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Abstract

In past four decades, CeO, has been recognized as an attractive material in the area of
auto exhaust catalysis because of its unique redox properties. In presence of CeO,,
catalytic activity of noble metals supported on Al,Os; gets enhanced due to higher
dispersion of noble metals in their ionic form. In last several years, we have been
exploring an entirely new approach of dispersing noble metal ions on CeO; and TiO;
matrices for redox catalysis. In this article, dispersing of noble metal ions by solution
combustion as well as other methods over CeO, and TiO, resulting mainly in
Ce1-xM\Or-5, Ce1—y T1M, 025, Ce1,SnM, 0,5, Cei_FeM,0,5, Ce,Zr:M,; 0,5
and Ti;,M,0,_5 (M = Pd, Pt, Rh and Ru) catalysts, structure of these materials, their
catalytic properties toward different types of catalysis, structure—property relation and
mechanism of catalytic reactions are reviewed. In these catalysts, noble metal ions are
incorporated into substrate matrix to a certain limit in a solid solution form. Lower valent
noble metal ion substitution in CeO, and TiO, creates noble metal ionic sites and oxide
ion vacancies that act as adsorption sites for redox catalysis. It has been demonstrated
that these new generation noble metal ionic catalysts (NMIC) have been found to be
catalytically more active than conventional respective nano crystalline noble metal

catalysts dispersed on oxide supports.
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1. Introduction

Catalysis has widespread applications from environment clean up to manufacturing
various chemicals, energy production, food processing and biological processes.
Production of most of the useful commercial bulk and fine chemicals involves
catalysis.'”” The science and technology of heterogeneous catalysis is one of the rapidly
moving frontiers in the area of catalysis as well as chemical sciences. Synthesis of
ammonia, sulfuric acid and nitric acid, production of hydrogen, controlling of exhaust
emission, ammoxidation, methanol synthesis and many other important reactions of
present days are associated with heterogeneous catalysis. Metals, metal clusters, alloys,
oxides, sulfides, solid acids and bases have been used as catalysts for several catalytic
reactions since early days of heterogeneous catalysis." Among these catalysts, supported
and unsupported metals have been regarded as efficient catalysts for their usefulness in
different catalytic reactions. Extensive research and investigations like metal-support
interaction, structure—catalytic property relation, metal dispersion, redispersion,
synergistic effect and other relevant aspects have been carried out over these catalysts
since decades.

Since early days of catalysis it has been established that metals are in general,
active sites for adsorption of reactant molecules and subsequent catalysis and hence, most
catalysts contain nanocrystalline metals especially noble metals dispersed on supports
like Al,O3 or SiOz.l’g’9 However, in these catalysts, noble metal atoms present on the
surfaces of the metal nanoparticles in their zero valent state serve as active sites for both
oxidizing and reducing molecules. But, only 1/4 or 1/5 of the total number of noble

metals are utilized for adsorption and subsequent catalytic conversion in 4—6 nm metal
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particles. For example, if 5 nm Pt particle is considered, then total number of Pt atoms in
a 5 nm cubic Pt metal crystal is 8365 taking four atoms per unit cell of Pt (fcc) metal.
Again, total metal atoms on 6 surfaces of 5 nm Pt metal cube are 1962 with two atoms
per unit cell surface. Pt metal particles are anchored on a solid substrate surface.
Therefore, five faces of the Pt metal crystal with 1635 surface atoms are exposed. This
indicates that 1/5th of total number of Pt atoms are available for the adsorption and
catalysis when reactant molecules are exposed on the catalyst surface and 4/5th number
of atoms inside the metal nanocrystal are not available for adsorption or they are wasted.
If all Pt atoms are utilized, then reaction rate would be higher by 5 times and thus,
catalytic activity increases with increase in metal dispersion. However, atomic dispersion
of Pt and other noble metals on traditional supports like Al,O3 and SiO, is difficult
because metal atoms sinter into metal particles due to metal-metal bonding. Can there be
alternate ways to utilize all the Pt atoms present in the catalyst? One possible way to keep
the Pt metal atoms apart is to convert Pt atoms (Pt”) into Pt ions (Pt*") and keep them
separated by O°~ ions. Pt*" ions cannot come closer to form Pt crystal. If Pt*" ions act as
adsorption centers as good as Pt atoms, in principle all the metal atoms become available
for adsorption.

Auto exhaust catalysts are mainly dispersed noble metals such as Pt, Pd and Rh
on oxide supports like ALO;s in the form of nanocrystalline metal particles.'® Huge
increase in the dispersion of noble metals has been observed with the addition of CeO, to
AlLO3 leading to increase in oxygen storage capacity (OSC) and auto exhaust catalytic
activity.m_18 Even though oxidized Pt, Pd and Rh are found on Al,03/CeO, surface,

reasons for higher dispersion of noble metals in the form of ions in presence of CeO,
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have not been understood. In early 1990s, Sayle and coworkers have demonstrated the
segregation of noble metal ions such as Pd**, P*" and Rh’" at the surface of CeO, with
oxygen vacancies by computer simulation studies.'” Theoretically, noble metal ions can
be stable in CeO, matrix that leads to the formation of defects on the surface. Therefore,
complete dispersion of noble metals can be achieved in terms of ions within reducible
oxide supports like CeO, and TiO,. In this regard, entirely new generation catalysts that
can be useful for multipurpose applications in different catalytic reactions have been
developed in our laboratory in last 15 years. It has been found that increase in the
dispersion of noble metals is possible through oxidation of noble metals into their ions
which are dispersed on the reducible oxide surface simultaneously reducing the oxide

2024 1y other words, direct substitution of noble metal ions in reducible supports

support.
like CeO, and TiO; results in uniform solid catalysts in the form of their solid solutions.
Thus, a new idea in heterogeneous catalysis has been conceptualized where dispersed
metal ions act as catalytically active sites for heterogeneous catalysis. In last several
years, significant works on these types of ionically dispersed catalysts have been done by
other groups. Research works on supported gold catalysts by Corma and Gates groups
have demonstrated that gold is mainly present in its ionic form in these catalysts. They
have reviewed the significance of cationic gold in different matrices regarding several
organic reactions and CO oxidation.”*® Flytzani-Stephanopoulos and Gates have
discussed key findings of cationic noble metals as catalytic sites on solid supports.*’
Noble metal oxides such as PtO, PtO,, PdO and Rh,05 are known and therefore, it

should be possible to synthesize solid solution between CeO; or TiO, and noble metal

oxides. Nobel metal loading for several catalytic reactions is only to the extent of 1-2
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at.% and hence, substitution of only 1-2 at.% noble metal ion in CeO, is sufficient to
develop a catalyst. The underlying principle of doping aliovalent metal ions into CeO; or
Ti0; lattice is to retain their parent structures. In this sense, new-age advanced catalysts
such as Ce_M,0,-5 (M = Pd, Pt, Rh, Cu, Ag and Au), Ce_,AM,0,_5 (A = Ti, Zr, Sn
and Fe; M = Pt and Pd) and Ti,_,M,O,_s (M = Pd, Pt, Rh and Ru) retaining their parent
fluorite and anatase structures have been prepared in our laboratory employing solution
combustion method.*** Thus, synthesis of these single phase oxides is a new concept
which is the basis of metal ion catalysts. In these catalysts, noble metal ions and
corresponding oxide ion vacancies are supposed to be the active sites. Since, the
adsorption sites in these catalysts are noble metal ions such as Pd2+, Pt2+, Rh*" and Ru4+,
we have named these materials as noble metal ionic catalysts (NMIC). In last several
years, we have been studying several exhaust catalytic reactions such as NO reduction,
CO and hydrocarbon oxidation, selective catalytic reduction of NO, three-way catalytic
reaction, water gas shift (WGS) reaction, preferential oxidation of CO (CO-PROX), H; +
O, recombination reaction, hydrogenation and Heck reaction over these noble metal ionic
catalysts and it has been demonstrated that these catalysts are much more active for
several catalytic reactions compared to other conventional supported metal catalysts. In
this review, at first, we mainly discuss about background, synthesis and characterization
of these noble metal ionic catalysts (NMIC). Then we emphasize on our detailed work
related to exhaust catalysis comparing activities with the several catalysts reported in the
literature. Afterwards, we write about our studies on water gas shift reaction, CO-PROX
reaction, H, + O, reaction, hydrogenation, dehydrogenation, Heck reaction and unique

reaction mechanism over these catalysts. Metal—support interaction and synergistic effect



RSC Advances

for the interaction which lead to the superiority of these catalysts over conventional
catalysts would also be discussed. We would also focus on our density functional theory
(DFT) studies for high oxygen storage capacity (OSC) and catalytic properties of several
CeO; and TiO, based materials. Finally, we conclude our review focusing with future

prospects of these noble metal ionic catalysts.
2. Synthesis of noble metal ionic catalysts

2.1. Conventional preparation methods of catalysts

Dispersion of metals over suitable supports is one of the important issues for higher
catalytic activities. Dispersed noble metals and transition metal ions on a particular
support are the active sites for adsorption of CO, NO, hydrocarbon and oxygen. In this
sense, method of catalyst preparation can influence the dispersion characteristics of
metals on the supports and their catalytic behavior. The main objective of the preparation
of a supported metal catalyst is to get maximum dispersion of catalytically active species
over support material from its precursor at a particular concentration. The catalysts for
fundamental studies are usually prepared by coprecipitation, sol-gel, deposition,

impregnation, ion exchange, anchoring-grafting and spreading-wetting methods.*** 1

n
general, dispersion of active components is carried out over the oxide support in a single
step preparation such as coprecipitation, sol-gel processes, whereas dispersion has been
done over independently prepared oxide support by impregnation, deposition, incipient
wetness methods. Some of these preparation procedures are briefly described below.

(a) Coprecipitation—This involves the reaction between a solution of two or more metal

salts in presence of a base such as hydroxide, alkali carbonate and bicarbonate. For
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example, Ni/ALLO; catalyst is prepared from Ni(NO;3), and AICIl; in presence of
NaHCO;.”

(b) Sol-gel-This process describes the transition of a system from liquid, mostly colloidal
into a solid or gel phase. This is based on the polymerization of molecular precursors
such as metal alkoxides. Hydrolysis and condensation of these alkoxides lead to the
formation of oxopolymers which are then transformed into a homogeneous oxide
network. Pd/Si0,, Pt/SiO, and Pd/Al,O; catalysts are prepared by this method.*®

(c) Deposition—It describes the addition of catalytically active component to a separately
produced support. It is of two types.

(1) Deposition-precipitation—A precipitating agent is added to a suspension of the support
in an active metal salt solution. Accordingly, active metal species is adsorbed onto the
surface of the support. Ni/Al,O; catalyst is prepared by the slow addition of NaOH to a
suspension of Al,O3 in NiCl, solution. This process is used to synthesize nickel supported
on silica, alumina, magnesia, titania, thoria, ceria, zinc oxide and chromium oxide.*! This
process is also used for the preparation of Pd(OH),/C, Rh(OH)3/C and Ru(OH);/C.

(i1) Deposition-reduction—Addition of a reducing agent to a suspension of the support in a
solution of the active metal salt provides supported reduced metal catalysts. Pd/C and
Pt/C can be prepared by this method. Generally, hydrogen, formaldehyde, hydrazine and
borohydride are used as the reducing agents.”

(d) Impregnation—It consists of introducing a precursor solution into the pore space of the
support that is filled with the same solvent as the precursor solution. Here, the
concentration gradient is the driving force. It is also called wet or diffusional

impregnation. Rh/TiO,, Rh/ALOs, Pt/C and Ru/MgO are prepared by this method.”
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(e) Incipient wetness—This is one kind of impregnation process. In this process, precursor
solution is introduced into contact with the previously dried support. It is also called dry
or pore volume impregnation. It is an exothermic process and it depends on capillary
pressure developed in the pores and rate of impregnation process. Ni/Al,O3, Pt/SiO,,
Pt/AL, O3, Ni/SiO,, Ni/C, Ru/SiO,, RW/SiO, and Ru/C are prepared by this method.”

(f) Ton exchange—In this method, an ion in an electrostatic interaction with the surface of
a support is replaced by another ionic species. For examples, zeolites, clays, silicates are
cation exchangers, whereas hydrotalcites are anion exchangers. The overall charge of a
zeolite is negative that is distributed over oxygen atom and this charge is neutralized by
various cations like Na', K

(g) Microemulsion—It is a physical mixture of two immiscible liquid along with a
surfactant. Reverse micelles formed can act as micro reactors. These reactors are utilized
for synthesis of nanoparticles. Nanocrystalline CeO, was prepared by water-in-oil micro-
emulsion methods.*> CeO,—ZrO, ultrafine particles were also prepared by the micro-
emulsion method.”

(h) Mechanical milling—It is a solid to solid synthetic method. Mechanical milling has
been used extensively to synthesize CeO,—MO, (M = Zr, Hf, Tb, Cu and Mn) mixed
oxide catalysts.***> The feature of this method is to obtain powder small crystallite size of
a few nanometers with high concentration of lattice defects. Mechanical alloying has also
been applied to prepare mixed oxide containing CeO, to enhance the catalysis. High-
energy mechanical alloying of pure CeO, and ZrO, at room temperature results in the
formation of a single phase fluorite structured solid solution of Ce;_,Zr,O, in all the

examined composition ranges.
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Generally, most of the above conventional preparation methods are quite involved
and require long processing time. The steps of post preparation include washing, drying,
H; reduction and removal of Cl™ ions by heating in steam.

2.2. Solution combustion method

In last several years, there has been a trend of novel chemical routes of synthesis which
leads to ultra-fine and high surface area catalysts for heterogeneous catalysis. The
solution combustion method has been found to be unique for obtaining nanocrystalline
oxide materials.’®*” Generally, combustion is a chemical reaction that is accompanied by
heat and light. Many exothermic non-catalytic, solid-solid or solid-gas reactions liberate
enough heat so that they can self-propagate after being ignited. The reactions, ignited
locally by an external energy source with short term service, may propagate throughout
the sample at a certain rate and occur in a narrow zone which separates the starting
substances and reactions. In the literature, a variety of names have been given for redox
reactions employed for the synthesis of different materials. Some of the fashionable
names are furnaceless or fire synthesis, self-propagating chemical decomposition (SCD),
self-propagating high temperature synthesis (SHS) and combustion method. Merzhanov
has introduced the process of SHS where he has employed metals and organic fuels to
produce oxides, carbides and sulfides.”® Patil and coworkers have developed solution
combustion method involving metal salts, mainly nitrates and organic fuels.** Metal
salts are easily available and therefore, this method provides a better alternative for the
synthesis of variety of complex oxides. Thus, solution combustion method becomes

attractive to prepare high surface area oxides.
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The solution combustion method involves rapid heating at a particular
temperature of an aqueous redox mixture containing stoichiometric amounts of
corresponding metal salts and hydrazine based fuels and the product is formed within 5
min. Redox compounds or mixtures containing hydrazide groups have been found useful
for the solution combustion synthesis of oxide materials. An ideal fuel should be water
soluble and have low ignition temperature (< 500 °C). It should be compatible with
transition metal nitrate so that the combustion can be controlled, smooth and does not
lead to explosion. The merits of solution combustion technique are: (a) being a solution
process, it has all the advantages of wet chemical process such as control of
stoichiometry, doping of desired amount of impurity ions and forming nano size particles
(b) low temperature initiated process, (c) highly exothermic due to redox reaction, (d) self
propagating, (e) transient high temperature, (f) production of huge amount of gases, (g)
simple, fast and economical and (h) formation of high surface area, voluminous and
homogeneous product. Using this method a variety of oxide materials such as a-Al,Os,
Zn0, Y,03, Ce0,, y-Fe,03, Cr,03, MgFe,O4, MnFe,04, CoFe,04, PbTi0;, PbZrO3 and
BaFe ;0,9 have been prepared. The solution combustion method not only yields nanosize
TiO,, ZrO, and hexaferrites but it also yields metastable phases like y-Fe,O3, t-ZrO, and
anatase TiO,. Several supported, unsupported and doped oxide catalysts have been
synthesized by this method. In a recent review, Gonzalez-Cortés and Imbert have
discussed current approaches and future possibilities for developing advanced solid
catalysts from solution combustion synthesis.* Fig. 1 shows a typical sequence of the

formation of a catalyst by solution combustion process.

10
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Substitution of noble metal ions in CeO; achieved for the first time by solution
combustion method was an accidental discovery.”> When an aqueous solution containing
stoichiometric amounts of AI(NOs)s, H,PtCls and urea (CON;,H,) is heated rapidly at 500
°C, the solution boils, froths and burns with flame temperature of 1500 °C yielding nano
size Pt metal particles dispersed on oc-A1203.42 In contrast, Pt metal particles are not
formed when the similar attempt has been made to disperse 1-2 at.% Pt metal on CeO,
by the combustion of ceric ammonium nitrate [(NH4),Ce(NOs)¢], chloroplatinic acid
(H,PtClg) and oxalyl dihydrazide (C,Hg¢N4O,, ODH) heated at 350 °C. Instead of nano
size Pt metal particles dispersed on CeO,, 25-30 nm Ce,;_,Pt,0,_s nanocrystallites have
been formed where Pt has been observed to be present in +2 and +4 oxidation states. A
typical reaction for the preparation of Ce;_,Pt,O,, catalyst is given below:

5(1-x) (NH4),Ce(NO3)s + 5x HoPtClg + 12(1-x) C;HgN4O, —

5 Ce 1 Pt,0p- + 24(1-x) CO; + 44(1—x) N, + (56—66x) H,O + 10x HCI.

Similarly, Pd, Rh, Ag and Au substituted Ce;_.M,0O,_s catalysts have been prepared by
this method wusing PdCl,, RhCl;, AgNO; and HAuCly as respective metal
precursors.zo’“_46 CeroyTtiM;005 M = Pt and Pd), Cei,SnPd,Oss,
CeixFePd, 0,5, CeixZr,Pd,0,5 and Ce;_,Hf;Pd,O,_5 catalysts have also been
prepared with the combustion mixture of (NH4),Ce(NO3)s, TIO(NO3), or SnC,04 or
Fe(NO3); or ZrO(NOs); or Hf(NO3)4, HoPtCls, PACI, and C,HsNO,.

Combustion of TiO(NOs),, noble metal salts and glycine (C,HsNO,) fuel has been
employed for the preparation of noble metal ion doped TiO; catalysts in the form of
Ti;_M,0,, (M = Pd, Pt, Rh and Rh) solid solution. ¢ A typical reaction for the

preparation of Ti;_,Pd, O, catalyst is given below:

11
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9(1-x) TiIO(NOs3), + 10(1—x) C;HsNO; + 9x PdCl, —
9 Ti;+Pd,Op— + 20(1-x) CO, +14(1—x) N, + (25-34x) H,O + 18 HCL

2.3. Hydrothermal method

The term ‘hydrothermal’ is of geological origin. Many materials including zeolites were
formed in the earth crust under high temperature and high pressure. Hydrothermal
method has been introduced by Barrer to synthesize zeolites.”” Hydrothermal method
utilizes water under pressure and temperature above its boiling point as a means of
speeding up the reaction between solids. Under hydrothermal condition, reaction occurs
at relatively low temperature (~150-200 °C) which otherwise needs much higher
temperature. Since hydrothermal reaction must be carried out in a closed vessel the
temperature—pressure relationship is very important. Among all these preparation
methods, hydrothermal synthesis always offers an extra merit in preparing highly
crystallized nanomaterials with controlled shape, size and orientation. In this method,
metal salts are dissolved in water and mixed with structure directing reagents, generally,
amines that form a gel. Gel is taken in a vessel called hydrothermal bomb which is a thick
walled steel vessel with a hermetic seal. Inside the vessel, containers made of teflon is
filled with the gel to the extent of 75%. The pressure vessel is closed and heated in an
oven to 200 °C for 24 to 48 h. Nanostructural CeO, and TiO, were prepared via alkaline

58,59

hydrothermal route. Hydrothermal method is one of the most popular techniques to

prepare metal doped CeO, materials such as Ce;_:M,0,5 (M = Ca and Sm).60 Several
Ce1-xM,;0-5s M = Zr, Ti, Pr, Y, Fe, Cr and Ru) catalysts have been prepared by
61—63

hydrothermal method in our laboratory.

2.4. Sonochemical Method

12
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Ultrasound radiation is being used mostly for diagnosis of diseases, whereas focused
ultrasound radiation has been used to burn cancer cells. The ultrasonic radiation is
utilized to break the chemical bonds to produce nanoparticles. Gedanken has pioneered
the sonochemical method to prepare a number of oxides nanomaterials such as CeO,,
ZnO and RVO,4 (R = La, Ce, Nd, Sm, Eu and Gd).64766 Ceria nanoparticles embedded in
poly methyl methacrylate (PMMA) were also synthesized using sonochemical method.®’
Pt-supported TiO,@C core-shell composites were synthesized by sonochemical route for
methanol electrooxidation application.®® This method is especially suitable to make Fe

and noble metal ion substituted CeO, and TiO,; catalysts. In our laboratory, Ce;_Pt,O,_s,

Cei_+Fe.Or5 and Ce;_,Fe,Pd,O, 5 catalysts have been synthesized by sonochemical
method.*"

Noble as well as transition metal ions have been substituted into CeO, and TiO,
matrices by solution combustion, hydrothermal and sonochemical methods successfully.
Table 1 summarizes metal ions substituted CeO, and TiO, materials synthesized in our

1aborat0ry.20’43_56’61_63’69_75

3. Structure of Ce;_,M, 0, s and Ti;_.M,0,_s based catalysts

Several physical characterization techniques such as X-ray diffraction (XRD),
transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS) and
X-ray absorption fine structure spectroscopy (XAFS) have been employed to study the
crystal structure, morphology, electronic structure, local structure and oxide ion
vacancies of the Ce;_M,0,_s and Ti;_;M,0,_s based catalysts. Main findings of these
studies are discussed in the following subsections.

3.1. XRD studies

13
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High resolution XRD data (Rigaku-2000, PANalytical X’Pert PRO) demonstrate that
CeO; crystallizes in fluorite structure in all CeO, based catalysts where Ce*" ions are
cubic close packed with all tetrahedral sites occupied by oxygen. There are no impurity
peaks related to any platinum oxides in Cegg9Pty0;0>-5 catalyst. However, a small broad
hump at 20 = 39° due to Pt(111) could be observed in the diffraction pattern indicating
the presence of trace amount of Pt in the catalyst. Comparing the intensity ratio of
Pt(111) in Cegg9Pty 10,5 with that in 1% Pt + CeO, physical mixture it has been
evaluated that at least 92 at.% of the platinum taken in the preparation of Ceg99Pt.0102-5

is incorporated into CeO, lattice.”""

Total oxygen content in Ceg 9Pt 91025 is 1.883 and
that in pure CeO; is 1.934 and a decrease in lattice parameter is observed in
Cep.99Pt0.010,-5 compared to pure CeO,. Similarly, diffraction lines are indexed to fluorite
structure in Ce.99Pdg 010,-s and Ce.9gPdy020,-5 and lines corresponding to Pd or PdO are
not observed in their XRD patterns. Even a slow scan in Pd(111) region (20 ~ 40 + 5°)
does not show any indication of Pd metal peak.43 On the other hand, 1% Pd/CeO, catalyst
prepared by impregnation method shows diffraction lines due to Pd metal. Lattice
parameter decreases from 5.4113(2) A in pure CeO; to 5.4107(3) A in CegosPdy.020:-5
confirming the substitution of Pd*" ions (0.84 A) for Ce*" ions (0.99 A) in CeO,. In
Ceo.99Rhg 010,-5 catalyst, diffraction lines corresponding to Rh metal, Rh,O3 and RhO,
are not detected. Total oxygen content in Ceg99Rhg;O,-5 catalyst is 1.87, whereas it is
1.934 for pure CeO,.* Therefore, a decrease in oxygen content in the catalyst compared
with pure CeO, signifies the creation of oxide ion vacancy. Thus, detailed XRD studies

demonstrate the formation of Ce;_ M,0,-s (M = Pd, Rh, Pt, Ru, Cu, Ag and Au),

Cey TiM;005 M = Pd and Pt), Ce_SnPd0,5 Cei_FePdOr 5 and

14
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B926369°75 - Similarly, solution combustion

Ce1—xZrPdyO,_5 solid solution phases.
synthesized Ti;-yM;O,-s (M = Pd, Rh, Ru and Pt) catalysts crystallize in anatase
structure.”>® All catalysts show broad lines in their XRD patterns. A rutile contribution
has been observed to the extent of 10% only for Ti,_,Ru,O,_5. No diffraction lines due to
noble metals or their oxides are observed in T1;_M,0,_s. Rietveld refinement of these
catalysts reveals a slight increase in cell volume for Ti;_,Pt,O,_s due to slight increase in
ionic radius of Pt, however, there is almost no change in cell volume as well as cell
parameters for Pd*", Rh*" and Ru*" ion doped TiO,. The particle sizes measured from
Scherrer formula are in the range of 10-15 nm for the four catalysts. Typical Rietveld
refined XRD patterns of Ceg 99Pty.010,-s and Tig9sPdg 020,-5 are shown in Fig. 2.

XRD patterns of hydrothermally prepared Ce;_.M,0,_5 (M = Zr, Ti, Pr, Y, Fe and
Cr) catalysts are indexed to fluorite structure and there are no traces of respective oxides
in their patterns.®** Similarly, diffraction lines associated with RuO, and Ru metal are
not observed in XRD patterns of Ce;_,Ru,0,_5 (0 < x < 0.1) prepared by hydrothermal
method and they show fluorite structure.”> Ru and RuO, impurity peaks are observed in
XRD pattern of Ce;_,Ru,0,_s prepared with x = 0.15. Thus, only up to 10% Ru*" ion can
be substituted for Ce*" in CeO; by this method.

Diffraction lines related to Pt and Pd metals or PtO, and PdO impurities are not
observed in the XRD patterns of Ce;_M,O,_s (M = Pt and Pd; x = 0.02, 0.05 and 0.10)
synthesized by sonochemical method where all the peaks are indexed to cubic fluorite
lattice indicating the substitution of Pt** and Pd*" ions into CeO, lattice to certain

extent.”
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Li and coworkers have demonstrated the absence of Pd metal up to 2.5 wt.%
metal loading in the XRD pattern of mesoporous Pd/Ce0,.”® Pt metal is not found in
combustion synthesized 1 at.% Pt/CeO, as shown by Tang et al.”” Diffraction peaks
related to Pd metal are not observed in sol-gel synthesized 1 at.% Pd/CeO, in the work
done by Wang and coworkers.” Pt metal or any of its oxides are absent in the XRD
pattern of solution combustion synthesized 2 at.% Pt/CeO, as showed by Bisht and
coauthors.”’ Pd metal is not seen in the XRD pattern of 1 wt.% Pd/CeO,—SiO, catalyst.80
Misch et al. have demonstrated the formation of single phase Ce;_,Pd,O,_5 (x = 0.025,
0.05, 0.075, 0.1) solid solution with fluorite structure.®!

3.2. TEM studies

High resolution TEM (FEI Technai 20) images of noble metal ion substituted CeO, and
Ti0O, catalysts have been recorded to understand their morphology and lattice fringes.
CeO, based catalysts show cubic morphology of CeO, crystallites with average sizes of
5-30 nm. Noble metal particles are not be observed on the surface of CeO, crystallites. A
HRTEM image and electron diffraction (ED) pattern of solution combustion synthesized
Ceo.73Tig25Pdo 02045 is displayed in top panel of Fig. 3. The fringes spacing at ~3.12 A
correspond to (111) layers of Ceg75Tip250,. The ED pattern clearly demonstrates the
crystalline nature of the catalyst and it is indexed into fluorite structure. No lattice fringe
in the HRTEM image or ring in ED pattern due to Pd metal particles at 2.25 A are
observed. In contrast, Pd(111) ring is visible as indicated by arrow in ED pattern of 2%
Pd/Ceg75Tig250, prepared by impregnation method shown in Fig. 3C of top panel.
Absence of diffraction ring due to Pd metal in the solution combustion synthesized

material shows substitution of Pd in the lattice leading to Ceg 73Tio25Pdo.0202-5 solid

16
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solution.*® The average particle size of CeO, crystallites obtained from low magnification
image is ~20 nm. Similarly, lattice fringes with 3.2 A of (111) plane of Ceg5Ti9.150, has
been observed in a high resolution image of Pt ion substituted Ceg5T19,150;, and fringes
related to Pt metal particles at 2.30 A are absent. Energy dispersive X-ray spectroscopy
(EDXS) confirms the presence of 1% Pt in the catalyst and Pt ion substitution in
Ceo_g5Tio_1502.47 Lattice fringes in the HRTEM image of CeggoFeo 1Pdo0102-5 are 3.1 A
corresponding to its (111) plane.51 On the other hand, large number of nano size fine Pt
metal particles can be dispersed on a-Al,O3 by solution combustion method.*>"!

HRTEM image and corresponding ED pattern of Tig97Pdy030,-5 catalyst are
shown in bottom panel of Fig. 3. Lattice fringes in Tip97Pdy.030,-s catalyst shown in Fig.
3 (b) of bottom panel correspond to (101) planes of TiO,. Lattice fringes due to PdO or
Pd metals are not detected in the high resolution lattice images from Tig97Pdg 0302-5
catalyst. EDX spectrum of this image show the presence of Pd. ED pattern is indexed to
polycrystalline TiO, in anatase structure in both catalysts and there is no signature of Pd
metal or PdO phases in their ED patterns.”® Therefore, absence of Pd or PdO in
Tip97Pd.0302-5s in TEM image and presence of Pd in EDX spectrum confirm the
substitution of Pd*’ ion in Ti0O; lattice. In an another study, Pd metal diffraction line is
observed in the ED pattern of 1% Pd/TiO, prepared by impregnation.>* The particle sizes
measured from the image are in the range of 8—15 nm that agrees well with the XRD
studies. Other noble metal doped TiO, catalysts show similar kind of characteristics.

HRTEM image of Cey9Ruy ;0,-5 synthesized by hydrothermal method shows the
absence of isolated RuO, and Ru metal and average crystallites size is 10 nm. Ring type

ED pattern is indexed to fluorite structure.”
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3.3. XPS studies

Oxidation states of Pt, Pd, Rh, Ru, Cu, Ag, Au, Ce and Ti present in the CeO, and TiO;
based catalysts studied here can be obtained from XPS (ESCA-3 Mark II, Thermo Fisher
Scientific). Typical Pt4f and Rh3d core level spectra in reference compounds and CeO,
based catalysts are shown in Fig. 4. In Ce.99Pt0010,-5 and Ceg g3Tig.15Pt9.0202-s catalysts,
Pt is present in both +2 and +4 oxidation states along with small amount of Pt
metal 2%"7>47 XPS of Pt4f core level peaks of Pt metal, PtO,, Ceg9Pty 10,5 and
Ceo.83Tig.15Pt0.0202-5 are displayed in left panel of Fig. 4. Rh is in +3 oxidation state in
Ce;_Rh,0,_s catalyst as observed in Rh3d core level spectra.** In right panel of Fig. 4,
Rh3d core level spectra in Rh, Rh,O3, RhCl; and Ce;_,Rh,O,_s are displayed. Similarly,
Core level Pd3ds,, peak is observed at 337.6 eV in Ceg9sPd 020,-5 which is 2.4 and 0.9
eV higher than Pd metal and PdO.*? Binding energies of Pd3d peaks in CeosPdg 0202-5
are close to Pd3d peaks of PdCl, and Pd(NOs), clearly indicating that Pd*" ions are much
more ionic in CeO; matrix than PdO. Pd is observed to be in high binding energy region
in CegogPdp20-_5. Pd is also observed to be in +2 state in Cey73Tig25Pdo 02055,
Ceo.75SN0.2Pdo.0202-5, Ceo s9Fe 1Pdo 0105 and Cep73Z10.25Pdo 02025 >* Therefore, XPS
of Ce;Pd,O,_5 based catalysts indicate that Pd is present in highly ionic Pd*" state.
Similarly, XPS results demonstrate that Cu in Ce;_,Cu,O,_5, Ag in Ce;_ Ag,0,_s and Au
in Ce_yAu,O,_5 are fully dispersed in +2, +1 and +3 oxidation states,

: 4,75,45 46
respectively.”*">*

XP spectra of Ce3d with characteristic satellites in all catalysts show
that Ce is mainly present in +4 oxidation state. Ru in Ce_,Ru,O,s prepared by

hydrothermal method, Pt and Pd in Ce;_M,O,.5 (M = Pt and Pd) and Pd doped

Ce_,Fe,O,_s prepared by sonochemical method are in oxidized state,®>%70
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Pd metal and highly ionic Pd*" species are observed in Pd/CeO, prepared by wet
impregnation method.”® Pd3ds;, core level peaks observed at 336.5 and 338.0 eV in
Pd/CeO,; catalysts prepared by coprecipitation method correspond to PdO, and highly
ionic Pd** species of Ce;_,Pd,O,_s solid solution.® Li and coworkers have demonstrated
Pd3ds, core level peak at 336.7 eV in coprecipitated PdCeO, solid solution.®* XPS
studies have showed that Pt, Pd and Ru are in their ionic states in M/Ceg 7271 18P19 10>
(M = Pt, Pd and Ru) catalysts.*® There are several recent reports where Pt and Pd are
present in their ionic states in CeO, matrix % Pt4f;, core level peaks are observed at
71.3, 72.3 and 73.9 eV in 3.7 wt.% Pt-Ce(La)O, catalyst synthesized by coprecipitation
method.”® Combustion synthesized Pt/CeO, catalyst contains Pt’, Pt*" and Pt*" species as
demonstrated by XPS.”” Presence of Pt’, Pt*" and Pt*" species are found in Pt/CeO,
catalysts prepared by deposition—-reduction method.”’ Ru is in +4 oxidation state in
Ru/CeO; catalysts.”>”* Au’, Au” and Au’" species are present in 4.7 wt.% Au-Ce(La)O,
and 1% Au/CeO, prepared by coprecipitation and photoreduction methods.””** Au is in
Auo, Au' and Au’" oxidation states in 2.8 wt.% Au/CeO, obtained from
deposition—precipitation method.” Ag3ds, core level peaks at 368.3 and 367.8 eV
observed in Ag/CeO, catalyst prepared by impregnation method are attributed to Ag® and
Ag’' species.”

XPS studies of Tip99M 010199 (M = Pd, Pt, Rh and Ru) catalysts also show the
1onic nature of substituted noble metals in TiO, matrix.>* Core level XPS of Pd3d in
Tip99Pd.01O01.99, Pt4f in TipooPty1O1.99, Rh3d in Tigg9Rho 910199 and Ru3p in
Tip99Ru0,0101 99 are presented in Fig. 5. Pd3ds,, peak at 337.2 eV is attributed to Pd*" ion

substitution in TiO, support. As Pd3d peaks in Tigg9Pd 10199 are observed at higher
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binding energies compared to PdO suggesting that Pd*" ions in TiO, is in more ionic state
than Pd*" in PdO. Pt4f in Tig 9Pty 0101 99 shows a broad spectrum of mixed valence state
of Pt*" and Pt*". Rh3ds;, at 310.0 eV indicates clearly Rh is in +3 oxidation state in
Tip.99Pt0.0101.99. Ru3psn peak observed at 463 eV indicates that Ru is in +4 state in
Tip.99Rug 010199 and peak position is similar to RuO,. In all cases, core level Ti2ps/.1.
peaks are observed at 459.0 and 464.0 eV indicating Ti is in +4 oxidation state.
Stabilization of noble metal ions in CeO, or TiO, can be substantiated from the
relative positions of metal valence levels with respect to valence levels of CeO; and TiO,.
Typical valence band XPS of CeO,, CeosPdo 020193, Pd metal, PdO, TiO, and
Tip.97Pd0.030,-s are shown in Fig. 6. The valence band of CeO; consists of the O2p band
spread over ~3—9 eV that is shown in left panel of Fig. 6. Empty Ce4f level is located at
~2 eV below the Fermi level (Er) where binding energy is referenced to zero. Pt, Pd, and
Rh metals have high electron density at the Er and the valence bands of these metals
extend even up to 6 eV below Er. When these metals are oxidized, M"d bands shift to
higher binding energies with the effect that the M""d bands are located at about 2.5-3.5
eV below Ef as in PdO in the figure. In Ce;_\M,0,_;, the M""d band lies between Cedf
and O2p bands and hence, Ce in the compound remains mostly in the +4 state. When
metal ion in Ce;_.M,0O,_s is reduced to metal in the lattice, the metal valence band is
shifted towards the Er which is above the empty Ce4f band. Hence, electron transfer from
metal to Ce*" ion (M" + 2 Ce™"4f° — M*" + 2 Ce*"4f') becomes facile and the noble
metals remain ionic in Ce02.21 For example, the difference of valence band XPS of CeO,
and Ce.9gPdj 020103 shows a small density of states at ~3.2 eV from Eg. This density of

states corresponds to Pd*"4d® occupied state that is higher than that of Ce4f level.”!
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Similarly, Pt*" and Pd*" ions get stabilized in TiO,, because Pt*"5d and Pd**4d bands are
situated below Ti’"3d (0.9 eV) and above O2p bands.”'***” Right panel of Fig. 6 shows
the band positions of TiO, and Tig 97Pd).030:-s.

3.4. XAFS studies

Substitution of metal ions into CeO, lattice has been confirmed by XAFS studies
(SPring-8, Japan). XAFS analysis shows unique Ce—Pd, Ce—Rh and Ce—Pt distances at
3.31, 3.16 and 3.28 A, respectively, whereas Ce—Ce distance is observed at 3.84 A
demonstrating the substitution of Pd*", Rh*" and Pt*" ions into CeO, lattice.*>**’* Similar
type of distances related to Ce—Pt and Ce—Pd interactions are also observed in
Ce— 1P, 025, Cei_y, T1,Pd,O25 and Ce;_,—,Sn,Pd, 055 catalysts.gg’50 It is important to
mention that these unique interactions are not found in either CeO, or noble metals or
their oxides such as PdO, Rh,O3 and PtO,. Typical XAFS of Pt and Rh ion substituted
CeO; catalysts along with Pt metal, PtO,, Rh metal and Rh,O3 are shown in Fig. 7. Lower
coordination numbers around metal ions compared to Ce ion indicate the oxide ion
vacancy due to lower valent metal ion substitution.

3.5 DRIFTS studies

DRIFTS technique has been used to understand the interaction of CO and NO with noble
metal ionic catalysts such as Ceg9sPdy020,-5 and Ceg 73Sn25Pdg020,-5 and nature of Pd
species present on their surface by doing CO and NO adsorption. Adsorption studies are
also carried out with Pd/Al,Os where Pd is in metallic state. It has been demonstrated that
CO and NO are molecularly adsorbed on Pd/Al,O3;, whereas NO gets dissociatively

adsorbed on CegosPdy20--5 and Ceg73Sng25Pdg0202-5 catalysts.99 In contrast, linear

Pd**-CO adsorption band along with bridging CO band has been observed over CeO,
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based catalysts when CO is adsorbed first, whereas band related to Pd**~CO interaction
is noticed on preadsorbed NO catalysts. As CO is a reducing molecule partial surface
reduction of Pd*" occurs when only CO is adsorbed on the CegosPdy020s-5 and
Cey.73Sn0 25Pdg 02055 catalysts. But, Pd*" remains intact after CO adsorption in presence
of oxidizing molecule like NO indicating the presence of Pd*" species on the surface.
Again, Pd**~NO band is observed when only NO is adsorbed on their surface. Therefore,
CO and NO adsorption studies demonstrate that Pd is in +2 oxidation state in
Cep.0sPd 020,-5 and Ceg 73Sng25Pdy0205-5 catalysts. Typical DRIFT spectra of (a) NO
adsorption and (b) followed by CO adsorption over Ceg9sPdg ¢20,-5 are shown in Fig. 8.
Similarly, Pt**~CO band has been observed when CO is passed over Ceg.o9Pty 01025
catalyst.70 In a recent study, Cu?’=CO band is observed to be present in Ceg93Cug,0702-5
and Ce|_.,M,Cu,O,_5 (M = Zr, Hf and Th) catalysts with CO exposure.100

Based on the extensive characterization studies employing XRD, TEM, XPS,
XAFS and DRIFTS it has been demonstrated that noble metals are ionically dispersed
over CeO; based catalysts and noble metal ions are incorporated into the CeO, matrix in
the form of Ce;_\M,0,_5 solid solution phase in combustion synthesized M/CeO,
catalysts. In addition to this, oxide ion vacancies are created due to aliovalent ionic
substitutions for Ce4+, there seems to be additional oxide ion vacancies to the extent of
3.5% in nano CeO;. Similarly, Ti;-.M,;0,_s type of solid solution phase has been formed
in M/Ti0; catalysts by substituting noble metal ions into TiO, matrix.
4. Exhaust catalysis
Energy for the modern civilization comes from the burning of fossil fuels such as coal,

natural gas and oil. Most of the fossil fuels constitute carbon, nitrogen, hydrogen and to
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some extent sulfur containing compounds. The energy stored in the fossil fuels, biomass,
industrial and domestic waste is released mostly by complete as well as partial
combustion of these constituents. Partial combustion leads to emission of nitrogen oxides
(NO,), carbon monoxide (CO), sulfur oxides (SO,), NH; and unburned hydrocarbons
(HC) to the atmosphere which are the main reasons for environmental pollution. These
pollutants are emitted everyday from the exhausts of mobile and stationary sources and
have harmful effects on earth’s atmosphere, ecological system and also on human
health.”*'°"'%2 Emissions from automobiles and aeroplanes are the mobile sources,
whereas industrial processes, power plants, combustion of waste and biomass and
domestic burning are the stationary sources. In the early 1950s, air pollution and
automobiles were first correlated by California scientists who established that huge
traffics were to blame for the smoggy skies over Los Angeles area.'”™'"” Over the years,
international concerns for the environmental pollution caused by polluting sources have
been increasing as it becomes a global environmental issue. Consequently, several
developed and developing countries have enacted legislation for the control of pollutant
gases in the exhaust stream of automobiles. Each of these countries has set particular
emission standards by law for different kinds of vehicles according to their own country’s
situation. Emission standards set specific limits to the amount of pollutants that can be
released into the environment. It is a limit that sets threshold amounts above which
different types of emission control technology must be necessary. Standards generally
regulate the emissions of NO,, CO, HCs, SO, and particulate matters (PM) or soot.
Therefore, controlling these pollutants to get clean environment of the world is an

important issue in present days.
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There are several technologies for controlling pollutants from exhaust emission.
Among available technologies one of the best ways of controlling exhaust emission can
be to reduce or convert these pollutant gases by using catalyst at the source itself.
Therefore, the conversion of environmentally unacceptable gases such as NO,, CO and
HC to N, CO, and H,O using catalysts is a challenging task and hence, this area of
heterogeneous catalysis has immensely been developing in last four decades. Within this
context, environmental catalysis related to auto exhaust has received much more attention
as exhausts from automobiles have significant contribution to the global environment
pollution. Extensive studies on the scientific research and technological development in
this area have been carried out in last several years. A number of reviews, articles and
books regarding various aspects of exhaust catalysis have been published to update the
status of catalytic science and technological development in this area from time to
time, 108=115
4.1. Reactions involved in exhaust catalysis
In last several years, enormous efforts have been put to advance the scientific and
technological development for the controlling of exhaust emission. Catalytic converter
has been found to be the best way to control exhaust emission from automobiles among
all the types of technologies developed so far.''® Catalytic converter is a device that
usually reduces the toxicity of exhaust emission. A catalyst housed inside a catalytic
converter performs chemical reactions by which combustion by-products of pollutants are
converted to less-pollutant or benign substances. Since 1981 three-way catalytic
converters have been used in vehicle emission control systems of roadgoing vehicles in

North America and many other countries. The catalyst used in a three-way catalytic
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converter is called three-way catalyst (TWC). A TWC has three simultaneous tasks,
namely (i) reduction of NO, to nitrogen and oxygen, (ii) oxidation of CO to CO; and (iii)
oxidation of unburned hydrocarbons to CO, and H,O, provided that air to fuel (A/F) ratio
is constantly kept in the exhaust stream at the stoichiometric point (14.7) where
concentrations of oxidizing and reducing gases are equal.

The essential requirement for the catalyst employed in the present-days catalytic
converters for gasoline engine is to carry out the high conversion of NO,, CO and HCs
present in the auto exhaust gases to inert and harmless N,, CO, and H,O. The overall
catalytic reactions which are important for controlling auto exhaust emissions are given
by the following stoichiometric equations:

a) reduction reactions
2NO+2CO — N;+2CO,

2NO+2H2—>N2+2H20

(2x+3)NO+CH, - (x +5) N2 +x CO, + 5

) H,O

b) oxidation reactions
2CO+0;—-2CO;

2H, +0, -2 H,O

CH, +(x+3) 02> x CO, + 5 H0

2
c) three-way catalytic reaction
2NO+4CO+2CxHy+(2x+%+ 1) O, = Ny +(2x +4) CO, +y H,O

d) decomposition reaction

2NO—>N2+02
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e) selective catalytic reduction

4 NO +4 NH; + O, — 4 N, + 6 H,O
2NO+2CxHy+(2x+%)02—>N2+(2x+1)C02+szO

6 NO, + 8 NH; — 7 N, + 12 H,O
f) secondary reactions with NO
2 NO + CO — N,O + CO;,
2 NO + H; — N,O + H,O
2NO +5H; — 2 NHs +2 H,O
4 NH; +5 0, — 4 NO + 6 H,O
4 NH; +4 NO + O, — 4 N,O + 6 H,0O
2 NH; +2 O, — N,O + 3 H,O
2NO + 0O; — 2NO;
g) secondary reactions with SO,
2 S0; + 0, — 2 S0;
SO, + 3 H, — H,S + 2 H,0.
All the above reactions required some heat or temperature on the catalyst surface for the
reaction to occur. In case of auto exhaust catalysis, when automobile first starts, both the
engine and catalyst are cold. After start up, heat of combustion is transferred from the
engine and the exhaust piping begins to heat up. Finally, a temperature is reached within
the catalyst that initiates the catalytic reactions. This light-off temperature depends on the
chemistry of the catalyst.

4.2. Importance of OSC in auto exhaust catalysis and role of CeO;
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In early 1980s, discovery of catalytic converter with three way catalyst (TWC) has been
considered as a major breakthrough in the development of device for the controlling of
auto exhaust emission. Pollutant gases like CO, HC and NO, are converted into benign
CO,;, H,O and N, simultaneously and efficiently over TWCs with constant A/F
stoichiometric ratio (14.7) in the exhaust. High efficiency of conversion is achieved over
TWC in a very narrow A/F window that requires a highly efficient control of exhaust
composition, particularly in terms of residual oxygen concentration. Strong deviations or
oscillations of A/F from the stoichiometric value lead to widening of operating window
resulting in an average poor performance of TWC. For widening the operating window of
the TWC, the exhaust gas composition on the catalyst must be controlled by storing
oxygen in the oxygen-rich condition and by releasing oxygen in the oxygen-lean
condition. This can be achieved by adding oxygen storage material in TWC which shows
high oxygen storage capacity (OSC). In this sense, OSC is defined as the extent of
reversibly exchanged oxygen of an oxygen storage material under rich and lean
fluctuation of exhaust gas composition. This oxygen storage material readily undergoes
reduction-oxidation cycles that provide oxygen for CO and HC oxidation in rich region
and the reduced state can remove oxygen from gas phase when the exhaust gas runs into
lean region. Thus, an oxygen storage material not only widens A/F ratio window, but also
promotes oxidation activity. Therefore, materials for TWC applications should have
redox behavior capable to release/uptake rapidly as much oxygen as possible leading to
have high OSC. Utilization of lattice oxygen from reducible oxides under reducing
condition and thereafter replenishment of oxygen under oxidizing atmosphere has played

a critical role in various oxidation reactions. Therefore, a reducible oxide with redox
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characteristics can act as both oxidizing and reducing agent to various reactants
depending on the reaction condition. In this regard, CeO, has been found as an efficient
oxygen storage material for the wide application in TWCs according to the following
reversible reactions:

CeO; — Ce0y5+ 8/2 O,

CeOy_5+ 8/2 O, — CeO;
where first reaction is related to oxygen-lean region and second one is for oxygen-rich
region and value for J is in between 0 and 0.25. However, experimentally achieved 9 is
~0.05 in the temperature range up to 600 °C.

To understand the reducibility of oxygen species as well as the metal-support
interaction in CeO; and related materials, H,-TPR is extensively employed where the
volume of H; consumed by the reduction of an oxide is measured. OSC of CeO, for
oxidation/reduction reaction was first time estimated in a H,-TPR experiment on CeO; by
Yao and Yao." Simple mechanism of OSC from H,-TPR can be written as follows:

CeO, + 6 Hy > CeOy5 + 6 H,O

CeOy-5 + 8/2 O, > CeOs.
H,-TPR of CeO, shows primarily two peaks at approximately 500 °C and 825 °C."
131718 The low temperature peak is due to the reduction of most easily reducible
surface oxygen of CeO, while removal of bulk oxygen is suggested as the cause of high
temperature at 825 °C. The first peak is dependent on the surface area and responsible for
higher catalytic activity at lower temperature. Thus, unique redox property of CeO, has

made it a special component of three-ways catalysts, since it can store oxygen during lean
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(net oxidizing, excess of O,) conditions and release it during rich (net reducing, deficient
of O,) conditions as given below:'"

Ce0, +6 CO — Ce0y5 + 6 CO,

CeO; + CH,, — CeOy_ax+12y) T x COz + 1/2y H,O

CeO;, + 8 Hy — CeOy_5 + 6 H,O

Ce0Oy-5 + 0 NO — CeO, + 8/2 N,

Ce0y_5 + 06 HO — CeO, + 6 Hy

CeOy-5 + 1/2 50, — CeOs.

It has also been observed that substitution of isovalent cations like Hf*", Pr*" and

Tb*" into CeO,; lattice forming Ce;_,M,0,_s solid solution enhances the osC. 718
Nonreducible ZrO, does not show redox properties as there is no peak in their respective
H,-TPR profiles, whereas significant OSC have been observed in Ce;_.Zr,O;

117,118
samples.

Higher OSC has also been noticed when precious metals are doped with
Ce0,.'" In general, high surface area, oxygen vacancy and movement of oxide ions from
tetrahedral sites to vacant octahedral sites are the possibilities for enhancing the OSC. It
is important to note that Ce;_,Zr,O, and such oxygen storage materials are not the
catalysts themselves for real applications. Noble metals such as Pt, Pd Rh, bimetallic
Pt—Rh are dispersed mostly in the form of nanocrystalline metal particles on such OSC
materials and they are used as catalysts.

4.3. Conventional catalysts for exhaust catalysis

In auto exhaust catalysis, high efficiency of the conversions of NO,, CO and

hydrocarbons can be achieved over a TWC in a very narrow A/F window that requires a

highly efficient control of exhaust composition, particularly in terms of residual oxygen
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concentration. This has been achieved by adding oxygen storage material in TWC which
shows high OSC. Therefore, formulating suitable catalysts for TWC is a challenging task
in auto exhaust catalysis. Within this context, studies on individual reactions for
controlling exhaust emission such as NO reduction, CO and hydrocarbon oxidation and
SCR of NO by NHj3, CO and hydrocarbons in presence of O, are also important. Hence,
extensive research works have been going on in the last several decades to find out
efficient catalysts for these reactions.

Generally, in early years of exhaust catalysis, metal, alloy and metal oxide
catalysts were used for catalytic reactions to control exhaust emission especially NO,

1.'" Basic studies on metal catalysts involve single crystal or polycrystalline

remova
forms of bulk metal such as powder, wire, foil or ribbons. Prominent metals used are Pt,
Pd, Rh, Ru and Ir."”*"'* CuO, Fe,0s, TiOs, V,0s, M0oO3;, WOs, Cr,0; and ALOs are
employed as oxide catalysts.'** Transition metal ion exchanged zeolites have also been
developed for exhaust catalysis.'*> Copper is one of the promising elements which has the
ability to increase the SCR activity of NO with NH;. Cu®" ion exchanged Y zeolite,
mordenite, ZSM-5 and MFI-ferrisilicate have been found to be effective SCR catalysts
for NO.'"12%127 Other metal ions such as Fe’”, Co”", Ce*" and Ag™ exchanged zeolites
also show good SCR activity for NO.""*'**713Y Noble metal exchanged zeolites are active
for the removal of NO."' The catalytic reduction of NO, oxidation of CO and
hydrocarbons have also been carried out over pure and cation substituted perovskite
oxides such as LaFeO;, LaCoOs;, LaMnOs, Ln;,Pb,MnO; (Ln = La, Pr and Nd),

LaMn;_,Cu,O3 and Lal_xerMnO}m*134 They have different cationic sites in the crystal

structure which are highly amenable to substitution. Usually metals of high oxidation
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states can be stabilized in perovskite structure. Similarly, a large number of spinels
AB;O4 (A= Mg2+, C02+, Ni2+, Cu*" and Zn*" and B = Al3+, Cr3+, Mn3+, Fe** and C03+) are
also employed for NO reduction and CO and hydrocarbon oxidation.'"*"'*>

In early 1980s, supported metal catalysts have come in the scenario of auto

exhaust catalysis.'**"*®

Metal catalysts with low metal loadings are usually dispersed on
the surface of a support. Highly dispersed catalysts provide a maximum surface area. As
metal loading increases the crystallites come closer together causing larger particle size.
Generally, the more expensive noble metal catalysts have low metal loadings and are
highly dispersed, whereas catalysts containing less expensive base metals have higher
metal loadings, usually 20-40 % by weight or atom. Supports like Al,O3, Si0,, TiO,,
Ce03, ZrO;, SnO,, WO3 and MgO are used for the dispersion of metals. In this sense, in
search of suitable material to satisfy several requirements for exhaust catalysis, CeO; has
emerged as a unique and active oxide support in last several years. However, a catalyst in
the rigorous automotive exhaust condition should have (a) intrinsic reactivity, (b) poison
resistance ability and (c) durability and it soon has become apparent that the base metal
oxides of Ni, Co, Mn or Cr do not have these properties. In particular, modern days
automotive exhaust catalysts revolve around three noble metals such as Pt, Pd and Rh
that have been dispersed, stabilized, promoted, alloyed and segregated in sophisticated
ways to fulfill the required performance and y-Al,O; has been found to be the main
support along with CeO, additive. It is observed that addition of CeO, increases the
activity of Al,O; catalyst towards three-way catalytic activities. The promoting effect of
CeO, is largely attributed to the enhancement of metal dispersions, OSC, increase in

oxygen mobility due to oxide ion defects and thermal stability. CeO, is able to act as an
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efficient oxygen storage material by releasing/storing oxygen because of its capability to
undergo effective reduction and reoxidation under fuel-rich (A/F < 14.7) and fuel-lean
(A/F > 14.7) conditions. The reversible oxygen storage/release feature coupled with
chemical stability in adverse conditions is a unique feature that offers CeO, as a prime
material in TWC design.'!”"3¢1%

4.4. Noble metal ionic catalysts for exhaust catalysis

From fundamental basis of TWC it is necessary to develop such kind of materials that
can provide unique OSC as well as active sites for redox type of exhaust catalytic
reactions, because both the properties are correlated. Realizing the importance of CeO, as
oxygen storage material as well as active catalyst support for redox type exhaust catalytic
reactions, we have synthesized Ce;_M,0,_s (M = Pd, Pt, Rh, Ru, Cu, Ag and Au),
Ce1xyAM,0,_5 (A = Ti, Zr, Sn and Fe; M = Pt and Pd) and T1,_.M0,_s (M = Pd, Pt, Rh
and Ru) catalysts by solution combustion, hydrothermal and sonochemical methods
where metal ions act as active sites for adsorption as well as reaction. Promoting action of
CeO; and TiO,, metal-support interaction, high OSC, hydrogen spillover and synergistic
interaction are attributed to the interaction of Mn+/MO, Ce*'/Ce* and Ti*'/Ti** redox
couples in the noble metal ion substituted reducible oxides.”' In the following sections we
discuss about several aspects of exhaust catalysis over these novel materials.

4.4.1. OSC of CeO; and TiO; based materials

To understand the OSC, reducibility of oxygen species and metal-support interaction in
CeO; and TiO, and related materials, H,—TPR and CO-TPR are extensively employed
where the volume of H, or CO consumed by the reduction of an oxide is measured. Pure

Ce03, TiO,, PdO, Rh,03, CuO and SnO, show H, uptake peaks at higher temperatures in
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comparison with metal substituted CeO,. ZrO, does not show redox properties as there is
no peak in its H,-TPR profile, whereas significant OSC have been observed in
Ce_,Zr,O, samples. For specific example, H,-TPR profiles of CeO,, Pt doped CeO, and
Ce -, T1,0,_5 compounds are shown in Fig. 9. There are three regions of H, uptake. First
one extends from —50 to 120 °C, the second region extends from ~120 to 300 °C and the
third region is above 300 °C. The low-temperature region corresponds to hydrogen
uptake related to Pt species in the compound.*” The second and third regions of the H,
uptake are attributed to the reduction of Ti*" and Ce*" state, respectively. Reduction of
both Ti*" and Ce*" ions occurs at a lower temperature upon Pt substitution and the extent
of reduction of Ce*" increases. The H; uptake curve for Ceg99Pty010,-5 1s also given for
comparison in the figure. The H,/Pt molar ratio in the first region of 1 at.%
Pt/Ce 5Ti9.150, is 12.0, which is 3 times higher than that observed over Ceg g9Pto 0102-s.
The ratio is 7.5 under first region for 1 at.% Pt/Cegs5Tio.150,. H, uptake starts at ~30 °C
in Ceg.9sPdp 00,5 with a hydrogen adsorption peak at ~65 °C and a small peak at 450 °C
due to CeO; reduction is observed. Taking the low temperature H, peak at 65 °C, the ratio
of H/Pd is four in Ceg9gPdo020,-s. In the case of Ceg 73T1g25Pdg 020,-5, H/Pd ratio is 17.48
Hydrogen consumption peak around 100 °C Ce;_,Rh,O,_5 is attributed to reduction of
Rh*" species and second broad centered at ~270 °C corresponding to reduction of CeO,.**
Thus, Cei-M,025, Cei—TiM,055, Cei,SnM,0,5, Cei,Fe.M, 0,5 and
Ce1—Zr:M, 0,5 (M = Pd, Pt, Rh and Ru) catalysts have been observed to show high
oxygen storage capacities.***"* 79202670 There is one sharp peak at low temperature and
a broad peak at higher temperature region in all the substituted TiO, catalysts.”*

Unsubstituted TiO, shows very little Hy-uptake and the reduction starts above 400 °C. So,
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the higher temperature broad peak for the substituted catalysts is attributed to the
reduction of TiO,. On the other hand, low temperature peak corresponds to the reduction
of Pd*" and Pt*" ions in TiO,. Oxygen storage capacities of Tipg97Pd 30,5 and
Tioo?Pt* 0030107 and TigoPt 0030107 are 5100, 2010 and 2315 pmol g,
respectively.”>”® Oxygen storage capacities of a large number of CeO, and TiO, based
materials studied in our laboratory are summarized in Table 2. *47:49732:55.36.62.63.70.140.141
4.4.2. Exhaust catalysis over noble metal ionic catalysts

Noble metal ionic catalysts have been examined for various important catalytic reactions
like CO oxidation, NO reduction by NH; and CO, hydrocarbon oxidation, three-way
catalytic reaction, water-gas shift reaction (WGSR), preferential oxidation of CO
(CO-PROX), H,—O; recombination, hydrogenation and Heck reaction that are discussed
in the following sections. It has been observed that catalytic activities of noble metal
ionic catalysts toward these reactions are much higher than supported noble metal
catalysts.

4.4.2.1. CO oxidation by O,

Among Pt*", Pd*" and Rh’" ions, Pd*" ion substituted CeO, or Ce;_Ti,O, or TiO, show
the highest rate of CO conversion and lowest activation energy toward CO oxidation.
Within this context, it is important to note that Pd is the cheapest among noble metals. It
has also been observed that activation energy decreases with increase in the effective
charge on Pd*" ion in these oxides.’” It has to be noted that rates with metal ionic
catalysts are higher by 20-30 times compared with the same amount of metal

impregnated catalysts. Pt and Pd ion substituted Ce;_,Ti,O,, Ce;_Sn,O; and Ce;_.Fe,O,

catalysts show very high CO conversion.”’ In top panel of Fig. 10, CO conversion over
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different Pt*" substituted catalysts is presented. TiggoPty01Os-5 catalyst is observed to
show lowest temperature 100% CO conversion. Complete conversions of CO to CO; are
achieved below 105 and 135 °C over hydrothermally prepared CepoRug ;0,5 and
CeoosRug 05045 catalysts, respectively in presence of feed oxygen.” In another type of
experiment, CO gets oxidized to CO, by extracting activated lattice oxygen in the
absence of feed oxygen. On exposure to oxygen, the lattice oxygen is replenished. This
means that the feed oxygen gets adsorbed and incorporated in the oxide ion vacancy
indicating the presence of two independent sites on the catalyst that adsorb reducing and
oxidizing molecules re:spe:ctively.“g"w’63 CeoesFeo33Pdg020,-5 catalyst prepared by
sonochemical method shows very low temperature CO oxidation with activation energy
of 38 kJ mol™.”° Low temperature CO oxidation over Ti;_Pd,O,_, catalysts has been
demonstrated by our group.'* It is important to note that CO oxidation over Pt/Al,0; and
Pd/Al,O3 synthesized by solution combustion method occurs at higher temperature
compared to CeO, and TiO, based catalysts.42

In recent times, there are reports about CO oxidation activities of supported ionic
noble metals and it has been found that these oxidized noble metals are more active
compared to noble metals. Grass and coauthors have demonstrated the formation thin
active RhO, over layer on polymer stabilized Rh nanoparticles that is responsible for low
temperature CO oxidation.'* Active RhOy phased dispersed on CeO, has been found to
be highly active for CO oxidation as reported by Ligthart et al.'** Manuel and coworkers
have shown that oxidized Rh species (Rh“) on Ceq 75210250, exhibits a significant 25
times higher turnover rate in CO oxidation than corresponding zero valent one (Rh").'*’

Here, Ce 75719250, support is to stabilize Rh atom as ions. Comparison of CO oxidation
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over Rh""/Ce 75710250, and RhO/Ceo,75Zr0,2502 is displayed in bottom panel of Fig. 10.
Solution combustion synthesized Au/CeQO, catalyst where Au is in +3 oxidation state
shows very high CO oxidation rate at low ‘[emperature.46 Carrettin et al. have
demonstrated the stabilization of Au®" in nanocrystalline CeO, that shows very high CO
oxidation acivity.'*® Strong interaction between ionic gold and CeO, is attributed to
exceptionally high CO oxidation rate over Au/CeO, catalyst prepared by deposition-
precipitation method.'*’ In Table 3, comparison of CO conversion rates and activation
energies (E,) for CO + O, reaction over noble metal ion substituted CeO, and TiO,
catalysts with supported nano metal catalysts are presented,’~*%=1:23-96.63.70.82.84.87.142,148-153
4.4.2.2. NO Reduction by CO

High activity for NO + CO reaction with 100% N, selectivity has been observed
over Ceo.ggPdo.onz,g.15 4,155 Decomposition rate of adsorbed NO is faster over this catalyst
that leads to higher N, selectivity. For NO + CO + O, reaction N, selectivity of 100% is
seen at higher temperatures over this catalyst. Cep9sPdg 020,-5 shows low temperature NO
reduction by CO in relation to CeggsPt9.0202-5 and Cegg9sRhy 02075 cat:cllysts.155 N,
selectivity is highest in Ce9gPd 20,5 among all these three catalysts in the temperature
range of 125-350 °C, But N, selectivities are more or less same over all catalysts at
higher temperature (>300 °C). Complete NO reduction by CO occurs over Cegg9Pt.0102-5
and Ces4Tio.15Pto0102-5 at 180 °C.*" 100% N, selectivity is observed at 240 °C for NO
reduction by CO over Ce73Ti25Pdg.0202-5 catalyst.48 Cep 73Sng 2Pdy 020-_5 exhibits 70%
N, selectivity at 200 °C, whereas 100% N, selectivity is obtained at 245 °C over this

catalyst.” Complete NO conversion into N, is observed at 200 and 250 °C over

Cep.9sRug 05025 and CeyoRug10,-5, respectively where N,O formation occurs at low
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‘[emperature.63 NO reduction by CO over Tig99Pd 010199 catalyst shows high rates of NO
conversion for NO + CO reaction with high N, selectivity. Rate of N,O reduction by CO
is very high over this catalyst."*” N, selectivity is 80% or more at all temperatures over
this catalyst for NO + CO + O, reaction. However, it is important to mention that
complete NO reduction by CO over 1% Pt/Al,0O3 and 1% Pd/Al,Os catalysts are seen at
400 and 350 °C, respectively.* Comparison of NO conversion rates, activation energies
and N, selectivities for NO + CO reaction over noble metal ion substituted CeO, and
TiO, catalysts with supported nano metal catalysts are presented in Table
4 4749.51.63,142,154,156-161

4.4.2.3. NO Reduction by H,

NO can also be reduced by H, which is also present in the mobile and stationary sources.
100% N, selectivity and high reaction rates at low temperature are observed over
Ceo.9sPdo 020105 catalyst, thereby making it a superior to other existing catalysts reported
in literature.'®® Temperature of 100% NO conversions are observed at 160, 180 and 370
°C over CeggoFeg 1Pdo 02055, Cego9Pdg0102-5 and CegoFeq 1053, respectively.5 ' Solution
combustion synthesized Tip99Mg01O02-s (M = Pd, Pt, Rh and Ru) catalysts have been
tested for NO + H, reaction.’® The rate of NO reduction by H, follows the order:
Tig.99Pto.0102—5 > Tig.99Pdg 0102-5 > Tig.99Rhg 0102—5 > Tig.99Rug 01 O0>-5. Formation of lowest
amount of N,O occurs over Tipg9Pdj01O,-5 and no NH; formation is traced during the
reaction, whereas a significant amount of N,O and NH; formation could be seen over
Tig.99Pt0.010;2-5 catalyst. The experimental observations demonstrate that Tigg9Pdy 0102518

the best catalyst among the four catalysts investigated. In presence of excess O,, Nj
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selectivity increases over Tigpg9Pdy;O0,-s catalyst during NO + H; + O, reaction (lean
condition).

4.4.2.4. Selective Catalytic Reduction (SCR) of NO by NH;

SCR of NO by NH; has been used extensively to clean up emission from stationary
exhausts. Good SCR catalysts should show low temperature activity, high N, selectivity
and wide SCR window. A series of metal ion substituted TiO, catalysts have been
synthesized by solution combustion method and their SCR activities have been tested to
understand the structure-property relationship and reaction mechanism. SCR reaction
occurs at the lowest temperature over TipoMng;0,-5 among TipoM; 0,5 (M = Cr, Mn,
Fe, Co and Cu) catalysts, but N, selectivity is found to be highest over Ti0,9F€0.102_3.163
In this sense, Tig.oMngsFeo 0s0,-5 catalyst where both Mn and Fe are substituted in TiO;
have been synthesized to optimize low temperature SCR activity and N, selectivity.
Indeed, SCR reaction occurs at low temperature with a high N, selectivity over this
catalyst. SCR activities over TigoMng 0,5, TigoFeo 0,-5 and TipgoMng 1Pdg0;0,-5 have
also been carried out to understand the role of base metal and noble metal ionic
catalysts.'® From H,-TPR and SCR activity studies it has been observed that more
reducible catalyst shows better NH; oxidation and poor SCR activity. NO reduction
follows the order: TipoMng 10,-5 > Tig.goMng 1Pdg 0102-5 > Tig9Feo 10,-s and the ammonia
oxidation follows the reverse order that agrees well with the reducibility of the catalyst.
TipgoMng 1 Pdg010,-s catalyst where a base metal and a noble metal are substituted in
TiO, does not show any synergetic effect. Therefore, the catalyst should have less

reducibility in order to achieve better SCR activity. Thus, noble metal ion (Pd*")
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substituted TiO, which has better reducibility than the base metal ion (Mn’") substituted
Ti0, performs poorly for SCR.

4.4.2.5. NO Reduction over NMIC Coated on Cordierite Monolith

In recent years, monolith supports with honeycomb structure are attractive alternative
carriers for catalysts in heterogeneous catalysis and have been extensively used as
catalyst supports inside the catalytic converters for removal of exhaust gas in the
automobile industry.mS*167 In general, monolith is first coated with high surface area
oxide like y-Al,O3 and the process is called washcoating. Catalyst active phase is
dispersed over the monolith support after washcoating. Several methods for washcoating
and coating of catalyst active phase on monoliths have been in the literature.'®*'® Due to
advances in monolith technology, simple catalyst mounting methods, flexibility in reactor
design, low pressure drop and high heat and mass transfer rates monolithic support
dominates the entire automotive market as the preferred catalyst support. Ceramic
monolith materials are leaders in the market among different monolith supports and the
preferred material is cordierite.

Noble metal ionic catalysts are coated on cordierite monoliths by a single-step
solution combustion method and three-way catalytic reactions have been carried out over
these catalysts. The coating process involves growing of y-Al,O3 on cordierite by solution
combustion method and then further growing of active catalyst phase containing noble
metal ionic catalysts on y-Al,O; coated cordierite again by the same method. Due to

closeness of unit cell lattice parameters of cordierite and y-Al,O3 as well as y-Al,O3 and

Ce1-M, 0o, polycrystalline Y-A1203 on cordierites and Ceg9sPdo0202-5, CeposPto.0202-5
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and Ce9Cu 0,5 over y-Al,O3 coated cordierites have been grown by solution
combustion method following the idea of epitaxial growth.' !

It has been observed that Cej93Pdg02O,-5 coated on cordierite shows much more
catalytic activity toward CO oxidation, NO reduction and three-way catalysis in
comparison with CegsPty.020,-s5 and CeyoCuy ;0,5 coated cordierite catalysts. Within
this context, details investigation on Ceg93Pd).020O>-5 coated cordierite catalyst has been
carried out. 100% CO and NO conversions is achieved around 80 and 200 °C for CO +
0, and NO + CO reactions, respectively at a space velocity of 880 h™'. At the same space
velocity, three-way catalytic reaction over CegogPdo0,0,-5 coated monolith has been
carried out with a gas mixture of 10000 ppm CO, 2000 ppm NO, 2000 ppm acetylene
(C,H3) and 7000 ppm O;. It has been observed that 100% conversion of all the pollutants
occurs below 220 °C and CO and C,H, conversion is seen before NO conversion.'® All
pollutant gases are converted to Np, CO, and H,O below 225 °C even with 15% excess
oxygen. CO + O,, NO + CO and three-way catalytic reactions over CegggPdy0202-5
coated on cordierite monolith are displayed in Fig. 11. In an another study, three-way
catalysis over noble metal ionic catalyst coated on monolith is carried out in presence of
NO, CO, O; and a mixture of hydrocarbons such as acetylene (C,H;), ethylene (C,H4),
propene (C3Hg) and propane (CsHg) with a GHSV of 4523 h™'. All the pollutant gases are
fully converted to N,, CO, and H,O at 340 °C. While NO, CO and C,H, go off almost at
the same temperature 260 °C, C,H,, C3Hg and CsHg convert fully at 290, 315 and 340 °C,

17 Thus, CeosPdy020,-s catalyst coated on cordierite monolith by novel

respectively.
solution combustion method demonstrates a good low temperature three-way catalytic

activity. In this regard, it is to be noted that solution combustion method provides a new
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technique of washcoating of high surface area oxide such as y-Al,O3 and dispersing of
catalyst active phase containing noble metal ion over monolith.

4.4.2.6. Hydrocarbon oxidation

Complete CH4 oxidation occurs over Ceg.99Pty.0102-5 and Cepg9Pdy 01025 at 400 and 330
°C, respectively, whereas complete oxidation of Cs;Hg over these catalysts has been
observed at 110 and 230 °C, respectively.”’ On the other hand, these reactions occur at
much higher temperatures over 1% Pt/Al,O; and 1% Pd/Al,O; cat:cllysts.172 Similarly,
100% conversions of CH4 and CsHg have been noticed at much lower temperatures over
Ce0.99A 8001025 and Cep99Aup,010,-5 catalysts in comparison with 1% Ag/Al,O3 and 1%
Au/A1203.45 46 Rate of C,H4 oxidation over bimetal ionic Ce;—Pt,» Rh,»O,-5 is observed
to be higher than corresponding monometal ionic Ce;,Pt,O, 5 and Ce;,Rh,O; 5
catalysts.73 Ceo.84Ti0.15Pt0.0102-5 shows higher catalytic activity toward oxidation of CsHs,
C,H; and C2H2.47 Activation energies of oxidation of C,Hs and C,H, over
Cep.osPdo 02025 and Tigg9Pdg1O,-5 are found to be lower in comparison with the
previous studies in the literature.'>*'** Oxidation reactions of several hydrocarbons over
Ce;Ru,0,5 occur at lower temperatures and complete conversion temperatures depend
on amount of Ru.® Hydrocarbon oxidation temperatures over Ti;—Pd,O, s catalysts
decrease with increase in Pd content and room temperature C,H, oxidation occurs over
Ti9.97Pdg 0302-5 catalyst.55

5. Water gas shift reaction

The reaction of CO with steam leading to H, and CO, is generally called water gas shift
reaction (WGSR). It has been used as an important step in the production of H; as well as

bringing down CO level in the steam reformate introduced into the polymer electrolyte
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fuel cells (PEMFC). Fu and Flytzani-Stephanopoulos have shown that water gas shift
occurs at significantly low temperature over leached Pt/CeO, and Au/CeO, containing
ionic Pt and Au compared to catalysts without leaching that contains metallic species.”
Ionic Pt and Au species strongly associated with surface cerium-oxygen groups are
responsible for the high activity. CO conversion has been found to be maximum at 200
°C over Ce;_Pt,O,_s catalysts without any methanation.'” However, Tigo9Pt90102-s
shows highest activity among Tip99Pty0102-5, Ceo83T10.15Pt0.02002-5 and Ceg9sPty.0202-5
catalysts without deactivation.'”* There is no carbonate formation over Ti0.99Pto0102_5 due
to highly acidic nature of Ti'" in the catalyst and consequently, no deactivation is
observed even after prolonged reaction. Pt*" substituted ZrO, shows lowest temperature
WGS reaction among Pt*" and Pd*' substituted 710, and Cegg5Zr91502-5 catalysts.175
Formation of Brensted acid-base pairs is the main cause for high activity of ZrO,
catalysts. Ceo7sSng 2Pty 020,-5 shows excellent CO conversion due to the presence of
Ce*"/Ce® and Sn**/Sn*" redox couples.'”® Much higher activity of WGS reaction is
noticed over Ceg gsFeg 33Pt0.0202-5 catalyst compared to Ce ¢7Fe0330,-5 due to synergistic
interaction Pt*" with Ce*" and Fe*' ions.!”’ Cep.95Rug 0s0,-5 prepared by hydrothermal
method shows low activation energy and high conversion rates at low temperature and
100% H, selectivity is observed over this catalyst.'” Sonochemically synthesized
CeossFeo33Pdo020,-5 catalyst is highly active for water gas shift reaction with reaction
rate of 27.2 yumol g ' s™' and 46.4 kJ mol™.”°

6. CO-PROX reaction

Preferential oxidation of CO (CO-PROX) is widely used to reduce very trace level of CO

in Hj rich gas stream from fuel reformate that is fed to polymer electrolyte fuel cells
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(PEMFC)."” CO content above 10 ppm present in H, rich gas stream from fuel reformate
that is fed to PEMFC deactivates platinum based electrodes in PEMFC. An effective CO-
PROX catalyst show high activity and selectivity for CO oxidation. It should be active in
two temperature ranges, 170-230 °C which is outlet temperature for low temperature
water gas shift reaction (WGSR) and 80-100 °C which is the operation temperature for
PEMFC. Therefore, wide temperature is required to avoid precise temperature controls.
There have been reports of Pt/CeO, catalyst for PROX reaction where Pt is present in the
metallic state.'*® P*" in CeQ; in the form of Ce;_,Pt,0,_5 solid solution is more efficient
catalyst than supported Pt metal catalysts and just 15% of Ti substitution in CeO,
improves the overall PROX activity."®! CO conversion of 100% is observed over
Ceo83Ti0.15Pt9.0002-5 catalyst at 55 °C which is much higher conversion than
Ceo.0sPt9.0202-5. Thus, CO-PROX temperature window is larger that CeosPty.0202-5
catalyst. Higher activity of Cegs3Tio.15Pt0.0202-5 1s because of the higher reducibility of
this catalyst in comparison with CegogPty020,-5. Lattice oxygen becomes activated
because of Ti substitution and can easily be removed in reaction condition. Here,
reducibility is an important factor as the reaction condition is highly reducing (35% H,)
that makes Cegg3Tip15Pt0.02002_5 more active than CeyogPty0202-5. On the other hand,
Ti.98Pt0.020,-5 is not a good PROX catalyst for CO as it shows a good activity for H, +
0O, recombination reaction.

7. H, + O, reaction

H, + O, recombination is technologically a very important reaction. Keeping the H,
concentration lower than 4.1% in nuclear power reactors is crucial for safety. Also, the

catalytic combustion of H, by O; is the cleanest source of energy. Hydrogen fuel cells
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also make use of a Pt/C catalyst for the overall recombination to produce power. Ever
since Michael Faraday demonstrated the H, + O, recombination reaction over platinum
metal plates, Pt nanoparticles have remained the only room-temperature recombination
catalyst for this reaction. An alternative approach to achieve higher recombination rates
are: 1) to design a catalyst possessing two different adsorption sites for H, and O,, unlike
the single Pt’ site in Pt nanoparticles for both the molecules, 2) dissociative
chemisorptions of H, and O, so that the activation energy of recombination is brought
down and 3) making the catalyst more tolerant to CO to avoid CO poisoning in fuel cell
applications. We have designed new catalysts such as Ce;_Pt,O,_s and Tip99Pdy.01O02-s
where Pt and Pd are present in their ionic state and they are highly active for H, + O,
reaction.’®'® 1t has been demonstrated that Tig.99Pdg010,-5 catalyst not only shows
higher rates for the H, + O, recombination reaction, but is also more tolerant to CO than
Ceo.9gPt0.0202_5.183 Ce.08Pt9.0202-5 has also been found to be an excellent hydrogen and
oxygen recombinant catalyst at room temperature for recovery of water in sealed lead-
acid batteries.'®*

8. Photocatalysis

Photocatalysis is more economical from the low energy consumption and operating cost
view points. It is an alternative method of NO reduction and decomposition that has been
carried out over noble metal ionic catalysts in presence of UV light in our laboratory.
Optimum Pd*" concentration has been found to be 1 at.% for NO reduction by CO and
NO decomposition over Pd*" ion substituted TiO, that contains Ti4+, Pd2+, O’ and the
oxide ion vacancy sites.”> Measureable NO conversion is not observed over pure TiOs.

With increase in Pd*" ion content in T11-PdO,_s, NO conversion increases with x from
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0.005 to 0.01 and then it decreases with increase in Pd*" concentration and for 3 at.% Pd
there is no NO conversion. The highest NO conversion of 80% was observed
Ti999Pd0.0102-5. This shows that there is an optimum Pd*" ion concentration for NO
conversion. Pd*"4d band becomes broader with an increase in Pd*” ion concentration and
the photoluminescence decreases significantly at 2 and 3% leading to lesser conversion.
Decrease in NO conversion over Tig9gPdg0202-s and Tig97Pdg030,-5 catalysts can also be
correlated with increase of electron density due to Pd**4d band in the band gap region
(0-3 eV) of pure TiO,. With an increase in Pd*" ion concentration, increase in h+—e- pair
recombination (shorting effect) should occur lowering the rate of photocatalytic reaction.
Again, NO gets adsorbed over both pure TiO; and Tig99Pdg 010;-5, but photodissociation
of NO happens only on Tig99Pdg 0;0;-s, not on pure TiO,. Therefore, photodissociation of
NO requires oxide ion vacancy that is present on Tip99Pd0;O,-5 and hence, NO adsorbed
on oxygen vacancy sites is dissociative NO. Hence, Pd*" ion for adsorption, oxide ion
vacancy and UV light are essential requirements for the photo dissociation of NO.

NO conversion of 45% is seen when NO decomposition is carried out in absence
of CO over Tipg9Pdj ;0,5 catalyst. In contrast, there is no NO conversion over pure
Ti0,. NO decomposition decreases over Tipg9Pdp 010-5 in light on/off mode. It has been
demonstrated that NO, formed due to partial reaction between NO and evolved O, from
NO decomposition blocks the oxide ion vacancy sites. But in presence of CO, this O, is
getting utilized to form CO; and hence, high NO conversion of 80% is observed over this

catalyst.

9. Hydrogenation
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Hydrogenation of p-chloronitrobenzene (p-CNB) to p-chloroaniline (p-CAN) is an
important reaction, because chloroanilines are key intermediates in industry for synthesis
of herbicides, pesticides, pigments, pharmaceuticules, cosmetics and other organic fine
chemicals. Recently, Mistri and coworkers have demonstrated hydrogenation of p-
chloronitrobenzene to p-chloroaniline over CeogPd 2025, Cep9sRup020,2-5 and

Cepo9gPdgo1Rug 10,5 catalysts.lgs

It has been observed that hydrogenation is inactive over
monometal ion substituted catalysts. On the other hand, hydrogenation is completed
beyond 75 min over CegogPdo01Rug02-5. A little higher activity with a lower selectivity
is noticed with increase in temperature from 35 to 80 °C. Presence of Ru*" together with
Pd*" on CeO, plays a crucial role towards hydrogenation of p-CNB without
dechlorination indicating remarkable Ru*" promotion in the bimetal ion substituted CeO,
catalyst.

Hydrogenation of benzene to cyclohexane is an important reaction from industrial
point of view. A 42% conversion of benzene to cyclohexane with 100% selectivity is
observed at 100 °C over Ceg9gPto0202-5 catalysts.186 Turnover frequency is observed to

be an order magnitude higher than those of other Pt catalysts.

10. Heck reaction

187,188 1, -
7188 1t is

Heck coupling reaction catalyzed by Pd is well known in organic synthesis.
known for its high tolerance of functional groups and general applicability.189 The Pd
catalyzed coupling reaction of organic/aromatic halides with olefins allows a one-step
synthesis of aromatic olefins that are used extensively as biologically active compounds,

natural products, pharmaceuticals and precursors of conjugated polymers."”*'*! Heck

reaction proceeds in presence of homogeneous as well as heterogeneous Pd catalysts.
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Cep.9sPdy.0201.93 synthesized by solution combustion method catalyzes C—C cross
coupling of substituted iodobenzene, bromobenzene and bromoheteroaryls with alkyl
acrylates and styrenes with good yields. There is no conversion when iodobenzene with
methyl acrylate is carried out over pure CeO; indicating Pd*" ions in Ceg.9sPdy.0201 .95 are
the active sites for Heck reaction.'” It has been observed that C—X (X = Cl, Br, and I)
bond strength influences the activity towards Heck coupling reaction as the coupling
reaction follows the order: C—I1 > C—Br > C—CI. Temperature also affects the conversion
for the coupling of iodobenzene and methyl acrylate that is presented in Fig. 12. Around
100% conversion is observed in 30 min at 150 °C, whereas it requires nearly 1 h when
temperature is 125 °C. However, reaction is very slow at 80 °C where conversion is 60%
even after 7 h. Cey.9sPdy.0201.95 catalyst could also be recycled without significant loss of
catalytic activity which indicates that catalyst is stable in the reaction condition.
Observed turnover frequency (TOF) value for the reaction of iodobenzene and methyl
acrylate is higher than other Pd substituted ligandless heterogeneous catalysts for C—C

cross coupling reactions reported in the literature.

11. Electrocatalysis and redox coupling between noble metal ions and

CeOz

Electrocatalysis studied by several electrochemical methods toward oxygen evolution,
oxidation of formic acid and methanol oxidation over noble metal ionic catalysts has
been carried out that provides better understanding of electronic interaction between
noble metal ions and CeO; through electron exchange among redox ions than gas-solid
interaction. In a potentiostatic experiment (chronoamperometry) combined with extensive

XPS studies, pure CeO; electrode shows almost complete (70%) reduction when it is
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'3 Envelop of Ce3d core level

subjected to oxygen evolution potential (1.2 V) for 1000 s.
spectrum of CeO; electrode looks more similar to Ce,O3 after the chronoamperometry
experiment. In an another experiment under potentiodynamic condition (cyclic
voltammetry), when CeO, electrode is cycled in the potential range of 0-1.2 V, Ce*" gets
reduced to Ce’" where Ce’” amount is 75%. Though fluorite structure is retained after
electrochemical experiment as demonstrated by XRD patterns, this reduced CeO, does
not oxidize back at any electrochemical condition. On the other hand, Ce9gPto.0202-5
electrode shows partial reduction (38%) of Ce*" to Ce’* in a chronoamperometry
experiment at oxygen evolution potential (1.2 V) for 1000 s and Pt remains in +2 and +4
oxidation states. Ce*" species in CegosPty020,-5 electrode material gets reduced to 50%
Ce’" after stopping the cycle at 1.2 V in a cyclic voltammetry experiment. However, it
returns to its initial status when Ce 9sPt).020,-5 electrode is cycled under potentiodynamic
condition in the positive potential range of 0—1.2 V with a particular scan rate. Similar
phenomenon is also observed for Pt component species present in the CegosPty0202-5
electrode. There are not much differences in Ce and Pt component ratios with increase in
scan rates. Thus, Ceg9sPty 20,5 electrode is stable to redox cycle in the potential range
of 0-1.2 V. Similar type of direct evidence of redox reactions are observed in
Ceo_ggPdo_0202_5.194 The redox catalytic property of Ceg9sPty.02002-5 and Ceg9sPd 0202-5
electrodes is associated with the interaction between Pt*"/Pt*"/Pt” and Ce*'/Ce’™ and
Pd**/Pd’ and Ce*/Ce®" redox couples within the oxide catalysts. Redox ability of

Cu®"/Cu” and Cu’/Cu’ couples in Cu/CeO, catalysts have been studied with cyclic

voltammetry in order to understand redox catalytic reactions.'” """ Catalytic activities of
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Tip99oMo0102-s (M = Pd, Pt, Rh and Ru) catalysts are correlated with their cyclic
voltammetry studies.”

Substitution of the Pt*" and Pd*" ions in CeO, by sonochemical method activates
the lattice oxygen and hydrogen spillover or a higher H/Pt ratio ~8.1 and H/Pd ratio ~4.2
is observed. Ce 95Pt 050,-s reversibly releases 0.203 mol of [O]/mol of compound below
—15 °C and Ce95Pdj 50,5 releases 0.105 mol of [O]/mol of compound below 55 °C.
Reversible nature of higher oxygen storage capacity or higher H/Pt and H/Pd ratios is due
to interaction of redox couples like Pt'"/Pt*" (0.91 V), P /Pt° (1.18 V), Pd*"/Pd" (0.92
V), and Ce*"/Ce’™ (1.61 V). Because of the participation of lattice oxygen through
reduction of Ce*' to Ce3+, Ce.95Pt).0502-5 and Ceg 9sPd0502-5 have shown higher electro-
oxidation of methanol compared to the same moles of Pt in 5% Pt/C.%

It has been observed that Pt*" ion substitution in CeO; and Ce;,T1,0O, improves
the electrocatalytic activity of oxygen evolution reaction.'” In a cyclic voltammetry
experiment, bubbles can be seen on Cey 9gPt 02025 electrode surface above 1.1 V which
confirms the oxygen evolution. CeO, electrode shows bubbling only after 1.4 V which
confirms the catalytic effect of Pt* in CeO,. Steady state current density values obtained
from chronoamperometry experiment for 1800 s are 0.09, 0.15 and 0.31 mA cm ™ for
Ce03, CeosPt.0202-5 and Ceg3Tig.15Pt9.0202-s, respectively. From XPS studies, it has
been demonstrated that oxygen evolution is directly related to extent of Ce*" reduction
and stability of CeO,. Oxygen evolution current increases with decrease in Ce*"
reduction. Pt ions in CeO; and Cey 33Ti0.150; control the lattice oxygen in a particular way

to impart the activity in Ceg9sPty 02025 and Ceg g3Tig.15Pt0.0202-5.
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Electrooxidation of formic acid has been investigated over Ceg9gPty 20,5 and
Ceo.83T10.15Pt0.020,-5 catalysts and results are compared with Pt/C electrocatalyst where Pt
is in metallic state. In cyclic voltammetry experiments, CO poisoning effect is observed
on Pt/C which is eliminated in CegggPty020,-5 and Cegg3Tig15Pto020,-5 catalysts. In
chronoamperometry experiments, gain in the oxidation current in the ionic catalysts is 10
times more than the corresponding Pt/C catalysts for the same amount of Pt metal.'”®
Pt*"/Pt"" states remain same after cyclic voltammetry and chronoamperometry
experiments in CegogPty 20,5 and Ceg3Tig.15Pt0.0202-5 as demonstrated by XPS studies
of electrode materials. Extents of reduction of Ce*" are 50 and 25% in Ceo.98Pt9.020,—s and
Ceo.83Ti0.15Pt0.02002-5, respectively indicating that lattice oxygen present in the ionic
catalysts is utilized initially and steady state is reached with an equilibrium
concentrations of Pt*"/Pt'" and Ce*/Ce®" states. Involvement of lattice oxygen during
electrooxidation of formic acid prevents CO poisoning of the catalysts. Similar behavior
of Ce.0sPty.020,-5 and Cey.g3Tig.15Pt9.0202-5 catalysts toward methanol oxidation has been
observed and their activities are much higher than the same amount of Pt’ in Pt/C which
is attributed to interaction of Pt*" ion with CeO, and Ce g3Tig.150, to activate their lattice
oxygen.'”®
12. Mechanism of redox reactions over noble metal ionic catalysts
Employing several characterization techniques, it has been demonstrated that there are
two independent sites on the noble metal ionic catalysts which adsorb reducing and
oxidizing molecules, respectively during redox type of reactions such as CO + O,, NO +
CO, NO + H,, NO + NHj3;, WGS reaction, CO-PROX reaction, H, + O, recombination,

photocatalytic reduction of NO and Heck reaction. A dual site mechanism of redox
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reactions like CO + O, and NO + CO based on the structure of Ce;_M,0,_s and
Ti;M,0,5 related catalysts has been proposed that 1is different from
Langmuir—Hinshelwood mechanism on noble metal surface. In Fig. 13, CO + O, reaction
mechanism over Pt metal surface is compared with Ce;_M,0,5. It is well established
that CO + O, reaction over Pt follows Langmuir—Hinshelwood mechanism where both
CO and O, are adsorbed on Pt metal surface. CO is a polar molecule. CO has a triple
bond as it is isoelectronic to nitrogen. The third bond is a co-ordinate-covalent bond due
to lone pair donation from oxygen. Thus, carbon end of CO is relatively negative.
Therefore, carbon can donate electron to Pt metal. Bonding of CO with Pt is described by
the o-donation to the Pt metal atom from its 5o orbital and back donation of Pt metal d
electron to the antibonding orbital of CO. A weak chemical bond is formed between CO
and Pt metal and hence CO adsorption is a chemisorption process. Thus, adsorption of
CO makes Pt metal atoms negative as a whole. The electrons received by Pt atoms on the
surface from CO adsorption are shared by all the atoms in the particle that is called
delocalized electrons in modern scientific term. On the other hand, oxygen being
electronegative, it likes to acquire electrons. O=0 bond length is known to be 1.21 A.
Unlike CO, O, is adsorbed horizontally on the Pt surface. Pt—Pt atoms in Pt metal are at a
distance of 2.74 A and when oxygen atom aligns on top of adjacent Pt atoms the
molecule needs to be stretched from 1.21 to 2.71 A leading to weakening of O=0 bond of
molecular O,. Lengthening of O—-O is favored when anti-bonding orbital of O, molecule
receives electrons from Pt atoms. Transfer of electrons by Pt is possible because the Pt
atoms have received electrons from CO. In this sense, O, molecule is dissociatively

adsorbed on Pt metal surface. This eventually leads to dissociation of O, into two O
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atoms or partially negative ions. Once O atom is created, it combines with C end of CO
forming CO,. In contrast, on the Pt ionic catalyst surface, CO is adsorbed on the electron-
deficient metal ions, whereas O, is adsorbed on the oxide ion vacancy because the
vacancy site is activated by the electron-rich environment. The size of the oxide ion
vacancy is ~2.8 A, which can accommodate the oxygen molecule of diameter 2.42 A.
Thus, there are two distinct sites, one for reducing and another for oxidizing molecules in
the Pt metal ionic catalysts which is different from Pt metal atoms. Electron transfer from
reducing molecule to oxygen is facilitated by the lattice via coupling between accessible
P /Pt” and Ce*'/Ce®" redox couples. The enhanced activity is due to the creation of
redox sites leading to site-specific adsorption and electronic interaction between the
noble metal ions and the lattice. In addition to this, the lattice oxygen is activated in the
catalyst with long M—O and Ce—O bonds and CO can get oxidized through a Mars—van
Krevelen mechanism whereby oxide ion is continuously consumed and formed. The
difference in the rate of CO oxidation over different noble metal ion substituted catalysts
is due to differences in their redox properties.

Similar explanation can be given for NO + CO reaction over noble metal ionic
catalysts. NO is an electron donor as well as an acceptor molecule. Therefore, on the
ionic catalysts, NO can be molecularly adsorbed on noble metal ions and dissociatively
chemisorbed on the oxide ion vacant sites. Adsorption of NO over noble metal ion is
facilitated by the donation of 5c orbital electron of NO to the metal ion leading to the
molecular adsorption. On the other hand, anti bonding 2n* orbital of NO gets electron
from the oxide ion vacancy site where it is adsorbed leading to the dissociation of NO.

On contrary to NO, CO is specifically adsorbed on noble metal ion sites by donating its
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5o orbital electron to the metal ions. Molecularly adsorbed NO on the metal ion sites
would lead to N,O formation, whereas N, is formed when NO is dissociatively adsorbed
NO on the oxide ion vacant sites. Therefore, N, selectivity is governed by dual site
adsorption of NO on the catalyst. Since both NO and CO compete for metal ion sites and
NO is adsorbed on oxide ion vacant sites also, overall NO reduction results in N, and
N,O formation. However, N,O formed on the metal ion sites could move to oxide ion
vacant sites making the way for CO adsorption on metal ion sites and N,O + CO — N; +
CO, takes over leading to N, formation. Based on dual site adsorption (molecular
adsorption on noble metal ion and dissociative adsorption on vacant oxide ion), N, and
N,O formation along with CO, over NMIC such as Ce9gPd¢ 0,0, catalyst during NO +
CO reaction are schematically shown in Fig. 14. Similar kind of mechanism can also be
applicable for NO + CO reaction over Tip99M0;O,—5 catalysts. Again, it has been
demonstrated that CeosPdp20s-5 shows higher N, selectivity compared to
Ceo.9tho,0202_5.155 Higher N,O formation over CegosRhg0,0,-5 at lower temperature
seems to be due to higher NO adsorption on Rh*" sites. Further, Rh ion being in +3 state,
there is less oxide ion vacancy in Rh®" substituted CeO, compared to Pd*" substituted
CeO,. Therefore, NO — N,O conversion is facilitated as NO being more molecularly
adsorbed on Rh®" sites and less dissociatively adsorbed on the vacant sites of
Ceo.9sRhg 0201 99 at low temperature. However, at higher temperature, NO as well as N,O
dissociation is more and NO — N, takes place. In contrast, NO — N, conversion
predominates on Ceg9sPdy 201 95 catalyst in the entire range of temperature.

For NO + H; reaction over Tig99My010,-5 (M = Pd, Pt, Rh and Ru) catalysts, both

NO and H, are adsorbed on noble metal ion sites and NO is also adsorbed on the oxide

53



RSC Advances

ion vacancy sites.”* The formation of N,O occurs because of close proximity of N atom
of adsorbed NO and the N atom of adsorbed NO on oxide ion vacancy sites. The
hydrogen atom from the noble metal ion site reacts with the oxygen in oxide ion vacant
site to form water. N,O molecule dissociates directly into N, and O atom in oxide ion
vacancy sites. NH; can also be formed with the combination of adsorbed H atom with
adsorbed NO in oxygen vacancy sites.

NH;-TPD demonstrates that low temperature SCR activity of Tig9Mng ;0,5 is
due to the highest Bronsted acidity seen over this catalyst, whereas highest Lewis acidity
in TipoFe( 10,5 corresponds to wide SCR window.'® Therefore, NH; can be adsorbed on
the surface as NH, ' or as a molecular NH; in the case of Bronsted acid sites and Lewis
acid sites, respectively. NO can be adsorbed molecularly on the transition metal ion or it
can dissociatively chemisorb in the oxide ion vacancy of the catalysts. The adsorbed NHj3
or NH4" can form an adduct with the adsorbed NO and the NH,NO adduct dissociates
into N, and H,O. This path of dissociation dominates in the case of TipoFey 0,5 and
TipoMng gsFe05s0,-5. However, NH,NO dissociating into N,O is more likely to be
favored over Tip9Mng0,-5. So, a “dual site-redox” mechanism occurs on these catalysts
surface. However, if the adsorbed NHj3 reacts with the oxygen to form a NH,OO adduct,
it produces NO and the SCR window becomes narrow. This seems to be the mechanism
for Tig9Cup10,_s. Thus, it has been have showed that the SCR reaction occurs at the
lowest temperature with the highest N, selectivity over the catalysts that have Bronsted
and Lewis acid sites for NH; adsorption as well as oxide ion vacancies for NO

dissociation.

54

Page 54 of 105



Page 55 of 105

RSC Advances

It has been proposed for WGS reaction that CO gets adsorbed on noble metal
ionic sites, whereas H,O is dissociatively adsorbed over oxide ion vacancy sites.'”’
Surface reaction between two adsorbed species results in the formation of products that
restores the catalyst upon desorption. From kinetic rate expression it has been
demonstrated that WGS reaction over noble metal ionic catalysts does not follow
Eley—Rideal and Langmuir—Hinshelwood mechanisms. Apparent activation energies are
found to be less considering dual site mechanism for WGS reaction over NMICs.

In case of photocatalytic reduction of NO over Tig.99Pd.010; .93, the presence of
Pd*" ion sites for adsorption of CO, oxide ion vacancy sites and UV light are primary
requirements for the photodecomposition of NO. A detailed mechanism accounts that
there is a competitive adsorption of NO and CO on Pd*" sites and high rate of NO
photodissociation on the vacant oxide ion site present on the catalyst surface enhances
NO reduction and decomposition activity.”

Cep-9sPdp.0201.93 catalyst has two distinct sites such as Pd*" ions and oxide ion
vacancies. Electron deficient Pd*" sites are useful for adsorption of donor molecules,
whereas oxide ion vacant sites next to Pd*" ions act as sites for adsorption of acceptor
molecules. In Heck reaction over this catalyst, olefin is adsorbed on pd** ions, whereas
oxide ion vacancies are nucleophilic sites ideal for accommodation of —Br, —I of aryl

halides.'”* Elimination of HBr facilitated by the base leads to C—C coupling.

13. DFT studies of noble metal ionic catalysts for higher OSC,

adsorption and catalytic properties

In last several decades, enormous amounts of works on synthesis, structure and catalytic

properties of CeO, related materials with different aspects have been investigated. It has
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been found that OSC and catalytic activities of CeO, based materials get enhanced when
CeO, is substituted with several divalent, trivalent and tetravalent metal ions. Substitution
of noble metal ions into CeO, further augments these properties. In this sense, there
should have been changes in the atomic environment of parent CeO, structure after
substitution of metal ions that leads to the enhancement of OSC and catalytic activities.
OSC of CeO, is observed to enhance by the substitution of Zr*" ion for Ce*" site in
CeO,. 18140200 A5 710, itself cannot be reduced by Ha, this observation is a surprising
result. OSC studies demonstrate that reducilibity of CeO, is increased by Ti*" substitution
in Cel_xTisz.47 Again, Pt ion substitution in Ce;—, Ti,O, enhances its reducilibity further
compared to Ce;—, Ti,O, and Ce|—,Pt,O,. Rate of CO conversion in CO + O, reaction over
Pt ion substituted Ce;—,Ti,O; is observed to be much higher than Ce—.Pt,0,. Therefore,
several questions can be raised naturally about these findings. In this regard, what is the
structural and chemical origin of increased OSC in transition metal ion substituted CeO,?
What is the effect of noble metal substitution on structural and chemical origin for higher
OSC and high catalytic activities of CeO,? Simulation of crystal structure of CeO, based
catalysts and probe reactions with these catalysts employing DFT calculation has
provided answers to these questions.’**!20"2%

First conception of the activation of lattice oxygen of CeO; by the substitution of
smaller ion has been originated from the substitution of Zr* ion into CeQO, lattice in
Ce1Zr,O, (x = 0.0-0.5) solid solutions."”® Structure can be simulated by DFT
calculations considering a lattice containing 32 Ce*" ions and 64 O”~ ions in their crystal
positions in a fluorite lattice. CeO, crystallizes in fluorite structure where Ce*" ion is

inside the cube formed by eight oxide ions or coordination number of Ce*" is 8. Each O*
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is coordinated with four Ce*" ions. Because of smaller ionic radius of Zr*" (0.84 A)
compared to Ce*" (0.97 A) lattice parameter decreases when Zr*" ion is substituted into
€O, lattice. Ce*" and Zr*' ions are occupied in the alternate cubes in Ce;¢Zr60¢4 ideal
lattice. When the smaller Zr*" ion is occupied in place of Ce*" ion, the Zr*" ion does not
have complete contact with the 8 oxide ions. Accordingly, in the [ZrOg] cube, alternate
four oxide ions come closer to Zr*" ion forming a tetrahedron with a shortened Zr—O
distance and other four oxide ions also form a tetrahedron with longer Zr—O distance.
Distortion in ZrOg cube will induce distortion in CeOg cube also leading to 4+4
coordination that creates long Ce—O and short Ce—O bonds compared to 2.34 A in pure
Ce0O;. Longer Ce—O bond is naturally weaker. There is a distribution of bond lengths
from the mean Ce—O values when Zr'" ion is substituted.”* Longer Ce—O bonds indeed
are weaker and hence they can be more easily extracted by H, that leads to higher
OSC.'"" Similarly, XAFS studies and DFT calculations show the presence of short and
long Ce-O and Ti—O bonds in Ce;_,Ti,O, which gives strong and weakly bound
oxygens.'*! The stronger bonds have a valency greater than 2 and the weaker ones have a
valency less than 2 and weakly bound oxygen has been found to be responsible for higher
OSC in these mixed oxides.

It has been demonstrated that CeO, doped with several transition, noble and rare
earth metals undergoes structural distortion that enhances higher oxygen storage
capacity.’®>?"172% On the other hand, this kind of situation cannot be found in pure CeO,
and TiO,, thereby these pure oxides show lower OSC compared to mixed oxides. For
example, structural simulations of CeO,, Ce(.sSny.,0,-s and Cey.73Sng,Pdy.020,-5 have

been carried out by DFT calculations using their respective CesOg, CerSngOgs and
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Cey5SngPd; Og3 supercells.50 Bond length distributions of CesOs, CesSngOss and
CeysSngPd; Og3 supercells are shown in Fig. 15. Optimized CesOg supercell has all Ce—O
distance equal to 2.34 A. In contrast, Ce—O bonds get distributed in shorter and longer
bonds over a range of 2.16 to 2.54 A in CeySngOgs supercell. Sn—O and Pd—-O bonds get
longer in Ceg.78Sng,Pdo.020,-5 with oxygen vacancy where oxygen sites are highly
activated and can easily be removed from the lattice leading to higher OSC. With
increase in Sn content larger number of longer Sn—O bonds is obtained in Ce;Sn;Os4
supercell related to Cep.sSng.sO,-5 in comparison with CeysSngOgs supercell and thus,
Cey.5Sng.50,_5 shows higher OSC in relation to Cey.sSng.»50,-s5. With introduction of pd*
tons in Cep5Snp50,_5 Ce—O and Sn—O bonds exhibit wider distribution in
Ce16Sn;5Pd;Og; supercell and here Pd—O bonds are longer than Ce,sSngPd;Og; supercell.
Similarly, substitution of Pd*" in Ce_yFe, O, enhances OSC and catalytic activities.”! It
has also been observed that transition metal ion substitution in CeO, greatly enhances its
reducibility in Ce;_,M,0,_s solid solution leading to higher OSC due to longer Ce—O and
M-O bonds, whereas rare earth metal ion substitution has little effect on it.2%
Substitution of noble metal ions further enhances the OSC due to presence of still longer
bonds. It has also been demonstrated that Pt2+, Pd*" and Cu’" ions are stabilized in CeO,
matrix and CO gets adsorbed only on Pt*", Pd*" and Cu®" sites present on CeO,
surface.”*

Both structural and electronic factors help to make CeO, more reducible in Pd*',

Pt** and Rh*" doped CeO, than pure CeO, and Zr*" doped CeO, as shown by Yang et
al.*® Wang and coworkers have proposed a model to understand the oxygen vacancy

formation in a series of Ce;_Zr,O, materials that consists bond energy (Epong) and
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relaxation energy (Emm).206 It has been found that relaxation energy plays a vital role in
affecting the oxygen vacancy formation energy and CesZrysO;, possesses the lowest
formation energy of oxygen vacancy which is the origin of its best OSC performance.
Metiu and coworkers have demonstrated that doping of Pt in CeO, surface weakens the
bond of oxygen atoms in the neighborhood as evidenced by lowering the formation
energy of oxygen vacancy. The easier specific oxygen atoms are to remove, more
reactive they are when exposed to a reductant.”’ Similarly, it works for other doped CeO,
materials.”” Au’" substituted CeO, is more active for CO oxidation than single Au”
species supported on stoichiometric CeO, as demonstrated by Camellone and Fabris with
DFT studies.”'® This higher catalytic activity is due to the formation of oxygen vacancy
and the interplay between reversible Au’"/Au" and Ce*'/Ce’" reductions. Chen et al. have
found that substitution of Fe, Ru, Os, Sm, Pu in CeO, results in activated oxygen in
Ce_xM, O, compared to pure CeO, due to its structural and electronic modifications and
oxygen vacancy formation is lowered by doping of noble metals.”!' Watson group has
showed with DFT calculations that increased OSC in Pt and Pd doped CeO, is due to a
large displacement of dopant ions from Ce lattice site. Pd*” and Pt*" with d® configuration
moves by ~1.2 A to adopt a square planar coordination with four lattice oxygen due to
crystal field effect.*'? This large lattice distortion leaves three oxygen atoms under-
coordinated or weakly bound in the vicinity of the dopant that are more facile to remove
than oxygen atom in pure CeO,. Similarly, several divalent dopant metal ions like Be",
Mg2+, Ca2+, Ni2+, Cu*" and Zn*" distort to have coordination of their own binary oxide,
instead of cubically coordinated Ce in CeO,. Depending on the electronic structure of the

dopants, the different coordinations can create weakly or under-coordionated oxygen ions
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that are more easily removed than in pure CeO,.*"> Recently, Nolan has shown that
divalent Pd and Ni in CeO,(111) and CeO,(110) surfaces distort the local atomic
environment and most stable structure for both dopants arises through compensation of
dopant +2 valency by oxygen vacancy formation.”'* Both Pd*" and Ni* dopants lower
the formation energy of oxygen vacancy. In an another study, it is found that strong
interactions exist between the Pt and the surfaces and the Pt adsorption is stronger on the
reduced surface than that on the unreduced surface.”’” Pt-O—Ce bond may be formed
between Pt adatom and CeO; surface. Thus, DFT calculations provide local structure,
metal-oxygen distances, density of valence states to understand OSC, adsorption and
catalytic properties.

OSC of Tip97Pdy.0301.97 is as high as 5100 umol gfl. Oxygen is extracted by CO
resulting in CO; in absence of feed oxygen even at room temperature which is more than
20 times compared to pure TiO,. Rate of CO oxidation is 2.75 umol g ' s™' at 60 °C over
Tip.97Pd0.0301.97. Such a high catalytic activity is due to activated lattice oxygen created
by the substitution of Pd*" ion as seen from DFT calculations with 96 atom supercells of
Ti300¢s, Ti131Pd1O¢3, TizopPd2O¢, and TipgPd;Og; related to TiO,, TigooPdy 0102,
Tio.0gPdo0205-5 and Tigo7Pdo 03045, respectively.” Ti—O bond distribution in TizOgs
supercell has two types of Ti—O bonds at 1.93 and 1.97 A. Bond length of 1.93 A
corresponds to Ti ion that is coordinated with four oxygen atoms in a planar geometry
and other one is related to Ti ion coordinating with two axial oxygen atoms in addition to
4 planar oxygens. Upon substitution of Pd*", there is a distortion in the structure resulting
in the metal-oxygen bonds with long and short distances compared to pure TiO,. Four

Pd-O bonds in the three Pd*" ion substituted compounds are in nearly square planar
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geometry with Pd—O short bonds between 1.97 to 2.0 A. Bond distributions for both
Ti—O and Pd-O bonds in all the simulated compounds are given in figure 2.13. Ti—-O
bonds in TiOg are distorted with reference to pure TiO;, by the creation of longer and
shorter Ti—O bonds. Similarly, By substitution of Pt*" ion in TiO,, there is a large change
in bond distribution, with short and long bond lengths of metal-oxygen compared with
Ti32064.5 ®In Ti3,Pt;O¢3 supercell, Pt*" ion is coordinated with four oxygens in a square
planar geometry having two Pt—O bonds of 1.98 A and the other two Pt—O bonds of 2.00
A. As a result of P*" substitution, two shorter Ti—-O bonds of 1.81 A and one longer
Ti—O bond of 2.18 A occur coordinating the same oxygen atom. In Ti3oPt,Og;, there is
slightly increased in the bond length distribution as compared to that in Ti3;Pt;O¢3. Bond
length distributions in two different configurations of TiygPt;0¢; are in similar trend and
these have slightly more distribution as compared to that in TizoPt,O¢,. Chrétien and
Metiu have demonstrated that doping TiO, with Cu, Ag, Au, Ni, Pd and Pt weakens the
bond of surface oxygen and oxide that makes them better oxidation catalysts.”** Strong
electron transfer from Ru to TiO,(101) makes Ru particles positively charged that lowers
activation energy for CO dissociation resulting highly catalytic activity toward CO;
methanation.**

It has been established from our studies that noble metal ion substituted CeO, and
TiO; catalysts show higher OSC as well as catalytic activities towards several important
reactions. DFT calculations have been carried out to understand the causes behind higher
OSC and catalytic properties in CeO, and TiO, based materials. From our DFT studies
along with H,-TPR and XAFS, it has been found that change of structure at the atomic

level is to be the reason for higher OSC in these types of mixed oxides. Because of the
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smaller size of substituent cations, surrounding oxygen ions are displaced from the
original position and the oxygens at a larger distance are removed by reducing gases
easily.

14. Conclusions and future outlook

Dispersion of noble metal ions over CeO, and TiO, by solution combustion method
resulting in Ce;_:M,0,-5, Cei_,Ti;M,0,-5, Cei_,SnM,0,5, Cei_FeM,;0,_5 and
Ce1—xZr:M, 055 and Ti;-M 0,5 (M = Pd, Pt, Rh and Ru) catalysts from an entirely
different view point, structure of these materials and their catalytic properties are
documented here. In these materials, noble metal ions are present as ions and they are
incorporated into the reducible oxide matrices like CeO; and TiO, to a certain limit as the
solution combustion method is a redox reaction type of preparation procedure.
Hydrothermal and sonochemical methods have also been adopted to substitute aliovalent
and isovalent noble metal ions in CeO, and TiO, matrices. Extensive experimental and
theoretical works done by our group and other research groups have established that these
ionically dispersed noble metal catalysts are catalytically much more active than
conventional finely dispersed noble metal particles toward several important reactions
such as CO oxidation, NO reduction by CO, H, and NHj, selective catalytic reduction of
NO, hydrocarbon oxidation, water gas shift reaction, CO-PROX reaction, H,-O,
reaction and hydrogenation. The idea of dispersing noble metals as ions can be extended
to the other reducible transition metal oxide supports such as SnO,, V,0s, WOs and
MoOs;. These catalysts can be probed for several catalytic reactions exploring more
insights into the metal-support interaction, redox properties and synergistic effects. In

general, extensive studies on these NMIC materials for several heterogeneous catalytic
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reactions relevant to requirement for present days other than exhaust catalytic reactions

are worthwhile area to carry out on the basis of solid state chemistry view point.
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laboratory. Reprinted from [24] with permission of Elsevier B. V.
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Metal Support oxides
iOnS CCOZ Cel,xTixOZ,s Cel—xsnxOZ—B Cel,xFexOZ,E CCI,XZTXOZ,S T102
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Table 2 Oxygen storage capacities (OSC) of CeO; and TiO, based materials studied in

our laboratory.

Materials OSC (umol g ™) References
CeO, 174 52
Ceo.98Rh.0201.99 244 44
Ce0.75Z10.250 1900 140
Ceo 21040, 2429 52
Ceo 521950, 2900 140
Ceo9Ti.102 740 47
Ce.35Ti0.1502 880 47
Ce5Ti 202 1110 47
Ce0.75Tip2502 1340 141
Ceo7Tip302 1590 47
Ceo.6T1040, 2000 47
Ce0.99P10.0101.99 290 47
Ceo.84Tio.15Pt0.0101.99 1570 47
Ceo.83Ti0.15P0.0201 .95 2320 47
Ce0.73Ti925Pd0.0201 98 1286 52
Ce.75Hf) 250, 714 52
Ceo.73Hf0.25Pd0.0201.98 1121 52
Ceo.ssHf 4Pdo 0201 .98 804 52
Ce0.95Pd0.0201.98 232 52
Ceo.83Zr0.15Pd0.0201.98 638 52
Ce0.73Zr0.25Pd0.0201.08 1509 52
Ceo 5871 4Pdo.0201 95 1612 52
Ce0.78Z19.2Pd0.0201.98 620 50
Ce.9Sng,10; 980 49
Ce.sSn920; 1650 49
Ceo.7Sn930; 2100 49
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Cey.65n9 40, 2545 49
Ceo.5Snp 50, 2780 49
Ce.78Sn92Pdo 020198 1650 50
Ceo.5Sng 48Pdg.0201 98 1330 50
Ceo.95Ru0.0501.97 1335 63
CepoRu 10194 2513 63
CeooFe101 53 665 51
Ceo.50Fe0.1Pd0.0101 84 780 51
Ce0.67Cr03302.11 2513 62
TiO, 250 55
Ti.99Pd0.0101.99 1240 55
Ti.9sPd0.0201.0 2220 55
Ti.97Pdo.0201.97 5100 55
Tioo7Pt 0030197 2010 56
Tioo7Pt" 0020107 2315 56
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Table 3 Comparison of CO conversion rates and activation energies (E,) for CO + O,

reaction over noble metal ionic catalysts with supported nano metal catalysts.

Catalysts Rate (umol g ' s™") | E, (kJmol™") | References
5 wt.% Ru/Si0, 1.0 (110 °C) 94 148
5 wt.% Rh/Si0, 0.0251 (110 °C) 103 148
5 wt.% Pd/SiO, 0.316 (143 °C) 103 148
5 wt.% Ir/S10, 0.26 (180 °C) 105 148
5 wt.% Pt/S10, 0.32 (115 °C) 56 148
Pd/Ce0,/Al,04 38 (250 °C) 84 149
0.014 wt.% Rh/A1,04 0.6 (196 °C) 115.5 150
0.014 wt.% Rh/9 wt.% Ce/Al,0O5 0.95 (196 °C) 90.3 150
0.5 wt.% Pd/CeO,—ZrO, 0.7 (220 °C) 175 151
1.53% Pd/SiO, 0.155 (140 °C) - 152
25Au75Pd/Si0O, 0.128 (140 °C) - 152
50Au50Pd/SiO, 0.06 (140 °C) - 152
5% Au/CeO, 0.77 (300 °C) 80.3 153
5% Pd/CeO, 0.76 (300 °C) 76.9 153
Ceo.9sPdo 02025 7.0 (130 °C) 67.2 48
1 at.% Pd/Al,O; (Impregnated) 2.73 (200 °C) 86.88 142
1 at.% Pd/TiO, (Impregnated) 0.758 (100 °C) 75.25 142
Ceo9oPto 0102 0.6 (155 °C) 55.4 47
Ceo.84Tio.15Pt0,0102-5 28.0 (155 °C) 82.3 47
Ceo.73Tip25Pd0.0202-5 18.0 (120 °C) 54.6 48
2% Pd/Ceg 75T192502-5 - 132.3 48
Ceo.78Sn 2Pdy.0205-5 1.9 (50 °C) 84 49
Cep.95Rug 05025 2.05 (100 °C) 94.5 63
CegoRug 10,5 3.3 (100 °C) 44.8 63
Ceo.s9Feo.1Pdp.0102-5 - 52.5 51
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CeooFeo 1025 - 46.2 51
Ce0.99Pd0.0102-5 - 63 51
Ceo.65Fe0.33Pd0.0202-5 4.1 (80 °C) 38 70
0.74% Pd/CeO, - 42 82
2% Pt/Cey72Z1¢.18Pr0.102 1.6 (61 °C) - 84
2% Pd/Ceg 72710 18P19.10, 1.6 (130 °C) - 84
2% Ru/Cey72Zr1¢.18Pro.10; 1.6 (150 °C) - 84
2% Pt/CeO, 2.89 (40 °C) 51 87
Ti.99Pd0.0101.99 13.83 (120 °C) 53.13 142
Ti.97Pd0.0301.97 2.75 (60 °C) 17 55
Tioo7Pt" 0.0301.97 0.76 (60 °C) 33.6 56
Tioo7Pt" 002017 0.08 (60 °C) 16.8 56
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Table 4 Comparison of NO conversion rates, activation energies (E,) and selectivities

(Sy,and S, ,) for NO + CO reaction over noble metal ionic catalysts with supported

nano metal catalysts.

Catalysts Rate (umol g ' s™) | E, (kJmol™) | § v, | Sno References

1 wt.% Pt/ALO; 0.1 (300 °C) 92.4 27 | 73 156 |
0.2 wt.% Rh/ALO; 7.2 (300 °C) 184.8 32 | 68 157 |
1 Wt.% Pt-0.02 wt.% RW/ALO; | 0.58 (300 °C) 126 39 | 6l 158 :
Pt-Rh/Al,05-CeO, 0.54 (300 °C) 84 33 | 67 158 |
Rh/ALOs 0.58 (227 °C) 86.6 45 | 55 159
Pd/RW/ALO; 0.11 (227 °C) 100 43 | 57 159 !
Pd/ALO; 0.83 (227 °C) 59.8 36 | 64 159 |
Pd/La,05/A1,0; 43(227°C) 100 30 | 70 159 |
1% Pd/y-ALO; 0.75 (287 °C) 158 34 | 66 160
Pd8Mo/ALO; 2.0 (300 °C) 84 39 | 6l 161 ]
Ceo05Pd0020n 5 0.242 (175 °C) 702 75 | 25 154 |
Ce75Ti025Pdo 0205 5 2.0 (180 °C) 52.9 N 48 |
Ceo99Pt0.0102-5 0.2 (135 °C) 100.8 _ _ 47 '
Ceo.54Ti0.15Pt0.0102-3 0.2 (135 °C) 96.6 _ _ 47
Ce0.785n9.2Pd0.0202-5 5.0 (150 °C) 105.4 100 — 49 |
Ceo.soFe0 1Pdo 010a-s 3.8 (220 °C) _ 56 | 44 5]
Ceo.05R 0,050 3.8 (200 °C) 41 100 | - 63 |
Ceo.oRup 1055 3.4 (200 °C) 532 100 | - 63 {.
Tio.9oPd00102-5 1.47 (175 °C) 64.1 70 | 30 142 |
1% Pd/ALO; (impregnated) 0.05 (240 °C) 86.6 59 | 41 142
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Figure captions

Fig. 1 Sequences of solution combustion synthesis: initial solution of precursors, flame
during combustion and final product. Reprinted from [21] with permission of American
Chemical Society.

Fig. 2 Rietveld refined XRD patterns of (a) Cepg9Pto.0102-s and (b) Tig.99Pdg 0102-s.
Reprinted from [71] with permission of American Chemical Society and from [142] with
permission of Elsevier B. V.

Fig. 3 Top panel: HRTEM image of Ce73Tig25Pdp0202-5 (A) and ED patterns of
Ceo.73Tig25Pd 0202-5 (B) and impregnated 2 at.% Pd/Cey73Tip25Pd020,-5 (C); Bright
field TEM image of Tip97Pd030,-s and its ED pattern (inset), (b) HRTEM image of
Tip.97Pd0.0302-5 and (¢) EDXS of Tig 97Pdy.030,-s from the image. Reprinted from [48] and
[55] with permission of American Chemical Society.

Fig. 4 Left panel: XPS of Pt4f core levels of (a) Pt metal, (b) (NH3)4Pt(NOs3),, (¢) PtO,,
(d) Ceo.99Pt9,010,-5 and (e) Cepg4Tip.15Pt0.0102-5; Right panel: XPS of Rh3d core levels of
(a) Rh metal, (b) Rh,0Os3, (¢) Cep99Rhg ¢10,-5 and (d) Cep.osRhy 020;-5. Reprinted from [24]
with permission of Elsevier B. V. and from [44] with permission of American Chemical
Society.

Fig. 5 XPS of (a) Pd3d in Tip9oPdp 01025, (b) Pt4f in Tigg9Pty010,-5, (c) Rh3d in
Tip99Rhg010,-5 and (d) Ru3p in Tip99Rug ;0. Reprinted from [54] with permission of
Elsevier B. V.

Fig. 6 Left panel: Valence band XPS of CeO,, CeyoPdy 0,5, PdO, Pd metal and
difference spectrum of CeyoPdy;0,-5 and CeO, valence bands showing Pd**4d band

position, Reprinted from [23] with permission of Springer; Right panel: Valence band
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XPS of TiO,, Tigo7Pdo 30,5 and difference spectrum of Tipg97Pd030,-5 and TiO,
valence bands showing Pd*"4d band position.

Fig. 7 Left panel: Fourier Transformed XAFS of Pt metal, PtO,;, Ce99Pty.0102-5 and
Ce.08Pt9.0202-5, Reprinted from [23] with permission of Springer; Right panel: Rh metal,
Rhy03, Ceg.990Rhg 010,-5 and Ceg.9sRhg.0202-s5.

Fig. 8 DRIFT spectra of (a) NO adsorption and (b) followed by CO adsorption over
Cep.0sPd0.020,-5. Reprinted from [99] with permission of Elsevier B. V.

Fig. 9 H,-TPR profiles of (a) Cepo9oPt0.0102-5, (b) CeosaTip15Pto.0102-5 and
Ce.83Ti0.15P0.0202-5.

Fig. 10 Top panel: CO oxidation over Pt substituted CeO, and TiO, based catalysts;
Bottom panel: CO oxidation over Rh metal and oxidized Rh species. Reprinted from [47]
with permission of American Chemical Society and from [145] with permission of
Springer.

Fig. 11 Catalytic reactions over Ceg9sPdy 20,5 coated on cordierite monolith: (a) CO +
0O,, (b) NO + CO and (c) three-way catalysis. Reprinted from [170] with permission of
Springer.

Fig. 12 Conversion efficiency of reaction of iodobenzene and methyl acrylate at different
temperatures. Reprinted from [192] with permission of Springer.

Fig. 13 CO + O, reaction: (a) Langmuir—Hinshelwood mechanism on Pt metal and (b)
dual site mechanism on Ce;_,Pt,0,_5. Reprinted from [21] with permission of American

Chemical Society.
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Fig. 14 Mechanism of N, N,O and CO, formations during NO + CO reaction over
Ce;_,Pd,O,_s. Reprinted from [23] with permission of Springer.

Fig. 15 Bond length distributions in (a) CesOg, (b) Cez6SndsOgs and (¢) CersSngPd;Og;3
supercells from DFT calculations. Reprinted from [50] with permission of American

Chemical Society.
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Fig. 1 Sequences of solution combustion synthesis: initial solution of precursors, flame
during combustion and final product. Reprinted from [21] with permission of American

Chemical Society.
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Fig. 2 Rietveld refined XRD patterns of (a) Cepo9Pto0102-5 and (b) Tig.99Pdo 0102-s.

Reprinted from [71] with permission of American Chemical Society and from [142] with

permission of Elsevier B. V.
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Fig. 3 Top panel: HRTEM image of Cey73Tig25Pdo0202-5 (A) and ED patterns of

an a0

Ceo.73Ti025Pd0 0202-5 (B) and impregnated 2 at.% Pd/Cey73Tip25Pd00202-5 (C); Bright
field TEM image of Tip97Pdy 03025 and its ED pattern (inset), (b) HRTEM image of
Tig.97Pdp.0302-5 and (¢) EDXS of Tip97Pdy.030,-5 from the image. Reprinted from [48] and

[55] with permission of American Chemical Society.

91



RSC Advances

4+ 0pR3*

0 2+
Pt Pt CeM,VV

Intensity (A. U.)
Intensity (A. U.)

(a)

T T T T T T T M
— T 300 305 310 315 320
68 70 72 74 76 78 80 82

Binding Energy (eV)
Binding Energy (eV)

Fig. 4 Left panel: XPS of Pt4f core levels of (a) Pt metal, (b) (NH3)4Pt(NOs),, (¢) PtO,,
(d) Cep.99Pt,010,-5 and (e) Ceos4Tip.15Pt9.0102-5; Right panel: XPS of Rh3d core levels of
(a) Rh metal, (b) RhOs3, (¢) Cep99Rhy010,-5 and (d) CeposRhg020,-5. Reprinted from [24]
with permission of Elsevier B. V. and from [44] with permission of American Chemical

Society.
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Fig. 5 XPS of (a) Pd3d in Tip99Pdy0102-5, (b) Pt4f in Tipg9Pty0102-5, (c) Rh3d in
Tip.99Rhg010,-5 and (d) Ru3p in Tip99Rug0;O0;. Reprinted from [54] with permission of

Elsevier B. V.
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Fig. 6 Left panel: Valence band XPS of CeO,, CeoPdy0,-5, PdO, Pd metal and
difference spectrum of Ce9Pdy0,-5s and CeO, valence bands showing Pd**4d band
position, Reprinted from [23] with permission of Springer; Right panel: Valence band
XPS of TiO,, Tigo7Pdo 30,5 and difference spectrum of Tip97Pd030,-5 and TiO,

valence bands showing Pd*"4d band position.
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Fig. 7 Left panel: Fourier Transformed XAFS of Pt metal, PtO,;, Ce99Pty.010,-5 and
Ce.08Pt9.0202-5, Reprinted from [23] with permission of Springer; Right panel: Rh metal,

Rh,03, Ceg.99Rhg 910,-5 and Cep9sRhg 0202-5.
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Fig. 8 DRIFT spectra of (a) NO adsorption and (b) followed by CO adsorption over

Cep.0sPd.020,-5. Reprinted from [99] with permission of Elsevier B. V.
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Fig. 9 H,-TPR profiles of (a) Cepo9oPt0.0102-5, (b) CepgaTio15Pto.0102-5 and
Ceo.83Ti0.15Pt0.0202-s.
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Fig. 10 Top panel: CO oxidation over Pt substituted CeO, and TiO, based catalysts;
Bottom panel: CO oxidation over Rh metal and oxidized Rh species. Reprinted from [47]

with permission of American Chemical Society and from [145] with permission of

Springer.
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Fig. 11 Catalytic reactions over Ceg9sPdj0,0,-s coated on cordierite monolith: (a) CO +
0, (b) NO + CO and (c) three-way catalysis. Reprinted from [170] with permission of

Springer.
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Fig. 12 Conversion efficiency of reaction of iodobenzene and methyl acrylate at different

temperatures. Reprinted from [192] with permission of Springer.
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Fig. 13 CO + O; reaction: (a) Langmuir—Hinshelwood mechanism on Pt metal and (b)
dual site mechanism on Ce;_,Pt,0,_5. Reprinted from [21] with permission of American

Chemical Society.
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2NO+2C0 — N3 + 2C0;

Fig. 14 Mechanism of N, N,O and CO, formations during NO + CO reaction over

Ce;_,Pd,O,_s. Reprinted from [23] with permission of Springer.
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Fig. 15 Bond length distributions in (a) Ce4Og, (b) CersSndgOg¢s and (C) Cey5SngPd; Og3
supercells from DFT calculations. Reprinted from [50] with permission of American

Chemical Society.
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