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Resumen  

La creciente demanda energética y el impacto ambiental asociado al uso de 

combustibles fósiles han impulsado la búsqueda de fuentes de energía limpias y 

sostenibles. En este contexto, el hidrógeno se presenta como el vector energético 

del futuro, debido a su alta eficiencia de combustión, su abundancia y su baja 

huella ambiental. Esta tesis doctoral se centra en el estudio de materiales 

funcionales en el marco de la economía del hidrógeno. Concretamente, se 

investigan dos materiales: la familia Sr2-xBaxTa2O7 (0 ≤ x ≤ 1), y su actividad como 

fotocatalizador para la generación de hidrógeno verde; y el sistema 

YSr2Cu2FeO7+δ (0 < δ < 1), derivado de YBaCuO, y su posible aplicación como 

electrodo de aire en celdas de combustible de óxido sólido (SOFC). Ambos óxidos 

mixtos presentan estructuras derivadas de la perovskita, lo que los hace 

candidatos atractivos para aplicaciones en el campo de la energía. La 

investigación recogida en esta tesis doctoral se sustenta en el estudio 

computacional de estos óxidos mixtos a través de cálculos mecano-cuánticos 

basados en la Teoría del Funcional de la Densidad, con el objetivo de establecer 

relaciones claras entre la estructura, la composición y las propiedades de los 

materiales estudiados. 

Familia Sr2-xBaxTa2O7 

Se han investigado los óxidos mixtos pertenecientes a la familia Sr2-xBaxTa2O7 

(0 ≤ x ≤ 1) como fotocatalizadores para la generación de hidrógeno verde mediante 

la fotocatálisis del agua. Para ello, se han llevado a cabo cálculos DFT utilizando 

los funcionales PBE, SCAN y HSE06 para analizar el efecto de la sustitución de 

Sr por Ba en la estructura cristalina y las propiedades electrónicas de estos 

materiales. Se han explorado dos estructuras, una derivada del compuesto 

Sr2Ta2O7 (Fases - Ca2Nb2O7) y otra derivada de BaSrTa2O7 (Dion-Jacobson). Al 

analizar los cambios provocados dentro de los compuestos con idéntica estructura 

cristalina, los resultados indican que la incorporación de Ba no induce cambios 

significativos, pero sí afecta a la posición de las bandas de valencia y conducción, 

lo que puede influir en la actividad fotocatalítica. Además, se han sintetizado y 

caracterizado experimentalmente las fases Sr2Ta2O7 y BaSrTa2O7, evaluándose 

su actividad fotocatalítica para la generación de hidrógeno a partir de irradiación 

UV. Se ha observado que la fase Dion-Jacobson BaSrTa2O7 presenta una mayor 

eficiencia en la producción de hidrógeno debido, probablemente, a una diferencia 
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clave observada entre la estructura cristalina de BaSrTa2O7 y la de Sr2Ta2O7. Por 

otra parte, se ha validado la adecuación del funcional meta-GGA SCAN para 

estudiar óxidos de metales de transición d0, por ser capaz de ofrecer resultados 

más cercanos a los experimentales que el funcional PBE, pero a un coste 

computacional más asequible que el funcional híbrido HSE06.  

Sistema YSr2Cu2FeO7+δ  

En esta tesis se ha realizado un estudio computacional del sistema 

YSr2Cu2FeO7+δ (0 < δ < 1), con el objetivo final de evaluar si este material presenta 

las propiedades adecuadas para actuar como electrodo de aire en celdas de 

combustible de óxido sólido (SOFC). En primer lugar, se ha estudiado el 

desempeño de distintos funcionales de intercambio-correlación, en particular 

PBE, PBE+U, SCAN y SCAN+U, en la descripción de los óxidos mixtos que 

componen esta familia. Los cálculos DFT revelaron que la elección del funcional 

y el valor del parámetro U influyen de manera significativa en la descripción de 

las propiedades estructurales, magnéticas y electrónicas del material. Para la 

metodología SCAN+U, se ha observado que la utilización de los valores adecuados 

de U para Cu y Fe, mejora la reproducción de las propiedades experimentales, 

como el band gap y los momentos magnéticos, en comparación con los resultados 

obtenidos mediante PBE+U. Estos resultados proporcionan una base sólida para 

futuras investigaciones en materiales complejos con múltiples metales de 

transición. 

Por otro lado, se ha abordado el estudio de la movilidad del ion O2- en el sistema 

YSr2Cu2FeO7+δ mediante dinámica molecular ab initio (AIMD). Se ha simulado 

la difusión de iones óxido a diferentes temperaturas, utilizando modelos 

estructurales con diferentes contenidos de oxígeno (δ), obteniéndose parámetros 

con importancia para la aplicación buscada, como la energía de activación (Ea) o 

el coeficiente de difusión. Los resultados muestran que las vacantes de oxígeno 

desempeñan un papel crucial en el mecanismo de difusión.  

En resumen, esta tesis doctoral ha demostrado el potencial de los óxidos mixtos 

con estructura derivada de la perovskita como materiales funcionales para 

tecnologías asociadas a la economía del hidrógeno. Se ha confirmado la actividad 

fotocatalítica de BaSrTa2O7, aportando una posible explicación a partir del 

análisis computacional llevado a cabo sobre la familia Sr2-xBaxTa2O7 (0 ≤ x ≤ 1), y 
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se ha estudiado en profundidad el sistema YSr2Cu2FeO7+δ, centrando la atención 

en la elección del funcional adecuado y en la posible aplicación del material como 

cátodo en SOFC. Los resultados obtenidos son un punto de partida para futuras 

investigaciones computacionales en óxidos mixtos de complejidad similar a los 

analizados en este trabajo. 
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Abstract  

The search for green and renewable energy sources has been accelerated owing 

to the increasing energy demand and the resulting climate impact. In this 

scenario, hydrogen emerges as a highly promising energy vector due to its high 

combustion efficiency, its outstanding abundance and its minimal environmental 

footprint. This doctoral thesis focuses on the study of functional materials within 

the hydrogen economy. Specifically, two materials are explored: the Sr2-

xBaxTa2O7 (0 ≤ x ≤ 1) family, and its photocatalytic activity for green hydrogen 

production; and the YBaCuO-derived YSr2Cu2FeO7+δ (0 < δ < 1) system, and its 

application as an air electrode in solid oxide fuel cells (SOFC). Both materials 

feature perovskite-derived structures that enhance their energy-related 

applications. The research herein presented has been carried out using Density 

Functional Theory (DFT) calculations to understand the relationship between 

structure, composition, and properties in the mixed oxides studied.  

The Sr2-xBaxTa2O7 (0 ≤ x ≤ 1) family 

The Sr2-xBaxTa2O7 (0 ≤ x ≤ 1) mixed oxides have been investigated as water 

electrolysis photocatalysts for green hydrogen production. To understand the 

impact of Ba for Sr substitution on the crystalline structure and electronic 

properties, DFT calculations using PBE, SCAN and HSE06 exchange-correlation 

functionals have been carried out.  

Two different crystal structures have been studied: the Sr2Ta2O7 (which is related 

to Ca2Nb2O7 phases) and the BaSrTa2O7-derived (part of the Dion-Jacobson 

family). Results show that, when comparing materials with the same crystal 

structure, the Ba incorporation does not lead to significant changes in the overall 

electronic structure. However, it does affect the valence and conduction band 

edges, which could influence photocatalytic activity. Both Sr2Ta2O7 and 

BaSrTa2O7 have been experimentally synthesized, assessing their photocatalytic 

activity for UV green hydrogen production. The Dion-Jacobson BaSrTa2O7 shows 

a high efficiency for hydrogen production. To find an explanation for this observation, its 

crystal structure has been carefully examined through computational analysis, revealing 

a key structural difference between BaSrTa2O7 and Sr2Ta2O7. The suitability of the 

exchange-correlation functionals used in the DFT calculations has been assessed, 

concluding that SCAN provides the best accuracy-to-computational time ratio for 

d0 transition metal oxides when compared to PBE and HSE06. 
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The YSr2Cu2FeO7+δ (0 < δ < 1) system 

The YSr2Cu2FeO7+δ (0 < δ < 1) system has been computationally studied in this 

thesis to assess its properties for acting as a cathode material for SOFC. Firstly, 

the performance of various DFT methodologies has been analyzed, specifically 

PBE, PBE+U, SCAN and SCAN+U have been tested on describing these mixed 

oxides. DFT calculations revealed that the exchange-correlation functional and 

the U value significantly influence the description of the structural, electronic 

and magnetic properties. For the SCAN+U method, results show that using 

appropriate U values for Cu and Fe enhances the accuracy of predicted 

experimental properties, such as the band gap and magnetic moments, when 

compared to PBE+U results. These findings establish a robust basis for future 

research on complex materials containing multiple transition metals. 

In addition, the mobility of the oxide ion in the YSr2Cu2FeO7+δ system has been 

studied using Ab initio Molecular Dynamics (AIMD). Simulation of oxide ions 

diffusion at different temperatures has been conducted using structural models 

with different oxygen contents (δ), resulting in key parameters relevant to the 

intended applications, such as the activation energy (Ea) and the diffusion 

coefficient. The results show that oxygen vacancies play a crucial role in the 

diffusion mechanism. 

In summary, this PhD thesis has illustrated the potential of mixed oxides with 

perovskite-derived structures as functional materials for technologies associated 

with the hydrogen economy. The photocatalytic activity of BaSrTa2O7 has been 

confirmed, with possible explanations supported by computational analysis of the 

Sr2-xBaxTa2O7 (0 ≤ x ≤ 1) family. Furthermore, the YSr2Cu2FeO7+δ (0 < δ < 1) 

system was explored in detail, focusing on the selection of suitable functionals 

and the possible application of the material as a cathode in SOFC. The results 

obtained serve as a springboard for future computational investigations on mixed 

oxides of similar complexity to those analyzed in this work. 
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La generación de energía ha acompañado a la especie humana desde que las 

primeras civilizaciones descubrieran el fuego. Actualmente, la demanda de 

energía crece cada año, y se predice que aumente hasta en un 25% para el año 

2040.1 La mayor parte de la energía producida a nivel mundial proviene de la 

utilización de combustibles fósiles, lo que ha traído consigo un aumento de 

emisiones de gases de efecto invernadero, agravando el cambio climático y el 

calentamiento global.2 En este escenario, en el que la aceleración de la búsqueda 

de fuentes de energía limpias y eficientes es de vital importancia, el hidrógeno 

emerge como uno de los protagonistas.3  

El hidrógeno se presenta como el vector energético del futuro debido a que 

cuenta con numerosas ventajas frente a otros recursos energéticos. Entre dichas 

ventajas se encuentran su elevada abundancia, su baja huella ambiental —ya 

que, generalmente, su combustión sólo produce vapor de agua—, y su alta 

eficiencia de combustión (120-142 MJ/kg).4, 5 En la figura 1.1 se esquematiza la 

cadena de valor del hidrógeno, desde su producción hasta su almacenamiento y 

su uso en diversas aplicaciones.  Se trata de un vector energético flexible, que 

permite integrar la electricidad renovable excedentaria para su producción, lo 

cual incrementa la participación de energías renovables en el sistema eléctrico. 

Por otro lado, al utilizarse como combustible, contribuye a la sustitución de 

fuentes de energía de origen fósil, abriendo nuevas rutas tecnológicas para la 

industria, la electrificación del transporte y la movilidad sostenible. Dentro de la 

cadena de valor del hidrógeno, atendiendo al sector dónde va a utilizarse este 

vector energético, pueden definirse cinco configuraciones de uso final: power-to-

gas (P2G), power-to-mobility (P2M), power-to-industry (P2I), power-to-synfuel 

(P2FUEL) y power-to-power (P2P).6 

El progreso hacia un sistema energético descarbonizado, flexible y eficiente se 

sustenta, entre otras, en tecnologías de producción de «hidrógeno verde» y su 

posterior uso como combustible en distintos sectores. Sin duda, los materiales 

desempeñan un papel fundamental en la producción, conversión y 

almacenamiento de energía. El desarrollo de tecnologías en el ámbito de la 

economía del hidrógeno hace necesario utilizar un amplio abanico de materiales 

que presenten las prestaciones adecuadas para cada aplicación específica. En este 

contexto, esta tesis doctoral se centra en el estudio de óxidos de metales de 

transición como materiales para la producción y el uso de hidrógeno. 

Concretamente, se estudia la familia Sr2-xBaxTa2O7 (0 ≤ x ≤ 1) en el marco de la 
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producción de hidrógeno mediante fotocatálisis, y se investiga el sistema 

YSr2Cu2FeO7+δ (0 < δ < 1) para su potencial aplicación como electrodo de aire en 

pilas de combustible. 

Figura 1.1: Esquema de la cadena de valor del hidrógeno. Algunos de los posibles 

usos del hidrógeno se representan en cuadros verdes, indicándose, en cada caso, la 

configuración de uso final (P2P, P2I, P2FUEL, P2M, P2G) 

En esta tesis doctoral, se han empleado cálculos mecano-cuánticos con el 

objetivo de establecer una relación clara entre la estructura cristalina, la 

composición y las propiedades de Sr2-xBaxTa2O7 (0 ≤ x ≤ 1) y YSr2Cu2FeO7+δ (0 < 

δ < 1). Por ello, aunque no se busca desarrollar nuevas metodologías 

computacionales, la sección 1.1. introduce brevemente el fundamento teórico 

sobre el que se sustentan los cálculos realizados. La estructura cristalina de los 

materiales estudiados puede describirse a partir de capas tipo perovskita. La 

sección 1.2. explora la estructura cristalina de estos compuestos y su relación con 

la perovskita cúbica ABO3.  Aunque ambos óxidos mixtos presentan cierta 

similitud estructural, sus propiedades difieren notablemente, lo que ha motivado 

su propuesta para distintas aplicaciones. Posteriormente, las secciones 1.3 y 1.4. 

abordan, respectivamente, las generalidades de los materiales fotocatalizadores 

y los electrodos de aire para SOFC.  En cada una de ellas se presenta una revisión 

de los resultados experimentales y computacionales más relevantes para los 

materiales estudiados, Sr2-xBaxTa2O7 (sección 1.3) y YSr2Cu2FeO7+δ (sección 1.4).  
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1.1. Cálculos DFT en el estudio de materiales 

Históricamente, el análisis y diseño de materiales se ha basado en el empleo 

de métodos experimentales de ensayo y error. Sin embargo, el desarrollo 

computacional que se ha dado en las últimas décadas ha propiciado el uso de 

nuevas tecnologías para este fin.7, 8 Entre los objetivos fundamentales de esta 

tesis se encuentra la aplicación de metodologías de cálculo computacional para el 

estudio de sólidos inorgánicos. 

 Los métodos computacionales son especialmente útiles a la hora de examinar 

la relación estructura-composición-propiedades de los materiales. Como se 

esquematiza en la figura 1.2, la existencia de diferentes escalas de modelización 

permite obtener información que va desde la estructura electrónica del material 

estudiado, hasta la simulación de su posible aplicación en un dispositivo.9 

Además, existe la posibilidad de trabajar con modelos multiescala (Multiscale 

Modeling, MM), un enfoque que, en combinación con técnicas de Machine 

Learning es muy utilizado en el diseño de materiales.10 

En la primera escala de modelización se trabaja a nivel atómico (núcleo y 

electrones), con modelos que dan acceso a información mecano-cuántica del 

material objeto de estudio. Los métodos para determinar la estructura electrónica 

de un sistema químico tienen como finalidad resolver la ecuación de Schrödinger 

independiente del tiempo (ESIT) (ecuación 1). Dicha ecuación relaciona la 

función de onda que describe el sistema (Ψ) con la energía de este (E).  

Ĥψ = Eψ (1) 

 

Ĥ es el operador Hamiltoniano y E es el autovalor del operador, que representa 

la energía total del sistema. La resolución de la ESIT es factible para sistemas 

sencillos como el caso del átomo de hidrógeno. Sin embargo, la resolución de la 

ecuación se complica para sistemas con múltiples electrones. Para abordar este 

problema se han desarrollado diversos métodos como, por ejemplo, los métodos ab 

initio Hartree-Fock (HF) y post-Hartree-Fock. La Teoría del Funcional de la 

Densidad (DFT) nace, precisamente, como alternativa a HF.  
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Figura 1.2: Representación esquemática de las diferentes escalas de simulación para 

el estudio de materiales.  

La DFT fue desarrollada por Hohenberg, Khon y Sham11, 12 en la década de 

1960, bajo la premisa de que la energía del estado fundamental de un sistema, 

calculada a partir de la ESIT, es un funcional único de la densidad electrónica. A 

través de la utilización de un sistema ideal, Khon y Sham definieron una 

expresión (ecuación 2) para el Hamiltoniano en la que el tratamiento de las 

interacciones entre electrones queda recluido en un solo término. Este término —

función de la densidad electrónica— es el llamado funcional de intercambio-

correlación (exchange-correlation functional, XC).  

(−
ħ2

2m
∇2 + V̂ + V̂H + V̂XC) φi = εiφi (2) 

Aunque no existe una expresión analítica para el funcional de intercambio 

correlación, hasta el momento se han formulado diferentes aproximaciones. La 

aproximación de gradiente generalizada (Generalized Gradient Approximation, 

GGA) tiene en cuenta tanto la densidad electrónica como su gradiente, y es una 

de las más utilizadas en el estudio de materiales a través de cálculos DFT.13 Los 

funcionales GGA presentan una elevada precisión para el bajo coste 

computacional que lleva asociado su uso, siendo uno de los funcionales más 

conocidos el desarrollado por Perdew, Burke y Ernzerhof (PBE).14 No obstante, 
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aunque los cálculos realizados utilizando funcionales como el PBE puedan ser 

adecuados para definir ciertos sistemas, están lejos de ser exactos.  

En los cálculos realizados con funcionales GGA, la interacción de un electrón 

con su propia densidad (self-interaction) es una de las mayores fuentes de 

inexactitud. Una consecuencia de este error es la excesiva deslocalización 

electrónica, que da lugar a resultados equivocados cuando se estudian óxidos de 

metales de transición como el NiO15 o el MnO2.16 Los funcionales GGA suelen dar 

una descripción de la estructura electrónica que no se corresponde con la realidad 

para materiales que presentan electrones d y f con una alta correlación. En otras 

palabras, los cálculos GGA predicen un comportamiento metálico en sistemas que 

son aislantes o semiconductores.17-19   

Con el objetivo de mejorar la familia GGA, se añade un parámetro que tiene en 

cuenta la energía cinética, dando lugar a los funcionales meta-GGA. En 2015 Sun 

et. al. construyen un nuevo funcional meta-GGA: el SCAN20 (Strongly 

Constrained and Appropriately Normed). El funcional SCAN satisface los 17 

límites (constraints) que un funcional puede cumplir. Los 17 constraints podrían 

describirse como «condiciones» que pueden satisfacer los potenciales de 

intercambio y correlación utilizados en los funcionales. Si un funcional cumple 

estos «requisitos» dará, a priori, resultados más cercanos a la realidad; aunque 

esto no significa que dicho funcional sea válido para el estudio de cualquier 

material. El funcional SCAN ha demostrado ser más eficiente que el PBE en la 

predicción de la energía de formación de defectos en semiconductores,21 en el 

estudio de superficies metálicas,22 en la predicción de propiedades del estado 

fundamental de materiales magnéticos23 y en la predicción de parámetros 

estructurales y del valor del band gap para óxidos de metales de transición con 

estructura tipo perovksita.24  En esta tesis se utiliza el funcional SCAN para el 

estudio de todos los óxidos mixtos considerados. 

A pesar de las mejoras asociadas al uso del funcional SCAN frente al PBE, en 

los meta-GGA sigue estando presente el error de auto interacción. Para solventar 

este problema, existen los funcionales híbridos, que incluyen una fracción de 

intercambio exacto obtenido a partir de métodos HF. La introducción de 

intercambio exacto mejora la descripción de los efectos de intercambio-correlación 

frente a los funcionales GGA y meta-GGA. Los funcionales híbridos dan como 

resultado valores de band gap más cercanos a los reales, aunque esta mejora en 
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la predicción de propiedades electrónicas conlleva un elevado coste 

computacional. En este trabajo se utiliza el funcional HSE0625 para el análisis de 

la familia Sr2-xBaxTa2O7. Los cálculos realizados con HSE06 son más lentos y 

consumen más recursos computacionales que aquellos realizados con SCAN o 

PBE.  

La elección de la metodología DFT adecuada para explorar cada material es 

uno de los objetivos fundamentales de esta Tesis.  Perdew y Schmidt definieron 

la escalera de Jacob (figura 1.3) para alcanzar la precisión química (chemical 

accuracy).26, 27 Debe existir un método perfecto, válido para todos los sistemas, 

que resuelva la ecuación de Schrödinger sin utilizar ninguna aproximación. A 

partir de esta idea, cada peldaño de la escalera de Jacob estaría ocupado por una 

familia de funcionales que incluye más información física que el anterior.  

 

Figura 1.3: Escalera de Jacob de DFT. Adaptada de 27. 

Existe otra metodología capaz de mejorar la predicción y descripción de 

sistemas altamente correlacionados. El método DFT+U, desarrollado en la década 

de 1990, incorpora un tratamiento explícito de las interacciones atómicas a través 

de un modelo de Hubbard.28, 29 Esta metodología no va ligada a ningún funcional 

de intercambio-correlación, sino que puede añadirse a PBE (PBE+U) o SCAN 

(SCAN+U). El parámetro U de Hubbard permite el tratamiento independiente de 

los electrones d y f, separado de aquellos s y p. Este enfoque evita la excesiva 

deslocalización electrónica del método DFT. Tanto la metodología PBE+U como 

la SCAN+U se emplean en esta tesis doctoral. A pesar de que los resultados 

obtenidos pueden ser mejores frente a aquellos dados por los funcionales puros, 
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la elección del parámetro U complica el uso de esta metodología, especialmente 

en sistemas complejos como YSr2Cu2FeO7+δ (0 < δ < 1), en el que podría ser 

necesario introducir una corrección U diferente para cada metal de transición, y 

para cada valor de δ.  

En esta tesis doctoral se aplican funcionales GGA (PBE), meta-GGA (SCAN), 

sus formas DFT+U (PBE+U, SCAN+U) y un funcional híbrido (HSE06) para el 

estudio de la familia Sr2-xBaxTa2O7 (un único metal de transición (MT) d0) y el 

sistema YSr2Cu2FeO7+δ (dos MT dn). Como se ha mencionado con anterioridad, 

ambos materiales presentan una estructura derivada de la pervoskita.  

1.2. Perovskitas laminares 

El término Perovskita engloba a una familia de materiales con fórmula general 

similar a o derivada de ABX3. En la celda unidad de las perovskitas cúbicas ABX3, 

tomando un cubo como referencia, el átomo A ocupa los 8 vértices del cubo, 

mientras que B se sitúa en el centro de este, y X ocupa el centro de las caras del 

cubo (véase la figura 1.4).  Dentro de esta familia se encuentran los óxidos ABO3 

en los que B es un metal de transición y A es típicamente un catión de mayor 

tamaño, alcalino o alcalinotérreo.30 La flexibilidad estructural y composicional de 

estos óxidos, así como la variedad de propiedades que presentan, los convierten 

en materiales candidatos para diversas aplicaciones en el campo de la energía.31  

Figura 1.4: Celda unidad de una perovskita cúbica. 

En general, las perovskitas presentan una amplia variedad estructural, siendo 

posible la sustitución de los cationes A o B, o la incorporación de varios cationes 

A y/o B dentro de la misma estructura. La organización de los cationes que 

componen la perovskita puede dar lugar a la formación de estructuras laminares, 

compuestas por capas tipo perovskita. Cuando existe un orden en los módulos o 

capas de perovskita, se forman fases homólogas. Estos compuestos en capas 

X

B
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pueden agruparse en diferentes familias (véase la tabla 1.1) en función de la 

orientación relativa de la capa de perovskita respecto al eje principal de una 

perovskita ideal.32 Los materiales Sr2-xBaxTa2O7 (0 ≤ x ≤ 1) estudiados en esta 

tesis, presentan tipos estructurales Dion-Jacobson y Ca2Nb2O7 (figura 1.5).  

Tabla 1.1:  Clasificación de perovskitas en capas en función de la orientación de la 

capa de perovskita respecto al eje principal de una perovskita ideal y del desplazamiento 

respecto a las capas vecinas (adaptada de 32). 

Nombre Fórmula Orientación 
Vector 

desplazamientoa 

Ruddlesden – Popper An+1BnO3n+1 [100]p (ap + bp)/2 

Dion – Jacobson A′An−1BnO3n+1 [100]p 
0 (Tipo I); a/2 (Tipo II);  

(ap + bp)/2 (Tipo III) 

Aurivillius (Bi2O2)2+(An−1BnO3n+1)2- [100]p (ap + bp)/2 

Fases - Ca2Nb2O7 AnBnO3n+2 [110]p (ap + bp)/2 

a ap y bp son los vectores de la celda unidad cúbica. 

Figura 1.5: (a) Perovskita laminar perteneciente a la familia Dion-Jacobson de fórmula 

general A′An−1BnO3n+1 (n=2). Color: A’ en azul, A en verde, B en naranja. (b) Perovskita 

laminar perteneciente a la familia Fases - Ca2Nb2O7 de fórmula general AnBnO3n+1 (n=4). 

Color: A en azul, B en naranja. Adaptada de 32. 
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Otro tipo de estructuras formadas por capas relacionadas con las perovskitas son 

aquellas derivadas de YBa2Cu3O7−δ (YBCO) (figura 1.6). Este compuesto 

pertenece al grupo de cupratos superconductores, cuya estructura se puede 

definir a través del apilamiento vertical de tres bloques de perovskita cúbica 

deficientes en oxígeno. Y y Ba ocupan de forma alterna las posiciones A, mientras 

que las posiciones B están ocupadas por Cu. En estas estructuras se pueden 

distinguir dos tipos de iones Cu, el denominado Cu(1) que ocupa los llamados 

bloques de reserva de carga, y el Cu(2) que forma los bloques superconductores. 

La fase YBa2Cu3O7 puede perder oxígeno, llegando hasta la composición 

YBa2Cu3O6. Esta evolución va ligada al cambio de coordinación de los cationes 

Cu(1), que varía desde plano cuadrada (YBa2Cu3O7) hasta una coordinación lineal 

(YBa2Cu3O6). 

 

  Figura 1.6: Celda ideal de YBa2Cu3O7 sobre la que se indica: (a) el bloque de perovskita 

cúbica contenido en la celda unidad y (b) los bloques de reserva de carga y 

superconductor, así como los poliedros de coordinación de Cu(1) y Cu(2). También se 

indica el plano superconductor. Color: Cu en azul, Ba en gris, Y en verde y O en rojo. El 

bloque de reserva de carga aparece marcado en verde y el bloque superconductor en rojo. 

Atendiendo a la estructura descrita, los cupratos derivados de YBCO 

presentan no-estequiometría de oxígeno. Esta condición, sumada a la posible 

sustitución de los cationes Y o Cu, resulta en la existencia de estructuras 

complejas con capas tipo perovskita en las que pueden existir varios metales de 

transición con estados de oxidación variables. Dentro de esta familia de cupratos 

superconductores se encuentra el sistema YSr2Cu2FeO7+δ (0 < δ < 1) (YSCFO).33 
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El óxido mixto YSCFO es uno de los materiales centrales de esta tesis doctoral. 

Por ello, en el anexo I se dedican unas palabas a la estructura electrónica de 

cupratos como YBa2Cu3O7−δ, en los que las propiedades electrónicas dependen del 

contenido en oxígeno.  

En las siguientes secciones se recogen los antecedentes experimentales y 

computacionales para los dos óxidos mixtos con estructura derivada de la 

pervoskita que se han estudiado en la presente tesis doctoral. 

1.3. Generación de H2: Fotocatalizadores Ba-Sr-Ta-O 

El hidrógeno es el elemento químico más abundante del universo. Debido a su 

alto valor ascensional, que hace imposible que exista aislado en la atmósfera 

terrestre, en la naturaleza se encuentra combinado con otros elementos químicos. 

Los métodos para la generación de hidrógeno molecular pueden clasificarse en 

dos grandes grupos encontrándose, por un lado, la producción a partir de 

combustibles fósiles y, por otro lado, la producción utilizando  fuentes renovables 

(figura 1.7).34 Actualmente, el 96% del hidrógeno producido a nivel mundial 

proviene de fuentes no renovables.34, 35 Concretamente, las formas más comunes 

de producción de hidrógeno a partir de combustibles fósiles son el reformado de 

hidrocarburos y la pirolisis. Según la materia prima de partida, el hidrógeno 

producido utilizando combustibles fósiles se obtiene en un 47% a partir de gas 

natural, en un 27% a partir de carbón y en un 22% a partir de petróleo.35 

 

Figura 1.7: Métodos de producción de hidrógeno. Adaptada de 34. 
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El progreso hacia un sistema energético descarbonizado, flexible y eficiente se 

sustenta, entre otras, en tecnologías de producción de hidrógeno verde. El 

hidrógeno verde es aquel generado a partir de energías renovables.36, 37 A pesar 

de que es posible obtener hidrógeno verde utilizando biomasa, la forma de 

producción más explorada es la disociación de la molécula de agua (water 

splitting).  Entre las opciones disponibles para llevarla a cabo (figura 1.7), el 

método más utilizado emplea energía eléctrica (electrolisis). Sin embargo, 

pueden usarse otras fuentes de energía, como son la energía térmica (termólisis) 

o la energía fotónica (fotolisis).38 En el caso de la fotolisis, se requiere la 

utilización de catalizadores eficientes en la región de emisión solar del espectro 

electromagnético, denominándose el proceso fotocatálisis. 

La fotocatálisis es un fenómeno de superficie que tiene lugar en la interfase 

entre un material fotocatalizador y el electrolito que, en este caso, es agua. Los 

fotocatalizadores son materiales semiconductores que, al ser irradiados con luz 

solar, son capaces de absorber fotones, provocando la promoción de electrones 

desde la banda de valencia (BV) a la banda de conducción (BC). Este proceso 

también da lugar a la creación de huecos en la BV (figura 1.8). 

 

Figura 1.8: Esquema simplificado del proceso electrónico que tiene lugar durante la 

fotocatálisis de la disociación de la molécula de agua. Los huecos creados en la BV 

aparecen representados como h+, mientras que los electrones promovidos a la BC 

aparecen como e-.  
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Para que un material sea un buen fotocatalizador debe cumplir algunos 

requisitos fundamentales.39, 40 Entre dichos requisitos se encuentran los 

siguientes:  

1) El mínimo de la BC debe de estar por encima del potencial de reducción 

H+/H2, que equivale a 0 eV.  

2) El máximo de la BV debe de encontrarse por debajo del potencial de la 

semirreacción de oxidación H2O/O2, que equivale a -1,23 eV. 

3) La absorción de fotones procedentes de la luz solar tiene que ser efectiva. 

La luz solar está compuesta por un 7,2% de radiación ultravioleta (UV), un 

45,6% de radiación infrarroja (IR) y un 47,2% de radiación visible (Vis). La 

energía de los fotones procedentes de la luz UV se encuentra entre 3,1 y 12 

eV, mientras que la energía de la luz visible está entre los 1,6 y 3,1 eV. Lo 

ideal es que se absorban los fotones procedentes del visible, ya que la 

fracción de radiación UV es escasa, y la absorción de fotones en el IR es 

poco eficiente debido a su baja energía. Sin embargo, la mayoría de los 

fotocatalizadores absorben radiación UV-Vis.  

4) Presentar alta estabilidad y resistencia a la corrosión. 

5) Ser de bajo coste y tener una alta disponibilidad. 

El proceso de disociación fotocatalítica directa de la molécula de agua puede 

descomponerse en distintos subprocesos que tienen lugar en diferentes escalas 

temporales. Estos procesos incluyen la absorción del fotón o fotones, la separación 

de la pareja electrón-hueco (excitón), o la difusión de los portadores de carga, 

entre otros.41 Por todo esto, se debe destacar que la consecución de los requisitos 

mencionados no asegura que el material sea un buen fotocatalizador, puesto que 

aspectos como, por ejemplo, la naturaleza del band gap o la morfología del 

material también influyen directamente en la actividad catalítica.42 No obstante, 

teniendo en cuenta los requisitos 1-3 mencionados anteriormente, y que la 

energía que absorberá el material fotocatalizador debe ser mayor o igual que el 

valor del band gap que presente, se puede definir que, para aprovechar al máximo 

la radiación visible, el band gap del material debería encontrarse entre 1,23 y 

3,10 eV.  

Existen diversos ejemplos de materiales fotocatalizadores utilizados en 

fotocatálisis directa que absorben la radiación UV.42 Uno de los fotocatalizadores 

más estudiados —usado como material de referencia— es el TiO2, un óxido de 
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metal de transición d0, cuyo band gap es 3,2 eV. Debido a que, por su valor de 

band gap, sólo absorbe radiación UV,  se han abordado numerosas estrategias 

para mejorar sus prestaciones.39, 43, 44 Por otro lado, existen óxidos mixtos de 

titanio como el SrTiO3 que han demostrado poseer una buena actividad 

fotocatalítica al combinarse con co-catalizadores metálicos.45 El SrTiO3 posee una 

estructura tipo perovskita ABO3.  De hecho, los óxidos de metales de transición 

d0 con estructura tipo perovskita son una de las familias de materiales más 

estudiadas para la generación de hidrógeno a partir de agua.46, 47 Teniendo en 

cuenta sus prometedoras prestaciones fotocatalíticas, en esta tesis se estudian los 

óxidos de tántalo Sr2-xBaxTa2O7 (0 ≤ x ≤ 1), que presentan estructuras derivadas 

de la perovskita. 

a. Antecedentes Experimentales en Ba-Sr-Ta-O 

Se ha probado que algunos óxidos mixtos de tántalo, con estructura derivada 

de la perovskita, como MTaO3 (M = Li, Na, K) o MTa2O6 (M= Sr, Ba, Sn, Ni, Mn, 

Co), poseen actividad fotocatalítica para la producción de hidrógeno a partir de 

agua.39 Los  valores de producción van desde 960 μmol g-1 h-1 de H2 para el 

SrTa2O6, hasta 1980 μmol g-1 h-1 de H2 en el caso de NaTaO3.48 Entre los  óxidos 

mixtos de tántalo estudiados se encuentra Sr2Ta2O7. Este compuesto posee una 

estructura laminar formada por capas tipo perovskita (véase Ca2Nb2O7 en tabla 

1.1)49 y destaca por la posición de su BC, que favorece la reacción de evolución de 

hidrógeno (figura 1.9).50 Debido al valor del band gap (4,6 eV), la actividad 

fotocatalítica ocurre en la región del UV. Se ha demostrado que este material 

puede fotocatalizar la electrolisis de agua, con valores de producción de H2 de 52 

μmol g-1 h-1 y 1000 μmol g-1 h-1, en ausencia y presencia de NiO, respectivamente.50 

Se ha propuesto que  la sustitución parcial de Sr por Ba, que da lugar a la familia 

Sr2-xBaxTa2O7 (0 ≤ x ≤ 0.3), mejora la actividad fotocatalítica del material.51  

Por otro lado, dentro de la familia Ba-Sr-Ta-O se ha sintetizado el compuesto 

BaSrTa2O7,52 que cristaliza en una estructura en capas tipo perovskita 

perteneciente a la familia Dion-Jacobson (figura 1.5a). Sin embargo, aunque la 

estructura cristalina es conocida y, a pesar de su similitud con Sr2Ta2O7, al 

comienzo de esta tesis doctoral, no se conocía información sobre la posible 

actividad fotocatalítica de BaSrTa2O7 para la producción de oxígeno a partir de 

agua.  



  Capítulo 1 

32 

 

Figura 1.9: Posición de la BV y la BC de Sr2Ta2O7 respecto a los potenciales redox del 

agua.53  

b. DFT en el estudio de Ba-Sr-Ta-O 

La utilidad de los cálculos DFT para el estudio de fotocatalizadores queda 

patente en el caso del TiO2.54 A través de la metodología DFT se ha estudiado, por 

ejemplo, cómo afecta la introducción de distintos MT a la posición de las bandas 

de valencia y de conducción de este óxido,44 o por qué la introducción de Al y Cu 

mejora su actividad fotocatalítica.55 Otro ejemplo de la utilización de cálculos DFT 

para el estudio de fotocatalizadores es el caso de SrTiO3,39 para el que se ha 

analizado a través de cálculos GGA y GGA+U el efecto que provoca la sustitución 

parcial de Ti con Co a la posición de la BV y la BC respecto a los potenciales redox 

del agua.56  

En cuanto a la familia estudiada en este trabajo Sr2-xBaxTa2O7, existen 

investigaciones computacionales que han explorado el uso de NiO como co-

catalizador en Sr2Ta2O7.57 La metodología DFT también se ha empleado para 

investigar la actividad OER en superficies de Sr2Ta2O7.58  Además, se ha 

analizado el efecto que provoca la sustitución simultánea de Ta por V/Nb y de O 

por S en la estructura electrónica del material, demostrándose que el co-dopaje 

V-S y Nb-S permite mejorar la posición de las bandas de valencia y de conducción 

respecto al material puro Sr2Ta2O7.
53 Con respecto a la estructura tipo Dion-

Jacobson BaSrTa2O7,
52 hasta donde sabemos, no existen estudios 

computacionales centrados en esta fase.  
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1.4. Utilización de H2: Electrodos de aire para SOFC basados en 

YBCO  

Como se indica en la figura 1.1, el hidrógeno puede utilizarse en múltiples 

sectores, abarcando diferentes aplicaciones. Esta tesis se enmarca en la 

configuración P2P, donde el hidrógeno (idealmente verde) se utiliza en una celda 

de combustible para producir energía eléctrica y agua como único subproducto. 

La disposición P2P es, por lo tanto, cíclica, y la electricidad producida en la celda 

de combustible podría utilizarse de nuevo en la producción de H2. Desde el punto 

de vista del almacenamiento de energía, este enfoque puede resultar 

especialmente útil, ya que en caso de que disminuya la producción de electricidad 

a partir de las fuentes renovables, la celda de combustible puede suplir dicha 

carencia de energía eléctrica, que se empleará en producir de nuevo H2 a través 

de la electrolisis de agua.59  

Las celdas de combustible transforman directamente la energía química en 

energía eléctrica. Existe una amplia variedad de celdas de combustible 

atendiendo, por ejemplo, al tipo de material o materiales por los que están 

formadas, al combustible utilizado o a su temperatura de operación.60 Dentro de 

las celdas de combustible se incluyen las de óxido sólido (Solid Oxide Fuel Cell, 

SOFC), que operan a temperaturas que oscilan entre 650 y 1000°C. Las SOFC 

presentan varias ventajas sobre otro tipo de celdas, como su alta eficiencia de 

conversión.61, 62 La figura 1.10a muestra un esquema del funcionamiento de una 

celda de combustible de óxido sólido, en la que la reacción de reducción del oxígeno 

(Oxygen Reduction Reaction, ORR) tiene lugar en el cátodo o electrodo de aire, y 

la reacción de oxidación del hidrógeno (Hydrogen Oxidation Reaction, HOR) se 

produce en el ánodo. En este tipo de celdas, el electrolito debe permitir la 

movilidad de iones óxido desde el cátodo o electrodo de aire hasta el ánodo, 

mientras bloquea el paso de electrones. 

Para que en el electrodo de aire o cátodo se produzca la reacción ORR es 

fundamental que el material utilizado presente las propiedades conductoras 

adecuadas. De acuerdo con la figura 1.10b, existen diferentes procesos 

involucrados en la reacción de reducción de oxígeno, como son la adsorción y 

posterior disociación del O2, y el transporte del oxígeno adsorbido hasta la 

interfase cátodo/electrolito.63 La reacción entre el O2 y los electrones transferidos 

al cátodo ocurre en las regiones conocidas como puntos triples de fase (Triple 
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Phase Boundary, TPB), donde coexisten físicamente y están en contacto activo el 

O2, el material del cátodo y el electrolito, permitiendo la transferencia de carga y 

la electrocatálisis. 

Figura 1.10: (a) Esquema de una celda de combustible de óxido sólido. (b) Esquema 

de los pasos de reacción que se producen durante la ORR, mostrando los posibles caminos 

para un material de electrodo que presenta solamente conductividad eléctrica (azul), 

frente a un material de electrodo que presenta conductividad mixta (rojo). Adaptada de 
63.  

Si el material utilizado en este electrodo presenta una alta conductividad iónica, 

el transporte de oxígeno no ocurrirá únicamente en la superficie del material, sino 

que podrá producirse a través de su interior (bulk), acelerando así la cinética de 

la reacción. Por lo tanto, es deseable que el material empleado en el cátodo 

presente alta conductividad electrónica y alta conductividad iónica (Mixed ionic-

electronic conductivity, MIEC). Además, el material debe ser estable a la 

temperatura de operación de la celda y no reaccionar con sus otros componentes. 

Otro aspecto que debe considerarse es que el material utilizado como electrodo de 

aire posea un valor del coeficiente de expansión térmico (Thermal Expansion 

Coefficient, TEC) similar al resto de los componentes del dispositivo.  

a. Antecedentes Experimentales en YSCFO 

Uno de los materiales más utilizados típicamente como electrodo de aire en 

SOFC es la perovskita La1–xSrxMnO3–δ (LSM), que ha sido considerada durante 
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mucho tiempo material de referencia, ya que, entre otras particularidades, 

presenta una elevada conductividad electrónica y es estable en las condiciones de 

operación de las SOFC.64, 65, 66 Por ello, un punto de partida para el diseño de 

nuevos materiales que puedan actuar como electrodo de aire  en las celdas de 

combustible de óxido sólido comienza con la búsqueda de compuestos que 

compartan propiedades estructurales, composicionales y/o electrónicas con el 

LSM.62, 66, 67 Este es el caso de óxidos como La1-xSrxCoO3-δ (LSC) o La1-xSrxCo1-

yFeyO3-δ (LSCF).64 Los óxidos basados en cobalto presentan una elevada actividad 

catalítica, pero también muestran importantes desventajas, como valores TEC 

incompatibles con los de electrolitos típicos.68 Este hecho, sumado a la baja 

disponibilidad del Co, ha dirigido la atención de la investigación hacia óxidos 

formados por metales de transición más abundantes. Los compuestos derivados 

de YBCO cumplen con esta premisa.69  

El sistema YSr2Cu2FeO7+δ (0 < δ < 1)70-72 se ha estudiado como potencial 

electrodo de aire en pilas de combustible de óxido sólido.33, 73 Este sistema se 

deriva del YBCO a través del dopaje con Sr en la posición A, sustituyendo 

parcialmente el Y, y con Fe en la posición B, sustituyendo parcialmente los 

cationes Cu. La estructura de los dos extremos ideales del sistema se representa 

en la figura 1.11. Los iones Fe presentes en los planos FeO1+ δ pueden variar su 

coordinación, pasando de octaedros en el extremo ideal YSr2Cu2FeO8 a tetraedros 

en la fase reducida YSr2Cu2FeO7. Es importante mencionar que el Fe presenta 

una preferencia por ocupar las posiciones Cu(1) (mostrado para YBCO en la 

figura 1.6), aunque se ha reportado la existencia de antisite en varias fases del 

sistema,71, 72, 74-76 si bien el grado de desorden es menor a menores contenidos de 

oxígeno.33, 73  

Como ocurre en otros cupratos, las complejas propiedades electrónicas y 

magnéticas del YSCFO están íntimamente ligadas al contenido en oxígeno y este, 

a su vez, a las condiciones de síntesis. Las fases con alto contenido en oxígeno 

como YSr2Cu2FeO7.85 —con estados de oxidación formales Fe4+ y Cu3+/ Cu2+—, 

presentan un comportamiento metálico y superconductor (Tc = 70 K).77 Para estos 

materiales, se ha observado que la existencia de superconductividad depende en 

gran medida del procedimiento de síntesis y de la distribución de los cationes de 

Fe y Cu.70. Las fases de bajo contenido en oxígeno (como YSr2Cu2FeO7.11
71) son 

aislantes, habiéndose descrito durante el desarrollo de esta tesis doctoral 

propiedades magnéticas de la fase YSr2Cu2FeO7.08.
78
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A composiciones intermedias, López-Paz et. al. reportaron, a partir de medidas 

de conductividad, que la fase YSr2Cu2FeO7.56 es un conductor tipo p, 

produciéndose en el sistema YSCFO una disminución de los huecos al aumentar 

la temperatura,73 una observación que coincide con la realizada previamente por 

Sansom y colaboradores en un compuesto de contenido de oxígeno similar 

(YSr2Cu2FeO7.42).33  Un mayor contenido en oxígeno en los planos FeO1+δ significa 

un mayor número de huecos en la banda formada por los estados Cu-Fe 3d y O 

2p.77, 79 

Además de las propiedades electrónicas, la conductividad iónica del sistema 

YSr2Cu2FeO7+δ es vital para su aplicación como cátodo en SOFC. Para los 

compuestos de contenidos de oxígeno intermedios, los átomos de Fe pueden 

adoptar coordinación octaédrica, de pirámide de base cuadrada y/o tetraédrica. 

Se ha propuesto que la presencia  de  vacantes en la red aniónica facilita la 

difusión de iones óxido dentro de la estructura.30  

Figura 1.11: Estructura de las fases ideales (a) YSr2Cu2FeO8 y (b) YSr2Cu2FeO7 

pertenecientes al sistema YSr2Cu2FeO7+δ (0 < δ < 1). Se indican los tres tipos de oxígenos 

presentes en la estructura y el plano superconductor. Color: Sr en verde, Y en gris, Cu 

en azul, Fe en marrón y O en rojo. 

Con respecto a las posibles aplicaciones de YSr2Cu2FeO7+δ, sólo se han 

estudiado los términos δ = 0,4233 y 0,56.73 Sansom et. al. descartan este material 

debido a la histéresis observada al evaluar la variación de la conductividad con la 
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presión parcial de oxígeno.33 Más recientemente, el trabajo desarrollado por 

López-Paz et. al.73, subraya el interés del material. En la figura 1.12 se muestran 

medidas de resistencia de polarización en superficie (Area Specific Resistance, 

ASR) en celdas simétricas YSr2Cu2FeO7+δ: CGO|CGO| YSr2Cu2FeO7+δ: CGO, que 

han resultado en valores de ASR de 0.20 Ω cm2 y 0.08 Ω cm2 a 923 y 973 K, 

respectivamente.73  

Figura 1.12: (a) Valores de resistencia a la polarización del electrodo frente a la 

inversa de la temperatura medidos en celdas simétricas YSr2Cu2FeO7+δ:CGO|CGO| 

YSr2Cu2FeO7+δ:CGO. (b) Diagramas de impedancia de celdas simétricas a 873 K (azul), 

923 K (negro) y 973 K (rojo).73 

b. DFT en el estudio de YSFCO 

La búsqueda de materiales que puedan integrarse en dispositivos como las 

SOFC se ha visto multiplicada en los últimos años.61, 66 En este contexto, se ha 

demostrado que las propiedades MIEC son fundamentales para que un material 

actúe de forma eficiente como electrodo de aire en una celda de combustible de 

óxido sólido. Esta conductividad mixta puede modularse con el fin de mejorar las 

prestaciones de los materiales, cuya estructura es comúnmente derivada de la 

perovskita.  

Los cálculos DFT pueden acelerar el diseño de nuevos electrodos de arie para 

SOFC, ya que esta metodología permite comprender los principios estructurales, 

electrónicos y composicionales que están detrás de la conductividad electrónica e 

iónica de los materiales. Sin embargo, en comparación con el número de trabajos 

experimentales, los estudios computacionales resultan escasos.61 Como se 

discutirá a lo largo de esta tesis doctoral, la alta complejidad electrónica derivada 

de la existencia de varios MT con configuraciones dn, así como la existencia de no-

(a) (b)
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estequiometría de oxígeno, complican el uso de la metodología DFT para el 

estudio de estos materiales.  Teniendo en cuenta que estas particularidades son, 

precisamente, las que provocan que presente buenas propiedades MIEC, surge la 

obligatoriedad de utilizar varias metodologías combinadas para lograr una 

compresión de estos sistemas. Un ejemplo de la combinación de varias 

metodologías es la investigación llevada a cabo por Muñoz-García y 

colaboradores. En este estudio, se analizó a través de cálculos PBE+U la 

estructura electrónica, la energía de formación de vacantes y la difusión de 

oxígeno en las familias La1−xSrxMO3 (M = Cr, Mn, Fe, Co) y Sr2Fe2−xMoxO6.80 La 

difusión del ion óxido a través de la estructura del material se estudió a través de 

dinámica molecular clásica (Classical Molecular Dynamics, MD). La combinación 

de DFT y MD también se ha empleado para el estudio del sistema Sm0.75A0.25Co1-

xMnxO2.88 (A = Ca, Sr; x = 0.125, 0.25).81   

Los cálculos MD permiten simular el movimiento de partículas dentro de un 

sistema a lo largo del tiempo. La posición de las partículas se calcula a partir de 

la resolución de las ecuaciones de Newton, mientras que las fuerzas de interacción 

dentro del sistema se calculan a través de métodos que reciben el nombre de 

campos de fuerza (force fields, FF). No obstante, si se quiere tener en cuenta la 

estructura electrónica calculada, es necesario recurrir a la dinámica molecular ab 

initio (Ab initio Molecular Dynamics, AIMD). La AIMD combina el cálculo DFT 

de la estructura electrónica del sistema y el cálculo del movimiento de partículas 

de la dinámica molecular. Esta técnica es más cara computacionalmente que la 

MD clásica, por lo que se debe trabajar con sistemas con menor número de átomos 

a tiempos de simulación más cortos. La metodología AIMD se ha utilizado para 

estudiar algunos materiales empleados como cátodos en SOFC, como los óxidos 

PrBaCo2O5+d (PBCO) y SmBaCo2O5+d (SBCO).82  En esta tesis se utilizará para 

estudiar el sistema YSr2Cu2FeO7+δ (0 < δ < 1).  

Debe señalarse que la aplicación de cálculos DFT en el estudio de compuestos 

que contengan metales con electrones d y f altamente correlacionados no es 

trivial. Dado que la estructura electrónica tiene una importancia muy 

significativa en las propiedades de los materiales con capacidad para catalizar 

reacciones como la ORR, la elección de la metodología adecuada es esencial para 

predecir y entender las propiedades de los materiales.  Como se ha comentado, 

existen casos de éxito para el meta-GGA SCAN en la descripción o predicción de 

propiedades de varios óxidos de metales de transición.83-86 Por otra parte, la 



Introducción 

39 

 

metodología SCAN+U también se ha utilizado en el análisis de algunos 

materiales con potencial aplicabilidad en la generación de energías renovables.87-

92 Sin embargo, ninguno de los ejemplos mencionados para el funcional SCAN 

incluye óxidos complejos con más de un metal de transición. Esta ausencia en la 

literatura motivó la investigación del óxido complejo YSr2Cu2FeO7+δ en el marco 

de esta tesis doctoral.  

Por otra parte, recientemente, la predicción de la actividad de óxidos de 

metales de transición para catalizar OER y ORR se ha visto mejorada por el uso 

de descriptores electrónicos.93, 94 Estos descriptores son parámetros numéricos, 

extraídos directamente de la estructura electrónica calculada para el material,  

que muestran correlación con propiedades de interés para la catálisis. Uno de los 

más utilizados es el centro de banda O 2p, para el que se ha demostrado una 

relación lineal con la resistencia específica de superficie (ASR),95 o la energía de 

formación de vacantes.93 Se ha demostrado también que el centro de banda O 2p 

presenta correlación con el coeficiente superficial de intercambio de oxígeno para 

varios compuestos con aplicabilidad como cátodo en SOFC (figura 1.13).96 Según 

estos estudios, el centro de banda O 2p —definido como el centroide de la densidad 

de estados parcial calculada para el oxígeno— permite predecir si una perovskita 

ABO3 será buen catalizador incluso antes de sintetizarlo. Este hecho ejemplifica 

el potencial de los cálculos DFT para el diseño de materiales que puedan ser 

utilizados como electrodos en dispositivos como las SOFC. No obstante, la 

mayoría de los estudios mencionados se han realizado para perovskitas con un 

solo metal de transición. Por ello, es necesario realizar estudios centrados en el 

uso del centro de banda O 2p como descriptor electrónico para perovskitas más 

complejas, o para óxidos con otras estructuras cristalinas. 
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Figura 1.13: Correlación entre el centro de banda O 2p — relativo al nivel de Fermi 

y calculado con PBE+U— para óxidos de metales de transición con aplicabilidad como 

electrodo de aire en SOFC y el coeficiente superficial de intercambio de oxígeno.96 

Con respecto al sistema YSr2Cu2FeO7+δ (0 < δ < 1), a pesar de que se han llevado 

a cabo diversos trabajos experimentales que estudian distintas fases del sistema, 

hasta la fecha de inicio de esta tesis doctoral no existían estudios 

computacionales. 
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La producción de hidrógeno verde y su utilización como combustible son dos de 

los retos que se deben afrontar para conseguir la plena descarbonización del 

sistema energético, y para facilitar la integración efectiva de las tecnologías 

renovables en dicho sector. Las tecnologías involucradas requieren avances 

científicos encaminados a optimizar las prestaciones de los materiales utilizados. 

Esta tesis doctoral se enmarca en el desarrollo de nuevos materiales para la 

generación y utilización de hidrógeno verde. Atendiendo a la aplicación de los 

materiales se diferencian dos ámbitos de estudio: la producción de hidrógeno 

verde mediante fotocatálisis de agua, y la utilización de hidrógeno como 

combustible en SOFC. Para el estudio de ambos tipos de materiales se ha 

utilizado la metodología DFT, con el objetivo final de entender la relación 

estructura-composición-propiedades y, a partir de este entendimiento, mejorar 

las propiedades de los materiales estudiados. Adicionalmente, se pueden 

establecer los siguientes objetivos específicos:  

Objetivo 1  

El primer objetivo específico es el diseño de perovskitas en capas basadas en 

tántalo para generación de H2 verde mediante fotocatálisis del agua. 

 Para cumplir este objetivo, en el capítulo 3 de esta tesis se explora la familia 

Ba-Sr-Ta-O, analizando a través de cálculos computacionales distintas 

composiciones dentro de los materiales Sr2-xBaxTa2O7 (0 ≤ x ≤ 1). Se estudia la 

influencia de la estructura cristalina y la composición de las fases en sus 

propiedades electrónicas. Además, se sintetizan y caracterizan los compuestos 

Sr2Ta2O7 y BaSrTa2O7, para posteriormente demostrar su actividad 

fotocatalítica. 

Objetivo 2  

El segundo objetivo específico de la presente tesis doctoral es estudiar 

perovskitas laminares con estructura derivada de YBCO, para evaluar algunas 

de sus propiedades de cara a su potencial aplicación como electrodo de aire en 

pilas de combustible. Concretamente, se desea conocer qué efecto tiene la relación 

estructura-composición en las propiedades de estos materiales para llevar a cabo 

la ORR en celdas de combustible. La consecución de este objetivo puede dar lugar, 

a largo plazo, al diseño de nuevos electrodos de aire. 
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Con este objetivo, en los capítulos 4, 5 y 6 de esta tesis doctoral se explora en 

profundidad el sistema YSr2Cu2FeO7+δ (0 < δ < 1), propuesto por algunos autores 

como electrodo de aire o cátodo en celdas de combustible de óxido sólido. El estudio 

computacional de este sistema con una estructura electrónica altamente compleja 

hace necesario definir los objetivos específicos de índole computacional que se 

mencionan a continuación. 

Objetivo 3  

Gran parte del trabajo realizado está enfocado en la evaluación de distintos 

funcionales de intercambio-correlación para el estudio de óxidos de metales de 

transición que pueden presentar alta correlación electrónica. En concreto, se 

pretende comprar la capacidad del funcional SCAN para reproducir aspectos 

estructurales y electrónicos con el método PBE+U, utilizado en las últimas 

décadas.  

Con este objetivo, en el capítulo 4 se afronta el reto que supone la elección del 

funcional adecuado para la descripción del sistema YSCFO. Para ello, ha sido 

necesario realizar un estudio experimental paralelo, que incluye la síntesis de la 

fase YSr2Cu2FeO7.08, así como la caracterización de las fases YSr2Cu2FeO7.85 y 

YSr2Cu2FeO7.08. La combinación de los cálculos DFT con información 

experimental ha permitido validar algunos resultados teóricos. Este estudio es un 

punto de partida para desarrollar un nuevo enfoque a la hora de explorar óxidos 

mixtos que presentan más de un metal de transición.  

Objetivo 4  

Este objetivo, complementario al anterior, plantea el análisis del desempeño 

del funcional SCAN+U en la descripción de óxidos mixtos que poseen dos metales 

de transición y que pueden presentar alta localización electrónica.  

En el capítulo 5 se investiga en profundidad el efecto del valor del parámetro 

U en el método SCAN+U sobre la estructura cristalina, el momento magnético, y 

el comportamiento electrónico del material YSr2Cu2FeO7+δ. La evaluación de la 

influencia del valor del parámetro U —aplicado sobre Cu y Fe— en las 

propiedades mencionadas, ofrece información clave para futuros estudios que 

apliquen SCAN+U sobre sistemas de complejidad similar.  
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Objetivo 5  

Como último objetivo específico, se pretende utilizar Dinámica Molecular ab 

initio para simular la difusión de iones óxido en perovskitas complejas a 

temperaturas finitas.  

Para cumplir este objetivo, se ha estudiado la conductividad iónica del sistema 

YSr2Cu2FeO7+δ, incluyendo fases «virtuales» que no han sido sintetizadas. Los 

resultados más relevantes se presentan en el capítulo 6. El análisis realizado en 

este capítulo sirve como punto de partida para comprender el transporte iónico 

en estos materiales y predecir su aplicabilidad como electrodo de aire en SOFC. 
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Upgrading photocatalytic hydrogen evolution in 
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A B S T R A C T   

Photocatalytic hydrogen evolution from water is investigated in Ba–Sr–Ta–O layered compounds possessing two 
different crystal structures: Sr2Ta2O7 (S.G. Cmcm, a (110) type layered pervoskite), and BaSrTa2O7 (S.G. Immm, a 
(100) type layered perovskite). High purity samples of BaSrTa2O7 and Sr2Ta2O7 are successfully prepared by 
solid state reaction. Hydrogen production under UV irradiation is 26% larger in BaSrTa2O7 (15.2 mmol g− 1) than 
in Sr2Ta2O7 (11.4 mmol g− 1). The band gaps determined by diffuse reflectance spectroscopy (DRS) are 4 eV and 
4.6 eV for BaSrTa2O7 and Sr2Ta2O7, respectively. Density Functional Theory (DFT) calculations provide insights 
into the crystal and electronic structures of Sr2Ta2O7, BaSrTa2O7, and their derived series Sr2-xBaxTa2O7 (0 ≤ x ≤
1). It is found that independently of the Sr/Ba content, the BaSrTa2O7-derived series show a ~0.6 eV lower band 
gap and a wider conduction band than the Sr2Ta2O7-derived series. DFT results indicate that the enhanced 
hydrogen production of BaSrTa2O7 is related to particular features of its crystal structure which favor Ta–Ta 
interactions.   

1. Introduction 

Strategies to decrease fossil fuel dependence and the development of 
energy production from renewable sources have been explored in the 
last decades. In this scenario, green hydrogen is called to play a signif
icant role in low-carbon future: counterbalancing electricity as a zero- 
carbon energy carrier that can be easily stored and transported, and 
enabling a reliable, publicly accepted, sustainable and competitive en
ergy system [1,2]. The design of materials able to absorb sunlight and 
photocatalyze the water dissociation reaction is key for green hydrogen 
production [3]. Photocatalysts should have a suitable electronic struc
ture [4] in terms of the band gap energy and the position of the 
band-edges. For UV–visible light absorption, the band gap must be 
larger than 1.7 eV, the bottom of the conduction band (CB) should be 
more negative than the reduction potential of water (H2O/H2, 0 eV), 
while the top of the valence band (VB) should lie above the water 
oxidation potential (H2O/O2, 1.23 eV). The mentioned characteristics 
can be tuned by varying the crystal structure and/or composition of the 
catalyst, and thereby its electronic structure. 

In the last years, a wide range of semiconducting materials have been 
developed for photocatalytic applications under UV illumination. Metal 
oxide photocatalysts can be typically classified depending on the elec
tronic configuration of the metal into d0, d10 and f0 [5]. One of the most 
investigated d0 photocatalysts is TiO2 [6] (band gap of 3.2 eV), which is 
widely used as a benchmark for energy and environmental applications. 
On the other hand, titanates such as SrTiO3 —which exhibits the ABO3 
perovskite structure— have turned out to function well in the UV region 
when combined with metal ions co-catalysts [7]. Another well-known 
class of d0-semiconductors displaying photocatalytic activity in the UV 
region are the tantalates, such as MTaO3 (M = Li, Na, K) or MTa2O6 (M 
= Sr, Ba, Sn, Ni, Mn, Co), whose hydrogen evolution performance is 
summarized in Table S1 [5]. Generally, these materials present 
perovskite-related structures. Perovskite compounds are very promising 
functional materials since they are structurally stable, possess flexible 
structures-compositions for easy tuning and are cost-effective. 

Lately, layered compounds based on perovskite-type blocks have 
been investigated for their photocatalytic properties [8,9]. Electroni
cally, d0 layered perovskites show conduction band edges that are well 
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above the electrochemical potential of H2O/H2 (0 eV). Layered com
pounds built of perovskite blocks can be grouped attending to the 
perovskite-slab orientation relative to the principal axis of an ideal cubic 
perovskite in (100) —which include Ruddlesden-Popper 
(A′2An-1BnO3n+1), Dion Jacobson (A’[An-1BnO3n+1]), and Aurivillius 
((Bi2O2)2+(An-1BnO3n+1)2-) families — (110), and (111) types [10] (see 
Figure S1). The mixed oxide Sr2Ta2O7 [11], which can be classified as 
(110) layered perovskite type, has been found to be active for photo
catalytic hydrogen evolution under UV radiation (see Table 1). Samples 
prepared by solid state reactions exhibited hydrogen evolution rates of 
52 μmol g− 1h− 1 and 1000 μmol g− 1h− 1,in the absence or presence of NiO 
co-catalyst, respectively [12]. Sr2Ta2O7 presents a wide band gap (4.6 
eV), which hinders visible light absorption. Nevertheless, its high CB 
position makes the compound attractive for further studies [12]. In this 

regard, computational studies at the Density Functional Theory (DFT) 
level have focus on chemical doping of the oxide ions and transition 
metal (TM) at the B-site [13,14]. As for compositional variations 
affecting the A-site, an experimental study claims that the partial Ba 
substitution for Sr in Sr2-xBaxTa2O7 (0 ≤ x ≤ 0.3) leads to an improved 
photocatalytic activity for water dissociation into hydrogen [15]. 

The photocatalytic activity for water splitting attained in Sr2Ta2O7 
makes appealing the investigation of other perovskite-type layered 
tantalates. In the Ba–Sr–Ta–O system, Le Berre et al. reported the 
BaSrTa2O7 perovskite-type (100) layered compound [16]. To the best of 
our knowledge, the electronic structure as well as the photocatalytic 
activity of BaSrTa2O7 remain unknown. Although both, Sr2Ta2O7 and 
BaSrTa2O7, show perovskite-type slab structures, as described below, 
there are some crystallographic differences —e.g., relative orientation 

Fig. 1. Representation of the crystal structures of (a) Sr2Ta2O7 (S.G. Cmcm) [11] and (b) BaSrTa2O7 (S.G. Immm) [16]. The centers of eight [TaO6] octahedra form a 
distorted cube which corresponds to the unit cell of the perovskite. Selected bond distances (Å) are in black and O–Ta–O angles (o) in blue. Color code: Ta in brown, 
Sr1 in light green, Sr2 in dark green, Ba in pruple and O in red/white. 
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respective to the cubic perovskite axis, number of perovskite units in the 
layers, octahedral rotation, and coordination of cations in the interlayer 
space — that might cause variations in band gap and/or band-edges 
positions, which could end up in a distinct photocatalytic activity in 
water-splitting reactions. 

The present work combines experimental and computational tech
niques to complete previous research on Sr2Ta2O7 and, as a novelty, to 
investigate BaSrTa2O7. We will demonstrate that both Sr2Ta2O7 and 
BaSrTa2O7 are active towards UV-driven photocatalytic hydrogen pro
duction, also finding an improved performance in BaSrT2O7 compared 
to Sr2Ta2O7. Computational simulations via DFT are used to disclose the 
features in the electronic structures of Sr2Ta2O7 and BaSrTa2O7 (band 
gap and band-edge energy) that might cause their different hydrogen 
production rates. To assess the role of chemical composition and struc
ture in the catalytic properties, additional DFT work is performed to 
investigate the substituted Sr2-xBaxTa2O7 (0 ≤ x ≤ 1) compounds 
derived from the crystal structures of Sr2Ta2O7 ((110) layered perov
skite) and BaSrTa2O7 ((100) layered perovskite). 

The crystal structures of Sr2Ta2O7 and BaSrTa2O7 
Sr2Ta2O7 crystalizes in a layered structure formed by perovskite slabs 

stacked along the b axis (see Fig. 1a and Figure S1). The perovskite-type 
layers are composed of sharing vertexes octahedral units [TaO6], with 
the layer widths corresponding to twice the face diagonal of a cubic 
perovskite. It is worth noting that Ta is displaced from the centre of the 
octahedra (see Figure S2). A sift of a/2 exists between adjacent layers. It 
is significant to remark that some bond-length distinctions exist between 
Ta near the inter-layer zone (Ta1) and Ta inside the perovskite blocks 
(Ta2). Conversely, Sr presents two different coordination environments, 
Sr1 is located near the boundaries of the perovskite layer with C.N. = 6, 
while Sr2 is placed inside the perovskite blocks with C.N. = 12. Both 
Sr2+ ions occupy the 4c site of the Cmcm space group (S.G.). 

The crystal structure of BaSrTa2O7 derives from the Dion-Jacobson 
family of general formula A’[An− 1BnO3n+1], with n = 2 and B = Ta, 
being A = Sr and A’ = Ba [16]. The layers are formed by corner-sharing 
[TaO6] octahedral units, which are stacked along the c axis (Fig. 1b and 
Figure S1). Adjacent layers are shifted by (a+b)/2, with Ba located in the 
interlayer space (4j site of Immm S.G.). The [TaO6] octahedral units are 
slightly rotated along the a axis, which results in C.N. = 7 for the 
interlayer Ba cations. In addition, the Ta–O octahedra is distorted, being 
the Ta atom out of the centre of the octahedra (Figure S2). The Sr1 and 
Sr2 cations located inside the pervoskite layers (2b and 2c sites of Immm 
S.G.) display a distorted polyhedra with 12 coordination number. 

2. Methodology 

2.1. Experimental 

Sr2Ta2O7 and BaSrTa2O7 powders were synthesized by solid state 
reactions, using stoichiometric mixtures of the starting reactants SrCO3, 
BaCO3 and Ta2O5 of purity >99.95%. The mixtures of reactants were 
pre-treated at 900 ◦C for carbonates decomposition. For Sr2Ta2O7, the 
pelletized mixture was then calcined at 1400 ◦C during 20 h. Similarly to 
the procedure reported by Le Berre et al. [16], the synthesis of BaSr
Ta2O7 required two consecutive treatments of 96 h at 1400 

◦

C with a 
grinding and re-pelletizing in between. 

X-Ray powder diffraction (PXRD) patterns were acquired on a Bruker 
D8 Advance A25 diffractometer in a Debye-Scherrer configuration 
equipped with a Cu Kα1 radiation source (λ = 1.5418 Å) and Johansson 
monochromator. Rietveld refinements were carried out with the Full
prof Suite program [17]. 

Ultraviolet–visible diffuse reflectance spectra (UV–vis DRS) were 
obtained by using a PerkinElmer Lambda950 UV/VIS spectrometer 
equipped with an external 150 mm integrating sphere over the range 
2500 - 250 nm with data interval of 1 nm. The obtained data were 
converted from reflectance to absorbance using the Kubelka-Munk 
theory [18] and Tauc method [19]. 

Photocatalytic experiments were conducted in a slurry photoreactor 
with an effective volume of 130 mL. For each experiment, 0.025 g of 
photocatalyst were added to a H2O/Methanol (9:1) v/v aqueous solu
tion. The reaction temperature (20 ◦C) was measured with a thermo
couple situated on the photoreactor wall. The suspension was 
magnetically stirred, and an argon flow (60 mL/min) was used to 
remove the air (verified by GC) under darkness and then irradiated by a 
150 W medium-pressure Hg UV lamp. H2 evolution was monitored every 
3.8 min by means of an Agilent micro-GC equipped with two channels 
with a molecular sieve and a PPQ column, respectively. Pt was employed 
as co-catalyst, the metal was photo-deposited in-situ using 
H2PtCl6⋅6H2O to obtain a nominal loading of 0.5 wt% Pt. 

2.2. Computational 

The DFT calculations have been performed using the VASP (Vienna 
Ab-initio Simulation Package) software, developed at the Universität 
Wien [20]. For the description of the interaction between core electrons 
and nuclei, the Projector Augmented Wave (PAW) method [21] has been 
used, precisely 4s24p65s2 for Sr, 5p66s25d3 for Ta, 5s25p66s2 for Ba and 
2s22p4 for O have been treated as valence electrons. The strongly con
strained and appropriately normed (SCAN) [22] meta-GGA 
exchange-correlation (XC) functional have been employed to investigate 
Sr2Ta2O7, BaSrTa2O7, and the related Sr2-xBaxTa2O7 (0 ≤ x < 1). In 
addition, calculations using the GGA-PBE and the Heyd–Scuser
ia–Ernzerhof (HSE) [23], a hybrid XC-functional, have been carried out 
for Sr2Ta2O7 and BaSrTa2O7. Specifically, the HSE06 functional has 
been employed, setting the range separation parameter (HFSCREEN) to 
0.2 Å− 1. The sampling of the first Brillouin zone was performed under 
the Monkhorts-Pack scheme, using a 6 x 2 x 6, and a 6 x 4 x 2 k-point 
mesh for Sr2Ta2O7 and BaSrTa2O7 structures, respectively. A Gaussian 
smearing parameter of 0.05 eV was used, and the energy cut-off was set 
at 600 eV throughout all calculations. In addition, the tolerance 
threshold to achieve self-consistency in total energy was set at 1E-4 eV. 
The structural relaxations were performed over cell shape, cell volume, 
and atomic positions. The tetrahedron method with Blöch corrections 
[24] was employed for all the density of states (DOS) calculations. 
Additionally, Bader charge analysis [25] was carried out on the charge 
density files, employing the python library pymatgen [26]. 

Crystallographic models. To simulate the crystal structure of the 
known compounds Sr2Ta2O7 [11] and BaSrTa2O7 [16], the initial atomic 
positions were taken from the Inorganic Crystal Structure Database 
(ICSD codes 601 and 99953, respectively). The compound Sr2Ta2O7 
undergoes a paraelectric-to-ferroelectric phase transition on cooling (at 
166 K), which is accompained by a change in the S.G. from Cmcm to 
Cmc2 [27]. In this work we have considered the centrosymetric structure 
stable at room temperature (S.G. Cmcm). 

To assess the role of chemical composition, two series of hypothetical 
Sr2-xBaxTa2O7 compounds have been considered possessing i) the crystal 
structure of Sr2Ta2O7, denoted as perovskite-block or PB-compounds 

Table 1 
Summary of the calculated models in Sr2-xBaxTa2O7 from experimentally known 
Sr2Ta2O7 (ICSD code 601) and BaSrTa2O7 (ICSD code 99953) structures.  

x in Sr2-xBaxTa2O7 Site 1 (Interlayer) 
C.N. = 6 (PB), 7 (DJ) 

Site 2 (Perovskite slab) 
C.N. = 12 

Code 

0 (ICSD 601) 100% Sr 100% Sr PB-0 
0.25 75% Sr 25% Ba 100% Sr PB6-025 
0.25 100 % Sr 75% Sr 25% Ba PB12-025 
0.5 50% Ba 50% Sr 100% Sr PB6-05 
0.5 100 % Sr 50% Ba 50% Sr PB12-05 
1 100% Ba 100% Sr PB6-1 
1 100% Sr 100% Ba PB12-1 
1 (ICSD 99953) 100% Ba 100 % Sr DJ-1 
1 100 % Sr 100 % Ba DJ-1exch 
0 100% Sr 100% Sr DJ-0  
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and ii) the crystal structure of BaSrTa2O7, denoted as Dion-Jacobson or 
simply DJ-compounds. Table 1 list the investigated models of PB and DJ- 
Sr2-xBaxTa2O7. In the Sr2Ta2O7 there are two different sites for Sr 
(Fig. 1), and therefore Ba substitution for Sr may occur in whichever site. 
Models denoted as PB-6 and PB-12 refer, respectively, to substitution on 
the interlayer Sr1 cations (C.N = 6) and on the perovskite slab Sr2 
cations (C.N = 12). Three different compositions are studied in each PB 
model: x = 0.25, x = 0.5 and x = 1. For the DJ-Sr2-xBaxTa2O7 com
pounds, in addition to the reported BaSrTa2O7, we have considered a 
model where Ba and Sr crystallographic positions are interchanged 
(denoted as DJ-1exch), and the hypothetical x = 0 term, DJ-derived 
Sr2Ta2O7, denoted DJ-0. 

2.2.1. CB and VB edges positions 
As stated in the introduction section, the energy position of the CB 

and VB edges relative to water redox potentials is vital when studying 
the driving force of photocatalytic materials. However, the determina
tion of the band-edge position is not trivial from first principles calcu
lations. Some authors have suggested exhaustive calculation methods 
[28,29], which require high computational costs. A good approximation 
is to use an empirical expression to determine the position of the band 
edges relative to the water redox potentials [30,31]. This expression 
allows to calculate the centre of the band gap in a semiconductor 
through the difference between the normal hydrogen electrode (NHE) 
potential and the vacuum, and the electronegativity of the neutral atoms 

in the Mulliken scale [32]. Equation (1) shows the expression in 
Ref. [30] particularized for the present case of Sr2-x BaxTa2O7: 

ECB/VB = E0 +
(
χSr

(2− x) χBa
x χTa

2 χO
7)1/N

± Eg

/
2 (1) 

where E0 is the energy difference between NHE potential and the 
vacuum and is equal to − 4.5 eV, χ is the electronegativity of the neutral 
atoms, and N is the number of total atoms. Hence, adding or subtracting 
half of the band gap to the E0 and electronegativity terms summation, 
gives the valence band maximum (VBM) and the conduction band 
minimum (CBM) positions in the NHE scale, respectively. 

3. Results 

3.1. Experimental 

Structural characterization. Fig. 2 shows the PXRD patterns of the 
synthesized Sr2Ta2O7 and BaSrTa2O7. The refined lattice parameters 
confirmed both samples to be apparently single phases by PXRD. The 
corresponding patterns can be fully indexed to an orthorhombic unit 
cell. For Sr2Ta2O7 (S.G. Cmcm), the refined lattice parameters are a =
3.94413(21) Å, b = 27.1799(152) Å, c = 5.68834(34) Å and V = 609.45 
Å,3 in good agreement with previous works [11] (see Table 2). For 
BaSrTa2O7 (S.G. Immm), the refined values are a = 3.9848(23) Å, b =
7.82165(45) Å, c = 20.11667(101)1 Å and V = 631.54 Å3, which are 
close to those reported by Le Berre et al. [16] (see Table 2). Using the 

Fig. 2. Experimental (red points), calculated (solid black line) and associated difference (blue line at bottom) PXRD patterns for (a) Sr2Ta2O7 and (b) SrBaTa2O7. The 
vertical bars (green) indicate the positions of the Bragg peaks. 
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above results, the structural models proposed for the two materials 
under study were checked using the Fullprof software. The fit of the 
PXRD data to the models, confirms its validity to describe the average 
structures of both compounds. Nevertheless, a small amount (around 
1%) of Ba3SrTa2O9 phase was detected in the refinement of BaSrTa2O7. 

DRS analysis. Fig. 3 shows the Tauc plots for Sr2Ta2O7 and BaSr
Ta2O7. Both materials are insulators with band gaps falling within the 
UV region, and in line with the band gap values reported for tantalates 
[5,33]. The direct band gap of Sr2Ta2O7 (4.6 eV in Fig. 3a) agrees with 
reported value in literature (4.6 eV) [12]. Remarkably, the band gap of 
BaSrTa2O7 is 0.5–0.6 eV narrower than the band gap of Sr2Ta2O7, 
independently of the considered nature of the transition (direct or 
indirect). 

Photocatalytic hydrogen production. The photocatalytic activity 
of Sr2Ta2O7 and BaSrTa2O7 was investigated for UV-driven hydrogen 
production in the presence of Pt co-catalyst (0.5 wt% Pt). As shown in 
Fig. 4, both samples were active for hydrogen evolution reaching cu
mulative productions in the range of mmol. In particular, Sr2Ta2O7 
reached 11.4 mmol g− 1 after 6h of UV illumination, while the perfor
mance of BaSrTa2O7 increased by 26% and reached 15.2 mmol g− 1. 
Likewise, the H2 production rate of BaSrTa2O7 was higher than that of 
Sr2Ta2O7 (2.9 mmol g− 1 h− 1 and 2.0 mmol g− 1 h− 1, respectively). Based 
on our results, the enhanced hydrogen evolution performance of BaSr
Ta2O7 is tentatively ascribed to its lower band gap energy and its wider 
CB. This assumption is further evaluated below by DFT calculations. Interestingly, the photocatalytic activities reported in this work 

surpass those reported in literature for Ta-based oxides (Table S1) and in 
particular for Sr2Ta2O7, further improving these values for the Dion- 
Jacobson compound BaSrTa2O7. 

3.2. Computational 

3.2.1. Sr2Ta2O7 and BaSrTa2O7 
For all the tested functionals (SCAN, HSE06 and PBE) the calculated 

cell parameters, as well as the interatomic distances, are in good 
agreement with the experimental values (Table 2 and Table S2 for PBE). 
The major deviation (3.3% SCAN, 3.9 HSE06 and 4.4 % PBE) is observed 
for the Ba–O distance related to the interlayer space of BaSrTa2O7 (see 
Fig. 1a). 

Fig. 5 exhibits the calculated density of states (DOS) within the SCAN 
and HSE06 functionals for Sr2Ta2O7 and BaSrTa2O7. The partial density 
of Ta and O are represented in blue and red lines, respectively. Following 
the general scheme of the perovskite band structure (Figure S3), the 

Table 2 
Calculated unit cell parameters (Å), unit cell volume (Å3), and bond-lengths (Å), for Sr2Ta2O7 and BaSrTa2O7 compared to the experimental data [11,16] (ICSD 601 
and 99953, respectively). The relative error is given (%).  

Sr2Ta2O7 Experimental Calculated BaSrTa2O7 Experimental Calculated 

SCAN error HSE06 error SCAN error HSE06 error 

a 3.937(6) 3.9537 0.4 3.9528 0.4 a 3.99372(5) 3.987 0.8 3.9879 0.1 
b 27.198(6) 27.1894 0.03 27.3614 0.6 b 7.8428(1) 7.8293 0.7 7.8304 0.2 
c 5.692(7) 5.6951 0.04 5.6996 0.1 c 20.1609(3) 20.2897 1.9 20.3765 1.1 
Volume 609.5 612.22 0.4 616.44 0.1 Volume 631.48 633.35 0.3 636.29 0.8 
Sr1–O 2.47(1) x 4 2.480 x 4 0.4 2.489 x 4 0.1 Sr1–O 2.72(3) x 4 2.733 x 4 0.5 2.730 x 4 0.4 
Sr1–O 2.60(1) x 2 2.575 x 2 1.0 2.571 x 2 0.1 Sr1–O 2.63(3) x 4 2.603 x 4 1 2.600 x 4 1.1 
Sr1–O 3.27(1) x 2 3.313 x 2 1.3 3.358 x 2 0.3 Sr1–O 3.10(3) x 4 3.029 x 4 2.3 3.030 x 4 2.3 
Sr2–O 2.71 (1)x 4 2.719 x 4 0.3 2.713 x 4 0.0 Sr2–O 2.65(2) x 4 2.569 x 4 3.1 2.565 x 4 3.2 
Sr2–O 2.827(3) x 4 2.837 x 4 0.4 2.843 x 4 0.1 Sr2–O 2.69(3) x 4 2.695 x 4 0.2 2.694 x 4 0.1 
Sr2–O 2.850(4) x 2 2.852 x 2 0.1 2.855 x 2 0.02 Sr2–O 2.98(3) x 4 3.000 x 4 0.7 3.004 x 4 0.8 
Sr2–O 2.70(3) 2.629 2.6 2.62 0.3 Ba–O 2.705(3) x 2 2.713 x 2 0.3 2.724 x 2 0.7 
Sr2–O 2.74(3) 2.743 0.1 2.756 0.6 Ba–O 2.713(2) x 4 2.712 x 4 0.04 2.721 x 4 0.3 
Ta1–O 1.87(1) x 2 1.855 x 2 0.8 1.860 x 2 0.1 Ba–O 2.94(1) 3.038 3.3 3.054 3.9 
Ta1–O 1.979 (4)x 2 1.997 x 2 0.9 1.995 x 2 0.1 Ta–O 2.011(3) x 2 2.005 x 2 0.3 2.005 x 2 0.3 
Ta1–O 2.16(1) x 2 2.157 x 2 0.1 2.153 x 2 0.03 Ta–O 1.977(9) 1.999 1.1 1.999 1.1 
Ta2–O 1.89(1) x 2 1.855 x 2 1.9 1.902 x 2 0.1 Ta–O 1.976(6) 1.981 0.3 1.982 0.3 
Ta2–O 1.980(4) x 2 1.989 x 2 0.5 1.988 x 2 0.04 Ta–O 2.113(6) 2.111 0.1 2.108 0.2 
Ta2–O 2.070(1) x 2 2.071 x 2 0.04 2.069 x 2 0.005 Ta–O 1.830(3) 1.856 1.4 1.858 1.5 
mean Ta–O 1.992 1.987 0.2 1.995 0.4 mean Ta–O 1.986 1.993 0.3 1.993 0.3  

Fig. 3. Tauc plot from DRS UV/visible measurements of synthesized Sr2Ta2O7 
and BaSrTa2O7 considering (a) a direct and (b) an indirect allowed elec
tronic transition. 

Fig. 4. Cumulative UV-driven hydrogen production of Sr2Ta2O7 and BaSrTa2O7 
using Pt (0.5 wt%) as co-catalyst. 
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overlapping between Ta 5d-orbitals and O-2p orbitals form the bonding 
Π-O(2p)-Ta(t2g) and σ-O(2p)-Ta(eg) bands, with major contribution of O- 
2p states, and the corresponding antibonding bands with major contri
bution of Ta-5d states. The band gap opens within the occupied Π-band 
and the unoccupied Π*-band. A clear picture emerges in Sr2Ta2O7 and 
BaSrTa2O7: the top of VB is mainly formed by O-2p states, while the 
bottom of CB is constructed mostly by Ta-5d empty states. Nevertheless, 
overlapping between Ta and O occurs in both bands, which is a 
demonstration of Ta–O covalence. The calculated effective Bader 
charges (Table S3) support the strong covalent character of the Ta–O 
bonding. Importantly, BaSrTa2O7 presents a wider CB that Sr2Ta2O7. In 
particular, the bottom of the CB of BaSrTa2O7 shows a widening arising 
from the Ta-5dxy orbital (Fig. 5e). As discussed below, this is linked to 
particular crystal structural features of BaSrTa2O7 which are not present 
in Sr2Ta2O7. It should be noted that Ba/Sr states barely contribute to the 
valence band, with the corresponding empty ns and np states placed at 

high energies above the Fermi level (8 eV). This is indicative of the ionic 
interaction between the Ta–O perovskite layers and the inter/intralayer 
alkaline-earth ions. 

Table 3 compares the calculated band gap values to the experimental 
ones. The same trends in dependency on the XC functional for band gap 
accuracy hold for both Sr2Ta2O7 and BaSrTa2O7. The hybrid functional- 
HSE06 yields band gaps in excellent agreement with the experimental 
values (4.58 eV and 3.95 eV, for Sr2Ta2O7 and BaSrTa2O7, respectively), 
although at the expense of a high computational cost [34,35]. The 
calculated values using the SCAN functional underestimate the experi
mental ones in 1 eV. Unsurprisingly, the underestimation within the PBE 
is as large as 1.5 eV. Noteworthy, the results show that independently of 
the XC-functional –SCAN, HSE06, PBE–, the calculated band gaps of 
Sr2Ta2O7 and BaSrTa2O7 differ in about 0.6 eV. In this sense, all the 
tested functionals correctly reproduce the band gap difference between 
the two compounds extracted from the UV–vis DRS measurements. 

Fig. 5. Calculated DOS for Sr2Ta2O7 using the (a) SCAN and the (b) HSE06 functionals, and for BaSrTa2O7 using the (c) SCAN, and the (d) HSE06 functionals. The 
black lines denote the total DOS, with the partial contributions of atoms shown in blue (Ta), green (Sr), pink (Ba) and red (O). The zero of the energy has been set at 
the Fermi level. DOS units refer to the calculated cell. Panel (e) displays the orbital projected density of states of BaSrTa2O7 from SCAN calculation, indicating the 
contribution of each Ta-5d orbital to the conduction band. 

Table 3 
Calculated band gap values for Sr2Ta2O7 and BaSrTa2O7 oxides. Experimental data (this work) are given for comparison. The difference between the two compounds is 
given as Sr2Ta2O7 minus BaSrTa2O7 values.  

Compound Experimental (eV) Calculated (eV) 

Direct Indirect PBE PBE-other works SCAN HSE06 

Sr2Ta2O7 4.6 4.4 3.07 2.91 [36], 2.88 [14], 2.93 [13] 3.57 4.58 
BaSrTa2O7 4.0 3.8 2.56 2.19 [36] 3 3.95 
Difference 0.6 0.6 0.51 0.72 [36] 0.57 0.63  
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3.2.2. Substituted Sr2-xBaxTa2O7 compounds 
BaSrTa2O7 and Sr2Ta2O7 differ not only in composition, but also in 

crystal structure. A DFT investigation of Sr2-xBaxTa2O7 compounds al
lows to elucidate the role of the Ba/Sr content and of the structure in the 
electronic structure. The results for Sr2Ta2O7 and BaSrTa2O7 demon
strate that the SCAN functional correctly reproduces the lattice param
eters and the interatomic distances of the experimental structures, and it 
is suitable to extract qualitative trends from electronic structure calcu
lations. Indeed, recent works demonstrate the suitability and reliability 
of the SCAN functional to investigate transition metal oxides at a mod
erate computational cost, even in complex oxides with the electronic 
structure dominated by strong electron correlation [37,38]. Conse
quently, the DFT study of the substituted Sr2-xBaxTa2O7 series of com
pounds –with either the PB or the DJ structure-has been performed using 
the SCAN functional. 

The relative thermodynamic stability of the hypothetical PB and DJ- 
Sr2-xBaxTa2O7 compounds towards the existing compounds PB-Sr2Ta2O7 
and DJ-BaSrTa2O7 can be evaluated considering the energy of the 
reaction: 

(1 − x) Sr2Ta2O7 + x BaSrTa2O7 → Sr2− xBaxTa2O7 (2) 

The calculated energy of reaction (2) is positive for all the modelled 
Sr2-xBaxTa2O7 compounds (Figure S4), indicating their poor stability 
and trend to decompose into the experimentally know compounds. This 
is in line with the unsuccessful attempts to prepare PB-Sr2-xBaxTa2O7 
with x > 0.3 [15]. Nevertheless, the analysis of the calculated crystal and 
electronic structures of PB and DJ-Sr2-xBaxTa2O7 compounds is relevant 
to understand the relation between chemical composition, crystallo
graphic structure, and catalytic properties. 

In Sr2-xBaxTa2O7 (0 ≤ x ≤ 1) compounds, a greater Ba content pro
duces larger lattice parameters and cell volume (Figures S5 and S7), 
consistently with its larger ionic radii (ionic radii for C.N. = 12: 1.44 Å 
for Sr2+, and 1.61 Å for Ba2+ [39]). All the investigated Sr2-xBaxTa2O7 
compounds present minor structural distortions compared to the parent 
structures (DJ or PB) (see S.I.). Regarding the electronic structure of 
PB-DJ-Sr2-xBaxTa2O7, the calculated DOS indicate that the electronic 
structures of the parent compounds (DJ-BaSrTa2O7 and PB-Sr2Ta2O7) do 
not suffer significant changes when distinct x values are considered (see 
Figures S10-S11). Indeed, for each structural type, the DOS features are 
maintained at every studied composition, with only subtle variations in 
the calculated band gap. Noteworthy, the bottom of the CB is clearly 

different in the PB-series than in the DJ-series, with the widening arising 
from 5dxy states dominating in the latter. 

Along with band gap value, band-edges energy is vital for a semi
conductor to show photocatalytic activity. Fig. 6 shows the VB and CB 
edges in the NHE scale, and the calculated band gap of the different 
structures and compositions studied for the Sr2-xAxTa2O7 compounds (A 
= Ba and Ca [40]), within the PB structure (in blue) and the DJ structure 
(in red). The calculated values for band edge positions indicate that all 
the modelled compounds fulfil the requirement of the positions of CB 
and VB edges relative to the electrochemical water redox potentials. The 
CBM is more negative than the H+/H2 potential, and the VBM is more 
positive than O2/H2O potential in all cases. As inferred from Fig. 6, the 
DJ series yields SCAN-band gaps values around 3 eV, whilst the band 
gap of the PB series is around 3.5 eV. 

4. Discussion 

The determined band gaps of the PB-Sr2Ta2O7 (4.6 eV) and DJ- 
BaSrTa2O7 (4 eV) samples have shown a ~0.6 eV difference, which is 
well reproduced by DFT calculations. In addition, DFT calculations 
disclose a notorious difference in the width and the shape of the bottom 
of the CB of these compounds. In BaSrTa2O7, the wider conduction band 
and narrower band gap is likely to produce an enhancement of the 
photocatalytic activity, which is indeed confirmed by a 26% increase in 
hydrogen production of DJ-BaSrTa2O7 compared to PB-Sr2Ta2O7. In an 
attempt to rationalize the observed photocatalytic performance of PB- 
Sr2Ta2O7 and DJ-BaSrTa2O7, this section discusses the relation between 
electronic structure, crystal structure and chemical composition. 

DFT calculations for Sr2-xBaxTa2O7 compounds reveal that the Ba/Ca 
content does not induce significant crystallographic or electronic 
structure modifications (band gaps, and band-edges/shape). Given the 
Coulomb type interaction between the [TaO6] octahedral and the 
alkaline earth-cations in the perovskite blocks and in interlayer space, 
the nature of the alkaline-earth (Ca, Ba or Sr) has a minor impact on the 
band gap. Therefore, for a given structural type (PB or DJ), the band gap 
variation with the Ba/Sr content (x value) is in the order of 0.2 eV. This 
is similar to the calculated band gap (PBE) variation encountered in the 
layered MCa2Ta3O10 (M = alkaline cation), composed of a triple 
perovskite MCaTa3O10 slab [41]: 2.17 eV (Li), 2.18 eV (K) and 2.20 eV 
(Rb) [36]. 

Ruling out a prominent role of Ba/Sr in the electronic structure of 
Sr2-xBaxTa2O7, the focus is on the crystal structure. As a matter of fact, 
the major differences in the electronic structure are observed between 
DJ-derived ((100) type layered-perovskite) and PB-derived ((110) type 
layered-perovskite) compounds. DFT calculations uncover that for a 
given structural type (PB or DJ), and independently on the Ba/Sr con
tent, the band gap values, band-edge positions and bands shape are 
nearly the same. The crystallographic differences between PB and DJ 
structures include the number of perovskite units in the layers, octahe
dral tilting, and coordination of cations in the interlayer space. The 
structural factors affecting the modification of the electronic structure 
are not easy to evaluate since they are highly correlated. 

The electronic structure of cubic ABO3 perovskites is formed essen
tially by 180◦ TM – O – TM interaction of octahedral site cations (see 
Figure S3). Therefore, in d0 perovskites, the band gap is determined by 
the energy difference between the bonding and anti-bonding in
teractions between the TM-nd and O-2p, which are extremely connected 
to the TM – O – TM angles. The tilting of the TM octahedra is a well- 
recognized key factor in the electronic structure of perovskite oxides 
[33,42,43]. Octahedra tilting, and hence the deviation of the TM – O – 
TM angle from 180o, worsens the TM – O overlapping, leading to nar
rower bands and an increment of the band gap width [33] (see 
Table S10). Nonetheless, the effect observed in the tittle perovskite-type 
layered compounds is the opposite. As seen in Fig. 1 and in the SI, the 
distortion of Ta–O–Ta angles is lower in PB-compounds (wider band 
gap) than in DJ-compounds (narrower band gap). 

Fig. 6. Valence and conduction band-edges in the NHE scale extracted from 
DFT calculations of Sr2-xBaxTa2O7 compounds, and Sr2-xCaxTa2O7 compounds 
(taken from Ref. [40]). The value of the calculated band gap is also shown. 
Electrochemical redox potentials for water are drawn as dashed lines. Blue and 
red bars correspond to the PB and DJ series, respectively. 
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The calculated DOS indicate that in DJ compounds the widening of 
the conduction band and narrowing of the band gap is related to Ta-dxy 
orbitals (Fig. 5). This suggests direct Ta–Ta interactions through the 
overlapping of the Ta-dxy orbitals across the face diagonal of the cubic 
structure. Indeed, in BaSrTa2O4 the Ta–Ta distances along the [110] 
diagonal are much shorter than in the [011] and [101] diagonals 
(Fig. 7a). As can be observed in Fig. 7b, the distinct Ta–Ta distances 
break down the t2g orbitals degeneracy, bringing the 5dxy orbital to the 
bottom of the conduction band. While Ta–Ta distances seem to be key in 
the electronic structure, they are interrelated with the bending of 
Ta–O–Ta angles and the off-centred of Ta ions in the octahedra. 

The connectivity of Ta octahedra is another likely cause of slight 
variations in the CB width, affecting the band gap value, as previously 
observed by Eng et al. in layered d0 perovskites [42]. In Sr2Ta2O7, Ta1 (i. 
e., the one near the interlayer zone), only shares 4 vertices with neigh
bour octahedral, while Ta2 shares its 6 corners. Meanwhile, in BaSr
Ta2O7 all Ta are connected by 5 vertices; this open active site could 
facilitate the reagent adsorption and activation. It is plausible that the 
different connectivity could play a role in the electronic structure of 
these compounds. 

In summary, the enhanced photocatalytic activity for hydrogen 
evolution reaction of BaSrTa2O7 is likely rooted in peculiarities of its 
electronic structure, a topic that has been previously well studied for 
perovskite compounds [33,42,43]. From a careful analysis of the crystal 
structure features, determining the electronic structure of Sr2Ta2O7 and 
BaSrTa2O7, the most remarkable finding is the shorter Ta–Ta distance in 
BaSrTa2O7, which promotes the 5dxy orbital overlapping, causing the 
band widening and band gap narrowing. 

It should be remarked that the present computational study has 
addressed the very fundamental requirements of the materials to ca
talyse water splitting (band gap, band-edge energy, and shape) that are 
amenable to basic DFT investigations. As highlighted by Morales-García 
et al., the detailed description of photocatalyzed processes from calcu
lations should take into account the localization of the regions where 
electrons and holes are placed, the determination of the lifetime of the 
photogenerated species, as well as the usage of strategies capable of 
exploring reaction mechanism on the exited-state [44]. Therefore, the 
research herein exposed is a starting point to further study the perfor
mance of BaSrTa2O7 and related DJ-perovskites as photocatalysts. 

5. Conclusions 

This work demonstrates for the first time the photocatalytic 
hydrogen evolution activity of the perovskite-type layered BaSrTa2O7 (a 
Dion-Jacobson (100)-type layered perovskite, S.G. Immm). This material 
exceeds the activity reported for most tantalates. The BaSrTa2O7 
hydrogen production is 26% higher than that of Sr2Ta2O7 (S.G. Cmcm, a 
(110)-type layered perovskite). While both materials are perovskites- 
type layered compounds based on Ta, their measured band gap en
ergies differ in a substantial value of 0.6 eV. DFT calculations allowed a 
comprehensive analysis of the crystal and electronic structures of 
Sr2Ta2O7 and BaSrTa2O7, and related Sr2-xBaxTa2O7 compounds. It is 
found that the major differences in the electronic structure between 
BaSrTa2O7-derived and Sr2Ta2O7-derived compounds obey their distinct 
crystal structures. Among the structural factors controlling the elec
tronic structure, the shorter Ta–Ta distance in the diagonal of the 
perovskite unit-cell of BaSrTa2O7 enhances the Ta–Ta t2g orbital over
lapping, promoting the widening of the bottom of the conduction band 
and a band gap narrowing. 

Although certainly many other factors control the hydrogen pro
duction, tuning the electronic structure of DJ-BaSrTa2O7 by composi
tional modifications is a successful approach to enhance its 
photocatalytic activity. This work demonstrates the minor impact of the 
alkaline-earth nature and content in the electronic structure of BaSr
Ta2O7. Hence, a plausible strategy is the substitution of Ta with other 
transition metals favouring TM–TM interactions that might lead to 
better photocatalytic performance for hydrogen evolution. 

Some words must be devoted to computational methodologies. The 
HSE06 and SCAN functionals correctly reproduce the experimental unit 
cell parameters and bond lengths, as well as the measured band gap 
difference between Sr2Ta2O7 and BaSrTa2O7. The hybrid HSE06 XC- 
functional provides band gap values extremely close to the experimen
tally known in metal transition oxides (errors in this work are below 0.1 
eV). However, in terms of computational time, the utilization of hybrid 
XC-functionals is extremely costly, and in some cases prohibited. In line 
with recent advances in the development of meta-GGA functionals, the 
present results validate the utilization of the SCAN functional to inves
tigate the crystal and electronic structures of transition metal oxides and 
extract band gap trends. 

Fig. 7. (a) Snapshot of the DJ-BaSrTa2O7 crystal structure, showing the eight octahedra that form the unit cell of the perovskite for Sr1 (light green) and Sr2 (dark 
green). The Ta–Ta distances at the diagonals of the perovskite unit cell are indicated in black. Color code: Sr1 in light green, Sr2 in dark green, O in red and Ta in 
brown. (b) Orbital projected DOS for DJ-compounds, with the Fermi level set as the zero of energy. At the bottom of the conduction band the mayor contribution is of 
Ta-5dxy states with almost no contribution of O-2p states (TM-TM band). Color code: Ta-5dxy in green, Ta-5dyz and Ta-5dxz in dark blue, Ta-5dx

2
-y
2 and Ta-5dz

2 in light 
blue and O in red. 
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Marianela Gómez-Toledo: Investigation, Methodology, Software, 
Data curation, Validation, Formal analysis, Visualization, Writing – 
Original Draft. Khalid Boulahya: Supervision, Investigation, Resources, 
Writing – Review & Editing. Laura Collado: Investigation, Validation, 
Visualization, Writing – Review & Editing. Víctor A. de la Peña O’Shea: 
Project Administration, Funding acquisition, Writing – Review & Edit
ing. Elena Arroyo-de Dompablo: Conceptualization, Supervision, 
Funding acquisition, Project Administration, Writing – Original Draft. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgments 

UCM authors thank funding from MCIN/AEI/10.13039/ 
501100011033 ERDF A way of making Europe - EU across the project 
ECSAWE (PID2022-139501OB-C22) and from Universidad Complutense 
de Madrid (FEI-EU-22-01- 4129585). MGT thanks Comunidad de 
Madrid for contract (PEJ-2020-AI/IND-18065) of the program “Ayudas 
para la contratación de Ayudantes de Investigación y Técnicos de Lab
oratorio”. IMDEA authors acknowledge ARMONIA (PID2020–1191 
25RJ-I00) and the strategic research lines project SOL-Future (PLE 
C2021-0079069) funded by MICIU/AEI/10.13039/501100011033 and 
NextGenerationEU/PRTR. Additional funding was received from 
TED2021-130173B–C41. The authors acknowledge Wilfredo More and 
ICV-CISC for DRS measurements, as well as MALTA-Consolider and 
I2Basque for access to computational facilities. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ijhydene.2024.02.346. 

References 

[1] Abdalla AM, Hossain S, Nisfindy OB, Azad AT, Dawood M, Azad AK. Hydrogen 
production, storage, transportation and key challenges with applications: a review. 
Energy Convers Manag 2018;165:602–27. https://doi.org/10.1016/j. 
enconman.2018.03.088. 

[2] Megía PJ, Vizcaíno AJ, Calles JA, Carrero A. Hydrogen production Technologies: 
from fossil fuels toward renewable sources. A Mini review. Energy & Fuels 2021; 
35:16403–15. https://doi.org/10.1021/acs.energyfuels.1c02501. 

[3] Ishaq H, Dincer I, Crawford C. A review on hydrogen production and utilization: 
challenges and opportunities. Int J Hydrogen Energy 2022;47:26238–64. https:// 
doi.org/10.1016/j.ijhydene.2021.11.149. 

[4] Wang Z, Li C, Domen K. Recent developments in heterogeneous photocatalysts for 
solar-driven overall water splitting. Chem Soc Rev 2019;48:2109–25. https://doi. 
org/10.1039/c8cs00542g. 

[5] Osterloh FE. Inorganic materials as catalysts for photochemical splitting of water. 
Chem Mater 2008;20:35–54. https://doi.org/10.1021/cm7024203. 

[6] Yan H, Wang X, Yao M, Yao X. Band structure design of semiconductors for 
enhanced photocatalytic activity: the case of TiO2. Prog Nat Sci: Mater Int 2013;23: 
402–7. https://doi.org/10.1016/j.pnsc.2013.06.002. 

[7] Sakata Y, Miyoshi Y, Maeda T, Ishikiriyama K, Yamazaki Y, Imamura H, et al. 
Photocatalytic property of metal ion added SrTiO3 to Overall H2O splitting. Appl 
Catal Gen 2016;521:227–32. https://doi.org/10.1016/j.apcata.2015.12.013. 

[8] Hu Y, Mao L, Guan X, Tucker KA, Xie H, Wu X, et al. Layered perovskite oxides and 
their derivative nanosheets adopting different modification strategies towards 
better photocatalytic performance of water splitting. Renew Sustain Energy Rev 
2020;119. https://doi.org/10.1016/j.rser.2019.109527. 

[9] Brito AS, Bouquet V, Demange V, Cheviré F, Guilloux-Viry M, Marinho TD, et al. 
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Table S1. Selected Ta-oxides reported as UV-photocatalyst for the water splitting reaction. For 

more details see [1] and references therein. 

Oxide Cocatalyst 
Maximum H2 production rate 

reported  

Ta2O5 NiOx 1150 µmol g-1 h-1 [2] 

Rb4Nb6 O17  NiO 936 μmol g-1 h-1 [3] 

NaTaO3 NiO 1980 μmol g-1 h-1 [4] 

La1/3TaO3 NiO 70 µmol g-1 h-1 [5] 

KTa0.2Ti0.8O1.1  NiO 1000 µmol g-1 h-1 [6] 

SrTa2O6 NiO 960 µmol g-1 h-1 [7] 

NiTa2O6   11 µmol g-1 h-1 [2] 

Ca2Ta2O7 NiO 340 µmol g-1 h-1 [8] 

Bi2LaTaO7  41.8 µmol g-1 h-1 [9] 

Sr2Ta2O7  NiO 1000 µmol g-1 h-1 [10] 

Sr2Ta2O7  52 µmol g-1 h-1 [10] 

Sr2Ta2O7   

BaSr2Ta2O7  
Pt 

2000 µmol·g-1·h-1 (this work) 

2900 µmol·g-1·h-1 (this work) 

KBa2Ta3O10 NiO 150 µmol g-1 h-1 [11] 

Sr4Ta2O9, M5Ta4O15 (M=Sr, Ba) NiO 

64 µmol g-1 h-1 (Sr4Ta2O9) [12] 

 2388 µmol g-1 h-1 (Sr5Ta4O15) [12] 

2080 µmol g-1 h-1 (Ba5Ta4O15) [13] 

K3Ta3Si2O13 NiO 368 µmol g-1 h-1 [14] 

La3TaO7   328 µmol g-1 h-1 [15] 

LaTaO4  NiO 578 µmol g-1 h-1 [16] 
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1. Sr2Ta2O7 and BaSrTa2O7 

 

Figure S1.  (a) (100) and (b) (110) slabs relative to the principal axis of an ideal cubic perovskite 

structure and the resulting layered perovskites of (c) BaSrTa2O7 and (d) Sr2Ta2O7.  Color code: Ta in 

brown, Sr in green, Ba in purple and O in red.  

  

Sr2Ta2O7

c ~√2ap

ap

ap

BaSrTa2O7
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Figure S2.  The crystal structure of Sr2Ta2O7 viewed (a) along the a (b) along c, and (c) the structure 

of BaSrTa2O7 viewed along a.  Note the displacements of the Ta atoms from the centers of their 

respective octahedra in the perovskite slabs. Color code: Ta in brown, Sr in green, Ba in purple and 

O in red.  

 

(a)

(b)

(c)
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Table S2: Calculated unit cell parameters (Å), unit cell volume (Å3), and bond-lengths (Å) for Sr2Ta2O7 

and BaSrTa2O7 obtained within GGA-PBE XC-functional. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table S3. Calculated local effective Bader charges (Q) for Sr2Ta2O7 and BaSrTa2O7 oxides. 

 

 

 

 

 

 

Sr2Ta2O7 Experimental 
Calculated 

BaSrTa2O7 Experimental 
Calculated 

GGA error  GGA error  

a 3.9376 3.9893 1.3 a 3.993725 4.0261 0.8 

b 27.1986 27.6043 1.5 b 7.84281 7.9000 0.7 

c 5.6927 5.7473 1.0 c 20.16093 20.5429 1.9 

Volume 609.5 632.9 3.8 Volume 631.48 653.4 3.5 

Sr1-O 2.47 x 4 2.508 x 4 1.5 Sr1–O 2.72 x 4 2.756 1.3 

Sr1-O 2.60 x 2 2.590 x 2 0.4 Sr1–O 2.63 x 4 2.621 0.3 

Sr1-O 3.27 x 2 3.385 x 2 3.5 Sr1–O 3.10 x 4 3.062 1.2 

Sr2-O 2.71 x 4 2.739 x 4 1.1 Sr2–O 2.65 x 4 2.588 2.3 

Sr2-O 2.827 x 4 2.870 x 4 1.5 Sr2–O 2.69 x 4 2.721 1.2 

Sr2-O 2.850 x 2 2.879 x 2 1.0 Sr2–O 2.98 x 4 3.035 1.8 

Sr2-O 2.7 2.645 2.0 Ba–O 2.705 x 2 2.748 x 2 1.6 

Sr2-O 2.74 2.784 1.6 Ba–O 2.713 x 4 2.741 1.0 

Ta1-O 1.87 x 2 1.882 x 2 0.6 Ba–O 2.94 3.070 4.4 

Ta1-O 1.979 x 2 2.014 x 2 1.8 Ta–O 2.011 x 2 2.024 x 2 0.6 

Ta1-O 2.16 x 2 2.169 x 2 0.4 Ta–O 1.977 2.018 2.1 

Ta2-O 1.89 x 2 1.922 x 2 1.7 Ta–O 1.976 2.000 1.2 

Ta2-O 1.980 x 2 2.006 x 2 1.3 Ta–O 2.113 2.172 2.8 

Ta2-O 2.070 x 2 2.086 x 2 0.8 Ta–O 1.83 1.880 2.7 

mean Ta-

O 
1.992 2.013 1.1 mean Ta-

O 
1.986 2.020 1.7 

PB-Sr2Ta2O7  DJ-BaSrTa2O7 

 SCAN HSE06  SCAN HSE06 

Q (Sr1) 1.67 1.68 Q (Ba) 1.65 1.67 

Q (Sr2) 1.63 1.64 Q (Sr) 1.62 1.64 

Q (Ta1) 2.83 2.93 Q (Ta) 2.87 2.96 

Q (Ta2) 2.88 2.96 Q (O1) -1.29 -1.32 

Q (O1) -1.26 -1.30 Q (O2) -1.31 -1.33 

Q (O2) -1.28 -1.30 Q (O3) -1.27 -1.30 

Q (O3) -1.30 -1.33 Q (O4) -1.37 -1.40 

Q (O4) -1.36 -1.38 Q (O5) -1.25 -1.28 
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Figure S3. Schematic band structure of  a cubic pervoskite  (left). The overlapping TM d-orbitals and 

O-2p orbitals form the bonding Π-O(2p)-TM(t2g) and the σ-O(2p)-TM(eg) bands, with major 

contribution of O-2p states, and the corresponding antibonding bands with major contribution of 

TM-d states.  For TM being Ta, the band gap opens within the occupied Π-O(2p)-Ta(t2g) band and 

the unoccupied band Π*-O(2p)-Ta(t2g). The right panel shows the ideal π-type ovelapping between 

Ta-5dxy and O-2p orbitals in a cubic pervoskite (Ta-O-Ta angle 180o). In the perpendicular directions 

the dyx and dzy orbitals overlap in an identical manner. Adapted from [17].  
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2. Substituted Sr2-xBaxTa2O7 

2.1. Relative stability 

Figure S4: Calculated relative energy per formula unit for the modelled Sr2-xBaxTa2O7 (0 ≤ x ≤ 1) 

compounds according to equation (2) in the main text. PB-Sr2-xBaxTa2O7 are shown in blue, 

and DJ-Sr2-xBaxTa2O7 in red. The model’s names are shown as indicated in the main text 

(Table 1). 

 

DFT calculations offer information about the relative stability of the modelled Sr2-xBaxTa2O7 (0 ≤ x ≤ 

1) compounds with different crystal structures (Figure S4, PB in blue and DJ in red). It is worth 

mentioning that for x=0 and x=1 the most stable structures agree with the experimentally observed: 

for x = 1 the Dion-Jacobson BaSrTa2O7 and, contrariwise, for x = 0, the PB-Sr2Ta2O7. For x=0, the DJ-

0 is 0.1 eV/f.u. less stable than the experimentally observed PB-structure. For x =1, the DJ-1 is much 

more stable than any of the other tested hypothetical models (0.25 and 0.35 eV/f.u.).  The DJ-1exch, 

with Ba inside the perovskite slab and Sr in the interlayer site, is particularly unstable (0.6 eV/f.u.). 

Within the PB structure the models with Ba inside the perovskite slab site (PB12 models) are more 

stable than those with Ba in the interlayer site (PB6 models), with the energy difference between 
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PB6 and PB12 models becoming larger with the increasing of Ba content. In addition, the 

introduction of Ba increases the instability for both PB6 and PB12 models respective to the end 

members. As a bottom line, site preference is opposite in the PB and DJ structures; the largest cation 

(Ba2+) preferably occupy the inside-slabs site in former and the interlayer site in the later.  

 

2.2. Details on the Crystal Structure of the PB compounds 

Table S4: Calculated (SCAN) unit cell parameters for the modelled Sr2-xBaxTa2O7 (0.25 < x < 1) 

compounds with Sr2Ta2O7 (PB-0) crystal structure. 

Sr2-xBaxTa2O7 
PB6 models PB12 models 

x = 0.25 x = 0.5 x = 1 x = 0.25 x = 0.5 x = 1 

a (Å) 3.9660 3.9794 4.0046 3.9613 3.9710 3.9885 

b(Å) 27.1845 27.1869 27.2012 27.2664 27.3198 27.4250 

c (Å) 5.7336 5.7669 5.8352 5.7146 5.7317 5.7693 

V (Å3) 61.81 62.39 63.56 61.72 62.18 63.11 

 

Figure S5. Calculated lattice parameters (SCAN) for PB-Sr2-xBaxTa2O7 compounds, with the PB6 

models shown as blue hollow symbols and the PB12 models denoted by blue filled symbols. The 

experimental and calculated SCAN, PBE and HSE06 values for parent PB-0 are given for comparison. 

The dashed lines are a guide for the eye. The lattice parameters increase linearly with the Ba content 

following Vegard´s law. There are, however, some differences depending on whether Ba occupies 

the interlayer site (PB6 models) or is positioned inside the perovskite slab (PB12 models).  
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Figure S6. Ta coordination environnements in PB-Sr2Ta2O7.  

Table S5: Calculated (SCAN) bond angles (o) in selected PB-Sr2-xBaxTa2O7 compounds  

Angle Sr2Ta2O7 (PB-0) PB6-1 PB12-1 

O(2) - Ta(1) - O(1) 95.555 x 4 95.938 x 4 94.742 x 4 

O(2) - Ta(1) - O(3) 83.735 x 4 83.583 x 4 84.697 x 4 

O(1) - Ta(1) - O(3) 93.111 x 2 92.352 x 2 91.504 x 2 

O(1) - Ta(1) - O(1') 94.120 92.256 95.047 

O(3) - Ta(1) - O(3') 79.659 83.040 81.944 

O(4) - Ta(2) - O(3) 93.947 x 4 93.850 x 4 93.451 x 4 

O(4) - Ta(2) - O(5) 85.487 x 4 85.646 x 4 85.060 x 4 

O(3) - Ta(2) - O(5) 86.018 x 2 84.787 x 2 87.538 x 2 

O(3) - Ta(2) - O(3'') 101.106 101.632 99.711 

O(5) - Ta(2) - O(5'') 86.857 88.794 85.214 

 

O(2)

O(2)

O(3) O(3’)
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2.3. Details on the Crystal Structure of the DJ compounds 

Table S6. Calculated (SCAN) unit cell parameters for the modelled Sr2-xBaxTa2O7 (0 ≤ x ≤ 1) 

compounds with BaSrTa2O7 (DJ-1) crystal structure. 

Sr2-xBaxTa2O7 
Model DJ-0 Model DJ-1exch BaSrTa2O7 (DJ-1)  

x = 0 x = 1 x = 1 

a (Å) 3.9721 4.0020 3.987 

b(Å) 7.7529 7.8678 7.8293 

c(Å) 19.5456 19.8073 20.2897 

V (Å3) 60.19 62.37 63.33 

 

 

Figure S7. Calculated lattice parameters (SCAN) for compositional modifications in BaSrTa2O7, (DJ-

1) where the DJ-0 phase is shown as red filled symbol, and the DJ-1exch is shown as hollow symbol. 

The experimental and calculated PBE and HSE06 values for parent DJ-BaSrTa2O7 are given. The 

dashed lines are a guide for the eye. For these DJ-Sr2-xBaxTa2O7 compounds, unsurprisingly, at x=1, 

placing Ba in the perovskite layer and Sr in the interlayer space (DJ-1exch) causes the contraction of 

the c axis, and a slight expansion in a and c lattice parameters.  
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Figure S8.  Ta coordination in DJ- Sr2-xBaxTa2O7 compounds.  

 

Table S7: Calculated (SCAN) bond angles (o) in the modelled DJ-Sr2-xBaxTa2O7 compounds. 

Angle BaSrTa2O7 (DJ-1) DJ-1exch DJ-0 

O(1)–Ta–O(1) 167.994 170.411 167.514 

O(4)–Ta–O(5) 177.325 172.952 176.126 

O(2)–Ta–O(3) 171.931 172.535 172.537 

O(1)–Ta–O(2) 88.269 89.141 88.272 

O(1)–Ta–O(3) 90.908 90.240 90.936 

O(1)–Ta–O(4) 84.114 85.214 83.849 

O(1)–Ta–O(5) 95.824 94.715 96.064 

O(2)–Ta–O(4) 84.539 83.068 83.743 

O(2)–Ta–O(5) 92.786 89.884 92.383 

O(3)–Ta–O(4) 87.393 89.467 88.794 

O(3)–Ta–O(5) 95.282 97.581 95.081 

 

 

 

O(1)

O(1)

O(5)

O(4)

O(3)

O(2)

Ta



80 
 

 

Figure S9. Snapshot of the DJ-Sr2-xBaTa2O7 crystal structure, showing the eight octahedra that form 

the unit cell of the perovskites for Sr1 and Sr2.  Relevant Ta-Ta distances and  Ta-O-Ta angles are 

indicated in red. Sr1 is shown in light green and Sr2 in dark green.  

Table S8. Ta-O-Ta angles depicted in Figure S9 for the DJ-Sr2-xBaTa2O7 compounds. 

 

Table S9. Ta-Ta distances depicted in Figure S9 for the DJ-Sr2-xBaTa2O7 compounds. 

 

 

Angle BaSrTa2O7 (exp) BaSrTa2O7 (DJ-1) DJ-1exch DJ-0 

α 166.57 167.99 170.41 167.51 

δ 165.46 163.74 171.88 161.60 

β 158.90 152.82 158.11 149.08 

γ 164.17 168.96 172.94 164.00 

Sr d Ta-Ta BaSrTa2O7 (exp) BaSrTa2O7 (DJ-1) DJ-1exch DJ-0 

1 
a’ 5.62 5.61 5.65 5.59 

b’ 7.01 6.99 7.15 6.99 

c’ 5.79 5.78 5.94 5.78 

2 
a 5.57 5.56 5.59 5.52 

b 6.97 6.96 7.10 6.93 

c 5.79 5.78 5.94 5.78 

δ

α

γ

δ

β

Sr1Sr2



81 
 

2.4. Electronic Structure of PB and DJ compounds  

 

Figure S10. Calculated (SCAN) PDOS for PB-Sr2-xBaxTa2O7 models (a) PB6 and (b) PB12. The Fermi 

level is set as the zero of energy. Ta contribution is shown in blue, Sr in green, Ba in pink and O in 

red. DOS units refers to the calculated cell.  
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Figure S11. Calculated (SCAN) PDOS for DJ-Sr2-xBaxTa2O7 models (a) DJ-0 and (b) DJ-1exch. The Fermi 

level is set as the zero of energy. Ta contribution is shown in blue, Sr in green, Ba in pink and O in 

red. DOS units refer to the calculated cell. Red circle indicates the widening of the conduction band 

arising from Ta-5dxy states (see main text). 

Table S10. Experimental and calculated band gap values for some perovskite-type AMO3 and 

AA´M2O6 compounds. 

Material B - O – B Angle 
Experimental 
band gap (eV) 

Calculated 
band gap (eV) 

NaTaO3 163o (a) 4.0 (a) 3.69 (c) 

KTaO3 180o (a) 3.6 (a) 3.40 (c) 

CaTiO3 156o [18] 3.8; 4.38(d) 2.31(b); 2.45(d) 

SrTiO3 180o[19] 3.25 [20] 1.86(b); 3.06 [21] 

BaTiO3 180o [22] 3.20(e) 2.62(b); 1.20(e) 

Ca2ScTaO6 1480 - 4.11(f), 3.73(b) 

Sr2ScTaO6 1600 - 3.78(f), 3.42(b) 

Ba2ScTaO6 1800 - 3.35 (f), 3.02(b) 
(a)reference[23]; (b)reference [24] ; (c) reference [25]; (d) reference [26]; (e) reference [27], (f) reference 
[28] 
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ABSTRACT: Progress in the design of functional perovskite
oxides relies on advances in density functional theory (DFT)
methods to efficiently and effectively model complex systems
composed of several transition-metal ions. This work reports the
application of DFT methods to investigate the electronic structure
of the YSr2Cu2FeO8−δ (0 < δ < 1) family in which the insulating,
metal, or superconducting behaviors and even anion conductivity
can be tuned by modifying the oxygen content. In particular, we
assess the performance of the generalized gradient approximation
(GGA), its Hubbard-U correction (GGA + U), and the strongly
constrained and appropriately normed (SCAN) to model the
metallic (idealized YSr2Cu2FeO8) and insulating (idealized
YSr2Cu2FeO7) phases of the system. The analysis of the DFT
results is supported by DC resistivity measurements that denote the metal character of the synthesized YSr2Cu2FeO7.86 and the
semiconducting character of YSr2Cu2FeO7.08 prepared under reducing conditions. In addition, the band gap of YSr2Cu2FeO7.08, in
the range of 0.73−1.2 eV, has been extracted from diffuse reflectance spectroscopy (DRS). While the three methodologies (GGA,
GGA + U, SCAN) permit the reproduction of the crystal structures of the synthetized oxides (determined here in the case of
YSr2Cu2FeO7.08 by neutron powder diffraction (NPD)), the SCAN emerges as the only one capable to predict the basic electronic
and magnetic properties across the YSr2Cu2FeO8−δ (0 < δ < 1) series. The picture that emerges for the metal (δ = 0) to insulating (δ
= 1) transition is the one in which oxygen vacancies contribute electrons to the filling of the Cu/Fe-3dx2−y2 states of the conduction
band. These results validate the SCAN functional for future DFT investigations of complex functional oxides that combine several
transition metals.

1. INTRODUCTION
Perovskite-type oxides (ABO3 and related materials) exhibit a
broad range of functional properties that derive in multiple and
relevant applications.1 To better understand the properties and
optimize the applications of these oxides, a profound
knowledge of their crystal and electronic-structure relation-
ships is compulsory. Nowadays, electronic-structure calcula-
tions based on density functional theory (DFT) are extensively
applied to successfully predict and design materials with
particular properties. Since the development of DFT by
Holenberg, Kohn, and Sham,2,3 a great deal of improvement
on exchange-correlation (XC) functionals has been reported,
such as the widely used generalized gradient approximation
(GGA) developed in the late 1980s.4,5 The GGA functionals
have offered some acceptable results in the modeling of
perovskite oxides based on d0 transition metals (TM).6−9

However, the overestimation of electron delocalization and
metallic character is a known failure of DFT methods for
systems with localized and strongly interacting d-electrons and
f-electrons.10−13 In the 1990s, the DFT + U method

introduced an explicit treatment of electron correlation with
a Hubbard-like model for a subset of states in the system.10,14

Vast literature demonstrates the suitability of the DFT + U
approach to investigate TM oxides with strong Coulomb
correlations. More recently, the strongly constrained and
appropriately normed (SCAN) meta-GGA functional15 has
shown good performance to model the basic physical
properties and phenomena associated to correlated oxides.16,17

For instance, investigations on perovskite-related oxides using
meta-GGA functionals (and particularly SCAN) have accu-
rately described the transition from the insulating to the
metallic character of La2CuO4 by substitution of La by Sr in
the superconducting system;18 the layered ordering stabiliza-
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tion of the Bi2MFeO6 perovskites (M = Al, Ga, In) induced by
the Fe−magnetic interactions;19 the effect of the hole and
electron doping in the electronic structure of Sm1−xMxNiO3
(M = Ca, Ce);20 and have predicted the structural cubic-
symmetry breaking, band-gap existence, and magnetic behavior
in ABO3 perovskites with B = 3d-TM.21

Despite the substantial progress in the computational
investigation of perovskites, the scenario complicates when
different TM ions occupy the B positions, even if this occurs in
an ordered manner. Hence, assessing the performance of DFT
methodologies and, specifically, of the recently developed
SCAN functional at a basic property-level prediction�crystal,
electronic, and magnetic structures�is a prerequisite to
further investigating the particular properties of complex
perovskite oxides. In the present work, we focus on the
YSr2Cu2FeO8−δ (0 < δ < 1) family derived from the so-called
“YBaCuO” superconducting cuprates.22,23 Figure 1a,b displays
the graphic representation of the crystal structure of the
idealized stoichiometric endmembers YSr2Cu2FeO8 and
YSr2Cu2FeO7 (δ = 0 and 1, respectively). The structures
consist of an alternation of FeO2−δ/SrO/CuO2/Y/CuO2/SrO
layers along the c-axis or a-axis (space group (S.G.) P4/mmm
and S.G. Ima2 settings, respectively). The idealized
YSr2Cu2FeO8, with [FeO6] octahedral units in the Fe layers,
presents a tetragonal (S.G. P4/mmm) crystal structure with ap
× ap × 3ap unit cell dimensions (ap refers to the lattice
parameter of the cubic perovskite structure).24 Lowering the
oxygen content (δ > 0) creates vacancies in the O3 positions of
the FeO2−δ layer (Figure 1) so that in the YSr2Cu2FeO8−δ
family, the Fe atoms may adopt octahedral, tetrahedral, and/or

square pyramid coordination.23−27 In combination with the Y
and Sr ordering, there is layered ordering of the coordination
polyhedra (octahedra O, square pyramid SP, and tetrahedra T)
around the Fe and Cu atoms in the manner O/SP/SP/O in the
idealized YSr2Cu2FeO8 and like T/SP/SP/T in the idealized
YSr2Cu2FeO7. In addition, in the idealized YSr2Cu2FeO7, the
different orientation of the tetrahedral coordination polyhedra
of the Fe atoms leads to a sixfold superstructure (6ap × √2ap
× √2ap within the Ima2 space group).23,28

YSr2Cu2FeO8−δ (0 < δ < 1) compounds show a non-
stoichiometric anion sublattice resulting from the interplay
between different oxidation states of Fe and Cu atoms.22,23,29

Oxides of the system, with different oxygen content and
properties, have already been reported. The highly oxidized
term YSr2Cu2FeO7.85 obtained experimentally in ozone flow,
with Fe in the unusual 4+ formal oxidation state and mixed
Cu3+ and Cu2+ valences, is a metallic oxide with a
superconducting transition at Tc = 70 K.24 The compound
presents magnetic ordering arising from the ferromagnetic
(FR) interactions below TN = 110 K between Fe4+ cations with
parallel in-plane spins in the FeO2−δ layers coupled with a soft
character of the antiferromagnetic (AFM) interactions
between layers.24 The low oxygen content terms
YSr2Cu2FeO7.08,

27 YSr2Cu2FeO7.11,
28 and YSr2Cu2FeO7.04,

26

prepared under reducing conditions, are insulators with mainly
Fe3+ and Cu2+. In between those extremes, air-synthesized
YSr2Cu2FeO7.56, mixed valence Fe3+/Fe4+ and Cu2+/Cu3+

oxide, exhibits an interesting electrochemical behavior
associated with catalytic activity in the oxygen reduction

Figure 1. Crystal structure representations of (a) idealized stoichiometric oxide YSr2Cu2FeO8 (ap × ap × 3ap unit cell, S.G. P4/mmm) and (b)
idealized stoichiometric oxide YSr2Cu2FeO7 (6ap × √2ap × √2ap unit cell, S.G. Ima2).
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reaction (ORR), being a potential air electrode for solid oxide
fuel cells (SOFCs).26,27

Modeling the evolution of the electronic structure of
YSr2Cu2FeO8−δ from the metallic phase (δ ∼ 0) to the
insulating one (δ ∼ 1), which is to say, the metal-to-insulating
transition as a function of the oxygen content, constitutes a
challenge for DFT methods, apart from the relevance of tuning
the electronic properties of these materials to manage
particular applications. Indeed, few computational works deal
with the two facts that are found in YSr2Cu2FeO8−δ oxides:
first, the combination of two transition-metal ions in the B
positions of the crystal structure, and second, the occurrence of
oxygen nonstoichiometry. Both aspects highly condition the
electronic properties of the materials.

We here report DFT calculations for the idealized
stoichiometric compounds YSr2Cu2FeO8 and YSr2Cu2FeO7
as representatives of the experimentally obtained
YSr2Cu2FeO7.85 and YSr2Cu2FeO7.08. The calculations have
been performed within the GGA-Perdew, Burke, and
Ernzerhof (PBE) functional (hereafter denoted as simply
GGA), its Hubbard correction PBE + U (denoted as GGA +
U), and the meta-GGA-SCAN functional (denoted as SCAN).
We demonstrate that the three methodologies fairly reproduce
the crystal structures. However, the prediction of the electrical
and magnetic properties depends on the functional used for
the calculation. While the metallic behavior and magnetic
features of the YSr2Cu2FeO8 phase are well described with the
GGA and SCAN functionals, the SCAN and GGA + U offer
the best approaches to investigate the YSr2Cu2FeO7 com-
pound. We also support the electronic-structure calculations
with resistivity experiments that confirm the metal-to-
insulating transition in the YSr2Cu2FeO8−δ (0 < δ < 1) system.
In addition, the optical band gap of YSr2Cu2FeO7.08 has been
determined from diffuse reflectance spectroscopy (DRS).

2. METHODOLOGY
2.1. Experimental Section. Our previous works cover the

synthesis and structural characterization of several
YSr2Cu2FeO8−δ oxides.24,27,30 In this work, polycrystalline
YSr2Cu2FeO8−δ (δ = 0.15 and 0.92) compounds have been
prepared by the conventional ceramic method in air. The
intimate mixtures of Fe2O3 (Aldrich 99.99%), CuO (Aldrich
99.9999%), previously decarbonated Y2O3 (Aldrich 99.9%),
and previously dehydrated SrCO3 (Aldrich 99.9%) in the
stoichiometric relations were subjected to an initial treatment
at 1173 K for 12 h in air. The resulting powders were ground
in an agate mortar, pelletized, and subjected to several
treatments at 1253 K in air, for 72 h, with intermediate
grindings. The air-prepared sample was heated at 1023 K for
24 h in N2 flow to obtain YSr2Cu2FeO7.08 oxide and the N2
prepared compound was oxidized in ozone at 473 K to obtain
YSr2Cu2FeO7.85.

The crystal structure of the YSr2Cu2FeO7.08 compound at
room temperature (RT) was determined by neutron powder
diffraction (NPD) using the high-resolution D2B instrument at
the ILL (Grenoble, France) with a wavelength of λ = 1.594 Å.
Rietveld refinements were performed following the Fullprof
software.31

DC electrical resistivity measurements of sintered pellets of
YSr2Cu2FeO7.85 and YSr2Cu2FeO7.08 have been performed in
the temperature region 5 < T < 300 K using a Quantum
Design PPMS device. Four-probe electrical contacts were
made using conductive mixed silver paste and gold wires. The

resistivity was measured in sweep mode with a heating rate of 2
K/min.

DRS measurements have been carried out to determine the
optical band gap in YSr2Cu2FeO7.08. The experiments have
been performed in a Cary 5G spectrophotometer with an
external integrating sphere. The measurement range was 300−
3300 nm and the data interval was 1 nm. As stated by Kubelka
and Munk,32 diffuse reflectance spectra can be transformed
into absorption spectra through the Kubelka−Munk function
(F(R∞), eq 1)

F R K
S

R
R

( )
(1 )

2

2

= =
(1)

where R∞ is the absolute reflectance of an infinitely thick
specimen and K and S are the absorption and scattering
coefficients, respectively. F(R∞) is proportional to the
extinction coefficient (α), which can be expressed by eq 2,
according to the Tauc method33

h A h E( ) ( )1/
g= (2)

where h is the Plank constant, ν is the photon frequency, Eg is
the band-gap energy, and A is a constant. The γ factor
considers the nature of the electronic transition, being equal to
1/2 for allowed direct and 2 for allowed indirect transition.

Replacing α with F(R∞) results in the following expression
(eq 3)

F R h A h E( )( ) ( )1/
g= (3)

The band gap can thus be extracted from diffuse reflectance
spectra transformed according to eq 3. Linear fitting of the
Tauc plot followed by extrapolating to the x-axis intersection
gives the band-gap value.
2.2. Computational Section. Calculations for the

idealized stoichiometric endmembers of the YSr2Cu2FeO8−δ
family, YSr2Cu2FeO8 and YSr2Cu2FeO7, have been performed
using the ab initio total-energy and molecular dynamics
program Vienna ab initio simulation package (VASP)
developed at the Universitaẗ Wien.34,35 The interaction of
core electrons with the nuclei is described by the projector
augmented wave (PAW) method36 with 2s22p4 of O,
3s23p63d74s1 of Fe, 3p63d104p1 of Cu, 4s24p65s2 of Sr, and
4s24p64d15s2 of Y treated as valence electrons. For the GGA
approximation, we selected the exchange and correlation
functional form developed by Perdew, Burke, and Ernzerhof
(PBE).37 On the other hand, for the meta-GGA approx-
imation, the strongly constrained and appropriately normed
(SCAN)15 functional was used. In all cases, the energy cut off
for the plane wave basis set was kept fixed at a constant value
of 600 eV throughout the calculations. The integration in the
Brillouin zone is done on appropriate sets of k-points
determined by the Monkhorst−Pack scheme. The k-point
meshes were set at 2 × 8 × 8 for YSr2Cu2FeO7 and 10 × 10 ×
4 for YSr2Cu2FeO8, using a Gaussian smearing parameter of
0.05 eV. For the density of states (DOS) calculations, the
tetrahedron method with Blöchl corrections38 was used. Self-
consistency was achieved with a tolerance in total energy of 1
× 10−4 eV for geometry optimization and 1 × 10−6 eV for DOS
calculations.

A local Hubbard-U (GGA + U) was added to Fe and Cu
atoms following the simplified rotationally invariant framework
developed by Dudarev et al.39 Typically, U is formulated as Ueff
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= U − J, where U is the onsite Coulomb term and J the
exchange term. In this work, this effective parameter is simply
referred to as U. The J value was fixed to 1 eV. An effective U
value of 4 eV was used for the d orbitals of Cu and Fe, that
were found appropriate in previous GGA + U investiga-
tions.13,40−42 The local magnetic moments are taken from the
difference between the projected electron density of up and
down spins onto 1 Å radius sphere. Bader charge analysis43 was
performed on the charge density files44 using the pymatgen
package.45

In the present work, we have performed calculations using
the idealized stoichiometric compositions YSr2Cu2FeO7 and
YSr2Cu2FeO8 and perfect Cu/Fe ordering within the crystal
structures. The crystallographic model of YSr2Cu2FeO8 oxide
has been constructed taking the initial positions from
YSr2Cu2FeO7.86 (ICSD file 11514),24 considering a ferromag-
netic 2 × 2 × 1 superstructure of the tetragonal ap × ap × 3ap
unit cell shown in Figure 1a (that is, Y4Sr8Cu8Fe4O32
composition). For YSr2Cu2FeO7 oxide, the 6ap × √2ap ×
√2ap (S.G. Ima2) unit cell has been used for the calculations
(Y4Sr8Cu8Fe4O28), corresponding to an ideal arrangement of
the tetrahedral chains (Figure 1b). The initial cell parameters
and atomic positions of YSr2Cu2FeO7 were taken from the
ICSD record of isostructural YSr2Cu2GaO7.

46 Although the
magnetic structure of YSr2Cu2FeO8−δ phases with high δ
values (δ ∼ 1) has not yet been experimentally determined,
magnetic interactions associated to Fe3+ and Cu2+ cations are
expected, and, as explained below, different magnetic structures
have been considered.

3. RESULTS AND DISCUSSION
3.1. Experimental Section. The crystal structure and

superconducting behavior of the compound with the highest
oxygen content, YSr2Cu2FeO7.86, has previously been re-
ported.24 In this work, the crystal structure of YSr2Cu2FeO7.08
is refined by NPD. Table 1 lists the results of the Rietveld
refinement of the NPD pattern of YSr2Cu2FeO7.08 (Figure 2).
The refined occupation factors of 8i and 8h crystallographic
positions reveal certain disorder (antisite location) of the Fe
and Cu atoms. Note that consistently with the oxygen content
(δ = 0.92 in YSr2Cu2FeO8−δ), there is an occupation of 0.574
for O3 in 8i positions. In the idealized term δ = 1
(YSr2Cu2FeO7) where only tetrahedral-Fe is present, the
fractional occupancy of O3 is of 0.5. Importantly, the results
indicate that corrugation of the [FeO4] tetrahedral units and
their relative orientation along the stacking direction originate
an additional superstructure with a diagonal orthorhombic unit
cell of dimensions √2ap × 6ap × √2ap in the Imma space
group (note the change of S.G. setting as described in Table
2). Therefore, the refined crystal structure of YSr2Cu2FeO7.08 is

in close agreement with the one reported by Mochiku et al.
(ICSD file 151653) for the YSr2Cu2FeO7.11 compound.28 The
crystallographic model with the Imma space group accounts for
the presence of two types of tetrahedral chains in the Fe layers,
which are left- and right-hand rotated. In this sense, the crystal
structure of YSr2Cu2FeO7.08 can be considered as a disordered
version of the model crystal structure of the stoichiometric
YSr2Cu2GaO7 determined by Roth et al. (ICSD file 71263,
used for the DFT calculations)46 in which the presence of a
single chain orientation is well captured within the Ima2 space
group, as it is represented in Figure 1b.

The variation of the resistivity with the temperature of
YSr2Cu2FeO7.86 shows the expected superconducting/metallic
transition at Tc = 70 K (Figure 3a).24 Above the Tc, the
increase of the electrical resistance with temperature reflects
the metallic character (inset in Figure 3a). On the contrary,
YSr2Cu2FeO7.08 oxide presents a semiconducting/insulating
transition near 200 K (Figure 3b). The logarithmic plot of
resistance (inset in Figure 3b) shows an activated behavior in
the 200−300 K temperature range, with an activation energy
(Ea) of 0.147(4) eV.

The optical band gap of the YSr2Cu2FeO7.08 phase has been
extracted from DRS measurements. The Tauc plot and
Kubelka−Munk analysis offer an approximate estimation of
optical band gap.32,33,47 However, if the nature of the
electronic transition is not well known (as in the present
case), the γ parameter (eq 2) value becomes an important
source of uncertainty. For YSr2Cu2FeO7.08, considering a direct
allowed electronic transition, from the Tauc plot we derive a
band-gap value of 1.2 eV, while a band gap of 0.73 eV results if
an indirect electronic transition is considered (Figure 3c).
Methods such as photoluminescence (PL)48 and X-ray
photoelectron spectroscopy (XPS)49 that offer an accurate
band-gap determination are out of the scope of this paper.
Given the above, this work considers the interval 1.2−0.73 eV

Table 1. Atomic Positions and Cell Parameters Obtained from the Rietveld Refinement of the NPD Data for YSr2Cu2FeO7.08
a

atom site x y z Biso (Å) occ.

Y 4a 0 0 0 0.20(4) 1
Sr 8h 0 0.34911(7) 0.0067(8) 0.68(4) 1
Fe1/Cu1 8i 0.0440(8) 0.25 0.5584(5) 1.0(7) 0.426(7)/0.074(7)
Cu2/Fe2 8h 0 0.42610(8) 0.5000(5) 0.28(3) 0.85(1)/0.15(1)
O1 8h 0 0.3257(1) 0.4739(7) 1.30(5) 1
O2a 8g 0.25 0.0630(1) 0.25 0.39(2) 1
O2b 8g 0.25 −0.0649(1) 0.25 0.39(2) 1
O3 8i 0.390(1) 0.25 0.616(1) 2.1(1) 0.574(3)

aS.G. Imma (no. 74); a = 5.4053(1) Å, b = 22.9136(5) Å, c = 5.4577(1) Å, V = 675.98(2) Å3, δ = 0.92; Rp = 3.62%; Rwp = 4.66%; χ2 = 4.22.

Figure 2. Rietveld refinement of the room temperature (RT) NPD
pattern of YSr2Cu2FeO7.08.
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to compare the band gap of YSr2Cu2FeO7.08 with the DFT-
calculated band gap.
3.2. DFT Investigation of YSr2Cu2FeO8−δ. 3.2.1. Metallic

YSr2Cu2FeO8 Phase. Regardless of the constraints in
comparing the experimental data of YSr2Cu2FeO7.85 (δ =
0.15) and the idealized model YSr2Cu2FeO8 (δ = 0), all of the
utilized DFT methodologies reproduce the experimental lattice
parameters and bond distances (Table 2), with small
deviations ranging from a maximum of 4% (GGA + U) to a
minimum of 0.2% (SCAN). The compression of the Fe
octahedra (d Fe−O1/d Fe−O3 < 1) and the elongation of the
Cu-square pyramid (d Cu−O1/d Cu−O2 > 1) along the c-axis
are also well captured. There are, however, some subtle
differences in the predicting capabilities of the four DFT
methodologies. Both the GGA and GGA + U methods tend to
produce larger lattice parameters, bonding distances (see for
instance Fe−O1), and cell volume than the SCAN functional.
For the YSr2Cu2FeO8−δ family, both a and c lattice parameters
decrease with increasing oxygen content,23 and hence the
idealized stoichiometric compound YSr2Cu2FeO8 should have
a lower volume than the synthesized YSr2Cu2FeO7.85. In this
respect, the SCAN functional offers superior performance in
predicting such volume reduction.

The calculated magnetic moments and effective Bader
charges (Table 3) differ among the different methodologies
due to the distinct description of the transition-metal−oxygen
bonding. The effective charge of all ions increases from the
GGA to the GGA + U, as expected, due to the decreasing
covalency of the Fe−O and Cu−O chemical bonds when
correlation effects are taken into account. The poor electron
localization in the GGA and SCAN approximations yields low
magnetic moments on the transition-metal ions (0−0.2 and
2.7−3.0 μB per Cu and Fe atom, respectively). Treating the
correlation effects results in higher electron localization and
larger calculated magnetic moments for Cu atoms (0.5 μB) and
Fe atoms (3.4 μB). Neutron diffraction results and Mössbauer
spectra of YSr2Cu2FeO7.85 yielded a magnetic moment μ0 (Fe)
= 1.7−2 μB per Fe atom that the authors attributed to Fe4+ ion
in low-spin configuration (t2g

4eg0).24 No magnetic moment was
detected for Cu3+/2+ ions. In this regard, although quantitative
comparison of magnetic moments with experiments is
complicated due to the observed Cu/Fe antisite mixing24,50

and differences in the oxygen content, the GGA, and SCAN
methodologies offer a more appropriate description than the
GGA + U.

The three DFT approximations predict the metallic behavior
of the YSr2Cu2FeO8 oxide (see calculated DOS in Figure 4).
Compared to the GGA method, the introduction of the U term
produces a downshift of the occupied Cu/Fe-3d states. The U
parameter keeps the 3d orbitals of Fe ions atomic-like,
diminishing their hybridization with the 2p orbitals of the
oxygen ions (less covalent Fe−O bonding). Although the Fe
down-spin states are partially occupied under all approxima-
tions, the occupancy is the lowest for the GGA + U
methodology, therefore resulting in the larger magnetic
moment of 3.4 μB per Fe atom, which is close to that expected
for a high-spin Fe4+ configuration (t2g

3eg1), and deviates from
the experimental observations.

3.2.2. Insulating YSr2Cu2FeO7 Phase. Figure 5a−c shows
the magnetic structures considered to model the idealized
YSr2Cu2FeO7 oxide. In the A-type structure, there are FM Cu/
Fe in-plane interactions, while the planes order antiferromag-
netically along the a-axis (tetragonal c-axis in YSr2Cu2FeO8). InT
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the C-type, for each magnetic site, an in-plane AFM
configuration between nearest-neighbor spins exits, while a
FM configuration is set between the Fe and Cu planes.
However, the sign reverses across the Y-layers due to the AFM
direct exchange between Cu2+ cations at the face-confronted
pyramids. Within each (CuO2−SrO−FeO−SrO−CuO2)
block, a C-type magnetic ordering is thus defined since the
Cu/Fe magnetic moments can be grouped as chains along the

a-axis (tetragonal c-axis in YSr2Cu2FeO8). The G-type presents
the same AFM in-plane magnetic ordering of the C-type, but
with AFM interactions between the Cu and Fe planes.

The four magnetic states tested to model YSr2Cu2FeO7
follow the energetic ordering: FM ∼ A-AFM ≫ G-AFM ∼ C-
AFM (Table 4). The large stabilization of the G and C-AFM
types (about 0.4 eV/fu respective to the FM configuration)
denotes strong in-plane Cu/Fe AFM interactions. On the

Figure 3. Normalized DC resistance for (a) YSr2Cu2FeO7.85 and (b) YSr2Cu2FeO7.08 oxides. The Arrhenius plot used for the determination of the
activation energy (Ea) is also shown in panel (b) as an inset. Tauc plot for YSr2Cu2FeO7.08 oxide considering direct (c) and indirect (d) allowed
electronic transitions.

Table 3. Calculated Local Magnetic Moments μ (in μB per Atom) and Effective Bader Charges (Q) for Idealized YSr2Cu2FeO7
and YSr2Cu2FeO8 Oxides

a

YSr2Cu2FeO8 C-AFM YSr2Cu2FeO7

GGA GGA + U SCAN GGA GGA + U SCAN

Q (Fe) 1.796 1.881 1.930 Q (Fe) 1.481 1.643 1.628
Q (Cu) 1.073 1.090 1.157 Q (Cu) 0.942 1.010 1.081
Q (O1) −1.158 −1.187 −1.228 Q (O1) −1.267 −1.324 −1.347
Q (O2) −1.187 −1.192 −1.232 Q (O2) −1.235 −1.260 −1.310
Q (O3) −1.125 −1.175 −1.175 Q (O3) −1.210 −1.297 −1.300
μ (Fe) 2.7 3.4 3.0 μ (Fe) 3.6 4.1 3.9
μ (Cu) 0.0 0.5 0.2 μ (Cu) 0.0 0.5 0.5
μ (O1) 0.1 0.0 0.1 μ (O1) 0.2 0.2 0.2
μ (O2) 0.0 0.1 0.0 μ (O2) 0.0 0.0 0.0
μ (O3) 0.2 0.1 0.1 μ (O3) 0.0 0.0 0.0

aWithin the GGA + U method, a value of U = 4 eV is used for both Cu and Fe.
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other hand, the small energy difference between G and C-AFM
types, and between A-AFM and FM types, (5 meV/fu)
suggests weak interplane magnetic interactions. The GGA,
GGA + U, and SCAN methodologies predict the C-AFM to be
the ground state, which has therefore been chosen to
investigate the crystal and electronic structures of
YSr2Cu2FeO7.

Independently on the utilized functional, the optimization of
the crystal structure of the idealized YSr2Cu2FeO7 oxide results
in lattice parameters in reasonable agreement with the
experimental values of YSr2Cu2FeO7.08 with errors below
2.1% (Table 2 and Figure S1). The GGA and GGA + U tend
to overestimate the lattice parameters and TM−O distances,
while the SCAN functional underestimates them. For the Fe
environment, all of the approximations give a satisfactory

description of the average bond distances (errors below 0.7%),
and even of the corrugation of the [FeO] layers, the SCAN
results being the closest to the experimental values. However,
the Cu−O square pyramidal environment is more elongated
than the one experimentally observed (d axial/d equatorial, d
Cu−O1/d Cu−O2 in Table 2). Since the hybridization of the
Cu-apical oxygen plays a significant role in the electronic
structure of YBCO-related oxides,51 it is worth noting that the
deviations in the Cu−O1 bond lengths are of 5.5% (GGA),
3.6% (GGA + U), and 1.7% (SCAN). According to the major
deviation in the Cu−O1 bond distance, the GGA fails to
reproduce the semiconducting behavior of YSr2Cu2FeO7.08
(calculated DOS in Figure 6a) in clear disagreement with
the experimental observations (Figure 3b).

While the GGA incorrectly predicts the metallic behavior for
the ground state of idealized YSr2Cu2FeO7, a band gap of 0.85
eV opens in the GGA + U (U-Cu and U-Fe = 4 eV), and
noteworthy, a near band gap of 0.63 eV is obtained using the
SCAN functional (Figure 6). Compared to the YSr2Cu2FeO8
phase, in both SCAN and GGA + U, the effective charge of the
TMs decreases (Table 3), and the TM−O distances increase
(Table 2), in agreement with the lower formal oxidation states
of Fe3+ and Cu2+ in YSr2Cu2FeO7. The effective charge on
oxygen ions increases, approaching the oxide ion O2−. SCAN
and GGA + U methods predict nearly the same calculated
magnetic moments for TM ions: μ(Cu) = 0.5 μB per atom and
μ(Fe) ∼ 4 μB per atom. The magnetic moment of the Cu ions
is in good agreement with the experimental values reported in
similar Cu2+ compounds.52,53 The magnetic moment on Fe
ions suggests a high-spin Fe3+ configuration (e2t23, magnetic
moment of the free ion μ0 = 5.0 μB). It is worth to note that
magnetic moment values between 3 and 4 μB per atom have
been experimentally observed in other complex Fe3+-
tetrahedral oxides.54,55 On the other hand, the Fe−O and
Cu−O covalencies bring an appreciable spin moment of ∼0.2
μB in the shared O1 site. As observed in the atom-projected
density of states (Figure 6c), the U term shifts the TM-3d
states to lower energies; yet, there is a good hybridization of
TM-3d to O-2p states (see band at −6 eV). In summary, for
the insulating compound, SCAN offers very similar results to
the GGA + U in terms of band-gap and magnetic moments,
although there are clear differences in the shape and nature of
the states at the Fermi level. To further analyze the
appropriateness of the SCAN vs. the GGA + U method, in a

Figure 4. Calculated total and atom-projected density of states for YSr2Cu2FeO8: (a) GGA functional, (b) SCAN functional, and (c) GGA + U
method. The Fermi level is set as the zero of energy. Up-spin (or majority) and down-spin (or minority) contributions are shown in the upper and
lower parts of the panels, respectively. Color code: total DOS in gray, Cu contribution in blue, Fe contribution in green, and O contribution in red.
DOS units refer to the calculated cell.

Figure 5. (a−c) Magnetic structures (C, G, A) used to simulate
YSr2Cu2FeO7 (S.G. Ima2). Arrows indicate the spin orientation of the
Fe and Cu atoms within the magnetic structure. Color code: Fe atoms
in brown, Cu atoms in blue, Sr atoms in green, Y atoms in gray, and O
atoms in red.

Table 4. Calculated Total-Energy Differences for Magnetic
Configurations (Figure 5a−c) in YSr2Cu2FeO7 (in eV/fu)a

type GGA GGA + U SCAN

A-AFM 0.020 0.020 −0.075
C-AFM −0.248 −0.424 −0.414
G-AFM −0.228 −0.375 −0.408

aThe FM ordering is set as the zero of energy.
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first approximation, the calculated DOS could be qualitatively

compared with experimental photoelectron spectroscopy

(PES). It is however important to point out that such

comparison neglects the excitation aspects, which can be taken

into account by quasi-particle calculations in the GW
approach.56

For the sake of completeness, the relation between the
electronic properties and the magnetic structure of
YSr2Cu2FeO7 is analyzed within the SCAN and GGA + U

Figure 6. Calculated total and atom-projected density of states (DOS) for the ground-state C-magnetic structure of the idealized YSr2Cu2FeO7: (a)
GGA functional, (b) SCAN functional, and (c) GGA + U method. The Fermi level is set as the zero of energy. Up-spin (or majority) and down-
spin (or minority) contributions are shown. Color code: total black, Cu contribution in blue, Fe contribution in green, and O contribution in red.
DOS units refer to the calculated cell.

Figure 7. Orbital-projected density of states within the SCAN functional for (a) idealized YSr2Cu2FeO8 showing the Fe-3d, O3-2p and O1-2p and
Cu-3d, O2-2p, and O1-2p orbitals, and (b) idealized YSr2Cu2FeO7 showing the Cu-3d, O2-2p and O1-2p and Fe-3d, O3-2p, and O1-2p orbital
contribution. Color code: up-spin (or majority) in blue and down-spin (or minority) in black. (c) Crystallographic cell used for the orbital-
projected DOS of YSr2Cu2FeO7 (in red) and its relation to the to the crystal setting in the Ima2 S.G. (in black).

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.2c03475
Inorg. Chem. 2023, 62, 3445−3456

3452

https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c03475?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c03475?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c03475?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c03475?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c03475?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c03475?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c03475?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c03475?fig=fig7&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.2c03475?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


methods (Figure S2). Once more, both DFT approximations
yield the same results in terms of the insulating/metallic
behavior. The calculated DOS for the G magnetic structure,
with in-plane Cu/Fe AFR interactions, corresponds to an
insulating compound with the same band gap of the C-
magnetic structure (0.63 eV in SCAN, 0.85 eV in GGA+ U).
The FR and A magnetic structures, with in-plane Cu/Fe FR
interactions, generate metallic properties. These results reveal
that, for the idealized YSr2Cu2FeO7, the insulating character
couples to the in-plane AFM Cu/Fe ordering.

3.2.3. On the Metal-to-Insulating Transition in the
YSr2Cu2FeO8−δ (0 < δ < 1) Family. The above results highlight
that the SCAN functional reproduces the metal and the
insulating character of YSr2Cu2FeO8 and YSr2Cu2FeO7
compounds, respectively. The orbital-projected DOS (Figure
7) adds more insights into the comprehensive interpretation of
the chemical bonding and the evolution of the electronic
properties as a function of the δ value. Starting with the
metallic YSr2Cu2FeO8, in the Fe octahedra, the hybridization
of O3(2p)−Fe(3dx2−y2) and O1(2p)−Fe(3dz2) produces the
lower energy band σ-O(p)−Fe(eg) and the upper energy band
σ*-O(p)−Fe(eg). As observed in Figure 7a, the occupation of
the bonding sigma band occurs in both spin channels, with the
Fermi level crossing the 3dx2−y2 majority spin orbital. The Π
O(2p)−Fe(3t2g) bands are fully occupied in the up-spin
channel, but also show some occupancy in the down-spin
channel. As deduced from the calculated magnetic moments,
the 3d-Fe orbitals filling does not correspond to either LS-Fe4+

(t2g
4eg0) or HS-Fe4+ (t2g

3eg1), but to an itinerant character
where every 3d orbital contributes to the magnetic moment, in
agreement with the metallic properties of the oxide. For the
Cu-3d states, the crystal field splitting of the Cu−O square
pyramidal environment lifts the degeneracy of the Cu-eg
orbitals to the lower-lying 3dz2 and higher-lying 3dx2−y2 orbitals.
The strong hybridization O2(2p)−Cu(3dx2−y2) produces a
wide band that is partially filled in both spin channels, yielding
a low net spin of 0.3 μB. The Fermi level lies in the band
constructed mainly from the Cu-3dx2−y2 and O2-2p orbitals and
in a minor extent in the band constructed from Fe-3dx2−y2 and
O3-2p orbitals. Therefore, these bands have the largest
implication in the electronic properties of the YSr2Cu2FeO8−δ
family.

Upon vacancies incorporation in YSr2Cu2FeO8 (Figure 7a)
to form YSr2Cu2FeO7 (Figure 7b), according to the Fermi-
level displacement, electron filling occurs in the Cu-3dx2−y2
derived band. Since in YSr2Cu2FeO7 the Cu ions have the
nominal valence of 2+, and hence a nominal d9 state, there are
fully occupied t2g orbitals and dz2 orbitals, while the dx2−y2
orbital remains half-filled yielding a low net spin of 0.5 μB.
The energy gap opens between the occupied and the
unoccupied Cu-3dx2−y2 orbitals. On the other hand, the analysis
of the Fe-3d states upon electron doping of YSr2Cu2FeO8 is
more complicated, since the coordination around the Fe atoms
changes from octahedral in YSr2Cu2FeO8 to tetrahedral in
YSr2Cu2FeO7. According to crystal field theory, in the
tetrahedral field, the Fe-3d orbitals split into two manifolds,
a lower one with two levels and an upper one with three levels
(these would be of e and t2 character respectively, if the local
symmetry were perfectly tetrahedral). This is not observed in
Figure 7b due to the orientation of the Fe tetrahedra relative to
the crystallographic cell axes utilized for the orbital-projected
DOS (Figure 7c). Nevertheless, for all of the Fe-3d states, the
up-spin channel is fully occupied and the down-spin channel is

almost empty, the energy separation between up and down-
spin channels being rather large. This electron density
localization leads to the aforementioned high-spin Fe3+

configuration.
In summary, the results of the SCAN methodology indicate

that in the YSr2Cu2FeO8−δ family, the lowering of the oxygen
content drives the metal-to-insulating transition by electron
doping. A reduction in the oxygen content (higher δ value)
results in a decrease in the nominal valence of Cu/Fe ions, and
hence in the filling of the Cu/Fe-3dx2−y2 states. This picture is
fully consistent with the well-documented importance of filling
control in the electronic structure of high Tc cuprates, a typical
example being the insulating to metal transition in
La2−xSrxCuO4 induced by hole doping (x = 0 metallic).18,57

Remarkably, the SCAN functional offers a feasible
interpretation of the metal-to-insulating transition in the
YSr2Cu2FeO8−δ family, when looking at the idealized
compounds with δ = 0 and 1. However, in addition to distinct
oxygen contents (δ values), the synthesized compounds
YSr2Cu2FeO7.86 (δ = 0.14) and YSr2Cu2FeO7.08 (δ = 0.92)
show antisite disorder, with a Cu/Fe mixing close to 15% (see
Table 1 and ref 24). As noted by different authors,22−24,58,59

the mutual substitution of Cu and Fe depends on the annealing
history/oxygen content. The simulation of the random
distribution of the antisite defects that occurs in the real
materials requires the utilization of the special quasi-random
structures (SQS) approach,60 which is out of the scope of this
work. The antisite disorder could perturb the AFM in-plane
ordering that, as discussed above, is critically linked to the
insulating behavior of the investigated compounds with the
lowest oxygen contents (δ ∼ 0). It is foreseeable that the
concentration and location of both oxygen vacancies and
antisite defects drastically influence the magnetic and
electronic properties of the YSr2Cu2FeO8−δ family. This is in
agreement with the observed dependence between the
property and the synthetic history of the materials.

4. CONCLUSIONS
The precise modeling of the ground-state properties in
complex oxides that contain more than one type of TM ions
remains challenging, especially with the irruption of correlated
oxides as functional materials. In this work, we have examined
the capabilities of different DFT methodologies (GGA, GGA +
U, SCAN) to model the crystal structure and the electronic
and magnetic properties of YSr2Cu2FeO8−δ compounds in
which the oxygen content in the FeO2−δ layers drives the
average oxidation states of both Fe and Cu cations, thereby
determining the electrical properties. We have found that the
SCAN and GGA methodologies are valid to simulate the
metallic properties of the oxide with the highest oxygen
content of the family (δ = 0, idealized-YSr2Cu2FeO8) and the
itinerant character of its bonding electrons. Introducing the U
term (GGA + U) results in excessive electron localization and
large magnetic moments that deviate from the experimental
observations, therefore discarding this methodology for
property prediction in the metallic phases of the
YSr2Cu2FeO8−δ system. Contrariwise, the insulating character
of the compound with the lowest oxygen content (δ = 1,
idealized-YSr2Cu2FeO7) is well captured when electron
correlations are treated by the U parameter using the GGA
+ U approximation. Importantly, the results point out that the
SCAN functional also offers a good platform to investigate
these insulating compounds. These results render the SCAN
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functional as the only one well suited, among the utilized
methodologies, to investigate the basic electronic properties
across the YSr2Cu2FeO8−δ series. It should be noted that,
together with the lack of an adjustable U parameter, other
benefits of the SCAN functional are the affordable computa-
tional cost and the transferability of results among different
works. Yet, a severe limiting factor for the DFT investigation of
the YSr2Cu2FeO8−δ family resides in the need of complex
crystallographic models to take into account the antisite Cu/Fe
disorder and the fractional occupancies of the O3 site that
occur in the synthesized materials.
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Figure S1. Calculated lattice parameters for the C-AFM, G-AFM, A-AFM and FM 

magnetic structures of YSr2Cu2FeO7 

Figure S2. Calculated Density of States for the A-AFM, G-AFM and FM magnetic 

structures of YSr2Cu2FeO7 

  



 

 

 

 

Figure S1. Calculated lattice parameters for the idealized YSr2Cu2FeO7 in the C, G, A and 

FR magnetic structures (S.G. Ima2).
 
The experimental data of YSr2Cu2FeO7.08 (Table I in 

main text) are included for comparison.  
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Figure S2. Calculated total and atom-projected density of states for idealized YSr2Cu2FeO7 

in the G, A and FR magnetic structures. (a) SCAN functional and (b) GGA+U method. The 

Fermi level is set as the zero of energy. Up spin (or majority) and down spin (or minority) 

contributions are shown.  Color code: total grey, Cu contribution in blue, Fe contribution in 

green, O contribution in red. DOS units refer to the calculated cell. 
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The SCAN+U method in the investigation of
complex transition metal oxides: a case study
on YSr2Cu2FeO7+d (d = 0, 1)

Marianela Gómez-Toledo and Elena M. Arroyo-de Dompablo *

Assessment of DFT methods is essential to sustain reliability in the computational investigation of

complex transition metal oxides. This work evaluates the performance of the strongly constrained and

appropriately normed (SCAN) functional and its extended Hubbard-U methodology (SCAN+U) to model

the YSr2Cu2FeO7+d (0 o d o 1) perovskite-based system. The influence of the individual UCu and UFe

Hubbard parameters (0 o U o 4 eV) on the calculated electronic, magnetic and crystal structures of

the end members d = 1 (metallic) and d = 0 (insulating) is analyzed. The introduction of the U-correction

terms enhances the reproduction of the crystal structures, with a UCu value of 1 eV improving the band

gap accuracy for the YSr2Cu2FeO7 phase, while maintaining the metallic characteristics of YSr2Cu2FeO8.

At a fixed UCu value, the results are almost insensitive to the UFe value used in the calculations. The

findings emphasize that for oxides containing several TM ions, the optimal UTM values may differ from

those of the simple TM oxides.

Introduction

Transition metal (TM) oxides are one of the most interesting
classes of solids, exhibiting excellent properties and applica-
tions in a wide variety of fields. Methods based on density
functional theory (DFT) play a central role in designing
advanced functional oxides. They enable the identification of
promising materials through property prediction and facilitate
the understanding of the underlying structure–composition–
property relationships. A current challenge is selecting a DFT
methodology capable of modelling complex TM oxides with
strongly interacting d-electrons. The GGA + U method has been
extensively used in the last few decades; to the GGA exchange–
correlation functional, a TM-specific Hubbard U parameter is
added describing the on-site Coulomb interaction between
localized electrons. However, progress in the modelling of
correlated TM oxides requires testing and evaluating advanced
exchange–correlation functionals.

The recently developed strongly constrained and appropri-
ately normed (SCAN) meta-GGA functional1 has demonstrated
a superior performance in reproducing the fundamental phy-
sical properties and phenomena associated with correlated
oxides.2–8 Furthermore, studies have shown that incorporating
the SCAN functional into the DFT+U framework (SCAN+U)
can enhance the accuracy in reproducing certain physical

properties of transition metal oxides.9–13 For example, Carter
and coworkers demonstrated that the introduction of the
Hubbard term improves the reproduction of the ground-state
properties of binary 3d TM oxides, being critical for the
prediction of the most stable polymorphs of Mn2O3 and
Fe3O4.9,10 The SCAN+U method has also been used to evaluate
the formation energy of anion vacancies, which are highly
involved in properties related to energy applications, of ABO3

perovskites with various A and B (TM) elements and diverse
electronic structures.11 For BiFeO3 polymorphs, the effect of
Fe-site doping on the phase stability, as well as on the structural
and ferroelectric properties, has been assessed.12 For oxides
containing two TM ions, double Nb-perovskites (Sr2SmNbO6,
Sr2CoNbO6 and Ba2CoNbO6) have been investigated,14 although
the authors dropped the treatment of correlation in Nb to
simplify the analysis.

Assessing the performance of the SCAN+U method in mod-
elling complex transition metal oxides represents a crucial step
forward in the predictive design of functional oxides, especially
defying for oxides containing different TM ions. This study
focuses on the SCAN+U method in the investigation of complex
oxides YSr2Cu2FeO7+d, for which the SCAN functional correctly
captures the metal-to-insulating transition as a function of the
oxygen content.8 The perovskite-related crystal structure of the
YSr2Cu2FeO7+d system (Fig. 1) can be referred to the YBaCuO-
type structure with the replacement of one layer of Cu atoms
with Fe.15,16 The YSr2Cu2FeO8 (d = 1) idealized compound, with
[FeO6] octahedral units in the FeO2 layers (Fig. 1a), is a metallic
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oxide with a superconducting transition at a Tc of 70 K.17

Lowering the oxygen content creates vacancies in the O3 posi-
tions of the FeO1+d layer, which leads to a tetrahedral coordina-
tion for all Fe atoms in the idealized YSr2Cu2FeO7 (d = 0)
compound (Fig. 1b). The synthetized compounds with d B 0
are insulators with mainly Fe3+ and Cu2+ ions.8,16,18,19

The combination of Cu and Fe ions in different oxidations
states, and the evolution of the electronic properties of
the YSr2Cu2FeO7+d series, provides an excellent framework to
examine the applicability of the SCAN+U approach in the DFT
investigation of complex oxides. This study delves into the
effects of UCu and UFe correction terms on the crystallographic,
magnetic and electronic structures of the idealized end-
members of YSr2Cu2FeO7+d (d = 0 and 1). By conducting
calculations with individual U terms ranging from 0 to 4 eV,
we determine and discuss the appropriate set of U values for
accurately describing the system. A relevant question arises
regarding the transferability of UTM parameters from simple
oxides to their combinations in complex TM oxides. We will
demonstrate that such transferability cannot be guaranteed.

Methodology

Calculations for the ideal stoichiometric end-members of
the YSr2Cu2FeO7+d family, YSr2Cu2FeO8 and YSr2Cu2FeO7, have
been performed using the ab initio total energy and molecular
dynamics program VASP (Vienna Ab initio Simulation Package)
developed at the Universität Wien.20,21 The interaction of core
electrons with the nuclei is described using the projector aug-
mented wave (PAW) method22 with 2s22p4 of O, 3s23p63d74s1 of
Fe, 3p63d104p1 of Cu, 4s24p65s2 of Sr, and 4s24p64d15s2 of Y
being treated as valence electrons. The energy cut-off for the

plane wave basis set was fixed at a constant value of 600 eV
throughout the calculations. The integration in the Brillouin
zone was done on appropriate k-point sets determined by the
Monkhorst–Pack scheme. The k-point meshes were set at
2 � 8 � 8 for YSr2Cu2FeO7 and 10 � 10 � 4 for YSr2Cu2FeO8,
using a Gaussian smearing parameter of 0.05 eV. For the
density of states (DOS) calculations, the tetrahedron method
with Bloch corrections23 was used. Self-consistency was
achieved with a tolerance in total energy of 1 � 10�4 eV for
geometry optimization and 1 � 10�6 eV for DOS calculations.

A local Hubbard-U (SCAN+U) was added to Fe and Cu atoms,
following the simplified rotationally invariant framework devel-
oped by Dudarev et al.24 Typically, U is formulated as Ueff =
U� J, where U is the onsite Coulomb term and J is the exchange
term. In this work, this effective parameter is simply referred as
U. The J value was fixed to 1 eV. Effective U values between
0 and 4 eV were used for the 3d orbitals of Cu and Fe. It should
be noted that a value of 4 eV for Fe and Cu was found
appropriate in GGA + U investigations.25–27 The local magnetic
moments were taken from the difference between the projected
electron density of up and down spins onto a 1 Å ionic radius
sphere. Bader charge analysis28 was performed on the charge
density files29 using the pymatgen package.30

The crystallographic models of YSr2Cu2FeO8 and YSr2Cu2-

FeO7 were, respectively, constructed taking the initial positions
from YSr2Cu2FeO7.86 (ICSD file 11514)17 and YSr2Cu2GaO7

(ICSD file 71263).31 For the metallic YSr2Cu2FeO7.86, López et al.17

found a magnetic structure consisting of in-plane FM coupling
within the FeO1+d layers and a weak AFM coupling between layers
along the c-axis (A-type AFM ordering). Due to the soft character of
the inter-plane magnetic interactions (TN B 20 K32), subsequent
DFT calculations utilized a ferromagnetic (FM) structure to model
the idealized YSr2Cu2FeO8,8 which is also employed in the present
study. Investigation of the idealized YSr2Cu2FeO7 is carried out in
the antiferromagnetic ground state (C-type AFM) and the meta-
stable ferromagnetic structure (FM). Additional SCAN+U calcula-
tions have been conducted with the maximum U values tested
(UCu = UFe = 4 eV) using the A-type AFM magnetic ordering for
YSr2Cu2FeO7+d with d = 0 and 1. More details of magnetic
structures are given in ref. 8.

Results

The experimental lattice parameters and bond distances of
YSr2Cu2FeO7+d (d = 0,1) crystal structures are reproduced well
using both SCAN and SCAN+U methods, with errors below 3%.
For conciseness, Table 1 lists only the values for SCAN+U with
the highest U values tested, 4 eV for Fe and Cu. Noteworthily,
introducing the U correction term reduces the discrepancies
between the theory and experimental structural data. For
instance, within the SCAN+U approach, the calculated unit cell
volumes (errors of 0.9% and 0.7% for YSr2Cu2FeO8 and YSr2-

Cu2FeO7, respectively) are closer to the experimental values
than those within the SCAN approach (errors of 2% and 1.2%
for YSr2Cu2FeO8 and YSr2Cu2FeO7, respectively). Since the

Fig. 1 Crystal structures of the idealized models of YSr2Cu2FeO7+d stoi-
chiometric oxides: (a) YSr2Cu2FeO8 (S.G. P4/mmm) and (b) YSr2Cu2FeO7

(S.G. Ima2). Color code: Fe in brown, Cu in blue, Sr in green, Y in grey and
O in red.
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Cu-3d states play a critical role in the metal-to-insulating
transition in high-Tc cuprate superconductors,33 the Cu–O
distances are analyzed in detail. Fig. 2 shows the calculated
Cu–O1 (apical oxygen) and Cu–O2 (equatorial oxygen) distances
as a function of the UCu and UFe values. The results show that,
for both YSr2Cu2FeO8 and YSr2Cu2FeO7, increasing UCu results
in a better agreement with the experimental available values.
It can be seen in Fig. 2a that, for the metallic phase YSr2Cu2FeO8,
at a fixed UCu, applying UFe produces a decrease in d Cu-O1
(a maximum variation of 4% for UCu = 0) and a subtle increase
in d Cu–O2 (a maximum variation of 0.7% at UCu = 0). On the
other hand, for the C-type AFM-YSr2Cu2FeO7, the Cu–O dis-
tance depends mostly on UCu. Hence, at a fixed UCu, changing
UFe has little to no effect on the Cu–O bonding distances.

For the sake of completeness, Fig. 2 incorporates data from a
preceding PBE and PBE+U (UCu = UFe = 4 eV) investigation.8 As
previously discussed, the PBE functional tends to yield
larger bonding lengths than the SCAN functional. Specifically,
the Cu–O1 distance in the YSr2Cu2FeO7 oxide exhibits the
most significant deviation from experimental values (5.7%).

Introducing the U parameter to the PBE method results in
changes in the Cu–O bond distances, with d Cu–O1 for d = 0
decreasing and the others increasing, following the same
trends observed with SCAN+U.

Regarding the electronic properties of YSr2Cu2FeO8, the
SCAN functional correctly reproduces the itinerant electron
character and metallic behavior of the oxide (calculated DOS
in Fig. 3a). Applying the Hubbard correction (SCAN+U) pro-
duces a downshift of the occupied Fe/Cu-3d states, keeping the
3d orbitals atomic-like and diminishing their hybridization
with the 2p-oxygen (less covalent TM–O bonding). This is
clearly observed in Fig. 3a for the case with UCu and UFe =
4 eV. Moreover, since U penalizes the fractional occupation on
metal ions, the electrons tend to localize in the majority spin in
Cu-3d and Fe-3d orbitals and a band gap opens in the minority
spin channel, resulting in a half-metal compound. Fig. 3b
shows the dependence of the down-spin band gap with
the UCu and UFe values employed in the SCAN+U calculations.
Half-metallicity is largely influenced by the U value used for the
Cu-3d states. When UCu o 1.0 eV, independent of the UFe tested

Table 1 Calculated unit cell parameters (Å), unit cell volumes (Å3), volume per atom (Å3) and selected bond lengths (Å) for the YSr2Cu2FeO7 and
YSr2Cu2FeO8 idealized oxides. The experimental data of YSr2Cu2FeO7.86 (ICSD-1151417) and YSr2Cu2FeO7.12 (ICSD-15165419) are included for
comparison. Within the SCAN+U method U = 4 eV is used for Cu and Fe

YSr2FeCu2O8 Experimental SCAN SCAN+U YSr2FeCu2O7 Experimental SCAN AFM-C SCAN+U AFM-C SCAN FM SCAN+U FM

a 3.8145(3) 3.7861 3.7989 a 22.9241(8) 22.8529 22.8568 22.9157 22.8640
c 11.327(7) 11.2755 11.3116 b 5.4584(2) 5.4411 5.4536 5.4365 5.4646
V 164.81(1) 161.62 163.26 c 5.4080(2) 5.3744 5.3893 5.3608 5.3956
V per atom 11.77 11.54 11.66 V 676.70 668.22 671.79 675.96 674.14
d Fe–O3 1.9072(2) 1.8930 1.8994 V per atom 12.89 12.85 12.91 13.00 12.96
d Fe–O1 1.8434(4) 1.8417 1.8591 Mean d Fe–O 1.8757 1.8732 1.8888 1.8880 1.8987
d Fe–O1/d Fe–O3 0.9663 0.9729 0.9788 Fe–O3–Fe 125.51 124.51 123.21 120.11 121.01
d Cu–O2 1.9244(4) 1.9147 1.9232 Mean d Cu–O2 1.9335 1.9237 1.9368 1.9207 1.9366
d Cu–O1 2.117(4) 2.0812 2.0738 d Cu–O1 2.312(4) 2.3449 2.3210 2.3600 2.3071
d Cu–O1/d Cu–O2 1.1000 1.0870 1.0783 d Cu–O1/d Cu–O2 1.1958 1.2148 1.2019 1.2288 1.1913
d Cu–Cu 3.407(4) 3.4297 3.4459 d Cu–Cu 3.338(0) 3.3095 3.3379 3.3119 3.3676
d Cu–Fe 3.960(3) 3.9229 3.9329 d Cu–Fe 4.085(8) 4.0815 4.0681 4.0946 4.0543

Fig. 2 Calculated Cu–O bond lengths (Å) within the SCAN+U approach as a function of UCu and UFe values for (a) YSr2Cu2FeO8 and (b) YSr2Cu2FeO7

idealized oxides. The experimental bond lengths are depicted as dashed blue lines. The PBE (UFe and UCu = 0 eV) and PBE+U (UFe and UCu = 4 eV) results
from a previous investigation8 are denoted by blue and yellow asterisks, respectively.
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(maximum 5 eV), the DOS corresponds to a metallic compound.
For UCu 4 1.0 eV and UFe 4 0, an energy gap opens in the down
spin channel, whose energy increases with larger UFe (see the
band gap values in the circles). In addition to half-metallicity,

the introduction of the U parameter, and associated electron
localization, produces increasing local magnetic moments
(Fig. 3c) that deviate from the experimental observations,
that is, m0(Fe) = 1.7–2 mB per ion and m0(Cu) = 0 mB.17 In this

Fig. 3 (a) Calculated total and atom-projected density of states (DOS) for YSr2Cu2FeO8 within the SCAN and SCAN+U approximation (Ueff = 4 eV for Cu
and Fe). The Fermi level is set as the zero of energy. DOS units refer to the calculated cell. Up spin (or majority) and down spin (or minority) contributions
are shown. Color code: total black, Cu blue, Fe green, and O red. (b) Effect of the on-site Coulomb repulsion parameters UFe and UCu within the SCAN+U
approximation on the electronic properties of the YSr2Cu2FeO8 idealized model. A metal (green dots) to half-metal (purple circles) transition occurs at
UCu B 2 eV. For half-metallicity, the magnitude of the band gap in the down-spin channel is shown inside the purple circles. (c) Calculated local magnetic
moments on Cu and Fe ions as a function of the UFe and UCu values employed in the SCAN+U method.

Paper PCCP

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Ju

ne
 2

02
4.

 D
ow

nl
oa

de
d 

on
 5

/3
/2

02
5 

11
:0

7:
08

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cp00874j


This journal is © the Owner Societies 2024 Phys. Chem. Chem. Phys., 2024, 26, 17255–17264 |  17259

regard, the introduction of the U term does not benefit property
prediction.

Interestingly, as depicted in Fig. 3b and c, maintaining
metallic characteristics in YSr2Cu2FeO8 is possible with combi-
nations such as UCu = 0 eV and UFe = 5 eV, as well as UFe = 0 and
UCu = 4 eV. This is to say, electron localization does not occur
when either UCu or UFe is set to zero. Fig. 4 reveals the impact
of increasing only UFe or UCu, while keeping the other U-value

equal to zero. It can be inferred that since both Cu-3d and Fe-3d
states contribute to the Fermi level, electron localization only
occurs when both U-terms are greater than zero. Furthermore,
the predominant contribution of Cu 3d-states at the Fermi
level, characterized by a higher number of states compared
to Fe 3d-states, results in UCu exerting a greater influence on
the magnetic and electronic properties as well as on the Cu–O
distances.

Fig. 4 Calculated atom-projected density of states for YSr2Cu2FeO8 within the SCAN+U apporach. The evolution of the pDOS with U values for both
TMs can be followed in columns. In the left column, UCu is set to zero and the metallic character is perserved independently of the UFe value. In the
right column, UFe is set to zero, and increasing UCu drastically reduces the number of states at the Fermi level. The Fermi level is set as the zero of energy.
Color code: Cu blue and Fe black.
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Fig. 5a shows the calculated SCAN-DOS for the idealized
model of C-type AFM-YSr2Cu2FeO7. For this insulating oxide,
the band gap extracted from diffuse reflectance spectro-
scopy (DRS) is in the range of 0.73–1.2 eV.8 As previously
reported, the PBE+U (UCu and UFe = 4 eV) predicts a band
gap of 0.85 eV, while the bare PBE fails to reproduce the
insulating character of YSr2Cu2FeO7. The SCAN functional
yields a band gap of 0.63 eV, which widens when the U term
is applied (SCAN+U). With U = 4 eV for Fe and Cu (Fig. 5a),
the band gap is as wide as 2.3 eV. Fig. 5b unveils how the band
gap can be tuned by the choice of the U values. Noteworthily,
the band gap depends linearly on UCu, but it is almost insensi-
tive to the choice of UFe, similarly with the afore-mentioned
trend in the calculated Cu–O distances in this oxide. The
experimental band gap is reproduced for 0 o UCu o 1 eV.
For UCu = 0 eV, appropriate values of UFe range from 1 to

the maximum value tested (4 eV), whereas for UCu = 1 eV,
any UFe value (including UFe = 0) yields the same band gap.
Fig. 6 depicts the specific effects of UCu and UFe in the
calculated DOS. While both, Cu and Fe-3d states, are significant
parts of the top of the valence band, the bottom of the con-
duction band is formed exclusively by Cu-3d states. As UCu

increases, these empty states shift up in energy, thereby open-
ing the band gap.

Investigation of the hypothetical FM-YSr2Cu2FeO7 supports
the minor impact of UFe in property prediction. The calculated
DOSs for the FM configuration (shown in Fig. 7a), indicate that
within the SCAN+U approach, the U term drives the oxide from
a metallic state (as described by the SCAN) to an insulating
state. Fig. 7b shows the band gap opening as a function of the
UCu and UFe values used in the calculations. In the same way as
in the C-type AFM-YSr2Cu2FeO7, the UCu dominates the band

Fig. 5 (a) Calculated total and atom-projected density of states for YSr2Cu2FeO7 in the C-type AFM configuration within the SCAN and
SCAN+U approximation (Ueff = 4 eV for Cu and Fe). The Fermi level is set as the zero of energy. DOS units refer to the calculated cell. Up spin (or
majority) and down spin (or minority) contributions are shown. Color code: total black, Cu blue, Fe green, and O red. (b) Dependence of the band gap for
C-type AFM-YSr2Cu2FeO7 with the U values on Fe and Cu utilized in the SCAN+U calculations. The experimental band gap range is denoted by a gray
region. The PBE (UFe and UCu = 0 eV) and PBE+U values (UFe and UCu = 4 eV) from a previous investigation8 are denoted by blue and yellow asterisks,
respectively.
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gap opening, being the critical value U = 2 eV. In the insulating
state, the magnitude of the band gap is nearly insensitive to
UFe; for instance, a band gap of 0.8 eV is obtained when UCu =
4 eV and UFe ranging from 0 to 4 eV. It should be noted that
due to the lack of experimental data for FM-YSr2Cu2FeO7, it is
not conceivable to extract an optimal U value to model its
properties. FM-YSr2Cu2FeO7 is metastable relative to C-type

AFM under any DFT approximation, with energy differences
per formula unit of 0.248 eV (PBE),8 0.414 eV (SCAN),8 0.424 eV
(PBE+U, UFe = UCu = 4 eV),8 and 0.330 eV (SCAN+U,
UFe = UCu = 4 eV). It is therefore unlikely that such a phase
could ever be prepared.

The stabilization of the C-type AFM magnetic structure in
insulating YSr2Cu2FeO7 is attributed to local antiferromagnetic

Fig. 6 Calculated atom-projected density of states for C-type AFM-YSr2Cu2FeO7 within the SCAN+U methodology, showing the major impact of UCu

on the electronic properties. The evolution of the pDOS with U values for both TMs can be followed in columns. In the left column, UCu is set to zero and
the band gap value is perserved independently of the UFe value. In the right column, UFe is set to zero, and band gap widens with the increasing UCu

values. Color code: Cu blue and Fe black.
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ordering within the Cu/Fe plane layer arising from superexchange
interactions via oxygen bridges.8,34 In contrast, in-plane AFM
ordering is not observed in the metallic YSr2Cu2FeO8, for
which an A-type AFM magnetic structure is reported.17 Note-
worthily, the inter-plane magnetic interactions are weak
throughout the YSr2Cu2FeO7+d system.8,17,32,34 This is consistent
with the small energy differences found between the inter-plane
ferromagnetic and antiferromagnetic couplings in YSr2Cu2FeO7

within the PBE, PBE+U and SCAN approximations.8 For this oxide,
the SCAN+U (UFe = UCu = 4 eV) yields a negligible energy (ETotalFM –
ETotalA-AFM) difference of 0.004 eV per formula unit. Similarly, for
the metallic YSr2Cu2FeO8, the A-type AFM configuration is only
0.018 eV per formula unit more stable than the FM configuration
within the SCAN +U (UFe = UCu = 4 eV).

Discussion

The principal drawback of the DFT+U schemes lies in the
selection of the adjustable parameter, U. While U values can
be derived from self-consistent calculations,35 a common
approach involves choosing these in order to match the experi-
mental data, such as equilibrium volumes, formation energies,
band gap values, transition pressures, intercalation voltages,
and so on.10,25,26,36–38 It is impossible to pinpoint an exact and
universally applicable value for the U parameter to accurately
reproduce all material properties.37 In this study, suitable
ranges of U values are determined through comparison
with experimental data on crystalline, magnetic and electronic
structures.

Fig. 7 (a) Calculated total and atom-projected density of states for YSr2Cu2FeO7 in the FM configuration. The Fermi level is set as the zero of energy.
DOS units refer to the calculated cell. Up spin (or majority) and down spin (or minority) contributions are shown. Color code: total black, Cu blue, Fe
green, and O red. (b) FM-YSr2Cu2FeO7 evolves from metallic (blue) to insulating behavior with increasing UCu values. The metal-to-insulator transition
occurs at a critical UCu value of approximately 2.5 eV.
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The appropriate Hubbard U parameter varies depending on
the nature and oxidation state of the transition metal (TM) as
well as the crystal structure.25 YSr2Cu2FeO7+d (d = 0,1) shares
the same structural type, and for both compounds incorporat-
ing a U correction improves the reproduction of lattice para-
meters and Cu–O bond lengths. In the YSr2Cu2FeO7+d system,
the oxygen content determines the oxidation states of Cu
and Fe as well as the magnetic interactions. For the magnetic
structures, the SCAN+U method performs equally well com-
pared to the SCAN, PBE and PBE+U methods: they all capture
the occurrence of in-plane AFM ordering for dB 0, and the soft
character of the inter-plane interactions throughout the YSr2-

Cu2FeO7+d system. These DFT-trends, even when extracted from
the idealized oxides with d = 0 and 1, are in good agreement
with the observed magnetic properties of YSr2Cu2FeO7+d.

17,32,34

The primary impact of U is observed in the electronic
properties. In the metallic phase YSr2Cu2FeO8, as expected,
the U parameter penalizes electron delocalization, with UCu 4
1 eV being detrimental for property prediction. On the other
hand, for the insulating phase YSr2Cu2FeO7, the electron
correlation is better captured with 0 o UCu o 1 eV and
UFe =1–4 eV. Considering these findings, the YSr2Cu2FeO7+d

system is better described with UCu = 1 eV, which improves the
accuracy of the band gap for the insulating C-type AFM-
YSr2Cu2FeO7, while maintaining the metallic behavior of YSr2-

Cu2FeO8. Importantly, once UCu is set to 1 eV, varying UFe

between 0 and 4 eV has a minor impact on the calculated
metal/insulating behavior of YSr2Cu2FeO8/YSr2Cu2FeO7 (Fig. 3b
and 5b). The predominant role of UCu is consistent with the
specific contributions of Cu-3d and Fe-3d states on the valence
and conduction bands of YSr2Cu2FeO7+d.

In the DFT+U framework, there exists dependence of the
appropriate U values on the XC-functional used. Despite
the limited number of studies addressing the estimation of
suitable U values within the SCAN+U approach, a widespread
observation is that the optimal U values for electronic property
prediction are notably lower than those within the PBE+U
method.9,12,27 This remark is supported by comparing the
current SCAN+U results for YSr2Cu2FeO7 with a previous inves-
tigation using PBE+U (Fig. 5b).8 In the PBE+U approach, apply-
ing Ueff values of B4 eV for Cu and Fe ions, a calculated band
gap of 0.85 eV is achieved, which falls in the experimental
range. However, using the same U values in the SCAN+U
method significantly overestimates the band gap, widening it
to 2.3 eV. Fig. 2 and 5b suggest that the calculated bonding
distances and band gaps exhibit a linear trend with the U value,
displaying similar slopes for both SCAN+U and PBE+U
methods. Since the bare PBE and SCAN produce different
values (either for band gaps or bond-lengths), the optimal U
values matching the experimental data definitely depend on the
chosen XC functional.

Finally, within the SCAN+U method, the optimal U values for
modelling the YSr2Cu2FeO7+d compounds can be compared to
those previously reported for the simple Fe and Cu oxides.
Previous studies have suggested that the optimal UFe value is
around B3 eV for FeO/Fe2O3/Fe3O4

9 and BiFeO3.12 Carter et al.

demonstrated that, while SCAN is sufficient to reproduce
the crystal structure and formation energies of CuO and
Cu2O, the proper simulation of the electronic structure requires
the introduction of UCu at around B2 eV.10 However, applying
the combination extracted from simple oxides (UCu = 2 eV and
UFe = 3 eV), a poor description of the electronic properties of the
YSr2Cu2FeO7+d system is given. This combination leads to a
half-metallic behavior (and electron localization) for YSr2Cu2-

FeO8, and band gaps that deviate from the experimental values
for YSr2Cu2FeO7. In short, the appropriate U parameters found
for the simple Cu/Fe oxides are not suitable for reproducing
the properties of the complex oxides YSr2Cu2FeO7+d. The differ-
ences between the optimal U-values for simple and complex TM
oxides are linked to the specific contributions of the TM-d
states in the electronic structure.

Conclusions

The SCAN functional effectively models the crystal structure
and basic electronic and magnetic properties of complex oxides
YSr2Cu2FeO7+d (0 o d o 1). Although adding a U correction on
top is not necessary, it is found that applying a UCu value of
1 eV leads to a more accurate description of properties. In this
case study, the Cu-3d states dominate, respectively, the
Fermi level of YSr2Cu2FeO8 and the bottom of the conduction
band of YSr2Cu2FeO7. Consequently, UCu has a greater impact
than UFe in the calculated electronic properties and magnetic
moments. Indeed, for a fixed UCu, the results are almost
insensitive to UFe.

This case study highlights the importance of analyzing the
role of the individual U parameters for the reliable SCAN+U
investigations of complex oxides containing several TM ions.
The optimal U-values certainly depend on the material under
investigation (chemical composition and crystal structure),
and U-transferability among materials is particularly risky for
such complex oxides. The appropriate combination of UTM

terms may differ from the optimal values in the respective
simple oxides. Therefore, the convenience of using the SCAN+U
approach in the study of oxides containing several TM ions
should be assessed for each material, considering whether the
benefits in property prediction (compared to the SCAN func-
tional) outweigh the efforts made in determining the optimal
combination of individual UTM values.
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Abstract: Extensive research on transition metal perovskite oxides as electrodes in solid oxide
cells (SOC) has highlighted the potential ability of Fe-based perovskite oxides to catalyze oxygen
reduction/evolution reactions (ORR/OER). The layered perovskite-type system YSr2Cu2FeO7+δ has
been reported to possess attractive electrocatalytic properties. This work applies density functional
theory (DFT) calculations to investigate oxygen ion diffusion in the YSr2Cu2FeO7+δ system. For
δ = 0.5, it is found that in the most stable configuration, the oxygen vacancies in the FeO1+δ plane
are arranged to form Fe ions in tetrahedral, square pyramid, and octahedral coordination. Ab initio
molecular dynamics (AIMD) simulations for YSr2Cu2FeO7.5 (δ = 0.5) yield an oxygen ion diffusion
coefficient of 1.28 × 10−7 cm2/s at 500 ◦C (Ea = 0.37 eV). Complementary results for YSr2Cu2FeO7.2

(δ = 0.2) and YSr2Cu2FeO7.75 (δ = 0.75) indicate that the oxygen diffusion occurs in the FeO1+δ plane,
and depends on the oxygen vacancies distribution around the Fe centers.

Keywords: perovskites; cuprates; DFT; SCAN; AIMD; SOFC; OER

1. Introduction

Hydrogen is considered the energy vector of the future. However, its sustainability
depends on a broad range of technologies capable of producing clean hydrogen that is
subsequently used to produce energy [1]. Technologies based on oxide ion transport (solid
oxide cells, SOC) are expected to play a significant role: solid oxide electrolysis cells (SOEC)
produce hydrogen from water electrolysis, while solid oxide fuel cells (SOFC) combine
hydrogen and oxygen to form water [2]. The effective catalysis of the oxygen evolution
reaction (OER) in SOEC and the oxygen reduction reaction (ORR) in SOFC have raised the
necessity of designing and developing catalyst materials [3–6]. The electrocatalytic mech-
anisms of OER and ORR in SOC involve processes of oxide ion diffusion and electronic
transfer. Therefore, a high mixed ionic-electronic conductivity (MIEC) is decisive for good
performance. Transition metal oxides with a perovskite-type structure are attractive materi-
als since they may present both ionic and electronic conductivity; the ionic through oxygen
ion vacancies and the electronic through the corner-sharing octahedra frameworks [7]. In
addition, perovskite oxides are structurally stable, possess flexible structure-compositions
for easy tuning, and are cost effective. A large number of perovskite materials are known
to catalyze the ORR in SOFC [8], whereas examples of the less mature SOEC technology
have emerged in the last few years [6].

In addition to its MIEC properties, the ORR/OER catalyst must have chemical and
mechanical stability and relatively low thermal expansion coefficients (TECs) that should be
alike in the three cell components (electrolyte, anode, and cathode). Moreover, they should
not react with each other at the working temperatures of the SOC. Fe-based perovskites are
particularly appealing due to the high abundance of Fe oxides; their thermal expansion
coefficient (TEC) values, which are closer to those of commonly used electrolytes; the
energy of the Fe-O bonds in oxide-ion vacancy formation under the air and fuel operating
conditions; and the remarkable variability of oxidations and spin states of Fe ions [9–14].
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The YSr2Cu2FeO7+δ (0 ≤ δ ≤ 1) (YSCFO) system has recently been shown to display
electrocatalytic activity and mixed ionic-electronic conductive (MIEC) properties, being
therefore proposed as a potential air electrode for SOFCs [15]. According to the results
obtained by López-Paz et al. [15], the area specific resistance (ASR) values measured
in YSr2Cu2FeO7+δ: CGO|CGO| YSr2Cu2FeO7+δ: CGO symmetrical cells are 0.20 and
0.08 Ω cm2 at 923 and 973 K, respectively; the activation energy is 1.40 ± 0.02 eV. The
YSCFO shows an incremental increase of the TEC value from 18.02 × 10−6 K−1 in the
RT-673 K range to 23.24 × 10−6 K−1 for 673–1173 K, associated with the oxygen loss above
673 K. Moreover, experimental measurements of DC resistance for YSr2Cu2FeO7.08 and
YSr2Cu2FeO7.85 have shown, respectively, semiconducting and metallic behavior. The
optical band gap for the insulating phase was reported to be between 0.73 and 1.2 eV [16].
In addition, the YSr2Cu2FeO7.56 phase has been described as a p-type semiconductor from
the analysis of the temperature dependence of the DC conductivity [15]. Previous works
have demonstrated that the DFT methodology is suitable for reproducing the electronic
and magnetic properties of the system [16,17].

The perovskite-related crystal structure of YSr2Cu2FeO7+δ (Figure 1) presents an alterna-
tion of FeO1+δ/SrO/CuO2/Y/CuO2/SrO layers along the c-axis [18,19]. For YSr2Cu2FeO7.85,
the presence of only [FeO6] octahedral units in the FeO1+δ layers has been described [20]. It
has also been reported that in the YSr2Cu2FeO7.56 term, the oxygen non-stoichiometry
accommodates the creation of vacancies in the FeO1+δ planes in such a way that Fe
adopts tetrahedral [FeO4] and octahedral [FeO6] coordination [21]. On the other hand, the
low oxygen term YSr2Cu2FeO7.08 consists of [FeO4] tetrahedra. It is worth mentioning
that the YSr2Cu2FeO7+δ system has been demonstrated to exhibit partial occupancy of
Cu sites with Fe [18,22]. Indeed, the synthesized compounds YSr2Cu2FeO7.86 [20] and
YSr2Cu2FeO7.56 [21] present anti-site disorder, with a Cu/Fe mixing close to 15%.
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Figure 1. (a) Crystal structure of the ideal stoichiometric oxide YSr2Cu2FeO8 (S.G. P4/mmm, ICSD file 
11514). The unit cell has dimensions of ap × ap × 3 ap, where ap refers to the cubic perovskite lattice 
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Color code: Fe in brown, Cu in blue, Sr in green, Y in grey, and O in red. 

Figure 1. (a) Crystal structure of the ideal stoichiometric oxide YSr2Cu2FeO8 (S.G. P4/mmm, ICSD file
11514). The unit cell has dimensions of ap × ap × 3 ap, where ap refers to the cubic perovskite lattice
parameter. (b) Crystal structure of the ideal stoichiometric oxide YSr2Cu2FeO7 (S.G. Ima2, Initial cell
parameters and atomic positions were taken from ICSD record of YSr2Cu2GaO7.46, ICSD file 71263).
Color code: Fe in brown, Cu in blue, Sr in green, Y in grey, and O in red.

The focus of this work is to study the MIEC properties of YSr2Cu2FeO7+δ oxides,
which were reported to present electrocatalytic activity. Specifically, this work aims to in-
vestigate oxygen diffusion in these materials and gain insights into how vacancies/oxygen
content influence the diffusion mechanism. To achieve this goal, crystallographic models
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for the idealized YSr2Cu2FeO7+δ terms with δ = 0.5, 0.25, and 0.75 are proposed, and
the ionic mobility is inferred from Ab initio molecular dynamics (AIMD). The ultimate
goal of this work in the long term is to favor advancements in catalytic materials that
will help overcome limitations in the development of efficient hydrogen production and
utilization technologies.

2. Methodology

The calculations were performed using the Vienna Ab Initio Simulation Package
(VASP) developed at the Universität Wien [23,24]. Our previous research showed that
the strongly constrained and appropriately normed (SCAN) functional [25] correctly re-
produces the electrical and magnetic properties of the YSr2Cu2FeO7 and YSr2Cu2FeO8
end members. Therefore, it was employed to study the intermediate compositions of the
YSr2Cu2FeO7+δ system. The interaction of core electrons with the nuclei is described by
the projector augmented wave (PAW) method [26], with 2s2p of O, 3d4s of Fe, 3d4p of Cu,
4s4p5s of Sr, and 4s4p5s4d of Y treated as valence electrons. The energy cutoff for the plane
wave basis set was fixed at a constant value of 600 eV throughout the calculations. The
integration in the Brillouin zone is performed on appropriate sets of k-points, determined
by the Monkhorst–Pack scheme. The k-point meshes were set at 10 × 10 × 4 using a
Gaussian smearing parameter of 0.05 eV. For the density of states (DOS) calculations, the
tetrahedron method with Bloch corrections was used [27]. Self-consistency was achieved
with a tolerance in total energy of 1 × 10−4 eV for geometry optimization and 1 × 10−6 eV
for DOS calculations.

To replicate the oxygen non-stoichiometry, the end-term YSr2Cu2FeO8 (S.G. P4/mmm)
is considered as the non-defective phase. Following our previous work, the starting
positions for YSr2Cu2FeO8 are taken from (ICSD file 11514, see Figure 1), considering a
2 × 2 × 1 superstructure [20]. Hence, the lattice parameters of the idealized model of
YSr2Cu2FeO8 are 2ap × 2ap × 3ap. To model the intermediate oxygen contents (δ = 0.2,
0.5, and 0.75), oxygen vacancies are accommodated in the O3 position of the FeO1+δ
layers. The construction of oxygen/vacancies configurations was carried out using the
Pymatgen Python library (v.2023.9.10) [28]. All the models are considered in a ferromagnetic
configuration. The Ewald summation method [29] was employed to choose, out of those
generated, the most stable configurations for DFT calculations. The local magnetic moments
and charges of each atom were obtained from the Bader charge analysis [30], which was
performed on the charge density files [31] using the Pymatgen Python library [28].

For the ab initio molecular dynamics (AIMD) calculations, the generalized gradient
approximation exchange and correlation functional developed by Perdew, Burke, and
Ernzerhof (PBE) [32] was used. Sampling of the electronic structure was made at the
gamma point only. Calculations at 1000, 1200, 1400, 1600, and 2000 K in the NVT ensemble
were performed for YSr2Cu2FeO7.5. First, the temperature was increased during 2000 steps,
and it was then held constant for 12,000 successive steps, employing the Nóse–Hover
thermostat [33]. A cutoff energy of 400 eV was used, along with a time step of 2 fs for
all calculations. The data analysis was performed using the Pymatgen-diffusion [34]
add-on for the Pymatgen [28] package. Ionic transport was monitored through mean
square displacement (MSD). Studying the MSD variation of ions as a function of time, the
diffusivity D can be extracted from the slopes for each simulated temperature, according to:

⟨|ri(t)− ri(0)|⟩ = 6Dt + B (1)

The activation energy (Ea) of the process can be calculated from the linear fitting of
the obtained data to the Arrhenius plot:

D = D0 exp
(
− Ea

kT

)
(2)
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where D0 is the oxygen diffusivity at T → ∞, that is to say, the maximum oxygen diffusivity.
The AIMD calculated diffusivity can be compared to the experimentally determined tracer
diffusivity (D*) [35].

3. Results and Discussion

To model the YSr2FeCu2O7.5 phase, the four possible configurations in the 2ap × 2ap × 3ap
supercell were generated (Figure 2a). Note that, despite the experimental suggestions from
the neutron powder diffraction (NPD) results for the YSr2Cu2FeO7.56 phase [21], none of
the four modelled configurations have Fe in solely tetrahedral [FeO4] and octahedral [FeO6]
environments. The configuration where Fe forms tetrahedra (Th) [FeO4], octahedra (Oh)
[FeO6], and square pyramids (SQP) [FeO5] (Figure 2a) is the most stable, with a maximum
energy difference obtained from geometrical optimization with the SCAN functional of
300 meV/f.u. with respect to the less stable configuration (all Fe ions in SQP).
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Figure 2. (a) Schematic representation of FeO1+δ planes in the four possible configurations for
YSr2Cu2FeO7.5 considering the 2ap × 2ap × 3ap supercell. Bader charges and magnetic moments are
shown for the most stable configuration. (b) View of the crystal structure of the most stable model for
YSr2Cu2FeO7.5 (2ap × 2ap × 3ap supercell). Color code: Fe in brown, Cu in blue, Sr in green, Y in
grey, and O in red.

For a YSr2FeCu2O7.5 composition, the 2ap × 2ap × 3ap cell is not compatible with
Fe ions occupying exclusively Th and Oh. Hence, a 2ap × 4ap × 3ap supercell was used
to generate additional YSr2Cu2FeO7.5 configurations. In this case, 91 configurations were
generated using the Pymatgen package, some of them presenting Fe in solely tetrahedral
[FeO4] and octahedral [FeO6] coordination. Among those configurations, the Ewald method
allows the selection of the most stable. The SCAN geometry optimization shows that this
configuration in the 2ap × 4ap × 3ap supercell is 194 meV/f.u. less stable (more positive)
than the most stable configuration in the 2ap × 2ap × 3ap supercell (Fe in Oh, Th, and SQP).
These findings advocate for detailed structural characterizations to precisely identify the
local ordering of vacancies in the synthetized YSr2Cu2FeO7+δ materials with δ ~ 0.5.

Interestingly, from the calculated total energies, it can be inferred that the most stable
configuration for YSr2Cu2FeO7.5 (in the 2ap × 2ap × 3ap unit cell, where Fe is found in
Th, Oh, and SQP) is energetically favored respective to the end terms in 157 meV/f.u.,
according to the reaction ½ YSr2Cu2FeO8 + ½ YSr2Cu2FeO7 → YSr2Cu2FeO7.5. This is
in line with the feasibility of synthesizing YSCFO terms with δ ~ 0.5, as was previously
reported [15,21].
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For this configuration of YSr2FeCu2O7.5, AIMD calculations were performed at 1000,
1200, 1400, 1600, and 2000 K. The MSD slopes can be used to calculate the self-diffusion
coefficient at each simulated temperature; for instance, Figure 3a shows the results at
1400 K that yield a diffusivity of 3.67 × 10−6 cm2/s. An activation energy of 0.37 eV is
extracted from the Arrhenius plot (Figure 3b). It is found that a high oxygen ion mobility
occurs in the FeO1+δ plane (Figure 3c), with a predicted diffusivity of 1.28 × 10−7 cm2/s
at 500 ◦C. Calculated AIMD oxygen diffusivity values of 3.1 × 10−9 cm2/s (Ea = 0.50 eV)
were previously reported for GdBaCo2O5.5 (GBCO) [36], whose diffusion mechanism has
been extensively studied from AIMD simulations [37,38]. The Na0.5Bi0.5Ti0.96Mg0.04O2.96
fast oxide ion conductor presents a calculated diffusivity from AIMD of 2.1 × 10−8 cm2/s
and Ea = 0.61 eV [39]. Therefore, considering the diffusivity showed by other perovskite
oxides, the results herein suggest that the YSr2Cu2FeO7.5 is a fast oxide ion conductor.
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Figure 3. (a) MSD at 1400 K for the YSr2FeCu2O7.5 (b) Arrhenius plot of diffusion coefficients obtained
at each simulated temperature for YSr2FeCu2O7.5. (c) Calculated trajectories for oxide ions in the
FeO1.5 plane of YSr2FeCu2O7.5. Note that the diffusivity of oxygen (O3) takes place only in this plane.
(d) Calculated atom projected DOS for the YSr2FeCu2O7.5.

As for the electronic conductivity, the calculated DOS (Figure 3d) corroborates that
the electronic charge density remains delocalized throughout the system. According to
the calculated DOS, YSr2Cu2FeO7.5 is a semi-metallic compound (0 eV band gap). These
results agree with the MIEC characteristics found in YSr2Cu2FeO7.56 by López et al. [21].

Several authors have previously reported an oxygen loss of around 5% when YSr2Cu2FeO7.56
is heated above 673 K in air [15,22]. The oxygen loss, which leads to an oxygen composition
around YSr2Cu2FeO7.17, is fully reversible, and the YSr2Cu2FeO7.56 phase is recovered
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on cooling. In an attempt to achieve an oxygen concentration as close as possible to
that experimentally observed on heating (δ ~ 0.17), models of YSr2Cu2FeO7.2 have also
been studied by DFT. Since the δ = 0.2 term is not compatible with a 2ap × 2ap × 3ap
supercell, the crystallographic models are constructed taking a 2ap × 5ap × 3ap supercell.
Among the models consisting of Fe exclusively in tetrahedra [FeO4] and octahedra [FeO6]
coordination, the most stable configuration according to the Ewald summation method is
selected (Figure 4a). For this configuration, AIMD calculations are performed at 800, 1000,
1200, 1600, and 1800K (up to 14 ps). The MSD (Figure 4b) indicates that oxygen ions do not
diffuse in this material. Indeed, the oxygen anions appear to jump around their equilibrium
position as any other ion in the structure. This proves the influence of transition metal
coordination and points towards the beneficial effect of anion disorder on the oxygen ion
diffusivity in the YSCFO system. More work is needed to confirm this hypothesis.
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The calculated DOS of the most stable configuration (Figure 4c) reveals that YSr2Cu2FeO7.2
is a metallic phase in which the electronic charge density is delocalized in the bands formed
by Cu and Fe 3d-orbitals. The itinerant character of electrons in the metallic phases of the
YSCFO system has been previously discussed for end-term YSr2Cu2FeO8 [16].

To verify that oxygen vacancies in the FeO1+δ plane are responsible for oxygen dif-
fusion, a YSr2FeCu2O7.75 phase was investigated in which there is excess oxygen in the
yttrium plane (Figure 5a). Note that the extra oxygen drives the coordination around some
Cu ions from square pyramidal to octahedral. Although this configuration has not been
experimentally observed in the YSFCO system, it is present in layered perovskite oxides
GdBa(Mn, Co)2O5−x [40,41]. AIMD simulation performed at 1400 K reveals high oxygen
mobility (calculated D (1400 K) = 7.62 × 10−6 cm2/s), similar to the AIMD value found for
YSr2Cu2FeO7.5 (see Figure 3a). Notably, oxygen diffusion is anisotropic, occurring only
in the FeO1+δ plane, while the oxygen added in the Y plane does not diffuse (Figure 5b).
The calculated DOS for the YSr2FeCu2O7.75 phase indicates a metallic behavior, similarly
to the δ = 0.2 and δ = 1 terms. These results endorse a good electronic conductivity in the
YSCFO system.
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4. Conclusions

The hydrogen economy comprises a broad spectrum of technologies, including solid
oxide cells (SOC), which rely on oxygen ion transport in ceramic materials. Catalytic mate-
rials with fast kinetics for the involved reactions (ORR/OER) must possess high ionic and
electronic conductivity. Such MIEC properties were recently discovered in YSr2Cu2FeO7.56,
which led to the present DFT investigation. The computational results herein have shown
that the idealized YSr2Cu2FeO7.5 compound presents a remarkable oxygen diffusion coeffi-
cient (predicted 1.28 × 10−7 cm2/s at 500 ◦C) and attractive activation energy (Ea = 0.37 eV),
which buttress the low ASR value (0.08 Ω cm2 at 973 K) reported for the YSr2Cu2FeO7.56
phase [15]. The AIMD calculations confirm that oxygen diffusion is anisotropic, taking
place in the ab plane of the FeO1+δ layers. In addition, the DFT results support a good
electronic conductivity in the YFSCO materials, in line with previous experimental and
computational findings. Although the MIEC properties can be anticipated from the DFT
calculations, other requirements for OER/ORR catalysis (such as chemical and mechanical
stability over cycling) must be experimentally examined.

It is worth remarking that, depending on the annealing history/oxygen content,
anti-site disorder can exist, which is to say, Cu/Fe mixing can take place in the YSCFO
system [19,20,42,43]. It is therefore foreseeable that anti-site defects could influence the
diffusion mechanism that, in the idealized oxides, takes place exclusively in the FeO1+δ
layer. Further computational investigations will address the influence of anti-site defects in
the MIEC properties of the YSr2Cu2FeO7+δ (0 < δ < 1) system.
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En este capítulo se presenta una discusión integradora de los resultados 

obtenidos en los capítulos 3 a 6 de esta tesis doctoral. Esta discusión está 

compuesta por tres secciones. En primer lugar, se comparan los dos materiales 

estudiados, Sr2-xBaxTa2O7 (0 ≤ x ≤ 1) y YSr2FeCu2O7+δ (0 < δ < 1), destacando el 

papel fundamental que desempeña la naturaleza del metal de transición en la 

elección y aplicación de la metodología de cálculo. A continuación, se abordan las 

limitaciones computacionales inherentes a la modelización de los sistemas reales 

estudiados, retomando los desafíos expuestos en los Capítulos 4-6. Por último, se 

amplía el estudio computacional del sistema YSr2FeCu2O7+δ mediante el análisis 

de descriptores electrónicos, concretamente el centro de banda 2p del oxígeno, con 

el objetivo de evaluar la utilidad de estos materiales para catalizar la ORR. 

7.1. Influencia del metal de transición y su configuración 

electrónica  

La investigación desarrollada en esta tesis doctoral se ha centrado en el estudio 

de perovskitas en capas con aplicaciones en el campo de la energía. En primer 

lugar, se ha avanzado en el diseño de perovskitas para la generación de H2 verde. 

Concretamente, se ha estudiado la familia Sr2-xBaxTa2O7 (0 ≤ x ≤ 1) (Capítulo 3) 

y su potencial aplicación como fotocatalizador de la reacción de electrolisis de 

agua. Por otro lado, se ha analizado el sistema YSr2FeCu2O7+δ (Capítulos 4-6) 

para su aplicación en SOFC. Ambos compuestos representan ejemplos sobre la 

aplicabilidad de materiales con estructura derivada de la perovskita en la 

economía del hidrógeno. Sin embargo, aunque tengan una relación estructural, 

las notables diferencias entre las estructuras electrónicas de Sr2-xBaxTa2O7 (0 ≤ x 

≤ 1) y YSr2FeCu2O7+δ (0 < δ < 1) son, precisamente, las que dan lugar a sus 

propiedades y potenciales aplicaciones.  

Los materiales propuestos para la producción de H2 verde a través de 

fotoelectrocatálisis de agua suelen presentar metales de transición con 

configuraciones electrónicas d0 o d10. En el caso de la familia Sr2-xBaxTa2O7, la 

configuración electrónica Ta-d0 confiere al material un comportamiento 

semiconductor, lo cual es condición indispensable para fotocatalizar la reacción 

de electrolisis del agua. Generalmente, las propiedades electrónicas y magnéticas 

de compuestos con metales de transición d0 pueden explicarse a través de modelos 

relativamente simples, aunque esto no quiere decir que su estudio computacional 

sea trivial. Como se ha discutido en el capítulo 3, en estos materiales, la BV está 
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compuesta por estados 2p del oxígeno, mientras que la BC la forman los estados 

nd vacíos del metal (véase figura S3 en capítulo 3). El estudio de óxidos de 

metales de transición d0 o d10 mediante DFT resulta relativamente sencillo e, 

incluso, aproximaciones como el funcional PBE han demostrado reproducir el 

comportamiento semiconductor de fotocatalizadores ampliamente utilizados. 

Este es el caso de TiO2,
1 y también de los compuestos semiconductores estudiados 

en esta tesis, Sr2Ta2O y BaSrTa2O7. Como ya se ha comentado, a pesar de la 

imprecisión que presenta la metodología DFT para determinar el band gap de 

materiales aislantes o semiconductores,2 se ha demostrado que la metodología es 

apropiada para extraer tendencias generales.  

Para los materiales fotocatalizadores estudiados en esta tesis, se ha puesto de 

manifiesto que el funcional SCAN mejora los resultados de PBE, permitiendo una 

descripción adecuada de la estructura cristalina y electrónica. Este funcional ha 

permitido un estudio cualitativo y comparativo del impacto de las variaciones 

composicionales en las propiedades de la familia Sr2-xBaxTa2O7 (0 ≤ x ≤ 1). 

Además, se ha podido llevar a cabo un estudio detallado de la fase Dion-Jacobson 

BaSrTa2O7, que presenta una mayor producción de hidrógeno que la perovskita 

Sr2Ta2O7, aportando a partir de los resultados computaciones una posible 

explicación a este hecho experimental. 

Sin embargo, tal y como se ha discutido en los capítulos 4, 5 y 6, el estudio de 

óxidos de metales de transición a través de cálculos DFT se complica cuando los 

orbitales d de la capa de valencia del metal están parcialmente ocupados. Para 

este tipo de materiales, las propiedades eléctricas y magnéticas son complejas, y 

requieren tener en cuenta las interacciones electrón-electrón. Por lo tanto, para 

comprender estos óxidos de metales de transición es necesario utilizar modelos 

más complejos que los empleados en la descripción de materiales con metales d0. 

Uno de estos modelos es el modelo de Hubbard,3 en el cual se asume que las únicas 

repulsiones interelectrónicas relevantes son aquellas que se producen entre los 

electrones de valencia del mismo átomo.4 Las repulsiones se incluyen a través del 

parámetro U, lo que permite cuantificar energéticamente dicha repulsión 

interelectrónica. De acuerdo con el modelo de Hubbard, existe un equilibrio entre 

la anchura de las bandas d del metal (A) y la repulsión interelectrónica (U). Estos 

factores están determinados, entre otros, por la electronegatividad del metal de 

transición, el número de electrones 3d, el estado de oxidación y la estructura 

cristalina del material. De esta forma, si la anchura de las bandas 3d del metal 
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es menor que la repulsión interelectrónica (A < U), el material será un aislante 

de Mott. Por otra parte, si A > U, el material presentará un comportamiento 

metálico. Además, existen ciertos casos en los que A ≈ U. 

 El sistema YSr2FeCu2O7+δ (0 < δ < 1), estudiado en esta tesis doctoral, presenta 

una transición aislante–metal. Experimentalmente, en este sistema se observa 

un cambio en las propiedades electrónicas al pasar de la fase reducida 

YSr2FeCu2O7.08 (medidas en esta tesis doctoral), donde los metales de transición 

presentan estados de oxidación formales Fe+3 y Cu+2, a la fase oxidada, 

YSr2FeCu2O7.85 (medidas con anterioridad a esta tesis doctoral), en la que los 

estados de oxidación formales son Fe+4 y Cu+3/Cu+2. Computacionalmente, de 

acuerdo con lo observado en la DOS calculada (SCAN/DFT+U), los electrones 

están localizados en la fase ideal YSr2FeCu2O7 (aislante de Mott-Hubbard), 

presentando el material un comportamiento semiconductor. Por el contrario, en 

la fase YSr2FeCu2O8, la DOS calculada indica que los electrones tienen un 

carácter itinerante que da lugar a un comportamiento metálico. Las propiedades 

electrónicas observadas y los resultados del cálculo computacional son, por lo 

tanto, consistentes. La visión global del sistema YSFCO es compatible con el 

modelo de Hubbard; podría decirse que, al introducir oxígeno en la fase 

YSr2FeCu2O7, aumenta el estado de oxidación de Cu y Fe, la covalencia del enlace 

metal–oxígeno y, con ello, la anchura de la banda formada por la hibridación de 

los estados M 3d y O 2p, que supera a la repulsión interelectrónica.  

En los capítulos 4 y 5 se ha enfatizado que el estudio computacional de este 

sistema requiere un funcional adecuado, que logre describir a la vez el 

comportamiento metálico de la fase ideal YSr2FeCu2O8 y el comportamiento 

semiconductor de la fase ideal YSr2FeCu2O7. En las últimas décadas, la 

metodología DFT+U se ha utilizado ampliamente para el estudio de óxidos de 

metales de transición.  Aunque ofrece buenos resultados en el estudio de 

materiales con electrones localizados (A < U), la metodología DFT+U puede 

presentar problemas para predecir comportamientos metálicos. Los resultados 

presentados en esta tesis evidencian que este es el caso de YSr2FeCu2O8, para el 

que el empleo del funcional PBE+U (capítulo 4) induce una excesiva localización 

electrónica, lo que da lugar a una sobreestimación de los momentos magnéticos 

experimentales. En otras palabras, el uso de DFT+U puede resultar inadecuado 

para materiales donde A > U. Por ello, la metodología DFT+U, sólo puede 

aplicarse con garantías cuando se sabe de antemano que se trata de sistemas 
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con electrones localizados. Hay que recalcar que, por el contrario, el funcional 

SCAN reproduce satisfactoriamente las propiedades magnéticas y electrónicas de 

todo el sistema YSCFO.  

Adicionalmente, debe tenerse en cuenta que la inclusión de la repulsión 

interectrónica mediante la metodología DFT+U implica la determinación de 

parámetros U específicos para cada uno de los metales de transición, y que los 

valores apropiados dependen, además, del funcional utilizado. En el capítulo 5, 

dedicado a la metodología SCAN+U, se evidencia que, en el sistema YFSCO, el 

parámetro U asociado al Cu tiene una influencia más significativa que el asociado 

al Fe sobre los parámetros cristalinos, los momentos magnéticos y el 

comportamiento electrónico de las fases ideales YSr2FeCu2O7 y YSr2FeCu2O8. 

Asimismo, el hecho de que el valor de U adecuado para un material no sea 

necesariamente transferible a otros materiales, redunda en beneficio de la 

utilización del funcional SCAN frente a la metodología DFT+U. 

En términos generales, podría plantearse que los avances en la metodología 

DFT (y el desarrollo de nuevos funcionales) han hecho posible el estudio de 

«cualquier» óxido de metales de transición. En este sentido, en esta tesis se ha 

demostrado que el funcional SCAN proporciona resultados fiables tanto en óxidos 

de metales de transición relativamente sencillos, como la familia Sr2-xBaxTa2O7 

(0 ≤ x ≤ 1) — compuesta por un único metal de transición que además es d0 —, 

como para sistemas altamente complejos como YSr2FeCu2O7+δ (0 < δ < 1), que 

presenta dos metales de transición y una transición aislante-metal modulada por 

el contenido en oxígeno. No obstante, el estudio de óxidos de metales de transición 

mediante DFT todavía debe enfrentarse al desafío de «traducir» los sólidos reales 

a modelos cristalográficos asumibles, cuestión que se aborda en la siguiente 

sección. 

7.2. Retos computacionales en el estudio de sistemas reales   

Los cálculos DFT hacen posible evaluar, de forma independiente, el efecto de la 

composición y de la estructura cristalina en la estructura electrónica de un 

material, ya sea existente o virtual. De esta forma, es posible analizar la 

influencia de estos parámetros en las propiedades de interés para una aplicación 

concreta. Sin embargo, los sólidos reales suelen presentar estructuras cristalinas 

y composiciones químicas complejas, lo que dificulta su estudio mediante cálculos 

mecano-cuánticos. 
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La investigación computacional llevada a cabo en los capítulos 4, 5 y 6 de esta 

tesis doctoral sobre el sistema YSr2FeCu2O7+δ (0 < δ < 1) es un claro ejemplo de 

las aproximaciones, o simplificaciones, que deben realizarse para poder simular 

algunos materiales reales mediante DFT. Como se ha resaltado en estos 

capítulos, se han utilizado modelos idealizados para las composiciones 

YSr2FeCu2O7 y YSr2FeCu2O8. En primer lugar, no se ha tenido en cuenta la 

presencia del desorden catiónico (antisite), que se ha observado en estudios 

experimentales para varias fases del sistema.5-9  En segundo lugar, se han 

estudiado las composiciones perfectamente estequiométricas YSr2FeCu2O7 y 

YSr2FeCu2O8, a pesar de que estas no se han obtenido experimentalmente, dado 

que siempre existe una desviación del contenido ideal en oxígeno. 

Incorporar defectos antisite y ajustar el contenido en oxígeno a los valores 

determinados experimentalmente requeriría emplear grandes superceldas, cuyo 

cálculo demanda recursos computacionales considerablemente mayores. 

Adicionalmente, una vez generadas las superceldas, sería necesario generar 

diversas configuraciones, ordenando tanto las vacantes y los átomos de oxígeno, 

como los cationes Cu/Fe. El estudio de sistemas desordenados puede abordarse 

utilizando herramientas computacionales avanzadas, como el método SQS 

(Special Quasi-random Structures). No obstante, estas herramientas han 

quedado fuera del enfoque principal de la presente tesis doctoral, aunque podrían 

ser objeto de futuras investigaciones. 

Al igual que ocurre con los extremos del sistema YSCFO, un estudio riguroso 

de las fases intermedias debería considerar los fenómenos estructurales 

comentados anteriormente, como son el antisite y la distribución de 

vacantes/oxígeno a 0 K. En este caso, en el capítulo 6 se han considerado algunas 

configuraciones, centradas principalmente en definir el orden de vacantes en la 

fase correspondiente a δ = 0.5, así como los poliedros de coordinación del Fe.  

Por otro lado, deben mencionarse las limitaciones asociadas a la metodología 

AIMD, que se ha empleado para estudiar de la difusión del ion óxido dentro de la 

estructura.  Una de las desventajas que presenta la dinámica molecular ab initio 

es la imposibilidad de llegar a los tiempos de simulación accesibles a través de 

dinámica molecular clásica (del orden de 10-9 a 10-7 s), así como la necesidad de 

trabajar con sistemas de menor tamaño, debido al elevado coste computacional 

que implica calcular las fuerzas a partir de primeros principios. La simulación del 
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sistema YSr2FeCu2O7+δ, utilizando los recursos computacionales disponibles, ha 

requerido hasta 16 días de tiempo de CPU y hasta 4 semanas de tiempo real para 

cada temperatura simulada (compárese con 5 días de tiempo real para la 

resolución de la estructura electrónica de la fase ideal YSr2FeCu2O7, utilizando el 

funcional SCAN). Esta problemática puede atenuarse empleando Machine 

Learning para obtener campos de fuerza específicos que describan las 

interacciones del material estudiado (Machine Learning Force Fields, MLFF). La 

metodología Machine Learning,10 desarrollada recientemente, se ha empleado en 

el estudio de perovskitas de haluros11 y de calcogenuro.12 Los datos utilizados 

para entrenar el modelo de Machine Learning provienen de cálculos DFT, siendo 

necesarios entre 500 y 1000 cálculos ab initio para desarrollar el modelo.13   

Con respecto a la familia Sr2-xBaxTa2O7 (0 ≤ x ≤ 1), los modelos cristalográficos 

utilizados concuerdan con los materiales reales. Se trata en este caso de óxidos 

estequiométricos con un orden definido de Sr y Ba en la estructura cristalina. La 

utilización de estos modelos ha permitido obtener la estructura electrónica, a 

partir de la cual se han discutido las propiedades fotocatalíticas. Como se ha 

señalado con anterioridad, en esta tesis doctoral se han tratado aspectos 

electrónicos fundamentales para que se produzca la fotocatálisis, como son el 

band gap, la energía de las bandas de valencia y de conducción y, en definitiva, la 

composición y la estructura cristalina del fotocatalizador. No obstante, cabe 

destacar que el proceso de fotocatálisis es complejo y no depende únicamente de 

la estructura electrónica del material.14 Para llevar a cabo una descripción 

detallada del proceso fotocatalítico es necesario tener en cuenta la localización de 

los pares electrón-hueco, además del tiempo de vida de las especies fotogeneradas. 

Por otra parte, deben emplearse también metodologías que permitan explorar 

estados excitados de las especies involucradas.15 Considerando todo lo anterior, 

aunque no se hayan abordado todos los aspectos mencionados, los resultados aquí 

expuestos han arrojado algo de luz sobre la actividad catalítica de las fases Sr2-

xBaxTa2O7 (0 ≤ x ≤ 1) y, además, sirven como punto de partida para continuar con 

el estudio de BaSrTa2O7 como fotocatalizador.  

 A lo largo de la tesis se ha hecho un esfuerzo importante por contrastar los 

resultados DFT (óxidos ideales) con los datos experimentales (óxidos reales). En 

el caso de la familia Sr2-xBaxTa2O7 (0 ≤ x ≤ 1), se ha logrado sintetizar y 

caracterizar las fases principales analizadas en el estudio DFT. Esto ha 

posibilitado comprobar la validez de las predicciones computacionales, pudiendo 
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comparar los valores obtenidos para los parámetros de red o del band gap con los 

resultados experimentales. Por otra parte, para YSr2FeCu2O7+δ, se ha logrado 

abordar en cierta medida algunos aspectos sobre la transición aislante–metal. 

Conocer el valor del band gap para la fase YSr2FeCu2O7.08 ha sido crucial para 

evaluar el método SCAN+U (capítulo 5). Sin embargo, lamentablemente, no ha 

sido posible ampliar el estudio experimental de este sistema para explorar 

parámetros clave ―como son la microestructura de las fases intermedias―, o 

realizar medidas de ASR o de difusión. Esta falta de datos experimentales limita 

la posibilidad de verificar las predicciones sobre la potencial aplicación de estos 

compuestos, que se discute en la siguiente sección.   

7.3. Aplicaciones del sistema YSr2FeCu2O7+δ: Descriptores 

electrónicos a partir de cálculos DFT 

Los cálculos DFT desempeñan un papel muy activo en el diseño de materiales 

con actividad catalítica en procesos de almacenamiento y conversión de energía. 

Algunos ejemplos relevantes incluyen los procesos tratados en esta tesis doctoral, 

es decir, la disociación del agua en hidrógeno (Hydrogen Evolution Reaction, 

HER) y oxígeno (Oxygen Evolution Reaction, OER), o la combinación de oxígeno e 

hidrógeno para producir agua (Hydrogen Oxidation Reaction, HOR y Oxygen 

Reduction Reaction, ORR).16-19  Como se ha comentado en el capítulo 1, el diseño 

y desarrollo de materiales catalizadores para estas reacciones puede mejorarse 

mediante el uso de descriptores electrónicos.20 Norskov y colaboradores 

demostraron que la energía del centro de banda d —referida al nivel de Fermi— 

de metales de transición y de sus aleaciones, se correlaciona con la energía de 

enlace superficial de los adsorbatos en procesos catalíticos como la HER.16 Más 

recientemente, se ha demostrado que el centro de banda 2p del oxígeno —relativo 

al nivel de Fermi— está fuertemente correlacionado con la resistencia específica 

de superficie (ASR) medida experimentalmente, los coeficientes de intercambio 

superficial de oxígeno o la energía de formación de vacantes de oxígeno en 

perovskitas utilizadas como catalizadores de la ORR.21, 22  

El objetivo final de los descriptores electrónicos es predecir propiedades 

catalíticas. En términos de aplicaciones, los resultados en perovskitas simples 

revelan que aproximar el centro de banda O 2p al nivel de Fermi influye 

positivamente en las propiedades catalíticas para ORR.20, 23 Así, se ha demostrado 

que valores calculados con PBE+U para el centro de banda O 2p entre -1 y -1,8 
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eV corresponden a materiales con una alta actividad catalítica para la ORR (véase 

figura 1.13).21 Los estudios existentes se han centrado, principalmente, en 

perovskitas simples ABO3,21-24 y pocos trabajos abordan óxidos de metales de 

transición con alta complejidad química y estructural.  El sistema YSr2FeCu2O7+δ 

(0 < δ < 1), estudiado en esta tesis doctoral, constituye un candidato ideal para 

poner a prueba la capacidad predictiva del centro de banda O 2p, dado que 

presenta una complejidad que ha sido poco explorada hasta la fecha.  

A partir de las densidades de estados calculadas para las fases del sistema 

YSCFO en los Capítulos 4-6, el centro de banda O 2p se ha calculado como el 

centroide de la densidad de estados proyectada del oxígeno, incluyendo estados 

ocupados y desocupados, según la ecuación 7.1. El centro de banda se refiere al 

nivel de Fermi, que se ha fijado en el mínimo de la banda de conducción.23  

 

Centro O 2𝑝 =  
∫ E O2𝑝 (E) dE

∞

−∞

∫ O2𝑝 (E) dE
∞

−∞

−  𝐸𝐹𝑒𝑟𝑚𝑖  

 

(7.1) 

El estudio realizado se ha limitado a considerar modelos con orden 

ferromagnético y cálculos usando el funcional SCAN, puesto que este reproduce 

correctamente las propiedades estructurales, magnéticas y electrónicas de los 

extremos YSr2Cu2FeO7 (δ = 0) y YSr2Cu2FeO8 (δ = 1). Además, existen trabajos 

previos que ponen de manifiesto que el funcional SCAN produce errores menores 

al comparar los valores predichos del centro de banda O 2p con los valores 

obtenidos mediante espectroscopía de emisión de rayos X (XES).24 Por otro lado, 

para facilitar la comparación con los valores reportados para otras perovskitas, 

se han realizado cálculos adicionales utilizando el método PBE+U con un valor de 

Ueff de 4 eV para Cu y Fe. 

En la figura 7.1 se muestran los valores del centro de banda O 2p calculados 

para el sistema YSr2FeCu2O7+δ (0 < δ < 1), junto con un esquema de los planos 

FeO1+δ para las configuraciones más estables con δ = 0,2; 0,25 y 0,5 (señaladas 

como 1, 2 y 3, respectivamente). El área sombreada en gris indica el rango de 

valores del centro de banda O 2p (PBE+U) que la bibliografía existente considera 

de interés para el diseño de materiales catalíticos para procesos ORR.23 Como se 

observa en la figura 7.1a, los valores obtenidos para el sistema YSCFO se 

encuentran dentro de esta región. Esta observación concuerda con los bajos 
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valores de ASR reportados por López-Paz et al.6 (0,20 y 0,08 Ω cm² a 923 y 973 K, 

respectivamente), así como con los resultados obtenidos en el capítulo 6 de esta 

tesis doctoral, es decir, una elevada difusividad de oxígeno (1,28 × 10⁻⁷ cm²/s a 

500 °C) y una baja energía de activación (0,37 eV).  

 

  Figura 7.1. Valores calculados del centro de banda O 2p para el sistema YSr2Cu2FeO7+δ 

(0 < δ < 1) utilizando el funcional SCAN (triángulos azules). Para δ = 0,2; 0,25 y 0,5, los 

círculos rojos indican las configuraciones más estables. Para estas configuraciones, los 

resultados de cálculos adicionales con PBE+U aparecen como cuadrados verdes. La 

región sombreada en gris indica los valores prometedores del centro de banda O 2p para 

la actividad catalítica.21 (b) Representación de los planos FeO1+δ para las configuraciones 

ordenadas más estables encontradas para δ = 0,2 (etiquetada como 1); 0,25 (etiquetada 

como 2) y 0,5 (etiquetada como 3). 

Sin embargo, aunque un material presente valores prometedores del centro de 

banda O 2p y valores de ASR favorables para catálisis, esto no asegura que su 

estabilidad no se vea comprometida bajo condiciones operativas de SOFC.22, 25, 26 

Un claro ejemplo es el BSCF (Ba0.5Sr0.5Co0.8Fe0.2O3-δ), un material con alta 

actividad — con un centro O 2p de -1,54 eV y valores ASR de 0,055–0,071 Ω cm² 

a 600 °C27— que presenta problemas de estabilidad.28 Precisamente, la 

importancia de lograr un equilibrio entre la actividad catalítica y la estabilidad 

ha sido tratada con anterioridad por diferentes autores.21 En este sentido, se ha 

visto que, para catalizar la OER, centros de banda muy cercanos al nivel de Fermi 

(valores demasiado cercanos a 0) pueden ser indicativos de inestabilidad del 

material. Concretamente, se ha observado la amorfización en materiales 

utilizados en electrolizadores alcalinos (AEL),25 y una facilidad excesiva para 

formar vacantes de oxígeno en materiales catalíticos derivados de BaFeO3.29 En 
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el caso del sistema YSCFO , los valores del centro de banda O 2p están demasiado 

cerca del nivel de Fermi, lo que sugiere que la estabilidad de YSr2Cu2FeO7+δ (0 < 

δ < 1) bajo condiciones operativas de SOFC podría verse comprometida. En 

particular, Slater y colaboradores enfatizaron que los cambios estructurales 

asociados a la pérdida de oxígeno al calentar en aire la fase YSr2Cu2FeO7.56 

pueden ser un inconveniente para la utilización de este material.9  

En resumen, en cuanto a las potenciales aplicaciones del sistema 

YSr2Cu2FeO7+δ (0 < δ < 1), los valores del centro de banda O 2p sugieren que este 

sistema podría exhibir una actividad catalítica significativa para los procesos 

ORR/OER, si bien estos centros de banda también son indicativos de una posible 

inestabilidad del material. 
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La presente tesis doctoral se ha centrado en el estudio computacional de óxidos 

de metales de transición con estructura basadas en capas perovskita, para 

aplicaciones en la producción y utilización de hidrógeno. Las conclusiones 

principales derivadas de esta tesis doctoral se resumen a continuación:  

1) Se ha demostrado por primera vez la actividad fotocatalítica para la reacción 

de evolución de hidrógeno de la perovskita en capas BaSrTa2O7. La 

producción de hidrógeno utilizando BaSrTa2O7 como fotocatalizador es un 

26% superior a la observada con Sr2Ta2O7. Los resultados de los cálculos 

DFT son consistentes con el comportamiento experimental. El estudio de la 

familia Sr2-xBaxTa2O7 (0 ≤ x ≤ 1) ha permitido correlacionar la actividad 

fotocatalítica con la estructura cristalina y electrónica de estos óxidos. Se ha 

observado las diferencias en la estructura electrónica de BaSrTa2O7 respecto 

a Sr2Ta2O7 tienen su origen en hay factores estructurales. 

 

2) Los cálculos DFT llevados a cabo sobre estos materiales validan la utilización 

del funcional SCAN en el estudio de la estructura cristalina y electrónica de 

óxidos de metales de transición d0. Aunque ambos materiales (BaSrTa2O7 y 

Sr2Ta2O7) presentan una estructura en capas derivada de la perovskita y 

están compuestos por Ta, su band gap medido difiere en 0,6 eV. Dicha 

diferencia se reproduce adecuadamente utilizando el funcional SCAN. En 

cuanto a las propiedades catalíticas, los cálculos realizados no permiten 

profundizar en algunos aspectos específicos de la fotocatálisis. No obstante, 

estos resultados han permitido explorar tendencias generales dentro de la 

familia Sr2-xBaxTa2O7 (0 ≤ x ≤ 1). 

 

3) La capacidad del funcional SCAN queda confirmada con el estudio del 

sistema YSr2Cu2FeO7+δ (0< δ <1). Los cálculos realizados han permitido 

comparar diferentes metodologías DFT, como PBE, PBE+U, SCAN y 

SCAN+U, para modelar óxidos de alta complejidad estructural y electrónica. 

Se ha observado que las metodologías SCAN y GGA son válidas para simular 

las propiedades metálicas de la fase con mayor contenido en oxígeno 

YSr2Cu2FeO8. Por el contrario, para la fase con menor contenido en oxígeno 

YSr2Cu2FeO7, el carácter aislante se reproduce utilizando la metodología 

GGA+U, así como el funcional SCAN. Por lo tanto, estos resultados 

establecen que, entre los probados, el meta-GGA SCAN es el funcional más 
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adecuado para investigar las propiedades del sistema YSr2Cu2FeO7+δ (0 < δ 

< 1) en su conjunto. 

 

4) Con respecto a la metodología SCAN+U en el estudio del sistema 

YSr2Cu2FeO7+δ (0 < δ < 1), los resultados obtenidos ponen de manifiesto que, 

aunque la introducción del parámetro U no resulta estrictamente necesaria, 

la aplicación de UCu = 1 eV da lugar a una descripción más exacta de las 

propiedades. La mayor contribución de los orbitales Cu-3d al nivel de Fermi 

de la fase oxidada ideal YSr2Cu2FeO8 y al borde de la banda de conducción 

de la fase ideal reducida YSr2Cu2FeO7, da como resultado a un mayor impacto 

del parámetro UCu sobre las propiedades electrónicas y los momentos 

magnéticos calculados, en comparación con el parámetro UFe. 

 

5) Además, se ha comprobado que la introducción del término U utilizado en 

SCAN+U resulta en una excesiva localización electrónica y la obtención de 

momentos magnéticos elevados que se desvían de las observaciones 

experimentales. Los resultados obtenidos en el estudio SCAN+U de YSCFO 

subrayan la importancia de evaluar los parámetros U individuales para 

aquellos óxidos complejos con más de un metal de transición y demuestran 

que la transferibilidad del parámetro U entre distintos materiales y 

metodologías (utilizar el mismo valor de U para PBE y SCAN) es 

particularmente arriesgada para óxidos tan complejos como YSr2Cu2FeO7+δ 

(0< δ <1). Por último, se ha visto que la idoneidad de la metodología SCAN+U 

para el estudio de óxidos con múltiples metales de transición debe evaluarse 

para cada caso individual, sopesando si la mejora en la predicción de 

propiedades justifica el esfuerzo de optimizar los valores de U.  

 

6) La combinación de cálculos DFT con Dinámica Molecular ha demostrado que 

en el sistema YSr2Cu2FeO7+δ (0< δ <1) se produce una difusión anisotrópica 

del oxígeno en el plano ab de las capas FeO1-δ. Los valores de energía de 

activación (Ea = 0.37 eV) y coeficiente de difusión de oxígeno (1.28 × 10⁻⁷ 

cm²/s a 500 °C) sugieren una posible aplicación del material como cátodo en 

SOFC. Sin embargo, otros factores clave para la catálisis ORR/OER, como la 

estabilidad química y mecánica, deben ser evaluados experimentalmente. 

Por lo tanto, es necesario continuar con investigaciones experimentales que 
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confirmen la utilidad de YSCFO. Dicho estudio es prioritario antes de 

embarcarse en estudios computacionales más complejos. 

 

7) Se ha comprobado que las perovskitas en capas estudiadas (Sr2-xBaxTa2O7 y 

YSr2Cu2FeO7+δ) presentan potencial para su aplicación en el campo de la 

energía. En particular, los resultados obtenidos en esta tesis doctoral indican 

que estos materiales podrían ser efectivos para llevar a cabo la evolución 

fotocatalítica de hidrógeno (Sr2-xBaxTa2O7) y para actuar como cátodo en 

celdas de combustible de óxido sólido (YSr2Cu2FeO7+δ). A pesar de los 

resultados prometedores obtenidos en esta tesis doctoral, se hace necesario 

continuar explorando estas perovskitas en capas, ya que, en general, el 

número de trabajos centrados en ellas sigue siendo menor en comparación 

con las ampliamente investigadas perovskitas 
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Esta tesis doctoral aborda el estudio del sistema YSr2Cu2FeO7+δ (0 < δ < 1), que 

pertenece a la familia de cupratos superconducotres, desde un punto de vista 

computacional. Por ello, en esta sección se dedican unas palabas a la estructura 

electrónica de cupratos como YBa2Cu3O7−δ, en los que las propiedades electrónicas 

dependen del contenido en oxígeno.  

En los planos superconductores de los cupratos, es decir, aquellos formados por 

los cationes Cu(2) (véase la figura 1.6), existe la capa CuO2
2-, ilustrada en la 

figura Ia, que forma las bases de las pirámides en YBCO. La presencia de la capa 

CuO2
2- (con o sin oxígenos apicales) es esencial, ya que es donde se encuentran los 

portadores de carga.1 La disposición de los átomos de Cu y O en estos planos 

influye directamente en las propiedades electrónicas del material. En la fase no 

dopada (YBa2Cu3O6), el Cu de estos planos presentaría un estado de oxidación 

formal +2, de forma que su configuración electrónica sería 3d9. De acuerdo con el 

desdoblamiento de los orbitales d del Cu en una geometría plano-cuadrada 

representado en la figura Ib, el electrón desapareado ocuparía el orbital de 

mayor energía 3dx2-y2. Teniendo en cuenta la densidad de estados de la capa 

CuO2
2- representada de manera esquemática en la figura Ic, el electrón 

desapareado se encontraría en el estado resultante de la hibridación entre Cu 

3dx
2-y

2 y O 2px, 2py, que presenta una mayor participación del Cu.  

De esta forma, en la fase YBa2Cu3O6 existiría una banda formada por estados 

Cu 3d y O 2p parcialmente ocupada. Según la teoría de bandas, en esta situación 

se espera un material con comportamiento metálico. Sin embargo, debido a la alta 

correlación electrónica existente entre los electrones d del Cu, el material 

YBa2Cu3O6 es un aislante de Mott, cuya estructura electrónica puede describirse 

a través del modelo de Mott-Hubbard. De acuerdo con este modelo, se formarán 

dos bandas de Hubbard separadas por un band gap del orden del parámetro U, 

que permite tener en cuenta la repulsión interelectrónica, según aparece 

esquematizado en la figura Id. 

Por lo tanto, las propiedades electrónicas de los cupratos superconductores 

pueden modularse a través del dopaje con huecos (hole doping). En estos 

compuestos la conductividad electrónica es de tipo p, es decir, está provocada por 

los huecos que se introduzcan en la banda formada por estados O 2p y Cu 3d 

(figura Ic, d).  Este dopaje con huecos va ligado a la introducción de oxígeno en 

los bloques de reserva de carga (planos Cu(1)). Además, la existencia de la 
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superconductividad está ligada a este dopaje. En la mayoría de estos cupratos el 

papel de los bloques de reserva de carga es introducir huecos en la estructura 

electrónica al pasar de la fase aislante (fase no dopada, YBa2Cu3O6) a la fase 

metálica superconductora (fase dopada con huecos, YBa2Cu3O7).   

Figura I. (a) Estructura 2D de la capa CuO22- presente en los cupratos 

superconductores de fórmula YBa2Cu3O7−δ. Color: Cu en azul y O en rojo (b) Esquema del 

desdoblamiento de los orbitales d del Cu en geometrías octaédrica, tetraédrica y plano-

cuadrada de acuerdo con la Teoría del Campo de Cristal. (c) Representación esquemática 

de la densidad de estados de los planos CuO2
2- en cupratos superconductores. (d) 

Esquema de la densidad de estados de los planos CuO2
2- modificado de acuerdo con el 

modelo de Mott-Hubbard. (Adaptada de1, 2) 
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