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Modification of Cerium Oxide with Different Dopants and Synthesis Methods
YUQI ZHANG

Department of Chemistry and Chemical Engineering

Chalmers University of Technology

Abstract

Cerium oxide has many applications as a reducible oxide. In this paper, different
dopants (Sm, Fe, Pt, and Rh) and synthetic methods were used to modify ceria
to obtain metal-doped ceria with high specific surface area and high homogeneity.
For different synthesis methods, different parameters that may have affect on the
specific surface area were also investigated. The synthesized oxides were character-
ized employing Ns-physisorption, XRD, etc. to compare the surface area, crystal
structure, and purity. The results showed that different synthesis methods have the
greatest influence on the specific surface area, and the co-precipitation method is
better than the citric acid method or the modified Pechini method in synthesizing
oxides with high specific surface area. In the co-precipitation method, the choice of
precipitant also played a role. Among the precipitants tested in this project (ammo-
nia, urea and sodium hydroxide), sodium hydroxide performs best in getting high
surface area. Citric acid and Modified Pechini method performed better in obtaining
more homogeneous samples.

Two typical doped ceria synthesised by sodium hydroxide method were selected as
carriers (CeggSmp2019, CeggFeg2019), and the catalysts were prepared by sup-
porting metal Rh. The catalysts were characterized by No-physisorption and CO-
chemisorption to get the information about specific surface area and metal dispersion
and size. Finally, the performance of the catalysts in the CO, methanation reaction
was tested and compared with Rh/ceria catalysts with Rh weight percentage of 1,
2, 3 wt.% and doped Rh cerium oxides with Rh content of 0.5, 2.5, 5.5 wt.%.

Keywords: Cerium Oxide, Dopant, Co-precipitation, Citric Acid Method, Modified
Pechini Method, CO, Hydrogenation.
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List of Acronyms

Below is the list of acronyms that have been used throughout this thesis listed in
appearance order in the text:

OSC oxygen storage capacity

PROX Preferential CO oxidation

WGS Water-gas shift reactions

ACP Co-precipitation with ammonia (Ammonia method)

UCP Co-precipitation with urea (Urea method)

SCP Co-precipitation with sodium hydroxide (Sodium hydroxide
method)

CA Citric acid method

PP Modified Pechini method

M General represents dopants (Sm, Fe, Pt, Rh)

IUPAC International union of pure and applied chemistry

BET Brunauer—-Emmett—Teller

SSA Specific surface area

STP Standard temperature and pressure

XRD X-ray diffraction

FWHM Full width at half maximum (of XRD peaks)

XRF X-ray Fluorescence Spectrometer

MFC Mass flow controller

MS Mass Spectrometry
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Nomenclature

Below is the nomenclature of parameters, and variables that have been used through-
out this thesis.

P Actual pressure

Py Saturation pressure

P/P, Relative pressure

v Adsorbed gas quantity

U Amount of gas adsorbed in the monolayer

E, Heat of adsorption for the first layer

Er Heat of vaporization

c BET constant

SBET BET surface area

Vin Monolayer adsorbed gas volume

L Avogadro’s number

a Cross-section area of adsorbed gas molecules

V Molar volume of adsorbed gas

M Sample mass

Dietal Metal dispersion

Qco The quantity of chemisorbed CO monolayer per gram catalyst at
STP

M etal The molar mass of metal

W netal The weight percentage of active metal

F Stoichiometric factor

Aetal Specific active metal area

Ametal The metal particle size

Pmetal Metal density

0 Scattered angle of reflection

d interplanar spacing

n Wavelength integer

X1



xii

Wavelength of the X-ray

Lattice constant of unit cell (A)
Lattice constant of unit cell (o)
Miller indices

Crystallite size generated from XRD
0.89, Scherrer constant

Conversion of CO,
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1

Introduction

1.1 Application of metal oxides

Oxides are ubiquitous and the main components of the earth’s crust and mantle are
metal cations and oxygen anions. Due to the relatively ease of access to huge re-
serves, metal oxides are widely used in many technologies supporting environmental
and human needs [1]. Among the common metal oxides one find alumina (Al;O3),
which has the characteristics of high thermal stability, corrosion resistance, insula-
tion properties and strength, and can be used in sapphire crystals, lithium battery
separators, advanced ceramics, plasma display phosphors and so on. Another com-
mon metal oxide is silica (SiO3) that has similar properties to alumina and is widely
used in glass, construction, electronics, rubber, and other industries. These two solid
oxides are also used in heterogeneous catalysts, both as catalysts and as supports for
other catalytically active components in the catalysts due to their acidic surfaces,
porosity, rigid framework, high specific surface area, and thermal stability [2]. Pure
microporous and mesoporous Al,Os, SiOy, Si05-Aly03 as well as zeolites, which is
special class of metal oxides, have all been applied in catalysts for many different re-
actions [3]. For example, Ni, Cu and Mo supported on Al,O3 or SiO, form catalysts
that can be used in reactions related to Hy accession for renewable hydrocarbon syn-
thesis from vegetable oils and biomass, dry reforming of methane, CO, methanation
[4, 5, 6], hydrodesulfurization, and ethanol steam reforming [7, 8, 9, 10]. Some noble
metals (Au, Rh, Pt, Pb, Ru and Ir) supported Al;O3 and SiOs constitutes catalysts
that show great activity for CO oxidation [11, 12, 13, 14, 15|, methane oxidation
[16, 17, 18, 19, 20, 21], fuel cracking, ammonia formation [22, 23, 24, 25|, syngas
production, and automotive exhaust catalysis [26, 27]. Apart from AlyO3 and SiO,,
other metal oxides, such as ZnO, TiO,y, ZrO,, CeO,, Fes03, MnOs, SnO,, Coz04,
CuO can also be applied in catalysis as catalyst or catalyst supports, some of them
often used together as bimetallic or multimetallic oxides in order to promote cat-
alytic activity [28, 29, 30].

Some metal oxides are strongly influenced by the reversible oxidation state of the
metal, and are promising for the storage and release of oxygen, as well as in the field
of catalysis, such materials can be called reducible metal oxides. In theory, all ox-
ides can be reduced, and whether a metal oxide is a reducible oxide mainly depends
on whether the necessary thermodynamic conditions required for the formation of
oxygen vacancies can be achieved technically [31]. Compared with non-reducible
metal oxides, reducible oxides can exchange oxygen in a relatively easy way, which
are very suitable for oxidation and reduction reactions such as CO oxidation [32],

1



1. Introduction

methane oxidation [33, 34, 35, 17] the water-gas shift reaction [36], and COy hy-
drogenation [37], due to their flexible oxygen storage/release capacity and a large
number of oxygen vacancies that can interact with oxygen molecules [38]. Reducible
oxides can also be used as sulfur traps [39]. Many transition metal oxides belong to
the category of reducible oxides, such as TiO,, CeOs, LayO3, Fe;03, CaO, and NiO
[40]. The oxygen vacancies of metal oxide can be modified by doping heteroatoms,
control the morphology and dimensionality of oxide particles. For example, Yajing
et al. have found that Co-doped ceria generated a much low oxygen vacancy forma-
tion energy compared with pure ceria, which leads to more abundant oxygen defects
and higher reducibility [41]; MgO and ZrO, are considered as nonreducible oxide,
while the crystal sizes of these metal oxides are reduced to nanoscale, the formation
energy of an oxygen vacancy is significantly lower [40, 42].

1.2 Objective

This project focuses on the modification of ceria with different dopants (Sm, Fe, Rh
and Pt) using different synthetic methods. By studying various parameters of the
synthesis method, the specific synthesis steps that can generate high specific surface
area, homogeneity and thermal stability are summarized. At the same time, the
substitution of different dopants and the use of synthetic methods on the structural
properties of ceria were analyzed, and the rules were summarized. The catalytic
activity of those doped ceria were tested by supporting Rh in a flow reactor with
CO3 hydrogenation reaction.



2

Background

2.1 Cerium and cerium oxides

The rare earths is a group of seventeen elements in the periodical classification
whose electronic configurations have unique properties, in the case of the so-called
lanthanides (Ce ~ Lu), characterized by the presence of partially filled 4f orbitals
[43]. Cerium is the most abundant rare earth metal in nature, being the 25th
most abundant element, which makes it more abundant than copper. Ceria has
a 4f25d°6s* electron configuration (atomic number = 58), which leads to the two
oxidation states of Ce®™ (Cey03) and Ce*t (CeO,) [44]. CeOs,, also known as ce-
ria, plays an important role in various areas such as wastewater treatment, fuel
cells, heterogeneous catalysis, gas sensors, ultraviolet absorption, glass polishing,
and biomedical science owing to its easy transition between Ce3t and Ce*", large
oxygen storage capacity (OSC), flexible redox property and abundant oxygen va-
cancies [45, 46, 47, 48, 49, 50].

When used in catalysis, ceria can be encountered in different forms. Cerium oxide
itself demonstrate activity in many catalytic reactions due to its unique Ce®*/Cet*
pairs and oxygen storage/release ability [51, 52]. In many cases, ceria is supported
on different more inert materials such as SiOy, Al,O3 or TiOy [53]. In this case,
ceria often acts as an active ingredient in catalytic oxidation reactions while the
inert oxides only play the role of supplying space for the catalytic reaction or dis-
persing ceria particles [54]. Ceria can also be used as a support, supporting metals
(Pt, Pd, Rh, Au, Ni) and be applied to the elimination of undesired auto-exhaust
gases, CO and soot oxidation, COy conversion, and so on. Because of the excellent
redox performance and appropriate surface acidity, CeOs can have a strong inter-
action with the supported metals, and supported metals considerably enhance the
reducibility of ceria and its oxygen storage capacity which leads to a promotion of
catalytic activity [55, 56].

2.2 Structural properties of CeQO,

The ceria has a fluorite structure, which is named after the mineral form of calcium
fluoride. With four cerium atoms coordinated by eight equivalent nearest-neighbour
oxygen anions in a unit cell, the cerium oxide has a face-centered unit cell (f.c.c.).
The structure illustrated in fig. 2.1a [57] can be thought of as a ccp array of cerium
ions with oxygens occupying all the tetrahedral holes. The nonstoichiometric CeO,
is generally formed by the release of oxygen and the subsequent formation of oxygen
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vacancy in the lattice (fig. 2.1b) [58, 56].

The transport properties of oxides, such as electrical conduction and oxygen diffusion
are mainly determined by the presence, concentration and mobility of the lattice
defects. These transport properties of ceria play important role in applications of
solid oxide electrolytes and catalysts. Defects in ceria can be intrinsic (caused by the
thermal disorder or the reaction between the solid and the atmosphere) or extrinsic
(defects that formed by impurities or the introduction of aliovalent dopants) [58].
It is well known that the oxygen defects influence the optical, electrical, and mechan-
ical properties of CeOy, which further influence the application of ceria in catalyst
[59]. To increase the number of oxygen vacancies in CeOs, crystal structures, alio-
valent dopants can be introduced into ceria lattice to modify the surface and bulk
properties of cerium oxide and further stabilize the surface area and particle size. It
has been found that doped caria can generate not only more oxygen vacancies but
also stronger oxygen mobility and ionic conductivity.

(a) (b)

Figure 2.1: (a) Ideal crystal structure of CeOg; (b) Crystal structure of CeOs with
one oxygen vacancy [57].

2.3 Modification of cerium oxides by dopants

Several cerium-cation oxide systems have been studied during the years, includ-
ing isovalent dopants like Zr**, Hf** Ti*t and aliovalent dopants like La3*, Sm?*,
Fe?*/3+ Mg?*, Ca?* and so on [60]. The doped composite has an effect on the oxy-
gen storage capacity (OSC). When the Ce?t is substituted by the ions lower than
4+ in valence, the changes are compensated by oxygen vacancies (such as doped
Sm showed in eqn. 2.1 ). The crystal structure stability, the Ce?™/Ce®" shift and
surface characteristics (i.e., surface area and porosity) usually influence the OSC
of ceria and catalytic performance. As discussed in the literature, the doping of
alkaline metals (Na, K, Rb, Cs etc) promoted the catalytic performance of ceria in
soot oxidation by forming carbon-oxygen-metal complex [61]. The modification of
alkaline earth metals like Mg, Ca, Sr and Ba on CeO, can improve the intrinsic
activity of the catalyst supporting Ni [62]. Adding different rare-earth ions (La,
Y; La, Er; La, Sm) to the CeOy crystal structure by co-doping method shows that
oxygen defect formation was achieved by substitution of additive cations instead of
Ce** in the crystal structure. The effects of defects created with different additive

4
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types of conductivity and optical properties were observed, the total conductivity
can be in the order of Sm>Y>Er [63].

25m*" + CeOy — 2Sm‘Ce + Ozo+ V... 0 (2.1)

Samarium as a rare earth element has a similar property to cerium. The ionic radii
of Sm is close to the critical radius value of CeOs. This value corresponds to the
ionic radius of the dopant whose substitution for the host cation causes neither
expansion nor contraction of the fluorite lattice. Doping of Sm has been found
to have enhanced surface area, increased oxygen mobility and higher qualities of
oxygen defects [64]. Ayesha A et al. [65] found that co-doped Cu and Sm ceria
catalyst presented a 64% increase in the CO oxidation activity compared to that of
pristine ceria, and also discovered that Cu?™ and Sm3* dopants were located in the
nearest neighbor sites of oxygen vacancies, which reveals that doping Cu, Sm into
ceria helps to generate more oxygen defects. Siakavelas et al. [66] compared a series
of metal-doped Ni/LaCeO, catalysts’ stability and selectivity for COy methanation.
The results show that the co-presence of La3™, Sm3*, and La*, Pr3t increased
the population of oxygen vacant sites, and the co-presence of La®™, Pr3* and La3*,
Mg3* led to an increase of the overall basicity and plethos of moderate basic sites.
Those properties helped increase the rate of CO, methanation reaction for Ni/La-
Sm-Ce and Ni/La-Mg-Ce catalysts at low reaction temperature (300 °C). The work
conducted by G. Avgouropoulos demonstrates that doping Sm3* into ceria affects
the dispersion of Au species on the metal oxide support, of which both large Au
particles (> 10 nm) and highly dispersed gold clusters (~ 1 nm) were found on pure
CeQs, while the particle size of Au was 3.5 ~ 4 nm for Sm-doped ceria. The doping
of Sm benefits the catalytic performance of Au/Ceria catalyst in the preferential CO
oxidation (PROX) reaction [64].

Iron is one of the most common elements on earth, the substitution of Fe in CeO,
fluorite structure shows superior catalytic activity and brings down the cost of the
catalyst considerably [67]. Fe doping has been found that can efficiently regulate the
Ce'™ /Ce3* redox couple and oxygen vacancy, which brings a higher catalytic activity
and ionic conductivity. The Fe-modified Au/ceria catalyst showed an enhanced
catalytic activity for CO oxidation especially at low temperatures. This is mainly
because of the Ce-Fe interaction and formation of a solid solution, the close contact
between both cations enhanced the reducibility of the support by generating more
stable reducible species, which increases the concentration of active sites on the
surface during CO oxidation reaction [68, 69]. Since the ionic radii of Fe cation is
smaller than Ce*™ /Ce®T, the incorporation of Fe usually decreases the crystallite size
and lattice parameter of ceria but increases the SSA, which favors the reducibility,
the number of basic sites and total conductivity [70].

Ceria~supported Pt and Rh catalysts (Pt/CeOg2, Rh/CeO;) have been a research
hot spot for a long time because of its high activity, reducibility and high oxygen
storage capacity and ability of ceria to stabilize metals [71]. It has been established
from previous research work that metals are usually active sites for adsorption of
reactant molecules and subsequent catalysis, and these metals are usually distributed
on supports in the form of metal particles [72]. However, in these catalysts, the zero-
valence noble metal atoms present on the surface of metal particles as active sites
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for oxidation and reduction molecules account for a small proportion (about 1/4 ~
1/5) of the total amount of atoms in the metal particles. If the atoms present in
the metal particles can also be used, the reaction rate will theoretically be increased
by 4 to 5 times. The work conducted by M.S.Hegde’s group found that if precious
metals are oxidized to their ions, their dispersion can be increased. These ions can
be dispersed on the surface of the oxide, or directly mixed into the oxide support
to form a uniform solid-phase catalyst, and in a variety of catalytic reactions (NO
reduction, CO and hydrocarbon oxidation, three-way catalytic reactions, water gas
shift (WGS) reactions, Hy + O5 recombination reactions, hydrogenation and Heck
reaction) show higher activity than conventional supported metal catalysts [73].
Inspired by that, it is interesting to dope Pt or Rh into the lattice of ceria in order
to improve the dispersion of noble atoms and interaction between the noble metals
and CeO,, and a higher catalytic catalyst is expected.

2.4 Synthesis methods

Synthesis and preparation methods have influence on the properties of ceria-based
materials, such as crystallite phase, particle size, surface area, catalytic activities
and solubility limit of dopants in ceria. There are a lot of methods reported for
synthesising CeO, and ceria related materials.

Co-precipitation is one of the most commonly used methods for synthesising metal
oxides in the light of it has the advantages of low cost, favorable industrialization,
simple preparation conditions and short synthesis cycle. It can be applied to syn-
thesising homogeneous solid solutions with two or three different metal ions [74].
Usually, the metal ions are provided by soluble metal salts (called precursors) such
as the metal nitrates and metal alkoxide. The bases (ammonia, sodium hydroxide,
sodium carbonate, etc.) can be used as the precipitant to help form the precipitate
together with the precursors [75]. In addition, it is important that the hydroxides or
precipitates form in a similar narrow pH range to have a co-precipitation (and not
sequential precipitation), which is the key to obtaining homogeneous metal oxides
[76]. Deshetti Jampaiah reported synthesis CeggFep20, and CepgSmg20, with a
modified co-precipitation method by using ammonia as the precipitant and metal
nitrite hydroxides as precursors. The precipitations were calcined at 500 °C and 800
°C respectively. By doping Fe, Sm into ceria, the SSA was modified compared with
pure ceria at both calcination temperatures (see in table 2.1). With the increase in
calcination temperature, the SSA of all the metal oxides drops significantly, which
mainly due to the crystallite expansion caused by sintering [77]. Not only the cal-
cination temperature, other factors such as metal salt precursor selection, choice of
precipitation agent, the pH environments and aging conditions also influence the
surface area of co-precipitation method samples. The work conducted by Alfred
Hagemeyer group comprehensively investigated the influence factors on generating
Ce based sample with high surface area, the highest could reach 300 m?/g by using
Ce(NO3); - 6H,0O and NaOH as the precursor and precipitant in a rising pH environ-
ment [78]. F. lin tested the Rh-doped ceria synthesised by co-precipitation method
with ammonia, the results reveals that Rh-doped ceria has an excellent structural
stability since it sustains the fluorite structure even at elevated temperatures up to
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1400 °C [79].

Sol-gel method is an important technique that can be used to synthesis samples with
controlled structures especially ultrafine oxide materials at relatively low tempera-
tures. It can also be applied to synthesis highly homogeneous composite with high
purity [80]. "Sol" is a stable colloidal dispersion of small particles suspend in a lig-
uid, "gel" can be formed by slowly drying "sol". In this method, some hydroxy acids
such as citric, lactic, and glycolic acids are used to form polybasic acid chelates with
different cations to promote uniform distribution of metal cations. O.H.Lagnna and
coworkers [69] synthesised a series of Ce-Fe oxides ( with Fe molar percentages of 0%,
10%, 25%, and 50%) with a sol-gel method using propionic acid as the complexing
agent. The synthesised metal oxides correspond to the C- CeO, fluorite structure.
When the molar percentage of Fe reached 25%, the phase of o - Fe,O3 started to
show up, which means that the solubility limit of iron in the ceria matrix is 25% in
their case. The fluorite structure of ceria contracted after the doping of Fe, which
inline with the ionic radii of Fe and Ce. Jiangiang Wang et. al [67] used citric acid
as complex agent and glycol as additive synthesised Fe,Ce;_,0, solid solution with
different Fe/Ce atomic ratio (1-20 mol%). The solubility of iron oxides in this case
was 5 mol% according to the XRD results. The highest surface area was generated
by sample Feg03Cen 970, (49.0 m?/g). The doped ceria showed higher dynamic OSC
and compared with the CeOs synthesised by the same method. Roger Jacot [81]
synthesised a group of doped ceria (Mg 1Cep 9025 (M = Si, Ti, V, Cr, Zr, Nb, Rh,
Hf, Ta, Nb, V, Pr, and Tbh)) with Pechini-type sol-gel method, and found that the
solubility of dopants in the ceria matrix tends to decrease for smaller effective ionic
radii, giving rise to the formation of frequently Perovskite-related side products. The
work conducted by Yunfei [82] showed that the heating process plays an important
role in sol-gel method, which effects the properties of doped ceria. They compared
Smg2Cey 301 9 samples synthesised by microwave-assisted sol-gel method and tradi-
tional sol-gel method with the same starting chemicals, and the microwave-assisted
sol-gel method with a higher heating rate and more homogenous heating manner
without thermal gradients resulted in the smaller pellet grain size and higher specific
surface areas.

The Pechini method was first proposed by Maggio Pechini, which described how to
use the ability of certain alpha-hydroxycarboxylic acids (such as citric, lactic, and
glycolic acids) to form polybasic acid chelates with different cations to prepare films
of titanate and niobate dielectrics. The chelate compound and the polyhydric alcohol
solution were heated to undergo polyesterification to obtain a transparent solid resin,
thereby maintaining the uniformity of cation distribution in the solution[83, 84]. The
Pechini method has been modified over the years to synthesis materials with im-
proved physical and chemical properties. The modified Pechini method has become
one of the most popular synthesis methods in the low-temperature synthesis of highly
pure and homogeneous substances and the development of fabrication techniques for
forming certain shapes[85]. Pechini method can be applied for co-doping ceria solid
solution preparation. Licurgo BorgesWinck [86] used Pechini method to dope Sm
and Gd together into ceria (citric acid as complexing agent and ethylene glycol as
polymerization agent, as well as ammonia hydroxide to adjust pH). The XRD results
showed that both Sm and Gd were successfully sbustituted into the lattice of ceria
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2. Background

and confirmed a fluorite cubic phase. Others added Triton X-100 as a structure-
directing agent based on the classical Pechini method, and obtained samples with
higher specific surface area, higher oxygen vacancy concentration and stronger ionic
conductivity than the CeggsSmg o5Gdg.1O0s_s synthesized by the traditional Pechini
method [87]. The Pechini method has also been used to synthesize oxides containing
multiple different metals (4-6 species) due to its easy availability of homogeneous
oxides. Beata Bochentyn et al. [88] successfully synthesised Y 075r0.93Ti0.8Feg 2035
solid solution with Pechini method, while the one synthesised by modified polymer
precursor method showed impurity phases of TiO,.
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Table 2.1: Synthesis conditions and surface areas for (doped) ceria

Sample Starting materials Synthesis method Calcination temperature / °C  Sppr / m?g™! Ave. size / nm Ref.
CegsFeg 20, Ce(NO3)3 -6H,0, Fe(NO3); -9H,0, NH,OH co-precipitation 500 6 8:55 [77)
800 12 19.01
CepsSmg20, Ce(NO3)3 -6H50, Sm(NO3); -6H,0, NH;OH co-precipitation 500 8 765 [77]
800 55 25.17
CeOy Ce(NO3)3 -6H,0, NH,OH co-precipitation 500 4 8.92 [77]
800 8 32.5
Ce(NO3)3 -6H,0,
Ceo.g5Fe0.050. Fe(NO;3);3 -9H,0, co-precipitation 600 71 9 [89]
NH,OH
Ce(NO;3)3 -6H,0,
Cegg3Feg 070, Fe(NO3)3 -9H,0, co-precipitation 600 40 12 [89]
NH,OH
Ce(NO3)3 -6H,0,
CegoFen.10, Fe(NO3)3 -9H,0, co-precipitation 600 58 8 [89]
NH,OH
Ce(NO3)3 -6H,0,
Ceg.99Rho 010, Rh(NO3)3 -6H-0, co-precipitation 500 - 11.8 [79]
NH,OH
Ce(NO3)3 6H,0,
Ceg.g9Rh.010; Rh(NO3)3 -2H,0, co-precipitation 450 145 7.9 [90]
KOH
Ce(NO;3); -6H,0,
Ce.97Rhg.030, Rh(NO3)3 -zH>0, co-precipitation 450 138 8.7 [90]
KOH
Feg 01 Cep.990, Ce(NO3)3 -6H,0, 33.7 -
Feg.03Cen.070, Fe(NO;3)3 -9H,0, 300 (0.5h) and 49.0 -
sol-gel [67]
Feg.05Cen.050y citric acid, 500 (5h) 42.3 -
Feg 07Ce.030, glycol 344 _

Smy05 + HNO4
Ce(NOy)3 -6H,0
Smg2CeosOro ©(NOs)s 612 sol-gel 900 15.1 56 [82)
EDTA-NHj -H50
NH,OH (adjust pH to 10)
Ce(NO3)3 -6H,0
, Sm(NOy); -6H,0
2wt%Pd/Ce oSmo 10y 05 m(NOg); -Gy sol-gel 500 69.4 8.3 1]
PA(NO3); -6H,0
citric acid
Ce(NOy)3 -6H,0
Sm(NO)3 -6H,0
2wt%Pd/Ceg sSmg 205 o m(NOg)s 62 sol-gel 500 66.5 78 [91]
PA(NO3); -6H,0

citric acid

Rh(ii) acetate
Rh1Ceg 90, Ce(NOy)3 -6H,0 sol-gel 1100 - - (81]
citric acid
Ce(NOy)s -6H,0
Sm(NO3)3 -6H,0
Cey sSmg 2019 citric acid Pechini 600 - 28.62 [86]

ethylene glycol
NH,OH (adjust pH to 9)
Ce(NOs)3 -6H,0
Sm(NO3)3 -6H,0
CeosSmp.15Gdo.osO1.0 Gd(NOy); 64,0 Pechini 600 - 31.13 [36]
citric acid
ethylene glycol
NH,OH (adjust pH to 9)
Ce(NO3)s -6H20
Sm(NO3)3 -6H,0
Gd(NOs)3 -6H,0

citric acid

CepsSmp 1 Geg, 019 Pechini 600 - 33.86 [86]

ethylene glycol
NH,OH (adjust pH to 9)
Co(NOy); -6H,0
Sm(NO3)3 -6H,0
Ceg.555m0,05CGdo 1 Oz GA(NOy); 6H;0 Pechini 550 66 12,62 7]

citric acid
ethylene glycol
Ce(NOy)3 -6H,0
Sm(NO3)3 -6H,0
Gd(NOs)s -6H,0

citric acid

Ceg.g55m0.05Gdo.1 025 Modified Pechini 550 91 9.11 [87]

ethylene glycol
Triton X-100
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Methodology

3.1 Synthesis of metal oxides

To generate the metal oxides with high surface areas, phase purity, and thermal
stability, five synthesis methods were investigated in this project. According to the
mechanisms those methods were classified into co-precipitation and gel and poly-
meric precursor methods. Three different precipitants: NH4OH, urea and NaOH
were investigated in the co-precipitation methods, and the synthesis processes were
adjusted according to the properties of the precipitants. Gel and polymeric precur-
sor method is the general designation of citric acid and modified Pechini method
in this project. Both of them have the step of heating and evaporating the solu-
tion containing metal ions and complexing agent or polymerization agent to obtain
gel or polymer. This kind of method mainly involves the reaction between mixed
cations with citric acid, cations cross-linkage with the help of ethylene glycol for
the polyesterization process (modified Pechini method), heating and evaporating
of the solution to obtain the gel or polymeric precursor, and decomposition of the
precursor material to obtain an oxide powder [85, 92].

The synthetic sample name consists of the element, the synthesis method, and
the calcination temperature. For example, C80SO-ACP-F500 is expressed as a
Cep.gSmp 2019 sample obtained by ammonia method calcining synthesized at 500
°C. Other dopants, Fe, Rh, and Pt are represented as F, R, and P in the sample
name.

3.1.1 Co-precipitation methods

Ammonia method

For this co-precipitation method, ammonia played the role of precipitant as it in-
cludes no other metal ions and is easy to be washed away by filtering. Metal nitrates
were used as the precursors. In the process of gradually adding a 2 M ammonia to
the precursor solution, the pH increased continuously and was accompanied by the
formation of precipitates (usually metal hydroxides). When the pH of the mixture
reached 10, the adding of ammonia was stopped during continuous stirring. Then
the product was left for around 45-60 min until the liquid and solid phases sepa-
rated nicely, followed by filtration, washing, freeze drying for 2 days and calcined at
500 °C for 5 h (heating rate: 4 °C/min), the final product was obtained. Fig. 3.1
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3. Methodology

represents the basic steps of this method.

(2M l
|_NH,OH |

dropwise added

Precursor 1
+100ml H,0
Precursor 2
+100mlH,0

mixing

Mixture

Precipitates

Aging for 45min~1h

Filtering and washing
Freeze drying for 2 days

Calcine at 500 °C for Sh

Figure 3.1: The basic process of ammonia method

Urea method

This method is based on that urea can be decomposed into cyanate and ammo-
nium ions when increasing the temperature, and the obtained cyanate ion will
further undergo conversion to carbonate and ammonium, the carbonate ions will
combine together with the cations offered by precursors and form metal carbonate
precipitates[93, 94]. However, for some easily hydrolyzed ions such as iron, the metal
carbonates will eventually turn to metal hydroxide precipitate in the mixture.

As shown in Fig. 3.2, the precursors were separately dissolved in 50 ml Milli Q
H50, and urea was dissolved in 100 ml Milli Q HyO. After mixing the precursors
with urea solution, the mixture was heated up to 91 °C accompanied with reflux
for 15 h to decompose urea and generate precipitates. Followed by aging, filtering
and washing, the precipitates were dried in the oven at 100 °C for 10 h. Then the
samples were calcined at 350 °C and 500 °C to compare the effects of calcination
temperature on metal oxide properties.

Precursor 2 Precursor 1
+50m| H,0 +50ml H,0
mixing

Urea+100ml H,0 I

Heating up to 91°C,
reflux, keep for 15h

Precipitates

Aging for 30min~1h
Filtering and washing

Oven drying at 100°C for 10h

12 Calcine at 350 and 500 °C for Sh

Figure 3.2: The basic process of urea method
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Sodium hydroxide method

This is a co-precipitation method from a patent (US5993762A) of Johnson Matthey
PLC [95]. In this method (Fig. 3.3), sodium hydroxide was used as a precipitant.
The precursors were dissolved together in 20 ml Milli Q HyO while NaOH was
dissolved in 240 ml Milli Q H5O. The NaOH solution was heated and to boiling,
the precursors were slowly dropped into the boiling NaOH solution. This process
should last for at least one hour. After the dropping process, the mixture was boiled
at 100°C for one more hour, after which the heating and stirring were stopped. The
obtained substance was cooled down and separated nicely into solid and liquid phases
in the flask. Followed by filtering, washing, drying in the oven at 110 °C for 12 h
and calcination at 350 °C, 500 °C, whereafter the final metal oxides were obtained.

Precursor 1+ Precursor 2
+20ml H,0

Dropin
[ 1.442g NaOH +240ml H,0 ]

(boiling solution, around
120°C)

Precipitates

Aging at 100 °C for 1h

Filtering and washing

Oven drying at 110°C for 12h

!

Calcine at 350 and 500 °C for 5h

Figure 3.3: The basic process of sodium hydroxide method

3.1.2 Gel and polymeric precursor methods

Citric acid method

In this method, citric acid was used as a complexing agent, which would lead to a
nice separation and mixing of the metal ions in solution. The precursors were first
dissolved in a certain amount of Milli QQ HyO to generate the same concentration,
and citric acid was also dissolved in water. The molar ratio between metal ions,
citric acid and the water used to solve citric acid was: 1:3:40. The well-mixed citric
acid and precursor solution was then heated up slowly to evaporate the solvent in the
solution and get a gel-like substance (in certain cases foaming can occur during the
evaporation process). The substance should mainly be the complex of citric acid
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3. Methodology

and metal ions, but it also contains NO3~ provided by metal nitrate precursors.
Followed by drying at 201 °C for 5 h and pyrolysis at 250 °C for 5 h (heating rate:
4 °C/min), citric acid and other impurity ions will be burnt away, after calcined at
500 °C for 5 h, a pure CeMO, sample was generated.

In this method, some parameters are investigated based on the BET surface areas,
such as pH, condensing rate and temperatures, drying rate and temperatures, py-
rolysis temperatures and calcination temperature. According to literature [84], the
mixture pH affects complexing behavior between citric acid and metal ions, with
the increase of pH, the chelate formed in the mixture will be more stable. Also
from the pre-synthesis and characterization results of some samples, the pH seems
to affect the surface area of metal oxide. Two different pH (1 and 7) are chosen
in this project according to the three citric acid pKa values of 3.13, 4.76 and 6.39.
At pH=1, only one carboxylic acid group is assumed to be deprotonated, while at
pH=7 all three carboxylic acid groups of citric acid are deprotonated. The basic
process of this method is shown in the following figure 3.4

Precursor 1 + Precursor 2 +
H,0 H,0

mixing

. . VT . dropwise added till
Citric acid + H,0 1 ,NH4,O,H, i pH=7 if adjust the pH
Heating up slowly
Foam (pH=1) or
gel (pH=7)
Drying on the heating plate at 201°C for 5h

}

Pyrolysis at 250°C for Sh

}

Calcine at 500 °C for Sh

Figure 3.4: The basic process of citric acid method

Fig. 3.5 showed one type of complexing reaction between citric acid and metal
cations [96]. Fig. 3.6 is an illustration of the reaction between citric acid and metal
ions [84].

H M
0, OH
RN o ) on coo

—_—
/K/,\/”\
o? OH o N OH
OH . OH
e

Citric Acid

Figure 3.5: Complexing reaction between citric acid and metal ions [96].
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Figure 3.6: Illustration of complexing reaction between citric acid and metal ions.
(A, B represent different metal ions, open triangle represents citric acid) [84].

Modified Pechini method

In this method, citric acid plays a role of complexing agent, while ethylene glycol
is the polymerization agent. This method is similar to the citric acid method.
In addition to adding the complexing agent citric acid to uniformly disperse the
metal ions, ethylene glycol was added to undergo polyesterification. The molar
ratio between metal ions, citric acid, ethylene glycol and the water used to solve
citric acid was: 1:3:3:40. Then the mixture was heated to over 100 °C to allow the
polyesterization between citric acid and ethylene glycol, which formed large, cross-
linked networks and removal of excess water, a foam was obtained after that. Set
the temperature of the heating plate to 201 °C for 5 h to dry the foam, and then put
the substance into the calcine oven for pyrolysis at 250 °C for 5 h with a heating rate
of 4 °C/min from room temperature, after that the carbon chains connecting the
metal ions were usually eliminated. The final products were obtained after calcining
at 500 °C for 5 h (heating rate: 4 °C/min)

Fig. 3.8 shows the basic reaction of the modified Pechini method [96]. Fig. 3.9
shows the complexing and polyesterization process [84].

Precursor 1 + Precursor 2 +
H,0 H,0
mixing
[ Citric acid + H,0 ]0—[ Ethylene glycol ]

Heating up slowly

Foam

Drying on the heating plate at 201°C for Sh

}

Pyrolysis at 250°C for Sh

l

Calcine at 500 °C for 5h

Figure 3.7: The basic process of modified Pechini method.
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o o [¢]
_L\/\ A AL

OH I OH
0

Figure 3.8: Complexing reaction between citric acid and metal ions and polyester-
ization between citric acid and ethylene glycol [96].

oS A \
Y >
v LIy

A= /
RN A )
N A /]

Figure 3.9: Ilustration of complexing and polyesterization processes. (A, B rep-

resent different metal ions, open triangles represent citric acid, short lines represent
ethylene glycol) [84].
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3.2 Synthesis of metal oxide-based catalysts

The supported rhodium/CeMOs (M = Sm, Fe) catalysts were prepared by the dry
impregnation method. The rhodium nitrate precursor was dissolved in the same
volume of Milli Q HyO as the pore volume and dropped into the support materi-
als (the pore volume was obtained by dripping water into the support material and
measuring the weight of water that the material can just fully absorb). Stir the mix-
ture gently to ensure that the supports were fully soaked in the solution. Followed
by free drying, calcination (5 °C/min, keep at 500 °C for 1 h), the impregnated
Rh/CeMO; catalysts were obtained.

I Dropping

| Drying in the oven,

_— | _— °C overmi
250°C overnight

in water )|
— M2-M1 = the amount of water
0 cooo that the support material can
adsorb = pore volume x 1g/cm3
M1 M2

Freeze drying for 11h,
/= and calcining at 500 °C =

B L for 1h (5 °C/h) [
I \
® U ™

v Mixed Rhodium

. Final product
Rhodium nitrate solution and

nitrate solution metal oxide support

Figure 3.10: Impregnation process
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3.3 Characterization of physicochemical proper-
ties

3.3.1 Nitrogen physisorption

Physisorption process

Physisorption is a phenomenon of non-specific intermolecular interaction between
adsorbed molecules (adsorbate) and a solid material (adsorbent). It involves weak
forces of molecular interaction (van der waals forces) and relatively low adsorption
energy (usually in the range between 10-40 kJ/mol. Physical adsorption takes place
on all surfaces provided that temperature and pressure conditions are favorable, and
under proper conditions, it can result in adsorbed molecules forming multiple layers.
Physisorption is thermodynamically reversible at isothermal conditions.

For nitrogen physisorption, when nitrogen gas is in contact with a solid at 77 K,
a specific number of gas molecules will be attracted to the surface of the solid
by van der Waals forces. The number of adsorbed N; molecules depends on the
relative pressure of the Ny gas in equilibrium with it. Relative pressure (p/pg) is an
dimensionless expression of the actual pressure p (at the temperature at which the
experiment is performed) normalized to the saturation pressure py (77 K, 101.3 kPa).
The relationship between the number of molecules absorbed on the surface of solid
and the relative pressure can be shown in one plot called adsorption isotherm, from
which one can generate information about the specific surface area, pore structure,
and size of the solid.

IPUAC physisorption isotherms

[TUPAC Technical Report [97] summarizes six types of common physisorption isotherms
(Figure 3.11) [98]. In summary, microporous structured materials generally corre-
spond to Type I isotherms; non-porous or macroporous materials correspond to
Type II isotherms; Type III and V isotherms show no identifiable multilayer forma-
tion, implying that adsorbent-adsorptive interactions are relatively weak; Type IV
isotherms are usually given by mesoporous materials; and Type VI isotherms rep-
resent layer-by-layer adsorption on smooth, non-porous surfaces. Hysteresis loops
are located in the multilayer range of physisorption isotherms and are generally as-
sociated with capillary condensation. This form of hysteresis can be attributed to
adsorption metastability and/or network effects. There are five main types of the
hysteresis loops. Type H1 loop exists in materials with a narrow range of uniform
mesopores, and the steep, narrow loop is a clear sign of delayed condensation in
the adsorption branch. Type H2 hysteresis loops are given by more complex meso-
porous structures, with very steep desorption branches characteristic of the H2(a)
loop, which can be attributed to pore blockage/penetration or cavitation in the pore
neck in a narrow range of evaporation. H2(a) loop can be given by some ordered
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mesoporous materials. H2(b) loop has also been associated with hole blockage, but
the size distribution of the neck width is now much larger. The adsorption branch of
the Type H3 is similar to the Type II isotherm, and the lower limit of the desorption
branch is usually located at the cavitation-induced p/py. Loops of this type result
from non-rigid aggregates of tabular particles, or macropores that are not fully filled
with the pore condensate. The adsorption branch of H4 loop is a composite of Type
I and Type II, and usually exists in mesoporous and micro-mesoporous materials.
The H5 ring corresponds to some special structures. It contains open and partially
blocked mesopores. The H3, H4, and H5 loops share the common feature of a sharp
drop in the desorption branch within a narrow range of p/po [97, 99].

I(a) I(b)
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‘§ H3 H4 H5
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(a) Classification of physisorption (b) Classification of hysteresis loops.
isotherms.

Figure 3.11: IUPAC physisorption isotherms [97].

Brunauer—-Emmett—Teller (BET) model

The BET theory of adsorption generalized the Langmuir approach and included the
treatment of multilayer adsorption. The theory assumes that: (a) The adsorbent’s
surface is uniform and the adsorption energy within the first layer is constant. (b)
Except for the first layer, the adsorption energy of other layers is equal to the
molar heat of condensation, and the condensation-evaporation conditions are exactly
the same in these adsorption layers. (¢) When p/py approaches 1, the number of
adsorption layers becomes infinite and the adsorbent condenses to a bulk liquid on
the surface of the solid. Under dynamic equilibrium, the rate of adsorption on the
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layer is equal to the desorption from the layer[100]. The BET equation was obtained
by summing for an infinite number of adsorption layers :

b _ezlpy, b (3.1)

v[(B) =1 vme po” vme

where v is the adsorbed gas quantity, v,, is the amount of gas adsorbed in the
monolayer, py is the saturation pressure of adsorbate, p is the equilibrium pressure
of adsorbate, c is BET constant which equals to exp( EL ), where Ej is the heat
of adsorptlon for the first layer, E' is the heat of Vaporlzatlon From the equation a
plot of ﬁ vs - ylelds a straight line in a range of 0.05 < 55 <04 with slope

of &= L and mtercept of —— which can be used to calculate v,, and BET constant c.
The BET surface area can then be calculated by the following equation 3.2:

V.. La
S =
BET VM

(3.2)

where V,,, is the monolayer adsorbed gas volume, L is Avogadro’s number, which is
6.02 - 10% molecules/mol, a is the cross-sectional area of adsorbed gas molecules, V'
is the molar volume of adsorbed gas, M is the mass of the sample.

Measurement procedure

The specific surface areas (SSA) of the samples were characterized by nitrogen ph-
ysisorption by a Micrometrics Tristar 3000 instrument using 150-350 mg of samples
for the measurement. The samples were initially dried for at least 4 h at 250 °C
under a nitrogen flow to remove water and other weakly adsorbed species. After the
physisorption experiments were performed, the specific surface area was calculated
by Brunauer—-Emmett—Teller (BET) model. The porous structure of the samples is
analyzed from the isothermal plots.

3.3.2 Chemisorption

Chemisorption process

In addition to physical adsorption, there is a chemical adsorption with stronger
adsorption force, higher adsorption energy and higher requirements for adsorption
conditions. Chemisorption involves the formation of chemical bonds between the
adsorbate and the adsorbent which can be regarded as the formation of surface
compounds. Due to the bond strength, chemical adsorption is difficult to reverse.
Chemisorption occurs only between certain adsorptive and adsorbent species and
only if the chemically active surface is cleaned of previously adsorbed molecules.
Unlike physisorption, chemisorption usually forms single-layer adsorbed molecules
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since it can only happen when the adsorptive can make direct contact with the
surface.

Determination of metal area and average particles size

CO-chemisorption can be used to determine the metal dispersion, active surface area
and active particle size with the monolayer assumption, which are important for the
optimum design and efficient utilization of catalysts. The chemisorption isotherms
can be performed by a secondary adsorption followed by desorption of physisorbed
CO. The first adsorption includes both reversible physisorption and irreversible
chemisorption, while the second adsorption is only the irreversible chemisorption.
The metal dispersion describes the ratio of the surface metal sites (the number of
active metal atoms available for reaction) over total metal sites (the total number
of metal atoms in the catalyst material):

coMme a Fs
Dmetal - Q Witll 100% (33)
meta

where Q¢o is the quantity of chemisorbed CO monolayer per gram catalyst at STP
(mol/g), Myetqr is the molar mass of metal (g/mol), Wi,ea is the weight percentage
of active metal over sample, and Fj is the stoichiometric factor, which refers the
number of active metal atoms absorbed by one CO molecule.

The specific active metal area Aerq; (cm?/g) is determined by the area occupied by
one surface molecule times the number of adsorbed molecules per gram:

Ametal = QCOFs&sNA (34)

a, is the cross-sectional area of metal.

The particle (crystallite) size is further estimated by the specific active metal area
and the weight percentage of active metal over sample, with the assumption that
the crystallite shape is of regular geometry (here assume as hemispheres):

6 - Wmetal

dmetal - A (35)

metal Pmetal

Pmetal 18 the density of the metal.
Measurement procedure

In order to remove the contaminants adsorbed on the surface and form the active
sites, several pre-treatments were performed. In this project, the pretreatment in-
volves the flow of O, followed by Hs at 350 °C, and then flow in CO, at the same
temperature. Each gas flowed for 30 min. After that, the adsorption isotherms were
recorded using a Micromeritics ASAP 2020. The amount of sample used for each
measurement was between 150 ~ 200 mg.
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3.3.3 Powder X-ray diffraction

X-ray scattering

X-rays can be considered as waves of electromagnetic radiation that can be imag-
ined as a self-propagating transverse oscillating wave of electric and magnetic fields.
Crystals are composed of a regular arrangement of atoms which consist a nucleus
surrounded by a cloud of electrons. X-rays are scattered at the electrons of the
atomic shell. During the scattering process the electron starts oscillating. It be-
comes a dipole and a spherical wave is sent out. When the wavelength and energy
of the scattered wave does not change (elastic scattering), this process can also be
called X-ray diffraction, the electron is known as the scatterer. A regular array of
scatterers produces a regular array of spherical waves. In the majority of directions,
these waves cancel each other out through destructive interference, however, they
add constructively in a few specific directions, which can lead to the Bragg’s law.

Bragg’s law

The scheme of Bragg’s law is shown in figure 3.12 [101].

Incident Diffracted
beam nA = 2dsing beam

S e

00 d

Figure 3.12: Scheme of Bragg’s law [101].

This law states that when an X-ray is incident on a crystal surface, its angle of
incidence 6 is equal to the scattered angle of reflection, and when the interplanar
spacing d is equal to the integer n of the wavelength, constructive interference will
occur. Thus, Bragg’s law can be expressed as:

nA = 2dsinf (3.6)

where A\ is the wavelength of the X-ray.

The Bragg’s law can be applied to calculate the lattice parameters. The lattice
constant defines the size and shape of the unit cell of a crystal lattice, and the
Lattice in three dimensions generally has six lattice constants: the lengths a, b,
and c of the three cell edges, and the angles «, #, and ~ between those edges (Fig.
3.13). For a specific kind of crystal, such as a simple cubic lattice, then a = b = ¢,
a=p=~v=90 °C.
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X

Figure 3.13: Lattice parameters

The interplanar spacing dp is equal to the Miller indices (h,k,l which can be
obtained from JCPDS card or COD card) and the lattice constant by this relation:

1 [ S
= — 3.7
dhkl2 a? * b? * c? ( )

For a simple cubic lattice, since a = b = ¢, equation 3.7 can be derived as:
1 R4 +P
dni® a?

Then the lattice constant a can be calculated:

a=dpgVh®+k%+12 (39)

(3.8)

Scherrer equation
The average crystallite sizes were calculated from the widths of the corresponding
XRD peaks using Scherrer Equation:

K\

D= Beos(0) (3.10)
Where, D = crystallites size (nm), K = 0.89 (Scherrer constant), A = 0.15406 nm
(wavelength of the X-ray source), 5 = FWHM (the peak brodening of half-maximum
intensity at 260, radians), § = Peak position (radians).
It is important to notice that the Scherrer equation assumes a perfect crystallinity
without any other contribution to the peak width including instrumental broadening,
which means the peak width would only be determined by the crystallite size.

Measurement procedure

The crystalline structures and solid solution purity of the samples were determined
by Powder X-ray diffraction in a D8 Advance and D8 discover instrument with a
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monochromatic CuKa radiation (1.54A) in the 26 range of 20 - 100 °. The scanning
rate was 0.8 °/min. A transparent Si holder was used as the sample holder. To gen-
erate an X-ray source that is essentially monochromatic for the powder diffraction,
a 0.02 mm Ni filter was used to remove the K line that exists in the X-ray source.
The results were collected by XRD wizard, and analysed in EVA and Igor 8.

3.3.4 X-ray Fluorescence Spectrometer

In an XRF measurement the sample is irradiated by X-rays, which induces an exci-
tationprocess according to Figure 3.14 [102]. After the electrons in the inner layer
of the elements in the sample are knocked out, the transition of the electrons out-
side the nucleus is caused. When the excited electrons return to the ground state,
characteristic X-rays are emitted; Different elements emit their own characteristic
X-rays, with different energy or wavelength characteristics. The detector accepts
these X-rays, and the instrument software system converts them into corresponding
signals, which are used for the composition analysis of materials.

o0

—_— ——

- _, —O—DK‘/

—— hv,

=

v

Figure 3.14: Schematic drawing of the X-ray fluorescence process [102].
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3.4 Catalytic evaluation in a chemical flow reac-
tor

Reactor set-up

A flow reactor was used for testing catalysts. The reactor is as shown in the figure
below fig. 3.15, the interior is about 2 cm long. Quartz wool is placed where the two
ends are connected to the gas tube to fix the sample and prevent the sample from
being blown into the tube and Mass Spectrometry and cause contamination. There
are graphite windows at the front and rear of the reactor to facilitate characterization
of the catalyst and visualization of changes as the reaction proceeds. The catalyst
was sieved to 40-80 pm in advance, each experiment used around 100 mg sample.
After loading the sample, the reactor was mounted horizontally on a rack along the
direction of the gas flow tube. There is a thermal couple put in the body of the
reactor to regulate the reaction temperature. However, since the thermal couple is
actually monitoring the temperature of the reactor body, the temperature of the
catalyst during the reaction is unknown. In this regard, we tested the temperature
collaboration in advance, and obtained a linear relationship, from which the actual
temperature of the catalyst could be calculated according to the reactor temperature
(fig. 3.16). The reactant gas flow is controlled by several Mass Flow Controllers
(MFCs), and the total gas flow is balanced by Argon.

Gas flow composition was identified and quantified by Mass Spectrometry (MS).
The interior of the MS is a high vacuum environment. The ion source is generated
by electron ionization with an electron beam and separated according to their mass-
to-charge ratio (m/z) in a magnetic field. The resolved ions will reach the detector
and produce a m/z spectrum and the composition of the gas will be figured out.
The conversion of feedstock can be calculated from equation (3.11) and the MS data:

(CO2)imvol % — (CO2) gurvol Yo

Xco, = (3.11)

(COq)invol %

Figure 3.15: Flow reactor
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Figure 3.16: Temp and ramps between reactor body and catalysis bed

Measurement procedure

The reactor was used to test the performance of C80SO, C80FO supported Rh
catalysts and Rh doped cerium oxides in COy methanation reaction. At beginning,
the balance gas Ar was used to purge away the air contained in the reactor. Followed
by heating up to 40 °C to get a stable start point before heating up to the first
experiment temperature 150 °C. After the temperature reached 150 °C, start to flow
in the 99 vol.% CO4 (0.8 ml/min). The other experiment temperatures are 250, 350
and 400 °C. At each temperature points, three 20 min Hy pulses were set to better
observe the performance of the catalyst. When the reaction at each temperature
points was completed, the temperature was lowered to room temperature in the flow
of COgy, and then all flows were turned off. The total flow for the experiment was

kept constant at 150 ml/min.
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Results and discussion

4.1 Properties of doped ceria materials

4.1.1 Specific surface area and porosity

The SSA was measured with Ny-physisorption using the BET method, and the
porosity of the materials was analysed from isothermal plots. Table 4.1 shows the
SSAs of the samples sorted by different methods. The detailed information about
the samples are shown in Appendix table A.1.

Influence of synthesis methods
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Figure 4.1: SSA distribution of different methods

From the results, it is clear that the SSAs of the samples prepared by the co-
precipitation methods are generally higher than that of the samples prepared by
gel and polymeric precursor methods. Especially SSAs of the samples synthesised
by sodium hydroxide method, are larger than that of the samples synthesized by
other methods with the same dopant and composition, up to 167 m?/g (sample 32
C99RO-SCP-F350). The samples synthesized by urea method also generated good
SSAs, especially the samples calcined at 350 ° C, the SSAs can exceed 100 m?/g
for CeOy. The ammonia method, however, cannot perform as well as the other two
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4. Results and discussion

Table 4.1: Specific surface areas of the samples

Method Sample Name Sger (m?/g) NO.
C80SO-ACP-F500 37.8 1
C80FO-ACP-F500 46.9 5
Ammonia method Ce02-ACP-F500 494 6
C80SO-ACP-F350 68 25
C80SO-ACP-F500 12 25
C80SO-UCP-F350 86.8 12
C80SO-UCP-F500 43.17 12
C80SO-UCP-F350 71.5 19
Urea method C80SO-UCP-F500 29.1 19
Ce02-UCP-F350 125.6 14
Ce0O2-UCP-F500 78.1 14
C80FO-UCP-F350 95.2 15
C80FO-UCP-F500 66 15
C80SO-SCP-F350 135 16
C80SO-SCP-F500 108.7 16
C80SO-SCP-F500 118 36
C60SO-SCP-F350 136 28
C60SO-SCP-F500 108.8 37
C50S0O-SCP-F350 127 26
C80FO-SCP-F350 118.9 17
C80FO-SCP-F500 92.7 17
C80FO-SCP-F500 153 38
Sodium hydroxide method COOFO-SCP-F350 187 29
C50FO-SCP-F350 136 27
C50FO-SCP-F500 54.8 27
C985PO-SCP-F350 143.1 20
C985PO-SCP-F500 130.7 20
C97PO-SCP-F350 158 30
C91RO-SCP-F350 120.6 31
C91RO-SCP-F500 111.1 31
C95RO-SCP-F350 156.9 21
C95RO-SCP-F500 138.4 21
C99RO-SCP-F350 154.8 32
C99RO-SCP-F500 136.3 32
Ce02-SCP-F350 165 22
Ce02-SCP-F500 121.5 22
C80SO-CA1-F500 741 2
C80SO-CAT7-F500 25.6 3
C80SO-CAT7-F500 33.3 4
Ce02-CA1-F150,500 3.57 9
Citric acid method CeO2-CAT-F500 256 7
C80FO-CA1-F500 36.7 11
C80FO-CAT-F500 30.5 18
C50FO-CA1-F500 31.9 34
C97PO-CA1-F500 28.8 23
C95RO-CA1-F500 50.4 24
C80SO-PP-F500 15.4 8
Modified Pechini method | 021000 199 10
C80FO-PP-F500 13.3 13
C50FO-PP-F500 13.3 35

ACP - Co-precipitation with ammonia (Ammonia method);
UCP - Co-precipitation with urea (Urea method);
SCP - Co-precipitation with sodium hydroxide (Sodium hydroxide method);
CA1- Citric acid method (pH =~ 1);
CA7- Citric acid method (pH ~ 7);
PP- Modified Pechini method;
F150 - calcination temperature = 150 °C;
F350 - calcination temperature = 350 °C;
28 F500 - calcination temperature = 500 °C;
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co-precipitation methods in generating high SSAs. The highest is 49.4 m?/g for
ceria sample.

The diversity of the SSAs of the three methods may be due to the different pre-
cipitants and synthesis steps. Both urea and sodium hydroxide methods have a
heating step in the synthesis process. The SSAs of the corresponding products are
higher than the samples synthesised by ammonia method without a heating step.
It thus seems that the temperature has an effect on the SSA. In order to verify
this conjecture, sample 25 (C80SO-ACP-F350, C80SO-ACP-F500) was synthesized
by applying the sodium hydroxide method but substituted precipitant, is ammonia.
The results are 68 m?/g (350 °C) and 12 m?/g (500 °C). Comparing the sample cal-
cined at 500 °C with the same composition synthesized by ammonia method without
the heating step (1 C80SO-ACP-F500, 37.8 m?/g), the SSA turns out to be smaller,
which supports that the high temperature during synthesis procedure seems helpless
in generating high SSA. By comparing the SSAs of sample 16 with sample 25, it can
be seen that the precipitant plays a role in high SSAs formation, NaOH is better
than NH4,OH in this respect.

Compared with other methods, the SSAs of the samples obtained by citric acid
method are quite unstable, and different pH, drying conditions, calcination condi-
tions, etc. have a great influence on the results (more on this later). Among them,
the results of the citric acid method samples obtained in a neutral environment and
dried on a heating plate at 201 °C for five hours are relatively higher. The SSAs
of the samples obtained by modified Pechini method are stable between 10 and 20
m?/g. It’s consistent with the conclusions obtained in other articles that Pechini
method is suitable to obtain solid solutions but can’t generate high surface areas
[98].

Influence of calcination temperature

Some samples synthesized by the urea method and the sodium hydroxide method
were calcined at different temperatures. From the results, it can be seen that the
calcination temperature has a significant effect on the surface areas of the samples.
The higher the calcination temperature, the lower the surface area. Especially for
the urea method, the sample’s surface area obtained at 500 °C is nearly half than
that of 350 °C. The samarium-doped samples (C80SO) No. 12 and 19 were both
synthesised by urea method, but generate different results. This may be due to
the different reflux temperature and time of the two samples during the synthesis
process, as well as the different aging time (For sample No.12 it was refluxed at 100
°C for 15 h, aged for around 1 hour, after that was brought to be boiled for a while.
While for sample No.19, it was refluxed at 91 °C for 8 h and then aged overnight.).

Sample 25 synthesized by the sodium hydroxide method but using ammonia as the
precipitant also showes a great drop in SSA when the calcination temperature was
increased, and the decrease was more obvious (68 m?/g to 12 m?/g) than that of urea
method. Overall, the sodium hydroxide method samples were more stable compared
with other methods’ samples, and increasing the calcination temperature had the
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least effect on the SSAs.
Drying method and pH for citric acid method samples

At the beginning, the pH environment was considered as a factor that influences the
SSAs of citric acid method samples. For the Sm-doped cerium samples synthesized
by citric acid method, a neutral environment (pH = 7) seems more beneficial to
obtain a higher surface area than an acidic environment (pH = 1), it can be seen
by comparing sample No. 2, 3 and 4. This may be because after increasing the
pH of the solution, more carboxylic acid groups in the citric acid are deprotonated,
and the sites that can bind to metal cations are more and stronger, and sintering
is not easy to occur after high temperature calcination. The surface area of the
product is also relatively high. A similar result was observed by the CeOy samples
synthesized in different pH environments (samples No. 7 and 9, with surface areas
of 36.7 and 3.57 m? /g respectively). However, it should be noted that sample No. 9
was calcined at two conditions (150 °C for 9 h and 500 °C for 5 h) without pyrolysis
process, which might be the other cause for the low surface area of the sample.
For Fe-doped ceria, it seems that the sample obtained in an acidic environment
has a higher SSA. Nonetheless, the accuracy of this result needs to be verified,
because during the evaporation process of synthesizing, some yellow fine precipitates
appeared in the solution, which could be Fe(OH)3; (Ksp = 10737, can precipitate in
acidic environment), and the high specific surface area may be due to the appearance
of the fine particles.

The drying process in citric acid method can also be noticed as an influencing factor
for SSAs when comparing the results of samples No.3 and 4. It seems that drying on
the heating plate at 201 °C is beneficial for generating higher surface areas compared
with drying in the oven. This may be because after adjusting the solution pH
with ammonia, the ammonium ions and the nitrate ions from the metal precursors
combine together to form ammonium nitrate. During the drying process in the oven,
the ammonium nitrate decomposes to form water and nitrous oxide, citric acid can
also decompose to water and CO,, the decomposition affects the temperature inside
the sample (especially the decomposition of ammonia that releases a lot of heat),
which influences the structure of the sample and reduces its SSA. While drying on
the heating plate, with the help of a temperature meter, it’s easier to regulate and
stabilize the sample’s temperature.

The samples synthesized later (No. 23, 24, 34) also verify that a stable drying tem-
perature is more beneficial to obtain samples with higher SSAs. Although these
samples were all generated in an acidic environment with pH = 1, they were all
dried on a heating plate, and the surface area could even reach 50.4 m?/g. A po-
tential contributor to the change of temperature inside sample at pH=1 may be
the decomposition of citric acid or cerium citrate. Citric acid can decompose into
water and carbon dioxide at 175 °C, while cerium citrate has an exothermic decom-
position process between 195 °C and 310 °C that decomposes into violent residuals
and cerium carbonate [103]. Nevertheless, since the samples synthesized later did
not have the same composition as the samples synthesized under the condition of
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pH =~ 7 as a control, it may not be rigorous to simply say that a stable drying tem-
perature is more beneficial to obtain a higher SSA. Perhaps the sample components
as well as different dopants also contributed.

Sample composition

The influence of sample composition on SSAs was also investigated using sodium
hydroxide methods. For Sm doped sample, with the increase of Sm content from
0.2 to 0.6 (molar ratio), the surface area didn’t change too much. When the content
of Sm reached 0.5, the surface area dropped a bit. This might be the formation of
Smy0O3 (more in XRD part). Two batches of C80FO-SCP-F500 samples (No. 17
and 38) showed a big difference in surface areas. The only difference is that sample
38 was directly calcined at 500 °C for 5 h with the heating rate of 4 °C/min, sample
17 was first calcined at 350 °C and then calcined at 500 °C for 5 h with the same
heating rate. This may be due to the effect of the secondary calcination on the
already formed crystal structure, and sintering may occur, resulting in a reduction
in the specific surface area. The same thing also happened to the Sm-doped samples
with the same condition (sample 16 and 36).

4.1.2 Sample structures

Based on the isothermal data generated from Ny-physisorption, the structures can
be estimated, and based on the Brunauer-Emmett—Teller (BET) method the so-
called BET surface areas can be calculated The analysis of the porous structures
was mainly based on the IUPAC Technical Report [97], chapter 4. The referenced
types physisorption isotherms and hysteresis loops can be checked in fig. 3.11. In
this part, to better compare the isotherms of different samples, some of them were
plotted together in one figure. The detailed isotherms for each sample can be checked
in Appendix A.2

Ammonia method isotherms

From fig. 4.2, for the Sm-doped ceria sample, at the low p/py region, the amount
of adsorption increases slowly, which indicates that Ny molecules are adsorbed on
the inner surface of the mesoporous in a single layer to multiple layers. A hysteresis
loop shows up at medium pressure region without a saturated adsorption platform,
showing that the pore structure is very irregular. The desorption branch of the loop
is very steep at p/po = 0.4 - 0.6, which can be attributed to the pore blockage/per-
meation or evaporation caused by cavitation in the narrow range of pore necks. The
shape of the hysteresis loop is similar to the shape of H5 type loop according to
IUPAC [97], which has a distinctive form associated with certain pore structures
containing both open and partially blocked mesopores. For pure ceria and Fe-doped
ceria, the isotherms are concave without inflection point, therefore no identifiable
monolayer forms and the adsorbent-adsorbate interactions are relatively weak, and
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Figure 4.2: Isotherms for ammonia method samples

the adsorbed molecules are clustered around the most favorable sites on the surface
of a nonporous or macroporous solid. The narrow and steep hysteresis loops at
the high relative pressure region might be caused by delayed condensations on the
adsorption branch, and the finite adsorption at the saturated pressure showed the

irregular porous structures.
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For urea method products, the isotherm shapes of different dopants are very differ-
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4. Results and discussion

ent, which proves that different dopants have different impact on the pore structure
of cerium oxide. At the same time, different calcination temperatures have little ef-
fect on the isotherm trend for samples with the same composition. The urea method
samples exhibit significant steep adsorption at very low P/Fy. This may be due to
the presence of micropores, and the enhanced adsorbent-adsorption interaction in
the micropores leads to the filling of micropores at very low P/P,. It is worth noting
that for the samples with the same composition, the micropore filling phenomenon of
the product calcined at 350 °C is more significant than that of the product calcined
at 500 °C.

The samples doped with Sm have wide hysteresis loop, and the desorption branches
are very steep, which are similar to the shape of the H2 hysteresis loop in TUPAC [97].
Those characters suggest that the pore structure of the samples are more complicated
and the phenomenon of pore blocking was occur. The upward trend of the isotherm
in the high P/Pg zone proves that the particle accumulations are not uniform in the
samples. Fe-doped samples have very narrow and sharp hysteresis loops without
adsorption saturation, which is similar to Type H3 hysteresis loop that are given by
non-rigid aggregates of plate-like particles but also if the pore network consists of
macropores which are not completely filled with pore condensate. Further, at low
P/ Py region, the adsorbent-adsorption interaction in the micropores of Fe-doped
samples are not as significant as other composition samples. For pure ceria samples,
the characteristics of isotherms obtained by physisorption on mesoporous and micro-
mesoporous adsorbents (Type H4) can be clearly seen. This shape is the result of
unrestricted monolayer-multilayer adsorption up to high p/py.

Sodium hydroxide method isotherms
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Figure 4.4: Isotherm for sample CeygSmg 201 9 synthesised with sodium hydroxide
method
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Unlike the samples made by urea method, the isothermal plots for the samples
made by the sodium hydroxide method samples showed fewer differences between
the different dopants and different calcination temperatures (detail pics in Appendix
A.2.3). Here one typical isotherm of a sodium hydroxide method sample is shown
(fig. 4.4). It can be seen that the isotherm has a steep and narrow loop, which
is a clear sign of pore condensation in the mesoporous structure, and the adsorp-
tion platform at P/Py zone reflects a uniform pore size distribution. The similar
isotherms show that the pore structures of the samples obtained by the sodium hy-
droxide method are similar. This method is also a relatively stable synthesis method,
different dopants and calcination temperatures have little effect on the structures of
the samples obtained by this method.

Citric acid method isotherms
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Figure 4.5: Isotherms for citric acid method samples (left: pH=1; right: pH=7)

It can be seen from Fig. 4.5 that the structures of the citric acid method samples
synthesised at different pH are quite different. For Sm, Pt and Rh doped samples
synthesised at pH =~ 1, the hysteresis loop indicates a complicated pore structure
and mesoporous and micro-mesoporous. The rising trend of the isotherm at high
P/Py may be due to the occurrence of further multilayer adsorption. The pure
ceria synthesised at pH = 1 is kind of special since it was calcined at 2 different
temperatures(1l °C/min to 150 °C, keep for 9h, and 4 °C/min to 500 °C for 5h).
At P/Py= 0 - 0.45, the amount of absorption is higher than desportion, which may
be due to an operating error that the sample measured in Na-physisorption is not
dried enough. The general shape of the pure ceria isotherm showed an insignificant
adsorbent-adsorption interaction, and the adsorbed molecules may cluster around
the most favorable sites on the surface of a nonporous or macroporous solid. The
steep increase at P/Py=1 shows an increased thickness of adsorbed multilayers with-
out limit.

The isotherm of 34 C50FO-CA1-F500 synthesised at pH ~ 1 is more like the type
H5 hysteresis loop, which indicates that the material has open and partially blocked
mesoporous structure, while the other Fe-doped ceria (11 C80FO-CA1-F500 sample)
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shows a typical H2 type hysteresis loop with the funnel shape, that represented pore
blockage /penetration or cavitation in the pore neck.

The isotherms of the samples synthesised at pH =~ 7 looks quite similar. The
adsorbent-adsorbate interactions are relatively weak and the amount adsorbed seems
infinite at the saturation pressure. The hysteresis loops are similar to type H3 loop,
which usually exists in materials with non-rigid aggregates of tabular particles, or
macropores. For Fe doped sample synthesised at pH ~ 7, the hysteresis loop is
more obvious, which might be attributed to adsorption metastability and/or network
effects.

Modified Pechini method isotherms
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Figure 4.6: Isotherms for modified Pechini method samples

The pechini method samples seem to have weak interaction with Ny. For 8 C80SO-
PP-F500 and 13 C80FO-PP-F500 isotherms, they are quite similar to type H5 hys-
teresis loop, which is associated with certain pore structures containing both open
and partially blocked mesopores. For pure ceria and 35 C50FO-PP-F500, the steep
and narrow hysteresis loops look like the H1 type, which represents the existence of
a uniform mesoporous structure in a narrow range.

4.1.3 Crystallinity and crystallite size

The diffraction patterns of the as-prepared samples were recorded over a 26 range
of 20 ° to 100 °. The observed diffraction peaks are assigned to the crystalline cubic
structure of the CeOy phase (COD card No. 9009008), except the Fe-doped sample
synthesised by urea method and calcined at 500 °C, which has some extra peaks
that could be assigned to the crystalline trigonal structure of a-Fe;O3 phase (COD
card No. 9009782).
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According to the XRD results, the lattice constant of the samples was calculated
based on the Bragg’s law and referenced the Miller indices of a CeOy with cubic
structure (COD card No. 9009008) as standard. Since the crystal lattice of the
samples is assigned to simple cubic, all the sides are equal so the lattice constants
have a relation of a = b = ¢, the lattice constant then can be calculated by the

equation: a = dp-1/(h? + k? + 12). The crystallite sizes were calculated by Scherrer
equation. The final results were shown in table 4.2.

Ammonia method samples
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Figure 4.7: Diffraction pattern of ammonia method samples

The diffraction pattern of ammonia method samples (fig. 4.7)showed no impurity
peaks that related to iron oxide or samarium oxide for Fe and Sm doped ceria samples
compared with the pure ceria sample, indicating that the as-prepared mixed oxides
were crystallized in a single phase. It can also be seen from the figure that the
characteristic peaks of Fe-doped sample shifted to the higher 26 angle compared to
pure cerium oxide, while the characteristic peaks of Sm-doped sample shifted to the
higher 20 angle, showing the lattice parameter of cerium oxide had changed, which
further showed that the Fe ions and Sm ions were doped into the crystal lattice
of cerium oxide, and pure solid mixtures were obtained. This conclusion can also
be supported by the calculated lattice constant (Table 4.2). The ion radii of Fe3™
(0.64 A) is smaller than that of Ce’* (0.97 A), and the obtained sample lattice
constant is also smaller than that of pure cerium oxide. The opposite is true for
Sm?*. The diffraction peak of Fe-doped sample is broader than others, that showed
the crystallite size is smaller than pure ceria and Sm-doped sample, which is in line
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Table 4.2: Lattice constant and crystalline size of the samples

Method Sample Name Sper (m?/g) Lattice Constant (a)(A) Dxgp (nm) NO.
C80SO-ACP-F500 37.8 5.43002 9.38 1
Ammonia method Ce02-ACP-F500 49.4 5.40786 11.49 6
C80FO-ACP-F500 46.9 5.39384 8.05 5
C80SO-UCP-F350 86.8 5.43625 5.28 12
C80SO-UCP-F500 43.17 5.43533 7.56 12
C80SO-UCP-F350 71.5 5.43040 6.19 19
Urea method C80SO-UCP-F500 29.1 5.42958 9.67 19
CeO2-UCP-F350 125.6 5.41478 6.02 14
CeO2-UCP-F500 78.1 5.41116 8.26 14
C80FO-UCP-F350 95.2 5.41149 6.33 15
C80FO-UCP-F500 66 5.39789 5.69 15
C80SO-SCP-F350 135 5.42702 4.85 16
C80SO-SCP-F500 108.7 5.42455 5.31 16
C80SO-SCP-F500 118 5.41992 5.25 36
C60SO-SCP-F350 136 5.44278 4.86 28
C60SO-SCP-F500 108.8 5.44269 5.34 37
C50S0O-SCP-F350 127 5.44814 5.03 26
Ce02-SCP-F350 165 5.39486 4.32 22
Ce02-SCP-F500 121.5 5.40432 5.10 22
C80FO-SCP-F350 118.9 5.37103 4.72 17
Sodinm hydroxide method C80FO-SCP-F500 92.7 5.37132 4.94 17
C80FO-SCP-F500 153 5.39221 4.32 38
C60FO-SCP-F350 137 5.97 3.72 29
C50FO-SCP-F350 136 6.75457 5.01 27
C985PO-SCP-F350 143.1 5.40425 4.75 20
C985PO-SCP-F500 130.7 5.40875 5.04 20
C97PO-SCP-F350 158 5.40499 4.64 30
C99RO-SCP-F350 154.8 5.40107 4.41 32
C95RO-SCP-F350 156.9 5.39999 4.31 21
C95RO-SCP-F500 138.4 5.39876 4.64 21
C91RO-SCP-F350 120.6 5.39751 5.01 31
C80SO-CA1-F500 7.41 5.43554 10.95 2
Ce02-CA1-F150,500 3.57 5.41074 24.54 9
C80FO-CA1-F500 36.7 5.38681 4.97 11
C50FO-CA1-F500 31.9 5.92061 4.51 34
Citric acid method C97PO-CA1-F500 28.8 5.41170 7.66 23
C95RO-CA1-F500 50.4 5.40645 5.81 24
C80SO-CAT-F500 25.6 5.43965 11.57 3
C80SO-CAT-F500 33.3 5.43341 11.01 4
Ce02-CA7-F500 25.6 5.4082 14.37 7
C80FO-CAT-F500 30.5 5.39171 6.37 18
C80SO-PP-F500 15.4 5.42971 12.97 8
Modified Pechini method CeO2-PP-F50 19.9 5.40933 16.49 10
C80FO-PP-F500 13.3 5.38843 4.33 13
C50FO-PP-F500 13.3 5.34103 4.26 35

ACP - Co-precipitation with ammonia (Ammonia method);

UCP - Co-precipitation with urea (Urea method);

SCP - Co-precipitation with sodium hydroxide (Sodium hydroxide method);
CA1- Citric acid method (pH =~ 1);

CAT- Citric acid method (pH ~ 7);

PP- Modified Pechini method;

F150 - calcination temperature = 150 °C;

F350 - calcination temperature = 350 °C;

F500 - calcination temperature = 500 °C;
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with the calculated crystallite size results.

Urea method samples
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Figure 4.8: Left: diffraction pattern of urea method samples; right: detail pattern

of C8OFO-UCP-F500

Figure 4.8 shows the XRD pattern of the samples synthesized by urea method. It
can be clearly seen that in addition to the introduction of different metal ions, the
calcination temperatures also affect the shifts of the characteristic peaks. For all
oxides of the same composition, the characteristic peaks appear to shift to the lower
260 angle at relatively high calcination temperatures, showing the lattice parameter
increase, which is in line with the calculated lattice constant. Moreover, the peaks of
the samples obtained at 500 °C are sharper and higher in intensity than that of the
sample at 350 °C, which means the crystallinity and crystal size of the samples are
higher. It can be seen from table 4.2, with the increase of calcination temperature,
the crystallite sizes decreased for Sm-doped ceria and cerium oxide. The reason why
the crystallite size decreased might be the appearance of Fe;O3. Some impurity
peaks appeared in the XRD pattern of sample C80FO-UCP-F500, and those peaks
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are assigned to a-FeyOs.

Sodium hydroxide method samples
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Figure 4.9: Diffraction pattern of ammonia method samples

The XRD peak of the sodium hydroxide method sample also exhibited shifts relative
to the pure cerium oxide in the Sm and Fe-doped ceria samples, but the characteristic
peak shifts of the samples with Pt and Rh dopants are not so obvious (Fig. 4.9a).
Since there are no impurity peaks, this may be due to the low content of Pt and
Rh in the samples. Compared with other methods, the XRD peaks of the JM
method samples are generally wider and have a lower peak intensity, which proves
that the obtained sample may have a smaller crystallite size, but there is an obvious
phenomenon that the characteristic peaks become narrower and stronger in intensity
due to the increase in the calcination temperature, which proves once again the
particle growth due to the calcination temperature.

Figure 4.9b, 4.9¢ and 4.9d compared the Sm, Fe and Rh doped ceria with different
dopant compositions. The SmyO3 phase started to show up when the molar per-
centage of Sm reached 50 %, while for Fe-doped sample the solubility of iron was 40
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% in this case. There is an obvious peak shift to the lower 26 angle with the increase
of Sm molar percentage in ceria, even for the C50SO-SCP-F350 sample. It might
be because of the low content of Rh that Rh-doped sample didn’t show significant
peak shift or impurity peaks, but the shape of peaks became narrower and more
intense with the increase of Rh molar percentage. At the same time, the lattice
constant decreased, this is in line with the ionic radii of Rh and Ce ions (0.67A and
0.97A respectively). The crystallite size increased, this also influenced the SSAs of
the Rh-doped samples that dropped with the increase of Rh content (see in table
4.2).

Citric acid and modified Pechini method samples
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Figure 4.10: Diffraction pattern of ammonia method samples

The XRD characteristic peaks of the samples synthesized by citric acid method (Fig.
4.10a) also show peak shifts at the 26 axis after the introduction of different dopants,
which proved that the metal ions successfully doped into the crystal lattice of ceria
and caused the change of the lattice parameter. Similar to the sodium hydroxide
method, the peak shifts of the samples doped with Pt and Rh are also not obvious
because of the low doped ion content. Compared with other methods, the peak
intensities of the samples synthesized by this method and modified Pechini method
are higher, while the SSAs of the corresponding samples are lower.

Comparison of CeO, and Ce5Fe; 50, 75 samples synthesised by different
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methods

300 60—

250 (111) (202) s (M (02) v Fe203
(311) | r‘. (1)
I i
200 40 “ ‘1 (200 i (313)
I I

\ f*\.(zzz) (402) 422) (541
A \ i (400)
JRVARS v

IV W v
30 —{wamet | \V}Ew NJ | 35 C50FO-PP-F500

‘ A
NARS a '\\4/\
A Iy v Wew n
20— ¥ Wil \MJ’ \oond Sind W 34 c50FO-CAT-F500

f
W G w2) gy

(222)  (400)

Intensity (arb. units)
Intensity (arb. units)

100 H | |
J‘ [} ' 0 A A ) f 9 Ce02-CA1-F
i vy vy

M v
1 ! | 7 Ce02-CAT-F T ov M

50 N - U 10 ! AN i oo ong 27 CS0FO-SCP-F350

) j A g . 10 Ce02-PP-F
L — A x_J—/rv\—JAw,,v 6 Ce02-ACP- f

NI N NI NN 14 ceoz-uce.

R AN NN ~ 22 Ce02.50P P — 22 Ce02-SCP-F350

T T T T T 1
40 60 80 100
2er

T T T
20 40 60 80 100 20
2er

120

(a) Diffraction pattern of CeO, sam- (b) Diffraction pattern of CeO, sam-
ples synthesised by different methods ples synthesised by SCP, CA and PP
methods

Figure 4.11: Comparison of CeO, and Ceg sFeq 501 75 samples synthesised by dif-
ferent methods

Fig. 4.11a compares the XRD patterns of pure cerium oxide obtained by different
methods at 500 °C. It can be found that the cerium oxides synthesized by any method
are pure, and there are no impurity peaks or peak shifts at the 26 axis that should
not appear. The samples obtained by the citric acid and modified Pechini methods
have significantly larger crystallites as one would expect after higher temperature
treatment during the synthesis process than that the samples especially obtained by
the UCP and SCP methods, but the SSAs of the corresponding samples are much
smaller than the latter two methods (table 4.2). Judging from the lattice constants
shown in the same table, the unit cells of the pure ceria oxides synthesized by
different methods vary, but the differences are not very obvious.

Figure 4.11b showed the diffraction patterns of CegsFeq 501 75 samples synthesised
by sodium hydroxide, citric acid and modified Pechini method, and compared with
the pure ceria sample synthesised by SCP method. It can be seen that although
the CegsFeq501 75 samples synthesized by these three methods all appeared iron
oxide impurity phase compared with pure ceria, the number and intensity of Fe,O3
characteristic peaks decreased obviously in the order of SCP > CA > PP. This
result is consistent with the literature and our hypothesis: for the various synthesis
methods tried in this project, the ability to obtain high homogeneous mixed oxides
increases in the order of SCP, CA and PP, while the ability to obtain high specific
surface area decreases in this order
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4. Results and discussion

4.2 Properties of Rh based catalysts

4.2.1 Characterization results

From the previous results, the samples synthesized by SCP method have higher SSAs
and the porous structures are relatively stable at high calcination temperature, so
two samples synthesized by SCP method were selected to support Rh and generated
2 wt.% Rh/Ceg gSmg 2019 and 2 wt.% Rh/Cep gFeq 2019 catalysts (represented as 2
wt.% Rh/C80SO and 2 wt.% Rh/C80FO). The catalysts are compared with other
Rh/CeO, catalysts. The Rh-doped ceria with different Rh molar percentage and
synthesis method were also selected as the catalyst for COy methanation reaction.
All the samples are calcined at 500 °C. Table 4.3 showed physicochemical properties
of the catalysts. The Rh content with weight percentage information was generated
from XRF measurement, while the SSAs are measured by Nyo-physisorption. The Rh
atom dispersion and sizes of supported catalysts are measured by CO-chemisorption
technique.

Table 4.3: General properties of Rh based catalysts

Sample Name Rh content | Sgpr of support | Sger of catalyst | Dispersion | Size (hemisphere) | Metallic area | Metallic area
(wt.%) (m?/g) (m?/g) (%) (nm) (m*/g sample) | (m?/g metal)
2 wt.% Rh/C80SO 1.9 118 109.5 100 1.09 8.87 4435
2 wt.% Rh/C80FO ! 1.7 153 140.5 / / / /
1 wt.% Rh/CeO, 1.0 115 109 1.01 4.79 478.83
2 wt.% Rh/CeO, 1.8 118 79 1.40 6.23 346.39
3 wt.% Rh/CeO, 2.5 118 68 1.62 7.45 298.11
C99RO-SCP 0.5 136.3 / / / /
C95RO-SCP 2.9 138.4 / / / /
C95RO-CA1 2.9 50.4 / / / /
C91RO-SCP 5.4 111.1 / / / /

L: Sample 2 wt.% Rh/C80FO was skipped since the amount of sample was not enough for CO-chemisorption.

It can be seen from the XRF results that the Rh weight percentage of Rh-loaded
catalysts are slightly lower than the aimed value except for 1 wt.% Rh/CeO,, and
the error becomes larger with the increase of loading amount. This error may be
caused by the way of calculating the amount of Rh precursor: it was assumed
that the precursor Rh(NOj); contains no water molecules, since the chemical didn’t
rapidly absorb water and dissolve in contact with air during the operation. But in
fact, the precursor contains some of water, and may also absorb some water when
in contact with air. As a result, errors are generated and expand with increased in
use. The problem with Rh loaded CeSmOx sample is that the second order Sm Ka
line overlaps with the Rh Ko line. To circumvent this affecting the evaluation the
Sm Ka lines were all excluded. The M transitions were used for quantification of
Sm instead. This still gave a little error for rhodium, most likely overestimating the
content a little.

After loading Rh on C80SO and C80FO, the SSAs of the samples were reduced
compared with that before loading. It may be due to a small amount of supported
metal are deposited in the pores of C80SO and C80FO, and some of the pores
are blocked. For the series of Rh catalysts supported on pure ceria, theoretically,
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with the increase of Rh loading, the SSA of the catalyst should decrease. However,
the results here show an increase or even an equal phenomenon. This may be due
to the error caused by the incomplete drying of the samples before measurement
(the samples were all dried at 250 °C for 4 h in a nitrogen flow). To verify this
hypothesis, the same samples were dried overnight at the same temperature and
nitrogen yielded slightly different results. The SSA of all three catalysts increased,
even reaching 129 m?/g for 1 wt.% Rh/CeO,, while the SSAs of 2 wt.% Rh/CeO,
and 3 wt.% Rh/CeO; remained the same at 123 m?/g and did not decrease due to
more Rh loadings. The Rh-doped ceria samples have higher SSAs compared with
loading Rh catalysts with similar Rh content. This might be due to when doping
Rh, the Rh ions were solved into ceria lattice and didn’t dispersed in the pores of
the cerium oxide surface and block the porous structures.

The Rh dispersion of sample 2 wt.% Rh/C80SO and 1 wt.% Rh/CeO, are greater
or equal to 100 %, which is unusual. Because when the dispersion is 100 %, it shows
that all Rh atoms are surface atoms and can be used for catalysis. In practice,
however, the dispersion is less than 100 % due to crystallite growth and intersection.
The reason for the Rh dispersion higher than 100 % may be due to the multiple
adsorptions of CO on some Rh, or the irreversible adsorption on the pure or Sm-
doped ceria support, so that the adsorption stoichiometry CO/Rh may be greater
than unity. The metal size (hemisphere) increased with the decrease of dispersion.
This proves that the crystallite growth influences the metal dispersion.

4.2.2 Catalytic performance of Rh based catalysts in CO,
methanation

The prepared Rh-based catalysts are tested in a flow reactor. The catalytic activity
of the catalysts for COs methanation (4.1) at different temperatures (150, 250, 350,
and 400 °C) in a continuous stream of carbon dioxide was investigated. Hydrogen
was fed intermittently, four pulses at each temperature. The composition of CO,
methanation product was characterized by a mass spectrometer. the carrier gas
was Ar with a concentration of 100 %. Figure 4.12 showed an example of mass
spectrometry spectra which was generated from catalyst 2 wt.% Rh/C80SO. The
mass spectrometry spectra plots for other samples can be checked in appendix A.3

COy + 4H, = CH, + 2H,0 (4.1)
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Figure 4.12: Mass spectrometry plot of 2 wt.% Rh/C80SO. The black line repre-
sents Hy, green line shows COs, blue line refers to H,O, and the red line related to
CHZ, which represents methane.

It can be seen from the figure that the reaction of CO, hydrogenation began at
250 °C, and a small amount of methane was produced at this temperature. But at
150 °C, when H, was flowed in, a small amount of water was produced without the
production of methane. It is speculated that H,O may be generated by combining
with oxygen remaining in the reactor or O?~ ionized from CO, in MS, or it might
be the HyO desorbed from the catalyst surface (there might be some water adsorb
on the catalyst and with the increase of temperature, water starts to desorb). The
MS spectra of CO, fluctuated at 250 °C, which was also seen for other catalysts
(appendix A.3). This may be due to fluctuations in the MFC as it regulated the
flow. At 350 and 400 °C onset, the reaction rate increased significantly and more
methane was produced. From the MS spectra of other catalysts in appendix A.3, it
can be seen that from 150 to 400 °C, the catalytic activity of the catalysts increases
as the temperature increases. Some catalysts already showed catalytic activity for
the CO, methanation reaction at 250°C, while C99RO-SCP and C95RO-CA1 did
not start showing significant methane production until 350 °C.

The conversion of CO, was calculated according to equation 3.11. The results are
shown in table 4.4 and figure 4.13. Some of the calculated conversions are negative,
this might be the influence of flow regulating by mass flow controllers.
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Table 4.4: Conversion of Rh based catalysts at different temperatures

Conversion (%)

Sample Name 150 °C' | 250 °C' | 350 °C' | 400 °C
2 wt.% Rh/C80SO | -0.73 12.76 47.86 50.08
2 wt.% Rh/C80FO | -1.28 6.007 22.73 32.61

1 wt.% Rh/CeO, 0.037 5.32 32.53 38.53
2 wt.% Rh/CeO, -2.73 7.324 31.72 37.95
3 wt.% Rh/CeO, -1.68 7.24 31.84 35.02

C99RO-SCP 1.883 -1.2 7.357 22.28

C95RO-SCP 4.228 8.916 26.43 34.37

C95RO-CA1 -0.55 0.646 18.58 32.44

C91RO-SCP 2.52 5.358 25.39 30.61
150 200 250 300 350 400
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Figure 4.13: Conversion plot of Rh based catalysts at different temperatures (150,
250, 350, and 400 °C). The dashed line represents conversion = 0.
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Figure 4.14: CO, conversion comparison of different catalysts

2 wt.% Rh/C80SO showed the highest CO5 conversion at 250, 350, and 400 °C
among the catalysts, while C99RO-SCP generated the lowest CO4 conversion at the
same temperatures.

Comparing the catalysts with 2 wt.% Rh loading (fig. 4.14a), it seems like the type
of support has an influence on the catalytic performance of the Rh based catalysts
on CO, methanation. The conversion of COy increases in the order of 2 wt.%
Rh/C80SO < 2 wt.% Rh/CeOy < 2 wt.% Rh/C80SO, which means that doping Sm
into ceria helps to improve the catalytic activity of the Rh-based catalyst, while the
doping of Fe has a negative effect on the catalytic activity. This also reflects the
fact that when the SSAs of the supports are not very different, the type of dopant
seems to have a greater impact on the catalyst activity. When the supports are
the same, by increasing the loading of Rh, the catalytic performance of Rh/CeO,
decreased at 400 °C (fig. 4.14b), but in general the COy conversion on the three
catalysts are quite similar. For Rh doped ceria synthesised by sodium hydroxide
method (fig. 4.14c), when Rh content increase from 0.5 to 5.4 wt. % , the COq
conversion first increased and then decreased, catalyst with 2.9 wt.% Rh showed
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the best catalytic performance. This may be because of the Rh content is too low,
there were not enough CO, methanation active sites; and when the Rh content is too
high, the SSA of the mixed oxide decreases, and the number of Rh active sites on the
oxide surface that can be contacted by the reactive gas decreases. When comparing
the catalysts with similar Rh content (around 3 wt.%) but prepared with different
method (fig. 4.14d), it can be seen that the one of ceria loading with Rh showed
highest CO5 conversion at 350 and 400 °C. This may be due to that the Rh moiety in
CeRhO still exists in the ceria lattice in the form of Rh oxide; and is not transformed
into the active site of Rh atoms, so that its catalytic activity is not as high as that of
the Rh-supported ceria catalyst. For catalysts C95RO-SCP and C95RO-CA1, they
contain the same amount of Rh, but the different synthesis methods of these two
catalysts lead to large differences in SSA (138.4 and 50.4 m?/g). The CO, conversion
ability of the two catalysts was also proportional to the size of the SSAs.

In general, the type of metal oxide support, the content of Rh loaded on ceria, the
way of preparing Rh-doped catalyst as well as the surface area of catalyst all have
influence on the catalytic performance of Rh-based catalyst in the aspect of CO,
conversion,
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4. Results and discussion
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Conclusions

Among all methods used in this project, the sodium hydroxide method performed the
best in obtaining metal (Sm, Fe, Rh) doped ceria samples with high specific surface
areas, up to 167 m?/g. The specific surface area results of the samples synthesized
by urea method were also good, but compared with the sodium hydroxide method,
the SSA of the sample decreased significantly or even halved when the calcination
temperature was increased, which proves that the obtained samples are not quite
stable. By using the synthesis procedure of sodium hydroxide method and ammonia
as the precipitant, the result showed that the precipitant has an influence on the
surface area and Na't acted as a promoter for generating high SSAs. Even though
the modified Pechini method performed the worst in obtaining high surface areas
among the 5 methods (with specific surface areas only hovering between 10 and 20
m?/g), perhaps it can be used in some occasions that do not pursue high SSA but
pursue high homogeneity.

From the results of isotherms, the pore structures of different dopant samples syn-
thesized by different methods are very different. For example, the isotherms of the
products synthesised by the citric acid method and the modified Pechini method
showed a great difference at pH =~ 1 and pH =~ 7, which proved that the pore struc-
ture is significantly dependent on pH. For urea method, the isotherms of the ceria
with different dopants are quite different, while for samples synthesised by ammonia
and sodium hydroxide method, the dopant doesn’t seem to play a role in the porous
structures and stabilities. For urea and sodium hydroxide methods, samples with
the same composition show a weaker micropore filling phenomenon in the low p/pg
region at higher calcination temperature, which might be a result of micropores
filling caused by particle sintering growth with temperature increase.

The XRD results showed that all methods can be used to synthesize metal-doped
ceria with dopant molar content of 0.2 (Sm, Fe) or 0.09 (Rh), and obtain a ho-
mogeneous solid solution. Except for the CeggFeg 2019 sample synthesized by urea
method and calcined at 500 °C, which showed impurity peaks of a-Fe;O3 in XRD
pattern. The solubility limit of Sm in ceria in our case is 50 % molar percentage,
while for Fe is 40 %. Peak shifts in some samples relative to pure ceria demonstrate
that metal ions are doped into the oxide lattice and cause a change in lattice param-
eter, the calculated lattice constant verified the results. The crystalline size of the
products obtained by different methods also varies. The sodium hydroxide method
samples, which obtain the highest specific surface areas among the samples in this
report, have the lowest crystalline size in general, while the samples obtained by
the Pechini method and the citric acid method, which have smaller specific surface
areas, have larger crystallines.
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5. Conclusions

The Rh-based catalysts were in a flow reactor with COs methanation reaction. the
results showed that most of the catalysts started to be active at 250 °C and producing
methane. With the increase of temperature from 150 to 400 °C, the reaction rate
increased. Catalyst with Sm-doped ceria support and 2 wt.% Rh loading performed
the best in catalyzing CO, methanation in this project. It was also found that
doping 20 mol.% of Sm into ceria helps boost the catalytic performance of Rh
loading catalyst, while doping 20 mol.% of Fe into ceria had a negative effect on
catalytic performance. The CO, conversion ability of Rh-doped ceria catalysts is in
general lower than ceria loading Rh catalysts, and different SSAs of catalysts with
same Rh content also showed different catalytic performance.
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Table A.1: Sample information for metal oxides

NO. Sample Name Dopant Composition Synthesis Method Calcine Temperature (°C) Drying method Sper (m?/g) Lattice Constant (a)(A) Dygp (nm)
1 C80SO-ACP-F500 Sm ACP 500 Freeze drying for 2 days 37.8 5.43002 9.38
2 C80SO-CA1-F500 Sm CA1l 500 oven drying at 110 °C for 16h 7.41 5.43554 10.95
3 C80SO-CAT-F500 Sm CAT 500 oven drying at 110 °C 200°C for 24h 25.6 5.43965 11.57
4 C80SO-CAT7-F500 Sm CA7 500 Dried on heating plate at 201 °C for 4h 3 5.43341 11.01
5 C80FO-ACP-F500 Fe ACP 500 Freeze drying for 2 days 46.9 5.39384 8.05
6 Ce02-ACP-F500 / ACP 500 Freeze drying for 2 days 49.4 5.40786 11.49
7 Ce02-CAT-F500 / CAT 500 Dried on heating plate at 201 °C for 4.5h 25.6 5.4082 14.37
8 C80SO-PP-F500 Sm PP 500 oven drying at 110 °C for 18h 15.4 5.42971 12.97
9 Ce02-CA1-F150,500 / CA1 150 and 500 oven drying at 110 °C for 14h 3.57 5.41074 24.54
10 CeO2-PP-F500 / PP 500 Dried on heating plate at 201 °C for 5h 19.9 5.40933 16.49
11 C80FO-CA1-F500 Fe CA1 500 Dried on heating plate at 201 °C for 5h 36.7 5.38681 4.97
12 C80SO-UCP-F350 Sm ucp 350 Freeze drying for 1 day 86.8 5.43625 5.28
C80SO-UCP-F500 Sm ucp 500 Freeze drying for 1 day 43.17 5.43533 7.56
13 C80FO-PP-F500 Fe PP 500 Dried on heating plate at 201 °C for 5h 13.3 5.38843 4.33
" CeO2-UCP-F350 / ucp 350 Oven drying at 100 °C for 10h 125.6 5.41478 6.02
CeO2-UCP-F500 / ucp 500 Oven drying at 100 °C for 10h 78.1 5.41116 8.26
15 C80FO-UCP-F350 Fe 0.8:0.2 ucp 350 Oven drying at 100 °C for 10h 95.2 5.41149 6.33
C80FO-UCP-F500  Fe 0.8:0.2 ucp 500 Oven drying at 100 °C for 10h 66 5.39789 5.69
16 C80SO-SCP-F350 Sm 0.8:0.2 SCp 350 Oven drying at 110 °C for 12h 135 5.42702 4.85
C80SO-SCP-F500 Sm 0.8:0.2 pleiy 500 Oven drying at 110 °C for 12h 108.7 5.42455 5.31
17 C80FO-SCP-F350 Fe 0.8:0.2 SCP 350 Oven drying at 110 °C for 12h 118.9 5.37103 4.72
C80FO-SCP-F500 Fe 0.8:0.2 SCP 500 Oven drying at 110 °C for 12h 92.7 5.37132 4.94
18 C80FO-CAT7-F500 Fe 0.8:0.2 CAT 500 Dried on the heating plate at 201 °C for 5h  30.5 5.39171 6.37
19 C80SO-UCP-F350 Sm 0.8:0.2 ucp 350 Oven drying at 100 °C for 10h 715 5.43040 6.19
C80SO-UCP-F500 Sm 0.8:0.2 ucp 500 Oven drying at 100 °C for 10h 29.1 5.42958 9.67
20 C985P0O-SCP-F350 Pt 0.985:0.015 SCp 350 Oven drying at 110 °C for 12h 143.1 5.40425 4.75
C985PO-SCP-F500 Pt 0.985:0.015 SCP 500 Oven drying at 110 °C for 12h 130.7 5.40875 5.04
2 C95RO-SCP-F350 Rh 0.95:0.05 SCP 350 Oven drying at 110 °C for 12h 156.9 5.39999 4.31
C95RO-SCP-F500 Rh 0.95:0.05 SCP 500 Oven drying at 110 °C for 12h 138.4 5.39876 4.64
9 Ce02-SCP-F350 / 1.0:0 SCP 350 Oven drying at 110 °C for 12h 165 5.39486 4.32
Ce02-SCP-F500 / 1.0:0 SCP 500 Oven drying at 110 °C for 12h 121.5 5.40432 5.10
23 C97PO-CA1-F500 Pt 0.97:0.03 CAl 500 Dried on the heating plate at 201 °C for 5h  28.8 5.41170 7.66
24 C95RO-CA1-F500 Rh 0.95:0.05 CA1 500 Dried on the heating plate at 201 °C for 5h  50.4 5.40645 5.81
95 C80SO-ACP-F350 Sm 0.8:0.2 ACP(precursor to ammonia) 350 Oven drying at 110 °C for 12h 68
C80SO-ACP-F500 Sm 0.8:0 ACP(precursor to ammonia) 500 Oven drying at 110 °C for 12h 12
26 C50S0-SCP-F350 Sm 0.5:0.5 SCP 350 Oven drying at 110 °C for 12h 127 5.44814 5.03
o7 C50FO-SCP-F350 Fe 0.5:0.5 SCP 350 Oven drying at 110 °C for 12h 136 6.75457 5.01
C50FO-SCP-F500 Fe 0.5:0.5 SCP 500 Oven drying at 110 °C for 12h 54.8 - -
28 C60SO-SCP-F350 Sm 0.6:0.4 SCp 350 Oven drying at 110 °C for 12h 136 5.44278 4.86
29 C60FO-SCP-F350 Fe 0.6:0.4 SCpP 350 Oven drying at 110 °C for 12h 137 5.97 3.72
30 C9Y7PO-SCP-F350 Pt 0.97:0.03 pleig 350 Oven drying at 110 °C for 12h 158 5.40499 4.64
31 C91RO-SCP-F350 Rh 0.91:0.09 SCP 350 Oven drying at 110 °C for 12h 120.6 5.39751 5.01
C91RO-SCP-F500 Rh 0.91:0.09 SCP 500 Oven drying at 110 °C for 12h 111.1
3 C99RO-SCP-F350 Rh 0.99:0.01 SCP 350 Oven drying at 110 °C for 12h 154.8 5.40107 441
C99RO-SCP-F500 Rh 0.99:0.01 SCP 500 Oven drying at 110 °C for 12h 136.3
33 Sm203-SCP-F350 - 0:1 SCP 350 Oven drying at 110 °C for 12h 102
34 C50FO-CA1-F500 Fe CA1 500 Dried on heating plate at 201 °C for 5h 31.9 5.92061 4.51
35 C50FO-PP-F500 Fe 0.5:0.5 PP 500 Dried on heating plate at 201 °C for 5h 13.3 5.34103 4.26
36 C80SO-SCP-F500 Sm ScpP 500 Oven drying at 110 °C for 12h 118 5.41992 5.25
37 C60SO-SCP-F500 Sm ScpP 500 Oven drying at 110 °C for 12h 108.8 5.44269 5.34
38 C80FO-SCP-F500 Fe 0.8:0.2 SCP 500 Oven drying at 110 °C for 12h 153 5.39221 4.32

ACP - Co-precipitation with ammonia (Ammonia method);

UCP - Co-precipitation with urea (Urea method);

SCP - Co-precipitation with sodium hydroxide (Sodium hydroxide method);
CA1l- Citric acid method (pH ~ 1);

CAT7- Citric acid method (pH ~ 7);

PP- Modified Pechini method;
F150 - calcination temperature =
F350 - calcination temperature =
F500 - calcination temperature =
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A.2 Isotherms for all the samples

A.2.1 Ammonia method
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A.2.3 Sodium hydroxide method
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Fe-doped ceria
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Rh-doped ceria
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A.2.4 Citric acid method
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A.2.5 Modified Pechini method
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Figure A.9: Isotherms for modified Pechini method samples
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A.3 Mass spectrometry plots
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Figure A.12: Mass spectrometry plots for catalysts
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