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Abstract

In this research, LSB1oT/YSZ composite anode with VO,/TiO; is used to
improve the electrochemical performance, coking resistance and sulfur tolerance

of high temperature SOFC fed by 5000 ppm H2S containing methane.

The ionic and electronic conductivities of Lag 4SrosBag1TiO3 were studied
with blocking electrodes. Sintering at reducing conditions leads to an increment
of the total and electronic conductivity due to reduction of the oxidation state of
Ti. On the other hand, sintering at oxidizing conditions increases the ionic
conductivity due to the effect of barium on the enlargement of the free volume of
the perovskite. Nonetheless, despite of this increment, the electronic conductivity
prevails. When LSBioT was impregnated inside a porous YSZ matrix, an
electronic conducting layer made of LSBT covers the matrix, impeding the

normal migration of oxide ions.

SOFC using hydrocarbon fuels suffer from carbon deposition on the
surface of the anode and poisoning of the catalyst. Eventually, this deposition
accelerates the degradation of the anode and decreases the overall electrochemical
performance of the cell. For this reason, catalysts with high oxidizing activities

are needed to avoid the formation of free carbon and further deposition.

In attempt to improve the activity of the composite anode, LSBT /YSZ,

small concentration of VOx/TiO, was infiltrated. VO,/ TiO, exhibits good activity



for oxidation of sour gas and methane without detectable sulfur deposition or
sulphidation. Furthermore, the TiO, enhances thermal stability of the active phase
VO, ascribed to the relative electronegativity and affinity between the active
phase and the support. Radiographic characterization shows that the active phase,
VO, comprises mainly vanadate entities. The enhancement on the catalytic
oxidation of hydrocarbons conducts to high power density and low polarization.
Finally, the presence of VOx/TiO; inside the composite anode LSB;oT /YSZ
enhances the electrochemical performance of the SOFC, the coking resistance of

the anode, keeping the good sulfur tolerant of the composite.
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Chapter 1 Introduction

1.1  Gas fuels

Fossil fuel, organic component formed by natural processes, has been the
most predominant energy and power source in the last decades [1]. For this
reason, our society has relied on this kind of fuel to deliver energy around the
world leaving behind other type of energy sources such as nuclear power and
renewable power sources including hydroelectric power, solar power, wind power

and biofuel.

Coal, liquid oil and gas are fuels derivative from fossil fuel extracted from
reservoirs in form of solid, liquid and gas state, respectively. However, liquid oil
is the desirable fuel among fossil fuels due its chemical state, easy transportation,

treatment, reforming and relatively high profitability [1].

Figure 1-1 shows the consumption of different fuels for the last 60 years
and projects their consumption in the near future. Based on this projection, it is
clear that the demand of liquid oil will increase forcing to look for alternative
fuels and power resources. Then, due to the current availability of coal and gas,
they seem to be good alternative and feasible options to replace the liquid fuel in

the future.
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Figure 1-1 The world energy consumption history and outlook [2]

On the other hand, the use of fossil fuels leads to considerable CO, and
greenhouse gas emission from the fuel combustion resulting in health and
environmental issues such as global warming [3-8]. This emission is even worse
considering the low fuel efficiency in engines, less than 40%, and high volumes
of reactant needed to combust. In this process, the energy is partly wasted or lost
in form of heat that flows to the surroundings, limiting the useful work and power
output from combustion of the fuel. In addition to this poor efficiency, higher
flow of fuel is needed to meet the power output requirements falling into more

production of toxic gases and CO, emission.

In attempt to produce less toxic gases and increase the efficiency of energy
conversion, hybrid and regular fuel cells have been introduced [9, 10, 10]. Rather
than engines which use direct combustion reactions to produce work and energy,

fuel cells use electrochemical reactions as main mechanism for energy
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conversion. The fuel cells exhibit higher efficiencies than engines and lower CO;
emission, reducing it by almost 60% [11]. In addition, fuel cells have been fuelled
with liquid oil, coal and gas and become an attractive alternative due to its ability

to utilize other type of gases usually considered as disposables or hazardous.

Fuel cells can utilize a variety of gases such as hydrogen, natural gas and
sour gas. Hydrogen is easily produced by either electrolysis of water or steam
reforming, increasing its availability. Regarding its performance as a fuel,
hydrogen is very reactive, easy to oxidize and environmentally friendly [9, 11,
12]. However, the volatility of this element still imposes challenges in the storage

of the fuel and safety restrictions limiting its application to specific sectors.

Natural gas is not as reactive and ecologically volatile as hydrogen and its
availability makes this compound one of the most utilized gases, especially in the
transportation sector [13]. Through combustion reactions, high amount of energy
is released and partially converted in either work or electricity to produce power.
In fuel cells, natural gas can be reformed or humidified to promote water shift
reactions increasing the oxygen to carbon ratio and decrease the concentration of
free radical of carbon that may poison the catalyst of the fuel cell. Also, some fuel
cells with carbon tolerant catalyst have used methane or natural gas with very low
content of water and low reforming or without previous reforming under dry
conditions with relatively good success and performance [14]. This is the case for

ceria based catalysts which have been used in solid oxide fuel cells [15].



Sour gas or methane containing H,S is not usually used as fuel because of
the detrimental effect of H,S which is considered hazardous and corrosive,
imposing a strict restriction on the direct fuelling of this gas [16]. For this reason,
sour gas is sweetened to extract H,S and further reformed to use the products as
fuel [16]. In addition, due to the complexity of this reforming process and high
cost, sour gas is the least desirable fuel gas among all the gases leading to lower
demand and higher availability of the gas. Nowadays, with the higher efficiency
of fuel cell and sulfur tolerant components that comprise some of them [17], the
use of sour gas as fuel starts to be considered as a viable option to replace other

fossil fuels and a more economical option to fuel these cells.

1.2 Fuel Cell principles

A fuel cell is an electrochemical device that transforms the chemical
energy strode in a fuel into electric energy [10]. Rather than batteries, which only
supply electric energy from the stored reactants, fuel cells can supply electricity
as long as the fuel and oxidant are delivered to the electrodes. The main
components of the fuel cell are the electrodes, cathode, anode, and electrolyte,
which are assembled together and known as membrane electrode assembly

(MEA), as shown in Figure 1-2.
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Figure 1-2 Schematic of a membrane electrode assembly (MEA) [18]

The electrolyte has to be dense to prevent gas cross over and a pure ionic
conductor to transport ions from electrode to electrode preventing the
conductivity of electrons which drops the open circuit voltage, voltage at
equilibrium conditions, and leads to short circuit [10]. Depending on the
properties and composition of the electrolyte they may transport different ions,
positive or negative ions, and alter the electrochemical reaction mechanism of the

fuel cell.

When a positive ionic conducting electrolyte is used, the fuel is
catalytically decomposed on the surface of the anode producing electrons and
positive ions which are transported by the action of the electric field and different

potential at the electrodes [19]. The ions are conducted along the electrolyte, and
5



the electrons through the current collectors that are usually made of metal with
predominant electronic conductivity. The migration of ion and electrons makes
them to meet at the cathode and electrochemically react with the oxidant.
Similarly, when a negative conducting electrolyte is used, the oxidant reacts at the
cathode and reaction product is negatively charged by the transported electrons
through the current collector [20]. The electric field, polarization and conducting
components, transport the ions along the electrolyte. The negative ions oxidize the
fuel electrochemically at the anode site, completing the reaction. Currently it is

known OH", 0%, COs* and H* conducting electrolytes for different fuel cells [18].

The electrodes comprise an important element of the fuel cell and an
important role carrying out all the electrochemical reactions in presence of a
catalyst. At the anode, electron generation and oxidation of the fuel take place
while at cathode, the electrons are consumed and oxidant is reduced [10]. The
electrodes are porous to make the gas to diffuse inside the microstructure, with a
large surface area to promote electrochemical reactions and affinity to allow
physical or chemical adsorption and intimate contact of the reactants [10]. In
addition, the electrodes are mixed ionic and electronic conductor (MIEC) to
transport charged species coming from the electrolyte and electrochemical

decomposition of the reactants.

The sites where the electrochemical reduction or oxidation reactions take
place are known as triple phase boundaries, TPB, and maximization of these sites
lead to higher current and power density output of the fuel cell [21-24]. For these

reasons, materials with low particle size in a range of nanometers with good ionic,
6



electronic conductivities and catalytic activity are highly desired [25]. Figure 1-3
describes a typical scheme of electrochemical reduction of oxygen at TPB at the

cathode side and subsequent transfer of oxygen ions along the electrolyte.

MIEC mechanism

02
TPB mechanism

Catalyst

Triple Phase Boundary
TPB

Electrolyte

Figure 1-3 Schematic mechanism of TPB [26]

1.3 Fuel Cell thermodynamic principles

In a process involving energy transformation and exerted work are
governed by thermodynamic principles and fuel cell is not an exemption. The
available energy to produce a work can be expressed in term of Gibbs free energy,
AG, which depends on the entropy, 4S, and enthalpy, AH or heat potential,
intrinsic properties of the component in an open system [10]. Entropy tends to

increase, disorder, decreasing the energy that can be efficiently converted in work.



For an isothermal process, first law of thermodynamic can be express according

to Equation 1-1, which point out energy conservation:

AG° = AH® — TAS° 1-1
where AG°,AH?,AS° are the standard Gibbs free energy, standard enthalpy and
standard entropy, respectively, calculated at standard conditions, temperature T=

25°C.

For a system with more than one electro active species, the Gibbs free
energy can be rearranged and expressed in terms of the chemical potential and
activity of the species. By setting a reference point, usually at standard conditions
1 atm and 25°C, 4G° is calculated and the free energy 4G is expressed by

Equation 1-2:

vi

AG = AG’ + RT In—pre 1-2
reactant

where R is the gas constant, a, the activity of the species that participates in the

reaction and v;, the stoichiometric value of the species.

The free energy can be also linked to the electrical potential, E, by

introducing the Nernst equation which is expressed in Equation 1-3:

AG® = —nFE°,, 1-3
where F is the Faraday’s constant, n is the number of electrons involved in the
electrochemical reaction, and E°,, is the equilibrium potential calculated at
standard conditions. Combining Equations 1-2 and 1-3, the electrical potential is

expressed in terms of the activities of the electro active species [27]:



vi

RT A roduct

E,, = E°,, — — In —2xo&t 1-4
q eq — np T

reactant

where E,,the equilibrium is potential calculated at the non-standard condition.

Considering that the enthalpy is the total energy stored in an open system
and the Gibbs free energy is the available energy that can be used to produce
electric work in a fuel cell, the ideal fuel cell efficiency, N, is defined as the ratio

of the free energy to the total enthalpy and is given by Equation 1-5:

_AG _ NFE¢q

N=—= 1-5
AH AH

However, the practical efficiency in fuel cell is not close to the theoretical
efficiency owing to energy losses or potential drops arising from sluggish
electrochemical reactions, high resistivity or poor diffusivity and delivering of the

fuel and oxidant at the electrodes.

1.4 Fuel cell polarization

As mentioned, fuel cell has energy losses coming from overpotentials or
potential drops. To have a better understanding of these losses, the kinetics of the
electrochemical reaction, transport phenomena and ohmic resistance should be
considered. Three main loss sources or polarizations have been identified,

activation, resistant and concentration over voltages [10].



In the activation polarization, sluggish electrochemical reactions reduce
charge transfer at the anode and cathode, polarizing the electrodes [28, 29]. To
decreases this type of polarization, good catalysts are used at the electrodes to
rapidly reduce or oxidize the delivering gases as well as maximizing the reaction
points, TPB, to increase the current density. For high temperature fuel cells such
as solid oxide fuel cell, SOFC, high temperatures lead to faster electrochemical
reactions and lower activation polarization. For this reason, the activation
polarization is rather low for SOFC and can be expressed linearly as depicted by

Equation 1-6:

iRT
=— 1-6
Nact = 3, Fi,

where m4. 1S the activation polarization, i the current density and i, the

exchange current density.

The resistant polarization, another sort of over polarization, is product of
the not proper conduction of charge species producing heat dissipation and
impeding the normal flow of the current. The conductivity depends on the electric
field, mobility of charge, concentration of the charge carriers these last two

variables are material properties.

Regarding the mobility of the charge carriers, electrons and ions, due to its
larger size the ions move slower than electrons do hampering the normal flow of
the current. For this reason, most of the ohmic loss comes from the poor ionic
conductivity of the electrolyte and thin electrolyte are preferred to reduce this loss

[10]. For example, the polymer exchange membrane fuel cell, PEMFC, uses a

10



thin and conducting polymer as electrolyte to reduce this loss, unlike SOFC which
uses component with relatively good mechanical properties but low conductivity,
such as ceramics, under its operating conditions, making this kind of polarization
a considerable loss source [30, 31]. Furthermore, resistances and losses may also
come from current collectors and at the interface of the MEA, these losses may be
considered as minor compared to those that come from the electrolyte. Equation
1-7, known also as ohms’ law, expressed the resistance polarization in term of the

current density:

Nonm = i * ASR 1-7

where 1,nm 1S the resistance polarization and ASR is defined as the area specific

resistance of the cell.

Finally, the concentration polarization is referred to mass transfer, poor
diffusivity of the reactant that cannot reach deeper inside the electrodes,
developing concentration gradient and leading to concentration polarization loss
[32]. Using the Fick’s law, the current and limiting current density defined as the
maximum current yield due to the complete consumption of reactants, is
expressed in terms of the gas diffusivity and concentration gradient, and given by

Equations 1-8 and 1-9:

nFD Cp—Cq
=—— B s 1-8
d
- . . nFDC
limi =i, = B 1-9
Cs0 d

11



where D is the diffusion coefficient, i. is the limiting current density, C,
concentration of the specie at the bulk, Cs the concentration of the specie at the

interface and d is the thickness of the diffusion layer.

Finally, using the two expressions above, the concentration polarization is

expressed by Equation 1-10:

RT i
Neon = Eln 1 _i 1-10

where 1.,y IS the concentration polarization.

The voltage of the cell is deviated from the equilibrium potential and these

three types of polarizations and is given by Equation 1-11:

E = Eeq ~Nact — Nohm — Mcon 1-11

where E is the voltage of the cell.

Usually at high voltages and low current densities, the activation
polarization and electrochemical reaction is the limiting step. At intermediate
voltages, the resistance polarization turns out to be the limiting step while and at
low voltages and high current densities, the reactants are consumed rapidly and
the gas does not have enough time to diffuse to the TPBs, resulting in
concentration gradients. Under this condition, the concentration polarization also

causes significant voltage loss.

12



1.5 Types of fuel cells

Currently, there are different kind of fuel cells which are classified by type
of electrolyte and their ionic conducting mechanism. They are the polymer
electrolyte fuel cell (PEFC), alkaline fuel cell (AFC), phosphoric solid oxide fuel
cell (PAFC), molten carbonate fuel cell (MCFC), and the SOFC. These
conducting mechanism and electrolytes allows the fuel cell to operate at different

temperatures and with different fuels, hydrogen, natural gas, syngas or sour gas.

PEFC uses a polymer ion exchange membrane as electrolyte conducting
only H" ions from the anode to the cathode side [19, 33]. At the anode, hydrogen
is delivered and catalytically decomposed to produce H" and e at around 100°C
or lower. Platinum is used as catalyst due to the good catalytic activity exhibited
at the operating temperatures of the fuel cell [10]. Nonetheless, the use of this
catalyst imposes a restriction on the application of syngas, natural gas and sour
gas due its easy deactivation and sulfur and carbon poisoning. In addition, the
polymer membrane should be hydrated to keep the conductivity of protons
limiting the operating temperature range, lower than 100° C to prevent the

evaporation of water but higher than 80° C to promote the oxidation of the fuel.

AFC has an electrolyte that is made of alkaline solution, potassium
hydroxide, impregnated in a matrix of asbestos, conducing OH" ions form cathode
side to the anode side [20]. Depending on the concentration of the alkaline
solution the operating temperature of the fuel cell may vary but usually operates
from 70°C to 90°C [10]. Since the alkaline solution might react with hydrocarbon

13



forming some undesirable side products which decrease the ionic conductivity of

the electrolyte, the fuel is restricted only to hydrogen.

PAFC might be injected with either H, or syngas with low concentration
of carbon monoxide to avoid poisoning of the catalyst, platinum. The electrolyte
consists in concentrated phosphoric acid able to conduct H* ion along from the
anode to the cathode side [34]. The operating temperature range from 150 to 220
°C but it is preferable to operate at higher temperature conditions to enhance the

ionic conductivity of the electrolyte and avoid CO poisoning [18].

MCFC could be fueled with hydrogen or syngas using a membrane made
of alkali carbonate membrane contained in a ceramic electrolyte LiAIO, which
conducts COs* from the cathode side to the anode side [35]. The cell can operate
from 600 to 700 °C and uses nickel rather than platinum as catalyst due to its
higher resistance to CO poisoning exhibited at these conditions [18]. However,
the electrolyte is corrosive and the fuel cell has to use a recycling system to
efficiently deliver CO, from the anode to the cathode side to produce ion CO*

and enhance the conductivity of the membrane.

Special attention has been addressed to SOFC lately. This cell has been
fueled with lot of kind of gases including syngas, natural gas, sour gas and H,. Its
electrolyte is ceramic, metal oxides, and the most common one is yttrium
stabilized zirconia abbreviated and commonly known as YSZ which is able to

conduct O® ions. The high temperature range, from 700 to 1000°C, becomes in an

14



important variable to promote faster electrochemical reactions, therefore less

expensive metals can be used as catalysts at low concentration [36].

1.6 Solid oxide fuel cell

The possibility to operate a SOFC at a high temperature range brings some
benefits reflected on higher power output, efficiency of the cell and energy
conversion as well as fast electrochemical reactions [37]. In addition, at these
conditions there is a notorious improvement on the reactivity of the fuel leading to
easier electrochemical oxidation reactions and possible application of natural gas
and syngas considered as inactive at low temperature for fuel cells. The
possibility to use less expensive fuels makes this cell to stand out and decrease

significantly fuel cell operating cost [17].

On the other hand, at high temperatures materials are subjected to high
mechanical stress and undesirable chemical reaction that may alter their properties
and limits the material selection for fuel cell applications. For example, the
application of many metals in high temperature SOFC is rather considered
unrealistic considering that they can be easily poisoned with carbon and sulfur or
corroded, resulting in a high material instability [38, 39]. Similarly, some metals
in reducing condition may become brittle losing most of their good mechanical
properties [40]. For this reason, mechanical properties and stability have become
important criteria for material selection. Stable metal oxides are the more practical
material for SOFC application due to their good mechanical and chemical
stabilities under operating conditions but its conductivity and activity has to be

15



greatly improved. Ceramics comprise the framework of high temperature SOFC
since they are not easily oxidized and corroded at high oxidizing conditions
despite of the high temperatures at which they are exposed [10]. Beside this
material, unlike metals, exhibit ionic and electronic conductivity, and their
conducting properties can be easily tailored by doping extra elements to get
higher ionic conductivities and similar electronic conductivity exhibited by some
metals [41]. This behavior allows designing and enhancing the TPB to maximize
the electrochemical reaction [21, 23, 42]. Figure 1-5 shows the area of
electrochemical reactions and TPB when electronic, ionic or mixed electronic

ionic conductors, MIEC, comprises the electrode.
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Figure 1-4 Scheme showing different TPB [42]

Nonetheless, high temperatures promote thermal expansion mismatches
and undesirable reactions among the materials leading to new components with
poor properties. For this reason, composite electrodes are desirable having
components with similar thermal expansion coefficient (TEC) to avoid cracks as

well as stable compounds with low reactivity among them [43].
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Additionally, the material should exhibit specific activity to foster the
desirable reactions with the gas and avoid reactivity and side reactions that might
poison or degrade the material. For example, thermal cracking of methane lead to
severe carbon production and the deposition of the carbon on the surface
deactivates the catalyst and causes poor conductivity blocking the conduction of
electrons and ions. Beside, when methane contains H,S, other detrimental effect
of the gas may arise from the presence of H,S [44]. At low concentration of H,S
there is high production of sulfur and further deposition of this element on the
surface of the anode, poisoning the anode catalyst [38]. At high concentration, the
sulfur reacts with the anode, degrading this last component of the cell. Hence,
main challenge relies on the improvement of the composite electrodes, especially

on the composite anode which is exposed to these gases.

The MEA makes reference to the structure of the fuel cell and how the
electrolyte, anode and cathode are assembly. Then, fuel cell can be either
supported by a thick anode, thick cathode or electrolyte and may exhibit two

conventional geometries of the MEA, planar and tubular.

Electrolyte supported fuel cell usually uses YSZ electrolyte with a
thickness of around 100pum and thin electrodes [10, 18]. This configuration
enhances the diffusivity of the oxidant and fuel through the porous electrodes but
presents high ionic resistance at the electrolyte. Depending on the type of
conductivity of the electrolyte, higher operating temperatures might be needed to

increase the ionic conductivity and reduce the resistance of the electrolyte.
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Electrode supported fuel cell has either a thick anode or cathode. In this
configuration, the electrolyte is about 5-10um thinner that in electrolyte supported
cells, reducing ohmic losses of the cell considerably and increasing the power
output [18]. Though, in this configuration the diffusivity of the gases has to be
improved by optimizing porosity of electrodes and getting a nice microstructure
with conducting channels to improve the delivering of the active gases to the TPB

and close to the electrolyte.

Cathode supported cell made of a mixture of YSZ and lanthanum
strontium manganese, LSM is commonly used owing to their similar TECs of
cathode and electrolyte. Having similar TEC allows fuel cells with thinner
electrolytes preventing cracks and gas cross over. Figure 1-6 depicts electrolyte

and anode support configurations of planar SOFCs.

< Cathode —=

<~ Electrolyte /’

< Anode —>

Electrolyte supported SOFC Anode supported SOFC

Figure 1-5 Schemes of electrolyte and anode supported fuel cells [18]

Regarding the geometry of the fuel cell, the tubular configuration provides

higher surface area and power density but technical issues concerning current
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collectors limit the total power output of the cell [45]. Besides, the ohmic
polarization of the cell is higher than that of planar configuration forcing to
operate the tubular cell at high temperature range from, 900°C to 1000 °C, to
increase their conductivity. These operating conditions compared to the operating
temperature of the planar configuration, 700 “C to 900 °C, makes the tubular cell a

technically more complex configuration.

1.7 Solid oxide fuel cell anodes

At operating temperatures of the fuel cell, 700°C to 1000 °C, the SOFC
anodes suffer severe thermo mechanical and chemical degradation. As an
example, platinum, considered an active metal for the oxidation of hydrogen and
excellent electronic conductor, at high temperatures it is not stable as it may
degrade and becomes brittle in presence of hydrogen. Furthermore, when it is
exposed to sour gas, such high temperatures crack the hydrocarbons and H,S
producing free radial of carbon and sulfur that block the active sites of the metal
and poisoning it. Considering these risks and price of this metal, its application as

anode for SOFC is not so feasible and economically profitable.

Another example is nickel, well-known SOFC anode and catalyst due to
its wide application and good performance for oxidation of hydrogen. Though,
this catalyst might be oxidized in presence of oxygen, its activity is still high
enough to promote the dissociation of hydrogen and further oxidation and
considered one of the most active metals [46]. Also, in presence of methane or

syngas, carbon deposition is not as severe as it is with platinum or gold and some
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studies have reported that the carbon deposition on nickel might be reduced
adding copper due to the low catalytic activity of c-c bond formation of this
second element [47]. Considering these factors, its availability and price, nickel

imposes a more feasible application and profitable option for SOFC marketing.

Nickel has a poor ionic conductivity and needs to be mixed with a good
ionic conductor to complete electrochemical reactions. Hence, this element is
usually mixed with YSZ, this new composite is known as Ni/YSZ cermet, or
impregnated inside a porous YSZ to increase the TPB and decrease the particle
size of nickel to allow intimate contact between the gas, the ionic and electronic
conductor. For this reason, the mixture ratio of Ni/YSZ plays an important role on
the properties of the anode including the proper ionic, electronic conductivity and
activity. Koide et al. stated that when the ratio Ni/YSZ increases the resistance of
the anode decreases, and proposed an optimum ratio of 40/60 to decrease the

polarization resistant [48].

In attempt to increase the ionic conductivity of nickel- cermet anodes,
Ni/SSZ, scandia stabilized zirconia, has been studied. The addition of SSZ
resulted in an enhancement of the ionic conductivity compare to the ionic
conductivity exhibited by Ni/YSZ anodes [49]. Nevertheless, the application of
Ni/SSY anodes is restricted but the high price of the SSZ imposing a restriction
on the applicability of this anode in SOFC. Other composite anodes have also
drawn the attention, one example is Ni-YDC, yttria doped ceria, where the

presence of YDC seems to increase the rate of oxidation of hydrocarbon and
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carbon monoxide. Therefore, Ni-YDC is a suitable catalyst for syngas fuelled

SOFC [50].

Generally speaking, nickel-cermet anodes have shown a satisfactory
performance for SOFC fuelled with hydrogen, methane or syngas but poor
performance with high degradation rate when sour gas, methane containing H,S,
is used as fuel. Previously, it was mentioned that at low concentration of H,S,
below 20 ppm, the sulfur deposition on the surface of the anode is the main cause
of poisoning. Even worse, on the surface of nickel, the sulfur deposition is
irreversible at temperature range of 700 °C to 800°C due to high stability of the
adsorption of sulfur on the metal [44, 49, 51].At high concentration of H,S,
adsorption of sulfur may occur but the sulphidation of nickel, reaction of nickel
with sulfur, is mainly responsible for degrading and delaminating the anode from
the MEA [49, 52, 53] .These drawbacks limit the application of this anode for
methane containing H,S fuelled SOFC. Therefore, alternative anodes with sulfur

tolerance properties should be developed.

1.8 Anodes tolerant to sulfur

Usually SOFC anodes are very sensitive to any form of sulfur contained in
unreformed fuels like H,S [44]. This corrosive gas can poison the anode catalyst
by either sulfur deposition or sulphidation of the anode at the operating
temperature of the cell. For this reason, before delivering the fuel to the cell, the
untreated gas is reformed, hydro treated or sweetened to remove any hazardous
components [16]. Consequently, the previous treatment of the gas dramatically
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raises the cost of the fuel and imposes an inability of using other more available
gases. As a result, SOFC with sulfur tolerant anodes are desirable to use more

available and economical fuel resources like sour gas or unreformed natural gas.

Some metal sulfides, products of oxidation of H,S with metals, have
surprisingly shown acceptable stability and performance in SOFC. Among all the
metal sulfides, NiFe,S4, WS, and CuCo,S,4 are considered the most actives anodes
[49]. Their primary catalytic activity resides on the H,S decomposition to
produce H; being H,S oxidation, the second most favorable reaction. Despite of
their good stability in H,S, they are volatile at the operating conditions of the
SOFC and some efforts have been focused on the stability of the metal sulfides at
high temperatures. Nonetheless, it has been found that addition of nickel,

platinum or copper increases the melting point of MoS;[49, 54].

Ceria and doped ceria oxides represent a new alternative for sulfur tolerant
material. The availability of ceria makes it a cheaper material and a potential
application for SOFC composite anodes. Ceria based materials are added to
nickel cermet anodes to partially suppress the sulfur deposition on nickel.
Sometime to further relieve the deposition of carbon and sulfur, cobalt is also
added to the mixture. Recent study states that at around 450°C and 800°C
sulphidation of ceria is likely and formation of CeO,S; has been found decreasing
the performance of the anode [49, 55]. On the other hand, gadolinium doped ceria
oxide, GDC, improves the sulfur tolerance of ceria and increases the ionic
conductivity of O to reduce sulfur deposition and sulfidation and promoting SO,

formation [49, 56]. Though, GDC exhibits a predominant ionic conductivity and
23



the electronic conductivity has to be greatly improved. Samarium doped ceria,
SDC, also exhibit good activity but when it was mixed with Ni, sulfur poisoning

was detected in the anode composite at equilibrium conditions [49, 57].

The applications of perovskite have called the attention due its good
electrical conductivity that makes it a candidate for SOFC anode. In addition,
perovskite are proven to be tolerant to H,S and doping them with different
elements, their conductivity, catalytic activity and sulfur tolerant can increase
[49]. Even though, it is still hard to synthesize a perovskite that meets all the
desirable properties, i.e., good conductivity, activity and H,S tolerance [49]. For
example, strontium doped lanthanum chromate, LSC, has a good stability in H,S
and good activity for oxidation reactions but its conductivity is low. When LSC
is doped with manganese, the conductivity increase but its sulfur tolerance
decreases [58]. Lanthanum strontium vanadate, LSV, is another perovskite with
potential application in the SOFC due its good conductivity and good stability at
high concentration of H,S and performance. Unfortunately, its redox stability is
low and it can be easily oxidized passing from SrVOs; to Sr3V,0g which is a phase

that acts as an insulator rather than a conductor [49, 59, 60].

Lanthanum strontium titanate, LST, is currently one of the most promising
SOFC anode based on its high electronic conductivity and good stability at high
concentration of H,S [49]. Though its catalytic activity and ionic conductivity
should be further improved, some studies have reported that by adding lanthanum
doped ceria, LDC, sulfur tolerance can be further improved as well as the

catalytic and ionic conductivity at high concentration of H,S [49, 61].
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The oxidizing activity of LST increases in some degree when it is doped
with barium to produce LSBT, keeping the good electrical conductivity of the
original LST [62]. Despite of this improvement, either LST or LSBT is intimately
mixed with YSZ to increase the ionic conductivity. However, special attention is

needed on increasing the catalytic activity of the composite anode.

1.9 Electrical conductivity of SOFC Anodes

Rather than a chemical catalyst an electrochemical catalyst with high ionic
conductivity and good enough electronic conductivity is needed for SOFC
anodes. Many components have been mentioned in this introduction but YSZ and
LST are the more promising SOFC composite anodes so far. YSZ has a fluorite
structure consisting of tetravalent cations, exhibiting a face centered cubic
structure arrangement of cations with anions occupying tetrahedral sites [63]. To
achieve higher oxide ion conductivity and introduction of oxygen vacancies, ZrO,
is doped with yttrium, Y, a cation of lower valence. The dissolution of yttrium

into ZrO, can be written by Equation 1-12 with the Kroger-Vink notation:

Y,03 Zr0, - 2Yy, +30%+Vy 1-12

From Equation 1-12, it can be deduced that the concentration of oxygen
vacancies is strongly dependent upon dopant level, concentration of yttrium. At
low dopant levels, the oxide ion concentration increase linearly with the
concentration of the dopant while at high dopant levels, the dopant starts to form
clusters that reduce the ionic conductivity of the fluorite [63]. Nevertheless, at

intermediate temperatures, YSZ exhibits low ionic conductivity making this
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compound suitable for high temperature SOFC composite anodes rather than for

intermediate temperature fuel cells.

Strontium titanate, SrTiOg, is a perovskite with chemical structure ABO3
and cubic structure with large-sized 12-coordinated cations at the A site and
small-sized 6-coordinated cations at the B site [63]. This compound exhibits an n-
type electronic conductivity at low partial pressure of oxygen reducing titanium to
+3 which is the conducting form of this element. Equation 1-13 shows the

conductivity mechanism of titanium oxide in reduced environment.

2Ti; + 0% > 2Tif; + Vo +5 03¢ 1-13
In attempt to increase its ionic conductivity, strontium is partially
substituted with a cation of higher valance than lanthanum to enhance the ionic
conductivity of the perovskite. Then to maintain charge neutrality, excess oxygen
is introduced and can be expressed as interstitially and randomly localized defects

[64], as given by Equation 1-14:

La,03 + 25r5, — 2510 + 2Lag,. + O 1-14

Even though, LST doesn’t possess the desirable ionic conductivity for
SOFC anodes, it turned out to be a good sulfur tolerant material with good
electronic conductivity [65]. Another method to increase the ionic conductivity
of LST is to increase the free volume and lattice parameter of the perovskite by

doping with bigger cations at either the A or B site.

When LST is partially doped with barium at the A site of the perovskite

and substituted strontium, the ionic conductivity might be further increased.
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Vincent et al. doped LST with barium, Ba, to increase the catalytic activity and
ionic conductivity of the LST [62]. Though, the ionic conductivity was not
formally measured, LSBT exhibited higher activity than LST. Despite of this
improvement, LST or LSBT still needs to be intimately mixed with YSZ to
increase the ionic conductivity and TPB. Similarly, the catalytic activity needs to
be further improved and special attention is needed to increase the catalytic role

of SOFC composite anodes.

1.10 Anode catalyst- vanadium oxide

Vanadium pentoxide V,0s is an active catalyst for oxidation of
hydrocarbons and sulfur [66]. The double bond of vanadium and oxygen, V=0, is
reactive and helps to efficiently oxidize the fuel making V,0s a good anode
catalyst [67]. In addition, when V,0s is exposed to sour gas, its catalytic activity
may reduce the carbon and sulfur deposition on the surface of the anode oxidizing
these elements and preventing the poisoning of the catalyst. However, V,0s is not
stable and evaporates in high oxidizing environment above 750°C and its
instability is more severe in presence of H,S. In high reducing conditions, V,0s
may be reduced and form VO,, V,03, or VO depending on the severity of

reduction, components with higher thermal but lower activity.

Recently, to increase the mechanical and thermal stability and activity of
vanadium, this element is applied on the surface of different oxides such as SiO,,
Al,O3, ZrO, TiO, and CeO, [67, 68]. The higher oxidizing activity of supported
vanadium, VO, is attributed to the interaction between the vanadium and the
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support (M), V-O-M which makes the double bond of vanadium and oxygen,
V=0, more reactive [69, 70]. Furthermore, by decreasing the thickness of the

active layer, the mechanical strength, thermal stability increases.

There are many methods for depositing an active layer on the surface of
the support, such as chemical vapor deposition and impregnation both are well
known. Grafting is the recommendable method for getting a monolayer and a thin
active layer made of well dispersed VO on the surface of the support [69, 70]. In
grafting, the active phase is strongly bond on the surface of the support from
adsorption of the precursor and subsequently hydrolysis reaction on the surface of
the support. Finally the grafted particles are dried and calcinated to remove

unreacted vanadium and hydroxyl groups.

During the synthesis, it is highly recommended to use a low concentration
of precursor in order to graft a stable active phase on the surface of the support.
High concentration of vanadium may lead to multiples layers with weak
interaction and poor mechanical and thermal properties. The composition of the
active phase on the surface of the support may vary depending on the preparation
method, concentration of precursor, support and even pH. Studies have reported
presence of V,0s, V,03, VO,, vanadate, poly vanadate on the surface of different
supports [71]. All these possible compounds deposited on the surface make the
studies of this catalyst and characterization very complex. Figure 1-6 shows

different structures that vanadium oxide can possess on the surface of the support.
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Figure 1-6 Structure of interface vanadium/support [71]

As mentioned, the interaction between the active layer and the support
plays an important role in the stability and activity of the catalyst. The high
affinity between vanadium and titanium species of their low electronegativity is
very attractive and beneficial for metal oxide supported catalyst [69, 72]. Its
affinity is even higher than the affinity exhibited by vanadium with silica. For
example, 7 to 8 vanadium atoms are able to bond in 1 nm? of TiO, while 0.7

vanadium atoms are fairly bond in 1 nm? of SiO; [32].

LSB1oT/YSZ is a composite anode with good stability in H,S and
relatively good electrochemical performance. Nevertheless, the catalytic role for
oxidizing hydrocarbon has to be further improved. This composite suffer from
carbon deposition on the surface and eventually degradation due its lack catalytic
and oxidizing role. V,0s has been proved to be a good hydrocarbon oxidizing but

not stable enough in H,S-containing gas at high temperature. On the other hand,

29



VOy grafted on TiO, has resulted to be more catalytic active than unsupported
V705 and the strong interaction of the active phase, VOy, and the support
enhances the thermal and mechanical properties of the vanadium phase.
VO,/TiO; has been previously used to catalytically promote the oxidation various

hydrocarbons but it has never been used for SOFC applications.

The objectives of this was to develop a catalyst to enhance the
electrochemical performance, coking resistance and sulfur tolerance of SOFC fed
with 5000 ppm of H,S containing methane. For this purpose, VO, was grafted on
the surface of TiO,. The material and its catalytic activity were characterized.
Then, the catalyst was introduced into a LSB1oT/YSZ porous composite anode,
and the electrochemical performance, electrochemical stability, coking resistance

and sulfur tolerance of SOFC were investigated.
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Chapter 2 Electrical and electronic conductivity measurements of Ba doped
LST

2.1 Introduction

A composite anode should possess a set of properties to exhibit good
performance in SOFCs using sulfur-containing hydrocarbon fuels, for example,
catalytic activity, thermal and mechanical stability, sulfur and carbon tolerance,
and electrical conductivity. Special attention should be addressed on the electrical
conductivity to overcome resistance polarization, the main source of voltage drop
in SOFCs. For this reason, perovskite has been extensively investigated due its
mixed electronic and ionic conductivity, stability and activity, making this

material suitable for SOFC applications.

Strontium titanate, SrTiOs, is a perovskite with an n- type electronic
conductivity at low partial pressure of oxygen. To further increase its
conductivity, new element with different valences and oxidation states are doped
at the A site of the perovskite, such as, Ba doped SrTiO3[1], Y doped SrTiO3 [2]
and La doped SrTiOs [3, 4]. Provided to its high stability in H,S environments,

LST has become an attractive material for SOFC applications.

On top of having good sulfur tolerance, LST is also known for the high
electrical conductivity. The high conductivity is achieved when SrTiOj3 is doped
with La at the A site of the perovskite to increase the ionic and electrical
conductivity of this compound. La acts as donor to increase the oxygen vacancies

of the SrTiO; and partly reduce Ti*" to Ti**. At this point, electrons easily
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introduce to the T-3d orbital [4] and force the compound to behave as n-type

conductor. The further electron hopping re-oxidizes Ti ** to Ti*".

When LST is exposed to low partial pressure of oxygen, Ti ** is reduced
to Ti*" introducing more oxygen vacancies and increasing the electronic
conductivity. For this reason, when LST is sintered under reducing conditions,
the electronic and electrical conductivity may increase substantially. In contrast,
when LST is sintered under oxidizing conditions, titanium is likely to exhibit a
valence Ti*" and the oxygen content build up to the keep electro neutrality in the

structure.

Independent of the sintering conditions, LST usually exhibits high
electronic conductivity with low ionic conductivity. For SOFC anodes, it is
fundamental to have high electrical conductivity with commensurable electronic
and ionic conductivity to transport oxide ions and electrons, and carry out all the
electrochemical reactions. Consequently, efforts have been made to dope the B-
site of the LST and increase the ionic conductivity. By doping the B-site with
cations of different valences, the introduction of new oxygen vacancies promotes
higher ionic conductivity. For example, it has been reported than doping LST with

cobalt, at the B-site, the ionic conductivity increases [5].

Our research group has proposed LSBT where a small fraction of the
strontium is substituted for barium to increase the catalytic activity of the LST. In
addition the presence of barium, an element with a larger size than strontium, at

the B-site increases the free volume of the structure and may promote higher
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mobility of the carries and electrical conductivity [6]. This new perovskite has
resulted in higher electrochemical performance than that of LST and good sulfur
tolerance [7]. However, the electronic and ionic conductivities and influence of

the sintering atmosphere on these properties have not been reported yet.

The high ionic conductivity of YSZ, lack of reactivity and similar TEC
with other perovskite make possible to make mixtures of YSZ and other
perovskite as a composite anode. For example, most of the time, LST is mixed

with YSZ to increase the power density and energy conversion of the SOFCs.

Regarding the characterization, there are some studies specialized on
measuring the total conductivity of MIEC, but just few of them are focused on
discerning the specific contribution of the ionic and electronic conductivities to
the total conductivity. Studying the electronic and ionic conductivity allows better

understanding of the conductivity mechanisms in ceramics and optimization tool.

The electromotive force method, EMF, Faradic Efficiency cell and
blocking electrodes, BE, are the most used characterization methods to discern the
ionic and electronic conductivities. EMF is a driving force developed in a
concentration cell. In these conditions, it is possible to calculate the oxide ionic
and electronic transport number using the theoretical equilibrium potential and the
experimental open circuit voltage of the cell registered in the experiment. The
electronic and ionic transport number indicates the contribution of the electronic
and ionic conductivity to the electrical conductivity respectively [8]. This method

is very convenient for its simplicity in measurements with cells subjected to
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different partial pressures [9-11]. Nevertheless, a multiple ion conductor makes

the conductivity measurement very complex [12].

The faradic efficiency cell is another method to quantify the ionic
conductivity of a MIEC. In this method, the current that is necessary to polarize a
symmetrical cell and change the partial pressure of oxygen in one side of the
chamber is calculated [10]. Consequently, to keep the same conditions in each
side, zirconia sensors are used to add oxygen and compensate the change in
pressure. The concentration of oxygen added to the system is proportional to the

concentration of oxide ions transported through the ionic conductor.

BE consists in measuring either the ionic or electronic current of a MIEC
that passes through an electronic or ionic blocking electrode [13]. The experiment
is simple but there some recommendation to follow. First, the resistance of the
blocking electrode should be less than the resistivity of the MIEC. Otherwise, the
registered property will be more likely related to the conductivity of the blocking
electrode. Second, polarization at the reversible electrodes should be low to avoid
under estimation of the conductivity of the MIEC. Platinum can be use used as
reversible electrode since it is relatively inert. Regarding contact resistances, one
effective way to reduce it, is by using four probe measurements in thick samples,
for example, Van der Paw [13]. Demircan et al. measured the resistivity of
Ni/YSZ composite SOFC anodes using Van der Paw [14]. According to Etsell et
al. [15], two probe measurements can yield accurate values at relatively low
temperatures, T <1400° C. Finally, the blocking electrode has to be very dense to

avoid diffusion of the gas as well as it has to be thinner than the MIEC.
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BE can be used in a symmetrical or concentration cell. For example,
Hebb-Wagner polarization method with BE is a concentration cell that uses
different partial pressures of oxygen to measure the oxide ionic conductivity of
the sample. It is a suitable experiment to identify type of conductivity of the

MIEC, p-type or n-type, at different temperatures [16-18].

This study is based on the measurements of the ionic and electronic
conductivities of YSZ, LSByoT and LSBT impregnated YSZ samples using BE

method.

2.2 Experimental procedure

2.2.1 Synthesis of LSB1oT

LSBT, was prepared using solid state synthesis. Proper ratios of La,O3
(Alfa Aesar 99.99%), TiO, (mixed anatase and rutile 99.5%, <100 nm, Aldrich),
SrCO3; (Alfa Aesar 99 %) and BaCO; (Fisher 99.4%) were mixed, grinded,
pressed and calcinated in air at 1200°C for 4 hours. The resulting powder was
further milled with zirconia balls for 6 hours, pressed uniaxial at 179 MPa and
sintered in forming gas (5% H,-N,) at 1400 °C for 5 hours to prepare pellets with
2 mm thick. Finally, dense YSZ pellets with, 1 mm thick and apparent density of
5.95 gr/cm® were prepared by pressing uniaxially YSZ powder (Tosho) at 179 M
Pa and sintered for 5 hours at 1500°C in air.

To measure the electrical conductivity of LSBioT impregnated porous
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YSZ, YSZ disks with 40 % porosity and 1 mm thick were prepared by intimately
mixing YSZ  powder  (Tosho) with  pore  former  precursor,
polymethylmethacrylate, PMMA, and pressing uniaxially the resulting

YSZ/PMMA mixture at 179 M Pa and sintered for 5 hours at 1500°C in air..

A LSB;oT solution was prepared by mixing proper ratios, lanthanum
nitrate, La(NO3)3.6H,0 (Alfa Aesar 99.9%), strontium nitrate, Sr(NOgs), (Sigma
Aldrich), and barium nitrate, Ba(NO3), (Alfa Aesar 99%) solubilized in ultra-pure
water and Triton X100 with a solution containing titanium isopropoxide, citric
acid and hydrogen. Then, the LSB1T solution was slowly mixed under vigorous
stirring and vacuum assisted infiltrated inside the porous YSZ. Finally the
impregnated samples were calcinated at 800°C for 4 hours to get a final

concentration of 12 wt. % of LSBT inside the porous YSZ matrix.

2.2.2 Characterization of material properties

Images of sintered YSZ, LSB3oT and LSBT impregnated YSZ samples

were examined using a scanning electron microscope (Hitachi S-2700).

The electrical conductivity of YSZ, LSB;oT, and LSB;oT impregnated
porous YSZ samples were measured using DC polarization in a commercial
NorECs Probostat electrochemical cell with platinum and gold current collectors
(two probes configuration) and Equation 2-1:

o=tx*(Ax Rmeasured)_1 2-1
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where t is the thickness of the sample, R is the resistance of the sample and A the

area of the sample.

The electrochemical cell consisted in a concentration cell supplied in one
compartment with 10% O, —N, and the other compartment with 10% H, —N, both
flowing at 50 mL/min_ In addition, Van der Paw (four probe configuration) was
set up on a thick YSZ disk exposed in 10% O, —N; flowing at 50 mL/min to
determine the effect of contact resistance on the measurement.

The ionic and electronic conductivities of the samples were measured with
BE using the concentration cell. For YSZ samples, the electronic conductivity
was measured using gold foil as the BE and 1 cm? platinum ink was painted in
both sides as the reversible electrode. Au paste was printed between the YSZ
sample and the BE to minimize the contact resistance at the interface.

lonic conductivities of LSBT and LSBT impregnated porous YSZ
samples were measured using a thin and dense YSZ layer as the BE. 1 cm?
platinum paste was printed on both side of the sample as reversible electrode and
at the interface of the sample and BE to reduce contact resistance. All samples
were tested at each temperature, 700°C, 750°C, 800°C, 850°C and 900°C.

Figure 2-1 shows the schematic diagrams for measuring electronic and

ionic conductivities:
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Figure 2-1 Electronic and lonic measurements with BEs

2.3 Results and discussions

2.3.1 YSZ conductivity studies

In order to confirm the accuracy and confident level of the proposed set up
with BE, the electrical and ionic conductivity of YSZ, a material which had been

extensively studied, was measured.

YSZ pellet cross section is shown in Figure 2-2. The pellet exhibited
intimate contact of the particles and very low porosity after being sintered in air
for 5 hours. The total conductivity of YSZ samples were measured in a two-probe
concentration cell and four-probe symmetrical cell, Van der Paw, from 700°C to

900°C.
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Figure 2-2 Cross section of the YSZ sample

Figure 2-3 shows the total conductivities of the YSZ as a function of
temperature using two- and four-probe conductivity measurements. It is
noticeable the direct dependency of the conductivity on the temperature, and the
low contact resistance based on the similar conductivities using two- and four-
probe conductivity measurements. Moreover, it is evident that despite of the
different partial pressure of hydrogen at which YSZ samples were subjected, this
pressure doesn’t have influence on the ionic conductivity of the samples,

confirming the pure oxide ion conductivity properties of YSZ.
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Figure 2-3 Total conductivity of the YSZ sample

The electronic conductivity of YSZ was measured with the two probes
concentration cell using gold foil as BE. As shown in Figure 2-4, the electronic
conductivity increases with an increase in the temperature. The contribution of
this electronic conductivity to the total conductivity is small, almost negligible. At
700°C the electronic conductivity YSZ is 0.0008 Q'cm™, this is only 4% of the

total conductivity.
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Figure 2-4 Electronic, ionic and total conductivity of the YSZ sample

The ionic and electronic transport numbers were deduced from the
experimental data. Table 2-1 shows the ionic transport number using BEs and
electro motive force, EMF. The measured transport numbers at all temperatures
are close with both methods, validating the accuracy of experiments with BE. The
lowest ionic transport number was 0.95, providing the evidence of the high ionic
conductivity of YSZ. Such high ionic conductivity avoids the drop of the OCV or
equilibrium voltage. For this reason, YSZ is widely used as electrolyte for solid

oxide fuel cell applications.

45



EMF BE

700°C 0.97 0.96
750°C 0.98 0.94
800°C 0.97 0.94
850°C 0.96 0.95
900°C 0.96 0.95

Table 2-1 lonic transport number of YSZ

2.3.2 LSBT conductivity studies

LSB1oT pellets, previously sintered in forming gas and air, where prepared
to study the effect of the sintering conditions on the conductivity of the
perovskite. The cross section of the pellet is shown in Figure 2-5. The sample

possesses a high density and relatively uniform particle size.

Figure 2-5 Cross section of LSB1oT samples
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The reduced LSB;oT and oxidized LSB3oT exhibited higher electrical
conductivity than YSZ, having an exponential dependence on the temperature, as
shown in Figure 2-6. The reduced LSB;oT has higher total conductivity than the
oxidized LSBT at all temperatures. At 700°C, the reduced LSB;oT registers 3
Q'cm™ while the oxidized registers of 0.4 Q*cm™, a conductivity gap of one
order difference. On the other hand, at higher temperature this gap is less evident,
at 900°C the reduced LSBT registers 7.5 Q™ cm™ while the oxidized LSBT
registers 4.5 Q'em™. These differences are attributed to the sintering conditions
and concentration of oxygen vacancies created during the sintering of the LSB1oT

in reducing and oxidizing conditions.

When the oxidized LSBT is tested in the concentration cell, it is partially
reduced creating oxygen vacancies and increasing the total conductivity. The
partial reduction increases at higher temperatures, promoting higher electrical
conductivity. This behavior highlights the important role of the partial pressure of
hydrogen in the introduction of oxygen vacancies and conductivity of this

perovskite.
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Figure 2-6 Total conductivity of LSB1,T samples

For a better understanding of the effect of the sintering condition on the
conductivity, the ionic conductivity of the samples was discriminated, as shown in
Figure 2-7. The oxidized LSB1oT exhibits higher ionic conductivity than the
reduced LSBT from 700°C to 900°C. In fact, when LSBT is initially sintered
in air, the LSBT is oxidized by a fraction, 8, from Lag4SrosBagiTiOs to
Lag4SrosBag 1 TiOs4 5, producing an excess of oxygen that might be stored inside.
By adding barium and partially substituting strontium, the lattice parameter of the
perovskite increases following the Vegard’s law [7], allowing more oxygen
storage at either random or interstitial places and increasing the amount of
oxygen vacancies and mobility when the oxidized sample is further exposed at

reducing conditions.
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Figure 2-7 lonic conductivity of LSB1gT samples

The electronic conductivities of the samples were calculated by
subtracting the ionic conductivity from the total conductivity and the results are
shown in Figure 2-8. At oxidizing sintering conditions, Ti is forced to be
tetravalent, 4+, rather than trivalent, 3+, this last form is thought to be responsible
for the high electronic conductive of the perovskite. For this reason, initially the
oxidized LSB1oT has lower electronic conductivity than the reduced LSB;,T.
When the oxidized LSB;oT is exposed to reducing condition and higher
temperatures, the removal of oxygen promotes oxygen vacancies and free
electrons which are conducted by trivalent titanium, allowing the hopping of the
free electrons along the structure enhancing the electronic and electrical
conductivity.
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Equation 2-2 describes the conductivity mechanism of the LSBT, the
production of free electrons and oxygen vacancies from oxygen at substitutional

point defects of the Perovskite.

20, +V; +2e” > 03 2-2

If LSBT is sintered at high reducing condition, it is reduced by a
fraction -9, from Lag4SrosBag 1 TiO3 to Lag4SrosBag:TiOs. 5 and introducing
some oxygen vacancies, These vacancies might increase the ionic conductivity but
the severity of the reducing condition produces a rich trivalent titanium compound
able to faster transport free electrons which are produced during the creation of
oxygen vacancies. As a result, the perovskite exhibits a predominant n-type and
high electronic conductivity. In contrast, the concentration of oxygen vacancies
of the reduced LSBT is not high enough to either increase the concentration of

oxide ions and ionic conductivity.
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Figure 2-8 Electronic conductivity of LSB;oT

Table 2-2 compiles the calculated electronic transport number with EMF
and BE for different samples. According to these values, the oxidized LSB;oT
has higher ionic conductivity than the reduced LSBT, yet this type of
conductivity is negligible compare to the electronic conductivity. Furthermore,
independent of the sintering condition, none of the electronic transport numbers
were less than 0.99, confirming the predominant electronic conductivity of the
perovskite. In fact, the low oxide ion conductivity decreases the OCV, ionic

transport number and head to short circuit with the EMF method.
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Oxidized Reduced

EMF BE EMF BE
700°C 0.990 0.990 0.999 0.997
750°C 0.990 0.990 0.999 0.997
800°C 0.990 0.980 0.999 0.997
850°C 0.990 0.980 0.999 0.997
900°C 0.990 0.980 0.999 0.997

Table 2-2 Electronic transport number of LSBT

2.3.3 LSBT impregnated YSZ conductivity studies

Porous YSZ samples were impregnated with LSBioT in attempt to
improve the microstructure of the composite material and conductivity. After
infiltrating 12 wt. % of LSBT inside the porous YSZ, the efficiency of the

infiltration decreased dramatically and higher amount was unachievable.

The ionic and electronic conductivities of the porous samples were
measured with BE. The relationship between the conductivity of a dense sample,
o, the conductivity of a porous sample, 6porous, and volume fraction porosity, vy, is
given by equation 2-3 [19, 20]. Figure 2-9 shows the registered electronic and
ionic conductivity of the impregnated samples. It is evident that both
conductivities increase with an increase in temperature due to faster mobility of

the charge carriers, oxide ions and electrons, thorough the composite anode.

O = Oporous * 1- vv)_l 2-3
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Figure 2-9 lonic and Electronic conductivity of LSBT impregnated YSZ
sample

One might expect that the ionic conductivity of the LSBoT impregnated
sample would be mainly conferred by the properties of YSZ. However, according
to Figure 2-9, the sample exhibited lower ionic conductivity than the conductivity
measured in the pure YSZ, as shown in Figure 2-4, but higher than those
registered in pure LSBT, as shown in Figure 2-7, at the same temperature range
and conditions. Then, it seems that most of the ionic conductivity of this
composite is rather conferred by the properties of the LSB1T, and the YSZ matrix

just helped to increase this type of conductivity by small fraction.

On the other hand, the electronic conductivity of LSB;oT impregnated
sample is similar to the conductivity of the oxidized LSB;,T and slightly lower
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than the reduced LSB;oT at the experimental temperature range, as shown in
Figures 2-9, 2.8, and 2-10. This result is reasonable since the LSBioT
impregnated porous YSZ was not sintered or severe thermal treated in reducing
conditions. This measured electronic conductivity confirms that the conductivity

of the impregnated sample comes from the properties of the LSB1oT.

In order to elucidate this behavior, the morphology of the cross section of
the impregnated sample was analyzed and the SEM image is shown in Figure 2-
10. LSBT particles of around 60 nm were deposited on the surface of YSZ.
These particles are agglomerated forming an electronic conductive layer that may
partially block the normal flow of the oxide ions coming from the YSZ,
decreasing the overall oxide ion conductivity of the impregnated sample, and

making the electronic conductivity the main conductivity.

Figure 2-10 LSBT impregnated YSZ sample
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2.4 Conclusion

Conductivities of YSZ and LSB1oT were measured successfully with a two
-probe concentration cell. YSZ exhibited high ionic conductivity while the
LSB;oT exhibited a predominant electronic conductivity. The high electronic
conductivity of the perovskite resides on the presence of the reduced form of Ti,
Ti**, which acts as carrier of free electrons. The higher concentration of Ti®*
achieved when the sample is previously ex-situ sintered at reducing condition
increases the electronic and total conductivity. Nonetheless, the ionic conductivity

is small.

Under the oxidizing sintering condition, the addition of barium increases
the lattice parameter of the perovskite and free volume and plays an important
role in the oxygen storage, producing more oxygen vacancies and higher mobility
of the carriers when the sample is re-exposed to reducing conditions. Despite of
the increasing ionic conductivity, this is still negligible compare to the electronic
conductivity. Finally, the electronic transport number measured with BE and EMF
also highlights the high electronic conductivity of the perovskite, 0.99 in all the

samples.

When LSBT is impregnated inside of a porous YSZ, the conductivity is
predominantly electronic. The presence of YSZ helps to increase the ionic
conductivity of the sample by a small portion. A continuous layer made of

agglomerated LSB10T particles is formed on the surface of the YSZ, partially
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blocking the migration of oxide ions and conducting electrons only. As a
consequence, the LSB;oT impregnated YSZ exhibits a predominant electronic

conductivity.
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Chapter 3 VO /TiO; anode catalyst for oxidation of CH,4 containing 5000
ppm H,S for SOFC

3.1 Introduction

The perovskite has received great attention as this structure possesses
mixed ionic and electronic conductivity and for their suitability in SOFC
applications. Furthermore, some perovskite structures have shown relatively good
sulfur tolerance and conductivity enhancement when they were modified [1]. For
example LSC shows stability in H,S and good activity for oxidation reactions but
the conductivity is low and need to be further improved. LSC might be doped
with manganese to increase the conductivity but at the expense of lower sulfur
tolerance [2]. Similarly, LSV has good conductivity and sulfur poisoning
resistance but it is not redox stable enough. When LSV is oxidized, it rather acts

as insulator than a conductor compound [3].

LST is another type of perovskite with prominent electronic conductivity
and good stability at low and high concentration of H,S [4]. The lack of activity
limits its application in fuel cell fueled with hydrocarbons. Ba doped LST shows
better activity for oxidation of hydrocarbons keeping the sulfur tolerance and
electronic conductivity [5]. Due to the predominant electronic conductivity in
these perovskite, they are usually mixed with YSZ, a pure oxide ion conductor
and sulfur tolerant compound, for SOFC composite anode applications. In

addition, in attempt to further improve the activity of the composite anode, this
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component can be mixed with a third element, usually a catalyst that helps to

enhance the selective oxidation of hydrocarbon and reduce carbon deposition.

In this order, vanadium pentoxide, V,0s, seemed to be a viable catalyst to
enhance the oxidation of hydrocarbons and sulfur in SOFCs [6]. The vanadium-
oxygen bonds are labile toward oxidation of different feed components and make
V,0s5 very active. Furthermore, when the catalyst is exposed to sour gas, its
oxidization activity may also serve to reduce the amounts of carbon and sulfur
deposited on the surface by promoting their oxidation to the corresponding
oxides, thereby reducing propensity to poisoning of the catalyst. However, some
properties of this compound impose drawbacks on its application in SOFC. First,
the operating temperatures of SOFC typically are high, 700-1000°C, and, as the
melting point of the V,0s is below this range, 690°C, the catalyst will be subject
to physical changes. Secondly, when it is exposed to high concentration of H,S,
the vanadium is sulfurized, which further reduces its melting point. However,
when the V,0s is in reducing environment, it may be reduced to one or more of
VO,, V,03 and VO, depending on the severity of reduction. These products have
higher melting points than V;,0s, increasing the catalyst’s physical stability at the
operating temperatures of the SOFC, but their activity for oxidation reactions is

less than that of the parent oxide.

Currently, vanadium oxide based catalysts often are supported on different
oxides such as SiO,, Al,03, ZrO, TiO; and CeO; [7, 8], and by so supporting the
vanadium oxide its catalytic activity can be increased by the interaction of the

active phase and the support [8]. The higher oxidizing activity of supported
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vanadium oxide catalysts, VO,/support, is attributed to vanadium-oxygen-support
bonds, since these bonds make more reactive the oxygen of the vanadium-oxygen
double bonds [9, 10]. Furthermore, by having a thin and well dispersed active
phase on the support, the mechanical strength and thermal stability increase and
so grafting, absorption of the active element from a solution, is considered the
best method to get a monolayer and a well dispersed VOy active phase on the

surface of the support [8].

In contrast to other processes, in the grafting the precursors of the active
layer are bound onto the surface of the support, a process that can involve
adsorption of the precursor and hydrolysis reactions of the hydroxyl groups of the
support. Typically, this is followed by calcination of the supported vanadium to
remove unreacted vanadium precursors and the majority of the unreacted
hydroxyl groups from the surface of the support. In addition, depending on the
concentration of vanadium precursors, the available hydroxyl groups binding onto
the support and the calcination process, the composition of the vanadium surface
species may vary. One or more of V,0s, V,03, VO,, vanadate and polyvanadate
moieties may be formed on the surface of the support, making studies of these

metal oxides more complex [10].

As mentioned above, the interaction between the elements of the active
layer and the support plays an important role in the stability and activity of the
catalyst. The affinity of vanadium to titanium oxide support is higher than that
with other supports such as silica, and this affinity is related to the relative electro

negativities of the metals, where oxides of elements with lower electronegativity
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than vanadium form stronger interactions with supported vanadium oxides.
Beside, some studies also reveal that when vanadium is supported on titanium
oxide, VO,/TIO,, it exhibits more activity for oxidation of hydrocarbons that the

same catalyst bonded onto other supports [8, 10].

Hydrocarbon fuelled SOFC anodes suffer from carbon deposition and easy
poisoning, accelerating the degradation rate of the anode and decreasing the
overall electrochemical performance of the fuel cell. In attempt to increase the
oxidation of methane, the electrochemical performance of the cell, and decrease
the carbon poisoning of the anode, VO,/TiO; is introduced to the porous LSBT
/YSZ composite anode in small concentration. The presence of this catalyst inside
anode enhances the catalytic activity of the anode, power and current density of
the cell, and prevents the substantial formation of graphitic carbon and further

carbon deposition on the surface of the anode.

3.2 Experimental procedure

3.2.1 Preparation of the catalyst

Commercially available TiO, (mixed anatase and rutile 99.5%, <100 nm,
Aldrich) was intimately mixed in a solution of vanadium tri-isopropoxide in
anhydrous dioxane to graft approximately 7 VOx/ nm?, a monolayer of vanadium
oxide onto TiO,. The mixture was stirred continuously under inert atmosphere, at
25°C, for 48 h. Then, the solution was filtered to recover the solids, dried at 120
°C and heated at 200 °C for 2 h. Finally, the dried solids were milled to form a

fine powder and calcined at 500 °C for 5 h.
61



3.2.2 X-ray Photoelectron Spectroscopy

XPS analyses were performed for three different VOx/TiO, samples: fresh
VOX/TiO; catalyst, VOX/TiO, catalyst after being exposed to air for 2 h at 800°C,
and VOX/TiO; catalyst after being exposed sequentially to (CH,4, H,S 0.5%) for
72 h and air for 2 h at 800°C. The binding energy of the O1s level was used for
energy calibration as it is a better energy reference than the binding energy of C1s
for establishing the V2p binding energies of vanadium oxides [11] since this
binding energy is closer to V2p binding energy facilitating analyses of the spectra,
and the V2p XPS signals were fitted by mixed Lorentzian—Gaussian curves using

Casa XPS software.

3.2.3 Fourier Transform Infra-Red Spectroscopy

A Nicolet 8700 spectrometer was used to record the FTIR spectra of fresh
VOX/TiO; catalyst powder at 25°C. The catalyst was previously dried and mixed

with KBr.

3.2.4 X-Ray Diffraction

An X-ray diffract meter Siemens D5000 was used to determine the phases
presented in VOXx/TiO, and TiO,. X-ray patterns were identified using Jade 5

software.

3.2.5 Catalytic Activity

62



A sampling valve and mass spectrometer (thermostat QMS 200) were
situated close to the outlet of a flow rector made of quartz glass tube to analyze
the exhaust gases and thereby monitor the catalytic activity at 800°C in three
cases: 0.2 grams of VOx/TiO, 0.2 grams of TiO,, and a quartz reactor containing
no catalyst. The reacting gases consisted of CH4 to (N2, O, 1%) , (CH4, H2S

0.5%) to (N, O, 1%) ratios with various values at a flow rate of 50 mL min™.

3.2.6 SOFC preparation

Fuel cells were prepared by applying anode and cathode inks on to 1 cm?
areas on opposed sides of commercial YSZ electrolyte pellets with a thickness of
300 um. Equal amounts of commercial YZS (Tosho) and LSBT, which was
prepared using solid state synthesis [5], were mixed with 5 wt. % of
Polymethylmethacrylate (PMMA), milled and dispersed in glycerin to prepare the
anode ink. To prepare the cathode ink, equal amounts of LSM and YZS (Tosho)
were mixed, milled and dispersed in glycerin. The cell then was sintered at
1200°C for 1 h. For preparing the cell containing VO,/TiO,, the catalyst was
adding after sintering by infiltrating a dilute suspension of VO,/TiO, catalyst in
ethanol into the composite YSZ and LSBT anode to prepare a cell having an
anode with approximately 1.5 wt. % supported VO catalyst. Then, the cell was
dried at 200 °C for 2 h. To assemble the MEA, gold and platinum paste were
printed on the anode and cathode sides of each cell, respectively, to collect the
current of the cell, and the assemblies were sintered in situ at 900°C in flowing H,

for 1 hour.
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3.2.7 Potentiodynamic analyses

Potentiodynamic analyses were conducted using a Solatron instrument (SI
1287) without compensation with a scan rate of 5 mV s™. Pure H, H2/0.5%H,S
and CH,/0.5%H,S were feed to the anode with a flow rate of 50 mL min™ at 850
°C and 900 °C. The cathode side was exposed to air with the flow rate of 50 mL

mint.

3.2.8 Potentiostatic determinations

Potentiostatic testing was conducted using the same Solatron instrument,
without compensation, at 0.7 V and 850 °C for 24 h using a gas mixture of
CH./0.5%H.S with a flow rate of 50 mL min™. The cathode side was exposed to

air with the flow rate of 50 mL min*

3.2.9 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy testing was carried out using a
Solatron instrument (SI 1287) without compensation with a frequency range of

100000 Hz to 0.1 Hz and amplitude of 10 mV.

3.2.10 Scanning electron microscope (SEM)

Images of the anodic microstructure of the cell containing VO./TIiO,
before and after testing were examined using a scanning electron microscope

(Hitachi S-2700).
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3.2.11 Temperature programmed oxidation

After testing, the fuel cells were loaded in the TPO and exposed to 10%
O, /He with a flow rate of 50 mil/min during 1 hour for coking analysis. The
temperature was incremented at a rate of 10K/min from room temperature to 1173
K. The composition of the exhausted gas was analyzed with a mass spectrometer
(Cirrus, MKS spectra). TPO test of the cells was conducted by Dr. Singh and Dr.

Hill at the University of Calgary.

3.3 Results and discussions

3.3.1 Material characterization

TiO, nanoparticles were successfully grafted with vanadium oxide, as
evidenced by the peaks in the XPS spectra found for VO species on the surface
of the support (Figure 3-1). Two peaks at 524.63 eV and 517.27 eV were
attributed to the presence of vanadium with V 2p 3/2 and V 2p 1/2 respectively,
corresponding to oxidation state 5+ (Figure 3-2). The position of the peak for V
2p 3/2, 517.2 eV, was consistent with an active phase comprising V,0s, isolated
vandates, polyvanadates or a mixture of these species, each of which has

oxidation state 5+.
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Figure 3-1 XPS of VO,/TiO; after calcination at 500°C
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Figure 3-2 XPS of VO,/TiO; after calcination at 500°C
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Table 3-1 shows evidently the position of the peak of Ti 2p 3/2, 458.20 eV, and
the atomic ratio (n, /nt;) was about 0.16 for fresh VO,/TiO,, in good agreement
with atomic ratios previously reported for vanadium supported on TiO; [11, 12].
The atomic ratio suggested also a good dispersibility of the active phase,

providing more isolated vanadium species and so more available catalyst sites [8,

10].
V 2p 3/2 (eV) Ti2p3/2 (eV) O1s (V) ny/ny (Atomic ratio)
VOL/TiO, 517.27 458.2 529.8 0.16
VO,/TiO, 517.07 458.6 529.8 0.15
VOL/TiO, 517.13 458.2 529.8 0.21

Table 3-1 Atomic ratios of V and Ti from XPS

The active phase of vanadium was stable when the fresh catalyst was
exposed to air at 800 °C for 2 h. The atomic ratio of this sample (Table 3-1) was
similar to that reported for the fresh catalyst, and the activity was unchanged,
showing that the vanadium phase and its dispersability were conserved on the
surface of the support, TiO,, even at this high temperature under oxidizing
conditions. This confirmed the beneficial influence of the support on the thermal

stability of the active phase of the catalyst.

On the other hand, the vanadium exhibited an oxidation state of 5+, shown
by the peak at 517.13 eV, from the presence of either vanadates or V,0s in the

structure of the species on the support (Figure 3-3).
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Figure 3-3 XPS of VO,/TiO; after exposure to air for 2 h at 850°C

When the catalyst was exposed at 800 °C to sour methane for 3 days, and
then to air for 2 h to remove the carbon deposited on the surface of the catalysts,
the vanadium phase was stable, well dispersed on the support and did not
evaporate due to either the high temperature or sulfidation of the active phase,
based on the consistency of the vanadium peaks in the XPS spectra and atomic
ratio V/Ti 0.15 (Table 3-1). Moreover, there were no peaks detected that could be

assigned to sulfur, S 2s, S 2p, in the range 160 to 230 eV (Figure 3-4).
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Figure 3-4 XPS of VO,/TiO; after exposure at 850°C successively to methane
containing 5000 ppm H,S for 72 h and air for 2 h

There was an assymetric peak assignable to vanadium species in the range
516 eV to 520 eV (Figure 3-5). The presence of more than one oxidation state of
vanadium caused the assymetry of the vanadium peak and the XPS spectra
suggested the presence of vanadium in each of oxidation states 5+ and 4+. The
exposure of the catalyst to reducing atmosphere, methane and H,S, may have
reduced a portion of the vanadium phase. The presence of vanadium species with
oxidation state 4+ was indicated by the peak at 517.07 eV (Table 3-1), but the
presence of VO, itself was considered highly unlikely since there was no peak in

the range 515.6 to 516.02 eV attributable to this compound [11].
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Figure 3-5 XPS of VO,/TiO; after successive exposures to methane
containing 5000 ppm H,S for 72 h and air for 2 h

Figure 3-6 displays the vanadium and oxygen peaks of the three samples,
calibrated using the oxygen peak at 529.8 eVV. From this figure, the good stability
of the sample exposed to sour gas and air is evident from the similarity of spectra

exhibited by the fresh sample and the trated samples.

Except for the asymmetric peak of the sample exposed to sour gas and air,
due to the partial reduction of the active phase when exposed to sour gas for 3
days, the two samples exhibited very similar intensity of the vanadium peak

positions, suggesting similar concentrations of the surface species.
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Figure 3-6 XPS of: a) VO,/TiO; after calcination, b) VOx/TiO2 after
exposure to air for 2 h, ¢) VO,/TiO, after exposure successively to methane
containing 5000 ppm H,S for 72 h and air for 2 h

The XRD spectra of pure TiO, support showed evidently the presence of
two different crystalline structures, anatase and rutile (Figure 3-7). When the
support, TiO,, was grafted with vanadium precursors and calcined at 500 °C,
there were no additional discernible peaks in the XRD spectra of the grafted
sample, showing that the active phase was well dispersed on the support (Figure
3-8). Owing to the low concentration of vanadium precursors used in the grafting
process to achieve a monolayer of the active phase and isolated VO it was not
feasible to determine the exact form and structure of the active phase, VO, based

on the XRD spectra of the grafted TiO, catalyst. Some small peaks at low
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diffraction angles suggested the possible presence of V,0s on the surface of the
support. Similarly, the XRD spectra of the grafted support showed a mix of

crystalline anatase and rutile phases even after calcination of the grafted support

at 500 °C.
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Figure 3-7 XRD of TiO;
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Figure 3-8 XRD of VO,/TiO; after calcination at 500°C

The FTIR spectra of VO./TiO, showed the presence of a VO phase on the
surface of the support by four discrete peaks at 960, 1030, 1360 and 1610 cm™
The bands at 960 and 1030 cm™ were ascribed to the deformation and stretching
vibrations of bonds V-O-V and V=0 [14] (Figure 3-9). The small size of the peak
at 960 cm™ was due to the high dispersibility of VO, and its low concentration.
The peak at 1030 cm™ was within the range 1010- 1036 cm™ attributable to the
stretching mode of VO units, isolated vanadium species, or the V-O stretching
mode of VO clusters. A small peak at 1360 cm™ was attributable to one or the
combination of the anatase phase of the support and the VV-O bending mode [13].

The remaining peak in this group, at 1610 cm™, was ascribed to the overtone of
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the bond V-O-V and/or the presence of a small amount of unreacted isolated

hydroxyl groups remaining on the support after calcination [13].
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Figure 3-9 FTIR of VO,/TiO, after calcination at 500°C

3.3.2 Chemical activity characterization

There have been reported some reaction for reforming and oxidation of
methane. Reactions 3-1 and 3-2 show the complete and partial oxidation of

methane respectively which maybe occur in my system:
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K]

CHy+ 20, > CO, + 2H,0 AG" =-891 77

3-1

KJ

1 o
CHy+ 30, > CO+2H, A6°=-36 "

Similarly, secondary reactions might be involved and promote reforming
of the fuel. Reaction 3-3 and Reaction 3-4 depict the steam and dry reforming of

methane respectively:

KJ

CH,+ H,0 - CO+3H, AG" =-206.2"

3-3

KJ

CH, + €O, - 2C0 +2H, AG° =-247 "

Finally, side or intermediate species may react, extending the possible
routes and reactions. As for example, Reaction 3-5 which shows the well-known

water-gas shifts reaction:

KJ

CO+H,0 - CO,+H, AG" =-41.2"

3-5

In the following catalytic characterization study, a mass spectroscopy was
used to measure the ion current of the most representative products, CO, CO, and

H,0, of the catalytic combustion and reforming of methane and sour gas.

A flow reactor filled with either 0.2 g of VO,/TiO, or TiO, catalyst
exhibited higher production of H,O at 800 °C than that achieved when the reactor

had no catalyst, for which the extent of reaction was that anticipated from
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thermodynamics or thermal driving forces (Figure 3-10). Thus the reactor itself
was inactive, and each of TiO, alone and TiO, supported VO were active for

oxidation of H, produced from the methane.
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Figure 3-10 Production of H,O

When TiO, was the catalyst the production rate of CO increased and the
production of CO was higher than that exhibited in the system when the catalyst
was VO,/TiO,, also at 800 °C (Figure 3-11). Based on the ion currents generated,
each of TiO, and VO./TiO, enhanced the oxidation rate of methane and
production rate of CO from methane. In addition, at lower CH,4 to (N2, O, 1%)
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ratio, the rate of partial oxidation of methane to produce CO increased (Figure 3-

2).
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Figure 3-11 Production of CO

VO,/TiO; is active for complete oxidation of methane to CO, (Figure 3-
12). The maximum rate of production of CO, was achieved when the ratio of
methane to oxygen balanced with helium was about 0.25. At high CH4 to (N2, O,
1%) ratio and H,O production, the complete oxidation of methane increased,
producing more CO,. However, the role of H,O in the reaction process cannot be

determined unequivocally from the present data. VO,/TiO, promoted a
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considerably higher production rate of H,O than those of TiO, as catalyst and the

system without any catalyst.
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Figure 3-12 Production of CO,

The production of H,O when VO,/TiO, was exposed to sour gas, methane
with 5000 ppm of H,S, was similar to the production of H,O when methane
without H,S was used as reactant, showing that this catalyst was chemical stable
in the presence of H,S under these conditions (Figure 3-13). In contrast,
comparing Figure 3-13 with Figure 3-10, it is noticeable the detrimental effect of
H,S on catalytic performance of TiO,. Thus there was a beneficial catalyst-

support interaction between the components of VO,/TiO,,
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Figure 3-13 Production of H,O in the presence of H,S

When the reactor was either unpacked or packed with TiO,, there were no
substantial CO productions whereas significant amounts of CO were produced
over VOX/TiO, (Figure 3-14). The amount of CO production was comparable to
that when VOXx/TiO, was exposed to methane without H,S. Furthermore, the
active phase of the catalyst, VO, was stable at this concentration and fostered the

oxidation of methane even in the presence of the high concentration of H,S.
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Figure 3-14 Production of CO in the presence of H,S

Figure 3-15 also shows that VOx/TiO, was active for the complete
oxidation of sour gas even when there was a high concentration, 5000 ppm, of
H,S. In contrast, the packed reactor with TiO, and the unpacked reactor had lower
conversion rates and production of CO,. The relatively lower production of CO,
confirmed that the catalytic activity of TiO, was affected by the presence of H,S,
possibly due sulfur formation and deposition on this catalyst at this concentration

of H,S and temperature.
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Figure 3-15 Production of CO; in the presence of H,S

3.3.3 Fuel cell characterization

When the catalyst was infiltrated into the anode, VO,/TiO; resided mainly
on the surface of the LSB;oT and YSZ matrix due to the distribution of its particle
size and based on SEM images taken to the cross section of the anode before and
after the fuel cell test. In both cases the microstructure exhibited good porosity,
contact between LSB3oT and YSZ, and adhesion of the anode and electrolyte

(Figure 3-16).
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Figure 3-2 Anodic microstructure of the cell with VO,/TiO; ; a) Before and
b)after fuel cell test.

The anode with VO,/TiO, had higher performance and increased the
power density by 25 % compared to a sample with an anode comprising only
LSB;oT and YSZ at either 850 or 900°C (Figure 3-17). Itis also obvious from the
pontentiodynamic tests at 850°C and 900°C, the positive effect of the temperature

on the performance of the fuel cells.

The power density enhancement is attributed to the presence of VO,/TiO,
which helped to faster oxidize and produced compounds such as CO from the
partial oxidation of sour gas. It is also believed that the content of H,S in the feed
foments the oxidation of methane, facilitating a higher electrochemical reaction

rate at the (TPB).

82



14 -

Cellwithvo /Tio, ——  900°C
1.2 | Cellwithoutvo /Tio, ==-=  830°C - 160
—
11 O
- 120 2
s o
2 =
=038 - s
2
. - 80
0.6 :
0.4 -
- 40
0.2 -
0 1 T T T T T T T 0
0 50 100 150 200 250 300 350 400

I (mA*cm-?)

Figure 3-3 Potentiodynamic tests at 850°C and 900°C of fuel cells fed with
methane containing 5000 ppm of H,S

From Figure 3-17, it is obvious that the introduction of the catalyst
reduced mass transfer resistance at low voltages. This effect is attributed to the
rapid oxidation of carbon during the thermal cracking of methane and severe heat
conditions, avoiding formation of carbon entities on the surface of the anode,
blocking of the pores and deactivation. Furthermore, the good stability of the
catalyst in high concentration of H,S also reduced any propensity to sulfur
deposition without sulfidation and evaporation of the active phase. Potentiostatic

tests conducted on the fuel cells showed the good stability of the anodes over 24 h
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using as feed methane containing 5000 ppm of H,S at 850 °C, when the cell was

operated with a bias of 0.7 V (Figure 3-18).
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Figure 3-4 Potentiostatic stability tests at 850°C and 0.7 V in methane
containing 5000 ppm H,S

TPO analysis conducted on the cells confirmed the good coking tolerance
of the fuel cell with VO,/TiO, (Figures 3-19 and 3-20). Significant lower ratio of
graphitic carbon to reactive carbon was found when the anode contained
VO,/TiO, due to the good oxidizing activity of the catalyst, promoting the CO,

CO, production, and less graphitic carbon formation which is hard to remove from
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the surface of the anode due to its lack of reactivity, high stability and tendency to

block the surface, reducing the fuel diffusivity and activity of the anode.
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Figure 3-5 TPO analysis of the composite anode, LSB1,T and YSZ
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Figure 3-6 TPO analysis of the composite anode, LSB1,T and YSZ containing
VOL/TIiO,

I-V and I-P curves of different samples in sour gas illustrated the
complexity and high catalytic activity of the system when the feed contained a
5000 ppm of H,S (Figure 3-17). When sulfur tolerant materials comprise the
anode, H,S does not poison the material and helps to oxidize methane, producing
more electro active compounds as CO or COS, compounds that are easier
adsorbed on the surface and electrochemically oxidized at the TPB.
Roushanafshar et al. proposed that the presence of H,S enhances the performance

of the cell by reacting with CO and final regeneration of H,S [14].
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Reactions 3-6 and 3-7 show the thermodynamic feasibility for oxidation of
sour gas, production of carbon monoxide, CO, and H,S regeneration at 850°C.
Similarly, Reactions 3-8, 3-9 and 3-5 show the thermodynamic feasibility for
production of carbonyl sulfide, COS, with H,S regeneration. Nevertheless, this
last mechanism is less likely than CO production based on the thermodynamic
predictions. On the other hand, the I-P curve showed a sudden power drop from
intermediate to low potential values (Figure 3-17). This abrupt power drop was
attributed to the consumption and oxidation of H,S, producing either CS; or SO,
[15]. The H,S consumption reduces the chemical and electrochemical oxidation
rate of the fuel, dropping dramatically the current and power density of the cell.
In addition, H,S consumption makes more severe the carbon deposition, leading
to a faster degradation of the anode. Reactions 3-9 and 3-10 show the mechanism
for which carbon deposition might be reduced in presence of H,S, and H,S

regeneration.

Production of electro active specie, CO, and H,S regeneration

K]

0, + H,S - S0, + H,0 AG’ =—-430.7 mol 3-6

SO, + CHy - H;S + CO + H,0 A6° = —184.7 X 3.7
Production of electro active specie, COS, and H,S regeneration

0, +HyS > 18, + H,0 46°=-301.5 K 3-8

S;+C—Cs, a6°=-181% 3.9
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K]

CS,+H,0 - COS + HyS AG" =-48.2"

3-10

To study the role of VO,/TiO, in other feeds, the fuel cell was fueled with
pure H, and H; containing 5000 ppm of H,S at 850°C and 900°C. Figure 3-21
shows higher performances and electrochemical conversions of the cell when H,
and H; containing H,S were used as fuels than the performance depicted by the
fuel cell when it was fuelled with methane containing H,S at 850°C and 900°C.
The higher electrochemical conversion is attributed to the high electro activity of
hydrogen which is easier to electrochemically oxidize than methane and to the
oxidizing role of the catalyst, VO/TiO, which helps to further oxidize this

element and foster higher electrochemical oxidation rates.

In addition, the power density of the fuel cell increased with sour gas. It is
believed that H,S is oxidized enhancing the current and power density of the fuel
cell. H,S might also promote higher electro activity of H; without HjS

consumption by an unclear mechanism yet.
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Figure 3-7 Potentiodynamic tests at 850°C and 900°C of the cell with
VO,/TiO; fed with hydrogen and hydrogen containing 5000 ppm of H,S

An electrochemical impedance spectroscopy test, EIS, conducted on the
fuel cell containing VO,/TiO, using H,, H, containing 5000 ppm of H,S and
methane containing 5000 ppm of H,S revealed the positive effect of H,S on the
polarization resistance (Figure 3-22). When the gas was switched from pure H;
to H, containing 5000 ppm H,S, the polarization resistance decreased, suggesting
easier oxidation of H, at the anode and good sulfur tolerance. Switching the feed
to methane containing 5000 ppm of H,S, the polarization resistance increased due

to the poorer electro activity of methane.
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Generally speaking, the low Rp values are also attributed to the good
microstructure with large number of TPBs that maximize the electrochemical

reactions and electrochemical oxidation of the fuel.

On the other hand, the ohmic resistances (high frequency intercept), Rs,
were low in all the experiments and the composite anode exhibited relatively good
conductivity and contact with the current collector. Regarding the conductivity of
the VO,/TIO,, this compound is rather considered a non-conducting material
when the active phase of the catalyst exhibits an oxidation state 5+. Nevertheless,
the concentration of the catalyst was low enough and the particles were well
dispersed on the surface of the anode in order to avoid significant ohmic

resistance.
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Figure 3-8 EIS of the cell VO,/TiO, fed with hydrogen, hydrogen containing
5000 ppm H,S and methane containing 5000 ppm H,S at 850°C

3.4 Conclusions

Vanadium oxide, VOy, was successfully deposited on the surface of TiO,
with the grafting method. VO phase grafted onto TiO, comprised mainly

vanadate species, characterized using XPS, XRD and FTIR.

XPS showed that the active phase was stable at temperatures to at least
800°C in an oxidizing environment. When high concentration of H,S, 5000 ppm,
was present there was no sulphidation of the active phase. There was evidence of
reduction of a portion of the vanadium in the active phase from 5+ to 4+ when

exposed to methane containing H,S. While the small concentration of the active
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phase in VO,./TiO, made it difficult to discern small new peaks in the XRD
spectra of the grafted TiO,, and so no definitive conclusions can be drawn from
XRD data, the FTIR data showed small peaks assignable to the vibrations of the
bonds V-O-V and V=0 of vanadate species containing both oxidation states 5+

and, in lesser amount, 4+.

The presence of H,S did not affect the chemical activity of the VO,/TiO,
for partial oxidation and complete oxidation of methane to carbon monoxide and
carbon dioxide respectively. The production of H,O during this reaction also

increased the production and selectivity to carbon monoxide.

LSBT mixed with YSZ had good stability in methane containing 5000
ppm of H,S and the performance was improved when the mixture also contained
VO,/TiO,. The power density enhancement is attributed to the strong oxidizing
role of the catalyst and good cooking tolerance. Potentiostatic tests showed the
good stability in 5000 ppm H,S. The presence of H,S in the feed increased the
performance of the cell and decrease the polarization resistance when sulfur

tolerant composite anode are used, making sour gas a potential fuel for SOFCs.
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Chapter 4 Conclusion and recommendations

The composite anode LSB1oT/YSZ exhibits relatively good tolerance and
activity for electrochemical oxidation of different fuels including sour gas,
methane containing 5000 ppm of H,S. In this kind of anode all the catalytic
activity relies on the action of LSB;oT and presence of barium in the perovskite.
Keeping high conductivity and activity is rather difficult and this perovskite turns
out being a material which helps to enhance the electronic conductivity rather
than the catalytic activity of the composite anode. Similarly, the presence of YSZ
helps to increase the ionic conductivity of the composite anode but doesn’t
contribute to the improvement of the catalytic activity. For this reason, proposing
a single phase and compound for SOFC anode with good electronic, ionic and

catalytic activity has become in a difficult task.

The addition of components that enhance a specific property is a different
alternative to optimize it and achieve a better performance. In order to carry out
this engineering and scientific task, it is necessary to know in details each
compound of the anode as their reactivity, operating conditions, properties and
roles. As an example, V,0s is a good catalyst for oxidation reactions but it’s not
stable in presence of O, or H,S at high temperature range. Even though, reduction
of vanadium oxide, 5+ to 4+, might increase the stability and electronic
conductivity but decreases the catalytic activity. VO,/TiO, is a different story,

small concentration of vanadium grafted on the surface of titanium oxide are
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stable at high temperatures with an oxidation state +5 which enhance the

oxidizing activity of the anode.

Addition in small concentration of VO,/TiO, to LSB1,T/YSZ composite
anode increases the power density and stability by accelerating the production of
CO for its further electrochemical conversion and promoting the production of
CO; respectively. Selectivity for CO or CO, can be a parameter should be
considered for getting a better effect on either the stability or power output of the
anode depending on the objective. To play with the selectivity, parameter as
concentration of precursor and pH should be considered during the synthesis and

grafting process of the catalyst.

Smaller VOL/TiO, particles are desirable, not only to have a uniform
distribution and microstructure but also to increases the TPB. VO,/TiO, phase
should not be considered as part of the TPB, since TPB is the point where an
active gas is in contact with an ionic and electronic phase to be electrochemically
oxidized and VOXx/TiO; is neither in gas state or a good conductor. However,
smaller VO,/TiO, particles increase the surface area of the catalyst increasing the

concentration of active gases at the TPB.

Also the particle size improves the impregnation of the catalyst deeper
inside the anode and at the active layer next to the electrolyte. The results of the
present work show that presence of the catalyst on the surface is beneficial for the
reduction of carbon and sulfur deposition as long as the catalyst is uniformly

distributed with small particle size. For this reason, polishing of the surface of the
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anode after catalyst impregnation is not recommendable. Using TiO;
nanoparticles is a good method to have acceptable particle size distribution but
this size can be further improved by adjusting the pH to the isoelectric point

during the synthesis to avoid agglomeration of the nanoparticles.

Regarding the operating temperature condition for the anode impregnated
with the catalyst, it is recommendable not to exceed or operate above 950°C to
avoid reaction of vanadium with the LSB1oT or YSZ which is detrimental to the
performance of the anode. The anode matrix made of LSB;oT at YSZ should be
sintered at the condition mentioned in this work followed by impregnation or

application of the catalyst.

Preparation of the anode by impregnation of LSBT inside a porous YSZ
instead of LSBT and YSZ solid state reaction and particle mixing may be a good
alternative to increase the TPB but more attention should be addressed on the
optimization of the impregnation method to get higher amount of LSB1oT with
nice nanoparticle distribution. If LSBjoT exhibits a predominant electronic
conductivity rather than a mixed electronic and ionic conductivity, then the
impregnation of the perovskite with the current impregnation procedure can be
detrimental to the performance and achievement of higher ionic conductivity due
to the formation of a layer formed by the LSBT on the anode matrix blocking

the normal migration of the oxide ions.

Finally, what is certain is that sour gas might have a potential application

as fuel for SOFC, as long as the anode is tolerant to sulfur and has the beneficial
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effect of H,S by weather reforming of methane and reduction of carbon and sulfur
deposition or the resulting enhancement of catalytic activity or oxidation of
methane to produce more electro active gases. More studies are required to
determine mechanisms of H,S involvement in the electrochemical oxidation of

methane.
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