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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 (La1.5Sr1.5Mn1.5Ni0.5O7Ñŭ), 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 LaSrMnO4Ñŭ 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 

La1.5Sr1.5Mn1.5Ni0.5O7Ñŭ 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)2MnO4Ñŭ 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±ŭ), 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±ŭ 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±ŭ 

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±ŭ, 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 (La1.5Sr1.5Mn1.5Ni0.5O7Ñŭ), 

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 

LaSrMnO4Ñŭ 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 La1.5Sr1.5Mn1.5Ni0.5O7Ñŭ 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 cap²tol presenta el comportament catal²tic del material dôexsoluci· en la reacci· 

de reformat de metà amb vapor aplicant el concepte de reformat gradual intern (GIR per 
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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)2MnO4Ñŭ, són també presentats com a 

comparaci·. El material dôexsoluci· exhibeix un millor resultat catal²tic en la reacci· 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 dôexsoluci· ®s estable fins i tot despr¯s de 100 h de reacci·, sense formaci· 

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 carb·, el material dôexsoluci· 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) [1ï3]. 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 [4ï9]. 

 

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 ï 1000°C) and 

utilize a solid dense ceramic as electrolyte e.g. yttria-stabilized zirconia ï YSZ 

((ZrO2)0.92(Y2O3)0.08) or gadolinia-doped ceria ï 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]. 



Thesis 

 

27 

 

 

/ς Ç τÅȤ ς/ςȤ Equation 1 

ς(ς Ç ς/ςȤ ς(ς/ Ö τÅȤ 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 [17ï20]. 

 

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 [21ï23]. However, in spite of its many advantages, Ni/YSZ still exhibits 

Anode 

Electrolyte 

Cathode 

External 

circuit  

Figure 0.1 Solid oxide fuel cell (SOFC) scheme. Modified from [1] 
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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-xSrxCrO3Ñŭ or LaxSr1-xTiO3Ñŭ [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) [29ï37]. 

 

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 [39ï41]; 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 [44ï47]. 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) [49ï54]. 

Nevertheless, as confirmed by different authors [55ï58], 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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Figure 3 Ruddlesden-Popper structure. Modified from [38]. 

 

 

Figure 4 Impregnation vs exsolution. Modified from [54]. 

 

RP n=1

La0.5Sr1.5MnO4Ñŭ

LaSrMnO4Ñŭ

RP n=2

La1.5Sr1.5Mn 1.5Ni0.5O7Ñŭ

O

A

B

n=1 n=2Perovskite

Rock Salt

A B O A B O

B O A B O A

O A B O A B

A B O A B O

B O A B O A

O A B O A B

MO MO

M
O

M
O

M
O

M O

M M

M

M
M

M

Reduction

RP n=1 +MRP n=1

Impregnation

RP n=2

Reduction

M

M

MM

M
M

RP n=1 +M

E
X

S
O

L
U

T
IO

N
IM

P
R

E
G

N
A

T
IO

N

A B O A M O

M O A B O A

O A M O A B

A B O A M O

B M A B O A

O A B O A B

A B O A B O

B O A B O A

O A B O A B

A B O A B O

B O A B O A

O A B O A B

A B O A B O

B O A B O A

O A B O A B

A B O A B O

B O A B O A

O A B O A B

A B O A B O

B O A B O A

O A B O A B

A B O A B O

B O A B O A

O A B O A B

M

M



Thesis 

 

31 

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) [54,58,63ï66]. 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 (æG) 

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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Figure 5 Schema of exsolution process. Modified from [69]. 

 

Historically, the preparation of such sophisticated structural systems was developed in 

the field of catalysis as an alternative way to avoid carbon formation or sintering 

problems, looking for a homogeneous distribution of metallic active particles on the 

catalyst surface to be employed in commercial reactions such as partial oxidation of 

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) 

[59,68,73ï76]. 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. 
 

 

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, La1.5Sr1.5Mn1.5Ni0.5O7Ñŭ, 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 7Ñŭ), which, in reducing 

atmosphere and at high operating temperatures would result in the formation of two 

phases that correspond to the RP manganite LaSrMnO4Ñŭ 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, La1.5Sr1.5Mn1.5Ni0.5O7Ñŭ, 

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 LaxSr2-

xMnO4Ñŭ. 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 (La1.5Sr1.5Mn1.5Ni0.5O7Ñŭ 

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. 
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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 Ruddlesden-

Popper (RP) phase n= 2 La1.5Sr1.5Mn1.5Ni0.5O7Ñŭ 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 LaSrMnO4Ñŭ 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 ï 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 Ruddlesden-

Popper (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 [9ï18]. 

 

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. La0.6Sr1.4MnO4Ñŭ, 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 [8,25,27ï29] 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 

[31ï34] 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, La1.5Sr1.5Mn1.5Ni0.5O7Ñŭ, 

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 LaxSr2-

xMnO4. 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±ŭ composition (hereafter referred to as LSMN) powder 

was synthesized by a Pechini o citrate complexation route [37] using stoichiometric 

amounts of La2O3 (Ó 99.9 % Alfa Aesar), SrCO3 (Ó 99.9 % Sigma Aldrich), MnCO3 (Ó 

99.9 % Sigma Aldrich) and NiCO3 (Ó 99.9 % Alfa Aesar). Before using La2O3 and 

SrCO3, they were calcined in air at 1000 and 500 °C, respectively, for 1 hour. Such pre-

treatments 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, 

Ó 65 vol% Merck) in excess and citric acid (CA, Ó99.5 %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 (Ó 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 mm, were re-obtained by sieving through steel sieves 

of the referred mesh size. 
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 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 CuKŬ1,2 radiation (ɚ= 1.5418 ¡). The diffractometer was operated over the 

angular range 2ɗ = 2 - 70° for qualitative analysis and 2ɗ= 2-90° for Rietveld analysis 

(Appendix A) with a measurement step of 0.020353Á (2ɗ). 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. 

Figure 1.1 LSMN synthesis scheme. Source author. 
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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 (Bourdon-

Haenni® 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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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. 

 

A) 

B) 

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

nCH4
In and nCH4

Out are the CH4 molar flow rate at the inlet and outlet of the reactor (mmol 

min-1), WCat is the catalyst weight (g), and Î(ς
/ÕÔ  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=
nCH4
In-nCH4

Out

nCH4
In Ĭ100   mol% Equation 1.1 

CH4 conversion rate=
nCH4
In-nCH4

Out

WCat
   Ímol min-1g-1 Equation 1.2 

H2 formation rate=
nHς
Out

WCat
   Ímol min-1g-1 Equation 1.3 

 

The CO and CO2 selectivities (SCO2 and SCO2) were defined as the molar flow rate ratios 

of the specified component in the outlet (n#/
Out or nCO2

Out) to the total produced CO and CO2 

molar flow rate (nCO2
Out+nCO

Out) (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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SCO2=
nCO2
Out

nCO2
Out+nCO

Out   dimensionless Equation 1.4 

3#/=
n#/
Out

nCO2
Out+nCO

Out   dimensionless Equation 1.5 

H2

CO
=
nH2
Out

nCO
Out   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 unit-

cell volume were determined from the XRD data using structure refinement based on the 

Full Pattern Matching ï 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 single-

phase 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 ɢ2= 

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 B-

sites 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±d 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 (d), 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)2MnO4Ñŭ 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 Dm/m=-1.43%. This is in very 

close agreement with the theoretical weight loss (Dm/m=-1.42%) calculated from the 

following equation, considering a fixed 3+ oxidation state for Mn (Equation 1.7). 

 

 


