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1.1. History and background of the Water-Gas Shift reaction

The production of water gas (Eq. 1.1), consisting in an equimolar mixture of CO and Hz, was first
discovered in 1780 by the Italian researcher Felice Fontana, when he quenched incandescent
coke with water under a glass bell jar. The composition of the mixture was later determined by

Lavoisier [1-3].

C + H20 ¢> CO + H> Eq. 1.1

Nevertheless, the reaction was first patented in 1888 by Ludwig Mond and Carl Langer [4], whose
work was focused on the ammonia synthesis from coal and coke. Mond developed the producing
process of the so-called Mond gas, which is the reaction product obtained from the reaction of air
and steam passed through coal/coke (CO2, CO, Hz, N2, ...) [2, 5], which became the basis for
future coal gasification processes. Mond and Langer were also the pioneers using fuel cells, feed

with coal-derived Mond gas [6].

However, feeding pure hydrogen to the fuel cell was a hard task, since large amounts of CO were
present in the Mond gas, thus poisoning the Pt electrode. Therefore, Mond solved this problem
by passing a mixture of the Mond gas and steam through finely divided nickel at 400 °C, producing
CO:2 and more Hz. After CO: elimination by alkaline wash, the Hz-rich stream could be feed to the

fuel cell [2, 5, 7]. Consequently, the Water-Gas Shift reaction (WGS, Eg. 1.2) was discovered.

CO + H20 ¢ CO2 + H2 Eq. 1.2

In 1914, an industrial application of the WGS reaction was found in the production of water gas
within the Haber-Bosch process [8] for the synthesis of ammonia. Bosch and Wild discovered that
when the water gas coming from reforming processes was passed through an iron-chromium (Fe-
Cr) catalyst at 450-600 °C, the CO was converted into CO2 by means of the WGS reaction [9].
Afterwards, a second stage was introduced on the process, using the same catalyst but operating
in the 320-360 °C temperature range and reducing the CO content to 3000-4000 ppm. Due to the
operation temperatures of the Fe-based catalysts, they were denominated high-temperature (HT)
catalysts. The discovery in the 1960s of the Cu-based low-temperature (LT) catalyst, which

operated at lower temperatures, together with the improvements in the HT Fe-based catalysts,
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gave rise to an enhancement in the CO reduction content, being below a 0.5% of the reformate

steam [2, 10].

As a fundamental part of ammonia synthesis and coal gasification to produce hydrogen, the WGS
reaction still maintains an important position in the chemical industry. Nowadays, the WGS
reaction is carried out in two adiabatic reactors, one operating at high temperature (350-450 °C)
using HT Fe-Cr catalysts, and a second one operating at low temperature (190-250 °C) using Cu-
based catalysts [11]. In order to meet the increased demand of hydrogen production, natural gas
instead of coal has been used as feedstock and the catalysts formulations have been improved
in order to increase the yields and adjust the H2-to-CO ratio of the product, mainly for ammonia

and methanol synthesis but also for Fischer-Tropsch processes and refining operations [5].

Additionally, during the last two decades, the WGS reaction has attracted great interest as an
important stage within fuel cell technology. Fuel cells generating electricity from the reaction of
hydrogen with oxygen have became popular for their use in transport applications, among others
[9]. Since this work will be focused on the study of the WGS reaction within this context, further

details about the aspects to be considered are presented in the next section.

1.2 Fuel cell technology for mobile applications and Water-Gas Shift reaction

The use of fuel cells for mobile applications emerges as a consequence of the depletion of fossil
fuels and the environmental problems derived from their use [12-14]. In the search for new energy
sources, the use of hydrogen as energy vector has been highlighted, since it is considered the
cleanest energy option, it can be stored and transported easily and burns producing only water
as byproduct; additionally, hydrogen possesses a high calorific value (122 kJ-g) [15], being a
perfect candidate to replace fossil fuels [16-18]. Thus, hydrogen can be exploited as energy
carrier in hydrogen-fuel cells, which use the chemical energy of the hydrogen to produce
electricity. These devices could be able to replace the typical internal combustion engines in

motorized vehicles [18].

The most promising fuel cell technology for transport applications seems to be the Polymer

Electrolyte Membrane Fuel Cell (PEMFC) [19-21]. A schematic diagram of the overall process
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taking place on it is presented in Figure 1.1. Hydrogen is ionized to protons and electrons at the
anode of the cell and, afterwards, protons migrate through a membrane to the cathode, where

the reaction to produce water takes place.
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Figure 1.1. Schematic diagram of the PEMFC. Reprinted from [22]

A fundamental aspect to take into account for the successful application of the PEMFCs is the
purification of the hydrogen feed. Since the hydrogen is generally produced from reforming
processes, the presence of CO traces on the feed is unavoidable [22, 23]. Considering that the
anode of the cell is typically consisting on Pt, which is poisoned by irreversible adsorption of CO
[24, 25], the reduction of the latter until levels < 10 ppm is mandatory. Among the fuel processing
stages used for this purpose, the WGS reaction constitutes the most important process, since it

removes the greatest part of the CO [26].

In this case, the WGS operation conditions change substantially with respect to the industrial ones
previously described. For fuel cell applications, the catalyst bed must have a reduced volume and
weight in order to be economical; the employed catalyst must be stable to withstand start-up and
shut-down conditions and additionally, pre-reduction procedures have to be avoided. In this
sense, the industrial Fe and Cu-based catalysts present several drawbacks [9, 18]. For instance,
the presence of excess fuel from the reformer induces coke formation on the Fe-based catalyst
[27, 28], whereas the Cu-based catalyst is pyrophoric in its reduced state and experiments

deactivation in the presence of condensed water, due to leaching of the active phase or formation
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of surface carbonates [27-30]. Consequently, the search for alternative catalyst formulations

becomes essential.

1.3. Selection of the catalyst: the importance of the WGS reaction mechanism

A considerable number of studies has been already devoted to the search for catalyst
formulations able to fulfill the previously mentioned requirements. A general conclusion derived

from these studies is the suitability of noble metals for this purpose.

In this context, Au, Pt, Rh and Ru have been widely investigated metals [9]. Nevertheless, Rh and
Ru-based catalysts are prone to produce methane by means of the methanation reaction under
WGS conditions [31-33], which makes them unsuitable for this reaction. As for Au, it has
demonstrated to be an exceptional catalyst in the low temperature range (180-230 °C), whereas
Pt presents higher rates and better tolerance to the stream composition than Au from 250 °C [34].
Consequently, WGS studies over Au and Pt catalysts in the low and medium temperature range,

respectively, have been extensively studied.

Additionally, the support has demonstrated to play a crucial role with regard to the WGS
performance. Noble metals supported on non-reducible supports such as Al20z or SiO2 have
demonstrated a poor catalytic performance in the WGS reaction [35, 36]. However, catalysts
constituted by noble metals supported on partially reduced supports have been proposed as
promising materials for the WGS reaction according to the literature. Some typical examples are
Au/Fe203 [37, 38], Au/CeO2 [38, 39], Au/TiO> [40], Pt/CeO2 [38, 41-43], Pt/ZrO> [44], Pt/TiO: [45],

Pt/Fe203 [46] or Pd/CeOz2 [47].

The obtained results have allowed to confirm that in noble metal based catalysts, both the active
phase and the support have a significant control in the overall performance, in turn influencing
the WGS reaction mechanism [48-50]. Two reaction mechanisms have been generally accepted
for the WGS reaction: the redox or dissociative mechanism, and the associative or regenerative

one.

In the redox mechanism, CO is adsorbed on metal sites, diffuses at the metal/support interface

and reacts with lattice oxygen of the support to yield CO2. This step results in the formation of

-6-
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oxygen vacancies and consequently, reduction of the support. H2.O adsorbs and dissociates
mainly on the reduced sites of the support, thus re-oxidizing them and producing Hz. According
to that, this mechanism implies the reaction of the reactants, CO and H20, with the surface of the

solid [5, 9, 51-53].

In the associative mechanism, CO and H:20 are adsorbed on the catalyst active sites giving rise
to the formation of an intermediate such as formate, carbonate or hydrogen carbonate, which
reacts or decomposes to generate the reaction products, CO2 and Hz2[54-56]. The exact location
of these intermediates (support, metal site or metal/support interface) remains still controversial

[53].

In 2008, Gokhale et al. [57] proposed, based on DFT calculations, that the WGS associative
mechanism in Cu catalysts is more favorable to occur through a carboxyl intermediate. Since the
activation energy for the formation of a carboxyl group is lower than that for the formation of a
formate group, the authors suggest that the intermediate acting during the WGS reaction is a
carboxyl group, acting formate groups as spectators. By means of this study, they discard the
typical associative mechanism, and stablish that only the redox and the associative carboxyl-
mediated mechanism are possible. The favored occurrence of the latter has been afterwards
reported by other authors in Cu/CeO: catalysts [58, 59]. A graphical representation of the two

possible WGS reaction paths is presented in Figure 1.2.
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Figure 1.2. Reaction scheme of the redox and carboxyl-mediated WGS mechanisms. Reprinted
from [57]
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Without regard of the mechanism, the dissociation of H20 has been generally described as the

rate-limiting step [11, 26, 27, 60, 61].

According to the mentioned mechanistic considerations, the superior WGS catalytic performance
when using partially reducible oxides (i. e. CeOz, TiO2z, Fe20s, ZrO2) with respect to the non-
reducible ones, has been attributed to the presence of oxygen vacancies in the support structure,
which act as catalytic sites for the dissociation of water [50, 62-64]. The presence of these defects
is directly related to the electronic properties of the material, which are influenced by the presence

of redox pairs in the support structure [65, 66].

In this context, CeO2 has been extensively studied as support for the WGS reaction due to its
exceptional properties, combining an elevated oxygen storage capacity along with the existence
of the Ce3*/Ce** redox pair in its structure [23, 67]. In addition, this property can be implemented
by the addition of doping agents in the CeO: lattice [18, 68]. In this sense, Gonzalez-Castafio et
al. [69] enhanced the concentration of oxygen vacancies in a Pt/CeO2/Al203 catalyst by the
addition of Zr and Fe, which resulted in an enhanced mobility of OH and H species during the
WGS reaction. This result demonstrated a direct correlation between the concentration of oxygen
vacancies and the water dissociation ability of the support. An additional advantage of the Zr and
Fe doping was the enhancement of the catalyst resistance towards the formation of carbonaceous

species on the catalyst surface.

A similar work was later developed by Garcia-Moncada et al. [11]. In this case, the authors
introduced a new concept within WGS catalysts design: the use of ionic conductors, consisting in
aliovalent doping of transition or rare earth metal oxides. These compounds provide structural
oxygen vacancies, facilitating the diffusion of ions such as O-, 0%, OH-, H* or H30*, derived from
oxygen and water dissociation [70]. By the addition of ZrEu, MoEu and NbEu ionic conductors,
the formulation of a Pt/CeQO2/Al20z was significantly enhanced in terms of oxygen vacancies,

which had a direct influence on the WGS catalytic performance.

According to these works, two concepts have to be considered for the design of a new generation
of WGS catalysts able to overcome the H20 dissociation step: the presence of cerium in the

support structure and the introduction of ionic conduction properties.
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Regarding the ionic conduction properties, phosphate-type materials have demonstrated

exceptional features.

For instance, alkali orthophosphates have demonstrated great potential for fuel cell and gas
sensing applications [71, 72]. The cubic phases of these materials are specially interesting, since
PO43 groups in face-centered cubic lattices have a high degree of rotational freedom, enhancing
proton mobility. Protons are attached to these tetrahedral groups at the vertices of the cubic
structure and move from one tetrahedron to another, through the so-called “cog-wheel” or “paddle
wheel” mechanism [73]. Zirconium phosphates have been also applied as proton exchange
membrane in fuel cells due to their proton conduction properties [74]. Proton transport in these
materials are dominated by surface transport through the interlayer regions in the presence of
water [75], which is favored by the presence of OH groups in the interlayer region [76]. Particular
attention has been paid to rare earth metal phosphates in fields such as fuel cells, gas sensors
and ceramic membranes, due to their exceptional thermal and chemical stability. Additionally, it
is well-known that these materials undergo phase transformations with the temperature [77, 78],

which determines their conduction properties.

Results derived from the aforementioned studies have demonstrated that conduction properties
in phosphate-type materials depend on several factors, as the absence or presence of humidity,
the population of surface OH groups or the crystal structure of the solid, which influences the acid-

base properties and the type and population of structural defects [73, 76, 77].

According to the work of Garcia-Moncada et al. [11] previously mentioned, it could be reasonable
the extrapolation of the conduction properties observed in phosphate-type materials to WGS

catalytic systems.

Thus, an interesting phosphate-type candidate for this application is CePOa4. The presence of
cerium in its structure could influence its electronic properties by the existence of the Ce3*/Ce**
redox pair, as reported for CeO.. Additionally, CePO4 could present two different crystal
structures: the rhabdophane-type phase, CePO4-nH20 (0.5 < n < 1) or the monazite-type phase,

CePOs, schematized in Figure 1.3.
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(b)

Figure 1.3. View along the c axis of (a) rhabdophane-type phase, (b) monazite-type phase of
CePOq4

The rhabdophane-type phase presents hexagonal structure and contains a series of parallel
channels along the c axis, where water molecules are located. The monazite-type phase presents
monoclinic structure, which results from the complete dehydration of the rhabdophane-type phase
[78, 79]. Consequently, the structural differences between both CePO4 phases could be reflected

in their conduction properties and therefore, in their behavior during the WGS reaction.

14. Objectives and organization of the PhD Thesis

Considering the aforementioned aspects, this PhD Thesis will focus on the study of the two
phases of CePOa4 as supports for Pt WGS catalysts. The synthesis, characterization and catalytic
activity results of both supports and catalysts are described and discussed. Additionally,
mechanistic studies will be presented in order to elucidate the role of the water molecule in the

WGS reaction mechanism over these solids.

This PhD Thesis consists on six chapters, including the present one.

Chapter Il presents the fundamentals of the techniques employed along this work, as well as the

experimental conditions used.

In Chapter lll, the synthesis and physicochemical characterization of the prepared materials is
presented and discussed.

-10 -
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Chapter IV deals with the catalytic activity results of the prepared supports and catalysts on the

WGS reaction. The obtained catalytic performances are then related to the interaction of the solids

with the water molecule and the reactive mixture by means of infrared (IR) spectroscopy studies.

In Chapter V, the structural characteristics of the solids are related to the WGS reaction

mechanism observed on them, through the results obtained by 20 and C!80: isotopic exchange

techniques.

Chapter VI presents the preliminary study of Pt catalysts supported on other phosphate-type

supports containing Ca and Ti. Their structural features, catalytic behavior on the WGS reaction

and interaction with the water molecule are discussed and compared with those observed in the

CePOg4 systems.
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Chapter Il

Physicochemical Characterization Techniques and Catalytic

Activity

Abstract

In this chapter, the experimental setups of the employed physicochemical characterization
techniques are described, as well as the features of the equipment used for the study of the
prepared solids. In addition, a description of the procedure as well as the operation variables

during the catalytic test of the prepared materials is presented.
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2.1. Physicochemical characterization techniques

2.1.1. Powder X-Ray Diffraction (XRD)

XRD is a non-destructive technique used for studying the structure of crystalline materials. This
method may be applied for phase identification, semi-quantitative analysis and determination of

structural defects.

XRD phenomena takes place due to the scattering of X-rays with the matter. If the scattered
waves are deviated without loss of energy, there are coherent with the incident X-rays thus
presenting the same wavelength. This radiation generates the diffraction phenomena. The
scattered waves can also lose some of their energy and present longer wavelength than the
incident X-rays, being incoherent with the latter. This radiation contributes to the background
scattering in diffraction patterns. Therefore, when X-rays interact with the atoms constituting the
crystallographic planes of a crystal, the scattered waves are the result of the constructive and
destructive interferences of the scattered waves of each atom. Considering that either the position
and properties of the atoms influence the scattering, the diffraction of every solid is related to its

crystal structure.

The analysis of the diffraction phenomena in crystals is accomplished using the Bragg’s law.
Bragg hypothesis considers that the planes of atoms constituting a crystal act as semitransparent
mirrors. Consequently, when a wave coming from an X-ray beam (1) collides with the crystal, the
first plane of atoms reflects it partially (1’) with a reflection angle equal to the incident angle (0),
whereas the non-reflected fraction is transmitted to the subsequent planes, where they are

partially reflected again (2, 3’), as shown in Figure 2.1.
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2A
@ T
Figure 2.1. Diffraction phenomena described by Bragg’s law

If the reflected waves are in-phase, their interference is constructive following the Bragg’s law

(Eq. 2.2).
ni = 2d;;,;sen@ Eq.2.1

Where n is the diffraction order, A is the incident beam wavelength, d is the distance between two

consecutive planes and 0 is the diffraction angle.

Therefore, a family of planes diffracts uniquely if the difference of the traversed path of the
scattered waves is a whole multiple of the wavelength. If this condition is not met, the interference

is then destructive [1].

Additionally, when parallel monochromatic radiation falls on a randomly oriented group of crystals,
a broadening of the diffracted beam takes place if the particle size is small. According to this
principle, P. Scherrer obtained an expression that allowed the estimation of the crystalline domain

of the solids studied by XRD, known as the Scherrer equation (Eg. 2.2).

KA
t=ros  Ea2.2

Where t is the mean crystallite size, K is a numerical constant whose value is 2(In 2/1T)2 = 0.93,
A is the wavelength of the incident X-rays and B is the full-width at half-maximum of the 26

reflection [2].
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XRD patterns of the prepared samples were recorded on a Panalytical XPERT PRO
diffractometer using CuKa radiation (40 mA, 45 kV) over a 20 range between 10 and 90°, using
a step size of 0.05° and a step time of 300 s. The crystal refinements were performed by means
of the Rietveld method [3] using FULLPROF software [4]. This method is essentially a
multiparameter curve fitting procedure. The model function consists of a parameterized
description of a curve that is fitted by least squares to the suite of experimental data points. The
peak magnitudes are modeled from crystal structure parameter and their shapes from
parameterized functions that are a convolution of instrumental and microcrystalline broadening
effects. A Thompson-Cox- Hastings pseudo-Voigt function convoluted with an axial divergence
asymmetry function was chosen to generate the peak shapes. The following parameters were
refined: background points, zero point, scale factor, pseudo-Voigt parameters of the peak shape,
atomic positions and cell parameters. The result of a Rietveld analysis includes crystal structure
information (crystal size, crystalline phase fractions). Standard compounds used were
CeP04-0.5H20 (P6222, space group number 180, a = b = 7.0550 A, c= 6.4390 A, V= 277.5 A3),
JCPDS-ICDD 01-075-1880 and CePQOa4 (P21/n, space group number 14, a= 6.8004 A, b= 7.0231

A, c=6.4717 A, V= 300.60 A3), JCPDS-ICDD 00-032-0199.

In situ high-temperature XRD analysis was carried out using a high temperature chamber Anton
Paar HTK 1200 coupled with a PHILIPS X'Pert Pro diffractometer equipped with a Cu anode. The
diffractograms were recorded under atmospheric air, over a 20 range between 10 and 90 °, while

the temperature was increased from RT to 600 °C with a heating rate of 10 °C min.

2.1.2. Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES)

ICP-AES constitutes a suitable method for the determination of the chemical composition in
solids, since it allows to determine most of the elements present in a sample and a wide range of

trace elements.

This technique is based on the emission or absorption of photons occurring when an atom or ion
is excited by electromagnetic radiation. In general, quantitative information is related to the
amount of emitted or adsorbed radiation, while qualitative information is related to the

wavelengths of such radiation [5].
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During the analysis, a liquid sample is introduced into a nebulization chamber, where it is
transformed into a fine mist, which is decomposed by the heat of plasma to form a cloud of hot
gases containing excited free atoms and ions of the studied elements. The emitted radiation goes

through a monochromator and finally reaches the detector.

ICP-AES measurements were performed on a Horiba Jobin Yvon spectrometer after acid

digestion of the samples.

2.1.3. Thermogravimetric Analysis (TGA) and Differential Thermal Analysis (DTA)

TGA is an analytical technique used to measure the mass change of a sample occurring in
response to programmed temperature changes. These mass changes can be produced due to
several processes such as decomposition, degradation, sublimation, vaporization, adsorption,
desorption, oxidation and reduction. To perform the measurements a thermobalance is used, that
is a combination of a sensitive analytical balance with an electronically programmed furnace. The
measurements are carried out in a controlled gaseous atmosphere that can be either static or
dynamic [6]. Moreover, DTA allows to evaluate the thermal effects produced on a sample because
of a temperature change, thus any event involving heat absorption or release can be detected.
Therefore, this technique allows the characterization of phase transitions, the study of order-

disorder transitions and chemical reactions [7].

The measurements were carried out using a TA Instruments SDT Q600 apparatus from 30 to 900
°C with a heating rate of 10 °C min! under nitrogen. Weight loss of the sample, derivative of

weight and heat flow as a function of time and temperature were recorded.

2.1.4. Nz physisorption

Specific surface area and porosity are parameters of great importance in heterogeneous catalysis
since the catalytic activity is related to the available surface, whereas the reactants transportation

and the reaction pathways are influenced by the pore size distribution [8].
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Nitrogen adsorption at 77 K is widely used to determine these parameters. The obtained
adsorption data are commonly analyzed through the application of the Brunauer-Emmett-Teller
(BET) method, consisting on a multilayer extension of Langmuir’s kinetic treatment of monolayer
adsorption on an array of similar sites, that is, the ideal localized monolayer theory is extended in
order to include the formation of either an infinite or finite number of adsorbed layers. The
molecules in the first layer are assumed to act as sites for the second-layer molecules, and so
on. For the characterization of a porous solid, physisorption measurements are accomplished at
constant temperature thus involving the determination of an adsorption isotherm, where the
adsorbed gas amount (na) is expressed as a function of the equilibrium relative pressure (p/po).
The adsorption isotherms are represented graphically, and their shapes are associated to the
gas-solids interactions and the surface area and porosity of the solid. The surface area value is
then obtained from the monolayer capacity, i.e. the nitrogen uptake to form a monolayer on the
solid surface. Concerning the analysis of the porosity, pores can be classified according to their

sizes [9], as shown in Table 2.1.

Table 2.1. Classification of pores according to their size

Classification Pore size (nm)

Ultramicropores <07
Micropores <2
Mesopores 2<@<50
Macropores @ > 50

For the analysis of mesoporous solids, the Barrett-Joyner-Halenda (BJH) method is widely used.
This method is based on a cylindrical pore model, and it considers the emptying of the pores by
a stepwise reduction of p/po, by taking into account the thinning of the multilayer in those pores

already empty.

Textural properties of the synthesized solids were studied by N2 adsorption-desorption
experiments at 77 K. The measurements were performed in a Micromeritics TriStar Il 3020

instrument. Prior to the measurements samples were degassed for 2 hours at 250 °C.
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2.1.5. Electron microscopy

Electron microscopy employs a beam of electrons as lightning source, allowing to obtain higher
magnification and resolving power than the conventional optical microscopy. Furthermore,
electron microscopes allow to perform energy dispersive X-ray spectroscopy (EDX), that provides
information about the chemical composition of the samples from the characteristic X-rays

produced when the electron beam interacts with the sample.

2.15.1. Scanning Electron Microscopy (SEM)

SEM is one of the most versatile techniques to examine and analyze the microstructure
morphology and chemical composition of a sample. The produced electron beam is shaped and
focus using a series of electromagnetic lenses. The electrons first pass through one or two
condenser lenses, which reduces the beam size. An aperture in the condenser lens limits the
angular range of electrons that are allowed to travel up to the objective lens, where a final aperture
may be positioned. Image formation in SEM depends on the acquisition of the signals produced
as a consequence of the interaction between the electron beam and the sample, which are
classified mainly in two categories: elastic and inelastic interactions. The deflection of the incident
beam by the nucleus or outer shell electrons of the sample with similar energies leads to elastic
scattering, characterized for a negligible loss of energy during the collision. Incident electrons
scattered through an angle greater than 90°, that is backscattered electrons (BSE), produce an
useful signal for imaging the sample. On the other hand, inelastic scattering occurs as a
consequence of several interactions between the incident electrons and the electrons and atoms
of the sample, giving rise to an energy loss whose value will depend on the binding energy of the
electron to the atom and whether the electrons of the sample are excited singly or collectively.
This interaction generates secondary electrons (SE) that possess values of energy lower than 50
eV and can be used to image or analyze the sample. In addition to these interactions, other signals
are produced when an electron beam collides with a sample including the emission of

characteristic X-rays, Auger electrons and cathodoluminescence [10].

SEM micrographs and EDX elemental analysis were performed in a Hitachi S-4800 SEM-FEG

high resolution (5 nm) scanning electron
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microscope provided with SE and BSE detectors and a Bruker X Flash Detector 4010 EDX
analyzer with a resolution of 133 eV in the MnKa line. Operating conditions were varied for every

experiment.

2.1.5.2. Transmission Electron Microscopy (TEM)

In TEM, a thin sample is irradiated with a parallel electron beam. An electromagnetic objective
lens combines the transmitted electrons, producing a 2D diffraction pattern of the sample in its
focal plane, and these diffracted beams are recombined to form the magnified image in the image
plane. The variation of the excitation of a series of projection lenses allow to obtain magnified
images or the diffraction pattern of the sample on the detector. In conventional TEM, image
contrast is generated by insertion of an objective aperture in the diffraction plane, which has a

size that allows the diffracted beams to be excluded [11].

TEM micrographs were obtained in a PHILIPS CM-200 transmission electron miscroscope
equipped with microanalysis (EDX), with 15 nm of minimum spot size and 2.8 A of maximum

resolution between two points.

2.1.6. X-ray Photoelectron Spectroscopy (XPS)

XPS is a surface-sensitive technique, since the X-ray penetration in the sample is small, with an
average depth of analysis of approximately 5 nm. XPS is based on the photoelectric effect. When
a sample is irradiated with a light of sufficiently small wavelength, an atom absorbs a photon of
energy hv, provoking that a core or valence electron with binding energy Es is ejected with a given
kinetic energy Ex (Eq. 2.3.). The number of emitted photoelectrons depends on the light intensity

and the energy of these electrons on the light wavelength.
Ek=hv—Eb—¢ Eq23

Where Ex is the kinetic energy of the photoelectron, h is the Planck constant, v is the frequency
of the exciting radiation, E;, is the binding energy of the photoelectron with respect to the Fermi

level of the sample and ¢ is the work function of the spectrometer.

-24 -



Chapter II: Physicochemical Characterization Techniques and Catalytic Activity

The X-ray sources commonly used are Mg Ka (1253.6 eV) and Al Ka (1486.3 eV), and the
intensity of photoelectrons N(E) is measured as a function of their kinetic energy. However, the
XPS spectrum is usually a plot of N(E) versus the binding energy (Eb). Considering that a set of
binding energies is characteristic for an element, XPS can be used to analyze the elemental
composition of the samples, the oxidation state of the elements and the dispersion of one phase

over another [12].

XPS measurements of the prepared samples were performed using a Phoibos HSA3500 150 R6
MCD-9 spectrometer with a radiation source using an Al Ka anode working at 250 W. The work
pressure was 5x10° mbar. The obtained data were processed using the CasaXPS software. The
spectra were referred to the C 1s signal at 284.6 eV, corresponding to the residual carbon. The
decomposition into components was performed by fitting using a sum of Lorentz and Gauss

functions with the Shirley subtraction of the background.

2.1.7. Isothermal adsorption of water

Measurements of water adsorption equilibrium are undertaken to characterize fundamental
mechanisms of adsorption and transport of the water molecules in solid surfaces. The surface
chemistry and the distribution of the primary adsorption sites play a fundamental role in the water
adsorption mechanism. At very low relative pressures, the polar nature of the water molecule
allows it to bond with individual oxygenated functional groups. In these conditions, the amount of
adsorbed water is determined by the total number of primary adsorption sites. At higher relative
pressures, the adsorbed water molecules interact by hydrogen bonding with the free water
molecules, giving rise to the formation of clusters. At even higher relative pressures, water
clusters grow up and hydrogen bonding between them occurs. Thus, the nature of the obtained
equilibrium isotherm depends on the number of primary adsorption sites and also on their surface

density [13].

Water adsorption isotherms of the studied samples were performed at 20 °C by thermogravimetric
analysis using a SETARAM microbalance (TA Instruments). 20 mg of the sample were outgassed
under secondary vacuum at room temperature for 24 hours prior to the sorption measurements.

The sorbate pressure was then increased gradually in order to obtain the complete adsorption
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isotherm. For each water uptake, the equilibrium was reached and the mass as a function of the
time was recorded. These experiments were performed in the Institut de Chimie des Milieux et

des Matériaux de Poitiers, University of Poitiers (France).

2.1.8. Hchemisorption

Hydrogen plays an important role in catalysis, being used not only as reducing agent and reactant,
but also as probe molecule. Its selective chemisorption on noble metals allows its use as probe
molecule in order to perform surface area measurements and catalysts characterization.
Particularly, the number of surface metal atoms in a catalyst can be calculated as a function of

the quantity of chemisorbed hydrogen.

Mechanisms of adsorption, surface reaction and desorption can be extremely complex,
particularly over supported catalysts, where phenomena such as spillover, derived from the
interaction between the active phase and the support, could interfere. There are certain systems
where slow hydrogen spillover can become a problem for the quantitative determination of
chemisorbed hydrogen. To avoid this problem, techniques as pulse flow methods, which limit the

process kinetically, are preferred [14].

Hydrogen chemisorption analyses were performed in a pulse-flow apparatus. 200 mg of catalyst
were placed in a U-shaped quartz reactor and reduced under Hz flow at 350 °C for 1 hour,
outgassed under Ar at the same temperature for 3 hours and finally cooled to 35 °C. At this
temperature, two series of 6 Hz pulses of 250 pl were dosed in the reactor. The Hz not adsorbed
during the pulses was quantified using a thermal conductivity detector (TCD). The dispersion

values were calculated using the following equation:

D = N,/Ny Eq.2.4

Where Ns is the total number of surface atoms and Nt the total number of metal atoms in the solid

(bulk and surface).
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2.1.9. Vibrational spectroscopy

Vibrations in molecules or in solid lattices are excited, among others, by the scattering of photons
(Raman spectroscopy) or the absorption of photons (infrared spectroscopy). When the vibration
is excited by the interaction of the bond with a wave field, this interaction is subject to certain

selection rules.

2.1.9.1. Raman spectroscopy

Raman spectra are originated as a result of the electronic polarization caused by ultraviolet,
visible and near-IR light. When a molecule is irradiated by a monochromatic light beam of
frequency v, electronic polarization is induced in the molecule, giving rise to the scattering of the
light of frequency v (Rayleigh scattering) and that of frequency v * vi (Raman scattering), where
vi corresponds to a vibrational frequency of the molecule. Thus, Raman spectra are presented as

shifts from the incident frequency of the irradiated light [15].

Raman spectra of the synthesized samples were taken on a dispersive Horiba Jovin Yvon
LabRam HR800 Confocal Raman Microscope with a green laser (A = 532.14 nm: maximum power
20 mW) using a 600 groves/mm diffraction grating. Power was reduced to 5 mW with the use of
optical density neutral filters. In these conditions, the laser spot diameter is 1.18 um and the

spatial resolution is 590 nm.

2.1.9.2. Infrared (IR) spectroscopy

The IR region provides information of rotation and vibration of molecules. When a molecule is
subjected to IR radiation whose frequency is similar to that of one of its oscillators, the latter
resonate and absorb part of the radiation. The absorption intensity depends on the probability of
the transition between the ground and excited states. Only those transitions corresponding to
vibrations with changes in the dipole moment are IR active, and the intensity of the obtained

bands are proportional to the change in the dipole moment.
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Additionally, in situ IR spectroscopy makes possible the observation of a catalyst and the
adsorbed species on it at the reaction temperature in the presence of reactants, whereas
operando IR spectroscopy allows to evaluate simultaneously the adsorbed species and the

catalytic activity in reaction conditions.
a) In situ transmission IR spectroscopy

IR transmission spectra are obtained as a result of the direct transmission of an IR beam through
a sample. The spectrometer records the transmission, which intensity can be calculated through

the Lambert-Beer law (Eq. 2.5).
=1/, Eq25

Where T is the transmittance, | is the intensity reaching the detector in the presence of the sample

and |, is the intensity measured by the detector in the absence of the sample.

Thus, the sensitivity of this method is determined by the characteristics of the radiation detector
and by the absorption coefficient of the medium. By means of the Fourier transform (FT) technique
the sensitivity is significantly improved. Typically, the sample is pressed into a thin self-supported
wafer, decreasing the scattering that takes place during the transmission of the IR radiation

through the sample [16].

The development of in situ experiments requires that the sample wafer is securely hold at a

controlled temperature while the solid is exposed to reactant gases [17].

In situ IR measurements of the synthetized samples were performed in a home-made reactor-cell
consisting on a stainless-steel cylinder which contains a toroidal sample holder in its center, where
a sample wafer of 16 mm is placed. The cell is equipped with two CaF2 terminal windows and two
KBr windows which limit the dead volume to 0.12 cm? and the optical path below 3 mm. A heating
system is incorporated in order to reach the desired temperature, as well as an air-cooling system
to protect both ends of the cell. A scheme of the experimental setup is showed in Fig. 2.2. Spectra
were collected by a Thermo Nicolet iS50 FT-IR spectrometer equipped with a liquid-nitrogen
cooled mercury cadmium telluride (MCT) detector at a resolution of 4 cm™* and an average of 64

scans.
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Figure 2.2. View of the transmission IR reactor cell. Reproduced from [18]

b) In situ and Operando Diffuse Reflectance Infrared Spectroscopy (DRIFTS)

Diffuse reflectance measures the radiation scattered by a powder sample, which is
complementary to that measured in transmission. The scattering is the result of two processes:
diffuse and specular reflectance. In this technique, the IR radiation passes into the sample and
undergoes absorption, refraction and diffraction before re-emerging. Specular reflectance, which
is a mirror-like reflection from the front surfaces of the analyzed sample, may distort the diffuse
reflectance component of the spectrum. This problem can be minimized by a proper preparation

of the sample [17, 19].

In situ and operando DRIFTS measurements were performed in a high-temperature reactor
chamber supported on a Praying Mantis (Harricks) DRIFTS optical system using ZnSe windows.
Spectra were collected by a Thermo Nicolet iS50 FT-IR spectrometer equipped with a liquid-
nitrogen cooled MCT detector at a resolution of 4 cm-! and an average of 64 scans. 40 mg of the
finely ground solids were loaded in the catalytic cell and the reaction flow was introduced using a
series of AALBORG mass-flow controllers and a KNAUER Smartline 1050 HPLC pump for the
introduction of water in the system. In such case, the system was heated at 100 °C to avoid water

condensation during the reaction.
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For every FTIR experiment, the outlet gas composition was analyzed by mass spectrometry in a

PFEIFFER mass spectrum Vacuum Prisma Plus controlled by the Quadera® software.

2.1.10. 0, and C*®0; isotopic exchange experiments

Surface mobility of species have demonstrated to play a crucial role in heterogeneous catalysis.
In this sense, isotopic exchange techniques provide effective answers to characterize the
catalysts behavior concerning the mobility and reactivity of the atoms constituting a solid, as well
as the elucidation of reaction mechanisms. Particularly, the isotopic exchange using 1802/*%02
and C!80,/C%0; are useful to elucidate reaction mechanisms involving mobility steps of O-
containing reactive species. The method is based on the measurement of the rates of exchange
between gaseous 802 (or C'802) and 0 species of the support via metal particles or small
metallic clusters acting as porthole of O. This method can give useful information about reactions
catalyzed by supported catalytic systems in which surface diffusion can play a decisive role in the
mechanism. Differences between the oxygen exchange rate as a function of the labelled molecule
employed are attributed to a difference in the exchange mechanism: for Oz a dissociative
mechanism takes place, in which the limiting step is the oxygen dissociation of the O2 molecule,
whereas for COz an associative mechanism via formation and decomposition of intermediate

species as formates, carbonyls or carbonates on the solid surface occurs [20].

For the X*/X (X=02, COz) isotopic exchange experiments of the evaluated samples, a quartz U
reactor was placed in a closed recirculation system, connected to a mass spectrometer in order
to follow continuously the evolution of the gaseous species as a function of the time, and to a
vacuum pump. A recirculation pump eliminated the limitations due to the gas phase diffusion. A

scheme of the isotopic exchange experimental setup is showed in Figure 2.3.
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Figure 2.3. Scheme of the experimental setup employed for the X*/X isotopic exchange
experiments

The studied supports were first activated under 50 ml mint of 160, at the temperature of
calcination and atmospheric pressure. Regarding the catalysts, the activation was carried out at
350 °C under 50 ml min- of Hz in order to guarantee the reduction of the metallic species. After
that, the temperature was decreased and the activation gas was evacuated to introduce the
isotopic molecule in the reaction system. For the heteroexchange experiments, 65 mbar of 202

or C80: were introduced in the system. Two different experiments were performed:

- Temperature programmed isotopic exchange, where the temperature was increased
progressively along the experiment at a rate of 2 °C min-.
- Isothermal isotopic exchange, where the temperature was maintained constant along

the experiment.

During the 1802/1%0: isotopic exchange experiments, the mass-to-charge ratio m/z 32 (1603), 34
(180180) and 36 (*802) were recorded, whereas for the C180,/C10, the mass-to-charge ratio m/z
44 (C'802), 46 (C%0'0) and 48 (C'802) were evaluated, with the purpose of following the
isotopomer distribution formed during the reaction. The absence of air and CO: at the beginning

of the experiments were verified by mass spectrometry in both cases.

The atomic fractions of X*X in the gas phase (ag), the rate of exchange (Re) and the number of O

exchanged atoms (Ne) were calculated according to the following equations.
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a, = 1/2PX*X+PX§

= Eq.2.6
9 PX;+PX*X+PX2 q

Where P corresponds to the partial pressure of the gaseous species.

da
R, = —Ngd—;’ Eq.2.7

Where Ny is the number of *X atoms in the gas phase at the beginning of the reaction.
N,=N,(1-a,) Eq.2.8

For the experiences using C'®0., the oxygen diffusion coefficient in the bulk was calculated
according to the mathematic model developed by Kakioka et al. [21, 22] . For this calculation, the
authors propose the equation 2.9 derived from the classic diffusion equations (Fick’s Law).

p-S |4D

—Log(xt—0.2) = ~ ?\/E —log(a; —0.2)  Eq.2.9
9

Where ag' is the 180 concentration (%) in the CO:2 gas at time =t; a4’ is the 180 concentration (%)
in the CO2 gas when the fast exchange with the oxygen surface atoms is reached; 0.2 is the
intrinsic quantity (%) of 180 in the solid at t = 0; p is the density of oxygen in the solid (at-m=3); S
is the surface of the sample (m?); Nq is the number of oxygen atoms in the gas phase and D is

the oxygen diffusion coefficient in the bulk (m2-min-t).

Thus, by plotting Log(ag! — 0.2) as a function of t2, the diffusion coefficient D can be calculated
from the slope of the linear part of the curve. It should be noted that this equation supposes that
the exchange between C'80: and the totality of the surface is achieved very fast. Actually, some
minutes are necessary to reach the equilibrium, thus not being possible the application of this

equation during these minutes.

2.2. Catalytic activity measurements

For the catalytic evaluation of the prepared catalysts on the WGS reaction, the employed gases
and their respective purity were: CO (Linde, = 99.5), H20 milli Q, CO2 (Linde, > 99.9%), H: (Linde,

> 99.9%) and N2 (Linde, = 99.999%).
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2.2.1. Experimental setup for the WGS reaction

Figure 2.4 shows a scheme of the reaction system used for the evaluation of the catalytic

performance on the WGS reaction.

Figure 2.4. Scheme of the reaction system for the evaluation of the catalysts in the WGS
reaction

The experiments were carried out in a Microactivity-Reference (PID Eng&Tech) equipment, using
a tubular Hastelloy reactor with an inner diameter of 17 mm operating at atmospheric pressure
and temperatures between 150 and 350 °C. 200 mg of the catalyst (particle size, 600-800 pum)
were diluted with SiC (~ 686 um) to obtain a catalytic bed volume of 6 cm3. The catalysts were
first activated at 350 °C for 1 hour under a 10% H2/N2 flow at a rate of 100 ml min-%. The reactor
was the cooled down to 150 °C and the catalysts were submitted to 100 ml min-! of the reaction
mixture. Two feed-streams (A and B) have been used: feed-stream A (4.5% CO, 30% H20, 65.5%
N2) and feed-stream B, a mixture simulating the feed conditions of a WGS unit coming from a

reformer (7% CO, 9% COz, 50% H2, 30% H20, 4% N>).

Reaction products were analyzed by an on-line chromatography data system (VARIAN CP-4900
UGC) equipped with a ®Porapak Q column, a Mole-Sieve 5A, and two TCD detectors. The CO:2
concentration at the reactor exit was monitored using a VAISALA GMT220 series detector. CO

conversion at each reaction temperature was calculated according to Equation 2.10.
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Feoin—F
XCO(%)=WMOO Eq.2.10
m

Where Fcoin and Fco out are the inlet and outlet volume of CO in the reactor respectively.

Weight hourly space velocity (WHSV) at which the experiments were carried out was calculated

according to Equation 2.11.

o Feed flow (L -h™1)
WHSV (L-g~'-h™Y) = Eq.2.11
Catalyst mass (g)
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Chapter Il

Synthesis and characterization of CePOs-based catalysts

Abstract

The present chapter describes the synthesis and physicochemical characterization of the two
possible crystal structures of CePOa: the hexagonal (rhabdophane-type), and the monoclinic
(monazite-type) phases. Their textural, structural, morphological and chemical features are
analyzed in order to determine the differences between both phases and their possible influence
regarding the interaction with the water molecule, which plays a fundamental role during the
Water-Gas Shift (WGS) reaction. Afterwards, the synthesis and characterization results of the
corresponding supported Pt catalysts are analyzed. For the sake of comparison with the Pt
system, the synthesis of Au and Cu-based catalysts supported on CePOs is also described,

together with a brief description of their structural characteristics.
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3.1. Introduction

The use of supported metal catalysts for the WGS reaction have motivated a deep study of these
materials over the years, regarding both the metal phase and the support. A general conclusion
derived from the numerous studies accomplished is the synergy existing between the active

phase and the support [1, 2].

Regarding the active phase, several studies have emphasized the suitability of using noble metals
for the WGS reaction in fuel cell applications [3-6] compared to the traditional low-temperature
Cu-based catalysts [6, 7]. The latter present a series of drawbacks, as their pyrophoricity and the
sintering and loss of Cu surface area in reducing atmospheres [8]. Furthermore, Cu catalysts
need to be used in pellets to provide enough mass to avoid poisoning and increase the shelf life
of these systems, which results in very low space velocities and makes necessary big reactor
volumes, a non-desirable aspect for compact applications. In order to overcome this problems,
noble metal catalysts have been employed due to their advantages such as high activity, fast
response, long catalyst lifetime and non-pyrophoricity [5, 7-11]. Among them, Pt is particularly

interesting due to its superior performance compared to other noble metals [5, 12].

On the other hand, the support is known to be involved in the activation of the water molecule,
generally recognized as the rate-limiting step of the WGS reaction. Thus, both reducible and non-
reducible supports have been extensively studied for the WGS reaction [13-16]. Among them,
oxide supports containing oxygen vacancies have been highlighted, since they play a
fundamental role with regard to the dissociation of the water molecule, which determines the WGS
catalytic performance. In this context, supports such as TiO2 or CeO2 have been proposed as
interest candidates since they greatly enhance the water activation rate through the influence of
their electronic properties when they are partially reduced [17-19]. Particularly in the case of
CeO0, such properties rely on the presence of the Ce3*/Ce** redox pair, which is directly related
to the presence of oxygen vacancies in the solid [20, 21]. However, CeO2 is known to be
deactivated in cyclic operation conditions, that is due to shut-down and start-up processes [22,
23]. To overcome the deactivation problem and improve the electronic and structural properties
of CeOz2, several studies have been performed [12, 24, 25]. Particularly, the addition of protonic

conductors to CeOz-based catalysts have demonstrated to enhance the WGS catalytic
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performance through a proton conduction mechanism, promoting the water dissociation step [26]
through the so-called “Grotthuss mechanism”, which implies hopping of a lone proton between
oxide ions [27, 28]. According to the aforementioned considerations, the study of CePO4 as
support for the WGS reaction results interesting due to several reasons: first, the presence of
cerium in its structure, which could influence the electronic properties of the material through the
presence of the Ce3*/Ce* redox pair, accompanied by the previous use of phosphate-type
compounds as electrolytes for the production of electricity in hydrogen fuel cells [29-31], which
points out the inherent conduction properties of these materials. Additionally, CePO4 has shown
an unusual water uptake capacity [32, 33], which could influence the proton transport mechanism,
as well as the availability of water during the WGS reaction, thus influencing the WGS catalytic

performance [34, 35].

This rare-earth phosphate could present two different structures depending on its hydration
degree: the hexagonal rhabdophane-type CePO4:-nH20 (0.5< n <1) and the monoclinic monazite-

type CePOa4 [32, 36, 37], shown in Figure 3.1.

(b)

Figure 3.1. View along the c axis of (a) rhabdophane and (b) monazite-type phases

In both structures, cerium is coordinated to eight oxygen atoms, four located at 2.33 A and four
at 2.66 A. In the hexagonal phase, these oxygen structural atoms form a series of open channels
along the hexagonal axis, in which water molecules are located [33, 38, 39]. This structure is

easily transformed into the anhydrous monoclinic one at moderately high temperatures [32, 39-
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42]. Although Ce-O distances are similar in both structures, the monazite-type phase possesses
a more packed structure in which the previously unoccupied spaces are substituted by atoms,
consistently with its higher density value (5.26 g-cm-3) compared with its hexagonal homologue
(4.22 g-cm3). The structural differences between both crystallographic phases could give rise to
morphological and/or textural changes influencing the catalytic performance of these materials

on the WGS reaction.

Considering the aspects mentioned above, this chapter presents the synthesis and
characterization results of the rhabdophane- and monazite-type phases of CePOs and the
subsequent 2 wt.% Pt catalysts. For the sake of comparison, the synthesis and basic
characterization results of two more catalysts containing Au and Cu as active phase are also

presented.

3.2. Supports synthesis

Phosphoric acid 85% (Panreac), cerium (lll) nitrate hexahydrate (Fluka), ammonia 30% (Panreac)

and sodium citrate dihydrate (Sigma) were used as raw materials for the synthesis of the supports.

The syntheses of CePO4 were carried out adapting a hydrothermal method previously described
[43]. 50 ml of equimolar aqueous solutions (0.6 M) of phosphoric acid and cerium (lIl) nitrate
hexahydrate were mixed and maintained at 40 °C under stirring. Then, 50 ml of a 0.019 M
aqueous solution of sodium citrate dihydrate was added, and the pH was raised to 10 by the
addition of ammonia 30%. The resultant solution was kept at 40 °C for 8 hours under stirring and
then transferred to a Teflon-lined autoclave where it was aged at 100 °C for 8 hours. The obtained
solid was filtered, thoroughly washed with distilled water and dried overnight at 100 °C. The
obtained material, named CeP, was divided in two fractions and calcined at 400 and 600 °C,

labelled as supports CeP400 and CeP600, respectively.
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3.3. Physicochemical characterization of the supports

3.3.1. X-ray diffraction (XRD) analyses

In order to assess the calcination temperature required for obtaining the rhabdophane and
monazite-type phases of CePOs, in situ high-temperature XRD experiments were performed.

Figure 3.2 presents the XRD pattern of the fresh support from RT to 650 °C in air.

¢ Rhabdophane-(Ce)
v Monazite-(Ce)

650°C
600°C
550°C
YYY VvV v
500°C
400°C
300°C
_J\\J\\/\J\LJL/"\_-’J\/‘\VN 200°C
M—/\-/UL_A./\._/J\/-\_,M\___\_JO_OOQ

Intensity (a. u.)

30°C

10 20 30 40 50 60 70 80 90
2theta (degree)

Figure 3.2. XRD patterns of the fresh support (CeP) during the temperature treatment

The diffraction pattern of the fresh solid corresponds to the rhabdophane-type phase of CePOa
(JCPDS-ICDD 01-075-1880) which presents hexagonal structure and crystallizes in the space
group P6222. This crystal phase is preserved until 500 °C, temperature at which the diffraction
lines of the monazite-type phase (JCPDS-ICDD 00-032-0199) appear. This phase of the CePOa4
presents monoclinic structure and space group P21/n. At 600 °C, the absence of diffraction peaks
corresponding to the rhabdophane-type phase indicates the complete formation of the monoclinic
phase. This thermostructural evolution from rhabdophane to the monazite-type phase has been
previously reported [35, 44] and it has been found to be an irreversible transformation due to the

compaction of the atom arrangement [41].

Thus, the calcination temperatures selected for the fresh solid CeP were 400 and 600 °C, with
the purpose of obtaining the rhabdophane (CeP400) and monazite-type (CeP600) phases,
respectively. The observed and calculated XRD patterns of the calcined supports after Rietveld
refinement are shown in Figure 3.3. These results confirm that after calcination at 400 °C, the

- 41 -



Chapter Ill: Synthesis and characterization of CePO,-based catalysts

CePOq exists as the rhabdophane-type phase, whereas the calcination treatment at 600 °C

induces the phase transition to the monazite-type phase. For this solid, the fitting between the

observed and calculated data was also performed considering the possible presence of the

rhabdophane-type phase, being the adjust unsatisfactory and consequently, confirming the

complete disappearance of the rhabdophane-type phase after calcination at 600 °C. The

crystallite size of CeP400 was calculated using the X-ray line broadening of the (102) plane, being

20 nm, whereas the crystallite size of CeP600 calculated from the (012) diffraction line was 24.6

nm, exposing the structural change derived from the total dehydration of the support. Cell

parameters and cell volume of both supports were calculated from the refinement results. As

shown in Table 3.1, the obtained values are greatly close to the theoretical values displayed on

the selected JCPDS patterns.
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1'=2,98
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Figure 3.3. Observed and calculated XRD patterns of CeP400 and CeP600 considering
hexagonal and monoclinic solutions respectively

Table 3.1. Calculated and theoretical cell parameters of the rhabdophane-type (CeP400) and
monazite-type (CeP600) supports

Sample/JCPDS a(A) b (A) c (A V (A3
CeP400 7.0647 7.0647 6.4833 280.23
01-075-1880 7.055 7.055 6.4390 277.55
CeP600 6.8185 7.0315 6.4693 301.63
00-032-0199 6.8004 7.0231 6.4717 300.60
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3.3.2. Thermogravimetric Analysis (TGA) and Differential Thermal Analysis (DTA)

Figure 3.4 shows the DTA plots of the fresh solid CeP. A 6 wt.% loss takes place below 200 °C,
associated with the desorption of physisorbed water. A second process associated with a 4 wt.%
loss occurs from 200 to 300 °C, attributed to the dehydration of the rhabdophane-type phase [35].
The observed weight loss allows the determination of the water stoichiometry of the fresh
rhabdophane-type support, which is found to be CePO4-0.53H:20, within the typical values
described in the literature (0.5 < n < 1). A thermal process is observed at around 650 °C whereas
no significant weight loss is detected. This fact seems related to the phase transformation of the
hydrated rhabdophane-type phase of CePOa into the completely dehydrated monazite-type
phase, due to the loss of the water molecules bound in the structural channels of the hydrated

form [33, 38, 45], and coincides with the results obtained by XRD.
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Figure 3.4. DTA curves of the as-prepared CeP support

3.3.3. Chemical composition and textural properties

Table 3.2 shows the chemical composition of the prepared supports obtained by ICP. Both
supports present a composition close to the nominal one, pointing out the suitability of the

hydrothermal method employed during the synthesis for the accurate control of the composition.
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Table 3.2. Chemical composition of the supports after calcination at 400 and 600 °C

Sample Ce (wt. %) P (wt. %)
CeP400 59.2 13.1
CeP600 59.4 13.5

Figure 3.5 presents the N2 adsorption/desorption isotherms of the prepared supports. Both solids
present a weak N2 adsorption at low relative pressure, indicating the presence of microporosity in
both materials. A pronounced volume adsorption at P/Po = 0.8 indicates that multilayer adsorption
starts at high relative pressure in these solids, thus indicating a considerable amount of
mesopores in their structure. Both isotherms reveal pore condensation accompanied by
hysteresis at high relative pressure, which could include interparticle voids. The hysteresis loop
is Hl-type according to the IUPAC classification [46], typical of solids containing uniform

channels, as in the support CeP400 or constituted by aggregates of particles, as in CeP600.
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Figure 3.5. Nitrogen adsorption/desorption isotherms of the prepared supports (adsorption: full
circles, desorption: empty circles)

Textural properties of the support are summarized in Table 3.3. After calcination at 400 °C, the
BET surface area is 65 m?-g1, while calcination at 600 °C produces a decrease of the surface

area up to 41 m2-g-1. Concerning the porosity, both supports present a multimodal distribution of
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mesopores, according to the BJH pore size distribution derived from the isotherms (Figure 3.6).
The solid CeP400 presents a broadened distribution of mesopores compared to CeP600, and a
maximum at approximately 110 A, not observed in CeP600. This fact denotes the greater
concentration of mesopores in the rhabdophane-type phase of CePO4, which concurs with the
presence of structural uniform channels in the solid CeP400 and the vanishing of them in the solid
CeP600. A great concentration of macropores is also observed, being attributed to the

interparticle voids.

Table 3.3. Textural properties of the supports

Sample Sget (M?-g™) Vp (cmB-gh) D, (A)
CeP400 65 0.32 172
CeP600 41 0.35 282

— CeP400

dV/dlog(D) Pore Volume (cm®-g*-A)

100 1000
Pore diameter (A)

Figure 3.6. BJH pore size distribution of the supports

3.3.4. Scanning and Transmission Electron Microscopy (SEM and TEM)

Representative SEM micrographs of the supports are shown in Figure 3.7. Both samples consist
of needle-like shape agglomerates, according to the structural characteristics previously reported

for the rhabdophane and monazite-type phases [40, 47].
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rEéP6OO

CeP400

Figure 3. 7. SEM micrographs of the supports after calcination at 400 °C and 600 °C

The morphology and structure of the supports were further characterized by TEM, and the
obtained micrographs are displayed in Figure 3.8. The aggregates of CeP400 are bar-shaped
and present parallel channels along the (100) plane, that is parallel to the ¢ axis, and being their
diameter 0.62 £ 0.1 nm, in good agreement with the reported structural characteristics of the
rhabdophane-type phase [38, 48]. Although CePO4 particles in CeP600 are bar-shaped similar to
CeP400, channels are not present in its structure. Calcination at 600 °C causes the elimination
of the stabilization water located inside the structural channels and consequently, gives rise to

the disappearance of the latter.

S B

| CeP400

Figure 3.8. TEM micrographs of the supports after calcination at 400 and 600 °C
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3.3.5. X-ray Photoelectron Spectroscopy (XPS)

Ce 3d, P 2p and O 1s regions of the XPS spectra of the supports before and after a reduction

treatment are presented in Figure 3.9.

Ce 3d region (Fig. 3.9 (a)) could present 10 peaks associated with different Ce oxidation states
(Ce3* and Ce*) and their 4f configurations [49]. The XPS spectra of both supports show two
peaks, corresponding to the spin-orbit split 3ds;z (u’: 903.0 eV) and 3ds2 (v': 884.5 eV) levels and
their corresponding satellites appearing at lower energy than the principal lines (uo: 899.1 eV, vo:
880.7 eV). The existence of these satellites has been reported previously by several authors [50,
51] in cerium compounds and has been attributed mainly to the existence of different final states.
The spacing between the main peaks and their satellites is 3.8 eV, similar to the values reported
by other authors [49, 52]. A peak at about 915 eV, assigned to the Ce** ion is not observed in any
case, indicating that the redox pair Ce3*/Ce** typically described in CeO2 or Ce02-ZrO:z [53] is
present neither in CeP400 nor in CeP600. This fact could have mechanistic implications on the
WGS reaction, where the role of oxygen vacancies associated with the Ce redox pair has been

highlighted [11, 20, 54].

P 2p region (Fig. 3.9 (b)) shows only one contribution centered at ca. 133 eV in both supports,
which indicates that all the phosphorus atoms are in an equivalent environment. The shifts of the
2p12 (CeP400: 133.8, CeP600: 133.9 eV) and 2ps/z (CeP400: 133, CeP600: 132.9 eV) core levels
of both samples are too small (0.1 eV) to be associated to structural differences between CeP400

and CeP600.

O 1s region presents a peak centered at 530.2 and 530.4 eV for CeP400 and CeP600
respectively. Thus, the shift of this peak between both samples is negligible as in the case of the
P 2p region. Nevertheless, due to the presence of water in the CeP400 structure, an O 1s peak
at higher binding energy (533 eV) could be expected [55]. Since this contribution is not present in
the CeP400 spectra, it is possible to confirm that the structural water contained in the
rhabdophane-type phase is not located on the surface, which is in agreement with the presence

of them inside the structural channels of the support.
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Figure 3.9. XPS spectra of the prepared supports, (a) Ce 3d, (b) P 2p and (c) O 1s regions
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3.3.6. Raman spectroscopy

Raman spectra of the fresh and calcined supports are shown in Figure 3.10 (a). P-O stretching
modes appear in the 1114-963 cm range. The most intense Raman band at 980 cm-
corresponds to the symmetric A mode. It is clearly observed the splitting of the symmetric band
in two vibrations at 974 and 997 cm-! after calcination at 600 °C (Fig. 3.10 (b)), while the band
corresponding to the asymmetric mode is shifted from 1089 cm-! in CeP and CeP400, to 1062
cm-1 in CeP600, indicating the changes in the geometry of the phosphate groups owing to the
rhabdophane-type structure dehydration [35]. PO4% bending modes are found between 642-400
cm-1, being those over 500 cm! (623, 572 and 537 cm1) the asymmetric modes. These results fit
with those reported in the literature [35, 36]. A band at 3470 cm-1, attributed to structural O-H
groups is present in CeP and remains after calcination at 400 °C, although a decrease in intensity
takes place. After calcination at 600 °C this band completely disappears. Therefore, the band at
3470 cm? in CeP and CeP400 could be attributed to the presence of structural water in the
rhabdophane-type phase, whereas calcination at 600 °C would provoke the complete dehydration
of the structure, thus giving rise to the formation of the monazite-type phase. These results are

consistent with those obtained by XRD.
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Figure 3.10. Raman spectra of (a) fresh and calcined supports, (b) enlargement of the P-O
stretching region

3.3.7. Isothermal adsorption of water

Since water availability is a crucial factor for the successful catalytic performance on the WGS
reaction, the study of the water retention capacity of the supports results of great interest. In
addition, this technique provides additional information to that obtained by N2 physisorption
concerning the porosity of the materials [56]. Figure 3.11 presents the water adsorption isotherms
of the supports at 20 °C. Two steps are observed in both supports, one at low relative pressure,
related with the filling of the micropores, and a second one attributed to the filling of the
mesopores. It can be concluded that both the volume of micro- and mesopores is greater in the
support CeP400. The steep uptake observed at low relative pressure is the consequence of an
enhanced adsorbent-adsorbate interaction in ultramicropores, which is particularly pronounced in
the solid CeP400. Additionally, the adsorption capacity of CeP400 is 1.6 times superior to that of
CeP600, what is in accordance with the presence of channels able to hold water molecules in its
structure. Although these cavities are not present in the support CeP600, its capacity to adsorb
water has been explained by other authors through the formation of a continuous layer or even

multilayers of water in the monazite-type structure [32].
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Figure 3.11. Water adsorption isotherms of the supports at 20°C

3.4. Synthesis of 2 wt.% Pt catalysts

2 wt.% Pt/CeP400 and Pt/CeP600 catalysts were prepared by the wet impregnation method, as

described in the section 3.4 of the present chapter. Both catalysts were calcined at 350 °C for 2

hours.

3.5. Physicochemical characterization of the Pt catalysts

3.5.1. X-Ray Diffraction analyses

XRD patterns of the prepared catalysts are shown in Figure 3.15. After Pt deposition and
subsequent calcination at 350 °C, the structure of both supports is preserved and no peaks

associated to Pt or PtO2 were observed, indicating the small crystallite size of the Pt species.
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Figure 3.15. XRD patterns of the Pt catalysts after calcination at 350 °C

3.5.2. Chemical composition and textural properties

Metal content of the samples determined by ICP are shown in Table 3.6. Both samples present a

Pt content almost identical and close to the nominal one.

Table 3.6. Pt content of the prepared catalysts after calcination at 350 °C

Sample Pt (wt. %)
2% Pt/CeP400 15
2% Pt/CeP600 1.4

Figure 3.16 displays the N2 adsorption/desorption isotherms of the Pt catalysts. The shape of the
isotherms is similar to that observed for the supports, suggesting that Pt deposition does not
influence substantial changes in the textural properties of the materials. However, the N2
adsorption capacity of Pt/CeP600 is slightly smaller than that of the corresponding support, which

could be related to little changes in the pore structure of the material after Pt incorporation.
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Figure 3.16. Nitrogen adsorption/desorption isotherms of the Pt catalysts

(adsorption: full triangles, desorption: empty triangles)

Textural properties derived from the N2 isotherms are presented in Table 3.7. The pore volume
and pore diameter of Pt/CeP400 are practically the same than those of the support, indicating no
significant changes in the porosity of the material after metal deposition. Conversely, a decrease
of the pore volume and pore diameter of Pt/CeP600 is observed, which points out the support
pore blocking as a consequence of the Pt deposition [57]. According to the BJH pore size
distribution (Figure 3.17), both supports present a multimodal pore structure, containing both the

mesopores and the interparticle voids.

Table 3.7. Textural properties of the Pt catalysts

Sample Sger (M?-g™1) Vp (cmB-g ™) D, (A)
Pt/CeP400 71 0.32 166
Pt/CeP600 44 0.30 232
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Figure 3.17. BJH pore size distribution of the Pt catalysts

3.5.3. Transmission Electron Microscopy (TEM)

Figure 3.18 shows TEM micrographs and Pt particle size distributions of the prepared catalysts.
The support CeP400 maintains the structural channels, which are missed in the support CeP600.
Pt species are highly dispersed and present a narrow patrticle size distribution in both catalysts,
in good agreement with XRD results. The mean metal particle sizes are 1 and 1.2 nm in
Pt/CeP400 and Pt/CeP600 respectively, with a higher population of Pt particles below and equal
to 1 nm in the Pt/CeP400 catalyst. Additionally, Pt particles in Pt/CeP400 seem to be organized
following the direction of the support channels, suggesting that a preferential arrangement of the
metallic particles could be occurring due to the structural characteristics of the support and laying

out the possibility of the Pt particles with sizes below 0.6 nm to occupy the structural support

channels.
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Figure 3.18. TEM micrographs and Pt particle size distribution of the prepared catalysts

The Pt dispersion values of the reduced catalysts were calculated by H> chemisorption, being
66% for Pt/CeP400 and 54% for Pt/CeP600. These dispersion values correspond to a Pt mean

particle size of 1.5 and 1.8 nm, respectively, in good agreement with the results obtained by TEM.

3.5.4. X-Ray Photoelectron Spectroscopy (XPS)

Ce 3d, P 2p and O 1s regions of the XPS spectra of the corresponding catalysts did not present
differences with respect to the bare supports. Pt 4f region before and after the reduction treatment
is presented in Figure 3.19. The XPS spectra of both catalysts show two peaks, corresponding to
the spin-orbit split 4fs2 and 4fz2 levels. After the reduction treatment, both peaks are shifted

towards lower binding energies, indicating the reduction of the Pt particles in both samples.
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Figure 3.19. Pt 4f XPS spectra of the catalysts before and after the reduction treatment, (a)
Pt/CeP400, (b) Pt/CeP600

3.5.5. Raman spectroscopy

Raman spectra of the catalysts are presented in Figure 3.20. The results are similar to those
obtained for the corresponding supports, but an additional band at ca. 600 cm, attributed to PtOx

species [58, 59], is observed.
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Figure 3.20. Raman spectra of the Pt catalysts
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3.5.6. Isothermal adsorption of water

Figure 3.21 shows the water adsorption isotherms of both Pt catalysts at 20 °C. The shape of the
isotherms does not change with respect to those of the supports. Whereas the adsorption capacity
of the solid Pt/CeP600 remains almost unchanged with respect to the corresponding support, the
system Pt/CeP400 presents an adsorption capacity 1.3 times superior to that of the support
CeP400 (at P/Po= 1) , pointing out the capacity of Pt to adsorb water in this solid, that has been

extensively reported [60, 61].
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Figure 3.21. Water adsorption isotherms of the catalysts at 20 °C

3.6. Synthesis of Au and Cu-based catalysts

Since the support CeP400 seems to present a superior water adsorption capacity according to
the results obtained during the isothermal adsorption of water experiments, this solid was selected
for the preparation and preliminary study of the catalysts. Concerning the active phases, Cu and

Au were selected, considering their previous successful application in the WGS reaction [3, 8, 9].

The 10 wt.% Cu/CeP400 catalyst was prepared by the wet impregnation method, similarly to the
Pt one. The required amount of C2HsCuO2 (> 93%, Tokyo Chemical Industry) was diluted in
distilled water and the corresponding support was added. The mixture was kept under stirring for

24 hours and the solid was then dried at 60 °C and finally calcined at 350 °C for 2 hours.
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The 2 wt.% Au/CeP400 catalyst was prepared through a deposition-precipitation process
previously reported [43]. The required amount of HAuUCIs-3H20 (49.81% w/w metal content,
Johnson Matthey) was dissolved in distilled water and the pH was adjusted to 9 using NaOH 0.1
M. The solution was heated at 65 °C and the support was added. The mixture was kept under
vigorous stirring at 65 °C for 1 hour. The obtained solid was filtered, thoroughly washed with water

and dried overnight at 100 °C. Finally, the resulting catalyst was calcined at 350 °C for 2 hours.

3.7. Physicochemical characterization of Cu and Au catalysts

3.7.1. XRD analyses

The diffraction patterns of the prepared catalysts are shown in Figure 3.12. After metal deposition
and calcination at 350 °C, the structure of the support is preserved in every case. No diffraction
peaks associated to metal species were observed for the 2 wt.% Au catalyst, indicating the small
crystallite size of them in these solids. Regarding the 10 wt.% Cu catalyst, peaks associated to
the presence of CuO (JCPDS-ICDD 00-041-0254) were observed. The crystallite size of the metal
species was calculated using the X-ray line broadening of the (-111) plane (35.539 °28), being

29.9 nm, which is consistent with the greater metal loading in this catalyst.
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Figure 3.12. XRD patterns of the prepared catalysts after calcination at 350 °C
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3.7.2. Chemical composition and textural properties

Table 3.4 shows the metal content of the catalysts obtained by ICP. In every case, the metal

content is similar to the nominal value.

Table 3.4. Metal content of the prepared catalysts after calcination at 350 °C

Sample Au (wt. %) Pt (wt. %) Cu (wt. %)
2% Au/CeP400 1.8 - -
2% Pt/CeP400 - 15 -
10% Cu/CeP400 - - 11.8

The textural properties of the catalysts are summarized in Table 3.5. The properties of the
catalysts with a 2 wt.% metal loading are almost identical to those observed for the supports due
to the low metal content. However, a decreasing in the surface area and pore volume of the 10
wt.% Cu catalyst is remarkable, in agreement with the superior metal content of this solid and the

growing of the metal particles into the support porosity.

Table 3.5. Textural properties of the catalysts

Sample Sger (M?-gY) Vp (cm3-g™1) Dp (nM)
2% Au/CeP400 64 0.31 17.3
10% Cu/CeP400 51 0.29 19.3

3.7.3. Transmission Electron Microscopy (TEM)

TEM micrographs and metal particle size distributions of the catalysts are shown in Figure 3.13.
The Au sample presents a narrow metal particle size distribution, centered at 0.4 nm. This could
be attributed to the structural characteristics of the support. Well-ordered channel structures have
demonstrated to favor good dispersion of the metal particles, as well as prevent them of sintering
[62]. Nevertheless, although the Cu catalyst presents small metal particles with a mean size of
2.5 nm, some particles larger than 20 nm are observed, whose presence can be attributed to the
greater metal content in this solid. This result is in concordance with the Cu crystallite size

calculated by XRD.
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Figure 3.13. TEM micrographs of the Au and Cu catalysts after calcination at 350 °C

3.3. Partial conclusions

CePOs has been prepared successfully through a hydrothermal synthesis method. The
calcination of the obtained material at 400 °C and 600 °C has allowed to obtain the hexagonal
(rhabdophane-type) and monoclinic (monazite-type) structures of CePOas, respectively.
Characterization results expose important differences between both structures. Whereas the
rhabdophane-type phase presents a series of parallel structural channels stabilized by the
presence of molecular water, the calcination at higher temperature provokes a compaction of the
crystal structure as a consequence of the total dehydration of the solid. The structural
characteristics of the solids influence their interaction with the water molecule. The presence of
channels in the rhabdophane-type phase structure seems to enhance the water adsorption

capacity to a greater extent, whereas the monazite-type phase interacts with the water molecule
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via formation of a water continuous layer or multilayer, which supposes that a weaker interaction

takes place.

Characterization results of the Pt/CePOQO4 catalysts show that the structure of the supports is not
altered by the Pt deposition. Additionally, both catalysts present narrow particle size distribution
and small mean particle size of the Pt species. Particularly, the rhabdophane-type phase of the
support seems to control the growth of the metal particles in the direction of the channels, which
suggests a possible arrangement of some Pt particles inside the structural channels of the

support.

According to the enhanced interaction with water, the rhabdophane-type phase has been selected
for its use as support for 10% Cu and 2% Au catalysts, which will be compared in terms of catalytic

activity with the Pt system in the following chapter.
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Chapter IV

Catalytic activity and in situ/operando spectroscopic studies

Abstract

Considering the importance of water availability during the WGS reaction and the intrinsic
hydrophilicity of the CePOa4 supports displayed in Chapter I, the objective of this chapter is the
evaluation of the catalytic performance of the corresponding catalysts under WGS reaction
mixtures with different compositions. Additionally, in situ water adsorption experiments followed
by DRIFTS were performed in order to stablish new insights about the role of the water molecule
on the WGS catalytic performance. Finally, the WGS reaction mechanism is evaluated and

correlated to the catalytic activity results.
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4.1. Introduction

As mentioned in Chapter lll, the use of noble metal catalysts as suitable materials for their
application in the WGS reaction for fuel cell mobile applications has been widely reported [1-6].
However, some aspects of their practical application need to be considered. Added to the
requirements of high activity, selectivity and stability in the operation conditions, an additional
requisite for these systems is their operation under the WGS fuel processing environment, which
is a reducing atmosphere at temperatures ranging from 180 to 450 °C, containing both H2 and
COz2 in the reactive mixture [7-9]. Consequently, the achievement of a good WGS catalytic
performance makes mandatory an appropriate design of the catalyst in terms of the selection of
the active phase and the support [10, 11]. Therefore, the understanding of the WGS reaction

mechanism at the molecular level is fundamental [12].

Although the WGS reaction mechanism has been thoroughly studied [12-16], there is still
controversy about the reaction path. However, two mechanisms have been generally proposed:

the redox and the associative mechanism [7, 17, 18].

In the redox mechanism, the oxidation-reduction cycles occurring in the support are responsible
for the WGS reaction. CO adsorbs on metal sites and reacts with the oxygen of the support to
yield CO, whereas the oxygen vacancy generated in the support is reoxidized by H20. The
interaction of water with the vacancies of the solid generates OH groups and, eventually, H. This
mechanism has been typically observed on partially reduced oxides containing oxygen vacancies,

such as TiOz, CeO:z or CeO2-ZrOz [7].

On the contrary, the associative mechanism is an adsorption-desorption model where the
adsorbed species interact to form an adsorbed intermediate which decomposes in the reaction
products. Thus, it implies the adsorption of CO and H20 on the catalyst surface to form a surface
intermediate such as formate, carbonate or carbonyl species, that decompose to the reaction

products, CO2 and Hz [7, 12, 19].

Nevertheless, a combination of both reaction mechanisms is also possible. Regardless of the
mechanism, a generally accepted conclusion is that OH/H diffusion processes derived from water

dissociation and/or hydrogen spillover are crucial steps of the WGS reaction; thus, availability of
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water is a key step for the successful development of this process, being water activation

described as the WGS rate-limiting step [20-22].

Considering the previously mentioned aspects, this chapter covers the catalytic activity studies of
the phosphate-type supports and metal catalysts described in Chapter Ill. In order to explain the
catalytic behavior of the solids, a series of in situ and operando spectroscopic studies were
performed both in the presence of water and the reaction mixture, showing a clear correlation

between the type of interaction with the reactants and the observed catalytic trends.

4.2. Catalytic activity of CePOs-based systems on the WGS reaction

Catalytic activity tests of the prepared solids were carried out using two different feed-streams, A
and B, as indicated in Chapter Il. The volume percent composition of both feed-streams is shown
in Table 4.1. Every experience was performed at WHSV = 30 L-g*-h1, according to equation 2.9

(Chapter II).

Table 4.1. Composition of the WGS reaction mixtures

Reactant Feed A (Vol %) Feed B (Vol %)

co 45 7.0
H.0 30.0 30.0
\P) 65.5 4.0
CO2 - 9.0
H> - 50.0

WGS catalytic activity results of the supports and the Pt catalysts under feed-streams A and B
are shown in Figure 1.4. Both CeP supports in the absence of metal phase present no activity
towards the WGS reaction. Nevertheless, the corresponding Pt catalysts achieve high
conversions under both feed-streams A and B, although the catalyst Pt/CeP400 presents higher
catalytic activity than Pt/CeP600. Under feed A, Fig. 1.4 (a), Pt/CeP400 leads Pt/CeP600 until
270 °C, temperature at which the performance of both catalysts becomes similar, reaching
equilibrium conversion at 290 °C. Under feed B, Fig. 1.4 (b), both catalysts follow the same trend
compared to the case in the absence of reaction products, with the solid Pt/CeP400 being more

active than Pt/CeP600. When the feed contains CO2 and Hz, differences in catalytic activity are
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more pronounced, and both catalysts reach equilibrium conversion at 350 °C. Under no conditions

does methanation take place.
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100 - - - - g
804
S
S 60 —o— CeP400
[Z —o— CeP600
g —— Pt/CeP400
5 407 —o— PY/CeP600
- - - Equilibrium
o q
O 201
O' a sl =T - T T T
150 200 250 300 350
Temperature (°C)
(b)
100 -
804
g
S 60-
[z
g
c 40+
8 —— Pt/CeP400
@) —o— Pt/CeP600
O 204 Equilibrium
O — . : - T T T
150 200 250 300 350

Temperature (°C)
Figure 4.1. CO conversion as a function of the reaction temperature under (a) feed A (4.5%

CO, 30% H20 and 65.5% N2), (b) feed B (7% CO, 9% CO2, 30% H20, 50% H2 and 4% N2). The
equilibrium conversion curve is also presented

Figure 4.2 shows the Arrhenius-type plot of the studied catalysts. Rates and apparent activation
energies (Ea) were calculated at low conversions under both feed-streams. Under reaction feed
A, the reaction rates are similar and Ea has a value of 86 kJ-mol? for both catalysts. However, in
the presence of COz and Hz, the CO consumption rate decreases for both catalysts, although it
is higher for the Pt/CeP400 catalyst. The values of Ea increase with respect to those in the

absence of products, being 91 kJ-mol for Pt/CeP400 and 109 kJ-mol! for Pt/CeP600. In order
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to compare the obtained Ea values with those previously obtained by other authors, Table 4.2
presents a summary of reported activation energies for Pt catalysts. Ea values for both CePOas-

based catalysts are similar to those previously calculated for Pt catalysts in different supports.
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Figure 4.2. Arrhenius-type plot of the Pt/CePO4 catalysts in the absence (A) and in the
presence (B) of the reaction products

Table 4.2. Summary of reported activation energy values for Pt catalysts

Catalyst Ea (kJ-mol?) Feed stream Ref.
1.66% Pt/Al,O3 81 6.8% CO, 8.5% CO2, 22% H20, 37.3% Hy, 23]
1% Pt/CeO2 75 balance Ar
0.82% Pt/ALOs 74 6.8% CO, 8.5% CO2, 21.9% H20, 37.4% [24]
Ho, balance Ar
1.7% 86 7% CO, 9% CO2, 30% H20, 50% H>, [5]
Pt/Ce02/Al203 balance N2
0.82% Pt/HAp 89 15% CO, 5% COz2, 30% H20, 40% Ha, [25]
1% Pt/SrHAp 72 balance N2 [26]
1.5% Pt/CeP400 91 7% CO, 9% COz2, 30% H20, 50% Hz, This
1.4% Pt/CeP600 109 balance N2 work

The superior reaction rate and lower Ea of Pt/CeP400 could be related to the presence of the
structural water and the hydrophilic character of the support, which could act as H20 supplier and
simultaneously accommodate H2O molecules in its structural cavities, thus enhancing the
availability of water during the WGS reaction. Considering that the noble metal is responsible for
the CO activation and the support interacts with the H20 molecules [25, 27], the greater affinity of

the CeP400 support for H20 and/or the influence of its surface -OH groups could enhance the Pt
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catalytic performance, as previously reported for other phosphate-type compounds [25, 26].
Furthermore, according to the characterization results showed in Chapter Ill, the structure of the
CeP400 support seems to control the growth and location of the Pt particles, which could have

an influence on the diffusion processes of the reactive species towards the active phase during

the WGS reaction.

4.3. Catalytic screening (Cu, Au and Pt)

The catalytic activity of the 2 wt.% Pt/CeP400 catalyst was compared to that of the 10% Cu and
2 wt.% Au/CeP400 ones. Figure 4.3 shows the catalytic activity results of the prepared catalysts
during the WGS reaction under a feed-stream B. These experiments were performed at WHSV=
6 L-g1-hl, thatis, placing 1 g of catalyst in the reactor which was subjected to 100 ml-min-! of the
reactive flow. The catalyst mass was increased in this experiment because both the Cu and Au

catalysts presented no activity using 200 mg of the sample.

1004
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Figure 4.3. CO conversion over CeP400-supported Cu, Au and Pt as a function of the reaction
temperature. The equilibrium curve is also presented

According to the results, the 10% Cu/CeP400 catalyst presents the highest catalytic activity at
low temperature, reaching a CO conversion value of 33% at 250 °C, virtually constant up to 350
°C. Similarly, the Au catalyst only reaches a 38% CO conversion at 350 °C. However, the Pt

catalyst reaches the equilibrium conversion at 270 °C. These results are in concordance with the
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reported data, which point out the Cu catalysts activity only at low temperature and their
deactivation in reductive environments as a consequence of the sintering and loss of Cu surface
area [7]. In the same way, previous works have demonstrated a superior WGS catalytic
performance of Au catalysts at low temperatures, whereas Pt catalysts exceed their catalytic
performance from 200 °C due to its superior turnover rate [28, 29]. Consequently, this result
highlights the convenient use of Pt for WGS catalysts beyond other metals typically used for the

WGS reaction, as well as its selection as active phase for the catalysts studied in this work.

4.4, In situ water adsorption experiments followed by DRIFTS

4.4.1. CePOs4 supports

In order to understand the interaction of water with the surface of the supports as a function of
the temperature, water adsorption experiments (10% H2O/Ar) at different temperatures were
monitored by DRIFTS. Prior to the experiments, the supports were reduced at 350 °C for 1 hour.
Figure 4.4 shows the DRIFT spectra of the supports before and after the activation treatment

under 10% Ho/Ar.

Bands at ca. 1630, 3100-3500 and 5100-5300 cm are observed prior to the activation. In the
region above 1600 cm-1, bands corresponding to the H-O-H bending modes, 6(H-O-H) due to the
presence of hydrogen-bonded water are expected [30]; therefore, the bands at ca. 1625 cm in
both supports are attributed to bound molecular water [31-33]. Bands in the 3100-3500 cm! range
corresponds to the OH stretching (vOH) vibrations of bounded water. The presence of molecular
water is confirmed, additionally, by the presence of bands at ca. 5200 cm, corresponding to the
overtones of the H20 stretching vibrations, typically found in the 4600-5600 cm-! region [34].
These water-related contributions are much more intense for the CeP400 support than for the
CeP600 one. After the activation treatment, the band at 3670 cm is attributed to surface OH
groups, which are present in both supports even after activation, thus being OH belonging to the

phosphate structure.

Regarding the bands corresponding to the phosphate groups, the strong absorption bands in

crystalline phosphate materials are expected in the 900-1100 cm region. Thus, the band at 960
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cm-t in both solids corresponds to the symmetric P-O stretching mode (v1). Although this band is
not expected to be IR active, it appears as a result of solid-state effects. The bands at 1028 cm-!
(CeP400) and 1090 cm- (CeP600) correspond to the asymmetric P-O stretching modes (vs). This
mode is triply degenerate, and its frequency depends on the chemical environment of the
phosphate. The different frequencies of this contribution in every solid indicate the different
environments of the PO4% groups depending on the crystalline phase of CePO4, in good
agreement with the results obtained by Raman spectroscopy presented in Chapter Ill.
Additionally, both solids present a band at 1185 cm-1, corresponding to the P=0O stretching mode
[35, 36]. The bands appearing in the 2100-2400 cm-! range (Figure 4.5) in the spectra of both
supports are due to overtones or combination modes of the PO43 tetrahedra. The vibration modes
that give rise to these bands in every solid are summarized in Table 4.3. Finally, the band at 2884
cm-! present only in the CeP400 spectra corresponds to the P-OH stretching mode characteristic
of acid orthophosphates (PO4% + H20) [35], revealing the presence of structural water uniquely
in the rhabdophane-type phase of CePO4. These data are in good agreement with those reported

in the literature for CePO4 [37].
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Figure 4.4. DRIFT spectra of (a) CeP400 and (b) CeP600 before and after the activation
treatment under 10% Hz/Ar
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Figure 4.5. Overtones and combination bands of the phosphate groups in both supports

Table 4.3. Overtones and combination bands of the PO43 groups in the supports

Support Vibration frequency (cm) Assignement

2149 Vi(p-0) + V(P=0)
CeP400 2025 2V3(p-0)
1987 V3(p-0) + V(P=0)
2150 V1i(P-0) + V(P=0)
2049 V3(P-0) + V(P=0)
CeP600 2010 Not assigned
1949 Not assigned
1908 Not assigned
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Figure 4.6 shows the difference spectra of the supports when water adsorption experiments were
performed in the WGS temperature range, being the reference spectra that obtained after the
activation treatment. The addition of water gives rise rapidly to an increase on intensity of the
water-related bands in both supports. The bands at 1625 cm-1, 3100-3500 cm* and 5100-5300
cm-1 reach their maximum intensity at 150 °C in both solids, although the greater interaction of

the H20 molecule with CeP400 is clearly observed.

For the solid CeP400, Figure 4.6 (a), the band initially at 1625 cm- (§(H-O-H)) is gradually shifted
to 1616 cm1, a value close to that of the free water (1610 cm-1), indicating the gradual release of
water with the temperature, whereas an additional band at relatively low frequency (1583 cm) is
visible from 250 °C and remains until 350 °C. Falk [38] found a relationship between the 8(H-O-
H) frequency shift and the formal charge of the cation with which the water molecules were
interacting. For the cation Ce3* this value would be found at ca. 1532 cm?, a value much lower
than that found in CeP400, thus this vibration mode has been assigned to the water present in
the structural channels of the rhabdophane-type phase of CePO4 and thus, not interacting with
the Ce®* ion but with the oxygen atoms constituting the channels, that is, with the phosphate
groups. This fact could denote the presence of two types of water interactions in the solid CeP400,
corresponding to the bound water and the water located on the channels. Broad bands at 3219
cm and 3500 cm! correspond to the symmetric and asymmetric stretching modes of the OH
groups (vsOH and vasOH) belonging to the H2O molecule. The intensity of these contributions
decreases as temperature increases, according to the loss of water in the solid, but remaining
even at 350 °C. The band at 5138 cm! confirms the presence of molecular water in the solid
CeP400. Nevertheless, as the temperature increases, a contribution at 5262 cm is visible,
remaining until 350 °C as occurring with the band at 1583 cm-. Consequently, this band is
attributed to the molecular water located on the rhabdophane-type phase channels.
Simultaneously, the addition of water provokes changes in the overtones and combination bands
of PO4* groups, which suggests that the H20 molecules interacts with the phosphate groups of
the structure, in line with the conclusion derived from the evaluation of the 6(H-O-H) frequency

value.
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Figure 4.6. Difference spectra of (a) CeP400 and (b) CeP600 during water adsorption under
10% H20/Ar flow from 150 °C (top) to 350 °C (bottom)

Regarding the CeP600 spectrum, Figure 4.6 (b), the band at 1625 cm is also observed, but not
that at low frequency observed in CeP400, which confirms the absence of channels in this
structure and consequently, the existence of only one type of interaction with water. Bands at
3189 and 3437 cm™ correspond to the symmetric and asymmetric stretching modes of the OH
groups (vsOH and vasOH) of bounded molecular water, and a band at 5259 cm-! corresponding
to the water overtones is observed, pointing out the presence of molecular water, as in the case
of the CeP400 support. As the temperature increases, the intensity of such bands decreases,
particularly from 250 °C. At this temperature, the CeP400 support is able to retain a significant
amount of water in its structure, contrary to what is observed for CeP600. The differences
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between CeP400 and CeP600 spectra expose the differences regarding water interaction
between the two supports. Although the intensity of these water-related bands is significantly
greater in the CeP400 spectrum, CeP600 allows also the inclusion of water in its structure. This
fact has been explained by other authors, as previously described in Chapter lll, through the
formation of a continuous layer or even multilayers of adsorbed water on the monazite-type
structure [39]. According to these results, CePO4 supports are not responsible for the activation
of water molecules in the WGS reaction, since the species observed by DRIFT spectroscopy
corresponds to molecular water. Therefore, supports act as water suppliers, increasing the
number of available species to be dissociated on the Pt particles. These results are consistent
with the presence of only Ce3* in the supports as confirmed by XPS in Chapter Ill. The absence
of the Ce3®*/Ce** redox pair could inhibit the formation of oxygen vacancies and, consequently,
their interaction with the water molecules, ruling out the WGS redox mechanism [12] in these
solids. This conclusion results of great importance, since it allows to separate the contributions of
the supports and the active phase to the behavior of water. Thus, the role of the CePO4 supports
is not the activation of the water molecule but the continuous supplying of water during the

reaction.

In order to compare the hydrophilicity of both CeP400 and CeP600 supports, the relative
intensities of the bands at 1625 cm™ and 5100-5200 cm™ were plotted as a function of the
adsorption temperature. The results are displayed in Figure 4.7. The values of the relative
intensity of the water-related bands indicate that the CeP400 support with the rhabdophane-type
structure presents a superior water storage capacity to the monazite-type CeP600 in the whole
temperature range studied. The intensity of both bands decreases linearly until 250 °C for
CeP400. Above this temperature, the band intensity undergoes a significant drop, pointing out
the influence of the operation temperature on water availability in the rhabdophane-type structure.
However, the CeP600 support presents lower adsorption capacity, which decreases linearly when
temperature increases. This fact is related to the different crystallographic structures of both
supports, confirming that the presence of structural channels on the rhabdophane-type phase
favors the availability of water in the temperature range evaluated. This result is in agreement
with the catalytic activity trend followed by the Pt catalysts in the WGS reaction, where the catalytic

performance of the Pt/CeP400 catalyst exceeds that of the solid Pt/CeP600 under both reaction

-78 -



Chapter IV: Catalytic activity and in situ/operando spectroscopic studies

feeds. However, in the absence of reaction products (feed A) the catalytic activity of both solids
becomes equal at 270 °C, as a consequence of the lower degree of water interaction with the

CeP400 support above 250 °C.

—a— CeP400
—=— CeP600

T T T T T T T T
150 200 250 300 350

T T T T T T T T
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Relative intensity of HOH bending modes (a. u.)
Relative intensity of H,O stretching overtones (a. u.)
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Figure 4.7. Relative intensity of the bands corresponding to the HOH bending modes (1625 cm-
1) and H20 stretching overtones (5138 and 5259 cm) in the CeP400 and CeP600 DRIFT

spectra as a function of temperature during water adsorption experiments (10% H20/Ar)

4.4.2. Pt catalysts

The adsorption of 10% H20/Ar in the corresponding Pt catalysts produces no changes as for the
water-related bands, as shown in Figure 4.8. However, a broad contribution at ca. 2000 cm-!

appears in the spectra of both catalysts (highlighted in the figures).
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Figure 4.8. Difference spectra of (a) Pt/CeP400 and (b) Pt/CeP600 during water adsorption
under 10% H20/Ar flow from 150 °C (top) to 350 °C (bottom)

In order to elucidate the changes in this region with respect to the corresponding supports, the

catalysts spectra were subtracted to the supports spectra at each reaction temperature. The

results are displayed in Figure 4.9.
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Figure 4.9. Difference spectra of (a) Pt/CeP400 and (b) Pt/CeP600 during water adsorption
from 150 °C (top) to 350 °C (bottom), taking the spectra of the corresponding supports as
reference

For both catalysts, differences are observed in the phosphate overtones and combination bands
compared to the supports, suggesting changes in the interaction of the phosphate groups with
the water molecule. Although no conclusions can be drawn from the differences between
Pt/CeP400 and CeP400, since only a broad contribution is observed, the difference spectra of
Pt/CeP600 taking CeP600 spectra as reference shows that the overtones and combination bands
of the phosphate groups are shifted in every case towards higher wavenumbers, indicating a
weakening of the bond compared to the CeP600 support in the presence of water. This is probably

due to the presence of Pt, which is known to present the capacity of adsorbing water [40-43];
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consequently, if Pt is interacting with water, the coordination of water to the phosphate groups
could be influenced. Since bands corresponding to water adsorbed on Pt occurs in the same
region than that of water adsorbed on the support, which presents broad features, it is not possible
to differentiate both the contributions due to the metal phase and the support. By the same token,
no OH groups derived from the dissociation of the water molecule on the Pt particles were
observed. Some authors [42] have reported that the stretching vibration of OH groups bonded to
Pt saturates at high water coverages, which could explain the absence of this band during the
performed water adsorption experiments. Since the supports have demonstrated to retain water
in its molecular form, the possible water dissociation would take place on the Pt particles, as

suggested previously.

4.5. Operando DRIFTS study of the WGS reaction

4.5.1. CePOg4supports

Difference spectra in the presence of the reaction mixture (4% CO + 10% H20 /Ar) of both
supports are shown in Figure 4.10. Both spectra present the same contributions than those
observed under 10% H20/Ar flow. No bands corresponding to the CO possible intermediates
(carbonates, bicarbonates and/or formates) appear, indicating that the supports are not able to
interact with the CO molecule in the WGS temperature range. Accordingly, no CO2 was detected
at the cell oulet, which confirms the impossibility of both CeP400 and CeP600 supports to perform
the WGS reaction in the absence of the metal phase. These results are in good agreement with
those obtained during the WGS catalytic tests, where no CO conversion was observed for the

supports in the absence of Pt.
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Figure 4.10. Difference spectra of (a) CeP400 and (b) CeP600 under WGS reaction flow, from
150 (top) to 350 °C (bottom)

45.2. Pt catalysts

Difference spectra of the Pt/CeP400 catalyst when subjected to the reaction mixture (4% CO/10%
H20/Ar) are shown in Figure 4.11. Results reveal the presence of adsorbed water as observed in
the previous experiments, in agreement with the appearance of bands at 1625 cm! and those in

the 3100-3500 and 5100-5300 cm! range.

Additionally, bands corresponding to linear-bonded CO, generally found between 2000-2100 cm-
1, appear at 2055, 2073 and 2080 cm-?, as shown in Figure 4.11 (b). The presence of these

contributions exposes different environments of the Pt particles in the Pt/CeP400 solid. The shifts

-83-



Chapter IV: Catalytic activity and in situ/operando spectroscopic studies

of the CO stretching frequency could be explained by several reasons, as dipole-dipole
interactions, changes in the Pt exposed faces or changes in the electron density of the metal
particles induced by the support, which affects the number of available electrons for back-bonding
to the CO m* orbitals [44, 45]. When CO is linearly adsorbed to Pt% a m-bond is predominantly
formed, and the absorption band appears at ca. 2080 cm-. However, the co-adsorption of H20
has demonstrated to shift the Pt%-CO band to lower frequencies, being this shift associated to an
increase of the back m-donation of electrons [46], which could explain the appearance of the
bands at 2073 and 2055 cm-1. Nevertheless, this assignment should be assumed carefully, since
PO43 overtones and combination bands appear also in this spectral range and could obscure the
Pt-CO contributions. An additional band at very low frequency (1965 cm) is also observed,
which have been tentatively attributed to CO linearly adsorbed to the Pt species occluded in the
channels of the rhabdophane-type phase. The CeP400 channels are constituted by oxygen atoms
which present local negative charge, being able to donate electron density to the adjacent Pt
atoms. Thus, the increased Pt electron density could provoke an increased bonding to the CO m*
orbitals, decreasing the CO stretching frequency. This result is in accordance with previous works,
where a contribution at ca. 1970 cm- has been observed in the spectra of Pt catalysts supported
on zeolites, being attributed to CO linearly adsorbed on Pt located on the zeolite cages [44, 45].
In addition, a broad band centered at about 1800 cm- could correspond to bridge-bonded CO

species, although it is too broad to be firmly assigned.

As a consequence of the interaction between the reactants, intermediate species are formed,
according to the contributions emerging at 1370, 1381, 1589 and 2850 cm-! (Figure 4.11 (c)).
These features seem to indicate the formation of formate (HCOO") species. The bands at 1589
and 1370 cm-! have been assigned to the asymmetric and symmetric OCO stretching vibrations
(vas OCO and vs OCO), respectively, whereas the bands at 2850 and 1370 cm have been
attributed to the CH stretching (vCH) and CH bending (8CH) vibrations, respectively. In the
presence of CO, formate species are known to be formed by interaction of the CO molecule with
OH groups. Considering that the band corresponding to the structural OH groups of the support
structure do not suffer any modification with respect to the water adsorption experiments spectra,
it could be concluded that the OH participating in the formate generation are those produced by

the dissociation of the water molecule on the Pt particles. Nevertheless, the observation of Pt-OH
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groups results difficult in the presence of H20, since they appear in the 3600-3400 cm range,
where the broad contributions ascribed to OH groups of bonded water are also present, thus
obscuring this region [47]. In order to identify the type of coordination of the formate species, a
general procedure consists on the evaluation of the splitting between the OCO asymmetric and
symmetric stretching modes, Avass [48-50]. In this case, the splitting is not representative of the
typical coordination structures described for surface formate species. This could be explained by
the formation of hydrogen bonds, since fields due to water molecules can affect the splitting value
[50, 51], or to an unknown type of coordination of this specie. Nevertheless, the explanation of
the emerging bands could be also associated to the formation of carboxyl (COOH) intermediates.
The band at 1589 cm could be attributed to the C=0 stretch, v(C=0), whereas the doublet
constituted by the 1381 and 1370 cm-! features could correspond to the C-O stretching mode v(C-
O) and the OH in-plane bending vibration 8(OH), which are known to appear usually strongly
coupled, as previously observed for carboxylic acids [52, 53]. Additionally, the sharp band at 2850
cm-! could be ascribed to the OH stretching frequency, v(OH). Although the observed frequencies
are similar to those of carboxylic acids in water, the considerable shift of the contribution at 1589
cmt (v(C=0)), could be explained by the generation of hydrogen bonds in the presence of water.
Previous studies demonstrated that the frequency of v(C=0), generally found in the 1690-1750
cm-! range, decreases as a consequence of the H-bond formation [54]. In a similar way, the
frequency of the free v(OH) mode, found at about 3500 cm-! in carboxylic acids, decrease even
until 1400 cm-1, depending on the strength of the hydrogen-bonding, which additionally induces
changes in the intensity, breadth and structure of the OH stretching absorption band [52]. This
could be the origin of the band at 2850 cm in the Pt/CeP400 spectra. Finally, the shift of the
O(OH) mode is expected at around 1100 cm-. However, the interaction of OH groups with bases
like CO, provokes the shift of this contribution towards higher wavenumbers, being observed at
1350 £ 50 cm! in the presence of water [52, 55]. This carboxyl-mediated mechanism has been
previously proposed in Ni-Cu/CeO: catalysts [56] and Cu catalysts based on density functional
theory (DFT) calculations [14, 19]. First principle calculations point out the predominance of the
carboxyl beyond the formate-mediated path, since formation of the carboxyl intermediate
proceeds in one step, being more favorable energetically compared to the formate generation,

which requires two steps. However, the carboxyl intermediate is so reactive that its identification
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by IR spectroscopy becomes a challenge [14]. Thus, it seems more reasonable to accept the
associative formate-mediated mechanism in the Pt/CeP400 solid. Nevertheless, a reliable

assignment of the observed bands could be developed through the use of isotopically labelled

molecules.
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Figure 4.11. (a) Difference spectra (general) of the Pt/CeP400 catalyst under WGS reaction
flow, and enlargement of (b) 2200-1900 cm-! and (c) 1900-1340 cm-! range, from 150 (top) to
350 °C (bottom)

Difference spectra of the Pt/CeP600 catalyst is shown in Figure 4.12. As for the Pt/CeP400
catalyst, bands ascribed to adsorbed water at 1622 cm* and in the 3100-3500 cm and 5100-

5300 cm! regions appear (Figure 4.12 (a)), although their intensity are lower than those of the
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Pt/CeP400 catalysts, in accordance with the lowest water adsorption capacity of the support

CeP600.

Bands attributed to linear Pt°-CO are observed in the 2000-2100 cm range (Figure 4.12 (b)).
Differently from the Pt/CeP400 solid, only two bands are observed, pointing out the lower number
of coordination environments of the Pt particles in Pt/CeP600, which seems reasonable due to
the absence of structural channels in the CeP600 support. Furthermore, the band at 1965 cm-!
present in the Pt/CeP400 spectra is not observed in this catalyst, reinforcing the assignment of
this contribution to Pt particles located in the rhabdophane-type phase structural channels.
However, a band at 1916 cm-! appears whereas another one disappears at 1949 cm, thus it is
attributed to a shift of the band corresponding to the overtone or combination mode of the

phosphate group.

As in Pt/CeP400, bands corresponding to formate groups appear at 1339, 1379, 1588 and 2843
cml, Figure 4.12 (c). The contributions at 1588 and 1339 cm have been attributed to the
asymmetric and symmetric stretching vibrations of the OCO group (vas OCO) and vs OCO),
whereas the bands at 2843 and 1379 cm! have been ascribed to the CH stretching (vCH) and
CH bending (8CH) vibrations. Considering the asymmetry of the band at 1588 cm-1, it could be
possible to consider that another contribution is present. In addition, several weak bands could
be contained in the 1300-1400 cm-! region. Both facts could indicate the formation of a second
type of formate species, but the spectral resolution in the 1300-1400 cm range does not allow
to confirm it. Finally, the weak band observed at 1477 cm could indicate the simultaneous
formation of carbonate species, although they are produced in a smaller quantity, suggesting that
they act as spectator species, being formate species the reaction intermediate in the Pt/CeP600
solid. Nevertheless, the availability of water seems to be related to the intermediate formed. Since
formate generation implies the reaction of CO with OH groups coming from the dissociation of the
water molecule, the lower water availability of the Pt/CeP600 catalyst could explain the lower
formation of OH groups in this catalyst and, consequently, the additional formation of carbonate

species coming from the reaction of CO with the oxygen atoms of the support.

According to the reported results, the WGS reaction in both catalysts seem to proceed via an

associative mechanism through the generation of formate species.
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Figure 4.12. (a) Difference spectra (general) of the Pt/CeP600 catalyst under WGS reaction
flow, and enlargement of (b) 2200-1900 cm-! and (c) 1900-1300 cm-! range, from 150 (top) to
350 °C (bottom)

DRIFTS experiments were performed in both catalysts during 3 WGS cycles, and no formation of
new bands was observed. The volumetric percent of produced CO2 was monitored using a CO:
detector, and the results are shown in Figure 4.13. Despite the differences between the operating
conditions during the catalytic activity tests and the DRIFTS experiments, the catalytic
performance of the Pt/CeP400 catalyst exceed that of the Pt/CeP600 during all the temperature

range evaluated. These results are in agreement with the catalytic tests previously shown.
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4.6. Partial conclusions

The catalytic performance of the prepared CePOs-based catalytic systems has been evaluated
both in the absence and in the presence of CO2 and H.. CePO4 supports present no activity
towards the WGS reaction, whereas both Pt catalysts have demonstrated to be highly active and
selective, not being detected CH4 in all the temperature range evaluated. Nevertheless, the
Pt/CeP400 catalyst exceeds the catalytic activity of the Pt/CeP600 system in any reaction
conditions. The apparent activation energies (Ea app) Values are similar to those reported for the
dissociation of water on Pt, suggesting that the Pt particles could be responsible for the activation

of the water molecule, and not the CePO4 supports.

In order to elucidate the influence of the water interaction with supports and catalysts, water
adsorption experiments (10% H20/Ar) followed by DRIFTS have been performed. Results
obtained for the supports have pointed out that both supports adsorb molecular water, not
presenting the ability of dissociating it, according to the absence of new OH groups. Furthermore,
the greater water affinity of the support CeP400 with respect to CeP600 is highlighted. When
water adsorption experiments are performed on the catalysts, the overtones and combinational

bands of the supports phosphate groups suffer modifications, suggesting that the presence of Pt
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influences the water adsorption, which seems reasonable taking into account the ability of

adsorbing water of Pt.

Finally, supports and Pt catalysts have been subjected to DRIFTS experiments in the presence
of the WGS reaction mixture (3% CO/ 10% H20/ Ar). Supports spectra present no significant
differences compared to those during water adsorption experiments. Furthermore, no CO2 was
detected at the cell exit, confirming that the WGS reaction does not take place on the supports in
the absence of Pt. This result confirms that obtained during the WGS catalytic tests. Differently,
when the Pt catalysts are subjected to the reaction mixture, formate-intermediate species are
formed. Since no creation of new OH groups is observed, these species are formed through the
reaction of CO with those OH groups coming from the dissociation of the water molecule. Thus,
only formate species are observed in the Pt/CeP400 spectra, due to the great capacity of this
catalytic system to retain water. Considering that the CeP600 support presents lower water
adsorption capacity than the CeP400 one, less Pt-OH groups are generated in the Pt/CeP600
surface and a small quantity of carbonate species are also observed, suggesting that they act as
spectator species. These results demonstrate that the WGS reaction in these solids take place

through an associative formate-mediated mechanism.
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Chapter V

180, and C80, isotopic exchange experiments over

CePOs-based catalysts: Mechanistic implications

Abstract

Considering the importance of the presence of oxygen vacancies in WGS catalysts, this chapter
presents the study of the oxygen mobility in the CePOas-based materials by means of 1802 and
C180: isotopic exchange experiments. Differences in the extent and mechanism of exchange
using both molecules are discussed, as well as their influence regarding the WGS reaction
mechanism. Additionally, the interaction of the molecules with the solids is analyzed through IR

spectroscopy.
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5.1. Introduction

Along the previous chapter, the importance of the WGS reaction mechanism has been
highlighted. The structure and specifically, the presence or not of oxygen vacancies, has
demonstrated to play a substantial role regarding the WGS reaction mechanism in oxide supports
[1-5]. Consequently, studying the mobility of the oxygen atoms contained in the solids becomes
of great interest in order to justify the reaction path followed by the catalysts under study.
Considering that migration rates of active species are frequently much higher than the turnover
frequencies of the reaction, surface species are able to migrate and interact with a great number
of active sites between two consecutive catalytic cycles [6, 7]. In this context, isotopic exchange
technigues using molecules containing 180 provide answers to characterize the catalysts behavior
regarding the mobility and reactivity of the oxygen atoms constituting the solid, as well as the
elucidation of reaction mechanisms [8, 9]. Generally, the exchange reaction mechanism includes

three steps [10]:

1. Adsorption and dissociation of the labelled molecule (*X2) to form atoms or ions adsorbed
on the surface (*Xads).

2. Exchange of these species (*Xads) with the atoms or ions naturally present in the surface
or the bulk of the solid (Xs).

3. Desorption of the exchanged elements in their molecular form (*Xz, X2 or *XX) in the gas

phase.

Additionally, diffusion phenomena can occur if the adsorbed labelled species and those present

in the solid are not in the same region of the catalyst after the labelled molecule adsorption.

The change in the gas phase composition during the exchange reaction allows to calculate
characteristic parameters of the isotopic exchange as the rate of exchange, the atomic fraction of
180 in the gas phase, the diffusion coefficients in the surface and bulk and the number of
exchanged and exchangeable oxygen atoms in the catalyst, which are useful parameters for the

knowledge of the catalytic properties of the solids.

Particularly, isotopic exchange using *202/*¢0, and C80,/C%0; is a powerful technique for the
study of the WGS reaction. Differences in the oxygen rate of exchange depending on the labelled

molecule are a consequence of a difference in the mechanism: in the case of oxygen, a
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dissociative mechanism in which the rate limiting step is the dissociation of the oxygen molecule,
whereas in the case of CO: an associative mechanism takes place, via formation and
decomposition of intermediate species such as carbonate, hydrogen carbonate or formate
species. As mentioned in Chapter IV, two possible mechanisms are generally described for the
WGS reaction: the redox and the associative mechanism. In this context, the isotopic exchange
experiments using 1802 results of great interest for evaluating the absence or presence of oxygen
vacancies in the supports, which have demonstrated to play an important role in the redox
mechanism [1, 11, 12]. On the other hand, the experiments using C80: allow the evaluation of
the formation of carbonate-like intermediate species, implied in the WGS associative mechanism.
Thus, the use of these labelled molecules could provide information about the preferred
mechanism and/or the competence between them, which are crucial aspects during the WGS
reaction [13-15]. According to the DRIFTS studies presented in Chapter 1V, the WGS reaction
mechanism in the CePOs-based catalytic systems seem to proceed via an associative
mechanism. Thus, isotopic exchange experiments could help to understand why this mechanism

occurs to a greater extent in these solids.

According to the aforementioned considerations, this chapter presents the 1802/1%0. and
C180,/C160:, isotopic exchange studies on the prepared CePQO4 supports and the corresponding
Pt catalysts. The obtained results are correlated to the WGS reaction mechanism in these solids
and, finally, the interaction of the labelled molecules with the surface of the solids is discussed

based on the results obtained by transmission IR spectroscopy and mass spectrometry.

5.2. 180,/1%0; isotopic exchange experiments

5.2.1. Isothermal 80,/*%0; isotopic exchange

In order to study the presence of oxygen vacancies, the mobility of oxygen in the CePOas-based
solids was firstly evaluated through the use of 802 in isothermal conditions. The selected
temperature to carry out these experiments was 300 °C, considering the high activity of the

CePOus-based catalysts at this temperature.

The evolution of the Oz isotopic distribution as a function of the time during the exchange

experiment at 300 °C on the CeP400 support is presented in Figure 5.1. At this temperature, the
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concentration of 802 does not decrease, whereas no formation of 1500 and/or 160: is detected,
indicating that the oxygen exchange is not significative in this support. Similar results were

obtained for the CeP600 support and the corresponding Pt catalysts (not presented).
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Figure 5.1. Oz isotopic distribution (%) as a function of the time during isotopic exchange
reaction at 300 °C over CeP400

5.2.2. Temperature- programmed ¥0,/*%0; isotopic exchange experiments

Since every solid presented no activity towards oxygen exchange at this temperature,
temperature programmed exchange experiments were carried out to evaluate the oxygen

exchange capacity as a function of the temperature.
5.2.2.1. CePO4 supports
Results corresponding to the CePO4 supports are displayed in Figure 5.2.

In both cases, the oxygen exchange is not significative in the temperature range of interest for
the WGS reaction, that is from 200 to 350 °C. However, the solid CeP600 exchange oxygen from
400 °C, reaching a number of exchanged atoms (Ne) equal to 1.5 x 102* atoms per gram of support
at 600 °C, which corresponds to a 15% of the total number of atoms present in the solid. Given

that the first specie detected in the gas phase is %02, followed by 60180, it can be concluded
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that the exchange mechanism proceeds through a multiple mechanism, that is, with the

participation of two oxygen atoms of the solid, according to:
1802(g) + 2 180(s) > 1002(g) + 2 180(s)
¥02() + *°0(s) + 1¥0s) > 1°0%0(g) + 2 *¥0¢s)

1802() + *°0(s) + 1¥0s) > 1°0%0(g) + 2 %)

(@)
100
S 801
[
je]
3 60 150
= ,
% ..... 160180
o 404 18
s 02
1=]
o
9D 20
ON
0——.—.— — — — _I._.- - - — _n.l.-- b ' ¥ |_‘..I.'_l R SR B L
200 250 300 350 400
Temperature (°C)
(b)
100
SECR \
=
ie)
=
60 -
_:g 1602
0
s | 160180
© 40+ 18
Q (@]
(@) 2
o
9 20 A
O -
O'--—-—— '-l——-—-'-"'—_—_—_——f.—‘..

200 250 300 350 400 450 500 550 600
Temperature (°C)

Figure 5.2. Ozisotopic distribution (%) as a function of the temperature during temperature-
programmed isotopic exchange reaction over (a) CeP400, (b) CeP600
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5.2.2.2. Pt catalysts

The same experiments were performed over the corresponding Pt catalysts. Results are shown

in Figure 5.3.
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Figure 5.3. Ozisotopic distribution (%) as a function of the temperature during temperature-
programmed isotopic exchange reaction over (a) Pt/CeP400, (b) Pt/CeP600

Results obtained for the Pt/CeP400 catalyst does not show any difference with respect to the

support. In the temperature range evaluated, no exchange occurs.

Regarding the Pt/CeP600 catalyst, the exchange starts at the same temperature than in the

corresponding support, 400 °C. However, the number of oxygen exchanged atoms at 600 °C
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corresponds to a 13% of the total oxygen atoms present in the support, thus being slightly smaller
than that observed for the support. Additionally, the major specie observed during the experiment
is 160180 being the production of 602 almost insignificant. This indicates that the exchange of
oxygen species in the CeP600 support is influenced by the presence of Pt, presumably located

in the nearby vicinity [16].

These results allow to confirm the absence of oxygen vacancies in the structure of both CePO4
phases in the WGS temperature range, in good agreement with the lack of the Ce3*/Ce** redox
pair confirmed by means of the XPS presented in Chapter Ill. Since Pt does not allow to improve
the exchange activity, it can be concluded that the rate limiting step in the incorporation or the
mobility of oxygen atoms in the CePOy4 lattice. Consequently, the redox mechanism proposed for
the WGS reaction, which implies the existence of oxidation-reduction cycles and the participation
of the support oxygen atoms [1, 5, 17] can be discarded in this type of solids. Therefore, 20>
isotopic exchange results reinforce the occurrence of the associative mechanism demonstrated

by DRIFTS in Chapter IV.

5.3. C!80,/C%0, isotopic exchange experiments
5.3.1. CePO4 supports

In view of the low activity of the CePOas-based catalysts towards the oxygen exchange with 1802,

the oxygen mobility was evaluated using C180- as labelled molecule.

Figure 5.4 shows the evolution of the CO: isotopic distribution at 300 °C for the CePOQO4 supports.
Results show that, contrary to what is observed in the presence of 180,, the oxygen exchange
using C'80:2 occurs at a high rate, giving rise to the formation of C16080 in the first place, followed
by the generation of C'%02. According to these results, the mechanism of the C802 exchange
reaction in both supports proceeds through two consecutive simple exchange mechanisms via

transfer of one oxygen atom in every stage, expressed by:
C'80z() + *°O(s) > C*0™ O + **0¢s)

C100*0(g + 1°0s) <> C1%Oz() + **0¢s)
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The second stage involving the formation of C%0: takes place almost instantly to the first one,
which demonstrates a fast activation of COz in the supports, as well as a great oxygen mobility in
the bulk of the solids. Nevertheless, although the initial rate of exchange is high, long times are

required to reach the equilibrium.
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Figure 5.4. CO: isotopic distribution (%) as a function of the time during isotopic exchange
reaction at 300 °C over (a) CeP400, (b) CeP600

In order to compare the oxygen mobility in both solids, the number of oxygen exchanged atoms
of both supports (Ne) as a function of the time is shown in Figure 5.5. Additionally, Ne data after

two hours of reaction and Re are summarized in Table 5.1.
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Figure 5.5. Ne evolution as a function of the time for the CeP400 and CeP600 supports

Table 5.1. Number of oxygen exchanged atoms (Ne) and C180z2 rates of exchange (Re) of the
CePO4 supports at 300 °C
Sample Ne(at-g?) Re(at-gt-s?)
CeP400 2.7x10% 4.6x1018
CeP600  2x10% 2.7x10'8

Results demonstrate that the activation of the CO2 molecule in the supports surface is not a
limiting process, contrary to the activation of the O2 molecule. Nevertheless, Ne and Re values are
superior for the support CeP400, indicating that the activation of CO2 is more favorable on it than
on the CeP600 support. Whereas the CeP400 support exchanges a 24% of the total atoms

present in the solid, the CeP600 one exchanges a 20% of its atoms.

5.3.2. Pt catalysts

The same experiments were performed on the corresponding Pt catalysts. CO:2 isotopic
distribution during the exchange reaction over the Pt/CeP400 and Pt/CeP600 catalysts is shown
in Figure 5.6. As in the case of the support, the exchange occurs through two consecutive simple
exchange mechanisms, implying the participation of one oxygen atom in each stage. The
exchange reaction occurs also at high rate when the exchange reaction starts, being necessary

long times to reach the equilibrium.
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Figure 5.6. COz isotopic distribution (%) as a function of the time during isotopic exchange
reaction at 300 °C over (a) Pt/CeP400, (b) Pt/CeP600
Figure 5.7 shows the evolution of Ne of the Pt catalysts as a function of the time during the
exchange reaction at 300 °C. In the presence of Pt, Ne becomes similar for both solids.
Nevertheless, the Pt/CeP400 catalyst presents a slightly superior exchange capacity, particularly
at the beginning of the reaction. According to the Ne and Re values presented in Table 5.2, both
Ne and Re values for the Pt/CeP400 catalyst are smaller than those of the CeP400 support.
Additionally, the number of oxygen exchanged atoms in Pt/CeP400 corresponds to a 21% of the

total atoms present in the solid, very close to the 22% exchanged in the Pt/CeP600 catalyst.
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Figure 5.7. Ne evolution as a function of the time for the Pt/CeP400 and Pt/CeP600 catalysts

Table 5.2. Number of oxygen exchanged atoms (Ne) and C80:2 rates of exchange (Re) of the Pt
catalysts at 300 °C
Sample  Ne(at-g?') Re(at-gts?)
Pt/CeP400 2.3x10% 2.6x1018
Pt/CeP600 2.3x10* 2x1018

Considering that both the supports and catalysts need long times to reach the equilibrium, the
calculation of the diffusion coefficient using Kakioka’s model results of great interest. Linear fitting
of the results and diffusion coefficient values are displayed in Figure 5.8 and Table 5.3,
respectively. Diffusion coefficient of the support CeP400 is smaller than that of CeP600, which
could be related with an enhanced oxygen diffusion in CeP400 as a consequence of the presence
of channels in its structure. In the presence of Pt, no significant differences are observed between
CeP600 and Pt/CeP600, thus denoting no influence of the metal particles during the diffusion
processes. However, the diffusion coefficient of Pt/CeP400 decreases significantly with respect
to CeP400. This fact could be related to the presence of Pt particles in the channels structure,

which could hinder the diffusion of oxygen in the bulk of the CeP400 support.
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Figure 5.8. Linear fitting using Kakioka’s model from CO: isotopic exchange results at 300 °C
over (a) CePO4 supports, (b) Pt catalysts

Table 5.3. Diffusion coefficient (D) of the CePO4 supports and Pt catalysts calculated by
Kakioka’s model
Sample D (m?s?)
CeP400 1.47x102%2
CeP600 4.41x102%2
Pt/CeP400 8.62x10-23
Pt/CeP600 4.93x10-2?

5.4. In situ CO, adsorption followed by transmission IR spectroscopy

In order to understand the interaction of CO2 with the supports and catalysts, CO2 adsorption
experiments followed by transmission IR spectroscopy and mass spectrometry were performed.
CO:zis an electron acceptor, thus being able to act as a Lewis acid toward O ions of the phosphate
group, forming carbonate species, or basic OH surface groups to form hydrogen carbonate

species [18] .
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5.4.1. CePO4supports

In order to elucidate the possible species formed in both supports, CO2 adsorption experiments
at 30 °C were performed. The same experiment was carried out at 300 °C, that is, the temperature
at which the isotopic exchange experiments were performed, in order to clarify which of the
formed species remain in the catalyst at this temperature. For the sake of clarity, spectra are
divided in three regions. Difference spectra of CeP400 at both temperatures are displayed in
Figure 5.8. At 30 °C (Figure 5.8 (a), (b) and (c)) two doublets centered at 3716 cm-! and 3615 cm-
! corresponds to the (vi + v3) CO2 combination band and the (2v2 + v3) combination/overtone
band, respectively. Since the latter involves three excitations, its intensity is weaker than the (v1
+ v3) combination band [19]. The band corresponding to the structural OH groups of the CeP400
support is also observed in this region (3667 cm-1). Although it does not disappear completely, it
undergoes a decrease in intensity and additionally, a growing contribution at 3703 cm-! appears,
meaning that the structural -OH groups react with CO2 and gives rise to the generation of new
OH groups. Thus, the band at 3703 cm! (vOH) together with the new bands at 1584 and 1380
cm? (vasC-O and vsC-O) denote the formation of hydrogen carbonate species [20-22]. Similar
values for the C-O stretch vibrations have been reported in CeO2 containing the Ce3* cation [21],
thus this result is in agreement with the presence of Ce3* in CeP400 previously demonstrated by
XPS (Chapter IIl). Although phosphate overtone and combination bands experience changes in
the presence of CO2, no negative bands are observed in that region, suggesting that the oxygen
atoms of the phosphate groups are not participating in the reaction with CO2. This fact added to
the apparent absence of additional bands in the 1700-1300 cm-! region demonstrates that the
formation of carbonate species does not take place in the CeP400 support. Thus, the C1802/C160,
isotopic exchange in this solid seem to be possible uniquely by the formation of hydrogen
carbonate species. Additionally, this result points out the Lewis acidity of the OH groups in the
CeP400 solid.

At 300 °C (Figure 5.8 (d), (e) and (f)) no changes are observed in the OH region, whereas slight
changes in the P-OH band (2884 cm-!) and PO43 overtones and combination modes region occur.
A weak positive band is also observed at ca. 1580 cm, but its intensity is insignificant. The fact
that no intermediates are observed exposes the short lifetime of the hydrogen carbonate

intermediates at this temperature [23-25].
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Figure 5.8. Difference spectra during CO2 adsorption as a function of the time at (a, b, ¢) 30 °C
and (d, e, f) 300 °C over CeP400

Results for the support CeP600 at 30 °C (Figure 5.9 (a), (b) and (c)) shows the appearance of the
overtone/combination bands of CO: located in the OH region. Furthermore, the disappearance of
the OH stretching band at 3670 cm-! is observed, pointing out the formation of hydrogen
carbonate species. In this case, two new OH species appear, indicating the formation of two types
of hydrogen carbonate species in the CeP600 support. Similarly to the CeP400 support, the OH
stretching vibration at 3703 cm, with the bands at 1585 and 1380 cm ascribed to the C-O
asymmetric and symmetric stretching vibrations (vasC-O and vsC-O) denote the presence of
hydrogen carbonate species coordinated to Ce3* cations. The OH stretching vibration at 3678 cm-
1 must be accompanied by growing bands in the 1632-1588 cm and 1408-1132 cm-! regions
[21], but their identification becomes intriguing consider the simultaneous formation of carbonate
species in this solid. The formation of carbonate species occurs as a consequence of the reaction
of the CO2 molecule with the oxygen atoms of the phosphate group. The participation of the
oxygen is confirmed by the presence of negative bands at 1941 and 1905 cm-L. The frequency of

these bands is additionally shifted with respect to those observed after the activation treatment
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(1948 and 1908 cm-), showing the symmetry changes induced in the phosphate groups due to
this interaction. The simultaneous formation of carbonate and hydrogen carbonate species in
CeP600 exposes that not only the OH groups but also the O atoms of the phosphate groups are
basic in this support, thus being able to react with the CO2 molecule.

Difference spectra during CO2 adsorption on the CeP600 support at 300 °C (Figure 5.9 (c), (d)
and (f)) shows, as well as at 30 °C, a weak negative contribution ascribed to the OH groups of the
support. Nevertheless, the new OH generated are not observed due to their low intensity.
Additionally, the vibrational modes corresponding to the C-O asymmetric and symmetric
stretching (vasC-O) expected in the 1700-1300 cm-! region are not observed at this temperature.
However, several ill-defined contributions ascribed to carbonate species remain present at this
temperature, which could indicate that these species do not act as intermediates during the
C1802/C160; isotopic exchange reaction. Therefore, the formation of carbonate species could
block surface sites [26], leading to a minor formation of hydrogen carbonate species in the
CeP600 support and consequently, decreasing both the number of exchanged atoms (Ne) and

the rate of exchange (Re) in this solid compared to CeP400.
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Figure 5.9. Difference spectra during CO2 adsorption as a function of the time at (a, b, ¢) 30 °C

and (d, e, f) 300 °C over CeP600
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CO:2 adsorption experiments at 30 °C were additionally followed by mass spectrometry. The
evolution of the CO2 mass-on-charge (m/z= 44) as a function of the time presented in Figure 5.10,
shows that the adsorption capacity of the support CeP400 is significantly superior to that of the

support CeP600, in agreement with its greater oxygen exchange capacity during the reaction with
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Figure 5.10. Mass spectra of CeP400 and CeP600 as a function of the time during CO:2

adsorption experiments

5.4.2. Pt catalysts

Difference spectra during CO2 adsorption experiments on the Pt catalysts are presented in Figure
5.11. In the presence of Pt, significative changes are observed with respect to the corresponding
supports.

For Pt/CeP400 at 30 °C (Figure 5.11 (a), (b), (c)), the intensity of the OH stretching mode
decreases and a new OH group appears at 3702 cm-, which accompanied by the growing bands
at 1588 and 1380 cm-! indicates the formation of hydrogen carbonate species, as observed in the
spectra of CeP400, although the intensity of the contributions is significantly smaller than in the
support. Furthermore, additional bands near to 1600 cm* and 1400 cm are observed, which
involves the formation of new types of hydrogen carbonate species not present in the absence of
Pt. Interestingly, the formation of different types of carbonates is also detected, accompanied by

great changes in the region where overtones and combination bands of the phosphate group
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appears. Negative bands at 1977 and 2017 cm-%, corresponding to the vsp-0) + v(r=0) and 2vsp-o)
combination/overtone bands, suggest the participation of the oxygen atoms of the phosphate
groups in the formation of the carbonate species. Besides, a shift in their frequency is observed
with respect to those observed in CeP400 after the activation treatment (1987 and 2025 cm-1),
pointing out the symmetry change induced in the phosphate group in the presence of COo.. In
addition, a band at 2060 cm-! appears, which is not attributed to a phosphate mode. The presence
of this contribution could be attributed to CO linearly adsorbed on Pt, suggesting the possibility
that the dissociative adsorption of the CO2 molecule into CO + O occurs in the presence of Pt. A
similar result has been previously obtained in Pt/TiOz catalysts, where the formation of carbonates
has been attributed to surface changes induced by the dissociation of the CO2 molecule [27].
Thus, the formation of new species on Pt/CeP400 not detected on CeP400 has been tentatively
attributed to the interaction of CO with both the OH groups and the O atoms of the phosphate
group, according to the capacity of CO to react with either acidic or basic sites [22]. Another
possibility for the formation of carbonates could be a change in the acid-base properties of the
support induced by the platinum complex used as precursor during the catalyst synthesis [28].

When CO: adsorption is carried out at 300 °C (Figure 5.11 (d), (e), (f)), the dissociation of CO2
into CO + O becomes evident in accordance with the appearance of bands assigned to CO
linearly adsorbed on Pt at 2073 and 2065 cm. At the exchange reaction temperature, no
hydrogen carbonate species are observed, whereas ill-defined bands corresponding to carbonate
species remain present. Taking into account that the C1802/C102 exchange reaction occurs via
formation of hydrogen carbonate species in CeP400, the formation of carbonates provoked by
the presence of Pt seems to hinder the formation of hydrogen carbonates by blocking surface
sites [26]. This fact could explain the decrease of Ne and Re during the isotopic exchange reaction

in Pt/CeP400 compared to the bare support.
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Figure 5.11. Difference spectra during CO2 adsorption as a function of the time at (a, b, c) 30 °C
and (d, e, f) 300 °C over Pt/CeP400

Difference spectra during CO2 adsorption on Pt/CeP600 at 30 °C (Figure 5.12 (a), (b) and (c)) are
similar to those observed for the CeP600 support. That is, formation of carbonate and two types
of hydrogen carbonate species is detected. Additionally, the band at 2067 cm-! suggests the
dissociative adsorption of CO2 into CO + O, as observed in the catalyst Pt/CeP400.

At 300 °C, the observation of hydrogen carbonate species is not possible, but weak bands
corresponding to carbonate groups remain in the spectra.

Thus, results obtained for the Pt/CeP600 catalyst are similar to those obtained for the bare
support, giving a reasonable explanation for the results obtained during the C1802/C160: isotopic
exchange experiments. Considering that the interaction of CO2 with both the CeP600 support and
the corresponding Pt catalyst is similar, that is, giving rise to the formation of carbonate and
hydrogen carbonate species, it results reasonable that the extent of the oxygen exchange is
similar in the absence and in the presence of Pt. This explains the similarity of the Ne and Re

values in CeP600 and Pt/CeP600.
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Figure 5.12. Difference spectra during CO2 adsorption as a function of the time at (a, b, c) 30 °C
and (d, e, f) 300 °C over Pt/CeP600

Simultaneously to the adsorption experiments, the mass spectra was recorded. Results are
presented in Figure 5.13. In this case, the CO2 adsorption capacity of Pt/CeP400 is just slightly
superior to that of Pt/CeP600, in good agreement with the results obtained during the C10:2
isotopic exchange experiment, where the extent of the C!80./C10: isotopic exchange on

Pt/CeP400 was only slightly superior to that on Pt/CeP600.
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5.5. Partial conclusions

Oxygen isotopic exchange experiments have been performed over the CePOs-based systems.
Results using 20> as labelled molecule demonstrate that both the supports and the Pt catalysts
present no activity towards the oxygen exchange in the temperature range selected for the study
of the WGS reaction (200-350 °C). This points out the lack of oxygen vacancies in these solids
and, consequently, the WGS redox mechanism can be discarded. On the contrary, the CePOa-
based systems present great oxygen exchange activity using C80., which place the associative
mechanism as the preferred path for the WGS reaction in these solids. Whereas the CeP400
support exceeds the exchange capacity of CeP600, a decrease of such exchange takes place in
the presence of Pt, although it is still superior to that of Pt/CeP600. Additionally, no significative
changes are observed between the exchange capacity of CeP600 in the absence or the presence
of Pt. CO2 adsorption experiments followed by IR spectroscopy and mass spectrometry allow to
conclude that the C180: isotopic exchange reaction takes place mainly through the formation of
hydrogen carbonate intermediate species. However, carbonate species seem to decrease the
exchange capacity of the solids, suggesting that the participation of carbonates in the exchange
reaction is unlikely and they act probably as spectator species blocking surface sites. Thus, the
presence of surface carbonate species seems to hinder the formation of hydrogen carbonates
that contribute to the exchange. Consequently, the exchanged oxygen atoms in the CePO4 solids

come mainly from the OH groups and not from the phosphate group oxygen ions.
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Chapter VI

Preliminary study of Ca and Ti phosphate-type supports:

Comparison with CePOa4

Abstract

Considering the suitability of the CePOa4 supports for the WGS reaction, the objective of this
chapter is the exploration of other phosphate-based systems as supports for the WGS reaction,
in particular calcium and titanium phosphate-type supports. Their textural, structural and surface
properties are evaluated and related to their behavior during the WGS reaction. Additionally, their
interaction mechanism with the water molecule is studied by means of in situ water adsorption
experiments followed by DRIFTS and mass spectrometry. The obtained results are compared

with those obtained for the CeP400 and CeP600 supports.
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6.1. Introduction

Throughout this work, the possibility of adapting the CePOs conduction properties to WGS
catalytic systems has been highlighted. Consequently, the presented results suggest that the
same could be possible with another phosphate-type materials presenting similar conduction
properties. Additionally, the main potential of phosphate-type solids lies in the possibility of tuning
their chemical and structural properties and consequently, their texture and surface properties. In
this sense, the texture of the support, especially its porosity, influences both the adsorption and
ion-exchange abilities of the material [1-3], whereas the selection of the metal cation and the

inorganic anion becomes crucial for the effective control of the surface acid-base properties [4]

In this context, calcium hydroxyapatite, Caio(PO4)s(OH)2, has demonstrated to present ionic
conduction properties even at high temperatures, which have allowed its use as ion-conducting
membrane in fuel cells and as humidity sensor, among others [5, 6]. These conduction properties
have been attributed to the migration of protons in adsorbed and/or condensed water [7] and to
the presence of OH groups in the structure [5, 8]. Furthermore, such properties have
demonstrated to be influenced by several aspects, as the hydration degree or the size of the
structural defects [9]. In addition, the calcium hydroxyapatite system has been already used as
support for the WGS reaction, being its catalytic performance attributed to a superior water
activation rate due to its structural stability, hydrophilicity and the possibility of cationic and anionic

isomorphous substitutions [10, 11].

Another interesting solid due to its remarkable proton conductivity is TiP207, previously used as
fuel cell electrolyte [12, 13]. In the presence of high humidity, formation of P-OH groups takes
place in this solid [14], enabling the proton conduction phenomena by providing protons able to
be exchanged between neighboring groups, surface water and hydroxyl groups. Although the
conduction mechanism in this solid is not clearly determined, it seems to be dependent of the
calcination temperature and the phosphorous content of the solid [15], which, at the same time,

influence its structural and textural characteristics.

Thus, the conduction properties shown by the Ca and Ti phosphate-type systems in the presence

of water suggest the possibility for these materials to be used as supports for WGS catalysts and
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influence the interaction with the water molecule which, consequently, determine the WGS

reaction mechanism.

Considering the aspects mentioned above, two phosphate-type supports containing Ca and Ti
have been synthesized, characterized and evaluated as supports for WGS Pt catalysts.
Additionally, in situ water adsorption experiments followed by DRIFTS and mass spectrometry
were performed in order to evaluate their interaction with the water molecule. Their structural and
surface properties, as well as their catalytic behavior have been compared with those of the

CeP400 and CeP600 supports.

6.2. Supports and Pt catalysts synthesis

Two phosphate-type supports containing different cations (Ca and Ti) were prepared by a
hydrothermal method, with nominal molar ratios Ca/P 1.67:1 and Ti/P 1:1. The obtained solids

were labelled as CaP and TiP respectively.

CaP was prepared similarly to CeP400 and CeP600 [16, 17]. 50 ml of aqueous solutions of
phosphoric acid 85% (Panreac) 0.6 M and calcium nitrate tetrahydrate (VWR) 1 M were mixed in
aflask and stirred at 40 °C. Then, 50 ml of an aqueous solution of sodium citrate dihydrate (Sigma)
0.017 M was added and the pH was adjusted to 10 by means of the addition of ammonia 30%.
The resultant solution was maintained at 40 °C for 8 hours under stirring and finally transferred to
a Teflon-lined autoclave, in which the mixture was aged at 100 °C for 8 hours. The material was
finally filtered, washed with distilled water and dried overnight at 100 °C. The obtained solid was

finally calcined at 350 °C.

The synthesis of TiP was carried out by means of an adapted hydrothermal method [18]. 50 ml
of a phosphoric acid 85% (Panreac) aqueous solution 0.7 M were mixed with 6:10-* moles of
P123 (BASF) and maintained under stirring until complete dissolution of the surfactant. 0.04
moles of C12H2904Ti (Aldrich) were then added and the resultant solution was stirred for 2 hours.
The mixture was sealed in a Teflon-lined autoclave and aged at 80 °C for 24 h. The obtained
product was filtered, washed with water, dried overnight at 60 °C and finally calcined at 600 °C in

order to ensure the complete elimination of the surfactant.
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The Pt catalysts with a nominal metal content of 2 wt.% were prepared, similarly to the Pt/CeP
catalysts, by the wet impregnation method. For this purpose, an aqueous solution of
Pt(NH3)4(OH)2 0.053 M was prepared, and the corresponding amount of support was added. The
mixture was maintained under stirring for 24 hours and dried at 60 °C. Finally, the obtained

catalysts were calcined at 350 °C for 2 hours.

6.3. Physicochemical characterization

6.3.1. X-ray diffraction (XRD) analyses

X-ray diffraction patterns of the prepared solids are shown in Figure 6.1 (a). CeP400 and CeP600
supports present the diffraction lines corresponding to the rhabdophane and monazite-type
phases of CePOa4, as described in Chapter Ill. The diffraction pattern of CaP corresponds to the
hexagonal calcium hydroxyapatite structure (P63/m space group), with formula Ca1o(PO4)s(OH)2
(JCPDS-ICDD 01-074-0566). According to the literature [16, 19], the hydroxyapatite framework
is constituted by the assembly of calcium ions and tetrahedral phosphate groups delimiting two
types of unconnected channels oriented along the ¢ axis: one of them has a diameter of 2.5 A
and is bordered by calcium ions, and the second one possesses a diameter of approximately 3.5
A and is bordered not only by calcium ions but also by oxygen atoms. These channels contain
the structural OH groups which balance the positive charge of the compound. Conversely to the
previous supports, the support TiP seems to present either a low degree of crystallinity or a
crystalline nature but small crystallite size. The amorphization degree of TiP have been previously
related to the time and temperature conditions of the hydrothermal method employed during the
synthesis [20, 21]. Nevertheless, it is possible to distinguish a broad diffraction line at 25.2 °26,
related to the presence of the anatase phase of TiO2 (JCPDS-ICDD 00-002-0387). Although the
anatase-rutile transition phase takes place between 500 and 600 °C, the presence of
phosphorous has demonstrated to increase the thermal stability of the anatase phase [22], which
explains the presence of this phase after calcination at 600 °C. Additionally, a diffraction peak at
22.4 °20, corresponding to the most intense diffraction line of TiP.07 (JCPDS-ICDD 00-038-1468)
is observed. An enlargement of this region is presented in Figure 6.1 (b). Thus, this solid consists
in a mixture of TiP207 and TiOz, in good agreement with the loss of phosphorous induced by the

calcination treatment revealed by chemical analysis. After Pt deposition and calcination of the
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solids, no diffraction lines corresponding to Pt species are observed, indicating the small particle
size of the metallic particles in all the samples. Nevertheless, the catalyst Pt/TiP presents an
increase of the diffraction peak at 25.2 °28, suggesting that the segregation of anatase occurs

after Pt deposition and calcination.
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Figure 6.1. (a) XRD patterns of the prepared solids, (b) enlargement of the TiP XRD pattern

6.3.2. Physicochemical and textural properties

Table 6.1 summarizes the physicochemical properties of the prepared solids. Specific surface
area values of the supports are in the range between 41 and 248 m? g1, being that of TiP

significantly higher compared to the other prepared supports. Pore volume values are comprised
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between 0.32 and 0.62 cm? g, corresponding the maximum value to TiP. After Pt deposition and
calcination, no significative changes on these values are observed, being similar to those of the
supports. Regarding the cation/phosphorous (C/P) molar ratio of the supports, the values
obtained are those expected from the synthesis procedure except for the solid TiP, which

indicates that a loss of phosphorous has taken place in this solid.

Table 6.1. Physicochemical properties of the supports and catalysts

Pt mean Metal
Sample Seet (M*g)  Vp (cm*g™) Do particle loading  C/P ratio
(nm) size (wt %)
(nm)*
CeP400 65 0.32 17.2 - - -
CeP600 41 0.35 28.2 - - -
CaP 69 0.39 16.8 - - -
TiP 248 0.62 8.5 - - -
Pt/CeP400 71 0.32 16.6 1 1.5 1
Pt/CeP600 44 0.30 23.2 1.2 14 1
Pt/CaP 73 0.47 19.4 0.7 14 1.7
Pt/TiP 246 0.58 8.2 2.6 1.6 2.2

a Calculated from TEM micrographs

Figure 6.2 presents the N2 adsorption/desorption isotherms and the BJH pore size distribution
curves of the supports after calcination. Figure 6.2 (a) shows that supports containing Ce and Ca
present a pronounced adsorption at p/po = 0.8, indicating that multilayer adsorption starts at high
relative pressure in these solids, thus denoting a great mesopore population. However, the
adsorption isotherm of the support TiP shows a superior adsorption capacity from p/po= 0.5, thus
pointing out that this material exhibits a greater microporosity feature. In addition, the middle
section of the curve is less defined that in the other supports, which shows that formation of mono-
and multilayer are overlapped. Considering the hysteresis loop [23], both CeP supports present
a H1 hysteresis, typical of solids containing uniform channels, as in the support CeP400 or
constituted by aggregates of particles, as in CeP600. The solid CaP gives rise to a H2 hysteresis,
characteristic of solids containing cylindrical channels with non-uniform size and shape, being
consistent with the description of the hydroxyapatite structure in which two types of structural
channels have been described [16, 24]. The solid TiP presents a H3 hysteresis, typically found in
non-rigid aggregates of particles and thus, not representing a reliable description of the porosity
of the material [23, 25]. According to the BJH pore size distribution derived from the isotherm

(Figure 6.2 (b)), the mesopore volume decreases in the order: CaP > CeP400 > CeP600 > TiP.
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Although this distribution could include interparticle voids, this trend is in agreement with the

description of the supports features shown in Table 6.1. This reduction of the mesopore volume

is accompanied by a broadening of the pore size distribution. After Pt deposition, the evolution of

the adsorption isotherms and the pore size distribution (not shown) follow the same trend

observed for the supports.
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Figure 6.2. (a) N2 adsorption/desorption isotherms and (b) BJH pore size distribution of the

supports after calcination

6.3.3. Transmission electron microscopy (TEM)

Figure 6.3 shows the TEM micrographs and the Pt particle size distribution of the prepared

catalysts. In the rhabdophane-type phase of CePOQas, the particles are bar-shaped with a length of
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ca. 120 nm. The oxygen atoms of the structure are forming a series of parallel channels along the
¢ axis, in which water molecules can be accommodated [26-29]. The bar-like structure of the
support is maintained after calcination at 600 °C, but a decrease of the bars length takes place,
along with the disappearance of the structural channels, due to the formation of the monazite-
type phase of CePOa, as reported in Chapter Il [29]. Calcium hydroxyapatite consists in bar-like
particles of ca. 38 nm, with structural channels along the hexagonal axis, well known for their
capacity of trapping molecules [30], whereas support TiP present an irregular shape and no
cavities are observed in its structure. The Pt species are highly dispersed on these solids, in good
agreement with the XRD results, with particle sizes between 0.7 and 2.6 nm. However, supports
with structural channels CeP and CaP show narrower particle size distributions, as well as a
preferential arrangement of the Pt particles in the direction of the structural channels. This could
be attributed to the structural characteristics of the support. Well-ordered channel structures have
demonstrated to favor good dispersion of the metal particles, as well as prevent them of sintering

[31].
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Figure 6.3. TEM micrographs and particle size distribution of the prepared catalysts

6.4. Catalytic activity of the phosphate-based catalysts on the WGS reaction

Catalytic activity tests of the prepared solids were carried out using the so-called feed-stream B,
described in Chapter Il. The volume percent composition of both feed-streams is shown in Table
6.2. Every experience was performed at WHSV = 30 L-g*-h-1, according to equation 2.9 (Chapter

11).

Table 6.2. Composition of the WGS reaction mixture

Reactant Feed B (Vol %)

co 7
H20 30
N2 4
CO; 9
H> 50
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Figure 6.4 shows the catalytic activity results of the Pt catalysts.
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Figure 6.4. CO conversion of phosphate-supported Pt catalysts and commercial catalysts as a
function of the reaction temperature under feed-stream B (7% CO, 9% CO3, 30% H20, 50% H:
and 4% N2). WGS equilibrium curve is also presented

The catalytic performance of the evaluated solids decreases in the order: Pt/CaP > Pt/CeP400 >
Pt/CeP600 > PU/TiP. Whereas the catalyst Pt/CaP reaches the equilibrium conversion at 310 °C,
those supported on CeP achieve it at 350 °C, and the PY/TIiP catalyst present a limited catalytic
activity, with a CO conversion value lower than 10% at 350 °C. This result could be attributed to
the mean Pt particle size in every sample as well as to the interaction of the support with the water
molecule during the reaction, directly related with the pore size and volume of each support as
confirmed by the N2 physisorption results. The trend followed by the Pt catalysts indicates that
supports with structural channels, rather those supported on CaP or CeP400, lead to an
enhancement of the catalytic behavior. Considering that CO2 and H: are potential reactants for
the methanation reaction, it has been generally reported that their presence induces a negative
effect on the WGS catalytic activity [32]. However, no methane was detected at the reactor outlet
with the studied phosphate-supported catalysts. The catalytic activity of Cu-based LT (HiFuel
W220) and MT (HiFuel W230) WGS commercial catalysts (Alfa Aesar™) is showed for
comparison. The commercial catalysts exceed the activity of the Pt/TiP catalyst in all the
temperature range evaluated, and those of the remaining solids in the temperature range between

150 and 290 °C. However, from 310 °C, the catalysts Pt/CaP and Pt/CeP400 exceed the CO
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conversion achieved by the commercial catalysts, whereas the system Pt/CeP600 becomes more
active than the catalyst HiFuel W230 and equal to the catalyst HiFuel W220 from 330 °C.
Furthermore, none of the commercial catalysts reach the equilibrium conversion in the evaluated
conditions, in contrast to the CaP and CeP supported catalysts. These results point out the
suitability of the studied phosphate-based systems for the WGS reaction, particularly those

containing channels, that is CaP and CeP400.

A correlation between the catalysts pore volume and the temperature at which they reach a
particular value of CO conversion value is shown in Figure 6.5. Given that the description of the
porosity of Pt/TiP is not representative of the real characteristics of the material, which presents
mainly micropores, this correlation is not presented for this catalyst. However, it exists a clear
connection between the mesopore volume of the remaining catalysts and their catalytic activity,
demonstrating that an increasing mesopores population in the solid gives place to a decrease of
the temperature at which they reach a certain conversion value. Whereas the catalyst Pt/CeP600,
with a lower pore volume, requires higher temperatures, the catalysts whose supports present
structural channels, and hence a superior pore volume, lead to an improvement of the catalytic
activity, which is consistent considering that the porosity of the support seems to influence the
interaction of the catalyst with the water molecule and consequently the availability of water during

the WGS reaction [29].
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Figure 6.5. Temperature at which Pt catalysts reach a 20 (T20), 50 (Ts0) and 70% (T70) of CO
conversion as a function of the pore volume of the catalysts
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6.5. In situ water adsorption experiments followed by DRIFTS and Mass Spectrometry

Water adsorption experiments (10% H20/Ar) followed by DRIFTS and mass spectrometry were
carried out in order to understand the influence of the water-support interactions on the WGS
catalytic performance. DRIFT spectra of the evaluated supports after the activation treatment are
presented in Figure 6.6 and assignment of the vibration bands are summarized in Table 6.3.
Every support present bands in the OH stretching region (Fig. 6.6 (a)), indicating the presence of
structural OH groups, as well as bands corresponding to the P=0 stretching mode (figure 6.6 (b))
[33, 34]. Although the solid TiP present low IR activity, weak bands in these regions can be
intuited. The shift of the P=0 stretching in the solid TiP towards higher wavenumbers is related
to the deformation of the P=0O bonds by the Ti-O environment [22]. Additional phosphate vibration
modes are not observed in this solid, which is consistent with the loss of phosphorous induced

during the calcination treatment.

As explained in Chapter IV the solids CeP400 and CeP600 show a band at 3670 cm! ascribed
to surface -OH groups. Bands in the 900-1100 cm-! range, corresponding to the symmetric P-O
stretching (vi) and asymmetric P-O stretching modes (vs) are also observed, as well as a group
of bands in the 2100-2400 cm- range (not shown), ascribed to overtone and combination bands
of the phosphate vibrations [35]. Regarding the solid CeP400, a band at 2884 cm-, attributed to
the P-OH stretching mode characteristic of acid ortophosphates (PO4% + H20) is also observed

[29, 33].

Contrary to the CeP supports, the solid CaP present several bands in the -OH stretching region.
The band at 3568 cm has been attributed to the stretching vibration of OH ions on lattice sites
of the hydroxyapatite structure [16, 36, 37], whereas the presence of carbonate groups in the
structure could also explain the appearance of a shoulder at 3535 cm-1, previously attributed to
surface OH groups locally perturbed by the presence of COs? groups [37]. Additionally a series
of very weak bands at higher wavenumbers are observed, which have been assigned previously
to either surface Ca(OH):z or surface P-OH groups. Particularly the weak band at about 3660 cm-
1 could appear due to the presence of P-OH groups belonging to surface acidic phosphate ions
HPO4?, since a band at this frequency has been observed in phosphoric acid impregnated silica

gels [36, 38]. Bands in the 900-1100 cm-! region are also observed considering the presence of
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phosphate groups. Both the differences on the vibration frequency values and the number of
bands in this region indicate different degree of distortion of the PO.* tetrahedra as a
consequence of the phosphate group environment in every solid [29, 35]. As in the CeP supports,
an additional set of bands attributed to overtones and combination bands of the phosphate group
appears in the 2100-2400 cm! range [35]. Hydroxyapatites are characterized by the substitution
of OH- or PO43- groups by COs? groups, giving rise to the so called type A and type B substitution
respectively [39]. Therefore, vibrations corresponding to the COs? group are present. A-type
carbonate species in apatite structures are characterized by absorption bands at 1545 and 1450
cml, corresponding to the asymmetric and symmetric stretching respectively, and a singlet at
880 cm1, whereas the B-type carbonate species are expected at 1455, 1410 and 875 cm™. In
this sample, two intense bands at 1417 and 1448 cm-are observed, as well as a singlet at 872
cm-, which allows to conclude that a type B substitution has taken place in this solid. This result
is in agreement with the previously described band at 3535 cm-?, related to the presence of

carbonates.
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Figure 6.6. DRIFT spectra of the studied supports after the activation treatment under 10%
H2/Ar, taken at 150 °C under Ar atmosphere, a) 4000-2500 and b) 1800-800 cm-! spectral
regions

Table 6.3. Assignment of the supports vibration modes after the activation treatment

Band frequency (cm-

Solid 1) Assignment
CeP400 5319
CeP600 5259 Water combination bands
CaP 5345 v + 0(H20)
TiP -
CeP400 3670
CeP600 3670
CaP 3568 OH stretching
3535
TiP 3740 (vw)
CeP400 2884 P-OH stretching of acid ortophosphates
Cega?)nd 2400-2100 Overtone and combination bands of PO4*
X - vibrations
TiP
CeP400 1185
C%F;?:,OO ﬁgg P=0 stretching
TiP 1230
CeP400 1028
CeP600 1090 P-O asymmetric stretching
CaP 1016-1083 vs (P-0O)
TiP -
CeP and 960 P-O symmetric stretching
CaP v1 (P-0O)
CaP 1448, 1417, 872 CO3? vibrations

The behavior of the surface species in the presence of water was analyzed through the monitoring
of the water adsorption experiments. Difference spectra of the supports (taking the spectra after
the activation treatment as reference) are presented in figure 6.7. All the evaluated supports
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present bands between 3500 and 2500 cm! characteristics of adsorbed molecular water. These
bands are particularly weak in the support TiP, which shows the low affinity of water by this
support and explains the low activity of the Pt/TiP catalyst on the WGS reaction. Although this
support presents the greatest specific surface area value, the loss of phosphorous and the
absence of mesopores in its structure suppose a poor interaction with the water molecules.

The spectra of CeP400 and CeP600 show the growth of bands at ca. 5300 cm-! corresponding
to water combination modes (v + §(H20)), indicating a great affinity of both solids with water in its
molecular form. Additionally, these supports present a band in this region at relatively low
frequency (~ 5200 cm-1), which points out the presence of H-bonded H-O species [40], as well as
a weak and broad band about 4000 cm-, where combination modes of the -OH groups (v + §(OH))
appear. A negative band corresponding to the -OH stretching modes (3670 cm-?) is observed in
the presence of water, thus these -OH groups are participating in the hydrogen bonding. At the
same time, a band at 3690 cm! appears, attributed to -OH groups belonging to the water
molecule, since this band is contributing to the combination bands at 5318 cm-! and 5259 cm-! for
CeP400 and CeP600, respectively. The observation of the H-O-H bending mode (6+-0-+) region
allows to determine also the type of interaction between the water molecule and the surface.
Since the water molecule is amphoteric, it is able to interact with both acidic surface sites (through
the lone pair electrons of the oxygen atom) and with basic sites (through the formation of hydrogen
bonding). When the interaction occurs via hydrogen bonding, the &n.0.n mode shifts to higher
wavenumbers while the interaction via the oxygen atom produces a shift of the &n.o.n mode
towards lower wavenumbers [40-42]. According to that, the water in the solids CeP400 and
CeP600 are interacting through hydrogen bonding, due to the high H-O-H bending mode
frequencies at 1625 and 1630 cm-! respectively. CeP400 spectrum shows also a band at 1586
cm-! as the temperature increases.

Falk [42] found a relationship between the 6n-0-4 frequency shift and the formal charge of the
cation with which the water molecules were interacting. For the cation Ce3* this value would be
found at ca. 1532 cm, a value much lower than that found in this sample, thus this vibration
mode has been assigned to the water present in the structural channels of the rhabdophane-type
phase of CePO4 [29]. Simultaneously to the growing of the water-related modes, the intensity of

the overtone and combination bands of the phosphate groups (2100-2400 cm?) decrease in both
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solids, which indicates that the water molecule is interacting with the phosphate groups. In
CeP400 and CeP600, water seems to remain as molecular water in all the temperature range,
pointing out that CeP supports present a diffusion mechanism, meaning that the proton transport
is assisted by the translational dynamics of the water molecule [43, 44].

The spectrum of the support CaP presents also a combination band of the water modes (5319
cm-1), but its intensity is lower than that of the supports CeP. In addition, a series of growing bands
appear in the 3750-3600 cm-! range (inset figure 6.7) when water is adsorbed, denoting the
generation of new -OH groups and thus suggesting the ability of the hydroxyapatite for
dissociating the water molecule, in contrast to the behavior showed by the CeP supports, where
water species remain as molecular water [29].

As occurring in the solids CeP, a decrease in intensity of the overtone and combination bands of
the phosphate group occurs, indicating the participation of the phosphate group in the interaction
with water. Regarding the 6101 region, the spectrum shows two different contributions, one at
1642 cm-, corresponding to the bending mode of hydrogen-bonded species and another one at
1568 cmL. The average value of the &x-0.H mode interacting with a cation with charge 2+ should
appear at 1560 cm [42], close to the value found for this mode in the CaP spectrum.
Consequently, this vibration could be assigned to that of the water molecules interacting via the
lone electron pair of oxygen with the Ca?* ions of the hydroxyapatite structure. This band remains
even at 350 °C, exposing that this interaction is stronger than that via hydrogen bonding. This
result allows to conclude that a Grotthuss mechanism could take place in the support CaP, i. e.,
the water molecules show pronounced local dynamics but they stay at their sites, being the
protons transferred within hydrogen bonds from one molecule to another.

Liu et al. [45] have demonstrated that proton conduction properties can be tuned by controlling
the crystal structure, porous network and chemical functionality of the conductor solids, thus, the
differences observed in the studied phosphate-type supports can be ascribed to the differences

in their crystallographic structure and porosity.
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Figure 6.7. Evolution of the difference spectra of the supports during the adsorption of 10%
H20/Ar, from 150°C (top) to 350°C (bottom)

The evolution of the relative intensity of the mass-on-charge (m/z) 18 during the water adsorption
experiments, shown in Figure 6.8, is in agreement with the results described above. Water
adsorption capacity of the evaluated supports decreases in the order: CaP > CeP400 > CeP600

> TiP, which coincides with the trend followed by the corresponding catalysts on the WGS

reaction.
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Figure 6.8. Evolution of the mass-on-charge (m/z) 18 as a function of the temperature during
the adsorption of 10% H20/Ar

The support CaP shows an excellent water adsorption capacity, being able to greatly retain the
water in the whole temperature range evaluated. This fact can be attributed to the interaction of
the water molecule not only with the phosphate and -OH groups but also with the Ca?* ions, as
proved by DRIFTS. This result is in agreement with previous studies, which have demonstrated
that calcium hydroxyapatite interacts strongly with the water molecule through
electrostatic/hydrogen bonding with the Ca?* and phosphate ions of the apatite surface.
Furthermore, the charge density on the Ca?* ions is more localized than on the phosphate groups
in the presence of water, provoking a dramatical decrease on the water molecule mobility in the
proximity of the apatite surface and thus favoring the retention of water on the structure even at
high temperatures [46-48]. This fact added to the water dissociation ability of CaP allows a
superior enhancement of the WGS catalytic performance. The support CeP400, however,
reaches a maximum adsorption capacity at 250 °C, which decreases when this temperature is
exceeded. As reported in Chapter IV [29], the hexagonal structure of CePO4 has demonstrated a
great interaction ability with the water molecule that has been attributed to the interaction of the
latter with the phosphate groups of the support and the influence of their structural -OH groups.
Since this support interacts with the water molecule uniquely by hydrogen bonding with the
phosphate groups of the support and it is unable to dissociate the water molecule, it seems

reasonable its lower catalytic performance. In addition, considering that the support CaP contains
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a greater pore volume than CeP400, the interaction of water with the channels of this solid is
favored. The support CeP600 shows a great affinity for water, although its adsorption capacity
starts to decrease at 200 °C and is lower than that of CeP400 in all the temperature range. In
spite of the interaction of the surface phosphate groups of the monoclinic phase of CePO4 with
the water molecule, the absence of the structural channels present in the hexagonal phase gives
rise to a diminishing of the strength of this interaction. Finally, the support TiP presents a strong
adsorption of water at 150 °C, which decreases drastically while the temperature increases. This
fact could be attributed to the loss of phosphorous in this support during the calcination procedure
and the subsequent impossibility of the water molecule to interact with the phosphate groups.
Thus, the water retention capacity of the supports is directly related with the catalytic trend
observed for the Pt catalysts in the WGS reaction and with the selectivity of the reaction. These
results evidence the fundamental role of the water availability for an enhanced WGS catalytic
performance, demonstrating that the WGS reaction could be improved through the modulation of

the structural characteristics of the employed phosphate-type supports.

6.6. Partial conclusions

A series of phosphate-based compounds containing Ca and Ti have been used as supports for
Pt catalysts, evaluated in the WGS reaction and compared with CePOa4 supports. Considering
that the availability of water plays a fundamental role in the WGS reaction mechanism, the
structure and water adsorption capacity of these supports have been related to the WGS catalytic
performance. Results show that catalytic activity decreases in the order: Pt/CaP > Pt/CeP400 >
Pt/CeP600 > Pt/TiP. Supports containing structural channels, that is CaP and CeP400, favor the
interaction with water, although different mechanisms of interaction have been observed between
both supports. CaP dissociates the water molecule, presenting the so-called “Grotthus”
mechanism. In addition, the water interaction takes place via hydrogen bonding with the
phosphate groups and via strong electrostatic interaction with the Ca?* ion, which explains the
superior catalytic activity of the Pt/CaP system. On the other hand, CeP400 retains water in its
molecular form, thus presenting a diffusion mechanism. In this case, the water molecule is
interacting via hydrogen bonding with the phosphate groups but not with the Ce3* ion, and

consequently giving rise to a relative decrease of the catalytic activity of the catalyst. When
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channels are not present in the phosphate structure, as ocurring in the support CeP600, the

interaction of water with the phosphate groups is weakened and thus the catalytic activity

decreases. Finally, the support TiP experienced a loss of phosphorous during the calcination

procedure, decreasing the surface phosphate population and consequently, the interaction with

the water molecule and the WGS catalytic activity. These results expose that phosphate-type

compounds constitute appropriate supports for WGS catalysts, allowing to enhance their

interaction with the water molecule during the reaction through the tuning of their surface and

structural properties.
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General conclusions

CePO4 has been successfully synthesized by a hydrothermal method. By calcination at 400 and
600 °C, the rhabdophane (CePO4-nH20) and monazite-type (CePOa) phases of this solid have

been obtained.

Characterization results demonstrate that the rhabdophane-type phase (CeP400) contains a
series of structural channels along the (100) plane, in which water molecules are located. On the
contrary, the calcination treatment at higher temperature provokes the complete dehydration of
the rhabdophane-type phase, giving rise to the formation of the monazite-type one (CeP600), in
which the structural channels are vanished. Differences in the structural features of both phases
influence their water adsorption capacity, which is greater for the phase containing channels.
Despite these differences, both solids present only Ce?* in their structure, ruling out the presence

of the Ce3*/Ce** redox pair typically observed in CeO..

Afterwards, 2 wt.% Pt catalysts supported on both CePO4 phases (Pt/CeP400 and Pt/CeP600)
have been prepared by wet impregnation. Characterization results show that the supports
characteristics remain unaltered after the deposition of the metal. Additionally, homogeneous Pt
particle size distributions have been obtained in both solids, with mean particle sizes of ca. 1 nm.
Interestingly, Pt particles in the rhabdophane-based catalyst seem to follow the direction of the
structural channels of the support, suggesting a preferential arrangement of the metal particles in

this solid.

The prepared supports and Pt catalysts have been evaluated in the WGS reaction. Whereas
supports presented no activity, Pt catalysts were highly active and selective, not being observed
the formation of methane in any case. However, the catalytic activity of the Pt/CeP400 catalyst is

superior to that of Pt/CeP600.

In order to evaluate the interaction of the water molecule with the solids in the WGS temperature
range, in situ water adsorption experiments followed by DRIFTS were performed. Results showed
a greater adsorption capacity of CeP400 with respect to CeP600, although the dissociation of the
water molecule does not take place on these solids. Adsorption experiments on the Pt catalysts
showed similar results to the corresponding supports, although some changes are observed in
the phosphate overtone/combination bands region, indicating that the interaction of the phosphate

groups with water are influenced by the presence of Pt.
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Operando DRIFTS results of the supports in the presence of CO and H20 demonstrated no
formation of intermediates in all the temperature range; additionally, no CO2 was detected at the
exit cell, in agreement with the catalytic activity results. For the Pt catalysts, formate-intermediate
species are formed. Since new OH groups are not formed on the support, the dissociation of the
water molecule seems to occur on the Pt particles, positioning the CePOas supports as water

suppliers.

With the purpose of understanding the structural characteristics of the solids influencing the
reaction mechanism, 1802/1602 and C'80,/C%0. experiments were performed. Results using 802
point out the absence of oxygen vacancies on the supports in the WGS temperature range, which
is in agreement with the presence of uniquely Ce3* in these solids and discard the possibility of a
redox mechanism, where the oxygen vacancies play an important role regarding the dissociation

of the water molecule. In the presence of Pt, no significative changes are observed.

However, both the supports and Pt catalysts present a great oxygen exchange capacity when
using C802, suggesting an associative mechanism as the preferred path in these solids, in good
agreement with the DRIFTS studies. In every case, the exchange capacity of the CeP400-based
solids is superior to that of the CeP600-based systems, although the presence of Pt on CeP400
induces a decrease of the exchange extent. The lower exchange capacity of CeP600-based
systems has been explained by the formation of carbonate species on the solids surface, which
could block active sites for the formation of hydrogen carbonates. For the same reason, the
decrease of the exchange in Pt/CeP400 with respect to CeP400 is related to the presence of
carbonates in the surface. Since hydrogen carbonates are the intermediate species giving rise to
the exchange reactions, it is possible to conclude that the oxygen atoms of the OH groups are

those participating in the exchange.

Finally, Pt catalysts supported on phosphate-type supports containing Ca (CaP) and Ti (TiP) as
cations are explored and compared to the CePOas-based systems. The WGS catalytic activity
decreases in the order: Pt/CaP > Pt/CeP400 > Pt/CeP600 > Pt/TiP. The greater catalytic activity
of Pt/CaP and Pt/CeP400 has been attributed to the presence of channels in the support structure,
which favors the availability of water during the WGS reaction. However, different interaction

mechanisms with the water molecule have been observed. The CaP system interacts with water
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not only through the phosphate groups, but also through the Ca?* ion. This interaction is
particularly strong and favors the retention of water. Furthermore, this support dissociates the
water molecule, whereas such behavior is not observed on CeP400. This fact explains the greater
catalytic activity of the Pt/CaP catalyst during the WGS reaction. The lower catalytic activity of
Pt/CeP600 is explained by the absence of channels in the CeP600 support, which supposes a
weaker interaction with the water molecule. Finally, the Pt/TiP catalyst present a low catalytic
activity, not reaching a 10% CO conversion even at 350 °C. This result is explained by the loss of
phosphorous in the TiP support induced by the calcination treatment, which supposes an

insignificant interaction of the water molecule with this support.
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1. Introduccién

La problematica generada por el uso de combustibles fésiles, relacionada con el agotamiento de
éstos y los problemas medioambientales derivados de su uso, ha dado lugar a la blisqueda de
fuentes de energia alternativas. En este contexto, el hidrégeno resulta un sustituto interesante,
debido a que es una energia limpia, puede almacenarse y transportarse de manera segura y

posee un alto valor calorifico (122 kJ-g?) [1, 2].

Dicho hidrégeno es producido generalmente a través de procesos de reformado, lo cual implica
la presencia de otros componentes no deseados en la corriente, tales como el mondéxido de
carbono. Por tanto, la purificacién de la corriente de hidrogeno constituye un paso fundamental
[3, 4]. Para ello, la reaccién de desplazamiento de gas de agua o Water-Gas Shift (WGS, Ec. 1.1)
resulta de gran importancia, ya que retira la mayor parte del mondxido de carbono v,

simultaneamente, enriquece la corriente en hidrégeno [5].

CO + H20 ¢ CO2 + H2 (Ec. 1.1)

Por tanto, este proceso es utilizado tanto a escala industrial como dentro de la tecnologia de
celda de combustibles. El uso de estas ultimas resulta de gran interés, ya que consisten en

dispositivos capaces de convertir la energia quimica del hidrégeno en energia eléctrica [6].

Dentro del contexto de las celdas de combustible, los catalizadores mas eficaces han demostrado
ser aquellos usando metales nobles como fase activa. Entre ellos, los sistemas que contienen
Au y Pt han demostrado ser los mas eficaces en los rangos de baja y media temperatura,
respectivamente [7]. Ademas de la fase activa, la influencia de los soportes cataliticos utilizados
también ha sido ampliamente estudiada [8-10]. A este respecto, se ha concluido de manera
general que el comportamiento catalitico de los sdlidos en la reaccion de WGS se debe a un
efecto sinérgico entre fase activa y soporte [11, 12]. Por tanto, las caracteristicas electrénicas y
estructurales de los catalizadores empleados determinan el comportamiento catalitico en la

reaccion de WGS y, en consecuencia, el mecanismo de reaccion de ésta.

La reaccion de WGS puede transcurrir, de manera general, a través de dos mecanismos: el

mecanismo redox o disociativo, y el mecanismo asociativo o regenerativo [13].
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En el mecanismo redox, el CO es adsorbido en los sitios metdlicos, difunde a la interfase
metal/soporte y reacciona con el oxigeno de la red de soporte, produciendo CO2. Este paso da
lugar a la formacion de vacantes de oxigeno y, por tanto, a la reduccién del soporte. El H20, por
su parte, se adsorbe disociativamente en los sitios reducidos del soporte, reoxidandolo y dando

lugar a la produccién de Ha.

En el mecanismo asociativo, el CO y el H20 son adsorbidos en los sitios activos del catalizador,
dando lugar a la formacién de intermedios de reaccion, tales como carbonatos, bicarbonatos o
formiatos, los cuales reaccionan o se descomponen para dar los productos de reaccion, CO2 e

H2 [14].

Sea cual sea el mecanismo de reaccién a través del cual transcurre la reaccion, el paso limitante
de la velocidad en el proceso de WGS es la disociacién de la molécula de H20 [5, 15]. Por tanto,
el conocimiento del mecanismo de reaccién resulta crucial, con el fin de facilitar dicho paso

limitante y disefar catalizadores activos y selectivos en la reaccion de WGS.

En este aspecto, trabajos previos han puesto de manifiesto el papel determinante de la presencia
de vacantes de oxigeno en el soporte. Asi, el uso de CeO2 como soporte para catalizadores de
WGS ha sido resaltado en la literatura, gracias a sus propiedades electronicas, es decir, la
presencia del par redox Ce?3*/Ce** en su estructura, que favorece la presencia de ciclos redox y,
en consecuencia, la formacion de vacantes de oxigeno, que facilitan la disociacion del agua [12].
Ademas, se ha demostrado que la formacion de vacantes de oxigeno se ve favorecida por la
adicion de dopantes en la estructura del CeO2, los cuales dan lugar a una mejora en la

concentracion de especies OH y H durante la reaccién de WGS [16].

Siguiendo en esta linea, trabajos posteriores han puesto de manifiesto el interés de usar
conductores i6nicos como soporte de catalizadores para WGS. Dichos conductores consisten en
oxidos de tierras raras dopados con cationes aliovalentes, los cuales dan lugar a una excelente

mejora en cuanto a la concentracion de vacantes de oxigeno [17].

De acuerdo con estos estudios, dos conceptos podrian ser de gran importancia para el disefio
de nuevos catalizadores para WGS: la presencia de Ce y, en consecuencia, la posible influencia
del par redox Ce3®*/Ce**, y la adicién de conductores idnicos en la formulacion. De esta manera,

la utilizacion de CePO4 como soporte para la reaccién de WGS podria resultar interesante, dada
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la presencia de Ce en su estructura y el uso previo de los fosfatos de tierras raras como
membranas protonicas en celdas de combustible [18]. Estos factores podrian influenciar el
comportamiento de los sistemas cataliticos con respecto a la molécula de agua y, en

consecuencia, el desempefio catalitico de éstos y el mecanismo de la reaccién de WGS.

Ademas, el CePO4 puede presentar dos estructuras cristalinas. La fase rhabdophane pertenece
al sistema cristalino hexagonal, y presenta una serie de canales estructurales a lo largo del eje
¢, donde se alojan moléculas de agua. La fase monazita pertenece al sistema monoclinico, y
surge como resultado de la deshidratacion total de la fase rhabdophane, lo cual da lugar a la
desaparicién de dichos canales [19, 20]. La Figura 1 presenta una representacion de ambas

estructuras.

(a) (b)

Figura 1. Vista a lo largo del eje ¢ de las posibles fases del CePOQs, (a) Rhabdophane, (b)

Monazita

2. Estructuracién de la Tesis Doctoral

El presente trabajo de investigacion ha sido estructurado en seis capitulos:

El capitulo | presenta la introduccion y motivacion de esta tesis doctoral;

En el capitulo IlI, los principios de las técnicas de caracterizacibn empleadas, asi como las

condiciones de medida utilizadas, son especificadas. De la misma manera, se presenta el
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dispositivo experimental en el que se llevan a cabo los test cataliticos y se especifican las

condiciones de reaccion utilizadas;

El capitulo Il recoge la sintesis de los materiales y los resultados obtenidos mediante las distintas

técnicas de caracterizacién empleadas;

En el capitulo IV se presentan los resultados de actividad catalitica durante la reaccion de WGS,
asi como un estudio mediante espectroscopia infrarroja de la interaccion del agua y los reactivos

de la reaccion de WGS con los soélidos sintetizados.

El capitulo V presenta los resultados obtenidos mediante experimentos de intercambio isotopico
usando 80 y C802, con el fin de relacionar la movilidad de oxigeno en los sélidos con el

mecanismo de reaccion observado en los sélidos.

En el capitulo VI, el estudio del CePO4 se extiende a otros soportes tipo fosfato conteniendo Ca
y Ti en su estructura. Sus caracteristicas estructurales, la interaccion con la molécula de agua y
la actividad catalitica en la reaccion de WGS son evaluadas y comparadas con las de los

sistemas basados en CePOa.

3. Resultados representativos y breve discusion

En este apartado se presentan algunos de los resultados mas representativos del presente

trabajo.

En primer lugar, se ha llevado a cabo la sintesis de las dos posibles estructuras cristalinas del
CePO4 empleadas como soportes cataliticos: la fase hexagonal (rhabdophane, CePO4-nH20) y
la fase monoclinica (monazita, CePO4), denominadas CeP400 y CeP600 a lo largo del trabajo.
La formacibn de ambas estructuras ha sido confirmada mediante distintas técnicas de

caracterizacion (Capitulo 111).

De acuerdo con los resultados de caracterizacion, la principal diferencia estructural entre ambos
materiales reside en la presencia de una serie de canales paralelos a lo largo del plano (100) en
la fase CeP400, que desaparecen en la fase CeP600, de acuerdo con las micrografias TEM

presentadas en la Figura 2.
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A pesar de las diferencias estructurales entre ambos soportes, los analisis por XPS demuestran
gue en ambos soportes el Ce se encuentra en estado de oxidacién +3, descartando la presencia
del par redox Ce3®*/Ce** tipicamente observado en CeO:a. Los resultados se recogen en la Figura

3.

RS

CeP400

Figura 2. Micrografias TEM de los soportes
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Figura 3. Regién Ce 3d del espectro XPS de los soportes

Posteriormente, los consiguientes catalizadores de Pt con un contenido nominal de 2% p/p fueron
preparados mediante impregnacion himeda. El contenido de Pt de las muestras ha sido

determinado mediante ICP. En ambos casos, las cargas de metal han sido cercanas a las
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nominales (Capitulo Ill). Las caracteristicas estructurales de los soportes no se han visto
modificadas tras el depdsito de Pt y las especies metalicas no han sido detectadas mediante
XRD, lo que confirma el pequefio tamafio de cristalito de las especies metalicas, de acuerdo con
los resultados mostrados en la Figura 4. Ademas, se obtuvo una distribucién de tamafio de
particula de Pt en ambas muestras, con un tamafio promedio de aproximadamente 1 nm, de

acuerdo con las micrografias de TEM presentadas en el capitulo III.

vvy v v e Rhabdophane-(Ce)

v Monazite-(Ce)
v PtO,

- v v v w vV Vv Vv vV Vv

S

Si Pt/CeP600

2

‘0 e o o °

c

L

£

Pt/CeP400

10 20 30 40 50 60 70 80 90
2theta (degree)

Figura 4. Patrones de difraccion de rayos X de los catalizadores de Pt

La actividad catalitica de los soportes y catalizadores sintetizados fue evaluada en la reaccion
de WGS. Mientras que los soportes no presentaron actividad, ambos catalizadores demostraron
ser altamente activos y selectivos, no observandose en ningdn caso formaciéon de metano. En

todas las condiciones evaluadas, el desempefio catalitico del catalizador Pt/CeP400 fue superior

al del solido Pt/CeP600, como se muestra en la Figura 5.
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Figura 5. Conversion de CO en funcién de la temperatura en presencia de la corriente B (7%
CO, 9% CO2, 30% H20, 50% Hzy 4% N3)

Con el fin de elucidar el papel del agua durante la reaccion de WGS, se llevaron a cabo
experimentos de adsorcion de H20 seguidos por DRIFTS (Capitulo 1V). Bandas asociadas a la
presencia de agua molecular son observadas en los espectros de ambos soportes, situadas a
5200-5100 cm-1, 3500-3200 cm-1 y 1625 cm-L. La evolucién de la altura de estas bandas (5200 y

1625 cm?) en funcién de la temperatura se muestra en la Figura 6.

—a— CeP400
—=— CeP600

T T T T T T T T T T T T T T T T T T
150 200 250 300 350 150 200 250 300 350

Relative intensity of HOH bending modes (a. u.)
Relative intensity of H,O stretching overtones (a. u.)

Temperature (°C) Temperature (°C)

Figura 6. Evolucién de las bandas relacionadas con el agua en funcion de la temperatura
durante los experimentos de adsorcion de H20
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En el rango de temperaturas estudiado, la capacidad de adsorcién de H20 del soporte CeP400
es significativamente superior que la del soporte CeP600, de acuerdo con la presencia de
canales estructurales que favorecen la retencion del agua en este sélido. No obstante, en ningun
caso se observa la formacién de nuevos grupos OH, lo cual indica que los soportes no disocian

la molécula de agua, actuando como proveedores de agua durante la reaccién de WGS.

De acuerdo con estos resultados, los estudios IR operando en presencia de la mezcla de
reaccién muestran que el mecanismo de la reaccién de WGS en ambos sélidos tiene lugar a
través de un mecanismo asociativo, siendo los intermedios de reaccién especies formiato
(Capitulo V). Esto sugiere que la disociacion de agua en estos solidos tiene lugar en los sitios

metalicos.

Los resultados de intercambio isotépico con oxigeno muestran que en presencia de la molécula
marcada 1802 ni soportes ni catalizadores intercambian oxigeno en el rango de temperatura de
la reaccién de WGS, lo cual pone de manifiesto la ausencia de vacantes de oxigeno en estos
sélidos, de acuerdo con la presencia de solo Ce3* en los soportes. Esto explica que la molécula
de agua no sea disociada en el soporte. Sin embargo, cuando la molécula marcada es C!80y, el
intercambio tiene lugar muy rapidamente mediante la formacién de bicarbonatos superficiales,
tanto en soportes como en catalizadores, lo cual concuerda con el mecanismo asociativo

observado mediante DRIFTS. Ejemplos representativos del soporte CeP400 se muestran en la

Figura 7.
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Figura 7. Distribucién isotopica de (a) Oz y (b) CO2 durante los experimentos de intercambio
isotépico sobre el soporte CeP400

Tras el analisis de los sélidos basados en CePOg, el capitulo V hace un analisis de la posible
extrapolaciéon de estos resultados a otros sistemas tipo fosfato conteniendo Ca (CaP) y Ti (TiP).
El sélido CaP presenta la estructura cristalina del hidroxiapatito calcico, mientras que el sélido
TiP es amorfo y pierde fésforo durante el tratamiento de calcinaciéon (Capitulo VI). Los resultados
de actividad catalitica de los correspondientes catalizadores de Pt demuestran que el catalizador
soportado sobre CaP presenta el mejor desempefio catalitico, seguido de Pt/CeP400 y

Pt/CeP600. El catalizador Pt/TiP presenta muy baja actividad (Capitulo VI).
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Figura 8. Evolucion de la relacién masa-carga 18 (H20) en funcion de la temperatura durante
los experimentos de adsorcion de H20
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Estos resultados se relacionan con la capacidad de adsorcion de agua de cada soporte registrada

por espectrometria de masas (Figura 8). Dichos resultados ponen de manifiesto la posible

extrapolacion de los resultados obtenidos en el CePO4 a otros sistemas basados en fosfato y su

aplicacién en la reaccion de WGS.
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