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Tesis Doctoral. Luis Miguel Rivera Gavidia 0. Resumen / Summary 

0. RESUMEN 

Las pilas de combustible (FCs, Fuel Cells) son dispositivos capaces de generar 

energía a partir de una reacción electroquímica y representan actualmente una de las 

alternativas más viables para la producción eficiente de electricidad desde una 

perspectiva libre de emisiones. 

Entre ellas, las pilas de combustible que utilizan una membrana polimérica de 

intercambio protónico como electrolito (PEMFCs, Polymer Exchange Membrane Fuel 

Cells) trabajan a temperaturas relativamente bajas (25-100 ºC), lo que las obliga a 

utilizar electrocatalizadores para su funcionamiento alcanzando una potencia de salida 

de hasta 1000 mW.cm
-2

. Este tipo de pilas suelen utilizar hidrógeno como combustible, 

el cual puede obtenerse a partir del reformado de combustibles fósiles o desde fuentes 

renovables (como la fotoelectrólisis del agua). El manejo en la distribución y 

almacenamiento del hidrógeno requiere precauciones especiales así como 

infraestructuras adecuadas para minimizar riesgos de fuga y accidentes localizados. Por 

este motivo, aunque con menos generación de potencia de salida (50-200 mW.cm
-2

), las 

pilas de combustible de membrana polimérica que utilizan metanol como combustible 

(DMFCs, Direct Methanol Fuel Cells) surgen como una alternativa a las PEMFCs, 

principalmente para aplicaciones en dispositivos portátiles.  

Ambas pilas de combustible utilizan catalizadores basados en Pt, lo cual incrementa 

su costo y dificulta su comercialización. Además, la reacción de reducción de oxígeno 

(ORR) que ocurre en el cátodo de las PEMFCs/DMFCs presenta una cinética lenta 

sobre estos catalizadores, lo que hace disminuir el rendimiento global de la pila. Por 

otro lado, en las DMFCs tiene lugar el llamado crossover de metanol, que es el 

fenómeno que ocurre cuando el metanol que se emplea como combustible atraviesa la 

membrana polimérica desde el ánodo hacia el cátodo, ocasionando una drástica caída en 

el rendimiento de la pila debido a la generación de potenciales mixtos como 

consecuencia de la baja selectividad del catalizador catódico hacia la ORR. 

La presente Tesis Doctoral aborda estos problemas y se centra en el desarrollo de 

catalizadores altamente eficientes para la ORR que sean tolerantes a los efectos del 

crossover de metanol para poder emplearse como cátodo en una PEMFC o una DMFC. 

Para ello, se han desarrollado diferentes estrategias en el diseño de catalizadores que 
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Tesis Doctoral. Luis Miguel Rivera Gavidia 0. Resumen / Summary 

resulten menos costosos y presenten una elevada actividad electrocatalítica hacia la 

ORR.  

En este contexto se sintetizaron catalizadores libres de Pt, basados en Pd y sus 

aleaciones bimetálicas (PdFe/C, PdIr/C) y trimetálica (PdFeIr/C) de Fe e Ir soportados 

sobre negro de carbono. La caracterización fisicoquímica de estos materiales reflejó una 

serie de cambios estructurales y electrónicos al introducir un segundo o tercer metal que 

acompañe al Pd, que afectan al desempeño final hacia la ORR tanto en los experimentos 

electroquímicos convencionales, como en el rendimiento alcanzado en las medidas en 

estación de pila de combustible de metanol. La eliminación del Pt y la reducción de la 

carga de Pd debido al uso de aleaciones supusieron una conjunción estratégica en la 

búsqueda de catalizadores de menor costo a los empleados tradicionalmente, 

electroactivos a la ORR y tolerantes a los efectos del crossover de metanol. 

Con el mismo fin de disminuir el contenido de Pt en los catalizadores catódicos y 

aumentar la actividad hacia la ORR, se evaluó el efecto del tratamiento térmico en la 

síntesis de catalizadores trimetálicos de aleaciones de Pt con Cr y Co (Pt2CrCo) 

soportados sobre carbones mesoporosos ordenados (CMK3), en la respuesta 

electroquímica como cátodo tolerante al metanol. En este sentido, la búsqueda de un 

soporte carbonoso resistente a la corrosión, así como el uso de aleaciones metálicas 

(reducción del contenido de Pt) y la obtención de fases activas como consecuencia de un 

tratamiento térmico reductor adecuado, convergen juntas como opciones utilizadas en 

este trabajo para conseguir catalizadores eficientes para el cátodo de las DMFCs.  

Finalmente, con el interés de obtener catalizadores basados en carbón libres de 

metales (carbon metal-free catalysts) se desarrollaron una serie de materiales 

carbonosos basados en grafeno (MGs). Estos MGs se obtuvieron a partir de la reducción 

química del óxido de grafeno (GO) utilizando diferentes agentes reductores, lo que 

permitió además realizar el dopado de la red grafénica y de esta forma incrementar y 

modular la catálisis para la ORR. En este sentido, se sintetizaron MGs dopados con 

heteroátomos como S y/o N, que mostraron buenas actividades hacia la ORR en medio 

básico.  

La respuesta electrocatalítica hacia la ORR y la tolerancia al metanol de los 

catalizadores se evaluó utilizando las técnicas de disco rotatorio (RDE) y disco-anillo 

rotatorio (RRDE), además del estudio en monocelda de DMFC para el caso concreto de 
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los materiales basados en Pd. Adicionalmente, la estabilidad de los MGs se estudió por 

medio de la técnica de espectroscopía Raman electroquímica (RESQCA). 

En cuanto a la caracterización fisicoquímica se emplearon técnicas de rayos X 

como la difracción (XRD), espectroscopía fotoelectrónica (XPS) y energía dispersiva 

(EDX). También se utilizaron la microscopía electrónica de transmisión (TEM), la 

espectroscopía Raman y el análisis elemental. Las técnicas fisicoquímicas que se 

utilizaron forman parte de las instalaciones del Servicio General de Apoyo a la 

Investigación (SEGAI) de la ULL, a excepción del espectrómetro Raman que pertenece 

al laboratorio de espectroscopía láser del departamento de Física de la ULL.  

En resumen, esta Tesis Doctoral trata de contribuir al avance y desarrollo de la 

tecnología de las pilas de combustible tipo PEM apostando por la mejora en el diseño y 

rendimiento de materiales para el cátodo de estos dispositivos electroquímicos de 

conversión de energía. 
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Tesis Doctoral. Luis Miguel Rivera Gavidia 0. Resumen / Summary 

0. SUMMARY  

Fuel cells are devices able to produce energy from an electrochemical reaction and 

currently play an important role in efficient electricity generation from a free emission 

perspective.  

Among them, there are fuel cells that use a protonic exchange polymeric membrane 

as an electrolyte (PEMFCs, Polymer Exchange Membrane Fuel Cells) and operate at 

relative low temperatures (25-100 ºC), and therefore, electrocatalysts are needed for 

their correct operation achieving a power output up to 1000 mW.cm
-2

. Also, this type of 

fuel cells usually uses hydrogen as fuel, which can be obtained from fossil fuels 

reforming or from renewable sources (as photo-water splitting). Handling, storage and 

distribution of hydrogen entail some special care as well as adequate facilities to reduce 

leakage risk and possible accidents. For that reason, despite lower output power 

production (50-200 mW.cm
-2

), polymeric membrane fuel cells supplied by liquid 

methanol (DMFCs, Direct Methanol Fuel Cells) appear as an alternative for PEMFCs, 

mainly for application in portable devices. 

Both fuel cells use Pt as a catalyst, which increases their operation cost and hinders 

their early commercialization. Also, oxygen reduction reaction (ORR) that occurs on the 

cathode side of PEMFCs/DMFCs presents a sluggish kinetic on these catalysts, which 

decrease the global fuel cell performance. On the other hand, in DMFCs take place the 

so called the methanol crossover, which is a process where the methanol employed as 

fuel passes across the electrolyte membrane from the anode to the cathode, causing a 

drastic performance decrease due to the production of mixed potentials as a 

consequence of the ORR low selectivity for the cathodic catalyst.  

This PhD thesis deals with these issues and focus on the development of highly 

efficient catalysts toward the ORR with elevated tolerance to methanol, for the cathode 

of PEMFC and DMFC devices. With this aim, several strategies on the design of low 

cost catalysts with electrocatalytic activity toward the ORR have been developed. 

In this context, Pt free catalysts based on Pd and its binary (PdFe/C, PdIr/C) and 

trimetallic (PdFeIr/C) alloys with Fe and Ir were supported on carbon black. 

Physicochemical characterization of these materials revealed significant structural and 

electronic changes when a second or third metal is inserted into Pd structure, which 

determines the final performance toward the ORR either in conventional 
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electrochemical experiments as well as in DMFC single cell tests. Pt removal and 

decrease of Pd loading due to the use of metallic alloys implied a strategic conjunction 

for searching cheaper catalysts than those traditionally used, with high electroactivity 

toward the ORR and tolerance to methanol.  

With the same purpose of decreasing the Pt loading in the cathodic catalysts and 

increasing their activity toward ORR, the influence of a controlled thermal treatment of 

trimetallic catalysts of Pt alloys with Cr and Co (Pt2CrCo) supported on ordered 

mesoporous carbons (CMK3) on their electrochemical response as methanol tolerant 

cathode was evaluated. In this sense, searching for a corrosion resistant carbonaceous 

support, combined with the usage of metallic alloys (producing a Pt content decrease) 

and the finding of active phases as a consequence of a suitable reducing thermal 

treatment, converge as options employed in this study for achieving efficient DMFC 

cathodic catalysts.  

Finally, with the purpose of obtaining carbon metal–free catalysts, several 

carbonaceous and graphene materials (MGs) were developed and tested. These GMs 

were obtained from graphene oxide (GO) chemical reduction using different reducing 

agents which allowed the graphene network doping, and thus, the increase and 

modulation of the ORR activity in alkaline electrolyte. In this sense, S and/or N doped 

MGs were synthesized, displaying good activity toward the ORR in alkaline medium.  

The electrochemical response toward the ORR as well as methanol tolerance of 

these catalysts were evaluated through rotating disk electrode (RDE) and rotating ring-

disk electrode techniques, also, Pd based materials were tested at a DMFC single fuel 

cell. Furthermore, the MGs stability was studied by means of Raman 

spectroelectrochemistry (RESQCA). 

Regarding the physicochemical characterization, different X-ray techniques as 

diffraction (XRD), photoelectron spectroscopy (XPS) and dispersive energy (EDX) 

were used, in addtition to transmission electron microscopy (TEM), Raman 

spectroscopy and elemental analysis. Physicochemical analyses were developed at the 

Servicios Generales de Apoyo a la Investigación (SEGAI) facilities, except Raman 

analysis which was performed at the Laser Spectroscopy Laboratory of the Physics 

Department of the ULL.  
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In summary, this PhD attempts to contribute to the development and progress of the 

fuel cells technology, improving the design and performance of materials for the 

cathode of these energy conversion electrochemical devices.  
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Tesis Doctoral. Luis Miguel Rivera Gavidia 1. Justificación 

1. JUSTIFICACIÓN DE LA TESIS DOCTORAL 

El incremento de la demanda energética mundial está directamente relacionado con 

el crecimiento socio-económico e industrial de los países. Esto supone un problema 

inminente que exige el desarrollo de tecnologías capaces de sustentar dicha demanda 

por medio de estrategias coherentes para producir energía eléctrica de forma eficiente y 

limpia [1]. De acuerdo con el informe del año 2018 de la Agencia Internacional de 

Energía (IEA), en el año 2017 se produjeron aproximadamente 39 Gt de CO2 y 

diferentes gases invernaderos (metano, óxido nitroso, etc.) provenientes principalmente 

de la producción de carbón y gas natural, y de la emisión de coches abastecidos por 

gasolina ( > 1 billón de coches) [2].  

En la actualidad el 87% de la demanda energética está cubierta por la quema de 

combustibles fósiles, lo que se traduce en graves consecuencias para el medio ambiente 

debido a la elevada cantidad de emisiones contaminantes a la atmósfera, promocionando 

el efecto invernadero y el calentamiento global [1,3].  

En este contexto es donde la tecnología de las pilas de combustible (FCs) emerge 

como una alternativa limpia y libre de emisiones para la producción eficiente de 

energía. Las FCs tienen una amplia versatilidad en cuanto a aplicaciones se refiere, 

puesto que son dispositivos escalables y más eficientes que los motores de combustión 

interna, ya que no están limitadas por el ciclo de Carnot debido a la conversión directa 

de energía química a eléctrica (Figura 1.1) [4,5].  

 

Figura 1.1. Representación de la eficiencia energética frente a la potencia alcanzada para 

diferentes tipos de FCs comparadas con otras tecnologías de conversión de energía.  
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1. Justificación Tesis Doctoral. Luis Miguel Rivera Gavidia 

Dentro de la economía del hidrógeno, las FCs juegan un papel importante en la 

conversión y producción de energía a partir de infraestructuras híbridas con fuentes de 

energía renovable (Figura 1.2) [1,4,6]. 

 

 

 

Figura 1.2. Concepto de economía del hidrógeno. Eventualmente se puede obtener 

hidrógeno a partir de fuentes renovables; sin embargo, los combustibles fósiles serán 

usados durante la transición. 

 

El hidrógeno, al ser un gas, requiere de una infraestructura adecuada y segura para 

su manejo y almacenaje hasta su servicio, lo que también se traduce en otro reto a 

superar para estos dispositivos. Por ello, el uso de combustibles líquidos como alcoholes 

de bajo peso molecular (por ejemplo, el metanol) puede considerarse como una opción 

atractiva para contrarrestar este inconveniente. Sin embargo, esto tiene como 

consecuencia el decaimiento de la potencia final de salida para esos dispositivos 

(DMFCs), y por ello, se centran en aplicaciones de baja-mediana escala (dispositivos 

portátiles) a temperatura ambiente o próxima a ella [7,8].  
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Tesis Doctoral. Luis Miguel Rivera Gavidia 1. Justificación 

El desarrollo tecnológico y su posterior inserción en el mercado de las 

PEMFCs/DMFCs están drásticamente restringidos por diferentes inconvenientes [1,5, 

7–14,15,16,]: 

 Costo elevado. Reemplazar el uso de Pt como catalizador representa uno de los 

mayores retos para la comercialización de las PEMFCs/DMFCs debido a su 

elevado costo y escasez, que ha llevado a que estos dispositivos hayan quedado 

limitados a aplicaciones muy restringidas (misiones espaciales, tecnología militar, 

respaldo energético para grandes industrias). 

 Baja estabilidad y durabilidad de los catalizadores alternativos al Pt. El Pt es 

un material noble y el más activo a las reacciones que ocurren en las FCs, por lo 

que su sustitución debe realizarse por otros materiales que presenten características 

semejantes de actividad, estabilidad y durabilidad a través del tiempo de uso (ciclos 

encendido-apagado), lo cual no es sencillo si se quiere evitar el uso de metales 

nobles.  

 Dentro de un escenario con energías renovables, la búsqueda de materiales foto-

activos para la obtención de hidrógeno a partir de la electrolisis del agua es un reto 

ineludible.  

 La selectividad del catalizador. Evitar el efecto del crossover de hidrógeno y 

metanol a través de la membrana polimérica desde el ánodo hacia el cátodo de las 

de las PEMFCs y DMFCs, respectivamente, es uno de los mayores desafíos 

técnicos a resolver en el fututo. Particularmente, en las DMFCs los efectos del 

crossover son catastróficos para el cátodo, ya que se producen corrientes mixtas 

(parásitas) que ocasionan el decaimiento de la eficiencia global de la pila, por lo 

que son necesarios catalizadores catódicos más selectivos a la reducción de oxígeno 

(ORR). Por su parte, en el compartimento anódico también se precisan 

catalizadores selectivos para la oxidación de hidrógeno y metanol, en cada caso. 

 Baja cinética electródica en el cátodo. La oxidación de metanol en las DMFCs 

es más lenta que la del hidrógeno en las PEMFCs, pero sigue siendo la ORR en los 

cátodos de ambas pilas el proceso limitante en la cinética global y, por tanto, en la 

generación de energía.  
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1. Justificación Tesis Doctoral. Luis Miguel Rivera Gavidia 

Todo esto plantea un panorama complicado para el desarrollo de esta tecnología, en 

el que es evidente que uno de los retos principales debe ser el desarrollo de materiales 

que favorezcan la cinética de la ORR. Con este fin, en esta Tesis Doctoral se han 

planteado diferentes estrategias para mejorar el rendimiento del cátodo de estas pilas. Se 

ha demostrado como materiales basados en Pd y aleaciones de este con otros metales de 

transición, presentan una alta tolerancia al crossover y una buena selectividad para la 

ORR cuando se emplean como cátodos en las DMFCs [17,18]. También la disminución 

en la carga de Pt en los catalizadores por medio del diseño de aleaciones bi y 

trimetálicas favorece la catálisis para la reducción de oxígeno por medio del efecto 

ligando [19]. Por otra parte, el uso de diferentes materiales carbonosos como soporte en 

el diseño de catalizadores catódicos, produce materiales más resistentes a la corrosión a 

potenciales de operación de la pila [19]. Además, estos mismos soportes carbonosos, al 

ser empleados como catalizadores libres de Pt, presentan buena respuesta en el cátodo 

de estos dispositivos [20]. 

En su conjunto, esta Tesis Doctoral afronta el desarrollo de distintos materiales para 

ser empleados como catalizadores para el cátodo de PEMFCs y/o DMFCs, abordando 

diferentes estrategias para su diseño: i) la síntesis de aleaciones trimetálicas y 

bimetálicas de Pt y Pd con diferentes metales de transición [17,19]; ii) el reemplazo del 

soporte carbonoso por otros materiales más resistentes a la corrosión (carbones 

mesoporosos, materiales grafénicos) [19]; iii) la aplicación de un tratamiento térmico a 

catalizadores soportados de aleaciones de Pt [19]; y iv) el empleo de materiales basados 

en grafeno como catalizadores libres de metales nobles (metal-free catalysts) para el 

cátodo [20,21].  
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2. Introducción Tesis Doctoral. Luis Miguel Rivera Gavidia 

2. INTRODUCCIÓN 

En esta Tesis Doctoral se aborda un estudio detallado de materiales sintéticos que 

puedan emplearse como catalizadores catódicos para pilas de combustible de membrana 

polimérica, sean estas abastecidas con hidrógeno (PEMFC) y/o metanol (DMFC). El 

trabajo de investigación se extiende desde la síntesis de los materiales hasta su 

caracterización fisicoquímica, y posterior evaluación electroquímica. Para esto, se 

emplearon diversas técnicas que serán comentadas a fondo a continuación en el capítulo 

de metodología experimental. El trabajo experimental se realizó principalmente en los 

laboratorios del Grupo de Ciencia de Superficies y Electrocatálisis de la Unidad 

Departamental de Química Física de la Universidad de la Laguna, bajo la supervisión de 

la Dra. Elena Pastor y el Dr. Gonzalo García. El soporte económico durante el 

desarrollo de esta Tesis fue proporcionado por la Agencia Canaria de Investigación, 

Innovación y Sociedad de la Información (ACIISI) mediante un contrato pre-doctoral 

(Nº Referencia: TESIS2015010093) desde el año 2016. 

Algunos de los materiales carbonosos empleados se sintetizaron en el Grupo de 

Conversión de Combustibles del Instituto de Carboquímica de Zaragoza. Además, cabe 

destacar que forman parte de este trabajo los resultados que se obtuvieron en dos 

estancias de investigación en diferentes centros extranjeros: el Grupo de Pilas de 

Combustible de Alcohol Directo y Electrólisis (GPADE) del Instituto de Tecnología 

Avanzada para la Energía (Nicola Giordano)/Consiglio Nazionale delle Ricerche, bajo 

la supervisión del Dr. Vincezo Bagglio (Messina, Italia); y el Grupo de Nanocarbono 

(Grupo del Grafeno) del Instituto de Fisicoquímica J. Heyrovsky, bajo la supervisión 

del Dr. Martin Kalbac (Praga, República Checa).  

Esta Tesis Doctoral se presenta en modalidad de compendio de publicaciones 

científicas y consta de 6 partes principales. Inicialmente, un resumen, seguido de una 

introducción compuesta por todo el bagaje conceptual y estado del arte del tema, 

seguida de la justificación del trabajo y planteamiento de los objetivos; a continuación 

se procede a la descripción y explicación de la metodología experimental empleada; 

como quinta parte, se exponen los resultados y discusión en los que se aporta un 

resumen de cada publicación científica (recogidas en el apéndice C); y finalmente, las 

conclusiones del trabajo.  
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2. Introducción Tesis Doctoral. Luis Miguel Rivera Gavidia 

A continuación se presentan las publicaciones que derivan de esta Tesis Doctoral. 

Las publicaciones desde la Nº1 a la Nº5, cumplen con los requisitos necesarios para la 

presentación de la tesis en modalidad de compendio de publicaciones. Se ha agregado la 

información de cada publicación de acuerdo al Journal Citations Reports (JCR). Las 

publicaciones desde la Nº6 a la Nº8 derivan del trabajo experimental de esta tesis 

doctoral, se encuentran redactadas y en trámite para su publicación. Por último, las 

publicaciones desde la Nº 9 a la Nº 11 son estudios en relacionados con la temática de 

esta Tesis desarrollados en el periodo de elaboración de la misma. 

 

Publicación Nº 1. Titulo: Carbon-supported Pt-free catalysts with high specificity and 

activity toward the oxygen reduction reaction in acidic medium. 

Autores: Luis Miguel Rivera Gavidia, Gonzalo García, Dalila Anaya, Amaia 

Querejeta, Francisco Alcaide y Elena Pastor 

Cita: Appl. Catal. B Environ. 184 (2016), 12-19. Doi: 

http://dx.doi.org/10.1016/j.apcatb.2015.11.021 

Información de la revista (JCR): Applied catalysis B, 12/147 (Q1, 

chemistry/physical), 3/137 (Q1, engineering, chemical), 1/50 (Q1, engineering, 

environmental).  

 

Publicación Nº 2. Titulo: Carbon-supported Pd and PdFe alloy catalysts for direct 

methanol fuel cell cathodes. 

Autores: Luis Miguel Rivera Gavidia, David Sebastián, Elena Pastor, Antonino S. 

Aricò y Vincenzo Baglio. 

Cita: Mater. 10 (2017), 580-294. Doi: 10.3390/ma10060580 

Información de la revista (JCR): Materials, 111/285 (Q2, materials science, 

multidisciplinary).  

 

Publicación Nº 3. Título: Methanol tolerant Pt2CrCo catalysts supported on ordered 

mesoporous carbon for the cathode of DMFC. 

Autores: Luis Miguel Rivera Gavidia, Gonzalo García, Verónica. Celorrio, María 

Jesús Lázaro y Elena Pastor 

Cita: Int. J. Hydrogen Energy. 41 (2016), 19645-19655. Doi: 

http://dx.doi.org/10.1016/j.ijhydene.2016.06.132 
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2. Introducción Tesis Doctoral. Luis Miguel Rivera Gavidia 

Información de la revista (JCR): International Journal of Hydrogen Energy, 24/97 

(Q1, energy & fuels), 8/28 (Q2, electrochemistry), 42/147 (Q2, chemistry, physical).  

 

Publicación Nº 4. Título: S- and N-doped graphene nanomaterials for the oxygen 

reduction reaction. 

Autores: Luis Miguel Rivera, Sergio Fajardo, María del Carmen Arévalo, Gonzalo 

García y Elena Pastor. 

Cita: Catal. 7 (2017),  278-290. Doi:10.3390/catal7090278   

Información de la revista: Catalysts, 55/147 (Q2, chemistry, physical).  

 

Publicación Nº 5. Título: Novel graphene materials for the oxygen reduction reaction. 

Autores: Luis Miguel Rivera Gavidia, Gonzalo García y Elena Pastor 

Cita: Curr. Opin. Electrochem. 9 (2018) 233–239. Doi: https:// doi.org/ 10.1016/ 

j.coelec.2018.05.009 

 Información de la revista: Current Opinion in Electrochemistry. Open access. 

 

Publicación Nº 6. Título: Methanol tolerant Pd-based carbon supported catalysts for 

oxygen reduction reaction. 

Autores: Luis Miguel Rivera Gavidia, Elena Pastor y Gonzalo García. 

Información del artículo: enviado 

 

Publicación Nº 7. Título: Bi-functional metal-free catalysts for unitized regenerative 

fuel cells. 

Autores: Luis Miguel Rivera Gavidia, Ignacio Fernandez, Verónica Celorrio, David 

Sebastián, María Jesús Lázaro, Elena Pastor y Gonzalo García. 

Información del artículo: enviado 

 

Publicación Nº 8. Título: S- and N- Doped Graphene catalysts for the Oxygen 

Evolution Reaction. 

Autores: Luis Miguel Rivera Gavidia, Milan Bousa, Vaclav Vales, Martin Kalbac, 

Elena Pastor y Gonzalo Gacía.  

Información del artículo: enviado 
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Publicación Nº 9. Título: Highly active platinum supported on Mo-doped titanium 

nanotubes suboxide (Pt/TNTS-Mo) electrocatalyst for oxygen reduction reaction in 

PEMFC. 

Cita: Renew. Energy 2018, 120, p.209–219. Doi: 

https://doi.org/10.1016/j.renene.2017.12.077 

Autores: Reza Alipour Moghadam Esfah ani, Luis Miguel Rivera Gavidia, Gonzalo 

García, Elena Pastor, Stefania Specchia. 

Información de la revista (JCR): Renewable Energy, 20/97 (Q1, energy & fuel), 7/33 

(Q1, green & sustainable science & technology).  

 

Publicación Nº 10. Título: A facile method for the fabrication of hierarchical 

nanosized metal catalysts. 

Cita: J. Catal. 366(2018), 1-7.  Doi: https://doi.org/10.1016/j.jcat.2018.07.025 

Autores: Miriam C. Rodríguez González, Luis M. Rivera, Elena Pastor, Alberto 

Hernández Creus, Gonzalo García. 

Información de la revista (JCR): Journal of Catalysis, 27/147 (Q1, chemistry, 

physical), 6/137 (Q1, engineering, chemical).  

 

Publicación Nº 11. Título: Methanol oxidation on graphenic-supported platinum 

catalysts. 

Cita: Surfaces .2(2019), 16-3. Doi: 10.3390/surfaces2010002 

Autores: Gladys Arteaga, Luis M. Rivera-Gavidia, Sthephanie J. Martínez, Rubén 

Rizo, Elena Pastor y Gonzalo García. 

Información de la revista: Surfaces. Open access. 
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2. Introducción Tesis Doctoral. Luis Miguel Rivera Gavidia 

2.1 Marco teórico y estado del arte  

2.1.1 Pilas de combustible. Clasificación 

El profesor británico William R. Grove es reconocido como inventor del primer 

prototipo de pila de combustible (FC, Fuel Cell) de hidrógeno y oxígeno en medio 

ácido (ácido sulfúrico diluido), la cual está descrita en detalle en la revista Philosophical 

Magazine en el año de 1838 [22]. Sucesores de Grove trabajaron los años posteriores en 

la mejora de los componentes más importantes de estos dispositivos, como son los 

electrodos y el set-up empleado en las experiencias, lo que supuso 22 años después la 

primera patente en el campo de las pilas de combustible en Estados Unidos a nombre de 

M. Vergnes [23]. Sin embargo, no fue hasta 1894 cuando, gracias al quimicofísico 

alemán Friedrich Oswaltd (premio nobel en 1909), se concibe la idea de la obtención de 

electricidad por conversión directa de reacciones electroquímicas mediante dispositivos 

que no están limitados por el ciclo de Carnot (combustión fría). Desde Grove, todos los 

experimentos se realizaban utilizando un electrolito ácido, y fue 63 años más tarde 

cuando se obtendrían los primeros informes sobre las pilas de combustible alcalinas 

[24].  

 

Figura 2.1. Esquema general de una pila de combustible.  

 

En términos generales, el concepto de pila de combustible  que se tiene hasta hoy 

en día, es la de un dispositivo electroquímico que convierte de forma directa la energía 

de una reacción química a energía eléctrica [4,6,25]. Están constituidas por dos 

electrodos separados por un electrolito. En un electrodo ocurre la oxidación del 
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2. Introducción Tesis Doctoral. Luis Miguel Rivera Gavidia 

combustible (ánodo) y en el otro la reducción del oxidante, ambos, están conectados por 

un circuito eléctrico externo, por donde circulan los electrones que se producen desde la 

reacción electroquímica [25] (Figura 2.1).  

Existen diferentes pilas de combustible que pueden clasificarse de acuerdo al tipo 

de electrolito que utilizan o a la temperatura de operación [6,7]. Se distinguen cinco 

tipos principales: alcalinas (AFC, Alkaline Fuel Cells), de ácido fosfórico (PAFCs, 

Phosporic Acid Fuel Cells), de carbonato fundido (MCFCs, Molten Carbonate Fuel 

Cells), de óxido solido (SOFCs, Solid Oxide Fuel Cells) y las FCs de membrana de 

electrolito polimérico (PEMFCs, Polymer Electrolyte Membrane Fuel Cells). Dentro de 

estas últimas se encuentran las FCs de líquido directo (DLFCs, Direct Liquid Fuel 

Cells), donde destacan las que emplean metanol como combustible (DMFCs, Direct 

Methanol Fuel Cells) [4,6,26,27]. Ambas, las PEMFCs y las DMFCs serán abordadas 

con más detalle en apartados posteriores, ya que centran el interés de esta Tesis.  

 Pilas de combustible alcalinas (AFC) [7]  

Este tipo de pila utiliza como electrolito una disolución de hidróxido de potasio 

cuya concentración puede variar desde 30% al 80% en peso. Los primeros 

electrodos que se emplearon fueron de níquel para el ánodo y níquel con litio en el 

cátodo [6]; luego se introdujeron electrodos más porosos de mezclas de níquel con 

aluminio en el ánodo y en el cátodo simplemente plata [7]. Estas FCs requieren del 

suministro de hidrógeno y oxígeno puro en el ánodo y cátodo respectivamente, ya 

que la presencia de CO2 desactiva a los catalizadores y degrada el electrolito por la 

formación de carbonatos. No poseen placas bipolares, lo que abarata su coste, pero 

influye en la disminución de la eficiencia global. El manejo y distribución del agua 

en el compartimiento anódico no representa un reto tan difícil como cuando ocurre 

en el cátodo.  

 Pilas de ácido fosfórico (PAFCs) [6] 

Las PAFCs utilizan como electrolito ácido fosfórico puro (90-100%) retenido en 

una matriz porosa de carburo de silicio (SiC). Los catalizadores que emplean estas 

FCs son de platino y/o aleaciones de este con metales de transición (por ejemplo 

Cr, V, Co, etc.), soportado sobre una matriz de carbón, que luego se dispersa con 

ayuda de politetrafluoretileno (teflon) sobre un substrato poroso que suele ser papel 

de carbón. Inicialmente los electrodos usaban una carga de Pt de 9 mgPt.cm
-2

, sin 
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embargo luego se redujo a valores entre 0,25 y 0,5 mgPt.cm
-2

. Su operación a una 

temperatura relativamente elevada (200ºC) reduce el envenenamiento del ánodo por 

CO (1-2% CO en H2) y favorece el manejo del agua que se produce en el cátodo 

[7].  

 Pilas de carbonato fundido (MCFCs) [6,7] 

El electrolito de estas pilas es una mezcla de carbonatos de metales alcalinos 

como carbonatos de litio, sodio y/o potasio retenidos en una matriz de cerámica de 

LiAlO2. Trabajar a temperaturas elevadas (> 600ºC) hace que el electrolito se funda 

y se convierta en conductor, en este caso el ion carbonato es el transportador de 

carga (CO3
2-

). Los electrodos que se emplean son de Ni con cromo o aluminio para 

el ánodo, y óxido de Ni con litio, en el cátodo. Estas pilas producen CO2 en el 

ánodo, el cual se puede recircular o suministrar externamente junto con O2 hasta el 

cátodo donde se consume, ya que es necesario para la producción del ion carbonato. 

Además de hidrógeno puro, también se puede suministrar como combustible gas 

natural así como hidrógeno que contenga impurezas de CO, ya que con el vapor de 

agua que se encuentra en el ánodo es posible obtener de nuevamente hidrógeno 

molecular (reacción de reformado con vapor para obtención de hidrógeno: CO + 

H2O (vapor) → CO2 + H2).  

 Pila de combustible de óxido solido (SOFCs) [7,28] 

Las SOFCs emplean un electrolito cerámico de óxido de zirconio (zirconia) 

dopado con óxido de itrio (Y2O3) entre un 8-10% molar. En conjunto se le conoce 

con el nombre de zirconia estabilizada con itrio (YSZ). En estos dispositivos el ion 

oxígeno (O
2-

) es el ion trasportador de carga desde cátodo hacia el ánodo. Como 

electrodos se emplean materiales cerámicos, en el caso del ánodo suele emplearse 

un cermet de zirconia con níquel, y para el cátodo manganita de lantano dopada con 

estroncio. Al igual que las MCFCs, no es necesario hidrógeno de alta pureza ya que 

el CO puede usarse como combustible en el ánodo.  

 Pila de combustible de membrana de intercambio protónico (PEMFCs) [6,7] 

Estas pilas emplean como electrolito un polímero conductor de protones (PEM). 

Debido a que trabajan a temperatura relativamente baja (25-100ºC), estos 

dispositivos requieren de catalizadores para su funcionamiento. En ambos 
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electrodos suele emplearse catalizadores de platino y sus aleaciones [5,16]. La 

denominación PEMFCs se suele restringir a aquellas pilas en las que ocurre la 

oxidación del hidrógeno en el ánodo y en el cátodo la reducción de oxígeno.  

 Pilas de combustible de líquido directo (DLFCs) 

Estos dispositivos emplean una membrana polimérica como electrolito, por lo 

que suelen agruparse dentro de las PEMFCs; sin embargo, están abastecidas por un 

combustible líquido que puede ser muy diverso, como alcoholes (i.e. metanol, 

etanol, propanol, glicerol, etilenglicol), disoluciones de borohidruro de sodio o 

hidracina [5,7,29]. Entre ellas, las DMFCs en las que la oxidación del metanol 

ocurre en el ánodo y la reducción de oxígeno en el cátodo, se usan para aplicaciones 

de baja potencia ya que tienen un rendimiento más bajo que las PEMFCs.  

 

Figura 2.2 Resumen de las reacciones que ocurren en las distintas pilas de combustible. 

Adaptado de [30].  

 

 Otros tipos de pila de combustible 

Existen un gran número de pilas de combustible en desarrollo para diversas 

aplicaciones, de entre las cuales se pueden mencionar: las FCs de membrana de 
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intercambio aniónico (AEMFCs, Anion Exchange Membrane Fuel Cells) [31], FCs 

de fujo redox (de Fe-Cr o vanadio) [32], FCs biológicas (BFCs, Biologic Fuel 

Cells) dentro de las cuales se encuentran las FCs microbianas (MFCs, Microbial 

Fuel Cells) y las FCs enzimáticas (EFCs, Enzymatic Fuel Cells) [33,34]; las FCs de 

microfluido (MFCs-Microfluidic Fuel Cells) las cuales carecen de membrana física 

que separe los electrodos [35]; y las FCs regenerativas (RFCs-Regenerative Fuel 

Cells) que pueden trabajar como un electrolizador además de como FC [36].  

En la Figura 2.2 se resumen las reacciones que ocurren así como los parámetros de 

operación y rango de potencia de las principales FCs. 

 

2.1.2 Pilas de combustible de membrana polimérica (PEMFCs) y de metanol 

directo (DMFCs) 

En esencia, ambos tipo de pila comparten muchos componentes debido a que las 

DMFCs se enmarcan dentro de las PEMFCs al utilizar una membrana polimérica  como 

electrolito (PEM, polymer electrolyte membrane). Sin embargo, el uso de un 

combustible líquido y el bajo rendimiento que producen en términos de densidad de 

potencia comparado con las PEMFCs, hace que las DMFCs estén dirigidas a una 

aplicación en dispositivos de electrónica de consumo y portátiles [5,7,26].  

En las PEMFCs, el ánodo se abastece con hidrógeno y el cátodo con oxígeno. El 

hidrógeno se oxida en el ánodo (ecuación 2.1) produciendo protones (H
+
) y electrones 

(e
-
) que viajan separadamente en dirección al cátodo a través de una membrana 

polimérica y un circuito externo, respectivamente. En el cátodo, el oxígeno los recupera 

y se reduce hasta agua (ecuación 2.2) [6].  

 

                      H2                2H
+ 

+ 2e
- 

(2.1) 

                                         ½ O2 + 2H
+
 + 2e

-
          H2O                 (2.2) 

           H2 + O2             H2O (2.3) 

 

Por su parte, en las DMFCs se suministra al ánodo una disolución acuosa de 

metanol (1-2 M) mientras en el cátodo reacciona el oxígeno. En el ánodo, el metanol se 

oxida produciendo dióxido de carbono (CO2), protones y electrones (ecuación 2.4); los 

protones y los electrones viajan hacia el cátodo a través de la membrana polimérica y un 

circuito externo, respectivamente. El CO2 producido en el ánodo es transportado con el 
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flujo del combustible, aunque a concentraciones altas de metanol pueden presentarse 

problemas de transferencia de masa [26,37].  

 

                                 CH3OH + H2O                        CO2 + 6H
+ 

+ 6e
- 

(2.4) 

                                3/2 O2 + 6H
+ 

+ 6e
-
                         3H2O (2.5) 

                               CH3OH + 3/2 O2                        CO2 + 2H2O (2.6) 

 

En la Figura 2.3 se muestran los componentes básicos de una PEMFC y DMFC.  

 

 

Figura 2.3.Componentes básicos de una PEMFC (arriba) y una DMFC (abajo). 

 

Al empleo de metanol como combustible se le atribuyen ciertas ventajas comparado 

con el uso del hidrógeno. El metanol, como molécula portadora de hidrógeno, 

proporciona ciertas facilidades en su manejo, distribución y obtención por ser una 

sustancia líquida, además de poseer un contenido energético específico (6 kWh.kg
-1

) 

solo un poco más bajo que el de la gasolina (10 kWh.kg
-1

). Además, se puede obtener 
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desde la biomasa, por lo que algunas veces se menciona como alternativa en pilas de 

tamaño medio para coches de sistema eléctrico híbrido [7,38]. Por otro lado, aunque el 

suministro directo de metanol en el ánodo represente una ventaja debido a que no es 

necesario ningún proceso de reformado para obtener hidrógeno, también constituye una 

problemática, ya que la oxidación electroquímica de metanol en el ánodo de estas pilas 

es más lenta que la del hidrógeno en las PEMFCs. A pesar de estas desventajas, las 

DMFCs son muy atractivas para aplicaciones que demanden de baja a mediana potencia 

[39]. 

 

2.1.3 Componentes básicos de una DMFC 

A continuación se detallan los componentes básicos que posee una DMFC para su 

correcto funcionamiento, entre los que se mencionaran: la membrana polimérica, los 

catalizadores (para cada electrodo, ánodo y cátodo) necesarios al trabajar a baja 

temperatura (< 200 ºC), los componentes de una monocelda para celdas tipo PEM: 

ensamble membrana-electrodo, las placas bipolares con campos de flujo, los colectores 

de corriente y las juntas [4,6].  

 

2.1.3.1 Membrana polimérica 

La membrana que comúnmente usan este tipo de FCs es el Nafion® cuyas 

principales características son: la conductividad protónica, el transporte de agua y la 

permeabilidad a los gases y/o líquidos que depende en un alto grado de su hidratación. 

El Nafion® es un polímero sintético que se obtiene a partir de la sulfonación 

(introduciendo grupos SO3
−) del teflón (polietileno), al que previamente se le han 

sustituido los hidrógenos por flúor en su estructura.  

Los grupos funcionales de ácido sulfónico se distribuyen y se localizan al final de 

las cadenas laterales del teflón per-fluorinado (Figura 2.4). La conducción iónica (H3O
+
 

SO3
−) ocurre cuando la membrana está hidratada y los protones se transportan a través 

del ionómero en condiciones de alta y baja hidratación por medio del mecanismo de 

Grotthuss o el mecanismo vehicular, respectivamente [6,7]. 

El Nafion también suele emplearse en las DMFCs, sin embargo además de suplir 

los requerimientos básicos como alta conductividad iónica, estabilidad química y 
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térmica, (entre otros), debe poseer una baja capacidad de permeabilidad al metanol 

(crossover) ya que ocasiona efectos negativos al desempeño global de la pila [37,40].  

 

 

Figura 2.4. Estructura del Nafion y otras membranas con sus respectivos fabricantes [7]. 

 

2.1.3.2 Catalizadores para PMFCs/DMFCs 

Los catalizadores que emplean estos dispositivos pueden ser de dos tipos: 

soportados y no soportados. Los catalizadores soportados son aquellos que están 

compuestos por pequeñas nanopartículas (NPs) de metales de transición (por ejemplo 

Pt, Pd, Cr, Ni, Co, etc.) que se encuentras dispersadas en una matriz carbonosa (Figura 

2.5) [10,41,42]. Por su lado, los catalizadores no soportados son materiales también 

basados en metales de transición con la diferencia que estos carecen de la matriz de 

carbón, lo cual contribuye a su durabilidad, ya que se elimina la degradación del 

catalizador por corrosión del soporte en condiciones de operación [43].  

Los catalizadores que se emplean suelen ser de Pt soportado sobre carbón, lo cual 

es uno de los principales factores del costo final para estas FCs [43,44]. Sin embargo, 

hay un gran número de metales de transición no nobles que se pueden utilizar como 

catalizador ya sea en el ánodo como en el cátodo [38]. Esto es así, debido a que las 

reacciones electroquímicas que ocurren en cada compartimento son distintas. Así, la 

reacción de oxidación del hidrógeno es mucho más rápida que la reducción del oxígeno 

sobre Pt, y en el caso de las DMFCs, la oxidación de metanol y la permeabilidad de la 

membrana a este, demandan catalizadores activos en el ánodo y resistentes a la 

oxidación de metanol en el cátodo, respectivamente [10,17,38]. El diseño de un buen 
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catalizador radica en que presente valores altos de resistencia mecánica, conductividad, 

porosidad y actividad catalítica (elevada jo), además de ser resistente a la corrosión y de 

fabricación lo más económica posible [4,6]. 

 

 

Figura 2.5. Izquierda: estructura simplificada de un catalizador de Pt soportado sobre un 

material carbonoso. Derecha: imagen TEM de un catalizador. 

 

Un catalizador soportado está conformado por el agente activo, formado por NPs 

metálicas (de Pt, Pd, Au, Cr, Co, etc.), y por el soporte, que es una sustancia de baja 

reactividad con alta área superficial y elevada conductividad eléctrica, y tiene por 

objetivo dispersar al agente activo para estabilizar las NPs y obtener la mayor área 

superficial expuesta [41,45].  

Como soporte carbonoso suelen emplearse materiales carbonosos entre los que 

pueden mencionarse: carbón Vulcan XC-72 [46,47], xerogeles de carbono [48], 

nanofibras de carbono [49], mesoporosos de carbono (CMK3) [19], nanobarras de 

carbono (nanorods) [47], nanobobinas de carbono (nanocoils) [50], entre otros. El 

desarrollo de estos materiales ha traído consigo un gran avance en la optimización de 

estos catalizadores, ya que está comprobado que las características intrínsecas y la 

actividad del catalizador se ven directamente afectadas por la interacción soporte-NP 

[13]. Tal es el caso que pueden encontrarse en la bibliografía catalizadores soportados 

sobre estructuras que van desde los fullerenos hasta nanotubos de carbono y grafeno 

[51,52]. Cada soporte se distingue de otro por sus características morfológicas, 

texturales y composicionales. El contenido de poro (microporo/mesoporo) y la carga de 
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metal soportado influyen de gran manera en la difusión y transporte de los reactivos en 

el catalizador durante el proceso catalítico [46,47].  

Un soporte adecuado proporciona sitios activos (Figura 2.6) donde se llevará a cabo 

el anclaje y crecimiento de la NP metálica. El contenido de grupos oxigenados 

superficiales se convierte en un factor de gran relevancia para este proceso. En este 

sentido, una buena interacción entre la NP metálica y el soporte no solo hace disminuir 

la probabilidad de pérdida de eficiencia del catalizador, sino que además mejora la 

transferencia de carga y la estabilidad ante problemas como la disolución y 

aglomeración de las NPs y la difusión de estas a través del soporte (fenómeno de 

Oswald o ripening [43]). 

 

Figura 2.6. Grupos funcionales oxigenados en la superficie del soporte carbonoso. 1-

carboxílico, 2-fenólico, 3-hidrógeno, 4-carbonílico, 5-ácido anhídrido y 6-lactona. 

 

Existen diferentes métodos para depositar las NPs de Pt sobre un determinado 

soporte. Los más utilizados se basan en un proceso de impregnación, el cual consiste en 

someter al soporte de carbón a un tratamiento químico y/o físico junto al precursor del 

metal que quiere depositarse. Una vez adsorbido el precursor sobre el carbón, este se 

reduce con un agentes que es el que define, en definitiva, las características de la 

nucleación y formación de la NP metálica que finalmente condiciona su 

comportamiento electroquímico [45,53].  

En el ánodo de las DMFCs, el metanol se oxida sobre Pt sufriendo una serie de 

desprotonaciones hasta producir finalmente COad en la superficie (ecuaciones 2.7-2.11), 

el cual a su vez necesita especies oxigenadas previamente adsorbidas (como el OHad) 

para oxidarse completamente hasta CO2 (ecuaciones 2.12-2.14). Sobre la superficie de 

Pt la disociación del agua (dando OHad) ocurre a potenciales relativamente altos 

(ecuación 2.15), lo que supone una barrera para la oxidación del COad. 
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Por esta razón, una de las estrategias más usadas para contrarrestar esta dificultad 

ha sido el empleo de aleaciones de Pt con Ru [54] , ya que favorece la oxidación de 

estos adsorbatos por medio de un mecanismo bifuncional (Figura 2.7). Postulado por 

primera vez por Watanabe and Motoo [55], en el mecanismo bifuncional el Pt adsorbe y 

disocia al metanol hasta COad y el Ru, debido a que disocia el agua a potenciales más 

bajos que el Pt (ecuación 2.16), promueve la generación de grupos oxigenados (OHad) 

en su superficie para que el CO pueda oxidarse completamente hasta CO2 (ecuación 

2.17).  

                                                        CH3OH           CH3OHad (2.7) 

                                 CH3OHad           CH2OH  +H
+
 + e

- 
(2.8) 

                                                     CH2OHad           CHOHad  +H
+
 + e

-
 (2.9) 

                                                        CHOHad          COHad      +H
+
 + e

-
 (2.10) 

                                                          COHad               COad     +H
+
 + e

- 
(2.11) 

                                                            H2O            OHad     +H
+
 + e

- 
(2.12) 

                                                  COad + OHad         COOHad (2.13) 

                                                        COOHad                   CO2 +H
+ 

+ e
-
 (2.14) 

                              Pt + H2O         OHad  +H
+
 + e

-
 (2.15) 

                               Ru + H2O            OHad  +H
+
 + e

- 
(2.16) 

            Pt(CO)ad + Ru(OH)ad           CO2  +H
+ 

+ e
- 

(2.17) 

 

 

Figura 2.7. Representación del mecanismo bifuncional de la oxidación de CO para una 

aleación binaria de PtRu. Adaptada de [56]. 
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2.1.3.3 Ensamble membrana electrodo (MEA, Membrane Electrode Assambly) 

La MEA es el corazón de las FCs tipo PEM. La MEA consiste en un arreglo tipo 

sandwich donde la membrana se encuentra situada entre los dos electrodos (ánodo y 

cátodo), pero en este caso, cada electrodo consiste en el catalizador (capa catalítica) 

colocada/pintada sobre una capa de difusión de gases (GDL, Gas Diffusion Layer), que 

a su vez están soportadas sobre una tela de carbono. La membrana está en contacto 

directo con las capas catalíticas de cada electrodo (Figura 2.8) [5–7].  

La capa de difusión de gases, capa difusora de gases o electrodo sustrato, no 

participa en las reacciones electroquímicas de la FC, pero proporciona estabilidad y el 

medio por el cual los reactivos y productos formados pueden acceder y salir de la capa 

catalítica (CL, Catalyst Layer). Además, provee soporte mecánico a la MEA y 

conducción eléctrica entre la placa bipolar y la CL. La GDL está compuesta por dos 

subcapas, una que consta de una tela o papel de carbón con alto contenido de 

macroporos llamada medio de difusión (DM, Diffusion Media). Sobre la DM se sitúa la 

segunda capa que consiste en una suspensión de partículas de carbón con teflón, lo que 

origina una capa delgada (5-20 μm) con alto contenido en microporos (MPL, 

Microporous Layer), sobre la que se colocará directamente la CL. El objetivo de esta 

capa es el de ayudar, junto a la DM, en el manejo del agua en la MEA y evitar que los 

electrodos se inunden. Ambas, la DM y la MPL forman la GDL [6,57].  

La CL presenta una estructura tridimensional porosa, con un espesor de 5 a 30 μm, 

en contacto directo con la membrana polimérica por cada lado. Está compuesta por una 

suspensión del catalizador (NPs metálicas soportadas sobre carbón) con una 

considerable fracción del ionómero, lo que facilita el transporte iónico hacia la 

membrana. La CL debe ser electroquímicamente activa y poseer un área electroactiva 

alta, que permita un fácil transporte de los reactivos, productos, iones y electrones en el 

sistema [3,7,58]. Como se indicó anteriormente, el catalizador que suele emplearse en 

estos dispositivo es el Pt. Debido a su elevado costo, disminuir la alta carga de Pt que se 

empleaba en los inicios de los años sesenta del siglo pasado (expresada en función del 

área del electrodo, 28 mgPt.cm
-2

), ha sido uno de los grandes retos para la 

comercialización de estas FCs. Se han llevado a cabo intentos importantes para 

disminuir este valor, lo que ha permitido conseguir cargas menores de 0,05 mgPt.cm
-2

 en 

un electrodo [59], y actualmente, se pretende para el 2020 alcanzar valores de 0,125 

mgPt.cm
-2

 de contenido total de Pt o de metales del grupo del Pt (PGM, Platinum Group 
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Metals) para ambos electrodos, tratando de mantener un óptimo rendimiento global de 

la pila [60,61]. En las FCs los sitios activos donde ocurren las reacciones 

electroquímicas se llaman regiones o zonas de triple fase (TPBs, Triple Phase 

Boundaries), y consisten en los puntos donde coexisten el electrolito, los gases 

(reactantes) y regiones conectadas del catalizador (Figura 2.8-b) [4].  

 

 

Figura 2.8. a) Representación de los componentes de un electrodo para PEMFCs. b) 

Regiones de triple fase. Adaptado de [4]. 

 

2.1.3.4  Placas bipolares/campos de flujo, juntas, colectores de corriente y placas 

terminarles 

La evaluación del rendimiento de la MEA se realiza en una monocelda de trabajo 

como la que se muestra en la Figura 2.9. Esta consta de diferentes componentes, que la 

rodean protegiéndola y dando funcionabilidad a todo el sistema. En contacto directo con 

la MEA se encuentran las juntas, que sellan y dan soporte a la unión de los electrodos 

con la membrana, y deben ser resistentes y soportar las temperaturas de trabajo en la 

pila. Las juntas dejan al descubierto el área correspondiente a los electrodos, para que la 

parte exterior de la GDL tenga contacto directo con las placas bipolares 

separadoras/colectoras [62,63]. 
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Las placas bipolares deben ser resistentes a la corrosión, alta presión y temperatura. 

Estas dan soporte a la estructura de la MEA y conectan eléctricamente las celdas cuando 

se tiene una organización multiserie (apilamiento). En el diseño de monocelda no se 

observa claramente, pero cuando se tiene una serie de MEAs apiladas, la placa bipolar 

del ánodo tiene a su reverso el cátodo de la MEA que antecede, y de esta forma separa 

los gases entre celdas adyacentes; de ahí, su nombre de bipolar. Principalmente, los 

materiales que las forman son composites de grafito [6,62] y metales. Muchas 

investigaciones se enfocan en aumentar la conductividad y resistencia a la corrosión de 

las placas bipolares por medio de tratamientos químicos y el diseño de recubrimientos 

especiales [64]. 

 

Figura 2.9. Componentes de una monocelda para pilas de combustible tipo PEM. 

 

Las placas bipolares contienen los campos de flujo (Figura 2.10), que son los 

encargados del transporte de masa de reactivos y productos desde la CL hasta la GDL. 

El correcto balanceo/manejo del agua en el sistema y la baja tendencia al inundación de 

los electrodos, hace que el diseño de los canales de flujo se convierta en un factor 

determinante para el buen funcionamiento de la MEA [6,7,58]. 

Los colectores de corriente como su nombre lo indica, están pensados para recoger 

el flujo de electrones que se produce en la celda. Las placas terminales son las tapas 
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encargadas de prensar el sándwich con todos sus componentes. Las hay de diversos 

materiales, y su función es soportar una presión específica de torque para no dañar 

estructuralmente el resto de componentes en su interior [60,62]. 

 

 

Figura 2.10. Diseños comunes de campos de flujo. Adaptado de [4] 

 

2.1.4 Crossover 

El fenómeno de transporte de masa llamado crossover es un reto a superar para la 

tecnología de las pilas de membrana polimérica. En el caso particular de las DMFCs, el 

crossover consiste en el paso del metanol a través de la membrana polimérica desde el 

ánodo hacia el cátodo [10,37]. Este fenómeno es el que provoca el bajo valor de 

potencial a circuito abierto (OCP, Open Circuit Potential/OCV, Open Circuit Voltage, 

valor de potencial donde inicia la curva de polarización y la corriente generada por la 

pila es cercana a cero) que presentan las DMFCs (real: ~0,7 V, teórico: 1,21 V). 

Además, el crossover en el ánodo conlleva la pérdida de combustible y potenciales 

mixtos en el cátodo que hacen decaer el rendimiento final de la pila [10,54,65,66].  

El metanol puede atravesar la membrana por medio de tres mecanismos: 

electroósmosis, difusión y convección. Los dos primeros constituyen la manera más 

común por la que el metanol pasa hacia el cátodo y están influenciados por el agua de 

hidratación que tiene la membrana de Nafion [6]. El agua que está en la estructura del 

iónomero puede facilitar el paso del metanol hacia el cátodo. Existen diferentes 

estrategias para mitigar los efectos del crossover, entre los que se destacan: i) emplear 

concentraciones bajas de metanol (< 1 M); ii) aumentar el espesor de la membrana 
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(Nafion 117), lo que puede comprometer la conductividad de la MEA; iii) diseñar 

membranas compuestas por subcapas que permitan disminuir la permeabilidad del 

metanol (por ejemplo, capas delgada de paladio, monocapas de grafeno , etc.); iv) usar 

membranas con menos agua de hidratación en su estructura (por ejemplo, PBI-

polibenzimidazol, SPEEK-poli (éter de éter etílico cetona) sulfonado, BPSH30-Poli 

(sulfona aryl-éter) sulfonado, m-SPAEEN-60-poli (aril-éter éter nitrilo, sulfonado); v) 

usar catalizadores anódicos eficientes para la oxidación de metanol; y vi) emplear 

catalizadores catódicos que no oxiden metanol (tolerantes al metanol) [7,10,40,54]. 

 

2.1.5 Caracterización de una PEMFC/DMFC 

El desempeño de este tipo de pilas se establece a partir de la representación gráfica 

del potencial (V) versus la corriente de salida (i), lo que se conoce como curva de 

polarización (curva V-i). La curva de polarización (CP) es la característica más 

importante de una pila de combustible y permite que se puedan evaluar diferentes 

parámetros electroquímicos y termodinámicos de los electrodos que componen la MEA 

[4,6].  

Con fines comparativos, la corriente que proporciona la pila se normaliza por el 

área de los electrodos, por lo que al final se tienen valores de densidad de corriente (j) 

en eje x. Por medio del producto de densidad de corriente con el voltaje de la pila se 

obtiene la curva de densidad de potencia (mW.cm
-2

) donde se puede observar el valor 

máximo que puede alcanzarse. La potencia de salida que produzca una determinada pila 

de combustible está relacionada con las dimensiones que tenga la MEA [3,8]. La forma 

de la curva de polarización resultante depende de diferentes irreversibilidades o 

pérdidas que se obtienen en modo de operación. Como se mencionó anteriormente, el 

potencial donde inicia la CP a valores cercanos al cero de corriente es conocido como 

OCP. Este valor de potencial se ve afectado severamente por la temperatura y presión 

de operación, así como por el crossover de hidrógeno/metanol a través de la membrana, 

lo que ocasiona un potencial mixto en el cátodo y la adsorción irreversible de 

intermedios metanólicos en los electrodos, lo que disminuye el OCP de la pila 

comparado con el potencial termodinámico teórico [7,8,60]. 
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Figura 2.11. Arriba: curva de polarización típica de una PEMFC/DMFC con las 

diferentes regiones de caída de potencial. Abajo: curva de polarización con su 

correspondiente curva de potencia. 

A bajas corrientes, la disminución del potencial pueden asociarse a las pérdidas de 

polarización por activación, que están relacionadas con la cinética electródica: es la 

pérdida energética que se requiere para que inicie la reacción. La caída de corriente y 

potencial en la zona de activación está influenciada por el mecanismo de reacción 

involucrado, el tipo de catalizador, la morfología de la CL, la estabilidad y el tiempo de 

vida de la MEA, así como los parámetros de operación: temperatura, presión y flujo de 

gases [4,6].  
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Avanzando a través de la curva, a mayores valores de densidad de corriente el 

voltaje de la pila decae ligeramente y la CP es prácticamente lineal. En esta región el 

rendimiento de la pila está limitado esencialmente por la conducción iónica a través de 

la membrana y la resistencia al flujo de electrones en los componentes de la FC. Las 

pérdidas de polarización por resistencia óhmica se ven influenciadas por varios factores: 

la conductividad de los materiales (membrana y CLs), el espesor de la MEA y todos sus 

componentes, la resistencia eléctrica en los contactos entre diferentes materiales, el 

torque de compresión del apilamiento (stack), entre otros.  

Finalmente, las pérdidas por limitación en el transporte de masa por concentración 

o llamadas también nerstnianas son aquellas que ocurren a altas densidades de corriente 

y bajos valores de voltaje y son debidas al cambio de concentración de los reactantes en 

la superficie de los electrodos. Esto puede ocurrir por factores como la inundación de 

los electrodos, limitaciones en la difusión de los gases a través de la GDL, o la 

presencia de impurezas adsorbidas en los electrodos a esas condiciones de voltaje y 

densidad de corriente [6,25]. El voltaje de la celda tomando en cuenta todas las 

irreversibilidades mencionadas pueden expresarse mediante la siguiente ecuación [6,7]: 

 

𝑉𝑐 =  𝑉𝑟 − (𝑗 + 𝑗𝑛)𝑟 − 𝐴𝑙𝑛 (
𝑗 + 𝑗𝑛

𝑗𝑜
) + 𝐵𝑙𝑛(1 −

𝑗 + 𝑗𝑛

𝑗𝑙
) (2.18) 

 

Donde Vc: voltaje resultante de la pila, Vr: OCP termodinámico, jn: suma de la 

densidades de corriente interna y de crossover, A: pendiente de Tafel, jo: densidad de 

corriente de intercambio en función de ambos electrodos, B: constante relacionada con 

la transferencia de masa, jl: densidad de corriente límite del electrodo que presente el 

valor más bajo, r: resistencia por unidad de área (kΩ.cm
2
). 

Los valores bajos de potencia y OCP de las DMFCs comparado con los que se 

obtienen en las PEMFCs se deben a la oxidación lenta y compleja del metanol en el 

ánodo y los efectos agresivos del crossover en su rendimiento global (Figura 2.2 y 

2.12).  
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Figura 2.12. Curvas V-i para una PEMFC y DMFC operando en condiciones ambientales. 

Adaptado de [7]. 

 

2.1.6 Catalizadores tolerantes al metanol 

En el cátodo de las DMFCs y PEMFCs ocurre la reacción de reducción de oxígeno. 

Debido a que el Pt también oxida el metanol, cuando se emplea este metal como 

catalizador en las DMFCs, este se contamina con subproductos de reacción (por 

ejemplo CO, COOH, CH3OOH, etc.). El empleo de aleaciones bi y tri metálicas de Pt 

con diferentes metales de transición supone una de las estrategias más comunes para 

disminuir la cantidad de Pt en el catalizador, y por consiguiente, los efectos del 

crossover. La presencia de un segundo o tercer metal en la aleación metálica con Pt 

favorece el desarrollo de cambios geométricos (por ejemplo, en la distancia Pt-Pt), que 

incrementan la adsorción del oxígeno y posterior ruptura O-O [12,13,67]. El empleo de 

Co [19], Cr [19,68], Fe [69], Pd [18], Ir [17], Cu [70], Ni [71], etc. para el diseño de 

aleaciones catalíticas selectivas para la ORR son comunes para este tipo de 

catalizadores, sobre todo porque por sí solos, cada metal presenta cierta actividad hacia 

esta reacción (algunos en medio ácido y otros en medio alcalino) [10], y por ello los 

catalizadores libres de Pt pueden ser una alternativa para el compartimento catódico [9].  

Entre los materiales más activos libres de Pt se pueden mencionar los compuestos 

macrocíclicos (por ejemplo, porfirinas, y estructuras M-N4) [11], calcogenuros [15] y 

carburos de metales de transición [72]. Por otra parte, los catalizadores basados en Fe 
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soportado sobre matrices que contengan especies nitrogenadas (C-N) en su estructura 

son bastante utilizados como cátodos resistentes en las DMFCs [69]. La presencia de 

grupos nitrogenados en estos soportes proporciona centros de coordinación para los 

iones metálicos activos a la ORR [73]. Los materiales que usualmente se emplean como 

soporte en los catalizadores para estas FCs también presentan actividad hacia la ORR en 

medio básico, tal es el caso de los materiales basados en carbono entre los que están los 

materiales grafénicos [15,51,74]. Además, si estos materiales se funcionalizan/dopan 

con ciertos heteroátomos (como N, S, B y P), su actividad electrocatalítica se ve 

favorecida [75]. 

Particularmente los catalizadores de paladio presentan una alta selectividad hacia la 

ORR en medio ácido [17,18,76,77], ya que la oxidación de metanol no es favorable 

electroquímica ni termodinámicamente debido a la diferencia que existe en la extensión 

espacial entre los orbitales d del Pd y los del Pt [78].  

En resumen, todos los intentos en la mejora del rendimiento hacia la ORR para este 

tipo de materiales, como el control de la geometría y morfología del catalizador 

(arquitectura), el tamaño de partícula, la dispersión del catalizador, el empleo de 

aleaciones, la aplicación de tratamientos térmicos, el precursor empleado, el material 

soporte, etc., se enfocan en esencia en el diseño de un catalizador con una alta 

selectividad para esta reacción que a la vez sea tolerante al metanol, y por consiguiente, 

aumente su eficacia como cátodo de una DMFC.  

 

2.1.7 Reacción de reducción de oxígeno (ORR) 

La reacción de reducción de oxígeno es una reacción compleja compuesta a su vez 

de una serie de pasos elementales que producen una serie de intermediarios oxigenados 

que interaccionan y se comportan en función de la naturaleza del electrodo (superficie) 

que se emplee [11,79,80]. La ORR se puede llevar a cabo por medio de la transferencia 

de 4 electrones en medio ácido (pH = 0) hasta agua (ecuación 2.19) o hasta la 

producción de OH
-
 en medio básico (pH = 14) (ecuación 2.20) [81]. 

                     O2 +4H
+
 + 4e

- 
                  2H2O

 
E

o
= 1,229 V (2.19) 

                     O2 +2H2O + 4e
-     

            4OH
-
 E

o
= 0,401 V (2.20) 
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Así escritas ambas reacciones no presentan intermediarios, lo que las hace más 

atractivas para que ocurran en el cátodo de las PEMFCs/DMFCs. Sin embargo, la 

reducción de O2 se puede llevar a cabo de forma indirecta con la formación de peróxido 

de hidrógeno en medio ácido (ecuación 2.21) y el ion hidroperóxido en medio básico 

(ecuación 2.23). Las dos reacciones pueden seguir desarrollándose hasta producir de 

nuevo agua y grupos OH
-
, respectivamente (ecuaciones 2.22 y 2.24) [80–82].  

 

Medio ácido, pH = 0       

                                       O2 + 2H
+
 + 2e

-
                H2O2 E

o 
= 0,695 V (2.21) 

                                   H2O2 + 2H
+  

+ 2e
-                       

2H2O 

 

Medio básico, pH = 14   

E
o 
= 1,776 V (2.22) 

                                      O2 +  H2O + 2e
-
                HO2

- 
+ OH

- 
E

o 
= -0,065 V (2.23) 

                                  HO2
-
 + H2O + 2e 

-
                3OH

- 
E

o 
= 0,867 V (2.24) 

 

La reacción por transferencia de 4 electrones tiene interés tecnológico para 

optimizar el rendimiento del cátodo en las pilas tipo PEM. Por otro lado, la ruta de 2 

electrones es comúnmente usada para producir peróxido de hidrógeno industrialmente 

[83]. Todos los potenciales de las reacciones anteriores están referidos al electrodo de 

referencia estándar de hidrógeno (SHE, Standar Hydrogen Electrode). Hay que destacar 

el valor de potencial estándar para la ORR en medio ácido decrece 0,892 V comparado 

con el medio básico (de 1,229 V a 0,401 V). Esto es debido a que la producción de 

protones en medio ácido hace disminuir el valor de potencial estándar en 59 mV por 

unidad de pH al pasar de 0 a 14 según la ecuación de Nernst [81–83]. 

En la literatura se describen diferentes esquemas de reacción propuestos para la 

ORR, siendo los primeros y más conocidos los formulados por Damjanovic [84], 

Wroblowa [85] y Bagostki [86]. Sin embargo, la simplificación hecha por Wroblowa de 

la electroreducción de O2 sobre una superficie metálica es la más efectiva para describir 

tal proceso (Figura 2.13). 

Según este mecanismo, el O2 se puede reducir directamente hasta agua y OH
-
 en 

medio ácido y básico, respectivamente, con una constante de velocidad de reacción k1, o 

por medio de intermediarios (indirectamente) con un primer paso de 2 electrones y una 

constante de velocidad k2. Posteriormente los intermediarios que están adsorbidos 
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(H2O2, OOH
-
) pueden seguir reaccionando por medio de otra etapa de 2 electrones hasta 

agua y OH
-
, una descomposición química (k4) irreversible hasta O2, y la difusión desde 

la superficie del electrodo hacia el electrolito o viceversa (k5) [87].  

 

Figura 2.13. Mecanismo de la ORR en medio ácido y básico, Adaptado de [87].  

 

La electroactividad hacia la ORR para diferentes metales de transición puede 

predecirse por medio de estudios computacionales (DFT, Density Functional Theory), 

tomando en cuenta las energías de adsorción de todos los intermediarios en función del 

potencial aplicado en el cátodo [88], lo que origina una gráfica tipo volcán de la 

actividad frente a la energía de enlace del oxígeno a la superficie de cada metal, como 

se muestra en la Figura 2.14. Puede observarse que el Pt presenta la mejor actividad 

(cercana a la óptima) para la ORR, seguido del Pd y el resto de los metales de 

transición. Todo esto puede explicar por qué las aleaciones de Pt con metales que 

poseen una energía de enlace de O2 (ΔEo) cercana a este, presentan una considerable 

actividad [88]. La interacción del O2 con la superficie del catalizador puede definir qué 

mecanismo será el predominante para la ORR, y para ello, pueden encontrarse 

diferentes modelos de adsorción en la bibliografía [83,88].  

Así, en el modelo de Griffiths hay dos tipos de interacción entre el oxígeno y el 

metal:, la primera entre los orbitales π del oxígeno con los niveles vacíos el orbital vacío 

dz
2
 del metal de transición, y la segunda, entre los niveles dxz dyz del metal (parcialmente 

llenos) y el orbital antienlazante π
*
 de la molécula de oxígeno. Esto ocasiona que la 

energía de enlace O-O disminuya cuando la longitud del enlace se incrementa [80]. Por 

otro lado, la adsorción de O2 siguiendo el modelo de Pauling favorece el recubrimiento 
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de especies oxigenadas en la superficie del catalizador, debido a la interacción de los 

orbitales sp del oxígeno con los dz
2
 del metal de transición, lo que ocasiona un carácter 

dipolar en las especies adsorbidas. El modelo tipo puente sugiere la adsorción de 

oxígeno en dos sitios metálicos, que depende del espaciado atómico en la superficie del 

metal. Este modelo fue sugerido por Yeager [89] para metales nobles del grupo de Pt o 

metales con una producción de peróxido de hidrógeno baja o nula durante la ORR. 

 

Figura 2.14. Tendencia de la actividad de la ORR en función de la energía de enlace del 

O2. Adaptado de [88]. 

 

En la Figura 2.15 se muestran los modelos de adsorción de oxígeno sobre un metal 

descritos anteriormente y los posibles esquemas de reacción de cada caso. Puede 

observarse como los modelos de Griffiths y tipo puente favorecen la ruptura del enlace 

O-O hasta la producción de agua (I y III); sin embargo, para el modelo de Pauling la 

ORR hasta peróxido de hidrógeno es la predominante [80]. 

Los tipos de intermediarios oxigenados que se forman en la superficie dependen 

considerablemente del electrolito donde se produzca la reacción (Figura 2.16); sin 

embargo, también existe una gran dependencia con el potencial que se aplique a la 

superficie estudiada [81,82,88]. Numerosos estudios han demostrado que la ORR ocurre 

de diferente forma sobre una superficie metálica que sobre una superficie oxidada. 

Estudios computacionales [88] respaldan este comportamiento y proponen dos 

mecanismos ampliamente aceptados por los que la ORR puede ocurrir: el mecanismo 

disociativo y el mecanismo asociativo (peroxo) [88,90]. En medio ácido se tienen las 
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siguiente reacciones, donde el símbolo * implica un sitio en la superficie y el subíndice 

“ad” una sustancia adsorbida. 

 

                                                 ½ O2 + *                    Oad (2.25) 

                                                 Oad + H
+
 + e

-  
            OHad (2.26) 

                                                                 
OHad + H

+
 + e

-
             H2O + * (2.27) 

 

 

 

 

Figura 2.15. Arriba: modelos de interacción oxígeno-metal de Griffiths, Pauling y tipo puente. 

Abajo: mecanismo de reacción para cada modelo propuesto. Adaptado de [80]. 

 

 

En el mecanismo disociativo se producen solamente dos intermediarios adsorbidos: 

Oad y OHad; y ocurre sobre superficies que tienen una fuerte adsorción de oxígeno. En 

este caso, el oxígeno se disocia a oxigeno adsorbido para posteriormente producir, a 

causa de la protonación, OH absorbido (ecuación 2.26), para luego reducirse hasta agua 

dejando un sitio libre en la superficie (ecuación 2.27). Este mecanismo se desarrolla a 

bajos sobrepotenciales (η) (lo que implica también bajas densidades de corriente), 
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donde existe un gran recubrimiento de especies oxigenadas en la superficie que siguen 

un comportamiento de isoterma de Temkin [15,81,90].  

Por su parte, en el mecanismo asociativo después de la absorción directa de O2 

molecular (ecuación 2.28) se producen sucesivamente en la superficie, por medio de 

transferencia de protones y electrones, intermediarios como OOHad, Oad y OHad. El 

mecanismo peroxo se desarrolla a altos sobrepotenciales (acompañado de altos valores 

de densidad de corriente), donde el recubrimiento de la superficie con especies 

oxigenadas sigue un modelo de isoterma de Langmuir [15,81,90]. Si el enlace O-O no 

es capaz de romperse, la formación de peróxido de hidrógeno es totalmente viable 

(ecuación 2.31) [83,88]. 

                                                        O2 + *               O2ad (2.28) 

                                               O2ad + H
+
 + e

-
              HO2ad (2.29) 

                                                   HO2ad + *                OHad + Oad (2.30) 

                                                                   
HO2ad + H

+
 + e

-
              H2O2 + * (2.31) 

                                               Oad + H
+
 + e

-
               OHad (2.32) 

                                             OHad + H
+
 + e

- 
              H2O + * (2.33) 

 

Como se mencionó anteriormente, la ORR es una reacción muy sensible a la 

estructura del catalizador y depende la naturaleza y estado de la superficie. Por medio 

de las pendientes de Tafel es posible predecir cuál es la etapa más lenta de la ORR 

(r.d.s. rate determining step, etapa limitante de la reacción) en un mecanismo de 

reacción determinado [91,92].  

En la curva de Tafel de la ORR sobre Pt, tanto en medio ácido como en básico, se 

pueden distinguir dos pendientes: una a bajos sobrepotenciales (valores bajos de j) en un 

rango de potencial entre 0,95 V y 0,75 V, equivalente a 60 mV.dec
-1

; y otra a altos 

sobrepotenciales (valores altos de j) con un valor de 120 mV.dec
-1 

[81,91,92]. Ambas 

pendientes describen dos situaciones diferentes de la superficie (metálica y oxidada, 

Pt/Pt-OHad), en las que, como se ha descrito antes, predominan diferentes mecanismos 

[12,80].  

En este sentido, en cada rango de potencial existe una r.d.s. que evita que la ORR se 

desarrolle plenamente. Un valor de 60 mV.dec
-1

 significa que la r.d.s es una etapa 

química, que depende del recubrimiento de la superficie con las especies oxigenadas y 

de los sitios libres para que el O2 pueda adsorberse (ecuación 2.25) [81–83,91–93]. Es 
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necesario tomar en cuenta que a potenciales de operación de la pila de combustible  

(~1,0 V) el recubrimiento de la superficie de los electrodos es afectada por la formación 

de OHad , producido a partir del vapor de agua (ecuación 2.34) [91].  

                                                         H2Oad               OHad + H
+
 + e

- 
     (2.34) 

 

 

 

 

 

Figura 2.16. Mecanismos para la ORR en medio ácido (arriba) y básico (abajo). 

Adaptado de [93]. 
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Figura 2.17. Resumen de dependencia de la ORR con el potencial y las condiciones de la 

superficie. 

 

Por otro lado, un valor de pendiente de Tafel de 120 mV.dec
-1

 establece que la r.d.s. 

es la primera transferencia electrónica sobre la superficie metálica (ecuación 2.29) 

(Figura 2.17).  

En resumen, la cinética de la ORR para un determinado material está limitada 

principalmente por i) la primera transferencia electrónica, ii) la hidratación/adsorción 

del O2 y iii) la desorción de los intermediarios que se forman en la superficie [11,92,93].  

2.1.7.1 Estrategias para la mejora de la actividad hacia la ORR 

La actividad hacia la ORR (AORR) para un determinado material se ve afectada 

por muchos factores, los cuales se abordan y tratan de potenciarse por medio del uso de 

diferentes estrategias sintéticas en la preparación del catalizador [44]. La orientación de 

la superficie restringe selectivamente la AORR, ya que ciertos planos cristalográficos 

son más activos que otros dependiendo del electrolito empleado. Se tiene entonces que 

en estudios con monocristales de Pt en HClO4 la AORR decrece en el siguiente orden: 

Pt (110) > P (111) > Pt (100); sin embargo en H2SO4 es el siguiente: Pt (110) > P (100) 

> Pt (111); y en KOH presenta la actividad contraria que en sulfúrico: Pt (111) > Pt 

(100) > Pt (110). Todo esto deja en evidencia que la adsorción de ciertos aniones (por 
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ejemplo, SO4
2-

, HSO4
-
 , OH

-
) es específica para cada plano cristalográfico y está 

determinada por el de bloqueo selectivo de la superficie [44].  

Como consecuencia de la experiencia obtenida con las superficies controladas, se 

desarrolló la síntesis de NPs con forma controlada que permite obtener planos 

preferenciales activos a la ORR [94]. Tal es el caso de NPs cubicas de Pt (100) que 

presentan mayor AORR en medio ácido que NPs de cubos truncados y NPs esféricas de 

Pt soportadadas sobre carbón de alta área superficial [44,95]. Otro trabajo de 

Devivaraprasad et al. muestra los efectos del electrolito en la AORR sobre NPs de Pt 

con forma cubica (Pt-NC), tetraédricas (Pt-TD), cuboctaédrica (Pt-CO) comparadas con 

un Pt policristalino (Pt-PC). Los resultados obtenidos proponen al Pt-NC (100) y al Pt-

TD (111) como los catalizadores más activos en H2SO4 y HClO4, respectivamente [96].  

En contraste, trabajos con NPs controladas de Pd muestran como nanocristales 

orientados con facetas (100) en forma de cubos (Figura. 2.18a) presentan mayor AORR 

que NPs de Pd en forma de octaedros [97], esféricas (Figura. 2.18b) y Pd policristalino 

[97,98]. 

 

Figura 2.18. a) Cubos de Pd, b) NPs esféricas de Pd, c) estructuras tipo skin y skeleton y 

d) esquema de la estructura core-shell del PtNi. [71,97,100] 
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Uno de los principales inconvenientes que poseen estas nanoestructuras de forma 

controlada es la estabilidad que presentan en las condiciones donde la ORR se lleva a 

cabo, ya que tienden a evolucionar a su forma termodinámica más estable [94].  

Por otra parte, el empleo de aleciones bi- y tri-metálicas de Pt y de Pd con 

diferentes metales de transición se ha convertido en una de las estrategias más usadas 

para incrementar la AORR [10,16,19,68]. La inserción de un segundo o tercer metal 

genera un efecto electrónico en la estructura del Pt, lo cual favorece la 

interacción/adsorción del oxígeno y el aprovechamiento en la utilización del Pt en el 

catalizador cuando se trabaja con aleaciones tipo “skin” o “skeleton”, core-shell 

(nucleo-coraza), y monocapas de metal noble (por ejemplo, Pt) depositado sobre NPs de 

metales no nobles. Los trabajos hechos por Stamenkovic explican y demuestran que 

tener una superficie rica en Pt (Pt-skin) es más activa y estable AORR que una skeleton 

(lixiviado) con aleaciones de PtFe, PtCo y PtNi [44,99,100].  

La estructura skeleton puede alcanzarse por medio de tratamientos químicos y/o 

electroquímicos, lo que produce una distribución con más defectos (por ejemplo, 

huecos, escalones, bordes) y menos Pt superficial (Figura 2.18c). La estructura tipo 

core-shell tiene la ventaja que evita la disolución del metal menos noble de la aleación 

en potenciales de operación, y consiste en un núcleo de algún metal como Pd, Cu, Ru, 

etc., rodeada de una coraza en forma de película delgada de pocos átomos de Pt (Figura 

2.18d), lo cual favorece la AORR [101,102].  

Por su parte, la deposición de monocapas delgadas de Pt sobre NPs de aleaciones 

de PdCo, AuNi y PtCo tipo core-shell es un método desarrollado por el grupo de Adzic 

y colaboradores [103]. Por medio de desplazamiento galvánico del Cu por Pt se forman 

catalizadores con una gran AORR (Figura 2.19a). El mismo procedimiento ha sido 

empleado para materiales basados en Pd, donde una monocapa delgada de este metal se 

deposita sobre diferentes superficies de metales de transición como Ru (0001), Rh 

(111), Ir (111), Pt (111) y Au (111), lo que produce una fuerte segregación en la 

superficie del Pd, y en consecuencia, el aumento de la actividad [67].  

Otra estrategia muy novedosa es el uso de estructuras núcleo-coraza obtenidas por 

un proceso de “dealloying” (dealloyed core-shell catalysts) [44,104], que se forman por 

la disolución selectiva del metal menos noble en una aleación binaria, formando como 

producto final una nanopartícula compuesta por un núcleo estable protegido de una capa 
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2. Introducción Tesis Doctoral. Luis Miguel Rivera Gavidia 

delgada de Pt. Por otro lado, catalizadores de PtCu basados en esta tecnología presentan 

gran estabilidad y, además, proponen una manera novedosa y fácil de síntesis 

electroquímica (Figura 2.19b,c). Además, materiales de PtNi sintetizados de la misma 

forma presentan una extraordinaria AORR acompañada de una prominente estabilidad a 

un gran número de ciclados [71,104].  

 

 

Figura 2.19. a) Síntesis de catalizadores de Cu y Au, rodeados de una monocapa de Pt, 

fabricados por desplazamiento galvánico de Cu; b) voltamperograma cíclico del proceso 

de “dealloying” electroquímico para un catalizador de PtCu; c) ilustración de la 

formación de un core-shell bimetálico por medio de un procedimiento de dealloying 

[71,104]. 

 

Los tratamientos físicos de los catalizadores con temperatura también es una 

metodología empleada para incrementar los sitios activos en los catalizadores 

soportados. Un adecuado tratamiento térmico (TT) puedo ayudar a resaltar las 

propiedades catalíticas hacia la ORR. En el caso particular de las aleaciones de Pt y Pd 

con diversos metales de transición (por ejemplo, Fe, Co, Cu, etc.), se ha demostrado que 

el TT promueve la ORR debido a los cambios que sufren los catalizadores en el grado 

dispersión, grado de aleación, tamaño de partícula, cambios morfológicos en la 

superficie por la segregación de las fases metálicas y factores geométricos como la 



66 / 302

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 2038358				Código de verificación: w/+L0rYY

Firmado por: Luis Miguel Rivera Gavidia Fecha: 22/07/2019 01:46:49
UNIVERSIDAD DE LA LAGUNA

Gonzalo García Silvestro 22/07/2019 06:45:40
UNIVERSIDAD DE LA LAGUNA

Elena María Pastor Tejera 22/07/2019 09:20:21
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2019/56828

Nº reg. oficina:  OF002/2019/54532
Fecha:  22/07/2019 09:26:59

 

65 

 

2. Introducción Tesis Doctoral. Luis Miguel Rivera Gavidia 

distancia interatómica metal-metal (M-M). Estos efectos son característicos de cada 

material [19,53,105]. Por otro lado, la síntesis de catalizadores para la ORR basados en 

Fe, distintos composites de metales de transición, carburos de metales de transición, 

compuestos macrocíclicos y cacolgenuros requieren de un TT apropiada (procesos de 

pirólisis/polimerización). Es necesario aclarar que los efectos que se obtengan para 

ORR después de un determinado TT es inherente a cada. 

2.1.7.2 ORR sobre materiales de carbón (MCs) y grafénicos (MGs) 

Una de las estrategias más empleadas para incrementar la tolerancia al metanol del 

cátodo de las FCs tipo PEM es el uso de catalizadores libres de metal (metal-free 

catalysts) [106–108], lo que ha motivado el empleo de distintos materiales carbonosos. 

La AORR de los sistemas carbonosos depende en gran medida de la interacción del O2 

con los grupos funcionales oxigenados (GFOs) que se encuentran en la superficie del 

carbón (Figura 2.20a). Uno de los materiales de carbono más estudiados es el carbón 

vítreo (GC, glassy carbón), el cual suele usarse como soporte para estudiar cualquier 

otro tipo de material. La ORR sobre GC sigue el mecanismo propuesto a continuación, 

donde la r.d.s. cambia en función del pH. A valores de pH < 10 , la r.d.s. es la 

formación del ion superóxido (ecuación 2.36) [80,109];  y a pH > 10, es la migración 

del mismo ion desde un sitio inerte (ѱ) hacia uno más activo en la superficie del carbón 

(ecuación 2.37) [11,80]. Las especies en corchetes, simbolizan especies con baja 

reactividad absorbidas en sitios inertes en la superficie carbonosa. 

                  O2 + *               O2ad (2.35) 

                   O2ad + e
-
            [O2ad]

- 
(2.36) 

                       [O2ad]
-            

     O2
-
ad  + ѱ (2.37) 

                          O2
-
ad + H2O           HO2ad + OH

-
 (2.38) 

                   HO2ad + e
-
            HO2

-
ad (2.39) 

                    HO2
-
ad

                   
HO2

- 
(2.40) 

 

 Por otro lado, la AORR para el grafito y el GC se encuentra bastante influenciada 

por factores cristalográficos como el tamaño de cristalita en el plano (La) y el tamaño de 

cristalita en el borde de las láminas grafíticas (Lc). En este sentido, está reportado como 

los bordes del grafito presentan mayor actividad electrocatalítica para la ORR que su 

plano basal. No obstante, la respuesta electroquímica del GC no se altera en función de 
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2. Introducción Tesis Doctoral. Luis Miguel Rivera Gavidia 

sus propiedades cristalográficas debido a su carácter amorfo e isotrópico (Figura 2.20b) 

[80,110]. 

 

Figura2.20. a) Posibles grupos funcionales sobre la superficie de una material carbonoso; 

b) morfología del carbón vítreo; y c) mecanismo de la ORR propuesto por Garten y Weiss 

sobre un sistema carbonoso [80.109,110]. 

 

Cuando la superficie carbonosa se encuentra funcionalizada por grupos quinonas, 

estas componen sitios activos donde la ORR se desarrolla de forma incompleta 

mediante la transferencia de dos electrones hasta peróxido. En la Figura 2.20c se 

muestra el mecanismo propuesto por Garten y Weiss para la ORR en una superficie de 

carbón [80,89]. Entre los materiales de carbón estudiados se pueden mencionar algunos 

como los nanotubos de carbono, las nanofibras, los carbones mesoporosos ordenados 

(CMK) y los MCs con cierta funcionalización con heteroátomos como N, B, S y P 

[46,51,74,93,107,111].  

Por su parte, durante la última década, el grafeno y sus derivados han despertado un 

gran interés para el elevado número de aplicaciones que tiene (entre ellas en 

electrocatálisis y conversión de energía), debido a su alta conductividad, gran área 

superficial y alta transferencia electrónica [75,108]. El grafeno es una hoja 

bidimensional de carbonos con enlaces tipo sp
2
, que puede ser visto también como una 
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molécula policíclica de gran tamaño (Figura 2.21a) [108,112]. Para fines aplicados en 

electrocatalizadores para pilas de combustible, el manejo de esta capa atómica no es tan 

sencillo, por lo que suelen emplearse materiales grafénicos [75]. Estos no son 

exactamente grafeno, aunque mantienen muchas características del grafeno y 

proporcionan un manejo más fácil para la elaboración de MEAs y síntesis de 

catalizadores. No obstante, también producen materiales con más defectos, que son los 

responsables de la actividad catalítica [113]. La síntesis de grafeno libre de defectos se 

puede realizar por métodos donde se hace crecer la lámina de grafeno sobre un substrato 

(bottom-up, de abajo hacia arriba) como la deposición química por vapor (CVD, 

Chemical Vapor Deposition), el crecimiento epitexial sobre SiC, la reducción de CO, 

desenrollando nanotubos de carbono (unzipping), etc. Todos estos métodos poseen la 

desventaja que son costosos y se obtiene un cantidad restringida de producto final. Lo 

contrario ocurre con los métodos conocidos como top-down (de arriba hacia abajo), 

donde se utiliza como material precursor el óxido de grafeno (GO) [114,115]. 

 

Figura 2.21. Ilustraciones a) de la estructura de una hoja de grafeno; b) de la estructura del 

grafito; c) de la estructura del GO; y d) de una hoja grafénica dopada con diferentes 

heteroátomos. 
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El GO se obtiene por la oxidación química del grafito (Figura 2.21b) con 

determinados agentes oxidantes (por ejemplo, permanganato potásico, ácido sulfúrico, 

dicromato potásico, etc.), y se utiliza posteriormente como material de partida para 

obtener diferentes materiales grafénicos por medio de tratamientos de reducción con 

métodos químicos y/o físicos. El GO consiste en unas cuantas hojas grafénicas que ya 

no están enlazadas químicamente y están funcionalizadas en el plano basal por un gran 

número de GFOs (Figura 2.21c) que dependen del método de síntesis y la naturaleza del 

grafito de partida [116–118]. 

Los MGs que se obtienen poseen más defectos que los que se alcanzan por los 

métodos bottom-up. Sin embargo, representan una alternativa de bajo costo para la 

fabricación de este tipo de materiales [114,115]. Existe una gran variedad de 

procedimientos de síntesis para obtener MGs como el óxido de grafeno, el óxido de 

grafeno reducido (rGO), rGO funcionalizado/dopado, que permiten aumentar la AORR. 

La actividad electrocatalítica resultante de estos MGs está relacionada con 

características estructurales, geométricas y electrónicas que dependen del método de 

síntesis empleado [93,119–121].  

Al igual que el grafito, los MGs presentan más actividad catalítica en los bordes 

(alta densidad de defectos, constante de velocidad: k ~ 0,01 cm.s
-1

) que sobre la lámina 

grafítica (k ~ 10
-9

 cm.s
-1

) [75,110]. En este contexto, la inserción de ciertos 

heteroátomos en la red sp
2 

del MG rompe la electroneutralidad del carácter grafítico, lo 

que genera sitios activos para la adsorción del O2 (modelo de Griffith) y promueve la 

ORR [106,122,123]. El dopado de los MGs (Figura 2.21d) ha sido uno de los 

procedimientos más empleados para mejorar las propiedades catalíticas de estos 

materiales. La incorporación de un determinado heteroátomo depende de la similitud 

que existe entre los enlaces del C-heteroátomo y el enlace C-C de la red grafénica. En 

este sentido, el B y N (C-B y C-N) tienen una distancia de enlace muy parecida a la del 

C-C, lo que hace que se pueda reemplazar directamente un átomo de C por uno de N y/o 

B (dopado sustitucional, Figura 2.22a). Por otra parte, el S y P exceden la distancia C-C, 

por lo que en el dopado se sitúan detrás (sobre) de la red grafénica (configuración 

exohedral, Figura 2.22b) [124].  

El dopado con N crea diferentes sitios activos relacionados con el tipo de enlance 

C-N [125–128]. De este modo se tiene principalmente enlaces tipo piridínico, pirrólico 

y grafítico, aunque también se reportan especies como cianuro, piridinio, piridónico, 
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piridona y N oxidado (N
+
- O

-
) (Figura 2.22c) [106]. Como era de esperar, la sustitución 

de un átomo de C por uno de N suele ocurrir mayoritariamente en los bordes. La 

transferencia electrónica para los materiales grafénicos dopados con N (N-MGs) en la 

ORR es por medio de 4 electrones en medio básico [125,129], ya que de acuerdo al 

mecanismo asociativo en medio básico para esta reación, la desorción de la superficie 

de la especie OOH (ecuación 2.41) no es energéticamente favorable comparada con la 

producción de Oad y OH
- 
(ecuación 2.42) [129].  

 

                                               OOHad + e
-
               OOH

- 
(2.41) 

                                               OOHad + e
-
               Oad + OH

-
 (2.42) 

 

 

Figura 2.22. a) configuración de dopado sustitucional para el N y B, b)configuración de 

dopado exohedral para el S y P y c)diferentes especies nitrogenadas en los MGs dopados 

con nitrógeno. 

 

Con respecto al dopado con S, su incorporación en la red grafénica supone un gran 

reto debido al gran radio atómico que presenta [106,130]. El dopado de azufre también 

ocurre en los bordes y defectos del MG, formando sitios activos para la ORR en forma 

de grupos sulfonados como sulfuros, tiofeno (C-S-C), óxidos de azufre (-SOn) y grupos 
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S-H, entre otros [130,131]. Estudios teóricos revelan que la ORR puede ocurrir sobre 

los MGs dopado con S (S-MGs) por medio de la transferencia de 2 y 4 electrones 

simultáneamente sobre átomos de S y de carbón, respectivamente [132]. En este 

sentido, diferentes trabajos muestran como los S-MGs son materiales con un gran 

potencial para ser empleados como cátodos de PEMFCs, y además en las DMFCs, por 

su tolerancia extraordinaria al metanol [133].  

Por todas las ventajas que presentan los N y S-MGs, el empleo de materiales co-

dopados con ambos heteroátomos (SN-MGs) se ha incluido como una estrategia para la 

mejora en el diseño de este tipo de catalizadores [134–136]. La típica síntesis para estos 

materiales es reducir el GO con un agente químico que contenga en su estructura ambos 

elementos (N y S); para ello suelen emplearse compuestos como tiourea [20,21,137], 

tiocianato de amonio [20,138], cisteína [139], etc. Métodos electroquímicos como la 

exfoliación de grafito con precursores como melanina y sulfato de amonio, producen 

SN-MGs con elevada tolerancia a los efectos del crossover [136]. En general, los SN-

MGs presentan una gran AORR debido al efecto sinérgico de ambos heteroátomos en la 

estructura grafénica, lo cual queda de manifiesto en la reducción completa del oxígeno 

hasta agua [21,140].  
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3. OBJETIVOS  

El objetivo general de esta Tesis Doctoral es el estudio y desarrollo de materiales 

nanoestructurados altamente eficientes que puedan emplearse en el cátodo de las 

PEMFCs y DMFCs, y de esta manera proporcionen una mejora en su desempeño global 

para la producción de energía. Para ello, el diseño de estos catalizadores se abordó 

desde una perspectiva aplicada y consecuente con estrategias innovadoras para 

optimizar su rendimiento y actividad hacia la reacción de reducción de oxígeno y su 

tolerancia a los efectos del crossover.  

Los objetivos específicos del trabajo son los siguientes: 

 Sintetizar catalizadores multimetálicos de aleaciones binarias y ternarias de Pd y 

Pt soportados sobre diferentes soportes carbonosos (negro de carbono, carbones 

mesoporosos ordenados, nanofibras de carbono, materiales grafénicos).  

 Sintetizar materiales basados en grafeno libres de metal, dopados con 

heteroátomos como azufre y nitrógeno.  

 Caracterizar todos los materiales sintetizados por medio de diferentes técnicas 

fisicoquímicas de rayos X, como la difracción (XRD), espectroscopía 

fotoelectrónica (XPS) y energía dispersiva (EDX); técnicas de microscopía 

como la de transmisión electrónica (TEM) y la electrónica de barrido (SEM); 

técnicas espectroscópicas como Raman; y técnicas de determinación analítica 

como el análisis elemental. 

 Evaluar por medio de técnicas electroquímicas, como el electrodo de disco 

rotatorio (RDE) y rotatorio de disco-anillo (RRDE), la cinética y rendimiento 

hacia la ORR, así como su tolerancia a los efectos del crossover de metanol en el 

caso de los catalizadores soportados de Pt y Pd. 

 Establecer y valorar el desempeño y actividad de los catalizadores basados en Pd 

en el cátodo de una estación de pruebas de pila de combustible de metanol 

(DMFCs).  

 Conocer y determinar mediante técnicas electroquímicas convencionales, 

potenciostáticas y galvanostáticas, así como por métodos 
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espectroelectroquímicos como la espectroscopía Raman electroquímica 

(RESCQA), la resistencia a la corrosión de los materiales grafénicos 

sintetizados.
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4. METODOLOGÍA EXPERIMENTAL  

En esta sección se describen y explican todos los procedimientos de síntesis y 

técnicas fisicoquímicas y electroquímicas de caracterización empleadas en esta Tesis. 

4.1 Reactivos, disoluciones y materiales 

A continuación se aporta una lista de todos los reactivos empleados para la síntesis 

de los materiales y las medidas electroquímcias. 

4.1.1 Reactivos 

 Negro de carbono. Vulcan XC-72. Cabot.Co. 

 Grafito. Sigma Aldrich (M = 12,01 g/mol, powder 220 𝜇m Synthetic) 

 Cloruro de Pd. 99 %, Sigma Aldrich (PdCl2, M = 177,36 g/mol ) 

 Cloruro de Ir (IrCl3.3H2O en HCl al 20 % p/v, Ir = 1 g/mL) 

 Cloruro de Fe tetrahidratado. 99 %, Sigma Aldrich (FeCl3.4H2O, M = 198,75 

g/mol) 

 Ácido hexacloroplatínico, 8 wt % en agua. Sigma Aldrich (H2Cl6Pt, M = 409,81 

g/mol.) 

 Cloruro de Co. 99 %. Fluka (p.a., CoCl2, M = 129,83 g/mol)  

 Cloruro de Cr. 99 %. Fluka (p.a.,CrCl3, M = 158,36 g/mol)  

 Borohidruro de Sodio. 99 %, Sigma Aldrich. (p.a., NaBH 4 = 37,87 g/mol) 

 Permanganato de potasio, 99-100 %. Panreac (KMnO4, M = 158,04 g/mol) 

 Hidróxido de sodio. 99,99 %, Sigma Aldrich (p.a., NaOH, M = 40 g/mol, Trace 

Metal, Pellets) 

 Tiourea. 99 %. Riedel-de-Häen. (CH4N2S, M = 76,12 g/mol) 

 Tiocianato de amonio. 99%. Sigma Aldrich (NH4SCN, M = 76,12 g/mol) 

 Cafeína. > 99 %. Sigma Aldrich (C8H10N4O2, M = 194,19 g/mol) 

 Nafion. 5 wt %. Sigma Aldrich. Lower aliphatic alcohol and water, 15-20 % en 

agua, d = 0,874 g/mL a 25 ºC. 

 Ácido sulfúrico. 95-97 %. Merck, 1 L = 1,84 Kg, EMSURE (p.a., H2SO4, M = 

98,08 g/mol) 

 Metanol. 99 %. Merck (p.a., CH3OH, M = 32,04 g/mol) 
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 Ácido fórmico. 98-100 %. Merck (p.a., CH2O6, M = 46,03 g/mol) 

 Peróxido de hidrógeno. 30 % p/v , 110 Vols. Foret. (p.a., H2O2, M = 

34,01g/mol) 

 Argón. 99,99 % Alpha GAZ. Air liquide 

 Oxígeno. 99,995 % Alpha GAZ. Air liquide. 

En todas las síntesis y experimentos electroquímicos se utilizó agua ultra pura 

(sistema Milli Q -Millipore, 18.2 MΩ cm
-1

, 2 ppb de materia orgánica total). 

4.1.2 Disoluciones 

 Ácido sulfúrico 0,5 M. 

 Hidróxido de sodio 0,1M 

 Disoluciones de metanol a diferentes concentraciones (0,5, 1, 2 , 3, 5 y 10 M) 

4.1.3 Materiales 

Algunos materiales utilizados para fines comparativos en los estudios de esta Tesis 

Doctoralfueron proporcionados por el grupo de conversión de combustibles del Instituto 

de Carboquímica de Zaragoza (ICB) del Consejo Superior de Investigación Científicas. 

 Capas difusoras E-TEK (CNR-ITAE). 

 Nanofibras de carbono HCNF (ICB). 

 Carbones mesoporosos grafitizados, g-CMK3 (ICB). 

 Catalizador comercial no soportado de PtRu (67% Pt, 33% Ru, en peso). 

Johnson Matthey Company. 

 Catalizador comercial de Pt soportado sobre carbón. (20% P/P). E-TEK. 

 Catalizador comercial de Pt soportado sobre carbón. (20% P/P). Marca Alfa 

Aesar. 

 Catalizador comercial de Pd soportado sobre carbón. (30% P/P). E-TEK. 

 Celda electroquímica de vidrio de 5 bocas. 

 Celda espectroelectroquímica de vidrio para espectroscopía Raman. 

4.2 Síntesis de los materiales 

A continuación se describen los métodos de síntesis de los materiales que forman 

parte de los artículos que constituyen el compendio de esta Tesis Doctoral. 
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4.2.1 Síntesis de reducción con borohidruro de sodio 

Este método de impregnación consiste en la formación de NPs metálicas del 

catalizador sobre una matriz carbonosa utilizando borohidruro de sodio como agente 

reductor en medio acuoso. Inicialmente, se dispersaron 40 mg del soporte carbonoso 

(equivalente al 80 % del peso total del catalizador) en agua ultra-pura con ayuda de un 

baño de ultrasonidos a temperatura controlada (20 ºC) durante 30 minutos. Después de 

12 horas en agitación magnética, se agregó gota a gota sobre la dispersión acuosa de 

carbón una disolución que contiene los precursores metálicos (equivalente al 20 % del 

peso total del catalizador), a temperatura controlada (20 ºC) y ultrasonidos. 

Posteriormente se dejó en ultrasonidos durante 20 minutos a temperatura controlada 

de 20 ºC. Seguidamente, se ajustó el pH de la dispersión resultante hasta un valor de 5,0 

empleando una disolución concentrada de hidróxido de sodio o de ácido clorhídrico 

dependiendo del valor inicial de  pH de la dispersión. 

Una vez hecho este, la dispersión  se dejó durante 20 minutos en ultrasonidos. Tras 

12 horas en agitación magnética, se agregó gota a gota sobre la dispersión final una 

disolución de borohidruro de sodio 26,5 mM con ayuda de ultrasonidos a temperatura 

controlada. 

A continuación la dispersión resultante se dejó en ultrasonido durante 20 minutos 

más y luego se mantuvo en agitación magnética durante otras 12 horas. Finalmente, la 

dispersión se filtró y lavó con abundante agua ultra pura para luego ser secarse en la 

estufa a temperatura controlada (60~80 ºC) [141,142]. 

Los materiales que se sintetizaron con este método fueron: i) los catalizadores de 

aleaciones de Pd (PdFe, PdIr y PdFeIr, ver apartados 5.1 y 5.2); y  ii) los catalizadores 

de aleaciones trimetálicas de Pt (PtCrCo, apartado 5.3). 

4.2.3 Tratamiento térmico 

El tratamiento con temperatura de los catalizadores se realizó en un horno tubular 

(Figura 4.1) con atmosfera reductora de una mezcla de H2 (5%) en N2 (95%) con un 

flujo de 10 mL.min
-1

 durante 2 horas a temperaturas de 300, 500 y 700 ºC. Los 

catalizadores que se sometieron a este tratamiento fueron los materiales de aleaciones 

trimetálicas de PtCrCo [19]. En este tratamiento se utilizó un horno tubular (Carbolite, 

HZS 12/600 con una temperatura máxima de 1200 ºC, ver apartado 5.3). 
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4.2.4 Síntesis de óxido de grafeno (GO) 

En el tradicional método de Hummers el grafito se oxida con agentes químicos 

como el nitrato de sodio (NaNO3) y el permanganato de potasio en medio acido (H2SO4 

concentrado), lo que genera gases tóxicos como NO2, N2O4, y ClO2 [143]. Por tal razón 

este método ha sido modificado a través de los años y en la actualidad es bastante 

común encontrar síntesis de GO que emplean un método de Hummers modificado. En 

esta trabajo se emplea permanganato de potasio y ácido sulfúrico concentrado como 

agentes oxidantes, un procedimiento parecido al reportado por Tour y colaboradores 

[144], con la diferencia  que se omite el uso de ácido fosfórico. En la mezcla de 

KMnO4/ H2SO4 el ion permanganato es la especie oxidante, que en medio ácido se 

transforma a heptóxido de dimanganeso, que es una especie más reactiva y favorece la 

oxidación de los planos grafíticos (ecuaciones 4.1 y 4.2) [116].  

 

                           KMnO4 + 3H2SO4           K
+
 + MnO3

+
+ H3O

+
 + 3HSO4

- 
(4.1) 

                              MnO3
+
+ MnO4

-
           Mn2O7 (4.2) 

 

Es importante señalar que la naturaleza del grafito que se emplee como material de 

partida afectará la morfología y estructura del GO que se obtenga. Primeramente, en un 

matraz de volumen adecuado, se colocó 1 g de grafito, y a continuación, se agregaron 

(lentamente por las paredes) 30 mL de H2SO4 concentrado seguidos de 3,5 g de 

KMnO4. Todo se esto se llevó a cabo con el matraz sumergido en un baño de hielo en 

agitación magnética. 

Tras 1 hora de agitación en frío, se retiró el hielo del baño y se incrementó la 

temperatura del baño hasta 35-40 ºC. Después de 1 hora a esa temperatura, se agregaron 

lentamente 50 mL de agua ultra pura y se aumentó, nuevamente, la temperatura del 

baño (95-100 ºC). Una vez estable a esa temperatura, se mantuvo durante 15 minutos en 

agitación magnética. En seguida, se retiró del baño caliente y se agregó agua ultra pura 

y peróxido de hidrógeno (1,25 mL). Posteriormente, se dejó en agitación durante 12 

horas. El material obtenido se lavó por medio de centrifugación con agua ultra pura 

hasta obtener un pH cercano a 7 en el sobrenadante. Finalmente, el material se colocó 

dentro de una estufa para su secado a 60 ºC (Figura 4.1) [20]. 
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4.2.5 Síntesis de óxido de grafeno reducido/dopado con nitrógeno 

Esta síntesis se llevó a cabo empleando un método hidrotermal. Se dispersaron por 

separado en agua ultra pura, GO y cafeína (C8H10N4O2) con ayuda de ultrasonidos 

durante 30 minutos. Luego, se vertió la dispersión de cafeína sobre la de GO con ayuda 

de ultrasonidos (hasta obtener una dispersión homogénea sin residuos en el fondo del 

recipiente). Posteriormente, la dispersión resultante se trasvasó a un autoclave de teflón. 

Una vez ahí, se cerró y se colocó dentro de una estufa durante 10 horas a una 

temperatura de 160ºC. 

El material resultante se lavó por medio de centrifugación con agua ultra pura hasta 

obtener un pH cercano a 7 en el sobrenadante. Finalmente, el MG se secó en la estufa 

durante 24 horas (Figura 4.1) [20]. 

4.2.6 Síntesis de óxido de grafeno reducido/dopado con azufre y nitrógeno 

Esta síntesis se realizó para obtener dos MG diferentes. Para ello, se siguió 

exactamente el mismo procedimiento que con el dopado con cafeína, con la excepción 

de emplear tiourea (CH4N2S) o tiocianato de amonio (NH4SCN) como agente dopante 

en cada caso. 

 

Figura 4.1. Esquema de síntesis de los MGs dopados con heteroátomos. 
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4.2.7 Síntesis de carbón mesoporoso ordenado grafitizado (CMK3) 

Los carbones mesoporosos ordenados (OMC) son materiales de carbono que en su 

mayoría presentan una distribución de mesoporo en su estructura (2-50 nm). También 

son conocidos como CMK (carbón materials of korea). Su síntesis se lleva a cabo 

utilizando un método llamado nanocasting (nanomolde), que consiste en el empleo de 

un molde mesoporoso de silice que se impregna con un precursor de carbono que 

posteriormente se carboniza mediante un tratamiento térmico. Después de remover el 

esqueleto de sílice por un método químico adecuado, se obtiene una réplica inversa del 

molde, pero en este caso de carbón con igual mesoporo. Algunos de los moldes de sílice 

más usados son el MCM-41 (MCM, Mobil Composition of Matter), MCM-48 y el SBA-

15 (SBA, Santa Barbara Amorphous) (Figura 4.2) [145–147]. 

 

 

Figura 4.2. Síntesis de los materiales carbonosos mesoporosos. 

La síntesis empieza mezclando el precursor de sílice (tetra-etil-ortosilicato/ TEOS, 

Sigma-Aldrich) con un surfactante (co-polímero Pluronic P123, Sigma-Aldrich) 

encargado de generar la porosidad. Posteriormente, la mezcla se carburizó a una 

temperatura de 500ºC para obtener el carbón mesoporoso. Después de esto, el material 

se sometió a un proceso de grafitización, el cual consistió en un tratamiento térmico 

hasta 1500 ºC en atmosfera de argón en un horno eléctrico, con una rampa de 

calentamiento de 10ºC.min
-1 

[146]. La síntesis se realizó en el ICB-CSIC. 
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4.2.8 Síntesis de nanofibra de carbono (HC-CNF) 

Para el crecimiento de las nanofibras de carbono se utilizó un catalizador basado en 

Ni (NiCuAl2O3), el cual fue previamente reducido con una corriente de hidrógeno a una 

temperatura de 550 ºC, donde la fase activa fue Ni y Cu (el óxido de aluminio evita la 

sinterización del Ni a altas temperaturas). El crecimiento de la nanofibra ocurre sobre el 

catalizador por la descomposición catalítica de metano (ecuación 4.3). El reactor de 

lecho fijo se calentó hasta 750 ºC en atmosfera inerte de nitrógeno y luego se introdujo 

un flujo de metano puro de 10 L .g
-1

.h
-1

 durante 10 horas. 

 

                                                       CH4              C + 2H2 (4.3) 

Para esta síntesis se empleó un reactor tubular de cuarzo, de 16 mm de diámetro 

interno y 650 mm de longitud. La planta consta de un controlador de flujo másico 

Bronkhorst para cada gas, un controlador de temperatura, que suministra la potencia al 

horno eléctrico, y al que va conectado un termopar de tipo K que se introduce en el 

reactor, un medidor de presión a la entrada y diferentes accesorios asociados para su 

correcto funcionamiento [148]. La síntesis se realizó en el ICB-CSIC. 

4.3 Técnicas de caracterización fisicoquímica 

4.3.1 Espectroscopía de energía dispersiva de rayos X (EDX o EDS) 

Por medio de esta técnica semi-cuantitativa, es posible obtener información 

preliminar sobre el contenido químico de una determinada muestra. Para nuestro caso 

particular, es útil para determinar el contenido elemental (atómico y másico) del 

catalizador (Pt, Pd, Cr, Co, Ir, Fe, C y O). 

Esta técnica utiliza un microscopio electrónico de barrido (SEM, Scanning Electron 

Microscope) el cual tiene acoplado un detector de rayos X. La técnica consiste en 

bombardear la muestra con un haz de electrones el cual ocasiona que un electrón situado 

en una capa interna del átomo salga de su órbita y otro electrón desde una capa más 

externa ocupe su lugar y emita fotones de rayos X característicos de cada elemento 

(Figura 4.3). 
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Figura 4.3. a) Emisión de rayos X. b) Equipo SEM utilizado. 

 

La detección de los fotones emitidos por la muestra se lleva a cabo a través de la 

medida de la energía que estos contienen por medio de un detector que la convierte a un 

pulso eléctrico y posteriormente lo registra como un espectro. A partir de la cantidad de 

fotones emitidos es posible determinar la abundancia de los elementos en la muestra 

[149–151]. 

La preparación de la muestra consiste en colocar unos cuantos microlitros de una 

dispersión acuosa del material (catalizador en polvo) sobre un porta muestra conductor 

(acero, aluminio, etc.). Posteriormente se deja secar y se analiza. 

El tipo de muestras que se estudiaron con este equipo no requieren ningún tipo de 

pre-tratamiento de recubrimiento ya que son conductoras. Con ayuda del SEM se 

recorre la topografía de la muestra y se recolectan datos de composición. 

En la Figura 4.3 se muestra el equipamiento utilizado, que consiste en un 

microscopio electrónico de barrido marca Jeol JSM 6300 con un con microanalizador 

(detector) de energías dispersivas de rayos X marca Oxford 6699 de silicio dopado con 

litio. Esta instrumentación pertenece al servicio de microscopía electrónica del SEGAI-

ULL. 

4.3.2 Difracción de rayos X (XRD) 

El fenómeno de difracción ocurre cuando un haz de rayos X incide sobre una 

muestra cristalina y con cierta periodicidad y es difractado. Para que esto ocurra, la 
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longitud de onda de los rayos X debe ser igual o menor a la distancia interatómica de la 

red en estudio. Los rayos X que son difractados por materia cristalina se conocen como 

rayos difractados. La fuente de rayos X se produce a partir de la inducción eléctrica de 

ánodos hechos usualmente de Mo y Cu. 

Si dos haces de rayos X (1 y 2), inciden sobre dos planos (A y B) de un sólido 

cristalino, se desviarán de forma constructiva (Figura 4.4) si y solo si la siguiente 

ecuación 4.4 se cumple [152,153]: 

nλ = 2dsenθ
 

(4.4) 

  

donde d es la distancia entre dos planos consecutivos, n es un número entero que se 

conoce como orden de reflexión y 2θ el ángulo de difracción. La ecuación 4.4 es la 

ecuación de Bragg y es la ley básica de difracción de rayos X, cuya deducción 

representó el premio nobel de física para los Bragg (padre e hijo) en 1915 [152]. 

 

Figura 4.4. Difracción de Bragg en planos sucesivos 

Esta técnica permite obtener parámetros muy importantes de los catalizadores, 

como el grado de cristalinidad, el tamaño de cristal, la identificación de fases cristalinas 

(aleaciones) y el parámetro de red, entre otros. El tamaño de cristalita (D) del 

catalizador puede determinarse por medio de la ecuación de Scherrer (ecuación 4.5) la 

cual está definida en términos del ancho de pico (B). 
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𝐷 =
𝑘𝜆

𝛽𝑐𝑜𝑠𝜃
 (4.5) 

donde k es el factor de forma de la cristalita que tiene un valor de 0,9, θ es el ángulo de 

Bragg, β es la anchura a media altura (FWHM, Full Width at Half Maximun) y λ es la 

longitud de onda de los rayos X utilizados [152,153]. 

De acuerdo con la ecuación 4.5, una cristalita de gran tamaño presentará picos 

delgados en el difractograma. Debido a la gran dependencia del tamaño de cristalita con 

el ancho de pico es necesario restar las contribuciones instrumentales para su adecuada 

determinación. Para los catalizadores soportados de Pt y Pd y sus aleaciones se eligió, 

para la calcular D, el pico de la fase (220) del respectivo difractograma (ecuación 4.5). 

Además, con el mismo pico es posible determinar el parámetro de red para los sistemas 

cubico centrado en las caras del Pt y Pd, por medio de la ecuación 4.6 [153]. 

𝑎 =
√2𝜆

𝑠𝑒𝑛𝜃220
 

 

(4.6) 

Utilizando la ecuación 4.4 para estos mismos materiales, es posible determinar la 

distancia interplanar (d) entre Pt-Pt y Pd-Pd para los respectivos catalizadores. Esto 

tiene una gran utilidad para medir los cambios geométricos producidos por la formación 

de una determinada aleación [154]. 

Analógicamente, con la misma ecuación se puede estimar la distancia C-C para un 

determinado material carbonoso-grafénico [155] y de esta manera seguir los cambios 

morfológicos y estructurales después de una determinada etapa de síntesis o método de 

reducción/dopado. Al mismo tiempo, la ecuación de Scherrer suele emplearse para 

determinar el tamaño de cristal de un material carbonoso, conocido para este caso en 

particular como tamaño interplanar (Lc) [113,155]. Para efectos de cálculo en estos 

sistemas carbonosos se suele emplear el pico asociado al plano grafitico (002). 

Particularmente para los MGs, se suele estimar el número de láminas grafénicas 

que componen un determinado material por medio la relación ( Lc /d(002)) +1 , donde 

d(002) es la distancia interplanar C-C calculada a partir de la fase (002) [155]. 

El equipo se empleó para los análisis fue un difractómetro de rayos X, PANalytical 

X’Pert Pro que opera con un ánodo de Cu (λ = 0.15406 nm) generado a 40 kV y 20 mA. 
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Se realizaron barridos en un rango de 5-100 grados 2θ con un paso de 0,04º.s
-1

. Este 

equipo forma parte del Servicio Integrado de Difracción de rayos X (SIDIX) del 

SEGAI-ULL. 

4.3.3 Espectroscopia de fotoelectrones de rayos X (XPS) 

En la espectroscopia de fotoelectrones de rayos X la muestra se irradia con rayos X 

generados de una fuente de Mg (1253,6 eV) o Al (1486,6 eV). Los fotones 

interaccionan con los electrones situados en los orbitales de los átomos más 

superficiales en la muestra (hasta una penetración de 5 nm), lo que produce una 

transferencia de carga total, dando lugar a la emisión de un fotoelectrón del átomo. Los 

fotones con los que la muestra se irradia deben ser más energéticos que la energía de 

ligadura de los electrones en los átomos. La interacción del fotoelectrón con la muestra 

está regida por el efecto fotoeléctrico de Einsten y la energía cinética del fotoelectrón 

emitido la define la siguiente ecuación: 

Ec =hv –EL – Фespectrómetro
 

(4.7) 

 

donde Ec es la energía cinética del fotoelectrón emitido, hv es la energía del foton, EL es 

la energía de ligadura del orbital donde se origina y Ф es la función de trabajo del 

espectrómetro.  

Durante el proceso se pueden arrancar electrones de diferentes niveles energéticos, 

de forma que se obtiene un espectro que muestra todos los niveles de energía accesibles 

y la distribución de la energía cinética de los fotoelectrones. Los electrones foto-

emitidos desde capas internas de átomos recorren un camino medio de 0,5 a 4 nm y 

constituyen los picos característicos del espectro, mientras que aquéllos que sufren 

choques inelásticos y se dispersan generan el fondo (background) del espectro. Esta 

técnica permite dilucidar el estado de oxidación y el entorno químico de un elemento 

(excepto H y He), si se encuentra a concentraciones mayores del 0,1 % atómico 

[149,151,156]. 

Para este estudio se utilizó un espectrómetro K- Thermo Scientific, con una fuente 

de emisión de rayos X de Al (1486,6 eV) monocromado, el cual produce un punto de 

análisis (spot) de 400 micras de diámetro a 3 mA × 12 kV. La compensación de carga se 

realizó con una pistola de inundación que proporciona electrones de baja energía así 

como iones de argón. Las muestras se colocaron en una pre-cámara durante 4-5 horas. 
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La presión en la cámara de análisis se mantuvo a valores de presión menores a 5x10
-8 

milibares. Los valores de EL se calibraron usando el pico 1s del carbono (284,6 eV). El 

contenido elemental en % atómico y en peso, así como la interpretación de las especies 

presentes en cada muestra, se obtuvieron por medio de las áreas calculadas a partir del 

ajuste de los espectros experimentales con la combinación de curvas gaussianas-

lorentzianas, empleando para todo esto los factores de sensibilidad para cada átomo en 

estudio y el programa informático XPSPEAK 41. Este espectrómetro también forma 

parte del equipamiento del SEGAI-ULL. 

4.3.4 Microscopía electrónica de transmisión (TEM) 

Esta técnica consiste en iluminar la muestra con un haz de electrones producidos 

por el cañón situado en la parte superior de un microscopio electrónico de transmisión. 

Este cañón puede ser termoiónico o de emisión de campo. 

Cuando el haz interacciona con la muestra, ocurren varios procesos: (a) elásticos, 

en los que los electrones incidentes se dispersan sin pérdida de energía; e (b) inelásticos, 

en los que los electrones incidentes ceden parte de su energía a los electrones internos 

del material. El hecho de que los electrones estén cargados permite que, mediante un 

fenómeno de difracción equivalente al que ocurre con los rayos X, los electrones 

dispersados puedan focalizarse para formar una imagen. La imagen se amplía gracias a 

las lentes proyectoras. Un TEM de alta resolución puede llegar hasta una resolución de 

0,05 nm [149,151,157]. 

La microscopía de transmisión opera a valores bajos de presión, para que los 

electrones que se emiten emitidos desde la fuente no se desvíen o pierdan energía. Por 

eso, la columna debe estar lo más libre posible de moléculas de gas, lo que se consigue 

con potentes bombas de vacío. Las presiones a las que se trabaja oscilan entre las 10
-7

 y 

10
-10

 bares, una millonésima parte por debajo de la presión atmosférica. La interacción 

de los electrones incidentes con la muestra produce una serie de radiaciones 

secundarias: electrones secundarios, electrones retrodispersados, electrones 

transmitidos, rayos X, electrones Auger, cátodo luminiscencia y energía absorbida (por 

la muestra). La utilización de unas u otras nos permite obtener diferentes informaciones 

sobre la muestra [151]. 
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Existen varios modos de formación de la imagen en un microscopio de trasmisión. 

Si la imagen se forma a partir del haz transmitido, que no ha sufrido dispersión, 

entonces la imagen del objeto es oscura sobre un fondo brillante. Si por el contrario, se 

utilizan los electrones dispersados, la imagen aparece brillante sobre un fondo oscuro. 

Por ello, estas dos técnicas se denominan formación de imagen en campo claro y en 

campo oscuro, respectivamente. La primera es la más utilizada.  

Una de las limitaciones del TEM es la preparación de muestras. Las muestras de 

TEM tienen que ser transparentes a los electrones y se deben transmitir suficientes 

electrones para obtener una imagen de fácil interpretación. Una modalidad de trabajo de 

los microscopios TEM es el modo STEM (Scanning Transmission Electron 

Microscopy, microscopía electrónica de transmisión con barrido), que en esencia, es un 

microscopio TEM al que se le ha acoplado un sistema de bobinas deflectoras, las cuales 

permiten barrer el haz de electrones sobre la superficie de la muestra. Debido a que se 

tiene una sonda de electrones muy focalizados durante el barrido, es posible acoplar un 

detector de EDX y obtener información sobre la composición de la muestra a grandes 

aumentos [158].  

La preparación de la muestra para estos análisis consistió en dispersar la muestra en 

polvo en isopropanol. Posteriormente, unas cuantas gotas de la dispersión anterior se 

colocó sobre una rejilla de cobre (recubierta de una película de carbono) y se secó en 

atmosfera de argón. 

El equipo que se utilizó fue un microscopio de transmisión Jeol JEM 2100 con 

resolución de 0,24 nm que tiene acoplado un microanalizador de energías dispersivas de 

rayos X (EDX) Oxford XMAX 80 cm
2
. Todo el tratamiento de imágenes se realizó con 

el paquete informático Gatan Microscopy Suite Software 2.0. Este equipo también 

forma parte de los servicios de microscopía electrónica del SEGAI-ULL. 

4.3.5 Espectroscopía Raman 

La espectroscopia Raman se basa en la dispersión de la luz. Cuando un haz de luz 

monocromado interacciona con las moléculas de una muestra, da lugar a la excitación 

de estas y la luz que se dispersa puede tener la misma frecuencia que la luz incidente 

(dispersión elástica o Rayleigh) o ser diferente (dispersión inelástica o Raman). Si la 
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dispersión inelástica resultante tiene mayor frecuencia que la incidente se denomina 

dispersión anti-Stokes, y si es menor, dispersión Stokes (Figura 4.5) [151,159]. 

En la dispersión Raman, debido a que los fotones de la luz incidente interaccionan e 

intercambian energía con las vibraciones moleculares de la muestra, se puede ganar o 

perder energía. En este sentido, los espectros Raman están representados a partir de la 

dispersión Stokes que es más intensa que la anti-Stokes [151]. 

La espectroscopía Raman es una técnica que proporciona mucha información 

cuando se emplea en sistemas carbonosos, ya que depende de varias características del 

material, como su estructura geométrica, estructura electrónica, etc. Es posible 

recolectar información sobre el tamaño, conductividad, dopado y estructura del fonón 

de los materiales. El espectro Raman de los sistemas carbonosos presenta diferentes 

bandas asociadas a las interacciones del láser incidente con los fonones del sistema 

estudiado [160]. 

 

Figura 4.5. Diagrama de energía de la dispersión Rayleigh, Stokes y anti-Stokes. 

Así, los materiales carbonosos con componentes grafiticos y los materiales 

grafénicos de pocas capas (FLwG, Few Layer wrinkled Graphene) [160,161], presentan 

un espectro muy parecido con dos bandas prominentes, una entre 1300 y 1450 cm
-1

 y la 
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otra entre 1500 y 1600 cm
-1

 que corresponden a las bandas D y G, respectivamente 

[160]. 

La banda D tiene su origen a partir de los carbonos tipo sp
3
 y del contenido de 

impurezas y defectos en el material. Es una banda altamente dispersiva y su posición 

depende de la longitud de onda del haz de luz incidente. 

Por su parte, la banda G (banda grafítica), está asociada a los dominios sp
2
 y 

estructura grafítica y su posición no depende del láser incidente. Una tercera banda que 

aparece entre 2450 y 2950 cm
-1

 puede observarse en algunos materiales, denominada 

G´, que corresponde a un sobretono de la banda D y por eso en alguna bibliografía se le 

reporta como banda 2D [160,162]. 

Ambas bandas, la D y la G´ dependen de la frecuencia del láser incidente. La banda 

G´ está igualmente relacionada con los enlaces de carbono tipo sp
2
, y además, suele 

usarse para aproximaciones en la determinación del número capas de grafeno cuando se 

deconvoluciona [160]. La relación de la intensidades de las bandas D y G (ID/IG) suele 

emplearse para medir cuán grafítico es un material, y su grado de orden y cristalinidad. 

Es decir, un material poco grafítico tiene un valor de ID/IG alto (ID/IG > 1), al contrario, 

un material carbonoso bastante grafítico presentará un valor bajo de ID/IG (ID/IG < 1) 

[155]. Por otro lado, la relación de intensidades ID/IG también se relaciona con el 

tamaño de intraplanar de la lámina grafenica (La) por medio la ecuación 4.8. 

𝐿𝑎 = (2,4 𝑥10−10)𝜆4(
𝐼𝐺

𝐼𝐷
) (4.8) 

donde λ es la longitud de onda del láser utilizado para el análisis y La es el tamaño 

longitudinal de la lámina grafénica [163].  

Para este análisis en esta Tesis Doctoral se empleó un espectrómetro Renishaw 

confocal, modelo inVia. Las medidas se realizaron con un láser verde (532 nm) en un 

rango entre 100 y 3200 cm
-1

. Las muestras en polvo fueron pulverizadas con el fin de 

homogenizar el tamaño de grano y se colocó en un portaobjeto de vidrio para su 

posterior estudio. Ya que el espectrómetro consta de un microscopio óptico acoplado, 

fue posible enfocar zonas específicas de la muestra, lo que permite capturar una señal de 

mayor intensidad y bajo ruido. La utilización de este equipo se realizó con la 
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colaboración del Laboratorio de Espectroscopía Láser del Departamento de Física de la 

ULL. 

4.3.6 Análisis elemental 

Por medio de esta técnica es posible determinar el contenido en carbono, nitrógeno, 

hidrógeno y azufre de los carbones preparados (C, N, H y S). En este método los 

productos de combustión producidos por la oxidación de la muestra se separan en 

columnas selectivas, donde después son desorbidos térmicamente para luego pasar hacia 

un detector de conductividad térmica y generar una señal proporcional a la 

concentración de cada elemento individual de la muestra. 

En este análisis se empleó un analizador elemental CNHS Flash EA 1112 que 

forma parte del Servicio de Espectrometría de Masas y Análisis Elemental del SEGAI-

ULL [151]. 

4.4 Técnicas de caracterización electroquímica 

En esta sección se describirán todos los aspectos relacionados con la caracterización 

electroquímica. Para ello, se explicarán aspectos teóricos de cada técnica y su respectivo 

uso en los experimentos de esta Tesis, además de puntualizar detalladamente los 

procedimientos de acondicionamiento para llevar a cabo dichos ensayos. 

4.4.1 Instrumentación y equipos para la caracterización electroquímica 

La instrumentación y equipos usados dependen del tipo de experimento realizado, 

que se pueden dividir en tres grupos: i) experimentos electroquímicos convencionales 

en celda electroquímica de tres electrodos, ii) experimentos en monocelda de estación 

de pila de combustible de metanol, y iii) experimentos realizados en la celda 

electroquímica acoplada a Raman (Espectroscopía Raman Electroquímica, RESQCA). 

 

4.4.2 Celda electroquímica de tres electrodos 

La celda electroquímica que se utilizó se muestra en la Figura 4.6. Se trata de 

una celda de vidrio que consta de una boca cónica central en la parte superior en la que 

se introduce el electrodo de trabajo. A su alrededor se encuentran otras cinco bocas 

cónicas donde se colocan el contraelectrodo, el electrodo de referencia de hidrógeno, el 
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barboteador de gas, la salida de gases y la entrada de electrolito soporte o de la 

disolución a estudiar.  

 

 

Figura 4.6. Celda electroquímica de tres electrodos. a) y b) diferentes vistas de celda sin 

boca inferior, c) y d) diferentes vistas de celda de flujo (con boca inferior). 

 

Esta celda se usó en todos los experimentos electroquímicos, excepto para los 

realizados en monocelda de estación de pila de combustible de metanol y en los 

experimentos de RESQCA. 

4.4.3 Lavado del material de vidrio 

Antes de cada experimento la celda de vidrio y todos sus accesorios se lavaron 

exhaustivamente. La celda de vidrio se dejó sumergida dentro de un vaso de precipitado 

de 2 L de capacidad lleno de una disolución oxidante de (0,1 % en medio básico) de 

permanganato de potasio durante 24 horas. Los accesorios de la celda se sumergieron en 

un vaso de menor capacidad durante el mismo tiempo. Seguidamente, se removieron los 

restos de permanganato con una disolución acuosa de peróxido de hidrógeno en medio 

ácido. Posteriormente, la celda y sus accesorios se colocaron dentro de sus respectivos 
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vasos llenos de agua ultra pura, para someterlos a ebullición. Este paso se realizó por lo 

menos tres veces. Al igual que la celda y sus accesorios, todos los materiales de vidrio 

utilizados para síntesis se limpiaron de la misma manera. 

4.4.4 Electrodos 

4.4.4.1 Electrodo de trabajo. Preparación de tinta 

En este electrodo se estudiará la actividad del catalizador ya que en él tiene lugar la 

semirreacción de oxidación o reducción a investigar [164]. El electrodo de trabajo 

consistió en un electrodo de carbón vítreo al que se le depositó 20 μL de una tinta 

catalítica que se preparó dispersando de 2 mg del catalizador con 15 μL de Nafion y 500 

μL de agua ultra pura [165]. 

4.4.4.2 Contraelectrodo o electrodo auxiliar 

Es el electrodo que cierra el circuito de tres electrodos y donde ocurre la otra 

semirreacción [164]. Debe tener una gran área superficial, ser inerte en las condiciones 

de medida, y preferentemente, de la misma naturaleza que el electrodo de trabajo. En 

todos los casos se utilizó una cilindro de carbón vítreo sujeto con una alambre de oro 

para la conexión eléctrica hacia el potenciostato. 

4.4.4.3 Electrodo de referencia 

Este electrodo permite medir y controlar el potencial que se aplica al electrodo de 

trabajo. Por esta razón en este electrodo no hay paso de corriente y posee un potencial 

conocido y constante. En todos los experimentos se utilizó un electrodo de referencia 

reversible de hidrógeno (RHE, Reversible Hydrogen Electrode) que consiste en un 

alambre de Pt embebido en un tubo de vidrio en el que se genera una burbuja de 

hidrógeno por a partir el electrolito del fondo que se utilice. El tubo de vidrio que 

contiene el alambre de Pt después se adapta a un capilar de Luggin para introducirlo en 

la celda electroquímica para las medidas electroquímicas.  

Este electrodo se diferencia del electrodo estándar de hidrógeno (SHE, Standard 

Hydrogen Electrode) en que su pH no es 1, ya que presenta el mismo pH que el 

electrolito empleado. Esto significa que las semirreacciones que dependan del pH 

ocurrirán al mismo valor de potencial en diferentes electrolitos cuando se utilice un 



96 / 302

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 2038358				Código de verificación: w/+L0rYY

Firmado por: Luis Miguel Rivera Gavidia Fecha: 22/07/2019 01:46:49
UNIVERSIDAD DE LA LAGUNA

Gonzalo García Silvestro 22/07/2019 06:45:40
UNIVERSIDAD DE LA LAGUNA

Elena María Pastor Tejera 22/07/2019 09:20:21
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2019/56828

Nº reg. oficina:  OF002/2019/54532
Fecha:  22/07/2019 09:26:59

 

95 
 

Tesis Doctoral. Luis Miguel Rivera Gavidia 4. Metodología  experimental 

RHE para referir los potenciales de trabajo. De esta forma, de la ecuación de Nernst 

para la reacción que ocurre en este electrodo se tiene que el potencial del electrodo 

cambiará 0,059 V por unidad de pH [56,164]. 

4.4.5 Potenciostato 

Se utilizaron diferentes potenciostatos-galvanostatos de la casa Autolab, modelos 

PGSTAT302N y µAUTOLABIII (diseño compacto). Para los estudios en el electrodo 

de disco-anillo rotatorio se utilizó un PGSTAT302N en modo bipotenciostato, con el 

objetivo de controlar dos electrodos de trabajo.  

4.4.6 Voltamperometría cíclica 

La voltamperometría cíclica (CV, cyclic voltammetry) es tal vez la técnica más 

frecuente utilizada para adquirir información cualitativa acerca de una reacción 

electroquímica. Permite obtener rápidamente información sobre la termodinámica de los 

procesos redox y la cinética de reacciones de transferencia electrónica heterogénea, así 

como de reacciones químicas acopladas, como son los procesos de adsorción.  

La voltamperometría cíclica consiste en aplicar al electrodo de trabajo una señal de 

potencial que varía linealmente con el tiempo desde un potencial inicial (E0) hasta uno 

final (Ef). A continuación el barrido puede regresar a un potencial diferente a los 

anteriores (Ex) o simplemente detenerse en el potencial inicial, formando un ciclo 

(Figura 4.7). Bajo estas condiciones estacionarias (sin agitación), se registra 

simultáneamente la respuesta de la corriente que circula por el sistema. El gráfico 

resultante de corriente-potencial (i-E) se denomina voltamperograma cíclico [164,166].  

La CV se aplicó para realizar un estudio preliminar con cada electrodo y determinar, 

entre otras cosas, el perfil electroquímico para un determinado sistema. Por medio de 

esta técnica se realizaron las medidas de activación, blancos (perfil) electroquímico y 

stripping de CO (oxidación de una monocapa de CO adsorbido). 

4.4.6.1 Activación 

Consiste en realizar un numero de ciclados en un rango de potencial estrecho a una 

relativa alta velocidad (ej. 0,05 - 0,2 V.s
-1

). El objetivo es el acondicionamiento de la 

medida y obtener información para seleccionar los futuros potenciales de trabajo. 
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Figura 4.7.Voltamperometría cíclica: a) variación del potencial con el tiempo, b) 

variación de la corriente con el tiempo y c) voltamperograma cíclico. 

 

4.4.6.2 Blanco o perfil electroquímico 

Se registra después de una serie de barridos cíclicos en un intervalo de potencial en 

el que la respuesta electroquímica es estable, en el electrolito de fondo libre de cualquier 

tipo de sustancia y desoxigenado. Esto último se logra burbujeando un gas inerte como 

nitrógeno o argón. 

 

4.4.6.3 Stripping de CO (oxidación de una monocapa adsorbida de CO) 

Este experimento es utilizado para determinar el área superficial electroactiva 

(ESA) de un catalizador de Pt. La electrooxidación de CO adsorbido sobre Pt requiere 

que una especie oxigenada se encuentre adsorbida previamente. En este sentido, está 

ampliamente aceptado que es un grupo OH que proviene de la disociación del agua 
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(ecuación 4.9). Posteriormente, las dos especies adsorbidas forman un intermediario 

(ecuación 4.10) que luego se descompone dando CO2 (ecuación 4.11) [167]. 

                                                      H2O         OHad + H
+
 + e

- 
(4.9) 

                                         COad + OHad         COOHad        (4.10) 

                                                COOHad           CO2 + H
+
 + e

- 
(4.11) 

teniendo como resultado la siguiente reacción global en medio ácido: 

                                           COad + H2O      CO2 + 2H
+
 + 2e

- 
(4.12) 

La ecuación 4.12 describe que la oxidación de CO se lleva cabo con la transferencia 

de dos electrones. El cálculo de la ESA se realiza a partir de la carga asociada a la 

oxidación de una monocapa de CO previamente adsorbida (primer barrido) a un 

potencial controlado, teniendo en cuenta además el número de electrones 

intercambiados (n = 2) y el valor de la carga superficial (Qs) de la oxidación de una 

monocapa de CO adsorbido sobre Pt policristalino (210 μC.cm
-2

), por medio de la 

ecuación 4.13. 

𝐸𝑆𝐴 =
𝑄

𝑛𝑄𝑠

 (4.13) 

Para el procedimiento experimental, se burbujeó CO en electrolito de fondo durante 

10 minutos con el electrodo de trabajo sumergido a un potencial controlado (0,07 V). 

Después de esto, se hizo pasar Ar por la disolución durante 20 minutos para eliminar 

todo el CO disuelto en la disolución que no se adsrobió, y posteriormente, se realizaron 

5 ciclos (CV) a igual velocidad de barrido que el blanco (0,02 V.s
-1

) [19,167]. 

4.4.7 Cronoamperometría 

La cronoamperometrica es una técnica potenciostática que se basa en la aplicación 

de un pulso de potencial que produce una corriente que se registra en función del tiempo 

(la curva i vs t se denomina cronoamperograma). El salto de potencial suele realizarse 

desde un valor inicial (Ei) donde no hay contribuciones de corrientes faradaicas 

(ausencia de reacción) hasta un valor final (Ef) donde ocurre la reacción de interés y en 

la mayoría de los casos la corriente alcanzada responde a un comportamiento difusional 

del sistema, descrito por la ecuación de Cottrell (ecuación 4.14). 



99 / 302

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 2038358				Código de verificación: w/+L0rYY

Firmado por: Luis Miguel Rivera Gavidia Fecha: 22/07/2019 01:46:49
UNIVERSIDAD DE LA LAGUNA

Gonzalo García Silvestro 22/07/2019 06:45:40
UNIVERSIDAD DE LA LAGUNA

Elena María Pastor Tejera 22/07/2019 09:20:21
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2019/56828

Nº reg. oficina:  OF002/2019/54532
Fecha:  22/07/2019 09:26:59

  

98 
 

4. Metodología experimental  Tesis Doctoral. Luis Miguel Rivera Gavidia 

𝑖𝑑 (𝑡) =
𝑛𝐹𝐷𝑜

1/2
𝐶𝑜

∗

𝜋1/2𝑡1/2
 

(4.14) 

 

donde id es la corriente limitada por difusión de la especie electroactiva involucrada en 

la reacción a un tiempo t, n el número de electrones intercambiados durante la reacción, 

D0 el coeficiente de difusión de la especie electroactiva y C la concentración de esta 

especie en el seno de la disolución [164,166]. 

 

Figura 4.8. a) Pulso de potencial desde una valor inicial (E1) a otro fina (E2); b) curva de 

corriente vs tiempo durante un salto de potencial. 

4.4.8 Cronopotenciometría 

En esta técnica se aplica al electrodo de trabajo una corriente constante. El pulso de 

corriente puede ser ánodico o catódico lo que ocasiona que la especie electroactiva se 

oxide o se reduzca respectivamente. En consecuencia, el potencial registrado varía con 

el tiempo, así como la relación de las concentraciones de la especie electroactiva y sus 

subproductos.  

Esta técnica se empleó para medir la variación del potencial a una corriente anódica 

constante (10 mA.cm
-2

) durante la evolución de oxígeno. Este resultado permite evaluar 

el rendimiento catalítico, la resistencia a la degradación por corrosión y el el 

sobrepotencial necesario para generar una corriente deseada para cada material 

[164,166]. 
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4.4.9 Voltamperometría de barrido lineal (LSV, Linear Sweep Voltammetry) 

En esta técnica voltamperométrica se hace un barrido lineal con el potencial desde 

un potencial inicial (E0) hasta uno final (Ef) a una velocidad de barrido definida y se 

registra simultáneamente la corriente [164,166].  

4.4.10 Electro de disco rotatorio (RDE, Rotating Disc Electrode) 

La técnica de RDE se basa en el fenómeno de transporte por convección. En este 

método el electrodo de trabajo gira a diferentes velocidades de rotación (ω), lo que 

produce que la respuesta para un sistema electroquímico donde la migración iónica es 

despreciable (exceso de volumen del electrolito), dependa solo de la difusión y 

convección de las especies electroactivas. El RDE está compuesto por un disco (por 

ejemplo, carbón vítreo, Pt, Au, etc.) embebido en una barra aislante (por ejemplo, de 

teflón o PEEK) de mayor diámetro que el disco (Figura 4.9a). El electrodo está 

dispuesto dentro del electrolito de tal manera que gira en dirección perpendicular a la 

superficie de este, lo cual produce un patrón de flujo definido (Figura 4.9b) [168,169].  

El RDE al girar actúa como una bomba que succiona el electrolito hacia el electrodo 

y luego lo expulsa. La agitación vigorosa del electrolito por medio del RDE controla y 

fija el grosor de la capa de difusión que se forma a cercanías del electrodo, por lo que es 

posible alcanzar corrientes estacionarias, además de manejar y transportar las especies 

en estudio (O2(gas)) hacia el electrodo. 

 

Siguiendo el modelo de la capa de difusión de Nernst, el electrolito que está cerca 

del electrodo se puede dividir en dos regiones muy definidas. Una muy cercana al 

electrodo de grosor δ donde la única forma de transporte de la especies es la difusión. Se 

asume que es una región completamente estática (estancada). Y otra segunda región, 

más externa que la primera (seno de la disolución), donde la concentración de todas las 

especies es constante como consecuencia de la fuerte convección del electrolito (Figura 

4.9c) [168,169]. 
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Figura 4.9. a) Imagen de la punta (tip) del RDE; b)esquema de los componentes del RDE y 

patrón de flujo del electrolito; c) representación del modelo de la capa de difusión de 

Nernst. 

 

El grosor de la capa de difusión δ se puede estimar por medio de la ecuación 4.15, si 

se conocen los valores del coeficiente de difusión (D) y viscosidad cinemática (v) a una 

determinada velocidad de rotación del electrodo (ω) [169,170]. 

δ = 1,61v
1/6

D
1/3

ω
-1/2 

(4.15) 

Esto significa que δ depende de la velocidad del flujo laminar del sistema, es decir, 

de los cambios en la velocidad de rotación del electrodo, por lo que para para una 

determinada reacción controlada por transporte de masa, la corriente del RDE puede 

estimarse de acuerdo a la ecuación 4.16, donde jl es la densidad de corriente límite, n el 

número de electrones involucrados en la reacción electroquímica, F es la constante de 

Faraday y Co es la concentración de la especie en estudio en el seno de la disolución 

[169,170]. 
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jl = (nFCo D) δ
-1 

(4.16) 

 

Al combinar las ecuaciones 4.15 y 4.16 se obtiene la ecuación de Levich (ecuación 

4.17): 

jl = 0,62nFD
2/3

v
-1/6

Coω
1/2 

(4.17) 

Sin embargo, en ausencia de transporte de masa, los efectos por contribuciones 

cinéticas son significativos. La ecuación de Koutecky-Levich (ecuación 4.18) es la que 

relaciona la densidad de corriente límite (jl), la cinética (jk) y las densidades de corriente 

(j) medidas a una determinada ω (B = 0,62nFD
2/3

v
-1/6

Co) [164,169,170]. 

j
-1

= jk
-1

 + jl
-1

 = jk
-1

 + B
-1

ω
-1/2 

(4.18) 

La corriente limite depende de la velocidad de rotación, por lo que una gráfica de i 

frente a ω
1/2

 será lineal si no existe ningún tipo de impedimento cinético en la reacción 

(Figura 4.10a). Por otro lado, al graficar j
-1

 vs ω
-1/2 

por medio de la ecuación 4.18, es 

posible obtener los valores de densidad de corriente cinética (ω
-1/2 

= 0) así como el 

número de electrones transferidos a cualquier potencial de trabajo (Figura 4.10b) 

[164,166].  

El RDE se aplica comúnmente para medir la actividad de la reacción de reducción 

de oxígeno en los electrocatalizadores que se usan en pilas de combustible de baja 

temperatura. Para la evaluación de la ORR se depositó sobre el disco de carbón vítreo 

del RDE (A = 0,07 cm
2
) una cantidad de catalizador dispersado (ver apartado 4.4.4.1), 

se secó bajo atmósfera de argón y se introdujo dentro del electrolito (saturado de 

oxígeno) a potencial controlado (1,0 V). Posteriormente se realizó un barrido lineal de 

potencial en un rango de potencial desde 1,0 V hasta 0,1 V a diferentes velocidades de 

rotación (400, 600, 900, 1600 y 2500 rpm). Ya que se pretende alcanzar un estado 

estacionario, la velocidad de barrido de la LSV suele ser baja (por ejemplo, 2 mV.s
-1

). 

Todos los experimentos se realizaron burburjeando oxígeno cuidadosamente en el 

electrolito (H2SO4 0,5 M y/o NaOH 0,1 M) durante la medición, y además, la celda 

electroquímica se mantuvo bajo atmósfera con ese mismo gas.  
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Figura 4.10. a) Variación de i con respecto a ω
1/2

, b) gráfico de Koutecky-Levich a un E1, 

donde la transferencia electrónica es lenta, y a un E2, donde la transferencia electrónica es 

más rápida. 

 

Figura 4.11 a) Montaje del RDE y la celda electroquímica y b) vista de los electrodos 

sumergidos en el electrolito. 

 

Para las medidas cronopotenciométricas, el RDE se empleó con el fin ayudar a 

remover y limitar la formación de burbujas en la superficie del electrodo girando a una 

velocidad de rotación de 1600 rpm, durante la reacción de evolución de oxígeno.  

El montaje empleado para los experimentos se muestra en la Figura 4.11. Para estos 

experimentos se utilizó un RDE de la firma AUTOLAB, con su respectivo controlador 

de velocidad de rotación.  
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4.4.11 Electrodo rotatorio de disco-anillo (RRDE, Rotating Ring Disk Electrode) 

Esta técnica es similar a la del RDE con la diferencia que en este sistema se cuentan 

con dos electrodos de trabajo: un disco de radio r1, rodeado por un anillo de r2, ambos 

embebidos en una barra inerte de teflón o PEEK (Figura 4.12a). Ya que ambos 

electrodos están bajo el mismo régimen de flujo, la corriente limite que se genera en el 

RRDE para un determinado sistema estarán definidas con las mismas ecuaciones usadas 

en el RDE [171].  

Uno de los mayores usos que tiene el RRDE es la determinación y cuantificación de 

intermediarios de reacción, utilizando el anillo como detector a un potencial fijo. Es 

decir, que los productos de reacción que se formen en el disco, pueden ser oxidados o 

reducidos en el anillo y de esta forma, detectados. 

Para la cuantificación de estos intermediarios se requiere conocer la eficiencia de 

colección (N), que permite saber cuál es la fracción de especies formadas en el disco 

que pueden llegar hasta el anillo y reaccionar ahí. La eficiencia de colección está 

definida como la relación de la corriente medida en el anillo (IR) y la corriente registrada 

en el disco (ID) de acuerdo a la ecuación 4.19 [168,171,172]. 

𝑁 = −
𝐼𝑅

𝐼𝐷

 (4.19) 

Para determinar N suele emplearse un par electroquímico reversible como el 

sistema ferrocianuro (Fe
2+

) / ferricianuro (Fe
3+

) (Figura 4.13), con el que se obtiene un 

valor de N empírico (por su origen experimental). No todos los productos que se forman 

en el disco son capaces de llegar hasta el anillo, por lo que N suele ser bajo (~20 %) y 

depende de las dimensiones y geometría de los electrodos, así como de la distancia de 

material aislante entre el disco y el anillo (r2 - r1) (Figura 4.12b). El valor de N para el 

RRDE utilizado fue del 22 % [20,171,172]. 
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Figura 4.12. a) Fotografía del RRDE y sus partes y b) esquema de los componentes del 

RRDE y los procesos electroquímicos que ocurren en el disco y anillo. 

 

 

 

Figura 13.Grafica de la oxidación/reducción del par redox ferricianuro/ferrocianuro y las 

reacciones que ocurren en el RRDE. 

 

Para el caso de la ORR se tiene que el RRDE es de gran ayuda para determinar el 

porcentaje de peróxido (H2O2, HO2
-
) que se produce cuando la reacción ocurre de forma 
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indirecta (2 electrones). Ya que se cuenta con un segundo electrodo al que se le puede 

controlar el potencial, el número de electrones transferidos (n), así como el porcentaje 

de peróxido / hidroperóxido producido durante la ORR en el disco, se puede determinar 

tomando en cuenta la corriente del anillo por medio de las ecuaciones 4.20 y 4.21, 

respectivamente [171,172]. 

𝑛 = 4
|𝐼𝐷|

|𝐼𝐷| + |𝐼𝑅|𝑁
 

 

(4.20) 

% 𝐻2𝑂2, 𝐻𝑂2
− = 200

|𝐼𝑅|𝑁

|𝐼𝐷| + |𝐼𝑅|𝑁
 (4.21) 

 

Para la evaluación de la actividad hacia la ORR con el RRDE de los materiales 

estudiados se depositó sobre el disco de carbón vítreo (A = 0,194 cm
2
) del RRDE una 

cantidad del catalizador dispersado en agua (ver apartado 4.4.4.1).  

Todo el procedimiento experimental es exactamente igual al realizado con el RDE, 

con la diferencia de que se empleó una celda electroquímica con una boca central más 

amplia para introducir el RRDE en el electrolito, y que además, durante el barrido lineal 

de potencial para la ORR en el disco, el anillo de platino se mantuvo a un potencial 

constante de 1,2 V para oxidar el peróxido de hidrógeno que se produce en el disco, y 

de esta manera, detectarlo. Las reacciones que ocurren en el disco y el anillo durante la 

ORR se resumen en el esquema de reacción de la Figura 4.14. 

Por otro lado, para los experimentos donde se evaluó la reacción de evolución de 

oxígeno (OER), se realizó un barrido lineal anódico desde 0,5 V hasta 2,3 V a una 

velocidad de barrido de 10 mV.s
-1

. Las consideraciones del depósito de material son las 

mismas que con los experimentos para la ORR, a excepción de que se introdujo el 

electrodo en el electrolito libre de oxígeno. Durante la LSV anódica, el potencial del 

anillo se mantuvo constante en un valor de 0,4 V para reducir el oxígeno que se forma 

en el disco y de esa forma detectarlo. En estos ensayos el RRDE estuvo girando a una 

velocidad de rotación de 1600 rpm. Las reacciones que ocurren en el RRDE durante la 

evolución de oxígeno se resumen en la Figura 4.15. 
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Figura 4.14.Reacciones que ocurren en el RRDE durante la ORR. 

 

 

Figura 4.15. Reacciones que ocurren en el RDE durante la evolución de oxígeno. 

 

Con el objetivo de caracterizar la actividad hacia la OER para cada material, se 

dedujo una ecuación para obtener el porcentaje de oxígeno producido por medio de la 

técnica del RRDE. Tomando como consideración que en el disco solo se puede producir 

oxígeno y dióxido de carbono (Figura 4.15), y que el anillo puede detectar solamente el 

oxígeno producido, el porcentaje de oxigeno viene dado por la siguiente ecuación 4.22. 
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% 𝑂2 =
|𝐼𝑅|

|𝐼𝐷|𝑁
. 100 (4.22) 

Para los experimentos con esta técnica se utilizó un RRDE marca PINE acoplado a 

un controlador para la velocidad de rotación del electrodo conectado a su vez a un 

bipotenciostato PGSTAT30 (Metrohm Autolab). Todos estos ensayos se realizaron en 

NaOH 0,1 M como electrolito de fondo (Figura 4.16).  

 

 

Figura 4.16. Montaje empleado para los experimentos con RRDE. 

4.4.12 Estudios en estación de pila de combustible de metanol 

4.4.12.1 Preparación de las MEAs 

La preparación de cada electrodo consistió en colocar sobre una capa difusora 

comercial (E-TEK), la capa del catalizador, por medio de la técnica del doctor Blade (en 

el caso de los ánodos), y por el método de spray (en el caso de los cátodos) hasta llegar 

a una carga real de 1 mgmetal.cm
-2

. Los electrodos para el cátodo fueron sintetizados por 

el método de reducción con borohidruro de sodio y consistieron en materiales basados 

en Pd y Fe (Pd/C, PdFe/C) soportados sobre carbón Vulcan y pintados sobre una GDL 

comercial (GDL-LT, E-TEK). Los electrodos anódicos en todos los casos fueron 
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nanopartículas comerciales (Johnson Matthey) de PtRu no soportadas, pintadas de igual 

forma sobre una GDL comercial (GDL-HT, E-TEK). Para la dispersión de los 

catalizadores se empleó una mezcla de isopropanol-agua (1:3), a la que se le adicionó 

ionómero Nafion en un 33 % y 15 % para los cátodos y anódos, respectivamente. Con 

fines comparativos se preparó una MEA con un cátodo de Pt comercial (Johnson 

Matthey). 

El pintado por doctor Blade consistió en la deposición manual de la tinta catalítica 

sobre la tela de carbón, utilizando una espátula para realizar una deposición homogénea. 

Por otro lado, en el pintado con spray se utilizó un aerógrafo o pistola de aire 

comprimido, que pulveriza y atomizada la tinta catalítica, permitiendo el depósito 

homogéneo del catalizador sobre la tela (Figura 4.17). Se empleó una plataforma con 

temperatura controlada que permite la evaporación de residuos y secado. 

 

 

Figura 4.17. a) Placa con temperatura para el pintado de los electrodos, b) tipos de aerógrafos 

y c) pistola de aire comprimido empleados para el proceso de pintado por spray. 

 

El prensado en caliente se hizo utilizando una prensa hidráulica a la que se le puede 

controlar la temperatura de calentamiento de ambas placas, así como la presión. Ambos 
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electrodos junto con la membrana de Nafion 115 se prensaron a una temperatura de 130 

ºC durante 90 s a 30 Kg-f.cm
-2

 de presión.  

4.4.12.2 Medidas en monocelda de metanol 

Una vez prensada la MEA, se colocó en una monocelda (A = 5 cm
2
) conectada a 

una estación de prueba de pilas de combustible de metanol directo, donde al 

compartimento ánodico se le introdujeron disoluciones de metanol a concentraciones de 

1, 5 y 10 M (2 mL.min
-1

), y al cátodo se le introdujo oxígeno humidificado (100 

mL.min
-1

). La respuesta de cada MEA se evaluó a las temperaturas de 60 y 90 ºC, que 

se controlaron a través de un sensor situado en la placa terminal del cátodo de la 

monocelda. Para la medida del OCP se inyectó la disolución de metanol y oxígeno 

humidificado en cada electrodo y se esperó entre 15 y 20 minutos para registrar el valor. 

El rendimiento de cada MEA se estableció por medio del registro de una curva de 

polarización en condiciones estacionarias. Para el catalizador de PdFe/C ser realizó un 

estudio corto de estabilidad (16 horas), a una temperatura de operación de 90 ºC 

introduciendo una solución 1 M de metanol en el ánodo. Los flujos de combustible y 

oxígeno fueron de 2 mL.min
-1

 y 100 mL.min
-1

 en el ánodo y el cátodo, respectivamente. 

En este test, se mantuvo el potencial de la pila a 0,4 V durante 20 minutos, para luego 

registrar una curva de polarización [18]. 

Para este estudio se utilizó una estación de pilas de combustible de metanol 

Greenlight (Hydrogenics) (Figura 4.18) en los laboratorios del Grupo de Pilas de 

Combustible de Alcohol Directo y Electrólisis (GPADE) del Instituto de Tecnología 

Avanzada para la Energía (Nicola Giordano) / Consiglio Nazionale delle Ricerche, 

(Sicilia, Italia). 

4.4.13 Espectroscopía Raman electroquímica (RESQCA) 

La RESQCA combina la espectroscopía Raman con métodos electroquímicos 

convencionales, lo cual permite monitorear los cambios estructurales y electrónicos de 

un determinado material con el potencial. El desarrollo de la espectroscopía Raman ha 

traído consigo la evolución de este tipo de acoplamientos, tal es el caso del uso de 

microscopios confocales con espectrómetros Raman para el estudio de superficies, 

interfaces y películas sólidas delgadas, lo que produce al acoplarse con técnicas 
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electroquímicas una ventana de oportunidades para estudiar la interface del electrodo –

electrolito [173,174].  

 

 

Figura 4.18.a) Estación DMFC utilizada en los experimentos; b) monocelda conectada a 

la estación DMFC; y  c)monocelda abierta donde se observa la disposición de la MEA. 

El funcionamiento óptimo de este tipo de acoplamiento radica en el buen desarrollo 

de la celda espectroelectroquímica, ya que esta debe permitir realizar medidas 

electroquímicas, y a su vez, poseer una amplia versatilidad para acoplarla en el equipo 

Raman para la correcta medida espectroscópica. La celda que se empleó para los 

experimentos estaba compuesta por dos bocas laterales y una boca más grande en la 

parte inferior (Figura 4.19).  

Se empleó un alambre de plata como electrodo de referencia y un alambre de Pt 

como contra electrodo. El electrodo de trabajo consistió en una dispersión de la muestra 

colocada sobre una malla de Pt situada en la parte frontal de la celda (donde incide el 

rayo láser del espectrofotómetro). Los experimentos que se realizaron consistieron en 

aplicar diferentes pulsos de potencial desde el valor de OCP hacia valores cada vez más 

positivos (+0,5 V, +0,9 V, +1 V) usando NaOH 0,1 M libre de oxígeno como electrolito 

de fondo. Para estos ensayos se utilizó un espectrómetro Raman Labram HR (Horiba 

Jobin-Yvon) con un láser verde de 531 nm, acoplado a un microscopio confocal 
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Olympus BX. Para las medidas electroquímicas se utilizó un potenciostato μAutolabIII 

de Metrohm. Este trabajo se llevó a cabo en los laboratorios del Grupo de Nanocarbono 

(Grupo del Grafeno) del Instituto de Fisicoquímica J.Heyrovsky, Praga, Republica 

Checa.  

 

Figura 4.19. a) Celda electroquímica utilizada en las medidas de RESCQA y b) fotografía 

donde se muestra el objetivo del microscopio óptico del espectrómetro Raman en una medida 

electroquímica in-situ. 
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5. RESULTADOS Y DISCUSIÓN  

Como se mencionó en la introducción, esta Tesis Doctoral se presenta en modalidad de 

compendio de publicaciones científicas. Estos trabajos describen y proponen diferentes 

alternativas para abordar y solventar los problemas que presentan los materiales que 

suelen emplearse como cátodo de las PEMFCs y DMFCs (ver justificación). En este 

sentido, los resultados alcanzados en esta tesis están recogidos en 8 publicaciones que 

conforman dicho compendio.  

Dos de estas publicaciones (apartados 5.1 y 5.2) plantean el uso de catalizadores libres 

de Pt basados en aleaciones de Pd soportados sobre carbón Vulcan XC-72R (PdFe/C, 

PdIr/C y PdFeIrC) como cátodo de PEMFC y DMFC. Para esto, se realizaron estudios 

electroquímicos convencionales en celda de tres electrodos usando el electrodo de disco 

rotatorio, para luego publicar otro artículo del estudio más aplicado utilizando una 

estación de prueba de pila de combustible de metanol. Este último trabajo fue realizado 

en una de las estancias pre-doctorales a centros de investigación extranjeros que son 

requisitos para la tesis con mención internacional.  

Por otro lado, una tercera publicación (apartado 5.3) del compendio aborda el empleo de 

aleaciones trimetálicas de Pt con Cr y Co (PtCrCo/C) como cátodo para DMFCs. En 

este estudio dichos materiales se sometieron a un tratamiento térmico a diferentes 

temperaturas y se evaluó su tolerancia a los efectos del crossover de metanol. 

Luego se describen, dos publicaciones (apartado 5.4 y 5.5) que tratan sobre el uso de 

materiales grafénicos como catalizadores catódicos libres de metal para PEMFCs, 

donde se estos sugiere el uso de materiales grafénicos dopado con S y/o N como 

materiales altamente activos para la ORR en medio básico. Para ello se realizó un 

estudio detallado con el electrodo de disco-anillo rotatorio. El segundo es una 

publicación tipo review que se publicó en una revista nueva, en donde se describen los 

últimos avances en el empleo de diversos materiales grafénicos como materiales activos 

para la ORR. 

Finalmente se presentan tres trabajos fruto del trabajo experimental de esta tesis 

doctoral, que han sido redactados y que se encuentran en proceso de publicación. El 

primero de estos (apartado 5.6), trata sobre el tratamiento de datos cinéticos y 
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mecanísticos para la ORR y la tolerancia al metanol de los catalizadores basados en Pd 

presentados en el apartado 5.1. El segundo trabajo (apartado 5.7) propone el uso de 

diferentes materiales carbonosos como catalizadores bi-funcionales que sean activos a 

las reacciones de reducción y evolución de oxígeno, para utilizarse como electrodo de 

oxígeno en pilas de combustible regenerativas y electrolizadores. Y, finalmente el 

tercero (apartado 5.8), trata del estudio de la actividad hacia la evolución de oxígeno y 

estabilidad a la corrosión de los materiales grafénicos presentados en el apartado 5.4, 

por medio de la técnica del RRDE y la espectroscopía Raman electroquímica. 

A continuación se resumen y describen detalladamente cada uno de los trabajos que 

conforman el compendio de publicaciones y la tesis doctoral. 
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5.1 Catalizadores soportados sobre carbón libres de Pt con alta especificidad y 

actividad hacia la reacción de reducción de oxígeno en medio acido. Carbon-

supported Pt-free catalysts with high specificity and activity toward the oxygen 

reduction reaction in acidic medium. 

Autores: Luis Miguel Rivera Gavidia, Gonzalo García, Dalila Anaya, Amaia 

Querejeta, Francisco Alcaide, Elena Pastor 

Información del artículo (JCR): Applied Catalysis B, 12/147 (Q1, 

Chemistry/Physical), 3/137 (Q1, Engineering, Chemical), 1/50 (Q1, Engineering, 

Environmental)  

Cita: Appl. Catal. B Environ. 184 (2016) 12–19. Doi: 

http://dx.doi.org/10.1016/j.apcatb.2015.11.021. 

 

En este trabajo se sintetizaron catalizadores de aleaciones binarias (PdFe/C y PdIr) y 

ternaria (PdFeIr/C) de paladio soportados sobre carbón Vulcan por medio del método de 

reducción con borohidruro sódico. Posteriormente, todos estos materiales se 

caracterizaron con diferentes técnicas de rayos X como la difracción, la espectroscopía 

fotoelectrónica y la energía dispersiva.  

A continuación, se evaluó su actividad hacia la reacción de reducción de oxígeno (ORR) 

y la tolerancia al metanol en medio ácido. Para ello, se utilizó la técnica del electrodo de 

disco rotatorio y se realizaron experimentos en ausencia y presencia de metanol a 

diferentes concentraciones (0,5, 1, 2 y 3 M) en el electrolito de fondo (H2SO4 0,5 M). 

Adicionalmente, el catalizador trimetálico se empleó como cátodo de una estación de 

prueba de pila de combustible de metanol.  

Los resultados obtenidos muestran un incremento en la actividad hacia la ORR y en la 

tolerancia al metanol cuando se introducen Fe e Ir en el material de Pd (Figura 5.1). 
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Figura 5.1. Curvas de polarización a 1600 rpm en H2SO4 0,5M para diferentes 

concentraciones de metanol. Izquierda: corrientes sin normalizar. Derecha: corrientes 

normalizadas por el área geométrica y el contenido de metal noble. 
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5.2 Catalizadores de aleaciones de Pd y PdFe soportados sobre carbón para 

cátodos de pilas de combustible de metanol directo. Carbon-Supported Pd and 

PdFe Alloy Catalysts for Direct Methanol Fuel Cell Cathodes 

Autores: Luis M. Rivera Gavidia, David Sebastián, Elena Pastor, Antonino S. Aricò y 

Vincenzo Baglio 

Información del artículo (JCR): Materials, 111/285 (Q2, Materials Science, 

Multidisciplinary) 

 Cita: Materials. 10 (2017),  580-294. Doi: 10.3390/ma10060580 

 

Partiendo de un enfoque aplicado, las investigaciones se centraron en el desarrollo 

de catalizadores libres de Pt para ser utilizados en el cátodo de pilas de combustible de 

metanol directo. Con este fin se sintetizaron catalizadores de Pd y de PdFe (3:1) 

soportado sobre carbón por medio del método de reducción con borohidruro sódico.  

Estos materiales se caracterizaron con diferentes técnicas de rayos X como la 

difracción, la espectroscopía fotoelectrónica y la energía dispersiva, además de la 

microscopía electrónica de transmisión.  

Ambos catalizadores se evaluaron como cátodo en una estación de pila de 

combustible de metanol directo alimentada por metanol a diferentes concentraciones (1, 

5 y 10 M) y a diferentes temperaturas de operación (60 y 90 ºC).  

El desempeño de los materiales sintetizados se comparó con el obtenido con 

catalizadores comerciales de Pd y Pt. La inserción de Fe en la estructura cristalina del 

catalizador de Pd, además de representar una disminución en el costo total de la pila, 

también se traduce en un aumento en la actividad hacia la ORR y en la tolerancia a los 

efectos del crossover de metanol en condiciones de operación.  
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Figura 5.2.Curvas de polarización obtenidas en una DMFC alimentada con una disolución 

10 M de metanol a temperaturas de operación de a) 60 y b) 90 ºC. 
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5.3 Catalizadores de Pt2CrCo tolerantes al metanol soportados sobre carbones 

mesoporosos para el cátodo de DMFC. Methanol tolerant Pt2CrCo catalysts 

supported on ordered mesoporous carbon for the cathode of DMFC. 

Autores: Luis Miguel Rivera Gavidia, Gonzalo García, Verónica Celorrio, María 

Jesús Lázaro y Elena Pastor 

Información del artículo (JCR): Revista: International Journal of Hydrogen Energy, 

24/97 (Q1, Energy & Fuels), 8/28 (Q2, Electrochemistry), 42/147 (Q2, Chemistry, 

Physical)  

Cita: Int. J. Hydrogen Energy. 41 (2016) 19645-19655. Doi: 

http://dx.doi.org/10.1016/j.ijhydene.2016.06.132. 

 

Este estudio aborda la problemática del cátodo de las DMFCs por medio de la 

síntesis de nuevos materiales activos hacia la ORR y tolerantes a los efectos del 

crossover de metanol. Para ello se propusieron diferentes estrategias de mejora en su 

diseño como:  

i) Reemplazo del soporte carbonoso. Se empleó un material carbonoso de 

porosidad controlada (CMK3).  

ii) Disminución del contenido de Pt. Síntesis de aleaciones trimetálicas con 

metales de transición activos como el Cr y el Co.  

iii) Tratamiento térmico con atmósfera reductora controlada. Concretamente se 

sintetizaron catalizadores de PtCrCo (2:1:1) soportados sobre carbones 

mesoporos ordenados (CMK-3) por medio del método de reducción con 

borohidruro sódico, lo cuales fueron sometidos a un tratamiento de 

grafitización. Posteriormente, el catalizador se sometió separadamente a un 

tratamiento térmico (TT) reductor a temperaturas de 300, 500 y 700 ºC. 

Todos los cambios superficiales de los catalizadores tras el TT, así como la 

carga metálica total alcanzada, se determinaron por espectroscopía 

fotoelectrónica de rayos X y energía dispersiva de rayos X, respectivamente.  

El desempeño hacia la ORR y la tolerancia al metanol de estos materiales se estudió 

en medio ácido (H2SO4 0,5 M) utilizando la técnica del electrodo de disco rotatorio en 

ausencia y presencia de bajas (0,5 M) y altas (3 M) concentraciones de metanol. 
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Figura 5.3. Difractogramas de rayos X para los catalizadores de Pt2CrCo/CMK3. 

 

 

El seguimiento por difracción y espectroscopía fotoelectrónica de rayos X reveló 

que el tratamiento térmico produce cambios estructurales y electrónicos en los 

catalizadores, tales como el desarrollo de óxidos activos de Cr (Cr2O3) en la superficie y 

una fase ordenada de la aleación Pt3Cr. Sumado a todo esto, la ausencia de sitios de 

Pt(110), ocasionada por el aumento de la temperatura en los TTs, favorece la 

selectividad a la reducción de oxígeno y la tolerancia a la oxidación de metanol.  
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5.4  Nanomateriales de grafeno dopados con S y N para la reacción de reducción 

de oxígeno. S- and N-Doped Graphene Nanomaterials for the Oxygen Reduction 

Reaction. 

Autores: Luis Miguel Rivera Gavidia, Sergio Fajardo, María del Carmen Arévalo, 

Gonzalo García y Elena Pastor 

Información del artículo (JCR): Catalysts, 55/147 (Q2, Chemistry, Physical) 

Cita: Catalysts. 7 (2017),  278-290. Doi:10.3390/catal7090278 

 

En esta publicación se propone el uso de catalizadores basados en materiales de 

carbono libres de metal para ser empleados en el cátodo de pilas de combustible de 

membrana polimérica. Específicamente, se sintetizaron materiales grafénicos dopados 

con S y N a partir de la reducción química de óxido de grafeno (GO) con moléculas 

orgánicas como la tiourea, el tiocianato de amonio y la cafeína.  
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Figura 5.4. a) Curvas de polarización para la ORR en NaOH 0,1M a 1600 rpm y 0,002 

Vs
-1

 de velocidad de barrido; b) corrientes faradaicas asociadas a la oxidación de 

peróxido de hidrógeno a 1,2 V; y c) número de electrones transferidos en la ORR. 
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El GO se obtuvo a partir de la oxidación química del grafito utilizando el método 

de Hummers modificado. Para la caracterización fisicoquímica de estos materiales se 

empleó la espectroscopía Raman y la difracción de rayos X. El estudio electroquímico 

de la actividad hacia la ORR se realizó por medio de la técnica del electro de disco 

rotatorio y disco-anillo rotatorio en medio ácido y básico, respectivamente. Estos 

experimentos revelaron como el mecanismo de la ORR se modifica cuando la red 

grafénica se dopa con heteroátomos como el N y el S.  
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5.5  Nuevos materiales de grafeno para la reducción de oxígeno. Novel graphene 

materials for the oxygen reduction reaction. 

Autores: Luis Miguel Rivera Gavidia, Gonzalo García y Elena Pastor 

Información del artículo (cita): Current Opinion in Electrochemistry. Open access. 

Cita: Curr. Opin. Electrochem. 9 (2018) 233–239. Doi: https:// doi.org/ 10.1016/ 

j.coelec.2018.05.009. 

 

La publicación consiste en una revisión bibliográfica en la que se considera la 

actualidad del desarrollo de materiales grafénicos activos a la ORR para su empleo en el 

cátodo de pilas de combustible de baja temperatura (LT-FCs, Low Temperature Fuel 

Cells). Con este objetivo, en el documento se detallan los métodos de síntesis y la 

actividad hacia la ORR de diversos materiales grafénicos dopados principalmente con N 

y S, co-dopados con ambos heteroátomos simultáneamente y diversos nanocomposites 

de grafeno. 

 

 

Figura 5.5. Dibujo simulando la ORR en una red grafénica dopada con distintos 

heteroátomos. 
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5.6  Catalizadores basados en Pd soportados sobre carbón activos a la reacción de 

reducción de oxígeno y tolerante al metanol. Methanol tolerant Pd-based carbón 

supported catalysts for the oxygen reduction reaction  

Autores: Luis Miguel Rivera Gavidia, Elena Pastor y Gonzalo García. 

Información del artículo: enviado 

 

 Este trabajo se centra en la determinación y el tratamiento de datos cinéticos, así 

como de los aspectos mecanísticos de la reacción de reducción de oxígeno sobre 

catalizadores basados en Pd soportados en carbón de alta área superficial. Con este fin, 

los catalizadores de Pd/C, PdFe/C, PdIr/C, PdFeIr/C presentados en el apartado 5.1, se 

evaluaron mediante la técnica del RDE en medio ácido (H2SO4 0,5 M) y se 

determinaron los parámetros típicos para la evaluación de la ORR: el número de 

electrones (n), las corrientes cinéticas a diferentes potenciales de trabajo, las pendientes 

de Tafel, el potencial de comienzo (onset potential) de la ORR, las corrientes límites, 

así como la tolerancia al metanol.  
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Figura 5.6. Primera derivada de las curvas de polarización a 1600 rpm para los diferentes 

materiales basados en Pd, a distintas concentraciones de metanol disuelto en H2SO4 0,5 M 

a 2 mV.s
-1

 de velocidad de barrido. 
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Todas estas estimaciones sirvieron para analizar y comparar la ORR de cada 

material por medio de diferentes metodologías, lo que permitió proponer una ruta 

sencilla y novedosa para estimar la tolerancia al metanol para los distintos materiales 

mediante la utilización de la primera derivada de la curva de polarización de la ORR. 
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5.7 Catalizadores bi-funcionales libres de metal para pilas de combustible 

regenerativas.  Bi-functional metal-free catalysts for unitized regenerative fuel 

cells. 

 

Autores: Luis Miguel Rivera Gavidia, I. Fernández de la Puente, Verónica Celorrio, 

David Sebastián, María Jesús Lázaro, Elena Pastor y Gonzalo García 

Información del artículo: enviado 

 

Esta publicación trata del empleo de materiales libres de metal (metal-free) activos 

a las reacciones de reducción y evolución de oxígeno con el fin de ser utilizados como 

catalizadores bifuncionales en pilas de combustible regenerativas y/o electrolizadores. 

Para ello se sintetizaron diferentes materiales carbonosos, como nanofibras de carbono 

(HC-CNF), carbón mesoporoso grafitizado (CMK3) y  óxido de grafeno reducido con 

hidracina (H-rGO), y se caracterizaron fisicoquímicamente mediante técnicas de rayos 

X como la difracción, la energía dispersiva y la espectroscopía fotoelectrónica, además 

de espectroscopía Raman y análisis elemental. La posterior evaluación electroquímica 

de la actividad hacia la ORR y OER de estos materiales se realizó utilizando la técnica 

del electrodo rotatorio de disco-anillo (RRDE) en medio básico (NaOH 0,1 M).  

Para comparar el rendimiento de los materiales en los experimentos de evolución de 

oxígeno, se dedujo una nueva ecuación para el RRDE que permitió obtener valores del 

porcentaje de oxígeno producido en el disco para cada material. 

 

Los resultados alcanzados mostraron que la morfología y la naturaleza de cada 

material carbonoso definen su posterior rendimiento electrocatalítico hacia las dos 

reacciones en estudio, y a su vez, ponen en evidencia su potencial actividad para el 

empleo como catalizadores bifuncionales para el electrodo de oxígeno en dispositivos 

electroquímicos como las pilas de combustible regenerativas y los electrolizadores. 
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Figura 5.7. a) Corrientes anódicas de oxidación del ion hidroperóxido en el anillo de Pt 

del RRDE (detección de peróxido), Eanillo: 1,2 V. b) Curvas de polarización de reducción de 

oxígeno en el disco del RRDE a 1600 rpm y 2 mVs
-1

 de velocidad de barrido. c) Corrientes 

catódicas de  reducción de oxígeno en el anillo de Pt del RRDE (detección de oxígeno), 

Eanillo: 0,4 V. d) Curvas de polarización de oxidación del agua en el disco a 10 mVs
-1

. 

Electrolito: NaOH 0,1 M. 
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5.8 Materiales grafénicos dopados con S- y N- para la reacción de evolución de 

oxígeno.  S- and N-Doped Graphene catalysts for the Oxygen Evolution Reaction. 

Autores: Luis Miguel Rivera Gavidia, Milan Bousa, Vaclav Vales, Martin Kalbac, 

Elena Pastor y Gonzalo Gacía.  

Información del artículo: enviado 

 

En este trabajo se estudió la reacción de evolución de oxígeno (OER) sobre los 

materiales gra 

fénicos presentados en el apartado 5.4. Para ello, los materiales grafénicos dopados 

con S y/o N, obtenidos de la reducción química del óxido de grafeno  con cafeína, 

tiocionato de amonio y tiourea, se evaluaron y caracterizaron por medio de la técnica 

del electrodo rotatorio de disco-anillo y la espectroscopía Raman electroquímica. Los 

resultados permitieron relacionar la estructura del catalizador y el efecto del dopado con 

esos heteroátomos sobre la estabilidad y la resistencia a la corrosión durante la OER. 
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Figura 5.8. a) Corrientes catódicas de reducción de oxígeno en el anillo del Pt del RRDE, 

Eanillo=0,4 V (detección de oxígeno). b) Barrido lineal anódico de evolución de oxígeno a 

10 mV.s
-1

. c) Espectros Raman (λ=531 nm) a diferentes pulsos de potencial desde el 

potencial de circuito abierto (OCP, aproximadamente 0,7 V), en  NaOH 0,1 M .  

 



132 / 302

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 2038358				Código de verificación: w/+L0rYY

Firmado por: Luis Miguel Rivera Gavidia Fecha: 22/07/2019 01:46:49
UNIVERSIDAD DE LA LAGUNA

Gonzalo García Silvestro 22/07/2019 06:45:40
UNIVERSIDAD DE LA LAGUNA

Elena María Pastor Tejera 22/07/2019 09:20:21
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2019/56828

Nº reg. oficina:  OF002/2019/54532
Fecha:  22/07/2019 09:26:59

 

 
 

6. Conclusiones / Conclusions 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



133 / 302

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 2038358				Código de verificación: w/+L0rYY

Firmado por: Luis Miguel Rivera Gavidia Fecha: 22/07/2019 01:46:49
UNIVERSIDAD DE LA LAGUNA

Gonzalo García Silvestro 22/07/2019 06:45:40
UNIVERSIDAD DE LA LAGUNA

Elena María Pastor Tejera 22/07/2019 09:20:21
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2019/56828

Nº reg. oficina:  OF002/2019/54532
Fecha:  22/07/2019 09:26:59

  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



134 / 302

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 2038358				Código de verificación: w/+L0rYY

Firmado por: Luis Miguel Rivera Gavidia Fecha: 22/07/2019 01:46:49
UNIVERSIDAD DE LA LAGUNA

Gonzalo García Silvestro 22/07/2019 06:45:40
UNIVERSIDAD DE LA LAGUNA

Elena María Pastor Tejera 22/07/2019 09:20:21
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2019/56828

Nº reg. oficina:  OF002/2019/54532
Fecha:  22/07/2019 09:26:59

 

133 
 

Tesis doctoral. Luis Miguel Rivera Gavidia 6. Conclusiones / conclusions 

6. CONCLUSIONES     

6.1 Catalizadores soportados sobre carbón libres de Pt con alta especificidad y 

actividad hacia la reacción de reducción de oxígeno en medio acido 

 Se sintetizaron catalizadores basados en Pd y sus aleaciones con diferentes 

metales de transición (PdFe/C, PdIr/C, PdFeIr/C), soportados sobre carbono Vulcan 

XC-72R, por medio del método de reducción química con borohidruro sódico. 

Estos materiales mostraron alta actividad y especificidad hacia la ORR, por lo que 

aparecen como buenos candidatos para ser usados como cátodos en las DMFCs. 

 La caracterización fisicoquímica por XRD y XPS demostró que el tamaño de 

cristalita para todos los materiales es cercano a 4 nm, así como la formación de una 

aleación entre los metales con transferencia de carga electrónica del Fe y el Ir hacia 

el Pd. 

 El análisis por voltamperometría cíclica permitió establecer la gran influencia 

que tiene la estructura de la superficie de los materiales hacia la catálisis. Así, el 

metanol se adsorbe en el catalizador trimetálico de PdFeIr/C pero no se oxida. 

Además, se observó que la inserción de Ir en la estructura cristalina del Pd favorece 

al aumento de la tolerancia al metanol, pero a su vez, inhibe la reacción de 

disociación del agua, y por consiguiente, la oxidación de la superficie del 

catalizador. 

 Se encontró que la ausencia de iridio metálico (Ir
0
) y la presencia de óxidos de 

Fe y de Ir (Fe
2+

/Fe
3+

, Ir
3+

/Ir
4+

) en sitios específicos de la superficie, influyen 

positivamente en el aumento de la actividad hacia la ORR en presencia de metanol. 

En ese contexto, el catalizador trimetálico de PdFeIr/C presentó el mejor 

rendimiento como cátodo en los experimentos en estación de DMFC. 

6.2 Catalizadores de aleaciones de Pd y PdFe soportados sobre carbón para 

cátodos de pilas de combustible de metanol directo 

 Se pudo evaluar la actividad hacia la ORR y la tolerancia al envenenamiento con 

metanol de catalizadores basados en Pd (Pd/C y PdFe/C) utilizándolos en el cátodo 

de una estación de prueba de DMFCs. 
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 Los estudios en monocelda de DMFC revelaron que el empleo de los 

catalizadores sintetizados basados en Pd aumenta la actividad hacia la ORR 

comparado con los materiales comerciales de Pt y Pd.  

 El catalizador de PdFe/C presentó un elevado desempeño operando a altas 

concentraciones de metanol (10 M), donde los efectos del crossover son mayores y 

suponen condiciones drásticas de trabajo. Específicamente, la MEA de PdFe/C fue 

mayor en un 25 y 18 % en términos de densidades de potencia que los catalizadores 

comerciales de Pd/C y Pt/C, respectivamente.  

 La incorporación de Fe en la red cristalina del Pd ayuda al aumento de la 

actividad electrocatalítica de la ORR como consecuencia de la modificación de 

ciertos factores electrónicos promovidos por la presencia de óxidos de Fe y Pd 

metálico en la superficie, además de factores estructurales como la disminución de 

la distancia interplanar Pd-Pd.  

 La utilización de catalizadores con especies superficiales parcialmente oxidadas 

que estén basadas en metales de transición abundantes acompañando un metal 

noble distinto del Pt, como el Pd, representa una alternativa para obtener materiales 

con mayor selectividad hacia la electrorreducción de oxígeno. 

6.3 Catalizadores de Pt2CrCo tolerantes al metanol soportados sobre carbones 

mesoporosos para el cátodo de DMFC 

 El estudio de la actividad hacia la ORR y la tolerancia al envenenamiento con 

metanol se realizó sobre catalizadores trimetálicos de Pt2CrCo soportados sobre 

carbones mesoporosos ordenados sintetizados por el método de borohidruro sódico 

y tratados a diferentes temperaturas mediante un tratamiento térmico reductor. 

 El aumento de la temperatura en el tratamiento térmico produjo cambios 

importantes en las propiedades fisicoquímicas de los materiales, tales como: i) el 

incremento del tamaño de cristalita, ii) la formación de una fase ordenada de la 

aleación Pt3Cr, iii) la reducción de la distancia interplanar Pt-Pt, iv) la segregación 

superficial de óxidos de Cr (Cr2O3) y v) la disminución de sitios de Pt(110) en la 

superficie. 
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 Todos los cambios fisicoquímicos observados influyen notoriamente en la 

respuesta electroquímica hacia la ORR de los materiales en medio ácido. 

 Los valores de los parámetros cinéticos calculados indican que los catalizadores 

tratados a las temperaturas de 300 y 500 ºC son los que presentan la mayor 

actividad hacia la ORR en ausencia y presencia de metanol, respectivamente. 

6.4 Nanomateriales de grafeno dopados con S y N para la reacción de 

reducción de oxígeno 

 Se sintetizaron varios materiales grafénicos dopados con heteroátomos, como S 

y/o N, por medio de la digestión hidrotermal de óxido de grafeno con diferentes 

agentes reductores, como la tiourea, el tiocianato de amonio y la cafeína. 

 La caracterización fisicoquímica permitió evidenciar la creación de una alta 

densidad de los bordes (proporcionado por el valor de Lc, tamaño de cristalita) para 

los materiales grafénicos, así como la incorporación de heteroátomos a la red 

grafénica y la restauración de los dominios de carbono tipo sp
2
 después de cada 

reducción química del GO con los diferentes agentes reductores. 

 La actividad hacia la ORR es mayor en medio alcalino que en medio ácido, y 

también aumenta cuando se tienen escasos dominios basales (La) y alta densidad de 

bordes (Lc), lo que ocasiona un cambio en la etapa determinante de la reacción, 

siendo para el carbón vítreo la primera transferencia electrónica, y para los 

materiales grafénicos, la desorción del oxígeno adsorbido (Oad) en la superficie.  

 La reducción del GO con cafeína proporcionó información sobre el dopado con 

N, y se comprobó que favorece la actividad hacia la ORR debido a que su presencia 

promueve la adsorción y ruptura del enlace del O-O, lo cual favorece a su vez la 

ruta de reducción oxígeno por transferencia de cuatro electrones. 

 La incorporación de átomos de S en la estructura de la red grafénica previamente 

dopada con N incrementa la actividad catalítica hacia la ORR, ya que se ve 

favorecida la desorción de oxígeno adsorbido (Oad). 
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6.5 Nuevos materiales de grafeno para la reducción de oxígeno 

 Se reportaron los últimos avances descritos en la bibliografía en los métodos de 

síntesis y actividad electroquímica hacia la ORR de materiales basados en grafeno 

dopados con S, con N y co-dopados con ambos heteroátomos (S,N), así como de 

nanocomposites de grafeno. Además, se discutió sobre los parámetros geométricos y 

electrónicos que modulan y afectan el rendimiento para la ORR en estos materiales. 

 Se proporcionaron los últimos avances sobre catalizadores basados en grafeno y 

un análisis de los parámetros que alteran la actividad hacia la ORR, dando una visión 

general sobre el estado del arte que ayuda a mejorar la fabricación de electrodos 

novedosos que aumenten el rendimiento y disminuyan el costo de dispositivos 

electroquímicos como las pilas de combustible. 

 

6.6 Catalizadores basados en Pd soportados sobre carbón activos a la reacción 

de reducción de oxígeno y tolerantes al metanol 

  Se obtuvieron los parámetros cinéticos de la ORR estudiando la actividad hacia 

esta reacción, así como la tolerancia al metanol, de cuatro catalizadores basados en 

Pd. 

  Se analizó el mecanismo de reacción de la ORR para cada uno de estos 

catalizadores catódicos. 

 El método de la primera derivada de la curva de polarización obtenida para la 

ORR que suele emplearse para la determinación del valor de la corriente limite, se 

adaptó y se propuso por primera vez como una metodología sencilla y original para 

establecer la tolerancia al metanol en este tipo de catalizadores. 

 

6.7 Catalizadores bi-funcionales libres de metal para pilas de combustible 

regenerativas. 

 La estructura grafítica/grafénica de los materiales carbonosos estudiados define 

la actividad electrocatalítica hacia la reducción y evolución del oxígeno. 

 Por medio de la técnica del RRDE fue posible estimar la resistencia a la 

corrosión durante la reacción de evolución de oxígeno de cada material carbonoso. 
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 La nanofibra de carbono presenta el mejor rendimiento hacia la ORR y OER lo 

que hace de este material un candidato como catalizador libre de metal  para pilas 

regenerativas. 

 Todos los experimentos realizados dejaron en evidencia la buena actividad hacia 

la reducción y evolución de oxígeno de estos materiales, lo que sugiere su uso como 

electrodos bifuncionales en pilas regenerativas o materiales anódicos en 

electrolizadores.  

 

6.8 Materiales grafénicos dopados con S- y N- para la reacción de evolución de 

oxígeno 

 La relación del dopado de la red grafénica y los cambios estructurales que 

ocurren con el cambio de potencial durante la reacción de evolución de oxígeno en 

materiales grafénicos dopados simultáneamente  con S y N, fueron estudiados 

aplicando la espectroscopía Raman electroquímica.  

 El dopado simultáneo con S y N promueve la resistencia a la corrosión, lo cual 

se ve reflejado en los experimentos con el RRDE y de espectroscopía Raman 

electroquímica.  

 Se dedujo una nueva ecuación para el RRDE que proporciona el valor del porcentaje 

de oxígeno producido en la reacción de oxidación del agua, la cual presenta alta 

estabilidad  para la detección de oxigeno inclusive para bajas eficiencias. 
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6 CONCLUSIONS  

6.1 Carbon-supported Pt-free catalysts with high specificity and activity toward 

the oxygen reduction reaction in acidic medium 

 Carbon-supported Pd and Pd-based alloys (PdFe/C, PdIr/C, PdFeIr/C), supported 

on Vulcan XC-72R, with high catalytic activity and specificity toward the ORR, 

were successfully synthesized by the borohydride method to be used as cathodic 

material in a DMFC. 

 Physicochemical characterization by XRD and XPS indicated similar crystallite 

size of ca. 4 nm for all catalysts, as well as alloy formation and electronic charge 

transfer from Fe and/or Ir to Pd. 

 Cyclic voltammetry analysis revealed the high impact of the surface structure for 

the catalysisat these materials. Thus, methanol adsorbs but does not oxidize on 

PdFeIr/C. Furthermore, it was observed that the presence of iridium into the Pd 

crystalline structure enhances the methanol tolerance but simultaneously inhibits the 

water dissociation reaction, and consequently, the oxidation of the catalyst surface. 

 The absence of metallic iridium (Ir
0
) and presence of iron (Fe

2+
/ Fe

3+
) and 

iridium (Ir
3+

/ Ir
4+

) oxides at specific surface sites enhance the activity toward the 

ORR in presence of dissolved methanol. Consequently, the best performance in 

DMFC experiments was achieved with a cathode containing PdFeIr/C catalyst. 

 

6.2 Carbon-supported Pd and PdFe alloy catalysts for direct methanol fuel cell 

cathodes 

 Methanol-tolerant carbon-supported Pd-based catalysts (Pd/C and PdFe/C) were 

synthesized and investigated for DMFC cathode applications. 

 DMFC studies in a single cell configuration revealed that synthesized Pd-based 

catalysts at the cathode side enhance the ORR compared to Pd and Pt commercial 

catalysts.  

 PdFe/C displayed an outstanding performance operating with high methanol 

concentration (10 M), where the methanol crossover effect is significant. 
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Specifically, the MEA based on PdFe/C achieved 25% and 18% higher power 

density than those based on commercial Pd/C and Pt/C catalysts, respectively. 

 The insertion of Fe into Pd crystalline network increases the electrocatalytic 

activity for the oxygen reduction, which is ascribed to the electronic conjugation 

between superficial iron oxide and metallic Pd, accompanied by an interplanar Pd-Pd 

spacing decrease. 

 The utilization of partially oxidized surface species based on abundant transition 

metal (as Fe) accompanying a noble metal different to Pt offers an alternative way in 

the search for novel catalysts with high oxygen electroreduction selectivity.  

 

6.3 Methanol tolerant Pt2CrCo catalysts supported on ordered mesoporous 

carbon for the cathode of DMFC 

 The ORR was investigated on mesoporous carbon (CMK3) supported Pt2CrCo 

electrocatalysts synthesized by the borohydride method and annealed at different 

temperatures, in the absence and presence of methanol. 

 The rise of the temperature of the thermal treatment produces several changes in 

the physicochemical properties of the Pt2CrCo/CMK3 catalysts, such as: i) the 

increment of the crystallite size, ii) the formation of an ordered Pt3Cr alloy phase, iii) 

the reduction of the Pt-Pt bond distance, iv) the surface segregation of Cr2O3 species 

and v) the diminution of surface Pt sites with (110) orientation on the catalyst 

surface. 

 All reached physicochemical changes strongly influence the catalytic activity 

toward the ORR in acidic medium. 

 The values of kinetic parameters indicate that the catalysts treated at 300 ºC and 

500 ºC develop the best performance toward the ORR in absence and presence of 

methanol, respectively. 

 

6.4  S- and N-doped graphene nanomaterials for the oxygen reduction reaction 

 Several S and N doped-graphene materials were successfully synthesized by the 

hydrothermal method from graphene oxide (GO) using different reducing agents as 

thiourea, ammonium thiocyanate and caffeine.  
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 The physicochemical characterization indicated the production of high density of 

edge planes (given by a high Lc parameter) from graphite after GO synthesis, as well 

as heteroatom insertion into the graphene network and restoration of sp
2
 carbon 

domains after the chemical reduction step. 

 Higher catalytic performance toward the ORR in alkaline than in acidic media 

was observed. Moreover, short basal-plane domains (given by a low La parameter) 

and a high density of edge planes strongly enhanced the ORR by changing the rate-

determining step from the first electrochemical step on glassy carbon to the removal 

of adsorbed O from the surface for graphenic nanomaterials. 

 Caffeine reduction route was observed to be the softest one, providing key 

catalytic information on N-doped material. N-incorporation into the graphenic 

network improved the reaction by enhancing the adsorption and O2 bond cleavage, 

favoring the direct four-electron pathway. 

 The addition of S-atoms into the N-doped graphene structure also increased the 

catalytic activity toward the ORR, since desorption of adsorbed oxygen (Oads) is 

facilitated. 

 

6.5 Novel graphene materials for the oxygen reduction reaction 

 Most recent advances of the ORR on graphene-based materials have been 

reviewed and the synthesis and catalytic performance toward the ORR on N-, S-

doped and SN-dual doped graphene materials, as well as, on graphene 

nanocomposites were revised. Important factors such as geometric and electronic 

parameters that modulate the ORR on graphene-based materials were discussed. 

 Current bibliography revision of the new advances in graphene-based catalysts 

and the analysis of the parameters that alter the ORR activity, provides a general 

vision of the stay of the art which may help to improve the fabrication of novel 

electrodes in order to enhance the performance and to decrease the cost of energy 

conversion devices such as fuel cells.  

 

6.6 Methanol tolerant Pd-based carbon supported catalysts for oxygen 

reduction reaction. 
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 The ORR and methanol tolerance at four different Pd-based catalysts were studied 

by conventional methodologies to determine typical kinetics and mechanistic 

parameters. 

 The first derivative of the ORR polarization curve is proposed as a novel and 

practical method to establish the methanol tolerance. 

 

6.7 Bi-functional metal-free catalysts for unitized regenerative fuel cells. 

 Oxygen evolution and reduction reactions are governed by the graphitic/graphenic 

structure of the carbonaceous materials  

 Corrosion stability of each material during the oxygen evolution reaction was 

determined by RRDE technique. 

 Results reveal the best performance toward the ORR and the OER for CNFs 

material, in addition to the best compromise between catalytic activity and stability. 

 Main results elucidate that carbonaceous materials can be employed as 

bifunctional oxygen electrodes at unitized regenerative fuel cells as well as anodic 

materials at electrolyzers.  

 

6.8 S- and N- doped Graphene catalysts for the Oxygen Evolution Reaction. 

 The relationship between the graphenic network doping and the structural changes 

that occurs with the applied potential during the oxygen evolution reaction at S- and 

N-doped graphene materials was evidenced studied by Raman 

spectroelectrochemistry. 

 Simultaneous S- and N-doping promotes corrosion tolerance, which was 

elucidated by RRDE experiments and Raman spectroelectrochemistry experiences. 

 A novel way to estimate the amount of molecular oxygen production by RRDE was 

reported. It was observed that the method presents high sensibility for oxygen 

detection even at very low efficiencies. 
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Apéndice A 

Otros resultados relacionados con la Tesis Doctoral  
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Tesis doctoral. Luis Miguel Rivera Gavidia Apéndice A 

A.1 Electrocatalizador de platino soportado sobre nanotubos de sub-óxido de 

titanio dopado con Mo (Pt/TNTS-Mo) altamente activo para la reacción de 

reducción de oxígeno en PEMFC. Highly active platinum supported on Mo-

doped titanium nanotubes suboxide (Pt/TNTS-Mo) electrocatalyst for oxygen 

reduction reaction in PEMFC. 

Autores: Reza Alipour Moghadam Esfahani, Luis Miguel Rivera Gavidia, Gonzalo 

García, Elena Pastor, Stefania Specchia. 

Información de la revista (JCR): Renewable Energy, 20/97 (Q1, energy & fuel), 7/33 

(Q1, green & sustainable science & technology).  

Cita: Renew. Energy 2018, 120, p.209–219. Doi: 

https://doi.org/10.1016/j.renene.2017.12.077 

 En este trabajo se empleó un soporte novedoso (libre de carbono) de nanotubos de 

sub-óxido de titanio dopado con Mo (TNTS-Mo) para elaborar un catalizador basado en 

Pt. Para ello el TNTS-Mo se sintetizó a partir de óxido de titanio utilizando un método 

hidrotermal. Posteriormente, el Pt se soportó sobre el material mediante el método de 

reducción con polioles (etilenglicol). El catalizador de Pt/TNTS-Mo se caracterizó 

aplicando la técnica del disco rotatorio y en el cátodo de una estación de prueba de pila 

de combustible de hidrógeno en medio ácido. También se utilizó un catalizador 

comercial de Pt (E-TEK) con fines comparativos. Los ensayos realizados revelaron un 

comportamiento superior para el catalizador de Pt/TNTS-Mo respecto al comercial para 

la ORR, lo que sugiere que el nuevo soporte proporciona una mejora global en las 

propiedades electrónicas del catalizador.  

Figura A.1. Curvas de polarización y de densidad de corriente de los estudios hechos en 

monocelda de PEMFC a diferentes T, A) para el catalizador de Pt/TNTS-Mo y B) para el 

catalizador commercial Pt/C. Carga de metal en ambos electrodos de 0,35 mg.cm
-2

. 
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Apéndice A Tesis doctoral. Luis Miguel Rivera Gavidia 

A.2  Un método fácil para la fabricación de catalizadores metálicos nanométricos 

y jerárquicos. A facile method for the fabrication of hierarchical nanosized metal 

catalysts. 

Autores: Miriam C. Rodríguez González, Luis Miguel Rivera Gavidia, Elena Pastor, 

Alberto Hernández Creus, Gonzalo García. 

Información de la revista (JCR): Journal of Catalysis, 27/147 (Q1, chemistry, 

physical), 6/137 (Q1, engineering, chemical).  

Cita: J. Catal. 366(2018), 1-7.  Doi: https://doi.org/10.1016/j.jcat.2018.07.025 

  

Esta publicación presenta una propuesta original para la elaboración de catalizadores de 

bajo costo económico que sean activos a las reacciones que ocurren en las pilas de 

combustible tipo PEM y electrolizadores (por ejemplo, la ORR y la evolución de 

hidrógeno, respectivamente). Con este propósito se prepararon catalizadores basados en 

Pd por medio de la electrodeposición sobre un electrodo de carbón vítreo, y otro 

electrodo de carbón vítreo modificado con una película orgánica de radicales arilo, 

mediante un pulso de potencial controlado. Los resultados alcanzados muestran como la 

presencia de la película orgánica afecta de forma positiva al crecimiento, distribución, 

mecanismo de nucleación y tamaño de las nanopartículas de Pd, así como a su actividad 

hacia las reacciones estudiadas. El seguimiento por el microscopio de fuerzas atómicas 

AFM (Atomic Force Microscope) permitió determinar todos los cambios morfológicos, 

dando como resultado partículas de tamaño de 32.2 ± 9.2 y 18.4 ± 5.0 nm en el 

electrodo sin modificar y con película orgánica, respectivamente.  
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 Figura A.2. a) Gráfico de Koutecky-Levich (E = -0,1 V vs Ag/AgCl) y b) gráfico de Tafel del 

Pd-NPs/GC y Pd-NPs/NH2/GC, para los experimentos de ORR. 
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Tesis doctoral. Luis Miguel Rivera Gavidia Apéndice A 

A.3  Catalizadores de Pt soportados sobre diferentes materiales grafénicos para la 

oxidación de metanol. Methanol oxidation on graphenic-supported Platinum 

catalysts. 

Autores: Gladys Arteaga, Luis M. Rivera-Gavidia, Sthephanie J. Martínez, Rubén 

Rizo, Elena Pastor y Gonzalo García. 

Información del artículo: Revista: Surfaces. Open access. 

Cita: Surfaces.2(2019), 16-3. Doi: 10.3390/surfaces2010002 

 

 En este estudio se utilizaron como soporte de los catalizadores óxidos de grafeno 

reducido con cafeína (N-rGO) y con un tratamiento térmico controlado (rGOTT). 

Ambos materiales, junto al carbón Vulcan XC-72R comercial, se emplearon como 

soporte para nanopartículas de Pt, las cuales fueron sintetizadas aplicando el método de 

reducción con ácido fórmico. Posteriormente se caracterizaron por medio de diferentes 

técnicas como la difracción de rayos X (XRD), la espectroscopía fotoelectrónica de 

rayos X (XPS), la energía dispersiva de rayos X (EDX), la espectroscopía Raman, la 

microscopía de transmisión electrónica (TEM) y el análisis elemental. La 

caracterización electroquímica para la oxidación de metanol se realizó usando métodos 

potenciostáticos y pontenciodinámicos en medio ácido. Todos los ensayos efectuados 

revelaron la fuerte influencia del soporte grafénico sobre el estado electrónico de la 

superficie de los catalizadores, y en consecuencia, sobre su actividad hacia la oxidación 

de metanol.  
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Figura A.3.Gráficos de Tafel obtenidos a partir de las medidas potenciostáticas de oxidación de 

metanol. 
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ESA Área superficial electroactiva /Electrochemical Surface Area 

FC Pila de combustible / Fuel Cells 
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OMC Carbon mesoporoso ordenado / Ordered Mesoporous Carbon 

ORR Reacción de reducción de oxígeno / Oxygen Reduction Reaction 
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RDE Electrodo de disco rotatorio / Rotating Disk Electrode  
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STEM 
Microscopía electrónica de transmisión con barrido / Scanning Transmission 

Electron Microscopy 

TEM Microscopía electrónica de transmisión / Transmission Electron Microscopy 

TEOs Tetra-etil-ortosilicato 

TPBs Zonas de triple fase / Triple Phases Boundaires 

TT Tratamiento térmico 

XPS Espectroscopía de fotoelectrones de rayos X / X-ray Photoelectron Spectroscopy 

XRD Difracción de rayos X / X-Ray Diffraction 
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a  b  s  t  r  a  c  t

Specific  carbon-supported  Pt-free  catalysts  (Pd,  PdFe,  PdIr  and  PdFeIr)  toward  the  oxygen  reduction  reac-
tion  (ORR) were  developed.  With  this  end,  materials  with  high  and  low  activity  toward  the  ORR  and  the
methanol  oxidation  reaction  (MOR)  were  synthesized  by  the  borohydride  method  (BM).  Physicochemical
characterization  was  carried  out  by several  x-ray  techniques,  such  as  x-ray  photoelectron  spectroscopy
(XPS),  x-ray  diffraction  (XRD)  and  x-ray  dispersive  energy  (EDX).  The  ORR  was  studied  at  these  mate-
rials  in  absence  and  presence  of methanol  in  acidic  medium  in  a  half-cell  configuration  by the rotating
disk  electrode  (RDE)  technique.  Additionally,  the  performance  of the  catalysts  was  evaluated  as  cathode
material  in  a direct  methanol  fuel  cell (DMFC)  station.  Main  results  indicate  enhanced  catalysis  toward
the  ORR  and  improved  tolerance  toward  the  methanol  by Fe and  Ir insertion  into  the  material,  respec-
tively.  Membrane  electrode  assembly  (MEA)  with a cathode  containing  PdFeIr/C  catalyst  yields elevated
performance  in DMFC,  while  the electrode  cost  is dramatically  reduced.

© 2015  Elsevier  B.V.  All rights  reserved.

1. Introduction

Direct methanol fuel cells (DMFCs) are devices that convert
efficiently chemical energy into electrical energy through electro-
chemical reactions while the fuel is supplied [1]. In this sense,
DMFC emerges as an alternative technology to efficiently gener-
ate clean energy for portable applications [2,3]. Main advantages
include high-energy density (6.1 kWh  kg−1), high solubility in liq-
uid electrolytes, easy handling, transport, storage and availability
at low cost [4,5]. Furthermore, the liquid-feed system does not
require any reforming process that is time and cost consuming, as
well as, the humidification and the heat management modules are
much simplified compared with the proton exchange membrane
fuel cell (PEMFC) due to methanol aqueous solution can provide
the necessary heat control and humidification [4,6].

Despite the important advantages of DMFCs as power sources, a
real DMFC has several drawbacks, being the crossover of methanol
through the electrolyte from the anode to the cathode one of the
major practical problems limiting the overall performance [7,8].

∗ Corresponding authors. Fax: +34 922 318002.
E-mail addresses: ggarcia@ull.edu.es, gonau111@gmail.com (G. García),

epastor@ull.edu.es (E. Pastor).

The simultaneous methanol oxidation and oxygen reduction reac-
tions at the cathode produce the well known mixed potential that
reduces the cell voltage, rises the required oxygen stoichiometry
ratio, produces additional water and contaminates the Pt-based
catalyst by reaction intermediates of the methanol oxidation reac-
tion (e.g., COad) [7–9].

A common strategy to overcome the problems associated to the
cathode described above is the use of alternative materials to Pt.
This ideal material should decrease the catalysts cost and increase
the methanol tolerance without loss of catalytic activity toward
the oxygen reduction reaction (ORR) [9]. In this context, Pd and
Pd-based alloys appear as an interesting candidate to replace Pt
due to its lower price and higher abundance [10–16]. In this sense,
numerous studies demonstrated the high and low activity of Pd
toward the ORR and methanol oxidation reaction (MOR), respec-
tively [11–21]. However, the catalytic activity toward the ORR in
acidic solution is much lower for Pd than Pt [22,23]. Thus, specific
catalysts with enhanced activity toward the ORR in conjunction
with a high methanol tolerance become necessary.

It is well known that many surface chemical reactions, such as
the MOR  and the ORR, are structure sensitive [15,23]. So, the sur-
face reaction may  be tuned by different factors such as changes in
the interatomic distance of the active element (e.g., Pt or Pd), the

http://dx.doi.org/10.1016/j.apcatb.2015.11.021
0926-3373/© 2015 Elsevier B.V. All rights reserved.
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composition of the alloy, the surface area, and the electronic con-
figuration of the material [22–26]. In this way, the rate of a specific
reaction could be controlled by the strength of the binding energy
of the reactant molecule with the catalytic surface.

Some examples comprise Pd-based alloys (Fe, Ir, Ni, Ag and Co),
in which higher activity and stability than pure Pd electrode dur-
ing the ORR in presence of alcohol in the electrolytic medium were
observed [16,19,24–32]. Likewise, well-dispersed PdIr nanoparti-
cles on carbon support developed acceptable performances during
the ORR [21]. Also, the effect of temperature treatment at carbon-
supported catalysts was investigated. PdCo [13,33] and PdFe alloys
[32,34] supported on carbon developed similar ORR performances
than carbon supported Pt catalyst after a thermal treatment at
350 ◦C. On the other hand, fundamental studies using Pd(111) sin-
gle crystal modified with a Pt monolayer obtained by galvanic
replacement of Cu, showed an enhancement for the ORR in com-
parison with Pt(111) [35]. In the last work the mass specific activity
(Pt + Pd) was twice higher than that of Pt/C. Additionally, Pd and Pd-
based catalysts have been used as cathode in real fuel cell systems.
In these experiments, the DMFC response was observed to depend
on several factors, such as Pd loading and its interaction with the
carbon support [23].

In the present work, carbon-supported Pd and Pd-based alloys
(PdFe, PdIr, PdFeIr) were synthesized by the borohydride method
(BM). Physicochemical characterization was carried out by several
X-ray techniques, such as X-ray photoelectron spectroscopy (XPS),
X-ray diffraction (XRD) and X-ray dispersive energy (EDX). Their
electro-catalytic activity toward the ORR in absence and presence
of methanol was carried out in a half-cell configuration; meanwhile
their performance as cathode material was evaluated in a DMFC
station.

2. Experimental

2.1. Catalyst synthesis

Carbon-supported Pd/C, PdFe(3:1)/C, PdIr(3:1)/C and
PdFeIr(2:1:1)/C were prepared by the BM [36]. Appropriate
amounts of metal precursors (IrCl3, FeCl3.4H2O and PdCl2,
Sigma–Aldrich) were employed to obtain nominal metal loading
of 20 wt.% on carbon Vulcan XC-72-R. The materials were labeled
as Pd/C, PdFe/C, PdIr/C and PdFeIr/C.

Catalysts were synthesized by the impregnation method, in
which a suspension of carbon Vulcan XC-72R in milli-Q water
(Millipore system) is prepared under ultrasonic bath and poste-
riorly stirred during ca. 24 h. Then, a water solution containing
the metal precursors was slowly added to the carbon solution, and
later the pH was adjusted to 5 with a saturated sodium hydroxide
solution. Subsequently, metal ions were reduced with a 26.5 mM
sodium borohydride (99%, Sigma–Aldrich) solution, which was
slowly added under sonication and controlled temperature of 20 ◦C.
Finally, catalysts were filtered and washed copiously with ultra
pure water and dried at ca. 80 ◦C overnight.

2.2. Physicochemical characterization

X-ray diffractograms (XRD) of the electrocatalysts were
obtained with a PANalytical X’Pert Pro X-ray diffractometer oper-
ating with Cu K� radiation (� = 0.15406 nm)  generated at 40 kV and
20 mA.  Scans were done at 0.04◦ s−1 for 2� values between 20◦ and
100◦. In order to estimate the particle size from XRD, the Scherrer
equation was used [37]. With the purpose to improve the fitting of
the peak, diffractograms for specific 2� values ranges were recorded
at 0.028 min−1. The lattice parameters were obtained by refining
the unit cell dimensions by the least squares method [38].

The atomic composition of the electrocatalysts was  determined
by energy dispersive X-ray analysis (EDX) coupled to the scan-
ning electron microscopy Jeol JSM 6300 with a silicon doped with
lithium 6699 ATW detector applying 20 keV.

X-ray photoelectron spectroscopy (XPS) analysis was performed
with a Thermo-Scientific apparatus operating with Al K� line radi-
ation (1486.6 eV), containing a twin crystal monochromator and
yielding a focused X-ray spot with a diameter of 400 � at 3 mA
× 12 kV. The alpha hemispherical analyzer was  operated in the
constant energy mode with survey scan pass energies of 200 eV
to measure the whole energy band, and 50 eV in a narrow scan to
selectively measure the particular element range. Charge compen-
sation was achieved with the flood gun system that provides low
energy electrons and argon ions from a single source. The sam-
ples were placed into a pre-chamber during 4–5 h. The analysis
chamber pressure during the measurement was maintained below
5 × 10−8 mbars. The binding energies (BE) were calibrated relative
to the C 1s peak at 284.6 eV to take into account charge effects.
The areas of the peaks were calculated by fitting the experimen-
tal spectra using gaussian/lorentzian combined shapes, after the
elimination of background noise upon use of Shirley-type curves.
The surface atomic contents for each component were calculated
from such fittings, employing the corresponding atomic sensitivity
factors.

2.3. Electrochemical measurements

All measurements were carried out in a three-electrode cell at
room temperature (25 ◦C) controlled by an Autolab PGSTAT302N
potentiostat–galvanostat. A carbon row was used as a counter elec-
trode, while the reference electrode was  a reversible hydrogen
electrode (RHE) in the supporting electrolyte (0.5 M H2SO4, Merck
p.a.). All potentials are referred to this electrode. A rotating elec-
trode (RDE) with a glassy carbon disk (geometrical area = 0.071
cm2) was used. An aliquot of catalyst ink (20 �L) was dried onto
the glassy carbon disk under Ar atmosphere to be used as working
electrode. The suspension was  prepared by stirring 2 mg  of cata-
lyst with 15 �L of Nafion® (5%, Sigma–Aldrich) and 500 �L of water
(Milli-Q, Millipore). Ar (Air Liquide 99.999%) was  used to deoxy-
genate all solutions and O2 (Air Liquide 99.995%) to perform the
measurements related to the ORR.

Previous to the measurements an activation step of the work-
ing electrode was  performed. The last consists of potentiodynamic
cycles between 0.10 and 0.70 V at 0.20 V s−1 in the supporting elec-
trolyte until a reproducible voltammogram was  achieved. Then,
a blank cyclic voltammogram (BCV) was recorded at 0.02 V s−1.
For the ORR experiments, O2 was bubbled 20 min  before each
experiment and an oxygen atmosphere was maintained during
all measurements. Steady state polarization curves were recorded
between 1.00 and 0.20 V at rotating speeds of 400, 600, 900, 1600
and 2500 rpm to evaluate the ORR kinetic parameters. In this study,
the working electrode was introduced into the electrolyte at a
controlled potential of 1 V and subsequently a linear sweep scan
(LSS) was  initiated in the negative going direction at scan rate of
0.002 V s−1. The voltammetric profiles of the catalyst and the ORR
experiments were studied in absence and presence of methanol in
solution. With this end, 0.5, 1, 2 and 3 M methanol solution in 0.5 M
sulphuric acid medium were employed.

2.4. Membrane electrode assembly preparation and
electrochemical characterization

20 wt.% PdX/C (X = Pt and FeIr) and commercial 20 wt.% PtRu
(Premetek Co, USA) on Vulcan® XC72R (Cabot Corp.) catalysts were
used for the cathode and the anode, respectively.
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Porous diffusion electrodes used to prepare MEAs consist of a
diffusion layer and a catalyst layer. The gas diffusion layers were
carbon papers covered on top with a carbon-based smooth layer
(thickness 275 �m,  Freudenberg FCCT SE & Co. KG). Electrodes
prepared with carbon supported PtRu/C catalyst 71.5 wt.% metal
loading and Pt:Ru atomic ratio 50:50 (Alfa Aesar) were used as
anode. 20 wt.% metal loading of commercial Pd/C and Pd25Pt75/C
(Premetek Co, USA), as well as, synthesized PdFeIr/C catalyst were
used as cathode. For each catalyst layer, an ink was  prepared by
suspending the catalyst in water and 5 wt.% Nafion® ionomer dis-
persion (Aldrich) in a mixture of isopropanol (Acros Organics, pur.)
and ultrapure water (� ≤ 0.054 �S cm−1, Millipore®). The suspen-
sion was agitating in an ultrasonic bath for 30 min. Then, the ink was
sprayed onto the diffusion layer by an air-brush gun fed with pure
nitrogen (99.999% purity Praxair), and dried at 70 ◦C, until a metal
amount of 1.0 and 2.0 mg  cm−2 was loaded at the anode and cath-
ode, respectively. The Nafion® ionomer content in both electrodes
was 20 wt.% (dry basis).

Nafion® 115 membranes (DuPont) were pre-treated by boiling
first in 3% H2O2 for 1 h, then in 0.5 M H2SO4 for 2 h, and finally in
ultrapure water for 2 h with the water being changed every 30 min.
Each MEA  was assembled by hot-pressing placing the anode and
cathode on either side of the membrane at 50 bar and 130 ◦C for
180 s.

MEAs were placed into a commercial 5 cm2 cell hardware (Fuel
Cell Technologies, Inc.) which were assembled using a uniform
torque of 5 N m.  Single cells were operated with a 2.0 M aqueous
CH3OH solution preheated at 60 ◦C, and pumped through the anode
compartment at 1.5 mL  min−1 and zero back-pressure. Humidified
O2 (99.999% purity, Praxair) at the cell temperature was fed through
the cathode compartment at 50 standard cm3 min−1 (sccm) and
zero back-pressure. Polarization curves were registered using a
computer controlled home-made DMFC test station, once the MEAs
were activated.

Electrochemical impedance spectroscopy measurements were
carried out using a Solartron 1287A potentiostat + 1255 FRA. The
AC amplitude was 5 mV  and the frequency ranged from 100 kHz
to 0.01 Hz. From the intercept of the impedance diagrams with the
real axis, an apparent electronic resistance of 0.050 ± 0.05 � was
determined for all MEAs used thorough this work.

3. Results and discussion

3.1. Physicochemical characterization of Pd-based catalysts

Table 1 depicts the compositions of catalysts used in the present
work, which were determined by energy dispersive X-ray anal-
ysis (EDX). Experimental compositions are close to the nominal
ones, although lower amount of Ir is perceived. Nominal values of
20 wt.% for metal content on carbon were pretended. However, the
introduction of the second and third foreign elements (Fe and Ir)
produces a decrease in the metal loading, which may  be attributed
to a lower anchoring strength on carbon. Structural parameters
such as lattice parameter and crystallite size of the catalysts are also
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Fig. 1. X-ray diffractograms of commercial* and synthesized materials.

included in Table 1. XRD diffractograms of the catalysts show the
typical profile of the face centered cubic (fcc) crystalline structure of
palladium (Fig. 1) [22,38]. Four diffraction peaks observed at 39.6◦,
45.7◦, 67.1◦ and 80.8◦ are associated with the (1 1 1), (2 0 0), (2 2 0)
and (3 1 1) Pd planes, while the diffraction peak at 24.9◦ is assigned
to the graphitic properties of the carbon support [32,23]. The vari-
ation of the lattice parameter by the incorporation of a foreign
element in the crystalline network of Pd is indicative of alloying
formation [39,35]. This effect is more evident for ternary alloy
catalysts. Furthermore, the shift of the diffraction peaks toward
higher degree values implies a Pd unit cell contraction by alloying
it with a foreign element. No other diffraction peaks are visualized.
Nonetheless, amorphous metallic oxides cannot be discarded. Fig. 1
and Table 1 also include the XRD patterns and the analysis cor-
responding to commercial Pd/C and Pd25Pt75/C materials. In this
context, it is noticeable the strong difference between the nom-
inal and the achieved atomic ratio of the commercial Pd25Pt75/C
catalyst.

Average crystallite size was calculated employing the Scher-
rer equation

(
d = sk

b cosh
)

for the (220) diffraction peak. In this

equation d is the average particle size in Å, s is the shape sensi-
tive coefficient (0.9), k is the wavelength of the radiation used (Cu
Ka = 1.54056 Å), b is the width at the half of the peak maximum and
h is the peak angle [40]. Crystallite size values for all catalysts are
similar and vary between 3.4 and 3.9 nm (Table 1). Nevertheless, a
close view indicates that the introduction of the second/third ele-
ment into the Pd/C catalyst slightly decreases the crystallite size
and Pd loading, which is in agreement with a previous work [16].
Also, lattice parameter and Pd–Pd(111) interplanar spacing decrease
with the alloying degree, and the highest strain effect is achieved
by the ternary catalyst.

XPS was  used to provide essential information on the oxidation
state and the stoichiometry of the elements at the catalyst sur-
face. XPS spectra corresponding to the Pd 3d orbital are reported
in Fig. 2a. The Pd 3d signal was deconvoluted into three distin-

Table 1
Composition from EDX and physical parameters from XRD analysis of Pd-based catalysts.

Catalyst Metal loading (wt.%) Average particle size (nm) Lattice parameter (Å) Atomic ratio (bulk) Pd–Pd interplanar
spacing d (Å)

Pd/C 20 3.9 3.949 100 2.273
PdFe/C 19 3.8 3.922 75:25 2.261
PdIr/C 18 3.7 3.901 82:18 2.247
PdFeIr/C 15 3.4 3.889 49:31:20 2.242
Pd/Ca 19 3.6 3.904 100 –
Pd25Pt75/Ca 20 2.4 3.918 44:56 –

a Commercial catalysts used as anode in DMFC test station.
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Fig. 2. Pd2d (A), Fe2p (B) and Ir4f (C) core-level spectra of Pd/C, PdFe/C, PdIr/C and
PdFeIr/C.

guishable doublets of different intensity. For the Pd 3d5/2 transition,
the components at 335.3 ± 0.2, 336.3 ± 0.2, 338.1 ± 0.6 eV are
attributed to Pd0, PdO and PdO2 species, respectively [41]. XPS
quantitative analysis for all carbon-supported Pd materials shows
an increment and decrement of metallic Pd and PdO2 species with
the metallic alloy formation, which is indicative of charge transfer
from the foreign element/s to Pd. The last is supported by the shift
toward lower binding energies (BE) of Pd0 and Pd+2 species with
the insertion of the foreign element.

The Fe 2p spectrum consists of two signals associated to the
2p3/2 and 2p1/2 transitions (Fig. 2b) [42]. The former was  decon-
voluted in two distinguishable curves of different intensity. Thus,
the Fe 2p3/2 component at 710 ± 0.4 eV is attributed to mixtures
of FeO and Fe(OH)2 species (Fe2+), whereas the signal at 711 ± 0.1
is related to Fe2+ and Fe3+ species richer in the latter, in the form
of FeOOH and Fe3O4. The shake-up satellites lines at ca. 717.69 eV
confirm last species. It is noticeable the rise of Fe2+ species at 710 eV
and the decrease of the signal at higher energy values (711 eV) at
the ternary catalyst. In other words, the introduction of iridium
induces a charge transfer to iron and consequently Fe2+ species
rises. The last is supported by the XPS spectra of Ir 4f orbitals that
are depicted in Fig. 2c and their analysis reported in Table 2. Thus,
the Ir 4f signal was deconvoluted into three distinguishable dou-
blets of different intensity. The 4f7/2 peak occurring at B.E. of 60.9,
61.8–61.9 and 63.1 eV were attributed to Ir0, Ir3+ and Ir4+ species
[43–45]. Noticeable is the absence of metallic iridium in the ternary
catalyst surface.
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Fig. 3. Blank voltammetry for catalysts in 0.5 M H2SO4 at 0.02 V s−1. Current is
depicted as measured (top panel) or normalized by the geometric area and mass
of  Pd (bottom panel).

In addition, XPS analysis shows a slight surface increment of iron
for the binary and ternary catalysts. The other elements remain sim-
ilar to those atomic ratios observed for the bulk material by EDX
analysis. Thus, carbon supported materials with specific physico-
chemical properties were obtained and different catalytic activity
as well as performance toward the ORR and MOR  are expected.

3.2. Electrochemical characterization by cyclic voltammetry

Fig. 3 shows the blank cyclic voltammograms (CVs) for all syn-
thesized catalysts in the supporting electrolyte. Top panel depicts
the faradaic currents as they are recorded, whereas the bottom
panel illustrates the faradaic current normalized by the mass of Pd
into the catalyst. It can be observed that Pd/C reveals the typical pro-
file of Pd polycrystalline, i.e., hydrogen adsorption/desorption and
oxide oxidation/reduction regions are clearly observed at E < 0.4 V
and E > 0.6 V, respectively [46]. The voltammetric profile when iron
is introduced in the catalyst is similar to that for Pd but lower cur-
rents are achieved. It seems that a homogeneous blockage of Pd
surface occurs by deposition of other non-active element. On  the
other hand, an additional effect is observed by Ir introduction in
the sample. Firstly, the onset for Pd oxidation is delayed, which is
associated to an inhibition of the chemisorption of OH from water
dissociation on Pd sites [15,47]. Secondly, the reversible peaks at
ca. 0.25 V associated to hydrogen adsorption/desorption on Pd open
surface strongly decrease. The last resembles to preferential metal
deposition along the Pd open surface sites. However, the effects
observed with both foreign materials could be also related to elec-
tronic and structural modifications by introduction of other atoms
into the crystal structure of Pd. In this sense, an important lattice
strain is observed with the insertion of iridium into the metallic
alloy. Then, the ternary material develops a voltammetric profile
between those observed by PdIr and PdFe catalysts, although the
highest inhibition toward the water dissociation (Pd oxide forma-
tion) on this material is discerned.
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Table 2
Binding energies (e.V.) and relative intensities (%) of the species from XPS.

Element Palladium Iron Iridium Surface composition

Catalysts Pd Pd0 PdO Pd2+ PdO2 Pd4+ FeO Fe2+ FeO/Fe2O3 Fe2+/Fe3+ Satellite Fe2+/Fe3+ Ir0 Ir2O3 Ir3+ Ir2O4 Ir4+

Pd/C 335.5 (43) 336.6 (41) 337.4 (16) – – – – – – 100
PdFe/C  335.5 (52) 336.3 (41) 337.8 (7) 710.7 (18) 712.0 (82) 717.7 – – – 54:46
PdIr/C  335.4 (49) 336.4 (46) 337.9 (5) – – – 60.9 (20) 61.9 (80) – 77:23
PdFeIr/C 335.3 (46) 336.2 (48) 337.4 (6) 710.5 (28) 711.8 (72) – – 61.8 (82) 63.1 (18) 47:35:18
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Fig. 4. Cyclic voltammograms for catalysts in 0, 0.5, 1, 2 and 3 M CH3OH + 0.5 M
H2SO4 solution at 0.02 V s−1.

Also a reduction of the double layer charge (capacitive currents)
with the introduction of iron in the sample is evidenced. The last
can be related to faster kinetic of electron transfer or to a reduction
of the porosity of the material. It is reasonable to attribute this effect
to a lower resistance of the electronic transfer by Fe species on the
surface due to the main porosity of the sample is delivered by the
catalyst support, which is the same for all catalysts.

In this context, in reference [16] Pd/C, Pd3Fe/C and Pd2FeIr/C
catalysts were prepared via an organic colloid method in an ethy-
lene glycol (EG) solution, and the electrochemical profiles of the
catalysts in perchloric acid for those materials are somehow dif-
ferent to the achieved in the current work. Main differences may
reside in the counter anion (perchlorate instead of sulphate) and
the different synthetic routes to prepare the catalysts.

Fig. 4 shows the catalytic activity toward methanol oxidation
for all catalysts in absence of oxygen. First of all, a poor cat-
alytic activity toward alcohol oxidation for all Pd-based catalysts
can be established. Nonetheless, the rise in alcohol concentra-
tion inhibits the hydrogen adsorption/desorption at ca. 0.25 V and
Pd oxide formation on the materials. The last can be discerned
from the lower charge of the cathodic peak at ca. 0.8 V associated
to the reduction of Pd oxide with the rise of alcohol concentra-
tion. In addition, methanol oxidation can be distinguished as an
anodic contribution at E > 0.5 V for PdIr/C and at E > 0.8 V for Pd/C
and PdFe/C electrodes during the positive scan and as a mix  cur-
rent (methanol oxidation + Pd oxide reduction) during the cathodic
scan at potential lower than 0.8 V. The last is clear for PdFe/C
materials, although a small but visible anodic features can be dis-
cerned at Pd/C and PdIr/C electrodes during the cathodic sweep.
Remarkably, the three-metallic catalyst does not oxidize methanol,
but it adsorbs on the catalyst surface inhibiting the hydrogen
adsorption and water dissociation reactions. These effects can be
established from the decrease in the currents associated to the
hydrogen adsorption/desorption at E < 0.4 V and Pd oxide forma-

tion/reduction reactions at E > 0.6 V with the rise of the methanol
concentration.

These results are of paramount importance due to physic-
ochemical parameters control the mechanism and rate of
water dissociation and methanol oxidation reactions. Dilution
of the active site could be invoked to understand the activ-
ity toward the methanol oxidation reaction, since Pd loading
decreases in the following way: 225 �g cm−2 (Pd/C) > 165 �g cm−2

(PdFe/C) > 156 �g cm−2 (PdIr/C) > 80 �g cm−2 (PdFeIr/C). Neverthe-
less, it cannot be the main responsible for the observed due to iron
segregates to the catalyst surface and therefore PdFe/C materials
may  present the highest Pd dilution effect. Contrary to expecta-
tions, PdFe/C is one of the most active materials for the alcohol
oxidation reaction. Surface structure and electronic considerations
may explain the experimental results. In this sense, metallic Pd
atoms forming an open surface structure strongly decrease with
Ir insertion and thus the activity toward the methanol oxidation
reaction. The last is supported by the XRD analysis in which the
lattice parameter and therefore lattice strain increase with Fe and
specially with Ir introduction into the catalytic material. It is notice-
able that methanol essentially adsorbs on Pd open surface sites for
Pd/C, PdFe/C and PdIr/C materials. A complete different behavior is
observed for the ternary catalyst in which a preferential methanol
adsorption site is not perceived and that the hydrogen adsorption
state is almost inhibited with the highest methanol concentration
used. Moreover, methanol does not oxidize on the ternary catalyst
in the working potential range, and Pd oxides formation is inhibited
by methanol adsorption. Therefore, surface structure parameters
such as the most packed surface and the lowest particle size in con-
junction with electronic considerations like the absence of metallic
iridium make the ternary catalyst unique.

3.3. Electrochemical characterization by rotating disk electrode
(RDE)

In order to evaluate the catalytic activity toward the ORR on
the synthesized materials in absence and presence of methanol,
RDE experiments were carried out. Fig. 5 shows polarization curves
recorded at 1600 rpm in absence (a) and presence of alcohol (b and
c) for all carbon supported catalysts. In order to clarify and stress
the alcohol effect, only the lowest (0.5 M)  and the highest (3 M)
alcohol concentrations are depicted in Fig. 5. Two typical potential
regions can be discerned; (i) at high overpotentials (E < 0.5 V), in
which the reaction is controlled by diffusion of O2 toward the cat-
alytic surface, and (ii) at low overpotentials (E > 0.5 V), in which the
reaction is governed by kinetic and diffusion processes [48]. The
left panels of Fig. 5 assume that all catalysts have the same amount
of active sites with same behavior toward alcohol tolerance (sur-
face blockage) at low potentials (0.2 V), and therefore their current
intensities were matched at this potential. In this way, it is easy to
analyze the ORR activity and the alcohol tolerance for each catalyst
in the low overpotential region (1.0–0.5 V). First of all, it is observed
that all Pd-based catalysts develop higher alcohol tolerance than
Pt-based materials [15,16]. Secondly, bi- and tri-metallic catalysts
improve the ORR in absence and presence of methanol respect to
Pd/C material, but some differences can be established between
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Fig. 5. Linear sweep voltammetry curves for catalysts recorded in 0, 0.5, 1, 2 and 3 M CH3OH + 0.5 M H2SO4 solution at 1600 rpm and 2 mV s−1. Current is depicted as measured
(left  panels) or normalized by the geometric area and the mass of noble metals (right panels).

Table 3
Efficiencies of the DMFCs from the top panel of Fig. 6 at 0.1 A cm−2.

MEA Cell voltage @ 0.1 A cm−2 (V) �V (%) � (%)

PdFeIr 0.40 34 32
Pd25Pt75

a 0.34 29 28
Pda 0.29 25 24

a Commercial catalysts.

them. Thus, PdFe/C develops the highest activity toward the ORR
in absence of alcohol, but its performance decreases with the alco-
hol concentration. On the other hand, the current profile delivered
by the PdIr/C material remains similar in the presence of alcohol,
but the intensity decreases with the alcohol concentration. Finally,
the ternary catalyst is the material with the major methanol tol-
erance and therefore it develops the highest performance toward
the ORR at the highest alcohol concentration (left panel of Fig. 5c),
in accord with a previous work [16]. Remarkably is the agreement
with the previous voltammetric experiments, in which the highest
tolerance to methanol was achieved with the tri-metallic catalyst
(Fig. 4). Therefore, the catalytic activity toward the ORR in presence
of high alcohol concentration (3 M)  follows the subsequent order:
PdFeIr/C > PdFe/C > PdIr/C > Pd/C.

The right panels of Fig. 5 shows the same experiments than those
depicted in the left panels, but the currents are normalized with
respect to the amount of mass of both noble metals (Pd + Ir) and the
geometric area, and therefore the mass activity of the precious met-
als can be discerned. The highest mass activity of the tri-metallic
catalysts toward the ORR in absence and presence of alcohol in the
solution is clearly observed. Independently of the alcohol concen-
tration, the mass activity toward the ORR follows the subsequent
trend: PdFeIr/C > PdFe/C > PdIr/C > Pd/C.
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Another important issue is the mechanism and the kinetic of the
ORR occurring at the catalysts. However, this subject is out of the
current work and only main results are indicated. Thus, according
to the Koutecky–Levich theory the electron transfer number during
the ORR process is close to four for all catalysts, which indicates that
oxygen is fully reduced at the electrode surfaces (inset of Fig. 5a).

Therefore, results depicted at Figs. 4 and 5 indicate an elevated
activity toward the ORR and high methanol tolerance of the ternary
catalyst, which may  produce a high reduction cost of the catalytic
material. In this context, it is important to note that methanol acts
as simple “third body effect” at this material, in which the adsorbed
molecules block the surface sites but does not oxidize, and conse-
quently a better performance as cathode in a DMFC is expected, i.e.,
the mixed potential at the cathode should be avoided.

3.4. Test in single direct methanol fuel cell (DMFC)

The top panel of Fig. 6 shows the voltage–current density and
power–current density curves registered in the single DMFC oper-
ating with a 2 M aqueous methanol at 60 ◦C and atmospheric
pressure for the MEA  with a composition PtRu/C|N115|PdFeIr/C.
The cathode was fed with pure O2 to maximize its activity. In
addition, polarization curves corresponding to commercial Pd/C as
reference and commercial Pd25Pt75/C that develops the highest cat-
alytic activity toward ORR in presence of methanol [49–51] were
included as comparison.

It is apparent that the open circuit voltage (OCV) given by the
MEA with PdFeIr/C catalyst is around 0.125 V higher than those
given by the MEAs with Pd/C and Pd25Pt75/C catalysts. This indi-
cates that the trimetallic catalyst has improved tolerance toward
methanol oxidation, because the methanol crossover is highest at
the OCV [52]. This result is in agreement with those observed in
half-cell configuration in which methanol adsorbs but it does not
oxidize on the ternary catalyst. Indeed, the improved methanol tol-
erance directly affects the OCV in which the voltage loss by the
“mixed potential” effect decreases at the ternary catalysts.

The best performance was obtained from the MEA  that incor-
porated the PdFeIr/C catalyst. Thus, at a practical voltage of
0.350 V the current density delivered by this MEA  was  0.130 A cm−2

(45.5 mW cm−2), while the MEAs with Pd25Pt75/C and Pd/C deliv-
ered 0.094 (32.9 mW cm−2) and 0.071 (24.8 mW cm−2) A cm−2,
respectively. Furthermore, the behavior of the catalysts in the single
DMFC reflects the results of anode polarization experiments found
in MEAs. This could be tentatively extended to previous results in
the literature obtained in three-electrode cells to predict a good
approach when applied to real fuel cells.

To gain more insight about the fuel cell properties in the oper-
ating region of the polarization curve, it is possible to estimate
the overall efficiency of the DMFCs, under the conditions that the
methanol oxidation gives 6 mol  e−/mol CH3OH [53,54], which is
equal to:

� = �rev. × �V

where �rev. is the thermodynamic efficiency of the reaction taking
place in the DMFC (0.967) under standard conditions [53,54], and
�V is the voltage efficiency. The latter is defined as:

�V = �V

�Erev.

where �V  is the actual fuel cell voltage at given current density and
�Erev. is the electromotive force at the same temperature and pres-
sure (approximately 1.18 V) [53,54]. According to the data reported
in Table 3, the use of a cathode with enhanced activity and speci-
ficity toward the ORR, like PdFeIr/C, positively influence the DMFC
efficiency.

Furthermore, the bottom panel of Fig. 6 shows the voltage and
power vs current curves but normalized by the total noble-metal
mass activity, which is of paramount importance in a practical and
economical point of view. Accordingly, the ternary catalyst in com-
parison to Pd/C and Pd25Pt75/C developed a rise of 146% and 87% in
terms of current and power density at 0.35 V.

Consequently, a low-cost material with enhanced activity and
specificity toward the ORR was developed. Since PdFeIr/C carries
higher catalytic activity and specificity comparing with commercial
Pd/C and Pd25Pt75/C, less precious metal will be required for higher
performance and it will in turn reduce the cost of fuel cell materials,
e.g., in the current conditions the cathodic material cost is reduced
until a 79% respect with PdPt/C and a 46% to Pd/C catalyst. The
improvement in both power output and OCV is related to the third-
body effect of methanol on the ternary catalyst that is produced by
electronic and geometric factors, which is for our knowledge the
first time acquired in DMFC.

4. Conclusions

In the present work, low-cost carbon-supported Pd and Pd-
based alloys (PdFe/C, PdIr/C, PdFeIr/C) with elevated catalytic
activity and high specificity toward the ORR were successfully syn-
thesized by the borohydride method to be used as cathodic material
in a DMFC.

Physicochemical characterization indicated similar crystallite
size of ca. 4 nm for all catalysts. In addition, XRD and XPS analysis
showed the importance of the alloy formation and the electronic
charge transfer from Fe and/or Ir to Pd. Thus, voltammetric anal-
ysis revealed the high impact of the material surface structure for
the catalysis, in which methanol adsorbs but not oxidize on the
PdFeIr/C catalyst. Furthermore, it was observed that iridium intro-
duction into the Pd-based catalyst enhance the methanol tolerance
and inhibits the water dissociation reaction and hence the oxidation
of the catalyst surface. Indeed, absence of metallic iridium (Ir0) and
presence of iron (Fe2+ and Fe3+) and iridium (Ir+3 + Ir+4) oxides into
specific surface sites are the key species for the enhanced activity
toward the ORR in presence of dissolved methanol. Consequently,
the best performance in DMFC was  achieved with a cathode con-
taining PdFeIr/C catalyst.

These results are of paramount importance since the develop-
ment of good and low-cost catalysts for ORR in the presence of
alcohol is crucial for the introduction of direct methanol fuel cells
in the energy market.
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Abstract: Direct methanol fuel cells (DMFCs) are electrochemical devices that efficiently produce
electricity and are characterized by a large flexibility for portable applications and high energy density.
Methanol crossover is one of the main obstacles for DMFC commercialization, forcing the search
for highly electro-active and methanol tolerant cathodes. In the present work, carbon-supported
Pd and PdFe catalysts were synthesized using a sodium borohydride reduction method and
physico-chemically characterized using transmission electron microscopy (TEM) and X-ray techniques
such as photoelectron spectroscopy (XPS), diffraction (XRD) and energy dispersive spectroscopy
(EDX). The catalysts were investigated as DMFC cathodes operating at different methanol
concentrations (up to 10 M) and temperatures (60 ◦C and 90 ◦C). The cell based on PdFe/C cathode
presented the best performance, achieving a maximum power density of 37.5 mW·cm−2 at 90 ◦C with
10 M methanol, higher than supported Pd and Pt commercial catalysts, demonstrating that Fe addition
yields structural changes to Pd crystal lattice that reduce the crossover effects in DMFC operation.

Keywords: palladium; iron; direct methanol fuel cell; oxygen reduction reaction; methanol tolerance

1. Introduction

High energy conversion systems are required to satisfy global consumption demand. Fossil fuel
usage is causing gradual environmental deterioration due to CO2 emission into the atmosphere [1],
and consequently, the search for novel substitute sources is vital. Polymer electrolyte membrane
fuel cell (PEMFC) technology is an innovative alternative to efficiently produce cleaner energy.
Among these, direct methanol fuel cells (DMFCs) are supplied with methanol solutions as fuel at the
anode. In contrast to other fuels derived from petroleum and organic sources, methanol has the largest
oxidation electro-activity [1,2]. Commonly, DMFCs are used in portable systems due to their versatility
and easy re-fueling and because they are very appealing from economic and environmental points of
view [2–4]. However, a few technical barriers restrict DMFC commercialization; the main concerns are
(i) the slow electro-kinetics of methanol oxidation and oxygen reduction at the anode and cathode,
respectively, at low temperatures, forcing the use of platinum-based catalysts [3]; (ii) membrane
degradation; (iii) performance loss due to methanol crossover caused by the low tolerance to permeated
methanol of the cathodic catalysts commonly used (Pt) [4,5]. Nevertheless, all the other components,
such as the cell housing, bipolar plates, gaskets and stack auxiliaries, also contribute to DMFC
durability issues [3,5]. The methanol crossover above refers to the permeation of methanol through the
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electrolyte from the anode to the cathode, which causes a substantial performance decrease due to the
formation of a mixed potential at the cathode [6–9]. Great efforts have been made to overcome these
problems, particularly to replace the platinum based catalysts with non-noble metals [10] or other
cheaper noble metals to be used as methanol tolerant cathodes, such as palladium [11]. It is well known
that palladium-based catalysts present a good methanol tolerance as fuel cell cathodes [12] since the
methanol oxidation process is negligible on Pd in acid media [13]. In this context, there are some recent
investigations explaining the methanol tolerance of Pd-based cathodes; e.g., DFT studies of methanol
adsorption on a Pt and Pd single layer composed of thirteen atoms showed how platinum distorts
the molecular structure of the adsorbed methanol and favors its deprotonation in the first step of
methanol oxidation process [14]. However, the deprotonation of methanol on palladium is kinetically
and thermodynamically not favored, which is attributed to the Pd and Pt d-orbital extension difference.
It is also known that Pd alloys with several 3d transition metals present higher oxygen reduction
reaction (ORR) electro-activity than pure Pd [15]. Metals like Cu, Fe [13,15], Ni, Cr, Co [16,17], have
been deeply studied for improving ORR activity and methanol tolerance and, therefore, minimizing
the crossover effects [13,15–17]. On the other hand, core-shell palladium nanoparticles represent a good
alternative as a cathodic material [18]. In this sense, Jia X. Wang et al. showed how a Pt monolayer
growth (shell) on Pd with PdCo as the core exhibited prominent activity enhancement compared to Pt
nanoparticles, due to strain and surface contraction effects. Likewise, Ru@Pd-Pt compared to Pd@Pt
core shell structures, with low metal loading ~0.3 mg·cm−2 at the PEMFCs cathode side, exhibited
a high performance attributed to Ru core electronic interaction with the Pd-Pt alloy shell [19]. It is
often reported that Pd-d electron filling from another transition metal promotes a decrease of the
density of states (DOS) due to the hybridization of the d-band of Pd by the incorporation of a second
electropositive metal; thus, the adsorbed oxygen bonds are weakened and the dissociation mechanism
is more feasible [15,16].

Previously, we proposed a trimetallic PdFeIr/C catalyst as a novel DMFC cathode due to its
high tolerance toward methanol crossover effects, as demonstrated both in rotating disk electrode
(RDE) experiments in half-cell configuration and at the cathode of a DMFC in single-cell tests. This
was attributed to the surface composition rich in iron and iridium oxides. Nevertheless, a PdFe/C
(without iridium) exhibited a similar behavior than PdFeIr/C in the kinetic region of ORR polarization
curves in RDE experiments [13]. Despite PdFeIr/C’s low Pd content, the presence of iridium results in
a cost increase compared to bimetallic PdFe catalyst for equivalent Pd loadings in the electrode. From
that point of view, this modification represents inherent cost savings and, for this reason, we have
decided to study the DMFC performance of the bimetallic catalyst in depth in this work.

2. Results

2.1. Physico-Chemical Characterization of the Synthesized Materials

PdFe/C and Pd/C were synthesized as described in the experimental section of this paper.
The real atomic composition of the prepared catalysts, together with a commercial one (Pd/C ETEK),
was determined by energy-dispersive X-ray (EDX) technique, and the data are depicted in Table 1.
The results confirm that the metal loading of in-house prepared catalysts (Pd/C and PdFe/C) is close
to 20 wt. % and the Pd:Fe atomic ratio is close to 3:1 for the PdFe/C catalyst. STEM images (Figure S1)
show a homogeneous distribution of Pd and Fe for the PdFe/C catalyst confirming the atomic ratio
from EDX (Figure S2).
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Table 1. Physico-chemical properties of the Pd-based catalysts.

Catalysts Crystallite
Size 1 (nm)

Interplanar
Spacing 1

(Å)

Lattice
Parameter 1

(Å)

Particle Size
2 (nm)

Interplanar
Spacing 2

(Å)

Pd:Fe Atomic
Ratio 3 (at %)

Metal
Loading 3

(wt %)

Pd/C 3.9 2.273 3.949 4.7 ± 0.7 2.305 - 20
PdFe/C 3.8 2.261 3.922 4.6 ± 0.5 2.257 76:24 19

Pd/C ETEK 3.4 2.241 3.883 4.3 ± 0.6 2.271 - 30
1 XRD, 2 TEM, 3 EDX.

Figure 1 compares the X-ray diffractograms for Pd-based materials. The first peak at ca. 2θ = 25◦

for all diffractograms corresponds to (002) reflection of carbon support [19–21]. The other displayed
five peaks are characteristic of the face-centered-cubic (fcc) crystalline structure of palladium
(JCPDS #46-1043) [13,19], ascribed to the (111), (200), (220), (311) and (222) reflections. A pronounced
diffraction peak close to 35◦ was observed in the Pd/C commercial catalyst, which can be attributed
to the main reflection of Pd oxide-hydroxide species (PdO·xH2O, JCPDS #09-0254) [22]. A shift of
Pd-related diffraction peaks of Pd/C and PdFe/C to lower 2θ values than the benchmark Pd/C-ETEK
was also observed, which is confirmed by the lattice parameter enlargement for Pd/C and PdFe/C
catalyste (Table 1). The slight contraction in latter (3.922 Å) compared to Pd/C (3.949 Å) can be ascribed
to the alloy formation due to Fe insertion into the Pd crystalline structure [13,23,24]. Pd fcc structure
has been reported to change when incorporating some transition elements with different atomic radius
inside the Pd structure (e.g., Co [16], Ag [25], Ni [16,17], Fe [17,24]). It is known that the shift in
XRD reflections can be attributed to alloy formation, increasing or decreasing according to the second
metal atom size, producing a contraction or enlargement of the lattice parameter [17]. In our case,
the reduction with sodium borohydride appears to promote a contraction of the Pd unit cell in the
PdFe catalyst. The crystallite sizes, calculated by the Scherrer equation using Pd (220) peak, and the
interplanar spacing, are reported in Table 1. The Pd crystallite size of Pd/C and PdFe/C catalysts are
very similar [13], while the commercial Pd/C presents a slightly lower value.
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Figure 1. XRD patterns of Pd-based catalysts.

The Pd nanoparticles sizes and dispersion on the carbon support were evaluated by transmission
electron microscopy (TEM). Figure 2 depicts the TEM micrographs at different magnifications for
Pd/C, PdFe/C and Pd/C-ETEK. Spherical Pd-based nanoparticles with homogenous distribution
on the carbon support were observed for all the catalysts. The particle size histograms (Figure 3)
indicate slightly different distributions. The average particle sizes determined from TEM (Table 1)
are higher than XRD crystallite sizes but with the same trend. The Gaussian fit of the particle size
distributions (continuous line in Figure 3) reveals some agglomeration for both Pd/C and PdFe/C,
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since the distributions are asymmetrical with some more particles being larger than the average
sizes. These results are in agreement with previous works where the borohydride method and other
similar synthesis methods for carbon-supported nanoparticles have been used [26–28]. High resolution
TEM micrographs (Figure 4) show ordered equidistant fringes for Pd with preferential orientation,
as indicated in the images. The line profiles analysis of these images suggests the (111) planes are
predominant [29,30]. Interestingly, the interplanar spacing decrease (Table 1) reflects the modification
of the fcc Pd lattice by intercalation of Fe in the PdFe/C catalyst [24], also as confirmed by XRD
analyses. Nevertheless, the interplanar spacing values determined by TEM analysis do not follow
the same trend as those from XRD patterns since it is slightly lower for Pd/C-ETEK than for the
PdFe/C catalyst.
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X-ray photoelectron spectra (XPS) of the Pd-based catalysts are shown in Figure 5. XPS analysis
allowed determining the surface composition of each material. At a glance, it is possible to identify the
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photoelectron lines associated with metal composition in each catalyst: Pd 3d, Fe 2p, C 1s and O 1s core
level were clearly identified [13,31]. As well, Auger lines localized at high binding energy values of
several elements can be seen. In this sense, different Auger contributions can be observed, as indicated
in the figure: Pd MNV, Pd MVV, Fe LMM and O KLL. As can be seen, the O KLL Auger lines in the
PdFe/C have a significant intensity compared with the other two catalysts, which is attributed to iron
oxides. The oxide amount present on the catalysts surface and the binary alloy produces a superficial
metallic Pd rise. On the other hand, Pd/C-ETEK surface composition is almost the same as Pd/C
(Figure S3 and Table S1). Atomic compositions estimated by XPS have already been reported [13].

Materials 2017, 10, 580  5 of 14 

 

produces a superficial metallic Pd rise. On the other hand, Pd/C-ETEK surface composition is almost 
the same as Pd/C (Figure S3 and Table S1). Atomic compositions estimated by XPS have already been 
reported [13].  

(a) 
 

(b) 

 
(c) 

Figure 3. Particle size distribution histograms from TEM images of (a) Pd/C; (b) PdFe/C;  
(c) Pd/C-ETEK. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

0 1 2 3 4 5 6 7 8
0

3

6

9

12

15

18

Particle size / nm

 

 

N
/N

to
ta

l*1
00

 /
 %

Pd/C

0 1 2 3 4 5 6 7 8
0

3

6

9

12

15

18

N
/N

to
ta

l*1
00

 /
 %

Particle size / nm

PdFe/C

0 1 2 3 4 5 6 7 8
0

3

6

9

12

15

18

 

N
/N

to
ta

l*1
00

 /
 %

Particle size / nm

Pd/C-ETEK

Figure 3. Particle size distribution histograms from TEM images of (a) Pd/C; (b) PdFe/C;
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2.2. Electrochemical Performances of Pd-Based Catalysts in DMFC

The electrochemical behavior of all homemade materials in this work was studied at the cathode
side of a DMFC and compared with commercial catalysts: the Pd/C-ETEK and a Pt/C (Alfa Aesar,
2.4 nm crystallite size). Methanol concentration and temperature effects have been studied. Figure 6a–d
shows the polarization and power density curves with 1 M, 5 M and 10 M methanol concentration at
two different temperatures (60 and 90 ◦C) for the MEAs based on Pd/C, PdFe/C, Pd/C-ETEK catalysts
and Pt/C-AlfaAesar, respectively. The anode (PtRu black) and membrane (Nafion® 115) were kept
constant in all MEAs.

In general, a substantial performance improvement was observed with increasing temperature
for all MEAs, mainly due to methanol oxidation and oxygen reduction kinetics enhancement [32,33].
All polarization curves exhibit the typical sharp potential decay at low current density associated with
the activation process of both MOR and ORR, followed by a linear decay associated with ohmic losses.
Some cases present an additional source of voltage decay at high current density, attributed to mass
transport constraints at the electrodes. Regardless of the operating temperature, the cell voltage in the
activation zone generally decreases with the increase of methanol concentration, due to the detrimental
effect of methanol crossover. This is more exacerbated in the Pt/C cathode-based MEA (Figure 6d).
Whereas, the voltage decrease with current associated to methanol crossover is much lower with the
Pd-based cathodes, being almost negligible (few millivolts) at 60 ◦C. The methanol permeation rate,
at a determined set of operating conditions, such as temperature and anode fuel concentration, relies
mostly on membrane characteristics (composition, thickness, etc.). Considering that the tested MEAs
differ only in the cathode catalyst layer, variations of potential in the low current region with methanol
concentration may be attributed to methanol tolerance characteristics of the cathode. As a consequence,
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the few millivolts voltage decay with Pd cathodes is a clear indication of the higher tolerance to the
presence of methanol of the Pd catalysts compared to Pt. At a low methanol concentration (1 M) and
60 ◦C, the open circuit potential (OCP) values follow this order: PtC/-AlfaAesar > Pd/C-ETEK >
PdFe/C > Pd/C. Under these working conditions, the crossover effects are not so detrimental [7,9]; thus,
OCP usually increases when the temperature rises for low methanol concentrations (i.e., 1 M) [9,33,34].
However, the methanol permeation rate increases with temperature [35]. Concerning the maximum
current density, Pd-based cathodes exhibit similar (PdFe/C) or lower values than the MEA equipped
with a Pt catalyst. As well-known, the methanol crossover decreases with the increase of current
density. Pt cathodes are more active towards the ORR than Pd in the absence of permeated methanol,
and, as a consequence, moving to the low voltage region (low efficiency) leads to lesser extent of
methanol adsorption on Pt.
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Figure 6. DMFC performances (polarization and power density curves) at 60 ◦C (top panel) and 90 ◦C
(bottom panel) of (a) Pd/C; (b) PdFe/C and (c) Pd/C-ETEK; (d) Pt/C-AlfaAesar.

Feeding an intermediate methanol concentration (5 M) at the same temperature (60 ◦C) results in
a lower cell voltage at low current density (including OCP) compared to the performances with 1 M
methanol. The effect of methanol crossover is further accentuated when the single cell is fed with 10 M
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methanol. The in-house prepared Pd/C catalyst showed the highest tolerance to crossover effects in
terms of voltage, followed by Pd/C-ETEK and PdFe/C, whereas Pt/C-AlfaAesar presented the highest
OCP decay of 140 mV associated with the methanol concentration increase from 1 to 10 M [9,32,33].
This corroborates the low methanol tolerance for Pt-based cathodes and the great advantage of using
Pd-based materials [13,23–25]. It is of great interest to reduce or, better, suppress the use of Pt for this
application, favoring market access to DMFCs. In this sense, palladium-enriched catalysts for DMFC
cathodes have been designed and studied by several authors [11–18,23–25]. Our current results are
comparable to what has been reported by Choi et al., where a palladium-rich catalyst (Pd19Pt1/C,
2.8 nm from XRD) shows relatively larger methanol tolerance compared to Pt/C at 70 ◦C and 6 M
methanol concentration. However, the OCP values reported are lower than those achieved in this
study [34]. The same applies to Pd3Pt/C (5 nm) catalysts described by Li et al. [36], which were
synthesized through a modified polyol method, where OCP values at 1 M methanol concentration
and 75 ◦C are lower compared to those presented here for Pd-based catalysts at the same methanol
concentration and 90 ◦C.

A comparison of the polarization and power density curves obtained with 10 M methanol at
60 ◦C (Figure 7a) shows the influence of high methanol concentration on the performance of different
Pd-based cathodes. At low current density (<50 mA·cm−2), the best performances were attained with
Pd/C and PdFe/C cathode-based MEAs, slightly better than the commercial Pd/C and all of them
exceeding the performance of the commercial Pt/C. Conversely, at high current density, the polarization
curve of Pt/C behaves slightly better than those of Pd-based catalysts, achieving similar values of
maximum power density to the PdFe/C-related MEA. At a higher operating temperature (90 ◦C),
the differences among different cathodes are exacerbated (Figure 7b). At low current density, in the
activation region of the polarization curves, the detrimental effect of methanol crossover leads to a
larger voltage decay in the commercial-based cathodes, being more dramatic in the Pt/C catalyst due
to its worse methanol tolerance properties. The in-house prepared Pd/C and PdFe/C catalysts exhibit
a much lower voltage drop in the low current density region. The maximum power density at 90 ◦C
reached 37 mW·cm−2 at 0.35 V for the MEA based on PdFe/C at the cathode. The introduction of Fe
seems to be beneficial to operate at high temperature and high methanol concentration (high energy
density DMFCs).

The OCP dependence with temperature and methanol concentration for the whole set of tested
MEAs is displayed in Figure 8. The increase of methanol concentration produces, in general, a decrease
of OCP for all the MEAs both at 60 ◦C and 90 ◦C, related to the increase of methanol permeation
rate through the polymer membrane [35]. Pd-based cathodes exhibit the lowest decay in OCP, with
40 mV at 60 ◦C and 100 mV at 90 ◦C from 1 M to 10 M methanol. The PdFe/C catalyst is characterized
by slightly higher OCP decay (70 mV and 130 mV at 60 ◦C and 90 ◦C, respectively) but much lower
if compared to the Pt cathode MEA, which exhibited a loss of 140 mV at 60 ◦C and of 280 mV at
90 ◦C. The better OCP values when operating at high methanol concentration turn into an enhanced
polarization behavior in the activation controlled zone of the DMFC, i.e., the high energy efficiency
operating mode with a high energy density coming from the concentrated fuel.

Figure 9 shows the maximum power density values as a function of methanol concentration
for the investigated catalysts at 60 ◦C and 90 ◦C. The maximum power density occurs at relatively
high current densities where the methanol crossover effects are less dramatic than at low current
densities. The MEA equipped with the in-house prepared PdFe/C catalyst exhibited a similar or
even better maximum power density than that equipped with the Pt/C catalyst, in particular at high
methanol concentration and temperature (10 M and 90 ◦C), where methanol crossover constraints
are more pronounced, while the commercial Pd/C catalyst presented the lowest power densities.
In particular, the PdFe/C catalyst presented the highest performance and at 90 ◦C. Taking into account
that palladium is cheaper than platinum, these results highlight palladium-based formulations as a
reliable alternative to Pt for cost-effective and performing high-energy-density DMFC devices.
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Figure 8. Dependence of open circuit potential of the MEAs studied with the working temperature
and anode methanol concentration.

A DMFC stability test was carried out for the best performing cathode, PdFe/C, over 16 h at 0.4 V,
with polarization curves every 20 min to evaluate cell performance, as shown in Figure 10. The current
density peaks correspond to maximum current densities recorded during each polarization test at
low voltage (close to 0.1 V). Initially, the steady-state current density tends to decrease with time
during the first 8 h, with a decay rate of 4 mA·cm−2·h−1. The performance is partially recovered after
every polarization curve, accounting for the reversible part of the total loss. Afterwards, the current
decay is much slower (about 1 mA·cm−2·h−1). The maximum power density decreases from about
57 mW·cm−2 to 32 mW·cm−2, which represents 44% loss after 16 h of operation. In a previous work,
a bimetallic catalyst based on PtFe was subjected to accelerated stress tests, and a partial loss of
iron accounting for about 36% was observed [37], which may explain the irreversible part of the
performance losses in our stability experiment.
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Figure 9. Maximum DMFC power densities as a function of cathode catalyst, working temperature
(60 ◦C and 90 ◦C) and methanol concentration at the anode (1–10 M).
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Figure 10. PdFe/C DMFC stability test at 0.4 V, 90 ◦C, 1 M methanol and fully humidified oxygen at
flow rates of 2 and 100 mL·min−1, fed at the anode and cathode, respectively.

3. Conclusions

Methanol-tolerant carbon-supported Pd-based catalysts (Pd/C and PdFe/C) were synthesized
and investigated for DMFC cathode applications. The physico-chemical characterization including
XRD, EDX, XPS and TEM confirmed the alloy formation for PdFe/C catalyst, surface composition and
a good distribution of nanoparticles on carbon support. The DMFC studies in single cell configuration,
using the Pd-based catalysts at the cathode side, revealed enhanced performance from PdFe/C
compared with Pd and Pt commercial catalysts, especially when operating with high methanol
concentration (10 M), where the methanol crossover effects are more significant. The use of palladium
formulations at the cathode side appears very promising for DMFCs in applications where high energy
capacity and prolonged duration are required. The better Pd tolerance of the presence of permeated
methanol at the cathode results in improved oxygen reduction activity. More specifically, the MEA
based on PdFe/C achieved 25% and 18% higher power density than those based on commercial Pd/C
and Pt/C catalysts, respectively. The insertion of Fe into Pd nanoparticles aids the electrocatalytic
activity for the oxygen reduction, which is ascribed to the electronic conjugation by superficial iron
oxide and metallic Pd, accompanied by the interplanar spacing decrease detected by XRD and TEM
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analysis. The utilization of partially oxidized surface species based on abundant transition metal alloys
with cheaper Pt-free metals like palladium offers a new path in the search for novel catalysts with high
oxygen electro-reduction selectivity and low cost.

4. Materials and Methods

4.1. Catalyst Preparation

The in-house made 20 wt. % Pd/C and PdFe/C carbon-supported catalysts were prepared using
the borohydride reduction method following the same procedure described in our previous paper [13].
Carbon supported commercial catalysts of 20% Pt/C and 30% Pd/C were purchased from Alfa Aesar
and ETEK companies, respectively.

4.2. Physicochemical Characterization

Atomic composition and the metal loading of the catalysts were determined by X-ray energy
dispersive (EDX) spectroscopy coupled to a scanning electronic microscope Jeol JSM 6300 with a silicon
doped with lithium 6699 ATW detector applying 20 keV. X-ray diffractograms (XRD) were obtained
using a Philips X-pert 3710 X-ray diffractometer with Cu Kα anodic radiation source. The Marquardt
algorithm was used to fit the peak profile of the (220) reflection of the face centered cubic structure of
Pd-based catalysts. The crystallite size was then calculated by applying the Debye-Scherrer equation.
Transmission electron microscopy (TEM) images and STEM microanalysis were obtained with a
Jeol 2100 (200 kV) microscope. Catalyst powders were dispersed in isopropyl alcohol using an
ultrasonic bath. Then, a few drops of the dispersion were deposited on carbon film-coated Cu
grids and dried with argon atmosphere. All images were studied with Gatan Microscopy Suite
Software 2.0. The high-resolution X-ray photoelectron spectra (XPS) were collected on a ESCALAB
250 spectrometer equipped with dual aluminum-magnesium anodes, using a monochromatized Al
Kα X-ray radiation (hν = 1486.6 eV) with a spot size of 650 µm. The spectrometer energy calibration
was performed using the Au 4f7/2 and Cu 2p3/2 photoelectron lines. The spectra were collected in
constant analyzer energy (CAE) mode, with pass energy of 20 eV and with an energy resolution of
about 0.1 eV. For all the measurements, the pressure in the ultra-high vacuum analysis chamber was
less than 9 × 10−9 mbar, avoiding the ejected photoelectron interact with gas molecules. In XPS data
analysis all binding energies (BE) values were calibrated using C 1s peak at 284.6 V to take into account
the chamber environment and the charge effect during the measurement. The XPS data interpretation
was performed using standard data from Perkin-Elmer Corporation X-ray photoelectron spectroscopy
handbook [31].

4.3. Electrochemical Studies

Commercial gas diffusion layers (GDLs, E-TEK) were used at both electrodes to prepare the
membrane-electrode assemblies (MEAs). Concerning the cathode electrodes, homemade Pd/C and
PdFe/C catalysts as well as commercial Pd/C (ETEK) and Pt/C (Johnson Matthey) were sprayed
onto a GDL (GDL-LT, E-TEK). An adequate amount of catalysts powder was ultrasonically dispersed
in a solution consisting of water and isopropyl alcohol (1:3) and Nafion® ionomer (33 wt % in the
catalytic layer). Subsequently, the resulting ink was sprayed onto the GDL with an atomizing gun
connected to a compressed air supply. The spray-painting process is completed when achieving a
Pd or Pt loading of 1 mg cm−2. On the other hand, the anodic electrodes consisted of PtRu (1:1)
unsupported nanoparticles (Johnson Matthey) mixed with 15 wt % Nafion and deposited on the
GDL (GDL-HT, E-TEK) using the doctor blade technique [20]. The Pt loading at the anode was
1 mg cm−2 in all MEAs. A Nafion® 115 membrane was employed as the polymer electrolyte. MEAs
were assembled using a hot-pressing procedure at 130 ◦C for 90 s, 30 kg-f·cm−2 using a hydraulic
press equipped with heating plates. Afterwards, the MEAs were placed in a fuel cell test fixture of
5 cm2 of area. The single cell was then connected to a DMFC test station by Greenlight (Hydrogenics).
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The experiments were carried out by feeding aqueous methanol solutions with concentrations of 1 M,
5 M and 10 M to the anode compartment (2 mL·min−1), and fully humidified oxygen was fed to the
cathode side (100 mL·min−1). The electrochemical response of the MEAs was studied at 60 ◦C and
90 ◦C, monitoring the temperature with a thermocouple embedded into the cathode endplate close
to the MEA. The single cell performances were investigated under steady-state conditions. A 16 h
DMFC short stability test was carried out for PdFe/C cathode catalyst. Cell operating conditions
were 90 ◦C, 1 M methanol fed to the anode at 2 mL·min−1 and fully humidified O2 fed to the cathode
at 100 mL·min−1. The cell potential was kept 0.4 V in intervals of 20 min with pauses to perform
polarization curves. The open circuit potential (OCP) values were measured in steady state mode,
about 15–20 min after starting to feed the cell with methanol solution and humidified oxygen. In the
first few minutes after injection of fuel and oxidant, OCP increases quickly due to a dynamic overshoot
and then slightly decreases to a constant potential as reported in other works [38,39]. Thus, OCP values
measured in the steady-state condition are not influenced by transient phenomena related to hydrogen
evolution/oxidation reactions.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/10/6/580/s1,
Figure S1: STEM images at high magnification (200,000×) of PdFe/C catalyst. From left to right and from top
to down, catalyst image, Pd mapping, Fe mapping, C mapping and O mapping, Figure S2: X-ray energy
dispersive spectrum of PdFe/C catalyst, Figure S3: Pd 2d core level XPS spectrum of Pd/C commercial catalyst,
Table S1: Relative areas (%) and binding energies (eV) from the deconvolution of Pd 2d XPS spectrum of Pd/C
commercial catalyst.
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a b s t r a c t

Graphitized ordered mesoporous carbon CMK-3-R8 supported Pt2CrCo electrocatalysts

were synthetized by the borohydride reduction method (BM) and then submitted to a

reductive thermal treatment (TT) at 300, 500 and 700 �C with the aim to improve their

catalytic activity toward the oxygen reduction reaction (ORR) and the methanol tolerance.

Atomic composition and total metal loading were determined by energy dispersive X-ray

(EDX) analysis and the values obtained were close to the nominal ones, i.e. 20 wt.%

Pt2CrCO/CMK-3. Electrochemical measurements were carried out using rotating disk

electrode (RDE) technique in oxygen-saturated sulfuric acid solution in absence and

presence of dissolved methanol. Besides other species and parameters, X-ray diffraction

(XRD) and X-ray photoelectron spectroscopy (XPS) analysis revealed the formation of an

ordered Pt3Cr alloy phase and the surface enrichment by Cr2O3 species with the rise of the

annealing temperature. The last, in conjunction with the absence of Pt sites with (110)

orientation, enhances the catalytic activity toward the ORR and the methanol tolerance.

Kinetic parameters are reported and analyzed in terms of the physicochemical properties

of the catalysts obtained by the X-ray techniques.

© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Fuel cells (FCs) are promising electrochemical energy con-

verters for a diversity of applications. They have the potential

to provide environmentally friendly energy conversion at high

efficiency and power density. Proton exchange membrane

fuel cell (PEMFC) and direct methanol fuel cell (DMFC) work at

low temperatures and are expected to succeed for applica-

tions with low-medium power densities such as mobile

phones, laptops and cars [1]. DMFC offers several advantages

in comparison to PEMFC. Some of them are the facile liquid-

feed system, in which fuel-processing equipment is not

required, the easy humidification and heat management
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modules since liquid-methanol can provide the necessary

humidification and heat control and transport [2].

One of the main research areas in PEMFC and DMFC in-

volves the oxygen reduction reaction (ORR) at the cathode of

the FC. The great importance of this issue is related to the slow

ORR kinetics that is responsible for more than half of the

overall cell voltage loss during FC working operation. In this

context, DMFC has several drawbacks in comparison to

PEMFC, especially the crossover of methanol from the anode

to the Pt-based cathode that limits the overall performance

[1e3]. The last produces a mixed potential at this electrode,

that is, the ORR and the methanol oxidation reaction occur-

ring simultaneously, and consequently the cell voltage falls.

To overcome this issue, methanol tolerant catalysts are

needed and it is common to study the catalytic activity of

platinum alloys with transition metals for the ORR in the

presence of methanol [3]. In addition, the catalysts support

was found to play an important role for both reactions and

therefore several studies were devoted to analyze its effect

[3e5]. Thus, a variety of bi/trimetallic platinum-based cata-

lysts supported on diverse materials have been used to in-

crease the methanol tolerance and the ORR activity. These

improvements have been ascribed to different factors such as

the surface area, changes in the PtePt interatomic distance

and the Pt electronic configuration, as well as, to the third

body effect [5].

In this sense, ordered mesoporous carbons (OMC) and

particularly CMK-3 carbons present several advantages when

are used as carbon supports for fuel cell catalysts [6], for

instance: i) low cost of fabrication because SBA-15 template is

inexpensive and easy to synthetize; ii) easy diffusion and

mass transportation control though the mesoporous struc-

ture; and iii) promotion high and homogeneous metal

dispersion. CMK-3 carbon materials present an accessible

surface area on the range of 200e1000 m2 g�1 depending on

the synthetic method, which can be several orders of magni-

tude higher than other mesoporous supports such as the

commercially available Vulcan XC-72R (200 m2 g�1) [7], carbon

nanofibers (95 m2 g�1) [8], or carbon nanocoils (120 m2 g�1) [9].

Furthermore, our group has previously shown that heat-

treated CMK-3 carbon materials present high corrosion

resistance and elevated activity, when they are used as cata-

lytic supports [10]. Different Pt-based catalysts supported on

OMC were reported in the bibliography [6,11], and in most

cases, showed an enhanced catalytic activity toward the ORR

and methanol oxidation in comparison with commercial

catalysts. Accordingly, Ding et al. reported a Pt/CMK-3 elec-

trocatalyst with low Pt content (~10 wt. %) that showed higher

ORR activity than Pt commercial catalyst, even though the Pt/

CMK-3 particle sizewas larger. They proposed that the activity

rise was due to the combination of several factors: metal

particle size, surface area, pore ordering and pore diameter

[12]. For DMFC cathode side, Choi et al. designed a novel cat-

alysts using OMC, which consisted of Pt clusters inside the

mesoporous structure. The MEA prepared with this material

presented 40e60 mV open circuit voltage higher than Pt-ETEK

catalysts in a DMFC. The authors suggested that the presence

of micropores and the Pt location inside the structure delay

the methanol diffusion and conversely promotes the oxygen

access [13]. Finally, Liu et al. established high CO tolerance for

Pt/OMC (~15 wt. % of Pt loading) when the Pt nanoparticles are

placed inside tube-type OMC structures [14].

On the other hand, it has been reported that carbon sup-

ported PtCr, PtCo and PtNi catalysts develop higher perfor-

mances for the oxygen reduction reaction in comparison to Pt/

C [15]. Shuo Chen et al. described a four-fold improvement

toward the ORR by PtCo/C alloy nanoparticles [16]. Further-

more, PtCo nanoparticles synthetized by water-in-oil micro-

emulsion method followed by a thermal treatment at 875 �C
under a reductive atmosphere showed higher catalytic activ-

ity toward ORR than commercial Pt/C catalyst [17]. This

improvement was confirmed by Baglio et al. observing an

increment of the DMFC performance using a PtCo alloy as

cathodic material [18]. Additionally, high methanol tolerance

during the ORR at PtComaterials in acidic media was reported

[19e22]. It was also reported that Cr and Co elements increase

the active surface for bi-metallic (PtCr and PtCo) and tri-

metallic (PtCrCo) alloys after being annealed at 900 �C due to

Pt surface segregation [19].

In the current study, mesoporous carbon supported

Pt2CrCo (Pt2CrCo/CMK-3) catalyst was synthesized and sub-

jected to different thermal treatments. Then, the materials

were characterized by several physicochemical (X-ray

diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and

energy dispersive X-ray spectroscopy (EDS)) and electro-

chemical (rotating disk electrode (RDE), lineal sweep voltam-

metry (LSV) and cyclic voltammetry (CV)) techniques in pure

and methanol-containing electrolytes.

Experimental

Catalyst synthesis

CMK-3 mesoporous carbon was synthesized according to

previous works [23,24] to be used as carbon supporting ma-

terial. Briefly, ordered mesoporous carbons (CMK-3-R8) were

prepared by incipient wetness impregnation of SBA-15 silica

with furan resin (Huttenes-Albertus) as carbon precursor. The

silica material SBA-15/R8 contained amass ratio of TEOS/P123

equal to 8 (R8). Subsequently, the impregnated silica was

carbonized at 700 �C for 2 h. The obtained silica-carbon com-

posite was washed with a 5 M NaOH (Panrec) solution for

12 h at 60 �C to remove the silica particles and washed with

distilled water [9,24,25]. Then, it was dried at 108 �C for 24 h.

The carbon material obtained was subjected to a thermal

treatment at 1500 �C in a graphite electrical furnace for 1 h

under argon flow, using a heating rate of 10 �C min�1. The

textural properties of the carbon support are reported in

Table 1. CMK-3-R8 presents a high specific surface area of

273 m2 g�1. In the rest of this work, the graphitized carbon

material will be referred as CMK-3.

Table 1 e Macroscopic and mesoscopic properties of the
CMK-3-R8 carbon support.

Sample ABET

m2 g�1
Vtotal

cm3 g�1
AMeso

m2 g�1
VMeso

cm3 g�1
Pore size

(nm)

CMK-3-R8 273 0.26 238 0.24 3.5
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Appropriate amounts of metal precursors (H2PtCl6, CrCl3
and CoCl2, SigmaeAldrich) were employed to obtain PtCrCo

catalyst with atomic ratio (2:1:1) and nominalmetal loading of

20 wt. % on CMK-3.

The borohydride method (BM) was applied to reduce the

metal precursors. Briefly, an aqueous suspension of the

mesoporous carbon was obtained by stirring during ca. 24 h.

After that, a water solution containing the metal precursors

was slowly added to the carbon suspension and then the pH

was adjusted to 5 with a NaOH solution. Next, metal ions were

reduced by the gradual addition of a sodiumborohydride (99%,

Sigma Aldrich) solution under sonication at a constant tem-

perature of 20 �C. Subsequently, catalysts were filtered and

copiously washed with ultrapure water. Finally, the material

was submitted to a thermal treatment during 2 h under a

reductive atmosphere (N2:H2 ratio of 95:5; 10 mL min�1) at

different temperatures. On the basis of the true composition

and the thermal treatment used, the electrocatalysts are

denoted as: 1) Pt2CrCo/CMK-3-WTT without thermal treat-

ment and 2) Pt2CrCo/CMK-3-T where T is the temperature for

thermal treatment (300, 500 and 700 �C).

Physicochemical characterization

Catalysts were characterized by X-ray diffractograms (XRD)

using a PANalytical X'Pert Pro X-ray diffractometer operating

with Cu Ka radiation (l ¼ 0.15406 nm) generated at 40 kV and

20 mA. Scans were done at 0.04� s�1 for 2q values between 20�

and 100�. To avoid the influence of peak overlapping of a

broad band of the amorphous carbon and other reflections,

the (220) peak reflection of face centered cubic (fcc) structure

of Pt was used to estimate the crystallite size by the

DebyeeScherrer equation [26]. The PtePt interplanar spacing

was determined from the lattice parameters that were ob-

tained by refining the unit cell dimensions by the least

squares method [27].

The atomic composition and total metal loading of the

electrocatalysts was determined by energy dispersive X-ray

analysis (EDX) coupled to the scanning electron microscope

Jeol JSM 6300 with a silicon doped with lithium 6699 ATW

detector applying 20 keV.

X-ray photoelectron spectroscopy (XPS) analysis was per-

formedwith a Thermo-Scientific equipment operating with Al

Ka line radiation (1486.6 eV), containing a twin crystal

monochromator and yielding a focused X-ray spot with a

diameter of 400 microns at 3 mA � 12 kV. Charge compensa-

tionwas achievedwith the flood gun system that provides low

energy electrons and argon ions from a single source. The

samples were placed into a pre-chamber during 4e5 h. The

analysis chamber pressure during the measurement was

maintained below 5 � 10�8 mbars.

The binding energies (BE) were calibrated using the C 1s

peak at 284.6 eV to take into account charge effects. The peaks

areas were calculated by fitting the experimental spectra

using gaussian/lorentzian combined shapes, after the elimi-

nation of background noise upon use of Shirley-type curves.

The surface atomic contents for each component were

calculated from such fittings, employing the corresponding

atomic sensitivity factors. The XPS data interpretation was

carried out using standard data from PerkineElmer

Corporation X-ray photoelectron spectroscopy handbook [28].

Deconvolution of the XPS spectra were carried out by the

XPSPEAK 41 software.

A JEOL-2000 FXII microscope operating at an accelerating

voltage of 200 kV was used to obtain transmission electronic

microscope (TEM) images, which were utilized to evaluate the

morphology of the catalysts. The average particle diameter of

each catalyst was calculated measuring the diameter of at

least 300 metallic particles.

Electrochemical characterization

The electrochemical measurements were carried out in a

three-electrode half-cell at room temperature (25 �C)
controlled by an Autolab PGSTAT302N potentiostat-

galvanostat. A carbon rod was used as a counter elec-

trode, while the reference electrode was a reversible

hydrogen electrode (RHE) in the supporting electrolyte

(0.5 M H2SO4, Merck p.a.). Potential values were referred to

this electrode. The working electrode was a rotating elec-

trode (RDE) containing a glassy carbon disk (geometrical

area ¼ 0.071 cm2) where a catalyst ink was deposited. The

ink containing in the catalyst was prepared under sonicat-

ion by mixing 2 mg catalyst, 15 mL Nafion® (5%, Sigma-

eAldrich) and 500 mL water (Milli-Q, Millipore). Then, an

aliquot (20 mL) of the ink was carefully dried onto the glassy

carbon disk under Ar atmosphere. Electrolyte solution oc-

casionally was deoxygenated with Ar (Air Liquide 99.999%),

saturated with O2 (Air Liquide 99.995%) to perform the

measurements related to the ORR or with CO (99.997%, Air

Liquide) for CO-stripping experiments. Methanol (Merck

p.a.) was used for the ORR study in presence of alcohol.

Both, electrolyte and methanol solution were prepared

using high purity water provided by MilliQ e Millipore

system (18.2 MU cm�1 of resistivity).

Prior to each study, an activation step of the working

electrode was performed, which consists of potentiody-

namic cycles between 0.10 and 0.70 V at 0.20 V s�1 until a

reproducible voltammogram was achieved. Then, a blank

cyclic voltammogram (BCV) was recorded at 0.02 V s�1 be-

tween 0.05 and 0.9 V O2 was bubbled during 20 min before

each ORR experiment and an oxygen atmosphere was

maintained during all measurements. Steady state polari-

zation curves were carried out between 1.00 and 0.20 V at

rotating speeds of 400, 600, 900, 1600 and 2500 rpm to eval-

uate the ORR kinetics parameters. In this study, the working

electrode was introduced into the electrolyte at a controlled

potential of 1 V, and subsequently, a linear sweep voltam-

metry (LSV) curve was initiated in the negative going direc-

tion at scan rate of 0.002 V s�1. The voltammetric profiles of

the catalyst and the ORR experiments were studied in

absence and presence of methanol in solution. With this

end, 0.5, 1, 2 and 3 M methanol solutions in 0.5 M sulfuric

acid medium were employed. CO stripping experiments

were recorded at 0.02 V s�1 after bubbling CO through the

cell for 10 min while keeping the electrode at 0.07 V, fol-

lowed by N2 purging to completely remove the excess of CO

[29]. The electroactive surface area (ESA) was obtained from

CO stripping experiments.
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Results and discussion

Physicochemical characterization of Pt2CrCo/CMK-3
catalysts

The metal loading and metal composition of synthesized

materials were determined by EDX analysis. Values close to

the nominal one were obtained for all catalysts and are

summarized in Table 2. X-ray diffractograms are depicted in

Fig. 1, in which the typical (111), (200), (220), (311) and (222)

diffraction patterns of the face-centered cubic (fcc) structure of

platinum are discerned [15,17]. It is noteworthy that the five

diffraction peaks of platinum are to some extent shifted to

higher angles (see Table 2) in comparison to carbon-supported

platinum catalyst (lattice parameter ¼ 0.3915 nm [30]), which

indicate a lattice contraction and alloy formation. Interest-

ingly, the lattice parameter and the PtePt interplanar distance

of the Pt2CrCo/CMK-3 materials follow a volcano-shaped

curve with the rise of the thermal procedure (Fig. 2). This

result may be occasioned by the surface reconstruction of the

nanoparticles that results in a deviation from the lattice

parameter mean value due to the surface to nanocrystal core

ratio is large or by internal modification of the involved spe-

cies [25], which in turn may alter the electronic properties of

the d-band of Pt [31].

In addition to the five main characteristic features of the Pt

fcc structure, a small but visible diffraction peak is developed

at ca. 36�, which is related to crystalline Cr2O3 species (Fig. 1b)

[15]. The intensity of the last signal slightly increases with the

rise of the heating procedure. Also, Pt2CrCo/CMK-3-700 elec-

trocatalyst develops three weak diffraction patterns at 23�, 33�

and 53�, which are associated to the superlattice planes of an

ordered Pt3Cr alloy phase (Fig. 1a,b) [30]. Peaks related to Pt

and Co oxides phases were not observed for catalysts ther-

mally treated up to 700 �C, although amorphous metallic ox-

ides cannot be discarded [19].

Diffraction peaks for Pt2CrCo/CMK-3 catalysts in Fig. 1 are

sharper with the rise of the heating procedure indicating an

increment of the metal particle size [32]. Average metal crys-

tallite size was calculated using the Scherrer’ equation [33,34]

and, as expected, the values exponentially grow from 4.7 to

13.5 nm with the increase of the temperature of the thermal

treatment (Fig. 2). Thus, the annealing procedure provokes

important morphologic and structural changes in themetallic

materials, in agreement with previous works [17,32].

Remarkable are the crystallite growth of the Pt2CrCo/CMK-3-

700material and the lack of relationship between particle size

and lattice parameter. Table 2 summarizes the above

mentioned parameters.

The rise of the particle size and the high stability of the

catalyst support with the increment of the thermal procedure

were proved by TEM (see Supporting Information). TEM im-

ages show that metal deposition is uniform and highly

dispersed, as well as, it does not block the mesoporous

structure of the catalyst support and therefore the primary

pore size is not compromised.

XPS was used to provide essential information on the

oxidation state of the elements in the materials and the stoi-

chiometry at the catalyst surface. XPS spectra corresponding

to the Pt 4f orbital are reported in Fig. 3a1e4. The Pt 4f signal

was deconvoluted into two distinguishable doublets of

different intensity. For the Pt 4f7/2 transition, the components

at 71.3e71.8 and 72.6e73.3 eV are attributed to Pt0 and Pt2þ (Pt

(OH)2 and PtO species), respectively [28]. Interestingly, no

contribution of PtO2 was discerned and the binding energies

for Pt0 and Pt2þ are slightly shifted toward more positive

values in comparison to bare Pt in carbon-supported Pt ma-

terial [35]. The Cr 2p spectrum consists of two signals related

to the 2p3/2 and 2p1/2 transitions (Fig. 3b1e4) [28]. The Cr 2p

signal was deconvoluted into three distinguishable doublets

of different intensity. For the Cr 2p3/2 transition, the compo-

nents at 575.8e576.2, 576.4e577.5 and 577.8e578.9 e.V are

attributed to Cr(OH)3 (Cr3þ), Cr2O3 (Cr3þ) and CrO3 (Cr6þ),
respectively [28,36]. Remarkable is the absence of metallic

chrome at the surface of the catalysts. Fig. 3c1e4 shows the Co

2p core level orbitals, in which the transitions of the Co 2p3/2

(~781 eV) and Co 2p1/2 (~796 eV) and their corresponding sat-

ellites are discerned [28,36]. Since the full Co 2p signal is

challenging, only the Co 2p3/2 transition signal was deconvo-

luted into three singlet peaks of different intensity [36]. In this

way, the components at 777.7e778.5, 780.7e781.3 and

784.3e785.1 e.V are attributed to Co0, CoO (Co2þ) and Co2O3

(Co3þ), respectively.

XPS peak positions and contribution in % for the different

components of each element are reported in Table 3 and

depicted in Fig. 4 for the different thermal treatments. The top

panel of Fig. 4 clearly shows the segregation of chromium to

the catalyst surface applying the thermal procedure at 700 �C.
Meanwhile, the surface concentration of platinum increases

at Pt2CrCo/CMK-3-300 and Pt2CrCo/CMK-3-500 materials and

then decreases at Pt2CrCo/CMK-3-700. In this context, it is

evident the close correlation between Pt surface concentra-

tion and the ESA that is connected to the amount of active Pt

sites onto the catalyst surface (see below). Also, it is noticeable

that the Pt surface concentration is not linked with the crys-

tallite size at least for those materials annealed at tempera-

tures �500 �C (Fig. 2). Co surface concentration is quite similar

for Pt2CrCo/CMK-3-WTT, Pt2CrCo/CMK-3-300 and Pt2CrCo/

Table 2 e Surface composition from XPS and structural characteristics from XRD analysis of Pt2CrCo/CMK-3
electrocatalysts.

Catalyst Average crystallite
size (nm)

Lattice
parameter (�A)

PtePt interplanar
spacing (�A)

Surface atomic
ratio (XPS)

Bulk atomic
ratio (EDX)

Pt2CrCo/CMK-3-WTT 4.7 3.898 2.756 Pt36Cr40Co24 Pt49Cr27Co24

Pt2CrCo/CMK-3-300 5.4 3.909 2.764 Pt39Cr39Co22 Pt50Cr24Co26

Pt2CrCo/CMK-3-500 8.0 3.901 2.758 Pt38Cr38Co24 Pt49Cr24Co27

Pt2CrCo/CMK-3-700 13.5 3.877 2.741 Pt31Cr53Co16 Pt49Cr26Co25
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CMK-3-500, but it dropswhen thermal procedure at 700 �Cwas

applied. Bottom panel of Fig. 4 depicts the contribution for the

different oxidation states of the elements involved at the

catalyst surface. Most important features involve: i) the strong

increment and decrease of Crþ3 and Crþ6 species, respectively,

with the rise of the annealing temperature; ii) the inflection

point for Pt species at the Pt2CrCo/CMK-3-300 material, in

which Pt0 and Ptþ2 slightly decreases and increases, respec-

tively, in comparison to Pt2CrCo/CMK-3-WTT; iii) the material

treated at 300 �C presents the closest surface concentration of

Crþ3 and Crþ6 species; iv) moderate increment and fall of Pt0

and Ptþ2 species, respectively, with increasing the treatment

temperature �500 �C; and v) Coþ2 and Coþ3 species decreases

and increases monotonically with rising the annealing tem-

perature, which suggests an increment of charge transfer

from cobalt toward the other species.

Fig. 1 e X-ray diffraction patterns of Pt2CrCo/CMK-3 electrocatalysts.

Fig. 2 e Crystallite size and PtePt interplanar spacing

versus temperature of the thermal treatment.

Fig. 3 e Pt 4f (a), Cr 2p (b) and Co 2p (c) core-level spectra of Pt2CrCo/CMK-3 electrocatalysts.
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Electrochemical studies

Fig. 5 shows the blank cyclic voltammograms (BCVs) for all

synthesized catalysts in the supporting electrolyte. Currents

are normalized by the ESA, which was obtained from CO

stripping experiments (Fig. 6). It can be observed that Pt2CrCo/

CMK-3 catalysts reveal the typical profile of carbon supported

Pt electrodes, i.e., hydrogen adsorption/desorption features

are clearly observed at E < 0.4 V [37]. Nevertheless, some

specific outcomes can be discerned such as the high capaci-

tive current that must be associated to the mesoporous

structure of the catalyst support material (CMK-3) and the

decrease of the reversible peaks at ca. 0.125 V associated to

hydrogen adsorption/desorption on Pt sites with (110) orien-

tationwith annealing temperatures higher than 500 �C [11,38].

The last is clearly evident at the Pt2CrCo/CMK-3-700 catalyst.

CO stripping experiments were used to study the CO

tolerance and to obtain the electroactive surface area (ESA)

that is used for current normalization. ESA were determined

from the integration of the current involved in the oxidation of

a CO monolayer taking into account that CO adsorbs only on

Pt and assuming a charge of 420 mC cm�2 [39]. The ESA

normalized by the amount of Pt into the working electrode

(EASA) was also calculated and included in Table 4. Note-

worthy is that both (ESA and EASA) parameters are associated

to the amount of Pt in the catalyst. Indeed, the ESA follows the

same profile to that developed for the surface concentration of

Pt (see Fig. 4). In addition, the EASA values acquired are in

agreement to those reported in the bibliography using ordered

mesoporous carbon (OMC) as catalyst support [32,35].

The CO stripping voltammograms recorded for the

different catalysts are shown in Fig. 6, together with the sub-

sequent voltammograms. It is observed that CO is completely

removed after the first anodic sweep. Also, similar voltam-

metric profiles of both blank (Fig. 5) and second voltammo-

gram after CO stripping are achieved. The last indicates an

electrochemical stability of the catalysts under study in the

potential range applied for these studies. All catalysts develop

an onset potential for the CO oxidation reaction close to 0.35 V

followed by a broad anodic current and anodic peak/s. The

broad anodic feature developed in the voltammograms is

associated to surface sites with different catalytic activity to-

ward the CO oxidation reaction [40]. In addition, Pt2CrCo/

CMK-3-WTT develops two anodic peaks at ca. 0.72 and 0.83 V

associated to two surface sites with different activity. Pt2CrCo/

CMK-3-300 also develops two main anodic peaks, but shifted

to lower potentials (0.71 and 0.79 V) than the catalyst without

the thermal treatment. On the other hand, Pt2CrCo/CMK-3-

500 and Pt2CrCo/CMK-3-700 develop only one main anodic

peak centered at ca. 0.76 and 0.75 V, respectively. Noticeable is

the shift toward more negative potentials of the main CO

oxidation peaks and increment of the charge under broad

anodic current developed at lower potentials than 0.6 V with

Table 3 e Binding energy (e.V.) and oxidation state distribution (%) from XPS of Pt2CrCo/CMK-3 electrocatalysts.

Element Platinum Chromium Cobalt

Species Pt0 Pt2þ Cr3þ Cr6þ Co0 Co2þ Co3þ

Catalysts

Pt2CrCo-WTT 71.5 (80) 72.1/73.3 (20) 576.8 (16) 578.4 (84) e 781.3 (67) 785.1 (33)

Pt2CrCo-300 71.3 (76) 72.2/73.3 (24) 576.4 (46) 577.8 (54) 778.1 (2) 780.7 (64) 784.9 (34)

Pt2CrCo-500 71.6 (82) 72.9 (18) 575.8/576.6 (21/38) 577.9 (41) 777.7 (2) 780.7 (63) 784.3 (36)

Pt2CrCo-700 71.8 (84) 73.3 (16) 576.2/577.5 (37/42) 578.9 (21) 778.5 (4) 781 (59) 784.7 (37)

Fig. 4 e Surface atomic ratio and electroactive surface area

(ESA) (top panel), and surface species ratio (bottom panel)

versus temperature of thermal treatment.

Fig. 5 e Blank cyclic voltammetry for Pt2CrCo/CMK-3

electrocatalysts recorded in 0.5 M H2SO4 at 0.02 V s¡1.

Current density normalized with respect to the ESA.
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the rise of the annealing procedure. The last indicates an

enhancement of the CO tolerance with stronger heating

treatment [32], which may be ascribed to the surface segre-

gation of Cr2O3 that provides oxygenated species, the forma-

tion of an ordered and active Pt3Cr alloy phase and the surface

reconstruction with the concomitant production of active

catalytic sites [38,40]. Therefore, the CO tolerance increases in

the following order: Pt2CrCo/CMK-3-WTT < Pt2CrCo/CMK-3-

300 < Pt2CrCo/CMK-3-500 < Pt2CrCo/CMK-3-700.

The catalytic activity toward the ORR was studied in sup-

porting electrolyte and inmethanol-containing solution. Fig. 7

shows the polarization curves for all mesoporous carbon

supported Pt2CrCo/CMK-3 catalysts recorded in oxygen satu-

rated acid solution at 1600 rpm and 0.002 V s�1. All materials

develop similar profiles during the ORR but as a general trend,

it can be established that the catalytic activity toward this

reaction enhances with the thermal treatment. A close in-

spection of the polarization curves reveals two well-defined

potential ranges: at higher potentials than 0.6 V, in which

the process is controlled by kinetic and diffusion; and at lower

potentials than 0.6 V, in which the diffusion controls the

overall reaction [30,41]. The top panel of Fig. 7 shows that the

current density at the region of diffusional control increases

with the rise of temperature during the thermal treatment.

The activity is also enhanced at the region ofmixed control for

catalysts treated up to 500 �C but then decreases for the

catalyst annealed at 700 �C. The bottom panel of Fig. 7 depicts

the sameORR signals but normalized by the ESA, showing that

the PtCrCo/CMK-3-700 catalyst develops the highest activity

toward the ORR. The best performance developed by this

material may be ascribed to the conjunctions of several fac-

tors that bring a suitable catalytic surface, such as the high

crystallite size, the lowest PtePt bond distance, the super-

lattice planes of an ordered Pt3Cr alloy phase and the high

Fig. 6 e CO stripping voltammograms for Pt2CrCo/CMK-3

electrocatalysts recorded in 0.5 M H2SO4 at 0.02 V s¡1.

Current density normalized with respect to the ESA.

Table 4 e ORR kinetic parameters, electroactive surface
area (ESA) and EASA (ESA normalized with respect to the
loading of Pt) of Pt2CrCo/CMK-3 electrocatalysts.

Catalysts Electron
transferred

(n)

jk
a jk

b EASA
(m2 g Pt�1)

ESA
(cm2)

0.8 V 0.75 V 0.8 V 0.75 V 0.9 V

Pt2CrCo-

WTT

2.5 2.6 2 3.1 0.14 16.8 2.4

Pt2CrCo-

300

3.2 3.3 5.1 7.3 0.49 31.5 4.4

Pt2CrCo-

500

3.2 3.3 7.4 14.2 0.54 34.3 4.8

Pt2CrCo-

700

4 4 5.7 12.6 0.54 24.6 3.4

a From KouteckyeLevich plots (mA/cm2).
b From polarization curves at 1600 rpm and 0.9 V (mA/cm2).

Fig. 7 e Steady-state polarization curves for O2 reduction at

1600 rpm in 0.5 M H2SO4 solution at 25 �C for Pt2CrCo/CMK-

3 electrocatalysts. Bottom panel: Current density

normalized with respect to the ESA. Scan rate: 0.002 V s¡1.
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degree of metallic Pt utilization with specific crystalline sur-

face sites (high density of Pt sites with (100) and (111) orien-

tations). In this context, there is a consensus that Pt (100) and

Pt (111) sites aremore active toward the ORR than Pt sites with

(110) orientation [1].

ORR polarization curves at 1600 rpm recorded in 0.5 M and

3 Mmethanol solution at 0.002 V s�1 are given in Fig. 8a and b,

respectively. It is clear an increment of the anodic current

related to the alcohol oxidation reaction (mixed potential re-

gion) at potentials more positive than 0.6 V for all catalysts,

which decreases the overall activity toward the ORR. Never-

theless, an important effect of the temperature of the thermal

treatment can be discerned. Indeed, an increment of the

methanol tolerance in the region controlled by diffusion is

achieved with the rise of the temperature during the heating

procedure. The lower methanol activity on Pt2CrCo/CMK-3-

700 compared to the other catalysts can be explained on the

basis of the “ensemble effect”. Actually, it is well established

that for methanol oxidation at least three adjacent Pt sites in

the proper spatial arrangement are necessary to activate the

deprotonation and chemisorption of methanol. For the

Pt2CrCo/CMK-3-700 alloy, according to XPS analysis, the

probability of finding three neighboring Pt atoms on the sur-

face is lower than in the other catalysts. Since the dissociative

chemisorption of methanol requires several adjacent Pt en-

sembles, the presence of methanol-tolerant Cr and Co around

Pt active sites could hinder methanol adsorption on Pt sites

due to the dilution effect. On the other hand, oxygen adsorp-

tion, which usually can be regarded as dissociative chemi-

sorption and requires only two adjacent Pt sites, is not

influenced by the presence of Cr and Co atoms (or at least is

influenced in a less extent).

In order to evaluate the kinetic response of the catalysts

toward the ORR in absence of dissolved methanol, the Kou-

teckyeLevich equation was employed [33]:

j�1 ¼ j�1
k þ �

0:62nFAD2=3C0v
1=6w1=2

��1
(1)

where n is the number of electrons transferred, F is the

Faraday constant (96,500 C), A is the geometric area of the

electrode, D is the diffusion coefficient (1.4 � 10�5 cm2 s�1), C0

is the bulk O2 concentration (1.1 � 10�6 mol cm�3), v is the

viscosity of the electrolyte (0.010 cm2 s�1) andw is the angular

velocity [33].

Fig. 9 shows the KouteckyeLevich plots at two potentials

and several disk rotation speeds for the materials prepared in

the present paper and Table 4 reports the main results. The

electron transferred (n) was estimated using the slope ob-

tained from the plot of j�1vs u�1, in which the parallel lines

recorded at 0.8 and 0.75 V suggest that the ORR follows a first

order kinetics in this potential range [42]. The n value indicates

that the 4 e� route (complete way of reduction of O2 to water)

is the governing mechanism for all the catalysts, although an

increment in the conversion efficiency of O2 to water is

observed with the rise of the thermal treatment that must be

related to several factors as described above (see discussion of

Fig. 5). On the other hand, the Pt2CrCo/CMK-3-500 catalyst

develops the maximum kinetic currents in absence of alcohol

at 0.75 and 0.8 V. The last may be occasioned by its interme-

diate crystallite size and the highest amount of Pt on the

surface. Nevertheless, kinetic currents extracted from the

polarization curves recorded for Pt2CrCo/CMK-3-500 and

Pt2CrCo/CMK-3-700 are intriguing results since the same

values are acquired for both materials. In this sense, new

experiments are being conducted.

Fig. 8 e Steady-state polarization curves for O2 reduction at 1600 rpm in 0.5 M H2SO4/0.5 M CH3OH (left panels (a)) and

0.5 M H2SO4/3.0 M CH3OH (right panels (b)) solution at 25 �C for Pt2CrCo/CMK-3 electrocatalysts. Bottom panels: Current

density normalized with respect to the ESA. Scan rate: 0.002 V s¡1.
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Further characterization of the catalytic activity of the

Pt2CrCo/CMK-3 electrocatalysts was made using mass trans-

port corrected Tafel plots (Fig. 10), normalized by the ESA, by

plotting E vs. log(jj$jL/(jL�j)j), where jL is the diffusion limiting

current. With this end, experiments recorded at 1600 rpm and

0.002 V s�1 in absence of alcohol were employed. The experi-

mental data reveal two Tafel slopes at low (~80 mV dec�1) and

high (200e120 mV dec�1) overpotential that indicate a change

of themechanism for the ORR in agreement with those results

early published for polycrystalline and carbon supported Pt

catalysts [43,44]. Interestingly, the value of the Tafel slope at

high overpotentials (E < 0.8 V) decreases with the rise of the

thermal treatment. Since the fuel cell cathode operates at

approximately 0.7e0.8 V, the effect of Tafel slope on the ac-

tivity of a given electrocatalyst at the working potential is of

importance. On the other hand, the deviation of the Tafel

slope to higher values may be attributed to different factors,

but the oxides species on the catalyst surface appears as the

main responsible [37,39,44,45].

Conclusions

In the present work, the ORR in the absence and presence of

methanol on mesoporous carbon (CMK-3) supported Pt2CrCo

electrocatalysts annealed at different temperatures was

investigated. The experimental findings can be summarized

as follows:

The rise of the temperature of the thermal treatment pro-

vokes several changes in the physicochemical properties of

the Pt2CrCo/MCK-3 catalysts. Most important ones include the

increment of the crystallite size, the formation of an ordered

Pt3Cr alloy phase, the reduction of the PtePt bond distance,

the surface segregation of Cr2O3 species and the diminution of

surface Pt sites with (110) orientation that in turn left only

surface active sites with (100) and (111) orientations.

All the parameters described above strongly influence the

catalytic activity toward the ORR in acidic medium. Indeed,

kinetic parameters indicate that Pt2CrCo/CMK-3-500 and

Pt2CrCo/CMK-3-700 develop the best performance toward the

ORR in absence and presence of methanol, respectively. The

corollary is that in order to achieve a good performance for the

ORR in the presence of alcohol, the alcohol tolerance is more

important than the intrinsic ORR activity of the catalyst.

Fig. 9 e KouteckyeLevich plots for the ORR in 0.5 M H2SO4 (methanol free solution) on Pt2CrCo/CMK-3 electrocatalysts.

Fig. 10 e Tafel plots for the ORR in 0.5 M H2SO4 (methanol

free solution) on Pt2CrCo/CMK-3 electrocatalysts. Current

density normalized with respect to the ESA.
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Abstract: In the current work, heteroatom-doped graphene materials containing different atomic
ratios of nitrogen and sulphur were employed as electrocatalysts for the oxygen reduction
reaction (ORR) in acidic and alkaline media. To this end, the hydrothermal route and different
chemical reducing agents were employed to synthesize the catalytic materials. The physicochemical
characterization of the catalysts was performed by several techniques, such as X-ray diffraction,
Raman spectroscopy and elemental analysis; meanwhile, the electrochemical performance of the
materials toward the ORR was analyzed by linear sweep voltammetry (LSV), rotating disk electrode
(RDE) and rotating ring-disk electrode (RRDE) techniques. The main results indicate that the ORR
using heteroatom-doped graphene is a direct four-electron pathway, for which the catalytic activity is
higher in alkaline than in acidic media. Indeed, a change of the reaction mechanism was observed
with the insertion of N into the graphenic network, by the rate determining step changes from the
first electrochemical step (formation of adsorbed OOH) on glassy carbon to the removal of adsorbed
O (Oad) from the N-graphene surface. Moreover, the addition of sulphur atoms into the N-graphene
structure increases the catalytic activity toward the ORR, as the desorption of Oad is accelerated.

Keywords: heteroatom-doped graphene; oxygen reduction reaction; fuel cells; rotating ring-disk
electrode; electrocatalysis

1. Introduction

Fuel cells (FCs) are promising electrochemical energy converters for a diversity of applications.
They have the potential to provide environmentally friendly energy conversion with a high efficiency
and power density [1,2]. One of the main research areas for polymer electrolyte membrane (PEM) FCs
involves the oxygen reduction reaction (ORR) in acidic and alkaline media at the cathode of these
devices. The great importance of this issue is related to the sluggish ORR kinetic that is responsible
for more than half of the overall cell voltage loss during the FC’s working operation [1,2]. Therefore,
developing low-cost electrocatalysts with a high performance toward the ORR is of paramount
importance to support the industrial operation of FCs [3,4]. In this context, graphene-based materials
appear as a promising means to fulfil the previously mentioned requirements [1].

Graphene oxide (GO) is commonly used as a cheap precursor to obtain reduced graphene
oxide (rGO), which is sometimes called “graphene” because of their common properties, but strictly,
it is not. GO has low electric conductivity, because of the formation of oxygen groups during its
synthesis from graphite, which restricts its electrocatalysis applications. The stability of these oxygen
groups depends on their respective binding energy on the graphenic surface [5,6]. To solve this
problem, a great diversity of physical and chemical methods for GO reduction are described in the

Catalysts 2017, 7, 278; doi:10.3390/catal7090278 www.mdpi.com/journal/catalysts
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literature [5]. Thermal treatment is a physical method often used to remove the oxygen groups from
the graphene structure, simultaneously exfoliating the GO. On the other hand, chemical reduction
is a low-cost and efficient reduction method with a high versatility of reducing agents that can be
used [6,7]. The latter can be employed for heteroatom insertion into the graphene network during
the formation of rGOs, and consequently, many doped-graphene structures using P, B, S and N have
been reported [7–9]. The doping process causes an electronic modulation of the carbonaceous grid,
improving the electrocatalytic performance toward several reactions of interest [8]. Regarding the
ORR, it has been observed that the adsorption and bond cleavage of O2 are promoted by P, B and
N dopants as a result of the charge polarization of the heteroatom–C bond; meanwhile, the orbital
mismatch between S and C creates a spin density that may modulate the catalytic activity. Furthermore,
doping graphene with two different atoms (e.g., N and S) produces a combined effect from different
co-dopants on the ORR, and diverse parameters such as the onset potential, current density and
electron transfer number were altered [2,10–12]. However, S and N doping is conditioned specifically
by their anchoring capacity onto the graphene surface, as it is possible that a small excess of dopants
may produce an important decrease in the surface area and distortion of the graphene structure [12,13].

In this present work, several heteroatom-doped graphene materials were synthesized using the
hydrothermal reduction method and different reducing agents containing S and/or N. Thus, caffeine
(N-GO) was used as source of N, and meanwhile, thiourea (SN2-rGO) and ammonium thiocyanate
(SN-rGO) were employed as sources of N and S. Subsequently, their catalytic performances towards
the ORR in acid and basic media were evaluated and compared to those of commercial graphite and
carbon Vulcan XC-72R.

2. Results and Discussion

2.1. Physicochemical Characterization

Figure 1 depicts the X-ray diffractograms for all the materials studied. Graphite develops the
typical sharp diffraction peak at 24.6◦ that corresponds to the (002) plane and a small diffraction peak
at ca. 54◦ related to the (004) facet [14,15]. The successful oxidation of graphite in GO is revealed by
the disappearance of the peaks at 24.6◦ and 54◦, also of the appearance of a broader contribution at
lower diffraction angles (10.7◦), which is associated to the (101) diffraction plane [16]. The latter is
caused by the growth of oxygen functional groups (OFGs) between the graphitic layers, which caused
an expansion of the C–C interplanar spacing from 0.34 to 0.84 nm, and therefore, a weakening of the
respective chemical bonds of graphite [8,13]. On the other hand, the X-ray patterns and interplanar
spacing of doped-rGO materials (N-rGO, SN-rGO and SN2-rGO) and carbon Vulcan are quite similar
(Table 1), which suggests two important issues derived from the effective reduction step: (i) OFGs in
the interstitial graphitic spaces were successfully removed, and (ii) the C–C lattice of graphite was
effectively restored [1,8,9,14]. Noticeably, N-rGO develops a small but visible diffraction peak close to
12◦ that is characteristic of GO, which suggests a partial reduction of GO when caffeine is used as a
reducing agent. Additionally, doped-rGO and carbon Vulcan reveal a small but visible signal close to
45◦ that is associated to the (100) facet [17].

Table 1. X-ray diffraction (XRD) and Raman parameters for all studied materials.

Graphene
Materials

Interplanar Spacing
(d)/nm ID/IG

Crystallite Size
(nm)

Number of Layer
(nl)

Graphite 0.34 0.15 47.18 140
Graphene oxide 0.84 0.87 8.24 11

Vulcan 0.37 1.02 1.65 4, 5
SN-rGO 0.36 1.19 1.88 5, 6
SN2-rGO 0.36 1 1.76 5, 6
N-rGO 0.35 0.96 2.9 9
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Figure 1. X-ray diffraction (XRD) patterns for all studied materials.

The Scherrer equation was used to determine the crystallite size for all the employed catalysts,
and Table 1 summarizes the most representative crystallographic parameters attained [14,16].
Doped-rGO materials revealed a crystallite size lower than for graphite and GO, which was in
agreement with the number of graphene layers (nl). In this sense, nl was estimated from the ratio
of the crystallite size and the interplanar spacing, and as expected, graphite showed the highest nl
and particle size [16]. As was described above, the oxidation process (i.e., GO formation) creates
OFGs that increase the separation of graphene layers (d001 = 0.84 nm) and reduce the crystallite size
and the nl; meanwhile, the reduction procedure produces a further diminution of both parameters.
Thus, SN-rGO, SN2-rGO and carbon Vulcan materials revealed the smallest particle size and nl values,
while N-rGO developed intermediate values between these and GO and graphite. In this context,
the close correlation of the crystallographic parameters achieved for N-rGO with those attained from
the X-ray patterns in which a second phase associated to GO was elucidated is remarkable (Figure 1).

All features observed by X-ray diffraction (XRD) were in agreement with those results achieved
by elemental analysis (Table 2). Indeed, an increment of oxygen loading (from 20% to 52%) was
observed after the chemical oxidation process of graphite to produce GO. As expected, the amount
of OFGs decreased in the following order: SN-rGO < SN2-rGO < N-rGO. This was in concordance
with the strength of the reduction step. Moreover, the amount of OFGs in SN-rGO and SN2-rGO was
lower than in graphite, indicating the high effectivity of reduction with both thiourea and ammonium
thiocyanate. The latter was confirmed by the high insertion of S and N elements into rGO, which was
especially elevated when ammonium thiocyanate was used. Additionally, the C/O composition ratio
may be used as an estimation of the effectiveness of the methodology to reduce the amount of OFGs in
graphene-based materials. Figure 2 shows the C/O composition ratio for all of the employed materials,
which was completely in agreement with the results depicted in the Table 2.
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Table 2. Elemental analysis for all studied materials.

Material
Elemental Composition (wt %); Experimental Error ~0.04%

C O S N

Graphite 80.0 20.0 - -
Graphene oxide 48.0 52.0 - -

Vulcan 96.5 3.5 ~1 ~1
SN-rGO 76.4 13.6 7.3 2.7
SN2-rGO 62.8 14.4 13.6 9.2
N-rGO 73.0 21.0 - 6

Catalysts 2017, 7, 278    4 of 12 
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Figure 2. C/O ratio for all studied materials (blue) and their respective error bar (red).

Raman spectroscopy is a powerful tool for measuring the disorder degree and crystallinity of
carbon-based materials. In this sense, it can be used as an indirect method to determine the defect
density and the disorder degree produced by the doping process into the graphene network [16].
Figure 3 depicts the Raman spectra for all of the employed materials, in which four contributions
are clearly discerned. The peaks at ca. 1360 cm−1 (D) and 1580 cm−1 (G) are correlated to sp3

carbon domains and to sp2 bonds into the graphitic grid, respectively [16]. Both signals have their
corresponding overtones between 2500 and 3000 cm−1, respectively [16]. The intensity ratio of D
and G peaks (Table 1) are often used as a measurement of the disorder degree, graphitization and
crystallinity of the synthesized materials [13,14]. For instance, GO reveals broader D and G peaks as
well as a more intense D peak (ID/IG = 0.87) than graphite (ID/IG = 0.15), which shows a prominent
G peak in agreement with the high size of the in-plane sp2 domains [15]. On the other hand, all the
other carbon-based materials develop the typical Raman spectra for heteroatom-doped rGO as a
result of carbon hybridization by heteroatom–C bond formation and/or for some structural disorder
(impurities, edges, finite size effects, etc.) that breaks the translational symmetry [18,19]. In agreement
with the literature, Figure 3 indicates an increment of the disorder degree when N and S elements were
used as doping agents [2,10–12]. The ID/IG values in Table 1 show an increment with the insertion of
the heteroatoms, particularly when S was introduced into the material. The last was likely caused by
the orbital mismatch between S and C atoms that produced higher numbers of sp3 carbon domains.

Graphitic materials can also be characterized through their structural parameters that depend on
the crystallographic size in both directions of their planes, that is, basal (La) and edge planes (Lc) [20].
The Lc value is obtained by the Scherrer equation, while La is estimated from the ID/IG ratio through
the empirical equation developed by Knight and White [21,22]. Figure 4 displays a straight correlation
between ID/IG and the inverse of La for all the employed materials. A close inspection of this plot
suggests that La not only decreases with oxidation (GO formation) but also with the strength and
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nature of the doping agent. For instance, caffeine was the weakest reducing agent, which introduced
only 6 wt % N into the graphene network maintaining 21 wt % O, and produced doped-rGO with the
largest basal-plane domains (La). On the other hand, the insertion of a high loading of S and N into
the graphene structure with only 13.6 wt % O (SN-rGO) yielded doped-graphene material with the
smallest La and the highest ID/IG.

All the described morphological and chemical changes induced by heteroatoms in the graphenic
structure modify relevant physicochemical properties with profound impacts on the ORR, such as
by affecting the electrical conductivity (higher in basal planes than in edge planes), electron transfer
(higher in edge planes than in basal planes), different adsorption and bond cleavage of O2 (tuned by N
insertion into the graphene network), diverse electronic density of states near the Fermi level (tuned
by S insertion into the graphene network) and the overall catalytic performance (activity and stability)
of graphene-based materials during the ORR [2,5,8,10–12,19,20,23].
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Figure 3. Raman spectra for all studied materials.
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2.2. Electrochemical Characterization

It is well-known that the ORR depends on several parameters, such as the catalyst composition
(geometric and electronic factors), the applied potential, the nature of the ions dissolved in the
electrolyte and the pH of the media [1,2]. In this regard, the slow kinetics of the ORR on carbon-based
catalysts in acidic media, which strongly increases at higher pH values, is remarkable [8,19,24,25].
Figure 5 and the top panel of Figure 6 demonstrate that the catalytic activity of graphitic-based catalysts
toward the ORR rises in alkaline media (curves for graphite (GC) are included for comparison).
Nonetheless, some information on the ORR in acid media can be acquired. GC developed the worst
catalytic activity toward the ORR, which may have been ascribed to the low density of edge planes
(GC is the material with the longest La) and to the absence of doping and impurities. Remarkably,
the ORR strongly increased for materials with short La (and high density of edge planes, Lc) and,
to a minor extent, with the nature and loading of the heteroatom. Thus, N-rGO revealed the lowest
onset potential at ca. 0.8 V for the ORR, but the developed kinetic current at small overpotentials was
rather low. The latter was promoted by N-doping, which creates a charge polarization of the N–C bond,
and therefore the adsorption (O2(ads)) and dissociation (O–O bond cleavage) of O2 were facilitated
(see the reaction mechanism for the ORR later). Then, the insertion of S into the graphenic structure
strongly increased the catalytic activity (kinetic and diffusion currents), which could be caused by the
orbital mismatch between S and C that creates a local spin density. Therefore, it becomes clear that the
catalytic performance of the ORR in acid media can be tuned by the properties of the catalytic material.
However, much greater effort is required to achieve competitive graphitic-supported noble metal-free
catalysts for the ORR in acidic media [26–29].
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Figure 5. Steady-state polarization curves for O2 reduction at 1600 rpm in 0.5 M H2SO4 at 25 ◦C for all
studied electrocatalysts, with sweep rate of 0.002 V s−1.
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Figure 6. Steady-state polarization curves for O2 reduction at 1600 rpm in 0.1 M NaOH at 25 ◦C
for all employed electrocatalysts (top panel); faradaic currents developed at 1.2 V at the Pt ring
electrode (middle panel); number of electrons transferred (n) during the oxygen reduction reaction
(ORR; bottom panel). Sweep rate of 0.002 V s−1.

In order to study the catalytic performance and discern the ORR pathways for the different
catalysts, the rotating ring-disk electrode (RRDE) technique was applied (Figure 6). The top panel
shows the ORR polarization curves recorded at 0.002 V/s in 0.1 M NaOH. The great enhancement of
this reaction in comparison with the current developed at lower pH values is shown (Figure 5).

However, the same trend holds for the studied materials; that is, materials with a small La and high
density of Lc developed a higher catalytic activity toward the ORR than GC. Interestingly, the insertion
of N into the graphenic network decreased the onset potential toward the ORR, while S-doping
increased the electron transfer. Thus, it can be established that the catalytic activity toward the ORR at
a high pH increases for doped-graphene materials in the following order: SN2-rGO < N-rGO < SN-rGO.
This is visible in Figure 7, in which the faradaic currents acquired at 0.75 V for all the catalysts are
depicted. The lowest value obtained for SN2-rGO suggests that a compromise of the catalytic activity
with the amount of S insertion into the graphenic structure should be achieved. It should be noted that
the electroactive surface area (ESA), which was calculated through the ferrocyanide/ferricyanide
redox couple, did not follow the same trend as the electrochemical performance toward the
ORR. Indeed, the following ESA values were achieved for all the doped-graphene nanomaterials:
SN-rGO = 0.39 cm2 < SN2-rGO = 0.40 cm2 < N-rGO = 0.88 cm2.
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Figure 7. Faradaic current acquired at 0.75 V during the oxygen reduction reaction (ORR) in 0.1 M
NaOH solution for all studied materials.

In order to evaluate the final product of the ORR and consequently, the mechanism of the reaction,
the peroxide formation was followed by the ring electrode (middle panel of Figure 6), and the number
of electrons transferred (n) was calculated (bottom panel of Figure 6) by the equation [30]:

n =
4iD

(iD + iR/N)
(1)

where N is the current collection efficiency of the ring (0.22), and iD and iR are the ring and disk
currents, respectively. A close inspection of the bottom panel of the figure indicates a full molecular
oxygen (O2) conversion to water (four-electron pathway) on doped-graphene materials at lower
potentials than 0.75 V. Indeed, GC and carbon Vulcan not only revealed a higher overpotential for
the ORR, but also a minor energy conversion efficiency; that is, half of the reactant produced water
(four electrons) and the other half generated peroxide (two-electron pathway). Remarkably, Sourav
Bag et al. used urea, sodium sulfide and thiourea as reducing agents to produce doped-graphene with
N and S elements [30]. However, they reported a higher peroxide yield in comparison to our results,
which could be explained by a different route employed for GO production.

Further characterization of the catalytic activity of the electrocatalysts was made using
mass-transport corrected Tafel plots at low overpotentials (Figure 8). The slope of a Tafel plot is
commonly used to determine the rate determining step (RDS), and therefore, the reaction mechanism
may be inferred from these values. In this regard, two different reaction mechanisms are commonly
accepted for the ORR in alkaline media, as follows:

(A) Associative mechanism:
O2 → O2(ads) (2)

O2 + H2O + e− → OOH(ads) + OH− (3)

OOH(ads) + e− → O(ads) + OH− (4)

OOH(ads) + e− → OOH− (5)

O(ads) + H2O + e− → OH(ads) + OH− (6)

OH(ads) + e− → OH− (7)

(B) Dissociative mechanism:
1
2

O2 → O(ads) (8)

O(ads) + H2O + e− → OH(ads) + OH− (9)
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Figure 8. Tafel plots for the oxygen reduction reaction (ORR) for all employed catalysts in 0.1 M NaOH.

Accordingly, a change of the Tafel slope is related exclusively to the change in the
mechanism/kinetics of the ORR on the catalyst surface. Thus, it can be established that shortening
the length of the basal planes (La) and increasing the density of edge planes (Lc) induces a change in
the mechanism of the ORR, as the Tafel slopes change from 0.085 V dec−1 for GC to ca. 0.055 V dec−1

for doped-rGO and carbon Vulcan catalysts. In agreement with previous theoretical investigations
on N-doped graphene, in which the associative mechanism (A) for the ORR was considered as the
operative mechanism, the RDS changed from the first electrochemical step (Reaction (2)) on GC
to the removal of adsorbed O (Reaction (6)) from the surface of doped-rGO and carbon Vulcan
nanomaterials [31]. In this context, it is important to be reminded that carbon Vulcan produces a higher
peroxide yield (Reaction (5)) in comparison to doped-graphene catalysts, in which a full molecular
oxygen conversion to water was detected (Figure 6). On the other hand, as was explained above,
N insertion into the graphene network facilitates the adsorption and bond cleavage of O2 (Reaction
(4)) as a result of the charge polarization of the N–C bond minimizing the peroxide yield (Reaction (5)).
Finally, a precise loading of S into the N-graphene catalyst seemed to facilitate the desorption of Oad,
and consequently, the Tafel slope remained similar, but the kinetic of the ORR increased.

3. Materials and Methods

3.1. Materials

Sulphuric acid (H2SO4; Merck p.a, Madrid, Spain), sodium hydroxide (99.99%; Sigma-Aldrich,
Madrid, Spain), potassium permanganate (>99.8%; Sigma-Aldrich, Madrid, Spain), ammonium
thiocyanate (99.99%; Fluka, Madrid, Spain), thiourea (>99%; Fluka, Madrid, Spain), caffeine (>99%;
Sigma-Aldrich, Madrid, Spain), Vulcan XC-72R (Cabot, Boston, MA, USA), graphite (>99.8%;
Sigma-Aldrich, Madrid, Spain), hydrogen peroxide (30% v/v; Foret, Barcelona, Spain) and water
(18.2 M Ω·cm−1; Milli-Q, Millipore, Madrid, Spain) were purchased and then used for the synthesis of
the graphene materials and the preparation of the electrolyte solutions.

3.2. Synthesis of Graphene Oxide

GO was prepared by following a modified Hummers method [32]; 1 g of the graphite powder
was added to 30 mL of concentrated H2SO4 cooled in an ice bath. Then, 3.5 g of KMnO4 was slowly
introduced while being stirred and cooled continuously. After removal from the ice bath, the mixture
was diluted with Milli-Q water and agitated for 1 h at 35 ◦C. Then, the solution was heated up to
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95–98 ◦C over 30 min. Next, 200 mL of ultrapure water was gradually introduced, followed by 1.25 mL
of 30% v/v H2O2, and the stirring was maintained for 30 min. Finally, the dispersion was centrifuged
with Milli-Q water until a pH of 7 was achieved in the supernatant liquid. The material was dried
using an oven at 60 ◦C.

3.3. Synthesis of Reduced Graphene Oxide Materials

An adequate amount (4 mmol) of reducing agent (thiourea, ammonium thiocyanate or caffeine)
was ultrasonically dispersed in Milli-Q water and mixed with a GO aqueous dispersion (0.015 g mL−1)
in each case. The final dispersion was placed into a Teflon-lined autoclave and heated at 160 ◦C for
10 h. Afterwards, the SN-rGO (from thiourea), SN2-rGO (from ammonium thiocyanate) and N-rGO
(from caffeine) were washed by centrifugation using Milli-Q water and then transferred to an oven at
60 ◦C for 24 h to obtain a reduced/doped GO powder.

3.4. Physicochemical Characterization

Powder XRD spectra were acquired from a X’Pert PRO X-ray diffractometer (PANalytical, Madrid,
Spain) to determine the crystal structure. Measurements were obtained using the CuKα radiation
(λ = 1.5405 Å) and the X’pert high score plus diffraction software, and 2θ data were collected from
20◦ to 100◦ with a scanning rate of 0.04 s−1. Crystalline phases were identified by comparing the
experimental diffraction patterns with the Joint Committee on Powder Diffraction Standards (JCPDS).
An elemental analysis with an experimental error close to 0.04% was performed using an Elemental
Analyzer CNHS FLASH EA 1112 (Thermo Scientific, Madrid, Spain). Raman spectra were collected
using a RENISHAW confocal Raman microscope, model inVia (RENISHAW, Gloucestershire, UK),
with a green laser (λ = 532 nm) in the 100 to 3200 cm−1 range. Both the XRD and elemental analysis
were performed using the Research Support General Service (SEGAI) at the University of La Laguna
(ULL); meanwhile, Raman spectroscopy measurements were made at the Laser Spectroscopy and High
Pressure Group from the IMN-ULL.

3.5. Electrochemical Characterization

All of the electrochemical experiments were carried out at room temperature using a
three-electrode glass cell, a carbon cylinder as a counter electrode and a hydrogen reference electrode
in the electrolyte solution (reversible hydrogen electrode, RHE) as a reference. All the potentials in
this work were given against the RHE. The working electrode consisted of a certain amount of the
catalyst deposited as a thin layer over a glassy carbon disc (0.196 cm2). The ink was prepared by
mixing 2 mg of the catalyst powder, 15 µL of Nafion solution (5 wt %; Aldrich, Madrid, Spain) and
500 µL of Milli-Q water. Electrochemical measurements were performed with a PC-controlled Autolab
PGSTAT30 potentiostat-galvanostat (Metrohm Autolab, Madrid, Spain) in 0.5 M H2SO4 and 0.1 M
NaOH electrolyte solutions. The ORR studies in acid media were performed in the 1 to −0.3 V range
at 5 mV s−1. The studies in the basic medium were performed using a rotating ring-disk electrode
(RRDE, PINE, Madrid, Spain) in the potential range from 1 to 0.05 V at 2 mV s−1. The ring (Pt) potential
was kept at 1.2 V. For the ORR, the electrolyte was saturated with O2 (Air Liquide, 99.995%, Tenerife,
Spain) over 20 min at a controlled disk potential of 1 V.

Before each measurement, Argon (N50) was bubbled through the solution to avoid dissolved
oxygen, and several voltammetric cycles were performed in the potential range from 0.05 to 1.0 V at a
scan rate of 10 mV s−1 for the catalytic activation.

4. Conclusions

Several S and N doped-graphene materials were successfully synthesized by the hydrothermal
method using different reducing agents. The physicochemical characterization indicated the production
of a high density of edge planes (given by a high Lc parameter) from graphite after GO synthesis,
as well as heteroatom insertion into the graphene network and restoration of sp2 carbon domains after
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the chemical reduction step. Short basal-plane domains (given by a low La parameter) and a high
density of edge planes strongly enhanced the ORR by changing the rate determining step from the
first electrochemical step on glassy carbon to the removal of adsorbed O from the surface of graphenic
nanomaterials (which displayed a low La and high Lc). Additionally, the caffeine (used as a source of N)
reduction route was observed to be the softest, providing key catalytic information from the obtained
N-doped material. Indeed, electrochemical experiments had a higher catalytic performance toward
the ORR in alkaline than in acidic media, and N-incorporation into the graphenic network improved
the reaction by enhancing the adsorption and bond cleavage of O2, favoring the direct four-electron
pathway. Finally, it was perceived that the addition of S atoms into the N-doped graphene structure
also increased the catalytic activity toward the ORR, as the desorption of Oads was facilitated.
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Herein, the general concepts of low temperature fuel cells 
(LT-FCs) are discussed, with special attention to the oxygen 
reduction reaction (ORR) on novel graphene materials. With the 
aim to solve the principal catalytic and economic problems at 
the cathode of LT-FCs, a fundamental understanding of the 
principal parameters that modify the ORR activity as well as the 
new advances in graphene-based catalysts are reviewed and 

discussed. Thus, the present manuscript may help to improve 
the fabrication of novel cathodes in order to decrease the cost 
and to enhance the performance of LT-FCs. 
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Introduction 

Fuel cell (FC) is a device that converts chemical energy 

into electrical energy through electrochemical reactions. 
Thus, it is not limited by the Carnot cycle, and there- 
fore, higher efficiencies should be achieved than in tech- 
nologies working on internal combustion [1] . The reac- 
tant (i.e. hydrogen or alcohol) is continuously oxidized at 
the anode of the FC, whereas oxygen (generally from the 

air) is reduced at the cathode. The ions generated during 

these reactions are transported through the electrolyte (a 
solid polymer for low temperature FCs) from one elec- 
trode to the other, whereas the electrons produced at the 

anode flow through an external circuit (generating electri- 
cal work) to the cathode [1,2] . 

In spite of the important benefits of FCs as power sources, 
a real device has several problems. In this sense, one of 

the main research areas includes the oxygen reduction 

reaction (ORR) in the whole pH range at the cathode of 
this technology. The last is related to the sluggish ORR 

kinetics, which is responsible for more than half of the 

overall cell voltage loss during the working operation of 
the FC [2,3] . 

Consequently, the development of green and low-cost 
materials with elevated performance toward the ORR is 
one of the principal issues to make real the FC technology. 
In this regard, graphene-based catalysts appear as promis- 
ing materials to achieve these needs since they are formed 

from carbon, which is a low-cost and abundant material 
and non-active catalyst toward the alcohol oxidation reac- 
tion that may avoid the mix potential trouble [4,5 

••] . Nev- 
ertheless, graphene is not reactive toward the ORR due to 

the absence of active sites (i.e. low coordinated sites that 
are generally containing functional groups), and therefore, 
strategies involving reduced graphene oxide (rGO) are 

commonly exploited [6–10] . 

rGO is commonly produced from a cheap precursor such 

as graphene oxide (GO), which has an elevated amount 
of oxygen groups, and thus, it is easy to be modified by 

chemical and physical procedures [6,11] . In this way, het- 
eroatom insertion into the graphene network during the 

formation of rGO has been reported [7,12 

•,13] . The dop- 
ing process causes a geometric and an electronic modu- 
lation of the carbonaceous grid that modified the elec- 
trocatalytic performance of several reactions of interest, 
such as the ORR [12 

•,14 

•] . For example, O 2 adsorption 

and bond cleavage were promoted by P, B and N dopants 
due to the charge polarization of the heteroatom–C bond, 
while S reveals an orbital mismatch with C that produces 
a spin density, which may modulate the catalytic activ- 
ity toward the ORR. Thus, a combination of both kinds 
of dopants may produce diverse performances during the 

ORR in different pH media. Indeed, diverse onset po- 
tentials, current densities and electron transfer numbers 
have been reported in the whole pH range [4,5 

••,15] . 
Therefore, not only the pH media but also the surface 

local acidity produced by the functional groups onto the 

catalyst surface and the nature of the dopant become 

important to study and understand the catalytic perfor- 
mance toward the ORR on carbonaceous-based materials 
[5 

••,16,17 

•] . 

The type of doping that may occur on graphene depends 
on the similitude of carbon-heteroatom distance with the 
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C-C interatomic distance in the graphene network. In 

this sense, B-C and N-C have similar interatomic distance 

than C-C, and thus, their doping will follows the same be- 
havior. On the other hand, phosphorus, silicon and sulfur 
display an oxohedral doping, where the heteroatom may 

be located above (below) the graphene sheet due to their 
interatomic distances exceed the C–C bond [18] . Thus, 
in this review we have chosen N and S as representative 

illustration of these kinds of doping process. After this 
short summary, in the present work a brief update of the 

most important outcomes related to the ORR on novel 
graphene materials are reviewed. 

N doped graphene materials (N-G) 
O 2 adsorption and bond cleavage on N-G can be modu- 
lated by the type of the functional group and the amount 

of nitrogen into the carbonaceous structure [12 

•,14 

•,17 

•] . 
Besides low coordinated sites (e.g. edge sites), pyrrolic, 
pyridinic and graphitic N sites are commonly identified 

by X-ray photoelectron spectroscopy and reported as ac- 
tive sites for the ORR ( Figure 1 a). Their preferential 
growth and abundance depend on the precursor and the 

methodology employed to produce N-G, although their 
synthesis is still not well controlled [12 

•,14 

•,17 

•,19] . 

Recently, Bai et al. reported elevated catalytic activity of 
several N-G toward the ORR in alkaline and acidic me- 
dia [20] . They employed urea as nitrogen source into 

the GO material and a pyrolysis treatment at different 
temperatures to produce the active materials. The high- 
est catalytic performance toward the ORR at both media 
was achieved at the N-G catalyst heated up to 1000 °C 

Figure 1 

(a) Nitrogen active sites for the ORR on doped-graphene materials. (b) Linear sweep voltammetry (LSV) of N-Gs produced at different temperatures in 
oxygen saturated 0.1 M KOH electrolyte recorded at 10 mVs −1 and 1600 rpm. Reproduced with permission from ref [20] . (c) Schematic illustration for 
the thermal transformation of pyrrolic N active sites to pyridinic N active sites. (d) LSV of G (graphene pristine), NG (N doped graphene), G-A (thermal 
treated graphene), NG-A (thermal treated N doped graphene) and Pt/C in oxygen saturated 0.1 M KOH solution recorded at 10 mVs −1 and 1600 rpm. 
Reproduced with permission from ref [21 ••] . 
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( Figure 1 b). The last was suggested to occur by a com- 
bination of two effects: (i) high-defect concentration and 

(ii) well-balanced N distribution into the graphene struc- 
ture [20] . 

Ma et al. studied the ORR on N-G in basic and acidic elec- 
trolytes [21 

••] . They employed a solvothermal method 

to promote the conversion from pyrrolic to pyridinic 
species into the N-G material ( Figure 1 c) using pyrrole 

as N source. The amount of pyrrolic to pyridinic con- 
version was 16.2 %, while the final composition of pyri- 
dinic species was 30.9%. They found an increment of 
the ORR performance with the concentration of pyri- 
dinic groups into the graphene structure ( Figure 1 d). In- 
deed, a direct 4-electron reduction pathway from O 2 to 

H 2 O was reported and the increased performance toward 

the ORR was attributed to the elevated amount of N ac- 
tive sites and the increment of the O 2 adsorption energy 

on pyridinic species [21 

••] . Following this line, N doped 

nanoporous graphene was employed to study the ORR 

in alkaline medium and the great catalytic performance 

was associated to the high density of defect sites, elevated 

porosity and high amount of pyridinic species into the 

graphene structure [14 

•] . 

Theoretical and experimental studies of the ORR on 

N-doped graphene quantum dots (N-GQDs) suggest 
an increment of the electron transfer and the adsorp- 
tion strength of oxygenated species (O 2 , O, OOH, H 2 O, 
OH) mainly by their high superficial edges abundance 

[14 

•,17 

•,22] . 

On the other hand, N-Gs are commonly used as catalyst 
support of several metal nanoparticles such as Fe [15] , Co 

[23 

•] or FeCo [24] to enhance the performance toward the 

ORR. Some examples include Co, Co oxides and FeCo 

species supported on N-G that reveal elevated methanol 
tolerance, acceptable stability and high activity toward 

the ORR in acidic medium [ 23 

•–25 ]. It is suggested that 
metal active centers produce a strong synergism between 

N reactive sites and graphene, which improve the cat- 
alytic performance toward the ORR. It is noteworthy that 
these materials are usually found in the literature as com- 
posites. 

S and S, N co-doping graphene materials 

(S-G/SN-G) 
Sulfur and carbon reveal similar electronegativity, but 
there is an orbital mismatch between them. Therefore, 
mainly defect sites of the graphene framework will be af- 
fected by S doping, and accordingly, they will be responsi- 
ble for the catalytic activity toward the ORR [26] . One of 
the main drawbacks of S-doping is the synthetic method- 
ology since harmful precursors are commonly employed, 
e.g. CS 2 , H 2 S, SO 2 and P 4 S 10 [16,26] . Therefore, environ- 
mentally friendly synthetic methods are future challenges 
to produce these materials. 

The catalytic performance toward the ORR on S-G in 

acidic and alkaline media was studied by rotating ring disk 

electrode and single fuel cell setups [16] . Similar results 
were obtained at both types of investigations, in which 

higher catalytic activity toward the ORR was achieved in 

basic medium than acid electrolyte [16] . For instance, sul- 
fur doped interconnected graphene structure was synthe- 
sized employing p-methylbenzenesulfonic acid as sulfur 
precursor and magnesium oxide as a template to control 
the porosity of the S-G framework [27] . The achieved ma- 
terials emerge as competitive catalysts for the ORR in di- 
rect methanol fuel cells cathodes due to their elevated 

methanol tolerance. It is remarkable that sulfide bridges 
(C-S-C) were proposed as sulfur active sites for the ORR 

[27] . Unfortunately, the performance of most S-G materi- 
als was lower than commercial carbon-supported Pt cata- 
lyst. 

It is well known that N and S dual-doping graphene mate- 
rials (NS-G) are much more effective than single-doping 

for the ORR. The insertion of S and N modifies system- 
atically the growth of active sites for the ORR, since each 

heteroatom will prefer a determined graphene plane to 

react, and therefore, a specific active center for the ORR 

will be created [12 

•,19,28] . Furthermore, most of the stud- 
ies employing NS-G as catalyst reported the four-electron 

pathway as the main operative mechanism during the 

ORR in alkaline media [12 

•,22,28] . 

For instance, SN-G was obtained by pyrolysis employing 

cysteine as source of C, N and S and NaCl as shape tem- 
plate ( Figure 2 a). The achieved material revealed high 

surface area (435 m 

2 g 

−1 ), effective N (1.85 at %) and S 

(0.99 at %) dual doping, enhanced conductivity and simi- 
lar Tafel slope (i.e. similar reaction mechanism) to carbon- 
supported Pt catalyst during the ORR in alkaline medium 

[12 

•] . Furthermore, the insertion of both heteroatoms into 

the graphene network drastically reduces the onset po- 
tential of the ORR and yields to high and constant limit- 
ing currents ( Figure 2 b). 

Recently, we reported that N insertion into the graphene 

network facilitates the adsorption and bond cleavage of 
O 2 due to the charge polarization of the N–C bond, which 

maximize the four-electron yield [29] . Moreover, it was 
perceived that an accurate ratio of S and N (3:1) into the 

graphene-based catalyst raises the ORR kinetic [29] . 

Graphene nanocomposites (GNCs) 
Graphene nanocomposites (GNCs) are highly versatile 

materials that can be employed for numerous electro- 
chemical reactions such as those occurring at FCs [30–32] . 
It is possible to prepare highly active hybrids materials 
with diverse structures and morphologies since the best 
properties of each compound are combined to enhance 

the performance of the desired reaction such as the ORR 

[30] . 
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Figure 2 

(a) Schematic illustration for the synthetic procedure of NS co-doped graphene nanosheets using NaCl as shape template and (b) LSV of NS-C (in 
absence of NaCl), NS-G and Pt/C catalysts in oxygen saturated 0.1 M KOH solution recorded at 10 mVs −1 and 1600 rpm. Reproduced with 
permission from ref [12 •] . (c) LSV of rGO, N-C/rGO, Fe/rGO, N-GQD/rGO and Pt/C in oxygen saturated 0.1 M KOH solution recorded at 5 mVs −1 and 
1600 rpm. Reproduced with permission from ref [17 •] . (d) LSV of ZIF-8/GO derived carbon and Pt/C catalysts in oxygen saturated 0.1 M KOH 

solution recorded at 10 mVs −1 and 1600 rpm. Reproduced with permission from ref [34] . 

Fe-GNCs are usually reported as efficient catalyst for 
the ORR due to their facile and low-cost production 

[15,33] . In this regard, Fe and N dual doping graphene 

nanoribbon/carbon nanotube composite with high den- 
sity of edge defect sites was tested toward the ORR 

in alkaline medium. The composite was found to be 

a very stable material with similar mass activity at 1.0 

V RHE 

to that of commercial carbon-supported Pt [33] . In 

this context, Niu et al. synthesized mesoporous Fe/N- 
doped graphene with encapsulated Fe 3 C nanoparticles 
(Fe 3 C@Fe/N-graphene) by a facile methodology, which 

involves the spontaneous oxidative polymerization of 
dopamine on GO in presence of iron ions, followed by a 
heating treatment under an inert atmosphere [15] . The 

Fe 3 C@Fe/N-graphene showed high ORR catalytic activ- 
ity, long-term durability and high methanol tolerance in 

alkaline media. Recently, GQDs are paying great atten- 

tion due to their high density of edge features, which are 

very active sites for several electrochemical reactions. An 

interesting work by Zhang et al. revealed the importance 

of the in-situ N-GQDs growth onto rGO to enhance the 

catalytic activity toward the ORR in alkaline media [17 

•] . 
Actually, Figure 2 c clearly reveals the higher performance 

toward the ORR developed by the in-situ N-GQDs/rGO 

growth than previously synthesized N-GQDs followed 

by deposition onto rGO. Remarkably, the N-GQDs/rGO 

growth in-situ is greatly influenced by the iron ion re- 
moval, which is employed during the synthetic method- 
ology; otherwise the catalytic activity strongly decreases. 

Finally, metal–organic frameworks and covalent organic 
frameworks are very interesting compounds that may 

form 1, 2 or 3 dimensional porous structures and can be 

used as precursors for the synthesis of graphene-based 
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Table 1 

Summary of the most important parameters that affect the ORR at different graphene-based materials. 

Precursors Heteroatom Synthesis n ORR performance Ref. 
materials loading method 

(at.%/XPS) 

Cysteine N (1.84) S 
(0.99) 

Cysteine pyrolysis 
using NaCl as shape 
template 

3.8-3.9 HWP: 0.768 V vs RHE / 1600 rpm, in 

0.1 M KOH. High long-term stability: 
18 h, current loss of 10%. 

[12 •] 

Polydopamine (PDA) N (1.2) Thermal method. 
Growthing of N doped 

Quantum dots on 

thermally reduced 

graphene oxide. 

3.94 OP: 1.03 V vs RHE in 0.1 M KOH. A slight 
increase of the stability compared to 

Pt/C. Non-active for the methanol 
oxidation. 

[17 •] 

GO + Zeolitic 
imidazolate 
frameworks (ZIFs) 

N (4.42) N-porous graphene 
composite was 
obtained from 

pyrolysis of the 
mixture of GO and the 
ZIFs precursors. 

3.93 HWP: 0.8 V vs RHE / 1600 rpm, in 0.1 M 

KOH. OP: 1.01 V vs RHE. 
[34] 

GO + Polyaniline 
(PANI) 

N (2.10) Hydrothermal 
self-assemble, 
freeze-drying, and 

subsequent pyrolysis 
process of the Co 

precursor salt, GO and 

PANI. 

3.94-3.97 
(alkaline) 
3.75-3.85 
(Acid) 

HWP: 0.73 V and 0.85 V vs RHE in acid 

and alkaline medium respectively. 
OP: 0.88 V and 0.99 V vs RHE in acid 

and alkaline medium respectively. 

[23 •] 

ortho- 
phenylenediamine 
(OPDA) + porous 
graphene 

N (8.4) Porous graphene was 
made by means 
chemical vapor 
deposition was then 

immersed in OPDA 

suspension. 

4 OP: 1.03 V vs RHE in 0.1 M KOH. High 

stability for the methanol poisoning 
compared to porous graphene and 

Pt/C benchmark. 

[14 •] 

GO + Urea N (4.66) Aqueous dispersion of 
GO and Urea and 

posterior pyrolysis at 
1000 °C. 

3.6-3.9 
(alkaline) 
3.7-4 
(Acid) 

OP: 0.99 V and 0.82 V vs RHE in 0.1 M 

KOH and 0.1 M HClO 4 respectively. 
High methanol tolerance in both 

electrolytes. 

[20] 

Porous graphene 
(pG) + 1,10 
phenanthroline 
(Phen) 

N (3.43) Thermal annealing of 
Fe and Co salt 
precursor mixed to pG. 

4.1 OP: 0.93 V vs RHE in 0.1 M KOH. after 
the accelerated durability test 
FeCo/N-pG displayed lower loss than 

Pt/C. 

[24] 

p- methylbenzene- 
sulfonic acid 

(SPG) 

S (4.35) Pyrolysis of SPG and 

MgO template. 
3.95 The calculated H 2 O 2 yield for SPG was 

lower than 10 % which is 
comparable to Pt/C in 0.1 M KOH. 
Outstanding tolerance to methanol 
crossover effect. 

[27] 

Ammonium 

persulfate 
(APS) + 5-Amino- 
1,3,4-thiadiazole- 
2-thiol and 

GO 

N (0.48) S 
(1.12) 

Hydrothermal 
procedure of the 
materials precursor 
dispersion. 

3.65-3.79 OP: 0.88 V vs RHE. WP: 0.77 V vs RHE in 

0.1 M KOH. Stability test displayed a 
little bit more activity than Pt/C 

benchmark. 

[28] 

OP: Onsert potential HWP: Half- wave potential 
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structures after a suitable thermal treatment. An inter- 
esting example includes the synthesis of sandwich-like 

structured N-doped porous carbon@graphene compos- 
ites (N-PC@G) derived from sandwich-like structured 

zeolitic imidazolate framework@graphene oxide (ZIF- 
8@GO), which was obtained after a carbonization treat- 
ment at 900 °C. The reached GNC reveals micropores, 
mesopores, high graphitization degree, high surface area 
(1094.3 m 

2 .g 

−1 ) and higher catalytic activity than com- 
mercial carbon-supported Pt toward the ORR in 0.1 M 

KOH ( Figure 2 d) [34] . 

Conclusions 

Graphene has emerged as one of the most promising ma- 
terial for several electrochemical reactions, such as the 

ORR, with high implication in energy conversion sys- 
tems. Its outstanding properties and high versatility are 

employed to produce novel catalysts with high perfor- 
mance toward the ORR. Thus, low-cost catalysts with 

elevated stability, high alcohol tolerance and enhanced 

catalytic activity toward the ORR are continuously re- 
ported. 

Herein, the most recent advances of the ORR on 

graphene-based materials have been reviewed. There- 
fore, the synthesis and catalytic performance toward 

the ORR on N-, S-doping and SN-dual doping graphene 

materials, as well as, on graphene nanocomposites were 

revised. Moreover, important factors such as geometric 
and electronic parameters that modulate the ORR on 

graphene-based materials have been discussed along the 

manuscript and summarized in Table 1 . 

Therefore, the aim of the present review is not only to pro- 
vide the new advances in graphene-based catalysts, but 
also to understand the parameters that alter the ORR ac- 
tivity, which may help to improve the fabrication of novel 
electrodes in order to enhance the performance and to de- 
crease the cost of energy conversion devices such as fuel 
cells. 
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Abstract 

Kinetic and mechanistic parameters of several carbon-supported palladium–based 

electrocatalysts towards oxygen reduction in 0.5 M H2SO4 and in 0.5 M H2SO4 + X M 

CH3OH (X = 0.5–3.0), were investigated applying rotating disc electrode (RDE) 

technique. Several procedures were employed and compared to scrutinize the data 

acquired during the ORR in the absence and the presence of methanol. Furthermore, the 

first derivative method as practical way to determine the methanol tolerance is reported. 

It was found that PdFeIr/C exhibits the highest activity for oxygen reduction in the 

absence and the presence of methanol, in comparison to Pd/C, PdFe/C and PdIr/C 

electrocatalysts. 

 

Keywords: ORR; DMFC; Pd; Catalysis; Electrocatalysis; Nanoparticles; Methanol 

tolerance. 
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1. Introduction 

 

Direct methanol fuel cells (DMFCs) are promising electrochemical energy converters 

for a variety of applications due to their system simplicity and high-energy conversion 

efficiency, which results in great environmental benefits. However, the crossover of 

methanol from the anode to the cathode and the intrinsic slow oxygen reduction reaction 

(ORR) kinetic are the major practical problems limiting the performance and the 

adequate commercialization of  DMFC systems [1,2]. The mixed potential, which 

results from the ORR and the methanol oxidation reaction (MOR) occurring 

simultaneously at the cathode, reduces the overall cell efficiency, generates additional 

water and increases the required oxygen stoichiometric ratio [2]. 

Actually, two main pathways are recognized to compete during the ORR in acid media 

solutions: i) the direct or complete reduction of O2 to H2O (4 electrons pathway); and ii) 

the indirect or incomplete reduction of O2 to H2O2 (2 electrons pathway). In energetic 

terms the four electrons transfer route is desirable, as the indirect pathway reduces 

significantly the whole DMFC performance. The ORR depends mainly on electronic 

and geometrics parameters of the catalytic material [2–4].  

Pt-based catalyst is the state of the art as cathode electrode in proton exchange 

membrane fuel cell (PEMFC), although the low methanol tolerance, scarcity and 

elevated price limits the introduction of DMFC in the energy market [2–4]. To 

overcome this issue, we recently reported the synthesis and physicochemical 

characterization of novel Pd-based materials [5]. These catalysts developed high 

catalytic activity toward the ORR, high methanol tolerance, as well as good catalytic 

performance when are employed as cathode in DMFC. 

Therefore, the aim of the current work is to determine mechanistic and kinetics 

parameters of the ORR at these Pd-based catalysts. With this end in view, electron 

transfer number, kinetic currents, Tafel plot, mass transport currents and methanol 

tolerance data are acquired, compared and analyzed by different methodologies. 
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2. Experimental 

 

2.1. Catalyst synthesis  

Synthesis and physiochemical characterization of the catalytic materials were already 

published elsewhere [5]. Briefly, Pd/C, PdFe(3:1)/C, PdIr(3:1)/C and PdFeIr(2:1:1)/C 

were synthesized by the sodium borohydride method to achieve nominal metal loading 

of 20 wt.% on carbon Vulcan XC-72-R [6]. With this end in view, a water solution 

containing the metal precursors (IrCl3, FeCl3.4H2O or PdCl2, Sigma–Aldrich) was 

slowly added to the carbon-based solution under controlled temperature of 20 ºC, and 

subsequently, the metal ions were reduced with sodium borohydride (99%, Sigma–

Aldrich) solution. Finally, catalysts were filtered and dried at ca. 80 ºC overnight. 

 

2.2. Physicochemical characterization 

Physicochemical characterization was carried out by several X-ray techniques, such as 

X-ray photoelectron spectroscopy (XPS, Thermo-Scientific apparatus operating with Al 

Kα line radiation (1486.6 eV), containing a twin crystal monochromator and yielding a 

focused X-ray spot with a diameter of 400 μ at 3 mA × 12 kV), X-ray diffraction (XRD, 

PANalytical X’Pert Pro X-ray diffractometer operating with Cu Kα radiation 

(λ = 0.15406 nm) generated at 40 kV and 20 mA) and X-ray dispersive energy (EDX, 

which is coupled to the scanning electron microscopy Jeol JSM 6300 with a silicon 

doped with lithium 6699 ATW detector applying 20 keV).  

 

2.3. Electrochemical characterization 

All electrochemical measurements were carried out in a three-electrode cell controlled 

by an Autolab PGSTAT302N potentiostat/galvanostat. A carbon rod and a reversible 

hydrogen electrode (RHE) in the supporting electrolyte (0.5 M H2SO4, Merck p.a.) were 

employed as counter and reference electrodes, respectively. A rotating disk electrode 

(RDE) with a glassy carbon disk (geometric area = 0.071 cm
2
), in which an aliquot (20 

µL) of catalyst ink was deposited and dried under Ar atmosphere, was employed as 

working electrode. The catalyst ink was prepared by stirring 2 mg of catalyst with 15 

µL of Nafion® (5%, Sigma–Aldrich) and 500 µL of water (Milli-Q, Millipore). Ar (Air 

Liquide 99.999%) was used to deoxygenate all solutions and O2 (Air Liquide 99.995%) 

to perform the measurements related to the ORR. 



227 / 302

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 2038358				Código de verificación: w/+L0rYY

Firmado por: Luis Miguel Rivera Gavidia Fecha: 22/07/2019 01:46:49
UNIVERSIDAD DE LA LAGUNA

Gonzalo García Silvestro 22/07/2019 06:45:40
UNIVERSIDAD DE LA LAGUNA

Elena María Pastor Tejera 22/07/2019 09:20:21
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2019/56828

Nº reg. oficina:  OF002/2019/54532
Fecha:  22/07/2019 09:26:59

4 
 

Steady state polarization curves were recorded in absence and presence of O2 between 

1.00 and 0.20 V at rotating speeds between 400 and 2500 rpm. The working electrode 

was introduced into the electrolyte at a controlled potential of 1.00 V, and subsequently, 

a linear sweep voltammogram (LSV) was initiated in the negative going direction at 

sweep rate of 0.002 V s
−1

. Additionally, the electrochemical profiles of the catalysts 

were studied in the absence and the presence of 0.0, 0.5 and 3 M CH3OH in 0.5 M 

H2SO4 base electrolyte solution. 

 

3. Results and discussion 

 

Full physicochemical characterization of catalysts is already published in ref. [5]. Main 

results indicate: i) similar crystallite size close to 4 nm for all catalysts; ii) alloy 

formation and electronic charge transfer from Fe and/or Ir to Pd; iii) Ir insertion into the 

Pd-based catalyst enhances the methanol tolerance and inhibits the water dissociation 

reaction; iv) methanol adsorbs but not oxidizes on PdFeIr/C catalyst; and v) enhanced 

catalytic performance of DMFC containing PdFeIr/C cathodic electrode. 

 

3.1 Kinetic current (𝑖𝑘), mass activity (MA) and percentage of electrocatalytic activity 

loss (PEAL) 

Figure 1 shows linear sweep voltammetry experiments (LSVs) recorded for all catalysts 

at 1600 rpm in the absence (black curve) and the presence of alcohol (red and blue 

curves) after blank LSV subtraction. The last action (i.e. blank current subtraction) is 

relevant when non-noble metals are studied due to by-side reactions, such as reduction 

of surface oxide species, that may occur and incorrect analysis are usually reported [7]. 

The catalytic mass activity (MA) is an important and practical parameter, which is 

acquired by current normalization with the amount of the expensive element (i.e. Pd 

and/or Ir in the current work). In this way, it is easy to analyze the ORR activity and the 

alcohol tolerance for each catalyst. Bi- and tri-metallic catalysts improve the catalytic 

activity toward the ORR and alcohol tolerance respect to Pd/C material. Furthermore, 

ternary catalyst reveals the highest catalytic performance both in the absence and 

presence of alcohol. 

Additionally, Figure 1 depicts three typical potential regions: i) at low overpotentials (E 

> 0.85 V) that is under kinetic reaction control; ii) intermediate overpotentials (0.75 < E 

< 0.85 V), in which kinetic and diffusion processes govern the reaction; and iii) high 
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overpotentials (E < 0.75 V), whereas the O2 diffusion toward the catalytic surface 

control the reaction. Interestingly, the ternary catalyst reveals an electrochemical profile 

quite different to the others catalysts with the addition of methanol, i.e. small amount of 

alcohol decreases the mass transport current at high overpotentials, which is invariable 

after the addition of further amounts of alcohol. Moreover, currents developed at 

intermediate and small overpotentials are almost invariables in the presence of alcohol. 

These experimental facts suggest that methanol adsorbs blocking active surface sites, 

but it does not oxidize on the ternary catalyst. Hence, PdFeIr/C is expected to overcome 

the typical mix potential produced by the alcohol crossover at the cathode of a DMFC, 

which was corroborated previously [5]. 
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Figure 1. Linear sweep voltammetry curves for catalysts recorded in 0.0, 0.5 and 3.0 M 

CH3OH + 0.5 M H2SO4 solution at 1600 rpm and 2 mV s
−1

. 

 

On the other hand, kinetic currents at selected potential values can be easily acquired 

from the following equation: 

 

𝑖𝑘,𝐸 =
𝑖𝐸𝑖𝐿

𝑖𝐿−𝑖𝐸
                   (1) 

 

where 𝑖𝑘,𝐸(𝑉) and  𝑖𝐸 are the kinetic and measured current at a given potential value, 

while 𝑖𝐿 is the limiting current (mass transport current). Figure 2 reveals an 

improvement of the catalysis in the kinetic region (E = 0.9 V) by the insertion of the 
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second and third foreign elements into the catalyst. However, the catalytic performance 

is highly compromised by the presence of alcohol. Interestingly, percentages of 𝑖𝑘,0.9𝑉 

loss for Pd/C, PdFe/C, PdIr/C and PdFeIr/C are 35, 41, 60 and 28 at intermediate 

alcohol concentration (0.5 M) and 88, 74, 90 and 77 at high alcohol concentration (3 

M), respectively. The last suggests that methanol competes with O2 for adsorption on 

active sites (Pd and Ir) at low overvoltages and consequently ORR kinetics decrease.  
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Figure 2. Kinetic current at 0.9 V for all catalysts in in 0.0, 0.5 and 3.0 M 

CH3OH + 0.5 M H2SO4 solution.  

 

However, these values are note representative to the observed in Figure 1 where the 

alcohol tolerance at small and intermediate overpotentials is intensely improved at the 

ternary catalyst. In order to unveil the alcohol tolerance by a facile methodology the 

first derivative method of the ORR polarization curve is described for the first time in 

the current manuscript. Equation 2 relates the percentage of electrocatalytic activity loss 

(PEAL) by dissolved alcohol in the following way: 

 

𝑷𝑬𝑨𝑳 (%) =
𝑬(𝒅𝒋/𝒅𝑬)−𝑬 (𝒅𝒋/𝒅𝑬)𝑴𝒆𝑶𝑯

𝑬(𝒅𝒋/𝒅𝑬)
. 𝟏𝟎𝟎                                   (2)  

 

where Edj/dE and E(dj/dE)MeOH are the potential value at the maximum of the dj/dE vs. E 

plot (Figure 3) in the absence and the presence of methanol, respectively. This plot 

reveals the same potential regions observed at the ORR polarization curves: i) E > 0.85 
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V: kinetic control (dj/dE ≈ 0); ii) 0.75 < E < 0.85 V: mix control (dj/dE reveals a 

maximum (Edj/dE) that coincides with the half-wave potential (E1/2)); and iii) E < 0.75 V: 

mass transport control (dj/dE ≈ 0).  
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Figure 3. dj/dE vs. E plots for catalysts recorded in 0.0, 0.5 and 3.0 M CH3OH + 0.5 M 

H2SO4 solution at 1600 rpm and 2 mV s
−1

. 

 

Figure 3 clearly depicts the position and the shift of the E1/2 (Edj/dE peak) by the addition 

of methanol. Thus, in a very fast and qualitative way, it is discerned that PdFe/C reveals 

the highest E1/2. The last is shown at the top panel of Figure 4, in which the E1/2 in the 

absence of alcohol increases in the following way:  Pd/C < PdFeIr/C ≈ PdIr/C < 

PdFe/C. Additionally, it is determined the higher methanol tolerance of PdFe/C and 

PdFeIr/C in comparison to Pd/C and PdIr/C, since the E1/2 of iron-based catalysts is 

almost constant (no shift is observed in the peak potential with the addition of methanol 

in Figure 3). On the other hand, elevated concentration of methanol highly compromise 

the catalyst performance of Pd/C and PdIr/C materials (shift of the blue and black 

curves to more negative potentials), which may be ascribed to methanol adsorption and 

oxidation on these catalysts.  

Bottom panel of Figure 4 depicts the PEAL with the alcohol concentration. From this 

figure becomes clear that the ternary catalyst is the one with the highest methanol 
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tolerance due to PEAL value remains close to zero even at the highest methanol 

concentration. On the other hand, Pd/C and PdIr/C show high PEAL values at the 

highest methanol concentration, which indicate the lower methanol tolerance in 

comparison to iron-based materials.   
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Figure 4. Shift of Edj/dE (top panel) and PEAL (bottom panel) with the concentration of 

methanol. 

 

Accordingly, PdFe/C and PdFeIr/C are the most alcohol tolerant catalysts, which is in 

good agreement with results depicted in Figure 1. Furthermore, these results indicate 

that the insertion of Fe into the PdIr material strongly enhances the alcohol tolerance. 

The last is in agreement with previous results were voltammetric analysis revealed the 

high impact of the ternary surface structure, in which methanol adsorbs but not oxidizes 

on this surface [5]. 

 

3.2 Koutecky-Levich analysis and Tafel Plot 

The Koutecky-Levich (K-L) equation is one of the most frequently used tools for 

kinetic studies of the ORR, since it relates the diffusion and kinetic processes that 

happen during this reaction: 
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𝑖−1  =  𝑖𝑘
−1 + 𝑖𝐿

−1                (3) 

 

where ik, iL and i are the kinetic, mass transport and measured current, respectively. 

Then, if a rotating ring disk electrode (RDE) is employed the term iL can be replaced by 

the Levich equation, and the K-L equation can be rewritten as follows: 

 

i
-1

 = ik
-1

 + (0.62nFAD
2/3

C0v
1/6

w
1/2

)
-1

              (4) 

 

where n is the number of electrons transferred, F is the Faraday constant (96485.3365 C 

mol
-1

), A is the geometric area of the electrode (in our case 0.07 cm
2
), D is the diffusion 

coefficient (1.4x10
-5

 cm
2
 s

-1
) , C0 is the bulk O2 concentration (1.1x10

-6 
mol cm

-3
), v is 

the viscosity of the electrolyte (0.010 cm
2
 s

-1
) and w is the angular rotation rate (rad s

-1
). 

Noticeable, if the w is expressed in revolution per minute (rpm), then a value of 0.201 

should be used instead of 0.620. 
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Figure 5. Koutecky-Levich plot for all catalysts recorded 2 mV s
−1

 and different 

angular rotation rates in 0.5 M H2SO4. 

 

Figure 5 shows K-L plots at selected applied potentials, in which the current is under 

mass control. Pd/C reveals straight and parallel lines in a wide potential range, which 

indicates similar number of electrons transferred (n = 3.8) and different kinetic currents 

(ik
-1

 can be easily obtained by extrapolating the line to w
-1/2

 = 0) with the applied 

potential. On the other hand, PdIr/C shows straight lines with diverse slopes that suggest 
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different ik and n (from 3.8 at small overpotentials to 3.5 higher overpotentials) with the 

applied potential. Interestingly, similar ik and n values (the resulting plots almost 

overlap) are achieved at the different potentials considered for PdFe/C (n = 3.1) and 

PdFeIr/C (n = 4.0) catalysts. The last indicates that the four-electron pathway is the 

operative at the ternary catalyst. Noticeable, fuel cells working conditions are in this 

potential range.  

Further characterization of the catalytic activity of the Pd/C, PdFe/C, PdIr/C and 

PdFeIr/C catalysts was made using mass transport corrected Tafel plots, as shown in 

Figure 6. Tafel plots and particularly Tafel slopes may determine the rate-determining 

step (RDS) [8]. A change of the Tafel slope is associated exclusively to a change in the 

mechanism/kinetics of the reaction on the catalyst surface. The last happens at more 

positive potentials (E > 0.8 V) for bi- and tri-metallic catalysts than for carbon-

supported Pd material (~0.8 V), which is in close correlation with the surface oxidation 

of Pd. The latter is associated to the more metallic character of bi- and ternary catalysts 

that is produced by an electronic charge transfer from Fe and/or Ir to Pd, which was 

previously observed by XPS analysis [5]. Hence, ORR takes place on a bare and 

oxidized metal surface according to the applied potential, and their reaction mechanisms 

are different. 

-4.8 -4.4 -4.0

0.80

0.84

0.88

0.12 V dec
-1

log (i
k
 / A)

 

 

P
o

te
n

ti
a

l 
/ 

V
 v

s
 R

H
E

 Pd/C

 PdFe/C

 PdIr/C

 PdFeIr/C

0.06 V dec
-1

 

Figure 6. Tafel plot for the ORR for all catalysts in 0.5 M H2SO4 achieved from 

Equation 1. 
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As was described above, Tafel slopes are indicative of the RDS [8]. In this context, the 

RDS for a value of 0.06 V dec
-1

 is associated to a chemical step after an electrochemical 

step. Meanwhile, the RDS for a Tafel slope of 0.12 V dec
-1

 is related to the first electron 

transfer step. Therefore, if we assume the associative mechanism as the operative, the 

reaction (6) appears as the RDS during the ORR on bare metallic surfaces at high 

overpotentials (Tafel slope = 0.12 V dec
-1

) [9,10]. While at small overpotentials (Tafel 

slope = 0.06 V dec
-1

), adsorbed oxygen species partially cover the catalyst surface and 

reaction (7) becomes the RDS: 

 

O2 → O2ad                 (5) 

O2ad + H
+
 + e

-
 → HO2ad               (6) 

HO2ad → HOad + Oad                (7) 

Oad + H
+
 + e

-
 → OHad                (8) 

OHad + H
+
 + e

-
 → H2O               (9) 

 

It is important to note that the peroxide pathway (PdFe and PdIr/C follow in a minor 

extent this route) is not included in order to shed light on the reaction mechanism [11]. 

Summarizing, it seems that the presence of Fe and Ir species inhibit the water 

dissociation on Pd, i.e. Pd oxides formation, increasing the catalytic activity toward the 

ORR with the insertion of the second element. The last effect is more important with the 

introduction of iron into the Pd-based catalyst [12]. Both elements produce a synergetic 

effect and much higher catalytic activity toward the ORR is observed at the ternary 

material. On the other hand, Pd and Ir are active sites for the oxygen reduction reaction 

(ORR) and the methanol oxidation reaction (MOR), and therefore, their methanol 

tolerance is not so high. On the contrary, Fe species highly enhance the methanol 

tolerance at PdFe/C and PdFeIr/C catalysts. Finally, the ternary material appears as the 

best catalyst for ORR in the absence and the presence of methanol.   

 

4. Conclusions 

The oxygen reduction reaction and the methanol tolerance at four different Pd-based 

catalysts were analyzed by diverse methodologies in the current manuscript. Special 

attention was paid to the operating reaction mechanism and the kinetic parameters. 

Additionally, it is proposed the first derivative method as practical and direct way to 

determine the methanol tolerance. Finally, binary and ternary Pd-based materials 
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containing Fe can be considered for further research in the design of efficient and cost-

effective catalysts for the ORR, making them more suitable to be used in DMFCs. 
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Abstract 

Carbon-based materials were investigated as bifunctional electrocatalysts for the oxygen 

electrode of unitized regenerative fuel cells (URFC). With this end in view, 

carbonaceous materials including carbon nanofibers (CNFs), mesoporous carbon 

(gCMK-3) and reduced graphene oxide with hydrazine (H-rGO) were synthesized, 

characterized and tested toward the oxygen evolution reaction (OER) and the oxygen 

reduction reaction (ORR) and compared to commercial carbon black (Vulcan), graphite, 

and glassy carbon (GC). Physicochemical characterization was conducted by X-ray 

diffraction (XRD), X-ray photoelectron spectroscopy (XPS), elemental analysis and 

Raman spectroscopy, meanwhile rotating ring-disk electrode (RRDE) was employed to 

determine the electrochemical activity and stability. Main results indicate that CNFs can 

act as a feasible catalyst for URFC applications. 

 

Keywords: ORR; OER; URFC; Catalysis; Electrocatalysis; Graphene; RRDE. 
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1. Introduction 

The so-called hydrogen economy is still being considered to promote the consumption 

of renewable and non-polluting energy sources. Hydrogen from water could play the 

role of an energy carrier, since is more easily stored and transported than any other 

energy vector [1–3]. The interconversions of electricity into chemicals and viceversa 

require electrochemical devices: electrolysers are used to convert electricity into 

hydrogen and H2/air polymer electrolyte fuel cells (PEMFCs) are used to convert 

hydrogen fuel back into electricity. Unitized regenerative fuel cells (URFCs), a 

combination of both technologies, offer new perspectives to further bring down 

investment costs in the near future and to open the way to mass production for domestic 

applications. This combination has the potential to be a near-zero emission energy 

supply system. In this respect, an URFC system is directly comparable to a secondary 

battery, especially in terms of user handling and the charging/discharging behavior 

[1,4]. 

At the present time, URFCs have not yet reached the level of maturity obtained with 

fuel cells and electrolysers. Electrochemical performances still require additional 

optimization, both in terms of efficiency and long-term performances. In order to 

improve the round-trip efficiency of the URFC, one key issue is the fabrication of low-

cost, stable and highly active bi-operational (bi-functional) oxygen electrode catalysts, 

which can be used for both oxygen reduction reactions (ORR) and oxygen evolution 

reactions (OER) [5,6]. Bi-operational electrocatalysts for URFC applications have been 

developed using a combination of unsupported metallic platinum and OER 

electrocatalysts such as ruthenium (oxide) and iridium (oxide) [6–8].  However, the 

high-cost, scarcity and the high corrosion rate (especially in water electrolysis mode) of 

the employed catalysts represents a great barrier for their insertion to the market [9]. 

In this study, graphenic materials (GMs) obtained from graphene oxide reduction using 

hydrazine (H-rGO) as reducing agent, as well as carbonaceous materials including 

carbon nanofibers (CNFs) and mesoporous carbon (gCMK-3) were synthesized, 

characterized and tested toward OER/ORR and compared to commercial carbon black 

(C) and graphite (G). Additionally, the corrosion resistance properties of the 

electrocatalysts under strongly oxidizing conditions have been investigated. 

Physicochemical characterization was conducted by X-ray diffraction (XRD), X-ray 

photoelectron spectroscopy (XPS), elemental analysis and Raman spectroscopy. The 
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catalytic performance of the catalysts toward ORR and OER in alkaline medium (0.1 M 

NaOH) was carried out by the rotating ring-disk electrode (RRDE) technique.  

 

2. Experimental 

 

2.1. Materials 

Sulfuric acid (H2SO4; Merck p.a, Madrid, Spain), sodium hydroxide (99.99%; Sigma-

Aldrich, Madrid, Spain), potassium permanganate (>99.8%; Sigma-Aldrich, Madrid, 

Spain), thiourea (>99%; Fluka, Madrid, Spain), hydrazine (>99%; Sigma-Aldrich, 

Madrid, Spain), tetraethil orthosilicate (>98.0%; Sigma-Aldrich, Madrid, Spain), 

Pluronic P123 Sigma-Aldrich, Madrid, Spain), Vulcan XC-72R (Cabot, Boston, MA, 

USA), graphite (>99.8%; Sigma-Aldrich, Madrid, Spain), hydrogen peroxide (30% v/v; 

Foret, Barcelona, Spain) and water (18.2 M Ω·cm
−1

; Milli-Q, Millipore, Madrid, Spain) 

were purchased and then used for the synthesis of the graphene materials and the 

preparation of the electrolyte solutions. 

 

2.2. Synthesis of Graphene Oxide (GO) and Reduced Graphene Oxide (H-rGO) 

GO was prepared by following a modified Hummers method [10]; 1 g of the graphite 

powder was added to 30 mL of concentrated H2SO4 cooled in an ice bath. Then, 3.5 g of 

KMnO4 was slowly introduced while being stirred and cooled continuously. After 

removal from the ice bath, the mixture was diluted with Milli-Q water and sonicated for 

1 h at 35 °C. Then, the solution was heated up to 95–98 °C over 30 min. Next, 200 mL 

of ultrapure water was gradually introduced, followed by 1.25 mL of 30% v/v H2O2, 

and the stirring was maintained for 30 min. Finally, the dispersion was centrifuged with 

Milli-Q water until a pH of 7 was achieved in the supernatant liquid. The resultant GO 

material was dried using an oven at 60 °C. 

In order to produce reduced graphene oxide (H-rGO), an adequate amount of hydrazine 

(1μL of hydrazine by 3 mg GO) was mixed with a GO aqueous dispersion (3 mgGO 

mL
−1

) using a ultrasound bath. Then, this dispersion was kept in refluxing during 12 h. 

Afterwards, the resultant material (H-rGO) was cleaned  by filtrating using abundant 

Milli-Q water and then transferred to an oven at 60 °C for 24 h to obtain a reduced GO 

powder. 
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2.3. Synthesis of carbon nanofibers (CNFs) 

Carbon nanofibers (CNFs) were grown by methane decomposition over a 

Ni:Cu:Al2O3 (molar ratio 78:6:16) catalyst. The reaction was carried out in a pure 

methane flow at 700 °C during 10 h as described in [11].  

 

2.4. Synthesis of mesoporous carbon (gCMK-3) 

Ordered mesoporous carbon (gCMK-3) was prepared by incipient wetness impregnation 

of SBA-15 silica with furan resin (Huttenes-Albertus) as carbon precursor. Impregnated 

silica was carbonized at 700 °C for 2 h, and the obtained silica-carbon composite was 

treated with HF (40%, Fluka) to remove the silica, as described previously in [12]. 

Finally, the carbon material was subjected to heat treatment at 1500 °C in order to 

increase its crystalline grade and, therefore, its electrical conductivity. This treatment 

was carried out in a graphite electrical furnace for 1 h under argon flow, using a heating 

rate of 10 °C min
−1

. 

 

2.4. Physicochemical Characterization 

XRD powder spectra were acquired from a X’Pert PRO X-ray diffractometer 

(PANalytical, Madrid, Spain) to determine the crystal structure. Measurements were 

obtained using the CuKα radiation (λ = 1.5405 Å) and the X’pert high score plus 

diffraction software, and 2θ data were collected from 20° to 100° with a scanning rate of 

0.04 s
−1

. Crystalline phases were identified by comparing the experimental diffraction 

patterns with the Joint Committee on Powder Diffraction Standards (JCPDS). 

Elemental analysis with an experimental error close to 0.04% was performed using an 

Elemental Analyzer CNHS FLASH EA 1112 (Thermo Scientific, Madrid, Spain). 

Raman spectra were collected using a RENISHAW confocal Raman microscope, model 

inVia (RENISHAW, Gloucestershire, UK), with a green laser (λ = 532 nm) in the 100 

to 3200 cm
−1

 range. 

Chemical composition of the catalysts was determined by energy dispersive X-ray 

analysis (EDX, Oxford 6699 ATW, Oxford, Oxfordshire, UK), and X-ray photoelectron 

spectroscopy (XPS) data were obtained with a SPECS GmbH customized system 

(SPECS
TM

, Berlin, Germany) for surface analysis, equipped with a non-monochromatic 

X-ray source XR 50 and a hemispherical energy analyzer (PHOIBOS 1509MCD). 

Photoelectrons were excited by using MgKα line (1253.6 eV) operating at 200 W/12 

kV. Powder samples were attached onto a Cu foil and were placed first in the pre-
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treatment chamber at room temperature for several hours, before being transferred to the 

analysis chamber. The XPS data were signal averaged for a large enough number of 

scans to get a good signal/noise ratio, at increments of 0.1 eV and fixed pass energy of 

25 eV. High-resolution spectra envelopes were obtained by curve fitting synthetic peak 

components, using the software XPSpeak41. The raw data were used with no 

preliminary smoothing. Symmetric Gaussian—Lorentzian product functions were 

employed to approximate the line shapes of the fitting components. Binding energies 

were calibrated relative to the C 1s peak from the graphitic carbon at 284.6 eV. 

 

2.5. Electrochemical Characterization 

All measurements were carried out in an electrochemical cell at room temperature 

controlled by an Autolab PGSTAT302N potentiostat-galvanostat. A carbon row was 

used as a counter electrode, while the reference electrode was a reversible hydrogen 

electrode (RHE) in the supporting electrolyte (0.1 M NaOH, Merck, p.a.). All potentials 

are referred to this electrode. A rotating ring-disk electrode (RRDE) composed of Pt 

ring and glassy carbon disk (geometrical area = 0.196 cm
2
) was used. The working 

electrode consisted of a certain amount of the catalyst deposited as a thin layer over the 

glassy carbon disc. The suspension was prepared by stirring 2 mg of catalyst with 15 μL 

of Nafion
®
 (5%, Sigma–Aldrich) and 0.5 mL of water (Milli-Q, Millipore). 

Ar (99.999%, Air Liquide) was used to deoxygenate all solutions and O2 (99.995%, Air 

Liquide) to dose measurements related to ORR. 

For the ORR experiments, O2 was bubbled during 30 min before and during all the 

measurements to maintain saturated the electrolyte. Polarization measurements were 

recorded between 1.0 and 0.2 V at rotating speeds of 400, 600, 900, 1600 and 2500 rpm. 

In these experiments, the working electrode was introduced into the electrolyte at 

controlled potential of 1.0 V. Then, the applied potential was held at 1.0 V during 

1 min, and after that, the LSV was initiated in the negative going direction at scan rate 

of 0.002 V s
−1

. In order to detect hydrogen peroxide formation, the ring potential was 

maintained constant at 1.2 V during the ORR. For the OER, a LSV was recorded 

between 0.1 and 2.3 V at a scan rate of 0.01 V s
−1

 and a fix rotating rate of 1600 rpm, 

meanwhile a constant potential of 0.4 V was applied at the ring electrode. The latter was 

employed in order to distinguish the OER from other anodic reactions, e.g. carbon 

dioxide formation from catalyst support corrosion. In order to obtain an accurate onset 

potential for the OER. 
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3. Results and discussion 

 

3.1. Physicochemical Characterization 

Figure 1 displays the XRD patterns obtained for the different carbon materials. Graphite 

reveals a sharp diffraction peak at 26.5°, which is related to the C(002) plane, and a 

small diffraction peak at 54.3° associated to the (004) facet. The GO formation from the 

oxidation of graphite is detected by the broad diffraction peak at 10.7°, which is related 

to the (101) diffraction plane and by the absence of the diffraction peaks associated to 

graphite. The last is caused by the growth of oxygen functional groups (OFGs) between 

the graphitic layers, which caused an expansion of the C–C interplanar spacing from 

0.34 to 0.84 nm (Table 1), and therefore, a weakening of the respective chemical bonds 

of graphite [10]. H-rGO develops broad diffraction peaks at ca. 15.3° and 23.8º, which 

suggest that OFGs in the interstitial graphitic spaces were incompletely reduced and that 

the C–C lattice of graphite was partially restored. Additionally a sharp peak at 42.8º is 

discerned at H-rGO, which is related to the (100) facet. gCMK-3 material also show the 

(002) reflection in its XRD patterns. However, it is broader and shifted to lower angles 

(24.6º) in comparison to graphite, which is indicative of its more amorphous character. 

On the other hand, CNF shows three peaks at 26.3°, 42.8° and 54.2° that are attributed 

to the (002), (100) and (004) reflections of graphitic carbon. In addition, CNF exhibits 

two other peaks at 44.3º and 51.7º, associated to the (111) and (200) reflections of 

nickel, which was used as catalyst during the synthetic procedure [13].  
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Figure 1. X-ray diffraction (XRD) patterns for all studied materials. 

 

Crystallite size for all employed catalysts was achieved by the Scherrer equation (Table 

1). H-rGO material revealed a crystallite size (Lc) smaller than for graphite and GO, 

which is in agreement with the number of graphene layers (nl). In this sense, nl was 

estimated from the ratio of the Lc and the interplanar spacing (dhkl), and as expected, 

graphite showed the highest nl and Lc. Table 1 clearly depicts that the oxidation process 

(GO formation) produces OFGs (C/O ratio decreases), and therefore, an increment of 

the interplanar spacing between graphene layers (d001 = 0.83 nm) and a reduction of Lc 

and nl is discerned. On the other hand, the reduction process (H-rGO formation) 

produces a further diminution of dhkl, Lc and nl parameters. Interestingly, gCMK-3 and 

CNF reveal similar d002 than H-rGO and Graphite, respectively. Furthermore, the higher 

graphitization degree of CNF is discerned from the higher crystallite size. 

All features observed by X-ray diffraction (XRD) were in agreement with those results 

achieved by elemental analysis (Table 1). Indeed, an increment of oxygen loading was 

observed after the chemical oxidation process of graphite to produce GO, which 

diminishes after the reduction step to produce H-rGO. It is remarkable the low strength 

of the reducing agent (hydrazine) confirmed by the small C/O composition ratio of H-

rGO. Nevertheless, hydrazine is effective to introduce nitrogen species into the 

graphenic network (1.8 wt%). On the other hand, gCMK-3 depicts de highest C/O 

composition ratio, meanwhile CNF reveals similar ratio than Graphite. 
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Table 1. Physicochemical parameters obtained by XRD
a
, Raman

b
, Elemental Analysis

c
 and XPS

d
 

for all studied materials. 

Materials 
a
d002 (nm) 

a
Lc (nm) 

a
nl 

 

b
ID/IG 

b
La (nm) C/O (wt%) 

Graphite 0.34 66.35 195 0.23 83.6 4.0
c
 – 45.3

d
 

GO 0.83(d001) 8.05 10 0.88 21.8 0.9
c
 – 1.7

d
 

H-rGO 0.38 1.41 4 0.94 20.5 1.9
c
 – 3.1

d
 

gCMK-3 0.38 1.12 --- 1.15 16.7 11.2
c
 – 40.8

d
 

CNF 

 

0.35 10.41 --- 1.27 15.1 4.0
c
 – 21.0

d
 

d002: interplanar C-C distance,  Lc : crystallite size,  La: basal plane size, nl: number of graphenic layers 

 

Raman spectroscopy was employed to measure the disorder degree, defect density and 

crystallinity of carbon-based materials [14]. Figure 2 depicts the Raman spectra for all 

studied materials, in which four contributions are clearly discerned. The peaks at ca. 

1360 cm
−1

 (D) and 1580 cm
−1

 (G) are correlated to sp
3
 carbon domains and to sp

2
 bonds 

into the graphitic grid, respectively [14]. The intensity ratio of D and G peaks (Table 1) 

are usually employed as a measurement of the disorder degree, graphitization and 

crystallinity of the synthesized materials [15,16]. For instance, GO reveals broader D 

and G peaks, as well as a more intense D peak (ID/IG = 0.88) than graphite (ID/IG = 

0.23), which shows a prominent G peak in agreement with the high size of the in-plane 

sp
2
 domains. H-rGO develops the typical Raman spectra for heteroatom-doped rGO as a 

result of carbon hybridization by N–C bond formation and/or for some structural 

disorder (impurities, edges, finite size effects, etc.) that breaks the translational 

symmetry [17]. Then, ID/IG values increases in the following order: Graphite << GO < 

rGO < gCMK3 < CNF. It is noticeable the sharp band developed by CNF, which may 

be ascribed to the high crystallite size and to a preferential orientation of the nanofibers. 

Graphitic materials can also be characterized through their structural parameters that 

depend on the crystallographic size in both directions of their planes, that is, basal (La) 

and edge planes (Lc) (see Table 1). The Lc value is obtained by the Scherrer equation, 

while La is estimated from the ID/IG ratio through the empirical equation developed by 

Knight and White [18,19]. Figure 3 displays a straight correlation between ID/IG and the 

inverse of La for all studied catalysts. A close inspection of this plot suggests that La not 

only decreases with Graphite oxidation, but also with the strength of the doping agent 

(as we described above hydrazine is a soft reducing agent) and the structural 

morphology of the carbonaceous material. 
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Figure 2. Raman spectra for all studied materials. 
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Figure 3. Plot of ID/IG ratio vs. 1/La for all studied materials. 

 

X-ray photoelectron spectroscopy (XPS) was carried out to identify and quantify the 

surface composition and the chemical state of the elements (see Table 1). Deconvoluted 

spectra for C and O are presented in Figure 4. The C1s signal provides detailed 

information about the presence of oxygen and nitrogen species bonded to carbon atoms 

(left panels of Figure 4). As can be seen, the carbon signal is mainly composed by 

graphitic carbon (sp
2
), followed by different oxygenated species at higher binding 

energy values, such as C–OH, C-O-C, C=O, carboxylic bonds [20]. In addition to these 
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signals, H-rGO reveals an additional component at ca. 286.1 (green line) ascribed to 

nitrogen species bonded to carbon atoms. Also, a small but visible signal at ca. 289.0 eV 

ascribed to a π–π* shake-up satellite is discerned [21]. It is noticeable the high amount 

of C-O-C species produced after the Graphite oxidation procedure, which considerably 

remains after the soft reduction process by hydrazine that is in perfect agreement with 

the observed by other techniques and described above. 

Interestingly, the O1s signal (right panels of Figure 4) reveals different surface 

oxygenated species, which strongly depend on the carbonaceous material [20]. 

Interestingly, intercalated water (blue line) signal is in highly intensity at CNF and not 

perceived at GO. All materials reveal similar trend of the C/O ratio at the surface and 

the bulk, however the amount of carbon at the surface is higher than at the bulk (see 

Table 1).  

All the described morphological and chemical changes modify relevant 

physicochemical properties with profound impacts on electrochemical reactions such as 

the ORR and OER by affecting the electrical conductivity (higher in basal planes than 

in edge planes), electron transfer (higher in edge planes than in basal planes), different 

adsorption and bond cleavage of O2 (tuned by N insertion into the graphene network), 

diverse electronic density of states near the Fermi level and the overall catalytic 

performance (activity and stability) of carbonaceous-based materials during both 

reactions [17,22]. 
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Figure 4. C 1s (left panels) and O 1s (right panels) XPS spectra for all studied 

materials. 
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3.2. Electrochemical Characterization 

It is well-known that the ORR and the OER depends on several parameters, such as the 

catalyst composition (geometric and electronic factors), the applied potential, the nature 

of the ions dissolved in the electrolyte and the pH of the media [23–28]. In order to 

study the catalytic performance and discern the ORR pathways for the different 

catalysts, the rotating ring-disk electrode (RRDE) technique was applied (Figure 5). The 

middle panel shows the ORR polarization curves recorded at 0.002 V/s in 0.1 M NaOH, 

meanwhile the top panel depicts the signal acquired with the ring electrode at 1.2 V that 

detects the peroxide production (incomplete ORR pathway).  

Graphite developed the worst catalytic activity toward the ORR, which may have been 

ascribed to the low density of edge planes (i.e. high Lc value) and long basal plane size 

(La) and to the absence of doping and impurities. In other words, the ORR strongly 

increased for materials with short La (and high density of edge planes, Lc) and with the 

insertion of the nitrogen into the graphenic structure. Thus, H-rGO revealed the lowest 

onset potential at ca. 0.91 V for the ORR. The latter was promoted by N-doping, which 

creates a charge polarization of the N–C bond, and therefore the adsorption (O2(ads)) and 

dissociation (O–O bond cleavage) of O2 were facilitated [17]. Then, the catalytic 

activity toward the ORR at high pH increases in the following order: Graphene < 

gCMK-3 < CNF < H-rGO.  

In order to evaluate the final product of the ORR, and consequently, the mechanism of 

the reaction, the peroxide formation was followed at the ring electrode (top panel 

of Figure 5), and the number of electrons transferred (n) was calculated (bottom panel 

of Figure 5) by the equation [29]: 

 

n = 4iD/(iD + iR/N)                (1) 

 

where N is the current collection efficiency of the ring (0.22), and iD and iR are the ring 

and disk currents, respectively. A close inspection of the bottom panel of the figure 

indicates almost a full molecular oxygen (O2) conversion to water (four-electron 

pathway) on CNF and H-rGO materials at E < 0.80 V. Indeed, Graphite and gCMK-3 

not only revealed a higher overpotential for the ORR, but also a minor energy 

conversion efficiency, that is, half of the reactant produced water (four electrons) and 

the other half-generated peroxide (two-electron pathway). Furthermore, it is well 

recognized that H2O2 accelerates the degradation of the polymeric membrane electrolyte 
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membrane in fuel cells (FCs). Hence, CNF and H-rGO appear as suitable catalysts to be 

employed as cathode due to not only their high catalytic activity but also that can 

increase the durability of FCs and URFCs. 
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Figure 5. Steady-state polarization curves for O2 reduction at 1600 rpm in 0.1 M NaOH 

at 25 °C for all employed electrocatalysts (middle panel); faradaic currents developed at 

1.2 V at the Pt ring electrode (top panel); number of electrons transferred (n) during the 

oxygen reduction reaction (ORR; bottom panel). Sweep rate of 0.002 V s
−1

.  

 

Figure 6 shows the OER polarization curves for all catalysts (bottom panel) and the 

signal acquired at the ring electrode (upper panel). H-rGO reveals the earliest onset 

potential (≈ 1.15 V) and a small but visible anodic current at more positive potentials. 

gCMK-3, CNF and Graphite show an onset potential at ca. 1.3, 1.5 and 1.6 V, 

respectively. Additionally, the anodic current rises at higher overpotentials on these 

materials. In order to confirm which anodic contribution is associated with the OER, the 

ring electrode was held at 0.4 V. Therefore, molecular oxygen produced at the working 

electrode arrives to the ring and it is reduced to water, and consequently the OER can be 
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discerned. Negligible cathodic currents are observed at the rig for g-CMK-3 and H-rGO 

catalysts, which suggest that both materials are not producing molecular oxygen but are 

corroded at this potential region. On the other hand, CNF and Graphite develop cathodic 

currents at the ring electrode, and therefore, are active materials for the OER in the 

potential range under study. Thus, CNF is the most active catalyst toward the OER and 

shows good catalytic activity toward the ORR. Consequently, CNF appears as the most 

suitable catalyst to be employed as bifunctional oxygen electrode in URFC.  
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Figure 6. Steady-state polarization curves recorded at 0.01 V s
−1

 and 1600 rpm in 0.1 M 

NaOH at 25 °C for all employed electrocatalysts (bottom panel); faradaic currents 

developed at 0.4 V at the Pt ring electrode (top panel); number of electrons transferred 

(n) during the oxygen reduction reaction (ORR; bottom panel). 

 

In summary, it has been shown that CNFs can act as a feasible catalyst for URFC 

applications. The research opens different avenues where CNFs can be used in 

combination with other material to develop durable catalysts for practical URFC use. 
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4. Conclusions 

The properties of Graphite, H-rGO, gCMK-3 and CNFs materials as bi-operational 

oxygen electrode catalysts were investigated. It was observed that the ORR strongly 

depends on the basal plane size, the density of edge planes and the nitrogen content into 

the graphenic structure. Results reveal the best performance toward the ORR and the 

OER for CNFs material, in addition to the best compromise between catalytic activity 

and stability. H-rGO presents the highest catalytic activity toward the ORR, but it is not 

active for the OER. gCMK-3 appears to be the catalyst with the worst performance and 

stability, while Graphite shows acceptable activity towards ORR and OER.  

 

Acknowledgements 

The Spanish Ministry of Economy and Competitiveness (MINECO) has supported this 

work under project ENE2017-83976-C2-2-R and -1-R (co-funded by FEDER). Autors 

thank to the Servicio General de Apoyo a la Investigación (SEGAI) for the elemental 

analysis and XRD tests and Victor Lavin and Miguel Hernández (Spectroscopy laser 

laboratory of the ULL-Physics department) for the Raman experiments. Also, the XPS 

analyses were made in the Fuel Conversion Group of the Carboquímica Institute from 

Zaragoza. L.M.R., G.G. and D.S. acknowledge the ACIISI pre-doctoral grant, Viera y 

Clavijo program (ACIISI & ULL) and Ramón y Cajal research contract (RyC-2016-

20944) for the financial support, respectively. 

 

References 

[1] Roca-Ayats M, García G, Galante JL, Peña MA, Martínez-Huerta M V. 

Electrocatalytic stability of Ti based-supported Pt3Ir nanoparticles for unitized 

regenerative fuel cells. Int J Hydrogen Energy 2014;39:5477–84. 

doi:10.1016/j.ijhydene.2013.12.187. 

[2] Edwards PP, Kuznetsov VL, David WIF, Brandon NP. Hydrogen and fuel cells: 

Towards a sustainable energy future. Energy Policy 2008. 

doi:10.1016/j.enpol.2008.09.036. 

[3] European Commission. Hydrogen Energy and Fuel Cells. 2003. doi:92-894-

5589-6. 

[4] Millet P, Ngameni R, Grigoriev SA, Fateev VN. Scientific and engineering issues 

related to PEM technology: Water electrolysers, fuel cells and unitized 

regenerative systems. Int J Hydrogen Energy 2011. 



252 / 302

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 2038358				Código de verificación: w/+L0rYY

Firmado por: Luis Miguel Rivera Gavidia Fecha: 22/07/2019 01:46:49
UNIVERSIDAD DE LA LAGUNA

Gonzalo García Silvestro 22/07/2019 06:45:40
UNIVERSIDAD DE LA LAGUNA

Elena María Pastor Tejera 22/07/2019 09:20:21
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2019/56828

Nº reg. oficina:  OF002/2019/54532
Fecha:  22/07/2019 09:26:59

16 
 

doi:10.1016/j.ijhydene.2010.06.106. 

[5] García G, Roca-Ayats M, Lillo A, Galante JL, Peña MA, Martínez-Huerta M V. 

Catalyst support effects at the oxygen electrode of unitized regenerative fuel 

cells. Catal Today 2013;210:67–74. doi:10.1016/j.cattod.2013.02.003. 

[6] Park S, Shao Y, Liu J, Wang Y. Oxygen electrocatalysts for water electrolyzers 

and reversible fuel cells: Status and perspective. Energy Environ Sci 2012. 

doi:10.1039/c2ee22554a. 

[7] Chen JJ, Xu DG. Recent Development and Applications in Electrodes for URFC. 

Int Lett Chem Phys Astron 2015. doi:10.18052/www.scipress.com/ilcpa.47.165. 

[8] Pettersson J, Ramsey B, Harrison D. A review of the latest developments in 

electrodes for unitised regenerative polymer electrolyte fuel cells. J Power 

Sources 2006;157:28–34. doi:10.1016/j.jpowsour.2006.01.059. 

[9] Katsounaros I, Cherevko S, Zeradjanin AR, Mayrhofer KJJ. Oxygen 

electrochemistry as a cornerstone for sustainable energy conversion. Angew 

Chemie - Int Ed 2014;53:102–21. doi:10.1002/anie.201306588. 

[10] Rivera LM, Fajardo S, Arévalo M del C, García G, Pastor E. S- and N-Doped 

Graphene Nanomaterials for the Oxygen Reduction Reaction. Catalysts 2017;7. 

[11] Calvillo L, Lázaro MJ, Suelves I, Echegoyen Y, Bordejé EG, Moliner R. Study 

of the Surface Chemistry of Modified Carbon Nanofibers by Oxidation 

Treatments in Liquid Phase. J Nanosci Nanotechnol 2009. 

doi:10.1166/jnn.2009.m26. 

[12] Calvillo L, Celorrio V, Moliner R, Cabot PL, Esparbé I, Lázaro MJ. Control of 

textural properties of ordered mesoporous materials. Microporous Mesoporous 

Mater 2008. doi:10.1016/j.micromeso.2008.04.015. 

[13] Calvillo L, Celorrio V, Moliner R, Garcia AB, Caméan I, Lazaro MJ. 

Comparative study of Pt catalysts supported on different high conductive carbon 

materials for methanol and ethanol oxidation. Electrochim Acta 2013;102:19–27. 

doi:10.1016/j.electacta.2013.03.192. 

[14] Botas C, Álvarez P, Blanco C, Santamaría R, Granda M, Gutiérrez MD, et al. 

Critical temperatures in the synthesis of graphene-like materials by thermal 

exfoliation-reduction of graphite oxide. Carbon N Y 2013. 

doi:10.1016/j.carbon.2012.09.059. 

[15] Saner B, Dinç F, Yürüm Y. Utilization of multiple graphene nanosheets in fuel 

cells: 2. the effect of oxidation process on the characteristics of graphene 



253 / 302

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 2038358				Código de verificación: w/+L0rYY

Firmado por: Luis Miguel Rivera Gavidia Fecha: 22/07/2019 01:46:49
UNIVERSIDAD DE LA LAGUNA

Gonzalo García Silvestro 22/07/2019 06:45:40
UNIVERSIDAD DE LA LAGUNA

Elena María Pastor Tejera 22/07/2019 09:20:21
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2019/56828

Nº reg. oficina:  OF002/2019/54532
Fecha:  22/07/2019 09:26:59

17 
 

nanosheets. Fuel 2011. doi:10.1016/j.fuel.2011.03.040. 

[16] Kiciński W, Szala M, Bystrzejewski M. Sulfur-doped porous carbons: Synthesis 

and applications. Carbon N Y 2014. doi:10.1016/j.carbon.2013.11.004. 

[17] Rivera LMLM, Fajardo S, Arévalo MCM del C, García G, Pastor E. S- and N-

Doped Graphene Nanomaterials for the Oxygen Reduction Reaction. Catalysts 

2017;7:278. doi:10.3390/catal7090278. 

[18] Cançado LG, Takai K, Enoki T, Endo M, Kim YA, Mizusaki H, et al. General 

equation for the determination of the crystallite size La of nanographite by 

Raman spectroscopy. Appl Phys Lett 2006;88:163106. doi:10.1063/1.2196057. 

[19] Zickler GA, Smarsly B, Gierlinger N, Peterlik H, Paris O. A reconsideration of 

the relationship between the crystallite size La of carbons determined by X-ray 

diffraction and Raman spectroscopy. Carbon N Y 2006;44:3239–46. 

doi:https://doi.org/10.1016/j.carbon.2006.06.029. 

[20] Wagner C, Riggs WM, Davis LE, Moulder JF, Muilenberg GE. Handbook of x-

ray photoelectron spectroscopy. Minnestoa: Perkin-Elmer Corporation; 1979. 

[21] Ganguly A, Sharma S, Papakonstantinou P, Hamilton J. Probing the Thermal 

Deoxygenation of Graphene Oxide Using High-Resolution In Situ X-ray-Based 

Spectroscopies. J Phys Chem C 2011;115:17009–19. doi:10.1021/jp203741y. 

[22] Arteaga G, Rivera-Gavidia ML, Martínez JS, Rizo R, Pastor E, García G. 

Methanol Oxidation on Graphenic-Supported Platinum Catalysts. Surfaces  

2019;2. doi:10.3390/surfaces2010002. 

[23] Rivera Gavidia LM, García G, Anaya D, Querejeta A, Alcaide F, Pastor E. 

Carbon-supported Pt-free catalysts with high specificity and activity toward the 

oxygen reduction reaction in acidic medium. Appl Catal B Environ 2016;184:12–

9. doi:10.1016/j.apcatb.2015.11.021. 

[24] García G, Roca-Ayats M, Lillo A, Galante JL, Peña MA, Martínez-Huerta M V. 

Catalyst support effects at the oxygen electrode of unitized regenerative fuel 

cells. Catal Today 2013;210:67–74. doi:10.1016/j.cattod.2013.02.003. 

[25] Roca-Ayats M, Herreros E, García G, Peña MA, Martínez-Huerta M V. 

Promotion of oxygen reduction and water oxidation at Pt-based electrocatalysts 

by titanium carbonitride. Appl Catal B Environ 2016;183:53–60. 

doi:10.1016/j.apcatb.2015.10.009. 

[26] García G. Correlation between CO oxidation and H adsorption/desorption on Pt 

surfaces in a wide pH range. The role of alkali cations. ChemElectroChem 



254 / 302

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 2038358				Código de verificación: w/+L0rYY

Firmado por: Luis Miguel Rivera Gavidia Fecha: 22/07/2019 01:46:49
UNIVERSIDAD DE LA LAGUNA

Gonzalo García Silvestro 22/07/2019 06:45:40
UNIVERSIDAD DE LA LAGUNA

Elena María Pastor Tejera 22/07/2019 09:20:21
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2019/56828

Nº reg. oficina:  OF002/2019/54532
Fecha:  22/07/2019 09:26:59

18 
 

2016;4:n/a--n/a. doi:10.1002/celc.201600731. 

[27] Rivera LM, García G, Pastor E. Novel graphene materials for the oxygen 

reduction reaction. Curr Opin Electrochem 2018;9:233–9. 

doi:10.1016/j.coelec.2018.05.009. 

[28] García G, González-Orive A, Roca-Ayats M, Guillén-Villafuerte O, Planes GÁ, 

Martínez-Huerta MV, et al. Platinum border atoms as dominant active site during 

the carbon monoxide electrooxidation reaction. Int J Hydrogen Energy 

2016;41:19674–83. doi:10.1016/j.ijhydene.2016.04.145. 

[29] Bag S, Mondal B, Das AK, Raj CR. Nitrogen and sulfur dual-doped reduced 

graphene oxide: Synergistic effect of dopants towards oxygen reduction reaction. 

Electrochim Acta 2015;163:16–23. doi:10.1016/j.electacta.2015.02.130. 

 



255 / 302

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 2038358				Código de verificación: w/+L0rYY

Firmado por: Luis Miguel Rivera Gavidia Fecha: 22/07/2019 01:46:49
UNIVERSIDAD DE LA LAGUNA

Gonzalo García Silvestro 22/07/2019 06:45:40
UNIVERSIDAD DE LA LAGUNA

Elena María Pastor Tejera 22/07/2019 09:20:21
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2019/56828

Nº reg. oficina:  OF002/2019/54532
Fecha:  22/07/2019 09:26:59

1 
 

S- and N-Doped Graphene catalysts for the Oxygen Evolution Reaction 

L. M. Rivera-Gavidia
1,2

, Milan Bousa
2
, Vaclav Vales

2
, Martin Kalbac

2
, E. Pastor

1*
 and 

G. García
1*

 

 

1
Departamento de Química, Instituto Universitario de Materiales y Nanotecnología, 

Universidad de La Laguna, PO Box 456, 38200, La Laguna, Santa Cruz de Tenerife, 

Spain  

2 J. Heyrovsky´ Institute of Physical Chemistry, Academy of Sciences of the Czech 

Republic, Dolejsˇkova 3, CZ-18223 Prague 8, Czech Republic 

 

* Corresponding authors:  

E. Pastor: E-mail address: epastor@ull.edu.es; Phone: +34922318071 

G. García: E-mail address: ggarcia@ull.edu.es; Phone: +34922318032 

 

 

Abstract 

In-situ Raman spectroscopy, rotating ring-disk electrode (RRDE) and linear sweep 

voltammetry (LSV) techniques were used to determine the catalytic activity of 

heteroatom-doped graphene catalysts toward the oxygen evolution reaction (OER) in 

alkaline media. Main results indicate that the OER is strongly influenced by the nature 

and amount of the doping agent, which also conditioned the ID/IG ratio and the position 

of the D- and G-bands with the applied potential. Additionally, the insertion of sulfur 

atoms into the N-graphene structure increases the catalytic performance (activity and 

stability) of the catalysts toward the OER. Finally, the percentage of molecular oxygen 

production is estimated by a novel procedure.  

 

Keywords: Graphene; Electrocatalyst; Rotating Ring-Disc Electrode; Oxygen 

Evolution Reaction; Electrolyzer. 
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1. Introduction 

The increasing global warming caused by the combustion of fossil fuels is leading to a 

search for alternatives environmentally friendly, accessible and economically attractive. 

Hydrogen is considered a clean fuel of future because it acts as a green energy carrier 

and provides a method for the storage and transport of energy [1]. A variety of 

processes are available for H2 production, based on conventional or renewable 

technologies. The latter includes those technologies that utilize renewable resources [2]. 

Water electrolysis offers a practical route for sustainable hydrogen production by 

utilizing a renewable electrical energy source for water splitting [3,4] . 

A typical electrolysis unit consists of a cathode and an anode in contact with an 

electrolyte. When a potential difference or electrical current is applied, water splits and 

H2 is evolved at the cathode and O2 is evolved on the anode side, according to the 

following reaction: 

 

𝐻2𝑂(𝑙/𝑔) ⟶  𝐻2(g) +
1

2
𝑂2(𝑔)                (1) 

 

Nowadays, PEM water electrolysis technology is receiving growing attention, because 

it offers several advantages over other electrolysis technologies, and benefits from PEM 

fuel cell technology. However, high cost of the components, the intrinsic slow kinetic of 

the oxygen evolution reaction (OER) and the stability of the catalysts at high 

overpotentials are the major practical problems limiting the performance and the 

adequate commercialization of electrolyzers [5,6].  

The development of new electrode materials is contributing to overcome these 

drawbacks to guarantee the future deployment of the technology. In this line, new non-

noble metal electrocatalysts are playing a capital role in cost reduction. In this regard, 

graphene is a two-dimensional carbon nanostructure consisting of single-layer of sp
2
 

hybridized carbon atoms. Recently, it has attracted great technological and scientific 

attention as a catalyst and catalyst support, because of its outstanding properties such as 

unique structure, high surface area, good electrical conductivity, high chemical and 

thermal stability and potentially low cost [7–9].  
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2. Experimental 

2.1. Catalysts Preparation and Physicochemical Characterization 

The preparation and physicochemical characterization of the catalysts have been already 

described in our previous work [10]. Briefly, graphene oxide (GO) was prepared by 

following a modified Hummers method [11]. Then, an adequate amount (4 mmol) of 

reducing agent (thiourea (SN-rGO), ammonium thiocyanate (SCN-rGO) or caffeine (N-

rGO)) was ultrasonically dispersed in Milli-Q water and mixed with a GO aqueous 

dispersion (0.015 g mL
−1

) in each case. The final dispersion was placed into a Teflon-

lined autoclave and heated at 160 °C for 10 h. Afterwards, the SN-rGO, SCN-rGO  and 

N-rGO were washed by centrifugation using Milli-Q water and then transferred to an 

oven at 60 °C for 24 h to obtain a reduced/doped GO powder. 

X-ray diffraction (XRD, PANalytical X’Pert Pro X-ray diffractometer), energy-

dispersive X-ray spectroscopy (EDX, coupled to the scanning electron microscope Jeol 

JSM 6300), elemental analyzer (CNHS FLASH EA 1112, Thermo-Scientific) and X-ray 

photoelectron spectroscopy (XPS, Thermo-Scientific) were employed for the 

physicochemical characterization of catalysts.  

 

2.2. Electrochemical Characterization 

All of the electrochemical experiments were carried out at room temperature in an 

electrochemical glass cell, using a carbon cylinder as a counter electrode and a 

hydrogen reference electrode in the electrolyte solution (reversible hydrogen electrode, 

RHE) as a reference. All the potentials in this work were given against the RHE. The 

working electrode consisted of a certain amount of the catalyst deposited as a thin layer 

over a glassy carbon disc (0.196 cm
2
). The ink was prepared by mixing 2 mg of the 

catalyst powder, 15 μL of Nafion solution (5 wt %; Aldrich) and 500 µL of Milli-Q 

water (Millipore). Electrochemical measurements were performed with a PC-controlled 

Autolab PGSTAT30 potentiostat-galvanostat (Metrohm Autolab) in 0.1 M NaOH 

electrolyte solutions. The studies were implemented using a rotating ring-disk electrode 

(RRDE, PINE) in the potential range from 0.5 to 2.3 V at 0.01 V s
−1

 and a fix rotating 

rate of 1600 rpm, meanwhile a constant potential of 0.4 V was applied at the Pt ring 

electrode. The latter was employed in order to distinguish the OER from other anodic 

reactions, e.g. carbon dioxide formation from catalyst corrosion. Before each 

measurement, argon (N50, Air Liquide) was bubbled through the solution to avoid 
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dissolved oxygen. Glassy carbon and graphite electrodes were employed for comparison 

during electrochemical tests. 

 

2.3. In-situ Raman 

In-situ Raman experiments were performed using a Labram HR Evolution confocal 

Raman (Horiba Jobin-Yvon) spectrometer with a green laser (λ = 532 nm) in the 100 to 

3200 cm
−1

 range. Raman spectra were acquired at 0.7, 1.2 and 1.6 V vs RHE. The 

working electrodes consisted of a certain amount of the catalyst ink deposited over a 

platinum mesh. A high surface area platinum wire and a silver wire were employed as 

counter and reference electrode, respectively. 

 

3. Results and discussion 

 

The physicochemical parameters of all catalysts were studied by XRD, EDX, XPS and 

elemental analysis techniques and reported in our previous work [10]. Table 1 depicts 

the main important outcomes. 

 

Table 1. X-ray diffraction (XRD)
a
, Raman

b
 parameters and elemental analysis

c
 (wt.%) 

for all studied materials. 

Material Interplanar 

spacing 

(nm)
a 

Edge 

plane size 

(LC, nm)
a 

Basal 

plane size 

(La, nm)
b 

Number 

of 

layers
a 

C/O
c 

S
c 

N
c 

SN-rGO 0.36 1.88 16 6 5.6 7.3 2.7 

SCN-rGO 0.36 1.76 19 6 4.4 13.6 9.2 

N-rGO 0.35 2.90 20 9 3.5 - 6 

 

Similar interplanar spacing was observed for all studied materials. Additionally, S-

based catalysts reveal minor number of graphene layers and smaller edge planes than N-

rGO material. On the other hand, basal plane size follows the same trend than the 

amount of oxygen species, which increases in the subsequent way: SN-rGO < SCN-rGO 

< N-rGO. 

Figure 1 shows the OER polarization curves for all catalysts (bottom panel) and the 

signal acquired simultaneously at the ring electrode (upper panel). N-rGO presents the 

earliest onset potential for the disk current (≈ 1.1 V) followed by and SCN-rGO and SN-

rGO materials, meanwhile the signal developed by the glassy carbon remains almost 
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constant and close to zero in the whole potential range under study. Also, the anodic 

current raises at higher overpotentials at all graphene-based catalysts. In order to 

confirm which anodic contribution is associated with the OER, the ring electrode was 

held at 0.4 V. Thus, molecular oxygen produced at the working electrode arrives to the 

ring and it is reduced to water, and consequently, the OER can be discerned. Negligible 

cathodic currents are recorded at the Pt ring electrode for glassy carbon than indicates 

zero production of molecular oxygen in this potential region. On the other hand, the 

small negative current developed at the Pt ring in comparison to the high positive 

current observed at the disk by N-rGO points out that different reactions (e.g. corrosion 

of the catalyst) than oxygen formation are occurring at this material. Dual-doped 

graphene materials produce small but appreciable cathodic currents at the Pt ring 

electrode, which suggest molecular oxygen production at both catalytic materials.    
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Figure 1. Steady-state polarization curves recorded at 0.01 V s
−1

 (bottom panel) and 

faradaic currents developed at 0.4 V at the Pt ring electrode (top panel) for all 

employed electrocatalysts in 0.1 M NaOH at 25 °C. Rotation rate: 1600 rpm 
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In order to evaluate the final product of the OER, and consequently, the mechanism of 

the reaction, the water dissociation reaction (eq. 2) and the corrosion of graphene-based 

catalysts (eq. 3) may occur at the disk electrode (IDisk): 

 

2OH
-
 ⟶ 2H

+
 + O2 + 4e

-
                (2) 

C + 2OH
-
 ⟶ 2H

+
 +CO2 + 4e

-
               (3) 

 

On the other hand, the ring electrode (IRing, top panel of Figure 1) only reduces O2 at 0.4 

V (reverse reaction of eq. 2) that was formed at the catalyst, and consequently, the 

molar fraction of O2 (χO2) can be easily calculated (Figure 2) considering the following 

equations: 

IDisk = IO2 + ICO2                (4) 

where IDisk is the measured current at the disk electrode, IO2 is the current related to O2 

formation and ICO2 is the current associated to CO2 production. On the other hand, it can 

be considered that 

IO2 = IRing /N                  (5) 

where IRing is the detected current at the ring electrode at 0.40 V, and therefore, only 

associated to the oxygen reduction reaction (ORR) and the collection efficiency (N) of 

the RRDE. Then, the molar fraction of O2 (χO2) generated at the catalyst can be obtained 

from the following equation: 

𝜒𝑂2
=

𝐼𝑂2

𝐼𝑂2+𝐼𝐶𝑂2

      (6) 

 

Replacing equations (5) and (4) and rearranging terms, χO2 is easily achieved: 

 

𝜒𝑂2
=

𝐼𝑅𝑖𝑛𝑔

𝐼𝐷𝑖𝑠𝑘 𝑁
                 (7) 

 

Figure 2 depicts only the χO2 produced at dual-doped graphene catalyst as the oxygen 

production at N-rGO and glassy carbon electrodes is negligible. N value used in this 

equation was calculated from ORR experiments using ferro-ferri (Fe
2+

/Fe
3+

) 

electrochemical couple (N = 0.22) [12] .  
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Figure 2. Percentage of molecular oxygen produced SN-rGO and SCN-rGO in 0.1 M 

NaOH at 25 °C. 

 

It is important to note that both materials produce very small amount of O2 (less than 2 

%) and that the main reaction is the corrosion of the catalyst (eq. 3). Nevertheless, a 

close inspection of the Figure 2 indicates smaller onset potential for the OER at SCN-

rGO (~ 1.62 V) than at SN-rGO (~ 1.65 V), although higher χO2 is achieved for the 

latter at more positive potentials than 1.70 V. In order to compare the performance of 

these materials, graphite electrode was used. It is clear that rigid sp
2 

structure produce a 

noticeable OER performance increase (~ 55 % O2 generation), even having close values 

of OER onset to the rest of materials (~ 1.60 V). 

In order to corroborate the catalytic stability of the materials at relevant currents of 

electrolysers systems, potential transients recorded at 10 mAcm
-2

 were performed 

(Figure 3). This current density value is typically used as short-term stability parameter 

representing the expected current for achieving the 10 % of efficiency at the anode of an 

electrolyzer for solar water-splitting process under 1 sun illumination [13]. In other 

words, in terms of catalysts degradation, the potential increase for the curves in Figure 3 

denotes a loss of performance to such constant current value indicating that CO2 

production is favored. 
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Figure 4. Potential transients for all studied materials recorded at 10 mA cm
-2

 in 0.1 M 

NaOH at 25 ºC.  

 

Glassy carbon reveals the worst catalytic activity towards the OER and a potential close 

to 2.6 V is necessary to deliver 10 mA cm
-2

. The last may me associated to the low 

density of edge planes (high Lc value), the long basal plane size (high La value) and to 

the absence of dopants. N-rGO strongly degrades and reaches the same potential value 

than the electrical contact (i.e. glassy carbon) in less than a minute. In agreement with 

the observed above, SN-rGO reveals the highest catalytic activity and stability, 

meanwhile SCN-rGO shows slightly better catalytic stability than N-rGO. It seems that 

nitrogen insertion into the graphenic grid slightly enhances the catalytic performance 

toward the OER. Nevertheless, the most important improvement is associated to the 

amount of sulfur dopant into the carbonaceous material, which may produce a 

synergetic effect with nitrogen species. 
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Figure 5. Raman spectra for all studied materials recorded in 0.1 M NaOH at 25 °C. 

 

In-situ Raman spectroscopy was employed to follow the OER at graphenic-based 

materials. Figure 5 depicts the Raman spectra for all studied materials at three different 

applied potentials, in which two contributions are clearly discerned. The peaks at ca. 

1360 cm
−1

 (D-band) and 1580 cm
−1

 (G-band) are correlated to sp
3
 carbon domains and 

to sp
2
 bonds into the graphitic grid, respectively [14]. Peak position for the different 

materials is given in Table 2. 

0.6
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Figure 6. Intensity ratio of D and G peaks (ID/IG) for all studied materials.  
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The intensity ratio of D and G peaks (Figure 6) are usually employed as a measurement 

of the disorder degree, graphitization and crystallinity of the synthesized materials 

[15,16]. For instance, SN-rGO reveals the most intense D peak (ID/IG = 1.1), followed 

by SCN-rGO and N-rGO. The last trend is the inverse of the size of the basal plane (La), 

which can be estimated from the ID/IG ratio through the empirical equation developed by 

Knight and White [17,18]. On the other hand, the size of edge planes (Lc) (see Table 1) 

changes in the order: SCN-rGO < SN-rGO < N-rGO. Thus, it seems that higher and 

steady ID/IG values with the applied potential are related with an enhancement in the 

catalytic performance (activity and stability) towards the OER.  

 

Table 2. Raman shift of D- and G- bands for studied graphenic materials. 

SN-rGO SCN-rGO N-rGO 

Raman shift / cm
-1 

D G D G D G 

1356.3 1602.1 1354.4 1594.4 1363.0 1609.5 

in-situ = 245.8 in-situ = 240.0 in-situ = 246.5 

ex-situ = 230.6 ex-situ = 237.1 ex-situ = 240.1 

 

Additionally, the catalytic stability appears to be related to the position of the D- and G-

bands for these graphenic materials (Table 2). The peak center of the band is not 

influenced by the applied potential but the shape of the curves is modified. Therefore, it 

seems that the diverse graphene vibrations considered under these peaks are affected in 

a different manner by the potential [19,20]. Conversely, the location of the peaks 

depends on the material. A close inspection of these values reveals that introduction of 

S produces a shift in the peak position wavenumber of the D-band from 1363.0 cm
-1

 for 

N-rGO to 1356.4 cm
-1

 for SN-rGO (7 % content of S) and 1354.4 cm
-1

 for SCN-rGO 

(13.6 % content of S). A similar trend is observed for the G-band. Both shifts finally 

produce a much lower difference between the G- and D-band positions for the SCN-

rGO material. These results seem to indicate that the best catalyst (SN-rGO) is the one 

with appropriate amount of N and S for the best synergetic effect.  

During in-situ spectroelectrochemical experiments the area under Raman signals (D- 

and G-bands) tends to be larger than those taken in an ex-situ Raman set-up experiment 



265 / 302

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 2038358				Código de verificación: w/+L0rYY

Firmado por: Luis Miguel Rivera Gavidia Fecha: 22/07/2019 01:46:49
UNIVERSIDAD DE LA LAGUNA

Gonzalo García Silvestro 22/07/2019 06:45:40
UNIVERSIDAD DE LA LAGUNA

Elena María Pastor Tejera 22/07/2019 09:20:21
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2019/56828

Nº reg. oficina:  OF002/2019/54532
Fecha:  22/07/2019 09:26:59

11 
 

for SCN-rGO and N-rGO, which is accompanied with an enlargement of the difference 

between the G- and D-band positions (Δ) (2.9 and 6.4 cm
-1

, respectively, see Table 2). 

The opposite is observed for SN-rGO where a drastic decrease is clearly observed in the 

area accompanied with an enhancement of 15.2 cm
-1 

in Δ. According to previous studies 

[19,20], the difference between ex-situ and in-situ Δ values does not seem to be related 

to electrolyte attenuation effects in in-situ Raman experiments but to the applied 

potential dependence of the different Raman modes commonly showed in few layer 

wrinkled graphene (FLwG) spectra [21,22]. The increase in Δ can be correlated with the 

rise of the complete area under both peaks. For the Raman spectra obtained in air, the 

complete area decreases in this following order: SN-rGO>N-rGO>SCN-rGO, but in an 

electrochemical environment, SCN-rGO and N-rGO show three times higher area than 

the SN-rGO at 0.7 V and twice higher at 1.2 and 1.6 V. Then, S and N doping 

promotion effect of some Raman modes seems to occur for these graphenic materials 

during potential application.  

Summarizing, the outstanding OER performance for SN-rGO could be attributed to the 

increase in the amount of edges by reduction size of graphene sheets (low La and Lc) 

which produces a synergism between electronic effects and defects sites (ID/IG =1.19) 

[23], and hence, a suitable  scenario for the OER (i.e. OH and O adsorption sites 

formation) [24]. Following the same criteria, the same trend in catalytic stability than 

that observed in Figures 1-4 is achieved from in-situ Raman experiments.  

4. Conclusions 

The properties of N-rGO, SN-rGO and SNC-rGO materials as catalysts for the OER 

were investigated and compared with glassy carbon. Very low percentage of molecular 

oxygen production and high degradation rate was observed for the graphene-based 

catalysts studied in the current work. However, it was observed that the OER can be 

modulated as strongly depends on the basal plane size, the density of edge planes and 

the heteroatom nature and content into the graphenic structure. Results reveal the best 

performance toward the OER for SN-rGO material, in addition to the best compromise 

between catalytic activity and stability. In addition, a novel way to estimate the amount 

of molecular oxygen production by RRDE was reported. It was observed that the 

method presents high sensibility for oxygen detection even at very low efficiencies. 

Finally, preliminary results show that in-situ Raman spectroscopy appears as suitable 
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technique to follow the structural and morphological changes of the graphene-based 

catalysts during the OER.  
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a b s t r a c t

In this study, an innovative carbon-free electrocatalyst for oxygen reduction reaction was synthesized via
deposition of platinum on titanium nanotube suboxide (trititanium pentoxide nanotubes, TNTS) ob-
tained from titania doped with molybdenum (Pt/TNTS-Mo). The TNTS-Mo support was synthesized in
autoclave, while the Pt/TNTS-Mo using the polyol method. The carbon-free support and the Pt-based
catalyst were fully characterized via rotating disk electrode (RDE) technique and polymer exchange
membrane fuel cell (PEMFC) station by preparing a membrane electrode assembly (MEA) with Nafion®

115, loaded with 0.35 mgPt cm
�2 of Pt/TNTS-Mo at the cathode, and 0.35 mgPt cm

�2 of commercial Pt/C
(E-TEK) at the anode. In RDE experiments, the Pt/TNTS-Mo exhibited low overpotential and remarkable
electroactivity toward oxygen reduction reaction (ORR: mass activity of 110.7mA mgPt�1 at 0.9 V vs SHE).
Moreover, the Pt/TNTS-Mo demonstrated excellent stability. Tests in a 25 cm2 single cell PEMFC resulted
to maximum power density of 0.52W cm�2.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Polymer exchange membrane fuel cell (PEMFC) is a promising
alternative technology to power devices in an environmentally
friendly way [1]. Unfortunately, there are several barriers to making
PEMFC economically viable: the main one is linked to finding more
stable, effective, and cheaper electrocatalysts [2]. In PEMFC, the
reactions take place between fuels such as hydrogen or alcohols fed
at the anode, and oxygen fed at the cathode. Currently the most
used and the most efficient electrocatalysts for both the anode and
the cathode are platinum supported on carbon. So far, Pt/C lets the
reactions occurring in relatively low electrochemical over-potential

for high voltage output [3e6].
Carbonaceous materials are extensively employed as supports

for Pt electrocatalysts due to their inherent large accessible specific
surface area and excellent electronic conductivity. A main draw-
back of carbon supported Pt catalysts is the electrochemical
oxidation of carbon at the cathode site under the harsh working
conditions of PEMFC in which the electrode potential is relatively
high in the presence of oxygen species [7]:

C þ 2H2O/CO2 þ 4Hþ þ 4e�; 0:207 V vs NHE @ 25 �C

Carbon corrosion is an anodic reaction that causes the problem
of mixed potential formation at cathode side with consequent
dissolution and agglomeration of Pt metal catalyst [5,7e10]. This
phenomenon leads to loss of electrochemical surface area (ECSA)
and subsequently decreasing the long-term stability of the elec-
trocatalyst performance. Such effect significantly decreases the
overall PEMFC performance by shifting the oxygen reduction re-
action (ORR) reversible potential to lower values.

More advanced supporting materials need to be developed to
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overcome the carbon corrosion problem and achieve the re-
quirements for the commercialization of PEMFC. Therefore, studies
on various oxide metals as alternative support materials to carbon
have received much attention recently [11e18]. Non-carbonaceous
supporting materials must possess high specific surface area, high
stability and durability in acidic media, and high electrical con-
ductivity to substitute successfully carbon supports. Among all the
candidates available as metal oxide supports to replace carbona-
ceous materials in PEMFC, considerable attention has been paid to
titanium suboxide (TixO2xe1) as a suitable support for Pt electro-
catalyst [8,11,12,19e32]. According to the literature, Ti suboxides
have higher electronic conductivity, thanks to oxygen vacancies
which lower the band gap value, and higher CO tolerance ability for
H2 oxidation with CO [33]. Moreover, employing Ti suboxide as
support materials has the undoubted advantage to further reduce
the total amount of noble metal due to a strong interaction with
metal nanoparticles which limits their agglomeration
[12,26,33e36]. Stamenkovic et al. [34] claimed that Pt establishes a
strong binding with oxygen and Pt activity rate is limited by the
removal of adsorbed oxygen species. On the other hand, for metals
that make weak binding with oxygen on the surface, the activity
rate is limited by the dissociation of O2, or the protons and electrons
transfer to adsorb O2. Therefore, to enhance the ORR activity of Pt,
finding a support that binds surface oxygen weaker than Pt is
imperative.

Molybdenum oxides are stable in acidic conditions [21,37], and
are electronic conductors [36,37]. Therefore, MoOx are interesting
for PEMFC applications since their electronic effect on Pt can weak
the PteCO bonding, reducing the oxidation overpotential, due to a
strong metal-support interaction between Pt and mainly MoO3
[38,39].

In this study, we used titanium suboxide (Ti3O5) in the shape of
nanotubes produced frommolybdenum (TNTS-Mo) as a support for
Pt to improve the ORR activity through the reduction of adsorbed
OH on Pt surface by lateral repulsion of OH or O on the suboxide's
support surface. This support is expected to enhance the splitting of
the OeO bond in the presence of oxygen vacancy sites on the
support itself [12,16,17,27e31]. We characterized Pt/TNTS-Mo
electrocatalysts, (prepared by polyol method [40,41]), via trans-
mission electron microscopy (TEM), X-ray diffraction (XRD), X-ray
photoemission spectroscopy (XPS), field-emission scanning elec-
tron microscopy (FESEM). We evaluated the electrochemical ac-
tivity on a rotating disk electrode (RDE) through cyclic voltammetry
(CV), linear sweep voltammetry (LSV), CO stripping voltammetry
(CO-SV), and accelerated potential cycling test (APCT). Further-
more, we tested the Pt/TNTS-Mo electrocatalyst as an alternative
cathode electrocatalyst of a 25 cm2 single cell PEMFC fed with
hydrogen, showing an intrinsic excellent electrocatalytic activity.

2. Materials and methods

2.1. Chemicals

The following reagents were purchased from Sigma-Aldrich:
titanium (IV) oxide 99.8% anatase, sodium hydroxide (NaOH)
98wt%, hydrochloric acid 37wt%, platinum (IV) chloride (PtCl4)
96%, sodium borohydride (NaBH4) 98wt%, potassium hydroxide
85wt% (KOH), ammonium hydroxide NH4OH (28% NH3), poly-
vinylpyrrolidone (PVP: (C6H9NO)n average molar weight 40,000 u.
m.a.), sulphuric acid 95e98wt% (H2SO4), Nafion® perfluorinated
resin solution 5wt%, acetone 99.5 wt%, 2-propanol 99.5wt%,
ethanol 99.8wt%, ethylene glycol anhydrous 99.8 wt%, and
ammonium molybdate (H24Mo7N6O24$4H2O). A commercial plat-
inum standard 20wt% on carbon black (E-TEK) was used for com-
parison tests in RDE apparatus and PEMFC as anodic and cathodic

catalyst. Nafion®115 membranes were purchased from Du Pont.
Nitrogen and oxygen gases in cylinders with 99.999% purity were
purchased from SIAD (for RDE tests) and Air Lquide (for PEMFC
tests). All aqueous solutions were prepared using ultrapure water
obtained from a Millipore Milli-Q system with resistivity
>18mU cm.

2.2. Synthesis of TiO2 nanotube (TNT)

For the synthesis, 5 g of titanium IV oxide anatase (TiO2) were
dispersed in 70ml of a 10M NaOH aqueous solution under stirring
for 2 h. Then, the obtained solution was transferred in a Teflon
autoclave for a hydrothermal treatment at 120 �C for 100 h [42].
Subsequently, we washed the treated TiO2 with water and 0.1M
HCl aqueous solution until the pH and conductivity reached values
lower than 7 and 5 mS cm�1, respectively. After that, the obtained
TNT was filtered and dried under air at 100 �C for 2 h.

2.3. Synthesis of titanium nanotube suboxide (TNTS-Mo)

TNTS-Mo was prepared by doping the previously obtained TNT
with Mo ions. The TNT precursor was dispersed in a solution of
ultrapure water and ethanol (70:30ml), followed by 2wt% PVP
surfactant addition. The obtained solution was stirred for 5 h at
room temperature. Later, we added 10wt% of Mo (as ammonium
molybdate) to the solution. The pH of the solution was controlled
by adding NH4OH and keeping it constant at pH 9.We sonicated the
solution for 2 h, then stirred at room temperature for 5 h and
evaporated at 200 �C. Finally, the obtained powder was heat-
treated at 850 �C (heating rate of 10 �C min�1) for 8 h under a
reducing atmosphere (H2:N2 10:90 vol%).

2.4. Synthesis of Pt/TNTS-Mo

The synthesis of Pt/TNTS-Mo electrocatalyst was performed via
the modified polyol method. Briefly, we dispersed 100mg of TNTS-
Mo previously prepared in a solution of ethylene glycol and ethanol
(30:10ml) and mixed under stirring for 1 h. Subsequently, we
added 1wt% PVP surfactant. The solution was left stirring for 3 h
maintaining the pH equal to 9 by adding NH4OH. Then, we prepared
a solution containing 26mg of PtCl4 in 10ml ethylene glycol andwe
added it to the previous solution containing the TNTS-Mo and left
stirring for 2 h. The new solution was kept stirring at 150 �C under
cold water reflux for 3 h. Afterward, the solution was brought to
room temperature and left stirring for 5 h at pH 5 by adding HNO3
1M. After that, the obtained solution was filtered and washed with
ultra-pure water. Finally, the obtained Pt/TNTS-Mo electrocatalyst
was heat-treated at 450 �C (heating rate of 5 �Cmin�1) for 3 h under
a reducing atmosphere (H2:N2 10:90 vol%).

2.5. Physicochemical characterization

Specific surface areas of the prepared materials was determined
using the Brunauer-Emmet-Teller (BET) method within the relative
pressure range of 0.1e0.3 on an ASAP 2020C Micromeritics In-
strument. Nitrogen adsorption isotherms were recorded at�196 �C
within the relative pressure range of 0e1 bar. Before adsorption, we
placed the samples in the cell and evacuated at 150 �C for 3 h under
high vacuum (10 Pa). We recorded the X-ray diffractometer (XRD)
on a Panalytical X'Pert PRO diffractometer with a PIXcel detector,
using the Ka radiation of Cu (l¼ 0.15,418 nm) under the operating
conditions of 2q¼ 20e80� and 2q step size¼ 0.03. Markers were
located using the Philips X'Pert high score software (ICDD-JCPDS
database). We performed XPS analysis to determine the elemental
surface composition of the catalysts. We carried out the analysis
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using a Physical Electronics PHI 5000 Versa Probe electron spec-
trometer system with monochromated Al Ka X-ray source
(1486.60 eV) running at 15 kV and 1mA anode current. The sam-
ples were previously outgassed in an ultrahigh vacuum chamber at
2.5 9 10�6 Pa for 12 h. Survey scans (from 0 to 1200 eV), as well as
narrow scans (high-resolution spectra) were recorded with a 100
lm X-ray diameter spot size. The narrow spectra were collected
from 66 to 82 eV for Pt 4f, from 224 to 246 eV for Mo 3 d, and from
450 to 474 eV, for Ti 2p. All of the spectra were calibrated against a
value of the C 1s binding energy of 284.5 eV. All measurements
were affected by a standard deviation of 0.3 eV. Multipack 9.0
software was used for obtaining semi-quantitative atomic per-
centage compositions, using Gauss-Lorentz equations with the
Shirley-type background. A 70%/30% Gaussian/Lorentzian line-
shape with a Shirley-type background was used to evaluate the
peaks position and areas of the high-resolution spectra. We used a
Field-emission scanning electron microscopy (FESEM, JEOL-JSM-
6700F) instrument coupled with an energy dispersive X-ray spec-
troscopy (EDX detector by OXFORD INCA) and a transmission
electron microscope (TEM, JEOL-2000 FXII microscope equipped
with a LaB6 gun) to examine the morphology of the catalysts
prepared.

2.6. Electrochemical characterization by RDE

Electrochemical properties of the prepared TNTS-Mo and Pt/
TNTS-Mo were determined via CV, LSV, and CO-SV. All the elec-
trochemical characterization were carried out in a three-
compartment electrochemical cell using a multi-potentiostat
(Bio-Logic SP150), mounted on a rotating ring disk electrode
apparatus (RRDE-3A ALS Model 2323). The cell was equipped with
a glassy carbon (GC) disk working electrode (0.07 cm2 geometric
area), a Pt coil as a counter electrode (a carbon graphite was used as
a counter electrode for TNTS-Mo and durability test), and an Ag/
AgCl (saturated KCl) reference electrode. The Pt quantity loading on
the GC was 15 mgPt cm�2 (20 mgPt cm�2 for the commercial Pt/C),
corresponding to 3 mL of the sonicated ink, micropipetted from the
ink and dried at room temperature. The Nafion® ionomer-to-
catalyst ratio in the ink was equal to 0.1. The procedure for pre-
paring the electrocatalyst ink and the RDE was already reported in
our previous study [43].

CV were recorded in N2-purged 0.5MH2SO4 to obtain the
background capacitive current and ECSA of the Pt electrocatalyst.
Before starting the tests, we performed 50 CV cycles at 100mV s�1

scan rate in N2-saturated electrolyte. The last CV was recorded at
10mV s�1, sweeping the potential range from 0.05 to 1.25 V vs SHE
to obtain maximum ECSA [5,44e46]. The ECSA of the Pt was
determined by integrating the hydrogen under-potential deposi-
tion (HUPD) peaks, appearing between 0.05 and 0.35 vs SHE to
avoid the background of the TNTS-Mo support [6,16,26,28],
assuming a surface charge density of 210 mC cm�2 for a monolayer
adsorption of hydrogen on Pt surface and normalizing by Pt loading
[43,44].

CO-SV were performed in 0.5MH2SO4 at a scan rate of
20mV s�1 in the potential range of 0.0e1.2 V vs SHE. Before the
analysis, a flow-rate of CO was pre-adsorbed for 15min while
maintaining the working electrode at the constant potential of
0.06 V vs SHE. Afterward, a flow-rate of pure N2 was introduced for
20min to remove the CO dissolved in the solution before stripping
the CO.

LSV were conducted in 0.5MH2SO4 solution by bubbling O2 gas
at room temperature at a scan rate of 5mV s�1 in the potential
range of 0.0e1.2 V vs SHE varying the rotating disk speed from 300
to 1500 rpm. O2was bubbled directly into the cell for at least 30min
before the test and flushed over the cell solution during the

measurement.
The stability of the TNTS-Mo support, the Pt/TNTS-Mo, and the

commercial Pt/C catalyst was assessed through a series of APCT by
performing 2000 cycles varying the potential in the range of
0.05e1.25 V vs SHE in an N2-saturated 0.5MH2SO4 solution, at a
scan rate of 50mV s�1 (100mV s�1 for the TNTS-Mo support)
[6,43,47,48]. According to the DOE protocols [49], this potential
range assures the accelerated corrosion of the support as well as the
sintering of Pt nanoparticles.

All the measurements were performed at room temperature,
and the electrode potentials were referred to the standard
hydrogen electrode (SHE). The current densities were normalized
to the geometric area of the glassy carbon disk electrodes.

2.7. Electrochemical characterization in PEMFC

Pt/TNTS-Mowas tested as a cathodic catalyst, with a commercial
20% Pt/C as an anodic catalyst, in a 25 cm2 single cell PEMFC station
(FCT-50S from Bio-Logic). Nafion® 115 membrane was used as an
electrolyte (thickness 127 mm), which was protonated before use:
we pre-treated it by immersing first in 3% H2O2 for 1 h, then in
0.5MH2SO4 for 2 h, and finally in ultrapure water for 2 h changing
the water every 30min. All these operations were performed at
80 �C.The catalysts' inks were prepared by suspending the catalyst
in water and 32wt% Nafion® ionomer dispersion in a mixture of
isopropanol and ultrapure water, according to our previous works
[50]. The suspensionwas dispersed in an ultrasonic bath for 30min.
We prepared the electrodes by depositing the catalysts' inks onto a
gas diffusion electrode (carbon cloths from E-TEK ELAT) via Dr
Blade method, and dried at 70 �C. The catalyst loading was fixed
equal to 0.35 mgPt cm�2 both at the anode and cathode. Finally, we
prepared the membrane electrode assembly (MEA) by hot-pressing
the electrodes on the two sides of the membrane at 20 kg cm�2 and
120 �C for 90 s. We assembled the MEA into the commercial 25 cm2

cell hardware with a uniform torque of 5 Nm. We performed
PEMFC tests by feeding pure fully humidified hydrogen and oxygen,
120 and 300 NmL min�1, respectively, at 1 bar back-pressure. We
performed polarization curves from 30 to 90 �C.

3. Results and discussion

3.1. Physicochemical characterization

Table 1 lists the specific surface area (SBET) and pore size (DBJH
and Vtotal) values of TNT, TNTS-Mo, and Pt/TNTS-Mo catalyst. TNT
has a relatively high SBET (in line with literature data [42]), which
decreases with Mo doping to transform TNT into TNTS-Mo. The
addition of Pt to TNTS-Mo further decreases the SBET, as if Pt
partially covered the available porosity of the support. DBJH and
Vtotal values follow the same trend of SBET.

Fig. 1 shows the crystallographic structure and corresponding
patterns obtained by XRD analysis of TNT, TNTS-Mo, and Pt/TNTS-
Mo. Fig. 1A shows well developed and synthesized TiO2 nanotube
after alkaline and acid treatment [51,52]. Fig. 1B shows the corre-
sponding patterns of Mo-doped TiO2 nanotubes with the prevailing
Ti3O5eMo phase (TNTS-Mo), and traces of Ti6O and TiO2 phases.

Table 1
BET and BHJ structural characterization of TNT, TNTS-Mo, and Pt/TNTS-Mo.

Material SBET [m2 g�1] DBJH [nm] VTotal [cm3 g�1]

TNT 190 11.2 0.73
TNTS-Mo 158 11.1 0.58
Pt/TNTS-Mo 131 10.8 0.46
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The corresponding diffractogram displays Ti in a reduced form,
mainly as trititanium pentoxide Ti3O5 phase (ICDD card no. 01-072-
2101) with Cmcm orthorhombic structure (main characteristic
reflection at 2q¼ 25.5�, {110}) and titanium suboxide phase Ti6O
(ICDD card no. 01-072-1471, main characteristic reflection at
2q¼ 39.5�, {111}). Also, Mo exists either as MoO2 (ICDD card no. 01-
078-1073) and MoO3 (ICDD card 00-047-1320). The Ti3O5 has an
orthorhombic structure since, after exposition at a temperature

higher than 250 �C, it turns into the orthorhombic phase (space
group Cmcm). Based on semiconductor-metal transition theory, this
compound should exhibit metallic behavior [21,29,53e55].

Fig. 1C shows the peaks orientation referring to Pt/TNTS-Mo
electrocatalyst reflections, with the typical Pt peaks at 2q¼ 40.1�

{111}, 46.5� {200}, 68.1� {220}, 81.8� {311}, and 86.1� {222}, which
are indexed to the face-centered cubic structure of Pt crystallites
present on TNTS-Mo support. Compared to the standard card of Pt
(ICDD card 01-087-0640), all corresponding Pt peaks were slightly
shifted toward higher angles, indicating a shrinking of lattice
spacing. This phenomenon can be attributed to the strong inter-
action between Pt and TNTS-Mo support [56]. Moreover, the peak
at 2q¼ 40.1� is broad and intense, sign that the Pt nanoparticles are
essentially orientated towards the Pt {111} plane. This plane is the
most stable and highly active toward ORR [5], with excellent
structural and thermal stability [57]. Indeed, Pt {111} plane contains
hexagonally packed Pt atoms and does not undergo surface
reconstruction, unlike Pt {100} and Pt {110} surfaces [8,14,22]. Pt
crystallite sizes were calculated in the range between 4 and 6 nm
from the widths of the {220} peak using the Debye-Scherrer
equation. Noticeably, these are in good agreement with the
average particle size estimated from TEM analysis (see Fig. 3).

XPS was used to investigate the electronic interaction between
Pt and the support. Fig. 2 shows the XPS high-resolution spectra of
the Pt/TNTS-Mo electrocatalyst. The presence of Ti3O5 on the sur-
face of the support is confirmed by the Ti3þ peak located at a
binding energy of 457.5 eV (Fig. 2A) [43,58]. We assigned toTi4þ the
double peak at 459.5 eV and 465 eV, corresponding to the 2p3/2 and
2p1/2 levels, typical of the TiO2 phase [58e60]. Mo spectrum has
peaks associated mainly with Mo6þ and Mo4þ (Fig. 2B): Mo is
largely present in the form of MoOx on the surface of TNTS-Mo
support (in agreement with XRD analysis), with traces of metallic
Mo [13]. The Pt 4f region of Pt/TNTS-Mo after deconvolution
(Fig. 2C) shows two doublets at 71.40 eV and 74.75 eV, which we
attributed to the 4f7/2 and 4f5/2 levels of metallic Pt, respectively.
Indeed, we assigned to Pt(II) species due to surface oxide/hydroxide
the low-intensity doublet peaks at 72.3 eV and 75.65 eV for 4f7/2
and 4f5/2 respectively [13,61]. The binding energy of 71.4 eV for Pt
4f7/2 reveals 0.4 eV positive shifts towards higher binding energy
compared to the 4f7/2 value of Pt/C. This huge shift can be attributed
to the positive charge on the dispersed Pt nanoparticles interacting
with the oxide support, where theremight be an electron shift from

Fig. 1. XRD pattern of TNT (A), TNTS-Mo support (B), and Pt/TNTS-Mo (C). Peaks
assignment according to the ICDD-JCPDS database.

Fig. 2. XPS high-resolution spectra of the Pt/TNTS-Mo catalyst: Ti (A), Mo (B), and Pt (C).
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TNTS-Mo to Pt [13,62e64]. Thus, the support seems to influence
positively the chemical state of Pt [65,66]. This effect, which is also
in line with XRD results, shows an enhanced interfacial strong
electronic interaction between the TNTS-Mo support and Pt
nanoparticles. The electron donation from TNTS-Mo to Pt, due to
the strong metal-support interaction, is expected to enhance the
ORR activity [38,39,64].

Fig. 3A shows a FESEM image of the typical morphology of
TNTS-Mo, with the characteristic nanotubes. Fig. 3B/C shows TEM
images at different magnifications of the TNTS-Mo support: the
diameter of the TNTS is in the range 40e60 nm. Fig. 3D/E displays
TEM images at different magnifications of the Pt/TNTS-Mo catalyst.

Pt nanoparticles ranging from 4 to 8 nm (in good agreement with
XRD analysis) are homogeneously distributed on the TNTS-Mo
support. At the largest magnification, Fig. 3E, a rough estimation
of the lattice fringes distance, around 0.23 nm, can confirm the
presence of Pt exposing the fcc {111} plane, which has a theoretical
lattice spacing of 2.27 Å [57,64,67,68].

3.2. Electrochemical characterization in RDE

Fig. 4 shows blank cyclic voltammograms (BCV) for, Pt/TNTS-Mo
(TNTS-Mo in the inset) and commercial Pt/C recorded in
0.5MH2SO4 at 10mV s�1. The BCV of TNTS-Mo support has no

Fig. 3. FESEM image of TNTS-Mo (A). HRTEM images of TNTS-Mo (B/C) and Pt/TNTS-Mo (D/E).
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significant peaks regarding oxidative-reductive process, sign that
TNTS-Mo is an ideal electrocatalyst support material. Both Pt-based
catalysts develop the well-known hydrogen adsorption/desorption
state between 0.05 and 0.35 V vs SHE, the typical capacitive current
in the 0.35e0.8 V vs SHE, anodic current at E> 0.8 V vs SHE asso-
ciated to Pt-oxide formation and its reduction at ca. 1.0< E< 0.6 V
vs SHE during the reverse scan. Noteworthy, the higher reversibility
of the Pt oxidation/reduction process of Pt/TNTS-Mo in comparison
to Pt/C. Moreover, the reversible current peaks at ca. 0.15 and 0.25 V
vs SHE associated to the hydrogen adsorption/desorption at Pt sites
with {110} and {100} orientations are clearly discerned on Pt/TNTS-
Mo catalyst [69,70].

Table 2 lists the ECSA correlated to both electrocatalysts,
determined by the magnitude of the corresponding charge from
the hydrogen electro-oxidation peaks after subtraction of the
double layer capacitance and the contribution of Mo. The value of
ECSAH2 points out that a higher Pt nanoparticle area is accessible
for the reaction, sign that the Pt/TNTS-Mo electrocatalyst has an
excellent electrochemical activity in H2SO4 media.

Adsorbed CO is a strong catalyst poison species which is a re-
action intermediate during hydrocarbons electro-oxidation reac-
tion. Its removal from Pt surface is a key factor to be investigated
[71,72]. The removal of CO is not only important at the anode of fuel
cells fed with alcohol, but also at the cathode due to the alcohol
crossover that produces a mixed potential and consequently the
overall fuel cell efficiency falls. Fig. 5 shows CO stripping voltam-
mograms for Pt/TNTS-Mo and Pt/C catalysts performed in 0.5 H2SO4
at 20mV s�1 and 25 �C. Interestingly, the CO oxidation reaction is
strongly improved by the stripping over Pt/TNTS-Mo catalyst sup-
port. The last can be observed from the great shift towards lower
values of the onset and peak potentials on Pt/TNTS-Mo in com-
parison to Pt/C. Additionally, Pt/TNTS-Mo exhibits a small anodic
pre-peak at very low overpotentials, as an early onset and peak
potentials at ca 0.12 and 0.32 V vs SHE, respectively. Mo is well-
known in the literature to enhance CO tolerance, by anticipating
the onset for CO oxidation to CO2 at lower potentials [38]. In fact,

Mo reduces CO adsorption on Pt and favours CO oxidation [39,73].
The anodic pre-peak refers to the weakly adsorbed CO on Pt surface
due to TNTS-Mo metal oxide support, as was also proved by
Guill�en-Villafuerte et al. [39] by differential mass spectroscopy
(DEMS). In fact, this anodic pre-peak disappears with the 2nd cycle
of CO stripping for Pt/TNTS-Mo (red dotted line in Fig. 5).

In this context, the increase of CO tolerance is typical for Pt-
based catalysts containing transition metal oxides as promoters,
such as Ti, Ta, W, and Mo [39,72,74,75]. Indeed, transition metal
oxides facilitate the water dissociation reaction at more negative
potentials than Pt and hence the CO tolerance is strongly improved
[74,75]. Hence, TNTS-Mo support can promote the oxidation of
adsorbed CO species through the oxygen vacancies formed in close
contact to Pt nanoparticles. These vacancies could supply a source
of oxygenated species (OHad

e ) which extend the active surfaces for
CO oxidation to CO2 liberating Pt active sites from CO poisoning
species [24,31,43,76].

The following reactions show the oxidization mechanism of
adsorbed CO occurring at the surface of Pt supported on TNTS-Mo,
which may operate in a similar way to TiO2 nanotubes [28]:

TNTS�Moþ H2O/TNTS�Mo� OHads þ Hþ þ e�

Pt � COads þ TNTS�Mo� OHads/Pt þ TNTS�Moþ CO2 þ Hþ

þ e�

Assuming that a monolayer of CO adsorbs only on the Pt on-top
sites, the CO stripping charge can be used to estimate the ECSA by
applying the well-known conversion factor of 420 mC cm�2

[28,45,77]. These values, ECSACO, listed in Table 2, well match with
the values obtained by hydrogen electro-oxidation peaks after
subtraction of the double layer capacitance. Consequently, we can

Fig. 4. BCV of Pt/TNTS-Mo and Pt/C recorded in 0.5MH2SO4 (scan rate 10mV s�1,
25 �C). In the inset: BCV of TNTS-Mo (scan rate 100mV s�1, 25 �C).

Table 2
Electrochemical characterization of Pt/TNTS-Mo and commercial Pt/C in 0.5MH2SO4 electrolyte (ECSAH2 determined from BCV, Fig. 4, and ECSACO from CO-SV, Fig. 5).

Pt [mg cm�2] ECSAH2[m2 g�1] UPt/H2 [%] ECSACO [m2 g�1] UPt/CO [%] I @ 0.9 V vs SHE [mA cm�2] Mass activity @ 0.9 V vs SHE [mA mgPt�1]

Pt/TNTS-Mo 0.015 93.6 54.6 88.5 51.6 1.66 110.7
Pt/C (E-TEK) 0.020 74.3 44.1 72.8 43.2 0.66 33.0

Fig. 5. CO stripping on Pt/TNTS-Mo and Pt/C recorded in 0.5MH2SO4 (scan rate
20mV s�1, 25 �C). For Pt/TNTS-Mo, the 2nd cycle of CO stripping is reported as well
(red dotted line). (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)
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estimate the active Pt surface area, considering the geometry of our
electrodes (0.07 cm2): 0.93 cmPt

2 and 1.02 cmPt
2 for Pt/TNTS-Mo and

commercial Pt/C, respectively.
Fig. 6A shows the ORR polarization curves for the Pt/TNTS-Mo

and Pt/C electrocatalysts performed in 0.5MH2SO4 at 900 rpm.
The Pt/TNTS-Mo electrocatalyst has an excellent activity toward
ORR, with a low overpotential for the ORR close to 1.0 V vs SHE as
well as a half-wave potential at 0.9 V vs SHE. Compared to Pt/C, the
Pt/TNTS-Mo has 1mA cm�2 higher electroactivity at 0.9 V, indi-
cating an enhancement of the ORR electroactivity. Such an
enhancement could be correlated with the change in the PtePt
interatomic distance. The reduction of the PtePt bond length could
be due to the strong interaction between TNTS-Mo support and Pt
nanoparticles that weakens the interaction between Pt and the
adsorbed oxygenated species. In fact, the distinctive electroactivity
of Pt/TNTS-Mo compared to Pt/C is defined through changes in the
Pt d-band length and smaller lattice parameter values induced by
the titanium suboxide support. Moreover, the latter can cause a
compressive strain on the bond between Pt and TNTS-Mo, weak-
ening the OH adsorption on Pt surface by lateral repulsion by the O
species on the suboxide's surface and thereby increasing the ORR
activity [78e82]. Moreover, there is a strong driving force for Mo to
segregate the O2 on the surface of the support which leads to the
formation of surface Mo-oxide species with consequent improve-
ment of the ORR activity [83]. This is confirmed by XPS results
(Fig. 2B). Furthermore, the enhancement of Pt/TNTS-Mo electro-
activity is also attributed to the electronic donation of TNTS-Mo to
the Pt surface, which modifies the electronic structure of Pt surface
atoms, resulting in a weakened interaction between Pt and in-
termediates and freeing more active sites for O2 adsorption [3].
Therefore, the excellent ORR activity of Pt/TNTS-Mo can be attrib-
uted to the contraction of PtePt bond length and Pt-d electronic
properties influenced by the TNTS-Mo support.

To gain insight into the electron-transfer kinetics involved in the
ORR, and determine whether O2 is reduced directly to water via a
direct 4 electrons or an indirect two-step 2þ2 electrons mecha-
nism, polarization curves in O2-saturated 0.5MH2SO4 solution
were measured at various rotation speed (Fig. 6B). As expected, Pt/
TNTS-Mo catalyst shows an enlarged current intensity by
increasing the rotation speed, due to the enhancement of O2
diffusion. The Koutecky-Levich plot (inset of Fig. 6B) shows linear
trend with a parallel slope at different potentials, enabling the
calculation of the number of electrons, equal to 3.6. The fact that the
intercept of the straight lines in the Koutecky-Levich plot is not

equal to zero is a sign that the current is not fully controlled by
oxygen diffusion in solution. Thus, there is an additional transport
limitation due to the presence of Nafion on the electrode, as also
reported in the literature [84,85].

3.3. Stability of Pt/TNTS-Mo through accelerated potential cycling
test (APCT)

The stability of the electrocatalysts is another important chal-
lenge for Pt-based electrocatalysts. Thus, the stability of TNTS-Mo,
Pt/TNTS-Mo, and Pt/C was verified up to 2000 continuous APCT
in the range of 0.05e1.25 V vs SHE in 0.5MH2SO4. Fig. 7 shows the
obtained results.

The Pt/TNTS-Mo electrocatalyst maintains a stable trend in
hydrogen under potential deposition as well as Pt oxide formation
and reduction area. Moreover, the double layer region presents
constant capacity for all cycles, a sign that the TNTS-Mo is a stable
and durable support (Fig. 7A). The catalyst ORR activity at 0.9 V vs
SHE after APCT slightly shifted from 1.66 to 1.52mA cm�2. In fact,
the TNTS-Mo support has a stable behavior over the full range of
applied potential cycling (sweep rate of 100mV s�1, inset of
Fig. 7A). The CV curves have a nearly rectangular shape with high
capacitive current and small reversible redox peaks, typical for
pseudo-capacitive materials. Moreover, the TNTS-Mo support does
not contribute to the hydrogen ad/desorption regime. Indeed, Ti
oxidation is absent during the APCT performance, a sign that TNTS-
Mo remained stable. In effect, the support has a major influence on
the stability of the electrocatalyst [11,16,20,31]. On the other hand,
the Pt/C displays a huge stability decay after 2000 cycles (Fig. 7B),
with a noticeable loss of ECSA, equivalent to 76%, which is due to
carbon corrosion in acidic media and consequent Pt particles
migration and sintering. In fact, it is known that Pt/C is an unstable
catalyst for ORR.

To further assess the good performance of the Pt/TNTS-Mo
catalyst, LSV was performed again after the 2000 cycles of APCT.
The ORR activity of Pt/TNTS-Mo is not affected by APCT, resulting in
a stable performance (Fig. 7C). This stability could be attributed to
the Mo-doped Ti suboxide which can not only improve the electric
electro-conductivity of TNTS and dispersion of Pt particles over the
support, but also provide an anchoring effect viametal bonding and
interfacial electronic interaction [38,39,64e66], as discussed pre-
viously. In particular, the metal bonding effect should enhance both
the catalytic electroactivity and the long-term durability. On the
other hand, the commercial Pt/C shows a significant 0.18 V shift of

Fig. 6. ORR on Pt/TNTS-Mo and Pt/C recorded in 0.5MH2SO4 at 900 rpm, (A). ORR on Pt/TNTS-Mo recorded in 0.5MH2SO4 at variable speed of the RDE, and, in the inset, cor-
responding Koutecky-Levich plot at different potentials in the diffusion-limited region (B). For all tests: scan rate 5mV s�1, 25 �C.
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the half-wave potential toward a negative voltage, resulting in a
reduction of the ORR activity after APCT (Fig. 7D), which is caused
mainly by carbon corrosion and Pt nano-particles agglomeration in
acidic media [7,9,10].

3.4. Performance of Pt/TNTS-Mo on PEMFC

Fig. 8 shows the polarization and power density curves of the
PEMFC single cell using a MEA with Pt/TNTS-Mo as cathodic elec-
trocatalyst (0.35mgPt cm�2), and the commercial Pt/C as anodic one
(0.35 mgPt cm�2), respectively. The polarization and power density
curves of another MEA realized with commercial Pt/C both at the
cathode and anode (0.35 mgPt cm�2 for each sides) is reported as
well. Using Pt/TNTS-Mo at the cathode, the PEMFC reached a
maximum of power density equivalent to 520mWcm�2 (Fig. 8A),
while with Pt/C at the cathode as well the cell reached only
387mWcm�2, which is 25% lower than the power generated with
the innovative Pt/TNTS-Mo (Fig. 8B). The relatively low perfor-
mance of the Pt/C MEA compared to literature values is attributable
to the use of the thick Nafion® 115 membrane. In fact, in the liter-
ature it is reported that the performance of a MEA increases with
diminishing the thickness of its membrane (that is, MEA with
Nafion® 112, average thickness 50 mm, perform better than MEA
with Nafion® 115, average thickness 130 mm, or Nafion® 117, average
thickness 180 mm [86e88]), due to the reduced amount of hydrogen

crossover [89]. The PEMFC performance with Pt/TNTS-Mo at the
cathode indicates that TNTS-Mo has an enhanced Pt electroactivity
toward ORR, together with a great CO tolerance. The higher FC
performance of Pt/TNTS-Mo may be associated with the charge
transfer between Pt and TNTS-Mo.Moreover, also an increase of the
5 d band vacancy of Pt, as results of the interaction between Pt and
the support, may enhance the interactions between oxygen and Pt,
resulting in an enhancement of the ORR activity [6]. Furthermore,
the supporting materials can have a great influence on the activity
of electrocatalysts by promoting the diffusion of reactants and
products [6,23,50].

Concerning the development of alternative catalysts for the
cathode of PEMFC, to increase Pt utilization coefficient and reduce
the costs, the actual trend is to reduce as much as possible the Pt
loading in the MEA, while maintaining a good performance. In fact,
the main issues are linked with the scarcity of Pt and its high price,
which hinder the actual PEMFC commercialization [1,5,49]. On this
point of view, DOE suggests the equivalent of 5mW mgPt�1 as mass
specific power density (MSPD) target [49,90], with the mass of Pt
accounting for both anode and cathode loading. The tests per-
formed on H2-PEMFC station with the developed Pt/TNTS-Mo
catalyst reached a MSPD value of 0.743mW mgPt�1. This value can
overcome 1mW mgPt�1, employing more performing membranes as
electrolytes, such as Nafion® 212, which allow reaching higher
power density with the same overall Pt loading. According to the

Fig. 7. APCT recorded in 0.5MH2SO4 (scan rate 50mV s�1 at 25 �C) for Pt/TNTS-Mo (A; for TNTS-Mo in the inset, scan rate 100mV s�1 at 25 �C) and Pt/C (B). LSV recorded in
0.5MH2SO4 (scan rate 5mV s�1 at 25 �C and 900 rpm) before and after APCT for Pt/TNTS-Mo (C) and Pt/C (D).
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literature [90], most of the developed catalysts up to now are
around 1mW mgPt�1, with few exceptions being close to 5mW mgPt�1.

4. Conclusions

A highly active platinum supported Mo-doped titanium nano-
tubes suboxide (Pt/TNTS-Mo) catalyst was synthesized as a prom-
ising carbon-free alternative cathodic electrocatalyst for PEMFC
applications. In RDE experiments, the Pt/TNTS-Mo exhibited high
onset potential and remarkable electroactivity toward ORR, with a
mass activity of 110.7mA mgPt�1 at 0.9 V vs SHE. Moreover, the Pt/
TNTS-Mo had excellent stability in acidic media: after 2000 po-
tential cycling there was no ORR decrease in the activity, opposite
to a commercial Pt/C catalyst. Further tests by realizing a MEAwith
Nafion® 115 containing the innovative Pt/TNTS-Mo (0.35mgPt cm�2

of Pt/TNTS-Mo as cathode) and testing it in a 25 cm2 single cell
PEMFC resulted to a maximum power density of 0.52W cm�2. A
MEA realized with commercial Pt/C both at the anode and cathode
(0.35 mgPt cm�2 to both sides) reached only 0.39W cm�2. The
innovative Pt/TNTS-Mo electrocatalyst demonstrated a promising
electroactivity toward ORR, attributed to the enhanced electron
donor properties of the TNTS-Mo support to Pt nanoparticles, and a
promising corrosion resistance. These results clearly demonstrate
how carbon-free support based on titanium suboxides doped with
molybdenum can enhance ORR activity and alleviate the problem
of carbon corrosion.
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a b s t r a c t

Fabrication of well-defined metal nanoparticles with homogeneous distribution is of great importance to
enhance the catalysts’ effectiveness and to minimize their cost. Here we report the electrodeposition of
palladium on modified carbon substrates with an aryl-based organic monolayer and its electrocatalytic
performance towards two model reactions with high involvement in energy storage and production sys-
tems, i.e. the oxygen reduction reaction (ORR) and the hydrogen evolution reaction (HER) in alkaline
medium. Main results indicate that the organic layer dramatically affects the growth, size and distribu-
tion of palladium nanoparticles on the conductive substrate, which provokes a great enhancement of the
catalytic performance for both studied reactions. These results demonstrate the potential of synthetic
methodology for cost-effective production of metallic catalysts.

� 2018 Elsevier Inc. All rights reserved.

1. Introduction

Metallic nanoparticles (MNPs) consist on one of the most
widely extended, versatile and effective materials used in electro-
catalysis. It is well known that shape, size and distribution of MNPs
have strong effect on the catalytic performance. Physical and
chemical methods are the most employed strategies to produce
MNPs. On the other hand, metal electrodeposition may produce
MNPs with well-defined shape and size [1,2].

Metal electrodeposition on carbon substrates such as highly ori-
ented pyrolytic graphite (HOPG) and glassy carbon (GC) is com-
monly found in bibliography [3,4]. Defect and edge surface sites
at HOPG are usually the preferred nucleation sites for the growth
of MNPs. The latter leads to a non-homogeneous distribution of
MNPs on the carbon-based surface. Furthermore, low carbon-
MNPs adhesion is frequently observed, and therefore very unstable
systems are commonly achieved [3,4].

Modification of the electrode surface with organic layers has
been proposed as a very convenient method to improve the sta-
bility and the control of the arrangement when metallic
nanoparticles are incorporated on a conductive surface [5–7].

One of the most extended strategies to modify electrode surfaces
is the use of aryl diazonium salts [7–11]. However, a full control
of the organic monolayer growth onto the electrode surface has
not been reported. The latter is due to the well-known polymer-
ization mechanism when electrografting of these molecules is
carried out [12]. Thus, a thick layer with slow electron transfer
rates on the electrode surface is obtained. In this sense, a strat-
egy to control the thickness of the monolayer is needed, and the
most simple and easy method is the use of radical scavengers
[13–15].

In a previous work, gold electrodeposition on modified HOPG
with an organic layer based on aryl diazonium salts was carried
out [16]. Main results indicated the formation of Au nanoparticles
with well-defined size and homogeneous distribution onto the
organic layer. The opposite happened on bare HOPG, where ran-
domly distributed MNPs were observed at step and defect surface
sites. However, the electrocatalytic behavior of this new type of
materials was not studied.

Having this in mind, palladium was electrodeposited on
unmodified and aryl-modified carbon substrates and their electro-
chemical performance toward two model reactions (oxygen reduc-
tion reaction (ORR) and hydrogen evolution reaction (HER)) in
alkaline medium was scrutinized.

https://doi.org/10.1016/j.jcat.2018.07.025
0021-9517/� 2018 Elsevier Inc. All rights reserved.
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2. Experimental section

2.1. Materials

4-Nitrobenzenediazonium tetrafluoroborate (NBD) (Aldrich,
97%), tetrabutylammonium tetrafluoroborate (TBAFB4) (Sigma-
Aldrich, 99%), acetonitrile anhydrous (ACN) (Sigma-Aldrich,
99.8%), 2,2-Diphenyl-1-picrylhydrazyl (DPPH, Sigma-Aldrich,
98%), KCl (Merck, 99.5%), CH3CH2OH (Merck, p.a.), PdCl2 (Sigma-
Aldrich, 99.9%), HClO4 (Merck, 70–72%), NaClO4 (Sigma-Aldrich,
98%) and NaOH (99.99%; Sigma-Aldrich were used as received.
Ultra pure water (18.2 MX�cm; Milli-Q, Millipore) was employed
to prepare all the solutions. Before each measurement, Argon
(N50, Air Liquide) was bubbled through the solution to avoid dis-
solved oxygen. For the oxygen reduction reaction (ORR) experi-
ments, the electrolyte was saturated with O2 (Air Liquide,
99.995%). HOPG samples (Grade SPI-2) were obtained from SPI
Supplies. GC electrode tips from Methrom Autolab (diameter
3 mm) were used.

2.2. Sample preparation

In order to modify the GC surface, three voltammetric cycles
from 0.75 to �0.60 V at 0.10 V s�1 in 1mM NBD + 2mM of DPPH +
0.1M TBABF4/ACN solution was carried out. After that, the
sample was sonicated in ACN solution and rinsed with ultra pure
water. Nitro groups exposed to the medium were reduced in
CH3CH2OH/H2O 10:90 + 0.1 M KCl solution by cycling the potential
three times from 0.0 to �1.2 V at 0.05 V s�1. Palladium electrode-
position was performed through a potential pulse from 0.80 V to
�0.20 V for 10 s in bare and modified GC electrodes in 0.1 mM
PdCl2 + 0.1 M NaClO4 + 1 mM HClO4 solution. The charge corre-
sponding to Pd deposition on bare and modified GC electrodes
was determined by integration of the current transient in presence
of Pd in solution, subtracted by the integrated current in the blank
current transient in absence of Pd.

2.3. AFM analysis

HOPG substrates were used due to the high roughness of GC
electrodes. Modification of the HOPG surface was carried out with
the same procedure described for GC electrodes (2.4), although a
platinum foil was used as counter electrode due to the small space
design of the cell. Topographic AFM images were acquired in
PeakForce Tapping mode using a multimode microscope with a
Nanoscope V control unit from Bruker. Scan rates of 0.5–1.2 Hz
were used. Measurements were done with Scan-Asyst HR
(100–160 kHz, and 0.4 N/m) tips (from Bruker). AFM images were
analyzed with Nanoscope Analysis 1.5 software.

2.4. Electrochemical experiments

The electrochemical experiments were carried out at room
temperature using a three-electrode glass cell, a carbon rod as
counter-electrode and an Ag/AgCl(sat) electrode as a reference.
All the recorded potentials are referred to the Ag/AgCl scale. The
working electrode consisted in a glassy carbon disc (0.07 cm2)
embedded in a rotating disk electrode (RDE) tip (Metrohm).

Electrochemical measurements were performed using an Eco
Chemie Autolab PGSTAT302 potentiostat/galvanostat in 0.1 M
NaOH electrolyte solution. For the ORR, the electrolyte was
saturated with O2 over 20 min at a controlled disk potential of
0.15 V. The steady polarization curves were recorded in a potential
range from 0.15 to �1.2 V at rotating speeds of 100, 400, 600, 900,
1600 and 2500 rpm at 0.005 V s�1. Before HER experiments, argon

was bubbled through the solution to avoid dissolved oxygen, and a
linear sweep voltammetry (LSV) from 0.4 to �1.7 V was performed.

3. Results and discussion

3.1. Modification of carbon surfaces by an organic layer

Surface modification of carbon electrodes in this work consists
of the deposition of an aryl-based organic layer and the subsequent
electrodeposition of palladium on the modified surface. Fig. 1 sum-
marizes the principal steps of the modification process.

The electrografting process is based on the formation of an aryl
radical through the reduction of a precursor. This radical can bind
to the surface forming a CAC bond. The high efficiency of the pro-
cess leads to the generation of multilayered films without control
of thickness. In order to impede the formation of multilayers on
the surface, a radical scavenger (DPPH) is added to the solution.
This radical scavenger acts as a molecule that bonds to the excess
aryl radicals (grafting specie) in the electrode-solution interface,
promoting the formation of a film of aryl groups in a monolayer
structure [13,14]. Employing this procedure, a sub-monolayer with
free substrate areas on HOPG has been previously reported [16,17].
AFM images revealed that the height of this layer is around 0.8 nm,
in agreement with the height of a molecule perpendicular attached
to the surface [16,17]. This process leaves a carbon surface covered
by nitrophenyl groups, which is employed in the current work.

Fig. 1a shows the cyclic voltammograms for the electrografting
of the diazonium salt on the GC surface. The first negative going
sweep direction (black line) reveals a cathodic peak at ca. 0.45 V
related to the NBD reduction and anchorage on the GC surface. It
should be noted that the charge associated with this cathodic peak
decreases with subsequent scans, which is related to the non-full
coverage of the GC surface during the first scan. Indeed, it is well
known that complete coverage of the GC surface by NBD in absence
of DPPH is reached during the first scan, and consequently the
cathodic peak is absent during the subsequent cyclic voltammo-
grams [17]. Additionally, Fig. 1a depicts the reversible DPPH/
DPPH� redox couple at ca. 0.3 V [13,16].

Fig. 1b depicts the second step of the GC surface modification,
which consists of electrochemical reduction of the NO2 groups.
This reduction of NO2 groups is a complex mechanism where dif-
ferent reactions can take place. The reduction process is pH depen-
dent and may proceed by a 4 or 6-electrons mechanism to produce
NHOH or NH2 groups, respectively [17]. In our case, electrochemi-
cal reduction of NO2 groups has been carried out in a neutral media
according to ref. [18]. Fig. 1b reveals a broad cathodic wave associ-
ated with the massive reduction of NO2 groups during the first neg-
ative going sweep potential. After the strong reduction step, a
reversible redox couple at ca. �0.3 V becomes apparent during
the subsequent cyclic voltammograms. The reversible redox couple
is related to the NHOH – NO redox system, as shown in Eq. (1):

R-NO+2Hþ+2e�$R-NHOH ð1Þ
Noticeable is the absence of the cathodic current associated to

the reduction of NO2 after the first cyclic voltammogram, which
indicates that all nitrogen-containing groups anchored to the GC
surface have been reduced to NHOH (via 4 electrons, Eq. (2)) or
NH2 (via 6 electrons, Eq. (3)):

R-NO2+4Hþ+4e�!R-NHOH+H2O ð2Þ

R-NO2+6Hþ+6e�!R-NH2+2H2O ð3Þ
The latter was confirmed by XPS analysis, in which the signal of

NO2 groups located at 406 eV disappears after the reduction step in
aqueous media (EtOH/H2O 10:90 in 0.1 M KCl solution) [16]. After

2 M.C. Rodríguez González et al. / Journal of Catalysis 366 (2018) 1–7
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both reduction steps, the Pd electrodeposition onto the modified
carbon electrode can be carried out without competition and com-
plexities of other reduction process.

3.2. Pd electrodeposition on bare and modified carbon (NH2/GC)
surfaces

Fig. 1c shows cyclic voltammograms for palladium electrodepo-
sition on bare (blue) and modified GC (NH2/GC) (red) surfaces. As it
can be seen, the electroreduction process associated with palla-
dium deposition occurs at more positive potential at NH2/GC sub-
strate in comparison to bare GC. The last effect was previously
observed during the electrodeposition of gold on modified HOPG
surfaces and it was attributed to specific interactions between ions
in solution and functional groups on the surface [16]. The latter
indicates similar modification and electroreduction processes of
gold and palladium on GC and HOPG surfaces.

After that, palladium deposition was conducted on bare and
NH2/GC surfaces by a potentiostatic pulse at �0.2 V during 10 s
at room temperature in 1 mM PdCl2 + 0.1 M NaClO4 + 1 mM HClO4

solution. The Cottrell representation (i vs t�1/2) sheds light on dif-
ferent growth mechanisms of palladium deposition on bare and
modified carbon electrodes, i.e. Pd deposition on GC and NH2/GC
is controlled by Pd diffusion to the active reduction site and by
the electron transfer reaction, respectively (Fig. 2) [16,19,20].

The different growth mechanisms for palladium deposition on
bare (Fig. 2a) and modified (Fig. 2b) carbon electrodes were con-
firmed by AFM. It should be noted that HOPG substrates were used
to carry out the morphological analysis due to the high surface
roughness of GC complicates the AFM measurements. Neverthe-
less, AFM data can be easily extrapolated to GC surface taking into
account the high density of surface defect sites.

Fig. 2a shows Pd nanoparticles (Pd-NPs) formation on bare
HOPG surface. It is observed that surface edges and limits of the
terraces are preferable sites for Pd nucleation and growth, as was
reported for electrodeposition of several metals on HOPG substrate

[21,22]. On the other hand, HOPG functionalization with the
organic layer (NH2/HOPG) limits Pd atoms diffusion on the carbon
surface, leading to the growth of homogeneously distributed Pd-
NPs onto the organic film (Fig. 2b). Noticeable, not only the distri-
bution is diverse at modified and bare HOPG surfaces, but also the
mean size of the Pd-NPs is clearly different. Indeed, Pd-NPs are
roughly 50% smaller on NH2/HOPG (18.4 ± 5.0 nm) than on bare
HOPG (32.2 ± 9.2 nm), which is expected to produce great impacts
on the catalytic performance of several electrochemical reactions.

3.3. Hydrogen evolution reaction on Pd-NPs/GC and Pd-NPs/NH2/GC
electrodes

Hydrogen generation via electrochemical water splitting is a
promising approach for storing energy, which can be then used
in the desired hydrogen economy [23]. However, the electrolysis
is not currently economically viable compared with today’s tech-
nologies and consequently the hydrogen production by electrolysis
must be significantly reduced [24]. In this regard, the catalyst
developed and reported in this manuscript may help to drastically
reduce the cost of catalysts employed at the cathodes of the
electrolyzers.

Fig. 1d shows cyclic voltammograms of Pd-NPs/GC and Pd-NPs/
NH2/GC electrodes in 0.1 M NaOH solution. Noticeable, both elec-
trodes reveal similar electrochemical profile, in which a cathodic
peak at ca. �0.4 V associated to Pd oxide reduction and an anodic
peak at ca. �0.7 V related to the hydrogen oxidation reaction are
discerned.

Fig. 3 depicts the hydrogen evolution reaction (HER) in alkaline
medium for all material employed in the current work. It should be
noted that the current was normalized by the geometric area (top
panel) and by the amount of Pd deposited on GC and NH2/GC sur-
faces (bottom panel). Top panel of Fig. 3 indicates similar onset
potentials (��1.2 V) for the HER at Pd-NPs/GC and Pd-NPs/NH2/
GC electrodes. Furthermore, Pd-NPs/GC develops slightly higher
cathodic currents at small overpotentials, which becomes equal

Fig. 1. (a) Cyclic voltammograms for GC recorded at 0.1 V s�1 in 1 mM NBD + 2 mM DPPH + 0.1 M TBABF4 solution; (b) Cyclic voltammograms for modified-GC recorded at
0.05 V s�1 in H2O/CH3CH2OH 90:10 + 0.1 M KCl; (c) Cyclic voltammograms for bare GC (blue) and modified-GC (red) recorded at 0.01 V s�1 in 1 mM PdCl2 + 0.1 M NaClO4 + 1
mMHClO4 solution; (d) Cyclic voltammograms for bare GC (blue) and modified GC (red) recorded at 0.02 V s�1 in 0.1 M NaOH after Pd electrodeposition at �0.2 V during 10 s.
Top right: schematic drawing of the modification procedure.

M.C. Rodríguez González et al. / Journal of Catalysis 366 (2018) 1–7 3
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to those developed by Pd-NPs/NH2/GC at higher overpotentials
(E < �1.4 V). The latter indicates different and similar mechanisms
for the HER at both electrodes at small and high overpotentials,
which is confirmed by the Tafel plot (Fig. 4).

Regardless the potential region considered, all Tafel slopes were
higher in comparison with theoretical ones, which suggest high

hydrogen surface coverage and/or hydrogen absorption in Pd
[25]. At low overpotentials, a higher Tafel slope value was obtained
for Pd-NPs/GC in comparison with Pd-NPs/NH2/GC catalyst, indi-
cating slower HER kinetics in the former electrode. At high overpo-
tentials, the elevated Tafel slopes may indicate slow electron
transfer rates, which cannot be attributed to the organic layer since
both catalysts develop the same Tafel slope value [26].

Fig. 2. Top panel: AFM images (2 lm � 2 lm, top view) for palladium nanoparticles deposited on bare (a) and modified (b) HOPG surface after a potential pulse at �0.2 V
during 10 s. A size distribution is included for both samples. Bottom panel: i vs t�1/2 and i vs t plots for representatives pulses potential at GC (blue) and modified GC (red)
electrodes and the corresponding 3D AFM images (0.6 lm � 0.6 lm).

Fig. 3. HER on Pd-NPs/GC and Pd-NPs/NH2/GC electrodes recorded at 0.005 V s�1 in
0.1 M NaOH. Current normalization by the geometric area (a) and by the mass of
Pd (b).

Fig. 4. Tafel plot for Pd-NPs/GC and Pd-NPs/NH2/GC. Data acquired from Fig. 3a.

4 M.C. Rodríguez González et al. / Journal of Catalysis 366 (2018) 1–7
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The electrocatalytic performance of the materials depends
mostly on their electronic and surface structure, which seems to
be similar at both catalysts studied in the current manuscript.
Indeed, the main factor governing the catalytic performance
appears to be related to the small particle size and the uniform dis-
tribution of Pd-NPs on the NH2/GC substrate that strongly reduce
the cost of the catalytic material as can clearly observed at the bot-
tom panel of Fig. 3.

3.4. Oxygen reduction reaction on Pd-NPs/GC and Pd-NPs/NH2/GC
electrodes

The oxygen reduction reaction (ORR) is one of the most studied
reactions in catalysis. The great significance of this topic is related
to the sluggish ORR kinetic, which is responsible for more than half
of the overall cell voltage loss during the Fuel Cell (FC) working
operation and for the high cost of the catalytic materials [27–29].
Thus, developing low-cost catalysts with high performance toward
the ORR is of paramount importance to make competitive FC tech-
nology in the energy market [30,31].

Rotating disk electrode (RDE) technique was employed to esti-
mate the ORR performance of Pd-NPs/GC and Pd-NPs/NH2/GC elec-
trodes in oxygen statured alkaline electrolyte. Fig. 5a (current
normalization by the geometric area) and Fig. 5b (current normal-
ization by the Pd loading) show the ORR polarization curves for
both electrodes recorded at 0.005 V s�1 and 1600 rpm.

First of all, Fig. 5b reveals the higher catalytic performance
developed by the Pd-NPs/NH2/GC in comparison to Pd-NPs/GC.
Indeed, a three-fold increase in the faradaic current is developed
when the modified catalyst is employed. The latter indicates a
drastic diminution of catalyst cost due to an improved utilization
of the precious material (uniform distribution, small particle size
and high surface area).

Second, it is well known that the ORR in aqueous solutions
occurs mainly by two pathways: (i) the direct 4-e� pathway that

produces H2O and (ii) the 2-e� pathway that produces H2O2. In this
regard, Fig. 5a shows a small but visible difference between both
curves at potentials lower than �0.25 V and higher than �0.80 V.
Indeed, the smaller current in this potential range and the absence
of the cathodic wave close to �0.40 V at Pd-NPs/NH2/GC catalyst
was previously associated to the suppression of the 2-e� pathway
that produces H2O2 as final product [32,33]. It seems that surface
modification by the organic layer does not affect the oxygen
diffusion and the kinetic of the ORR, but enhances the H2O yield.
The latter is a very important topic not only in terms of energy
efficiency but also due to hydrogen peroxide is a very reactive
molecule that degrades materials.

In order to confirm the stated above, the Koutechy-Levich
equation was employed to determine the number of transferred
electrons (n) during the ORR in the diffusion-controlled region:

1
j
¼ 1

jk
þ 1
jd
¼ 1

jk
þ 1
0:62nFD2=3v�1=6CO2x1=2

ð4Þ

where jk and jd are the kinetic and diffusion current densities
respectively, F is the Faraday constant (96,500 C mol�1), x is the
rotational speed (rad s�1), D is the diffusion coefficient of O2

(1.93 � 10�5 cm2 s�1), v is the kinematic viscosity of the solution
(1.009 � 10�2 cm2 s�1) and C the O2 concentration in 0.1 M NaOH
(1.26 � 10�6 mol cm�3) [34].

Fig. 6a reveals that both catalytic materials develop straight
lines, which indicate that the ORR on both materials is a first-
order reaction [35]. Furthermore, different slope values are dis-
cerned for each catalyst, which implies different number of trans-
ferred electrons (n). In agreement with the affirmed above, catalyst
modification by the organic layer suppresses the hydrogen perox-
ide pathway since n increases at Pd-NPs/NH2/GC (3.9) in compar-
ison to Pd-NPs/GC (3.5).

Specific activities (SA) were achieved at 0.80 V and SA values of
0.067 and 0.073 mA cm�2 were found for Pd-NPs/GC and
Pd-NPs/NH2/GC, respectively. The SA values obtained were
somewhat lower than that of GC-supported Pd nanoparticles
(�0.39 mA cm�2 for 300 s of Pd deposition on GC) and bulk
Pd (0.48 mA cm�2) [36]. The increase in SA values with increasing
the Pd film thickness has been reported previously and can be
associated to the low SA achieved in the current work [36,37].
Indeed, about 10 s of Pd deposition on the conductive substrate
was performed in the current study and a very small film thickness
is achieved (see Fig. 2).

Tafel plots are usually employed to study reaction mechanisms
since their slopes may provide the rate-determining step (RDS)
[38]. ORR at Pd-based electrodes commonly reveals two Tafel slope
values that are related to the nature of the Pd surface, i.e. at low

Fig. 5. ORR for Pd-NPs/NH2/GC and Pd-NPs/GC recorded at 0.005 V s�1 and 1600
rpm in 0.1 M NaOH. Current normalization by the geometric area (a) and by the
mass of Pd (b).

Fig. 6. (a) Koutecky-Levich plot achieved at �1.0 V; and (b) Tafel plot for Pd-NPs/
NH2/GC and Pd-NPs/GC. Data acquired from Fig. 5a.
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and high overvoltages Tafel slopes values of 0.060 and 0.120 V
dec�1 are usually ascribed to the ORR on Pd oxides and metallic
Pd surfaces [39]. On the other hand, the catalytic performance
towards a specific reaction can be easily estimated from the Tafel
slope, i.e. if the Tafel slope is lower, the catalyst performance is
better.

Fig. 6b shows Tafel slopes achieved at low overvoltages for both
catalytic materials. Pd-NPs/GC and Pd-NPs/NH2/GC reveal Tafel
slopes of 0.056 and 0.049 V dec�1, which is the expected for the
ORR at Pd oxide surfaces [36,37]. These values indicate that the
same RDS is operating for both catalytic materials, and therefore
the surface modification by the organic layer does not alter the
ORR reaction mechanism. Noteworthy, the catalytic performance
slightly increases after catalyst modification since the Tafel slope
value slightly decreases. Accordingly, carbon surface modification
by an aryl-based organic layer assists the metal electroreduction
process and provokes uniform distribution of metallic nanoparti-
cles, which in turn enhances the catalytic performance towards
the ORR in alkaline medium.

4. Conclusions

Palladium nanoparticles have been successfully fabricated by
Pd electrodeposition on aryl-modified and unmodified carbon sub-
strates. AFM and Cottrell analysis revealed different nucleation and
growth mechanisms and diverse distribution of Pd nanoparticles at
each substrate. Indeed, Pd particle sizes of 32.2 ± 9.2 and 18.4 ± 5.0
nm on bare and modified carbon surfaces, respectively, were visu-
alized by AFM. These factors provoke a great enhancement of the
catalytic performance toward the ORR and the HER in basic med-
ium. Finally, the synthetic methodology reported in the current
work brings out great opportunities for cost-effective production
of metallic catalysts.
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Abstract: Graphene oxide (GO), reduced graphene oxide by thermal treatment (rGO-TT),
nitrogen-modified rGO (N-rGO), and carbon Vulcan were synthesized and employed in the current
work as catalyst support for Pt nanoparticles, to study their properties and impact toward the
methanol oxidation reaction (MOR) in sulfuric acid medium. Several physicochemical techniques,
such as X-ray photoelectron spectroscopy (XPS), X-ray powder diffraction (XRD), Transmission
electron microscopy (TEM), energy-dispersive X-ray spectroscopy (EDX), Raman, and elemental
analysis were employed to characterize the novel materials, while potentiodynamic and potentiostatic
methods were used to study catalytic performance toward the methanol oxidation reaction in acidic
medium. The main results indicate a high influence of the support on the surface electronic state of
the catalyst, and consequently the catalytic performance toward the MOR is modified. Accordingly,
Pt/N-rGO and Pt/rGO-TT show the lowest and the highest catalytic performance toward the
MOR, respectively.

Keywords: electrocatalysis; catalysts; methanol oxidation reaction; graphene; DMFC; Pt

1. Introduction

The search for alternatives to the use of fossil fuels, and the study and development of new green
technologies for energy supply is an imperative necessity in order to fight global warming. Direct
methanol fuel cells (DMFC) are an example of these energy-conversion devices [1–8]. They are able
to supply energy from the electro-oxidation of a cheap resource like methanol, resulting not only in
the reduction of release of harmful emissions, but also in the supply of high energy densities at low
temperatures. The design of the catalysts to be used in DMFC systems is of outstanding importance.
Many studies have confirmed that platinum is the most active metal when employed as a catalyst for
the methanol oxidation reaction (MOR) [9–11].

However, the scarcity of this metal in the world and its high cost hinder the commercialization of
such systems. In order to reduce as much as possible the amount of the catalytic material, the synthesis
of Pt nanoparticles with high surface area/volume ratios, as well as the use of catalyst supports for
a good dispersion of the metallic nanoparticles, is essential [12–14]. Furthermore, a high electrical
conductivity of the catalyst support is the key factor for electrochemical reactions like the MOR. In this
sense, graphene has emerged as a new-generation catalyst support, because of its excellent electrical
conductivity and high surface area [15–18]. Many works have described chemical exfoliation methods
of graphite to obtain so-called graphene oxide (GO) as a catalyst support. However, the conductivity
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of such materials is lower than the highly desirable two-dimensional graphene, because of the high
amount of oxygen groups on the surface. To fulfill conductivity problems, a great diversity of physical
and chemical methods have been described in the literature for GO reduction to obtain reduced GO
(rGO), with higher conductivity than GO itself [15–18]. On the other hand, it has been demonstrated
that the surface chemistry of the catalytic support plays an essential role in the activity of the catalyst
toward the MOR [19–23]. For example, the modification of carbon materials with heteroatoms, like
nitrogen or sulfur, causes an electronic modulation of the carbonaceous lattice, resulting in a change in
the electrocatalytic properties toward the MOR and other reactions of interest [15,18,23–25].

In the present paper, the synthesis of reduced graphene oxide (rGO) by a thermal treatment
(rGO-TT) and nitrogen-modified rGO by the caffeine route (N-rGO) is reported, both of which are
employed as supports for Pt nanoparticles. A deep physicochemical characterization of the novel
catalysts was performed, and their catalytic performance toward the MOR was studied and compared
with that of Vulcan XC72R supported Pt catalyst (Pt/C).

2. Materials and Methods

Sulfuric acid (p.a.; Merck, Darmstadt, Germany), methanol (p.a.; Merck, Darmstadt, Germany),
potassium permanganate (>99.8%; Sigma-Aldrich, Saint Louis, MO, USA), caffeine (>99%; Sigma-Aldrich,
Saint Louis, MO, USA), Vulcan XC-72R (Cabot, Boston, MA, USA), graphite (>99.8%; Sigma-Aldrich,
Saint Louis, MO, USA), hydrogen peroxide (30% v/v; Foret, Barcelona, Spain), hydrogen (5% H2/95%
N2; Air Liquide, Tenerife, Spain), (8 wt % H2PtCl6·6H2O, Sigma-Aldrich, Saint Louis, MO, USA), Nafion
solution (5 wt %; Sigma-Aldrich, Saint Louis, MO, USA), Ar (99.999%, Air Liquide, Tenerife, Spain), CO
(99.997%, Air Liquide, Tenerife, Spain), and water (18.2 M Ω·cm−1; Milli-Q, Millipore, Burlington, VT, USA)
were purchased and then used for the synthesis of the graphene-based materials and the preparation of
electrolyte solutions.

2.1. Synthesis of Graphene Oxide

Graphene oxide (GO) was prepared by following a modified Hummers method [15]. Briefly, 1 g
of the graphite powder was mixed with 30 mL of concentrated H2SO4 cooled in an ice bath. Then,
3.5 g of KMnO4 are slowly added while being stirred and cooled continuously. After removal from
the ice bath, the mixture was diluted with Milli-Q water under stirring for 1 h at 35 ◦C. Then, the
solution was heated up to 95–98 ◦C over 30 min. Next, 200 mL of ultrapure water was gradually
introduced, followed by 1.25 mL of 30% v/v H2O2, and stirring was maintained for 30 min. Finally,
the dispersion was centrifuged with Milli-Q water, until a pH of 7 was achieved in the supernatant
liquid. The material was dried using an oven at 60 ◦C overnight.

2.2. Synthesis of Reduced Graphene Oxide Materials

In order to produce N-rGO, an adequate amount (4 mmol) of reducing agent (caffeine) was
ultrasonically dispersed in Milli-Q water and mixed with a GO aqueous dispersion (0.015 g mL−1).
The final dispersion was placed into a Teflon-lined autoclave and heated at 160 ◦C for 10 h. Then,
N-rGO was washed by centrifugation, employing Milli-Q water, and transferred to an oven at
60 ◦C for 24 h.

The rGO-TT was obtained by reduction of GO through a heat treatment under a reductive atmosphere
(5% H2/95% N2 at 100 mL/min) in a tubular furnace. The thermal treatment comprised a ramp
temperature of 5 ◦C/min from room temperature, up to 200 ◦C. This temperature was maintained
for 30 min; finally, a ramp temperature of 5 ◦C/min was applied up to 450 ◦C where it was preserved for
1 h.

2.3. Synthesis of Pt/C, Pt/N-rGO, and Pt/rGO Catalysts

Platinum nanoparticles supported on carbon black Vulcan XC-72R, N-rGO, and rGO-TT were
synthesized following the formic acid method [6]. Briefly, catalyst support was dispersed in 2 M
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formic acid solution under sonication. Then, the mixture was heated at 80 ◦C under stirring, and
an appropriate amount of metal precursor (H2PtCl6) was employed to obtain theoretical platinum
loading of 20 wt % in the catalyst. The suspension was filtered, washed with ultrapure water, and
dried at 60 ◦C overnight.

2.4. Physicochemical Characterization

Powder XRD spectra were acquired from X’Pert PRO X-ray diffractometer (PANalytical, Madrid,
Spain) to determine the crystal structure. CuKα radiation (λ = 1.5405 Å) was employed, and 2θ data
were collected from 20◦ to 100◦ with a scanning rate of 0.04 s−1. Crystalline phases were identified
by comparing the experimental diffraction patterns with the Joint Committee on Powder Diffraction
Standards (JCPDS).

Elemental analysis with an experimental error close to 0.04% was performed using an Elemental
Analyzer CNHS FLASH EA 1112 (Thermo Scientific, Madrid, Spain).

Raman spectra were collected employing a RENISHAW confocal Raman microscope, model
inVia (RENISHAW, Gloucestershire, United Kingdom), with a green laser (λ = 532 nm) in the 100 to
3200 cm−1 range.

Transmission electron microscopy (TEM) images were obtained from a HRTEM JEOL JEM 2100
operating (JEOL Ltd., Tokyo, Japan) at 200 eV. Obtained images were used to evaluate the morphology
and agglomeration degree, as well as to calculate the average Pt nanoparticle sizes.

Chemical composition of the catalysts was determined by energy dispersive X-ray analysis
(EDX, Oxford 6699 ATW, Oxford, Oxfordshire, UK), and X-ray photoelectron spectroscopy (XPS)
data were obtained with a SPECS GmbH customized system (SPECSTM, Berlin, Germany) for surface
analysis, equipped with a non-monochromatic X-ray source XR 50 and a hemispherical energy analyzer
(PHOIBOS 1509MCD). Photoelectrons were excited by using MgKα line (1253.6 eV) operating at
200 W/12 kV. Powder samples were attached onto Cu foil and were placed first in the pre-treatment
chamber at room temperature for several hours, before being transferred to the analysis chamber.
The XPS data were signal averaged for a large enough number of scans to get a good signal/noise
ratio, at increments of 0.1 eV and fixed pass energy of 25 eV. High-resolution spectra envelopes were
obtained by curve fitting synthetic peak components, using the software XPSpeak. The raw data
were used with no preliminary smoothing. Symmetric Gaussian—Lorentzian product functions were
employed to approximate the line shapes of the fitting components. Binding energies were calibrated
relative to the C 1s peak from the graphitic carbon at 284.6 eV.

2.5. Electrochemical Characterization

All electrochemical experiments were carried out at room temperature using a three-electrode
glass cell, a carbon rod as a counter electrode and a reversible hydrogen electrode (RHE) as a reference
electrode. All the potentials in this work were given against the RHE.

The working electrode consisted of a certain amount of the catalyst deposited as a thin layer over
a glassy carbon disc (0.196 cm2). The ink was prepared by mixing 2 mg of the catalyst powder, 15 µL
of Nafion solution, and 500 µL of Milli-Q water.

Electrochemical measurements were performed with a PC-controlled Autolab PGSTAT30
potentiostat-galvanostat (Metrohm, Herisau, Switzerland) in 0.5 M H2SO4 electrolyte solution.
A total of 2 M CH3OH + 0.5 M H2SO4 solution was used to study the methanol oxidation reaction
(MOR). Ar was employed to deoxygenate all solutions, as well as CO for CO stripping experiments.
The last experiments were recorded at 0.02 V s−1 after bubbling CO through the cell for 10 min while
keeping the electrode at 0.10 V, followed by Ar purging for 30 min to completely remove the excess
CO. CO stripping voltammograms were recorded, by first scanning negatively until 0.05 V so that
the entire hydrogen region was probed, and then scanning positively up to 1.2 V. Methanol cyclic
voltammograms (CVs) were recorded between 0.05 and 1.0 V at a scan rate of 0.02 V s−1, while
current transients were obtained by stepping the potential from 0.05 V to the final oxidation potential
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(0.50 < Ef < 0.90 V). Tafel plots were calculated from stationary currents achieved at 300 s during the
chronoamperometry experiments. Currents were normalized by the electroactive surface area (ESA)
calculated from CO stripping experiments, by using a conversion factor of 240 µC cm−2 (12.6 cm2 for
Pt/C, 8.2 cm2 for Pt/rGO-TT and 9.1 cm2 for Pt/N-rGO).

3. Results and Discussion

3.1. Physicochemical Characterization

Figure 1 displays the X-ray diffractograms for graphite, carbon Vulcan, GO, rGO-TT, N-rGO,
Pt/C, Pt/rGO-TT, and Pt/N-rGO. Graphite depicts a sharp diffraction peak at 24.6◦, which is related to
the (002) plane, and a small diffraction peak at 54◦ associated to the (004) facet [15]. The GO formation
from the oxidation of graphite is detected by the broad diffraction peak at 10.7◦, which is related
to the (101) diffraction plane and by the absence of the diffraction peaks associated to graphite [15].
Additionally, Table 1 shows the expansion of the C–C interplanar spacing from 0.34 nm (graphite) to
0.82 nm (GO), due to the growth of oxygen functional groups between the graphitic layers [15].
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Figure 1. XRD patterns of graphite, graphene oxide (GO), Vulcan carbon (C), reduced graphene oxide
by thermal treatment (rGO-TT), nitrogen-modified reduced graphene oxide (N-rGO), Pt/C, Pt/rGO-TT,
and Pt/N-rGO.

Table 1. X-ray diffraction (XRD) parameters for all studied materials (dhkl = interplanar spacing).

Catalyst Positionhkl 2θ/◦ dhkl/nm Number of Layers Pt Crystallite Size/nm

Graphite 26.5 C(002) 0.34 C(002) 121

-
GO 10.7 C(002) 0.82 C(002) 11

Vulcan 24.7 C(002) 0.36 C(002) 6
rGO-TT 25.2 C(002) 0.35 C(002) 12
N-rGO 25.3 C(002) 0.35 C(002) 9

Pt/C 67.4 Pt(220) 0.23 Pt(111) - 2.3
Pt/rGO-TT 67.5 Pt(220) 0.23 Pt(111) - 2.4
Pt/N-rGO 67.6 Pt(220) 0.23 Pt(111) - 2.0
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On the other hand, Vulcan carbon, rGO-TT, and N-rGO reveal similar interplanar spacing (Table 1)
and X-ray patterns (Figure 1), which indicate the restoration of the graphite C–C lattice and the
elimination of oxygen functional groups between the graphitic layers in rGO materials. Also, a small
diffraction peak at ca. 45◦ associated to the (100) plane is observed at the three carbon supports.
The number of graphene layers that was estimated from the Debye–Scherrer equation and the Bragg
law is also included in Table 1. The success of GO, rGO-TT, and N-rGO formation can be easily
perceived by the diminution of the graphene layers in comparison to graphite. In this context,
a graphite behavior was suggested for materials with more than 12 graphene layers, and therefore,
a graphenic-like behavior is expected for all materials of the current work [26]. On the other hand, it is
also important to note that N-rGO reveals a small diffraction peak at 10.7◦ associated to GO, which
suggests a partial reduction of GO when caffeine is employed as a reducing agent [15].

Additionally, Figure 1 depicts X-ray diffractograms of Pt/C, Pt/rGO-TT, and Pt/N-rGO, in which
the typical face centered cubic (fcc) structure of Pt is discerned at 2θ = 40◦, 46◦, 68◦, and 82◦, associated
to the subsequent planes: (111), (200), (220), and (311) (JPCDS 00-004-0802). It is remarkable that the
absence of the diffraction peak is at 10.7◦ for Pt/N-rGO, which suggests a reduction of the oxygen
functional groups by the formic acid that is employed to reduce the metal precursor. In addition, it is
important to highlight the absence of Pt crystalline oxides at all catalysts. However, the presence of Pt
amorphous oxides should not be ruled out, since the oxygen content in graphenic-based materials is
high (see Table 2). The most important crystallographic parameters of Pt-based catalysts are depicted
in Table 1, in which similar interplanar spacing for all catalysts, smaller crystallite size for Pt/N-rGO
than Pt/C and Pt/rGO-TT, and a small but visible lattice contraction in graphenic-based catalysts
are discerned.

Table 2. Composition acquired by energy dispersive X-ray analysis (EDX) analysis and * elemental
analysis for all studied materials.

Composition (% Weight)

Material C O N *

Graphite 80.0 20.0
Carbon 96.5 3.5 -

GO 48.0 52.0 -
rGO-TT 75.3 24.7 -
N-rGO 73.0 21.0 6.0
Pt/C 96.4 3.6 -

Pt/rGO-TT 86.9 13.1 -
Pt/N-rGO 78.3 15.7 6.0

Scanning electron spectroscopy (SEM) coupled with energy dispersive X-ray spectroscopy (EDX)
was employed to study the morphology, distribution, surface topography, and semi-quantitative bulk
composition of the catalysts. The amount of Pt incorporated into each sample was close to the nominal
value (19.0 ± 1.5 wt %). Figure 2 displays SEM images in the microscale for all materials synthesized.
Pt/C reveals a smooth and homogeneous surface, while a granular and porous structure is observed
at Pt/rGO-TT and Pt/N-rGO.
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Figure 2. Scanning electronic microscopy (SEM) images for Pt/C (left panel), Pt/rGO-TT
(middle panel), and Pt/N-rGO (right panel).

Table 2 discloses a strong increment of the oxygen content after GO production, which is reduced
in the first stage after rGO-TT and N-rGO formation, and in the second stage after Pt deposition.
The last stage is in agreement with the X-ray diffraction pattern of N-rGO, as the small peak associated
with oxide species disappears after the addition of formic acid. It is noteworthy that even after Pt
deposition, both graphenic catalysts show a higher amount of oxygen than carbon-supported Pt.

Raman spectroscopy (spectra are not shown) was employed to study the structural changes,
the disorder degree, and the crystallographic size in the basal plane (La) of graphenic materials. With
this end, the following equation was employed [27,28]:

La(nm) =
(

2.4× 10−10
)
·λ4

l ·
(

ID
IG

)−1
(1)

where λl is the excitation wavelength of the laser (532 nm), ID is the peak intensity at 1360 cm−1

(associated to sp3 carbon domains), and IG is the peak intensity at 1580 cm−1 (related to sp2 bonds
into the graphitic grid). The main results indicate an increment of the disorder (ID/IG ~ 0.9) compared
to graphite (ID/IG ~ 0.15), and the similar La ~ 20 nm for Vulcan carbon and all graphenic materials.
The latter is the expected result, since structural disorder by edges, finite size, and carbon hybridization
by heteroatom–C bond formation is usually reported in this type of materials [15,18].

Morphology, particle size, and agglomeration degree were studied by transmission electron
microscopy (TEM). Figure 3 shows TEM images of Pt/C, Pt/rGO-TT, and Pt/N-rGO catalysts.
Meanwhile, Figures S1–S3 depict high-resolution TEM images for all electrocatalysts employed in the
current work. Spherical Pt nanoparticles are homogeneously dispersed on carbon sheets; however,
the agglomeration degree increases with the amount of oxygen in the catalyst in the subsequent way:
Pt/C < Pt/rGO-TT < Pt/N-rGO. Therefore, Pt nanoparticles seem to nucleate and grow referentially at
surface oxygenated sites. Regarding the particle sizes, Figure 3 includes histograms for each catalyst,
and shows increments in the following way: Pt/ N-rGO (3.14 ± 0.50 nm) < Pt/C (3.28 ± 0.25 nm) <
Pt/rGO-TT (3.32 ± 0.43 nm). The last is in agreement with the trend observed for the crystallite size
values calculated by XRD, although the values are slightly lower than those achieved by TEM, which
is expected (i.e., crystallite size ≤ grain size ≤ particle size).

X-ray photoelectron spectroscopy (XPS) was carried out to identify and quantify the surface
composition and the chemical state of the elements (see Table 3). Deconvoluted spectra for Pt, C, O,
and N are presented in Figures 4 and 5. The Pt 4f signal (Figure 4) is resolved into three doublets in all
electrocatalysts. The most intense Pt 4f7/2 component at lower binding energy is attributed to metallic
Pt0, while the second doublet is assigned to Pt2+, and the third doublet at higher binding energy is
related to the higher oxidation state of Pt4+. According to Table 3, there is a peak shift of metallic Pt
to a lower binding energy for graphenic-based supports. The latter indicates a charge transfer from
graphenic-based supports to platinum. However, Pt2+ species (i.e., PtO) increase to the detriment of
metallic Pt at Pt/N-rGO material.
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Table 3. X-ray photoelectron spectroscopy (XPS) analysis of the catalysts.

Elements Pt4f C1s
O1s

Catalysts

Pt/C

Pt0 71.5
(62) C–C 284.6

(81) Pt oxides 530
(5)

Pt2+ 72.4
(31) C–N - O=C 531.1

(10)

Pt4+ 73.5
(7) C–OH 285.8

(14) OH–C 532.8
(72)

C=O 287
(4) O–C=O 534.1

(13)

O–C=O 289.1
(1) H2O -

530
(3)Pt/rGO-TT Pt0 71.2

(63) C–C 284.6
(68) Pt oxides
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Table 3. Cont.

Elements Pt4f C1s
O1s

Catalysts

Pt/rGO-TT

Pt2+ 72.3
(30) C–N - O=C 531.2

(23)

Pt4+ 74.3
(7) C–OH 285.8

(15) OH–C 532.9
(58)

C=O 287
(10) O–C=O 533.9

(9)

O–C=O 288.7
(7) H2O 535.2

(7)

Pt/N-rGO

Pt0 71.2
(49) C–C 284.5

(52) Pt oxides 530.1
(4)

Pt2+ 72.1
(42) C–N 285.3

(14) O=C 531.2
(33) N1s

Pt4+ 74.0
(10) C–OH 285.9

(12) OH–C 532.7
(48) Pyridinic 398.7

(29)

C=O 287.1
(12) O–C=O 534

(12) Pyrrolic 400.2
(49)

O–C=O 288.5
(10) H2O 535

(2) Quaternary 401.2
(22)

π–π 290.0
(2) - - - -
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The C1s signal provides detailed information about the presence of oxygen and nitrogen species
bonded to carbon atoms (Figure 4). As can be seen, the carbon signal is mainly composed by graphitic
carbon (C1), followed by different oxygenated species at higher binding energy values, such as C–OH
(C3), C=O (C4), and carboxylic bonds (C5) [29]. In addition to these signals, Pt/NrGO reveals an
additional component at ca. 285.3 (C2) ascribed to nitrogen species bonded to carbon atoms. Indeed,
the strong N1s signal (Figure 5) confirms that the last statement since the nitrogen species, such as
pyridinic, pyrrolic, and N-quaternary, are clearly identified. Also, a small but visible signal at ca.
289 eV ascribed to a π–π* shakeup satellite for Pt/Vulcan and Pt/NrGO catalysts is observed [30].

Interestingly, the O1s signal (Figure 5) reveals different surface oxygenated species, which strongly
depend on the substrate. In agreement with the C1s signal, C=O (O2:~531.05 ± 0.05 eV) and C–OH
(O3:~533.5 ± 0.5 eV) species are the main components for all materials [29]. Signals related to carboxyl
groups (O4) and platinum oxides (O1) appear in minor proportion, while intercalated water (O5)
is only perceived at graphenic materials. On the other hand, Pt/NrGO shows similar intensities
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3.2. Electrochemical Characterization

CO stripping experiments were performed to (i) characterize the catalyst surface; (ii) achieve
catalytic activity towards CO oxidation, which is one of the most important catalyst poisons; and
(iii) acquire the electroactive surface area (ESA). Figure 6 shows a similar CO oxidation peak value
(COP = 0.83 V) for all catalysts. Noticeable, Pt/N-rGO reveals a broader CO oxidation peak, with an
anodic tail that ends at 1.2 V. Additionally, the onset potential for the CO oxidation reaction is 0.70 V
for Pt/rGO-TT, 0.72 V for Pt/C, and 0.75 V for Pt/N-rGO. These parameters indicate a higher CO
tolerance for Pt/rGO-TT than for Pt/C, and the even lower one for Pt/N-rGO. Also, an increase of
the double-layer capacitive current is observed at graphenic-based materials, especially relevant for
Pt/N-rGO. The latter results and the low catalytic activity towards the CO oxidation on Pt/N-rGO
may be ascribed to the high amount of surface-oxygenated species, i.e., PtO and PtO2. Regarding the
ESA, the values increase in the following way: Pt/rGO-TT (8.2 cm2) < Pt/N-rGO (9.1 cm2) < Pt/C
(12.6 cm2). The last is in agreement with TEM analysis, in which high Pt agglomeration degree was
detected at graphenic-based catalysts.Surfaces 2019, 2 FOR PEER REVIEW  11 
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The catalytic performance toward the methanol oxidation reaction (MOR) was evaluated by
potentiodynamic (Figure 7) and potentiostatic (Figure 8) experiments. Figure 7 shows the lowest
performance for Pt/N-rGO toward the MOR, which is in disagreement with what has been reported
by other authors [31,32]. This different catalytic performance may be ascribed to the elevated amount
of Pt surface oxide species (PtO and PtO2 observed by XPS analysis) by using the caffeine route for the
synthesis of the N-rGO, which inhibits the methanol adsorption step (see below).
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Additionally, similar voltammetric profiles with comparable onset potentials (~0.5 V) and
analogous anodic (EPa ~ 0.93 V) and cathodic (EPc ~ 0.76 V) peak potentials are observed for Pt/rGO-TT
and Pt/C. However, a close inspection of Figure 7 reveals higher anodic currents at Pt/rGO-TT than
Pt/C during the positive sweep potential. Indeed, the pre-peak at ca. 0.77 V reveals higher current
density at Pt/rGO-TT (2.4 mA cm−2) than at Pt/C (2.0 mA cm−2). The current peak during the anodic
sweep (jPa) is 4.9 mA cm−2 at Pt/rGO-TT and 4.2 mA cm−2 at Pt/C, while the current peak during the
cathodic sweep (jPc) is 5.4 mA cm−2 at Pt/rGO-TT and 5.6 mA cm−2 at Pt/C. The jPa/jPc ratio is usually
employed to estimate the tolerance of the catalyst to adsorbed reaction intermediates (mainly COad).
Pt/C shows the lowest jPa/jPc value and appears as the catalyst with the highest tolerance, which is
not in agreement with the CO stripping experiments in Figure 6. However, a recent work states that
the jPc is not related to a residual intermediate of the MOR, and the jPa/jPc ratio is associated with the
oxophilicity degree of the catalyst [33]. Thus, higher jPa/jPc value indicates higher oxophilicity degree,
and consequently, Pt/rGO-TT appears to be the material with the highest oxophilicity. The last is in
agreement with the physicochemical characterization, as well as with the CO stripping experiments, in
which Pt/rGO-TT reveals the highest CO tolerance.

Figure 7 depicts current transients achieved from an initial potential of 0.05 V, in which methanol
does not oxidize, to a final potential (0.50 ≤ E ≤ 0.90 V) where the MOR takes place. In agreement
with potentiodynamic experiments, Pt/N-rGO develops the lowest performance toward the MOR in
all potential ranges studied. In the same way, Pt/rGO-TT and Pt/C reveal similar better performance
toward the alcohol oxidation. Interestingly, Pt/rGO-TT and Pt/C develops inflection points at short
times at the same potential range (0.65 ≤ E ≤ 0.75), where the onset potential for the CO removal
(Figure 5) and the pre-peak at the potentiodynamic experiments in presence of methanol is observed
(Figure 6). This result suggests a change of rate-determining step (RDS), which may be attributed to an
enhancement of the water dissociation reaction (i.e., OHad formation) necessary to remove CO from
the catalyst surface [34,35]. Additionally, it is observed that at E ≥ 0.85 V (anodic peak during the
positive sweep potential, Figure 6), the current decay is faster at Pt/rGO-TT and Pt/C, which is related
to the low performance of Pt oxide surface toward the MOR [36].

Further characterization of the catalytic activity of the synthesized materials was carried out by a
Tafel plot analysis. A Tafel slope is usually employed to determine the rate-determining step (RDS),
and therefore, the reaction mechanism may be inferred from Tafel slope values. Figure 9 depicts a
Tafel plot obtained from the current transients of methanol oxidation for the three catalysts (Figure 8)
at different final potentials (0.50 ≤ E ≤ 0.90 V) in an acidic medium. Pt/C shows a Tafel slope of
120 mV dec−1, while Pt/rGO-TT and Pt/C reveal a Tafel slope of 75 mV dec−1. In order to clarify the
operating reaction mechanism on the catalysts involved in the current work, the main steps for MOR
are briefly described.

First there is the electrosorption and dehydrogenation of methanol onto a suitable surface.
The complete electrosorption and dehydrogenation steps yield to adsorbed carbon monoxide (COad),
otherwise formaldehyde and formic acid may be produced [37]:

H3OH � CH3OHad (2)

CH3OHad → CH2OHad + H+ + e− (3)

CH2OHad → CHOHad + H+ + e− (4)

CH2OHad → CH2O + H+ + e− (5)

CH2O � CH2Oad (6)

CH2Oad → CHOad + H+ + e− (7)

CHOad + H2O → HCOOH + H+ + e− (8)

CHOad → COad + H+ + e− (9)
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Second, there is the electrooxidation of COad. Water dissociation on the catalyst surface (formation
of adsorbed OH) is needed to perform the COad oxidation to CO2, and consequently liberate the catalyst
surface [31,38,39]:

H2O � OHad + H+ + e− (10)

COad + OHad → COOHad (11)

COOHad → CO2 + H+ + e− (12)

A Tafel slope of 120 mV dec−1 suggests that the rate-determining step is related to the first
electrochemical step, and therefore the rate of MOR at Pt/N-rGO is limited by the “electrosorption
and dehydrogenation step”, i.e., Reaction 3. The latter is in complete agreement with the low current
developed by the Pt/N-rGO materials during the MOR, and should be ascribed to a non-suitable
surface for methanol dehydrogenation, which is comprised of strongly bonded oxygen species
onto the surface, i.e., PtO and PtO2 [36]. On the other hand, a Tafel slope close to 60 mV dec−1

(Pt/C and Pt/rGO-TT) indicates a chemical reaction after an electrochemical reaction as the RDS,
i.e., the surface diffusion of COad toward the active site (reaction 11). Both materials revealed
similar catalytic performance toward the MOR, although a slight enhancement of the CO tolerance
at Pt/rGO-TT was perceived. The last seems to be related to electronic effects (charge transfer
from rGO-TT to Pt) and to a higher amount of C–OH species onto the graphenic-based catalyst
(bifunctional effect).Surfaces 2019, 2 FOR PEER REVIEW  14 
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4. Conclusions

Graphene oxide (GO), reduced graphene oxide (rGO-TT), nitrogen-modified rGO (N-rGO),
and carbon-supported Pt materials using these supports were successfully synthesized and fully
characterized. Results have shown that the support conditions the state of oxidation of metal
nanoparticles at the surface of the catalysts, which control the activity of a specific electrochemical
reaction. Indeed, a small addition of nitrogen into the catalyst support induces a change of the
rate-determining step from a chemical reaction after an electrochemical reaction to the first electron.
Thus, Pt/N-rGO displays the worst performance toward the methanol oxidation reaction, while
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Pt/rGO-TT not only enhances the catalytic activity toward the alcohol oxidation, but also toward the
most important catalyst poison.

Supplementary Materials: The following are available online at http://www.mdpi.com/2571-9637/2/1/2/s1,
Figure S1: TEM image for Pt/C electrocatalyst, Figure S2. TEM image for Pt/rGO-TT electrocatalyst, Figure S3.
TEM image for Pt/N-rGO electrocatalyst.
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