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Abstract

The present thesis had as objective to synthesize and characterize a catalyst support with particles with
nanometric dimensions, namely a ceria-zirconia oxide catalyst support.

The catalyst support was produced under supercritical conditions and characterized with X-Ray
Diffraction, Transmission Electron Microscopy, Inductively Coupled Plasma and BET analysis.

Different parameters were studied as the effect of the solvent, the effect of the quantity of cerium in the
catalyst support and finally the effect of the residence time of the synthesis. For the analysis of the effect
of solvent, two solvents were used namely distilled water and propanol. For the case of the study of the
effect of the quantity of cerium, there was the substitution of cerium with zirconium (Ce;_,Zr,O4 - 2=0;
0,25; 0,50; 0,75;1) using distilled water as solvent. The residence times used in this study were 10s, 30s
and 60s.

From these characterizations, it was possible to conclude that when propanol is the solvent the particles
are smaller and that with the increase of residence time there is an increase of the crystallite size. It is
also worth to note that the particles are single crystals.

As for the study of the composition of the catalyst support, a small effect of the Zr content was observed
in the particle size of the catalyst support. In relation to the specific surface area, the produced catalyst
support presented a range of values from 130 m?/g to 230 m? /g, with an increase of this value with a
decrease of cerium percentage.

Keywords: ceria; ceria-zirconia; catalyst; support; supercritical; solvothermal; synthesis






Resumo

O objectivo da presente tese teve por base a sintese e caracterizacao de um catalisador constituido por
particulas com dimensdes nanométricas, nomeadamente um catalisador de 6xido de cério-zirconio.

Para a realizagdo destes objectivos, foi concebido um catalisador preparado em condigbes
supercriticas, tendo-se pprocedido a sua caracterizagdo através das seguintes técnicas: Difraccdo
Raios-X, Microscopio Electronico de Transmissdo, analise BET e Espectrometria de Emissao com
Plasma Indutivo.

A sintese do catalisador foi realizada com varios parametros, nomeadamente diversos solventes,
diferentes quantidades de cério no catalisador e diferentes tempos de residéncia. No caso dos
solventes, foi usado agua destilada e propanol. No estudo das diferentes composicdes de cério foi
também utilizada agua destilada como solvente e as composicdes utilizadas foram 100%, 75%, 50%,
25% e 0% de cério. Para os tempos de residéncia recorreu-se a tempos de 10s, 30s e 60s.

A partir destas caracterizagdes foi possivel concluir que os diferentes solventes resultam em tamanhos
de particulas distintos, nomeadamente que o uso do propanol da origem a particulas de tamanho
menor. Também se observou que quanto maior é o tempo de residéncia, maior € o tamanho do cristal.

Em relagao ao estudo da composicdo do catalisador, observa-se que o catalisador € composto por
particulas monocristais e que a quantidade de cério na amostra ndo provoca alteragdes relevantes no
tamanho das mesmas. As areas superficiais alcangadas variam entre 130 m?/g e 230 m?/g, ou seja,
ha um aumento desta caracteristica com a diminuicdo da percentagem de cério.

Palavras-chave: cério; cério-zirconio; supercritico; catalisador; solvotérmico; sintese
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Chapter 1

Introduction

1.1 Motivation

This thesis integrates the project NiCe (international project between France-Poland-Russia) that has as
objective to produce a Ni supported Ceria-Zirconia catalyst, to be used for the production of hydrogen.
More specifically, the thesis is focused on ceria based monocrystals together with the impact of cerium
substitution with zirconium (Ce;_, Zr,O3 — 0 < z < 1).

The production of hydrogen has been growing and one of the reasons is the fact that hydrogen has
a key role in the future production of sustainable energy. Namely, by using fuel cells which eliminate
emissions and have higher efficiency than internal combustion engines in converting chemical energy
of the fuel into electrical energy. However, hydrogen production remains a challenge since the biggest
source also results from fossil fuels. The most used method for its production is the steam methane
reforming (SMR), that uses methane (CH,) as raw material which the source is natural gas.

In order to accelerate the process and to obtain acceptable reaction rates, it is necessary to use a
catalyst, which consequently will minimize the impact of using natural gas. This catalyst to be suitable for
the production of hydrogen has to be stable under extreme conditions, as per example high temperatures
(700°C to 1100°C). Also, C'eOs is refractory which means it needs high temperatures to be produced. So,
a process using supercritical fluids enables a fast and simple step synthesis at moderate temperature
due the specific properties of this fluids. This happens because of the low dielectric constant and
solubility in the solvent that enhances a high supersaturation degree. It is also a process without many
treatments, such as calcination, reduction, phase separation, etc., after the catalyst production .

Nowadays, in industry, it is already used in steam reforming a nickel supported by ceria catalyst. The use
of nickel is due to the fact that it is relatively cheap and accessible when comparable with noble metals.
In this thesis, it was decided to study the effect in the characteristics of the support using a combination
of ceria and zirconia instead of just ceria. The catalyst support will be produced under supercritical
conditions, which is considered the implementation of green chemistry. This is a subject that has been
growing and becoming more relevant. Following, there is a small explication of this concept and why it
is applicable to supercritical fluids (SCF).



1.1.1 Green Chemistry

The chemical industry has been having a shift in the mindset where more environmentally acceptable
processes are growing in need. This shift is due to a bigger focus on environmental responsibility, which
means eliminate waste at the source and avoid use of toxic and/or hazardous substances could bring
economic value to the industry.

The book "Green Chemistry Using Liquid and Supercritical Carbon Dioxide” [1] defines Green Chemistry
as carrying out chemical activities - including chemical design, manufacture, use and disposal - such that
hazardous substances will not be used and generated. So, it is the design of an environmentally benign
product and process. One of its objectives is to eliminate waste at source, preventing its formation
instead of waste remediation and also reduce environmental impacts and energy usage. [2]

The use of SCF can be considered green chemistry due to the increase of the reaction rate or the fact
that the solubility increases with the application of a solvent in supercritical state. Still, because of the
operating conditions (high temperature and high pressure) of the processes in supercritical state, the
energy requirements surpass the benefits above mentioned. So, the reason SCF are considered green
is the fact they replace the organic solvents with a more harmless SCF, usually water or carbon dioxide.
[3, 4]

1.2 Objectives

The objective of this thesis is to produce a Ce; _,Zr, O, catalyst support for different values of z (0; 0,25;
0,5; 0,75 and 1). The production will be done in supercritical conditions and different parameters of
production will be applied, such as residence time in the reactor and solvents. The solvents used are
distilled water and propanol and the residences time implemented are 10s, 30s, and 60s.

Then, the catalysts support produced will be characterized through characterization techniques such
as X-Ray Diffraction (XRD), BET analysis, Transmission Electron Microscopy (TEM) and Inductively
coupled plasma atomic emission spectroscopy (ICP-AES). With the XRD characterization will be
possible to observe the XRD pattern, calculate the crystallite size and the lattice parameter. The BET
analysis will allow to know the specific surface area of the catalyst support. By using TEM, we will obtain
an image of the particles of the catalyst support, being consequently possible to get by measure the
average particle size. The ICP technique will provide the concentration of cerium in the catalyst support,
in order to compare with the expected value.

After the characterization, the samples will go to the next phase of the project where they will be
subjected to impregnation with nickel nanoparticles.

1.3 Thesis Outline

After the Chapter 1, the thesis includes a chapter called ’Literature Review’ (Chapter 2) where there
is information about the production of hydrogen and catalysts, supercritical fluids and characterization
techniques. In Chapter 3 ("Methodology’), it is possible to read about the methodology which includes
the chemicals used, operating conditions, apparatus and how to prepare the samples for each
characterization technique.

In Chapter 4 ('Results and Discussion’), it will explain the results obtained from the characterization and



a discussion about them. Lastly, the thesis finishes with a chapter designated ‘Conclusion and Future
Work’ that resumes everything and explains the results obtained and some possible future works.






Chapter 2

Literature Review

In this section, a general approach about the different ways to produce hydrogen, what it is a supercritical
fluid and the process to produce the catalyst using this fluid will be done. There will be also an
explanation of why this catalyst was chosen. At the end of this chapter, there is a small section about
how the most important characterization techniques for this catalyst support works.

2.1 Production of hydrogen

There are two big different ways to produce hydrogen: steam reforming and partial oxidation. In the
first method, the reactant is subject to steam, at high temperatures and pressure, and in the presence
of a catalyst, producing hydrogen, carbon monoxide and a small quantity of carbon dioxide. In the
second method, the reagent reacts with a limited amount of oxygen, not enough to completely oxidize
the reagent to carbon dioxide and water, and it will produce the same products as the steam reforming.
Another difference between the methods is that the first one is an endothermic process, so it’s necessary
to supply heat, oppositely, the second one is exothermic, thus giving heat. So, while steam reforming is
favoured by high temperatures, and low pressures due to volume expansion, partial oxidation is favoured
by low temperatures and pressure is not important.

In both cases, the reactions are accompanied by a water-gas shift (WGS) reaction (Eq. (2.1)) and
a pressure-swing adsorption. The last one is used to remove carbon dioxide and impurities from the
gas stream, what leaves pure hydrogen essentially. An interesting feature of WGS reaction is that it
consumes the carbon monoxide produced to form more hydrogen [5, 6, 7, 8, 9, 10, 11].

CO + Hy0 — CO, + Ha (2.1)

It is possible to increase the conversion in steam reforming by increasing the quantity of steam [12]
because it increases the extent of steam reforming and WGS reactions, reducing the amount of
unwanted products (CO and CH,). Although, it has as consequence a larger consumption of energy
to produce steam necessary.

If both methods (exothermic partial oxidation and endothermic steam reforming) are combined, an
adiabatic reaction occurs known as oxidative steam reforming or auto-thermal reforming. Instead of
excess of steam to increase conversion, it is introduced oxygen that it will improve the conversion without
decreasing the catalytic activity [5, 6, 13, 14, 10, 11].



The reagent for the production of hydrogen can be methane or other hydrocarbons (Table 2.1), alcohols
(Table 2.2), such as ethanol and methanol, propane, gasoline, carbon dioxide, etc.

The various processes of production generate different Hy/CO ratios, where steam reforming produces
the higher ratio while the partial oxidation the lowest. The oxidative steam reforming is in between but it
has an acceptable value.

Table 2.1: Chemical reactions for different methods to produce hydrogen using hydrocarbons.

Method Chemical reaction
Steam reforming CuHonts + nHs0 — nCO + (20 + 1)H, 2.2)
Partial oxidation CoHanio + (2)02 —nCO + (n + 1)H, (2.3)
L . 3n+ 2
Oxidative steam reformin n n
g CoHonso + (2>H20 n (4)02 —5nCO + ( . )H2 (2.4)

Table 2.2: Chemical reactions for different methods to produce hydrogen using alcohols.

Method Chemical reaction

Steam reforming CupHon110OH 4+ (n — 1)H,O — nCO + 2nH, (2.5)
Partial oxidation CnHy,1OH + (HT_l) 02 — nCO + (n + 1)H, (2.6)
Oxidative steam reforming CHans 1 OH + (n ; 1>H20 . (n ; 1)02 . nCO+ (3n +1 >H2 2.7)

When methanol (n = 1) is used as a reagent, the equations in Table 2.2 do not apply. Instead, the
equations that can be applied can be seen in Table 2.3.

Table 2.3: Chemical reactions for different methods to produce hydrogen using methanol.

Method Chemical reaction

Steam reforming CH30H + Hy,0 — CO, + 3H,

Partial oxidation CH30H + <%> 0y — CO4 + 2H, (2.9)
Oxidative steam reforming CH30H + (Z) H,0 + G) 0Oy — COq + (14—1) H, (2.10)

The use of alcohols instead of hydrocarbons is advantageous because in the presence of water, they
disintegrate easily, generating a mixture rich in hydrogen at relatively low temperatures. However, it is
also important to mention that methanol is highly toxic and it comes from non-renewable sources. In
other hand, ethanol is less toxic and can be produced by fermentation of renewable resources (e.g.
biomass). [12, 15, 16]

As it was mentioned in Section 1.1 steam reforming of methane is the major industrial hydrogen source
but has the disadvantage to use fossil fuels, namely natural gas. This process of production is constituted
of three main components:

» Furnace: where gas and steam travel down into reformer tubes in vertical rows which are
surrounded by gas burners that heat the mix. The tubes are full of catalyst (nickel based catalyst).

» Water-gas shift reactor: this reactor is also filled with catalyst (iron-chrome based catalyst) and
causes steam to break into oxygen and hydrogen. The last one goes for the rest of the process
while the oxygen joins the carbon monoxide from the furnace and produces carbon dioxide.



» Pressure swing absorbers (PSAs): filters the remaining traces of CO, CO,, steam, CH, from the
H,. The impurities are then used as fuel for the furnace.

Other way to produce hydrogen is by using carbon dioxide and methane (Eq. (2.11)), also known
as dry-reforming, that has the advantage of using greenhouse gases and turning them into valuable
products. Nevertheless, it also happens reverse water-gas shift (RWGS) (Eq. (2.12)), that uses the
hydrogen produced to form water. [8, 17, 18, 19]

CO, + CHy —> 2CO + 2H, (2.11)

CO, + Hy — CO + H,0 (2.12)

Another problem with this technique is that at pressures just above 5 atm, the RWGS reaction begins
to dominate the dry-reforming reaction. This occurs due to the preference for carbon dioxide to react by
Equation (2.12) than by Equation (2.11), because hydrogen is more reactive than methane.

There is not yet industrial technology for CO5 reforming and it has high energy costs.

Summing up, there is two big ways to produce hydrogen: steam reforming and partial oxidation. The
reagent for both can be hydrocarbons, alcohols, gasoline, etc. Besides of the reaction for the production
of hydrogen, it also happens a water-gas shift reaction that produces more hydrogen and consumes
carbon dioxide.

In the next section, it is possible to read about the production of catalyst used in this reactions, namely
the solvothermal synthesis technique using supercritical fluids.

2.2 Production of catalysts support

2.2.1 Characteristics of catalyst

The catalyst for the hydrogen production has to have as main characteristics [34]:

» Catalyse the desirable reactions such as hydrogen abstraction from the fuel molecules to initiate
reaction

+ Promote water-gas shift reaction to minimize the CO conversion to methane via methanation
reactions

« Be unfavourable for the undesired reactions such as methanation reactions

So, it is necessary a catalyst that as a high stability, activity, and selectivity towards hydrogen, supports
severe conditions and consequently help employ smaller equipment. The utilization of a catalyst is to
obtain satisfactory reaction rates in order to accelerate the process. This catalyst is expected to be a
nanomaterial, which are identified by their unique properties, such as chemical, mechanical and thermal
properties. A nanomaterial is a structure that has at least one of its phases in the nanometer size range.
[21]

The catalyst chosen to proceed for the production of hydrogen was nickel supported by cerium-zirconium
oxide (Ni/Ce — ZrOs). Nickel has been most widely used due to it is low cost compared with noble gases
and availability but yet it is less active and normally more prone to deactivation. [35, 14, 18, 21, 8, 36]

The employment of a support is important because it decides the dispersion of the catalytically active
metal particles or the resistance to sintering of the catalyst, affects the reactivity and coke resistance of



the metal particles and may participate in the catalytic reaction itself. The support also has the purpose
of helping provide a stable and high active surface area. Thus, a strong interaction between metal and
support makes a catalyst more resistant to sintering and coke formation, consequently its stability will
last longer. Supports also avoid the agglomeration and the oxidation of nanoparticles, conserving the
intrinsic properties and morphologies. [34, 21, 35, 37, 38, 39]

Given this, it is decided to add a support to nickel. The support chosen is ceria-zirconia which makes
the catalyst acquire the capacity to store, release and transfer oxygen, therefore increasing the ability to
prevent carbon formation.

When zirconia is introduced with ceria, it is a way to control the properties of the catalyst support using a
technique known as doping, which basically is the incorporation of ions in the crystal lattice of the CeOs.
It is also used to increase the mobility of oxygen, increasing the catalytic properties. [32]

Some of the characteristics of ceria-zirconia support are the high oxygen storage capacity (OSC), the
strong interaction between nickel and CeZrO-, thermal stability, high surface area and high capability
of Hy uptake. Also, cerium-zirconium mixed oxides promote the water-gas shift reaction and the redox
properties of many catalysts for the oxidation of hydrocarbons. It is important to accentuate that the
support influences the catalyst activity by altering the electron donating ability of the reduced nickel
surfaces. [9, 10, 14, 39, 40, 41, 42, 43]

The combination ceria-zirconia has other proposes besides being catalyst support for hydrogen
production, it is also applied for glass polishing, ultraviolet absorbers, ceramics, etc. [39]

Catalysts with higher metal dispersion, smaller active site particles and larger OSC give a higher catalytic
activity. Also, higher active surface area of the catalyst means a greater number of product molecules
produced per unit of time, this is related to the activity of the catalyst. Another relevant factor for catalytic
activity is the dispersion of particle, this is the ratio between the number of surface atoms and the total
number of atoms. So, a higher dispersion normally represents smaller particle size, which improves the
activity of the catalyst. Also, normally, ultrafine particles have very high specific surface area due to their
small sizes which is a good characteristic because catalytic reactions take place at the surface. [43]

To resume, ceria-zirconia support help promote the reactions for producing hydrogen and its most
important characteristics are the high storage capacity, thermal stability and high surface area. The
following subsection introduces the method for its production.

2.2.2 Technique of production

There are a lot of techniques to produce nanoparticles (NP). Some of them are the following: physical
vapour deposition, sol-gel, solvothermal/hydrothermal synthesis, co-precipitation, electrodeposition,
impregnation, etc. Except for solvothermal synthesis, these methods are time and energy consuming,
environmentally unfriendly and when nanoparticles are wanted, their complexity increases. [44, 35, 39,
45, 46, 47]

In nanotechnology, hydrothermal synthesis has a lead over the other techniques. This method is simple,
cost effective, energy saving, pollution-free, has a better nucleation control, higher dispersion and rate of
reaction and better shape of control. Other advantages are that accelerates interactions between solid
and fluid species, can achieve pure phases and homogeneous materials. The solvothermal fluids offer
higher diffusivity, low viscosity, facilitate mass transport and higher dissolving power. [44, 48] In Table
2.4, there is a small differentiation between three different techniques used in solvothermal synthesis.



Table 2.4: Different terminologies used in the solvothermal technique. [32]

Temperature

Pressure

Conventional solvothermal

Solvothermal in
medium

Solvothermal in supercritical
medium

subcritical

Above boiling point of the
solvent and below its critical
temperature (T, < T < T,)

Below critical
(T, < T < Tp)

temperature

Above critical temperature
(T >T,)

Below critical pressure of
solvent (P < P,)

Above critical pressure (P >
P.)

Above critical pressure (P >
P)

For the synthesis of NP, the high dissolving power is not a good characteristic. It is preferred to have
a low solubility so that it is possible to obtain higher supersaturation degrees and suppress crystal
growth. [44] Supersaturation can be considered the driving force for crystal nucleation and growth,
where nucleation is the formation of new crystal nuclei. Crystal growth and supersaturation are normally
competing mechanisms and determine the final crystal size distribution. In one hand, if supersaturation
is low than crystals grow faster than they nucleate resulting in a larger crystal size. In the other hand,
if supersaturation is higher, crystal growth is dominated by crystal nucleation and consequently smaller
crystals are formed. In Figure 2.1, a graph relating supersaturation with different factors such as crystal
size, nucleation rate and growth rate can be consulted. [49, 50]

t Crystal Size ,

', Jm

"

#5'm-~

Supersaturation (g/g)

Figure 2.1: Relation between supersaturation and crystal size, nucleation rate and growth rate. [50]

The next part it will give a explanation about supercritical fluids, being this medium where the synthesis
occurs and also helping understand why the medium was chosen.



2.2.2.1 Supercritical Fluids

Supercritical state is defined as the domain at which the distinction between the liquid state and the
gaseous state disappears and the material exists as a fluid (Fig. 2.2 and Fig. 2.3) [20]. This is obtained
when the critical point is reached, which has as coordinates the critical temperature (T.) and the critical
pressure (P.). [21, 22, 23] In Figure 2.2, the solid lines represent the equilibrium between two phases
and at the triple point the 3 phases coexist. Moreover, as the gas-liquid curve is ascended, the liquid
becomes less dense due to thermal expansion and the gas more dense as the pressure increases.
When these densities match, it means that the distinction between liquid and gas disappears, reaching
the critical point. [24] Also, in this Figure 2.2, it is possible to observe the feasibility of going from a liquid
phase to a gas phase without boiling the solution, instead going through the supercritical region. In this
region, properties, such as density, viscosity, diffusion coefficient and thermal conductivity, change. A
fluid in supercritical conditions has some of the advantageous properties of both liquid and gas phases,
also it does not have surface tension neither enthalpy of vaporization. [22, 25, 26] In Table 2.5, a
comparison of some properties between gases, liquids and supercritical fluids can be seen.
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Figure 2.2: Temperature-pressure diagram of pure Figure 2.3: Meniscu evolution diagram. [24]

substance. [21]

Table 2.5: Comparison of properties of gases, SFCs and liquids. [27]

| Density (kg/m?) | Viscosity (1Pa.s) | Diffusivity (mm?/s)

Gases 1 10 1-10
SCFs 100 - 1000 50 -100 0,01 -0,1
Liquids 1000 500 - 1000 0,001

Some advantages of using supercritical fluids (SCFs) are high diffusion rates, low viscosity, adjustable
density, high miscibility with gases and high diffusion rates. [25, 22] One of the reasons that SCFs
are starting to have more success in industry, it is due to the fact that the properties of the reaction
medium are able to be adjusted at will with slightly variations in pressure and/or temperature. [20, 21, 25]

At temperatures not too far below T. the liquid phase is called 'subcritical liquid’, while for ‘subcritical
gases’ is when the pressure is below P.. [22]

At supercritical conditions, the dielectric constant and the density of solvents varies greatly and
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as consequence the solubility of metal oxides. This solubility decreases as the reaction temperature
increases at a set pressure, resulting in the formation of nanoparticles. The variation of the dielectric
constant and of the density with the temperature can be seen for water in Fig. 2.4 and Fig. 2.5,
respectively. When the dielectric constant is high, the chemical potential of ions to lowers and the
stabilization of ions induces the dissociation of electrolytes. [28, 29, 20, 30]

T T T T T T T T 1000
60 -
—— 15MPa 800
e PN, [ 20 MPa
g 25 MPa —
5 40+ 30 MPa 7 E 500
Q - 35 MPa 2
2 c 400+
= oy g
O 204 Wﬂ?’- -
200 4
10 4 -
0 ' T e 0 . . : ;
100 200 300 400 500 600 100 200 300 400 500 BO0
Temperature (°C) Temperature (°C)
Figure 2.4: Dielectric constant of water at various Figure 2.5: Density of water at various
temperatures and pressures. [31] temperatures and pressures. [31]

According to the Nucleation Theory, its rate depends of the degree of supersaturation and the surface
energy, so if there is a decrease in solubility is expected a higher degree of supersaturation. Under
supercritical conditions is anticipated an extremely high nucleation and consequently the formation of
nanoparticles of metal oxides. Also, the supercritical domain produces lower solubility favouring the
nucleation by precipitation. [20, 23]

The growth of particles is associated with Gibbs Free Energy, because reducing this energy helps
the nucleation process and consequently the particles grow. So, when the solute concentration, C,
surpasses the equilibrium concentration or saturation, Cy, the total energy is reduced by the segregation
of the solute in the solution.

It is possible to determine the Gibbs free energy per unit of volume, AG,,, which depends on the solute
concentration, using Equation (2.13), where kg is the Boltzmann constant, T is the absolute temperature
and (2 is the atomic volume.

kgT c

The value of supersaturation (s;) can also be calculate resorting to Equation (2.14), where Ay is the
chemical potential of the system and v and v, are the activity coefficients.

Ap ~.C
s=——=1 214
i kBT " (’)/0.Co) ( )

However, the activity coefficients can be neglected for low concentrations, which means v/~ = 1.

ss =1In <CC;> (2.15)
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Consequently, Equation (2.13) can be adjust and it is now represented by Equation (2.16).

AG, = —%ss (2.16)

Nucleation happens naturally (AG,, < 0), when supersaturation occurs (C' > C and sg > 0).

The reaction rate, k, can be expressed by a Born type equation (Eq. (2.17)), and it is directly
related to the dielectric constant, <. In this equation, w is a constant determined by the reaction system,
kg is reaction rate correspondent to the dielectric constant ¢,, R is the ideal gas constant and T is the

absolute temperature.
1 1
hm:%-“(-) (2.17)

The dielectric factor (1/: — 1/e,) remains close to 0 in subcritical conditions, which means that it does not
have significance in this conditions. However, for supercritical conditions, this factor becomes relevant
and its contribution gets significant, increasing the reaction rate and making the reaction in supercritical
medium quicker than in subcritical. [32]

The use of supercritical fluids allows the achievement of a product dry and clean in a one step
process, making it possible the avoidance of purification stages and large particle agglomeration. [33]

To sum up, supercritical fluids have the properties of liquid and gases and small adjustment of
temperature and/or pressure can change the properties of the medium. Also, due to the low dielectric
constant and the low solubility of metal oxides, the supersaturation degree is high resulting in the
possibility to create nanoparticles.

The next section introduces the solvothermal synthesis technique to produce this nanoparticles.

2.2.2.2 Solvothermal Synthesis

Based on the advantages describe in the section 2.2.2.1, the technique selected to produce
Cey_.Zr,O5 was supercritical continuous solvothermal synthesis. Other reasons to chose this method
were the fact that can function in moderate conditions, increases the chemical reaction, improves mass
transfer and assists in the stability of the products. In this method, the metal precursors are in an
aqueous solution that will be mixed with a solvent in supercritical conditions and send to a reactor. After
the reactor, the solution is quenched, followed by a back pressure regulator, then the nanoparticles are
obtained after a filter, as it can be seen in Figure 2.6. [26] Although, the method of production applied in
this thesis is slightly different and it will be explained in the section 3.3.

12



mixing point

I /

SCwW 4
‘ heater
reactor
waler -
solution
Filter

suspension

Figure 2.6: Apparatus for supercritical continuous hydrothermal synthesis. [26]

This method allows a short residence time, is easily controlled and the experimental conditions are
reached almost right away. So, if there is a better control of reaction medium properties, consequently,
there will be an improvement in the control of the materials characteristics. [23]

The reaction kinetics are accelerated by high temperatures, so it is important to guarantee that the
solvent stays in the liquid form at this temperature. There are two ways to achieve this, using the
non-hydrolytic route, resorting to solvents with high boiling points or controlling the pressure of the
system, thus using the hydro/solvothermal route that leads to the application of supercritical fluids. [32]

If different solvents are applied, distinct particle sizes will be displayed due to different dielectric
constants, that causes a difference in the solubility of the starting material. Also, by adjusting pressure
and temperature of supercritical solvent, it is possible to obtain different surface morphologies and
particle sizes. [20, 51, 21, 32]

In the case where water is the solvent, it is referred as supercritical continuous hydrothermal synthesis.
For a metal (M) oxide this method has two parts: the Hydrolysis (Eq.(2.18)) and the Dehydration
(Eq.(2.19)). So when a metal aqueous solution is heated up, metal hydroxides are formed due to shift
of reaction equilibrium. At higher temperatures, the equilibrium shifts further towards the metal oxide
formation. [52, 23, 37]

M** +xOH~ — M(OH), (2.18)
M(OH)x — MO, + X/2H,0 (2.19)

This technique permits the formation of nanoparticles because the supercritical conditions force the
metal hydroxides to dehydrate rapidly before there is substantial growth. [53]
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Also, the formation of nanoparticles using supercritical water (SCW) is because of the high hydrolysis
reaction rate and the low solubility of the produced compounds in SCW. In this method, the reaction rate,
equilibrium and solubility of metal oxides are controlled by the dielectric constant. [20, 30, 3]

Metal oxides have a higher solubility in subcritical water than in supercritical. However, in SCW the
reaction occurs faster than in subcritical water because of the higher temperature and lower dielectric
constant. So, when mixing metal aqueous solution with SCW, it is generated an extremely high degree of
supersaturation and it happens rapid nucleation at the mixing point. Figure 2.7 represents the difference
between the mechanism by sub- and supercritical conditions. For supercritical fluids, there is a rapid
nucleation and the intermediate species are consumed in this step, obtaining this way smaller particles.
(23]

Soluble Intermediates
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Figure 2.7: Mechanism of fine-particle production under supercritical conditions. [23]

For the case where alcohols are used as solvent, the dielectric constant (¢,.) decreases as the carbon
chain grows, this also aids control the size of the particle. Also, as the polarity of the solution decreases,
nucleation occurs earlier and the particles formed are larger. On the contrary, viscosity (mu) increases
with the increasing chain growth. When the viscosity of the solution is high implies a low nucleation rate,
which once again helps the growth process resulting in larger particle size.

It is important to note that due to the operative conditions in supercritical water (T.=374 °C; P.=22,1
MPa) is necessary to use stainless steel with special characteristics to support the high temperatures
and pressures simultaneously. [26]

Summing up, this technique allows a easy control of the characteristics of the particles produced, by
changing factors such as residence time and solvent, etc, producing the catalyst support in a fast
and one step way. The following section introduces other techniques to produce nanoparticles using
supercritical fluids.

2.2.3 Other techniques using supercritical fluids

In this section, other methods to produce nanoparticles using SCF will be explained. All these methods
have as basis the induction of a supersaturation state, which leads to the precipitation of particles, as it
was for the case of solvothermal synthesis.
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2.2.3.1 Rapid expansion of supercritical solutions

Rapid expansion of supercritical solutions is a technique where the supercritical solution which also
contains a dissolved solute is expanded across a micro-orifice or nozzle. As consequence, the pressure
will get lower and the solvent density will also decrease dramatically. The solute is this way rejected from
solution and the SCF returns to the gas state.

The rapid pressure reduction leads to a very high supersaturation ratio, resulting in the precipitation of
the particles. Smaller particles and narrower particle size distribution are achieved when the time for the
solution to expand is smaller. The nozzle geometry also affects the particle size.

One of the disadvantages of this process is that the expansion is isenthalpic resulting in big temperature
drops. As a way to overcome this problem, the nozzle is heated in order to avoid freezing. Other
disadvantages are that the solute must be soluble in the SCF and that the particle size may be difficult
to control. [52, 23, 25, 22]

2.2.3.2 Supercritical Anti-Solvent

An anti-solvent is a substance that when added to a solvent mixture promotes phase separation.

In this method, the solute is dissolved in a solvent. Then, the SCF is added as an anti-solvent, decreasing
the solubility of the solution. Consequently, particles are formed with small diameter.

The phase separation that occurs when adding the anti-solvent is because of the changes in the physical
properties of the solvent, such as the dielectric constant, the density and most importantly the chemical
potential of the solute in the solution.

An advantage of this method is that the SCF can be easily recovered. Also, the solute just has to be
soluble in the solvent and no in the supercritical fluid. A disadvantage is that an organic solvent is used,
which means that it is necessary to consider the recycling and emissions of it and residual solvent in the
particle. [23, 25, 22]

2.2.3.3 Particles from Gas-Saturated Solution

In this method, the material is melted and a SCF is dissolved in it. Then, the saturated solution is
expanded across a nozzle, where it is cooled simultaneously by evaporation and Joule-Thompson effect.
So, supersaturation conditions are reached, resulting in the escape of SCF formation of nanoparticles.

One of the advantages of this method is that the SCF reduces the melting point of the material, resulting
in a lower temperature for the material to melt than normally. Another advantage is that the product is
free of organic solvents.

Some disadvantages of this method are the relatively high operating temperatures and the problem of
nozzle clogging. [23, 25, 22]

2.3 Characterization Techniques

This section introduces several techniques of characterization used to characterize the crystal structure,
morphology, size, surface chemistry, etc.
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The following section will describe the most relevant tools used to characterize the catalyst: Inductively
Coupled Plasma - Atomic Emission Spectroscopy (ICP-AES), X-Ray Diffraction (XRD), Transmission
Electron Microscopy (TEM), BET analysis and Oxygen Storage Capacity (OSC). Although the last one
is not employed in this thesis.

2.3.1 Inductively coupled plasma - atomic emission spectroscopy

Inductively Coupled Plasma-Atomic Emission Spectrometry (ICP-AES) is an analytical technique used
for elemental analysis. This technique is quick to realize and accurate, supporting a broad range of
concentrations, from traces to high concentrations.

The sample must be in solution and normally it is dissolved in water. After this, the solution is transformed
by a nebuliser into an aerosol. This creates big and small droplets (1 — 10m), then they are separated
in a spraychamber and the big ones go to waste, while the small ones go trough a plasma. The plasma
is normally ionized argon which produces temperatures close to 7000 °C, this temperature will cause the
outer-shell electrons to excite.

These droplets transform in atoms and ions when they enter the plasma, in which first they are converted
into salt particles by desolvation, then they split into individual molecules that fall apart in atoms and
ions. As more energy is transferred into them, the excitation of their electrons to higher energy levels
is promoted. Finally, when they return to their ground state, they emit electromagnetic radiation in the
ultra-violet/visible range of the spectrum. This energy is unique and characteristic of each element
depending in the electronic configuration of the orbital.

The qualitative and quantitative analysis can be made due to the fact that the energy transfer is inversely
proportional to the wavelength of the electromagnetic radiation. The wavelengths emitted by the sample
and their intensity are determined and the results are compared with reference standards being possible
to determine the concentration. [54, 55, 56, 57]

Figure 2.8 represents a scheme of how a ICP-AES works.

Spectrometer Multi-element
detector

Plasma

Sample

@ (]

Figure 2.8: Operation of an ICP-AE. [54]

For this characterization technique, an amount of sample (around 5 mg) that is known is dissolved in a
solution of 100 mL of acid and water (30% vol. of acid). The acid used was sulphuric acid (H250,).
The concentration of each individual component (cerium or zirconium) has to be between 0,5 mg/L and
100 mg/L in order to be possible to do the characterization.
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2.3.2 X-Ray Diffraction

This technique is used to determine the crystal structure of the powder and can provide information on
unit cell dimensions, as an example of the result of a XRD analysis (Figure 2.9). The X-ray pattern of
each crystalline solid is unique and characteristic for each, allowing its identification. This technique is
one of the most important characterization tool for solid state chemistry and materials science.
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Figure 2.9: Example of experimental x-ray diffraction patterns of cubic SiC. [58]

For the XRD, the sample has to be in powder, so it's necessary to grind the sample to a fine powder
and it has to be packed tightly, so that it gets strong intensities. A mortar is used to grind it and then the
powder is put in a support of silicon substrate where it has to be well distributed. This support can be
seen in Figure 2.10.

Figure 2.10: Support for XRD characterization.

In a more specific way, the X-rays are produced in a cathode ray tube by heating a filament to produce
electrons, accelerating them towards a target by applying a voltage, and bombarding the sample with
electrons. The characteristic X-ray spectra is produced when these electrons have sufficient energy to
remove inner shell electrons of the sample. The X-rays are then aligned and directed to the sample.
The intensity of the rays is recorded, as the sample and detector are rotated in a way that the sample
is scanned through different 26 angles, consequently all diffraction directions should be obtained due
to the random orientation of the material. When the Bragg’'s Law (nA = 2dsin6) is satisfied, occurs a
constructive interference and a peak of intensity happens. Finally, a detector records and process this
signal and converts it to a count rate. The size and shape of the unit cell of the sample will affect the
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directions of the diffractions, also the intensity of these depends of the kind and arrangement of atoms
in the crystal structure. So, rays going through areas with high electron density will reflect strongly,
oppositely the ones with low electron density will give weak intensities. [59, 60, 61]

In the diffractogram, the x axis is 26 instead of § because the geometry of the XRD equipment. More
precisely, the X-ray is focused on the sample at an angle 9 but the detector is mounted on an arm that
collects the X-ray at an angle 26 (Figure 2.11). The instrument that maintains the angle and rotates the
sample is named goniometer (Figure 2.12). [60, 62]
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Figure 2.11: Explanation for 26 axis. [62]

Figure 2.12: lllustration of a XRD equipment. [63]

This technique also allows to determine the crystallite size (d...) using the Scherrer Equation (Eq. (2.20)),
where ) is the X-Ray wavelength (nm), 6 is the position (°) and FWHM is Full Width at Half Maximum
(-

0, 89\

dM':
FWHM x cos(6)

(2.20)
In addition, it is also possible to calculate the lattice parameter, resorting to Table 2.6 and Equations
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(2.21) to (2.25).
The lattice parameter represents the physical dimension of unit cells in a crystal lattice. There are three
lattice constants referred as a, b and ¢ and there is also three angles that occur between them. In Figure

2.13, there is the representation of the lattice parameters.
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Figure 2.13: Representation of the lattice parameters.
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Table 2.6: Conditions of the crystal systems.

Name ‘ Conditions
Cubic a=b=c; a = g = vy=90°
Hexagonal | a=0b#c;a=+=90° 3=120°
Monoclinic a#b#c,a=v=90%p
Orthorhombic a#b#c,a=p0=~v=90°
Tetragonal a=b#c,a=p0=v=90°
Triclinic aFb#Ec,a#LEyF#
Trigonal a=b=c;a = =vi120°% 90°

Table 2.7: Equations to calculate lattice parameter.

Crystal System Equation
. 2 2 2
Cubic F=ttots (2.21)
1 4 (h?+hk+ kK 12
Hexagonal 23 <a2) + 2 (2.22)
- 1 1 h?  k%sin?B 1> 2hlcosf
Monoclinic — = — - " 2.2
" d?>  sin?p <a2 + b2 + c? ac > (2.23)
Orthorhombic L_h K o4
1 h2+ k2 2
Tetragonal = = (2.25)

2.3.3 Transmission Electron Microscopy

In order to observe the morphology of the sample is used Transmission Electron Microscopy technique,
which it is able to give precise information with a small volume of sample and distinguish the shape and
the size of the particles. Besides this, TEM also allows to do chemical analysis.
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The TEM equipment is composed by a cylindrical tube, which is in vacuum so that the molecules
of gases do not absorb electrons. The electrons are formed in a cathode that emits them, then they are
accelerated through an anode, finally going through an aperture into the vacuum tube.

Around the tube, there is electromagnetic lenses which are formed by coils and control the electron
beam, that must be small, thin and coherent. This lenses direct the beam to the center of the tube
where the sample is located. When the electrons pass the sample they will be affected by it, causing
the electrons to continue down the tube with different energies. This will allow an image to be formed
when they reach an image plane being here detected.

So, the areas which are darker mean that there was a greater absorption of electrons by the sample,
while the lighter ones are the opposite, meaning the fewer or none electrons were absorbed. In a way,
what is possible to see is the "shadow” of the sample. In Figure 2.14 is possible to see a scheme of the
TEM equipment. [64, 65, 66, 67]
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Figure 2.14: lllustration of a TEM equipment. [64]

For the characterization, a small amount of sample is dissolved in ethanol in a bottle of 3 mL, then the
sample is subjected to an ultrasonic bath for 15 minutes to help the dissolution of the nanoparticles.
Finally, it is put in a TEM grid a drop of the solution and let to dry at room temperature. The grid support
is observable in Figure 2.15.

Figure 2.15: Grid for TEM characterization.
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2.3.4 BET analysis

This method provides the specific surface area of a powder and also porous materials and this is
determined by the physical adsorption of a gas on the solid surface, then calculating the amount of
adsorbate gas corresponding to a monomolecular layer on the surface.

Normally, the gas used is nitrogen and the temperature for the procedure is that of liquid nitrogen. The
result is the specific surface area in m?/g.

So, this method works by obtaining an Adsorption Isotherm. This is possible by measuring the amount
of gas adsorbed across a wide range of relative pressures at a constant temperature. Then, the BET
(Brunauer, Emmett and Teller) equation (Eq. (2.26)) is applied. This equation is the most commonly
used to describe the specific surface area.

In this equation, W is the weight of gas adsorbed, P/F, is the relative pressure, W,, is the weight of
adsorbate as monolayer and B is the BET constant.

1 1 B-1(P
W((Ro/P)—1)  WmB ' WnB (po) (2.26)

By doing a linear plot of 1/[W (P/F,) — 1] against P/ P, is possible to obtained the weight of adsorbate
as monolayer (W,,). With this value and resorting to Equation (2.27) and (2.28), the value of the specific
surface area can be calculated.

In this equations, St is the total surface area, N is the Avogadro’s Number, s is the adsorption cross
section of the adsorbing species, M is the molecular weight of the adsorbate gas, Sggr is the specific
surface area and m is the mass of the solid sample or adsorbent.

W.,.Ns

STotal = M (227)
S ota

SpET = 7;7; : (2.28)

In order to do this characterization, the sample must first be degassed. This is an important step, so
that gases and vapours that may have become physically adsorbed onto the surface after manufacture
and during treatment, handling and storage are removed. If this stage is not done, then the specific
surface area may be reduced or miscalculated because an intermediate area of the surface is covered
with molecules of the previously adsorbed gases or vapours.

The degassing is achieved by heating the sample under a vacuum under a flow of dry, inert gas. The
temperature applied for degassing must not be too high in order to not affect the nature of the surface
and the integrity of the sample. [68, 69, 70, 71]

For this case, the samples are degassed at 150°C under vacuum during the night.

The equipment used for this analysis can be seen in Figure 2.16.
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Figure 2.16: lllustration of a BET analysis equipment.

2.3.5 Oxygen Storage Capacity

Ceria is capable to accumulate oxygen when the phase is rich in O, and release it when the partial
pressure of oxygen decreases, because of the quick balance between Ce?* and Ce3*. This capability is
determined by measuring the oxygen storage capacity (OSC), which is defined as the maximum amount
of oxygen that can be stored inside the catalyst.

OSC is measured using the same equipment as for the Temperature Programmed Reduction (TPR)
analysis.

This method determines the number of reducible species present on the catalyst surface and reveals
the temperature at which the reduction of each species occurs. The only characteristic that the sample
must have to be able to do this analysis is to contain reducible metals.

The analysis occurs by flowing a gas (normally hydrogen in an inert carrier gas for instance nitrogen or
argon) through the sample, usually at ambient temperature. Then with the gas flowing, the temperature
of the sample is increased linearly with time and the consumption of hydrogen is monitored. In the
downstream, the concentration of the gas mixture is measured and compared with the initial value,
determining the volume of hydrogen uptake and consequently the average oxidation state of the solid
after reduction. [72, 73, 74, 75]

In Figure 2.17, it can be seen an example of equipment which can be used to do the Temperature
Programmed Reduction analysis.
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Figure 2.17: lllustration of a TPR analysis equipment. [76]
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Chapter 3

Methodology

This chapter consists of the description of the principal experimental conditions applied in this thesis,
such as chemicals, temperatures, pressures and residence times used, and also equipment utilised.

3.1 Chemical Compounds

All the chemical compounds used were of the brand Sigma-Aldrich.

The precursors which were chosen for the synthesis of the Ce,Zr;_xO- catalyst support were
Ammonium Cerium Nitrate (Ce(NH4)2(NO3)s) with an assay of > 98,5% for cerium and Zirconium
Oxynitrate Hydrate (ZrO(NOj3), - xH2O) with an assay of 99% for zirconium.

The precursors choice was made based on reference [32] where for cerium, this precursor got the best
results in relation to size and surface area and for zirconium, it was shown that it worked well doping the
cerium. For doping, it would have been better to use a precursor of ammonium nitrate for zirconium so
as to reduce the influence of ligands in the characteristics of the powder, but it was not possible because
it is unavailable.

The solvents used were propanol or 1-propanol (C3H;OH) with an assay of > 99, 5% and distilled water.
For doping, distilled water was initially used as solvent to serve as a comparison base to the next phase
of the project where different alcohols were tested.

Table 3.1 shows the relevant characteristics of the solvents used, where T, and P. are the critical
temperature and pressure of the solvent, respectively and p,. and p; are the densities in the reactor
(experimental temperature and pressure) and in inlet (experimental pressure and 25°C), respectively.

Table 3.1: Characteristics of the solvents. [32]

| 7. (°C) | P. (MPa) | p, (kg/m") (T=800°C) | pr (kg/m") (T=400°C) | pi (kg/m?")
374 22,1 7422 157,1 1007,8

Water

Propanol | 263,6 5,2 503 - 818,3
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3.2 Operating parameters

The main operating parameters are pressure (P), temperature (T), flow rate (Q), concentration (C) and
residence time (¢,.).

The pressure applied in the system is 24,5 MPa and the temperature is 300°C for when propanol is the
solvent, when it is water the temperature was 400°C. The concentration chosen for the initial solution
is 0,01 M. The residence time is also dependent of the solvent, for propanol, a residence time of 40
and 60 s was applied and for water 10, 30 and 60 s. In Table 3.2, there is a resume of the parameters
implemented.

Table 3.2: Resume of parameters.

C (M) | P(MPa) | Solvent | T(C) | t, (s)

|
| Propanol | 300 | 40;60
| Water | 400 | 10;30;60

0,01 24,5

First, the synthesis of ceria in propanol was done with a residence time of 60s to test the set up and
make sure it was appropriate. Then, the doping of ceria with zirconium was realized in water where
residence time was of 30s and the values of = selected were 0, 0,25, 0,50, 0,75 and 1.

In order to do know how the different residence times and solvents effect the catalyst support produced,
the composition Cey 5Zry 502 was chosen to produce more catalyst support and compare with the
results obtain previously. Furthermore, the synthesis of zirconia was realized in propanol with ¢, = 60s.
The parameters of synthesis mention are resumed in Table 3.3.

Table 3.3: Comparison tests.

X ‘ Solvent ‘t,. (s)

0 | Propanol | 60

Water 10
0,50 Water 60
Propanol 40

The flow rate was determined employing Equation (3.1), where Q is flow rate (L/min), V, is reactor
volume (dm?) and t,. is residence time (min).

V,p,
Q=" (3.1)
rPi

When the solvent is propanol is not possible to do experiments below a residence time of 40s because
the pump used as a maximum flow rate of 10 mL/min and with ¢, below this, the value of Q would be
exceeded. Although, if the tube size was other, it was possible to use lower values of residence time.
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3.3 Set-up

In section 2.2, the method described for the continuous synthesis consists in the precursor solution
injection by one via and the solvent already in supercritical conditions by another via into a mixer. Thus,
in this design the reaction conditions are achieved in the mixer which can contribute to early precipitation.
In order to avoid this, ICMCB created a new way to carry out this synthesis. In this new method there is
just one injection via, where the precursors and solvent are mixed previously in a beaker then introduced
in the set-up, causing the supercritical conditions to be reached just in the reactor. Also, the reactor is
brought to the operating conditions prior of the injection of the mixture intent to be synthesized.

So, instead of the set up shown in Figure 2.6, the one in Figure 3.1 was used, where there is just
one injection via and the precursor solution is the mixture between the precursor and the solvent. In
this figure is also possible to observe a scheme of where a modification on temperature and pressure
occurs throughout the synthesis. In the figure P, and T;. are the pressure and temperature in the reactor,
respectively and P, and T, are room pressure and temperature, respectively.
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system control
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:
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Figure 3.1: Scheme of temperature and pressure in the synthesis. [32]

In the Figure 3.2, there is a real image of the set up employed for the synthesis of ceria-zirconia in this
thesis.

Figure 3.2: Apparatus used for supercritical continuous hydrothermal synthesis.
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(b) Reactor. (c) Refrigeration system and Back pressure
regulator.

Figure 3.3: Main components of set-up.

In this set-up, the main components are:

+ Injection: composed by a high pressure pump (HPP) which injects the reaction mixture into the
system through one channel (Figure 3.3a);

» Reactor: coiled tubular reactor with a length of 5 m installed in an insulated metal substrate.
The temperature for the reaction is achieve using a ceramic heater and is controlled with a
thermocouple in direct contact with the reactor, there is also another thermocouple in contact
with the reactor outlet. To restrict heat losses, the reactor and heating system are enclosure
in a thermally insulated material. The reactor is made from tube HP (high pressure) 1/8”
(Dext = 3,19mm and D;,,; = 1,57mm) Stainless Steel 316 (Figure 3.3b);

Refrigeration system: consists of a ice bath that is located after the reactor and before the
back pressure regulator. lts function is to prevent the particles to grow more and keep them from
aggregating (Figure 3.3c);

» Back pressure regulator: placed at the output of the system to control the pressure. It has two
functions: maintain the pressure and to make the transition between the system and the ambient
pressure (Figure 3.3c).

The solution obtained is a suspension of particles in the solvent. In order to recover them, it is necessary
to filter the suspension. To do this, a centrifuge was used to extract most of the solvent and then a
vacuum pump was used, finally the sample was let to dry long enough to ensure there is no solvent.
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Chapter 4

Results and Discussion

This chapter will show all the results obtained from the characterizations done to the catalysts support
produced (Ce;_,Zr,.O5) for different values of z, residence times and solvents. It is also included a
discussion for this results and a section that compares the results obtained for the doping of ceria in
water.

The sample names have the following configuration: Solvent-Percentage  of
Cerium-Temperature-Residence time. For the solvent, W represents distilled water and Pr 1-propanol.
The unit for temperature is °C and for residence time is seconds (s).

When performing the synthesis of zirconia in propanol, no deposition or suspension of particles was
noted, therefore it was not viable to realize characterizations on this sample. The reason for the lack of
particles may be the fact that zirconium oxide is soluble in alcohols.

4.1 Effect of solvent in ceria synthesis

In a first instance, the effect of the solvent was studied in the synthesis of ceria. The solvents studied in
this case was water and propanol.

So, initially, XRD was done in both samples, where the pattern results can be seen in Figure 4.1. This
technique allowed the determination of the crystal structure, crystallite diameter and lattice parameter
(a) of the samples. In Table 4.1, it is possible to check the crystallite size (d.) and the lattice parameter.
The crystallite diameter was calculated applying Scherrer formula (Eq. (2.20)) on the profiles of the
(111) peak.

Table 4.1: Crystallite size and lattice parameter (a) obtain with XRD pattern.

Sample ‘ der (NM) ‘ a (A)

Pr-100-300-60 4,8 5,408
W-100-400-30 6,7 5,413

The indexing values in Figure 4.1 were obtained from the database JPC with the program EVA for the
code 03-065-5923.
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Figure 4.1: XRD patterns with the indexing values (h,k,l) of ceria. a) Pr-100-300-60, b) W-100-400-30

Comparing the values in Table 4.1, it is possible to see a difference between the crystallite sizes where
the smaller one is achieve when the solvent is propanol.

Also, the XRD patterns allowed to confirm that the ceria prepared had the same crystal structure as
pure ceria (cubic), due to the fact that the peaks correspond to the ones expected for this material.
Furthermore, as Table 4.1 shows, the lattice parameter is very similar between both samples, indicating
that the location of the peaks is similar and consequently, that the crystallite structure is the same.

The broad peaks seen in the diffraction patterns (Fig. 4.1) indicate that the samples are nanocrystals
materials, supporting the results in Table 4.1 for crystallite diameter.

Next, TEM analysis was done. With this technique, it was possible to obtain an image of the sample
produced and also determine the distribution size of the nanoparticles that compose the catalyst support,
and therefore see the average size of them.

S 010 Rl
(a) Sample Pr-100-300-60 (b) Sample W-1 00400-30
Figure 4.2: Images of pure ceria samples obtained via TEM.
With the images from Figure 4.2, it was possible to do distribution size analysis using the program

Imaged, where for the case when propanol is the solvent, 180 particles were sampled 180 particles and
when it was water, 90 particles where studied to do the distribution size.
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This distribution size analysis (Figure 4.3), it also allowed to calculate the average particle size that can
be found in Table 4.2.

Another observation conceivable to do is that the nanoparticles produced with propanol as solvent have a
sphere morphology, while the ones produced in water have a "peanut” morphology. This last morphology
is due to the sintering of two nanoparticles during the characterization, caused by the heat of the beam of
the equipment being too strong and the particles too small, otherwise the particles would be spherical.
So, for the samples realized in water, just the diameter of each nanoparticle was studied being this
measurement considered the particle size.

The level of aggregation is also different depending on the solvent, for propanol bigger clusters are
formed than for water. The particles aggregate to give a secondary structure in the form of spheres.
This structures have a range of sizes between 30 and 120 nm in the case of propanol as solvent, where
the nanoparticles size varies between 2 and 6 nm. For water as solvent, the agglomerates are smaller
and the nanoparticles size varies between 3 and 8 nm.
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1-2 2-3 3-4 4-5 5-6 6-7 3-4 4-5 5-5 B-7 7-8
Particle size (nm) Particle Size (nm)
(a) Sample Pr-100-300-60 (b) Sample W-100-400-30

Figure 4.3: Distribution size of samples of ceria obtained via TEM analysis.

Table 4.2: Morphology and particle average size obtained via TEM analysis.

Sample \ Morphology \ Particle average size (nm)
Pr-100-300-60 Sphere 3,7+0,7
W-100-400-30 "Peanut” 5,2+0,7

From Table 4.2, it is possible to observe a decrease of the size as the solvent changes from propanol to
water. This data goes according with the results obtained from the XRD patterns.

4.2 Effect of composition

In this section, the doping of ceria with zirconium was studied at a residence time of 30s at 400°C with
water as solvent. The percentages of cerium analysed were 100%, 75%, 50%, 25% and 0%.

Initially, in order to make sure that the doping has been done correctly and the quantity of cerium is
the expected one, ICP analysis was realized. This analysis determines the quantity of cerium that
effectively exists in the catalyst support after its production, this result is compared with the expected
value of cerium in the precursor solution (Table 4.3).
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Table 4.3: Comparison between initial and final % of cerium.

Sample Theoretical % of cerium | Experimental % of cerium (ICP)
W-100-400-30 100 100
W-75-400-30 75 78
W-50-400-30 50 56
W-25-400-30 25 34
W-0-400-30 0 0

As it can be seen in Table 4.3, there is a slightly difference between the theoretical value and the real
value. More specifically the quantity of cerium is always above of the expected meaning that not all the
zirconium was integrated in the cerium. This may happen due to the difficulty that it was to dissolve the

zirconium precursor in the solvent (distilled water). Perhaps, if microwave was used, it would have help
the solubilization of everything.

After this initial characterization, the XRD patterns were obtained for the samples. Figure 4.4 represents

the XRD patterns obtained for each sample and in Table 4.4 is possible to check the crystallite diameter
and the lattice parameter.
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Figure 4.4: XRD patterns with the indexing values (h,k,l) of zirconia. a) W-100-400-30, b) W-75-400-30,
c) W-50-400-30, d) W-25-400-30 and e) W-0-400-30

The indexing values in Figure 4.4 were obtained as before from the database JPC with the program EVA
for the code 01-081-1314.

In order to better understand the evolution of the crystallite size and the lattice parameter, Figure 4.5
can be analysed where is clear that both this parameters increase with the increasing of cerium. It is
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Table 4.4: Crystallite size and lattice parameter (a) obtain with XRD pattern.

Sample ‘ der (NM) ‘ a (A)

W-100-400-30 6,7 5,413
W-75-400-30 6,6 5,365
W-50-400-30 6,2 5,321
W-25-400-30 55 5,243

W-0-400-30 5,4 5,128

noteworthy that the values of percentage of cerium in the mentioned figure are the experimental. Also,
in this figure there is a linear regression for the lattice parameter a and the corresponding coefficient of
determination, where it is possible to see that the evolution of this parameter is almost linear with the
increase of cerium in the sample.

Lattice parameter a (M)
Crystallite size [nm)

0 20 40 &0

=]
-]

0 100

Ce content (%)

Figure 4.5: Lattice parameter and crystallite size evolution. In blue, there is the evolution of the lattice
parameter a and in yellow the evolution of the crystallite size.

The XRD patterns allowed to confirm that ceria and ceria-zirconia mixed prepared had the same crystal
structure as pure ceria (cubic) and that prepared zirconia had the same as pure zirconia (monoclinic).
Also, the lattice parameter a for pure samples is similar to the ones expected, where for ceria was 5,41
and for zirconia was 5,17. For zirconia, the lattice parameters b and ¢ were, as well, calculated which
resulted in the values of 5,338 and 5,141, respectively.

As seen for pure ceria, the peaks from the diffraction patterns are broad indicating that the samples are
nanocrystals materials, confirming the values for crystallite diameter present in Table 4.4.

From the XRD patterns (Fig. 4.4), it is possible to notice a shift in the characteristic peak of ceria around
20 = 28,542° to higher angle values as zirconium contents increases. This outcome is cause by the
contraction of the lattice cell parameter when inserting Zr into CeO, fluorite lattice.

So, as it can be seen in Table 4.4, the crystallite diameter and the lattice parameter calculated decrease
when the percentage of zirconium increases. This shrinkage of lattice cells indicates that the ions of
Ce** with a ionic size of 0,097 nm are substituted by Zr**, which have a smaller ionic size (0,084 nm).

Next, TEM characterization was done in order to obtained an image of the samples and their particle
size. Figure 4.6 shows the results of the TEM analysis.

Once more from Figure 4.6, the distribution size of the particles was studied for a sample of 90 particles.
The result of this study can be seen in Figure 4.7 and in Table 4.5.
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100 nm :

(c) Sample W-50-400-30 (d) Sample W-25-400-30 (e) Sample W-0-400-30

Figure 4.6: Images of samples obtained via TEM.

As it happened for the synthesis of ceria in water, the nanoparticles produced have a “peanut”
morphology and as explained before it is due to the sintering of the particles during the characterization.
As it was performed for the case of ceria, it was just studied the diameter of each nanoparticle being this
measurement considered the particle size.

Another observation conceivable to do is that the agglomerates are smaller, decreasing the cluster size
when the percentage of cerium decreases. This may indicate that the agglomeration process can be
linked with the pH of the synthesis medium, this happens due to the fact that the decomposition of the
cerium ammonium nitrate yields to the formation of hydrogen ions (Equations (4.1)), reducing the pH
value of the medium as the value of = decreases.

NHyNO3 + H,O — NH{ + NO; + OH™ + H* (4.1a)
NH} + OH™ = NHs + Hy0 (4.1b)

The interstitial space between the nanoparticles in the agglomerates can act as pores, which in this
conditions (supercritical conditions) are formed probably by the quick precipitation of the nanoparticles
and consequently the coarse agglomeration because of the weak interaction between the oxide particles.

Table 4.5: Morphology and particle average size obtained via TEM analysis.

Sample Morphology | Particle average size (nm)
W-100-400-30 "Peanut” 5,2+0,7
W-75-400-30 "Peanut” 4,9+1,3
W-50-400-30 "Peanut” 4,0+0,6
W-25-400-30 "Peanut” 5,0+0,9
W-0-400-30 "Peanut” 4,6+0,9
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Figure 4.7: Distribution size of samples obtained via TEM analysis.

From Table 4.5, it is possible to observe a decrease of the size with the increasing amount of zirconium
although for the last two samples there is an increase and then decreases again. This small variation
can be disregarded because of the small amount of particles studied and the fact that the analysis is
done by hand increasing the error associated.

Following this characterization, the specific surface area was studied by doing a BET analysis and the
results can be seen in Table 4.6.

As it can be seen the specific surface area is higher when the compounds are pure, especially in the
case of ceria. Addressing the doped samples, it is clear that when the amount of zirconium increases
the specific surface area also increases.

A high specific surface area is one of the most important characteristics for catalytic reactions due to the
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Table 4.6: Determined specific surface area.

Sample | Spgr (m?/g)
W-100-400-30 229
W-75-400-30 136
W-50-400-30 149
W-25-400-30 169
W-0-400-30 202

fact that they occur at the surface of the catalysts.

The increase of the specific surface area with zirconia in the doped samples can also be associated with
the decrease of the density of the particles.

It is also important to point that just one test of BET analysis was done for each sample not guaranteeing
that the behaviour would be the same if the analysis was repeated, thus justifying the values obtained.

4.2.1 Summary of the results obtain with water as solvent

In order to better compare the results of the doping of the ceria, a summary table (Table 4.7) was done
which shows the most important values obtained.

Table 4.7: Summary table of results.

Sample ‘ der (nm) ‘ Particle average size (nm) ‘ SpeTr (Mm?/g)
W-100-400-30 6,7 5,2+0,7 229
W-75-400-30 6,6 4,9+1,3 136
W-50-400-30 6,2 4,0+0,6 149
W-25-400-30 5,5 5,0+0,9 169

W-0-400-30 5,4 4,6+0,9 202

Comparing the results, it is noticeable that the particles in the samples have a small size, and
consequently they are able to achieve a high value of specific surface area. Also, the amount of
zirconium in the sample has influence in this characteristics.

Another comparison able to be done is the small difference between the size obtain via XRD and TEM.
This result indicates that the samples are monocrystals.

Finally, it is possible to see that the percentage of cerium does not have a big effect in neither the
crystallite size nor the particle average size obtained via TEM because the difference between each
percentage of cerium can almost be dismissed.

4.3 Effect of residence time in water

A brief study of the effect of the residence time was also done in the particles for a sample with 50% of
cerium and using distilled water as solvent.
The resulting XRD patterns can be visualised in Figure 4.8, where is possible to see the similarity
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between them in terms of intensity and position of the peaks, and also a disparity in the crystallite
diameter, which can be analyse in Table 4.8.

Intensity (a.u.)

oy e o oy

20

Figure 4.8: XRD patterns. a) W-50-400-10, b) W-50-400-30, ¢) W-50-400-60

Table 4.8: Effect of residence time and solvent on the crystallite size and lattice parameter.

Sample | d.. (nm) | a (A)
W-50-400-10 | 5,0 | 5,315
W-50-400-30 | 6,2 | 5315
W-50-400-60 | 8,7 | 5,320

On Table 4.8, it can also be seen that the residence time has no effect on the lattice parameter as it was
expected because the crystallite structure of the unit cell is the same for all the cases due to the fact that
it has the same constitution.

In order to better understand the evolution of the crystallite diameter with the residence time, the graph
in Figure 4.9 can be analysed. In there, an increase of the crystallite diameter with the increase of the
residence time can be observed. This increment can be justified by the fact that because the particle
stays more time in the reactor, it has the chance of growing for longer time, resulting in bigger particles.

4.4 Effect of solvent in ceria-zirconia oxide synthesis

In addition, as for the case of effect of the residence time, the effect of the solvent in ceria-zirconia oxide
synthesis (50% cerium) was also studied. The solvent used was propanol.

For this solvent, a residence time of 30s was not applied, because of the capacity of the pump, as
mentioned in Section 3.2, so a residence time of 40s was used due to being near enough for comparison
be allowed and supported by the pump.
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Figure 4.9: Evolution of crystallite size with the residence time.

The XRD pattern result can be seen in Figure 4.10 and the crystallite size and lattice parameter obtained
from it can be consulted in Table 4.9.

B
)
=
@
c
2
£
b)
a)
20 30 40 50 60 70 80

20 (°)
Figure 4.10: XRD patterns. a) W-50-400-30, b) Pr-50-300-40

Table 4.9: Effect of residence time and solvent on the crystallite size and lattice parameter.

Sample | dor (nm) | a (A)
W-50-400-30 6,2 5,315

Pr-50-300-40 4,3 5,382

In Figure 4.10, it can be seen that there is a slightly shift of the peaks to the left when the solvent used
is propanol. This has as consequence the fact that the values of lattice parameter do not match. This
disparity may happen because the percentage of cerium when propanol is solvent, it is not the expected
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due to the fact that as seen for pure zirconia the zirconium may be soluble in propanol, reducing its
percentage in the sample, causing, consequently, the shift of the peak.

Also, as it was seen for pure ceria, the crystallite size is smaller for synthesis that have as medium
propanol.

39



40



Chapter 5

Conclusion and Future work

5.1 Conclusion

In this thesis, the effect of solvent, composition and residence time in the synthesis of ceria and doped
ceria with zirconium in supercritical conditions was studied.

For the effect of solvent in ceria, two different solvents were analysed, propanol and distilled water. This
analyses was done for a residence time of 60s. It was noticeable that when the solvent is propanol the
particles produced are smaller and it is also produced smaller clusters. For the case when the sample
was doped with a ratio of 1 for a mixture of Ce/Zr and a residence time of 30s for distilled water and 40s
for propanol, the crystallite size of the particles produced in propanol were once again smaller, not being
done a further study to know about the clusters.

Next, for the study of the effect of composition, the synthesis was done in water for a residence time
of 30s with compositions of 100%, 75%, 50%, 25% and 0% of cerium. First of all, it was possible to
conclude that the percentage of cerium expected and the one obtained were slightly different, being the
experimental bigger than the theoretical value, presumably because of the solubility of the zirconium
precursor in water. Furthermore, the results allowed the conclusion that the quantity of cerium has little
influence on the crystallite size and average size of the patrticle, although there is a small decrease with
the decrease of cerium in the catalyst support. However, it was possible to see that the size of the
clusters decrease with the increase of zirconium. In addition, it was observed that the crystallite size
and the particle average size is similar indicating that the sample is composed of monocrystals.

In relation to the specific surface area, a disparity of values was noted ranging from 130 m?/g to 230
m?/g. It could not be determined a relation between the specific surface area and the quantity of cerium.
Although, if the pure samples were dismissed, we can see an increase of the specific surface area with
the decrease percentage of cerium. It is, also, noteworthy that just one analysis was made per sample
so this values can be slightly different when repeated the analysis.

Finally, the effect of the residence time of a mixture of 50% of cerium (Ceg 521 502) was studied in
distilled water. The residence times analysed were 10s, 30s and 60s and it was observed that with the
increase of the residence time, there was an increase of the crystallite size. This result was expected
due to the fact that the more time the particle is inside of the reactor more it grows.
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5.2 Future work

In order to complete this studied of doped ceria, the effect of different solvents in its synthesis will have
to be examined, namely alcohols to see the consequence of the length of the carbon chain. Also, the
effect of others precursors should be studied.

It is also important to determine the oxygen storage capacity of the samples in order to examine the
maximum amount of oxygen that can be stored inside the catalyst and consequently help determine the
best one for the methane reforming.

The BET analysis should be redone in order to confirm the results obtained.

Also, a optimization of the synthesis and characterizations should be studied regarding the lack of
zirconium and its difficulty to solubilize. More specifically, the use of microwave should be tested.

Further work will include the study of the best way to do the modification of ceria-zirconia oxide with
nickel nanoparticles and study the effect of the quantity of nickel in the catalyst properties. Also, it will
be necessary to do a catalytic study in order to know how the catalyst produced behaves when applied
in a reaction and how it deteriorates. This catalytic study will be performed in a dry methane reforming
reaction.
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