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Abstract

Metal particles dispersed on inorganic oxide surfaces have been the mainstay of
industrially important heterogeneous catalytic processes. However, agglomeration or
sintering under reaction conditions often leads to deterioration of catalytic properties. This
problem has been plaguing many catalytic processes, the water gas shift (WGS) reaction
and CO oxidation being foremost among them. WGS reaction is an intermediate CO clean up
step in fuel processing for generating hydrogen feed for fuel cells, whereby not only CO
concentration is reduced but hydrogen content in the feed also is enriched by its reaction
with water. Even a slight deactivation of the WGS catalyst may have dire consequences in
downstream utilisation modules like fuel cells or Pt electrodes, which get poisoned by

small fluctuations in CO concentration.

Pt and Au supported on CeO are reported to be highly active for WGS reaction.
However, severe sintering on stream and subsequent deactivation also is reported in these
systems. Hence an alternative catalyst system that is resistant to agglomeration and
sintering is highly desirable. Recently, seminal work by Li et al. concluded that partially
ionic noble metal species are responsible for WGS activity in oxide supported Au and Pt
catalysts. As an extension to this, the logic followed in this work is that noble metal cations
stabilised by doping in stable lattice types like perovskites (ABO3) can also be WGS active.
Moreover, pathways of sintering encountered in conventional supported catalysts can be
minimised in such systems by simply space-separating the active centers. BaCeO3 based
perovskites can be a potential candidate for this on account of its proton conducting
properties and redox properties of cerium. Lanthanum perovskites with B site occupied by
first row transition metal ions can also be considered as they can be synthesised at lower
temperature ranges making overall textural properties ideal for catalysis and B can be a
range of elements which will enable us to study their combined effects along with Pt on

WGS.

For WGS reaction with supported noble metal catalysts, a mechanism involving

oxygen vacancies in conjunction with CO adsorption on Pt nanoparticle surfaces has been



proposed. Though there is agreement between the researchers about the role of oxygen
vacancies in the mechanism, reports establishing its participation unambiguously are not
available. Perovskite structure accommodates a variety of substitutions often leading to the
formation of oxygen vacancies and thus can be utilised to investigate the effect of oxygen
vacancies on catalytic activity. Doped BaCeOs solid electrolytes make the ideal choice as
they are well known protonic and oxide ion conductors because of oxide ion vacancies,

caused by doping on the Ce** site.

Compounds with active sites in low coordination geometries can be envisaged to be
conducive for catalysis since the unsaturated metal sites form ideal catalytic sites via
coordination of reactant molecules. However, surprisingly, catalytic applications of these

types of materials are rarely investigated.

The thesis will be presented in five chapters, a brief summary of which is given

below.

Chapter 1 presents a general introduction to noble metal catalysis and catalyst
deactivation due to sintering of nanoparticles. The chapter further reviews the available
literature on some industrially important heterogeneous reactions like WGS reaction and
CO oxidation where supported metal catalysts are important. Some of the reports of the
catalytic activity of the ionic noble metal species are also presented here. In addition, a
brief introduction to the solid state compounds such as perovskites that have attracted
considerable interest in catalysis in the recent times are also discussed. Finally the scope

and objective of the theses are stated.
Chapter 2 is divided into two parts.

Chapter 2A describes the stabilisation of cationic Platinum in the lattice sites of
BaCeOs perovskite. It presents the synthesis of BaCe1.xPtx03.5 and its structural evaluation
by various characterisation methods and in situ studies, in relation to the WGS reaction.
This catalyst system is found to efficiently isolate cationic Pt species that are stable under
reducing conditions even at high temperatures. Cationic Pt stabilised in the BaCeO3 lattice

is found to be active for WGS reaction. This catalyst system is found to be stable and

vi



withstand various shut down conditions employed such as N, reformate feed and

reformate feed along with steam.

Chapter 2B presents an attempt to induce more oxygen vacancies in the
BaCeo.98Pt0.0203.5 catalyst system by yttrium doping and to examine the role of oxygen
vacancies in the mechanism of WGS reaction. The progressive doping of yttrium in the B-
site of BaCeo.98Pt0.0203-5 system has led to the systematic creation of oxygen vacancies. The
materials are characterised using various techniques and their WGS activities are
compared. BaCeo.92Pt0.02Y0.0603-s having the least distorted Ce/Y/PtO6 octahedra, exhibited
maximum WGS activity in the series indicating dependence on not the concentration of
oxygen vacancies but on their crystallographic characteristics. Extensive in-situ powder
XRD studies under reducing, oxidising and conditions similar to WGS reaction indicated

that vacancy sites are involved in the mechanism of WGS reaction.

Chapter 3 describes in detail the synthesis, characterisation and WGS activity of
LaB1.xPtx03.5 system where B is Mn, Fe, and Co. X-ray based characterisation techniques
indicated cationic Pt stabilisation in the lattice sites of Fe and Co perovskites. In the case of
Mn, highly sintered metallic Pt particles are observed. Pt/LaMnO3 system exhibited very
poor WGS activity. WGS activities of LaBo.9sPt0.0403.5 where B = Fe and Co, are found to be
very high, but a small amount of methanation is observed in the case of Co perovskites. It is
also observed that methanation could be decreased and WGS enhanced when perovskites
are used, in comparison with mixed oxides. Ionic Pt species in tandem with oxygen
vacancies capable of acting as water adsorption sites might be enhancing their WGS activity

suppressing CO or CO2 hydrogenation.

Chapter 4 presents the synthesis of low coordination compounds, Ag,Cuz03 and
Ag>Cuz04 and their catalytic activity towards two different important reactions; WGS
reaction and CO oxidation, to study the activity of coordinatively unsaturated active metals.
When Ag;Cuz03is used as catalyst for WGS reaction, very high initial CO oxidation activity
without any hydrogen production is observed with simultaneous decomposition of the
catalyst. However when used for CO oxidation, the structure is retained with the

appearance of a small percentage of metallic Ag. Interestingly, the oxygen rich Ag>Cu;04

vii



catalyst did not show any activity in CO oxidation under WGS conditions and decomposed
to metallic Ag and Cu. The compound shows CO oxidation activity under oxidising
conditions, but decomposes to Ag and CuO. This indicates that lattice oxygen takes part in
oxidising CO in the case of AgzCu203, consequently destroying the structure whereas, this

does not occur in case of Ag2Cuz04.
Chapter 5: Summary and conclusion

This chapter summarises the results and conclusions based on the work reported in
the thesis. Altogether, this thesis reports the stabilisation of cationic noble metal species in
stable lattices against sintering and establishes its catalytic activity towards WGS reaction.
In addition it also demonstrates that oxygen vacancies are involved in the mechanism of
WGS reaction and the catalytic activity depends not on the concentration of oxygen

vacancies but on their crystallographic characteristics.
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600 °C, (f) 750 °C, (g) 900 °C, (h) RT under 5% H:/Ar; (G) 26
region where peak for metallic Pt(111) appear for BaCeo.os-
xYxPt0.0203-s with (a) x = 0.02, (b) x = 0.04, (c) x = 0.06, (d) x = 0.10,
(e) x=0.20 and (f) x = 0.30 taken at 900 °C with slow scan speed
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Figure 2B.11.

In situ high temperature powder XRD patterns of BaCeg.os-
xYxPto.0203.s with (A) x = 0.02, (B) x = 0.04, (C) x = 0.06, (D) x =
0.10, (E) x = 0.20 and (F) x = 0.30; (a) RT, (b) 150 °C, (c) 300 °C,
(d) 450 °C, (e) 600 °C, and (f) 750 °C under 10% O2/He

87

Figure 2B.12.

Cell volume of BaCeo.98.xYxPt0.0203.s under A) 5 % Hz/Ar and B) 10
% 02/He with m: x =0.02, e: x=0.04, oa: x=0.06, v: x=0.10, «: x =

0.20 and »: x=0.30

88

Figure 2B.13.

In situ PXRD patterns of BaCeo.98xYxPt0.0203.5 with (A) x = 0.06
and (B) x= 0.20, (C) 20 region showing monoclinic-orthorhombic
transition for x=0.20 under reformate gas mixture of 40.3% Hp,
35.1% N2, 10.1% CO and 14.5% CO2 saturated with water vapour;
(D) In situ PXRD patterns of BaCeo.78Y0.20Pt0.0203-5 and (E) 20

region showing monoclinic-orthorhombic transition for x=0.20
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under helium saturated with water vapour; (a) RT, (b) 100 °C, (c)
200 °C, (d) 300 °C, (e) 400 °C, and (f) RT

Figure 2B.14.

Cell volume of BaCeo.9sxYxPt0.0203-s m: x = 0.06 and e: x = 0.20
under reformate gas mixture of 40.3% Hz, 35.1% N2, 10.1% CO

and 14.5% CO2 saturated with water vapour

91

Figure 3.1.

(A)PXRD patterns of LaB1-xPtx03-5 (B = Fe, Co and Mn). For Fe (a) x
=0.02, (b) x=0.04, (c) x=0.06; for Co (d) x=0.02, (e) x = 0.04 and
for Mn (f) x = 0.02 and (g) x = 0.04. (B) 20 region where Pt(111)

reflection appear

98

Figure 3.2.

(A) PXRD patterns of (a) LaMnO3, and 4 mol% Pt doped LaMnO3
calcined at (b) 600 °C, (c) 700 °C and (d) 900 °C; (B) 20 region
where Pt(111) reflections appear
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1.1. Noble metal catalysis

Heterogeneous catalytic reactions have paramount importance in the production
of useful chemicals, synthesis of fine compounds and environmental cleanup,
accounting for the production of more than 80 % of all the chemical products [1-2].
Historically, catalysts involving oxides have been used primarily for gas phase reactions
in the petroleum and petrochemical industries [3]. Later, these are found to be effective
in promoting a number of synthetically useful reactions. Nowadays, metal oxides
represent one of the most important and widely employed categories of solid catalysts,
either as active phases or supports [4-5]. Metal oxides are utilized for their acid-base
and redox properties. Oxide catalysts are either electrical insulators with stoichiometric
M:O ratios where cationic material has a single valence (eg., MgO, Al>03 and SiO; and the
more complex zeolites) or semiconductors in which the metallic species is relatively
easily cycled between two valence states (eg., different positive oxidation states as in
Fe>03, Ce02, TiOz, CuO or NiO, or the interconversion between the positive ion and
neutral metal such as in Zn0). The former materials act as solid acids or bases while the
latter are most commonly used in oxidations. Simple oxide catalysts are employed
either in the bulk state or supported on an inert oxide material. Among these metal
oxide catalysts, those of transition metals are important due to their low cost of
production, easy regeneration and selective action [6]. The catalytic activity can be
attributed to the presence of partially filled d-orbitals of the metal ion and to the effect
of the oxide ligand field on these orbitals. Of the oxides of rare-earth elements, CeO> has

attracted considerable attention in recent years in industrial catalysis [7-9].

The current industrial heterogeneous catalysts usually consist of metals and
amorphous or crystalline oxide phases [10-11]. These can be conveniently classified
into main components, promoters and supports. Main components participate directly
in the catalytic transformation of molecules and promoters are used to modify and
improve the performance of main components. The high surface area supports, on the
surface of which main components and promoters are spread are said to perform
several functions such as it (1) increases the dispersion of catalytic metal phase to

ensure maximum utilization, (2) enhances the thermal stability of the active component
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toward agglomeration by binding them to the surface, and (3) occasionally promotes
the catalytic properties of the active phase. In some cases, the supports directly and
chemically take part in catalysis. In addition, high catalyst performance often requires
chemical interactions between the active component and the support (such as strong
metal support interaction (SMSI) properties) [12-13]. Mass and heat transfer also

depends on geometrical structure of supports.

Mixed metal oxides consisting combinations of two or more metallic ions in
varying proportions defined by a strict stoichiometry, are considered as important
materials for catalysis [14]. These have been extensively used as catalysts and catalyst
supports for a wide variety of reactions. It is often established that catalysts with active
components dispersed on mixed metal oxides often exhibit superior activity than those
supported on single oxides [15, 16]. The mixed oxide formation helps to alter the acid-
base and redox properties as well as to increase the thermal, chemical, and mechanical
stability. For eg., TiO2-ZrO; mixed oxides make use of the properties of both TiO; (which
is catalytically active and act as a support) and ZrO; (acid-base properties) [17]. In
addition, the strong interaction between them may result in the generation of new

catalytic sites and thus extend their application.

Even though catalysis by the above mentioned oxides and mixed oxides has
several advantages like easy removal of catalyst materials, possible use of high
temperatures etc. compared to homogeneous catalysis, it suffered lack of selectivity for
a long period of time. In addition, the mechanistic aspects are very difficult to
understand. But the use of transition metal nanoparticles as catalysts changed the
scenario as the reactions involve metal surface activation and catalysis at the nanoscale
bring selectivity and efficiency [18]. The sizes of the nanoparticles vary from one
nanometer to several tens or hundreds of nanometers, but various reports suggest that
the most active in catalysis are only 1-10 nm in size, i.e. they contain a few tens to a few
hundred atoms only [19-21]. In many common solids with particle sizes on the
micrometer length scale or larger, the number of atoms in the external surface is
negligible compared to the number of internal atoms. Thus, the particle exhibits the

properties of the bulk material and the physical and chemical properties are not
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affected by the variations in the particle size in this size range. But when the particle
size is reduced sufficient enough to result in a significant ratio between the number of
atoms on the external surface to that within the bulk, then, the properties of the
material may vary as a function of the dimensions of the particles. Although these
effects are expected to arise below particle sizes of hundreds of nanometers, they will
be significant only at the size of a few nanometers. The variation in the properties arises
since a significant fraction of the total number of atoms is on the surface and hence
coordinatively undersaturated, making them behave differently when compared to
those in the interior of the particle in these size range. Atoms in the external surface
have the ability to bind with adsorbates due to the presence of unsaturated
coordination. This field has attracted a considerable amount of attention recently, as
catalysts involving them are selective, efficient, and recyclable, meeting the modern

requirements for green catalysts [22-23].

Transition group metals including noble metals are frequently used as catalysts
and their intrinsic catalytic capabilities can be ascribed to the optimum degree of d-
band vacancy [24]. Even though many of the transition metal nanoparticles are
reported to be active for several reactions, the most studied are those of noble metals
viz. Ru, Rh, Pd, Pt and Au [25-29]. The reason why precious metals could be used for
commercial application in spite of the cost, is that they can be highly dispersed on
appropriate supports and are less prone to oxidation. For eg., figure 1.1 displays such
highly dispersed Au, Pt and Pd nanoparticles on high surface area oxide supports [30-
32]. As mentioned earlier, it is desirable to have the active noble metal nanoparticles
with controlled size and dispersion for catalysis applications. This is achieved to an
extent by supporting the nanoparticles on high surface area supports. Recent
developments have also enabled facile synthesis of metal nanoparticles with tunable

particle size, shape and composition [33, 34].

There is a large number of reports concerning the catalytic activities of noble
metal nanoparticles dispersed on a variety of metal oxides, viz. SiO2, Al;03, TiO2, ZrO»,

MgO, ZnO, and CeO: [35-41]. Platinum, palladium, iridium, copper, silver and other
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transition metals are highly active, promoting many different types of organic reactions

including hydrogenations, oxidations, C - C bond formation, etc. [42].

Figure 1.1. Noble metal nanoparticles dispersed on oxide supports, (A) Au on TiOq, (B)
Pt on ZrOz, and (C) Pd on y-Al203. Adapted from ref. [29-31].

The three-way catalyst (TWC) based on combinations of Pt, Pd and Rh is efficient
in removing CO and NOx from gasoline engines at temperatures from 400 °C to 800 °C
[43-44]. One or more noble metals can be active for a particular reaction, but their
activity and selectivity can be different from one another. Noble metals viz. rhodium,
platinum and palladium are excellent catalysts for total oxidation of hydrocarbons and
carbon monoxide [45]. However, silver and copper are found to be efficient for partial
oxidation reactions such as ethylene epoxidation [46], conversion of methanol to
formaldehyde [47, 48] and partial oxidation of methanol [49, 50]. Till the late 90s, gold
was considered to be catalytically inactive. However, the seminal contribution of Prof.
Masatake Haruta in Tokyo Metropolitan University established the extreme catalytic
activity of gold nanoparticles (with size below 5 nm) towards aerobic oxidation of CO to
CO2 at low temperatures [51, 30]. Despite the very clear advantages of the noble metal
based catalysts in terms of activity and selectivity, issues pertaining to stability and

deactivation vis-a-vis agglomeration and sintering plague these systems [52].
1.2. Sintering of nanoparticles and catalyst deactivation

The study of catalyst deactivation is of great practical importance because of its

high economic consequences. Catalysts undergo deactivation mainly by four different
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ways: (1) poisoning, (2) fouling, (3) sintering, and (4) volatilization [53, 54]. Even
though metal nanoparticles are promising heterogeneous catalysts, poor thermal
stability limits their use to low temperature conditions and presents a hurdle towards
widespread industrial application [55]. The catalytically active nanoparticles undergo
sintering or coalescence to minimize their surface energies under reaction conditions,
especially at high reaction temperatures. Sintering, the loss of active catalyst surface
area due to crystallite growth of the supported metals, is an important mode of
deactivation in supported metal nanoparticle catalysts, which is found to be most
severe in case of noble metals [56]. Thermal stability of these catalysts becomes a
critical problem especially in industrially important high temperature catalytic
reactions, such as catalytic combustion [57], reforming of hydrocarbons [58] and
automobile exhaust control [59] etc.

For example, the coalescence of platinum nanoparticle catalysts used in proton
exchange membrane fuel cells results in a reduction of the electrochemically active
surface area which leads to catalyst deactivation and subsequent reduction in cell
performance after several cycles [60]. Figure 1.2 displays the SEM images of Pt/Al>03
catalyst depicting the preferential growth of Pt particles on certain crystallographic

faces of the support during high-temperature reduction [61].

Figure 1.2. Low voltage SEM image of a Pt/alumina model nanocatalyst shows
formation of large Pt islands due to the sintering of Pt nanoparticles during the high
temperature reduction process on certain crystallographic faces of the polycrystalline

alumina support. Inset shows unchanged particles. Adapted from ref. [61].
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Sintering of supported metal catalysts is proposed to involve complex physical
and chemical phenomena constituting a number of different rate-limiting steps (figure

1.3) as follows [53, 54, 62],

1. The dissociation and emission of metal atoms from metal crystallites.

2. The adsorption and trapping of metal atoms on the support surface.

3. The diffusion or hopping of metal atoms, and/or metal crystallites across support
surface.

4. The wetting of the support surface by metal particles.

5. The nucleation of metal particles.

6. The coalescence of metal particles and/or bridging of two metal particles.

7. The capture of atoms by metal particles.

8. The vaporization of metal atom, and volatilization of metals as complexes.

Vapnm

t%*‘ S

Coalesce

Pal ticle migrates

Figure 1.3. Schematic representation of the various stages involved in the formation

and growth of particles. Adapted from ref. [53].

However, the exact steps involved in a particular sintering process mainly
depends on reaction conditions, time, and catalyst formulation. The detailed
understanding of sintering mechanism requires knowledge of surface diffusional
processes, metal-support interfacial phenomena, solid-state reactions on the surface

and the energetics of metal-metal and metal-surface interactions [63].

Metal crystallite growth is proposed to occur by two principal modes, i.e. atomic
migration and crystallite migration [64-66]. In the case of atomic migration, atoms
detach and migrate from one crystallite to another through the surface or gas phase and

collide with another metal crystallite. Since larger crystallites are more stable on

Ph.D. Thesis: AcSIR 6 |



Introduction & Literature Survey | Chapter 1

account of the greater metal-metal bond energies compared to the metal-support
interaction, small crystallites diminish and the larger ones increase in size. This growth
of large crystallites at the expense of smaller ones is referred to as “Ostwald ripening”.
Crystallite migration involves the diffusion of entire crystallites along the surface of the
support, followed by collision with other ones and final coalescence. These two
mechanisms can occur simultaneously and be coupled with each other during sintering.
Sintering may directly lead to particle growth and coalescence, shape deformation and
change in composition of the active nanoparticles, which eventually results in

deactivation of the nanocatalysts.

Both atomic and crystallite diffusion mechanisms require the breaking of bonds
(either between metal atoms or between the crystallite and the underlying surface),
and higher temperature will hence result in faster diffusion and increased mobility. The
position of the particle on the surface of the support is also crucial for sintering. A
particle on a ‘valley’ position is stable, while that on a flat surface is highly unstable with

respect to sintering [53].

As already mentioned, sintering is strongly temperature dependent and the key
mechanism involved is the surface diffusion. It can be assumed that solid-state diffusion
becomes faster when the temperature is closer to the melting point indicating that a
relation exists between melting point and the sintering steps [53]. Two temperatures
viz. Tamman and Huttig temperatures, at which sintering may occur are suggested to be

dependent on the melting point by the following semiempirical relations,

THuttig =0. 3Tmelting

TTamman = 0. 5Tmelting

Atoms at defects become mobile at Huttig temperature and when the Tamman
temperature is reached, atoms from the bulk will exhibit mobility. The direct
consequence of these relations is that metals with higher melting points tend to show

better resistance to sintering which also means that the increase in the melting point of
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a nanoparticle by some means improves catalyst stability. Tamman and Huttig

temperatures for some metals and compounds are given in table 1.1 [53].

Table 1.1. Tmelting, TTamman and Thutig values (in K) of some metals and their compounds.

Adapted from ref [53].

Compound | Tmeting (K) | Tramman (K) | Thuttig (K)
Pt 2028 1014 608
PtO 823 412 247
PtO; 723 362 217
Pd 1828 914 548
Ru 2723 1362 817
Ag 1233 617 370
Au 1336 668 401
Cu 1356 678 407

The temperature at which the solid becomes mobile depends on various other
factors such as texture, size and morphology of the metal particle and the support. For
eg., sintering of metal nanoparticles on highly porous Al;03 is much more severe than
on moderately porous Al203 [53]. Particles with small sizes may become mobile at

temperatures much lower than that indicated by the Tamman or Hiittig temperatures.

Other than the temperature and size, the sintering of metal nanoparticles is
affected by many factors that lead to a change in the surface energy of the particle such
as the atmosphere and the shape and composition of the metal nanocrystallite. The
stability of the nanoparticle is also affected by the properties of the particle itself, the

loading or dispersion of the metal on a support and metal-support interaction [54].
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Several reports suggest that sintering is more severe in oxidizing atmosphere
than in inert or reducing atmospheres for Pt-supported catalysts [67, 68], however, this
cannot be generalized since the rate of dispersion also depends on Pt loading and these
effects may be related to changes in surface structure due to adsorbed species such as
H, O or OH in Hz, Oz or H20-containing atmospheres, respectively [69]. Strong metal-
support interactions (SMSI) also affect the spreading, wetting and redispersion of the
supported metals. For eg., NiO/SiO> is thermally more stable in air than NiO/SiO; in H»
atmosphere owing to the strong interaction of NiO with SiO2 [69]. Supports like CeO>
and La;03 are suggested to stabilise the noble metal atoms in automotive exhaust

converters due to a strong, localized chemical interaction [70, 71].

In reducing atmosphere, metal crystallite stability generally decreases with
decreasing metal melting temperature, i.e. in the order Ru > Ir > Rh > Pt > Pd > Ni > Cu >
Ag [62]. But this order may be affected by relatively stronger metal-support
interactions; the stability of Pt on various supports in vacuum is Pt/Al,03 > Pt/SiO; >
Pt/C. In oxidizing atmospheres, stability of metal particle depends on the volatility of
metal oxides and the strength of the metal oxide-support interaction. Metal stability for
noble metals in air decreases in the order Rh > Pt > Ir > Ru. Ru is the least stable

because of the formation of volatile RuO4[62].
1.3. Important noble metal catalysed heterogeneous reactions

As mentioned in section 1.1, noble metal based catalysts are used in
innumerable industrially important reactions. Of these, water gas shift reaction and CO
oxidation are very relevant in the current scenario of energy scarcity and requirement
for pollution abatement. Moreover, both reactions are simple with common mechanistic
reaction steps which make them ideal for studying fundamental aspects of catalysis.
Indeed a lot of studies are conducted on these reactions using variety of catalysts. In
spite of the fact that these reactions are extensively studied for years, their mechanism

and the active species involved remain under debate.
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1.3.1. Water gas shift (WGS) reaction

The demand for hydrocarbon fuels is increasing day by day despite the limited
supply of hydrocarbon resources in the world. In this scenario, the concept of the
hydrogen economy, in which hydrogen with its high energy density would replace the
fossil fuels, is proposed to solve some of the negative effects of using hydrocarbon fuels
[72]. Many researchers argue that hydrogen can be an environmentally cleaner source
of energy, particularly in transportation applications, without release of pollutants or
carbon dioxide. Fuel cells, which use hydrogen as fuel, are attractive as they are far
more efficient than the internal combustion engines [73]. Fuel cells require high-purity
hydrogen because the impurities would quickly degrade the life of the fuel cell stack.
There are two primary uses for hydrogen today: about half of annual production being
used in making nitrogen fertilisers via the Haber process and rest to convert low-grade
crude oils into transport fuels. Currently more than 90 % of the hydrogen is industrially
produced from steam reforming, which uses fossil fuels such as natural gas, oil, or coal.
However, reforming hydrocarbon fuels for hydrogen production yields reformate
streams containing CO, which, because of its strong adsorption to the electrode surface
poisons the Pt anode in the Polymer Electrolyte Membrane (PEM) fuel cell at
concentrations above 100 ppm [74, 75]. Water Gas Shift (WGS) reaction is used to
increase and adjust the H2/CO molar ratio in the synthesis gas and to remove CO from
the gas effluents [76-77]. In the WGS reaction, the carbon monoxide is reacted with

steam to produce hydrogen and carbon dioxide (COz2).

CO+H0=C0z+H; (AH =-41.1k]/mol)

The WGS reaction is important for industrial hydrogen production as well as an
integral component of fuel processing for fuel cell applications. As the reaction is
moderately exothermic, low temperature favors a high equilibrium conversion of CO.
Two adiabatic stages are employed to achieve the highest feasible conversion: a high
temperature shift (HTS) at 310-450 °C with a catalyst based on iron oxide structurally
promoted with chromium oxide, followed by a low temperature shift (LTS) in the

temperature range of 210- 240 °C, where the typical industrial catalyst is copper with
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zinc oxide and aluminum oxide as support materials [78-80]. These two stages help to
take advantage of kinetics and thermodynamics. High temperature shift is used to make
the reaction kinetically favourable. By cooling the syngas between the HTS and LTS
stages, an active catalyst can take advantage of the thermodynamic equilibrium at low
temperature. This two stage WGS configuration results in an exit CO concentration of
much less than 1 %. However, these commercial Fe/Cr and Cu/Zn/Al based catalysts,
prior to the operation must undergo a pretreatment using a specific process to control
reduction of the oxides to the catalytically active state. Improper activation affects the
activity and life of the catalysts. During shut down, care must be taken to avoid steam
condensation and to minimize the re-oxidization of the catalysts [81]. Also the copper
catalyst undergoes deactivation at temperatures higher than 300 °C, as the copper
particles sinter because of surface migration. Another important issue is regarding the
size of the fuel cell reformer. The present stationary commercialized reformers are very
large; however, for transport and domestic household applications, compactness and
fast response are necessary. The transition to hydrogen based energy will be possible
only after the development of efficient and stable catalysts which overcome the above

said drawbacks of the current commercial catalysts.

Precious metal based catalysts are being actively studied in recent years for fuel
cell applications [82-85]. The WGS reaction orders on precious metal catalysts are
favourable for high CO conversions [86]. These catalyst systems usually do not require
a lengthy reduction process and are stable to condensing water [87]. They are stable
when subjected to air during start up and shut down operations and can withstand
temperature upsets. Moreover they are generally more resistant to poisoning than base
metal catalysts. Their superior activity enables to build compact reactors which permit
a rapid response to transient conditions. Although several oxides are used as supports
for precious metals, reducible oxides are found to be the best. Ceria (Au, Cu or Pt on
Ce0>), titania (Au, Pd or Pt on TiO2), and Fe;03 (Au) based catalysts are highly active for
low temperature WGS reaction [88-92]. Ceria-based WGS catalysts have attracted
attention recently because of the high oxygen-storage capacity of ceria and modified

ceria [82, 93, 94]. In addition, it acts as a stabilizer of noble metal as well as a promoter

Ph.D. Thesis: AcSIR 11 |



Introduction & Literature Survey | Chapter 1

of the reaction. The multiple stable oxidation states, +3 and +4 for Ce, allow it to
undergo oxidation and reduction relatively easily. It helps to maintain the dispersion of

the catalytic metals.

However, various deactivation mechanisms including increased blocking of the
active surface by formation of carbonates, formates, or hydroxycarbonates, sintering of
metal nanoparticles, loss of contact between the metal and the support and irreversible
over reduction of support under WGS conditions are reported in supported metal
catalyst systems [95-101]. Sintering of the metal particles is considered as one of the
major deactivation mechanisms in WGS reaction. At various operating conditions of the
WGS reaction, like start up, shut down, numerous redox cycles, temperature excursions
etc,, the catalysts tend to loss their activity by the loss of surface area. Dr. Robert J.
Farrauto and coworkers in Columbia University investigated the aging of Pt-based ZrO»-
CeO2 supported WGS catalysts under steady-state operation, high temperature stress
and start up-shut down conditions using activity testing, transmission electron
microscopy (TEM), IR spectroscopy and chemisorption techniques [98]. In their study,
they observed significant aging for both steady-state operation at low temperature
(228-260 °C) (figure 1.4.) and high temperature cycling (380-450 °C). The loss of
activity was attributed to the sintering of Pt particles as evidenced from CO
chemisorption and TEM analysis. In another report, Wang et al. have conducted an
accelerated aging test for Pd on ceria catalysts under WGS conditions [99]. They
observed substantial catalyst deactivation after the test cycles. In order to account for
the deactivation, they subjected the catalysts to various conditions, and found that
heating the catalyst to high temperature in pure CO results in a dramatic reduction in
the activity. The measurement of Pd dispersion using CO adsorption reveals that the
activity reduction indeed results from the loss of metal surface area in CO. Also they
found out a linear relationship of WGS reaction rates with Pd surface area over a wide
range of Pd particle sizes. The results from various research groups indicate that it is
worthwhile to develop advanced WGS catalysts that are more active than the
commercial non-noble metal based catalysts and also stable under the reaction

conditions.
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Figure 1.4. CO exit concentration of 2 % Pt/Ce02-ZrO2 at 228 °C for WGS reaction,
Reformate composition 5.98 % CO, 7.4 % CO2, 31.82 % Hz, 28.86 % N2 & 26 % H:0.
Adapted from ref. [98].

However, gaining insights regarding the nature of the active sites, the reaction
mechanism and limiting steps for the reaction is important for the design and
optimization of stable and efficient WGS catalysts. There is a lot of controversy over the

mechanism of WGS reaction. Two general mechanistic schemes have been proposed,

1. Associative Mechanism and

2. Regenerative (redox) Mechanism

The associative mechanism is a Langmuir-Hinshelwood type mechanism
consisting adsorption and desorption steps where the adsorbed carbon monoxide and
water on the catalyst surface, interact to form a surface intermediate, which breaks
down to form reaction products [102-107]. Even though many researchers support this
mechanism, there is still no agreement about the nature of the intermediate. Some
reports suggest the participation of formate intermediate [103-105] while others are
consistent with a mechanism involving carboxyl intermediate [106, 107]. Shido and
Iwasawa, with the help of IR spectroscopy and temperature-programmed desorption
(TPD), concluded that bidentate formate, produced by the reaction of CO with terminal
hydroxyl groups on the ceria, is the intermediate species for the ceria-supported Rh

catalysed WGS reaction [102]. Rhodes et al. proposed formate species as intermediate
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species for the Cu-chromite catalyst [108]. The steps involved in the associative

mechanism with formate species as intermediate are given below.

O o0 L — (1)
§ PO ¢ P10 [ e ——— (2)
H200S + S = OHeS + HeS- ~--wnnemnmn (3)
COeS + OHeS = HCOO®S + § --------- (4)
HCOOsS = €Oy + HoS --rmmrmmemmmemee- (5)
7] Rt L L R — (6)

where S represents adsorption sites on the metal. Jacobs et al. investigated the
low-temperature WGS reaction over the Pt/CeO; catalyst by SSITKA-DRIFTS and
confirmed that formate is the active intermediate [104]. Density function theory (DFT)
calculations on Pt(111) along with experimental studies indicate the involvement of a
carboxylate (OCOH) intermediate for the alumina-supported platinum clusters for the
WGS reaction [109]. Gokhale et al. has proposed that water gas shift reaction proceeds
through the carboxyl mechanism on Cu(111) [110].

The regenerative or redox mechanism, in which adsorbed water decomposes to
form adsorbed atomic oxygen that subsequently oxidizes carbon monoxide have been
reported on less inert oxide supports [82, 90, 111]. The rate of WGS reaction is
significantly higher over ceria-supported Pt, Pd, and Rh, even though the metals are not
easily oxidized by water. In contrast, the oxidation of Ce203 by water to yield hydrogen
is thermodynamically favorable and is observed in low pressure adsorption studies.
The redox mechanism is a co-operative mechanism, involving the oxidation of adsorbed
CO on the metal by labile oxygen of the support, followed by dissociative adsorption of

H>0 on the oxygen vacancy on ceria that leads to the formation of hydrogen.

The overall reaction steps on a CeO; supported metal catalyst is suggested to

occur in the following steps.

CO + S : COad """"""""""""""""" (1)
H20 + Cez03 = 2Ce0z + Hy ---------- 2)
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COaq + 2Ce0; = COz + Cez03 + S ---(3)

where S represents adsorption sites on the metal. Mainly kinetic studies provide
evidence for the redox mechanism. But TPD studies indicate that CO adsorbed on
metals can be oxidized by oxygen from ceria [112]. Cu- and Ni-containing La doped
ceria catalysts is reported to proceed through the redox mechanism for low-
temperature WGS reaction [90]. Kalamaras et al. supports the redox mechanism with
the help of detailed SSITKA-DRIFTS, and other transient 180-isotopic exchange
experiments, for the WGS reaction on the Pt/TiO> catalyst [111]. WGS reaction over a
series of ceria-supported, transition metals (Pd/ceria, Ni/ceria, Fe/ceria, Co/ceria, and

Pd/silica. Pd/ceria) are suggested to involve redox mechanism [86].
1.3.2. CO oxidation

Carbon monoxide (CO) is one of the most common air pollutants. Catalytic CO
oxidation by oxygen is of utmost importance for the reduction of CO in the atmosphere

[113].

CO+1/202—-CO2 AHO%9g=-282.98 kJ/mol

Moreover it finds application in the preferential oxidation of CO in hydrogen rich
stream produced mainly by reforming of natural gas followed by the WGS reaction to
reduce the amount of CO, as small amount of CO (0.5-2.0 wt%) can poison the Pt-based

anode in the polymer electrolyte membrane (PEM) fuel cell [114].

Furthermore the CO oxidation reaction is one of the most investigated
heterogeneous reactions and it has been studied extensively on various noble metals.
CO oxidation on Pt-group metal surfaces is often considered as an ideal probing
reaction to understand fundamental steps involved in the heterogeneous reaction as its
mechanism consists of steps such as molecular adsorption or desorption of reactants,

dissociative adsorption of reactants, surface reaction, etc. [115].

Currently the removal of CO from automobile exhaust is accomplished by the

oxidation of CO in catalytic converters using supported Pt, Pd and Rh catalysts [116]. CO
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oxidation on single crystal surfaces of Pt-group metals (Rh, Pt, Pd and Ru) at low
pressures has been well-studied using traditional Ultra High Vacuum (UHV) surface
science probes [115]. At low pressure conditions, Langmuir-Hinshelwood reaction
mechanism is generally accepted for CO oxidation, whereby co-adsorbed CO and O

atoms react to form CO2[113, 117, 118]. This reaction scheme is shown below

CO —> COads
02—~ 20ads

Coads + Oads - COZ

It is understood from various studies that CO inhibits O, adsorption more
effectively than the inhibition of CO adsorption by surface oxygen [119, 120]. This has a
direct consequence on the CO2 production rate and puts the limit of minimal CO surface
coverage for better conversion at low temperatures. The increase in CO partial
pressures results in increase in the temperature at which maximum CO conversion
occurs. However, higher temperatures cause high CO desorption rate and here activity
is affected due to inhibition of CO adsorption by oxygen and to decreased lifetimes of CO
species on the surface. But Ru behaves differently towards CO oxidation when
compared to the Pd, Pt and Rh [121-123]. It exhibits the least activity of all the Pt-group
metals at low pressures but most active at high pressures. The higher reactivity of Ru at
high pressures is attributed to the tendency of the surface to be covered with oxygen
atoms more facilely than Rh, Pd, Pt. But some investigators suggested that only one
reactant needs to be adsorbed on the catalyst while the other in the gas phase reacts
with the adsorbed one, following Eley-Rideal mechanism [124]. However, there is

general agreement that the oxidation mechanism changes with temperature.

Even though gold has been considered as an inert heterogeneous catalyst till the
late 90s because of its completely filled 5d shell and the relatively high first ionisation
potential, gold particles smaller than 5 nm, highly dispersed on metal oxides (Fez03,
Co0304, TiO2, NiO, ZrO2, Mn203) are reported to be extremely active for CO oxidation even

at temperatures lower than room temperature [51, 125-127]. However, its catalytic
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activity was found to be strongly affected by the preparation method and the
pretreatment conditions used as it is strongly dependant on the particle size [128, 129].
A synergistic mechanism is suggested for the CO oxidation involving the gold and metal
oxide interface, with the oxide support playing a necessary part in the reaction [130-
132]. CO is adsorbed on a metallic gold site near to a metal oxide site occupied by an
adsorbed O molecule. The reaction may then proceed via a carbonate like intermediate
species which ultimately decomposes to CO. But the dissociative adsorption of oxygen
is hindered at temperatures below 400 °C due to a high energy barrier, even though CO
adsorbs at low temperatures (T<150 K) [133]. Moreover when atomic oxygen is
present, CO oxidation takes place readily [134]. To explain the activity for CO oxidation,
several models have been proposed for oxygen adsorption on supported Au particles

[135] and are visualized in figure. 1.5.

Figure 1.5. Possible reaction schemes for the CO oxidation reaction over supported Au

catalysts. Adapted from ref. [135].

1) The reaction proceeds with the O dissociation occurring either by the formation of a
four-centered CO-0; surface complex on a common Au site or on a defect site on the
metal surface or on small, flat-shaped particles with different electronic structure [136-

138].

2) Adsorption of oxygen occurs on the support (or at the metal-support interface) near
to the metal particle possibly on oxygen vacancies near to metal particles as 02 [139,
140].
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3) On the support, the adsorbed oxygen dissociates immediately to produce lattice
oxygen, which subsequently reacts at the interface or after a spillover of oxygen to the

gold metal [132, 141].

Other proposed active sites include small Au clusters possessing nonmetallic
electronic properties due to quantum-size effect [142], surface step and strain defects
[143], and an ensemble of Au*-OH- and metallic Au atoms [144]. According to model
(3), metallic Au activates the oxygen molecule, and Au cation with a hydroxyl ligand
provides the pathway for the oxidation of CO. It is the requirement of such an ensemble
that makes the activity of a catalyst very sensitive to the preparation details and
pretreatment conditions. Generally it is believed that since CO adsorbs much more
strongly to metals than to their oxides, CO oxidation takes place on metallic surfaces.
However, some recent reports with the help of in situ spectroscopic techniques,
revealed the presence of oxidic Pt, Pd, and Ru under CO oxidation reaction conditions

[145, 146].
1.4. Catalytic activity of ionic noble metal species in heterogeneous reactions

In the case of WGS reaction, research works are underway to understand the
active species. There is a disagreement in the research community regarding the
oxidation states of the active metal species. Most of the earlier researchers are in
agreement with a zerovalent state [86, 108, 147]. However, some of the recent reports
suggest that metal particles with ionic character are active for WGS reaction. Prof. M.
Flytzani-Stephanopoulos and co-workers in Tufts University were able to show, by
selective leaching studies, that only ionic gold and platinum bound to ceria are active
for the WGS reaction and metallic particles do not participate in the reaction [148-150].
They deposited nanosized gold or platinum onto a La-doped cerium oxide support and
then calcined the material in air at 400 °C. The resulted metal nanoparticles were
removed from the surface of the material using basic sodium cyanide solution (figure
1.6.). This procedure removed more than 90 % of the metallic loading from ceria. The

surface of the leached materials, as analyzed with the help of X-ray photoelectron
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spectroscopy, was found to consist of ionic Au or Pt as the major or only Au or Pt

species. Electron microscopy also detected no gold clusters.

CO + H;O CO5 + H;
Aus+
1

Au? nanoparticle /

MNaCM
leaching

Ce(La)C; support
Figure 1.6. Schematic representation showing the leaching of metallic Au or Pt from the

surface of Au or Pt supported on Ce;.xLax02. Adapted from ref. [151].

When used as catalysts for WGS reaction, both the parent and leached (Au or Pt
on ceria) catalysts exhibited similar rates of CO2 production. In addition, the apparent
activation energy for the reaction was determined to be the same for both the parent
and leached catalysts. However, the rate of the reaction measured over the support
alone was much lower than the noble metal-containing catalysts, with a much higher
activation energy. Since the removed Au in the parent catalyst neither increased the
rate nor changed the activation energy of the reaction, it was concluded that only ionic

Au present on the leached catalysts is active.

Also, it is reported based on computational studies that stable oxidized gold
clusters at ceria-oxygen defects are active sites [152]. They demonstrated with the help
of density functional theory that the empty non bonding f states of ceria helps the
oxidation of Au and only Au’* can adsorb CO sufficiently strongly for subsequent
catalysis, and that a combination of several such Au®* in the vicinity of an O vacancy

does catalyze the WGS conversion.

Since metal particles often have positively charged atoms at the metal-support
interface, various reports propose the unique role of cationic interfacial gold species. A
study using EXAFS analysis indicated that the presence of a partially oxidized Pt species
with coordination lower than octahedral for the Pt/Al;03 catalyst, is responsible for
generating high CO oxidation activity [153]. Time-of-flight secondary ion mass
spectroscopy (TOF-SIMS) studies of Au/y-Al,03 and Au/TiO2 catalysts showed the
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presence of oxidized Au clusters of AuO-, AuOH- and AuO2;, which together with the
metallic gold are suggested to act as the active site for CO oxidation [154]. Prof. Avelino
Corma’s group in the Institute of Chemical Technology (ITQ-CSIC-Polytechnical
University of Valencia) stabilized Au(IlI) on nanocrystalline CeO; and Y203 and found
that the catalytic activity of the catalyst towards CO oxidation is directly proportional to
the concentration of Au(IIl) surface species [155]. In another report, XANES and TPR-
TPO techniques suggested that both Au(I) and Au(0) are present in MgO-supported
gold catalysts for CO oxidation and it was also observed that both the catalytic activity
and the surface concentration of Au(l) were found to decrease with increasing CO

partial pressure demonstrating that the catalytic sites incorporate Au(I) [156].
1.5. Role of solid state compounds in heterogeneous catalysis

The attempts to design new solid catalysts for a variety of industrial processes
are now converging on a generally applicable strategy to develop well defined active
centers which are spatially separated [157]. Such single-site catalysts, which are similar
to the metal-centered homogenous catalysts and enzymes, enable element-efficient
catalysis. This approach has been demonstrated through the use of active cationic
species substituted for the cations in the metal oxides. In the preceding section, various
reports suggesting the activity of cationic metals are presented, but the nature of the
active center was not established with certainty. Moreover in conventional catalysts,
only the atoms present on the surface of the noble metal particles act as adsorption
sites. The complete dispersion of noble metals is possible only by its incorporation as
ions in the lattices of oxides. Some attempts to synthesize such dispersed ionic noble

metal catalysts are already reported.

Pioneering work from Prof. M. S. Hegde’s group in Indian Institute of Science
reported synthesis of Pt, Pd, Cu or Rh doped CeO;, TiO2 or Ce14TixO2 structures and
their activities in CO and hydrocarbon oxidation and NOx reduction [158-161]. They
observed that the rates are 15-30 times higher for the ionic catalysts than for the same
amount of noble metal loaded on an oxide support catalyst. In another report,

AuxTi1-xO2 was synthesized and used as catalysts for CO oxidation [162]. They
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demonstrated with the help of DFT that gold ion prefers to substitute a five-coordinated
Ti atom on the surface rather than the bulk Ti atom. Several such doped oxide catalysts
performing various catalytic reactions are there in the literature viz. CuxCe1-xO2
catalysing NO reduction with NH3, PtyCe1-xO2 performing the WGS reaction, FexCe1-x0>
catalysing N20 decomposition and Cegp9Cuo.102 catalysing the steam reforming of
methanol [163-166]. In all of these systems, the doped oxide is a better catalyst than

metal impregnated oxide.

Of the oxide systems, perovskites occupy an important position with multiple
catalytic reactions attributed to them due to a wide window available for doping and
creation of oxygen vacancies which may help the activity. The term ‘perovskite’ was
originally used for the mineral CaTiO3z which was discovered and named after Russian
mineralogist, Count Lev Aleksevich von Perovski by Gustav Rose in 1839 from samples
obtained in the Ural Mountains. Goldschmidt who produced the first synthetic
perovskites in 1926 used the term perovskite to describe a class of compounds with
same stoichiometry and connectivity as those in CaTiO3. The crystal structure of a
BaTiO3 type orthorhombic perovskite was solved by H. D. Megaw in 1945 [167]. The
perovskite structure has the general formula ABX3 where A commonly stands for rare
earth and alkaline earth ions (La, Ba, Sr, Ca etc.) and B represents usually transition
metal ions (Cr, Mn, Co, Fe, Ce etc.) and X is an anion, most commonly oxygen. The
structure of a cubic perovskite is shown in figure 1.7. The cation occupying the A-site
has a coordination number of twelve (cuboctahedral coordination) while the B ion is
located in the centre of an octahedron of oxygen ions (six fold coordination). The
easiest way to visualize the structure is in terms of the BO6 octahedra which share
corners infinitely in all 3 dimensions and the A cations occupy every hole created by 8

such octahedra.

The strict relative ion size requirements for stability of the cubic structure cause
slight buckling and distortion which produce several lower-symmetry structures (e.g.
tetragonal, orthorhombic, etc.), in which the coordination numbers of A, B or both ions

are reduced [168].
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Figure 1.7. Structure of a cubic CaTiO3 perovskite.

Furthermore the flexibility of bond angles inherent in the perovskite structure
may result in distortions including displacement of the cations out of the centers of
their coordination polyhedra, and distortions of the octahedra driven by electronic
factors (Jahn-Teller distortions). Various factors such as changes in temperature or
oxygen partial pressure, and a size mismatch of the A and B cations contribute to the
distortion. The Goldschmidt tolerance factor (t) which predicts the stability of the
perovskite structure can be calculated from the ionic radii of ions present on the A and

B sites [169], as
t = (ra+ro) / V2 (re+ro)

ra, s and ro represents the ionic radius of the ions on the A, B and oxygen sites

respectively.

When the value of tolerance factor is close to unity, symmetry is predicted to be
cubic. Values in the range of 0.74 - 1 indicate the possibility of a distorted crystal
structure. However, a real crystal often contains intrinsic defects like oxygen vacancies
due to equilibrium between lattice oxygen and gas phase oxygen. According to Kroger-

Vink notation

200 < Oz(g)+2 Viig+4¢’
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Where Oprepresents lattice oxygen, O2(g) is gas phase oxygen, Vi is an oxygen vacancy,

and e’ is an electron in the conduction band.

The concentration of oxygen vacancies in a pure perovskite material depends
generally on factors like temperature, total pressure and oxygen partial pressure [170].
Extrinsic vacancies in these compounds can be introduced by doping A and B-site ions
with lower valence ions. Perovskite structures readily accept substitution of different
ions on each site producing wide range of compositions resulting in variety of physical
properties making them one of the most frequently encountered in solid-state inorganic
chemistry. The structure accommodates most of the metal ions in the periodic table in

different combinations.

Perovskite materials, doped on the A and B sites to create oxygen vacancies
allow mixed ionic and electronic conduction (MIEC). These mixed conductors owing to
their unusual high tolerance for oxygen ion vacancies are used as cathode or ideal
electrolyte materials in solid oxide fuel cells (SOFC) and in membranes for oxygen
separation and for chemical production [171, 172]. Perovskites such as BaZrOsz and
SrZrO3 are currently being proposed as electrolytes for SOFCs [173,174]. Moreover they
have wide range of technological applications such as in sensors, memory devices
(RAM), superconductors, amplifiers, and electro-optical devices [175]. Moreover they
exhibit many interesting properties such as colossal magnetoresistance,
ferroelectricity, superconductivity, charge ordering, spin dependent transport, high
thermopower and the interplay of structural, magnetic and transport properties [175].
Synthetic perovskites are suggested as possible inexpensive base materials for high-

efficiency commercial photovoltaics.

The unique crystal structure, nonstoichiometry in oxygen content, acid-base
property, redox nature, and thermal stability of perovskites allow it to be effective in
exhaust abatement, hydrogenation, oxidations and photocatalysis [176-179]. Recently,
perovskites are found to catalyse biomass conversion such as glycerol to syngas [180].
In addition, perovskites offer the possibility of preparing a large series of isomorphic

solids for the study of the effect of partial substitution of A and B cations on catalytic
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behavior. The stability of these oxides at elevated temperatures makes them ideal to
use in many areas where other formulations fail, e.g., high temperature catalytic

combustion.

Recently considerable attention has been given to transition-metal based
perovskites on account of their possible utility as catalysts [181-183]. The drawback of
low surface area for these materials can be overcome by performing substitutions on
the cationic site or by developing active perovskite type oxides by new synthesis
methods. Various metal ions including noble metals can be used for partial substitution
of metal ions in perovskite. Pd doped perovskite, LaCo1.xPdxO3 (x = 0, 0.1 and 0.3) is
reported to be good catalysts for catalytic removal of NOx and diesel soot [184].

Moreover catalytic activity of perovskites can be enhanced by the addition of
small amounts of noble metals. Noble metals such as Pt, Pd or Rh supported on LaMnOs3
perovskites are found to be active for the total oxidation of methane [185]. Pd in the
LaFeo.95Pdo.0503 and BaCe1.xPdxO3 catalyst are reported to move in and out of the lattice

depending on the atmosphere [186, 187].

Various methods can be used to synthesize perovskite phases like solid state
method, citrate-gel method, sol-gel method, co-precipitation method etc [188]. Solid
state methods utilise starting materials in the form of oxides, carbonates, or acetates of
the metal cations of interest. Accurately weighed powders depending on the
stoichiometric ratio are mixed and ground well and calcined at a temperature high
enough to decompose the starting material. The mixture is again reground and heated
at elevated temperatures and the heating cycles are repeated until structure formation.
Rate of heating is important for the crystallization of some perovskites. Materials
prepared by solid-state reaction consists of highly agglomerated large sized particles
and high impurity contents due to their inherent problems such as heterogeneous solid
phase reaction and high reaction temperature [189]. Hence this method is not suitable

for material preparation for catalysis type of applications.

Many wet chemical synthesis routes are developed to generate high purity,

homogeneous, reactive ultrafine powders at low temperatures. The advantage of wet

Ph.D. Thesis: AcSIR 24 |



Introduction & Literature Survey | Chapter 1

chemical methods is the quasi-atomic dispersion of constituent components in a liquid
precursor, which facilitates synthesis of the crystallized powder with submicron
particles and high purity at low temperatures. However, sol-gel and coprecipitation
methods require controlled chemical conditions such as pH, reagent concentration,
reaction medium, and chelating properties of ligands [190-192]. Stoichiometric
deviations and formation of biphasic solid solutions are observed when coprecipitation
and sol-gel methods are used. The advantage of the citrate-gel method is its simplicity
for obtaining powders of high purity and possibility to hold the initial stoichiometry.
Citrate gel method is used mostly as it yields phase pure, almost homogeneously
distributed particles [193]. Synthesis of perovskites using citrate process involves
calcination of amorphous citrate complex precursors. An aqueous solution of citric acid
is added to the aqueous mixture of metal nitrates in proper molar ratios according to
the desired perovskite composition. The removal of water from the solution results in a
gel type of amorphous citrate precursor, the heating of which results in its
decomposition and formation of the crystalline perovskite phase. Instead of citric acid,
glycine, urea etc. are also used. The advantage of this method is that a homogenous
mixture of the cations is obtained and the perovskite is formed at a relatively lower
temperature. Surface area of the perovskite is important for catalysis application and
large surface area materials can often be achieved by reducing the synthesis

temperatures.

Another important family of compounds worth exploring contains noble metals
in low coordinated sites which present coordinatively unsaturated sites conducive for
catalysis. Ag and Cu in metallic form are highly active for various reactions. But the
presence of these elements in coordinatively unsaturated sites presents an interesting
prospect in catalysis. Recently P. Gomez-Romero et al. synthesized the compound
Ag>Cu203, an oxide in which both Ag and Cu coexist [194-195]. This compound consists
of alternating chains of edge-sharing square-planar CuOs units and zigzag chains of
linearly coordinated AgO: units (figure 1.8A). These chains run parallel to a and b axes,
consecutively, presenting three dimensional array of tunnels. The coordination of the

metals is typical of Cu(ll) and Ag(I). This structure can be chemically and
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electrochemically oxidized to AgzCuz04 in which the metal oxidation states and
coordination geometry are retained in which the charge is delocalized among silver and
copper with their formal oxidation states larger than the usual Ag(I) and Cu(II), but an

O atom is intercalated such that the open channel structure is changed to a layered

structure (figure 1.8B) [196-198].
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Figure 1.8. Structure of (A) Ag2Cu203 and (B) Ag2Cu20a.

The evidences of ionic mobility and disorder in these systems points to a rather
flexible structure that can lead to a variety of intercalation reactions. Even though
copper and silver based catalysts are already tested for WGS as well as CO oxidation

reactions, low coordination compounds based on them have not been studied as
catalysts for these processes.

1.6. Scope and objective of thesis

It is already stated that although supported noble metal particles are extremely
active for a variety of heterogeneous reactions, their deactivation by sintering of

nanoparticles under reaction conditions presents a hurdle for their widespread
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application. The deterioration of catalytic activity of supported Pt and Au catalysts by
sintering is prominent in the case of Water gas shift reaction and CO oxidation. This
scenario demands an alternative catalyst system that is resistant to sintering. Some
recent works demonstrated that partially ionic noble metal species are responsible for
WGS activity in oxide supported Au and Pt catalysts. As an extension to this, the logic
followed in this work is that noble metal cations stabilized by doping in stable lattice
types like perovskites (ABO3) can also be WGS active and sinter resistant. BaCeOs3
perovskite can be an ideal candidate for doping noble metals like Pt on account of
appropriate ionic sizes and high tolerance factor due to the multiple valence of Ce.
Lanthanum perovskites with first row transition metal ions occupying B-site can also be
considered, as they can be synthesised at relatively lower temperatures making overall
textural properties suitable for catalysis. Moreover a range of elements which
themselves are active for many reactions is possible in the B-site which will enable to

study their combined effects along with Pt on WGS.

Most of the studies regarding the WGS reaction concentrate on the structural
and redox aspects of the catalysts. The WGS reaction mechanism is proposed to involve
oxygen vacancies for supported noble metal catalysts. However, reports establishing
their participation unambiguously are not available. Perovskite structure is flexible
enough to allow a wide range of substitutions which leads to the formation of oxygen
vacancies. So, doped perovskites can be used as catalysts to investigate the role of
oxygen vacancies on WGS activity. Doped BaCeOs3 can be an ideal choice as they are well
known for their protonic and oxide ion conduction through the oxide ion vacancies,

caused by doping on the Ce** site.

Recently many low coordination compounds are reported which possess
fascinating properties making them useful for various applications. However, their
catalytic properties are hardly investigated. The presence of coordinatively unsaturated
active metals in these compounds makes these materials ideal for catalysis. The
recently developed Ag and Cu based mixed oxides are reported to have variety of

properties. Coordinatively unsaturated active metals like Cu and Ag in these materials
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make it worthwhile to study their catalytic activity and stability under different

conditions.
Based on these facts, the following specific works were selected for the present thesis,

1. Synthesis, characterisation, WGS activity and stability studies of Pt doped BaCeOs3.

2. Study the stability of cationic Pt in the lattice under various possible shut down
conditions.

3. Synthesis, characterisation, stability and WGS activity studies of Pt and Y codoped
BaCeO3 to understand the role of oxygen vacancy on catalytic activity.

4. Synthesis, characterisation and WGS activity studies of LaB1.xPtiO3 (B = Mn, Fe and
Co).

5. Compare WGS activities of the Pt doped perovskites with Pt impregnated perovskites
and mixed oxides.

6. Characterization and WGS activity studies of Pt doped LaMnOs3 synthesised at
various calcination temperatures.

7. Synthesis, characterisation, CO oxidation and WGS activity studies of Ag,Cu203 and
Ag>Cuz04.
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2A.1. Introduction

The concept of stabilization of noble metals via incorporation into stable lattices
like perovskites to address the problem of sintering associated with supported metal
catalysts is already introduced in the chapter 1. Some attempts to stabilize the noble
metals in the fluorite and perovskite lattices are already reported. Nishihata et al.
reported that, in the Pd doped LaFeOs perovskite, Pd occupies the B-site of the
perovskite structure in oxidative atmospheres and it segregates out to form metallic
particles in the reductive atmospheres and display catalytic activity [1]. This reversible
movement of Pd minimises the probability of agglomeration and growth of the metal
particles. As mentioned in chapter 1, section 1.5, Prof. Seshadri’s group attempted to
stabilize Pd in BaCeO3s and found that square planar Pd(II) substitute the octahedral
Ce(IV) with the concomitant creation of oxygen vacancies [2, 3]. Moreover they also
observed that the Pd species ingress and egress from the lattice depending on the

conditions that the catalysts are subjected to, viz, oxidising or reducing, respectively.

However in the work described in this chapter, attempt is to stabilize the noble
metal inside the perovskite lattice and to establish the catalytic activity of noble metal
cations present in the lattice sites. The advantage of this strategy is that it does not lead
to structural variations with reaction conditions, but provides an active sinter resistant
catalyst. However the selection of appropriate perovskite lattice is crucial as the harsh
reducing conditions employed in the WGS reaction may directly affect the structure of
the perovskite or may lead to the egression of metallic Pt particles. BaCeOz presents an
ideal candidate system to investigate such type of lattice incorporated noble metal ion
activity. BaCeO3 and its doped systems are well studied for proton conduction, where
the mechanism involves dissociative adsorption of water similar to the steps involved
in the WGS reaction mechanism [4-8]. Moreover the well known redox and substitution
tolerance properties of cerium can be exploited [9-11]. In addition, one can make use of
the oxygen vacancies present in the system to facilitate the water dissociation steps. So
the focus of the work is to dope Pt in the Ce-site of BaCeOs, study the structure using
various techniques, establish the activity of the cationic platinum towards WGS

reaction. In addition, the work is extended to demonstrate the stability of the above
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system under different shut down conditions which are proposed to be contributing

towards catalyst deactivation.
2A.2. Experimental Section
2A.2.1. Synthesis of BaCe1.xPt:03.5 (x = 0.02, 0.04 & 0.06)

Combustion method using citric acid as fuel was employed to synthesise the Pt
doped and undoped perovskites. In a typical synthesis procedure, barium nitrate (0.003
mol) (Aldrich) was dissolved in 50 ml water. Citric acid monohydrate (0.012 mol)
(Merck) followed by ceric ammonium nitrate (0.003 mol) (Aldrich) were added to
synthesise undoped BaCeOs. Appropriate concentration of tetraammineplatinum (II)
nitrate (Aldrich) was added for the Pt doped sample. Ammonia solution was used to
adjust the pH of the solution to 7. The solution was then heated to 90 °C to get a gel
which was then heated at 400 °C for 1 h to remove organic and volatile components.
The obtained powder was ground well and then calcined at 900 °C for 6 h to get the

perovskite.
2A.2.2. Characterization

The principles of all the techniques used throughout the work are briefly
discussed in the Appendix. Structural characterization using powder X-ray diffraction
(PXRD) was carried out in a PANalytical X'pert Pro dual goniometer diffractometer. The
radiation used was Cu Ka (1.5418 A) at 40 kV and 30 mA with a Ni filter. The data was
collected using a flat holder in Bragg-Brentano geometry with 1° slit at the source side.
An X’celerator solid state detector with step size of 0.008° and time per step of 45.72 s
was employed. Rietveld refinement of the PXRD patterns was done by means of the
GSAS-EXPGUI program [12]. The initial refinement of background and scale factors was
followed by that of cell parameters and positional parameters. Variable temperature in-
situ XRD experiments were carried out in an Anton-Paar XRK900 reactor under 10 %
H2/N2. The XRD patterns in the 26 range 18-90° and 38-44° were collected with step
size of 0.008° and time per step of 45.72 s and with step size of 0.008° and time per step
of 100 s respectively. For the shut down experiments inside the Anton-Paar XRK900
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reaction chamber, reformate feed with a composition of 40.3 % Hz, 10.1 % CO, 14.5 %
CO2 and balance N saturated with water vapour by bubbling the feed through a flask
containing water was used. The experiments were carried up to 400 °C with data
collection done at intervals of 100 °C after passing for half an hour at each temperature
with a step size of 0.008° and time per step of 42.5 s for the 26 range 26.5-84.5° and
step size of 0.008° and a time per step of 100 s for the 20 range 38-42° respectively.

Neutron diffraction patterns were acquired at room temperature on the profile
analysis spectrometer T1015 attached to Dhruva reactor. Neutrons of constant
wavelength, 1.2443 A were used and the detection of the scattered neutrons were done
using an array of five 3He linear position sensitive detectors covering a range of 6 to
137°. The Rietveld refinement of the neutron data was carried out using FullProf
software [13]. The starting model consisted of BaCeO3 (space group Pnma) and an
impurity phase of CeO2 in the case of 2 and 4 mol% Pt doped samples and BaCO3 phase
in the case of the sample with 6 mol% Pt. Initially scale factor was refined followed by
lattice parameters and preceded through profile factors, atomic positions, thermal
factors and occupancies. Finally the oxygen occupancy is varied along with all the other

parameters to get the final fit.

HRTEM observations of the samples were done with the help of FEI Tecnai TF-
30 electron microscope, operating at 300 kV. Samples for the observations were
prepared by placing a drop of the suspension of the sample in isopropanol onto a
carbon-coated copper mesh 200 grid and then evaporating the solvent. The
concentrations of platinum present in the samples were determined by ICP-AES
technique on Spectro Arcos, FHS-12. A clear solution of the materials in aqua regia was

used for the analysis.

The surface characterization was done using X-ray photoelectron spectroscopy
(XPS) with a multiprobe system (Omicron Nanotechnology, Germany) equipped with a
dual Mg/Al X-ray source and a hemispherical analyzer operating in constant analyzer
energy (CAE) mode. The spectra were obtained with pass energy of 50 eV for survey

scan and individual scans. The Mg Ka X-ray source was operated at 300 W and 15 kV.
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The base pressure in the analyzing chamber was maintained at 1x10-19 mBar. The
binding energy of 285 eV for adventitious carbon was taken as the reference binding
energy for charge correction. The surface characterization of the samples used for the
shut down study was carried out with a VSW scientific instrument (UK) with twin
anode facility. An Al Ka source (resolution ~ 0.9 eV) was employed. The detection of
photoelectrons was done using a concentric hemispherical analyzer with a pass energy
of 40 eV. For adventitious carbon, 285 eV was taken as the reference binding energy for
charge correction. XPSPEAK41 software was used to perform data processing. A Shirley
type of background is used and the spectra were deconvoluted using a mixture of

Gaussian and Lorentzian lines.
2A.2.3. Catalytic testing

The set up for the evaluation of catalytic activity consists of a vertical, down flow,
fixed bed tubular metal reactor, having length of 24 cm and internal diameter 0.9 cm
placed inside a furnace (BTRS, Autoclave Engineers). Schematic representation of the
set up is shown in figure 2A.1. About 0.3 cc of the catalyst in the particle size range of
10-20 mesh was loaded in to the tubular reactor that has a thermo well inserted to the
center of the catalyst bed. A Cr-Al thermocouple was used to continuously monitor the
temperature. A reformate mixture feed with a composition of 39.8 % Hz, 34.9 % N»,
10.2 % CO and 15.2 % CO: (For the shut down studies, the reformate composition used
was 40.3 % Hz, 35.1 % N2, 10.1 % CO and 14.5 % CO2) with steam to CO ratio 4.5 was
used at a gas hour space velocity (GHSV) of 5000 h-l. Water was sent to the reactor
using an ISCO model 500D syringe pump, which was preheated and converted to steam
by an inbuilt oven in the reactor. All the runs were carried out under atmospheric
pressure. In a typical experiment, the temperature was gradually increased to 250 °C
with a constant heating rate of 2 °C min-! under N;. Activity was measured at intervals
of 25 °C. At each temperature, the reformate mixture and steam were allowed to pass
through the catalyst for half an hour. The gases were analyzed using a NUCON gas
chromatograph equipped with a Carbosphere column and a thermal conductivity

detector.
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Figure 2A.1. Flow diagram of the catalytic reactor setup for WGS reaction.
2A.3. Results and discussion
2A.3.1. Synthesis and structural characterization

Most of the reports utilise solid state method employing high temperatures for
the synthesis of doped or undoped BaCe03 [14-19]. Since the application of the material
in this study is on catalysis, solution based citrate gel combustion method was used for
the synthesis with phase formation at relatively lower temperatures enabling the
particle size and morphologies ideal for the aforementioned application. The synthesis
involves the combustion of the constituent metal nitrates with citric acid and then the
structure formation after calcination at high temperatures. The molar concentrations of
Pt were allowed to increase progressively as 2, 4 and 6 at the Ce site in the materials.
This results in the final compositions of BaCeixPti03.5 (x = 0.02, 0.04 and 0.06)
corresponding to the Pt weight percentages, 1.19, 2.38 and 3.56 respectively. ICP-AES
analysis was used to determine the Pt concentrations in the synthesized materials and
the obtained concentrations (1.02, 2.11 and 3.17 wt% respectively) are similar to the
theoretical values. Structural characterization of all the Pt doped materials were done
using PXRD and the corresponding diffraction patterns along with those of the parent

perovskite and 0.8 wt% Pt impregnated perovskite are given in figure 2A.2A.
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Figure 2A.2. (A) PXRD patterns of (a) BaCeOs3, (b) 0.8 wt% Pt impregnated BaCeOs3, and

BaCe1«Ptx03.5s with (c) x = 0.02, (d) x = 0.04, and (e) x = 0.06, (B) 20 region where

Pt(111) reflection appear and (C) PXRD patterns of (a) BaCeo.98Pt0.0203-5, (b) after dil.

HNOs3 wash, and (c) after heating at 400 °C for 1 h.

The PXRD patterns of all the Pt doped materials were consistent with
orthorhombic space group and the patterns could be matched with that of BaCeOs3
(JCPDS: 82-2425) [20]. The PXRD pattern of the BaCeOs perovskite impregnated with
0.8 wt% Pt shows peaks corresponding to the metallic Pt clearly showing that even this

small weight percentage of Pt can be detectable with PXRD (figure. 2A.2B). The PXRD
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patterns of none of the Pt doped BaCeOs displayed any reflections corresponding to the
fcc Pt suggesting that Pt ions are incorporated in the lattice sites of the perovskite.
However trace amounts of BaCOz and CeOz were found to be present in all these
samples. The 2 mol% Pt doped sample was washed with dil. HNO3 to remove the BaCO3
and the PXRD patterns (Figure. 2A.2C) show almost complete disappearance of peaks
corresponding to the BaCO3. However the peaks of BaCO3 reappeared when the sample
was heated at 400 °C in air. The segregation of BaCO3z in barium containing compounds

is already reported [21-23].

The knowledge of the tolerance limit for the Pt incorporation in BaCeOs is
essential and to understand that, the Pt molar concentrations were further increased to
8 and 10 mol% corresponding to weight percentages of 4.73 and 5.89 respectively.
PXRD patterns of the sample (figure 2A.3) with 8 mol% Pt, indicates complete
stabilization of cationic Pt in the lattice while that of the 10 mol% Pt doped sample
shows that a small percentage of metallic Pt egress out of the lattice pointing that ionic
Pt substitution is not possible after this concentration. Quantitative analysis using

Rietveld refinement revealed that only 0.3 wt% of Pt is out of the lattice.

=

Intensity (a.u.)
Intensity (a.u.)

o~ 30 AN
o 20 -

26 (°) 26(°)

Figure 2A.3. (A) PXRD patterns of BaCe1.xPtx03.5 (a) x = 0.08 and (b) x = 0.10, and (B)

20 region where Pt(111) reflection appear.
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Detailed Rietveld refinement has been done using GSAS-EXPGUI program on
PXRD patterns of all the Pt doped samples to obtain quantitative information. Even
though the pure BaCeO3 has orthorhombic structure, substitution by Zr or Y in higher
amount in this compound results in structure distortions to monoclinic I2/m or
rhombohedral R3c systems [24-25]. However the comparison of the experimental
patterns of the doped sample with those of the simulated patterns of the various space
groups revealed that the structure retained the Pnma space group. Hence the
refinement was carried out based on the Pnma model. The resulted plots of the
refinement are shown in figure 2A.4 and the parameters obtained are listed in table

2A.1. Pt occupancies are fixed based on the elemental analysis.

In an earlier work mentioned in section 2A.1. incorporation of Pd was
attempted in BaCeOs lattice and it is suggested to occupy square planar geometry when
doped in the Ce site [2]. In a similar way, the incorporation of Pt can have an effect on
the coordination geometry of the B-site ion. The replacement of Ce(IV) by Pt(II) ion can
be easily identified from the XRD as the crystallographic radii of octahedral Ce(IV) is
1.01 A and that of square planar coordinated Pt(II) is 0.76 A. Moreover this substitution
can lead to the creation of oxygen vacancies to balance the charge. The estimation of
oxygen vacancies created is of paramount importance to understand the substitution
and to determine the properties of the material. When compared to the X-rays, neutron
has higher scattering cross section for oxygen. Moreover the accurate measurement of
the occupancy of oxygen is not possible with X-rays, since X-ray diffraction involves
scattering from electron cloud and hence depend on atomic number and therefore the
contribution of oxygen towards the scattering is lesser in presence of heavier elements.
However the scattering cross section for neutron is almost same for all the elements
and hence the determination of atomic oxygen positions is possible [26]. Hence neutron
diffraction patterns of all the Pt doped BaCeO3 samples were acquired and the Rietveld
refinement of the patterns were carried out using Fullprof program. The refinement fits

are shown in figure 2A.5A and the parameters obtained are listed in table 2A.2.
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Figure 2A.4. Rietveld refinement of PXRD data for BaCe1xPt:03.5s with (a) x = 0.02, (b) x

= 0.04 and (c) x = 0.06. Red line represents experimental data, green line is the Rietveld

fit and pink line represents difference plot. Vertical lines at the top of the figure are the

expected positions for the impurity phases BaCOz and CeOx.
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Table 2A.1. Crystal structures of BaCe1-xPt:03.5 as obtained from Rietveld refinement of

PXRD data.
Parameters BaCe1-xPti0s-5

x=0.02 x = 0.04 x =0.06
x2 1.205 1.822 1.847
wRp (%) 6.27 8.00 6.04
Rp (%) 4.38 5.95 4.45
a(d) 6.2052(1) 6.1791(1) 6.1704(1)
b(A) 8.7624(1) 8.7929(3) 8.7778(2)
c(A) 6.2249(0) 6.2128(2) 6.2022(2)
Bax 0.4846(1) 0.5151(2) 0.4857(3)
y 0.25 0.25 0.25
z 0.0045(3) 0.0016(13) -0.0047(7)
01x 0.5028(18) 0.5121(27) 0.4803(33)
y 0.25 0.25 0.25
z 0.5799(22) 0.5981(36) 0.5915(44)
02 x 0.2279(24) 0.2771(27) 0.2296(38)
y 0.0342(11) 0.0271(20) 0.0247(20)
z 0.2758(21) 0.2346(40) 0.2707(47)
Pt (occ.) 0.0171 0.0355 0.0534
01 (occ.) 1 1 1
02 (occ) 1 1 1
Ba (Uiso) 0.0223(3) 0.0248(4) 0.0229(5)
Ce(Uiso) 0.0153(3) 0.0165(4) 0.0156(4)
BaCOs3 (wt%) 2.72 2.77 4.30
CeO2 (Wt%) 1.21 1.94 1.15
Ce and Pt at (0,0,0)
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Table 2A.2. Crystal structures of BaCe1-xPti03.5 as obtained from Rietveld refinement of

neutron diffraction data.

Parameters BaCe1xPt033
x=0.02 x =0.04 x=0.06

2 1.85 1.95 1.41

wRp (%) 3.83 3.69 3.08

Rp (%) 3.04 2.92 2.43

a 6.2077(24) 6.1718(35) 6.1726(31)

b 8.7792(33) 8.7579(49) 8.7423(56)

c 6.2284(21) 6.2027(28) 6.2001(35)

Ba x 0.4795(29) 0.5196(28) 0.4954(41)

y 0.25 0.25 0.25

z -0.0025(37) -0.0021(56) 0.0098(39)

01x 0.5164(30) 0.4742(23) 0.5123(47)

y 0.25 0.25 0.25

z 0.5863(21) 0.5792(19) 0.5753(24)

02 x 0.2298(19) 0.2354(25) 0.2310(21)

y 0.0336(10) 0.0317(12) 0.0323(13)

z 0.2750(17) 0.2671(23) 0.2721(21)

01 (occ.) 0.876(23) 0.936(29) 0.986(34)

02 (occ.) 1.048(37) 0.980(39) 0.899(41)

Pt (occ.) 0.02 0.04 0.06

Ba(Uiso) 1.029(192) 1.139(184) 0.937(152)

Ce(Uiso) 0.619(135) 0.451(130) 0.453(124)

Pt(Uiso) 0.619(135) 0.451(130) 0.453(124)

01(Uiso) 0.325(213) 0.083(175) 0.855(320)

02(Uiso) 1.723(176) 2.179(224) 0.968(200)
Ce and Pt at (0,0,0)
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Figure 2A.5. (A) Rietveld refinement of constant wave neutron diffraction data for
BaCe1«Ptx03.s with (a) x = 0.02, (b) x = 0.04 and (c) x = 0.06. Red line represents
experimental data, black line is the Rietveld fit and the blue line is for the difference
plot. Vertical lines (brown and green) at the top represent the expected positions for
the impurity phases BaCO3 and CeO2, (B) crystal structure of BaCei«xPti03.s with x =
0.02 and (C) cell volume and octahedron volumes of BaCei.xPtiO3.s as a function of

substitution x.

The cell and atomic position parameters were found to be similar to that
obtained from PXRD refinement. However occupancies of oxygen atoms were also

refined here. The overall oxygen vacancies were found to be increasing with the Pt
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substitution. However the vacancies are created in 02 sites along the ac plane pointing
to the square planar Pt-O geometry in the (101) planes as shown in figure 2A.5B. The
cell volumes and the octahedral volumes obtained from the crystallographic data is
plotted in figure 2A.5C as a function of substitution x in BaCe1.xPti03.5. The decrease in
cell volume with Pt substitution indicates the replacement of Ce(IV) with Pt(II). In
addition, the fact that the volume of the BO6 octahedron gradually decreases with Pt
concentration in the materials further supports the increased incorporation of Pt in the
Ce site. The nonlinear decrease in both the cell volume and octahedron volume with
substitution and the deviation of amount of oxygen vacancies created from theoretical
values can be attributed to the combined effect of increased concentrations of Ce(III),

Pt(II) and oxygen vacancies.

Figure 2A.6. (A) & (D) HRTEM images, (B) & (E) lattice planes and (C) electron
diffraction pattern of 2 mol% Pt doped BaCeOs.

HRTEM was used to understand the size and morphology of the particles as well

as to look for the presence of any metallic Pt particles. Representative images of 2 mol%
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Pt doped samples are shown in figure 2A.6. The particles are irregularly shaped with
average size less than 100 nm. A number of images were analyzed with the help of
Digital Micrograph software to determine the lattice spacing. No lattices of metallic Pt
other than the lattices of the perovskite were identified in these images. Electron
diffraction patterns were also obtained and the analysis of the lattice spacing shows

diffraction from perovskite exclusively.
2A.3.2. Catalytic activity and structural correlation

Various deactivation mechanisms are proposed with different noble metal
supported catalysts [27-35]. The factors that contribute to the catalyst deactivation
include highly reducing atmosphere, startup and shut down conditions, temperature
excursions, presence of steam during shut down etc. So the catalytic activity studies
were carried out for all the Pt doped catalysts for two cycles of WGS reaction and the

data are displayed in figure 2A.7.
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Figure 2A.7. CO conversion measured over BaCe1.xPtx03.s with A) x = 0.02, B) x = 0.04
and C) x = 0.06 under WGS reaction conditions. Reformate composition: 39.8 % H;, 34.9
% N2, 10.2 % CO and 15.2 % CO, steam to CO ratio 4.5, GHSV of 5000 h-1.

The catalysts with 2 mol% Pt was only moderately active for the first cycle of

reaction. However an increase in activity can be observed with increase in the molar
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concentration of Pt as there is sufficient concentration of Pt species on the surface of the
catalyst. After the data collection for the first cycle of reaction up to 400 °C, WGS feed
and steam were switched off and nitrogen was passed through the catalyst for 20
minutes at 400 °C and then the catalysts were allowed to cool to room temperature in
air. The activity data were collected for the second cycle and it can be noticed that there
is a remarkable enhancement in the activity for all the Pt doped catalysts when
compared to their first cycle activity. The activity was determined for the third cycle for
the 2 mol% Pt substituted sample and the activity was similar to that obtained for the

second cycle.

The stability of BaCeOs3 is reported to be poor in CO; containing atmospheres at
temperatures 600-800 °C [36]. So the spent catalysts recovered under nitrogen
atmosphere was analysed with the help of PXRD. Figure 2A.8 shows that the structure
retained even under the harsh reaction conditions of WGS and no reflections
corresponding to the metallic Pt was observed. This indicates that cationic Pt is
stabilized in the lattice irrespective of the conditions exposed, unlike those reported in

the case of Pd doped perovskites [2].
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Figure 2A.8. (A) PXRD patterns of 2 mol% Pt doped BaCeOs a) before and b) after WGS
reaction, (B) 2 theta region where Pt(111) reflections appear.

The stability of all the Pt doped compounds was further examined using in situ
high temperature XRD experiments under reducing atmospheres and the results are

shown in figure 2A.9.
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Figure 2A.9. In situ variable temperature PXRD patterns of BaCe1xPtx03.s with (A) x =
0.02, (B) x = 0.04, (C) x = 0.06, (D) x = 0.08, and (E) x = 0.10 under 10 % Hz/N3; (a) RT,
(b) 100 °C, (c) 200 °C, (d) 300 °C, (e) 400 °C, (f) 500 °C, (g) 600 °C, (h) RT; (F) 26 region
where Pt(111) reflection appear (a) x = 0.02, (b) x = 0.04, (c) x = 0.06, (d) x = 0.08, and
(e) x=0.10. Expected peak position for Pt (111) is indicated as dashed line.
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Again no structural change or collapse is observed up to 600 °C for compounds
containing up to 6 mol% Pt under 10 % Hz/N2. Moreover the two-theta region of the
intense reflection corresponding to (111) plane of metallic Pt is scanned with very slow
scan speed and the results suggest stabilization of ionic Pt at these conditions also. In
situ variable temperature experiments were done on 8 and 10 mol% Pt doped samples
also under 10 % Hz/Nz. The sample with 8 mol% Pt was found to be stable under the
conditions up to 600 °C, while quantitative analysis with Rietveld refinement indicates
that the percentage of metallic Pt increases from 0.33 to 0.6 for the 10 mol% Pt
substituted sample. This clearly establishes that ~9.5 mol% of Pt can be stabilized in

the BaCeOs lattice.

Analysis of the surface of the catalysts before and after WGS reaction is essential
to identify the species responsible for the activity. Moreover any surface segregation of
metallic platinum not distinguishable in PXRD can also be determined. As an example,
the surface analysis of 2 mol% Pt doped sample before and after shut down cycles was

carried out and the Pt-4f spectra of the samples are shown in figure 2A.10A.
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Figure 2A.10. (A) Pt-4f XP spectra of 2 mol% Pt doped BaCeOs (a) before, (b) after 1st
cycle and (c) after 2nd cycle of WGS reaction and (B) Ce-3d XP spectra of 2 mol% Pt
doped BaCeOs3 (a) before, (b) after 1st cycle and (c) after 2nd cycle of WGS reaction.
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An examination of the Pt-4f spectrum of the fresh catalyst shows a weak and
broad peak at binding energy 72.4 eV. This suggests the presence of Pt(Il) species with
very low concentration on the surface. According to the literature, peak corresponding
to metallic Pt appears at around 71.2 eV [37, 38]. However no peaks are observed in
that region showing the absence of metallic platinum in the fresh catalyst. Interestingly
after the first shut down, concentration of Pt(II) species diminished and the surface was
predominantly found to contain Pt(IV) species as evidenced by the appearance of a
peak at 74.6 eV. However the overall surface Pt concentration increases after the first
cycle. But the surface Pt again changes its oxidation state to +2 after the second cycle,
leaving the overall Pt concentration more or less similar. The significant point to be
noticed is that the surface was not found to consist of metallic Pt in any of the fresh or
spent catalysts. These results point to the stabilization of cationic platinum in the
BaCeOs lattice against the harsh reducing and shut down conditions. A semi
quantitative estimation of the changes occurring to the concentration of surface Pt in
between the cycles may help to understand the change in activity. Thus the Pt:Ce ratio
was determined using the ratio of area of peak corresponding to Pt4f7/2 to the total
area of the Ce3d5/2 peaks. The ratio for the fresh catalyst was 0.07 which increased to
0.09 after shut down under air. This enrichment of the cationic platinum on the surface
might have resulted in the enhanced activity of the catalyst for the second cycle. The
reversible changes occur to the oxidation states from Pt(II) and Pt(IV) in between
cycles makes it difficult to say the contribution of a particular state towards activity as
the second and third cycle displays similar activity. The change of oxidation state of
platinum between shut down cycles can be attributed to the interaction with the

atmospheric components during shutdown.

As Ce is a redox system, it is necessary to examine the changes occurring to it
between cycles and the Ce-3d spectra of 2 mol% Pt doped BaCeO3 catalyst before and
after WGS reaction are shown in figure 2A.10B. The presence of many satellite peaks
due to shake up, shake down and multiplet splitting effects complicates the Ce-3d XP
spectrum. The peaks at ~882.5, 888.9, 898.2,901, 907.5 and 916.7 eV represents Ce(IV)
state while those at ~880.5, 885.7, 898.8 and 903.7 eV are due to the presence of Ce(III)
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species [39-41]. The first three peaks of Ce(IV) represent 3d5/2 states while the last
three stand for 3d3/2 states. Similarly for Ce(III) the first two represent 3d5/2 and last
two corresponds to 3d3/2 states. The peaks of Ce(IV) at ~882.5, 888.9 eV are due to a
mixture of (5d 6s)9 4f2 02p* and (5s 6d)° 4f O2p> configurations and peak at ~898.2 eV
is due to (5d 6s)9 4f0 02p¢ final state. The peaks at ~880.5 and 885.7 eV are due to a
mixture of (5d 6s)° 4f2 02p* and (5d 6s)° 4f1 02p> configurations in Ce(IIl). The Ce
3d3/2 structures can be explained in a similar way. However valuable information
regarding the changes occurring to the Ce state can be extracted from the ratio of
intensity of Ce(IV) peak at 916 eV and Ce(IIl) peak at 886 eV. It can be found that
Ce(IV)/Ce(Ill) ratio decreases after first shut down compared to the fresh catalyst
suggesting significant reduction of Ce(IV) to Ce(III) state. But the ratio increases after
second shut down. These changes in oxidation state of cerium between shut down

cycles are in exact correspondence to that observed in the Pt-4f spectra.

The ionic Pt incorporated in the BaCeO3 lattice was proven to be stable under
WGS reaction conditions and air shut down process. But various other shut down
conditions including the passage of steam and reformate feed are practiced and hence
various deactivation mechanisms of the catalysts due to the formation of surface
hydroxyls, blocking of active sites by carbonate etc. are also possible [42, 43]. So we
selected the 2 mol% Pt doped sample and subjected this catalyst to three different
possible shut down conditions and compared the WGS activities. The catalyst was
subjected to the WGS reaction conditions for 265 minutes up to a maximum
temperature of 400 °C and then (I) reformate mixture feed and steam were switched off
and nitrogen was passed through the catalyst and allowed to cool to RT, (II) steam
alone was switched off and the catalyst was allowed to cool to RT under reformate feed,
and (III) the catalyst was allowed to cool down to 80 °C under the reaction atmosphere
itself, i.e. comprising reformate feed and steam and kept at this temperature with same
atmospheres for 1 h and then cooled down to RT after switching off steam. The WGS
activities obtained for cycles before and after all the shut down conditions employed

are displayed in figure 2A.11.

Ph.D. Thesis: AcSIR 56 |



WGS activity of Pt doped BaCeO3 | Chapter 2A

0.05
=
a - —Q— 1st cycle
s = =m=2nd cycie
E 2
= /4
2 C it
= Z 0.02 y/d
L $o01d I
g g o
- 300 325 350 375 400 300 325 350 375 400
Temperature (°C) Temperature (°C)
0.05
= D
e C T
o 004l - 2nd cycie o
s 7
= ey
= ey
=i I, V4
" 0.034 7/
4 »/
2 S
S P
= 0,024 y
= g
=
E n n4 —:—-",’
> .01+ ~
g =
=] O
- 15
S 000 : . . .
Temperature {°C}

Figure 2A.11. WGS activities of BaCe.98Pt0.0203-5 obtained before and after shut down
under A) nitrogen, B) reformate feed and C) reformate feed with steam up to 80 °C and

keeping for 1 h.

It can be understood from the figure that there is no substantial change in the
activity before and after shut down cycles. This observation is different from the earlier

one with a remarkable enhancement in the activity after oxidative shut down process.

Structural characterization of the catalysts after the shut down cycle was done
by PXRD and the diffraction patterns of the spent catalysts are shown in figure 2A.12 in

comparison with that of the fresh catalyst.

Ph.D. Thesis: AcSIR 57 |



WGS activity of Pt doped BaCeO3 | Chapter 2A

A B
Pt
 d
N e,
- =
5 k g
s — e N - - -
2 @
q c | § b
= b= ST
3 =
‘E :
= A AD " a

g f

70 80 9 35 36 37 38 39 40
20 (°) 20 (°)

L N
L

3
=

30 40

Figure 2A.12. PXRD patterns of BaCeo.98Pt0.0203.5 a) before and after reactor shut down
under b) nitrogen, c) reformate feed and d) reformate feed with steam up to 80 °C and

keeping for 1 h.

No structural change is observed for the catalyst under the conditions used.
However a small increase in the amount of the barium carbonate is observed for the
spent catalysts, the formation of which can be attributed to the presence of CO> in the
feed. Also the segregation of BaCO3z was found to be highest for the catalyst shut down
under nitrogen atmosphere directly indicating that reformate feed and steam help to
reduce the carbonate formation. The formation of carbonate on the surface of Au/Ce0O>
catalyst was reported to block the active sites resulting in catalyst deactivation [43].
However in our case we are not observing any deactivation, as the carbonate is
removed as BaCO3z and thus active sites are not blocked. The formation of small amount
of BaCO3 may lead to the creation of A-site vacancy in the perovskite with the
simultaneous formation of oxygen vacancy to balance the charge and thus the structure
retains the stability. Moreover the absence of reflections corresponding to metallic Pt in
the PXRD pattern suggests that ionic Pt incorporated withstand all the shut down

conditions followed.

The stability of the BaCeo.98Pt0.0203-5 under the shut down conditions was further

investigated with the help of variable temperature in situ XRD experiments. The WGS
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experimental conditions were mimicked by passing reformate feed saturated with
water vapour through an in situ reaction chamber containing the sample up to the
temperatures used in the activity studies and then allowed to cool down to RT by
following the shut down procedures [, Il and III listed earlier. The powder XRD patterns
collected are shown in figure 2A.13. The structural stability of the sample is again

highlighted and no egress of metallic Pt is observed.
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Figure 2A.13. In situ PXRD patterns of BaCeo.9s8Pt0.0203.5s under reformate mixture
saturated with water vapour up to 400 °C and then reactor shut down under (A)
nitrogen, (B) reformate feed and (C) reformate feed saturated with water vapour up to
80 °C and keeping for 1 h. (a) RT, (b) 100 °C, (c) 200 °C, (d) 300 °C, (e) 350 °C, (f) 400 °C
and (g) RT; (D) 20 region where reflections corresponding to Pt(111) appear, taken

with long duration per step after (a) condition I, (b) condition II, and (c) condition III.
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The behavior of the surface of the catalyst towards the different shut down
conditions followed are to be investigated and the Pt-4f spectra of the 2 mol% Pt doped
sample shut down under the various conditions are compared with that of the fresh
catalyst and are shown in figure 2A.14. The appearance of a peak at ~72.9 eV in the XP
spectrum of the fresh catalyst points to the presence of Pt(Il) species on the surface.
The Pt-4f XP spectra of all the spent catalysts also suggest the presence of only Pt(II)
species on the surface pointing to the stability of the Pt oxidation state irrespective of
the shut down conditions employed. Moreover the absence of metallic platinum peaks
establishes the stability of lattice incorporated Pt even under the highly reducing

reaction conditions as well as various shut down conditions.
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Figure 2A.14. Pt-4f XP spectra of BaCeo.98Pt0.0203.5 (a) before and after reactor shut
down under (b) nitrogen, (c) reformate feed and (d) reformate feed with steam up to 80

°C and keeping for 1 h; Black: observed, red: fitted, blue; Pt(II).
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The changes occurring to the cerium state under the various shut down
atmospheres are also worthwhile to investigate and the Ce-3d XP spectra of the 2 mol%

Pt doped BaCeOs3 before and after the shut down cycles are displayed in figure 2A.15.
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Figure 2A.15. Ce-3d XP spectra of BaCeo.98Pt0.0203.5. (a) before and after reactor shut
down under (b) nitrogen, (c) reformate feed and (d) reformate feed with steam up to 80
°C and keeping for 1 h. Black: observed, red: fitted, brown: Ce(IV) and pink: Ce(III).

The deconvolution of Ce-3d spectra obtained for 2 mol% Pt doped BaCeO3
suggests that all the fresh and spent catalysts contain both Ce(IV) and Ce(III) states. The
relative concentrations of Ce(IIl) and Ce(IV) were calculated using the area of the

respective Ce3d5/2 structures as described by others [44-46]. The three peaks (~882.5,
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888.9, and 898.2 eV) representing 3d5/2 state originate from the Ce(IV) states and the
peaks (~880.5 and 885.7 eV) correspond to the Ce(Ill) 3d5/2 states. The relative
concentrations determined using respective total peak area to the total 3d5/2 peak
area suggest that the percentage of Ce(III) on the surface for all the spent catalysts were
higher than that present on the surface of the fresh catalyst. The concentration of Ce(III)
increases from ~20 % to 40 % for the shut down condition-I and condition-III while it
increases to ~48 % for the shut down condition-II. This observation points to higher
extent of reduction for the reformate shut down condition compared to the other
instances. As determined in the case of oxidative shut down, the Pt: Ce ratio was
calculated using the ratio of area of Pt4f7/2 to the total area of the Ce3d5/2 lines. This
yields a ratio of 0.012 for the fresh catalyst and 0.010, 0.012 and 0.011 for the catalyst
shut down under conditions, I, II and III respectively. This suggests that the
concentration of platinum remains more or less same after the shut down cycles and

hence the activity remains similar for the activity cycles before and after shut down.
2A.4. Conclusions

The stabilization of ionic platinum in the lattice sites of BaCeOs perovskite is
achieved using wet chemical synthesis method. Analysis of the structure using various
characterization techniques including neutron diffraction and PXRD, revealed the
substitution of platinum in cerium sites. The increase in platinum substitution resulted
in an increase in oxygen deficiency, suggesting the incorporation of Pt(II) in place of
Ce(IV). This stabilized lattice incorporated ionic platinum is found to be active for WGS
reaction. PXRD and XPS techniques are used to follow the evolution of Pt species after
the shut down procedure in the reactor. The activity increased after shut down in air
and is attributed to the surface enrichment of ionic Pt species. Egress of metallic
platinum is not observed with the catalyst recovered after shut down. The stability of
the ionic platinum incorporated in the BaCeOs lattice is further tested by employing
shut down conditions which are proposed to cause different deactivation mechanisms.
Hence the catalyst is subjected to the shut down conditions under nitrogen, reformate
feed and steam. The catalyst is found to be stable under all the conditions employed.

The barium ion present in the A-site may have helped in the removal of carbonate
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formed under the reaction conditions and prevents the catalyst from deactivation
caused by the blocking of the active sites. The perovskite structure is thought to be able
to tolerate cerium reduction with the generation of oxygen vacancies. This indicates
that deactivation associated with over reduction of cerium reported for CeO> is avoided
here. The catalytic activity can be improved either by using methods such as oxidative
treatment to enhance the surface ionic platinum or by developing new synthetic
strategies to increase the surface area of the catalyst sufficiently. Such kind of materials
with active ionic noble metal species stabilized in stable lattices and accessible to
reactants in sufficient quantities can be considered as model catalysts where sintering

problems associated with supported noble metal catalysts are addressed.
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2B.1. Introduction

The mechanism of heterogeneous catalysis reactions generally depends on the type
of reaction. In the case of supported metal catalysts, metallic particles are generally
believed to be the active component, while support is considered as inert and in most of the
cases, its role is limited to stabilize the active particles or providing acidic or basic sites [1,
2]. However, many reports employing reducible supports like ceria suggest that support
also plays significant role in the mechanism and its properties are also crucial in
determining the activity [3-5]. Various investigations indicate that noble metals supported
on ceria catalyse the WGS reaction via redox mechanism involving the dissociative

adsorption of water molecules occurring on the oxygen vacancies present in the ceria [6-9].

Most of the investigations on supported metal catalysed reactions focus on the
structure, shape or redox aspects of the catalysts. Despite the fact that defects such as
oxygen vacancies are proposed to actively participate in the mechanism of many reactions,
studies which clearly establish their role hardly exist in the literature. Moreover the
dependence of oxygen vacancies on catalytic activity is difficult to study with the
conventional supported systems, as systematic tuning of oxygen vacancies is difficult in
these systems. In this context, stable structured lattices like perovskites can be employed
for such a study since they tolerate and stabilise sufficient concentration of oxygen
vacancies. Doped and undoped BaCeOz are well known proton conductors and the
conduction is suggested to occur through the oxygen vacancies present in the system.
Various dopants like Y, Gd, Eu, Yb, Nb etc. have been used to systematically induce oxygen
vacancies in the BaCeO3 [10-14]. In the case of yttrium doped BaCeO3, up to 30 mol%
dopant substitution is achieved [15, 16]. There is general agreement between researchers
that the crystal structure of undoped BaCe0O3 and those doped up to 10 mol% Y belongs to
the orthorhombic (space group Pnma) system. However, no definite structure is yet
suggested for the system with dopant concentration higher than 10 mol%. The possible
structures include rhombohedral R3c and monoclinic I2/m or a mixture of both. This
variation in crystal structures can be attributed to the sensitiveness to preparation and
processing conditions employing different atmospheres and various calcination

temperatures. The development of the catalyst system BaCe1.xPt«03.5 (x = 0.02, 0.04 & 0.06)
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where the platinum is stabilized in ionic form and active for WGS reaction is already
discussed in the chapter 2A. In the study described in the present chapter, our objective is
to systematically enhance oxygen vacancies by progressive doping of the Y(III) (up to 30
mol%) in the Ce(IV) site of BaCeo.98Pt0.0203-5s where the active cationic Pt is already present
and to investigate the WGS activity of a series of such compounds with the assumption that
the variation in activity can only be attributed to the variation in oxygen vacancy. All the
materials were synthesized using combustion method followed in the work described in
chapter 2A. The synthesized materials were characterized using various techniques and
their water gas shift activities were compared. Moreover the structural variations caused
by the incorporation of yttrium were also studied and the effect of structural variations in
catalytic activity was also examined. It is observed that not the extent but the structural

characteristics of oxygen vacancies play a decisive role in enhancing WGS activity.
2B.2. Experimental section
2B.2.1. Synthesis of BaCeg.08-xYxPt0.0203-5 (x = 0.02, 0.04, 0.06, 0.10, 0.20 & 0.30)

Pt and Y codoped BaCeO3z were synthesized using combustion method employing
citric acid as described in the chapter 2A. Barium nitrate (0.003 mol) (Aldrich), ceric
ammonium nitrate (0.003 mol) (Aldrich), appropriate quantities of tetrammine platinum
nitrate (Aldrich) and yttrium nitrate (Aldrich) were dissolved in 50 ml of water one after
the other. Citric acid monohydrate (0.012 mol) (Merck) was added to the solution. Aqueous
ammonia was added to adjust the pH of the solution to 7. The solution was then heated at
90 °C to evaporate water. The resulted gel was heated at 400 °C to remove organic and
other volatile components. The powder obtained was ground well and calcined at 900 °C

for 8 h.
2B.2.2. Characterization

The details of the instruments and procedures used for PXRD, Rietveld refinement,
HRTEM, and ICP-AES are same as those described in chapter 2A in section 2A.2.2. Variable
temperature in-situ PXRD experiments were carried out in an Anton-Paar XRK900 reaction

chamber under various atmospheres. Data collection under 5 % Hz/Ar and 10 % O2/He
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was carried out with a step size of 0.008 ° and a time per step of 25.7 s for 26 range 26.5-
84.5° and 0.008° and 100 s for 20 range 38-42° respectively. In situ variable temperature
XRD experiments using a reformate feed with a composition of 40.3 % Hz, 10.1 % CO, 14.5
% CO2 and balance nitrogen, saturated with water vapour by bubbling the feed through a
flask containing water, was carried up to 400 °C. Data collection was done at intervals of
100 °C after keeping for half an hour at each temperature with a step size of 0.008° and
time per step of 42.5 s for the 26 range 26.5-84.5° and step size of 0.008° and a time per
step of 100 s for the 26 range 38-42° respectively.

X-ray photoelectron spectroscopic (XPS) measurements were carried out on a VG
Micro Tech ESCA 300 instrument at a pressure of >1 x 10-° Torr with a pass energy of 50
eV and electron take off angle 60°, and the overall resolution was ~0.1 eV. All binding
energies were referenced to the C 1s peak (285 eV) arising from adventitious carbon. The
surface areas of the samples were determined by N; adsorption at the temperature of
liquid nitrogen using Autosorb iQ Quantachrome system. The samples were degassed at
300 °C under vacuum for 6 h prior to the analysis to remove the adsorbed moisture on the
catalyst surface. Specific surface area was calculated using the BET model at relative
pressure of P/P0 = 0.05 - 0.3. Thermogravimetric analysis was carried out on a METTLER-
TOLEDO TGA/SDTA851e instrument. All the samples were preheated under Helium with a
gas flow of 40 ml/min at 120 °C for 1 h and then cooled down to room temperature. Again
the samples were heated to 500 °C at a rate of 5 °C/min under Helium with the same flow
rate. Finally the samples were heated to 500 °C with a heating rate of 5 °C/min under air

with a flow rate of 40 ml/min.
2B.2.3. Catalytic set up

The set up for catalytic activity measurement used was the same as that described in
chapter 2A in the section 2A.2.3. But the composition of the reformate feed used was 40.3

% Hz, 35.1 % N2, 10.1 % CO and 14.5 % COa.

Ph.D. Thesis: AcSIR 68 |



Role of O vacancies in WGS reaction | Chapter 2B

2B.3. Results and discussion
2B.3.1. Synthesis and structural characterisation

In all the materials synthesised, the molar concentration of Pt was kept at 2 mol%
where as the concentration of Y was progressively increased as 2, 4, 6, 10, 20 and 30 %.
The concentrations of platinum and yttrium present in the synthesized materials were

determined using ICP-AES technique and the results are shown in table 2B.1.

Table 2B.1. Concentrations of Pt and Y in BaCeo9s.xYxPto.0203.s obtained from ICP-AES

analysis.
Pt Y
Compound X Theoretical Experimental Theoretical Experimental
wt % wt % wt % wt %
0.02 1.2 1.14 0.55 0.47
0.04 1.2 1.06 1.09 0.90
0.06 1.21 1.14 1.65 1.55
BaCeo.98-xYxPt0.0203-5
0.10 1.21 1.17 2.76 2.60
0.20 1.23 1.16 5.62 5.05
0.30 1.25 1.13 8.57 7.97

The materials are henceforth represented as BC2PxY where x represents the molar
concentration of Y for convenience. The ideal cubic structure of BaCeO3 perovskite contains
a three-dimensional network of identical, corner-shared regular CeO6 octahedra with 12
coordinated barium present in the cuboctahedral cavity. However, the cooperative
distortion and the rotation of the CeO6 octahedra often result in non cubic structures such
as orthorhombic, rhombohedral and monoclinic structures. The cooperative buckling of
Ce06 octahedra and small displacement of the barium atom result in the orthorhombic
phase with two crystallographic sites for oxygen atoms. The undoped BaCeOs is reported to
crystallize in the orthorhombic crystal system. The Pt and Y occupy the Ce-site in the doped

samples as described in figure 2B.1.
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Figure 2B.1. Crystal structure of BaCeo.98.xYxPt0.0203-5.

The structural characterization of the synthesized materials was done using PXRD
technique and the diffraction patterns of all the Pt and Y doped BaCeOs perovskites are
displayed in figure 2B.2 along with that of BaCeO3s for comparison.
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Figure 2B.2. (A) PXRD patterns of (a) BaCeOs3, BaCe.98-xYxPt0.0203.s with (b) x = 0, (c) x =

0.02, (d) x = 0.04, (e) x = 0.06, (f) x = 0.10, (g) x = 0.20 and (h) x = 0.30; (B) 20 region

showing peaks corresponding to (202) and (040) planes showing the orthorhombic to

monoclinic transition as Y concentration increases.

As mentioned in section 2B.1., BaCeO3 and its doped versions up to 10 mol% dopant

at the Ce-site are reported to crystallize in the orthorhombic system. But when the amount
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of the dopant increases above 10 mol%, the crystal system changes to rhombohedral or
monoclinic or a mixture of both phases depending on the conditions used for the synthesis.
In this work, all the doped materials are found to crystallize in the orthorhombic system
(Pnma, JCPDS-82-2372) up to 10 mol% Y substitution [17]. However, further increase in
the yttrium concentration results in the structural distortion to monoclinic system (I12/m,
JCPDS-70-6753) [15]. The absence of reflections corresponding to metallic Pt and yttrium
oxide phases suggests successful incorporation of platinum and yttrium in the lattice. But
traces of impurities of BaCO3 and CeO; can be seen in the samples as indicated by the
presence of corresponding peaks. A closer examination of the peak near 41 deg consisting
of (202) and (040) planes (Figure 2B), shows an interesting trend; up to 6 mol%, shift to
lower angles is small, but the peak shift to higher angles for the BC2ZP10Y sample indicated
substantial reduction in the cell parameters. The peak shifted further to higher angles with
further increase in the Y percentage to 20 and 30. Moreover an asymmetry can be observed
for the peak for monoclinic BC2P20Y and BC2P30Y compounds which is attributed to the
splitting of peak corresponding to the (202) plane to 202 and (202) planes arising due to
the B-angle deviation from the 90°, unlike in the case of orthorhombic system where these
planes are equivalent. This kind of peak asymmetry is not observed for the BC2P10Y
indicating that the structure remains in the orthorhombic system at this level of dopant

concentration.

Rietveld refinement of the PXRD patterns was carried out to extract more
information regarding the structure. The patterns were refined with orthorhombic Pnma
space group upto 10 mol% Y substitution while monoclinic I2/m was used for the rest of
the materials. We have already investigated the structure of Pt substituted BaCeO3 and
studied the substitution of Pt(Il) in place of Ce(IV) using PXRD and neutron diffraction
experiments and is described in chapter 2A. For the 2 mol% Pt substituted compound,
oxygen vacancies are found to be created in the axial O1 sites. Similar kind of observation is
reported in the case of Pd doped BaCeO3 at lower dopant concentration [18]. But neutron
diffraction experiments and local structure analysis performed to investigate the structural
evolution with temperature, of the Y doped BaCeO3 proton conducting oxide by the group

of Dr. Lorenzo Malavasi in University of Pavia, indicated that for higher percentages of Y

Ph.D. Thesis: AcSIR 71 |



Role of O vacancies in WGS reaction | Chapter 2B

substitution, the oxygen vacancies are created in the in-plane or equatorial 02 sites [19,
20]. These facts suggest the creation of oxygen vacancies in both 01 and 02 sites in BaCe1-
xYxPt0.0203.5, where Pt and Y are simultaneously doped in the Ce site. Hence during
refinement, we fixed the oxygen occupancy of 01 based on the results of the refinement of
the neutron diffraction data for the 2 mol% Pt doped BaCeOs given in chapter 2A and that
of 02 based on the Y concentration as reported by others. The examination of the nature of
the platinum on the surface of the representative samples viz., BC2PxY (x = 6, 10 and 20)

were carried out using XPS and the corresponding Pt-4f spectra are shown in figure 2B.3.

Pt(I) /c

Intensity (a.u.)

5|8 6'0 6'2 6'4 6|6 6l8 7I0 7'2 7'4 7'6 78
BE (eV)

Figure 2B.3. Pt-4f XP spectra of BaCeo.98-xYxPt0.0203-s with (a) x = 0.06, (b) x = 0.10 and (c) x

=0.20.

The oxidation state of surface platinum present in all the materials is found to be +2
suggesting that the incorporation of Y has not affected the state of platinum in the
materials. The platinum and yttrium occupancies were fixed based on the elemental
analysis. The plots obtained after the Rietveld refinement for all the materials are shown in

figure 2B.4, and the structural parameters obtained are tabulated in table 2B.2.
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Figure 2B.4. Rietveld profile fits for the PXRD patterns of BaCeo.98-xYxPt0.0203-5 with (a) x =
0.02, (b) x =0.04, (c) x=0.06, (d) x =0.10, (e) x = 0.20 and (f) x = 0.30. Red line represents
experimental data, green line is the Rietveld fit and pink line represents difference plot.
Vertical lines at the top of the figure are the expected positions for the impurity phases

BaCO3 and CeO».
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Table 2B.2. Crystal structures of BaCeo.98-xYxPt0.0203.5 as obtained from Rietveld refinement

of PXRD data.

Parameters x in BaCeo.98xYxPt0.0203-5

0.02 0.04 0.06 0.10 0.20 0.30
Space group Pnma Pnma Pnma Pnma [2/m 12/m
%2 1.928 1.789 1.802 1.828 1.97 2.253
wRp (%) 6.15 5.76 5.63 5.75 5.85 6.14
Rp (%) 4.66 411 4.09 421 4.23 4.46
a(A) 6.2105(4) 6.2078(8) 6.1989(5) 6.2158(11) 6.2338(2) 6.2342(3)
b (A) 8.7661(3) 8.7596(4) 8.7419(3) 8.7563(2) 8.7521(6) 8.7523(8)
c(d) 6.2205(3) 6.2080(9) 6.2074(4) 6.2136(12) 6.2054(4) 6.2072(5)
B(°) 90.471(4) 90.517(5)
V(43) 338.651(5) 337.575(5) 336.377(5) 338.195(5) 338.547(7) 338.674(8)
Ba x 0.4913(5) 0.4878(3) 0.4886(3) 0.4869(3) 0.2438(8) 0.2435(10)
vA -0.0025(14) -0.0015(20) -0.0011(11) 0.0064(5) 0.7549(5) 0.7586(10)
01x 0.5763(47) 0.4300(41) 0.4572(44) 0.4269(42) 0.1927(36) 0.1948(36)
vA 0.5953(46) 0.5951(45) 0.5802(39) 0.6168(38) 0.3560(48) 0.3773(41)
02 x 0.2328(77) 0.2481(41) 0.2409(37) 0.2585(37) O 0
y 0.0354(13) 0.0324(13) 0.0407(13) 0.0144(29) 0.3023(25) 0.2847(38)
vA 0.2607(64) 0.2434(60) 0.2555(58) 0.2257(29) 0 0
03y 0.2555(44) 0.2503(66)
01 occ 0.876 0.876 0.876 0.876 0.876 0.876
02 occ 1.0438 1.0398 1.0339 1.0245 1.003 0.9795
03 occ
BaCOs 1.89 2.05 1.29 1.52
(wt%)
CeO2 (wt%) 1.48 1.87 2.08 1.26

For x < 0.10: Ce/Pt/Y at (0,0,0); Ba (x,0.25,y); 01(x,0.25,z); and for x= 0.20 and 0.30: Ce/Pt/Y at
(0.25,0.25,0.25); Ba (x,0,z); 01 (x,0,z); 03 (0.5,y,0)

Even though, the higher concentration of yttrium substitution changes the crystal

system, it induces only small changes in the structure as can be observed from the small
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variations in the lattice parameters and a small distortion in the basal plane as evident
from the small change in the 3 angle from ideal 90° to 90.47° and 90.52° for the BC2P20Y
and BC2P30Y respectively. In these monoclinic structures also, the oxygen vacancies are

reported to be created in the equatorial 02 and O3 sites.

A clear picture of the structural distortion induced by the systematic incorporation
of yttrium can be evolved with the help of plots of pseudocubic cell volume, BOs octahedron
volume and pseudocubic cell parameters. The corresponding plots with respect to the Y
substitution are displayed in figure 2B.5. The pseudocubic cell volume (calculated after
neglecting the small monoclinic distortion, #90°) of the materials is initially found to
decrease from 338.651(5) A3for BC2P2Y to 336.377(5) A3 for BC2P6Y and then increased to
338.195(5) for BC2P10Y and remains more or less same for further increase in Y
concentration. Earlier reports on yttrium substitutions in BaCeO3 focus on higher dopant
concentrations equal to or greater than 10 % and found only marginal changes in cell
volume when compared to the undoped BaCeOs. In the present work also, same
observation is made when comparing 2 and 10 % substituted compounds. But smaller
variations in the lower Y concentration range (4 and 6 mol%) resulted in significant
reduction in the cell volume. Since the crystallographic radii of Ce(IV) (1.01 A) and Y(III)
(1.04) are almost same, the incorporation is not expected to have an effect on the structure.
So the reduction in the cell volume can be attributed to the creation of oxygen vacancies
consequent to the Y incorporation. However, a larger extent of yttrium doping (=0.10)
results in an impact of size effect on the structure. Similar kind of effect is not observed in
the case of octahedron volume where the volume gradually decreased from 2 to 10 mol%.
So the increase in cell volume for 10 mol% substituted sample can be attributed to the
polyhedral distortions. For BC2ZP20Y and BC2P30Y, the higher concentration of the yttrium
results in higher concentration of oxygen vacancies and to accommodate these, the
structure undergoes relaxation to monoclinic system without having an effect on the cell
volume. It can be noticed that the octahedral volume drastically reduces from
orthorhombic to monoclinic systems. But it does not vary much for both the monoclinic
structures pointing to the fact that the size effect becomes predominant after 20 mol%.

BC2P10Y seems to be the transition point between orthorhombic and monoclinic
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structures. However, the peak near 41° consisting reflections corresponding to (202) and
(040) planes did not show any splitting corresponding to the monoclinic system and
remains symmetric. In addition, the refinement of the diffraction pattern of the material
using [2/m space group did not yield satisfactory fitting parameters ruling out monoclinic
system for the compound. These facts suggest that the structure remains orthorhombic at
10 mol% Y substitution. The gradual decrease in octahedral volume is the indication of the

increase in oxygen vacancies.
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Figure 2B.5. (A) Pseudo-cubic cell volume, BOs octahedron volume and (B) Pseudo-cubic

cell parameters m = a, ® = b, and a = c of BaCeo.98xYxPt0.0203-5 as a function of substitution x

as obtained from Rietveld refinement of PXRD data. BOg octahedron volume was calculated

considering total volume of four component tetrahedra.

An examination of the pseudocubic lattice parameters shows that the three axes
lengths decreased for low yttrium percentages and then increased for BC2P10Y. However,
with further increase in Y concentration, the b and c axes lengths remained more or less the
same, but the a axis length increased considerably, indicating that structural relaxation
occurs along the a axis for the monoclinic compounds. This observation may point to the
fact that after a particular concentration, the oxygen vacancies start repelling each other
resulting in an elongation of the cell lengths. So in these cases, the oxygen vacancies may be

distributed anisotropically along the a axis. But it is very clear from the pseudo-cubic cell
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parameter plot that the distribution of cell parameters for monoclinic structures is much
wider when compared to the orthorhombic ones. To understand more about the changes
occurring to the bonding characteristics with yttrium substitution, octahedral bond lengths

and angles are compared (Table 2B.3).

Table 2B.3. Bond lengths and bond angles for BaCeo.os.xYxPt0.0203-5 as obtained from the
Rietveld refinement of PXRD data.

x in BaCeo.98xYxPt0.0203-5

Parameter

0.02 0.04 0.06 0.10 0.20 0.30
Ol-Ce(A) 2.318(10) 2.309(8) 2.257(6) 2.351(9) 2.313(10) 2.352(9)
02.C (A) 2.249(44) 2.252(32) 2.240(31) 2.273(21) 2.237(6) 2.211(7)

-Ce

2.197(43) 2.174(31) 2.205(32) 2.139(22) 2.208(4)* 2.209(5)*
Ad 0.000506 0.000587 0.000085 0.00165 0.000439 0.00088
Ce-02-Ce
© 162.72(215) 165.22(150) 161.30(149) 169.94(107) 156.39(0) 164.07(0)
Ce-01-Ce
© 141.92(0) 143.01(0) 151.08(0) 137.24(0) 142.15(0) 136.97(0)
Ce-03-Ce
© 177.73(0) 180.00(183)

*03-Ce/Y/Pt

The Ce/Y/Pt-O octahedral distortion parameter Ad which directly gives information

regarding the environment of oxygen ions around the B-site can be defined as [19],

dn—d] 2,

Ad=1/6 N5y [

where d is the mean Ce/Y/Pt-0 bond distance and d, are the individual Ce/Y/Pt-0O
bond distances. For the 2 and 4 mol% yttrium substitution, the Ad values are similar, but
for the BC2P6Y the value (0.000085) is found to be the least, 10 fold less than the values
obtained for other members. This points to a highly symmetric environment of oxygen ions
around the B-site in the latter compound. The most distorted system is the BC2P10Y, as

observed with a higher Ad value possibly due to the tilting of octahedra. This supports the
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observed with a higher Ad value possibly due to the tilting of octahedra. This supports the
earlier observation of change in lattice parameters and cell volume. The tilting of octahedra
can be further understood with the help of B-O-B bond angles. It can be noted that the bond
angles deviate to a greater extent from the ideal 180° for the Ce/Y/Pt -O1- Ce/Y/Pt than
Ce/Y/Pt-02-Ce/Y/Pt. This suggests that the octahedral tilting along b axis is much more
severe than that along ac plane. In addition, both the bond angles are least for BC2P6Y
compound indicating octahedral tilting and distortion is minimal in this compound.
Similarly the Ba-O bond lengths are also obtained for all the compounds and are displayed

in table 2B.4.

Table 2B.4a. O-Ba bond lengths of BaCeo.98.xYxPt0.0203.5; x<0.1 obtained from Rietveld

refinement of PXRD patterns.

BaCeo.98-xYxPt0.0203-5
Parameters
x=0.02 x =0.04 x =0.06 x=0.10
3.432(32) 3.325(23) 3.428(23) 3.277(23)
3.219(29) 3.283(24) 3.283(22) 3.144(23)
02-Ba (&)
2.966(35) 2.969(26) 2.869(26) 3.152(24)
2.837(34) 2.855(26) 2.851(26) 2.850(24)
Ad 0.00541 0.004164 0.006649 0.002528
3.677(31) 2.531(28) 2.608(26) 3.812(25)
3.754(32) 2.806(25) 2.945(25) 3.564(25)
01-Ba (A)
2.558(32) 3.511(25) 3.612(26) 2.448(25)
2.643(31) 3.720(28) 3.331(25) 2.841(25)
Ad 0.031498 0.024281 0.014871 0.029759
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Table 2B.4b. 0-Ba bond lengths of BaCeo.98xYxPt0.0203-5; x>0.1 obtained from Rietveld

refinement of PXRD patterns.

Parameters BaCeo.93xYxPt0.0203-5

x=0.20 x=0.30
2.844(14)  3.288(27)
02-Ba (A)
3.415(17)  2.953(23)
Ad 0.008323  0.00288
) 3.061(25) 3.102(44)
03-Ba (4)
3.131(25) 3.090(44)
Ad 0.000151  0.0000037
3.583(26)  3.853(26)
) 3.746(31)  3.608(26)
01-Ba (4)
2.803(26)  2.853(26)
2.493(31)  2.385(26)
Ad 0.027548  0.0341

The Ba-O1 bond lengths are much more distributed than the Ba-O2 values as
indicated by a higher Ad value for the former in all the compounds. The enhanced
symmetry of BC2P6Y can be further understood from the BaOn polyhedra also. These
studies revealed the unique nature of BaCeo.92Pt0.02Y0.0603-s with respect to the symmetric

environment around the B ion compared to other structures.

HRTEM analysis was carried out and the representative images and lattices of
BC2P6Y and BC2P20Y are shown in figure 2B.6. The particles are of approximately 100 nm
size range and the lattice fringe analysis of a number of images shows the presence of

perovskite only.
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Figure 2B.6a. (A, B, & D) HRTEM images and (C, E & F) lattice fringes of
BaCe0.92Y0.06Pt0.0203-s.

Figure 2B.6b. (G, H, & I) HRTEM images and (J, K & L) lattice fringes of
BaCeo.78Y0.20P10.0203-s.
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2B.3.2. Catalytic activity testing

Water activation on oxygen vacancies present in the reducible oxide supports is
considered as an important step in WGS reaction. In the catalyst systems used in the
present study, ionic platinum, which can activate the CO molecules, is present in same
amount in all the systems but the oxygen vacancies present varies depending on the Y
content. So a correlation of the activity data with the yttrium content is expected to reveal
the role of oxygen vacancies in the mechanism. This presents a series of catalysts whose
activity variations depend only on the characteristics of the oxygen vacancy sites. The
specific activities were determined based on the B atoms exposed on the perovskite

particle surfaces obtained from N adsorption study (table 2B.5).

Table 2B.5. Surface area obtained from Nz adsorption.

xin
Surface area (mz2/g)
BaCeo.98-xYxPt0.0203-3

0 9.174
0.02 7.577
0.04 8.626
0.06 8.327
0.10 8.839
0.20 8.56
0.30 7.982

As the HRTEM images of the representative samples reveal the particle sizes of the
perovskites as 100 nm or larger, we assumed the chemical composition of the surface is
same as that of bulk and hence a substitution of ~2 mol% Pt based on elemental analysis in
the surface B positions was considered. The structure of perovskite was drawn with the
help of “Diamond” software in the form of a sphere of ~1 nm radius and the number of B
atoms was counted. This information was used to determine the number of B atoms in 1m?

area. Since ~2 mol% (values obtained from ICP results are used) of the total B-site is
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occupied by the platinum, its number per square meter was then calculated. After that the
total number of surface platinum ions was determined using the weight of the catalyst and
the surface area of the materials obtained from the N; adsorption. The obtained specific
catalytic activities of all the materials along with that of 2 mol% Pt dopd BaCeOs3 are
displayed in figure 2B.7.

Initially the catalytic activity is found to increase with the yttrium substitution up to
6 mol% and then the activity drops and the 30 mol% Y doped sample displayed the least
activity. This can be attributed to the fact that the increase in concentration of the oxygen
vacancies help in facilitating the activity only up to a threshold concentration. The
compound with 6 mol% Y substitution was found to display the highest activity of all the
catalysts. The structural analysis described earlier revealed that this material has
characteristic isotropic environment around the B ion. Reports suggest that isotropic
coordination environment around the B ion facilitates ionic conduction through oxygen
vacancies by lowering the energy barriers [21-23]. The BC2P10Y structure was found to
have the highest distortion in the BO6 octahedra. In the case of monoclinic structure, the
breaking of symmetry in the Ce/Y site results in three different oxygen sites which can be
expected to affect the activation energy for ion conduction. As the mechanism of both
proton conduction and WGS reaction involve similar steps of water adsorption in the
vacancy site and its dissociation, their energetics can be considered to be dependent on the
coordination environment. So the higher activity of the BC2P6Y catalyst can be attributed
to the presence of characteristic symmetric environment around the B ion which makes the

adsorption and dissociation of water molecules energetically favourable.
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Figure 2B.7. Specific activities of BaCeo.98xYxPt0.0203-5 (x=0 to 0.3) under WGS conditions.
Reformate composition: 40.3 % Hz, 35.1 % N2, 10.1 % CO and 14.5 % CO; with a steam to
CO ratio of 4.5 and GHSV 5000 h-1.
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Figure 2B.8. Thermogravimetric profiles under air for BaCeo.98-xYxPt0.0203-5 (x=0 to 0.3).
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The catalytic activity of the materials was correlated with the oxygen uptake by
thermogravimetric analysis under air up to the temperatures relevant to the WGS reaction
and the obtained plots are displayed in figure 2B.8. The relation between oxygen vacancies
and oxygen uptake are already reported by many groups [20, 24-26]. Initially the samples
were preheated under Helium up to 500 °C to get reduced samples. This treatment enables
the correlation of further weight change when heated in air to oxygen uptake or oxygen
egress. It can be noticed that, for samples with a maximum of 10 mol% Y substitution, the
oxygen uptake is found to increase with the temperature and the intake is found to be
maximum at higher temperatures. The samples with 4, 6 and 10 mol% Y content showed
highest oxygen uptake. Thermogravimetric profiles of the monoclinic structures, BC2P20Y
and BC2P30Y are found to behave differently when compared to the orthorhombic
structures. These materials showed increase in weight up to ~150 °C and then the weight
started to decrease till 400 °C indicating an egress of oxygen from the lattice. This
observation supports the structural studies where the monoclinic systems are found to
behave very differently from the orthorhombic systems. The behavior of BC2P10Y similar
to other low Y content orthorhombic structures further supports the assignment of

orthorhombic crystal system to this compound from structural studies.

Yttrium doped BaCeOs compounds are well known proton conductors and it is
understood that temperature can induce structural changes that can affect the
characteristics and extent of oxygen vacancies. The structural changes occurring to the
catalyst materials under WGS reaction conditions can be understood from the PXRD
patterns (figure 2B.9) of the spent catalysts recovered after shutting down the reactor in N
atmosphere. When the concentration of Y, x<0.10 in BC2PxY, there is no structural change
observed for the catalysts under reaction conditions. However, when x>0.10, the structural
transition from the monoclinic structure to the orthorhombic system is evident from the
change in the asymmetric peak profile to the symmetric one after reaction. This indicates
that the crystal structure is affected by the reaction conditions and consequently this
transition might have some influence on the -catalytic activity at these yttrium

concentrations.
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Figure 2B.9. (A) PXRD patterns of BaCeo.98-xYxPt0.0203-5, before (a) x = 0.02, (b) x = 0.04, (c)
x =0.06, (d) x=0.10, (e) x = 0.20 and (f) x = 0.30 and after (a") x = 0.02, (b’) x=0.04, (c') x =
0.06, (d") x=0.10, (") x = 0.20 and (f') x = 0.30 WGS reaction. (B) 20 region corresponding
to [202] and [040] planes of BaCeo.98xYxPt0.0203-5s before e) x = 0.2, f) x = 0.3 and after e’) x =
0.2, f') x = 0.3 WGS reaction. Dotted line refers to the (20 ) peak.

In order to understand more about the structural changes occurring under different

atmospheres, variable temperature PXRD studies were carried out in reducing (5% Hz/Ar)

as well as oxidizing (10% 02/He) atmospheres and the results are depicted in figures 2B.10

and 2B.11 respectively. The structural studies using the obtained PXRD patterns show that

cationic Pt in all the materials is stable up to 900 °C under 5 % Hz/Ar as discernible by the

absence of peaks corresponding to metallic Pt(111).
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Figure 2B.10. In situ high temperature PXRD patterns of BaCeo.98.xYxPt0.0203-5 with (A) x =
0.02, (B) x=0.04, (C) x=0.06, (D) x=0.10, (E) x = 0.20 and (F) x = 0.30; (a) RT, (b) 150 °C,
(c) 300 °C, (d) 450 °C, (e) 600 °C, (f) 750 °C, (g) 900 °C, (h) RT under 5 % Hz/Ar; (G) 26
region where peak for metallic Pt(111) appear for BaCeo.98-xYxPt0.0203-s with (a) x = 0.02, (b)
x = 0.04, (c) x = 0.06, (d) x = 0.10, (e) x = 0.20 and (f) x = 0.30 taken at 900 °C with slow

scan speed.
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Figure 2B.11. In situ high temperature PXRD patterns of BaCeo.9s-xYxPt0.0203-s with (A) x =
0.02, (B) x = 0.04, (C) x=0.06, (D) x = 0.10, (E) x = 0.20 and (F) x = 0.30; (a) RT, (b) 150 °C,
(c) 300 °C, (d) 450 °C, (e) 600 °C, and (f) 750 °C under 10 % 02/He.

As observed in the PXRD analysis of the spent catalysts, the orthorhombic

compounds having up to 10 mol% Y substitution, are structurally stable under both
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oxidizing and reducing conditions employed. However, for the compounds with yttrium
amount higher than 10 mol%, a structural transition from monoclinic to orthorhombic
system starts at 150 °C (as indicated by a reduction in the (3 angle obtained from the
Rietveld refinement of the pattern) under 5 % Hz/Ar and a complete transition could be
observed at 300 °C. The structure remains in the orthorhombic system up to 900 °C; but
when cooled to room temperature under the same atmosphere, the structure changes back
to the initial monoclinic structure, which is different from the behavior seen with the spent
catalyst recovered after WGS reaction. The reduced samples were then allowed to undergo
heat treatment under 10 % O2/He. The PXRD patterns show that under this condition also,
the monoclinic structure underwent a similar kind of change to orthorhombic structure
after 150 °C and regained the initial structure when cooled to room temperature. This
structural change can be attributed to a reversible thermal effect only, which is

independent of the atmospheres.

A thorough cell parameter refinement was done using GSAS-EXPGUI for the PXRD
patterns of the compounds obtained at different temperatures and atmospheres and the

results are given in figure 2B.12.
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Figure 2B.12. Cell volume of BaCe.98.xYxPt0.0203-s under A) 5 % Hz/Ar and B) 10 % O;/He
with m: x=0.02, @:x=0.04, o: x=0.06, v: x=0.10, «: x=0.20 and »: x = 0.30.
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The cell volumes of all compounds irrespective of the atmospheres are found to
increase with temperatures and no particular trend is observed with compounds of
different Y content. The expansion of the cell with increase in temperature is already
reported for Y incorporated BaCeOs3 proton conductors [20, 26]. The increase in cell volume
under both reducing and oxidizing atmospheres support the fact that the effects are merely
temperature induced. These results can be correlated with TGA studies described earlier
where the monoclinic compounds showed a profile different from that of the orthorhombic
compounds. The initiation of monoclinic to orthorhombic transition occurs at 150 °C as
observed with a reduction in the  angle. Maxima in the oxygen uptake also occurs at
around 150 °C after which egress of oxygen takes place. These observations correlate the
structural change with oxygen uptake. Surprisingly the structural change to a less
distorted orthorhombic structure at temperatures well below those significant for the
activity studies has not influenced the activity positively. This observation also highlights
the significance of characteristics of the oxygen vacancies and not their mere presence
towards the catalytic activity. The capability of the structure to incorporate Oz, which can
also be extended to Hz0, seems to be important for WGS activity. But the structural change
in reducing or oxidising atmospheres was found to be reversible while that under WGS
reaction condition was shown to be irreversible. To investigate this difference in
behaviour, in-situ PXRD studies under conditions similar to WGS reaction on
representative samples from both structure families (BC2P6P from orthorhombic system
and BC2P20P in monoclinic system) were conducted and the results are shown in figure
2B.13. Interestingly, in the case of monoclinic systems, an irreversible structural change to
the orthorhombic system was observed. However, the structural change was found to be
reversible under helium saturated with water vapour. This suggests that mere presence of

water is not enough to induce the irreversible change.
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Figure 2B.13. In situ PXRD patterns of BaCeo.98-xYxPt0.0203-5s with (A) x = 0.06 and (B) x=

0.20, (C) 26 region showing monoclinic-orthorhombic transition for x=0.20 under

reformate gas mixture of 40.3 % Hz, 35.1 % N2, 10.1 % CO and 14.5 % CO; saturated with

water vapour; (D) In situ PXRD patterns of BaCeo.78Y0.20Pt0.0203-s and (E) 20 region showing

monoclinic-orthorhombic transition for x=0.20 under helium saturated with water vapour;

() RT, (b) 100 °C, (c) 200 °C, (d) 300 °C, (e) 400 °C, and (f) RT.
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Figure 2B.14. Cell volume of BaCeoo98xYxPt00203.5s m: x = 0.06 and e: x = 0.20 under
reformate gas mixture of 40.3 % Hz, 35.1 % N2, 10.1 % CO and 14.5 % CO; saturated with

water vapour.

Investigations reveal that in BaCeOsz proton conductors, the increase in oxygen
vacancies created with Y substitution resulted in the structural transition from
orthorhombic to rhombohedral and monoclinic systems [15, 19]. Monoclinic structures
accommodate more oxygen vacancies by undergoing a comparatively larger extent of
octahedral tilting than the orthorhombic ones and are more distorted. The increase in the
temperature, forces the compound to adopt the more ordered orthorhombic structure and
when cooled to room temperature the structure returns to the initial one with no
contribution from the atmospheres towards the structural change under oxidising and
reducing conditions. The fact that the structure remains in the less oxygen vacant
orthorhombic system under WGS reaction conditions means that the reaction mixture in
the presence of water causes the reduction of the oxygen vacancies, a unique behaviour
observed to be shown only in the presence of conditions similar to WGS reaction. Under
these conditions, the oxygen vacancies might have been reduced by the induction of an
oxide/hydroxide ion by the dissociation of water molecule in the oxygen vacancy site. This

irreversible structural change caused by the reduction in the vacancy when CO was used
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along with water directly indicated the significant role played by oxygen vacancies in WGS

reaction.
2B.4. Conclusions

The role of oxygen vacancies in WGS reaction is investigated using a series of
compounds based on BaCeO3 codoped with Pt and Y. 2 mol% Pt doped BaCeO3 was found
to be moderately active for WGS reaction and the progressive doping of Y(III) in place of
Ce(IV) in the range 2-30 mol% results in the systematic creation of oxygen vacancies in the
system. Even though the creation of oxygen vacancies resulted in a reduction in the cell
volume for lower Y concentration, further increase in oxygen vacancies for higher Y
substitution forces the system to undergo structural distortion. Interestingly the
compound with 6 mol% yttrium substitution was found to have the most symmetric
environment around the B-ion and the same compound exhibited the best WGS activity.
This led to the conclusion of existence of structure-activity relationship, where the
symmetry around B-site ion energetically favours the dissociative adsorption of water
molecules on the oxygen vacancies by lowering the activation energy barrier. In other
words, the catalytic activity depends not on the concentration of oxygen vacancies but on
their crystallographic characteristics. Moreover the ability of the oxygen vacant sites to
uptake oxygen also determines the activity. Investigations to understand the stability of the
materials using in-situ PXRD studies under reducing and oxidizing conditions revealed only
a thermal expansion at higher temperatures for lower amount of Y substituted
orthorhombic compounds, but a structural transition to orthorhombic system at high
temperatures, which reversed upon cooling to RT, is observed for the high percentage Y
containing monoclinic compounds. This reversible structural transition under Hz, Oz and
water vapour is only temperature driven. However, when conditions similar to WGS
reaction are used, the monoclinic to orthorhombic transition was found to be irreversible.
The fact that WGS reaction conditions resulted in the permanent transition to a less oxygen
vacant orthorhombic system clearly establishes the involvement of oxygen vacancies in the

WGS reaction mechanism.
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Studies of LaB1 xPtx03_s5; (B = Mn, Fe, and Co):

Activity and Stability of Cationic Pt
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3.1. Introduction

We have already demonstrated the stabilization of cationic platinum in the
lattice sites of BaCeOs in an attempt to minimise sintering of noble metal nanoparticles
and attendant deactivation frequently encountered with conventional oxide supported
noble metal catalysts used in industrial processes. The stabilization of noble metals can
be attempted in other perovskite lattices also. Lanthanum based perovskites (LaBO3)
with B-site occupied by first row transition metals are extensively studied for various
applications including catalysis [1-5]. These perovskites are reported to be active for a
number of heterogeneous reactions such as oxidation [6-8], hydrogenation of carbon
oxides [9], electrocatalysis [10], photocatalysis [11], Water Gas Shift reaction [12, 13]
etc. In addition, they are used as supports for catalytically active metals as they
facilitate redox reactions on account of their ability to adapt multiple oxidation states
and also they can tolerate and stabilize sufficient amount of oxygen vacancies [14, 15].
Recently these perovskites are found to be able to stabilize active noble metal against
sintering in three way catalysis. The active palladium ions incorporated in the lattices of
lanthanum ferrite perovskite is suggested to egress and ingress depending on the
oxygen rich and lean conditions [16, 17]. These reports emphasise the importance of
the stabilization by lattice incorporation of active metallic species in the lanthanum
based perovskites. However, the strategy followed in the present study relies on the
permanent incorporation of active metals as ions which are stable inside the lattice
even under drastic conditions. The substitution of Pt in LaBO3 perovskites has added
advantage as their phase formation can be achieved with lower synthesis temperatures,
which makes the properties of the materials ideal for catalytic application. In addition, a
number of elements can be possible at the B-site, which themselves are known for
catalytic activity and hence the combined effect of these transition metals along with
the cationic platinum can be investigated. Of all the combinations possible with the first
row transition metals for the perovskite, LaMnO3z presents a unique structural system
with oxidative nonstoichiometry due to the presence of Mn(IV) ions along with Mn(III)
ions [18, 19]. Recent studies revealed that these materials indeed have cation vacancies

ruling out the earlier concept of interstitial oxygen ions [20, 21]. However, these are
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regarded as oxygen excess materials for convenience. So a catalytic system comprising
this perovskite along with the platinum is ideal to investigate the role of oxygen

vacancies in processes involving redox mediated mechanism.

The work presented in this chapter describes the synthesis, characterisation and
WGS activity of LaB1.xPt03.5 perovskite system where B represents Mn, Fe and Co. It is
established that platinum could be stabilized in ionic form in LaFeOs and LaCoOs3
perovskites, whereas the substitution of Mn by Pt in LaMnO3 could not be achieved
under various synthesis conditions. The activities of these catalysts are compared with
the Pt impregnated perovskites and mixed oxides and the results bring out the

advantage of perovskite over the mixed oxide system in catalysis.
3.2. Experimental section
3.2.1. Synthesis

LaFeO3 and substituted LaFeO3s containing various amounts of Pt (2, 4 and 6
mol%) were synthesised by combustion method using glycine. 3 mmol each of
La(N03)3.6H20 and Fe(NO03)3.9H20 (Sigma-Aldrich) were dissolved in 40 mL water. 2
mmol of glycine (Merck) was added to it. Appropriate amount of tetraammine platinum
nitrate (Sigma-Aldrich) was added for the Pt doped sample. The solution was heated to
90 °C to get a brown coloured gel. The gel was pyrolysed at 400 °C to remove organic
materials. A reddish brown powder was obtained and was ground well. It was then

calcined at 600 °C for 6 h to get the Pt doped LaFeOs3.

In case of LaBO3 (B = Co, Mn) along with Pt substituted samples, 3 mmol each of
La(NO03)3.6H20 (Sigma-Aldrich) and Co(NO3)2.6H20 or Mn(0Ac)2.4H,0 (Merck) were
dissolved in 40 mL water. 12 mmol of citric acid monohydrate (Merck) was added to it.
Appropriate amount of tetraammine platinum nitrate (Sigma-Aldrich) was added for
the Pt doped sample. The temperature was increased to 90 °C to get a gel. The gel was
pyrolysed at 400 °C to remove organic materials. The obtained precursor powder was
ground well and calcined at 600 °C for 6 h for Pt doped LaCoOs. To get Pt doped

LaMnOs3, the powder was calcined at different temperatures, viz. 600 °C for 60 h or 700
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°C for 6 h or 900 °C for 6 h. For the preparation of undoped LaMnO3s perovskite, the

calcination was done at 600 °C for 9 h.
3.2.2. Characterisation

The details of the instruments and procedures used for PXRD, Rietveld
refinement, HRTEM, ICP-AES and surface area measurements are same as those
described in chapter 2A in section 2A.2.2. Synchrotron X-ray diffraction (SXRD)
experiments were carried out at Angle Dispersive X-ray Diffraction (ADXRD) beamline
at Indus-2 synchrotron source. The beamline is equipped with Si(311) crystal pair
based double crystal monochromator and two experimental stations; a six circle
diffractometer (Huber 5020) with scintillation detector and an image plate area
detector (MAR 345) [22]. SXRD measurements reported here were performed using the

Image Plate.

XANES (X-Ray Absorption Near Edge Structure) measurements were carried out
at the same beamline. The energy band pass at 8 keV is ~0.8 eV and the energy
reproducibility is ~50 meV. Pt L3-edge XANES was collected in fluorescence mode
using an energy dispersive detector (VERTEX-EX). The spectra were normalised to
incident photon energy using an ionisation chamber. For the XPS analysis discussed for
LaMnOs3 system, instrument described in section 2B.2.2. of chaper 2B was used. For XPS
measurements described for the LaFeO3 and LaCoO3 systems, VSW scientific instrument
(UK) with twin anode facility was used. For the present samples, Al Ka source
(resolution ~ 0.9 eV) was employed. Binding energy correction was done using the
reference of graphitic C 1s peak, while Au sample served as an external reference for
resolution and binding energy reference. The photoelectrons were detected using a
concentric hemispherical analyzer with pass energy of 40 eV. For adventitious carbon,
285 eV was taken as the reference binding energy for charge correction. Data
processing was performed with the XPSPEAK41 software and the spectra were
deconvoluted using Gaussian and Lorentzian lines after subtracting a Shirley

background.
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3.2.3. Catalytic testing

The set up for catalytic activity measurement used was the same as that described in

chapter 2A in section 2A.2.3.
3.3. Results and discussion

Soft wet chemical routes using citric acid and glycine were employed which
enable the synthesis of the pure phase compound with smaller particles at relatively
lower temperatures. The synthesized compounds have the stoichiometry LaFei-xPt«O3-s
(x = 0.02, 0.04 and 0.06) and LaB1«xPtx03-s (x = 0.02, 0.04, B = Mn, Co) corresponding to
the weight percentages 1.6, 3.1 and 4.7 respectively. The PXRD patterns of all the Pt

doped perovskites are given in figure 3.1.
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Figure 3.1. (A)PXRD patterns of LaB1xPti03.s (B = Fe, Co and Mn). For Fe (a) x = 0.02,
(b) x =0.04, (c) x = 0.06; for Co (d) x=0.02, (e) x = 0.04 and for Mn (f) x = 0.02 and (g) x
= 0.04. (B) 20 region where Pt(111) reflection appear.

In case of LaFeOs perovskite, the incorporation of ionic platinum could not be
understood from the PXRD patterns as the peak positions of the perovskite as well as Pt
metal overlap. However, in the other two cases the peak positions of the perovskites
and Pt are well separated. Reflections corresponding to the metallic platinum are not

observed in the case of Pt doped LaCoO3 perovskites where as metallic Pt peaks are
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easily distinguishable in the patterns of LaMnOz which was synthesized at 900 °C. So in
order to understand more about the resistance to Pt incorporation in LaMnOs3, synthesis
conditions utilizing different calcination temperatures are used. So the Pt doping in

LaMnOs3 system will be discussed separately from the other two systems.
3.3.1. Pt doping in LaMnOs3 system
3.3.1.1. Synthesis

Stoichiometric LaMnOs3 is reported to be synthesized under very low oxygen
partial pressures at 1200 °C [23]. The structure belongs to orthorhombic crystal system
and is formed as a result of the Jahn-Teller distortion of the oxide octahedron around
the Mn ion. All other synthesis methods results in oxygen excess materials. According to
the reports, when Mn(IV) concentration is greater than 21 %, the structure changes
from orthorhombic to rhombohedral [24]. The lanthanum manganite perovskite with
excess oxygen can be converted to oxygen deficient ones by reduction [25]. Various
substitution studies are also carried out by many groups, but most of them concentrate
on La-site substitution [26-29]. Few reports suggest that aliovalent substitution at the
Mn-site leads to the formation of more Mn(IV) ions rather than the creation of oxygen
vacancies [30-33]. In the present study, Pt incorporation (4 mol% equivalent to ~3
wt%) is attempted at the Mn site of LaMnOs perovskite at various calcination
temperatures (600, 700 & 900 °C) to observe the effect of temperature on the extent of
substitution as well as stability. The catalysts are referred henceforth as MPx for the
samples for convenience, where x represents the calcination temperature. The amount
of Pt in all the materials is found to be approximately 3 wt% according to the elemental

analysis by ICP-AES as shown in table 3.1.
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Table 3.1. Pt concentrations of 4 mol% Pt doped LaMnOs3 calcined at different

temperatures, obtained from ICP-AES analysis.

Compound Calcination Theoretical Experimental
Temperature (°C) | wt% of Pt wt% of Pt

4 mol% Pt 600 3.15 2.85

doped 700 3.15 2.92

LaMnOs 900 3.15 3.05

3.3.1.2. Structural characterisation

Phase analysis and structural characterization were done using PXRD studies
and the patterns of the samples calcined at different temperatures are shown in figure
3.2. The structure of all the materials including that of the parent perovskite belongs to
the rhombohedral system. When the material has oxygen excess nature, rhombohedral
system is preferred [34]. This indicates that the samples contain higher concentration

of tetravalent ions at the B-site with the concomitant presence of La vacancies.
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Figure 3.2. (A) PXRD patterns of (a) LaMnO3, and 4 mol% Pt doped LaMnOs3 calcined at
(b) 600 °C, (c) 700 °C and (d) 900 °C; (B) 26 region where Pt(111) reflections appear.
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The parent perovskite completely crystallizes at 600 °C without any impurity.
However, the Pt doped sample calcined at 600 °C is found to contain an amorphous
phase, which was not eliminated by repeated calcination at the same temperature. This
amorphous structure may correspond to poorly crystallized perovskite phase. Two-
theta region where peak corresponding to (111) plane of fcc cell of Pt is expected, is
given in figure 3.2B. The interesting thing to be noted here is the absence of peaks
corresponding to metallic Pt or PtO/PtO; in the PXRD pattern. This observation points
to either lattice incorporation of ionic Pt or presence of highly dispersed PtOx phase
interacting with the amorphous phase not detectable by PXRD. Furthermore, the PXRD
patterns suggest that the presence of Pt species in the system somehow affects the
formation of perovskite phase. This fact is further supported by the observation that the
PXRD pattern of the sample calcined at 700 °C did not show the presence of the
amorphous phase but show metallic Pt peaks. When the sample is calcined at 900 °C,

the platinum completely comes out as metallic platinum.

More structural information is retrieved by carrying out Rietveld refinement of
the PXRD patterns using GSAS-EXPGUI program. Since the PXRD pattern of MP600 did
not show any metallic Pt peaks, the model based on the Pt substitution at the B-site is
used. For the rest of the samples, separate phases of perovskite and metallic Pt are
used. As the refinement of the PXRD pattern of MP600 with two separate phases did not
invoke any significant difference in the structural parameters, further discussions are
based on the initial model. Particle sizes are also determined from line broadening. The
refinement plots are displayed in figure 3.3 and the structural parameters obtained are
tabulated in table 3.2. Since the crystallographic radius of Pt(IV) and Mn(IV) are 0.765
and 0.67 A respectively, a substitution of the latter by the former may have a direct
effect on the cell parameters. But surprisingly no particular trend is observed. The Mn-
O bond distances of all the samples are also determined and do not show much
variation. These observations rule out the possibility of lattice incorporation of Pt in the
MP600 sample and suggest that platinum exists as PtOx phase on the surface. The
estimation of platinum phase fraction indicates that it increases from ~2.7 to 3 wt%

when the calcination temperature increases from 700 to 900 °C.
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Figure 3.3. Rietveld refinement of PXRD patterns of 4 mol% Pt doped LaMnOs3
synthesised at (A) 600 °C, (B) 700 °C and (C) 900 °C.
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Table 3.2. Crystal structures of Pt doped LaMnO3 as obtained from Rietveld refinement

of PXRD data.
Parameters | MP600 MP700 MP900
X2 1.043 1.704 1.573
wRp (%) 4.42 5.75 6.74
Rp (%) 3.48 4.51 5.23
a (A) 5.5110(0) 5.5082(0) 5.5121(0)
b (A) 5.5110(0) 5.5082(0) 5.5121(0)
c(A) 13.3159(2) 13.3295(2) | 13.3104(1)
01x 0.4499(7) 0.4494(6) 0.4508(5)
y 0 0 0
zZ 0.25 0.25 0.25
Pt particle Not observed 70 75
size (nm)
LaMnOs3 100 97.287 97.003
Phase
fraction (%)
Pt Phase 0 2.713 2.997
fraction (%)
Mn-0 bond | 1.959 1.96 1.959
distance (A)

La at (0,0,0.25) and Mn at (0,0,0)
3.3.1.3. Textural characterisation

The information regarding the nature and particle size of the MP600 sample was
obtained using HRTEM studies. The images shown in figure 3.4 indicate that the

particles are irregularly shaped and amorphous porous structures are visible in some
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regions. The presence of porous structures in the HRTEM images supports the
appearance of amorphous phase in the PXRD of the MP600 sample. Furthermore, other
than the lattices corresponding to the (110) plane of perovskite, those of the crystalline
orthorhombic PtO; corresponding to (110) and (020) planes in a few regions can also
be observed. The PtO; may be existing as a thin layer on the surface of the perovskite

and thus not detected by PXRD.

Figure 3.4. (A) HRTEM images of MP600; (B) LaMnOs lattice showing (110) plane, (C,
D) amorphous structure, (E-G) PtOx.

These results suggest that the Pt doped compound calcined at 600 °C contain
platinum as PtO, strongly interacting with the amorphous structure, which undergo
reduction when calcined at higher temperatures. This indicates the reluctance of Pt

incorporation in the lattice sites of LaMnOs3 perovskites.
3.3.1.4. Surface characterisation

The surface characterisation of MP600 sample was carried out using XPS. Pt-4f
and Mn-2p XP spectra for MP600 are shown in figure 3.5. The surface of the sample is

clearly found to contain Pt(IV) species. No metallic Pt peak is observed which is in
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agreement with the observations from PXRD and HRTEM of a possible PtO2 surface
layer. The incorporation of Pt(IV) may have direct consequence on the oxidation state
of the Mn ion which ideally undergo reduction. However, the surface of the sample is
found to contain a mixture of Mn(III) and (IV) states as observed by various other
groups [35-38]. Reports suggest that the surface of the unsubstituted LaMnOs3 is also
found to consist of sufficient amount of Mn(IV) depending on the synthesis conditions,
viz., the calcination temperature and oxygen partial pressure [39]. A semi empirical
estimation using the relative intensities indicate a Mn(III) to Mn(IV) ratio to be 1:0.9 for
the MP600 sample. This evidences a clear resistance for Pt incorporation into the

lattice, possibly due to the inherent oxygen excess nature of the matrix.

A Pt(IV) B

Mn(ill) Mn(1V)

Sat

Intensity (a.u.)
Intensity (a.u.)

70 72 74 76 78 8o 82 630 635 640 645 650 655 660 665
BE (eV) BE (eV)

Figure 3.5. (A) Pt-4f and (B) Mn-2p XP spectra of MP600. Black: observed, red: fitted,
green; Pt(IV), Brown: Mn(III), blue: Mn(IV) and pink: satellite peaks.

3.3.1.5. Catalytic activity

The catalytic activities of the samples calcined at various calcination
temperatures were studied using WGS reaction. The experiments were carried out with
a reformate feed having composition of 40.3 % Hj, 35.1 % Nz, 10.1 % CO and 14.5 %
CO2 with a GHSV of 5000 h'! with steam to CO ratio 4.5 and the activity data are

represented in figure 3.6.
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Figure 3.6. CO conversion measured over Pt doped LaMnOs3 calcined at m: 600 °C, e:

700 °C and 4: 900 °C under WGS conditions. Reformate composition 40.3 % H», 35.1 %

N2, 10.1 % CO and 14.5 % COz; steam to CO ratio 4.5 and GHSV 5000 h-1. Total amount

of Ptis considered for calculating the conversions.

From the activity data, it becomes clear that MP600 catalyst exhibits appreciable
WGS activity after 300 °C whereas samples MP700 and MP900 display very poor
activity. This is surprising since MP600 catalyst possesses excess oxygen rather than
oxygen vacancies, the latter being proposed to play a significant role in the mechanism
of WGS reaction. The activity of MP600 can be attributed to the metallic Pt
nanoparticles formed by the reduction of PtOx phase upon exposing to the highly
reducing atmosphere of WGS reaction. These particles undergo sintering at high

temperature calcination and thus are not active.
3.3.1.6. Surface and structural characterization of spent catalysts

The changes occurring on the surface of the MP600 catalyst after exposing to the
WGS reaction conditions were studied with the help of XPS. The Pt-4f and Mn-2p XP

spectra of MP600 after WGS reaction are shown in figure 3.7.
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Intensity (a.u.)
Intensity (a.u.)

Figure 3.7. (A) Pt-4f and (B) Mn-2p XP spectra of MP600 after WGS reaction; Black:
observed, red: fitted, violet: Pt(0), orange: Pt(II), brown: Mn(III), blue: Mn(IV) and pink:

satellite peaks.

The presence of peaks at ~71.2 eV and & 72.4 eV binding energies indicated the
presence of both Pt(0) and Pt(II) states on the surface of the catalyst after the reaction.
This indicates that Pt species on this material is reduced to a reasonable extent. But the
fact that platinum undergoes incomplete reduction even under the harsh reducing
conditions of the WGS reaction suggests that the amorphous phase stabilises the PtOx
species sufficient enough to withstand the conditions exposed. The Mn-2p XP spectra
revealed that both Mn(III) and Mn(IV) states are present on the surface of the spent
catalyst. But the Mn(III) to Mn(IV) ratio is found to increase to 1:0.8, showing a 15 %
increase in the amount of Mn(IIl) compared to that observed in the case of fresh
catalyst and the cause of reduction is obviously the reducing atmosphere of WGS

reaction.

These studies clearly indicate that reducing reaction conditions affected the
catalysts. To understand more about the structural changes occurring under the
reaction conditions, PXRD analysis was carried out. PXRD patterns of MP600 before and
after WGS reaction are shown in figure 3.8. The PXRD pattern of the spent catalyst is
different from that of the fresh catalyst. The pattern of the spent catalysts is found to

match with the reported pattern for the less oxygen excess orthorhombic LaMnOs3
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(space group Pnma) [40]. The reducing reaction conditions result in the increase of
Mn(III) which is clear from the XPS analysis, resulting in less number of La vacancies
and thus undergoes a structural change to the orthorhombic system. In addition, it can
be seen that the fraction of amorphous phase decreases after reaction. This observation
together with the partial reduction of the PtOx phase give further evidence of the
interaction of the amorphous phase and PtOx phase which stabilises the latter at lower

calcination temperatures.
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Figure 3.8. (A) PXRD patterns of MP600 (a) before and (b) after WGS reaction, and (B)
20 region where Pt(111) reflection appear.

It can be seen that the metallic Pt reflections are overlapped by the perovskite
reflections in the spent catalysts. So the presence of small amount of metallic Pt which

may be dispersed on the surface was not visible in the PXRD of the spent catalysts.

HRTEM analysis of the MP600 sample after WGS reaction was also carried out
and the representative images are shown in figure 3.9. The porous structures are less in
this sample compared to the fresh one. In addition to the perovskite lattices, those of
tetragonal PtO (figure 3.9C), metallic Pt (figure 3.9E) and orthorhombic PtO; (figure

3.9F) are also observed.

Ph.D. Thesis: AcSIR 108 |



WGS activity of Pt doped La based Perovskites | Chapter 3

Figure 3.9. (A, B) HRTEM images of MP600 after WGS reaction showing lattices of (C)
PtO, (D) LaMnOs showing (020) planes, (E) metallic Pt and (F) PtO-.

It can be seen in the figure 3.9F that a part of the amorphous region shows
structural ordering and few lattice planes corresponding to PtO.. This observation
strongly supports the structural change of the PtOx species interacting with the
amorphous phase to the metallic Pt and oxide compounds during reaction. It also
supports the observation that more metallic Pt is present when the amount of

amorphous phase decreases.
3.3.2. Pt doping in LaFeO3 and LaCoOs3 systems
3.3.2.1. Structural characterisation

As mentioned in section 3.3, the synthesised compounds have the stoichiometry
LaFe1«Pt:035 (x = 0.02, 0.04 and 0.06) and LaCo1xPti03.s (x = 0.02 and 0.04)
corresponding to the weight percentages 1.6, 3.1 and 4.7 respectively. Henceforth, these

phases will be referred to as BPtx (B = Fe & Co; x = moles of Pt) for convenience. The
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concentrations of platinum present in the materials were determined using ICP-AES

and the results are given in table 3.3.

Table 3.3. Pt concentrations determined using ICP-AES technique.

Theoretical wt% Experimental wt%
Compound X

of Pt of Pt
0.02 1.59 1.41

LaFel-XPtx03-8
0.04 3.14 3.04
0.06 4.66 3.98
0.02 1.57 1.44

LaCo1-xPtx03-5
0.04 3.11 2.99

Since the PXRD patterns for the FePtx samples were not useful to establish the
incorporation of ionic Pt in their lattice sites, diffraction experiments using synchrotron
X-rays were carried out for all the samples which enabled to obtain high resolution
data. In the case of CoPtx, the peak positions of metallic Pt and perovskite are well
separated and the absence of peaks corresponding to metallic Pt indicates the
incorporation of cationic Pt in its lattices. However, in the case of FePtx, even these
experiments could not separate the peak positions of metallic Pt and LaFeOs. XANES
experiments using synchrotron X-rays were carried out for the highest Pt containing
sample FePt0.06 to unambiguously conclude the Pt incorporation in the lattice. The
experiments were carried out for MnPt0.04 also, where Pt is present in metallic state as
shown by PXRD. XANES region corresponds to the transitions of core electrons to non-
bound levels, the probability of which is so high to result in a sudden raise of absorption
leading to an absorption edge. XANES spectrum is characteristic of local atomic
environment and valence states of the element. Since the absorption peak area is
directly proportional to the d-hole density of the element, the intensity of the white line
directly indicates the formal valence of the element [41, 42]. Normalised Pt-L3 XANES
spectra of FePt0.06 and MnPt0.04 are shown in figure 3.10.

Ph.D. Thesis: AcSIR 110 |



WGS activity of Pt doped La based Perovskites | Chapter 3

2.5

2.0~

1.5-

1.0 4

0.5-

Normalised Intensity

0.04

11540 11560 11580 11600
Energy (eV)

Figure 3.10. Pt L3 XANES spectra of (a) LaFeo.94Pt0.0603-5s and (b) LaMno.9¢Pto.0403. The

spectra are normalised by the incident intensity to a step edge of unity.

The height of the white line (marked ‘W’ in the figure) with respect to the
shoulder (marked ‘A’ in the figure) in XANES spectra is reported to be in direct
relationship with the valance state of Pt by a linear empirical relation, obtained by
studies conducted using complexes having Pt(II) and Pt(IV) valence states [43]. The
ratios obtained for the FePt0.06 and MnPt0.04 are 2.14 and 1.18, respectively. The
reported values for Pt(IV) and Pt(II) oxidation states are 2.5 and 1.5 respectively [43]. A
value of 1.18 for MnPt0.04 indicates that the valence state of Pt in this compound is
lower than +2 and hence metallic in agreement with the PXRD results. The ratio
between 1.5 and 2.5 for FePt0.06 indicates that Pt exists in both oxidation states, +2 and
+4 with more amount of latter in this compound and is incorporated in the lattice. In
addition, the position of the edge gives information regarding the average valence state
of the element present. The absorption edge of higher oxidation state ions is reported to
be blue shifted compared to those of the lower valent ions. According to the literature, a
shift in the edge energy of the order of 2.2 eV corresponds to change in the valence state
from +2 to +4 [43]. In the present work, we observed a shift of 4.2 eV which indicates

the change in the valence state more than +2. These results compel us to conclude that
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Pt could be successfully incorporated in the lattice sites of LaBO3 perovskites where, B =

Fe and Co.

The refinement of PXRD patterns obtained with the help of synchrotron X-rays
for all the materials were then carried out using GSAS-EXPGUI program to obtain more
structural information. The basic model consists of Pt substituted in B site of LaBO3 (B =
Fe and Co). The resulted plots are displayed in figure 3.11 and structural parameters

are listed in the table 3.4.
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Figure 3.11a. Rietveld refinement of the synchrotron XRD pattern of LaCo1.xPt:03.s with

(A) x = 0.02, and (B) x = 0.04.
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Figure 3.11b. Rietveld refinement of the synchrotron XRD pattern of LaFe1.xPt:03.s with

(A) x = 0.02, (B) x = 0.04 and (C) x = 0.06.

Ph.D. Thesis: AcSIR 113 |



WGS activity of Pt doped La based Perovskites | Chapter 3

Table 3.4a. Crystal structures of LaCo1.xPtx03.5s as obtained from Rietveld refinement of

synchrotron XRD data.

Parameters LaCo1xPtx03.5
x=0.02 x=0.04

X2 2.79 2.582

wRp (%) 418 5.22

Rp (%) 3.13 3.88

a(hd) 5.4383(1) 5.4439(1)

b(A) 5.4383(1) 5.4439(1)

c(d) 13.1200(3) 13.1366(4)

01x 0.4522(13) 0.4513(12)

y 0 0

z 0.25 0.25

Uiso-La 0.0144(5) 0.0273(5)

Uiso-Co 0.0083(7) 0.0224(8)

Uiso-0 0.0279(20) 0.0363(18)

Laat (0,0,0.25) and Co/Pt at (0,0,0)

Table 3.4b. Crystal structures of LaFe1.xPt«O3.5s as obtained from Rietveld refinement of

synchrotron XRD data.

LaFe1xPti03.5

Parameters

x =0.02 x = 0.04 x=0.06
X2 3.461 3.101 3.623
wRp (%) 5.85 491 4.89
Rp (%) 4.15 3.34 3.44
a(A) 5.5610(7) 5.5608(7) 5.5643(7)
b(A) 7.8470(15) 7.8494(15) | 7.8506(13)
c(A) 5.5512(12) 5.5526(11) | 5.5545(10)
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Lax 0.0227(3) 0.0226(2) 0.0223(3)
y 0.25 0.25 0.25
Z 0.0011(23) -0.0007(22) | 0.0039(14)
01x 0.4880(22) 0.4901(21) | 0.4918(23)
y 0.25 0.25 0.25
Z 0.0608(100) 0.0702(80) | 0.0460(102)
02x 0.2751(31) 0.2780(28) | 0.2743(33)
y 0.0512(32) 0.0472(34) | 0.0512(27)
Z -0.2709(33) -0.2713(33) | -0.2683(37)
Ptocc 0.0177 0.0386 0.0512
LaUiso 0.0249(6) 0.0230(5) 0.0233(6)
FeUiso 0.0180(8) 0.0146(7) 0.0209(8)
Fe/Ptat (0,0,0.5)
242.8 11.1
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Figure 3.12. Cell volume and octahedron volume plots of LaB1xPt:03.5. (A) B = Fe and

(B) B = Co as a function of substitution x as obtained from Rietveld refinement of

synchrotron XRD data.

HRTEM studies were carried out on selected samples (figure 3.13) and in the

cases of FePt0.04 and CoPt0.04, only perovskite lattices could be identified. Textural

properties also are found to be similar for all the catalysts (table 3.5).
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Figure 3.13. HRTEM images of LaBo.96Pt0.0403-5, (A) B= Fe and (B) B = Co.

Table 3.5. Surface area analysis of LaBo.gPt0.0403-5, (B = Fe and Co).

Compound Surface area (m2/g)

LaFeo.96Pt0.0403-5 13.284

LaCo0.96Pt0.0403-s 7.919

3.3.2.2. Surface characterisation

The examination of the surface of both FePt0.04 and CoPt0.04 was done to
understand the oxidation states of B ion and Pt ion. Pt-4f XP spectra and the
corresponding Fe-2p and Co-2p XP spectra of FePt0.04 and CoPt0.04 are shown in
figure 3.14. In all the cases, multiple oxidation states for the ions are detected. Both
Pt(II) and Pt(IV) states are found on the surface of Co and Fe perovskites. But no peaks
corresponding to metallic species are observed in both the cases. Figure 3.14B
representing XP spectrum in the Co-2p region for CoPt0.04 shows an asymmetric peak
at BE ~781 eV which can be deconvoluted into two components attributable to Co(III)
and Co(II) [44, 45]. The presence of shake-up satellite peak at ~787 eV is characteristic
of Co(II) in a high spin state. For the FePt0.04 sample (figure 3.14D), the asymmetric
peak in the Fe-2p region observed at BE ~711 eV could be resolved into Fe(Il) and
Fe(IlI) components [46-48]. The broad satellite peak at ~715 eV is characteristic of
Fe(II) species.
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Figure 3.14. (A) Pt-4f and (B) Co-2p XP spectra of LaCo0.96Pt0.0403.s and (C) Pt-4fand
(D) Fe-2p XP spectra of LaFe(.96Pt0.0403.5.

A semi-quantitative estimation of the different oxidation states present was

attempted by comparing their intensities. In the case of CoPt0.04, the ratio of Pt(IV) to

Pt(I) states is determined as 1:0.3. Since majority of the Pt exists in +4 state, a

corresponding reduction of Co(III) to Co(II) [Co(III): Co(II) = 1: 0.39] compensates for

the excess charge, leading to oxygen deficiency (6 = 0.25). Similarly, the ratio of Pt(IV)

to Pt(II) in the case of FePtx is found to be 1:1 with a corresponding Fe(IlI):Fe(II) ratio

of 1:0.22 (6 = 0.17). The higher reduction potential of Co redox system compared to that
of the Fe counterpart (ie. Fe(II)-Fe(Il) - +0.77V; Co(IlI)-Co(II) - +1.82V) might have

caused the presence of higher percentage of Pt(IV) in the former system. Hence the
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reduction of Co(IIl) occurred more easily than the Fe(Ill) with the possibility of Pt
existing in higher oxidation state in the Co system. The parent perovskite LaFeOs3 is
reported to contain Fe(III) ions only on the surface [49, 50], while the LaCoOs3 is found
to consist of both +3 and +2 states [51]. In the present work, both the +2 and +3 states
are observed on the surface of both the Fe and Co systems resulting in the redox

systems ideal for catalysis.
3.3.2.3. Catalytic activity and structural correlation

WGS activities of series of metals and oxides have been reported extensively in
the literature. It is observed that with some metals such as Ni, Co, Ru etc. in the catalyst
formulation, under real reformate conditions in presence of excess of hydrogen, CO or
CO2 hydrogenation is possible leading to the formation of alkanes [52-56]. But the
extent of formation of higher alkanes is found to be suppressed in presence of water
leading only to the formation of methane [57]. Some researchers suggest that the CO
adsorption strengths of the metals decide in which way the reaction should proceed. If
the adsorption is strong, methanation is preferred [58, 59]. The present systems consist
of Pt and Fe, both known to favour WGS reaction [60] and Co, which is reported to be
active for methane formation [61]. Hence these are ideal systems to study the combined
effect of Pt and the corresponding B ions towards the WGS activity. Catalytic activity
testing was done for FePt0.04 sample and the activity data in comparison with the 3
wt% Pt impregnated LaFeO3 and mixed oxides system La;03-Fe203 is displayed in figure
3.15. This comparison was necessary to assess the difference in activity of incorporated

ionic Pt and Pt nanoparticles supported on perovskite oxides and simple binary oxides.

The FePt0.04 catalyst having ionic Pt is observed to be active only after 300 °C
where as the impregnated catalysts with metallic platinum species are active for the
entire temperature range used in this study. But the activities are found to be similar at
higher temperatures. From this study we can conclude that ionic Pt species together

with the oxygen vacancies is active for WGS reaction.
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Figure 3.15. CO conversion measured over m:LaFeoosPto0403.5, @: 3 wt% Pt

impregnated LaFeOs, and a: 3 wt% Pt impregnated La;03-Fe;03 catalysts under WGS

conditions. Reformate composition of 37.9 % Hj, 13.5 % CO, 19.6 % CO: and balance N>
with a steam to CO ratio of 4.5 and GHSV 5000 h-1.

WGS activity data for CoPt0.04 and 3 wt% Pt impregnated LaCoO3 and LazOs-
Co304binary oxide systems are shown in figure 3.16. All the Co catalysts exhibited very
high activity after 300 °C and the CO conversion for the CoPtx perovskites is
comparable to that of the impregnated samples. On further analysis, it is understood
that all the Co catalysts exhibited small extent of CO hydrogenation also, along with H;
generation even in presence of water, unlike in the case of Fe catalysts where only WGS
reaction is observed. Figure 3.16B represents the methane formation found with the Pt
doped and impregnated Co catalysts. In the case of CoPt0.04, a drastic reduction in CO
concentration is observed at 300 °C and a reduction in Hz concentration is observed
along with formation of 2 % CH4. At higher temperatures, CHs concentration is reduced
to traces and H: concentration increased indicating a suppression of methane

formation.
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Figure 3.16. (A) CO conversion measured over m: LaCo0096Pt0.0403.5, ®: 3 wt% Pt

impregnated LaCoOs3, and a: 3 wt% Pt impregnated La203-Co304 catalysts under WGS

conditions. Reformate composition of 37.9 % Hj, 13.5 % CO, 19.6 % COz and balance N>
with a steam to CO ratio of 4.5 and GHSV 5000 h-1. (B) Methane formation observed

with the Co catalysts under the same conditions described above.

This behaviour of Co-based catalysts towards hydrogenation reaction in
presence of excess of hydrogen is in agreement with previous reports [61]. However,
the interesting point to be noted here is that even in the presence of Pt ion, which is
active for WGS, Co exhibits its characteristic behavior. The CO conversions (WGS or
alkane formation) were obtained using the parent perovskites without any Pt content
to understand more about the combined effect of Co and Pt. Figure 3.17 displays the CO
conversion of the parent perovskites LaBOsz ( B= Fe and Co). Both the catalysts are

found to show very poor activity under WGS conditions.

These observations put an emphasis on the facts that Fe and Co ion systems
show their characteristic activity only in the presence of platinum and Pt is necessary to
enhance the activity of Fe and Co systems. In addition, WGS reaction with these

catalysts proceeds through a mechanism involving both Pt and B ions in the perovskite.
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Figure 3.17. CO conversion measured over m: LaFeO3 and e:LaCoO3 catalysts under

WGS conditions. Reformate composition of 37.9 % Hz, 13.5 % CO, 19.6 % CO2 and
balance N, with a steam to CO ratio of 4.5 and GHSV 5000 h-1.

Furthermore, a comparison of the CHs formation with the Pt doped and
impregnated Co catalysts revealed that even though the CO conversion activity is
similar for all the catalysts, the extent of methane formation is found to be very high for
the catalyst with Pt impregnated on the binary oxides (Laz03 + spinel-Co304). When
perovskites are used either as supports for the Pt nanoparticles or to stabilize the
cationic Pt, the CHs formation is found to be greatly suppressed. This observation
points to the fact that the activity is influenced by the chemical nature of the B ion also,
as the structural environment of Co in both Co304 spinel and LaCoO3 perovskite are

different.
3.3.2.4. Characterisation of spent catalysts

The structure of the catalysts after subjecting to the WGS reaction condition was
examined using PXRD and the diffraction patterns of both the FePt0.04 and CoPt0.04
before and after WGS reaction are shown in figure 3.18. The patterns of the spent
catalysts showed no peaks corresponding to metallic Pt. Also the perovskite structure is

found to be stable enough to withstand the reaction conditions.
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Figure 3.18. PXRD patterns of LaFeo96Pt0.0403-5 (a) before and (b) after WGS reaction
and LaCoo.96Pt0.0403-5 (c) before and (d) after WGS reaction.

However, a small percentage of metallic Pt formed during the reaction which
may be highly dispersed and hence not detected by XRD, can be expected as reported in
previous studies of similar systems. Hence, XPS was used to investigate this and also to
understand the changes occurring to the oxidation states during WGS reaction. Pt-4f
and the corresponding Fe-2p and Co-2p XP spectra of FePt0.04 and CoPt0.04 are shown
in figure 3.19.

Pt-4f spectra revealed that small amount of metallic Pt is present in the cases of
both Fe and Co systems after subjecting to the reaction conditions. Intensity based
calculations suggest that in CoPt0.04 spent catalyst, ~0.01 mol of Pt(0) is present along
with 0.02 and 0.01 mol of Pt(II) and Pt(IV) respectively. When compared with the fresh
catalyst, the amount of Pt(IV) decreased by three fold while Pt(II) concentration
increased by two fold. But a corresponding oxidation of Co(II) is not observed and the
oxygen deficiency (8) is enhanced to 0.364. For the spent FePt0.04, 0.008 mol of Pt(0) is
found on the surface with a corresponding decrease in both Pt(Il) and Pt(IV) unlike
CoPt0.04, where Pt(IV) decreased more drastically. In addition, 0.13 mol of Fe(IlI) is

reduced to Fe(II) increasing the oxygen deficiency on the surface to 0.2.
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Figure 3.19. (A) Pt-4f and (B) Co-2p XP spectra of LaCo00.96Pt0.0403.5 and (C) Pt-4f and
(D) Fe-2p XP spectra of LaFeo.96Pt0.0403-5 after WGS reaction.

But the fact that under the highly reducing WGS reaction conditions, a full
reduction to metallic Pt does not occur in both the systems, indicates a structural
stabilisation of ionic Pt in the lattice. Lesser extent of reduction of Pt to metallic state in
Fe system and its attendant higher activity in WGS may indicate a correlation to ionic Pt

species being active for WGS reaction.
3.4. Conclusions

Incorporation of cationic platinum was attempted in the B site of LaBO3 (B = Mn,
Fe and Co) perovskites to stabilize it against sintering and was found to be successful
only in the case of Fe and Co perovskites at the temperatures under study and not in

case of Mn. Highly sintered Pt particles on the surface of LaMnO3 were found and it is
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possible that the inability of the LaMnO3z perovskite lattice to incorporate Pt in the

lattice may have led to the agglomeration.

In order to understand the extent of Pt incorporation in the LaMnOs system, Pt
doping was attempted at different calcination temperatures. In the doped system
synthesized at lower temperatures, presence of metallic Pt was not detected. But when
compared to the unsubstituted LaMnOs, Pt doped LaMnOsz was found to have a
persistent amorphous phase impurity at lower synthesis temperatures. With the help of
PXRD, HRTEM and XPS studies, it is demonstrated that Pt exists as PtOx phase which is
stabilised by the amorphous structure at lower calcination temperature. When high
temperatures are used for calcination, the amorphous phase disappeared and metallic
Pt appeared. Pt doped sample synthesized at 600 °C with partially stabilized PtOx by
amorphous phase was found to be moderately active. Since the support is oxygen
excess, the activity can only be attributed to Pt(0) particles and the role of support
through oxygen vacancies is minimal in this system. At higher calcination temperatures,
Pt(0) particles underwent sintering and these samples consequently exhibited poor

activity.

The incorporation of cationic Pt in LaFeO3 and LaCoO3 was established with the
help of PXRD using synchrotron X-rays, XANES and XPS. Water gas shift activity of these
catalysts was tested and Pt doped Co and Fe perovskite catalysts showed ~90 % CO
conversion above 300 °C. XPS studies revealed the presence of multiple oxidation states
(+4 and +2) for Pt in these compounds. A reduction of the B ions from the ideal state of
+3 was observed for compensating the charge of Pt(IV), which was in turn found to
enhance the oxygen vacancies on the surface. Small amount of methane formation along
with hydrogen formation was found to occur with Pt doped Co perovskite while WGS
activity was observed exclusively with Pt doped Fe perovskite. This is an expected
result in line with previously studied preferences of Co and Fe oxides. The WGS activity
of the Pt doped LaCo0O3 was compared with that of the same amount Pt impregnated on
LaCo0O3 and Laz03-Co304 mixed oxide systems. The extent of methanation at maximum

conversion when perovskite catalysts are used was very low in comparison to Pt
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impregnated on mixed oxide support. It is possible that in the case of Pt doped catalyst,

ionic Pt species in tandem with oxygen vacancies capable of acting as water adsorption

sites may be enhancing WGS activity suppressing CO or CO; hydrogenation. In both Co

and Fe catalysts, a small extent of Pt reduction to metallic state occurred under

reducing conditions of WGS reaction. The fact that most of the Pt exist in oxidized form

also indicates that it is stabilised in lattice points and hence resistant to sintering to a

large extent.
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4.1. Introduction

As mentioned in the Chapter 1, section 1.5, metals such as silver and copper,
active for various reactions, when present in low coordinated form present an
interesting system to explore the catalytic activity of coordinatively unsaturated sites.
Such materials can be envisaged to provide ideal catalytic sites via coordination of
reactant molecules. Recently developed Ag;Cu203 and Ag;Cu204 are examples of such
systems where low coordinated silver and copper are interconnected. Ag2Cuz03 has an
open channel structure and the oxidation states of Ag and Cu are +1 and +2 respectively
[1, 2]. On the other hand, Ag>Cu;04 has a layered structure with Ag and Cu having

oxidation states larger than the usual +1 and +2 [3-7].

Even though conventional catalysts are based on metal nanoparticles supported
on high surface area materials for inducing better dispersion, in recent times, there
have been some strong evidences of catalytic activity of ionic species as described in
chapter 1, section 1.4. Also, a few reports mention the importance of ionic species in the
interface of metal nanoparticles and oxide support in activating reactant molecules.
This is especially true in case of facilitating CO adsorption and oxidation which can be

considered as the elementary step in WGS as well as CO oxidation reactions [8].

In this context, the compound oxides of Ag and Cu form an interesting
alternative due to the presence of stable ionic species as coordinatively unsaturated
sites. Even though copper and silver based catalysts are already tested for WGS as well
as CO oxidation reactions [9-12], compounds with low coordinated metal sites based on
them have not been studied as catalysts for these processes. According to the redox
mechanism for WGS reaction, CO adsorbs on transition metal sites and reacts with
oxygen from the reducible support, which in turn is reoxidized by H20 [13]. Both the CO
oxidation and water-gas shift reaction on ceria-based catalysts are proposed to be
controlled by the same two steps, transfer of oxygen from ceria to the metal interface
and re-oxidation of ceria. Itis reported that on TiO, oxidized or reduced copper adsorb
CO, while metallic silver practically does not adsorb CO; only oxidized Ag can adsorb CO

strongly [14]. So a compound containing these two metals in oxidized form is expected
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to show CO oxidation capability which is the most important step in both the above
reactions. The CO which gets adsorbed on the ionic silver or copper can react with

oxygen from the lattice which in turn can get oxidized by water or oxygen.

In this study, two conditions are used, viz., reducing and oxidizing for following
the capability of these compounds for activating CO by choosing the above two
reactions; Water Gas Shift and CO oxidation. Very different behaviours are observed
from the two compounds in regards to activity and stability under the reaction

conditions.
4.2. Experimental section
4.2.1. Synthesis

Ag>Cuz03and Ag2Cuz04 samples were prepared as previously reported [2, 3]. To
synthesise Ag>Cu;03, equimolar amounts (3.2 mmol) of Cu(NO3)2.3H20 (Merck, 99.5 %)
and AgNO3 (Merck, 99.98 %) were dissolved in 2 mL of water, and the solution was
then poured into 4 mL of a 3 M NaOH solution, while stirring vigorously. A dark-green
precipitate formed. Added 100 ml more of water and the stirring was continued for 1 h.
The dark solid was then filtered, washed with distilled water and dried. For the
precipitation of Ag>Cuz04, combined saturated aqueous solutions of 1.205 g (5 mmol)
AgNO3 (Merck, 99 %) and 0.85 g (5 mmol) Cu(NO3)2. 3H20 (Merck, 99 %) was added to
a solution of 3.0 g KOH (Merck) and 1.5 g K>S20g (Merck) in 150 ml water at 90 °C. The
obtained black precipitate was filtered off, washed with deionized water and dried in

air at 70 °C.
4.2.2. Characterisation

The details of the instruments and procedures used for PXRD and in situ high
temperature XRD experiments are same as those described in chapter 2A in section

2A.2.2.
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4.2.3. Catalytic Testing

The set up for catalytic activity measurement used for WGS reaction was the

same as that described in chapter 2A in the section 2A.2.3.

The same set up for WGS reaction was used for CO oxidation also. The activity
tests were carried out under atmospheric pressure. A reaction gas containing 5 % v/v
CO was passed over 0.25 cc of the catalyst. The activity data were collected with a GHSV
of 20000 h-1 and a CO to steam ratio 1: 3. The conversion reported here was carried out
in the steady state where the catalyst temperature is ramped at 2 °C min'! and held at
various temperatures for 15 min for equilibration. The reactor outflow was analyzed
using a NUCON gas chromatograph equipped with a Carbosphere column and a thermal

conductivity detector.
4.3. Results and discussion
4.3.1. Structural characterization and WGS activity studies

Ag;Cuz03 and AgCu20s2 were synthesized by the already reported
coprecipitation method at low temperatures (RT and 90 °C respectively) [2, 3]. PXRD
technique used for the structure analysis confirms the formation of single phase

compounds (figure 4.1) without any impurity and matches with the reported patterns.
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Figure 4.1. PXRD patterns of (a) Ag2Cuz03 and (b) Ag2Cu204.
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Earlier reports on the stability of these compounds suggest that under Ar or
Ar/Hz atmospheres, Ag,Cuz03 suffers a single step decomposition to yield metallic Ag
and Cu at 340 and 260 °C respectively, while it decomposes to Ag and CuO under air or
oxygen at around 350-360 °C [2]. Ag2Cu204 decomposes first to Ag>Cuz03 at 280 °C and
then to metallic Ag and CuO at 310 °C [3]. When stored in Ar atmosphere, it decomposes
to Ag20 and CuO within few days, though it is unaffected by moisture or air. Initially,
both the catalysts were tested for WGS activity. The Ag2Cu203 compound was found to
convert ~93 % of the CO in the stream to COz at 115 °C, but a corresponding increase in
the hydrogen concentration was not observed. After 20 minutes at the same
temperature, CO conversion dropped to zero pointing to a possible change in the
structure of the material during the reaction conditions even at temperatures as low as
115 °C. In order to understand the structural changes which occurred and what
conditions did affect the activity, the catalyst was subjected to various gas atmospheres,
viz., reformate mixture with steam, reformate mixture alone and steam with N2 within
the reactor itself up to 115 °C and the samples obtained after the treatments were

analysed using PXRD technique. The results are plotted in figure 4.2.
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Figure 4.2. PXRD patterns of Ag>Cuz03 (a) before, (b) after WGS reaction, after

subjecting to (c) steam with N; and (d) reformate mixture alone; *: Ag, A: Cu.
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It is apparent that steam did not affect the catalyst; however the reformate
mixture did result in structural collapse to metallic silver and copper. There was no
change in the concentration of hydrogen observed, but the concentration of CO:
increased from 14.5 to 24 %. The absence of hydrogen production observed under
water gas shift reaction conditions indicates that instead of WGS reaction, a mere CO
oxidation occurred as the decrease in CO concentration and increase in CO:
concentration could be balanced. The oxygen required for the reaction was probably
provided by the decomposition of the catalyst itself which was supported by the fact
that the CO2 production lasted for only a few minutes. It is also possible that CO
adsorption is facilitated on the coordinatively unsaturated sites and a subsequent
abstraction of lattice oxygen leads to structural collapse. Apparently, the catalyst is not
able to dissociate water and replenish the lattice oxygen thereby stabilizing the
structure, at such low temperatures at which the catalyst decomposes. It is obvious that
the harsh reduction conditions affect the catalyst structure and to understand the
extent of structure stability, we carried out in situ high temperature XRD studies with

10 % Hz/Nz and the results are plotted in figure 4.3.

Intensity (a.u.)
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Figure 4.3. In situ high temperature PXRD patterns of Ag>Cu203 (a) RT, (b) 50 °C, (c)
100 °C, (d) 150 °C, (e) 200 °C and (f) RT, under 10 % Hz/Ng; *: Ag, A: Cu.
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It can be observed that the sample decomposes above 100 °C to metallic Ag and
Cu under 10 % Hz/N2 conditions. The WGS reactant gas stream contains almost 40 % H:
and this might have resulted in the structural collapse at a much lower temperature.

Hence it is not clear whether lattice abstraction of oxygen led to the collapse of the

structure or the harsh conditions also played a role in it.

The oxidation of the Ag2Cu203 results in the formation of Ag2Cu204, in which one
oxygen atom is excess. WGS activity of this material was also studied. Surprisingly the
material exhibited complete inactivity towards WGS reaction. Here, unlike in the case of
Ag>Cuz03, no CO conversion is observed at anytime. The PXRD pattern of the catalyst
after reaction at 150 °C is compared with that of the fresh catalyst and the plot is

displayed in figure 4.4. Here also the compound is found to undergo decomposition to

metallic silver and copper under WGS conditions.

Intensity (a.u.)
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Figure 4.4. PXRD patterns of Ag2Cu204 (a) before and (b) after WGS reaction; *: Ag, A:
Cu.

Even though both the materials have similar coordination environments for Ag
and Cu and also undergo similar decomposition profiles, they show marked difference

in behavior towards CO oxidation activity. This has to be attributed to the difference in
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lattice oxygen abstraction step by CO. In Ag>Cu04, apparently the structure collapses

before it is energetically possible to do so.
4.3.2. CO oxidation activity studies

It became clear that Ag;Cuz03 is capable of converting CO present in the stream
to COzas long as the oxygen supply is there. Hence, this catalyst was further used to

explore CO oxidation activity and the results are displayed in figure 4.5.
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Figure 4.5. CO conversion measured over m: Ag2Cuz03 and e: Ag2Cuz04. GHSV: 20000 h-
1. CO: 02=1:3.

The Ag>Cu203 material was found to yield 96 % CO conversion at temperature as
low as 150 °C. The PXRD analysis (figure 4.6) of the material shows that only a
negligible amount of metallic silver appeared after CO oxidation. However, in case of
Ag>Cuz04, the material undergoes complete decomposition, but exhibits almost similar
activity as Ag2Cuz03. As expected, CO adsorption is facilitated on the ionic active sites.
The dissociation energies of H20 and Oz are comparable and since we did not observe
any H20 dissociation in the presence of steam at ~115 °C, Oz adsorption in the vacancy
site and subsequent dissociation has to be ruled out. Hence a reaction based on Eley-

Rideal mechanism in which adsorbed CO reacts with gaseous O; molecule [15], may
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play the dominant role even under excess of 02. Such a mechanism for WGS reaction is
not plausible without involving the H20 dissociation step which is not energetically
possible in both the compounds. In the absence of Oz, CO apparently abstracts the O
from lattice, in case of Ag,Cu203. In Ag2Cuz04, this does not occur possibly due to the
structural difference and absence of conducive adsorption sites. This leads to structural

collapse and further reaction occurs on the metal nanoparticle surfaces.

Intensity (a.u.)

10 20 30 40 5'0 60 70 80
26 ()
Figure 4.6. PXRD patterns of (a) Ag2Cu203 and (c) Ag2Cuz04 before and (b) AgzCu203
and (d) Ag2Cuz04 after CO oxidation. #: CuO and *: Ag.

The structural peculiarity of Ag;Cu203 and the stability it retains by
incorporating another O per unit cell vis-a-vis Ag2Cu;04 probably presents energetically
favourable adsorption sites making it a better catalyst than AgzCu204. This study shows
that Ag2Cuz03 can be tuned to a highly active catalyst for CO oxidation and other redox

reactions if suitable water/0; dissociation sites could be created.
4.4. Conclusions

Low coordination compounds with active metals viz. silver and copper in low
coordination geometries, Ag2Cu203 and Ag>Cuz04 are synthesised. Ag>Cu»03 exhibited
very high CO conversion activity at very low temperatures under WGS reaction
conditions while Ag>Cu;04 displayed no activity at all. Structural characterizations

indicated that both the materials are unstable under WGS conditions. Further analysis
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indicated that only CO oxidation occurred and not hydrogen production under the
reaction conditions. CO oxidation carried out over both the catalysts indicated that both
exhibited very high activity at temperatures ~150 °C. PXRD characterization indicated
that small amount of metallic silver egress from the lattice in the case of Ag;Cuz03
where as the structure collapses to metallic silver and copper oxide in the case of
Ag;Cuz04 after CO oxidation reaction. Eley-Rideal mechanism where only CO gets
adsorbed on the surface site can be suggested for CO oxidation with these catalysts. It
can also be suggested that the employment of methods by which oxygen can be

replenished on the surface may enhance the CO oxidation activity of these compounds.
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5.1. Summary

Chapter 1 presents a general introduction to the noble metal nanoparticles and
their role in heterogeneous catalysis. Even though supported noble metal nanoparticles
are reported to exhibit extreme activity towards several reactions, deactivation due to
sintering of nanoparticles is a major problem associated with them. The chapter further
presents a comprehensive review of literature on the sintering of metal nanoparticles
and on some industrially important heterogeneous reactions like water gas shift
reaction and CO oxidation where supported metal catalysts are important. In addition,
it describes some of the reports where ionic species are suggested to act as active
species contrary to the conventional idea of active metallic species. The chapter briefly
describes the role of structured oxides such as perovskites in catalysis and also gives an
introduction about the recently developed low coordination oxides based on catalytic

active metals. Finally the scope and objective of the theses are stated.

Chapter 2A describes the synthesis of BaCe1xPt03.5 and its structural evaluation
by various characterization methods and in situ studies, in relation to the WGS reaction.
This catalyst system is found to isolate efficiently cationic Pt species that are stable
under reducing conditions. Structural characterizations point to the successful
substitution of Pt(II) in Ce(IV) sites indicating an increase in oxygen vacancies with
increase in Pt concentration. Cationic Pt stabilized in the BaCeOs3 lattice is found to be
active for WGSR. Metallic species are not identified in spent catalysts recovered under
WGS conditions as well as after exposure to air during shutdown. Interestingly, after the
first shutdown under air, a surface enrichment of ionic Pt species is observed which is
thought to be responsible for the enhancement of WGS activity for the second cycle. We
have further studied the variations in Pt states under other possible shut down
conditions and it is observed that the catalyst system is stable and withstand harsh
reaction conditions as well as various shut down conditions employed such as N,
reformate feed and reformate feed along with steam. BaCeOs3 is proposed to be an ideal
perovskite lattice to stabilize ionic Pt, keeping it not only active but also sinter resistant

under WGSR conditions.
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Chapter 2B describes the progressive doping of yttrium in the B site of BaCe1-
xPtx03.s catalyst system so that oxygen vacancies are systematically enhanced to
maintain electrical neutrality. Moreover, the Pt concentration was fixed at 2 mol% so
that contribution from Pt remains same catalytically as well as structurally. The
materials are synthesized and characterized using various techniques and their water
gas shift activities are compared. Even though oxygen vacancies will be increased as Y
content increases, we observe a distinct way in which structural variations
accommodate the vacancies. At lower Y substitutions with orthorhombic structure,
oxygen vacancy increase is reflected in the drastic reduction in cell volume and at
higher Y concentrations, the oxygen vacancies are accommodated by structural
distortions due to the creation of an isotropic environment. BaCe.92Pt0.02Y0.0603-5
having the least distorted Ce/Y/PtO6 octahedra, exhibited maximum WGS activity in
the series. The isotropic environment around B ion in this compound energetically
favors the adsorption and splitting of H20 by lowering the energy barriers. This clearly
indicates dependence on not the concentration of oxygen vacancies but on their
crystallographic characteristics. Extensive in-situ powder XRD studies under reducing
and oxidizing conditions revealed only a thermal effect at increasing temperatures for
low Y substituted orthorhombic compounds. However, the monoclinic structures with
higher concentrations of oxygen vacancies exhibited a phase transition to orthorhombic
structure, usually with lower concentrations of oxygen vacancies, at 300 °C. This phase
transition is found to be reversible under Hz, O and water vapour indicating it to be a
thermal effect. But under WGSR conditions, viz., CO and H:0, the transition to a lower
oxygen vacancy structure was irreversible. This clearly indicates that vacancy sites are

involved in the WGSR.

Chapter 3 reported synthesis, characterization and WGS activity of LaB1.xPtx03-5
where B is Mn, Fe and Co. X-ray based characterization techniques indicated cationic Pt
stabilization in the lattice sites of Fe and Co perovskites. In the case of Mn, highly
sintered metallic Pt particles are observed. It is apparent that LaMnOs presents a
challenge as a matrix for stabilizing ionic Pt species and the next section of the chapter

describes a thorough study regarding the incorporation of cationic Pt in the oxygen
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excess LaMnOs at different calcination temperatures. It is established that Pt
incorporation in ionic form in LaMnOs is not possible and the Pt exists as PtO; at lower
temperatures strongly interacting with the amorphous phase found along with the
perovskite and reduced to metallic Pt at higher temperatures. Another important
conclusion in this study is that crystalline PtO/PtO; are not as active as Pt(0) for WGS.

In the case of Pt stabilized in LaFeO3 catalyst, the WGS activity was ~80 %.
Cationic Pt incorporated Co perovskites are shown to be highly active for WGS reaction,
but a small amount of methanation is observed. It is also observed that methanation
could be decreased and WGS enhanced in case of Pt doped or impregnated Co
perovskites when compared to Pt impregnated mixed oxides. lonic Pt species in tandem
with oxygen vacancies capable of acting as water adsorption sites might be enhancing
their WGS activity suppressing CO or CO; hydrogenation. In both Co and Fe catalysts, a
small extent of Pt reduction to metallic state occurred under reducing conditions of
WGS reaction. The fact that most of the Pt exist in oxidised form also indicates that it is
stabilised in lattice points and hence resistant to sintering to a large extent. It is worth
mentioning here that doping may be looked upon as a method for selectively enhancing
one among two competing reactions as well as to improve overall thermal stability
under reaction conditions.

Chapter 4 describes the synthesis of low coordination compounds, Ag2Cu203 and
Ag>Cuz04 and their catalytic activity towards WGS reaction and CO oxidation, to study
the activity of coordinatively unsaturated active metals. We observed ~90 % initial CO
oxidation activity when Ag;Cu>03 was used as catalysts for WGS reaction with
simultaneous decomposition of the catalyst. However when used for CO oxidation, the
structure is retained with the appearance of a small percentage of metallic Ag.
Interestingly, the oxygen rich AgzCu204 catalyst did not show any activity in CO
oxidation under WGS conditions and decomposed to metallic Ag and Cu. The compound
shows CO oxidation activity under oxidizing conditions, but decomposes to Ag and CuO.
This indicates that lattice oxygen takes part in oxidizing CO in the case of Ag>Cuz03,

consequently destroying the structure whereas, this does not occur in case of AgzCu204.

Ph.D. Thesis: AcSIR 141 |



Summary & conclusions | Chapter 5

5.2. Conclusions

X/
°

X/
°e
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Cationic Pt is stabilized in BaCeO3 perovskite lattice and is stable up to high
temperatures under reducing atmospheres.

Cationic Pt is active for WGS reaction and withstands the harsh reaction
conditions as well as all the shut down conditions employed.

Oxygen vacancies are involved in the mechanism of WGS reaction.

WGS activity depends not on the concentration of the oxygen vacancies but on
their structural characteristics and the extent of favourable energetics of water
adsorption.

There is an inherent resistance to doping of Pt in LaMnOs due to its oxygen
excess nature.

Cationic Pt can be stabilized in LaBO3 (B = Fe & Co).

Cationic Pt together with B-site ion determines the activity and preference for
WGS or CO methanation.

Pt doped lanthanum based perovskites are not as stable as BaCeOs.

Cationic species in Ag2Cu203 catalyses CO oxidation.

Incorporation of noble metals in the form of ions in stable lattices can be
considered as a solution to minimise the problem of sintering of metallic

particles and consequent deactivation of the catalyst.
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Appendix
Physicochemical Characterizations

Various physicochemical techniques can be used for the characterization of the
perovskite materials. The principles of techniques, used in the present study like powder
diffraction using laboratory or synchrotron X-rays or neutron, Rietveld refinement, ICP-
AES, Surface area analysis using N2 adsorption, HRTEM, XANES and XPS.

1. Powder Diffraction

Understanding and predicting the properties of scientific and technologically
important materials require the exact knowledge of its structure. The structure of an
idealized crystal lattice consists of periodic arrangement atoms and single crystal analysis
is the most suitable technique to understand it. However, because of the unavailability of
suitable single crystals in many cases and to extract information on the bulk material,
alternative technique, powder diffraction is routinely used. Moreover it can be used for the
determination of microstructural properties, disorder in materials, studies of macroscopic
stresses in components, and texture of polycrystalline samples.

X-rays are electromagnetic waves having wavelengths of the order of 14, which is
comparable with the spacing between lattice planes in crystals. X-ray diffraction, based on
wide-angle elastic scattering of X-rays, is the most important and common tool to
determine the structure of the materials characterized by the long range ordering. X-ray
diffraction involves the measurement of the intensity of X-rays scattered from electrons or
neutrons bound to atoms. Waves scattered at atoms at different positions arrive at the
detector with a relative phase shift. Therefore, the measured intensities yield information
about the relative atomic positions. The diffraction patterns gives information about
structure formation, phase purity, degree of crystallinity, and unit cell parameters of the
materials. The formation of a structural phase can be confirmed by comparing the powder
diffraction patterns with that of pure reference phases distributed by International Center
for Diffraction Data (ICDD).

The use of Bragg’s equation is the easiest way to get to the structural information in
powder diffraction, the derivation of which considers X-ray diffraction as a reflection of X-

rays by sets of lattice planes. As the X-rays penetrate deeply, additional reflections occur at



thousands of consecutive parallel planes. The overlap of the scattered X-rays occurs since
all are reflected in the same direction.

The Braggs equation is nA = 2dsin6, where d is the interplanar spacing of parallel
lattice planes and 20 is the diffraction angle, the angle between the incoming and outgoing
X-ray beams.

Sharp intensities emerge from the sample only at the special angles where Bragg’s
equation holds. For crystalline materials, the destructive interference results in a
completely destruction of intensity in all the other directions. In the modern flat-plate
powder X-ray diffractometer, used most commonly in industrial and academic laboratories,
the divergent incident beam is allowed to reflect from the sample and converges at a fixed
radius from the sample position. This configuration is commonly referred to as “Bragg-
Brentano” geometry (shown in Figure 6). The spinning of sample about an axis normal to
the flat plate results in a good powder average.
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Figure 1. Schematic representation of Bragg-Brentano geometry.
Powder diffraction experiments, exploits X-rays from a laboratory generator or

from a high energy storage ring (synchrotron radiation), or neutrons produced in a reactor

or spallation source. A typical wavelength used lies in the range 0.1-5 A, comparable with

the spacings between lattice planes in crystals. Data can be collected in transmission or

reflection modes, depending on the absorption of radiation by the sample. A brief



description of the different sources used for the powder diffraction experiments are given
here.
1.1. Laboratory X-ray Sources

In a standard laboratory instrument, the X-rays are produced in a sealed-tube
source where electrons, accelerated by a potential difference of up to 60 kV, bombard a
metal anode inside a vacuum tube. This results in the formation of a characteristic
radiation spectrum composed of discrete peaks arising from the filling of vacant level in the
inner shell (created from the ejection of electron by the incoming electron) by a higher
atomic level electron. The emission of an X-ray photon is characterised by the difference in

energy between the two levels. A higher resolution copper X-ray spectrum consists of
components labeled as Kq1 (1.54056A) and K,2(1.54439A). The most commonly used
target element is Cu but Mo, Cr, Fe, Co, Ag and W are also used for specialist applications (.
Cu tube is the most common choice for routine analysis, which gives X-rays of shortest

wavelength above 1A°. Also relatively high power can be applied to the target because of

the good thermal conductivity of copper.

Table 1. Approximate principle emission lines for various anode targets.

Anode Cu Mo Cr Fe Co Ag w
A(Ko) A 1.54 | 0.71 2.29 1.94 1.79 0.56 0.21

1.2. Synchrotron X-ray Sources

The synchrotron X-ray radiation has several advantages over laboratory sources
like extreme intensity, high collimation in the vertical sense allowing the design of high
resolution instruments, selection of wavelengths for a particular measurement etc. The
underlying principle behind the ejection of synchrotron radiation is that when a fast
moving charged particle is forced to follow a curved trajectory by applying a magnetic field
it changes its velocity. In modern synchrotron radiation sources electrons or positrons are
accelerated to speeds close to that of light and circulate in ultrahigh vacuum tubes, guided

by arrays of magnets. The electrons are guided in a storage ring which consists of straight



section followed by a curved section where the electrons are forced into the next straight
section using bending magnet and the radiation is emitted at these curved sections.

The spectrum of synchrotron radiation depends on the energy of the electrons in
the storage ring, the curvature of their path, etc. Generally, the greater the electron energy
or tighter the curvature (i.e. the higher the magnetic field) in the storage ring, the higher
the energy of the emitted X-rays. The tunability of wavelength over a large range can be
used for anomalous dispersion experiments or for depth profiling of thin films etc.

1.3. Neutron Scattering

Neutron radiation of sufficient intensity can be provided at research reactors and
spallation neutron sources. A neutron even though uncharged has a magnetic moment as a
result of its spin (spin of 1/2) and therefore it can approach the nucleus of atoms closely.
This results in scattering of neutrons by nuclear forces or via spin-spin interactions with
both nuclear magnetic moments and unpaired electrons in magnetic atoms or ions. The
scattering cross section, o, measured in barns (1 barn = 10-28 m2) is used to describe the
scattering of a neutron by a nucleus which is defined as equal to the effective area
presented by the nucleus to the incoming neutron. The scattering occurs isotropically as
the range of the neutron-nucleus interaction is tiny compared to the wavelength of the
neutron making the nucleus essentially a point scatterer.

In the case of X-ray diffraction, the photons are scattered by the interaction of
electron cloud of the material and this means that in presence of heavier atoms, it may be
difficult to detect lighter atoms. However, most atoms have neutron scattering lengths of
approximately equal in magnitude (as shown in table below) and hence neutron diffraction
techniques are used to detect light elements such as oxygen or hydrogen.

Table 2. Scattering cross section for X-Rays and neutrons.

Element 1H 6C stn 26Fe zsNi 46Pd 67H0 92U
ocoh X-ray 0.66 | 24 416 450 522 1406 | 2986 | 5631
(barn) | Neutron | 1.76 | 5.55 1.75 11.22 | 13.30 | 4.39 | 8.06 |8.90

The properties of a radiation source can be characterized by parameters such as spectral

flux and brightness. Flux is the number of photons travelling through unit area in unit time.



The spectral brightness is defined as photon flux density in phase space about a certain
frequency. This means the number of photons per unit time per unit area per unit solid
angle

Spectral flux = Photons s1(0.1% bandwidth) -1

Brightness = Photons s'imrad-2 (0.1%bandwidth) -1

A comparison of brightness and flux of X-rays and neutrons from various sources is given

in the following table.

Table 3. Brightness and flux for generalized X-ray and neutron sources.

Source type Brightness Divergence Flux
(s'Im-2ster1) (mrad?) (s'Im2)

Neutron reactor 1015 10x10 1x1011

source

X-ray tube 1020 0.5x10 5x1014

Synchrotron 1027 0.1x5 5x1020

bending magnet

Synchrotron 1033 0.01x0.1 1x1024

undulator

1.4. Rietveld refinement

The development of Rietveld method in 1969 breaks out the application of powder
diffraction method as a quantitative tool. Rietveld method is a powerful technique that
makes use of the entire powder pattern instead of analyzing individual, non-overlapped,
diffraction peaks for crystal structure refinement. The advantage of this method is that it
calculates the entire powder pattern of a crystalline model, including various experimental
and sample dependent effects. Rietveld method essentially tries to fit a structural model
based on a number of crystal structure parameters to the experimental diffraction data.
This model utilizes a least-squares approach where various parameters such as lattice
parameters, atomic positions and parameters such as peak shape, background, scale
factors, peak broadening, that describe the experimental and sample conditions, are

allowed to vary to reach an agreement between the calculated and measured diffraction



profiles. However to employ this method, a good initial knowledge of the structure is
needed which is refined by small adjustments. The method can be utilized to refine several
powder or single crystal diffraction datas including reactor neutron data, laboratory X-ray
powder diffraction data, synchrotron powder diffraction data, time-of-flight neutron data
from pulsed spallation sources, and to refinements of magnetic structures. Rietveld
analysis is carried out mostly for the determination the structural parameters, but
increasingly, the method is also used to determine relative amounts of the crystallographic
phases, the preferred orientation, residual stress, crystallite size etc. The use of highly
monochromatic parallel beam synchrotron radiation enabled us to get accurate atomic
parameters, which in turn allows to extract useful information regarding bonding
conditions and reaction mechanisms. This method further helps to quantitatively detect
small amounts of polymorphic phases which are of great interest especially for
pharmaceutical research and in the concrete business. Currently various softwares are
available for the Rietveld refinement such as GSAS, GSAS-EXPGUI, Fullprof, TOPAS,
JANAZ2000, Rietan etc.

2. Inductively Coupled Plasma-Optical Emission Spectroscopy

Inductively coupled plasma atomic emission spectroscopy (ICP-AES), or inductively
coupled plasma optical emission spectrometry (ICP-OES), is an analytical technique used
for the detection of trace metals. This technique exploits the fact that excited electrons emit
energy at a wavelength characteristic to the element as they return to ground state. The
intensity of this emission directly gives information about the concentration of the element
present in the sample. The schematic representation of the ICP-AES instrument is shown in
figure 7.

Plasma is a gaseous state of matter, a major part of which consists of free electrons
and highly charged ions. It presents an effective medium for volatilization and atomization
(and ionization) of liquid droplets. In plasma-based systems, the temperature normally
reaches ~6000 to 10000 K which ensures effective excitation of atoms (generally greater
than 90%) of approximately 60 elements including some nonmetals. The intense heat
excites and in many cases ionizes atoms and finally emission of a photon occurs as electron
relaxes (resonance fluorescence). Even though this technique is free of many problems, the

excitation and subsequent emission of spectral lines for every element including the added



Ar to facilitate plasma generation present, leads to interferences. This problem is

addressed in modern instruments via the use of specilised sequential monochromators.
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Figure 2. Schematic representation of ICP-AES instrument.

ICP-AES offers high selectivity between elements, high sensitivity, a large dynamic
range, lower detection limits, multi-element detection, and fewer matrix interferences. An
ICP-AES instrument consists of two parts; the inductively coupled plasma source and the
atomic emission spectrometry detector. The clear solution of the sample is introduced to
the nebulizer chamber using a peristaltic pump. The flow of sample and Ar gas through the
small aperture of the nebulizer creates very small droplets that form a mist of micrometer
sized particles in the chamber. Ar flow carries small droplets to the torch leaving larger
droplets on the chamber walls and the latter are removed through a drain. In the plasma at
temperatures of about 10000K, all the elements including Ar undergo evaporation,
atomization, and excitations or ionizations. When these excited or ionized atoms leave the
plasma, excited valence electrons relax to the ground state and emit a photon characteristic
of the transition. This radiation consisting visible and UV radiation enters the
monochromator through a small slit where the wavelengths are separated by gratings
and/or prisms and are then captured and measured by a wide variety of detectors. The

types and concentrations of the elements present in the sample can then be determined by



isolating the photon wavelengths. The calibration of instrument with commercially
available standards helps to perform highly quantitative analysis.
3. Adsorption Isotherm and BET Method for surface area measurement

When a gas or vapour phase is brought into contact with a solid, part of it is remains
on the outside attached to the surface. In some cases the gas molecules (referred as
adsorbate) are attached to the solid surface (refered as adsorbent) by a weak Vander Waals
attraction. This type of adsorption known as physisorption (physical adsorption) can be
utilized to characterise materials allowing for the determination of specific surface area,
pore size distribution and pore volume.

The specific surface area of a powder is determined by measuring the amount of
adsorbate gas corresponding to a monomolecular layer on the surface usually at the
temperature of liquid nitrogen. The amount of gas adsorbed can be measured by a
volumetric or continuous flow procedure. The most common adsorbate used is nitrogen;
however, other adsorbates like Ar, CO, CO2, Oz are also used in some instances.

In 1938, S. Brunauer, P. H. Emmett, and E. Teller put forward a theory known as
Brunauer-Emmett-Teller (BET) theory to explain the physisorption of gas molecules on a
solid surface which forms the basis for the technique for the determination of the specific
surface area of a material. The theory is based on the following hypotheses:

(a) Gas molecules physically adsorb on a solid in layers infinitely.
(b) There is no interaction between each adsorption layer.
(c) The Langmuir theory can be applied to each layer.
(d) Uppermost layer is in equilibrium with vapor phase.
(d) First layer adsorption is governed by the heat of adsorption while heat of
condensation can use for higher layers.
With these assumptions, the following equation known as BET equation is derived.
1/{v[(po/p)-11} = [(c-1)/vmc] (p/po) + (1/Vmc),
where, p and po are the equilibrium and the saturation pressure of adsorbates at the
temperature of adsorption, v is the volume of adsorbed gas, vimis the monolayer adsorbed
gas quantity and c is the BET constant given as

c = exp[(E1-EL)/RT],



where E1is the heat of adsorption for the first layer, and Ey, is that for the second and higher
layers and is equal to the heat of liquefaction.

The BET Equation is an adsorption isotherm and a straight line can be plotted (only
in the p/po range 0.05-0.35) known as BET plot with the factor 1/v[(po/p)-1] on the y-axis
and p/po on the x-axis. The value of vi, and c can be calculated from the values of slope (A)
and Y-intercept (I) using the equations,

vm=1/(A+I) and c= 1+ (A/])

The BET method is widely used for the calculation of surface areas of solids in
heterogeneous catalysis where the number of active sites depends on the surface area
which in turn related to particle size, particle morphology, surface texturing and porosity.

The total surface area (Stta) and the specific surface area (Sger) are then given by

Stotal = (VinNS)/V' and SBET = Stotal/ a,
where N is the Avogadro’s number, s the adsorption cross section of the adsorbing species,
V the molar volume of the adsorbate gas, and a the mass of the solid sample or adsorbent.

The single-point method may be employed directly for a series of powder samples
of a given material for which the material constant C is much greater than unity.
4. High resolution Transmission Electron Microscopy (HRTEM)

Transmission electron microscopy uses high energy electrons which are accelerated
to nearly the speed of light by applying a voltage of 300 kV to provide morphological,
compositional and crystallographic information. When electron beam wavefront passes
through a thin-section specimen of a material, electrons undergo scattering. These
scattered electrons can be focused into an image or diffraction pattern using a system of
electromagnetic lenses. The images can provide a highly magnified view of the structures in
micro- and nanosized dimensions and ultimately, in the high resolution mode a direct map
of atomic arrangements. The advantage of this technique is that it can provide information
in real space (in the imaging mode) and reciprocal space (in the diffraction mode)
simultaneously. The diffraction mode (electron diffraction) provides accurate information
about the local crystal structure.

When electrons interact with sample, elastic scattering (change in path without loss
in energy) and inelastic scattering (loss in energy by interaction with the electrons of the

sample atoms) can occur. Electrons which are not scattered contribute positively to the



image, while electrons which are considerably deflected are prevented from doing so by
apertures in the optical path. This results in the differences in light intensity (contrast) in
the image according to the scattering abilities of areas in the sample. Generally the
scattering efficiency increases with the atomic number. This means that heavy metals can
form images with good contrast.

HRTEM can provide information about structure at spatial resolutions better than
0.2 nm. Individual atomic layers can be resolved in the case of most of the crystalline
inorganic materials, including ceramics, semiconductors, and metals, at least in low-index
zones. The possible applications include distribution and structure of defects, interfaces
and grain boundaries, nano-crystalline features in amorphous films, small particle analysis
in heterogeneous catalysts, sub-micron morphological features, diffusion, and phase
transformations.

The image resolution is governed by the electron wavelength which depends on the
speed of electrons. The various parts of a modern TEM are an illumination system,
condenser lens system, an objective lens system, magnification system, and the data
recording system. A set of condenser lens is used to focus the beam on the sample and
objective lens collects all the electrons after interacting with the sample and form image of
the sample, and determines the limit of image resolution. Finally, a set of intermediate
lenses magnify the image and projects them on a phosphorous screen or a charge coupled
device (CCD). HRTEM images are obtained when the point resolution of the microscope is
sufficiently high and a crystalline sample is oriented along a zone axis. The HRTEM uses
both the transmitted and the scattered beams to create an interference image which is
actually a phase contrast image. The electron waves coming from the sample at very low
angles interfere with itself when travelling through the objective lens. All electrons are
finally combined at a point in the image plane. A large objective aperture allowing most of
the beams to pass is crucial to obtain lattice images.

HRTEM has been extensively used for analyzing crystal structures and lattice
imperfections in various types of materials. It can be used for the characterization of point

defects, dislocations, stacking faults, and surface structures.



5. X-ray Absorption Near Edge Structure (XANES)

X rays are ionizing radiation that has sufficient energy to excite a core election of an
atom to an empty state below the ionization threshold or to the continuum which is above
the ionization threshold. Different core electrons have distinct binding energies;
consequently, if one plots the X-ray absorbance of a specific element as a function of energy
of the energy of X-ray radiation, a sudden increase of absorption appears, which
corresponds to absorption of the X-ray photon by a specific type of core electron. This gives
rise to a so-called absorption edge in the X-ray adsorption spectrum due to its vertical
appearance. This sharp intense peak is sometimes referred as “white line” because in the
past, X-ray absorption spectra were recorded using photographic plates, where strong
absorption of certain wavelength after developing negative, appear as a white vertical
stripe. Energies of absorption edges in X-ray absorption spectra reveal the identity of the
corresponding absorbing elements. The name of the absorption edges are given according
to the principle quantum number, n, of the excited electrons K for n=1, L for n=2, M for n=3,
etc. The core-electron binding energy increases with increasing atomic number. However
the L edge is in fact found to be consists of three distinct edges, named L, Lz, and Lz in the
order of decreasing energy. L1 corresponds to excitation of a 2s electron. But the excitation
of a 2p electron results in the splitting into two edges as a consequence of the spin-orbit
coupling energy of the resulting 2p°> configuration. The higher energy of the 2p> excited
states is the 2P,z term corresponds to the L edge. The lower energy state corresponds to
the 2P3/; excited state gives the Lz edge. Even though the spin-orbit coupling energies of
valence electron shells are relatively small, that of core shells can be quite large.

The structure found in the immediate neighborhood of the absorption edge,
conventionally within 50 eV of the absorption edge, is referred to as X-ray Absorption Near
Edge Structure (XANES) or near-edge x-ray absorption fine structure (NEXAFS). It is an
element-specific technique. Moreover the analysis is sensitive to local bonding and it
determines the partial density of the empty states of a molecule. XANES directly probes the
angular momentum of the unoccupied electronic states which can be bound states or
unbound states (continuum), discrete or broad, atomic or molecular. The dipole selection
rule for transition determination is:

Al= 1, Aj= #1, As= 0.



Commonly observed allowed transitions are tabulated below.

Table 4. Spin and orbitally allowed transitions for X-ray absorption.

Initial state Final state
S p

p s, d

d p,f

f d,g

The experimental setup simply requires a monochromatically tunable light source
and an electron energy analyzer. The XANES principle is based on the determination of the
x-ray absorption coefficient p depending on the photon energy hy at a fixed angle of
illumination, 6. However, this edge of the absorption coefficient is influenced by the energy
of unoccupied electronic levels.

XANES spectra can be used to make qualitative fingerprint-like comparisons. The
availability of representative library of reference spectra helps the identification of
unknown element using spectral matching. Moreover XANES spectra can be used to
determine oxidation state, to deduce three-dimensional structure, and as a probe of
electronic structure. The energy of an edge increases as the oxidation state of the absorber
increases. The electrostatic model explains this observation as atoms with a higher
oxidation state have a higher effective nuclear charge thereby requiring more energetic X-
ray for the excitation of a core electron. Another explanation treats the edge features as
“continuum resonances”, which involves excitation of a core electron into a high-energy
state (above the continuum) that has a finite lifetime. A potential well created by the
absorbing and scattering (nearest neighbor) atoms can be considered as an example of this.
The energy of the continuum state is directly related with the absorber-scatterer distance
as 1/R2. Higher oxidation- state metals with shorter bond lengths will have an increase in
edge energy.

The X-ray absorption can be measured by measuring X-ray fluorescence or

transmittance.
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Figure 3. Schematic representation of XANES experimental setup.

The core hole states produced by the ejection of the electrons by X-ray photon are
highly excited and one way of relaxation is by X-ray fluorescence where higher energy
electron occupies the hole by emitting energy. The intensity of X-ray fluorescence is
described by following equation.

w = (It/To)

The intensity of X-ray fluorescence is directly proportional to the X-ray absorption
cross-section of the sample. In practice, energy-resolving solid-state fluorescence detectors
are used to selectively distinguish fluorescent X-rays from backscattered ones.

Alternatively the X-ray absorption can be determined from the transmittance if the
concentration of the sample is moderate. The intensity ratio of the incoming X-ray and the
outgoing X-ray is proportional to the exponential of the absorption coefficient times the
thickness. At the absorption edge, a sudden decrease in transmittance occurs. The obtained
transmittance spectra are then usually converted to absorption spectra. X-ray Absorption is
described by equation

w=1In(lo/T)
6 X-ray photoelectron spectroscopy

X-ray Photoelectron Spectroscopy (XPS) or Electron Spectroscopy for Chemical
Analysis (ESCA) is based on the principle that when X-rays hi atoms, electrons are ejected.
[t is a typical surface-sensitive technique as only electrons that are generated in the top few
atomic layers (mean free path ~1.5 nm) are detected, even though the absorption length of
the X-rays is about 100 - 1000 nm. The technique provides quantitative information about
the elemental composition of the surface of all kinds of solid material like insulators,
conductors, polymers etc. The sample material is irradiated with monoenergetic soft x-rays
causing electrons to be ejected. The measurement of kinetic energies of these ejected

photoelectrons helps in the identification of the elements in the sample as each element



produces a characteristic set of XPS peaks at characteristic binding energy values. All
elements except H and He can be detected. Moreover the relative concentrations of
elements can be determined from the photoelectron intensities. The most important
advantage of XPS is its ability to obtain information on chemical states from the variations
in binding energies, or chemical shifts, of the photoelectron lines. Most modern
instruments have detection limits for most of the elements in the parts per thousand
ranges. Detection limits of parts per million (ppm) are possible under special conditions
such as concentration at top surface or very long collection time.

In XPS, soft X-rays with energies range from 200-2000 eV are used. The
development of synchrotron radiation sources has enabled high resolution studies with
much wider and more complete energy range (5 - 5000 eV). A sample placed in ultra-high
vacuum is irradiated with photons of energy, hv. Electrons of the atoms on the surface
absorb the photons and leave the atom by using some of its energy to overcome the
coulomb attraction of the nucleus, reducing its KE by its initial state BE. The kinetic energy
of the ejected electron is related to the energy of the X-ray photon as

KE=hv-BE-®
where BE represents the binding energy of the atomic orbital from which the electron
ejected and @ is the spectrometer work function which is an adjustable instrumental
correction factor that accounts for the few eV of KE loss of the photoelectron as it becomes
absorbed by the instrument's detector. An electron energy analyzer measures the kinetic
energy distribution of the emitted photoelectrons and a photoelectron spectrum can thus
be recorded.

The number of detected electrons is a measure for the elemental concentration.
Atomic concentrations can be obtained by dividing the peak areas by standard sensitivity
factors and normalizing to 100%. For bulk materials the surface concentraions can be
determined with a 20% inaccuracy. However, in most cases, the surface composition
varies as a function of depth, where the signal of an element in a lower layer will be
attenuated more strongly than that in the top layer. In such cases either angle-resolved
measurements or model calculations are performed to extract quantitative information.

The basic requirements for a XPS experiment are:



1. A fixed-energy radiation source. The most commonly employed X-ray sources are those
giving rise to Mg Ka radiation (hv = 1253.6 eV) and Al Ka radiation (hv = 1486.6 eV).

2. An electron energy analyser. This separates the emitted electrons according to their KE,
and measures the flux of emitted electrons of a particular energy. The most preferred
design is a concentric hemispherical analyser (CHA) where an electric field is applied
between two hemispherical surfaces to disperse the electrons according to their KE

3. A high vacuum environment which enables the emitted photoelectrons to be analysed
without interference from gas phase collisions. XPS detectors must be operated under
ultra-high vacuum (UHV, P < 10-° millibar) conditions in order to count the number of

electrons with a minimum of error, as they are kept one meter away from the sample.





