM) for understanding the sample surface property at
nano range scale. The same image is depicted in Figure 2b. The
microscopic view at 10 nm scale confirmed the existence of
nanoparticles showing a somewhat agglomerated spherical and
cylindrical appearance. Also, a histogram of the particle sizes
shows the dispersion below 10 nm having the highest density of
particle size from S to 6 nm range.

In the N, sorption study, all of the samples in the series
showed a similar N, adsorption—desorption isotherm. The data
related to the N, sorption studies are presented in Figure 3.
From Figure 3, it can be seen that the isotherm of the prepared
oxides appears as a Type Il isotherm, which is in accordance with
TUPAC classification.”*”’ The values of BET surface area of all
of the studied catalysts are given in Table 1. Introduction of 1%
Ru showed an increase in the surface area, but further increase of
the Ru concentration in CeO, led to a reduction in surface area.
This increase may be due to the formation of more pore volume
in CeygoRugy O, and a lower pore volume in CeggsRug 5O,
thereby dropping off its overall surface area as seen in Table 1.
For gathering a clear idea about the pores, a BJH pore size
distribution curve was generated from the N, sorption study
(Figure S1).

From the BJH profile, it was then confirmed that the increase
in size of CegoRuy ; O, is mainly due to increment in the pore
volume, which is in conformity with Table 1.

XPS analyses were conducted in order to understand the
chemical valence states of the elements present in
CegosRugosO,. All of the spectra were fitted with Gaussian—
Lorentz curve fitting method. As seen in Figure 4, the peaks
showed a binding energy similar to that of Ce, Ru, and O, thus
confirming the existence of Ce, Ru, and O in the analyzed
sample. Also, based on the XPS analyses, the percentages of
Ce*/3*, Ru*, and the defect oxygen in various oxide structures
are summarized in Table S1.

The Ce 3d spectrum of CejgsRu 5O, shows the presence of
Ce*" and Ce*" as depicted in Figure 4a. The Ce 3d spectrum was
fitted with Gaussian—Lorentz fitting, which showed eight
photoelectrons splitting. In the observed peaks, the 3ds/, spin

“«_»

orbit state was labeled as “v” and 3d;/, orbital states were
denoted by the “u” symbol. Ce is often observed as an important
component due to its typical redox pair. The peaks labeled as v’
and u’ were attributed to the +3 state of Ce and the remaining six
photoemission peaks (i.e., v, v/, v/, u, u”, and u”) confirm the
presence of Ce** state.’”3! Generally, the existence of both Ce3*
and Ce*" is well known.*” Figure 4b shows the Ru 3d spectra
along with C 1s peak. The existence of Ru species was clearly
identified by the peak fitting procedure, wherein the presence of
Ru*" was revealed.’** The XPS spectrum of O 1s is shown in
Figure 4c and various kinds of oxygen present were investigated.
The main peak appearing at a lower binding energy i.e., 529 eV,
is attributed to the lattice oxygen and the oxygen that appears at
a higher binding energy, 531.22 eV, is considered to be due to
the surface defect.’* Based on the percentage calculations, Ce**
was observed to be present in a higher concentration and, also,
Ce® was present to quite a larger extent, which is essential for
the redox reaction.
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Figure 3. N, adsorption—desorption isotherm of Ce;_,Ru,O, (x = 0.0,
0.01, 0.025, and 0.05).

Surface Desorption Studies of NH;, CO, and NO. The
influence of ruthenium with respect to the surface acidic
property of cerium oxide has been investigated with ammonia
desorption studies. Figure S shows the NHj-temperature-
programmed desorption (NH;-TPD) patterns of CeO,,
CeggoRuy;0,, and CejgsRugosO,. In CeO,, three desorption
peaks of ammonia are observed residing at 130, 340, and 430 °C,
which can be ascribed to the weak acidic, medium acidic, and
strong acidic sites, respectively. After substitution of 1% Ru in

15724

CeO,, an increase in ammonia-ceria chemisorption strength was
observed, which ultimately resulted in a lesser desorption of
NH; at a lower temperature. Further, a higher amount of strong
acidic sites in Cejg9Ruy 9, O, has been observed, indicating both
strong and weak acidic sites. However, in CeygsRuo50,,
continuous desorption of ammonia has been observed, which
shows the presence of acidic character in the entire studied
temperature. This means the catalyst surface has the tendency to
form chemical bonds with the electron-donating reacting species
in a wide temperature range. The acidity influences the
adsorption and activation of CO molecules on the surface of
the catalyst as acidic sites have more affinity toward the CO
molecule and help in removing the surface lattice oxygen to form
CO,. The continuous desorption of ammonia suggests dynamic
acidity, which could affect the NO—CO conversion and can be
correlated to a higher conversion of CeygsRuy ¢5O,. Since CeO,
did not show any significantly strong acidic sites at lower
temperatures compared to other catalysts, it therefore may be
unfavorable for the NO—CO reaction.

Further, the collective surface reactivity of CO is essential to
understand the interaction of CO with the catalyst surface.
Figure 6 represents the CO-TPD profile of the Ru-substituted
CeO, series. In the TPD profile, the desorption of chemisorbed
CO produces two peaks, out of which one is positioned in a
lower-temperature region (from 50 to 125 °C) and the otherina
higher-temperature region (from 250 to 350 °C). The peak
originated at lower temperature can be attributed to the weakly

https://doi.org/10.1021/acs.langmuir.4c01544
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Figure 4. XPS spectra of (a) Ce 3d, (b) Ru 5d, and (c) O 1s from CeyysRug 50,

Ce0,
CegooRuy 0,

— CeggsRuy 0,

Weak acidic sites Strong acidic sites

Moderate acidic sites

A}

Intensity (a.n.)— ~

T T
100 200 300 400 500
Temperature (°C) —

Figure 5. NH; temperature-programmed esorption studies over CeO,,
Cegg9Rug010,, and CeggsRug 050,

chemisorbed CO and the one at higher temperature is associated
with the strongly chemisorbed CO.?® Thus, it is evident that the
two different chemisorption sites differ in strength with respect
to the CO bonding. For pure CeQ,, the absence of a desorption
peak clarifies the lack of CO’s aflinity toward the adsorption and
reaction, while, with the addition of Ru in cerium oxide,
improvement in the adsorption of CO is observed and is later
found to increase linearly with increase in the Ru concentration.
This result can also provide a more significant insight into the
NO-CO reaction pathway. Since CO is more strongly adsorbed
on the catalyst surface, it thus confirms the availability of the CO
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Figure 6. CO-temperature-programmed desorption studies over CeO,,
CeggoRug 0, CepgrsRug 0250, and CeggsRug 050,

during the catalytic process. From the prepared series, the
quantum of CO chemisorbed on Ce( gsRug osO, showed a higher
concentration as compared to other catalysts from the series and
the order of CO desorption is observed as CeygsRug 5O, >
Cegg75Rug 0250, > CeggoRug 0, > CeO,. In fact, CeO, showed
no adsorption of CO on the surface, but showed improved
drastic adsorption capacity only on Ru incorporation. This
suggests alteration of the surface and electronic properties of
CeO, with Ru, creating active sites that facilitate stronger
interactions with the CO molecules. Therefore, the presence of

https://doi.org/10.1021/acs.langmuir.4c01544
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Ru significantly improves the overall performance of cerium
oxide.

Knowledge of surface NO reactivity is also essential for
determining the process of the catalytic NO—CO reaction.
Here, desorption of NO was studied on CejgoRug;0, and
CegosRug 5O, in the temperature range of 30—475 °C and the
respective TPD profile is given in Figure 7. The TPD studies

CepgoRUg.010;
Ceg osRuy 450,

Weak Chemisorption

R Strong Chemisorption
s

Intensity (a.u.)

T T T T
100 200 300 400
Temperature (°C)

Figure 7. NO-temperature-programmed desorption studies over
CegggRug 10, and Ceg gsRug o50,.

showed desorption of chemisorbed NO from both of the Ru-
doped catalysts. The presence of different chemisorption sites
always differs depending on the catalyst surface and NO
adsorption strength. Both of the studied catalysts showed the
adsorption of NO on the catalyst surface. The desorption profile
of CeggoRug;0, depicts strong as well as weak NO
chemisorption sites, but the amount of weakly adsorbed NO
was observed to be higher as compared to that of the strongly
adsorbed NO. However, increasing the concentration of Ru
holds the NO more tightly toward the surface, as demonstrated
by the higher-intensity peak in the higher-temperature region.
This shows that the surface can also hold the NO molecule by
donating its electron to the #* of the NO molecule. One
potential approach, as demonstrated by Abujarada and
colleagues, suggests that the interaction of NO with a metal
surface involves the transfer of electrons from the substrate to
the 277 orbital of NO, thereby influencing the strength of the
N—0 bond.*® On the other hand, CO will be chemisorbed on
the catalyst surface by donating the electron to the surface and
this quantum of CO adsorption increases as the number of Lewis
sites increases.”’

Surface Reduction Studies with H,. The reduction
patterns of CeO, and Ru-substituted catalysts are displayed in
Figure 8. The pure cerium oxide exhibits a reduction peak at
around 245 °C, which may correspond to the easily reducible
cerium species from the CeO, structure.””** The incorporation
of 1% Ru in CeO, showed a remarkable improvement in its
surface reduction pattern, which has been indicated by the two
reduction peaks at 117 and 143 °C. Also, in Cegg75Ru 0,505, a
change in M—O strength can be inferred, which creates the
sharp reduction peak at 96 °C due to increasing oxygen mobility
because of the presence of more Ru species. The incorporation
of Ru species into CeO,-based catalysts has a notable impact on
oxygen mobility and catalytic performance. Studies indicate that
the introduction of ruthenium enhances the reactivity of the
catalyst, leading to the formation of Ru—O—Ce bonds, which
are essential for catalytic oxidation reactions.”

CeO,
Cepg9RUg 010,
Cey g75RUy 4250,

- 143°C — CegsRuy 450,

3 ogoc W7°C

: \

z

‘7

5 81°C 245°C

e

= \ 125°C -

T T T T T T T
50 100 150 200 250 300 350 400

Temperature (°C)

Figure 8. H,-temperature-programmed reduction studies over
Ce,_,Ru,0, (x = 0.01, 0.025, and 0.05).

Further, increase in the Ru in ceria (CegsRu,050,) showed
the highest oxygen release at 81 and 125 °C, which was observed
to be a great achievement obtained within the series of the
catalysts prepared with respect to temperature. This shifting of
the reduction pattern by addition of Ru is mainly due to
weakening of Ce—O bond on Ru doping, which alters the
mobility of oxygen and also its redox character.*” The increase in
oxygen mobility with respect to temperature is in the order of
CepgsRugosO, > CeggrsRugpys0, > CeggoRug 0, > CeO,.
CeO, showed a higher binding energy for the removal of O, and
therefore the mobility of O, is highly restricted. After
incorporation of Ru, the mobility of O, requires a lesser amount
of energy, which subsequently results in a highly redox surface.

Catalytic Performance. NO—CO Redox Conversion. The
catalytic reaction of NO and CO simultaneously over Ru-
substituted CeO, has been studied, and the results are presented
in terms of percent CO and NO conversion in Figure 9. The
obtained result clearly indicates the promising effect of
ruthenium-incorporated CeO, for catalytic redox reaction of
NO and CO. Pure cerium oxide showed unresponsive behavior
with respect to NO—CO catalytic conversion, wherein no
conversion of NO and CO was observed in the temperature
range of 30—250 °C. Such response is obvious in CeQ,, as it

100 v v v
Va
100 / —=—Ce0,
= 54| At175°C / 0
s 80 2 /,»" —+—CeqgoRUp 10,
bt g 80 4 CegorsRug o50,
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- <20 /
2 e 7
= 0
5 401 L] /
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Figure 9. NO % conversion studies from the CO-NO redox reaction
over CeO,, CeggoRug010, CeggrsRugys0,, and CegosRugo50, (5%
NO and 5% CO in Ar at a flow rate of 5000 mL h™?).
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requires a higher activation energy to take part in the NO—CO
catalytic process. Also, from the literature studies, it is clear that
the reduction of NO on CeO, is initiated above 250 °C.*"'
However, the catalytic activity of CeO, was found to increase
gradually by the addition of Ru. In the case of CeygoRug,0,,
addition of 1% Ru showed 19% NO—CO conversion at 250 °C
and this conversion rate was increased up to 70% as the
concentration of Ru was increased (Cegg,sRug,50,). Further,
improved NO—CO conversion ability is achieved by
CeposRug05O,, showing 100% conversion at 150 °C, which is
the highest amount among the series of catalysts prepared. The
trend observed in NO—CO catalytic conversion can be
represented as CeO, < CeygoRug0, < Ceyg7sRugys0, <
CegosRug ¢sO,. Such improvement in the catalytic conversion
can be directly related to the advanced effect of electron-rich Ru
when it is added to the CeO, system, thereby providing effective
synergy in the catalytic process. The addition of Ru to CeO, can
lead to the formation of atomically dispersed Ru ions on ceria
surfaces, creating unique catalytic properties with high stability
and redox reactions. Also, Carlotto et al. suggested unique
catalytic properties of Ru, responsible for its high surface
reactivity and affinity for CO, which are pivotal in facilitating the
catalytic conversion of NO and CO at lower temperatures.*”
This synergetic interaction affects the ratio of NO and CO
adsorption on the surface, which can be seen from the NO and
CO TPD results. The trend of NO and CO desorption followed
a similar pattern to that of the catalytic activity as availability of a
higher amount of NO and CO leads to a higher conversion rate.
After Ru incorporation in CeO,, the oxygen mobility increased
at lower temperatures and this may be also contributing to the
NO-CO reaction activity.

In addition, N,O formation was also observed over the
catalysts, and the chromatogram for the same is depicted in
Figure S3. N,O is one of the products that are mostly produced
in a lower-temperature region as a result of partial reduction of
the NO molecule. Here, a minimum amount of N,O was seen
over CepgsRugsO, during the entire reaction. Further, the
catalyst also showed a significantly stable activity and reusability
in regard to the NO—CO redox reaction. The plot of stability
and recyclability is depicted in Figures S4 and SS. The reaction
stability over CejgsRuyg 5O, was studied at 175 °C for 6 h, which
was found to be good and to maintain the 100% conversion rate.

Mechanism for the NO—CO Reaction. The mechanism for
the reduction of NO using various reducing gases has been
reported by several research groups giving various theoretical
and experimental approaches.””*~* Studies showed that the
redox conversion of NO and CO on the catalyst surface could
proceed via the Langmuir—Hinshelwood (L—H) mechanism
and also with the Eley—Rideal (E—R) mechanism.***
Another mechanism is the Mars-van Krevelen (MVK)-type
mechanism, which decides the reaction pathway in most of the
oxidation reactions.”* > Generally, the L—H mechanism is a
universally accepted mechanism for the NO—CO reaction,
wherein both NO and CO get adsorbed on the surface of the
catalyst during the catalytic conversion process. Nevertheless,
the possibility to have more than one type of mechanism on a
single catalytic material for a particular reaction is also
universally accepted as the surface of the catalyst processes
variable active sites.

The probable mechanism for the NO—CO redox reaction was
proposed with the help of NO and CO desorption and other
studies. Since CO and NO showed desorption in higher-
temperature regions, the availability of both the reactants is thus

confirmed on the catalyst surface, and probable pathways for
NO-CO reaction are given in Scheme 2. Here, MOy

Scheme 2. Proposed Reaction Mechanism Pathway of NO
Reduction by CO
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represents the active site involved in CO adsorption and
MOy signifies the active site for NO adsorption for simplicity.
In the proposed mechanism, adsorption of CO (eq 1) followed
by the adsorption of NO molecule (eq 2) is the first step of the
reaction. Based on the experimental findings of NO/CO TPD
studies, the availability of the reactants was observed on the
catalyst surface. This availability thus supports the L—H type
pathways to confirm the simultaneous conversion of NO and
CO. In the third step, as the temperature ramps up, the adsorbed
CO will react with the adsorbed NO on the catalyst surface (eq
3). The simultaneous weakening of the N—O bond and
formation of the stronger O—CO take place, which further
may lead to N, and CO, formation as shown in eq S. Since Ru-
doped CeO, showed a surface reduction pattern, easy removal of
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oxygen was facilitated from the catalyst surface at a lower
temperature. This may also help in the NO/CO redox reaction,
which can proceed with the MVK-type mechanism as shown
below. CO adsorption over the catalyst surface consumes the
lattice oxygen to form CO,, making the surface oxygen deficient
(egs 6 and 7). Later, this oxygen-deficient surface site acts as an
active site for NO adsorption and subsequently can be
regenerated by the oxygen from the NO molecule, releasing
N, back to the atmosphere as depicted in eqs 8—10. In addition
to N, and CO,, N,O was also detected in the system during the
initial period of the reaction. This can be explained as follows:
when CO forms a partially weak bonding with the adsorbed NO,
there can be the possibility that the available neighboring
adsorbed NO will also react simultaneously with the same NO
molecule (eq 11), where breaking and construction of new
bonds occur, which may lead to the formation of CO, and N,O
as shown in eqs 12 and 13. Finally, as described in eqs 14—16,
desorption of the formed gases (N,, CO,, and N,O) takes place,
leaving the active site for the next catalytic cycle. This
mechanistic pathway is partly in agreement with the reported
mechanism in the literature.***

Since both the gases, i.e., NO and CO, showed adsorption on
the Ru-doped catalyst by TPD studies, the mechanism could
proceed via the L—H mechanism (eqs 1-5). Also, TPR
reduction studies showed oxygen mobility at a lower temper-
ature in the Ru-doped catalyst and are therefore also expected to
show MVK mechanisms (eqs 6—10). Furthermore, subsequent
equations showed the formation of products such as CO,, N,,
and N,0.

B CONCLUSION

This study demonstrates the fabrication of cerium oxide using
ruthenium (Ru) for catalyzing the conversion of NO and CO to
N, and CO,, respectively. Monophasic Ru-substituted CeO,
materials were developed through a tartaric-acid-assisted
solution combustion method, resulting in porous nanomaterials
with high surface areas. The stronger interaction between Ru
and Ce indicated enhancement in the surface reducibility of the
catalyst and, with the increasing Ru concentration, the shifting of
the reduction point to a lower temperature has been observed. In
addition to this, the strong interaction between these active
metals is able to produce both Lewis acidic sites as well as Lewis
basic sites within the catalyst, which are very much essential for
the sorption of CO and NO. Further, catalytic results displayed
the conversion of NO—CO over all of the Ru-modified CeO,.
However, significant enhancement was only achieved on
CeggsRug o505, which could achieve 100% conversion of NO
and CO at 150 °C. This lower-temperature conversion is thus
justified as a high synergistic interaction generated with the Ru,
which creates more adsorption sites for CO, resulting in a CO-
enriched catalyst surface. Interestingly, it has been observed that
both NO and CO react after the formation of metal-NO and
metal-CO bonds on the catalyst surface. Finally, with all of the
experimental evidence, a Langmuir—Hinshelwood and Mars-
Van Krevelen-type mechanism has been proposed for the NO—
CO redox reaction, which very well directs the catalytic reaction
when both the reactants show an aflinity toward the surface,
forming a chemical bond.
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