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ABSTRACT

Acid gases including CO,, SO,, and NOy are ubiquitous in large scale energy applications
including heterogeneous catalysis. The adverse environmental and health effects of these acid
gases have gained high interest in the research and development of the technologies to remove or
convert these acid gases. The main challenge for the development of these technologies is to
develop catalysts that are highly efficient, stable and cost-effective and many catalysts have been
reported in this regard. CeO, and CeO,-based catalysts have gained prominence in the removal
and conversion of CO,, SO, and NOy because of their structural robustness, redox and acid-base
properties. In this paper, we provide a brief overview of the application of CeO, and CeO,-based
catalysts for CO,, SO,, NOy gases removal with emphasis on the fundamental understanding of
the interaction of these acid gases with CeO,. The studies summarized in this review range from
surface science using single crystals and thin films with precise crystallographic planes to
practical catalysis applications of nanocrystalline and polycrystalline CeO, materials with defects
and dopants. After an introduction into the properties of CeO, surfaces, their catalytic properties
for conversions of different acid gases are reviewed and discussed. Surface atomic structure,
oxygen vacancies, and surface acid-base property of CeO, play vital roles in the surface
chemistry and structure evolution during acid gas interaction with CeO, and CeO,-based

catalysts.



INTRODUCTION

Acid gases such as CO,, SO, and NOy are pervasive in large scale energy applications.*® A
typical coal-fired power plant emits significant amount of CO,, SO,, NOy gases.® These acid
gases can also be present in many catalytic processes as reactants or products. The adverse
impacts of these acid gases on the environment and global climate change have necessitated
increased research interest with the goal of reducing harmful emissions. CO; can be removed by

1014 and polymer membranes.™® ** CO, can also be

liquid amine scrubbing,” solid adsorbents
catalytically converted to useful chemicals via hydrogenation or via dry reforming of methane to
make syngas.'” *® Dry and wet flue gas desulfurization and selective catalytic reduction (SCR)
by NH3 are the conventional processes used for SO, and NO, removal. Many new catalysts have

1,3,4,19-22

been developed for flue gas clean up to reduce the emissions of these pollutants, among

which CeO,, and CeO,-based oxides are important candidates.

This paper presents a brief review of the application of CeO, and CeO,-based catalysts in
heterogeneous catalytic processes for the removal of CO,, SO, and NOy . CeO, is widely used in
heterogeneous catalysis serving as both structural and electronic promoters.?*** CeO, has been
used as a major component in three-way catalysts in the cleanup of automobile tailpipe emissions
because of its high oxygen storage capacity.”?® The relative ease of switching between +4 and
+3 oxidation states and the high oxygen storage capacity are considered as the key factors for the
catalytic activity of CeO,. However, these properties can be adversely impacted by the presence

of acid gases even at low concentrations.?®

To develop active, selective and stable catalysts for the removal and conversion of the acid

gases, a prerequisite is to gain a fundamental understanding of how these gases interact with, and



convert, at the surface of the catalysts. The focus of this paper is to review the fundamental
aspects governing this behavior, including surface speciation, conversion and regeneration from
CO,, NOy, and SO, interactions. For each acid gas, the surface science work on ceria single
crystals and thin films is presented first, followed by investigations on powder ceria in both
single crystalline and polycrystalline forms, and finally studies via theoretical and computer
modeling. This contribution is intended to complement other recent review articles, which cover
broad ranges of surface chemistry studies on CeO,-based materials, including surface science

work®? 3 as well as practical catalysis studies.** 92028

SURFACE STRUCTURES OF CERIA

Since the interaction of acid gases with CeO, starts with the gas adsorption on the surface of
CeO,, the surface structure of CeO, is deemed to be vital in determining catalytic activity.
Hence it is helpful to briefly introduce the structure of some common CeO; surfaces before
reviewing the catalysis research work. The three commonly observed CeO, facets, (111), (100),
and (110), are shown in Figure 1, along with bulk CeO,, which has fluorite structure. The
coordination states of the surface cation, (Ce**), and anion (O%), differ on each surface. In bulk
ceria, the coordination numbers of Ce and O are 8 and 4, respectively. As shown in Figure 1, on
ceria (111), (100), and (110) surfaces, the coordination numbers for surface Ce** cations are 7, 6,
6, respectively, while the coordination numbers of the corresponding surface O® anions are 3, 2,

and 3.2 %

The different surface atom arrangements and degrees of surface coordinative
unsaturation (cus) of the cations and anions result in differences in oxygen vacancy formation

energy, interaction strength with surface adsorbates, and thus different redox and acid-base



properties in forms of ceria single crystal, thin films,?* or nanocrystalline ceria with defined
surface planes.**® It is generally believed that the (111), (110), and (100) facets dominate the

surfaces of ceria nanocrystals, with morphologies of octahedra, rods, and cubes, respectively.

(a) Bulk ceria: CaF, type (b) (111) (c) (110) (d) (100)
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Figure 1: Structure of (a) bulk CeO,, side view of (b) CeO, (111), (c) CeO, (110), and (d) CeO,
(100).

CO; INTERACTION WITH CeO,-BASED CATALYSTS

Surface science Studies of CO, on CeO, Surfaces: The interactions of CO, with CeO, model

systems were studied by various groups.’® 3¥*  Senanayake and Mullins*® observed that CO,
interacts weakly with both oxidized and reduced CeO, (111) and observed similar behavior with
a small amount of carbonate formed at low temperature that persisted up to 300 K on both
surfaces. The interaction between CO, and reduced CeO, (111) surface was found much
stronger than the stoichiometric CeO, (111) surface. CO, adsorption on oxidized CeO, (100)
and partially reduced CeO;7 (100) thin films was investigated using soft X-ray photoelectron
spectroscopy (sXPS), near-edge X-ray absorption fine structure (NEXAFS), Temperature
programmed desorption (TPD) techniques and DFT calculations.’® CO, adsorbed as carbonates

(CO5%) on both oxidized and partially reduced CeO, (100) films at 180 K. Coverage and



thermal stability of carbonates on partially reduced CeO, films are higher than the carbonates on
the oxidized CeO, (100) films. DFT+U calculations were conducted on possible adsorption
states for the carbonate and interestingly the most stable configuration was a tri-dentate species
where the C in the CO; bonded to a surface O and the O in the CO, bonded in bridge sites to
surface Ce. The reoxidation of the reduced CeO,(100) surface by CO, was not observed.
Staudt et al.”* studied the interactions of CO;, with CeO,., (111) films grown on Cu (111) single
crystal surfaces using the resonant photoelectron spectroscopic technique. CO, was activated on
intrinsic defect sites of CeO, surface at sufficiently high concentration of Ce®*" centers and partial
reoxidation of CeO, by CO, was observed at room temperature contradicting the results
reported by Albrecht et al.*® The deviation in the results reported by Staudt et al.* could be due
to the fact that CeO, (111) films were exposed to high doses of CO, (10 L, 200L, 4000 L,
10000 L and 20000 L CO, compared to 5L CO, exposure in the study reported by Albrecht et
al.'®) in their study. CO, adsorption on samples with different oxidation state (CeO,/Cu, CeO,../
Cu) and compositions (mixed MgO-CeO,/Cu, MgO-CeO,./Cu) was studied using scanning
tunneling microscopy, and X-ray photoelectron spectroscopy techniques by Lykhach et al.**
Carbonates and surface carboxylates were formed on CeO,/Cu (stoichiometric and reduced) and
MgO-CeO,/Cu (stoichiometric and reduced) samples, and were similar to the species formed on
polycrystalline CeO,. Presence of MgO enhanced the formation of carbonate species, possibly
due to the increase in the basicity caused by MgO in MgO-CeO,/Cu samples which was also
reported by Li et al.*® . Interestingly, the reoxidation of Ce®* to Ce** by CO, was suppressed by
the presence of MgO due to formation of stable carbonates on Mg?* sites, which did not undergo

decomposition.



Extended to powder ceria but with well-defined surface planes as in the surface science
counterparts, we recently studied CO, on CeO, nanoparticles (rods (defective surface), cubes
(100), octahedra (111)) with well-defined facets using in situ IR spectroscopy coupled with mass
spectrometry techniques.®® CeO, rods, cubes and octahedra nanocrystals were prepared by
hydrothermal treatment in Teflon-lined stainless steel autoclave.** ** The surface structure of
CeO, was controlled by varying the pH, temperature and duration of the reaction. CO; adsorbed
in the form of bridged, monodentate, and bidentate carbonates (Scheme | (a-c)) and bicarbonates
(Scheme 1 (e)) on all CeO, nanoparticles, however, the relative amount of carbonate species
varied with the structure of CeO, nanoparticles. CeO, rods which are more defective bind CO,
more strongly than the cubes and octahedra facets. The structure and binding strength of CO,
were found to depend on the surface structure, reactivity of the surface oxygen and the presence

of defects on CeO, nanoparticles.
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Scheme I: Structure of the adsorbed CO, on CeO,. (a) bridged carbonate; (b) monodentate

carbonate; (c) bidentate carbonate; (d) inorganic carboxylate; (e) bicarbonate.

Influence of synthesis procedures: Different synthesis procedure can lead to difference in

surface property of the resulting ceria, such as amount and nature of defect sites. Consequently
the interaction with CO, can be different for ceria synthesized via different procedures. Natile et
al.* synthesized nanostructured CeO, powders by two different synthetic routes: (i) precipitation

from a basic solution, and (ii) by a microwave-assisted heating hydrolysis method. CeO,



particles prepared by the precipitation method have low surface area (41 m?/g) with broad
particle size distributions (8-15 nm) compared to the microwave-assisted method (72 m%(g),
which has smaller particles (3.3-4 nm). CeO, prepared by the microwave-assisted method is
more reduced and adsorbs more CO, than the CeO, prepared by the precipitation method. The
higher degree of reduction of the CeO, obtained by microwave-assisted method could be

attributed to the smaller particles. Li et al.*”®

studied CO; adsorption on CeO, nanorods (CeO,-
nanorods) synthesized by traditional hydrothermal synthesis** and the glycol solvothermal
method (CeO,-GST). CeO,-GST exposing stable (111) facets have a larger number of oxygen
vacancies than CeO,-nanorods, which are exposed to (100) facet because of the reduction of
glycol by valence change Ce*" * Ce**. CO, adsorbed in the form of bidentate and bridged
carbonates and desorbed easily from the CeO,-GSTsurface. However, CO, adsorbed in the form
of monodentate and formate species on CeO,-nanorods which are adsorbed more strongly
compared to CeO,-GST and could not be removed easily. CeO,-GST, which has large number
of vacancies, adsorbed more CO, (149 umol/g) than CeO,-rods (86 pmol/g). However, it is
interesting to note that the even though the CeO,-rods have less number of oxygen vacancies, it
adsorbed CO, more strongly than the CeO,-GST. High CO; binding strength observed in CeO,-

rods could be due to the adsorption of CO, on the more reactive (100) facet, compared to the

stable (111) facet.

Mounfield et al.*®

investigated CO, interactions with traditionally prepared CeO,-rods
(hydrothermal synthesis) and metal organic framework (MOF) derived CeO, (MOF-CeO,) to
study the effect of morphology and coordination environment. CO, adsorbed in the form of

bicarbonates, and monodentate carbonates on MOF-CeO,, whereas, on CeO,-rods, CO, adsorbs

in the form of bidentate and monodentate carbonates. The MOF-CeO, exhibited higher CO,



capture capacity (173.93 umol/g) than the CeO,-rods (130.65 pumol/g), presumably due to the

retained porosity from the parent MOF and the inherent defects of MOF-CeO,.

CO,_adsorption studies on polycrystalline CeO, powders: CO, interaction with CeO,

powders has been investigated extensively.*”° Bridged, monodentate, and bidentate carbonates
and inorganic carboxylates (Scheme 1 (a-d)) were observed during CO, adsorption on CeQ,*"°
with the order of the thermal stability being: bridged carbonate < bidentate carbonate < inorganic
carboxylate < monodentate carbonate.*” * Yang et al.>* prepared CeO, and Sm-CeO, using a
space-confined method and investigated the effect of samarium (Sm) doping on CO, adsorption.
The number of oxygen vacancies was increased by doping with samarium, which resulted in an
increase in the CO, capture capacity (33.8 umol/g for CeO,; 99.1 umol/g for Sm-CeQO;). The
effects of dopants was also investigated recently by Li et al.*® A series of high surface area CeO,
and M-doped (M= Cu, La, Zr, and Mg) CeO, nanoparticles were prepared by a surfactant-
template method and tested for their CO, capture properties. Of notice, the content of dopants is
4 mol% and thus the interaction of CO, with the materials is mostly via ceria surface. As shown
in Figure 2, doping of CeO, with Cu or La increased the CO; capture capacity, whereas, doping
of CeO, with Mg decreased the CO, capture capacity of CeO,. Doping of CeO, with Zr had
little effect on the CO, capture capacity. These changes were found to be related to the presence
of surface defects on ceria. It was proposed that the relative amount of defect sites present on the
surface of CeO, modified by dopants plays the vital role in CO, chemisorption while the defects

induced in the bulk of CeO; are not directly involved.
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Figure 2: Effect of dopants on the CO, capture capacity of CeO,.*

Theoretical Investigation of CO, Adsorption: CO, adsorption on model CeO, surfaces was

investigated using density function theory (DFT) calculations by many research groups.>*>*

1.°2 and Reimers et al.>® studied the adsorption of CO, on CeO, (111) surface with

Hahn et a
DFT. Hahn et al.>® reported that monodentate carbonate, bidentate carbonate and linear CO,
species are formed, among which, the monodentate carbonates are most stable with a binding
energy of -0.31 eV. A charge transfer of 0.46 e was calculated from CeO; (111) surface to the
monodentate CO, species, indicating the basic character of CeO, (111) surface. At higher
coverages (> 1/3 ML), multiple layers of linear CO, species adsorbed on top of monodentate
carbonate mono layer, suggesting a weak interaction between linear CO, species and CeO; (111)
surface.. Reimers et al.>® observed the formation of planar COs* species during CO, adsorption

on CeO; (111) and high adsorption energies were reported for CO, adsorption on CeO, (111)

with O-vacancies compared to the stoichiometric CeO, (111) surfaces.
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Cheng et al.>* studied the adsorption and dissociation of CO, on the CeO, (110) surface. CO,
adsorption and dissociation to CO on the stoichiometric and reduced CeO; (110) (both in-plane
and split vacancy) were investigated via DFT. From the baseline repeating unit, CeO, (110) with
an in-plane vacancy has one of the surface oxygens removed with little surface reconstruction.
The split vacancy structure exhibits in-plane and out-of-plane movement of the remaining
surface oxygen anion (O,) so that it bridges with the surface cerium cations. The stoichiometric
CeO; (110) exhibited weak CO, adsorption (physisorption) whereas, both reduced CeO, surfaces
(in-plane and split oxygen vacancy) exhibited chemisorption. CO, adsorbed in the form of
inorganic carboxylates on reduced CeO, with a split oxygen vacancy structure which are more
stable than the monodentate carbonates formed on the CeO, with an in-plane oxygen vacancy.
During the dissociation step, the inorganic carboxylates on reduced CeO, with in-plane oxygen
vacancy were converted to bridged carbonate and then finally to CO whereas monodentate
carbonates formed on CeO, with split oxygen vacancy were converted to asymmetric bidentate
carbonate and the finally to CO. Adsorption of CO, resulted in the partial re-oxidation of the
reduced CeO, surface. The experimental and computational studies performed on CeO, (100)*
showed that CO, adsorbs solely in the form of tri-dentate planar carbonates and no carboxylate
species were formed. CO, was the only reaction product and CO was not detected and no re-

oxidation of the reduced CeO, (100) surface was observed.

In Summary, the presence of O vacancies plays a key role in the CO; interaction with CeO,-
based catalysts. The application of CeO, based adsorbent was not studied extensively in the
literature. There were only 2 studies reported on the application of CeO, for CO, capture
process. The CO, capture capacity of the CeO, catalysts can be enhanced by doping with metal

cations, which increases the number of O vacancies. It has been reported that amine-based

11



sorbents adsorb more CO, in the presence of water vapor.'” > %

The increase in the CO,
capture capacity might be due to the enhaced diffusion rates of physically bonded amine-water-
CO, moieties.”® The effect of humidity on the CO, adsorption performance of CeO,-based
catalysts has not been reported in the literature, which has to be investigated throughly for the

application of CeO, for CO, capture process, since the flue gases contain water vapor.

NOyx INTERACTION WITH CeO,-BASED CATALYSTS

Surface Science Studies of NOy interaction with CeO,: The wide use of ceria as a major

component in NO removal catalysts inspired many studies of NO — CeO, interaction for
understanding the reaction mechanism.?>" Surface science work provides such kind of insights.
Ferrizz et al.>® observed that NO did not adsorb on oxidized CeO, (111) and CeO,/+-Al,03 (001)
films at 300 K. Overbury et al.>® also observed that NO did not adsorb on oxidized CeO, (001)
surface either at 160 K or at 300 K. On slightly reduced CeO, (111) and CeO,/+-Al,0O3 (0001)
surfaces, NO adsorbed molecularly at 300 K which dissociated into N, upon heating to 400 K
resulting in the reoxidation of the reduced CeO, surface. NO dissociated on a highly reduced
CeO; (111) surface and formed surface nitride species which were stable up to 400 K. Nitrides
decomposed to N, at high temperatures (2 peaks at 475 and 625 K were observed). In contrast to
the results reported by Ferrizz et al.,”® reoxidation of CeO,.,/Pt (111) after NO adsorption at 300
and 400 K was not observed by Berner et al.®® The interaction of NO, with CeO,./Pt (111) was
also investigated by Berner et al.®® NO, dissociated to NO adsorbates that occupy the two-fold
bridging sites of Pt (111) at 300 and 400 K. Adsorption of NO, resulted in the reoxidation of

ce® to Ce*.
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Overbury et al.>® observed that NO adsorbed on sputtered (2 keV Ar* ions) CeO, (001) and
on Rh/CeO; (001) films (Rh on both sputtered and oxidized CeO;). NO adsorbed strongly on the
Rh/sputtered CeO, (001) and had a higher desorption temperature than on sputtered CeO, (001)
and RH/CeO; (001). The strong interaction between Rh and CeO, affects the reactivity with
NO. Mullins et al.®* investigated the decomposition of NO on Rh supported on oxidized and
reduced CeO, films using soft X-ray photoelectron spectroscopy (SXPS). The degree and
temperature of decomposition are reduced for Rh/reduced CeO, compared to the Rh/oxidized

CeO film. In another study, Overbury et al.??

reported that NO did not adsorb on either oxidized
CeO; (100) or CeO; (111) surface above 150 K but at 90 K NO adsorbed in the form of N,O and
nitrites. Whereas, on reduced CeO; surfaces, NO adsorbed in the form of NO™ and N,O species.
Various forms of N atoms (N, N., N*) were observed during NO adsorption and decomposition.

On the reduced surfaces, the dissociation of NO occurred over a wide temperature range (150-

300 K). Oxidation of reduced CeO, occurred upon adsorption at 90 K.

NO,_on CeO, nanocrystals: Very limited work was done with NO adsorption on ceria
nanocrystals with well-defined surface facets as these nanocrystals have become available only
in recent years. MnO,/CegoZro.10, nanorods ® showed excellent activity for SCR of NO with
NH; at low temperature. MnO,/Ce9Zry10, exhibited 90% NO conversion at 423 K compared
to CepgZro10, nanorods (70% NO conversion at 623-703 K). According to the DFT
calculations, Mn-CeO, (110) exhibited more feasibility for O-vacancy formation, faster nitrite

formation, and higher NH; adsorption than the CeO, (110) model. Kawi et al.**

investigated the
effect of the structural and textural properties of CeO, on the selective catalytic reduction of NOy
with CsHg and O,. Hydrothermally (HT) prepared CeO, nanoparticles (surface area = 83.2 m?/g)

exhibited higher activity (60 % NO conversion) and stability in the presence of 10% water vapor

13



than the CeO, (30 % NO conversion) prepared by the precipitation (PP) method (37.8 m?/g).
Higher activity for NO reduction of HT CeO; nanoparticles was due to the high surface area,

finer particles and high thermal stability.

NO, interaction with polycrystalline CeQ, powders: Zhang et al.®® investigated the

interaction of NO with commercial CeO, (Sigma Aldrich). NO adsorbed in the form of
bidentate, monodentate, water-solvated, and bridging nitrates and trans-N,O,> (1442 cm™) at
303 K on oxidized CeO,. At higher temperatures (373- 573 K), formation of cis- N,O,* species
was observed. Whereas on reduced CeO,, NO adsorbed in the form of bridging, bidentate, and
monodentate nitrates, trans-N,O,%, cis- N,O,>, and NO™ species at 303 K (Figure 3). IR
absorbance intensity and thermal stability of NO-adsorbed species were found to be lower on
reduced CeO, than the oxidized CeO,. An interesting observation made by Zhang et al.*® is that
only surface NOy-adsorbed species (cis- N,O,*) participate in the SCR of NO by NH3 between
573 and 623 K. The nitrate species (monodentate, bidentate and bridged) formed during NO
adsorption decompose as NO.

Contrary to the results reported by Zhang et al.,* Phillip et al.®® and Symalla et al.®’
observed the formation of chelating nitrites along with a small amount of nitrates during NO
adsorption on CeO,. In the presence of Oy, the nitrites are oxidized to nitrates. Phillip et al.*®
also observed the formation of trans- and cis- N,O,> species during NO adsorption on CeO,
powder below 373 K and only cis- N,O,* species above 373 K, similar to the results reported by

Zhang et al.*° In another study, Mihaylov et al.®®

reported the formation of surface azides (N3)
during adsorption of NO on reduced CeO, surfaces (supplied by Rodhia (France), and Daiichi
Sankyo (Japan)), which was not reported anywhere else in the literature. Adsorption of NO on

reduced CeO, led to the reoxidation of Ce®* to Ce*.
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Figure 3: IR spectra during NO adsorption (500 ppm NO and balance He) at room temperature
on (a) fully oxidized CeO, and (b) reduced CeO,. The temperature was increased in He flow.®®

Selective Catalytic Reduction of NO, Using Mixed Oxides: Azambre et al.*® investigated the

NO and NO, interaction with commercial Ce,Zri.4«O, mixed oxides. NO and NO, adsorbed in

the form of nitrites and nitrates at 303 K. CexZr1.,O, mixed oxides adsorb more NO, than NO.
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Nitrites and hyponitrites desorb at lower temperatures (below 523 K) than the nitrates (573-823
K). Gao et al.”> ™ investigated the activities of CeO,-TiO, catalysts for the selective catalytic
reduction (SCR) of NO with NH;3; prepared by single step sol-gel, impregnation and co-
precipitation method. Among the CeO,-TiO, catalysts, the catalyst prepared by a single step sol-
gel method exhibited the highest activity of SCR of NO because of the high surface area and
high dispersion of nano-crystalline ceria. The CeO,-TiO, catalyst prepared by the sol-gel
method exhibited 98.6% NO conversion at SCR temperatures between 573 and 673 K. The NO
conversion decreased to about 78% in 6 hours in the presence of 200 ppm SO, at 573 K. The
NO conversion decreased from 70 to 50% in 4 hours when H,O was introduced along with SO,.
However, at high reaction temperatures (623 K) the NO conversion showed less decrease (98.6
to 92.9%) in the presence of SO,, which could be due to the decrease in the SO, binding strength
on Ce0,-TiO, catalysts at high temperatures. Chen et al.”® reported that the CuO-CeO,-TiO,
ternary oxide catalyst synthesized by a sol-gel method showed high SCR activity (>80 % at 423-
473 K and about 100% at 523 K). CuO-CeO,-TiO; exhibited higher activity (>80%) than the

1./% ™ CeO, enhances the surface area of the CuTi

CeO,-TiO, catalyst reported by Gao et a
catalyst and leads to high dispersion of copper oxides on TiO, support, mainly in the form of
isolated and coupled Cu?*. Interaction of CeO, and CuO resulted in increased oxygen adsorption
with high mobility. NH3-SCR reaction on CuO-CeO,-TiO, occurred between Cu*?-NO, nitrate

coordinated on CeO, sites and titanium sites bonded with NHs.

Ma et al.”® investigated the synergistic effects between CeO, and WOy in the CeO,-WOy
mixed oxide catalysts. WO,/CeO, catalysts with different WO, loadings prepared by a wet
impregnation method were tested for the SCR activity. The CeO, catalyst with 10% WO

loading gave a high SCR activity, 80% NO conversion over a wide temperature interval of 473-

16



673 K compared to CeO, (40 % NO conversion). A CeO,-WOy catalyst with Ce/W molar ratio
of 3/2 (CesW,) synthesized by Chen et al.”*"® exhibited high activity for NO reduction (100 %
NOy conversion at temperatures 473-723 K) compared to CeO, (70 % at 723 K), CeO,/TiO;
(90% at 573-673 K)™ ", or Ce0»-WO,/TiO, (90% at 473-673 K)™ " and high SO, tolerance.
CesW, catalyst maintained 100% NO conversion in the presence of 200 ppm SO, for 48 hr,
whereas the NO conversion decreased from 90% to 35% for CeO,/TiO, and from 90% to 67%
for CeO,-WO,/TiO, catalysts. The strong interaction between Ce and W results in the increase

in Ce®" which led to the increase in the catalytic activity for SCR. Daturi et al.”’

reported that the
deNOy activity on the CeO, powders correlates with the ability of O vacancy formation. A
Ce.75Zr0.250- catalyst with a larger number of oxygen vacancies (290 umol/g catalyst) displayed
higher activity for NO conversion (92%) than reduced CeO, (O vacancy: 90 umol/g catalyst and

NO conversion: 78%)

llieva et al. ® ™ studied the reduction of NO by CO using a gold catalyst supported on CeO,
and CeO,-Al,O3 catalysts prepared by a co-precipitation method. An Au/CeO; (AuCe) catalyst
exhibited higher NO conversion (78%) compared to Au/CeO,-Al,03 (51.5%) at 477 K. Addition
of Al,O3 resulted in the increase in gold particle size, leading to the decrease in the catalytic
activity. MnOy-CeO, binary oxides were synthesized by Machida and coworkers®® for
adsorptive and subsequent reduction of NOy (0.08% NO + 2% O,) at low temperature (d 423 K).
Chelating nitrites were formed during NOy adsorption on MnO,-CeO, and the nitrates

decomposed to NO at 773 K.

Sn-modified MnO,-CeO, catalysts with Sn:Mn:Ce = 1:4:5 prepared by Chang et al.®
exhibited 100% NOy conversion by NH3 at 383-503 K compared to MnO-CeO, (86% at 383-

503 K). Modification of MnO«-CeO, with Sn resulted in the increase in the number of oxygen

17



vacancies and surface acidity which led to the enhancement of the SCR activity. The Sn-
modified MnO«-CeO, catalyst showed better tolerance towards SO, poisoning compared to the
MnOy-CeO, catalysts. In the presence of 100 ppm SO, and 9% H,O, the NO conversion
dropped to 62% at 383 K and 94% at 493 K for a Sn-modified MnO,-CeO, catalyst, whereas for
a MnO,-CeO, catalyst the NO conversion dropped to 18% at 383 K and 56% at 493 K. MnOy-
CeO, supported on activated carbon honeycomb (MnOy-CeO,/ACH) catalysts showed high
catalytic activities for selective catalytic reduction of NO with NH; at low temperatures.* The
catalyst presented 100% NO conversion at 353 — 433 K and 98% NO conversion at 453-473 K.
CeO, promotes the oxidation of NO and increases the amount of NOj resulting in the

enhancement of SCR activity of the MnO,-CeO,/ACH catalysts.

In H2-SCR, 62.5 % NO conversion was reported for Pd/MnOy-CeO, which was substantially
higher than Pd/MnOy (5.4 %) and Pd/CeO, (23.8 %) at 423 K by Machida et al.2% # 84 Through
a detailed study with XPS, TPD, and DRIFTS, a mechanism of reaction between adsorbed NOy
and H; was proposed and shown in Figure 4. The activated hydrogen formed on Pd migrates to
the MnO«-CeO; surface and reduces the oxide surface and nitrites (formed during NO sorption
on MnOy-CeO, surface) to form N, and H,O. Costa et al. investigated the mechanistic aspects of
the H,-SCR of NO on Pt/Mg-CeO, catalysts which exhibited 83% nitrogen reaction selectivity
and NO conversion between 80-97% in the presence of 5% H,0O and 20- 45 ppm SO, at 393-473
K.% NO, is reduced by the active hydrogen formed at Pt surface, similar to the mechanism

proposed by Machida et al.®* %
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Figure 4: Possible mechanism for reaction of H, and NOx on Pd/MnOy-CeO, catalyst.?®

Rodriguez et al.®’ investigated the interaction of NO, with CeO, and MgO catalysts using
synchrotron-based x-ray absorption near-edge spectroscopy, high resolution photoemission
techniques and first-principles density functional calculations. NO, adsorbed in the form of
thermally stable nitrates (NO3) on CeO,, which decomposed between 450 and 600 K. NO;3™ and
adsorbed NO, were the main species that were formed during NO; adsorption on a MgO catalyst.
NO; interacted strongly with MgO and the adsorbed species decomposed at higher temperatures

(600-800 K) than the adsorbed species on CeO,.

Theoretical Investigation of NO, Adsorption: Yang et.al., investigated the adsorption of NO
on stoichiometric and reduced CeO, (111) and (110) surfaces using DFT theory within the
generalized gradient approximation.?® On a stoichiometric CeO, (111) surface the most
preferred mode of NO adsorption was atop the Ce site with adsorption energy of 2.33 kcal/mol,
whereas on a stoichiometric CeO, (110) surface, the most preferred adsorption modes were Ce-
bridge modes. On reduced CeO, surfaces the optimized structure was the tilted structure with O
atom closest to the substrate. The adsorption of NO on reduced CeO, surfaces was stronger than
on the oxidized surfaces. In another DFT+U study on NO adsorption on a reduced CeO, (110)

surface the formation of NO, with nearby lattice O was observed.*® NO, then dissociated into

19



NO and O to fill the original O vacancy. 2 or more adsorbed NO molecules adsorbed at isolated
O vacancies could also combine to form N,O, which dissociates to N,. Nolan et al.*
investigated the adsorption of NO, on reduced ceria (111), (110) and (100) surfaces with DFT+U
calculations. NO, was converted to NO on reduced CeO, surfaces. Adsorption of NO, on
defective CeO, surfaces resulted in some reoxidation of Ce**, with an electron being transferred
to NO, to form NO," as an intermediate. The conversion of NO, to NO was more favorable on
the (111) surface than on the (110) and (100) surfaces as the O vacancy in (111) is least stable on

the (111) surface.

To sum up this section, it has been shown that the surface area, particle size of and number of
oxygen vacancies in the ceria and ceria-based catalyst play a vital role in the SCR of NOx gases.
In situ IR studies show that nitrates/nitrites are formed during NO adsorption on CeO,, however
the structure of adsorbed NOy is still ambiguous. Some studies reported the formation of nitrates
while other reported the formation of nitrites. CeO; catalysts with high activity (98-100% NO
conversion) for NOy reduction have been reported, however these catalysts were not tested in the
actual flue gas conditions which contains trace amounts of SO, and H,O. Only a few studies
investigated the effect of SO, and H,O on the catalytic activity for NOx reduction and reported
that the catalytic activity decreases in the presence of SO, and H,O. Studies on the effect of long
term exposure of SO, and H,O on the catalytic activity of CeO, and CeO,—based catalysts are

important for the design of SO,-resistant catalysts.

SO, INTERACTION WITH CeO,-BASED CATALYSTS
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Due to the detrimental effect of trace SO, in various processes on the performance of CeO,
and CeO,-based catalysts, numerous studies have been devoted to study SO, interaction with
pure CeO, and CeO,-based catalysts using various characterization techniques such as IR and
Raman spectroscopy, X-ray photoemission spectroscopy (XPS) and X-ray absorption near-edge

spectroscopy (XANES).

Surface Science Studies of SO, on CeO,: Overbury et al.** investigated the interaction of SO,

with oxidized and reduced CeO, (111) films (< 5 nm) on Ru (0001) substrate using soft X-ray
photoelectron spectroscopy (SXPS), and thermal desorption spectroscopy. SO, adsorbed as
sulfites on oxidized CeO, films at temperature below 300 K which is consistent with the
previously reported studies.”> However, the reduction of CeO, surface, as reported in the

literature, %%

was not observed. The sulfites were strongly bound to the CeO, surface and some
were stable even at high temperature (600 K). On the reduced CeO,(111) film, sulfites were
formed upon SO, exposure at temperatures below 300 K, and the sulfite species were converted
to sulfides at temperatures above 300 K. Contradictory to other results reported in the
literature,®*%" the XPS results showed that the ratio of Ce**/Ce®* increased on reduced CeO,
films after exposure to SO, followed by annealing, indicating that the surface was oxidized after
SO, adsorption. In another study, Happel et al.%® investigated SO, adsorption on stoichiometric
and reduced CeO, (111) films supported on Cu (111) using synchrotron radiation photoelectron
spectroscopy (SR-PES). Similar to the results reported by Overbury et al.,** the authors
observed that sulfites were the predominant species formed upon adsorption of SO, on both
stoichiometric and reduced CeO, films at 300 K, however sulfates were formed at higher

adsorption temperatures (above 400 K). Surface sulfides (S*) were formed during

decomposition, and the formation of sulfides was observed at lower temperatures (300 K) on a
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reduced CeO; film compared to the stoichiometric CeO, (400 K). At temperatures above 550 K
the surface sulfides were converted to bulk sulfides. The interaction of stoichiometric CeO,
(111) with SO; resulted in a minor change of the Ce oxidation state, whereas interaction of SO,
with reduced CeO, (111) film led to strong reoxidation of Ce, similar to the results reported by
Overbury et al.™* Happel et al.”® also investigated the mechanism of SO, decomposition on a
Pt/CeO, (111) model catalyst. The adsorbed species formed on Pt/CeO, and CeO, during SO,
adsorption are similar. However, during annealing at temperatures between 300 and 500 K, the
surface species were converted to atomic sulfur located mainly on Pt particles and this process
led to the reoxidation of CeO, due to the liberation of oxygen.

Ferriz at al.,*® studied the SO, interaction with polycrystalline CeO- thin films supported on
titanium foil and on Mo(100) using XPS and temperature-programmed desorption (TPD). They
reported that the adsorption of SO, on CeO, thin films at 298 K resulted in the formation of
molecularly adsorbed SO, and small amounts of sulfate species. The adsorbed SO, desorbed and
re-adsorbed as surface sulfate species when heated to higher temperatures (373 to 673 K). High
concentrations of surface sulfates were produced when the CeO, film was heated to 573 K in the
presence of SO, + O,. The XPS results are in agreement with results reported by Wagif et al.*
on polycrystalline CeO, powder especially at high temperatures. However, Ferriz et al. did not
observe the formation of sulfite species at room temperature as reported by Wagqif et al.*
Adsorption of SO, results in the partial reduction of the CeO, surface, which is in agreement
with the results (on polycrystalline CeO, powder) reported by Flouty et al.** In another study,
Rodriguez et al.'® evaluated the SO, adsorption on pure and reduced CeO, powders and thin
films (3-4 nm thick) using synchrotron-based high-resolution photoemission, X-ray absorption

near-edge spectroscopy (XANES) and TPD. XANES showed the formation of sulfates on both
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CeO, powder and thin films when exposed to SO, at 300 K, which is contrary to the results
reported by Wagif et al.”> The sulfate species decomposed to SO, and some SOs species at
temperatures in the range of 390 — 670 K. It was also reported that the formation of sulfites is
favored when O-vacancies are introduced on the CeO; surface.

SO, interaction with CeO, nanocrystals  In our recent work,'™ we investigated the

adsorption and reaction of SO, on three CeO, nanocrystals: rods (defective structure), cubes
(100) and octahedra (111) in both pre-oxidized and pre-reduced states. The nature, strength and
amount of SOx species formed from SO, adsorption were found dependent on the surface
structure of CeO, nanocrystals. SO, adsorbed in the form of surface sulfates and sulfites on
CeO; rods, cubes and octahedra in both pre-oxidized and pre-reduced states. Surface sulfites
were more prominent on CeO, octahedra than the other two surfaces while surface sulfate
species were the most favored on CeO; rods. Bulk sulfite species were also formed on pre-
reduced CeO; rods in addition to surface sulfites and sulfates. Differences in the SO, interaction
with CeO, nanoshapes are due to the differences in the reactivity of the surface oxygen and
number of defect sites. CeO, rods, which have high basicity and large amount of defects, bind
SO, more strongly than CeO; cubes and octahedra nanocrystals. The adsorbed SOy species on
CeO;, rods desorbed at higher temperature than on the CeO, cubes and octahedra (Figure 5).
CeO, octahedra desorbed slightly more SO, (2.42 1 mol/m?) than cubes (2.07 p mol/m?) but
significantly more than rods (0.45 p mol/m?). SO, binding strength on CeO, rods and cubes was
higher than octahedra and not all of the adsorbed SOy species completely desorbed during TPD,

especially on rods.
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Figure 5: TPD profiles following room temperature SO, adsorption on CeO, rods, cubes, and
octahedra.

I 92, 102

SO, _interaction with polycrystalline CeO,: Wagqif et a studied the SO, adsorption on

commercial CeO, powders (provided by Rhone Poulenc) with different surface areas using
gravimetric sorption and IR spectroscopy. Both surface and bulk sulfates were formed during
SO, adsorption and the degree of the formation of these species depends on the surface area of
the CeO, sample, SO, concentration and adsorption temperature. Bulk sulfates were favored at
high SO, concentration, high adsorption temperature (above 373 K), and low surface area of
CeO, sample. The surface sulfate species were persistent and present on the CeO, sample even
after evacuation at 973 K, whereas a large part of bulk species desorbed at 873 K. In another
work, Bazin et al.'® investigated the effect of platinum on the sulfation of ceria and found that
the presence of platinum had no effect on the structure and thermal stability of the sulfate species
formed during SO, adsorption. Lavelley'® also observed the formation of surface sulfates at
temperature above 373 K. Sulfite species were formed at adsorption temperatures below 373 K.

I 92, 102

Similar to the results reported by Wagif et a and Lavelley'®, formation of surface sulfites

24



during SO, adsorption on Pd/CeO, at temperatures between 298 and 473 K was also observed by

Luo et al.1®

94
l.

Flouty et al.™ investigated the SO, adsorption on CeO; prepared by a precipitation method

using Ce(NO)3;.6H,0 and NaOH. The adsorption of SO, on the CeO, was studied using thermal
analysis, Raman spectroscopy, and electron paramagnetic resonance (EPR) techniques.

92
l.

Contradictory to the results reported by Wagif et al.?? and Lavelley,'®* Flouty et al. reported that

only sulfates formed at room temperature. A concomitant reduction of Ce*" to Ce*" was also

1.1% observed the formation of surface pyrosulfates

observed during CeO, sulfation. Twu et a
(S,07%) and bulk sulfates at temperatures above 623 K in their Raman studies of sulfation of
CeO..

SO, _interaction with Mixed Oxides: The synergistic effect of mixed catalysts of CeO, and

MgO on the SO, oxidation and adsorption was investigated by Jiang et al.'®’. The SO,
adsorption performance of the CeO,-MgO mixtures with different crystal sizes was evaluated
using a gravimetric sorption method. The SO, pickup rate and capture capacity of the CeO,-
MgO mixed oxides (1.7 g/g) were significantly higher than those of pure CeO, (0.29 g/g) and
MgO (0.26 g/g). The crystal size of the CeO, and MgO has a significant effect on the SO,
sorption activity, which includes SO, pick up rate and capacity. The SO, interaction with CeO,-
ZrO, mixed catalysts was investigated by FTIR, pulse-reactor and TPD by Luo et al.'®®. SO,
adsorbed mainly in the form of bulk sulfates at 473 K, whereas on ZrO, surface sulfates are
formed upon SO, exposure and the amount of sulfates increases with the increase in the Ce
content in the mixed oxides. In another study, Yu et al.'® reported that a CeO,/3-Al,05 sorbent

prepared by wet impregnation of Ce(NO3)3.6H,O on 3-Al,O; (surface area = 277.8 m?/g)
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exhibited good regeneration performance over 3 cycles. The reaction order with respect to SO,
was reported as first order.

Theoretical calculations: Apart from the numerous experimental studies, theoretical studies

.19 11 and Kullgren et al.**? who

of SO, adsorption on CeO, were also performed by Lu et a
investigated the sulfidation and sulfation of CeO; (111) and (110) surfaces in oxidizing and
reducing conditions based on density functional theory (DFT) calculations. Sulfates were
prominent on both oxidized (111) and (110) surfaces. Surface sulfates were more stable on
reduced (110) surface, whereas sulfides were more stable on reduced (111) surface. Liu et al.™*®
investigated the SO, interaction with CeO, (111) and Mn-doped CeO, (111) by DFT calculations
along with ab initio thermodynamics method. Sulfates and sulfites were the stable species
formed during SO, interaction with the CeO, (111) surface. The sulfites were converted into
sulfates upon heating with and without the presence of oxygen. The sulfates formed on Mn-
doped CeO, were more stable and require higher temperature (about 160 K higher) to dissociate
than the sulfates formed on pure CeO; surface. Doping with Mn resulted in the increase in the
number of defects, which act as a Lewis base site and adsorbed SO, more strongly than the pure
CeO; surface.

SO, adsorption on stoichiometric and reduced CeO, (100) surface was conducted in our
recent work'®* using DFT calculations. Sulfites, chemisorbed SO, and sulfates were prominent
on the stoichiometric CeO, (100) surface and sulfites were favored on the reduced CeO, (100)
surface. The S-O bond length of sulfite species closest to the surface oxygen (S-Osyr) is slightly

longer than the sulfate species on the pristine CeO, (100). The large O-O distance (3.71 A)**in

pristine (100) is not favorable for the formation of sulfate species, however the low O vacancy
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formation energy (2.27eV compared to 2.600 eV for (111) surface)'®

of (100) surface allows the
formation of the sulfate species.

In summary, the interaction of SO, with CeO, has been studied intensively and provided
fundamental insights on the reaction mechanism during SO, adsorption. The main focus of these
studies was to investigate the species formed during SO, adsorption. However, there is a serious
lack of studies which focus on the binding strength of the sulfate/sulfite species that are formed
upon SO, adsorption. For practical applications, the catalysts should be able to regenerate
completely after SO, adsorption. The past studies show that the sulfates/sulfites on CeO, and
CeO, —based catalysts are stable at temperatures above 623 K. More studies should be
performed to investigate the regenerability and ways to improve it for CeO, and CeO,-based

catalysts so that they can be used as sulfur-resistant catalysts and possible sorbents for multiple

SO, capture cycles.

SUMMARY AND OUTLOOK

This paper gave a brief overview of the fundamental studies of the interactions of acid gases
CO,, NOx and SO, with ceria and ceria-based catalysts using various techniques such as in situ
IR, Raman spectroscopy, XPS, TPD, and XAFS etc, complemented with theoretical work. From
the broad range of work from science surface to practical catalysis, it becomes clear that the
surface structure, the presence of surface oxygen vacancies, the reactivity of the surface oxygen,
surface acidity and basicity play a vital role in determining the interaction of CO,, SO, and NOx
with CeO,-based catalysts. Some contradictions in the literature on how the acid gases interact
with ceria-based catalysts among different research groups may reflect the differences in these

properties of the ceria catalysts. Overall, these investigations provide some insights for designing
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more effective and stable catalysts in reactions and processes involved with these acid gases.
For example, to enhance the CO, and SO, adsorption capacity and catalytic activity of NO
reduction over CeO, and CeO,-based sorbents/catalysts, one may do so by doping with metal
cations which introduces more vacancies into ceria while also enhancing the stability and

robustness of ceria.

Despite of the extensive number of techniques used in characterizing the interaction between
acid gases and ceria and ceria-based materials, it still remains unclear how the bulk defects and
lattice oxygen in ceria play a role in interacting with acid gases especially at higher temperatures
when bulk species can form and catalyst deactivation happens. This question may be answered
by advanced techniques such as neutron scattering. Neutron diffraction (ND) is a powerful tool
in characterizing the structure of oxides, providing quantitative, average structural (lattice
parameter), and microstructural (domain size, lattice strain, defects) information under in situ

6

reaction conditions.™™® Neutrons are better at ‘seeing’ oxygen than x-rays. The property of

structural defects in ceria was quantified using neutron diffraction with Rietveld analysis.**” 18
Vacancies, displacement, and addition of extra atoms in the oxygen sub-lattice can be identified
by careful examination of the pair distribution function (PDF) data, especially if advanced
modeling techniques are utilized. We expect that by studying the acid gases interaction with
ceria, particularly the uniform and well-structured nanoshapes, via in situ ND, the dynamics of

the defects and strains in ceria can be obtained and will provide a better understanding of how

the bulk defects influence the interaction with acid gases.

Since the co-existence of the various acid gases is general and often time moisture is present,
future studies of how ceria and ceria-based catalysts perform in the presence of multiple acid

gases should be carried out to derive parameters for designing more resilient catalysts for
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practical usage. For example, the studies reported in literature mainly focus on obtaining the
fundamental insights on the interaction ofCeO, with individual acid gas. However, these
catalysts were not tested in the real flue gas environments which contain a mixture of CO,, SOy,
H,0, and NOythat may greatly influence the surface chemistry and catalytic behaviors of CeO,-
based catalysts. Although CeO,-based catalysts exhibit high NO, conversion and N selectivity,
there are only few studies that investigated the effect of SO, and H,O on the NO conversion.
CeO,-based catalysts exhibit strong interaction with SO, and regeneration capacity of these
catalysts after SO, exposure was not thoroughly investigated, which is a vital aspect for the
development of more stable catalysts. Ceria and ceria-based catalysts in the form of nanocrystals
with well-defined surface structures can be nice models for achieving fundamental understanding
of how the practical catalysts behave in the complex environment containing mixtures of various

acid gases.
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