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Summary
Several major problems have to be solved before Solid Oxide Fuel Cells (SOFC) can
operate continuously using hydrocarbon fuels such as natural gas. The risk of low
catalytic behavior for fuel reforming, the carbon formation/deposition on the anode
material at high operating temperatures and the presence of impurities in the fuel (in
particular sulfides) can dramatically reduce the performance and durability of the cells.
Taking all this into account, new anode materials with adequate (electro)catalytic
properties are required. Recently, manganite compounds with Ruddlesden-Popper (RP)
structure have been studied as potential new anode materials in INTERFASE group at
Universidad Industrial de Santander (UIS). Their electrochemical performance have
been described in previous works with promising results, but a fundamental knowledge
was missing concerning the catalytic properties of such materials and the way to improve
them by the addition of nickel metallic particles on the electrode surface.

The current Ph.D. thesis was focused on the synthesis, characterization and catalytic
study for steam reforming in SOFC anode conditions (low steam content) of a new RP
manganite (La1.5Sr1.5Mn1.5Ni0.5O7±δ), which, in reducing atmosphere at high operating
temperatures promotes via an exsolution mechanism the formation of two phases, i.e. an
RP manganite of composition LaSrMnO4±δ decorated with metallic active Ni
nanoparticles embedded in the surface; such strategy can be viewed as an original way
to improve the (electro)catalytic properties of the anode materials and then a promising
option for future SOFC systems operating with Colombian natural gas.

The first chapter deals with the synthesis and characterization of the RP n= 2 phase
La1.5Sr1.5Mn1.5Ni0.5O7±δ using the Pechini method. In agreement with SOFC operating
temperature, Ni exsolution has been studied in diluted H2 at different temperatures (750,
800 and 850 °C) and reduction times. Ni nanoparticles decorating an RP n= 1 manganite
is confirmed by XRD, TEM-EDS analysis and the size of the metallic particles on the
oxide surface, below 100 nm, is characterized as a function of the exsolution conditions.

The second chapter presents the catalytic behavior for the methane steam reforming
reaction of the exsolved material applying the Gradual Internal Reforming concept
adapted to SOFC operation (i.e. low water content, steam to carbon ratio equal to 0.15)
at different reaction temperatures (750, 800 and 850 °C). The catalytic properties of Ni
impregnated samples using a similar (La,Sr)2MnO4±δ ceramic support are also presented
for comparison. The exsolved material exhibits better performance than the impregnated
manganite for the reaction, especially at 850 °C, with higher conversion, conversion rate,
and H2 production rate. Concerning the steam reforming of light alkane gas mixtures
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(CH4-C2H6, and CH4-C3H8), the behavior is affected due to the competition between the
molecules and low available metallic active sites, but without affecting the H2
production. In addition, at long reaction times, the activity over the exsolved material is
stable even with 100 h of reaction, without formation of carbonaceous species on the Ni
particles, as confirmed by TEM and TGA/MS analysis.

In the third and last chapter, the possible coke formation and sulfide poisoning are
presented. Despite the high and stable catalytic behavior for methane steam reforming
reaction with considerable carbon formation resistance, the exsolved material exhibits a
high level of sensitivity to H2S poisoning, similar to the case of state-of-the-art Ni/YSZ
anodic cermet and or Ni impregnated catalyst, with a drop of the activity to almost zero.
Nevertheless, the exceptional overall results obtained for the exsolution-based material
are promising for a possible use as SOFC anode operating with sulfur-free Colombian
natural gas.
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Resumen
Muchos son los problemas que deben resolverse antes de que las celdas de combustible
de óxido sólido (SOFC por sus siglas en inglés) puedan operar continuamente usando
combustibles hidrocarbonados como por ejemplo el gas natural. El riesgo de una baja
actividad catalítica para el reformado del combustible, la formación y depósito en el
material de ánodo a elevadas temperaturas de operación y la presencia de impurezas en
el combustible empleado (en particular de sulfuros) pueden reducir dramáticamente el
desempeño y la durabilidad de las celdas. Teniendo todo esto en cuenta, nuevos
materiales de ánodo con adecuadas propiedades (electro)catalíticas son necesarios.
Recientemente, en el grupo INTERFASE de la Universidad Industrial de Santander
(UIS), compuestos de tipo manganita con estructura Ruddlesden-Popper (RP) han sido
estudiados como potenciales materiales de ánodo. Su desempeño electrocatalítico ha
sido descrito en trabajos previos con promisorios resultados, pero el conocimiento
fundamental sobre las propiedades catalíticas de dichos materiales y la forma de
mejorarlos mediante la adición de partículas metálicas de níquel en la superficie del
electrodo aún faltaba.

La presente tesis doctoral se enfocó en la síntesis, caracterización y estudio catalítico en
el reformado con vapor en condiciones de ánodo de celdas SOFC (bajo contenido de
vapor) de una nueva manganita de tipo RP (La1.5Sr1.5Mn1.5Ni0.5O7±δ), la cual, en
atmósfera reductora y a elevadas temperaturas de operación, promueven a través del
mecanismo de exsolución la formación de dos fases: una manganita tipo RP de
composición LaSrMnO4±δ decorada con nanopartículas metálicas y activas de Ni
incrustadas en la superficie; dicha estrategia puede ser vista como una manera muy
original de mejorar las propiedades (electro)catalíticas de los materiales de ánodo y por
lo tanto ser consideradas como una opción prometedora para sistemas SOFC operados
con gas natural colombiano.

El primer capítulo trata sobre la síntesis de la fase RP n= 2 La1.5Sr1.5Mn1.5Ni0.5O7±δ
usando el método de Pechini y su caracterización. De acuerdo con la temperatura de
operación de las celdas SOFC, la exsolución del Ni en atmósfera de H2 diluido a
diferentes temperaturas (750, 800 y 850 °C) y tiempos de reducción fue estudiada. Las
nanopartículas de Ni decorando la manganita de estructura RP n= 1 es confirmada a
través de análisis de DRX, MET-EDS y el tamaño de las partículas metálicas en la
superficie del óxido, inferiores a 100 nm, es caracterizado en función de las condiciones
de exsolución.
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El segundo capítulo presenta el comportamiento catalítico del material exsuelto en la
reacción de reformado de metano aplicando el concepto de reformado interno gradual
(GIR por sus siglas en inglés) adaptado a celdas SOFC (en otras palabras, bajo contenido
de agua, relación vapor carbono igual a 0.15) a diferentes temperaturas de reacción (750,
800 y 850 °C). Las propiedades catalíticas de las muestras impregnadas con Ni utilizando
como soporte un material cerámico similar (La,Sr)2MnO4±δ, son también presentados
como comparación. El material exsuelto exhibe un mejor desempeño catalítico en la
reacción de reformado que la manganita impregnada, especialmente a 850 °C, mostrando
una más alta conversión, velocidad de conversión y de producción de H2. Con respecto
al reformado de la mezcla de alcanos ligeros (CH4 -C2H6, y CH4 -C3H8), el
comportamiento catalítico es afectado debido a la competición entre moléculas y la baja
disponibilidad de sitios activos metálicos, sin afectar la producción de H2.
Adicionalmente, a tiempos de reacción prolongados, la actividad en el material exsuelto
es estable incluso con 100 h de reacción, sin formación de especies carbonáceas sobre
las partículas de Ni como lo confirman las imágenes MET y el ATG/MS.

En el tercer y último capítulo, la posible formación y depósito de carbón y el
envenenamiento con sulfuros son presentados. Sin embargo, a pesar de la elevada y
estable actividad catalítica en la reacción de reformado de metano con vapor con una
considerable resistencia a la formación de carbón, el material exsuelto tiene un alto nivel
de sensibilidad al envenenamiento con H2S, similar al Ni/YSZ (material de referencia de
la literatura) o al material impregnado con Ni, con una disminución de la actividad
catalítica a prácticamente cero No obstante, el excepcional resultado global obtenido en
el material exsuelto es prometedor para un posible uso como material de ánodo en
sistemas SOFC alimentados con gas natural colombiano libre de H2S
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Resum
Molts són els problemes que han de ser resolts abans que les cel·les de combustible
d'òxid sòlid (SOFC per les seues sigles en anglès) puguen operar contínuament usant
combustibles hidrocarbonats com per exemple el gas natural. El risc d'una baixa activitat
catalítica per al reformat del combustible, la formació i depòsit en el material d'ànode a
elevades temperatures d'operació i la presència d'impureses en el combustible emprat (en
particular de sulfurs) poden reduir dramàticament l'acompliment i la durabilitat de les
cel·les. Tenint tot això en compte, nous materials d'ànode amb propietats
(electro)catalítiques adequades són necessaris. Recentment, en el grup d'investigació
INTERFASE de la Universitat Industrial de Santander (UIS), compostos de tipus
manganita amb estructura Ruddlesden-Popper (RP) han sigut estudiats com a potencials
materials anòdics. El seu acompliment electroquímiques ha sigut tractades en treballs
previs amb resultats promissoris, però el coneixement fonamental sobre les
característiques catalítiques d'aquests materials i la manera de millorar-los mitjançant
l'addició de partícules metàl·liques de níquel en la superfície de l'elèctrode encara
faltava.

La present tesi de doctorat es va enfocar en la síntesi, caracterització i estudi d'activitat
catalítica en el reformat amb vapor en condicions d'ànode de cel·les SOFC (sota
contingut de vapor) d'una nova manganita de d'estructura RP (La1.5Sr1.5Mn1.5Ni0.5O7±δ),
la qual, en atmosfera reductora i a elevades temperatures d'operació, promouen, a través
del mecanisme de exsolució; la formació de dues fases: una manganita de composició
LaSrMnO4±δ decorada amb nanopartícules metàl·liques i actives de Ni incrustades en la
superfície; aquesta estratègia pot ser vista com una manera molt original de millorar les
propietats (electro)catalítiques dels materials d'ànode i per tant, ser considerades com
una prometedora opció per a futurs usos en sistemes SOFC alimentats amb gas natural
colombià.

El primer capítol tracta sobre la síntesi de la fase RP n= 2 La1.5Sr1.5Mn1.5Ni0.5O7±δ usant
el mètode de Pechini i la seua caracterització. D'acord amb la temperatura d'operació de
les cel·les SOFC, la exsolució del Ni en atmosfera d'H2 diluït a diferents temperatures
(750, 800 i 850 °C) i temps de reducció va ser estudiada. Les nanopartícules de Ni
decorant la manganita d'estructura RP n= 1 és confirmada a través d'anàlisi de DRX,
MET-EDS i la grandària de les partícules metàl·liques en la superfície de l'òxid, inferiors
a 100 nm, és caracteritzat en funció de les condicions de exsolució.
El segon capítol presenta el comportament catalític del material d’exsolució en la reacció
de reformat de metà amb vapor aplicant el concepte de reformat gradual intern (GIR per

23

Resum

les seues sigles en anglès) adaptat a cel·les SOFC (en altres paraules, sota contingut de
vapor, relació vapor-carboni de 0.15) a diferents temperatures de reacció (750, 800 i 850
°C). Les propietats catalítiques de les mostres impregnades amb Ni utilitzant com a
suport un material ceràmic similar (La,Sr)2MnO4±δ, són també presentats com a
comparació. El material d’exsolució exhibeix un millor resultat catalític en la reacció de
reformat que la manganita impregnada, especialment a 850 °C, mostrant una més alta
conversió, velocitat de conversió i de producció d'H2. En el reformat de la mescla
d'alcans lleugers (CH4 -C2H6, i CH4 -C3H8), el comportament catalític és afectat per la
competició entre molècules i la baixa disponibilitat de llocs actius metàl·lics, sense
afectar la producció d'H2. Addicionalment, a temps de reacció llargs, l'activitat en el
material d’exsolució és estable fins i tot desprès de 100 h de reacció, sense formació
d'espècies carbòniques sobre les partícules de Ni, com ho confirmen les imatges MET i
el ATG/MS.

En el tercer i últim capítol, la possible formació i depòsit de carbó i l'enverinament amb
sulfurs són presentats. No obstant això, malgrat l'elevada i estable activitat catalítica en
la reacció de reformat de metà amb vapor amb una considerable resistència a la formació
de carbó, el material d’exsolució té un alt nivell de sensibilitat a l'enverinament amb H2S,
similar al Ni/YSZ (material de referència de la literatura) o el material impregnat amb
Ni, amb una disminució de l'activitat catalítica a pràcticament zero No obstant això,
l'excepcional resultat global obtingut aquest nou material és prometedor per a un possible
ús futur com a material d'ànode en sistemes SOFC alimentats amb gas natural colombià
lliure d'H2S.
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Introduction
Considering the current environmental problems and the energetic context, technological
development and many research works performed during the 20th century and part of the
21st have been focused on energetic alternatives and efficient energy conversion devices.
Fuel cells (FC) are the product of this research development and one of the most
important technologies proposed for future H2 economy, considered as a promising
alternative that will allow the change of the current energy system. FC are open
thermodynamic systems, with a high-power efficiency (40 - 85 %) compared with
conventional distributed energy systems such as diesel engines, wind turbines,
photovoltaic panels and turbine generators [1].

These electrochemical energetic conversion devices have four main components: two
electrodes (anode and cathode), the electrolyte and the external circuit. According to the
type of electrolyte, it has been defined 6 major groups: Alkaline Fuel Cell (AFC),
Phosphoric Acid Fuel Cell (PAFC), Direct Methanol Fuel Cell (DMFC), Molten
Carbonate Fuel Cell (MCFC), Proton Exchange Membrane Fuel Cell (PEMFC) and
Solid Oxide Fuel Cell (SOFC) [1–3]. Among all this variety, the SOFC is currently the
most promising and interesting fuel cell system due to the low emission of pollutant gas,
resistance to high operating conditions, high electrochemical reaction rate, high
efficiency, fuel flexibility and the potential application in electricity power plants, heat
and electricity domestic units and trucks [4–9].

The Solid Oxide Fuel Cells (SOFC, Figure 1) are ceramic-based energetic conversion
devices that transform the chemical energy from a particular fuel and oxidant gas directly
into electricity and heat through electrochemical reactions without combustion or
intermediate steps. These devices operate at high temperatures (600 – 1000°C) and
utilize a solid dense ceramic as electrolyte e.g. yttria-stabilized zirconia – YSZ
((ZrO2)0.92(Y2O3)0.08) or gadolinia-doped ceria – CGO (Ce0.9Gd0.1O1.95) [4,10,11].

The electrolyte is located in the middle of the two electrodes, the anode and the cathode,
interconnected by the external circuit. These electrochemical systems operate using
oxygen (O2) from the air on the cathode side. The O2 is reduced in this electrode
(Equation 1) and the anions (O2-) that are produced diffuse selectively through the
electrolyte to the anode side and react with the fuel e.g. H2 (Equation 2), producing H2O,
heat and electrons (e-). The e- will flow via the external circuit, producing the electricity
and starting the cycle again [12,13].
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Anode
Electrolyte
Cathode
External
circuit
Figure 0.1 Solid oxide fuel cell (SOFC) scheme. Modified from [1]

O2 (g)+4e- ⟶2O22H2 (g)+2O2- ⟶2H2 O(v)+4e-

Equation 1
Equation 2

The H2 fed on the anode side is produced by electrolysis of water [14] or reforming of
hydrocarbon fuels (natural gas, alcohols, glycerol, etc) in external units [15]. However,
the H2 can be also produced in situ when the electrode (anode) acts simultaneously as a
catalyst for the reforming reactions, omitting intermediate steps and then, reducing the
operating costs [16]. Therefore, the anode material must satisfy a number of
requirements to operate efficiently in the fuel cell, including: redox stability, physical
and chemical compatibility with the others cell components, high ionic and electronic
conductivity, low cost, stability at high temperatures and (electro)catalytic activity for
fuel oxidation, including the catalytic reforming of hydrocarbon fuels and then the
resistance to carbon formation/deposition and sulfur poisoning [17–20].

In conclusion, the identification of a material that meets all these characteristics is a big
challenge. The cermets form an important family of composites employed in SOFC
anode. They are porous materials constituted by a mixture of at least one ceramic (ionic
conductor) and one metal (electronic conductor); Ni/YSZ is the most commonly used
material for such anode application because it satisfies many of the requirements
described above [21–23]. However, in spite of its many advantages, Ni/YSZ still exhibits
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some issues, such as redox instability, carbon formation in deficient steam/carbon ratio
and sensibility to sulfur poisoning when using hydrocarbon fuels [24,25], which must be
solved before this kind of cells can operate continuously using hydrocarbon fuels e.g.
natural gas.

Additional studies have been carried out to find new materials that can satisfy the anode
material requirements in SOFC systems and among the most promising alternative
materials are the Mixed Ionic and Electronic Conductors (MIEC), most of them exhibit
the perovskite structure (ABO3, where A represents an alkali, alkaline earth, or rare-earth
metal cation, B refers to transition metal cations occupying the anionic octahedral
coordination and O the oxygen ) [21,26,27], e.g. La1-xSrxCrO3±δ or LaxSr1-xTiO3±δ [10].
In MIEC materials, the active zone for the electrocatalytic reaction is extended over the
entire electrode material (or at least in the volume of the electrode in contact with the
electrolyte) improving the reaction efficiency; it is not limited to specific points (triple
phase boundary or TPB, i.e. the contact points between the ion conductor (ceramic), the
electron conductor (metal) and gaseous phase) as in the case of cermet materials (Figure
2) [4,21,28].

Figure 2 Comparison between a cermet and a MIEC anode material. Modified from [26]

Apart from the perovskite mixed oxides, the Ruddlesden-Popper (RP) phases have also
demonstrated a MIEC behavior, with desirable results in terms of thermomechanical
stability, redox cycles, ionic and electronic conductivity, structural properties, in several
concerns better than their parent perovskites, they are considered as an interesting option
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in a variety of catalytic and electrocatalytic processes like those occurring at both
electrodes of a SOFC (symmetrical cells) [29–37].

RP phases are materials whose structure results from the intergrowth of one or several
perovskite-type blocks (ABO3) separated by one rock-salt structure layer (AO). Their
general formula is An+1BnO3n+1 or (AO)(ABO3)n, where n is the number of octahedra's
layers in the perovskite block [38] (Figure 3). For n= 1, the K2NiF4-type structure can
exhibit a large amount of interstitial oxygen anions into the rock-salt block (case of
nickelates) or vacancy diffusion mechanism (case of lanthanum strontium cuprates) in
the perovskites layers favoring the ionic diffusivity [39–41]; in this case, their main use
is as cathode materials. Their possible use as anode material has been only recently
described [42,43]. Then, the manganite series of composition (La,Sr)MnO4 has been
proposed as particularly promising, for which several compositions have demonstrated
a possible use as both anode and cathode material in symmetrical SOFC, due to and the
resulting manganite family could be a feasible option. Several compositions have shown
an exceptional potential as electrode (both anode and cathode) in symmetrical SOFC,
due to their stability in oxidizing and reducing atmospheres, thermo-mechanical and
chemical compatibility with common electrolytes e.g. CGO, and acceptable
electrochemical properties, high-temperature resistance, redox stability and favorable
total conductivity [44–47]. Notwithstanding, some authors suggest that some
compositions, e.g. La0.6Sr1.4MnO4, are poor catalysts for direct use of hydrocarbon (HC)
fuels like methane [48]. Therefore, find a way to improve the catalytic properties of RP
manganites for SOFC anodes operating with HC fuels is mandatory.

To enhance the catalytic behavior of such mixed oxides, the addition of some catalytic
active metal nanoparticles (Ni, Ru, Rh, Co, Fe, Cu, Pd, Pt, others) on the MIEC surface
is commonly employed and the vast majority of supported particles are prepared by
impregnation technique due to the relative simple procedure (Figure 4) [49–54].
Nevertheless, as confirmed by different authors [55–58], a homogeneous particles
distribution on the support is sometimes problematic, as well as limitations in the particle
size and the imminent cell degradation and deactivation caused by the coalescence and
agglomeration of the metallic particles due to the weak interaction with the oxide support
and the carbon formation/deposition on the metallic surface.
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Rock Salt
Perovskite

n=2

n=1

A
B
O

RP n=1
La0.5Sr1.5MnO4
LaSrMnO4 δ

RP n=2
La1.5Sr1.5Mn1.5Ni0.5O7

δ

δ

Figure 3 Ruddlesden-Popper structure. Modified from [38].
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To overcome these issues, an alternative method to create heterogeneous surface systems
with a more-uniformly distributed metal nano-socketed particles has been developed:
exsolution or in situ growth of metal nanoparticles (Figure 4). In the exsolution
methodology active elements (transition metals [59,60] or precious metals [61,62]) are
dissolved in their oxidized form within the electrode material phase during the synthesis
step; then, in a single reduction step at high temperature (driven force), the solid state
precipitation of metal nanoparticles is induced from the bulk to the oxide surface. Those
particles provide active sites with larger specific surface area able to considerably
promote metal catalyzed reactions like steam reforming. According to several authors,
such catalytic system seems to provide desirable thermal stability, an anti-coking
behavior and mitigate the problem of particle agglomeration due to the strong interaction
between the metallic particles and the mixed oxide support, which limit their mobility
(the nanoparticles are socketed or embedded on the surface) [54,58,63–66]. Finally, if
necessary, the regeneration of the nanostructure has been described as theoretically and
practically possible using adequate redox cycles [67,68]. Therefore, compared to
impregnation methods, the exsolution shows a better cost and time efficiency.

As described above, the exsolution process is a chemically driven heterogeneous phase
transformation and, therefore, results from four main sequential steps: diffusion,
reduction, nucleation and particle growth (Figure 5) [69]. It has been demonstrated that
the driving force for the exsolution from an A(B1-xMx)O3 perovskite (or perovskite-layer
in the case of Ruddlesden-Popper structure) is the change in the Gibbs free energy (∆G)
from Mn+ to M0 in an easily reducible oxide (e.g. NiO), meanwhile the elements A and
B need to remain oxidized during the reduction to retain the stability of the structure (e.g.
metal oxides of La, Sr, Sc and Mn). Then, the Mn+ ions diffuse from the bulk to the
surface (mass transport) where the segregation energy is lower and where they are
exposed to the reducing gas; the reduction step can thus occurs and the particle
nucleation starts, which is affected by the surface defects or roughness of the material,
dislocations, oxygen vacancies (intrinsic factors) or the reduction time, temperature and
even the concentration of the reducing gas (extrinsic factors). Once the nucleation has
begun, the particle growth take place in different regions of the surface and the final
particle size will be determined by the amount of Mn+ in the solid solution, the diffusion
rate from the bulk to the surface, the reduction time and the particle-support interactions
[69].
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2. Reduction
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Figure 5 Schema of exsolution process. Modified from [69].
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methane to obtain syngas [70]. In this way, and considering the application, the only
interest was to get the active phase without particular regard to the structure of the
resulting support (except its chemical properties, such as basicity). In this regard,
catalysts with perovskite-type (ABO3) compositions or perovskite-layered compounds
e.g. Ruddlesden-Popper phases were considered, due to its easy synthesis. Shiozaki et
al. [70] reported the solid phase crystallization (exsolution) of Ni using BaTi1-xNixO3
compounds with the formation of additional phases for the oxidation of methane
reaction, while Hayakawa et al. [71] suggest the exsolution of Co from the bulk of
Ca0.8Sr0.2Ti0.8Co0.2O3 for the same application. On the other hand, Batiot-Dupeyrat et al.
[72] proposed the complete material decomposition (and framework destruction) of the
RP n= 1 La2NiO4 through its reduction at high temperature as a way to obtain La2O3
support decorated with Ni nanoparticles to be employed as catalyst for methane dry
reforming (Figure 6 step 1).

More recently, and this time for the application as SOFC anode, the literature reports the
use of exsolution of a B-site metallic cation from a perovskite system in which A/B ratio
is 1, but trying to keep, in this case, a support in the form of perovskite phase (for
electrical conduction and possibly electrocatalytic properties of the support itself), with
the restriction that such B cation should be easily reducible (Ni2+, Ru4+, Pd4+, others)
[59,68,73–76]. It is worth noting that, in this case, the process is necessarily limited to a
few elements and low content of exsolved B-type metallic nanoparticles in order to avoid
the perovskite decomposition and the segregation of AOx oxide, as recently reported for
Ni in (La,Sr)(Ti,Ni)O3 materials [77]. Indeed, in the case of SOFC anode, the formation
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of additional phases with low/null ionic and electronic conductivity would be
problematic as blocking electrons/ions, i.e. the electrocatalytic process of fuel oxidation.
This case is depicted in Figure 6, step 2 in which the AOx phase can remain in the form
of defects within the perovskite structure until it precipitates as nanodomains for higher
exsolution rate.

1

ABO3

2

ABO3

3

A(1- ω)BO3

4

(n+1)ABO3

Exsolution

AOx +αB

Exsolution

(1- α)ABO3 + αAOx + αB

Exsolution

(1-ω)ABO3 + ωB

Exsolution

(AO)(ABO3)n + αB

Figure 6 Exsolution in cation stoichiometric perovskites compared to A-site deficiency perovskites.
Adapted from [78].

To avoid the latter issue, and broaden the range of possible materials able to exsolve a
reducible cation two recent strategies has been designed, opening possibilities to work
with hardly reducible B cations and obtain a more stable resulting support:
 The first one (step 3 in Figure 6) is to used compositions with a cation deficiency
at the A-site (A/B< 1), which is relatively possible for perovskites. In this way,
the A-site deficiency together with the cation reducibility will act as the driving
force to propitiate the exsolution as a way to stabilize a defect-free ABO3
perovskite phase [69,78] (e.g. Ni exsolution from La0.6Sr0.3Cr0.85Ni0.15O3).
 Finally, a very recent concept, in which this work can be classified, report the
use of compositions, which have the possibility to be transformed from on
structure (e.g. perovskite) to a different one with interesting electrical or
electrocatalytical properties, e.g. a Ruddlesden-Popper-type phase. For
example, Chung et al. proposed the use of Fe exsolution from the perovskite
La0.6Sr0.4Mn0.2Fe0.8O3 to finally obtain a composite of Fe nanaoparticles over
La1.2Sr0.8Mn0.4Fe0.6O4 (RP n= 1) oxide [58]; this type of mechanism is a
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particularity interesting option to design electrode materials for symmetric cells
(Figure 6, step 4 but not limited to a perovskite into RP phase).

Considering the aforementioned literature and the opportunity to develop a performant
material for fuel cells and catalytic applications, the INTERFASE research group from
Universidad Industrial de Santander decided to embark with this thesis on the complete
study of a new compound, La1.5Sr1.5Mn1.5Ni0.5O7±δ, designed to transform via a
mechanism of exsolution to a material that would exhibit not only catalytic properties
for the steam reforming of natural gas but also electrocatalytic activity for the oxidation
of hydrogen resulting from the fuel reforming.

2.

Outline

The current Ph.D. thesis deals with the synthesis, characterization and catalytic study of
a new Ruddlesden-Popper (RP) manganite (La1.5Sr1.5Mn1.5Ni0.5O 7±δ), which, in reducing
atmosphere and at high operating temperatures would result in the formation of two
phases that correspond to the RP manganite LaSrMnO4±δ decorated with metallic active
Ni nanoparticles embedded in the surface, a promising option for future use as the anode
in a SOFC fed with Colombian natural gas.

Chapter 1 describes the preparation of the new RP material, La1.5Sr1.5Mn1.5Ni0.5O7±δ,
which has been designed using a retrosynthetic approach similar to organic chemistry in
order to be able to form, in reducing conditions, a biphasic material made of
electrocatalytic active metallic nanoparticles on a n= 1 RP manganite of the type LaxSr2xMnO4±δ. It is worth noting that the latter manganite series has been previously studied
in the group (and in literature) for hydrogen oxidation. The synthesis, proof of exsolution
and its catalytic behavior for the methane steam reforming reaction using Colombian
natural gas composition in low water content are presented. It is worth to notice that this
chapter was published recently in ChemCatChem Journal [79].

Chapter 2 concerns the study of catalytic behavior for the Steam Reforming reaction
using Colombian natural gas composition (methane, ethane, and propane) with low water
content, comparing the behavior of the exsolved material (La1.5Sr1.5Mn1.5Ni0.5O7±δ
reduced at a high operating temperature) to the conventional Ni impregnated manganite
of the same RP structure. Recently, this chapter was submitted in ChemCatChem journal
in a special collection of the French Conference of Catalysis (FCCat).
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Chapter 3 provides continuity to the previous chapters, dealing with an in-depth study of
the catalyst resistance to carbon formation/deposition as well as to H2S poisoning, the
two main issues of an anode material operating with realistic fuels. The study has been
performed for a long period of time considering the Methane Steam Reforming reaction
in water-deficient conditions. A comparison is made with the conventional Ni
impregnated material and the state-of-the art SOFC anode, the Ni/YSZ cermet. The
results obtained in this chapter will be submitted in the Journal of Hydrogen Energy.

3.
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Abstract
In this study, an original way to perform the exsolution of Ni nanoparticles on ceramic
support was explored for the development of SOFC anode material. The RuddlesdenPopper (RP) phase n= 2 La1.5Sr1.5Mn1.5Ni0.5O7±δ has been synthesized by the Pechini
method and subsequently reduced with an H2-N2 mixture at different temperatures and
reduction times to induce the formation of two phases that correspond to the RP n= 1
structure LaSrMnO4±δ decorated with metallic Ni nanoparticles with different average
particle sizes. Preliminary measurements of catalytic behavior for the steam reforming
have been carried out in a reduction-reaction process with a mixture of 82 mol% CH4,
18 mol% N2 and low steam to carbon content (S/C= 0.15). The catalyst exhibits a
selectivity for CO production (0.97), 14.60 mol% of CH4 conversion and 24.19 mol% of
H2 production. Such catalytic behavior was maintained for more than 4 h, with a constant
rate of hydrogen production and a stable CH4 conversion rate. This study demonstrates
that such Ni-doped manganite can be considered as a promising option for the
development of new types of anode materials for SOFC.

Introduction
Given the current environmental problems and the global energetic context, it is
necessary to develop and implement new, clean, safe and reliable energetic alternatives,
which ensure a high and sustainable quality of life and, at the same time, avoid a possible
crisis. Presently, the Solid Oxide Fuel Cells (SOFCs) are studied as potential devices to
produce electricity and heat in a clean and efficient way (chemical to electrical yield >
60 %), better than conventional thermomechanical processes, converting directly the
chemical energy of an oxidant gas and a large range of fuels (fuel flexibility), without
combustion as intermediate step [1,2]. Nevertheless, the massive commercialization of
SOFCs is blocked mainly by cost and durability issues, such as stability at high
temperature (600 – 1000 °C), compatibility with the other components of the cell,
electrochemical activity at low temperature and direct operation with hydrocarbon fuels
without coking or poisoning (catalytic behavior) [3,4]. In particular, the conventional
cermet based on nickel and yttria-stabilized zirconia (Ni/YSZ) still presents many issues
as SOFC anode material [5,6]. Therefore, one of the current interests in this field is the
search for new materials that can solve these problems in the cells and allow their proper
operation.
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One of the most promising alternatives is the development of Mixed Ionic and Electronic
Conducting (MIEC) anodes. Apart from the perovskite mixed oxides, the RuddlesdenPopper (RP) phases have demonstrated such kind of behavior and generated great
expectation, historically as SOFC cathodes [7,8]. Due to their varied and exceptional
transport and structural properties, together with their high thermal and mechanical
stabilities, those materials are considered as an interesting option in a variety of catalytic
and electrocatalytic processes like those occurring at both electrodes of a SOFC [9–18].

RP phases are materials whose structure results from the intergrowth of one or several
perovskite-type blocks (ABO3) separated by one rock-salt structure layer (AO). Their
general formula is An+1BnO3n+1 or (AO)(ABO3)n, where A represents alkali, alkaline earth,
or rare-earth metal cations located in the perovskite and rock salt slabs, B refers to
transition metal cations occupying the anionic octahedral coordination of the perovskite
block, and n is the number of octahedra's layers in the perovskite block [19]. Their
possible use as anode material has been only recently described and studied [20,21] and
the resulting manganite family could be a viable option. Several compositions have
shown an exceptional potential as an electrode (both anode and cathode) in symmetrical
SOFCs due to their stability in oxidizing and reducing atmospheres, thermo-mechanical
compatibility with common electrolytes e.g. gadolinium-doped ceria (CGO), and
acceptable electrochemical properties, high-temperature resistance, redox stability and
favorable total conductivity [22,23]. Notwithstanding, some authors suggest that some
compositions, e.g. La0.6Sr1.4MnO4±δ, are poor catalysts for direct use of methane [24].

It is however well known that electrochemical characteristics and catalytic behavior of a
mixed oxide anode can be improved by the addition of small metallic nanoparticles (Ni,
Ru, Rh, others) on the surface of the MIEC using, for example, the impregnation
technique. Nevertheless, the use of impregnated material followed by a heat-treatment
at high temperature (> 700 °C) does not guarantee a homogeneous distribution, size and
strong metal-support interaction (nanoparticles anchorage) [25,26] to avoid sintering
problems in operando. As an alternative method to create heterogeneous surface
systems, it is possible to dissolve active metals in their oxidized form within the electrode
material phase during the synthesis step. Then, under reducing atmosphere and high
temperature (driven force), nanosized metallic particles can precipitate from the bulk to
the surface. This phenomenon is called in situ growth or exsolution [8,25,27–29] and, as
is previously presented, it could be considered as the basis for the design and
development of more sophisticated oxide materials with advanced functionality [30].
Even though such mechanism has been applied mainly for perovskite structural oxides
[31–34] and until now a few examples of exsolution in RP compounds have been
reported [27,29].
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This study describes the preparation of a new RP material, La1.5Sr1.5Mn1.5Ni0.5O7±δ,
which has been designed using a retrosynthetic approach similar to organic chemistry
[35,36], in order to be able to form, in reducing conditions, a biphasic material made of
electrocatalytic active metallic nanoparticles on a RP n= 1 manganite of the type LaxSr2xMnO4. The synthesis, proof of exsolution and its catalytic behavior for the methane
steam reforming reaction using Colombian natural gas composition in low water content
are presented.

Methodology
Synthesis
Powder of La1.5Sr1.5Mn1.5Ni0.5O7±δ composition (hereafter referred to as LSMN) powder
was synthesized by a Pechini o citrate complexation route [37] using stoichiometric
amounts of La2O3 (≥ 99.9 % Alfa Aesar), SrCO3 (≥ 99.9 % Sigma Aldrich), MnCO3 (≥
99.9 % Sigma Aldrich) and NiCO3 (≥ 99.9 % Alfa Aesar). Before using La2O3 and
SrCO3, they were calcined in air at 1000 and 500 °C, respectively, for 1 hour. Such pretreatments were performed to remove hydration products (and carbonation in the case of
lanthanum oxide) to facilitate the weighing of the precursors in correct proportions. The
precursors were initially dissolved in a solution made of concentrated nitric acid (HNO3,
≥ 65 vol% Merck) in excess and citric acid (CA, ≥99.5 %Merck), added in the molar
ratio CA:(metal ion)total= 3:1. Under constant stirring, the resulting solution was slowly
heated from room temperature to 120 °C using a hot plate, to reduce the volume of liquid.
Polyethylene glycol (≥ 99 %, Panreac) was added as a polymerizing agent (1.5 mL per
gram of targeted product). Then, the resulting mixture was stirred and heated at 150 °C
just to form a viscous gel, which was subsequently dried and heat-treated in the air at
300 °C (2 h) and 500 °C (3 h) to ensure total organic matter decomposition. Finally, the
product was subsequently sintered in air at 1000 °C (6 h), 1100 °C (6 h) and 1300 °C (12
h), with intermediate grinding and pelletizing steps. Figure 1.1 schematizes the synthesis
steps.

In order to assure a good homogeneity in the particle size of LSMN material, the powder
was ball-milled in acetone:powder:3 mm-sized zirconia balls dispersion (5:1:5 weight
ratio) during 12 h at a speed of 50 rpm. After the milling step, the balls were separated,
and the resulting mixture was dried. Homogenous powders with a particle size
distribution between 125 and 200 m, were re-obtained by sieving through steel sieves
of the referred mesh size.
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Precursors

T:20°C

T:120°C

Polyethylene
glycol

Calcination and
sintering

T:150°C

T: 1000°C x 6h
1100°C x 6h
1300°C x 12h

LSMN
powder

Figure 1.1 LSMN synthesis scheme. Source author.

Characterization
Each synthesized powder (~3 g per synthesis) was characterized by X-ray diffraction
(XRD) at room temperature (RT) using a BrukerD8-ADVANCE powder diffractometer
operated in Bragg-Brentano geometry, equipped with a Lineal LynxEye detector and a
beam of CuKα1,2 radiation (λ= 1.5418 Å). The diffractometer was operated over the
angular range 2θ = 2 - 70° for qualitative analysis and 2θ= 2-90° for Rietveld analysis
(Appendix A) with a measurement step of 0.020353° (2θ). The X-ray diffraction data
were processed using JANA 2006 software package [38]. The elemental analysis was
confirmed by X-Ray Fluorescence spectroscopy (XRF) in an S2 Ranger Bruker
spectrometer equipped with a Pd X-ray tube.

Exsolution study
Thermogravimetric measurement in reducing atmosphere
Thermogravimetric analysis (TGA) in reducing atmosphere was carried out to
understand the LSMN reduction behavior. The test was performed using a gravimetric
analyzer Hiden-Isochema model IGA-003, applying the first cycle in N2 at 5 °C min-1
that aims to suppress any further influence of moisture and/or adsorbed species and then,
a second cycle one at 2 °C min-1 in 3 mol% H2/N2; both from RT to 1000 °C.
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Reduction study
The operating temperatures (T) for the reduction study were selected considering the
results obtained by TGA. Around 0.5 g of fresh LSMN powder was reduced in a tubular
furnace CARBOLITE CTF 12/65/550 using a gas mixture 3 mol% H2/N2 (Cryogas) with
a flow of 55 mL (STP) min-1 and different reduction times (tr= 1, 4, 8, 16, 24 and 48 h).
The powder obtained at each temperature - reduction time point was characterized by
XRD at RT as described in Section 1.3.2. Additional microstructural characterization
was performed on the reduced powder by field-emission scanning electron microscopy
(FE-SEM) in a ZEISS microscope model ULTRA 55 and transmission electron
microscopy in the TEM FEI TITAN Themis 300 equipped with a Super-X quad EDS for
elemental analysis. The powder was crushed and dropped in the form of alcohol
suspension on carbon-supported copper grids followed by evaporation under ambient
conditions.

Catalytic test
Experimental set-up
Steam reforming reaction with low steam content was studied on the LSMN powder for
selected reducing conditions to explore its potential as a catalyst for this reaction. In
Chapter 2 this topic will be studied into detail. The measurements of catalytic behavior
for the reforming of methane were carried out in an experimental set-up described in
Figure 1.2. It is divided into 4 main sections: the first one is the gases zone in which N2
(grade 5.0, Cryogas), 3 mol% H2/N2 mixture (Cryogas) and CH4 (grade 4.0, Cryogas)
cylinders are available. In addition, this zone presents two analog manometers (BourdonHaenni® 0-100 psi and Ashcroft® 0-100 psi), two Cole-Parmer® 150 mm correlated and
calibrated flowmeters with high-resolution valves and a Cole-Parmer® digital mass
flowmeter (0 - 256 mL (STP) min-1) for the precise control flow that passes to the next
zones.

The second zone is the gas saturation zone (humidification), which consists of a
stainless-steel bubbler with a capacity of 300 mL, equipped with a type J immersion
thermocouple and a clamp-on heater connected to its control system. Additionally, a 50
cm heating cord, also with its control system, wraps the bubbler outlet line to prevent the
steam condensation before entering the reactor.
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A)

B)

Figure 1.2 Experimental set-up A) scheme, B) photo. Source author.

The third zone is the reduction/reaction zone integrated by a tubular quartz reactor (øI: 9
mm, øE: 12 mm and L: 300 mm) heated by a tubular furnace (CARBOLITE MTF
10/15/130) and a cold trap to condense the steam excess after the reaction and before
entering the gas chromatograph. According to the need (reduction step, reaction step or
reagents analysis step) the bypass, line A or B will be used.

Finally, the last zone is the analysis one, integrated by a gas chromatograph (GC, SRI
instruments 8610C) using He (grade 5.0, CRYOGAS) as mobile phase, equipped with a
solenoid gas sampling valve heated at 60 °C, two packed columns (molecular sieve 13X
6 in and hayesep D 6 in), a thermal conductivity detector (TCD) heated at 150 °C and
controlled by PeakSimple 4.44 free software. Standard gas cylinders with different gas
compositions were employed for the outlet product quantification.
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Operating conditions
Around 100 mg of catalyst (LSMN) was diluted in SiC (SiC:LSMN 10:1 weight ratio)
and introduced in the reactor as fixed-bed between catalyst-free SiC and two pieces of
quartz wool. Prior to the behavior test, the catalyst sample was reduced in situ (55 mL
(STP) min-1 of 3 mol% H2/N2 mixture, Cryogas) according to the results obtained in the
reduction study (Section 1.3.3.2). The catalytic behavior was measured during 8 h at the
same reducing temperature under atmospheric pressure. The reaction mixture
corresponds to 82 mol% CH4 (N2 as balance) humidified in steam to carbon ratio (S/C)
of 0.15 according to the SOFC anode conditions suggested by the Gradual Internal
Reforming concept or GIR [39]. The steam content was adjusted by flowing the adequate
dry CH4-N2 mixture throughout the bubbler containing distilled water maintained exactly
46 °C. The total dry flow rate was 128 mL (STP) min-1 and the system was operating at
a volume hourly space velocity (VHSV) of 86200 mL (STP) min-1 gcat-1. The
composition in each effluent constituent (CH4, CO, H2, CO2, and N2) was obtained at
regular time intervals (each 20 min) using online GC analysis (method described in
Appendix B). The CH4 conversion (XCH4 ), CH4 conversion rate and H2 formation rate
were calculated using Equation 1.1, Equation 1.2 and Equation 1.3 respectively, where
Out
nIn
CH4 and nCH4 are the CH4 molar flow rate at the inlet and outlet of the reactor (mmol
min-1), WCat is the catalyst weight (g), and nOut
H2 is the H2 molar flow rate at the outlet of
the reactor (mmol min-1). Blank tests were performed at different temperatures using SiC
only, and no conversion was observed for methane.

XCH4 =

Out
nIn
CH -nCH
4

nIn
CH

4

×100 [mol%]

Equation 1.1

4

CH4 conversion rate=

Out
nIn
CH -nCH

nOut
H

H2 formation rate= W 2

Cat

4

WCat

4

[mmol min-1 g-1 ]

[mmol min-1 g-1 ]

Equation 1.2

Equation 1.3

The CO and CO2 selectivities (SCO2 and SCO2 ) were defined as the molar flow rate ratios
Out
of the specified component in the outlet (nOut
CO or nCO2 ) to the total produced CO and CO2
Out
molar flow rate (nOut
CO2 +nCO ) (Equation 1.4 and Equation 1.5). The H2 to CO ratio is
defined as is shown in Equation 1.6.
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nOut
CO

SCO2 = nOut +n2Out [dimensionless]
CO2

nOut

[dimensionless]
SCO = nOut CO
+nOut
CO2

H2
CO

=

nOut
H
2

nOut
CO

Equation 1.4

CO

Equation 1.5

CO

[dimensionless]

Equation 1.6

Results
LSMN study
The LSMN material exhibits a Ruddlesden-Popper (RP) structure with 2 layers of
octahedra in the perovskite-like stack and tetragonal space group I4/mmm (No. 139). A
total of 24 sets of ~3 g of corresponding material, were synthesized as described in the
Methodology section. For each synthesis, the lattice parameters (a=b, c) and the unitcell volume were determined from the XRD data using structure refinement based on the
Full Pattern Matching – Le Bail method. The comparison of the results allowed the
selection of the samples to be mixed (or discarded), obtaining a final homogeneous stock
of around 40 g of pure phase material (Appendix C).

The structure of the as-obtained LSMN powder was successfully refined as a singlephase using Rietveld method based on X-ray diffraction data and pseudo-Voigt peak
shape function with reasonable reliability factors of Rp= 4.35%, Rwp= 5.77%, and χ2=
1.51 and very few residual intensity, as observed graphically in Figure 1.3, suggesting
an effective structural analysis. The refined lattice parameters are shown in Table 1.1
and those results agree well with those reported for parent compounds such as
La1.4Sr1.6Mn2O7 obtained at 1450 °C [40], LaSr2Mn1.6Ni0.4O7 prepared at 1500 °C [41]
and, to a greater extent, La1.5Sr1.5Mn1.25Ni0.75O6.67 [42] synthesized at a higher
temperature (1450 °C). In fact, the small differences are especially associated with the
stoichiometric La/Sr and/or Mn/Ni ratio, the synthesis method, or the sintering
temperature. As often the case of transition metal oxides, the substitution at the A or Bsites of the structure is correlated with a mechanism of charges compensation, which
implies changes in the unit cell size. Finally, this material was analyzed by XRF with a
result of 0.057 ± 0.002 weight fraction, confirming the adequate stoichiometric Ni
amount in the solid-state solution (Appendix D).
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Figure 1.3 LSMN Rietveld refinement.

TGA performed from RT until 1000 °C in diluted H2 is presented in Figure 1.4. In the
whole temperature range, two weight losses are evidenced in a distinct temperature
range, that must be attributed to the reduction of Mn and/or Ni. In similar compositions
of perovskite structure type, stabilized in addition by Cr at the B site, Ni2+ and mixed
Mn3+/4+ oxidation states have been clearly established [43]. We assume the same kind of
equilibrium effect is also present in the LSMN material. Indeed, the first weight loss is
observed between around 400 and 600 °C; this is the same temperature range for which
Mn4+ is reduced to exactly Mn3+ in the (La,Sr)2MnO4± series synthesized in air and
treated in the same conditions as the present work [22]. Consequently, the first weight
loss can be assigned to the reduction of Mn4+ to Mn3+, with the consecutive formation of
oxygen vacancies (), in agreement with the material charge balance. The second weight
loss in reducing atmosphere is observed between 750 and 850 °C and is associated with
the reduction of Ni2+ to Ni0. Such attribution is based on the fact that the reduction of
Mn3+ to Mn2+ in (La,Sr)2MnO4±δ parent compounds have been observed only for
temperatures higher than 900 °C in similar conditions [22]. Certainly, this second weight
loss measured between 730 and 860 °C corresponds to m/m=-1.43%. This is in very
close agreement with the theoretical weight loss (m/m=-1.42%) calculated from the
following equation, considering a fixed 3+ oxidation state for Mn (Equation 1.7).
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Rp [%]
Rwp[%]
χ2
a [Å]
c [Å]
V [Å3]

Rp
Rwp
χ2
a [Å]
c [Å]
V [Å3]

La1.5Sr1.5Mn1.5Ni0.5O7±δ (LSMN)
This study
3.80
4.92
1.29
3.8546(2)
20.1911(14)
300.01(3)
La1.4Sr1.6Mn2O7
LaSr2Mn1.6Ni0.4O7
La1.5Sr1.5Mn1.25Ni0.75O6.67
[40]
[41]
[42]
9.53
N.R.
10.6
12.36
N.R.
12.9
1.4
N.R.
N.R.
3.8686(6)
3.8502(1)
3.847(2)
20.238(4)
20.1134(6)
20.137(1)
302.88(3)
298.17(2)
298.02
N.R.: Not reported

Table 1.1 LSMN structure parameters calculated by Rietveld refinement using XRD data.

2+
La1.5 Sr1.5 Mn1.5 𝑁𝑖0.5
O6.5 + 0.5H2→1.5LaSrMnO4 +0.5Ni+ 0.5H2 O

Equation 1.7

It is worth noting that the reduction to metal of Ni cations only is confirmed by
thermodynamic calculations for the reduction of binary metal oxides of corresponding
constituting elements (see Appendix E). As expected, metal oxides such as La2O3, SrO,
and MnO show positive Gibbs free energy (ΔG) in the selected temperature range;
consequently, and in agreement with chemical knowledge of the corresponding
elements, these oxides are very difficult to reduce using H2. On the other hand, the three
other manganese oxides i.e. Mn3O4, Mn2O3, and MnO2, as well as NiO shall be the only
easily reducible oxides, because of their calculated negative ΔG, what is in concordance
with the thermogravimetric analysis [6,44–46]. If such weight loss assignment is correct,
Ni exsolution should be evidenced for temperature treatment in reducing conditions
between T=750 °C and T=850 °C. According to these results, the operating temperatures
(T) for reduction (and subsequent catalytic tests) were selected as T= 750, 800 and 850
°C, together with the following reduction times: tr= 1, 4, 8, 16, 24 and 48 h as established
in the methodology.
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Figure 1.4 LSMN thermogravimetric analysis in reducing atmosphere.

Exsolution study
The XRD patterns of LSMN after reduction at 750 °C in 3 mol% H2/N2 are shown in
Figure 1.5 as a function of the reduction time (tr). By heating LSMN oxide in reducing
atmosphere at 750 °C and short reduction times, a mixture of phases is obtained. During
the first hour the LSMN phase changes and, although it is still visible in a large
proportion, the formation of a new phase in a smaller quantity is also observed. At 4 h
of reduction, it is evident that the ratio is slowly reversed, decreasing the amount of the
RP n= 2 phase. However, after 8 h of treatment, the sample exhibits two well-defined
phases, completely different than the starting one, which can be indexed as a reduced
Ruddlesden-Popper phase of the LaSrMnO4±δ type (hereafter referred to as LSM) and
metallic Ni (the characteristic peaks of Ni phase at around 44.5 and 51.9 °, as shown as
red dots in Figure 1.5 [47]). The formation of LSM n= 1 seems reasonable since the
synthesis conditions of LaxSr2-xMnO4±δ (x ≥ 1) materials have been reported under
reducing conditions [48–50]. Thus, the products of the reaction can be proposed
according to Equation 1.7.
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Figure 1.5 XRD patterns of LSMN reduced at 750 °C during different times (tr).

The reduced samples in which the two LSM n= 1 and Ni phases are clearly evidenced (tr
from 8 to 48 h at 750 °C) are apparently identical, indicating the process and material
stability upon reduction. A complete quantitative Rietveld refinement using XRD data
was carried out considering a K2NiF4-type structure with a tetragonal unit cell and
I4/mmm space group for the LSM n= 1 structure and FCC cubic cell with Fm-3m space
group for Ni. The results of the lattice parameters of both phases and their weight fraction
are shown in Figure 1.6 (A–E). The refinements present correct reliability factors, Rp=
4.26-5.12 %, Rwp= 5.34-6.67 % and “goodness of fit (GOF)” or χ2= 1.28-1.93 (value
between 1.0 and 2.9 is generally considered satisfactory [51]), confirmed by the
graphical analysis of each refinement. Very slight evolution of the lattice parameters can
be evidenced along with the reduction duration with an apparent a decrease while c
parameter increases for the LSM n=1 up to tr= 24 h. The phenomenon seems to stabilize
for larger reduction times. Nonetheless, neither the refined Ni lattice parameter nor the
Ni weight fraction exhibits any change along with the reduction duration, what means
the cell parameter changes for the n= 1 Ruddlesden-Popper phase is possibly related to
the presence of defects formed during Ni exsolution that disappear within the crystal
structure or the further slow reduction of the same manganite with time. It is worth noting
that for tr= 24 h the refined values for the LSM n= 1 lattice parameters are in good
correspondence with the calculated for the same material synthesized by other authors
[52–55].
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Figure 1.6 XRD Rietveld refinement of LSMN reduced at 750 °C during 8, 16, 24 and 48 h. A) a parameter of reduced LaSrMnO4. B) c parameter of reduced LaSrMnO4. C) Vol. of reduced LaSrMnO4
D) a parameter of Ni compared with the reported one E) Ni weight fraction F) SEM image of LSMN
reduced at 750 °C and 4 h.
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The refined a lattice parameter calculated for metallic nickel in all four studied points
match very well with the reported values (a= 3.5236(3) Å [56]), confirming that exsolved
nanoparticles are probably pure Ni, what makes sense in the chemical point of view. In
addition, the refined weight fraction of around 0.050 for metallic Ni, identical for all
studied points at the precision level of the refinement (at 3 times the standard deviation),
is in a very good agreement with the maximum stoichiometric and theoretical values
calculated using the above-mentioned Equation 1.7 (0.946 LSM n= 1 and 0.054 Ni) as
well in accordance with the amount of metallic Ni in LSMN, i.e. suggesting that all Ni2+
was completely reduced and exsolved from the crystal structure and visible as
hemispherical nanoparticles on the surface of the manganite (Figure 1.6 F).

The XRD patterns of LSMN after reduction in 3 mol% H2/N2 at 800 and 850 °C using
the same values of tr are shown in Figure 1.7 and Figure 1.8, respectively. In these cases,
the intermediate mixture of phases is only visible for 1 h of reduction and, for tr= 4 h,
the LSM n= 1 and Ni phases are already formed with an increasing crystallinity when T
and/or tr raises. This result can be associated with faster kinetics of exsolution at higher
temperatures due to the fact that such kind of process requires solid-state diffusion within
the crystal framework [57].
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Figure 1.7 XRD patterns of LSMN reduced at 800 °C during different times (tr).
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Figure 1.8 XRD patterns of LSMN reduced at 850 °C during different times (tr).

The same conclusions can be obtained as in the previous case (T= 750 °C), i.e. two
phases are observed for reduction times between 4 and 48 h, which are almost identical
along the series, except the slight change in the lattice parameters for the LSM n= 1
phase, already described in the low-temperature exsolution conditions. For all reduction
times, no difference can be evidenced for metallic Ni lattice parameter and weight
fraction, as shown in Figure 1.9 (A–E) and Figure 1.10 (A–E), suggesting the complete
Ni reduction and exsolution from the crystal structure and LSM n= 1 formation, as can
be also confirmed in SEM results (Figure 1.9 F and Figure 1.10 F). Globally, in any
reducing conditions (tr ≥ 4h), all the lattice parameters (a, c and cell volume) for LSM
n= 1 phase, calculated by Rietveld refinement, remain coherent with the values reported
by other authors [52–55,58–62]; the same can be concluded for Ni a lattice parameter
and weight fraction.

58

A
3.808
3.806


3.804
3.802







3.799


3.797
3.795
4h

8h

16 h

24 h

48 h

c parameter of reduced LaSrMnO4 [Å]

a parameter of reduced LaSrMnO4 [Å]

Thesis

B
13.105
13.100
13.095



13.090



13.085



13.080
13.075

C

4h

8h

16 h

24 h

48 h

D

3.540

189.55

Reported value a

189.38

a parameter of Ni [Å]

Vol. of reduced LaSrMnO4 [Å3]






189.21






189.04


188.87

3.534
3.528
3.522
3.516
3.510

188.70
3.504
4h

8h

16 h

24 h

48 h

8h

16 h

24 h

E

0.100

Ni weight fraction

4h

48 h

F

0.075

0.050

0.025

0.000
4h

8h

16 h

24 h

48 h

LSM n= 1

Ni

Figure 1.9 XRD Rietveld refinement of LSMN reduced at 800 °C during 4, 8, 16, 24 and 48 h. A) a
parameter of reduced LaSrMnO4. B) c parameter of reduced LaSrMnO4. C) Vol. of reduced
LaSrMnO4. D) a parameter of Ni compared with the reported one E) Ni weight fraction F) SEM image of LSMN reduced at 800 °C and 4 h.
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Figure 1.10 XRD Rietveld refinement of LSMN reduced at 850 °C during 4, 8, 16, 24 and 48 h. A) a
parameter of reduced LaSrMnO4 B) c parameter of reduced LaSrMnO4. C) Vol. of reduced
LaSrMnO4. D) a parameter of Ni compared with the reported one E) Ni weight fraction F) SEM image of LSMN reduced at 850 °C and 4 h.
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TEM and STEM images of the exsolved nanoparticles and its perovskite matrix
associated with energy dispersive spectroscopy (EDS) mapping of the main elements for
a characteristic zone of LSMN powder after reduction at 850 ºC for 4 h are shown in
Figure 1.11. The elemental mapping (Figure 1.11-C) confirms the grain composition, i.e.
La, Sr, and Mn are homogeneously distributed in the entire grain and few tenths of
nanometer-sized highly concentered spots (in red) confirm the chemical nature of the
nanoparticles, which consists in pure and dense metallic Ni. The only trace of Ni is
detected in the area without Ni segregation, which suggests that most of the Ni is
exsolved on the surface. The complete morphology of the reduced sample can be
observed in Figure 1.11-D: the LSM n= 1 surface is decorated with some anchored small
and uniformly distributed crystallized Ni hemispherical nanoparticles with strong
particle - oxide matrix interaction [57,63,64]. The spacing between the lattice fringe is
consistent with the (111) interreticular distance of Ni and the [001] zone axis of the
perovskite. Such kind of morphological results (nanoparticles embedded on the surface),
are similar and coherent with those reported for Ni exsolution from perovskites structures
such as La0.9Mn0.8Ni0.2O3 [65], La0.4Sr0.4Sc0.9Ni0.1O3 [33] and La0.5Sr0.5Ti0.75Ni0.25O3
[32].

It has been established that the particle size distribution and average particle size values
can be associated to many extrinsic aspects (oxygen partial pressure PO2 of the reduction
gas mixture, etc) or intrinsic aspects (surface features [66], mechanical stresses and
strains [67], wetting angles [68], defects such as vacancies and dislocations [69,70]),
affecting the formation (nucleation) and growth of the Ni particles [33], it was considered
in this study only the main effects of reduction temperature (T) and time (tr).

The influence of T and tr on the Ni particle size was examined using precise image
analysis of the scanning electron micrographs (FE-SEM) based on about 100 particles to
obtain a characteristic frequency histogram in each selected (T, tr) conditions. The
grouped particle size data were analyzed using as likelihood fitting method a lognormal
distribution (Equation 1.8) as it is reported in the literature [71–73] and treated in
OriginPro8® with the iteration algorithm named Orthogonal Distance Regression.

𝒇(𝑫) =

𝑨
(𝟐𝝅)𝟎.𝟓 𝒘𝑫

𝒆

𝐥𝐧 (𝑫⁄𝑫 )𝟐
𝟎
𝟐𝒘𝟐

−

Equation 1.8
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Figure 1.11 LSMN powder reduced at 850 °C and 4 h A) TEM image B) HAADF images showing
nanoparticles on the surface C) Corresponding EDS mapping identify them as Ni D) HR TEM image
of the exsolved nanoparticle and its perovskite matrix. The lattice fringe spacings are D 1) closest to 2
Å which correspond to d111 of Ni and D2) closest to 3.8x3.8 Å which match well with the [001] zone
axis of the perovskite.
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In this case, A is the area of the size distribution, 𝑤 the scale parameter defining the
width of the size distribution (multiplicative standard deviation) and 𝐷0 the median
̅𝑝 ) of the lognormal distribution and its standard
diameter. The average particle size (𝐷
deviation (𝜎𝑙𝑛 ) were determined using the following equations:
𝒘𝟐

̅ 𝒑 = 𝑫𝟎 𝒆 𝟐
𝑫

Equation 1.9
𝟐

𝝈𝒍𝒏 = 𝑫𝟎 √𝒆𝟐𝒘 − 𝒆𝒘

𝟐

Equation 1.10

The results of the 14 lognormal distributions are shown in Appendix F and they were
used to determine the statistical significance of the different studied variables (T and tr)
̅𝑝 ). A statistical ANOVA analysis was performed
on the average Ni particle size (𝐷
through the Generalized Linear Models available in the STATGRAPHICS Centurion
XVII package with a confidence level of 95% and a Square Sum Type III analysis,
allowing measurement of the contribution of each variable (see Appendix G). The results
are presented in Table 1.2, showing that p-value was lower than 0.05 for both cases,
which means that tr and T have a statistically significant influence on the average Ni
particle size in perfect agreement with Gao et al. [33], Lai et al. [57] and Oh et al. [67].

Variable
Temperature (T)
Reduction time (tr)
Residual
Total (Corrected)

Sum of squares
724.435
520.277
231.94
1366.44

D.F.*
1
1
11
13

Mean square F-test p-value
724.435
34.36 0.0001
520.277
24.67 0.0004
21.0855
*D.F.: Degree of freedom

̅ 𝒑 (ANOVA result).
Table 1.2 Temperature and reduction time effect on 𝑫

̅𝑝 results obtained from the distributions were used to generate the contour plot by
The 𝐷
a physical interpolating method (Thin Plate Spline, TPS) using the OriginPro8®
software. Figure 1.12 graphically shows the T and tr effect on the average Ni particle
size and confirms the results obtained with ANOVA (Table 1.2), in which both variables
have a high influence on the particle size. Nevertheless, it is worth noting that the
temperature effect is apparently stronger than the reduction time, i.e. high temperatures
induce the rapid exsolution of Ni particles with a wide distribution. During the exsolution
process, the self-grown nanoparticles are “anchored” and highly dispersed on the oxide
surface, displaying a higher tendency to avoid their agglomeration and coarsening during
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the reduction/reaction steps; this resulting material consists in an excellent option to
improve the catalytic behavior, prevent the sulfur poisoning and carbon formation when
hydrocarbons are used as fuels [74].

Particle size [nm]

48

60.00

44

56.00

Reduction time [h]

40

52.00

36

48.00

32

44.00

28
40.00

24

36.00

20

32.00

16

28.00

12

24.00

8
4
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20.00
775

800

825

850

Temperature [°C]

Figure 1.12 Influence of the reduction temperature (T) and time (tr) on the Ni exsolved particle size.

The variation in the particle size and its slow increase with time at any studied reduction
temperature could be associated with the fact that the metal exsolution equilibria has not
been reached. Nevertheless, such hypothesis must be discarded, as it was already
demonstrated with the complete Ni exsolution according to Equation 1.7. Therefore, two
mechanisms are possible to explain the evolution of the particle size due to sintering:
particle migration followed by coalescence or Ostwald-ripening [75]. The first
hypothesis is the coalescence that only occurs between very close particles [57,63,64], a
process strongly T dependent [75–77] mainly when the Tamman temperature is
exceeded (0.5Tmelting [K], Ni: 864 K) [78].

When the nanoparticle-matrix oxide interaction is poor, the particle exhibits a spherical
shape, generally observed e.g. using a typical metallic impregnation method. This case
is more propitious to particle/crystallite migration and coalescence. However, it has been
demonstrated that a strong interaction between the particles and the matrix turns the
particle shape to hemispherical [57,63,64], explained, in this case, by the fact that the
exsolved phase is embedded into the oxide matrix [67,74]. Such characteristic makes
them less mobile on the surface and the coalescence rate is considerably decreased,
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occurring only when the particles are very close to each other. This is the case of exsolve
nanoparticles, as mentioned before and therefore cannot be the dominant mechanism
[57,79,80]. Consequently, the only mechanism that could explain the observed increase
in nanoparticle size is probably the Ostwald ripening process (atomic migration). This
mechanism describes the growth of a larger particle by consuming a smaller one without
a direct connection, here, clusters of atoms from a small particle migrate through the
oxide surface and merge into other large particles just to reach the equilibrium; this effect
becomes much serious when the temperature increases [79,81]. As indeed for the
coalescence process, the driving force is the minimization of the total surface energy of
the system. Despite the possible presence of Ni particle sintering, the average particle
size values and distributions obtained in the present study are similar (< 100 nm) to what
has been described by other authors using the exsolution of Ni or other metallic elements
from an oxide matrix [5,33,57,70,74,82,83].

Preliminary catalytic study
Preliminary catalytic properties of the material were studied in only one selected
operating condition for exsolution e.g.: T= 850 °C and tr= 16 h. The reaction was
performed at the same temperature as for the reduction, T= 850 °C, using only a small
amount of water for the methane reforming, i.e. low steam to carbon ratio (S/C) (GIR
concept [39]). According to the literature, S/C ratios higher than 1 are necessary to avoid
the coke formation/deposition on the anode surface. Nevertheless, such high S/C ratios
dilute the fuel content and may lead to thermomechanical damages due to large
temperature gradients in the anode side (reforming reaction strongly endothermic, while
electrochemical reactions are exothermic) and the requirements to produce steam in
excess and condense the unreacted products are energetically unfavorable. Therefore,
with low S/C ratios, the process needs a small amount of steam at the inlet and the excess
is produced in situ by the electrochemical oxidation of the hydrogen obtained during the
steam reforming reaction in the anode side [39,84]; this requires the development of
specific materials.

During 8 h of reaction, CH4 molar conversion was calculated (Figure 1.13 A) and the
outlet gas compositions (H2, CO, and CO2) was analyzed (Figure 1.13 B). In those
figures, two main zones are clearly evidenced with a first region in which a low
conversion and low products composition are measured but gradually increase until they
reach the second region of stable behavior. The latter, which corresponds to steady-state
operation and starts after around 200 min, was used to determine the average values of
conversion, gas compositions and selectivity, similrly as presented by other authors [85].
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Figure 1.13 Catalytic behavior of LSMN reduced at T=850 °C for 16 h A) CH4 molar conversion at
850 °C (theoretical equilibrium as dashed line), compared with La0.5Sr1.5MnO4±δ. B) H2, CO and CO2
molar composition in comparison to theoretical equilibrium (dashed lines).

The direct influence of the Ni particles on the catalytic behavior is evident by the
comparison with a pure LSM material (similar in composition to the support of the
exsolved material), the latter having very poor catalytic activity. The resulting LSM n=
1 + Ni exhibits an exceptional activity: 24.19 mol% H2, 0.26 mol % CO2, 8.65 mol% CO
corresponding to a stable CH4 conversion (14.60 mol%). The obtained values are very
close to the maximum CH4 conversion, H2, CO2 and CO content that should be obtained
with the selected operating conditions (equilibrium) or those obtained using Ni/YSZ
material (Figure 1.13 A). The latter, comparable only from a purely catalytic behavior
point of view and during few hours, because in previous works have been demonstrated
that the major difficulty of a direct natural gas (methane) operation over Ni/YSZ is the
possible formation/deposition of carbon species on the Ni surface due to cracking of
hydrocarbons resulting in the loss of cell performance and low durability [86–89].

Notwithstanding these results, it is not possible a complete and direct comparison
between both materials (reduced LSMN and Ni/YSZ) because they are on the
thermodynamic equilibrium. However, this preliminary result shows the high catalytic
potential of the exsolved LSMN for the steam reforming reaction in the selected
operating conditions and therefore to be considered as anode materials for SOFC; in a
forthcoming study (Chapter 2), the influence of the exsolution conditions on the catalytic
behavior and stability over longer times (coke formation/deposition) will be presented.
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In addition, the presented results, together with the low CO2 production (0.26 mol%) and
the calculated H2/CO ratio (2.80) measured in the effluent stream suggest a practically
null contribution of Water-Gas Shift reaction (Equation 1.11 [90]) and the total
selectivity towards the steam reforming reaction (Equation 1.12 [90]) using the exsolved
material as catalyst (see Table 1.3). The catalytic behavior was maintained for more than
4 h, with a stable CH4 conversion and H2 formation rate, a much better behavior as other
catalysts studied in similar S/C and temperature conditions, e.g. Ce0.9Gd0.1O2-x (0.047
mmol min-1 g-1) [91] or Ir/Ce0.9Gd0.1O1.95 (0.43 mmol min-1 g-1) [92] (Table 1.3). This
apparent stability could be a sign of potentially good resistance to coke
formation/deposition in severe operating conditions (S/C= 0.15), which could be the
result of the fine metal dispersion, associated to the strong basicity of the La/Srcontaining support grant less sensitivity to coking [32,93]. Future studies with longer
reaction time will be carried out to confirm such hypothesis.

H2 formation rate
[mmol min-1 g-1]

CH4 conversion rate
[mmol min-1 g-1]

SCO2

SCO

H2/CO
ratio

16.7 ± 1.45

6.15 ± 0.42

0.03 ±
5x10-3

0.97 ±
5 x10-3

2.80 ±
0.03

Table 1.3 Catalytic results of exsolved LSMN n = 2.

CO + H2 O ⟷ CO2 + H2
CH4 + H2 O ⟷ CO + 3H2

ΔHo = -41.2 kJ mol-1
ΔHo = 206.1 kJ mol-1

Equation 1.11
Equation 1.12

Conclusions
In conclusion, the new material LSMN with Ruddlesden-Popper n= 2 structure was
successfully synthesized by the Pechini method as a single phase in air. In reducing
atmosphere (H2), at high temperature (750, 800 and 850°C) and different reduction times
(4, 8 16, 24 and 48 h), an exsolution reaction occurs, resulting in the formation of LSM
n= 1 together with embedded metallic Ni nanoparticles without any other impurity, as
demonstrated by XRD analysis, TEM, and SEM, and with a direct influence on the
particle size distributions and their average values. According to the preliminary test,
and based on the catalytic behavior, the exsolved LSMN material appears to be an
interesting option to be considered as anode materials for SOFC fed with natural gas
(methane) in low steam conditions, due to its high CH4 conversion, H2 production,
selectivity to steam reforming reaction and a constant behavior once the steady-state is
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reached. These catalytic properties could be an important proof to believe in the
resistance of the new materials to coke formation/deposition, but this is only a hypothesis
for which a deeper and adequate study, is now required to support such conclusion.
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Abstract
In this research work, the complete catalytic behavior for the reforming reaction on the
new Ni exsolved Ruddlesden-Popper (RP) manganite (La1.5Sr1.5Mn1.5Ni0.5O7±δ LSMN
n= 2) was studied. This material was synthesized by the Pechini method and reduced to
induce the formation of two phases that correspond to the n = 1 RP structure LaSrMnO4
decorated with metallic Ni nanoparticles. Ni impregnation on a similar (La,Sr)2MnO4±δ
ceramic support was also prepared for comparison. The catalytic measurements for the
steam reforming reactions were carried out in a reduction-reaction process with low
water content (S/C = 0.15) and at different reaction temperatures (700, 800 and 850 °C).
The exsolved material exhibits a better performance than the impregnated manganite for
the methane steam reforming reaction, especially at 850 °C with higher conversion,
conversion rate, and H2 production rate. However, in light alkane gas mixtures (CH4 C2H6, and CH4 -C3H8), the behavior is affected due to the competition between reactions
and low available metallic active sites, without affecting the H2 production. The
exceptional overall results obtained in this new material are promising for future use as
the anode in a SOFC fed with Colombian natural gas.

Introduction
Given the global energetic context, the solid oxide fuel cells (SOFC) appears as an
interesting “clean” technology to produce electricity with high efficiency from different
kind of hydrocarbon fuels [1]. Instead of the direct use of hydrogen which is still
problematic because of remaining issues related to its handling, storage and distribution
infrastructure, the direct internal steam reforming of hydrocarbons at the SOFC anode
side is relevant [2]. This fuel flexibility in SOFC systems is possible due to high
operating temperatures (T > 600 °C) allowing the “in situ” H2 production by direct
internal reforming at the anode side, which is consumed simultaneously by the
electrochemical oxidation reaction, generating electricity and heat [3].

The most interesting and widely studied fuel for SOFC is the natural gas [3–5] consisting
mainly of methane (CH4), e.g. around 82 mol% in the Cusiana gas available in Colombia
(Table 2.1) [6]. The methane steam reforming (MSR) is a highly endothermic reaction
and is presented in Equation 2.1. In parallel to MSR reaction, the excessive addition of
H2O will further convert CO to CO2 by the slightly exothermic Water Gas Shift (WGS)
reaction represented as Equation 2.2. Methane overall steam reforming (Equation 2.3)
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and methane dry reforming (MDR, Equation 2.4) could also be present, but they are
dependent reactions [7].

Cusiana gas (Colombia)
Compounds
Composition [%mol]
CH4
82.195
C2H6
10.841
C3H8
3.510
CO2
1.900
Minority hydrocarbons
1.035
N2
0.519
H2S
2-50 ppm
Table 2.1 Colombian natural gas (Cusiana) composition [6].

ΔHo = 206.1 kJ mol-1

CH4 + H2 O ⟷ CO + 3H2
CO + H2 O ⟷ CO2 + H2

ΔHo = -41.2 kJ mol-1

CH4 + 2H2 O ⟷ CO2 + 4H2
CH4 + CO2 ⟷ 2CO + 2H2

ΔHo = 165.0 kJ mol-1
ΔHo = 247.3 kJ mol-1

Equation 2.1
Equation 2.2
Equation 2.3
Equation 2.4

Nevertheless, the direct internal reforming is still facing two major issues: carbon
deposition due to parasitic reactions such as methane cracking and thermomechanical
problems [3]. According to the literature, steam to carbon ratios (S/C) higher than 1.0
are necessary to avoid the coke formation on the anode surface. However, such high S/C
ratios dilute the amount of fuel and may lead to thermomechanical damages due to large
temperature gradients in the anode side (the reforming reaction is strongly endothermic
whereas the electrochemical reactions are exothermic) and condensation process of
unreacted products due to presence of excess steam which are energetically unfavorable.
Therefore, the process should be fed with low S/C ratios to produce an in situ additional
steam by the electrochemical oxidation of the hydrogen obtained during the steam
reforming reaction in the anode side [8,9]. This alternative strategy is called Gradual
Internal Reforming - GIR (schematized in Figure 2.1), proposed by Vernoux et al. to
avoid those problems [10], which were experimentally and theoretically demonstrated to
result in the long-term stability of the cell operating without water excess [11,12]. On
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the other hand, to improve the coke resistance and allow the cell’s prolonged use, the
development of new materials with specific (electro-)catalytic properties is necessary.

CO
CH4

H2O

H2

H 2O
CO

O2-

O2-

O2-

Figure 2.1 Diagram of the Gradual Internal Reforming process. Modified by the author from [10].

The conventional cermet based on nickel and yttria-stabilized zirconia (Ni/YSZ) exhibits
unsatisfactory performance during operation with natural gas (methane) [13–15]. As
described in Chapter 1 [16], one of the most promising alternatives is the development
of Mixed Ionic and Electronic Conducting (MIEC) anode materials, in particular with
Ruddlesden-Popper (RP) structure (An+1BnO3n+1 or (AO)(ABO3)n consisting of n
perovskite-like layers, ABO3, separated by single rock salt-like layers, AO) [17]. The
interesting transport properties of those materials coupled to their high thermal and
mechanical stability not only in the air but in reducing atmosphere, make them now a
valuable option for an application as SOFC electrode (cathode or anode) [18–26].
However, some authors recently pointed out their poor catalysis performance for direct
use of methane (e.g. La0.6Sr1.4MnO4±δ [27]).

The catalytic behavior of a MIEC anode can be improved by the addition of metallic
nanoparticles. Most of the reported active metal are based on transition metals like Pt,
Ru or Rh [28–30], however, compared to precious metals, nickel-based catalysts are
desirable for SOFC industrial applications considering the availability and cost of such
a metal. The addition of metallic nanoparticles can be realized by different methods. The
exsolution technique leading generally to better performance and less degradation than
conventional impregnation [31].
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Previously, in Chapter 1 [16], the synthesis and exsolution conditions of a new RP
material, La1.5Sr1.5Mn1.5Ni0.5O7±δ (LSMN n= 2), was reported, with the aim to obtain, in
reducing atmosphere, a biphasic material made of electrocatalytic active Ni metallic
nanoparticles decorating a n= 1 RP LaSrMnO4±δ manganite using in situ exsolution
technique for short reduction times and high temperatures (up to 850 °C). The present
work deals with the study of catalytic behavior for the steam reforming reaction using
Colombian natural gas composition (methane, ethane, and propane) at low water content,
comparing the behavior of the exsolved material to the conventional Ni impregnated
manganite of the same RP structure.

Methodology
Materials Synthesis
The manganite powders were synthesized by the Pechini or citrate complexation route
[32]. In the case of La1.5Sr1.5Mn1.5Ni0.5O7±δ (hereafter referred to as LSMN n= 2), the
procedure is described in Chapter 1, section 1.3.1 [16]. For La0.5Sr1.5MnO4±δ (LSMO n=
1), stoichiometric amounts of La2O3 (≥ 99.9 % Alfa Aesar), SrCO3 (≥ 99.9 % Sigma
Aldrich) and MnCO3 (≥ 99.9 % Sigma Aldrich) were used. Before weighing La2O3 and
SrCO3, those reagents were calcined in air at 1000 and 500 °C, respectively, for 1 hour,
to remove hydration products (and carbonation in the case of lanthanum oxide). The
precursors were initially dissolved in a solution made of concentrated nitric acid (HNO3,
≥ 65 vol% Merck) in excess and citric acid (CA, ≥99.5%Merck), added in the molar ratio
CA:(metal ion)total= 3:1. Under constant stirring, the resulting solution was slowly heated
from room temperature to 120 °C using a hot plate to reduce the volume of liquid.
Polyethylene glycol (≥ 99 %, Panreac) was added as a polymerizing agent (1.5 mL per
gram of targeted product). Then, the resulting mixture was stirred and heated at 150 °C
just to form a viscous gel, which was subsequently dried and heat-treated in air at 300
°C (2 h) and 500 °C (3 h) to ensure total organic matter decomposition Finally, the
product was calcined in air at 1000 °C (6 h) and 1100 °C (6 h) with intermediate grinding
and pelletizing steps.

In order to ensure a good homogeneity in the particle size of the synthesized materials
(LSMN n= 2 and LSMO n= 1), the powders were individually ball-milled during 12 h at
a speed of 50 rpm in a dispersion made of acetone:powder:3 mm-sized zirconia balls in
a 5:1:5 weight ratio. After the milling step, the ceramic balls were removed, and the
resulting mixtures were dried. Homogenous powders with a particle size distribution
between 125 and 200 m were finally obtained by adequate sieving, with the objective
to eliminate intra-particle diffusion effects during the catalytic reactions [33].
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Fresh materials characterization
Fresh LSMN n= 2 and LSMO n= 1 powders were characterized by powder X-ray
diffraction (XRD) at room temperature (RT) using a Bruker D8-ADVANCE powder
diffractometer operated in Bragg-Brentano geometry, equipped with a Lineal Lynx Eye
detector and a beam of CuKα1,2 radiation (λ = 1.5418 Å). The diffractometer was operated
over the angular range 2θ = 2 - 70° for qualitative analysis and 2θ = 2 - 90° for Rietveld
analysis with a measurement step of 0.020353° (2θ). The X-ray diffraction data were
processed using JANA 2006 software package [34].

Incipient wetness impregnation
As the objective was to compare the behavior of exsolved LSMN n= 2 material to the
catalyst produced by a more classical method, LSMO n= 1 powder was impregnated
with Ni using Incipient Wetness Impregnation (IWI) technique, also known as pore
volume impregnation. In the case of Ni, an aqueous nitrate solution (Ni(NO3)2) is
normally used; in this case, a smaller Ni particle size has been reported in the literature,
respect to other salts [35]. In this case, the Ni content was the same as obtained by the
exsolution, i.e. ~0.05 mass fraction, as shown in Chapter 1 [16]. Into details, a solution
of Ni(NO3)2 was prepared using stoichiometric amounts of NiCO3 (≥ 99.9 % Alfa Aesar)
and concentrated nitric acid (HNO3, ≥ 65 %vol Merck), diluted in an ethanol:deionized
water solution (20:80 mol%) to decrease the surface tension of pure water and increase
the material´s wettability (Appendix H) [36]. The LSMO n= 1was impregnated with the
correct volume (defined previously), dried at 110 °C during 12 h and after that, calcinated
in the air at 500 °C during 90 min [37–40] to obtain the NiO/LSMO n= 1 material.

Reduction study
The operating temperatures (T) for the reduction study were selected considering the
conditions of exsolution of LSMN n= 2 (750, 800 and 850 °C) described in Chapter 1
[16]. Around of 0.5 g of fresh NiO/LSMO n= 1 material was reduced in a tubular furnace
CARBOLITE CTF 12/65/550 using a 3 mol% H2/N2gas mixture (Cryogas) with a flow
of 55 mL (STP) min-1 and the lowest reduction times to obtain the complete exsolution
different reduction times (tr: 4 and 8 h); also selected considering the lowest times to
obtain the complete exsolution (tr= 4 or 8 h) [16]. The powder obtained at each
temperature-reduction time point (Ni/LSMO n= 1) was characterized by XRD at RT as
is described in Section 2.3.2. Besides, the material was analyzed by X-Ray Fluorescence
spectroscopy (XRF) in an S2 Ranger Bruker spectrometer equipped with a Pd X-ray
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tube, to confirm the correct amount of impregnated Ni. A morphological characterization
was performed on the reduced powder by scanning electron microscopy (FEG-SEM) in
a FEG Quanta 650 microscope at high vacuum, acceleration voltage of 25 kV, secondary
electrons (SE) signal, Everhart Thomeley Detector (ETD) and by transmission electron
microscopy (TEM) in an FEI TITAN Themis 300 equipped with a Super-X quad EDS
for elemental analysis. In this case, the powder was crushed and dropped in the form of
alcohol suspension on carbon-supported copper grids followed by evaporation under
ambient conditions.

Catalytic test
Experimental set-up
The measurements of the catalytic behavior for steam reforming were carried out using
the experimental set-up described in Chapter 1 section 1.3.4.1 [16]. The composition of
each effluent constituent was obtained by a gas chromatograph (GC, SRI instruments
8610C) using He (grade 5.0, CRYOGAS) as mobile phase, equipped with a solenoid gas
sampling valve heated at 60 °C, two packed columns (molecular sieve 13X 6 in and
hayesep D 6 in), a thermal conductivity detector (TCD) heated at 150 °C and controlled
by PeakSimple 4.44 free software. Standard gas cylinders with different gas
compositions were employed for the outlet products quantification.

Preliminary tests: conditions for intrinsic kinetics
Preliminary tests were carried out to confirm that the experiments correspond to the
region of intrinsic kinetics, in which the heat and mass transport resistances are
negligible, and for which the changes observed on molar concentrations are exclusively
due to chemical reactions applied in the process. Therefore, to ensure a plug flow pattern
and minimize back mixing, the recommendations described in the literature suggest, on
one hand, a ratio between the catalyst bed length (L) and the particle size (dp) upper than
50 (L/dp > 50) and on the other hand, a ratio between the inner diameter of the reactor
(Dr) and dp upper than 10 (Dr/dp > 10) [41–43].

LSMN n= 2 material was diluted with SiC grains (SiC:catalyst 10:1 weight ratio) to
minimize heat-transfer effects [44] and introduced in the reactor as fixed-bed between
catalyst-free SiC and two pieces of quartz wool. Considering the results obtained in the
last section of Chapter 1 [16], the amount of catalyst was fixed to 50 mg to ensure both
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the CH4 conversion and the composition of products being far from the thermodynamic
equilibrium.

Finally, to avoid external diffusional limitations, i.e. interphase concentration gradients
between gas and solid surface, preliminary experiments were performed, based on the
principle that the reactant conversion at any space velocity (e.g. Volume Hourly Space
Velocity, VHSV) should be independent of the linear velocity through the catalyst bed
when the external diffusional conditions are negligible. Therefore, different tests were
performed keeping the VHSV value as a constant, while increasing both, the input
volumetric flow rate (volume of inlet gas per unit time) and catalyst volume (or weight).
During those tests, the reactant conversion is expected to change while the interphase
limitations (external diffusion) are present [33,45]. The range of input volumetric flow
rate that avoids external diffusional limitation is thus obtained when the reactant
conversion does not change, which allow to determine the correct operating conditions,
i.e. volumetric flow rate and catalyst amount. Considering that CH4 is the most abundant
hydrocarbon in Cusiana gas, Colombia, (Table 2.1), these tests were carried out using
only a dry mixture of 82 mol% CH4 (N2 as balance) humidified to a steam to carbon ratio
(S/C) of 0.15 at different reactor inlet flow rates. It is worth noting that before this test,
the catalyst sample was in situ reduced using 55 mL (STP) min-1 of 3 mol% H2/N2
mixture (Cryogas) during 4 h at T= 850 °C, as defined in Chapter 1 [16].

Operating conditions for catalytic tests
LSMN n= 2 catalyst was preliminarily reduced (in situ conditions) using 55 mL (STP)
min-1 of 3 mol% H2/N2 mixture (Cryogas) at previously selected temperatures of 750,
800 or 850 °C. At 750 °C, the reduction time was tr=8 h, i.e. the minimum condition to
reach the complete Ni exsolution (Chapter 1 Section 1.4 [16]). In the case of 800 and
850 °C, tr was fixed to 4 h that corresponds to the completion of the exsolution process,
and 8 h for better comparison with T=750 °C.

The catalytic behavior at each operating condition was measured during 8 h using
atmospheric pressure and the same reducing temperature as for the catalytic test. The
starting reaction mixture was fixed to 82 mol% CH4 (N2 as balance) humidified up to
S/C= 0.15 according to the SOFC anode conditions suggested by the GIR concept [10].
The steam content was adjusted by flowing the adequate dry CH4-N2 mixture throughout
the bubbler containing distilled water maintained exactly 46 °C. The composition in each
effluent constituent was obtained at regular time intervals (each 20 min) using online GC
analysis (method described in Appendix B). For the NiO/LSMO n= 1 (impregnated
material) the reaction procedure was the same described for exsolution material (LSMN
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n= 2). In the case of LSMO n= 1 material, the steam reforming reaction was started
without a prior reduction step.

Considering the composition of Colombian natural gas in which ethane (C2H6) and
propane (C3H8) are also present with methane but in lower concentration, additional tests
were carried out at their respective molar compositions (Table 2.1). Therefore, this study
used mixtures of ethane – N2 (10 mol% C2H6), propane – N2 (4 mol% C3H8), CH4-C2H6
and CH4-C3H8 mixtures.

The individual light hydrocarbons conversion (XCnH2n+2 ), their conversion rate, and H2
formation rate were calculated as is shown in Equation 2.5, Equation 2.6 and Equation
2.7 respectively.

XCnH2n+2 =

-nOut
2n+2 Cn H2n+2
In
nCn H
2n+2

nIn
Cn H

Cn H2n+2 conversion rate=

nIn
Cn H

nOut
H

H2 formation rate= W 2

×100 [mol%]

Cat

2n+2

-nOut
Cn H

2n+2

WCat

Equation 2.5

[mmol min-1 g-1 ]

[mmol min-1 g-1 ]

Where, WCat is the catalyst weight (g), nIn
Cn H

2n+2

Equation 2.6

Equation 2.7

and nOut
Cn H

2n+2

are the individual light

hydrocarbons molar flow rate at the inlet and outlet of the reactor (mmol min-1) and nOut
H2
is the H2 molar flow rate at the outlet of the reactor (mmol min-1).

Besides, the selectivities (Sj ) of CO, CO2, C2H4, C2H6, and C3H6, were defined as the
ratio between the molar flow rate of all carbon atoms in the outlet of the selected j product
and, that of the reacted light hydrocarbons i employed as reactants as Equation 2.8 shows,
where φ is the carbon number of the selected j product or i reactive and n the molar flow
rate.
Sj = ∑N

φj nOut
j

In Out
i=1 φi (ni -ni )

[dimensionless]

Equation 2.8
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Finally, H2 to CO ratio was defined by Equation 2.9.

H2

nOut
H

= 2 [dimensionless]
CO nOut

Equation 2.9

CO

It is worth noting that blank tests were done at different temperatures using only SiC,
and no conversion was observed for methane and the other light hydrocarbon
compounds.

Results
Catalysts study
As shown in Chapter 1 [16], the LSMN n= 2 material exhibits a Ruddlesden-Popper (RP)
structure with 2 layers of octahedra in the perovskite-like stack and tetragonal space
group I4/mmm (No. 139). The calculated parameters by Rietveld refinement are a=b=
3.8543(2) Å, c= 20.1898(19) Å and Vol.= 299.93(4). On the other hand, the LSMO n= 1
material was selected to be synthesized and subsequently impregnated due to its
structural similarity with the LaSrMnO4 (hereafter referred to as LSM n= 1) obtained as
support after the Ni exsolution in LSMN n= 2 and the simplicity to be prepared in air.
This material also exhibits a RP structure with 1 layer of octahedra in the perovskite-like
stack and tetragonal space group I4/mmm (No. 139). A total of 9 sets of ~3 g of
corresponding material, were synthesized according to the methodology. For each
synthesis, the lattice parameters (a=b, c) and the unit-cell volume were determined from
the XRD data using structure refinement based on the Full Pattern Matching – Le Bail
method. The comparison of the results allowed the selection of the samples to be mixed
(or discarded), obtaining a final homogeneous stock of around 20 g of pure phase
material (Appendix I).

The structure of the as-obtained LSMO n= 1 powder was successfully refined using
Rietveld method based on X-ray diffraction data and pseudo-Voigt peak shape function
with reasonable reliability factors of Rp = 5.40 %, Rwp = 3.78 %, and χ2 = 1.99 and very
few residual intensity, as observed graphically in Figure 2.2. The refined lattice
parameters are a=b= 3.8605(9) Å, c= 12.4143(30) Å and Vol.= 185.020(8) Å3, these
results are in satisfactory agreement with literature [46–51]. In addition, the sample
exhibits a small peak of SrCO3 impurity around 25 º, which could be removed increasing
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the sintering temperature to 1300 ºC [46] but possibly affecting the microstructural
properties; hence in this research, it was decided to remain with a slightly impure LSMO
n= 1 sample.
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Figure 2.2 LSMO n= 1 Rietveld refinement using XRD data.

Once the LSMO n= 1 has been obtained, the powder was impregnated according to the
methodology and after that, reduced at the selected T and tr. The XRD patterns of these
results are presented in Figure 2.3. Extra peaks are evidenced at 2= 44.5 and 51.9°
(highlighted as red dots), which are associated with the presence of Ni [52]. Additionally,
it can be observed that the support structure remains stable; so, in each case, a structure
refinement based on the Full Pattern Matching – Le Bail method was successfully carried
out, employing a tetragonal system with I4/mmm space group, like the as-synthesized
sample, and an FCC cubic cell with Fm-3m space group for Ni.
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Figure 2.3 Ni/LSMO n = 1 material obtained at different temperature (T) and reduction time (tr).

The refined lattice parameters of both phases (LSMO n= 1 and Ni) are presented in
Figure 2.4 (A–C) with reasonable reliability factors of Rp= 3.97 – 4.18 %, Rwp= 5.57 5.61 % and “goodness of fit (GOF)” or χ2= 1.56 - 1.68 (χ2 values between 1.0 and 2.9
are generally considered satisfactory [53]) also confirmed by the graphical analysis of
each refinement. By comparison with the values obtained in the oxidized phase LSMO
n= 1, an expansion of the c-parameter and the unit-cell volume is evidenced, in
agreement with Sandoval et al. [46]; such effect is related to the reduction of Mn4+ to
Mn3+ and the generation of oxygen vacancies () in the oxide structure. However,
although the calculated values are not exactly the same as reported by those authors
(a=b= 3.8378(3) Å, c= 12.7286(13) Å, Vol.= 187.48(3) Å3 [46]), the trend remains, the
small deviations being probably related to the difference of reduction time employed (16
h at 850 ºC) and therefore to the sample reduction degree. In the case of Ni, in all samples,
the lattice parameters remain the same and agree well with the literature values [52]. The
amount of impregnated Ni was confirmed by XRF using the sample reduced at 850 ºC
for 4 h. The measured Ni mass fraction is 0.059 ± 0.004 (Appendix J), in reasonable
agreement with the desired theoretical Ni concentration (~0.05 mass fraction) [16].
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Figure 2.4 Full Pattern Matching refinement using XRD data for impregnated LSMO n= 1 reduced at
750, 800 and 850 °C during 4 and 8 h. A) a parameter of reduced LSMO n= 1 and Ni B) c parameter
of reduced LSMO n= 1 C) Unit-cell volume of reduced LSMO n= 1.

To complete the XRD results, FEG-SEM images (Figure 2.5 A–C) exhibit the presence
of nickel spherical nanoparticles with less than 50 nm of average size, decorating the
surface of the manganite oxide, confirming the successful impregnation of the support.
In addition, a TEM image and energy dispersive X-ray (EDX) concentration mapping of
the main elements for a characteristic zone of the Ni-impregnated LSMO n= 1 powder
after reduction at 850 °C for 4 h are shown in Figure 2.6. The corresponding elemental
mapping confirms the composition for the manganite support, i.e. La, Sr, and Mn are
homogeneously distributed in the entire grain. The presence of Ni is evidenced as a few
isolated spots which consist of metallic Ni. It is worth noting that nickel is deposited as
hemispherical Ni particles in only specific zones of the surface, suggesting that, using
impregnation method, the active phase is not uniformly distributed on the support, as has
been reported in the literature [54–56]; such results differ from those obtained in the case
of exsolution, for which the surface is covered with anchored (strong particle - oxide
matrix interaction) small and uniformly distributed Ni nanoparticles (less than 40 nm
Chapter 1 [16]). These differences will be key factors that probably influence the
materials´ performance, activity, selectivity, and stability during the steam reforming
reactions.
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A

B

C

Ni nanoparticles

Figure 2.5 SEM image of reduced material at A) 750 °C for 8 h, B) 800 °C for 4 h and C) 850 °C for
4 h.

̅𝑝 ) was determined at different reduction conditions (T
The average Ni particle size (𝐷
and tr) using the scanning electron micrographs (SEM), based on about 100 particles in
four selected T – tr conditions to obtain characteristic frequency histograms. The grouped
particle size data were analyzed using as likelihood fitting method a lognormal
distribution as already described in Chapter 1 [16] for exsolved material; the selected
distributions are shown in Appendix K. In the impregnated LSMO n= 1 material, reduced
̅𝑝 value is 38.20 ± 2.43 nm, similar to the value
at 850 °C during 4 h, the calculated 𝐷
̅𝑝 =38.68 ± 2.13 nm); the material nanostructure seems
obtained for an 8 h treatment (𝐷
not to be significative affected by the reduction treatment duration. However, when the
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̅𝑝 value is significative smaller
temperature decreases to 800 and 750 °C, the calculated 𝐷
(34.84 ± 1.46 nm and 32.85 ± 1.62 nm, respectively). As a conclusion, the temperature
seems to have more influence on the particle size, in agreement with what has been
described by other authors [54,57,58]; this is also coherent with the results we presented
and discussed in Chapter 1 [16] for Ni exsolution.

No Ni particles

Ni

LSMO n=1

30 nm

30 nm

30 nm

30 nm

30 nm

30 nm

Figure 2.6 TEM image of Ni-impregnated LSMO n= 1 reduced at 850 °C for 4 h, On top, zoom of a
Ni nanoparticle (bright field). On the bottom, the elemental grain mapping (dark field).

Preliminary tests: conditions for intrinsic kinetics
A preliminary test was carried out to guarantee that the experiments will be carried out
within a region of intrinsic kinetics, and to define the adequate flow to be used at the
reactor inlet. The selected reagent flow rate was first fixed at the same value as for the
exploratory test presented in Chapter 1, i.e. 128 mL (STP) min-1 dry basis or 143.7 mL
(STP) min-1 wet basis [16]. The other two points to evaluate the kinetic regime were
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defined by multiplying and dividing the flow rate by a factor 1.5. For these tests, the
VHSV value was 172000 mL (STP) g-1 h-1. The corresponding results are illustrated in
Figure 2.7.
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Figure 2.7 Influence of the input flow rate on CH4 conversion at constant space velocity.

In the steady-state conditions, an average CH4 conversion of 9.30 ± 0.40 mol% was
reached without significant variation between the three evaluated points, indicating a
kinetic regime, with no limitations by external diffusion, in this range of operating
conditions and for the selected VHSV value. Based on these results and considering the
thermodynamic equilibrium, a volumetric flow rate of 143.7 mL (STP) min-1 wet basis
was chosen for the following catalytic study.

Methane catalytic steam reforming reaction
A series of catalytic tests were performed with CH4 at a total exposure time of 8 h. The
performance of the 3 synthesized catalytic materials, LSMO n= 1 (support), Ni/LSMO
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n= 1 (impregnation) and Ni/LSM n=1 (exsolution), was evaluated in terms of CH4 molar
conversion. The results are shown in Figure 2.8.
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Figure 2.8 CH4 conversion at different reaction temperatures (750, 800 and 850 °C) during 4 and 8 h
of exposure to reactive gas and employing LSMO n= 1 (support), Ni/LSMO n= 1 (impregnation) and
Ni/LSM n= 1 (exsolution) as catalysts.

First, low catalytic activity is evidenced for the support material, reaching less than 1
mol % of CH4 conversion values at different temperatures (T= 750, 800 and 850 °C),
which is stable during the time on stream (8 h). Such result indicates the lack of influence
of the supporting manganite on the catalytic properties of Ni-impregnated or exsolved
catalysts. Tao et al. [59] also reported, for the manganite oxide La0.75Sr0.25Cr0.5Mn0.5O3±δ,
an insignificant catalytic behavior of the perovskite for the same reaction, even at higher
S/C ratio. Generally speaking, such doped lanthanum manganites are not very active and
are not employed as a pure phase for CH4 reforming reactions, but their secondary role
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to promote nickel-based reforming catalysts has been recognized, making them very
good candidates as catalytic support [60].

For all the Ni-containing catalysts, the catalytic behavior at different exposure times is
represented by two different zones: the CH4 conversion is initially low but gradually
increases until it reaches a constant value corresponding to steady-state conditions. In a
similar way as presented by other authors [61–65], such behavior is maybe related to
surface modifications during the steam reforming reaction. Therefore, the analysis of the
results was performed considering the average values from data measured in this stable
zone for conversion, i.e. conversion rate, H2 formation rate, selectivities of C compounds
formed and H2 to CO ratio (Equation 2.5 to Equation 2.9).
A reason to explain such catalytic behavior of the Ni-containing materials (Figure 2.8)
would be the partial reoxidation of the Ni particle surface as reported in the literature
[66–68]. Such phenomenon could be attributed in this case to the increasing oxygen
partial pressure (PO2) due to the presence of steam in the reactor, despite being in low
concentration. This partial oxidation is probably reversed while H2 is produced and H2O
consumed, even though it is slow at low temperature e.g. 750 and 800 °C, in which the
catalytic behavior did not reach a stable zone during the 8 h of the test.

In the steady-state conditions, impregnated and exsolved materials show a CH4
conversion much higher than that obtained for LSMO n= 1 (support) for all reaction
temperatures (T= 750, 800 and 850 °C); however, the steady-state conditions are
achieved at different rates. At 750 °C, the conversion increases slowly in both samples,
reaching values below 5 mol% without a visible steady-state condition after 8 h of
exposure to reactive gas. The results show that a stable value of CH4 conversion at this
temperature and using impregnated material is achieved faster than that observed for
exsolved material. The catalytic behavior improves significantly at 800 °C compared
with that obtained at 750 °C. The reaction is promoted by the temperature. However,
during the 8 h of exposure to reactive gas, a steady-state condition is still not reached
hindering an adequate comparison between catalysts. The steady-state condition is
obtained for both materials at 850 °C, being faster for the exsolved material. On the other
hand, it is worth noting that the catalytic behavior observed for both materials indicates
that the reduction times (tr) used during the pretreatment of materials (4 and 8 h) do not
have a significant effect on CH4 conversion at a temperature higher than 800 °C. Hence,
a 4 h treatment for pre-reduction seems high enough to get a stable performance of the
catalyst.
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At 850 °C and in steady-state conditions (Table 2.2), the CH4 conversion reaches 9.71
mol% using exsolved material with a conversion rate of 8.17 mmol min-1 g-1 and H2
formation rate of 23.5 mmol min-1 g-1, while the impregnated material allows a CH4
conversion of 7.89 mol% with a conversion rate of 6.65 mmol min-1 g-1 and H2 formation
rate of 19.6 mmol min-1 g-1.

Reduction time
Impregnated
[h]
4
7.89 ± 0.20
CH4 conversion
[mol%]
8
7.40 ± 0.14
4
6.65 ± 0.10
CH4 conversion rate
[mmol min-1 g-1]
8
6.24 ± 0.10
4
19.6 ± 0.5
H2 production rate
[mmol min-1 g-1]
8
18.3 ± 0.30
Outlet dry gas composition [mol%]
4
16.36 ± 0.20
N2
8
16.77 ± 0.20
4
15.80 ± 0.13
H2
8
14.86 ± 0.20
4
62.49 ± 0.16
CH4
8
63.31 ± 0.36
4
4.39 ± 0.08
CO
8
4.09 ± 0.10
4
0.96 ± 0.02
CO2
8
0.97 ± 0.02
4
0.80 ± 0.01
SCO
8
0.79 ± 0.01
4
0.20 ± 0.01
SCO2
8
0.21 ± 0.01
4
3.60 ± 0.04
H2/CO ratio
8
3.63 ± 0.04

Exsolved
9.71 ± 0.50
9.19 ± 0.50
8.17 ± 0.40
7.90 ± 0.10
23.5 ± 1.00
22.4 ± 0.30
16.03 ± 0.10
16.09 ± 0.20
18.31 ± 0.20
17.61 ± 0.18
59.29 ± 0.30
60.22 ± 0.36
5.51 ± 0.10
5.23 ± 0.06
0.86 ± 0.02
0.86 ± 0.02
0.86 ± 0.01
0.86 ± 0.01
0.14 ± 0.01
0.14 ± 0.01
3.32 ± 0.03
3.36 ± 0.03

Table 2.2 Methane steam reforming catalytic results at 850 °C: exsolved material vs impregnated
material pretreated at 850 °C during 4 and 8 h.
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The exsolved material exhibits better catalytic performance than the catalyst prepared by
Ni-impregnation in the working operating conditions. It is worth mentioning the
particular behavior observed for the impregnated material at 850 °C. At this temperature,
CH4 conversion is lower than the apparent value reached for the same material at 800
°C. This behavior can be attributed to the Ni particle coarsening due to the increase of
the temperature, reducing the number of catalytic active sites, as suggested by various
authors [54,57,58]. To confirm such assumption, the impregnated materials (Ni/LSMO
n= 1 reduced during 4 h) were analyzed by Scanning Electron Microscopy (SEM) after
reaction at 800 and 850 °C and compared to fresh materials; the results are presented in
Figure 2.9 (Appendix L). A rise in the average particle size is clearly evidenced for a
̅𝑝 =38.20 ± 2.43 nm vs 𝐷
̅𝑝 =62.97 ± 3.02 nm before
reaction temperature of 850 °C (𝐷
and after reaction, respectively) while at 800 °C, the Ni particle size does not
̅𝑝 =34.86 ± 1.46 nm vs 𝐷
̅𝑝 =35.62 ± 1.62 nm before and after
significantly change (𝐷
reaction, respectively). In this way, the effect of temperature on the coarsening of Ni
nanoparticles is particularly critical for the impregnated material, explaining the decrease
in the CH4 conversion of the sample operating at 850 °C.
The improvement of CH4 conversion when the exsolved material is used, by comparison
to impregnation, can be attributed to the strong nanoparticle-matrix oxide interaction
given by the exsolution mechanism. In an exsolved material, the metallic active particles
are embedded into the oxide support contrary to the impregnated active phases in which
the particles are just deposited on the support surface [58,69]. Such characteristic makes
the exsolved particles less mobile on the surface and the coalescence rate is considerably
decreased; this phenomenon can only occur when the particles are very close to each
other. This phenomenon is evidenced by SEM, in the case of exsolved material pretreated
at 850 °C during 4 h: there is no statistically difference between both values of the
̅𝑝 = 39.81 ± 2.21 nm vs
average particle size, so the sintering effect is not appreciable (𝐷
̅𝑝 = 41.83 ± 1.99 nm before and after reaction, respectively, Appendix L).
𝐷
Consequently, particle migration cannot be the dominant mechanism due to the strong
nanoparticle-matrix oxide interaction with practically null sintering by crystallite
migration [70–72]. However, as explained in Chapter 1 [16], the particle coarsening does
not completely disappear, as another mechanism may take place known as atomic
migration or Ostwald ripening process. Such mechanism is slower than the particle
migration and describes the growth of a larger particle by consuming a smaller one
without direct connection; clusters of atoms from a small particle migrate through the
oxide surface and merge into another large particle to reach the equilibrium. This effect
becomes much serious when the temperature increases [71,73].
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Figure 2.9 Ni particle size distribution in Ni/LSMO n= 1 (impregnation) before and after the methane
steam reforming reaction at 800 and 850 °C.

Concerning the selectivity towards C-containing products present in the reaction (CO
and CO2), the comparison for T= 850 °C and tr= 4 and 8 h is presented in Table 2.2. In
the case of CO, the obtained values for calculated average selectivity seems to be higher
than for CO2, in both cases of exsolved and impregnated materials. It globally means
that Ni metal exhibits a high activity as reported previously [74–76] and that selectivity
is not affected by the reduction time (tr). These results also indicate that the Methane
Steam Reforming (MSR) reaction (Equation 2.1) dominates on Water Gas-Shift (WGS)
reaction (Equation 2.2), in agreement with the conditions of low S/C ratio (low S/C ratio
will increase the CO selectivity and the CO2 selectivity for higher ratios [77]). To
confirm such analysis, the H2/CO ratio was calculated for both materials in the same
operating conditions (Table 2.2). Those values are higher than 3.00 (stoichiometric value
for MSR reaction), confirming that the WGS reaction is well present, to a lesser extent,
during the catalytic test, which consumes CO and produces H2 as well as CO2, being
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particularly the case for the impregnated material. In conclusion, although for both
materials the selectivity to MSR reaction is higher, the impregnated material is
significative less selective than the exsolved material, the latter case being more
interesting for a SOFC anode application.

The results presented above are coherent with the thermodynamic data of the most
important reactions occurring during methane reforming as shown by the behavior of
Gibbs free energies (∆G) as a function of temperature (Figure 2.10). At 850 °C and 1
atm, MSR and MDR are the most preponderant reactions due to their endothermicity,
being spontaneous at temperatures higher than 620 and 641 °C, respectively. On the
other hand, the WGS reaction is only favored at high steam and low H2 content [78] and
thermodynamically promoted at low temperatures (lower than 823 °C), as it is
moderately exothermic. Then, in the present operating conditions, a low CO2 production
is expected, indicating the moderate participation of MDR; it results in a high CO
concentration and, thereby, a greater selectivity to the MSR reaction with respect to other
reactions.
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Figure 2.10 Variation of the Gibbs free energy (∆G) with the temperature of all possible reactions
during methane (CH4) reforming reactions: Methane Steam Reforming (MSR), Water Gas Shift
(WGS), Methane Dry Reforming (MDR). (Data taken from [79]).
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Then, as a partial conclusion, both catalysts are clearly active for H2 production, but the
exsolved material seems a better option due to the higher CH4 conversion, H2 production,
selectivity for the MSR reaction. This is probably due to a lower propensity for Niparticles coarsening.

Catalytic tests: Other light hydrocarbon steam reforming reactions
Considering the composition of Colombian natural gas in which other minor
hydrocarbon compounds such as ethane (C2H6) and propane (C3H8) are also present
(Table 2.1), additional experiments were performed using CH4 – C2H6, and CH4 – C3H8
mixtures. Steam deficient conditions were kept constant in agreement with the GIR
concept (S/C= 0.15). The tests were carried out at different reaction temperatures (750,
800 and 850 °C) using exsolved material after reduction at 850 °C during 4 h as the
catalyst. The gas mixtures that were used for these tests could not be adjusted at the exact
CH4 composition of Colombian natural gas (80 mol%) due to system restrictions.
Nevertheless, the CH4 composition was always much greater than that of the other light
hydrocarbon compounds in the mixture. An additional test, operated only with CH4 in a
new composition (the lowest one defined by the CH4 - C3H8 mixture, i.e. 43.26 mol%)
and keeping constant the other operating conditions, confirms that no significant
variations are observed in the conversion, selectivities or H2/CO ratio when the CH4
composition in the feed stream is modified (see Appendix M); the only change is to alter
the molar distribution of products in the outlet gas composition.

As for methane steam reforming (Section 2.4.3), the catalytic behavior for hydrocarbon
mixtures at different exposure time exhibits two different zones: the hydrocarbon
compound conversion is initially low but gradually increases until it reaches a constant
value corresponding to steady-state conditions. In this region, the average amount of
products, selectivities, H2 production rate, hydrocarbon conversion, and conversion rates
are calculated to compare between the reactions.
The first reactive dry gas composition tested was 10 mol% C2H6 – 49.92 mol% CH4 –
balance N2, the results are presented in Table 2.3. H2 is formed as the major product with
an important production rate, similar to the results presented for methane catalytic steam
reforming reaction (Table 2.2); such behavior is of great interest for SOFC application
directly fed with natural gas. Other products such as CH4, CO and C2H6 are also present
in significant amounts whereas CO2 and C2H4 were quantified in much less quantity.
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750
C2H6 conversion rate
[mmol min-1 g-1]
CH4 conversion rate
[mmol min-1 g-1]

Outlet dry gas
composition
[mol%]

850

3.74 ± 0.05

5.27 ± 0.05

8.13 ± 0.03

3.73± 0.10

3.05 ± 0.06

1.21 ± 0.16

22.6 ± 0.10

22.3 ± 0.20

24.6 ± 0.20

N2
H2
CH4
CO
CO2
C2H4
C2H6

31.31 ± 0.16
17.18 ± 0.08
38.52 ± 0.18
6.42 ± 0.12
0.61 ± 0.05
0.73 ± 0.03
5.25 ± 0.03

31.46 ± 0.16
16.93 ± 0.13
39.21 ± 0.22
5.88 ± 0.09
0.67 ± 0.03
1.90 ± 0.01
4.015 ± 0.04

30.58 ± 0.28
18.25 ± 0.10
39.51 ± 0.29
6.11 ± 0.02
0.51 ± 0.02
3.17 ± 0.02
1.87 ± 0.01

CO

0.76 ± 7x10-3

0.57 ± 4x10-3

0.47 ± 1x10-3

CO2

0.07 ± 5x10-3

0.06 ± 2x10-3

0.04 ± 1x10-3

C2H4

0.17 ± 2x10-3

0.37 ± 4x10-3

0.49 ± 2x10-3

H2 production rate
[mmol min-1 g-1]

Selectivity

Temperature [°C]
800

Table 2.3 Cataytic behavior for the steam reforming using methane-ethane mixture at different
temperatures over exsolved material pretreated at 850 °C during 4 h.

The complexity of the products stream increase with the carbon chain length of the
compounds in the feedstock in agreement with ethane and propane possible reforming
reactions (Table 2.4 [80–83]. The value of Gibbs free energies (∆G) as a function of
temperature for the most important reactions occurring during ethane reforming shows
that ethylene (C2H4) and CH4 are spontaneously produced in operating conditions
(Figure 2.11, data taken from [79]). However, it is worth noting that the CH4 production
during ethane reforming makes the same MSR reaction will be also present. On the other
hand, C2H4 formation was confirmed through individual experiments of ethane steam
reforming reaction (Appendix M).

Finally, as indicated before, the WGS reaction is only promoted at high steam and low
H2 content [78] and thermodynamically favored at low temperatures (lower than 823 °C,
exothermically moderate). Therefore, in dry operating conditions, CO2 production is
lower while CO is higher (see Table 2.3).
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Reactions

ETHANE

C2H6+2H2O  2CO+5H2
C2H6+2CO2  4CO+3H2
C2H6  C2H4+H2
C2H6+H2  2CH4
C2H4+2H2O  2CO+4H2
C3H8+3H2O  3CO+7H2

PROPANE

C3H8+3CO2  6CO+4H2
C3H8  C3H6+H2
C3H8  C2H4+CH4
C3H6+3H2O  3CO+6H2
2C3H8  C3H6+C2H6+CH4

Name
Ethane steam
reforming
Ethane dry
reforming
Ethane
dehydrogenation
Ethane
hydrogenolysis
Ethylene steam
reforming
Propane steam
reforming
Propane dry
reforming
Propane
dehydrogenation
Propane cracking
1
Propylene steam
reforming
Propane cracking
2

∆H° [kJ mol-1]
ESR

352.6

EDR

438.6

EDhy.

137.9

EHyd.

-83.8

Et.SR

214.6

PSR

497.9

PDR

620.9

PDhy.

126.9

PCrk.

84.7

Pr.SR

381.1

PCrk.2

73.7

Table 2.4 Expected ethane and propane reforming reactions according to [80–83].

According to Figure 2.10 and Figure 2.11, MSR and ethane steam reforming (ESR) are
thermodynamically favored by temperatures higher than 620 and 475 °C, respectively,
and due to the endothermicity of these reactions, the conversion should be favored at a
higher temperature. However, Figure 3.12 and Table 2.3 show that C2H6 conversion and
its conversion rate increase with the temperature, as expected, while the behavior for the
CH4 conversion and its conversion rate follow an inverse trend affecting the CO
selectivity, but not the H2 production rate (Table 2.2 and Table 2.3). Those results
indicate that CH4 conversion is significative affected by the presence of other
hydrocarbon compounds; e.g. at 850 °C, methane conversion changes from 9.67 mol%
in CH4 feed stream (Table 2.2) to 2.21 mol% and in the CH4 - C2H6 mixture feed stream
(Figure 2.12). A competition between reactions and low available metallic active sites
(5 wt% metallic Ni on the surface) can probably explain such behavior. Few studies have
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tried to explain the reactivity of CH4 vs C2H6 during steam reforming of gas mixtures
[84–86]; in many cases, contradictory results are described which are mainly focused on
the use of methane as the model reactant [86].

300

C2H6 + 2H2O  2CO + 5H2 (ESR)
C2H6 + 2CO2  4CO + 3H2 (EDR)
C2H6  C2H4 + H2 (EDhy.)

Gr [kJ mol-1]

200

C2H6 + H2  2CH4 (EHyd.)
C2H4 + 2H2O  2CO + 4H2 (Et.SR)

100
0
-100
-200
-300
100

200

300

400

500

600

700

800

900 1000

Temperature [°C]
Figure 2.11 Variation of the Gibbs free energy (∆G) with the temperature of all possible reactions
during ethane (C2H6) reforming: Ethane Steam Reforming (ESR), Ethane Dry Reforming (EDR),
Ethane Dehydrogenation (EDhy.), Ethane Hydrogenolysis (EHyd.), Ethylene Steam Reforming
(Et.SR). (Data taken from [79]).

Today, the most accepted reaction mechanism for MSR, still under discussion, can be
represented by 3 main steps: 1) CH4 decomposition on the metallic surface to
chemisorbed carbon atoms (C) and hydrogen fragments 2) dissociative adsorption of
water to H and OH species and 3) OH or O species combine with C to form CO. The
first step requires the C-H activation on the metal surface (e.g. Ni), which, according to
Wei and Iglesia [87], is the limiting step in the mechanism of catalytic MSR. The results
indicate that the presence of C2H6 promotes a decrease in the CH4 conversion rate that
seems to be due to a greater difficulty in the C-H activation of methane; at 850 °C, it
changes from 8.17 mmol min-1 g-1 using a CH4 feed stream to 1.21 mmol min-1 g-1 in a
CH4 - C2H6 mixed feed stream (Table 2.2 and Table 2.3). In this vein, when CH4 and
C2H6 are fed together, the activation of C2H6 C-H bonds occurs more easily than that of
CH4 [88] and it is related to the difference of energy bond strength (421.77 kJ mol-1 vs
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438.89 kJ mol-1, respectively [89]). Thus, the formation of ethyl radicals (C2) will occur
to a large degree, occupying first the available metallic active sites and hence promoting
the C2H6 reforming reactions.

Temperature [°C]
750

800

850

35.10 ± 0.47

49.81 ± 0.52

75.78 ± 0.83

6.79 ± 0.24

5.58 ± 0.11

3.25

H2/CO ratio

3.00

2.75

2.50

2.25

C2H6 conversion
[mol%]

2.21 ± 0.35 CH4 conversion

[mol%]

Figure 2.12 H2/CO ratio, C2H6 and CH4 conversion at different reaction temperatures in the methaneethane mixture steam reforming reaction over exsolved material pretreated at 850 °C during 4 h.

C2H6 conversion is, thereby, higher than that of CH4 and is promoted advantageously by
an increase of temperature (Figure 2.12). Concerning the particular trend for CH4, the
results must be analyzed carefully, since the ESR is also producing CH4 (Table 2.4) and,
in this way, distorts the effect of the temperature on CH4 conversion rate. CH4 production
is given by ethane hydrogenolysis (EHyd.) and stems from the scission of the C-C bond
of an adsorbed C2 radical, whose energy bond is weaker than C-H bond (376.66 kJ mol1 [89]). Thus, the additional CH formation leads to a decrease of CH conversion in all
4
4
operating conditions (Figure 2.12) when C2H6 is present in the reaction mixture. This
behavior becomes more important when the temperature increases. Additionally, the
calculated experimental H2/CO mole ratio variation is presented in Figure 2.12 as a
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function of the reaction temperature. This ratio increases proportionally with the reaction
temperature; such behavior is related to the system deficient steam conditions and the
inhibition of the WGS with the temperature, which reduces CO consumption and favors
the H2 production by the reforming reactions, especially the ethane reforming reactions
(ESR, EDhy. and Et.SR).

In conclusion, it is possible to affirm that the ethane reforming reactions are more favored
in severe reforming conditions (steam deficient conditions) than methane reforming
when CH4 – C2H6 mixture is used. Besides, this trend is exacerbated at high
temperatures, for which CH4 and C2H4 productions are promoted as observed by the drop
of CH4 conversion and increase of C2H4 composition and selectivity (Table 2.3).
The second tested dry gas composition was 4 mol% C3H8 – 43.26 mol% CH4 – balance
N2. As for the other cases, the catalytic behavior is split into two characteristic two steps:
the hydrocarbon compounds conversion is initially low but gradually increases (faster
than for CH4 or CH4-C2H6 mixture) until it reaches a constant value corresponding to
steady-state conditions. At this point, the average amounts of products, selectivities, H2
production rate, hydrocarbon conversion, and conversion rates are calculated. The H2 is
formed as the major product with an important production rate (Table 2.5); however,
these values are lower than those obtained in the case of CH4 and CH4 - C2H6 mixture.
On the other hand, in a similar way as before, the low CO2 production is expected due
to the thermodynamically unfavored WGS reaction in the current operating conditions.

As for the MSR and ESR, the propane steam reforming (PSR) is also thermodynamically
favored with a temperature higher than 441 °C (Figure 2.13) due to its endothermicity.
However, and similarly to the results obtained for the steam reforming of CH4 - C2H6
mixture, the CH4 conversion, and conversion rate tends to decrease with a rise of
temperature, and even reaches negative values at 850 °C, while the C3H8 conversion and
conversion rate increase with the temperature, as expected, the conversion reaching
almost 100 mol% (Figure 2.14). Such trend confirms that CH4 conversion is significative
affected by the presence of other hydrocarbon compounds, as in the case of ethane
mixture.
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750

Temperature [°C]
800

850

2.14 ± 0.02

3.17 ± 0.02

4.11 ± 0.02

H2 production rate
[mmol min-1 g-1]

15.70x ± 0.20

16.00 ± 0.20

17.8 ± 0.10

N2
H2
CH4
CO
CO2
C2H4
C2H6
C3H6
C3H8

43.13 ± 0.19
12.27 ± 0.06
36.76 ± 0.27
5.08 ± 0.05
0.60 ± 0.02
0.24 ± 3x10-3
0.03 ± 2x10-4
0.23 ± 1x10-3
1.67 ±0.01

42.94 ± 0.07
12.20 ± 0.12
37.44 ± 0.07
5.07 ± 0.04
0.56 ± 0.01
0.63 ± 0.01
0.10 ± 9x10-4
0.20 ± 1x10-3
0.87 ± 2x10-3

41.70 ± 0.17
13.43 ± 0.08
37.40 ± 0.08
5.90 ± 0.04
0.27 ± 0.01
0.90 ± 0.02
0.15 ± 2x10-3
0.10 ± 2x10-3
0.15 ± 3x10-3

CO

0.74 ± 5x10-3

0.74 ± 4x10-3

0.74 ± 5x10-3

CO2

0.09 ± 2x10-3

0.07 ± 2x10-3

0.02 ± 2x10-3

C2H4

0.07 ± 7x10-4

0.14 ± 2x10-3

0.18 ± 4x10-3

C2H6

0.01 ± 6x10-5

0.02 ± 3x10-4

0.03 ± 5x10-4

C3H6

0.01 ± 6x10-5

0.03 ± 3x10-4

0.03 ± 1x10-3

Selectivity

Outlet dry gas
composition [mol%]

C3H8 conversion rate
[mmol min-1 g-1]

Table 2.5 Catalytic behavior for the steam reforming using methane-propane mixture at different
temperatures over exsolved material pretreated at 850 °C during 4 h.
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450

C3H8 + 3H2O  3CO + 7H2 (PSR)
C3H6 + 3CO2  6CO + 4H2 (PDR)
C3H8  C3H6 + H2 (PDhy.)

Gr [kJ mol-1]

300

C3H8  C2H4+ CH4 (P.Crk.)
C3H6 + 3H2O  3CO + 6H2 (Pt.SR)
2C3H8  C2H6 + C3H6 + CH4 (PCrk.2)

150
0
-150
-300
-450
100

200

300

400

500

600

700

800

900 1000

Temperature [°C]
Figure 2.13 Variation of the Gibbs free energy (∆G) with the temperature of all possible reactions
during propane (C3H8) reforming: Propane Steam Reforming (PSR), Propane Dry Reforming (PDR),
Propane Dehydrogenation (PDhy.), Propane Cracking 1 (P.Crk.), Propylene Steam Reforming
(Pt.SR), Propane Cracking 2(PCrk.2). (Data taken from [79]).

In agreement with some other authors [90,91], high temperatures result in enhanced
production of CH4, C2H4, C2H6 and C3H6 due to a significant thermal decomposition of
C3H8, evidenced in the present study by individual experiments concerning propane
steam reforming reaction (Appendix M). In this case, the activation of C3H8 first C-H
bond is easier than for CH4 and even than C2H6 (C-H bond in CH3 group 417 kJ mol-1
and C-H bond in CH2 group 398 kJ mol-1 [92]); the dehydrogenation of these two kinds
of bond is favored as well as the rupture of adsorbed C3 radicals due to the weakness of
the C-C bond (347 kJ mol-1 [92]), which improves the formation of methyl, ethyl, vinyl
and propyl radicals occupying metallic Ni active sites and promotes the C3H8 related
propane cracking and the reforming reactions e.g. ESR, Et.SR, Pt.SR. The possible
change in the H2/CO ratio depends on the degree of competition between these reactions.
In the current operating conditions, no significant variation in the H2/CO (Figure 2.14)
is observed, remaining practically constant with an increase of the reaction temperature.
This behavior is also related to the system deficient steam conditions, the C3H8
composition in the feed stream and the inhibition of the WGS with the temperature,
which reduces the CO consumption and favor proportionally the H2 production by the
reforming reactions.
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Temperature [°C]
750

800

850

49.93 ± 0.57

73.52 ± 0.04

95.38 ± 0.09

2.34 ± 0.01

0.56 ± 0.02

3.25

3.00

H2/CO ratio

2.75

2.50

2.25

2.00

1.75

1.50

C3H8 conversion
[mol%]

-0.26 ± 0.02 CH4 conversion
rate [mmol min-1 g-1]

Figure 2.14 H2/CO ratio at different reaction temperatures in the methane-propane mixture steam
reforming reaction over exsolved material pretreated at 850 °C during 4 h.

In conclusion, the C3H8 will be significatively more reactive, than CH4 for the steam
reforming reactions when the temperature increases, promoting parallel reactions,
including the CH4 formation (PCrk., PCrk.2, EHyd and EDhy.) which steam reforming
will not be kinetically favored (even if it is thermodynamically favored); it explains the
significant decrease of CH4 conversion rate when the temperature rises: CH4 is produced
faster from higher hydrocarbons than reformed, due to its lower reactivity.

Conclusions
The catalytic steam reforming of natural gas (methane) in low steam conditions is of
special interest for the development of SOFC systems. Therefore, new anode materials
with a high and stable catalytic behavior are requested to design systems that would be
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directly fed with hydrocarbon fuels. Ni-decorated Ruddlesden-Popper manganite
catalyst (prepared by exsolution or impregnation) are clearly effective for H2 production
through methane steam reforming (MSR) reaction due to the presence of the metallic
active phase on the oxide support. However, the results obtained with the new proposed
material i.e. La1.5Sr1.5Mn1.5Ni0.5O7±δ reduced to Ni-exsolved LaSrMnO4, suggest that this
catalyst is a better option due to the high CH4 conversion, H2 production, selectivity for
the MSR reaction and stability during 8 h of reaction time. This behavior is largely due
to a lower propensity to Ni coarsening of the exsolved manganite because the metallic
particles are embedded in the ceramic support; in comparison for the impregnated
material, the particles are only deposited on the surface and makes them easily mobile.

Besides, it was proved that the reforming reactions in severe reforming conditions of
other hydrocarbon compounds such as ethane and propane are favored with respect to
methane using feed gas mixtures. Their presence promotes parallel reactions (PCrk.,
PCrk.2, EHyd, EDhy., etc), which produce H2 and, in turn, an additional amount of CH4.
The methane steam reforming being not kinetically favored, a consequence is the
significative drop of CH4 conversion rate when the temperature is raised: CH4 is
produced faster from higher hydrocarbons than reformed, due to its lower reactivity.

As conclusion, the newly developed material, based on the Ni exsolution process in
which the remaining oxide is a Mixed Ionic and Electronic Conductor [46,93,94] can be
considered as a potentially interesting SOFC anode in a system that would run with the
main hydrocarbon compounds present in natural gas. A last two issues to be considered
would be the sensitivity of the catalyst to the formation of coke and the presence of
sulfide impurities, issues that will be addressed in a forthcoming study.
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Abstract
The present research deals with the catalytic behavior for the methane steam reforming
reaction over a new Ni exsolved Ruddlesden-Popper (RP) manganite for a long period
of time (100h) with special focus on the possible carbon deposition and H2S poisoning.
The material, of La1.5Sr1.5Mn1.5Ni0.5O7±δ composition, was synthesized by the Pechini
method and reduced in diluted hydrogen to induce the Ni exsolution on the surface of a
n=1 Ruddlesden-Popper (RP) phase. The behavior of the as-obtained material was
compared to Ni impregnated manganite of similar (La,Sr)2MnO4±δ composition and to
state-of-the-art Ni/YSZ cermet. The catalytic measurements for the steam reforming
reaction were carried out at 850 °C in low steam-to-carbon conditions (S/C = 0.15).
During the first hours of operation, the cermet material exhibits the best catalytic
performance (with higher conversion, conversion rate, and H2 production rate) followed
by the exsolved material and, finally, the impregnated catalyst. However, for longer
reaction times, the activity drops in the case of cermet and impregnated materials due to
coking, as evidenced by TEM and TGA/MS analysis, while the exsolved material
behavior remains stable even with 100 h of reaction. All the studied materials are
susceptible to H2S poisoning, forming undesired sulfide compounds with dramatic
consequence for the reforming reaction. However, the stability of the exsolved catalyst
over a long period of time is a noticeable advantage in view of a possible use as SOFC
anode fed with Colombian natural gas free of H2S.

Introduction
Solid Oxide Fuel Cell (SOFC) is recognized as one of the most attractive energy
conversion technology with simplified design, high efficiency, low emission of pollutant
gases and fuel flexibility, being able to operate not only with H2 but also with
hydrocarbon fuels. Currently, natural gas (basically methane) has been considered as a
fuel of highest interest due to its relatively low cost, availability (naturally found) and
facility to be stored and transported [1–4].

The methane steam reforming (MSR) is a catalytic highly endothermic reaction for
commercial H2 production (H2/CO molar ratio of 3) as described by Equation 3.1. The
excessive addition of steam will promote the CO conversion into CO2 by the slightly
exothermic water gas shift (WGS) reaction (Equation 3.2). In a SOFC operating with
natural gas (methane), these reactions occur in the anode region and the H2 obtained is
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simultaneously consumed by the electrochemical reaction to produce electricity [5,6].
Also, steam will be formed as a by-product which will be used in the reforming reactions
as reactive, reducing the amount of injected H2O and then improving the efficiency of
the electrochemical system.

CH4 + H2 O ⟷ CO + 3H2

ΔHo = 206.1 kJ mol-1

CO + H2 O ⟷ CO2 + H2

ΔHo = -41.2 kJ mol-1

Equation 3.1
Equation 3.2

Nevertheless, the direct internal reforming over Ni-based anodes is still facing two major
issues: thermomechanical problems and carbon formation/deposition in the form of
filaments on the particles via parasitic reactions such as methane cracking (Equation 3.3)
or Boudouard reaction (Equation 3.4) [7]. According to the literature, the steam to carbon
ratio (S/C) must be higher than 1 to avoid the coke formation/deposition on the anode
surface. However, such high S/C ratios dilute the fuel composition and may lead to
thermomechanical damages due to large temperature gradients at the anode side
(reforming reaction is strongly endothermic, while electrochemical reactions are
exothermic) and the requirements to produce steam in excess and condense the unreacted
products are energetically unfavorable. Therefore, with low steam to carbon ratio (S/C),
the process will need a small amount of steam at the inlet and the excess will be produced
in situ by the electrochemical oxidation of the hydrogen obtained during the reforming
reaction [8,9]. Such alternative strategy, called Gradual Internal Reforming – GIR has
been proposed by Vernoux et al. [10], and potentially allows to circumvent the problems
and improve the long-term stability of the cell operating without water excess, as already
demonstrated theoretically and experimentally [11,12].
CH4 ⟷ C + 2H2
2CO ⟷ C + CO2

ΔHo = 75.6 kJ mol-1
ΔHo = - 172.0 kJ mol-1

Equation 3.3
Equation 3.4

In addition, the sulfur-containing compounds, generally in the form of hydrogen sulfide
(H2S) inherently present in hydrocarbon fuels such as natural gas, lead to catalysis
inhibition by poisoning of metallic active sites, impacting irreversibly on SOFC
performance and life-time [13–15].

Consequently, a correct operation of SOFC needs the development of new materials with
specific properties (electrochemical and catalytic), which must be different to the
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conventional cermet based on nickel and yttria-stabilized zirconia (Ni/YSZ) since the
latter has shown unsatisfactory performances with natural gas [1,16,17], poor redox
stability, tendency to nickel agglomeration (sintering), carbon deposition, sulfur
poisoning, leaching and delamination of anode material after prolonged operation. All
of this involves its deactivation, losses of cell performances and poor durability [18,19].

Currently, the Mixed Ionic and Electronic Conducting (MIEC) oxides are being
developed as potential alternative anode materials, due to their varied and exceptional
transport (ionic and electronic) and structural properties, together with their high thermal
and mechanical stabilities, essential features for the correct operation of the SOFC [20–
29]. Besides, the electrochemical characteristics and catalytic behavior of those materials
can be improved by the addition on the surface of small metallic nanoparticles (Ni, Ru,
Rh, others) deposited by different techniques such as impregnation by a solution or a
suspension, vapor deposition, electroless deposition or hybrids [30]. However, in several
of the aforementioned techniques, the weak particle - MIEC interaction can lead to
sintering problems, carbon deposition, and even sulfur poisoning and others [31,32].

Interestingly, during the last years, several research studies have reported an alternative
way to obtain metallic active particles through a single-step reduction treatment called
metal exsolution, providing resistance to agglomeration and coking in comparison to
other routes of particle deposition [32–36], as well as a considerably improved H2S
poisoning resistance [37–39]. This stability is related to the strong particle - MIEC oxide
interaction. Those exsolved nanoparticles are well-dispersed and partially embedded
(socketed) into the oxide surface, showing promising performance for SOFC anode. It is
worth mentioning that exsolution has been reported with many transition-metals
including Ru, Pd, Co, Fe, and Ni; the last one is of especial interest for the desired
application due to its versatility in steam reforming reaction and low cost [32,40–44].

The synthesis, exsolution and catalytic study of a new MIEC material
(La1.5Sr1.5Mn1.5Ni0.5O7±δ) with Ruddlesden-Popper (RP) structure have been presented
in previous studies [45]. Those works report the formation of a biphasic material based
on electrocatalytic Ni metallic active nanoparticles decorating the RP n= 1 LaSrMnO4±δ
manganite after exsolution in SOFC anode conditions. Satisfactory results for the steam
reforming of methane and other light hydrocarbon components of natural gas allow to
consider the material as a potential anode for SOFC (Chapter 2). The present work
provides continuity to the aforementioned research studies and deals with the resistance
to carbon formation/deposition and H2S poisoning of the exsolved
La1.5Sr1.5Mn1.5Ni0.5O7±δ material, i.e. Ni/ LaSrMnO4±, in comparison to a conventional
Ni impregnated material of similar composition and to the state of art Ni/YSZ cermet.
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The study was performed at a longer reaction time of MSR in water-deficient conditions
and using Colombian natural gas (methane as the main component).

Methodology
Synthesis
Ruddlesden-Popper (RP) powder of La1.5Sr1.5Mn1.5Ni0.5O7±δ (LSMN n= 2) and
La0.5Sr1.5MnO4±δ (LSMO n= 1) were synthesized by a Pechini o citrate complexation
route [46]. The synthesized LSMO n= 1 powder was impregnated with Ni (active phase)
using Incipient Wetness Impregnation (IWI) technique, also known as pore volume
impregnation. The synthesis and impregnation procedures were described in Chapter 1
Section 1.3.1 [45], Chapter 2 Section 2.3.1 and Chapter 2 Section 2.3.3. Fresh powder
characterization (XRD, TEM-EDS, SEM, XRF), reduction study and catalytic tests were
previously presented (Chapter 1 [45] and 2). The commercial NiO/YSZ (fuel cell
materials, SKU: 132301, nickel oxide – YSZ anode powder for general applications, 60
wt% NiO, 40 wt% (Y2O3)0.08(ZrO2)0.92) was employed as a reference SOFC anode
material.

MSR at longer reaction time: the study of carbon formation/deposition
resistance
A series of catalytic tests were performed during a long time at atmospheric pressure and
850 °C to evaluate the resistance to carbon formation of the synthesized materials.
Thereby, MSR reaction was performed in the experimental set-up described in Chapter
1 section 1.3.4.1 [45]. Individual tests were carried out using 50 mg of catalyst diluted
in SiC (SiC:catalyst 10:1 weight ratio) to minimize heat-transfer effects, which was
introduced in the reactor as fixed-bed between catalyst-free SiC and two pieces of quartz
wool. Considering the previous results (Chapter 1 [45] and Chapter 2), the catalyst was
reduced in situ (55 mL (STP) min-1 of 3 mol% H2/N2 mixture (Cryogas) at 850 °C during
4 h to guarantee the complete Ni exsolution from LSMN n= 2 material (thereafter
referred to as Ni/LSM n= 1 exsolved material), as well as the complete NiO reduction
for both impregnated LSMO n= 1 (referred to as Ni/LSMO n= 1 impregnated material)
and NiO/YSZ (referred to as Ni/YSZ).

The reaction mixture corresponds to 82 mol% CH4 in N2 as balance, (Cusiana gas,
Colombia [47]) humidified to achieve a carbon ratio (S/C) of 0.15 according to the SOFC
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anode conditions which are suggested by the Gradual Internal Reforming concept or GIR
[10]. The moisture content was adjusted by flowing 128 mL (STP) min-1 (dry basis) of
CH4-N2 mixture (the volume hourly space velocity value – VHSV was kept constant at
172000 mL (STP) g-1 h-1 throughout a bubbler containing distilled water warmed exactly
at 46 °C). The molar composition for each compound (CH4, CO, H2, CO2, and N2) was
measured each 20 min using an on-line gas chromatograph (GC, SRI instruments 8610C)
using He (grade 5.0, CRYOGAS) as mobile phase, equipped with a solenoid gas
sampling valve heated at 60 °C, two packed columns (molecular sieve 13X 6 in and
hayesep D 6 in), a thermal conductivity detector (TCD) heated at 150 °C and controlled
by PeakSimple 4.44 free software (method described in Appendix B). Standard gas
cylinders with different gas compositions were employed for the outlet products
quantification. The CH4 conversion, CH4 conversion rate, and H2 formation rate were
calculated using the equations presented in Chapter 1 (Equation 1.1, Equation 1.2 and
Equation 1.3, respectively).

A microstructural characterization post-reaction was performed on the spent catalysts by
transmission electron microscopy in the TEM FEI TITAN Themis 300 equipped with a
Super-X quad EDS for elemental analysis. The powders were crushed and dropped in
the form of alcohol suspension on carbon-supported copper grids followed by
evaporation under ambient conditions.

In addition, thermogravimetric analysis (TGA) was used to quantify the carbonaceous
species formed on the spent catalysts. The experiments were performed on a TA 2960
SDT 2960 V3.0F instrument. The samples were heated from room temperature (RT) to
1000 °C at 10 °C min−1 under a diluted O2 stream (20 mol% in He). A mass spectrometer
was used to identify effluent gas. The signal at m/z = 18, 28 and 44, was used to track
the generation of H2O, CO, and CO2 during the measurements, respectively.

Tolerance tests of materials to H2S exposure
The resistance to hydrogen sulfide (H2S) poisoning of synthesized materials was
evaluated using a two steps methodology. First, the materials were exposed to H2S during
a defined time. Then, once the materials have been poisoned, they were tested on MSR
reaction in water-deficient conditions to evaluate their catalytic performances. For the
first step, the experimental set-up illustrated in Figure 3.1 was used. It is divided into 2
main sections: feeding and reduction/poisoning zones. In the first zone, N2 (grade 5.0,
Cryogas), 3 mol% H2/N2 mixture (Cryogas) and 500 ppm H2S/N2 mixture (Linde)
cylinders are available. Each pipeline has an analog manometer (Bourdon-Haenni® 0100 psi and Ashcroft® 0-100 psi) and a Cole-Parmer® 150 mm correlated and calibrated
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flowmeter with a high-resolution valve for the precise control flow. Finally, the N2 H2S/N2 mixture passes through the second zone (reduction/poisoning zone) which is
constituted by a tubular quartz reactor (øI: 9 mm, øE: 12 mm and L: 300 mm) heated by
a tubular furnace (CARBOLITE MTF 10/15/130). The preparation of catalyst fixed bed
(50 mg of catalyst diluted in SiC) and its pretreatment (in situ reduction 55 mL (STP)
min-1 of 3 mol% H2/N2 mixture, (Cryogas) at 850 °C during 4 h) was similar to the
procedure explained in Section 3.3.2. Once the catalyst has been reduced, it was put in
contact with an N2 - H2S/N2 mixture containing 50 ppm of H2S (128 mL (STP) min-1 dry
basis) during 8 h at 850 °C. As in the case of the carbon formation study, the poisoning
tests were performed in severe conditions, i.e. at the higher H2S composition observed
for Cusiana gas [47].

Figure 3.1 Experimental set-up for H2S poisoning.

After the sample exposure to H2S, the test was stopped, and the reactor was isolated at
room temperature under N2. Finally, it was carefully coupled with the experimental setup described and used in Chapter 1 Section 1.3.4.1 [45], and MSR test was started. A
mixture of gases was fed into reactor containing 82 mol% CH4 in N2 as balance, (Cusiana
gas, Colombia [47]) humidified to achieve a carbon ratio (S/C) of 0.15 according with
the SOFC anode conditions which are suggested by the Gradual Internal Reforming
concept or GIR [10]. The moisture content was adjusted by flowing 128 mL (STP) min1 (dry basis) of CH -N mixture (the volume hourly space velocity value – VHSV was
4
2
kept constant at 172000 mL (STP) g-1 h-1) throughout a bubbler containing distilled water
warmed exactly at 46 °C. The molar composition for each compound (CH4, CO, H2,
CO2, and N2) was measured each 20 min using an on-line GC/TCD (method described
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in Appendix B). The CH4 conversion, CH4 conversion rate, and H2 formation rate were
calculated using the equations presented in Chapters 1 and 2.

X-ray diffraction (XRD) experiments were carried out at room temperature (RT) using
a Bruker D8-ADVANCE powder diffractometer operated in Bragg-Brentano geometry,
equipped with a Lineal LynxEye detector and a beam of CuKα1,2 radiation (λ= 1.5418
Å). The diffractometer was operated over the angular range 2θ = 10 - 70° with a
measurement step of 0.020353° (2θ). The qualitative identification of crystalline phases
was performed by comparing the measured profile reflections with the diffraction
profiles reported in the Powder Diffraction File (PDF-2) database of the International
Center of Diffraction Data (ICDD), using Crystallographica Search-Match Software [48]
and processed using JANA 2006 software package [49].

X-ray photoelectron spectroscopy (XPS) experiments were performed for impregnated
and exsolved materials after treatment in H2S using a SPECS® XPS/ISS/UPS Surface
Characterization Platform provided with an energy analyzer PHOIBOS 150 2DDLD
(analysis chamber at 1×10−9 Pa). The samples were analyzed by using a
monochromatized Al Kα source (FOCUS 500) operated at 100W. The pass energy of
the hemispherical analyzer was set to 100 and 15 eV and for the high-resolution spectra.
Step-size was adjusted to 0.05 eV, Dwell time was set at 0.1 s. The samples were
mounted on carbon conducting tape over the metallic sample holders. Surface charge
compensation was controlled with Flood Gun (FG 15/40-PS FG 500) operated at 58µA2.5eV. The reference scale was adjusted to the C 1s core level at 284.8 eV. Peak fitting
was processed with Casa XPS version 2.3.16Dev52 software, using a mixed
Gaussian/Lorentzian shape.

Finally, the exsolved and impregnated materials after the treatment in H2S at high
temperature were analyzed by a micro-Raman spectrometer (HORIBA LabRAM
XploRA Plus) with a 638 nm laser as the excitation source (red light). Raman spectra
were collected in micro Raman configuration with a 50× objective, a grating of 2400
lines mm-1, an entrance slit of 50 to 200 μm, a confocal hole of 100 to 500 μm,
spectrometer filter used for 1 % power, 10 accumulations and 25 s of acquisition time.
The spectrometer was calibrated before and after each analytical session using the wellknown Raman stretching vibrations of pure silicon (520.6 cm–1 at 20 °C).
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Results
Carbon formation resistance
The MSR reaction of a CH4 - H2O mixture containing an important excess of methane
respect to steam (molar S/C ratio= 0.15) was performed at 850 °C using different
catalysts to compare their catalytic behavior in the same operating conditions during long
reaction time. The samples used in this study were the exsolved and impregnated
material and Ni/YSZ (reference anode material). In all cases, the materials were
previously reduced at 850 °C during 4 h under diluted H2 to compare the behavior. The
trend of the catalytic performance for each material is presented in Figure 3.2.
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Figure 3.2 Catalytic behavior at T= 850 °C of Ni/LSM n= 1 (exsolved material), Ni/LSMO n= 1
(impregnated material) and Ni/YSZ over long reaction time (reduction pretreatment: 850 °C during
4h in diluted H2).

During the first 8 h (480 min), the CH4 conversion for the exsolved and impregnated
materials follows a similar trend to that reported in Chapter 2; an unstable region in
which the conversion increases until a maximum value maintained constant and
associated to steady-state conditions. In these conditions, the achieved CH4 conversion
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is 9.71 ± 0.50 mol% using exsolved material while the conversion rate is 8.17 ± 0.48
mmol min-1 g-1 and the H2 formation rate 23.5 ± 1.31 mmol min-1 g-1. Those values are
greater than those observed with impregnated material, for which a CH4 conversion of
7.89 ± 0.20 mol% is calculated with a rate of 6.65 ± 0.16 mmol min-1 g-1 and an H2
formation rate of 19.60 ± 0.52 mmol min-1 g-1. Conversely, the reference material
(Ni/YSZ) shows a CH4 conversion (14.00 ± 0.44 mol%) close to the equilibrium value
(15 mol%), a calculated conversion rate of 11.70 ± 0.41 mmol min-1 g-1 and an H2
formation rate of 33.41 ± 1.68 mmol min-1 g-1. It is worth noting that the behavior of CH4
conversion observed for this reference material is stable from the beginning of the test
and during the first hours, although only the values at longer reaction time are presented
in Figure 3.2 to compare with the other studied materials. Concerning the CH4
conversion, the difference observed between Ni/YSZ and the other two samples is
associated to its higher Ni content, which exhibits around 10 times more nickel than the
exsolved and impregnated (5 wt%), resulting, in much more metallic active sites per
gram of catalyst (high surface area).

At longer reaction time, the activity performance over the materials decreases. The CH4
conversion over Ni/YSZ is almost null after 30 h (1800 min). In the case of impregnated
material, it is worth noting an important decrease of CH4 conversion close to 42 %,
achieving a value of 4.57 mol%, whilst the conversion rate and the H2 formation rate
decrease to 3.86 mmol min-1 g-1 and 11.60 mmol min-1 g-1, respectively. For both
materials, this phenomenon is associated to a catalyst deactivation as result of particle
growth (sintering or coalescence) caused by a non-uniform size, a non-homogenous Ni
distribution on the surface and carbon/coke formation on the catalyst surface, which are
favored by the high operating temperature, the low S/C ratio in the feed gas and the Ni
grain size. The literature shows that this behavior is commonly observed in Ni-based
catalyst prepared by wet impregnation technique as well as cermet materials such as
Ni/YSZ [50–52].

In the case of exsolved material, the catalytic behavior remains stable even after 100 h
(6000 min) of reaction. This exceptional stability is sign of a less sensitivity to carbon
formation/deposition in severe operating conditions (S/C= 0.15), which are the result of
the joint interactions of the main properties of the exsolved material: small amount of
exsolved Ni [53] (5 wt% Chapter 1 [45]), fine metal dispersion on the surface, small
particles size, strong nanoparticles – support interaction (socketed particles), less
sintering effect [32,40,54,55] and strong basicity of the La/Sr-containing support [51].

TGA/MS analysis, under diluted O2 atmosphere, performed on the spent catalyst (Figure
3.3 – A) confirms the negligible carbon formation/deposition on the exsolved material
after long reaction time (100 h). Three weight losses are visible in this material: the first
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one, at a temperature ranging from 100 °C to 200 °C corresponds to some H2O
evaporation (ion 18) [56]. The other two weight losses (1.45 wt%) around 500 °C - 650
°C and 700 °C - 850 °C are related to the oxidation of some carbonaceous species
deposited on the surface as confirmed by the presence of CO and CO2 signals (ions 28
and 44) in MS spectrum, which coincide with the same temperature range, they are
attributed to the catalyst contamination during the sample handling (reactor discharge,
TGA/MS sample manipulation). This hypothesis is confirmed, apart from catalytic
behavior, by the analysis of TEM image (Figure 3.4 - A), from which it is possible to
observe the embedded Ni nanoparticles without traces of any kind of carbonaceous
formations on the surface. This result is coherent with the high tolerance against
carbon/coke formation/deposition described in other studies of Ni exsolution over
different materials for similar applications [32,37,38,41,54]. Finally, in the exsolved
sample a weight gain is slightly visible between 350 and 450 °C, which is linked to the
Ni nanoparticles oxidation as described by other authors [56–59].
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Figure 3.3 Weight loss and MS signal of spent catalysts A) exsolved material B) impregnated
material C) reference material: Ni/YSZ.

TGA/MS analysis of spent impregnated material shows 3 weight losses (Figure 3.3 - B),
the first two can be ascribed to the loss of moisture (ion 18) due to the desorption of
physisorbed and chemisorbed water. The last weight loss, at temperature ranging from
650 to 900 °C, is due to the oxidation of the carbonaceous species formed/deposited on
the surface (4.13 wt%) producing CO and CO2, as evidenced by ions 28 and 44 signals
in MS trace. TEM image confirms those results: small fibers on the surface of this
material can be observed (Figure 3.4 – B), which progressively have started to
accumulate encapsulating the active sites and deactivating them. These carbonaceous
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deposits might be associated with the cracking of methane (coke) and/or
disproportionation of CO (carbon) during the MSR reaction. Their formation depends
on the temperature, the partial pressure of the steam, Ni crystallite size, the support, and
other factors [60,61]. According to the literature [62–64], initially, single carbon atoms
are formed and deposited (adsorbed) on the catalyst surface due to the parasitic reactions
presented in Equation 3.3 and Equation 3.4; these reaction products are referred to as Cα
or surface carbide. At reaction temperatures over 500 °C, the Cα species can polymerize
to form carbonaceous amorphous films (Cβ) that deactivate the catalyst and, over a period
of time and at high temperature, they can be transformed into a more stable and
crystalline graphitic form (Cφ), only oxidized at high temperatures [62,63] and
commonly observed on low area catalysts [64]; it seems to be the case of the impregnated
material due to the low Ni loading (5 wt% Chapter 2) in association with the low
dispersion of the Ni particles resulting from the metal sintering, as reported in the
literature [41,44]. In this second sample, it is worth noting a slight weight gain above
500 °C, similar to the case of the exsolved material, which can be attributed to the Ni
particles oxidation [57].

Finally, the Ni/YSZ sample shows an expected behavior. Only one important weight loss
(67.36 wt%) between 370 - 700 °C is observed in TGA/MS (Figure 3.3 - C), definitively
linked with a large amount of carbon formation during the steam reforming reaction. It
has been demonstrated in previous studies that Ni/YSZ cermet is not stable in
hydrocarbon fuels e.g. methane in coking conditions. Large amounts of carbonaceous
species deposited on the Ni surface would, in turn, lead to a rapid degradation and even
collapse of the cell performance by covering the catalytic metallic active sites, blocking
the gas transportation as well as causing some cracks in the anode layer [1,7,65–67].

In TEM image (Figure 3.4 - C), a carbon layer was observed surrounding the Ni particles
separated from the zirconia in a phenomenon similar to the metal dusting effect described
by Chen et.al. [68]. This effect is a catastrophic form of corrosion, in which the nickel
particles can be disintegrated into fine powders by deposited carbon due to the exposition
to reducing atmosphere, highly carburizing gases and high temperature (T > 400 °C).
The most accepted mechanism is based on the following sequence: first, the carbon is
successively formed and deposited on the nickel surface, randomly oriented on its
different lattice planes. Then, the carbon, in a graphitic form, grows into the metal
through a certain nickel lattice surface, using as driving force the difference between the
supersaturated activity at the gas-metal interface and the activity of the matrix at the
precipitation site. Eventually, the nickel disintegration occurs. The continuous metal
dusting effect will be the cause of breaking the contact of nickel particles of the zirconia
surface, which generates, in the application as SOFC anode, a drop in the electrical
conductivity and the introduction of extra stress producing the fracture of the cell [68–
71].
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Figure 3.4 Post mortem TEM image after long reaction time A) Ni/LSM (Exsolved material), B)
Ni/LSMO (Impregnated material) and C) Ni/YSZ.

The CO selectivity calculated for all materials once the steady-state condition is reached
is presented in Table 3.1. The exsolved material shows a CO selectivity slightly upper
than the value for impregnated material: 0.86 ± 0.01 against 0.80 ± 0.01 respectively. In
both cases, these results together with the reduced presence of CO2 in the products
indicate that the MSR reaction (Equation 3.1) becomes more predominant, and the WGS
reaction (Equation 3.2) has a low contribution. This hypothesis is confirmed by
calculating the H2/CO ratio: for exsolved material, the value is 3.32 ± 0.03 against 3.60
± 0.04 for the impregnated sample. Those values are higher than 3 (stoichiometric H2/CO
value for MSR reaction), suggesting than the WGS reaction is slightly present during the
catalytic test, consuming CO and producing H2 as well as CO2; low S/C ratii increase the
CO selectivity while higher ratii the CO2 selectivity [19], as presented and discussed in
Chapter 3. In the case of Ni/YSZ, the CO selectivity is 0.99 ± 0.02 and H2/CO ratio 2.92
± 0.07, confirming that only the MSR reaction is occurring over this catalyst. However,
for long reaction time, the selectivity values over the reference material (Ni/YSZ) are
null due to the complete deactivation of the catalyst. In the case of the impregnated
material, while the CH4 conversion slowly decreases, the behavior of CO and CO2
selectivity is reversed due to the fact that the material produces more CO2 than CO, as
shown with the rising H2/CO value, in relation with the formation of carbon by the
disproportionation of CO (Boudouard reaction Equation 3.4). On the other hand, the
exsolved material shows different behavior, for which neither the selectivity values nor
the H2/CO ratio change even after 100 h of reaction, the latter case being of higher
interest for an SOFC anode application fed with hydrocarbon fuels such as natural gas.
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SCO
SCO2
H2/CO ratio

Impregnated
0.80 ± 0.01
0.29a
0.20 ± 0.01
0.71a
3.60
4.24a

Exsolved
Ni/YSZ
S.S.
0.86 ± 0.01
0.99 ± 0.02
b
L.R.
0.87
0a
S.S.
0.14 ± 0.01
0.01 ± 2x10-3
b
L.R.
0.13
0a
S.S.
3.32
2.92
L.R.
3.31b
-a
*S.S.: steady-state conditions
*L.R.: long reaction time, a:30 h (1800 min), b: 100 h (6000 min)

Table 3.1 Values of selectivity and H2/CO ratio for impregnated, exsolved and reference (Ni/YSZ)
materials in steady-state condition during long reaction time.

H2S poisoning
After H2S treatment over the exsolved and impregnated materials, the catalytic behavior
for the MSR reaction is practically null with CH4 conversion values of 1.45 ± 0.30 mol%
and 1.50 ± 0.12 mol%, respectively. These results suggest that both materials are
irreversibly susceptible to sulfur poisoning.

As described in the methodology section, the sulfur sensitivity of both exsolved and
impregnated materials was tested by pretreatment in an atmosphere containing 50 ppm
H2S during 8 h at 850 °C. The poisoning in Ni/YSZ reference material was not studied
in the present work, considering that many works have demonstrated that this anode
material is easily poisoned with H2S, in a wide range of concentrations and temperatures
[72–74].

The XRD patterns of impregnated and exsolved materials after H2S poisoning are
presented in Figure 3.5 and Figure 3.6, respectively. The negative effect of H2S is clear
in both materials, as the starting diffraction patterns have changed, and new phases are
formed due to the adsorption of sulfur on the surface and the generation of sulfide and/or
sulfate compounds. These results are not really positives for the application, and in
particular from the point of view of the MSR catalytic behavior in the presence of
sulfides. According to XRD analysis and Rietveld refinement, the resulting phases after
H2S poisoning are: La0.5Sr1.5MnO4 (ceramic support), Ni (active phase), nickel sulfide
(Ni3S2), lanthanum oxy-sulfate (La2O2S) and other metallic sulfides such as SrS and
MnS for the impregnated material and LaSrMnO4 (ceramic support), Ni (active phase),
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Ni3S2, La2O2S, SrS, MnS and a LaxSr1-xMnO3-type phase with perovskite structure for
the exsolved material, being coherent with previous reports [75–78]. The formation of
the additional phase in the poisoned exsolved sample could be associated with the
stoichiometric difference of both support materials (LaSrMnO4 against La0.5Sr1.5MnO4).
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Figure 3.5 Graphical result of Rietveld refinement for impregnated material (Ni/LSMO n= 1) after
H2S treatment.

Sulfur poisoning mechanism has been described as made of two sequential surface steps.
When H2S molecules touch the Ni surface, the first step occurs, i.e. a dissociative
adsorption of H2S begins. The formed sulfur radicals are strongly adsorbed and quickly
cover and block the metallic active sites, suppressing later the CH4 and H2O adsorption,
dissociation, oxidation and diffusion necessary for the MSR reaction (inhibition).
Subsequently, a gradual degradation of the material occurs, inducing the formation of
inactive Ni-S compounds, mainly Ni3S2 [62,79,80].
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Figure 3.6 Graphical result of Rietveld refinement for exsolved material (Ni/LSM n= 1) after H 2S
treatment.

Additionally, the materials poisoning confirmed by the catalytic tests and XRD results
has been also examined using surface XPS and Raman analysis. Figure 3.7 shows the
XPS spectra of impregnated and exsolved material after H2S treatment at high
temperature. The core level region examined for both materials were S(2p) and Ni(3p);
nickel could not be analyzed properly in Ni(2p) region due to the low concentration of
metal in both materials (low signal intensity), the overlapping between Ni(2p) and
La(3d) signals, even with the procedure proposed by Amaya et al. and described in [81]
for a nickel lanthanum catalyst with similar Ni content.

About sulfur, the S(2p) spectra of both materials were successfully decomposed
notwithstanding the low signal intensity. The peak doublet with low binding energy
(around 162 eV) on sulfur 2p3/2 can be assigned to S bonded as sulfides (S2-) such as
metal sulfides e.g. NxSy, SrS, or MnS and oxysulfides e.g. La2O2S [82–85], the same
compounds found during XRD analysis. On the other hand, the peak doublet at high
binding energy (around 168 eV) is associated to surface sulfur-oxygen impurity species
characteristic of S bonded as sulfates (SO42-), probably La2O2SO4 which contaminates
the signal in the case of La2O2S due to its oxidation.

The decomposition of the XPS spectra in the case of Ni 3p for the only reduced materials
(exsolved or Ni/LSM and impregnated or Ni/LSMO) evidences low binding energies
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with values of 66.30 and 66.20 eV, respectively (Appendix N); those values agree well
with the literature [86–88]. However, once the reduced materials have been treated with
H2S at high temperature, the observed binding energies are shifted to higher values, i.e.
67.8 eV for the impregnated material and 66.90 eV for the exsolved material (Figure
3.7). Such results are very close to XPS decomposition lines of as-synthesized material,
with 66.8 and 66.9 eV for La1.5Sr1.5Mn1.5Ni0.5O7±δ and NiO/LSMO respectively
(Appendix N), and consistent with the data reported by other authors [86,89–91]. It
confirms the presence of nickel in an oxidized state that would be coherent with the
nature of formed nickel sulfide.
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Figure 3.7 XPS spectra of Ni(3p) and S(2p) of the impregnated and exsolved materials after H2S
treatment at 850 °C during 8 h.

To further confirm those results, the Raman spectra of both materials after H2S treatment
are presented in Figure 3.8. The characteristic bands of the supports, LaSrMnO4 and
La0.5Sr1.5MnO4, are present as the higher signals at 490 and 700 cm-1 on the one hand
[92] and 532 and 640 cm-1 on the other hand [93,94], respectively. The difference
between the vibration frequencies in both materials is related to the difference of material
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composition and the huge signal broadening is associated with the Jahn-Teller distortion
of the MnO6 octahedra due to the excess of charge introduced by La doping [93,94].
Concerning the presence of other phases, the analysis of the low-frequency range allows
evidence the presence of characteristics vibrations of Ni3S2, MnS and La2O2S, based on
literature reported values [95–100].

Impregnated + H2S
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-

200
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-

-
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800

1000
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Figure 3.8 Raman spectra of impregnated and exsolved materials after treatment with H2S at 850 °C.

135

Chapter 3

Conclusions
The present research demonstrates that the Ni exsolution technique applied to the
La1.5Sr1.5Mn1.5Ni0.5O7±δ complex oxide to produce a Ni-decorated Ruddlesden-Popper
manganite provides a performant and long-term stable catalyst for the steam reforming
of methane in deficient steam conditions, in comparison to an analogue impregnated
material and to the Ni/YSZ cermet, the state-of-the-art SOFC anode. The resulting
behavior is explained by the well dispersed and socketed Ni nanoparticles on the oxide
surface in the case of exsolved catalyst, being highly active and stable even up to 100 h
of reaction without carbon deposition. Such approach provides a promising way for
enhancing the catalytic (and probably the electrochemical) properties of RP manganites
for SOFC anodes. However, all three materials exhibit a high level of sensitivity to H2S
(50 ppm), with an almost complete catalyst poisoning for H2S content characteristic of
natural gas. Therefore, its possible application as SOFC anode material would be limited
to sulfur-free hydrocarbon fuels.
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Conclusions

Through the development of our scientific trip, started few chapters ago and known as
Ph.D. thesis, many results have been obtained concerning the study of the Ni exsolution
in the Ruddlesden-Popper (RP) phase La1.5Sr1.5Mn1.5Ni0.5O7±δ, most of them interesting
and appropriate for the desired application (SOFC anode material). Therefore,
considering the proposed objectives, the results presented in this book led to the
following conclusions:

The new material with n= 2 Ruddlesden-Popper structure (RP), La1.5Sr1.5Mn1.5Ni0.5O7±δ
(LSMN), was successfully synthesized as a single phase at 1300 °C in the air using the
Pechini route, as confirmed by an in-depth structural characterization by Rietveld
refinement using X-ray powder diffraction data (XRD). In reducing atmosphere and high
temperature (750, 800 and 850 °C) for 4 to 8 h, the complete Ni exsolution from the RP
structure is evidenced. As a result, a new stable RP phase corresponding to only one
perovskite-layer (n=1) is formed that corresponds to LaSrMnO4±δ (LSM) composition,
decorated with metallic Ni nanoparticles socketed on the manganite surface without any
other impurity phase as shown by complementary techniques (XRD, TEM, and SEM).
This particular heterogeneous phase transformation from RP n=2 to RP n= 1 + Ni had
not been previously reported before, neither for catalyst preparation nor for SOFC anode
material.

Once the exsolution has been demonstrated, the first litmus test of the as-obtained
Ni/LSM was performed: the catalytic tests for the steam reforming of the main light
hydrocarbon compounds present in Colombian natural gas (CH4, C2H6, and C3H8) in low
steam conditions. As expected for a Ni-supported catalyst, a clearly effective CH4
conversion and H2 production was observed even better than Ni-impregnated material,
of similar stoichiometry, and prepared for comparison, and comparable with the stateof-the-art material for SOFC anode, the Ni/YSZ cermet. This important catalytic
behavior is largely related to a lower propensity to Ni coarsening of the exsolved
manganite because the metallic particles are embedded in the ceramic support; in
comparison, for the impregnated material, the particles are only deposited on the surface
and makes them easily mobile, leading to coarsening issues.

Similar exceptional results were obtained during the catalytic test with hydrocarbon
mixtures. However, the ethane and propane reforming reactions are favored with respect
to methane. The presence of the latter molecules in the reactive mixture promotes faster
parallel reactions over the methane reforming, producing the desired H2 but additionally
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more methane. Therefore, the methane steam reforming is not kinetically favored in
mixture with other hydrocarbon fuels.

Surprisingly, the catalytic behavior of the new exsolved material was exceptionally
satisfactory and stable during 100 h of reaction without formation of carbonaceous
species, this long-term stability is much better than for Ni/YSZ or Ni-impregnated
materials, whose catalytic behavior dropped to become almost null due to carbon
deposition on the metallic active phase, as proved by TEM and TG/MS analysis.

However, despite the stable catalytic stability and the resistance to coking evidenced for
the exsolved material, the catalyst is strongly affected by the presence of 50 ppm H2S
causing its irreversible poisoning, which corresponds to the formation of sulfide phases:
the catalytic behavior is lost, limiting the material´s possible application as anode
material in SOFC fed with sulfur-free hydrocarbon fuels.

In summary, despite the sensibility to H2S impurity, the newly developed material, based
on the Ni exsolution mechanism in which the remaining oxide (the catalytic support) is
a Mixed Ionic and Electronic Conductor with interesting electrochemical properties as
SOFC anode, is very promising as SOFC anode in a system that would operate with the
main hydrocarbon compounds present in a clean natural gas. Considering the results we
obtained in this work, electrochemical tests of complete cells in a real anode atmosphere
are more than requested to not only complete the material´s characterization but also
definitely confirm its potential as anode material in replacement of Ni/YSZ (and other
analogue) cermets, giving a step forward in the development of SOFC technology.
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Appendix A
Jana2006 is a crystallographic program focused to solution, refinement and interpretation of difficult, especially modulated structures. It calculates structures having up to
three modulation vectors from powder as well as single crystal data measured with Xray or neutron diffraction. The input diffraction data can be unlimitedly combined, the
combination of powder neutron data with single crystal X-ray data being a typical
example. The structure solution can be done using the built-in charge flipping algorithm
or by calling an external direct methods program. Jana can handle multiphase structures
(for both powder and single crystal data), merohedric twins as well as twins with partial
overlap of diffraction spots, commensurate and composite structures. It contains
powerful transformation tools for symmetry (group-subgroup relations), cell parameters
and commensurate-supercell relations. Wide scale of constrains and restrains is available
including a powerful rigid body approach and possibility to define a local symmetry
affecting only part of the structure. The latest development of Jana concerns magnetic
structures.

Rietveld refinement

The Rietveld refinement method* is a complex minimization procedure that allows to
slightly modify a preconceived model based on prior external knowledge, in order to
adjust it to an experimental pattern. The starting parameters for this model must be
similar to the final values, bearing in mind that the sequence in which the different
parameters are refined, have a marked influence on the result. This method is a process
of structural refinement that uses each point of the pattern as an observation data.

The adjustment of the diffraction profiles is carried out point by point in the
diffractogram, allowing to perform an iterative adjustment process until reaching a
convergence between the theoretical and the experimental. In this thesis, the refinements
were made using Jana 2006 software. The values of standard deviations were calculated
considering the correction of the Berar and Lelann equations.

The algorithms implemented to the Rietveld method use all information contained in the
diffractogram, including the one that is outside the diffraction peaks. Some of these very
useful variables are:
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-The characteristics of the instrument (the resolution curve of the diffractometer,
displacement parameters concerning the imbalances of the goniometer, experimental
geometry, characteristics of the detector).

-Structural parameters (unit cell parameters, atomic positions, atomic
occupations, atomic displacements).

-Microstructural parameters (average crystalline size and microtensions,
structural defects).

-Parameters of the sample (preferential orientation, residual stress, eccentricity,
thickness, transparency, absorption and phase fractions) The refined parameters were:
background function, zero-point position, scale factor, unit cell parameters, contributions
to peak shape U, V, W parameters and asymmetric coefficients.

The Rietveld method is based on a least square function, which seek to find the lowest
possible value of the was Sy which is defined as:
𝑆𝑦 = ∑𝑖 𝑤𝑖 (𝑦𝑖 − 𝑦𝑐𝑖 )2

(1)

Where; 𝑤𝑖 = 1⁄𝑦𝑖 , 𝑦𝑖 is the experimental intensity observed in the i step of the
diffractogram and 𝑦𝑐𝑖 in the intensity calculated for the i step. The mathematic definition
of 𝑦𝑐𝑖 is shown in equation (2), which includes all the data that determine the intensity
of a signal and that depend on the refined parameters.
𝑘

2

2
𝑦𝑐𝑖 = 𝑦𝑏𝑖 + ∑𝑁
𝑓=1 𝑆𝑓 ∑𝑘=𝑘1 𝑗𝑓𝑘 . 𝐿𝑝𝑓𝑘 . 𝑂𝑓𝑘 . 𝑀. |𝐹𝑓𝑘 | . Ω𝑖𝑓𝑘 (2)

Where:
𝑦𝑏𝑖 = represents the intensity of the background at the point 2θ.
𝑆𝑓 = represents the scale factor of phase f.
𝑗𝑓𝑘 = is the multiplicity factor of the ki reflection.
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𝐿𝑝𝑓𝑘 = contains the correction factors of Lorentz-Polarization.
𝐹𝑓𝑘 = is the structure factor corresponding to the peak k of phase f.
Ω𝑖𝑓𝑘 = describes the shape function of the peaks.

The first sum corresponds to all the crystalline phases present in the sample and the
second summation to all the reflections k1 to k2 that contribute to the i step.

Peak parameters

The shape of the peak is an important factor when studying a sample by powder
diffraction. The correct refinement of the peak shape is fundamental, not only for a
reasonable visual adjustment between the calculated and the observed intensity, but also
so that the values of the structural parameters of the sample, dependent on the integrated
intensity, have a physical sense. Although, in a diffraction profile is observed that H (the
maximum width at the average height of the peak) is a function of the dispersion vector
module, in absence of anisotropy by crystal size or reticular stresses, the H function can
be modeled empirically. This means that the H parameter of each peak is not one of the
variables in the adjustment, instead the coefficients of the equations that describe the
variation of the maximum width to the average height of the peak. Fo example, the case
of equation of Cagliotti, Pauletti and Ricci, that describes the variation of H with θ for
Gaussian profiles (3):
(𝐹𝑊𝐻𝑀)𝐺 = 𝐻𝑘2 = 𝑈𝑡𝑎𝑛2 (𝜃) + 𝑉𝑡𝑎𝑛(𝜃) + 𝑊 (3)
Rietveld’s refinement employs a profile function that models the diffraction peaks, by
means of width at average height, asymmetry, preferential orientation, background, etc.,
the most commonly used functions are Gaussian (G), Lorentzian (L), Pseudo-Voigt and
Pearson VII.

Generally, the practical procedure used to adjust the model to the data and avoid false
minimums requires working with increasingly complex partial models where a series of
reasonable values (x1,…xm-n) of the initial parameters are left fixed, allowing the subset
(xm-n+1,…xm) to vary until reaching the minimum. The model expands as the adjustment
improves and the minimization function approaches the absolute minimum unit, in a
reasonable way, all parameters of the model can be free to vary simultaneously in a stable
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manner. The selection of the different structural models of the respective phases to be
refined by the Rietveld method, can be taken from the different database of crystalline
structures, such as the ICSD (International Centre Structural Database, see
http://barns.ill.fr/dif/icsd), the Cambridge Structural Database System (see
http://www.ccdc.cam.ac.uk), and the IUCr (International Union Chrystallographic, see
http://www.iucr.ac.uk/iucr-top/comm/cpd/QARR/data-kit.htm).

Adjustment/Fix criteria

To achieve a precise adjustment of the measured intensities, it is necessary tha the model
used considers all the factors involved in the formation of the diffraction profile. The use
of an incomplete model will inevitably lead to incorrect parameters (x1,…xm-n). However,
even with an adequate model, the experimental errors in the measurement to produce
imbalances that cannot be avoided. To advise on the degree of adjustment of the model
to the data (quality of matching results), it is necessary to use a series of numbers that
indicate different relationships between the intensities observed (𝑦𝑖 ) and those calculated
(𝑦𝑐𝑖 ). This series of numbers are called refinement adjustment criteria, and are calculated
from the residual values Rp (pattern factor), Rwp (weighted pattern factor) and the
goodness of fit (GOF or χ2), defined by the following equations:

𝑅𝑝 =

∑|𝑦𝑖 −𝑦𝑐𝑖 |

(4)

∑|𝑦𝑖 |

∑ 𝑤𝑖 (𝑦𝑖 −𝑦𝑐𝑖 )2

𝑅𝑤𝑝 = √

∑ 𝑤 𝑖 𝑦𝑖 2

∑ 𝑤𝑖 (𝑦𝑖 −𝑦𝑐𝑖 )2

𝐺𝑂𝐹 = 𝜒 2 = √

𝑁−𝑃

(5)
𝑆

𝑦
= √𝑁−𝑃

(6)

Rp represents the direct relationship between the intensities observed and the
experimental ones without any kind of weight between them. It is a very reliable
parameter to observe during the minimization process since it responds to small changes
in the degree of adjustment, both in the background and in the maxim. However, its value
is always low since it is not heavy and, usually represents more than the background
(most of the points in a diffraction profile) than to the diffraction maxima.

Rwp is the main parameter to adjustment to be observed since in its numerator is the
function that is minimized by the least squares method. Unlike the Rp includes a function
of weight on the intensities that gives greater importance to the imbalances in the high
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intensities (diffraction peaks) than in the low ones (background). It is the most significant
parameter that is usually reported when publishing the results, since it gives an indication
of how good the refinement of the diffraction pattern.
The “Goodness of fit (GOF)” or χ2 value, numerically equal to the square root of 𝑆𝑦
divided by the difference in the number of observations (N) and the number of adjusted
parameters (P), will be equal to one in an ideal refinement. However, in an actual
situation, the background and peak profile mismatch lead to GOF > 1. A GOF value
between1.0 and 2.9 is generally considered satisfactory.

Although, these numerical parameters have been mentioned that advise on the quality of
the adjustment, the best indication of this can be obtained during the experiment, tha is
by visual inspection of the curve 𝑦𝑖 vs 2θ when it is represented along with the curve 𝑦𝑐𝑖
vs 2θ, which also allows to analyzed details of it in specific regions of the diffractogram.
Additionally, it is very useful to represent the intensity difference (𝑦𝑖 − 𝑦𝑐𝑖 ) vs 2θ. In
the latter, it is very easy to detect errors in the adjustment of the intensity, the shape of
the peak, the background, etc., in specific zones of the diffraction profile that affect the
global adjustment parameters. Therefore, all Rietveld refinement programs have a
graphic interface that updates the result of each refinement cycle automatically

*RIETVELD H. M. (1969) A profile refinement method for nuclear and magnetic
structures, Journal of Applied Crystallographic, 2, 65-71
Taken from:
SANDOVAL, Mónica V., Personal notes (UIS, 2012)
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Appendix B
Chromatographic method in Peaksimple 4.39:
Events table
Time [min]

Events

0

Zero

0.1

G-ON (valve in “Inject”)

6.4

G-OFF (valve in “Load”)

Channel 1 program

Temperature [°C]

200

150

100

50

0

2

4

6

8

10

12

14

Time [min]

Initial temperature Hold
[°C]
[min]

Ramp [°C min-1]

Final temperature
[°C]

50

4

20

200

200

1

0

200
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Channel 2 program



Pressure [PSI]

40



30



20



10



0
0

2

4



6

8

10

12

14

Time [min]

160

Initial pressure
[PSI]

Hold
[min]

Ramp [PSI min-1]

Final pressure
[PSI]

3

0.02

0

3

20

2.3

0

20

40

3.8

0

0

0

6.38

0

0
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Appendix C
During the first part of this work, a total of 24 samples of LSMN n= 2 material were
synthetized. They were analyzed individually by XRD. The refined lattice parameters
are shown below:
3.856

Lattice parameter a [Å]

3.855
3.854
3.853
3.852
3.851
3.850
3.849
3.848
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Synthesis #
20.22

Lattice parameter c [Å]

20.20
20.18












































20.16
20.14
20.12
20.10
20.08
20.06


20.04
20.02
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Synthesis #
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300.5


300.0












Cell Volume [Å3]

299.5
































299.0
298.5
298.0
297.5


297.0
296.5

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Synthesis #

Synthesis
#

χ2

Rp

Rwp

Synthesis
#

χ2

Rp

Rwp

1

1.22

5.05

6.43

13

1.36

4.72

6.11

2

1.2

5.03

6.47

14

1.38

4.73

6.23

3

1.32

5.33

6.89

15

1.37

4.73

6.13

4

1.35

4.57

5.96

16

1.36

4.70

6.17

5

1.44

4.76

6.25

17

1.40

4.88

6.34

6

1.36

4.65

6.04

18

1.41

4.82

6.31

7

1.38

4.54

5.98

19

1.44

4.95

6.50

8

1.33

4.61

6.05

20

1.39

499

6.48

9

1.36

4.54

5.96

21

1.38

4.82

6.38

10

1.39

4.84

6.34

22

1.37

4.89

6.3

11

1.28

4.58

5.9

23

1.45

5.15

6.72

12

1.68

4.59

7.01

24

1.42

5.11

6.67
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Appendix D
The X-ray fluorescence (XRF) is a common analytical technique non-destructive to
identify and quantify, with proper calibration, the elemental composition of a sample.
Each element in the periodic table has characteristic fluoresced X-ray photon emission
energies relating to their periodic number and they are the key for the identification. In
this research was employed an S2 Ranger Bruker spectrometer equipped with a Pd Xray tube. Below, the LSMN n= 2 spectra by XRF with the main characteristic emission
energies, which signifies the presence of La, Sr, Mn an Ni in the material. The amount
of metallic Ni was confirmed as 0.057 ± 0.002 in mass fraction.
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Appendix E
Even if the structure type and the presence of other elements have an influence on a metal
redox behavior (and in particular its reducibility in diluted H2), the theoretical value of
reduction Gibbs free energy for the binary metal oxide corresponding to each
constituting cations in LSMN n= 2 phase can confirm this qualitative reduction behavior,
in particular the order of metal reduction as a function of temperature in fixed conditions
[Eq. (S1)]. Such values were calculated at different temperatures using the standard
thermodynamic properties of chemical substances*, as shown in following figure. In the
case of manganese oxides, the four characteristics oxides MnO, Mn3O4, Mn2O3 and
MnO2 were considered.

1200

 oxide +  H2 metal (or oxide) +  H2O

NiO
SrO
La2O3
MnO2

1000

G [kJ mol-1]

Mn3O4
MnO
Mn2O3

800
600
400
200
0
-200
200

400

600

800

1000

1200

1400

Temperature [K]

*D.R. Lide, Standard thermodynamic properties of chemical substances, in: D.R. Lide (Ed.),
CRC Handb. Chem. Phys., 81st ed, Taylor & Francis, Boca Raton, USA, 2000.
http://www.update.uu.se/~jolkkonen/pdf/CRC_TD.pdf.
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Appendix F
Ni particle size distribution was determined using, in each case, 100 particle diameters
measured from SEM micrographs. The data were treated in Origin pro 8 employing an
Orthogonal Distance Regression as iteration algorithm, adjusted to a lognormal function
defined as:
𝐷

2

ln ( ⁄𝐷 )
0
𝐴
−
2𝑤 2
𝑓(𝐷) =
𝑒
(2𝜋)0.5 𝑤𝐷

Where A is the area of the sized distribution, 𝑤 the scale parameter defining the width
of the size distribution and 𝐷0 the median radius
̅𝑝 ) and its standard deviation (𝜎𝑙𝑛 ) of the lognormal
The average particle size (𝐷
distribution were determined using the following equations:

̅𝑝 = 𝐷0 𝑒
𝐷

𝑤2
2

2

𝜎𝑙𝑛 = 𝐷0 √𝑒 2𝑤 − 𝑒 𝑤

2

And then:
̅𝑝 ± 𝑧95% ∗
𝐷

𝜎𝑙𝑛
√𝑁

Where:
𝑧95% is the inverse normal probability distribution function with 95% of confidence
interval and N is the sample size (100 particles).
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750 °C 8h
50

Frequency

40

30

20

10

0
20

30

40

50

60

Particle size [nm]

D0
w
A
̅p
D
Adj. R2

Value
Standard error
24.09931
0.41154
0.19194
0.01322
497.48442
27.77524
24.54 nm ± 1.02 nm (95% C.L.)
0.99954

C.L: Confidence Level

750 °C 16h
25

Frequency

20

15

10

5

0
20

30

Particle size [nm]

D0
w
A
̅p
D
Adj. R2

Value
Standard error
25.78957
0.31993
0.14135
0.01078
198.33283
16.82939
26.05 nm ± 0.73 nm (95% C.L.)
0.99825

C.L: Confidence Level
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750 °C 24 h
18
16
14

Frequency

12
10
8
6
4
2
0
20

30

40

Particle size [nm]

D0
w
A
̅p
D
Adj. R2

Value
Standard error
29.90329
0.38258
0.18017
0.0187
217.01708
30.38041
30.39 nm ± 1.08 nm (95% C.L.)
0.99784

C.L: Confidence Level

750 °C 48 h
30

Frequency

25
20
15
10
5
0
20

30

40

50

Particle size [nm]

D0
w
A
̅p
D
Adj. R2

Value
Standard error
32.83872
0.87442
0.21115
0.03599
512.06581
118.56161
33.58 nm ± 1.40 nm (95% C.L.)
0.99419

C.L: Confidence Level
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800 °C 4 h
16
14

Frequency

12
10
8
6
4
2
0
20

30

40

50

Particle size [nm]

D0
w
A
̅p
D
Adj. R2

Value
Standard error
33.2855
0.45476
0.19241
0.02534
220.40243
46.3347
33.91 nm ± 1.29 nm (95% C.L.)
0.99853

C.L: Confidence Level

800 °C 8 h
18
16

Frequency

14
12
10
8
6
4
2
0
20

30

40

Particle size [nm]

D0
w
A
̅p
D
Adj. R2

Value
Standard error
36.40712
0.28915
0.1207
0.00834
168.37281
12.62505
36.67 nm ± 0.87 nm (95% C.L.)
0.99922

C.L: Confidence Level
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800 °C 16 h
25

Frequency

20

15

10

5

0
20

30

40

50

60

70

Particle size [nm]

D0
w
A
̅p
D
Adj. R2

Value
Standard error
38.21809
0.83918
0.18734
0.02136
453.287
58.85319
38.90 nm ± 1.43 nm (95% C.L.)
0.99782

C.L: Confidence Level

800 °C 24 h
25

Frequency

20

15

10

5

0
30

40

50

60

70

80

Paricle size [nm]

D0
w
A
̅p
D
Adj. R2

Value
Standard error
49.07053
0.80735
0.17612
0.02087
452.65289
66.94783
49.84 nm ± 1.73 nm 95% C.L.)
0.99865

C.L: Confidence Level
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800 °C 48 h
20

Frequency

15

10

5

0
40

50

60

70

80

90

100

110

Particle size [nm]

D0
w
A
̅p
D
Adj. R2

Value
Standard error
54.76533
0.65592
0.17597
0.01661
449.62361
49.15741
55.62 nm ± 1.93 nm (95% C.L.)
0.9992

C.L: Confidence Level

850 °C 4 h
40
35

Frequency

30
25
20
15
10
5
0
10

20

30

40

50

60

Particle size [nm]

D0
w
A
̅p
D
Adj. R2

Value
Standard error
38.29653
0.64184
0.28049
0.01917
1000.88789
72.42415
39.83 nm ± 2.21 nm (95% C.L.)
0.99936

C.L: Confidence Level
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850 °C 8 h
30

Frequency

25
20
15
10
5
0
20

30

40

50

60

Particle size [nm]

D0
w
A
̅p
D
Adj. R2

Value
Standard error
38.08154
0.21998
0.18056
0.00638
508.16226
22.28162
38.70 nm ± 1.38 nm (95% C.L.)
0.99978

C.L: Confidence Level

850 °C 16 h
30

Frequency

25
20
15
10
5
0
30

40

50

60

70

80

Particle size [nm]

D0
w
A
̅p
D
Adj. R2

Value
Standard error
43.32375
0.60363
0.15467
0.01191
447.88126
39.05683
43.85 nm ± 1.34 nm (95% C.L.)
0.99911

C.L: Confidence Level
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850 °C 24 h
25

20

Model
Equation

Frequency

Reduced
Chi-Sqr
Adj. R-Square

10

30

40

50

60

70

80

Particle size [nm]

Value
Standard error
49.32348
0.86563
0.18478
0.02276
473.13866
75.18778
50.17 nm ± 1.98 nm (95% C.L.)
0.99845

C.L: Confidence Level

850 °C 48 h
40
35

Frequency

30
25
20
15
10
5
0
20

40

60

80

Particle size [nm]

D0
w
A
̅p
D
Adj. R2

Value
Standard error
56.19256
1.02016
0.19435
0.01504
887.03112
81.80526
57.26 nm ± 2.20 nm (95% C.L.)
0.99915

C.L: Confidence Level
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0.99845
y0

Counts

0

Adj. R2

y = y0 + A/(s qrt(2*PI)*w*x)*exp(-(ln(x/xc
))^2/(2*w^2))
2.47051

Value

15

5

D0
w
A
̅p
D

LogNorm al

100

120

xc

0.98564
49.32348

Standard Error
1.27975
0.86563

w

0.18478

0.02276

A

473.13866

75.18778
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Appendix G
An important technique for analyzing the effect of categorical factors on a response is to
perform an Analysis of Variance. An ANOVA decomposes the variability in the
response variable amongst the different factors. Depending upon the type of analysis, it
may be important to determine: (a) which factors have a significant effect on the
response, and/or (b) how much of the variability in the response variable is attributable
to each factor.
Y: one or more numeric columns containing the n observations for the dependent
variables Y.
Quantitative factors: numeric columns containing the n values of any quantitative
factors X (Temperature, reduction time)
Analysis of Variance: a decomposition of the sum of squares for Y into components for
the model and for the residuals. The F-test tests the statistical significance of the model
as a whole. A small p-value (less than 0.05 if operating at the 5% significance level)
indicates that at least one factor in the model is significantly related to the dependent
variable.
Type III Sums of Squares: decomposition of the model sum of squares into components
for each factor. Based on the settings specified on the Analysis Options dialog box, either
Type III or Type I sums of squares are displayed. Type III sums of squares test the
marginal significance of each factor, assuming it was the last to be entered into the
model. Small p-values indicate significant effects.
Degree of freedom (D.F.): In statistics, the D.F. is the number of values in the final
calculation of a statistic that are free to vary.
Mean square: represents an estimate of population variance. In ANOVA, mean squares
are used to determine whether factors (treatments) are significant.
*The treatment mean square is obtained by dividing the treatment sum of
squares by the degrees of freedom. The treatment mean square represents the variation
between the sample means.
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*The mean square of the residual (MSR) is obtained by dividing the sum of
squares of the residual error by the degrees of freedom. The MSR represents the variation
within the samples.
F-test: To test if a relationship exists between the dependent and independent variable,
a statistic based on the F distribution is used

p-Value: The p-value is the level of marginal significance within a statistical hypothesis
test representing the probability of the occurrence of a given event.

Taken from:
http://www.statgraphics.com/analysis-of-variance#General%20Linear%20Models
Visited 03/03/2019
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Appendix H
The LSMO (La0.5Sr1.5MnO4) synthesis is given by de following reaction:
0.25La2 O3 +1.5SrCO3 +0.5Mn2 O3 →La0.5 Sr1.5MnO4±δ
Then, the amount of each precursor is calculated taking as calculation base 1 g of LSMO:
1 mol LSMO
0.25 mol La2 O3 325.81 g La2 O3
×
×
= 0.2133 g La2 O3
381.83 g LSMO
1 mol LSMO
1 mol La2 O3
1 mol LSMO
1.5 mol SrCO3 147.63 g SrCO3
1 g LSMO×
×
×
= 0.5799 g SrCO3
381.83 g LSMO 1 mol LSMO
1 mol SrCO3
1 mol LSMO
0.5 mol Mn2 O3 157.87 g Mn2 O3
1 g LSMO×
×
×
= 0.2067 g Mn2 O3
381.83 g LSMO
1 mol LSMO
1 mol Mn2 O3
1 g LSMO×

In this synthesis was employed MnCO3, so it was made a “test of fire” at 700 °C during
4 h in air to find the mass loss factor, which corresponded to 1.5219 gMnCO3 per
gMn2O3. In this way, it was calculated the amount of MnCO3 to obtain the stoichiometric
amount of Mn2O3.
0.2067 g Mn2 O3 ×

1.5219 g MnCO3
= 0.3146 g MnCO3
1 g Mn2 O3

Thus, 0.3146 g of MnCO3, 0.5799 g of SrCO3 and 0.2133 g of La2O3 are required for
each g of LSMO.
It was calculated the amount of citric acid to use in Pechini method considering the total
number of cations in the precursors and multiplying by 3 (citric acid molecule has 3
carboxyl groups).
1 mol MnCO3
1 mol cation Mn+2
×
= 0.0027 mol cation Mn+2
114.94 g MnCO3
1 mol MnCO3
1 mol La2 O3
2 mol CationLa+3
0.2133 g La2 O3 ×
×
= 0.0013 mol cationLa+3
325.81 g La2 O3
1 mol La2 O3
1 mol SrCO3
1 mol cationSr+2
0.5799 g SrCO3 ×
×
= 0.0033 mol cationSr+2
174.62 g SrCO3
1 mol SrCO3

0.3146 g MnCO3 ×

0.0033 mol cation Sr+2 + 0.0013 mol cation La+3 + 0.0027 mol cation
Mn+2 = 0.0073 mol cations
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0.0073 mol cations×3 = 0.0220 mol C6 H8 O7
192.12 g C6 H8 O7
0.0220 mol C6 H8 O7 ×
= 4.2194 g C6H8 O7
1 mol C6 H8 O7
Now, it was calculated the amount (volume) of HNO3 65 vol% considering the following
reactions.
La2 O3 +6HNO3 →2La(NO3 )3 +3H2 O
SrCO3 +2HNO3 →Sr(NO3 )2 +CO2 +H2 O
MnCO3 +2HNO3 →Mn(NO3 )2 +CO2 +H2 O
1 mol La2 O3
6 mol HNO3 63.01 g HNO3
×
×
=0.2475 g HNO3
325.81 g La2 O3 1 mol La2 O3 1 mol HNO3
1 mol SrCO3
2 mol HNO3 63.01 g HNO3
0.5799 g SrCO3 ×
×
×
=0.4185 g HNO3
174.62 g SrCO3 1 mol SrCO3 1 mol HNO3
1 mol MnCO3
2 mol HNO3 63.01 g HNO3
0.3146 g MnCO3 *
*
*
=0.3449 g HNO3
114.94 g MnCO3 1 mol MnCO3 1 mol HNO3
0.2133 g La2 O3 ×

0.2475 g HNO3 +0.4185 g HNO3 +0.3449 g HNO3 =1.0109 g HNO3
1.0109 g HNO3
=1.5553 g HNO3
0.65
Then, for the synthesis are required 1.5553 g of HNO3 65 vol% (1.2 mL). The ethylene
glycol used at the end of the synthesis correspond to 1.5 mL/gLSMO.
The synthetized LSMO n= 1 powder was impregnated with Ni using Incipient Wetness
Impregnation (IWI) method also known as pore volume impregnation. Also, to be
comparable, the Ni content selected was the same obtained by the exsolution, (~0.05
mass fraction). To impregnate 1 g of LSMO and obtain Ni 5 wt%, it was calculated the
Ni mass.
1 g LSMO×

0.05 g Ni
= 0.0526 g Ni
0.95 g LSMO

Using the stoichiometry of the following reaction, it was calculated the necessary NiO
mass:
𝑁𝑖𝑂 + 𝐻2 → 𝑁𝑖 + 𝐻2 𝑂
1 mol Ni 1 mol NiO 74.69 g NiO
0.0526 g Ni×
×
×
= 0.0669 g NiO
58.7 g Ni 1 mol Ni
1 mol NiO
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It was made a “test of fire” of NiCO3 at 700 °C during 4 h in air to find the mass loss
factor, which corresponded to 1.7907 gNiCO3 per gNiO. In this way, it was calculated
the amount of NiCO3 to obtain the stoichiometric amount of NiO.
0.0669 g NiO×

1.7907 g NiCO3
= 0.1198 g NiCO3
1 g NiO

Now, it was calculated the stoichiometric HNO3 65 vol% volume.
NiCO3 + 2HNO₃ → Ni(NO3 )2 + H2 O + CO2
0.1198 gNiCO3 ×

1 mol NiCO3
2 mol HNO3
×
×
118.7 g NiCO3 1 mol NiCO3
63 g HNO3
1 mL HNO3
×
=0.0840 mL pure HNO3
1 mol HNO3 1.5129 g HNO3
0.0840 mL pure HNO3
=0.1293 mL HNO3
0.65

Thus, to prepare the Ni(NO3)2 solution, 0.1198 g NiCO3 per g LSMO and 129.3 µL
HNO₃ per g LSMO are required. Now, to guarantee the complete NiCO3 reaction, 8 %
HNO3 excess was added.
The ethanol-water 20 mol% solution was prepared using the commercial ethanol solution
70 vol%.
0.2 mol C2 H5 OH 46.07 g C2 H5 OH 1 mL C2 H5 OH
mL pure C2 H5 OH
×
×
=11.8377
1 mol Sol.
1 mol C2 H5OH 0.789 g C2 H5OH
mol Sol.
11.8377 mL pure C2 H5 OH/mol Sol.
mL C2 H5 OH
=16.91
0.7
mol Sol.
0.8 mol H2 O 18 g H2 O
1 mL H2 O
mL H2 O total
×
×
=14.41
1 mol Sol
1 mol H2 O 0.9993 g H2 O
mol Sol.
The volume of water contained in HNO3 65 vol% was subtracted from the volume of
total water.
14.41-16.91+11.83=9.33

mL H2 O
mol Sol
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16.91 mL C2 H5 OH/ mol Sol. ×100
mL C2 H5 OH
=64.44
(16.91+9.33) mL Sol./mol Sol.
mL Sol.
The Ni(NO3)2 solubility in water is 99.6 g Ni(NO3)2 per gH2O, so the water volume
necessary to dilute the amount of Ni(NO3)2 available in the solution was
0.1198 gNiCO3 ×

1 mol NiCO3 1 mol Ni(NO3 )2 182.7 g Ni(NO3)2
×
×
=0.1843 gNi(NO3 )2
118.7 g NiCO3
1 mol NiCO3
1 mol Ni(NO3 )2

0.1843 g Ni(NO3 )2 ×

1 g H2 O
1 mL H2 O
×
=0.1852 mL pure H2 O
0.996 g Ni(NO3 )2 0.9993 g H2 O

Assuming the ethanol dilute Ni(NO3) 2 and does not affect the water solubility, the
volume of water-ethanol solution to be used is:
0.1852 mL H2 O Pura-(0.125×0.35) mL H2 O en HNO3 =0.1414 mL H2 O Pura
14.41 mL H2 O Total
1 mol Sol. C2 H5 OH-H2 O
0.5491 mL H2 O Total
×
=
1 mol Sol. C2 H5 OH-H2 O (16.91+9.33)ml Sol. C2 H5 OH-H2 O 1 mL Sol. C2 H5 OH-H2 O
0.1414 mL H2O×

1 mL Sol. C2 H5 OH-H2 O
=0.2575 mL Sol. EtOH-H2O
0.5491 mL H2O Total

The minimum required volume of ethanol-water solution is 275.5 µL per g LSMO. The
saturation volume of the LSMO, experimentally found, corresponded to 286 µL per g
LSMO. Then, as the total volume of Ni(NO3)2 solution, considering the minimum
amount of ethanol-water solution is higher than 286 µL per g LSMO (347.5 µL per g
LSMO), incipient wet impregnation should be carried out in two steps; thus to complete
2-fold volume of 286 µL Ni(NO3)2 solution (572 µL per g LSMO), it was added 447 µL
per g LSMO of ethanol-water solution. 286 μL of the prepared solution is impregnated
on LSMO and after that, it is dried at 110 °C during 15 min, macerated and then, the
remaining solution is impregnated, dried again during 12 h and calcinated at high
temperature.
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Appendix I
During the first stage of this thesis, a total of 9 sets of LSMO n = 1 material, were
synthetized. They were analyzed individually by XRD. The refined lattice parameters
are shown below

Lattice parameter a [Å]

3.865

3.860

3.855
1

2

3

4

5

6

7

8

9

Synthesis #

Lattice parameter c [Å]

12.43

12.42













12.41



12.40

12.39
1

2

3

4

5

6

7

8

9

Synthesis #
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185.50

Cell volume [Å]

185.25



185.00














184.75

184.50
1

2

3

4

5

6

7

Synthesis #
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#

χ2

Rp

Rwp

1

2.44

6.87

9.77

2

2.55

5.49

6.98

3

2.62

5.33

6.98

4

2.40

6.08

7.67

5

2.37

5.85

7.48

6

2.59

6.69

7.76

7

1.92

5.46

7.03

8

2.10

5.72

7.20

9

2.12

7.09

9.68

8

9
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Appendix J

Sr LA1

Ni LB1 Ni LA1

Mn LB1 Mn LA1

P KA1

Pd LB1

Ni KB1

Pd KA1

Pd KA1/Compton

Pd KB1

Pd KB1/Compton

Sr LB1

Pd LA1

La LA1
La LB1

Mn KB1

Ni KA1

Sr KB1

2
1
0,8
0,6
0,4
0,2
0,1
0

KCps

3

4

Mn KA1

5

6

Sr KA1

7

In this research was employed an S2 Ranger Bruker spectrometer equipped with a Pd Xray tube. Below, the XRF spectra of the impregnated LSMO n= 1 reduced ad 850 ºC
during 4 h, it is visible the main characteristic emission energies which signifies the
presence of La, Sr, Mn an Ni in the material. The amount of metallic Ni impregnated on
the LSMO n= 1 surface was confirmed as 0.059 ± 0.004 in mass fraction.
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Appendix K
750 °C 8 h
30
25

Fequency

20
15
10
5
0
15

20

25

30

35

40

45

50

55

50

55

60

Particle size [nm]

D0
w
A
̅p
D
Adj. R2

Value
Standard error
31.8555
0.91809
0.24845
0.04289
547.80521
140.9954
32.85 nm ± 1.62 nm (95% C.L.)
0.99611

C.L: Confidence Level

800 °C 4 h
30
25

Frequency

20
15
10
5

20

25

30

35

40

45

Particle size [nm]

D0
w
A
̅p
D
Adj. R2

Value
Standard error
34.0944
0.9246
0.2114
0.0407
446.4868
60.8654
34.86 nm ± 1.46 nm (95% C.L.)
0.9549

C.L: Confidence Level
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850 °C 4 h
20
18
16

Frequency

14
12
10
8
6
4
2
0
20

30

40

50

60

70

80

Particle size [nm]

D0
w
A
̅p
D
Adj. R2

Value
Standard error
36.04801
1.07283
0.29063
0.004035
503.1878
87.91494
38.20 nm ± 2.43 nm (95% C.L.)
0.9978

C.L: Confidence Level

850 °C 8 h
20

Frequency

15

10

5

0
15 20 25 30 35 40 45 50 55 60 65 70 75 80

Particle size [nm]

D0
w
A
̅p
D
Adj. R2

Value
Standard error
37.2462
1.0107
0.2750
0.0378
459.0195
79.5126
38.68 nm ± 2.13 nm (95% C.L.)
0.9981

C.L: Confidence Level
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Appendix L
Ni/LSMO n= 1 (impreg.) reduced at 850 °C during 4 h and post reaction at 850 °C
30
25

Frequency

20
15
10
5
0
30

40

50

60

70

80

90

100

Particle size [nm]

D0
w
A
̅p
D
Adj. R2

Value
Standard error
60.94566
2.88916
0.25655
0.0849
979.76751
50.764
62.97 nm ± 3.02 nm (95% C.L.)
0.99698

C.L: Confidence Level

Ni/LSMO n= 1 (impreg.) reduced at 800 °C during 4 h and post reaction at 800 °
30
25

Frequency

20
15
10
5
0
20

30

40

Particle size [nm]

D0
w
A
̅p
D
Adj. R2

Value
Standard error
35.14208
0.74124
0.20584
0.03019
452.0699
67.31806
35.62 nm ± 1.62 nm (95% C.L.)
0.99716

C.L: Confidence Level
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Ni/LSM n= 1 (exsolv.) reduced at 850 °C during 4 h and post reaction at 850 °
30
Equation

25
Adj. R-Squa

Frequency

20

0.88203
Value

15
10
5

15

20

25

30

35

40

45

50

55

60

65

70

Particle size [nm]

D0
w
A
̅p
D
Adj. R2

y = y0 + A/(sqrt(2*PI)*w*x)*exp(-(ln(x/
xc))^2/(2*w^2))

Value
Standard error
40.6486
1.1672
0.2389
0.03999
452.4645
55.3176
41.83 nm ± 1.99 nm (95% C.L.)
0.92643

C.L: Confidence Level
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Standard Err

Counts

y0

0.95638

Counts

xc

40.64866

Counts

w

0.23897

0.03999

Counts

A

452.4645

55.31766

1.96629
1.16724
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Appendix M
Operating conditions for the MSR at new methane inlet composition. CH4 43.26 mol%
- N2 balance, S/C: 0.15, reaction temperature: 850 °C, catalyst: LSMN n= 2 reduced at
850 °C during 4 h (exsolved material).

CH4 conversion [mol%]
CH4 conversion rate [mmol min-1 g-1]
H2 production rate [mmol min-1 g-1]
Outlet gas composition [mol%]
N2
53.93 ± 0.24
H2
9.12 ± 0.11
CH4
33.33 ± 0.12
CO
3.01 ± 0.10
CO2
0.61 ± 0.01

CO
CO2

9.67 ± 0.10
4.39 ± 0.04
11.20 ± 0.32
H2/CO ratio
3.04 ± 0.01
Selectivity
0.83 ± 0.01
0.17 ± 0.01

Operating conditions for the ESR at ethane composition in Colombia natural gas. C2H6
10 mol% - N2 balance, S/C: 0.6, reaction temperature: 850 °C, catalyst: LSMN n= 2
reduced at 850 °C during 4 h (exsolved material)

C2H6 conversion [mol%]
C2H6 conversion rate [mmol min-1 g-1]
H2 production rate [mmol min-1 g-1]
Outlet gas composition [mol%]
N2
66.80 ± 0.22
H2
20.65 ± 0.18
CH4
0.43 ± 0.01
CO
8.03 ± 0.12
CO2
0.24 ± 0.02
C2H4
3.24 ±0.05
C2H6
0.61 ± 0.01
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CH4
CO
CO2
C2H4

92.62 ± 0.10
10.70 ± 0.17
29.10 ± 0.59
H2/CO ratio
2.57 ± 0.04
Selectivity
0.03 ± 1.3x10-3
0.53 ± 0.02
0.02 ± 1.0x10-3
0.43 ± 0.01

Thesis

Operating conditions for the PSR at propane composition in Colombia natural gas. C3H8
4 mol% - N2 balance, S/C: 1, reaction temperature: 850 °C, catalyst: LSMN n= 2 reduced
at 850 °C during 4 h (exsolved material)

C3H8 conversion [mol%]
C3H8 conversion rate [mmol min-1 g-1]
H2 production rate [mmol min-1 g-1]
Outlet gas composition [mol%]
N2
77.61 ± 0.30
H2
12.75 ± 0.29
CH4
2.07 ± 0.03
CO
5.93 ± 0.21
CO2
0.85 ± 0.02
C2H4
0.64 ±0.06
C2H6
0.05 ± 1.0x10-3
C3H6
0.03 ± 4.3x10-3
C3H8
0.06 ± 0.01

CH4
CO
CO2
C2H4
C2H6
C3H6

98.30 ± 0.17
4.42 ± 0.03
16.30 ± 0.59
H2/CO ratio
2.15 ± 0.05
Selectivity
0.20 ± 3.4x10-3
0.58 ± 0.02
0.08 ± 1.2x10-3
0.12 ± 0.01
0.01 ± 1.0x10-3
0.01 ± 1.3x10-3

The amount of C2H6 and C3H8 in Colombian natural gas is much lower than CH4, in
SOFC operating conditions these gas will not correspond to the same S/C ratio than the
majority compound; their dry gas saturation were performed at the same temperature as
described in CH4, keeping steam deficient conditions in agreement with the GIR concept.
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Appendix N
XPS spectra of impregnated and exsolved material as synthesized (NiO/LSMO n= 1 and
LSMN n= 2) and after reducing treatment at 850 °C during 4 h in diluted H2 (Ni/LSMO
n= 1 (Imp.) and Ni/LSM n= 1 (Exs.)).

Impregnated

Exsolved

Name Pos. FWHM L.Sh. % Area
Ni3p 66.68 2.093 GL(30) 66.688
Ni3p 68.58 2.093 GL(30) 33.312
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Name Pos. FWHM L.Sh. % Area
2.5
GL(30) 66.688
Ni3p 65.93
2.5
GL(30) 33.312
Ni3p 67.83
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Name Pos. FWHM L.Sh. % Area
2.5
GL(30 66.688
Ni3p 66.13
2.5
GL(30 33.312
Ni3p 68.03

Reduced

Intensity [a.u]

Synthesized

Name Pos. FWHM L.Sh. % Area
Ni3p 66.65 2.097 GL(30) 66.688
Ni3p 68.55 2.097 GL(30) 33.312
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Binding energy [eV]

La1.5Sr1.5Mn1.5Ni0.5O7±δ (LSMN n= 2)
Reduced La1.5Sr1.5Mn1.5Ni0.5O7±δ (Ni/LSM n= 1)
NiO/LSMO n= 1
Reduced NiO/LSMO n= 1 (Ni/LSMO n= 1)
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Ni binding energy level 3p
[eV]
66.8
66.3
66.9
66.2

