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Resumen 

 

El aumento de los problemas ocasionados por el cambio climático ha llevado al 

planteamiento de nuevas tecnologías que puedan minimizar la emisión de gases de efecto 

invernadero a la atmósfera [1, 2], tales como CO2 o CH4. Entre ellas cabe destacar el papel 

relevante de las células de combustible [3, 4]. Estas son dispositivos capaces de generar 

electricidad directamente a partir de la reacción electroquímica de un combustible, 

convirtiendo la energía química almacenada en los enlaces, en energía eléctrica. Esta 

conversión directa implica que el rendimiento máximo teórico no se ve limitado por el 

ciclo de Carnot, pudiendo ser mayor comparado con los procesos de combustión 

convencionales. Sin embargo, el rendimiento energético de las pilas de combustible está 

aún lejos de alcanzar los valores máximos teóricos. Por tanto, es imperativo conseguir la 

mejora de su eficiencia, lo que conllevaría una disminución sustancial en las emisiones de 

gases de efecto invernadero (GHG) a la atmósfera.  

Entre las células de combustible más destacadas se encuentran las de membrana 

polimérica (PEMFC). Estas funcionan a bajas temperaturas (T < 100ºC), y permiten operar 

con combustibles líquidos como metanol, etanol o ácido fórmico, que presentan la ventaja 

de un fácil manejo, una elevada densidad energética por molécula, así como un elevado 

potencial de célula teórico [5, 6]. 

Uno de los combustibles más estudiados en este sentido ha sido el ácido fórmico, 

especialmente para aplicaciones portátiles y de pequeña potencia [7, 8]. Adicionalmente, la 
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reacción de ácido fórmico presenta un gran interés en electrocatálisis, debido a que su 

oxidación involucra sólo dos electrones, no necesita oxígeno adicional para generar CO2 

como producto y, por último, es una reacción claramente sensible a la estructura superficial 

del electrodo [9]. Por estos motivos puede considerarse una reacción modelo en 

electrocatálisis, cuyo mecanismo puede servir para comprender reacciones de oxidación 

más complejas. 

Debido a que uno de los metales más usados en electrocatálisis es el Pt, en la 

bibliografía se pueden encontrar numerosos estudios sobre la oxidación de ácido fórmico 

en este metal, tanto a nivel fundamental como en un ámbito más aplicado. A nivel 

fundamental se ha estudiado la electrocatálisis en electrodos de Pt con superficies bien 

definidas [10, 11], aportando datos que puedan elucidar el mecanismo a través del cual 

ocurre la reacción, mientras que en un ámbito más aplicado, usando nanopartículas 

metálicas (Pt y Pt modificadas con adatomos) con tamaños y formas definidas, a fin de 

aportar datos catalíticos sobre materiales aplicables en células de combustible [12, 13]. 

A pesar de que la investigación de la oxidación de ácido fórmico en electrodos de 

Pt está en una fase avanzada, su mecanismo de reacción dista mucho de ser ampliamente 

comprendido; de hecho, existe aún disputa respecto de la naturaleza y configuración de las 

especies que participan como intermedios en las diferentes vías de reacción. Hasta ahora se 

sabía que la reacción de oxidación de ácido fórmico seguía un mecanismo dual, con dos 

claras vías de reacción diferentes [14-16]:  la llamada vía directa, que implica la formación 

de un intermedio activo que luego es oxidado a CO2 a valores de potenciales menos 

positivos; y la vía indirecta, que conlleva la formación de un intermedio venenoso, 

identificado como CO [17], cuya oxidación a CO2 requiere de potenciales elevados. A 

pesar de que este mecanismo está ampliamente extendido y aceptado entre la comunidad 
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científica, recientemente se ha planteado un nuevo mecanismo de tres vías  [18],  sustentado 

por datos teóricos y experimentales  [19-21],  que viene a ampliar la propuesta hecha 

inicialmente por Capon y Parsons [14]. El mecanismo de tres vías plantea la existencia de 

una vía indirecta, que al igual que en el caso anterior, implica la formación de CO en la 

superficie electródica, el cual participa como intermedio venenoso; una vía directa, que 

pasa por la formación de un intermedio activo, cuya naturaleza y configuración aún está 

bajo fuerte discusión, y finalmente una tercera vía conocida como la vía del formiato, que 

como su nombre indica, conlleva la formación de formiato adsorbido en configuración 

“bidentada” o “puente” en la superficie electródica, el cual participa como una especie 

espectadora y/o facilitadora, debido a su dificultad para ser oxidado a CO2. Esto ha sido 

ampliamente demostrado en numerosos estudios teóricos donde se ha puesto de manifiesto 

la alta barrera energética asociada al paso del formiato adsorbido en configuración 

“puente” a CO2. 

Estudios hechos con electrodos de Pt con superficies bien definidas [Pt(hkl)] (o 

electrodos monocristalinos) muestran la dependencia de cada una de estas vías de reacción 

con la estructura superficial del electrodo [22, 23]. La diferencia de actividad entre los 

distintos planos de base (Pt(111), Pt(100) y Pt(110)) es bastante notoria. Un ejemplo claro 

se encuentra en la voltametría cíclica para la oxidación del ácido fórmico en medio ácido. 

Así, la histéresis entre los barridos positivo y negativo para el Pt(111) es muy pequeña, lo 

cual implica que este electrodo se ve muy poco afectado por la vía del intermedio 

venenoso, mientras que un comportamiento contrario se observa para el caso del Pt(100), 

donde la marcada histéresis muestra su mayor sensibilidad hacia el envenenamiento con 

CO. Las diferencias en las reactividades de estos dos planos bases señala uno de los 
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problemas claves para catalizar esta reacción: la selectividad hacia cada una de las vías 

antes mencionadas.  

Lo expuesto anteriormente muestra uno de los grandes retos que hay que enfrentar 

en la investigación de la electroxidación de ácido fórmico en superficies de Pt: suprimir la 

formación de veneno o intermedios espectadores, favoreciendo de este modo la oxidación 

a través del intermedio activo. Para ello es necesario tener un amplio conocimiento acerca 

de su mecanismo, y de la dependencia de este con la estructura y composición superficial 

de los electrodos de Pt, parámetros estos que modulan la cinética y el rendimiento de la 

reacción. 

Una vez ha quedado demostrada la importancia de la reacción de oxidación de 

ácido fórmico, debido a su uso como reacción modelo en electrocatálisis, y su posible 

aplicación en células de combustible, es fácil entender por qué se ha planteado la 

realización de este trabajo de tesis doctoral, cuyo objetivo principal es el estudio de la 

electrooxidación de ácido fórmico en electrodos de Pt, en dos niveles: El primero 

comprende un enfoque fundamental, mediante la determinación de parámetros cinéticos y 

termodinámicos usando electrodos monocristalinos para, partiendo de estos datos, plantear 

un modelo de reacción satisfactorio. Un segundo nivel de estudio que comprende la 

modificación superficial de electrodos monocristalinos o nanopartículas de Pt, a fin de 

mejorar su actividad electrocatalítica para la oxidación de ácido fórmico. Se hará especial 

énfasis en la disminución en el sobrepotencial aplicado, así como el aumento de la 

densidad de corriente para un valor de potencial dado; empleando para todo ello técnicas 

electroquímicas convencionales (voltametría cíclica, voltametría de pulso, 

cronoamperometría), así como técnicas más vanguardistas, como la microscopía 

electroquímica de barrido (SECM) [24]. 
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Consecuente con el cumplimiento de este objetivo general, el contenido de la tesis 

se ha dividido en 8 capítulos, atendiendo a los dos enfoques presentados anteriormente. La 

presentación del trabajo de tesis se hará por compendio de las publicaciones en revistas 

indexadas logradas en el desarrollo de la misma, lo que se ajusta al reglamento de la 

Universidad de Alicante. Adicionalmente, la memoria de la tesis será escrita parcialmente 

en inglés, con el fin de cumplir los requisitos necesarios para obtener el título de Doctor 

con mención internacional. Los mencionados capítulos se describen brevemente a 

continuación:  

En el capítulo 1 se muestra una introducción que pretende aportar las bases teóricas 

imprescindibles para entender los aspectos mecanísticos y aplicados de la reacción de 

oxidación de ácido fórmico en electrodos de Pt. Se presentará por tanto una revisión 

bibliográfica mostrando el estado del arte acerca del mecanismo de reacción, así como de 

los sistemas M-Pt (Pt modificado por otro metal (M)), haciendo énfasis en aquellos que 

han presentado una mayor actividad catalítica hasta ahora, y finalizando con la descripción 

de las nanopartículas de Pt con forma preferencial y su aplicación en la oxidación del ácido 

fórmico. 

En el capítulo 2 se aborda la descripción de los protocolos experimentales generales 

utilizados a lo largo de esta tesis doctoral, comenzando con algunas nociones sobre 

cristalografía de superficies, y con especial énfasis en la notación típica de las superficies 

monocristalinas (índices de Miller). En los capítulos subsiguientes se mantendrá la 

nomenclatura introducida en esta sección. La segunda parte del capítulo está dedicada a la 

descripción de las técnicas experimentales empleadas, así como las configuraciones 

experimentales utilizadas para el desarrollo de este trabajo. Finalmente, se hace también 
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una descripción de la célula electroquímica, así como de los reactivos que fueron usados a 

lo largo del desarrollo de este trabajo de tesis.  

El capítulo 3 se dedica a la presentación de los resultados derivados del estudio de 

la electrooxidación de ácido fórmico en un electrodo de Pt(111) bajo diferentes 

condiciones de pH y usando diferentes electrolitos [25]. Para este estudio se utilizó como 

herramienta fundamental la determinación de la energía de activación aparente (Ea
app) de la 

reacción en todo el rango de potenciales donde el Pt(111) presenta actividad, lo que 

permitió establecer comparaciones entre diferentes pHs y medios electrolíticos estudiados. 

El comportamiento de la Ea
app en función del pH mostró que la reacción de 

oxidación del ácido fórmico se ve favorecida con el aumento de pH. Relacionando este 

hecho con los resultados voltamétricos, en los que se aprecia un aumento claro de la 

densidad de corriente máxima de oxidación con el pH, fue posible concluir que el formiato 

en disolución tiene una participación activa en el mecanismo de la reacción, lo cual 

concuerda con los resultados obtenidos y publicados recientemente por Joo et al. [26]. 

Al estudiar el efecto de la presencia de distintos aniones sobre las energías de 

activación, se pudo observar que el anión sulfato provoca una disminución de la Ea
app en 

Pt(111), lo que implica que la adsorción del sulfato tiene un inesperado efecto positivo en 

la oxidación de ácido fórmico sobre Pt(111), sugiriendo que los aniones adsorbidos 

(espectadores) también pueden estar implicados en el mecanismo de reacción. Usando 

estos datos experimentales y relacionándolos con trabajos teóricos llevados a cabo en 

colaboración con otros grupos donde se hacen cálculos de DFT, se propone la participación 

del anión sulfato como un agente promotor de la adsorción del formiato en una 

configuración adecuada que da lugar a su oxidación total a CO2 con una menor Ea, lo que 

permite explicar satisfactoriamente los resultados experimentales obtenidos.  
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En el capítulo 4 se presenta un estudio comparado de la Ea
app de la electroxidación 

de ácido fórmico sobre los planos bases Pt(111) y Pt(100), así como sobre dos superficies 

escalonadas, a saber, Pt(544) y Pt(554), que son escalonadas del tipo Pt(s)[n(111)x(100)] y 

Pt(s)[(n-1)(111)x(110)] respectivamente [27]. Para ello se hicieron experimentos de 

voltametría de pulso a diferentes temperaturas. Obtenidas las curvas cronoamperométricas, 

estas se ajustaron a un modelo cinético planteado con anterioridad en la bibliografía [28, 

29] y se obtuvieron de este modo los valores de energía de Ea
app en todo el rango de 

potenciales para cada uno de los 4 electrodos estudiados, tal y como ya se hizo en el 

capítulo anterior para el Pt(111).  

Las diferencias encontradas en la Ea
app para los planos bases, muestra la 

sensibilidad a la estructura de la reacción de electrooxidación de ácido fórmico, 

encontrándose valores de Ea
app más bajos, a menores sobrepotenciales para el Pt(100) 

frente a los obtenidos para el Pt(111). Sin embargo, a sobrepotenciales elevados se observa 

el comportamiento contrario. Por otro lado, la energía de activación aparente en las 

superficies de Pt escalonadas muestra un comportamiento similar al del Pt(111), 

presentando valores mayores de Ea
app en casi todo el rango de potencial, lo que explica la 

influencia que tiene la densidad de escalones en la reactividad de la superficie y en la 

modulación del mecanismo de reacción, tal y como ya lo describió Grozovski et al. [28, 

29] en otra tesis doctoral del mismo grupo de investigación (Electroquímica de Superficies 

de la Universidad de Alicante). Además, se pone de manifiesto, una vez más, la 

participación del anión sulfato en el mecanismo de reacción, por cuanto la incorporación 

de estos aniones que presentan adsorción específica, provoca una disminución de la 

energía de activación en la mayoría de los casos. Por tanto, estos datos apuntan hacia un 
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efecto positivo por parte del sulfato en el mecanismo de reacción para el electrodo Pt(100), 

tal y como se describió en el capítulo 3 para el Pt(111). 

En vista de que el pH de la disolución y la adsorción específica de los aniones 

presentes en la misma, constituyen parámetros fundamentales que pueden gobernar en gran 

medida el mecanismo de reacción, parece razonable la realización de un estudio donde se 

amplíe el rango de pH a estudiar, sin que esto suponga la adición de aniones que puedan 

tener adsorción específica. Con este fin se realizó el trabajo que se presenta en el capítulo 

5, donde se estudia la cinética de la oxidación de ácido fórmico en un electrodo de Pt 

poliorientado en un rango amplio de pHs (1-14) y con aniones con diferente capacidad de 

adsorción como ClO4
-, SO4

2-, PO4
3- y Cl- [30].  

En esta parte de la tesis doctoral se pone de manifiesto como a medida que se 

aumenta el pH en un rango comprendido entre 0 y 5, las densidades de corriente de 

oxidación máximas van aumentando, con lo que una vez más se muestra con claridad la 

participación del formiato en disolución en el mecanismo de la reacción de oxidación del 

ácido fórmico. De hecho, de los resultados se desprende que esta última especie en 

disolución es la precursora del intermedio activo, tal como se ha sugerido con anterioridad 

[26, 31, 32]. Por otro lado, el estudio de la influencia del anión presente en el electrolito y 

su capacidad de adsorción sobre el Pt muestra que en medio PO4
3-, anión con adsorción 

específica sobre Pt, la relación densidad de corriente máxima vs pH presenta una forma 

gausiana, teniendo un máximo a un valor de pH igual a 3.7 que coincide con el pKa del 

ácido fórmico; al contrario de lo que ocurre en el caso del ClO4
- o SO4

2-, donde la curva 

presenta un plató y alcanza la densidad de corriente máxima de oxidación de ácido fórmico 

alrededor de pH 5. Gracias a todos estos datos experimentales fue posible plantear un 

mecanismo de reacción que puede explicar satisfactoriamente el comportamiento de la 
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densidad de corriente máxima para la oxidación de ácido fórmico a diferentes valores de 

pH, en los diferentes medios electrolíticos estudiados.  

Hasta este momento de la tesis, sólo se ha estudiado el mecanismo de reacción de la 

oxidación de ácido fórmico en electrodos de Pt sin ningún tipo de modificación superficial, 

con el objetivo de conseguir una visión amplia de la reacción, e intentar modelizar los 

comportamientos voltamétricos descritos, tal como se ha hecho en los capítulos 3, 4 y 5. 

No obstante, en el capítulo 6 se introduce una nueva variable, que es la modificación 

superficial de los electrodos monocristalinos de Pt. Concretamente, se estudia el electrodo 

de Pt(111) modificado con Bi, que es uno de los sistemas que presenta un mayor 

incremento de su actividad catalítica para la oxidación de ácido fórmico [33].  

En este caso, el electrodo de Pt(111) fue modificado con varios recubrimientos de 

Bi (Bi) y se trabajó a distintas temperaturas con el fin de determinar la energía de 

activación de la reacción de oxidación de ácido fórmico en todo el rango de potenciales, 

usando para ello el barrido de potencial en sentido positivo de la curva voltamétrica. Los 

resultados obtenidos muestran como a medida que se aumenta el recubrimiento, la energía 

de activación presenta una disminución respecto a la del electrodo de Pt sin modificar, 

especialmente a potenciales inferiores a 0.6 V vs. RHE, lo que demuestra el importante 

efecto electrocatalítico del Bi como modificador superficial [34]. Por otro lado, al 

contrastar los valores de las energías de activación obtenidos experimentalmente con 

aquellos obtenidos por cálculos de DFT, fue posible concluir que la energía de activación 

para la ruptura del enlace C-H en el formiato es realmente baja en estas condiciones. Así 

pues, los cálculos y observaciones anteriores permitieron proponer un mecanismo en el que 

se plantea como etapa inicial la adsorción de una molécula de formiato sobre el átomo de 

bismuto. Dada la baja electronegatividad de este, el formiato se adsorbe a través de uno de 



Resumen 
 

xii 
 

sus átomos de oxígeno, lo que permite una rotación libre de la molécula en el eje que 

forma el enlace C-O. En estas condiciones, la molécula se orienta con el enlace C-H hacia 

la superficie electródica, favoreciendo la adsorción del hidrógeno sobre un átomo de Pt 

adyacente, lo que facilita la formación y posterior liberación de CO2 como producto de 

oxidación. Así, la energía de activación de la ruptura de este último enlace (C-H) es, como 

se mencionó anteriormente, realmente baja y casi despreciable [33, 35]. 

En los cuatro capítulos de resultados detallados hasta ahora, se ha tratado de dar 

explicación a todos los datos experimentales obtenidos y se ha desarrollado para ello un 

mecanismo de reacción plausible para la oxidación de ácido fórmico, sin hacer especial 

énfasis en cómo mejorar la electrocatálisis del electrodo de Pt. Uno de los métodos que se 

puede usar para lograr este último fin es la modificación superficial del electrodo de Pt, ya 

sea por adsorción irreversible o por electrodeposición a bajo potencial (UPD por su 

acrónimo en inglés) de un adátomo, o también por formación de una aleación superficial. 

Así pues, en el capítulo 7 de esta tesis doctoral se detalla la modificación superficial de 

electrodos de Pt(111), Pt(100) y superficies vecinales, con Tl como adátomo, y su efecto 

en la actividad catalítica para la reacción de oxidación de ácido fórmico. En concreto, se 

intenta aportar un conocimiento fundamental que permita explicar el importante aumento 

de actividad para la oxidación de ácido fórmico, ya demostrado en nanopartículas de Pt 

modificadas con Tl [36]. Gracias a estos nuevos datos se demostró que la reacción presenta 

sensibilidad a la superficie de los electrodos modificados, siendo uno de los más activos el 

sistema Tl-Pt(100), el cual presenta una densidad de corriente normalizada máxima a 0.42 

V vs. RHE. Así mismo, la presencia de Tl provoca una disminución importante del 

potencial de inicio de la oxidación, mostrado aumentos de actividad en los barridos 

positivos de la voltametría cíclica correspondiente. Los electrodos de la serie 
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Pt(s)[n(100)x(111)] modificados con Tl presentan un comportamiento similar al del 

Pt(100). Por otro lado, para el sistema Tl-Pt(111) el cambio más significativo  corresponde 

a la disminución del potencial de inicio de la oxidación, siendo su mejora en actividad 

destacable, especialmente a bajos potenciales (< 0.40 V vs. RHE). Las observaciones 

anteriores, unidas a datos obtenidos por espectroscopia infrarroja FT-IR apuntan a que el 

Tl presenta tanto un efecto de tercer cuerpo (por cuanto suprime el envenenamiento del 

electrodo por CO) como un efecto bifuncional, evidenciado en el marcado aumento de la 

actividad para el caso del electrodo Pt(100).  

Por último, el trabajo detallado en el capítulo 8 tiene un corte más aplicado. En él se 

presenta la actividad catalítica de nanopartículas de Pt con formas preferenciales, 

modificadas superficialmente con Pb. Las nanopartículas estudiadas fueron las 111-Pt 

(octaédricas), las 100-Pt (cúbicas) y las Pt poly (esféricas). Al modificar cada uno de los 

electrodos anteriores con Pb, se observó como a medida que se aumenta el recubrimiento 

de Pb hay un incremento notable en su actividad para la oxidación de ácido fórmico. Esto 

se demostró tanto por datos voltamétricos como usando microscopía electroquímica de 

barrido (SECM) [24], mediante la cual se pudo obtener el mapa de actividades de un 

ultramicroelectrodo de Pt (diámetro = 100 µm) antes y después de ser modificado con Pb, 

observándose corrientes entre 4 y 7 veces mayores a las correspondientes al electrodo de Pt 

sin modificar. Para este experimento se usó un protocolo de trabajo introducido por 

Rodríguez-López et al. [37], y basado en la liberación de una cantidad controlada de ácido 

fórmico desde una micropipeta y su posterior colección-reacción en el electrodo que actúa 

de sustrato, en este caso Pt y Pt-Pb. En concreto, este experimento consiste en llenar una 

micropipeta (diámetro apertura ~ 15 µm) con una disolución de ácido fórmico en un 

disolvente orgánico (dicloroetano, DCE), con la que se barre la cercanía de la superficie 
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del electrodo que actúa de sustrato. Todo ello en presencia de la disolución acuosa de 

interés para la reacción de oxidación. Así pues, cuando la micropipeta se pone en contacto 

con el medio acuoso, se establece un gradiente de concentración entre el ácido fórmico del 

interior de la micropipeta y la disolución acuosa en el exterior, el cual está regido por la 

constante de reparto del ácido fórmico entre las dos fases líquidas (orgánica y acuosa). 

Esto permite la liberación de forma controlada del ácido fórmico desde el interior de la 

micropipeta hacia la disolución acuosa del exterior. De este modo, el ácido fórmico 

liberado será oxidado al encontrarse con una superficie electroactiva. Finalmente, la 

representación de la corriente del sustrato en función de la posición de la micropipeta sobre 

el plano XY permite obtener un mapa de la actividad catalítica del mismo e identificar sus 

zonas más y/o menos activas. Para el estudio de la oxidación de ácido fórmico, el 

experimento de SECM se utilizó únicamente como test preliminar para hacer una 

evaluación rápida de la modificación superficial de electrodos de Pt con Pb. Sin embargo, 

esta misma técnica se ha utilizado también como método para discernir la actividad entre 

distintos electrocatalizadores para otras reacciones, como por ejemplo la reducción de 

cloroformo sobre nanopartículas de Ag [38]. 

Por otro lado, los test de actividad catalítica convencionales llevados a cabo por 

cronoamperometría para las nanopartículas de Pt con forma superficial controlada y 

modificadas con Pb, mostraron que las nanopartículas más activas son las octaédricas 

(Pbθ/111-Pt NPs), mostrando densidades de corriente máximas de alrededor de 7 mA.cm-2, 

comparado con los 4 mA.cm-2 de las nanopartículas cúbicas (Pbθ/100-Pt NPs), ambas a un 

potencial de 0.5 V vs. RHE en una disolución de ácido fórmico 0.1 M. Las curvas 

cronoamperométricas a 0.3 V y 0.5 V vs. RHE muestran como las nanopartículas de Pt con 

forma superficial controlada y modificadas con Pb presentan una estabilidad aceptable y 
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superior a la de otros adátomos, tales como Sb o Tl, siendo su disminución de actividad 

con el tiempo entre el 10-20% para la mayoría de los casos.  

El capítulo final presenta las principales conclusiones del trabajo de tesis, haciendo 

énfasis en aquellas que se refieren a los modelos mecanísticos propuestos tanto para Pt 

como para Pt modificado por adatomos. En el caso del Pt, resaltando el efecto del anión del 

electrolito (o del mismo reactivo), ya que este participa en el mecanismo de la oxidación de 

ácido fórmico, presentando un posible efecto promotor de la adsorción del intermedio 

activo en una configuración adecuada. Por otro lado, demostrando también que el formiato 

es el precursor del intermedio activo, el cual se propone como el formiato adsorbido en una 

configuración con el enlace C-H orientado hacia la superficie electródica, esto último 

apoyado por cálculos DFT. En el caso de los electrodos de Pt modificados por adátomos, 

se describe un mecanismo similar para el sistema Bi-Pt(111), donde el formiato se adsorbe 

por uno de los átomos de oxígeno sobre el átomo de Bi. En estas condiciones, el enlace C-

O es libre en su rotación y se orienta con el enlace C-H hacia la superficie electródica, 

favoreciendo la formación de CO2 con una energía de activación despreciable. Por otro 

lado, cuando electrodos monocristalinos de Pt son modificados con Tl, este tiene un efecto 

positivo en la mejora de la actividad catalítica, disminuyendo el potencial de inicio de la 

oxidación de ácido fórmico y siendo más notorio el efecto en el Tl-Pt(100) que en Tl-

Pt(111). Estas mejoras pueden asociarse con un efecto de tercer cuerpo, que evita la 

formación de CO, así como un efecto bifuncional, que disminuye la energía de activación 

de la vía de reacción directa. Finalmente, cuando se modifican nanopartículas de Pt con 

forma controlada usando Pb como adátomo, es clara la mejora en la actividad y la 

estabilidad de los catalizadores. De hecho, la mejora absoluta en la densidad de corriente 

mostrada por Pbθ/111-Pt NPs es 2.7 y 2.3 veces aquella encontrada para otros sistemas 
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similares como el Tlθ/100-Pt NPs y Sbθ/111-Pt NPs, respectivamente. Tal aumento de 

actividad podría ser explicado por una sinergia entre un efecto de tercer cuerpo (supresión 

de la formación de CO) y un efecto bifuncional, donde el formiato es adsorbido 

inicialmente sobre el Pb, lo cual facilita su posterior oxidación sobre el Pt, pero con una 

menor barrera energética, asumiendo un mecanismo análogo al descrito en el caso del Bi-

Pt(111) [25, 35]. 
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Abstract 

 

The increasing problem of global warming provokes the appearance of new 

technologies for minimizing the emission of greenhouse gases (GHG) to the atmosphere, 

such as CO2 and CH4 [1, 2]. Among these technologies, fuel cells devices emerge as one of 

the possible solutions to mitigate this problem [3, 4]. Fuel cells are devices that can 

produce electrical energy through the electrochemical combustion of a fuel, which involves 

the direct conversion of the energy contained within chemical bonds into electrical energy. 

The maximum energetic efficiency using that direct conversion system is not limited by 

the Carnot cycle and this may exhibit a better performance than the one achieved by 

classical electrical generators. However, its energetic efficiency at present is still far from 

achieving maximum practical energetic efficiencies. 

Among all fuel cell types, one of the most developed is the proton exchange 

membrane fuel cell (PEMFC). Those cells work at low temperature (T<100ºC), and may 

use liquid fuels such as methanol, ethanol or formic acid, which present several 

advantages, such as, easy handled, high energy density per molecule and high theoretical 

output cell potential [5, 6]. 

 One of the fuels more widely studied in the last years is formic acid, especially for 

portable and small power devices [7, 8]. In addition, formic acid presents particular interest 

in electrocatalysis because its oxidation reaction only involves two electrons, no additional 

oxygen is needed to generate CO2 as a final product, and finally, it is clearly a surface 
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sensitive reaction (a very important parameter in electrocatalysis) [9]. For that reason, it is 

considered as a model oxidation reaction in electrocatalysis, providing valuable data to 

understand more complex oxidation reactions of other fuels, such as methanol or ethanol.  

 One of the most used metals in electrocatalysis is Pt, because of that, numerous 

studies can be found in the literature regarding formic acid oxidation on this metal, both at 

a fundamental and an applied level. Firstly, this doctoral thesis addresses the study of 

electrocatalysis using Pt electrodes with a specific surface structure (known as Pt single 

crystal electrodes in the literature)[10, 11], in order to elucidate the mechanism of the 

formic acid oxidation reaction. Secondly, this doctoral thesis is focussed on applications 

using shape controlled Pt and Pt modified nanoparticles, which can be used as a real 

catalysts in fuel cells [12, 13]. 

 Despite the formic acid electrooxidation reaction on Pt electrodes is in a mature 

stage, so far the reaction mechanism is not completely understood: In fact, there is 

currently a strong controversy regarding the nature and configuration of the intermediate 

species participating in the different reaction pathways. So far, it was only well established 

in the literature that formic acid oxidation reaction follows a dual path mechanism, with 

two different reaction pathways [14-16], the so called direct pathway, which involves the 

formation of an active intermediate, whose nature is under strong debate, which is oxidized 

into CO2 at low overpotentials; and the indirect pathway, which leads to the formation of a 

poisoning intermediate, identified as CO [17], which is only converted into CO2 at high 

overpotentials. In spite of the acceptance of this mechanism, recently a new three path 

mechanism comprising three possible reaction via has been set out [18]. This is supported 

by both theoretical and experimental data [19-21], and come out to extend the proposal 

initially introduced by Capon and Parsons [14]. The three path mechanism establishes the 
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existence of an indirect via, similar to the previous mechanism, implying the formation of 

CO on the electrode surface, acting as poisoning intermediate; a direct via, which goes 

through the formation of an active intermediate, whose nature and configuration is still 

under discussion; and finally, a third path known as the formate via, which assumes the 

adsorption of formate ion in a bridge bonded configuration on the electrode surface. This 

adsorbed formate acts as spectator species, because of its difficulty to be oxidized into 

CO2. The later reaction has been widely demonstrated in numerous theoretical studies 

where it was revealed the high energetic barrier associated to the conversion of bridge 

bonded formate adsorbed into CO2.  

 Some studies using Pt single crystal electrodes [Pt(hkl)] show the dependency of 

each reaction pathway with the electrode surface structure [22, 23]. A remarkable 

difference in activity is found for every basal plane, as it is evident from their 

corresponding cyclic voltammetry in acid solution. For Pt(111), the hysteresis between the 

positive and negative sweep is very low, which implies that this electrode is barely affected 

by the poisoning via. On the contrary, Pt(100) exhibits a remarkable hysteresis that 

confirms its high sensitivity towards the poisoning by CO. The large activity difference 

between this two Pt basal planes drive one of the key problems to be solved to catalyse this 

reaction: the surface selectivity towards each particular reaction pathway and, 

consequently, a specific reaction product, which would be controlled by the type of sites at 

the Pt electrode.  

 All that explained above shows one of the largest challenge regarding the research 

of formic acid electrooxidation on Pt electrodes: the decreasing or totally suppression of 

the poison (or spectator intermediate) formation, favouring the oxidation through the active 

intermediate. To achieve this goal, it is necessary to have a wide knowledge about its 
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reaction mechanism, and its dependency with the surface structure and composition of the 

Pt electrodes, which modulates the reaction kinetics.    

 Once the importance of the formic acid oxidation reaction as a model reaction in 

electrocatalysis (specially using Pt electrodes), as well as its possible application in fuel 

cells, has been demonstrated, it is easy to understand why this doctoral thesis has been 

carried out, since its main goal is study formic acid oxidation reaction on Pt electrodes 

from two different approaches. The first one involves a fundamental point of view, through 

the determination of kinetic and thermodynamic parameters, using Pt single crystal 

electrodes, whose surface structure is well defined. In this way, using the data collected, it 

is possible to propose a plausible mechanistic model. The second approach comprises the 

surface adatom modification of both Pt single crystal and Pt nanoparticles electrodes, in 

order to improve their catalytic activity towards formic acid oxidation. Special emphasis is 

put on the diminution of the overpotential applied, as well as the increasing in the current 

density. In order to evaluate  those parameters, classical electrochemical experiments 

(cyclic voltammetry, chronoamperometry, etc.) are used, as well as advanced screening 

techniques, such as scanning electrochemical microscopy (SECM) [24].  

Consequently, for achieving the main goal proposed on this doctoral thesis, the 

overall work has been divided in eight chapters according to the two main approaches 

mentioned before. This doctoral thesis will be presented by a compendium of publications 

in peer reviewed scientific journals, achieved in the development of this doctoral thesis, 

which complies with the regulations of the University of Alicante. The thesis document 

will be written partially in English, in order to fulfil all the needed requirements to obtain 

the title “International PhD” mention. The mentioned chapters are briefly described as 

follows:  
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 In chapter 1, a general introduction is shown to provide the theoretical background 

needed to understand the mechanistic aspects and some applications of the formic acid 

oxidation on Pt electrodes. It presents a literature review to show the state of the art about 

the reaction mechanism at present, as well as the M-Pt catalysts (Pt electrodes modified by 

another metal or semi-metal (M)), highlighting the most active M-Pt catalysts, to end up 

with a detailed description of shaped controlled Pt nanoparticles and its applications in a 

reaction of interest in fuel cells, such as formic acid oxidation. 

 In chapter 2, a detailed description of all experimental protocols, methodologies 

and techniques used along this thesis is presented. First of all, some basic notions of 

crystallography of surfaces are given, emphasising the nomenclature system (Miller 

Index). In subsequent chapters, this nomenclature introduced here remains unchanged. The 

second part of this chapter is focused on describing all experimental techniques and 

configurations used along this thesis work. Finally, a proper and detailed description of the 

electrochemical cells is also included, as well as a table with all the reagents formula, 

purity and supplier used in this doctoral thesis.  

 Chapter 3 describes the results obtained studying the electrooxidation of formic 

acid on Pt(111) electrode, under different pH and electrolytic conditions in solution [25]. 

In order to carry out that study, the apparent activation energy (Ea
app) of the reaction over 

all the potential range where Pt(111) presents activity is quantified, which allows to set a 

faire comparison between different pHs and electrolytic solutions.  

 The behaviour of the Ea
app as a function of pH, shows that formic acid oxidation 

reaction is favoured when the solution pH increases. Relating this fact with voltammetric 

results, in which a clear increase of the maximum current density with increasing pH 
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values is exhibited, it is concluded that formate anion in solution plays an active role in the 

reaction mechanism, which agrees with those results recently reported by Joo et al. [26]. 

 The effect of different anions in solution on the activation energy of the reaction 

shows that the presence of sulphate causes a diminution of the Ea
app, which implies that 

sulphate adsorption presents a positive effect on the formic acid oxidation on Pt(111), 

which suggests that some adsorbed anions (spectators) could play a relevant role in the 

oxidation mechanism through the active intermediate. These experimental data, in 

combination with some DFT calculations performed in collaboration with other group of 

research, allow proposing the active participation of sulphate anion as a promotor of the 

adsorption of formate in a proper configuration, leading to its complete oxidation to CO2 

and implying lower activation energy.  

 In chapter 4 is presented a comparison of the Ea
app of the formic acid oxidation on 

basal planes Pt(111) and Pt(100), as well as Pt(544) and Pt(554), which are stepped 

surfaces type Pt(s)[n(111)x(100)] and Pt(s)[(n-1)(111)x(110)], respectively [27]. Pulsed 

voltammetry experiments at different temperature values are done in order to calculate 

their corresponding activation energy. For doing that the cronoamperometric curves 

obtained are adjusted to a proper kinetic model previously described in the literature [28, 

29] in order to get the intrinsic activity (jθ=0). Then a plot of intrinsic activity at different 

temperatures allows getting the activation energy at each potential value. This is done for 

all 4 electrodes studied, as is described in the previous chapter for Pt(111) as a function of  

the solution composition. 

 The differences obtained on the Ea
app values for the basal planes, show the relevant 

surface sensitivity of formic acid oxidation reaction, evidenced in lower activation energy 

values for Pt(100), compared with those obtained for Pt(111) at low overpotentials. 
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Nevertheless, at high overpotentials, the inverse behaviour is observed. On the other hand, 

the Ea
app on the studied stepped surfaces shows a similar behaviour to Pt(111), but 

exhibiting higher energy values almost over the whole potential range, which explains the 

influence of steps density in the electrode surface reactivity, and hence in the modulation 

of the reaction mechanism, as was previously described by Grozovski et al. [28, 29] in 

another doctoral thesis from the same group of research (Surface Electrochemistry at the 

University of Alicante). Moreover, the role of the sulphate anion on the oxidation 

mechanism is revealed, since its promoting effect on the reaction is shown by a diminution 

on the Ea
app, which is especially relevant in large terraces domains. Those data point out a 

positive effect of sulphate adsorption on the oxidation reaction over Pt(100), as was 

already demonstrated in chapter 3 for Pt(111). 

 Once it has been proved that solution pH and specific anion adsorption comprise 

fundamental parameters that could strongly modulate the reaction mechanism, it seems 

reasonable to study the reaction within a broad pH range in the presence of different anions 

with specific adsorption in solution. Thus, chapter 5 presents results with this aim, where 

formic acid oxidation kinetics are studied in a polycrystalline Pt electrode over a wide pH 

range (1-14), using electrolytes with different adsorption strength (ClO4
-, SO4

2-, PO4
3- and 

Cl-) [30]. 

 The results in this chapter show the continue increasing of the maximum oxidation 

current density as the pH move from 0 to 5, which clearly shows the participation of 

formate in solution within the oxidation mechanism of formic acid. In fact, from those 

results is demonstrated that this species in solution is precursor of the active intermediate, 

as has been previously stated by different researchers [26, 31, 32]. On the other hand, the 

effect of the electrolyte anion adsorbed on the electrode surface for the case of PO4
3-, 
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which is an anion with specific adsorption, shows that the maximum current density 

plotted as a function of solution pH presents a Gaussian shape, displaying a maximum at a 

pH value of 3.7, which matches the pKa value of formic acid. On the contrary, for the cases 

of ClO4
- o SO4

2-, that curve presents a plateau, reaching a maximum current density at pH 

5. Then, a new reaction mechanism that could satisfactorily explain the behaviour of the 

maximum current density over the whole pH range and all different electrolytic solutions 

studied is proposed in this doctoral thesis by combining all experimental data obtained. 

 So far in this thesis, the mechanism of the formic acid oxidation reaction has been 

only studied on Pt electrodes (single crystal and polycrystalline) without changing its 

surface composition. This provides a global overview and makes easier to model the 

voltammetric behaviour observed, as it has been done in chapters 3, 4 and 5. However, in 

chapter 6, a new variable is introduced, which is the surface modification of Pt single 

crystal electrodes. In particular, Pt(111) modified by Bi adatoms is studied in detail, since 

represents one of the most active catalysts for formic acid oxidation [33].  

 In that case, Pt(111) electrode is modified varying the Bi coverage value (Bi) and 

the Ea
app of the formic acid oxidation at different temperatures is determined over the 

whole potential range, using only the positive sweep of the corresponding cyclic 

voltammogram. The results obtained show a diminution of the Ea
app compared with the 

unmodified Pt electrode, as the Bi coverage increases, especially at potentials below 0.6 V 

vs. RHE, which points out the relevant catalytic effect due to the Bi presence as surface 

modifier on Pt electrodes [34]. On the other hand, when comparing the experimental values 

of Ea
app with those obtained by DFT calculations was possible to conclude that the 

activation energy for the C-H bond cleavage in formate is negligible in those conditions. 

Then, those previous calculations and observations allow proposing a reaction mechanism 
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in which the initial reaction step corresponds to the formate molecule adsorption on the Bi 

atom. Thanks to the low electronegativity of Bi, the formate is adsorbed on it through one 

of the oxygen atoms, which allows free rotation of the molecule along the C-O bond. In 

such conditions, the molecule is oriented with the C-H bond towards the surface of the 

electrode, which favours the hydrogen adsorption over an adjacent free Pt atom and 

facilitates the formation and subsequent release of CO2 as a final oxidation product. Thus, 

the activation energy for the C-H bond cleavage is, as mentioned previously, really low 

and almost negligible [33, 35].   

 So far, all four previous chapters about results try to give some mechanistic 

explanation to the results obtained, developing a plausible reaction mechanism for formic 

acid oxidation on model surfaces, without searching to improve the activity 

(electrocatalysis) of Pt electrodes. However, this is also a relevant goal in this doctoral 

thesis. Thus, one of the methods used to achieve the latter is the surface modification of Pt 

electrodes, either by irreversible adsorption or under potential deposition (UPD) of an 

adatom as well as by the formation of a surface alloy. For this reason, in chapter 7, the 

surface modification of Pt(111), Pt(100) and vicinal surfaces with Tl is performed in order 

to study its electrocatalytic effect over the formic acid oxidation reaction. In particular, this 

study on model Pt surfaces tries  to provide fundamental knowledge to understand the 

recently reported enhancement on formic acid oxidation activity exhibited by  thallium (Tl) 

modified Pt nanoparticles (NPs) [36]. Thanks to this new fundamental data, it is 

demonstrated in this doctoral thesis that the reaction presents surface sensitivity to the 

modified electrodes, being Tl-Pt(100),  the most active  catalyst , whose maximum 

normalized current is achieved at 0.42 V. Likewise, the presence of Tl provokes an 

important diminution of the oxidation onset potential, enhancing the catalytic activity in 
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the positive sweep of the corresponding cyclic voltammogram. Furthermore, the electrodes 

belonging to the series Pt(s)[n(100)x(111)] modified by Tl, present a similar behaviour to 

the one displayed by the basal plane Pt(100). On the other hand, for the catalyst Tl-Pt(111), 

the most significant change in comparison with non-modified Pt is the diminution on the 

onset potential of the oxidation, being its activity enhancement especially remarkable, at 

low overpotentials (<0.40 V vs RHE). Some Fourier transformed infrared radiation 

experiments (FT-IR), joined to the previous observations, support the idea that Tl role is 

based on  both effects, a third body effect (by supressing the poisoning of the electrode by 

CO) and an bifunctional effect, evidenced in a remarkable enhancement of the activity on 

Pt(100).  

 Finally, chapter 8 presents a more applied work, since it is devoted to study the 

catalytic activity of shape controlled Pt nanoparticles, modified by lead (Pb). In particular, 

111-Pt NPs (octahedral), 100-Pt NPs (cubic) and Pt polycrystalline NPs (spherical) are 

studied. When modifying all 3 types of Pt NPs with Pb is observed an important 

enhancement on the activity of formic acid oxidation as the Pb coverage increases. This is 

demonstrated by cyclic voltammetry as well as scanning electrochemical microscopy 

(SECM) [24]. This local technique provides a map of catalytic activity for a Pt 

ultramicroelectrode (100 μm of diameter) before and after being modified by Pb, which 

provides currents between 4 and 7 times larger than the one exhibited by the unmodified Pt 

electrode. To perform this SECM experiment, an experimental protocol introduced by 

Rodríguez-López et al. [37] is used. This is based in the controlled release of formic acid 

from a micropipette to the substrate, and its subsequent reaction-collection on the substrate 

electrode (in this case Pt and Pt-Pb electrodes). In particular, this experiment consists in 

filling a micropipette (open diameter ~ 15 µm) with a solution of formic acid in an organic 
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solvent (dichloroethane, DCE), in which formic acid is partially soluble, and uses this 

micropipette to release a controlled amount of formic acid meanwhile scans the surface of 

the electrode acting as a substrate. Moreover, the substrate is immersed in an aqueous 

solution of interest for the formic acid oxidation reaction. Thus, when the micropipette is in 

contact with the aqueous solution of interest, a concentration gradient of formic acid is 

stablished between the inner and the outer solutions. Such a gradient is governed by the 

partition coefficient of the formic acid in both media (aqueous and organic), and allows the 

controlled release of formic acid from the micropipette to the outside solution, which is 

initially free of formic acid. Once formic acid is delivered in the aqueous solution, it is 

only oxidized when reaches an electroactive surface (active spot). Finally, the 

representation of the substrate current as a function of the micropipette position in the XY 

plane allows getting a map of the substrate catalytic activity and identifying its active and 

inactive zones. In the case of formic acid oxidation, the SECM experiment is only used as 

a prelaminary test to evaluate, in a fast way, the effect of the surface modification on Pt 

electrodes by Pb adatoms. However, SECM has been also used as a screening technique 

for an array of several nanoparticles catalysts. For instance, the chloroform reduction on 

different types of Ag nanoparticles has been already studied using SECM [38]. 

 On the other hand, the catalytic activity evaluation of shape controlled Pt NPs 

modified by Pb is performed by chronoamperometry, which points out that the most active 

nanoparticles are the octahedral ones (Pbθ/111-Pt NPs), achieving a maximum current 

density of 7 mA.cm-2, compared with 4 mA.cm-2 for the Pbθ/100-Pt NPs, in both cases at 

0.5 V vs RHE in a 0.1 M formic acid solution. Chronoamperometric curves at 0.3 and 0.5 

V show high stability for the Pb-Pt NPs catalyst, particularly at maximum Pb coverage, 
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where the diminution in activity after 600 s remains low (10-20 %). This stability is 

superior than that reported in the literature for Sb or Tl modified shape controlled Pt NPs.  

 The final chapter of this doctoral thesis presents the most remarkable conclusions 

achieved, emphasizing those referred to the mechanistic models proposed for both, Pt and 

Pt modified by adatoms electrodes. In the case of Pt electrodes, highlighting the effect of 

the electrolytic solution anion (or formate), since that spectator adsorption displays an 

active role in the oxidation mechanism by promoting the adsorption of the active 

intermediate in a proper configuration, which facilitates the complete oxidation of formic 

acid into CO2. On the other hand, it is also demonstrated that formate in solution is the 

precursor of the active intermediate species, which is proposed as formate adsorbed in a 

configuration with its C-H bond towards the electrode surface. This is also supported by 

DFT calculations. In the case of Pt electrodes modified by adatoms, it is described a 

similar mechanism for the catalyst Bi-Pt(111), where formate is adsorbed on the Bi atom 

by one of its oxygen atoms. In such conditions, the C-O bond is free to rotate along its 

axis, allowing the C-H bond to be pointed towards the electrode surface, favouring the CO2 

formation with negligible activation energy. On the other hand, when Pt single crystal 

electrodes are modified by Tl, this adatom presents a positive effect by enhancing the 

catalytic activity and decreasing the formic acid oxidation onset potential. This effect is 

more evident in Tl-Pt(100) than on Tl-Pt(111) electrodes. Such behaviour is due to a third 

body effect, which avoids the formation of CO, preventing the electrode blockage and a 

simultaneous bifunctional effect, which decreases the activation energy of the direct 

reaction pathway. Finally, it is demonstrated a clear improvement in the catalytic activity 

and stability of shape controlled Pt NPs, when they are modified by Pb adatoms. In fact, 

the absolute enhancement in the current density exhibited by Pbθ/111-Pt NPs is 2.7 and 2.3 
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times larger than that found in the literature for similar catalysts as Tlθ/100-Pt NPs y 

Sbθ/111-Pt NPs, respectively. Such an improvement may be explained by a synergy of the 

third body effect (suppression of CO formation), and the bifunctional effect, where the 

formate is adsorbed initially on the Pb adatom, which favours the subsequent oxidation of 

formate with a lower activation energy, showing a similar mechanism than the one 

described for Bi-Pt(111) [25, 35]. 
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English acronyms used in this thesis 

 

Acronyms Meaning 

AES Auger Electron Spectroscopy 

ATR-SEIRAS Surface Enhanced Infrared Reflectance Absorption Spectroscopy in 

an Attenuated Total Reflection 

CV Cyclic Voltammetry 

DEMS Differential Electrochemical Mass Spectrometry 

DFAFC Direct Formic Acid Fuel Cell 

DLFC Direct Liquid Fuel Cell 

EMIRS Electrochemically Modulated Infrared Reflectance Spectroscopy 

EOR Ethanol Oxidation Reaction 

FAOR Formic Acid Oxidation Reaction 

FTIR Fourier Transformed Infrared  

HER Hydrogen Evolution Reaction 

HOR Hydrogen Oxidation Reaction 

ICE Internal Combustion Engine 

L-H Langmuir-Hinshelwood Mechanism 

LEED Low Energy Electron Diffraction 

MCFC Molten Carbonate Fuel Cell 

MD-SC Micropipette Delivery Substrate Collection 

MOR Methanol Oxidation Reaction 

NPs Nanoparticles 

OCP Open Circuit Potential 

ORR Oxygen Reduction Reaction 

PAFC Phosphoric Acid Fuel Cell 

PEMFC Polymer Electrolyte Membrane Fuel Cell 

PMG Precious Metal Group 
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PZTC Potential of Zero Total Charge 

RDE Rotating Disk Electrode 

RDS Rate Determining Step 

RHE Reversible Hydrogen Electrode 

SECM Scanning Electrochemical Microscopy 

SG-TC Substrate Generation Tip Collection 

SOFC Solid Oxide Fuel Cell 

SOMs Small Organic Molecules 

TG-SC Tip Generation Substrate Collection 

UHV Ultra-High Vacuum 

UME UltraMicroelectrode 

UPD Under Potential Deposition 
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1. Introduction 

1.1. Development of surface electrochemistry  

Electrochemistry is the part of chemistry concerned with the interrelations of electrical 

and chemical effects [1]. A large part of this field deals with the study of chemical changes 

driven by an electrical current, and the production of electrical energy from chemical 

reactions [1, 2]. In most cases, electrochemical processes involve the study of charge 

transfer (electrons or ions) reactions, taking place through an interphase. For that reason, it 

is highly important to know the relevant processes at the interphase, and how they are 

affected by an electrical driving force (potential). Thus, the study of the interphases 

represents a fundamental research area of this science. 

The most common interphase in Electrochemistry, for its numerous applications at an 

industrial level, is the solid-liquid interphase. One of the phases is usually a metal 

conductor known as electrode (electronic conductor), while the other phase contains an 

electrolytic solution (ionic conductor). Thus, most electrochemical processes are 

heterogeneous in nature, and the interphase is the place where the most relevant events 

occur. Figure 1.1 represents a typical electrochemical system.  

 
Figure 1.1. Spatial structure of an electrochemical system adapted from [3]. 
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Electrode reactions such as de hydrogen evolution reaction (HER),  

ାܪ2 ൅ 2݁ି ሱۛ ۛۛ ሮ  ଶሺ௚ሻ Eq. 1.1ܪ

or the plating of copper, 

ଶାݑܥ ൅ 2݁ି ሱۛ ۛۛ ሮ  Eq. 1.2 ݑܥ

or the formic acid oxidation reaction (FAOR),  

	ܪܱܱܥܪ
															
ሱۛ ۛۛ ሮ ଶܱܥ	 ൅ ଶܱܪ ൅ 2݁ି Eq. 1.3 

can only take place at the interphase between the electrode and the electrolytic solution. 

The important point is that the electrode can only affect or sense the part of the solution in 

immediate contact with itself. For instance, no formic acid molecules can be oxidized if 

they are not located at the interphase. In fact, electrode reactions tend to change the 

composition in the nearby solution (diffusion layer), which will be different from that 

located further away (bulk). The latter statement is true because, in order to produce the 

electrochemical reaction, an electron transfer is required, and this process can only take 

place through the interphase. 

According to the nature of the changes produced in the species upon the electron 

transfer, the electrochemical reactions, which belong to the heterogeneous chemical 

reactions, can be classified in two main types: outer-sphere and inner-sphere 

electrochemical reactions (Figure 1.2). The outer-sphere electrochemical reactions are 

those where the reactants, products, and/or intermediates do not interact strongly with the 

electrode material and the electron transfer occurs by tunneling across at least a monolayer 

of solvent. On the other hand, in the inner-sphere electrochemical reaction, there is a strong 

interaction of reactants, products and/or intermediates with the electrode surface [4]. Thus, 
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in an electrochemical inner-sphere reaction (electrocatalytic reaction), the reactants, 

intermediates, or products are often specifically adsorbed on the electrode surface in at 

least one of the reaction steps. This necessarily means that the reaction path and thus, the 

product selectivity would depend on the composition and the surface structure of the 

electrode.  

 

Figure 1.2. Schematic illustration of inner-sphere (IHP region) and outer-sphere (OHP region) electron 

transfer reaction mechanisms. Taken from [5]. 

Almost all the interesting reactions from an applied point of view are inner-sphere 

reactions, and as aforementioned, all these reactions are, necessarily, surface sensitive, 

since at some point in their reaction pathway appears the adsorption-desorption of species 

on the electrode surface. If the adsorption process leads to a diminution of the activation 

energy (see Figure 1.3) the electrode will have an electrocatalytic effect on the reaction. 

Further electrocatalysis can be achieved by modifying the electrode surface either in 

composition, or in structure, since those two parameters control the strength of the 

interaction between the adsorbed molecule and the electrode surface. Additionally, reaction 



Introduction 

 

8 

paths that are energetically inaccessible in homogeneous catalysis become accessible at the 

metal-solution interface [4] thanks to the electrocatalytic effect, bringing some valuable 

information that can be eventually used for the development of better catalytic materials 

for industrial applications.  

(a) (b) 

  

Figure 1.3. (a) Scheme representative of a surface reaction with some adsorption steps. (b) Energetic profile 

of an outer-sphere reaction (red line) and inner sphere reaction (blue line) [6]. 

Due to the relevance of heterogeneous gas-phase chemical reactions at industrial level, 

a large number of techniques that allow the study of the solid-gas interphase at a high 

precision level were developed starting in the 50s [7-9]. They are known as ultra-high 

vacuum (UHV) techniques, due to the requirements of UHV conditions for these studies. 

Some examples could be using low energy electron diffraction (LEED) to assess the 

surface order or Auger electron spectroscopy (AES) to check surface cleanliness. Despite 

being a good approach for characterization of reactions in the solid-gas interphase, its 

application to study electrochemical processes seems to be limited to those not being 

affected by the emersion of the electrode from the solution to the UHV environment. Thus, 

some years later, a series of novel techniques that allow the study of reactions at the solid-
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liquid interphase appeared, enabling the use of electrochemical conditions, making 

possible to study the surface electron transfer processes. This approach must include not 

only the interactions between the electrode and the reactant, intermediate and product 

species, but also the interactions of water and ions from the supporting electrolyte with the 

electrode and the adsorbed species. Moreover, the complex dependence of all these 

interactions with the applied potential should be established. Thus, in order to get a specific 

characterization of those systems, a perfect characterization of the surface structure of the 

electrode is required as an initial condition. The use of surfaces with defined 

crystallographic structures, as was done previously in UHV studies [8-10], appears as a 

suitable way to control the electrode surface structure. In this respect, experiments with 

single-crystal electrodes have the advantage of a defined nominal atomic density and 

thanks to this fact, a relationship between the charge density transferred in a given process 

and the atomic density at the electrode can be perfectly established. Additionally, because 

of the very strict control of surface properties, the results of experiments (such as those 

related to reactivity) are valid, not only with respect to reaction kinetics but also regarding 

fundamental double-layer thermodynamic parameters. Nevertheless, it was not until 1981, 

when J. Clavilier et al. published their work about preparation and cleaning of platinum 

single crystals, Pt(hkl) [11-14], when the studies of surface electrochemistry using model 

single crystal electrodes became possible. In these works, it was demonstrated that in order 

to make reproducible studies, it is not only important to have electrodes whose surface 

structure is well-characterized and well-defined from a crystallographic point of view, but 

also cleaned by the flame annealing method [12]. Thus, controlling the preparation and 

cleaning conditions of the single crystal electrodes with high precision became, then, in 

key steps for the future development of surface electrochemistry. Thanks to the 

understanding of model systems, like Pt(hkl) at a fundamental level, new information about 
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key kinetic parameters of important electrocatalytic reactions, such as, formic acid (FAOR) 

[15, 16] and ethanol oxidations (EOR) [17, 18], or oxygen reduction reactions (ORR) [19-

21], have been reported and some relevant improvements in activity and durability for 

those electrocatalytic reactions have been already achieved.  

The great advance reached in the 80s, opened new and exciting opportunities to 

develop, in a rational way, the electrocatalysis research, which involves the catalysis of a 

specific reaction taking place in a metallic-solution interphase, subjected to an electrical 

potential. With this picture in mind, is reasonable to expect that very important areas like 

fuel cell or batteries research have taken advantage of this new knowledge spectrum, 

achieving some spectacular advances in the last 30 years. In fact, nowadays some fuel cells 

prototypes are being commercialized, especially for the transportation field. For instance, 

in 2015 two fuel cell vehicles have been introduced for commercial lease and sale in 

limited quantities: the Toyota Mirai and the Hyundai ix35 FCEV. Additional demonstration 

models include the Honda FCX Clarity, and Mercedes-Benz F-Cell [22].  

 

1.2. Background in fuel cells  

A fuel cell is an electrochemical device, which can continuously and directly convert 

the chemical energy of a fuel and an oxidant into electrical energy, by a process involving 

essentially, electrode-electrolyte systems [23, 24] based on electrocatalytic reactions. The 

great advantage of fuel cells in transportation systems compared with conventional internal 

combustion engine (ICE) generators lies in the theoretical efficiency in the energy 

conversion, which is not limited by the Carnot cycle. For instance, current phosphoric acid 

fuel cells (PAFC) offer 42% conversion efficiency, whereas, it is predicted that molten 
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carbonate fuel cells (MCFC) may achieve electrical efficiencies as high as 60%. In 

contrast, only about 14% - 30% of the energy from the fuel is effectively used in ICE [25]. 

Additionally, since fuel cells contain fewer moving parts, they have higher reliability than 

ICE generators.  

Fuel cells are different from batteries. In fact, fuel cells require a continuous source of 

fuel to sustain the chemical reaction, whereas in a battery the chemical species react with 

each other within the electrode-electrolyte interphase to generate energy in a closed 

system, until all the reactants are consumed. For the rechargeable batteries, the reactants 

can be regenerated when electrical energy is supplied to the device so that the opposite 

reaction occurs, which is not the case in fuel cells. In contrast, fuel cells can produce 

electricity continuously as long as these inputs are supplied; moreover, fuel cells are 

generally considered as viable candidates to replace batteries in portable power devices, 

due to the fast capability of refueling, allowing 24/7 operation. 

A typical fuel cell (see Figure 1.4a) consists of an anode compartment, where the 

oxidation of the fuel takes place, a cathode side, for the reduction of the oxidant (typically 

oxygen), and a separator (often a membrane), which separates the two compartment 

avoiding the direct combination of reactants or products. 

There are several types of fuel cells that can be classified depending on the working 

temperature as follow: 

 

 Proton exchange membrane fuel cells (PEMFCs) and alkaline fuel cells 

(AFCs): They are low temperature fuel cells (T < 100 ºC) whose main feature 
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is the separation of the anode and cathode compartments by a proton exchange 

membrane (typically Nafion® membranes), which act as electrolyte and allows 

proton transport. PEMFCs represent one of the most developed and 

investigated types of fuel cells for applications in transportation and small 

power supply. Hydrogen-oxygen and hydrogen-air fuel cells or direct liquid 

fuel cells (DLFCs) represent typical examples under development at this 

moment (Figure 1.4b) [26].  

 

 Phosphoric acid fuel cells (PAFCs): They are intermediate temperature fuel 

cells, since they commonly work in temperatures ranging from 150 to 200 ºC. 

This temperature will cause energy loss if the heat is not removed and used 

properly. In these cells phosphoric acid is used as electrolyte, in which protons 

are charge carriers in the electrolyte. PAFCs are mainly used for stationary 

energy production [27]. 

 

 Solid oxide fuel cells (SOFCs) and molten carbonate fuel cells (MCFCs): 

They are cells that are able to work at high temperatures. SOFCs working at 

temperatures about 1000 ºC, and the MCFCs using carbonate salts as 

electrolyte, and operating at about 650 ºC [28].  

 

In spite of the promising solution that represents fuel cells to produce electrical 

energy, its application at the moment is still overshadowed by a low efficiency and high 

cost. Among others, anode fuel type and electrocatalyst selection are key factors for getting 

high overall efficiencies and power densities. For instance, hydrogen fuel is capable to 
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produce high energy efficiencies, but presents as a drawback the absence of natural sources 

of hydrogen, and its subsequent storage. For this reason, new alternative liquid fuels such 

as, formic acid, methanol, ethanol or formaldehyde have emerged. In particular, DLFCs 

have the advantage of easy transport and handling of the fuel, but typically suffer from 

lower energy efficiencies compared with the hydrogen one and high fuel crossover by the 

membrane, which results in a loss of efficiency at the fuel cell.  

Among the different types of DLFC, direct formic acid fuel cells (DFAFC) overcomes 

most of the issues of DLFCs, having low fuel crossover, low toxicity and a reasonable 

power density at low temperature [29-31]. Table 1.1 compares the main thermodynamic 

values of some DLFCs and the H2/O2 fuel cell. For instance, the volumetric energy density 

for formic acid (2104 Wh L-1) is low as compared to methanol (4900 Wh L-1). However, 

this deficiency in DFAFCs is compensated by a minimum crossover of formic acid through 

the Nafion® membrane, allowing high fuel concentrations in solution, between 5 and 12 M 

of formic acid [32, 33]. Additionally, the theoretical open circuit potential (OCP) is 1.48 V, 

compared to 1.23 V for hydrogen or 1.21 V for methanol fuel cells. All these 

characteristics make DFAFC a valuable candidate for energy supply in portable devices 

[30, 31]. 



Introduction 

 

14 

(a) 

 

(b) 

 

Figure 1.4. (a) A fuel cell showing the continuous supply of reactants (hydrogen at the anode and oxygen at 

the cathode) and redox reactions in the cell. Taken from [34]. The oxidation reaction takes place at the anode 

(+) and involves the liberation of electrons (H2 = 2H++ 2e-). These electrons travel round the external circuit 

producing electrical energy by means of the external load, and arrive at the cathode (-) to participate in the 

reduction reaction (1/2 O2 + 2H+ + 2e- = H2O). (b) Different types of fuel cells. The reaction products are 

formed at the anode for SOFC, MCFC and AFC types, and at the cathode for PAFC and PEMFC types. This 

difference has implications for the design of the entire fuel-cell system, including pumps and heat 

exchangers. For instance, to maintain the composition of the electrolyte component in the MCFC system, 

CO2 has to be recirculated from the anode exhaust to the cathode input. Taken from [35]. 
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Other important aspect concerning the fuel cell efficiency is the nature of the electrode 

(electrocatalyst). Platinum (Pt) (and its alloys) has been extensively used in PEMFC, since 

it is one of the most active pure metal not just for hydrogen oxidation reaction (HOR), but 

also for the oxidation of small organic molecules (SOMs) with one or two carbon 

atoms(C1 or C2). For this reason, platinum is one of the most studied precious metals in 

electrocatalysis. The main target for the electrocatalyst in the anode is to produce the most 

oxidised species (CO2 or H+ depending on the fuel), with the highest current density and at 

the lowest overpotential. Thus, such a process involves the break and formation of 

different carbon bonds when SOMs are used as a fuel, and this would be preceded by 

adsorption/desorption processes, as was aforementioned when electrocatalysis was defined. 

The strength and extension of those adsorption/desorption reaction steps would be directly 

related with the surface structure and composition of the electrode. A general mechanism 

for the SOMs oxidation (having a single carbon atom) on Pt, have been proposed earlier 

(Scheme 1.1) [36-40].  

 

Scheme 1.1. General mechanism for small organic molecules oxidation C1 type[41]. 

 

According to this, the reactant initially gets adsorbed on the electrode surface by the 

carbon atom, losing a hydrogen atom in the process, to form an intermediate which evolves 

to yield the active intermediate (AI). At this point, the intermediate can be oxidize directly 

into CO2, involving water adsorbed molecules, or eventually can be decomposed to 

produce a poisoning intermediate (PI), generally CO, which is a low reactivity compound 
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strongly adsorbed on the Pt surface. Moreover, the PI can be formed directly from the 

initial adsorbed molecule depending on the interaction between the electrode surface and 

the reactant. A general scheme of the process is represented in Scheme 1.1. 

Table 1.1. Theoretical thermodynamics values at 25ºC for different fuel cells. 

Fuel Reaction 
૙ࡳ∆

૚ି࢒࢕࢓.࢒ࢇࢉࡷ
 

૙ࡱ

ࢂ
 Fuel Cell 

Formic acid ܪܱܱܥܪ ൅ 1
2ൗ ܱଶ

			
ሱۛ ሮ ଶܱܥ ൅  ଶܱ -68.2 1.48 DFAFCsܪ

Methanol ܪܥଷܱܪ ൅ 3
2ൗ ܱଶ

					
ሱۛ ሮ ଶܱܥ ൅  ଶܱ -166.77 1.21 DMFCsܪ2

Formaldehyde ܪܥଶܱ ൅ ܱଶ
										
ሱۛ ሮ ଶܱܥ ൅   ଶܱ -124.7 1.35ܪ

Hydrogen ܪଶ ൅ 1
2ൗ ܱଶ

	
ሱۛ ሮ  ଶܱ -56.69 1.23 PEMFCsܪ

 

Formic acid represents one of the most promising fuels in DLFCs, and also platinum is 

the anodic electrocatalyst conventionally used in this kind of devices. For this reason, the 

study of FAOR on platinum electrodes is the main goal of this thesis being one of the main 

targets to make some insight into the reaction mechanism, in order to use this knowledge to 

design and produce better and more efficient electrocatalysts.  

 

1.3. Formic acid electrooxidation reaction 

FAOR is one of the most studied reactions in electrocatalysis, given that its oxidation 

process only involves two electrons, it is not needed additional oxygen to produce CO2, 

and finally, it is a reaction clearly sensitive to the surface structure of the electrocatalyst. 

For this reason, it is usually considered as a suitable model reaction for the oxidation of 
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SOMs. On the other hand, formic acid has been proposed as a possible fuel for fuel cells in 

portables and small power devices, another reason to stimulate its study [30, 31, 42].  

 

Figure 1.5. An overview of formic acid research in electrochemistry, from understanding the 

mechanistic origin of electro-oxidation to applications in fuel cells. Taken from [29]. 

 

The interest in formic acid research is shown in Figure 1.5, emphasizing that since 

2000´s have had a strong attempt to develop DFAFCs as a portable power source, taking 

advantage of the activity and stability presented by the modified Pt anodes [29]. Formic 

acid has the same oxidation valency as CO; both require two electrons for complete 

oxidation to CO2 [43], however, when comparing with CO, the reaction mechanism of 

FAOR is more complex although its elecrocatalysis is simpler. Actually, FAOR onset 

potential is as low as 0.2 V vs. RHE in Pt electrodes. For this reason, FAOR has been 

already widely studied using different types of Pt electrodes from single crystal to 

nanoparticles electrodes [44].  
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1.3.1. General mechanism for the formic acid oxidation reaction. CO as 

poisoning intermediate 

To try to enhance the activity of any catalyst for a specific reaction is very important 

to understand in a deep way such a reaction mechanism. Since most of the electrochemical 

reactions imply some adsorption steps, is reasonable to think about different possible 

reaction pathways to justify the whole FAOR. In this sense, the first step towards 

unravelling its mechanism is the identification of the PI (Scheme 1.1). Initially, several 

candidates were proposed, namely CO, COH and CHO, but the only one identified by 

electrochemical and spectroscopic techniques was CO. In fact, using techniques as 

electrochemically modulated infrared reflectance spectroscopy (EMIRS) and fourier 

transformed infrared (FTIR) spectroscopy, Kunimatsu et al. [45] identified CO as PI and 

demonstrated that the linear CO is the predominant intermediate species detected in the 

FAOR on Pt. Since CO oxidation to CO2 on Pt takes place at significant rates only above 

0.6 V vs. RHE, CO could be detected by IR spectroscopy at potentials as low as 0.2 V vs. 

RHE. Later, using differential electrochemical mass spectrometry (DEMS) was possible to 

unequivocally identify CO as the PI, and not acting as an active intermediate.  

In that experiment (Figure 1.6), the Pt electrode was immersed into a H13COOH 

solution. After the 13CO is spontaneously formed at the Pt surface, the electrode was taken 

into a new solution containing H12COOH. While running a CV, the formation of CO2 was 

followed using DEMS (see Figure 1.6). In this case, it was possible to detect that the 12CO2 

formation preceded the 13CO2, which indicated the presence of an AI, different from the 

CO [46, 47]. Those experiments not only demonstrated that CO is the PI, but also 

confirmed the existence of a parallel reaction pathway yielding CO2 as a common product 

in the whole mechanism. 
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Figure 1.6. Oxidation of 0.01 M H12COOH in 0.5 M H2SO4 on a polycrystalline electrode pre-covered 

with 13CO. (a) Voltammetric currents. (b) Mass signals for 12CO2 (m/e = 44) and 13CO2 (m/e = 45). 

(Reproduced from[46]). 

 

Later, Clavilier et al. [48] showed that the quantity and fraction of Pt blocked surface 

by CO, depends on the surface structure of the electrode, and some ensemble effects 

prevent the formation of CO layer that blocks completely the surface. This was confirmed 

later by Llorca et al. [49] who demonstrated the requirement of a minimum amount of free 
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and contiguous Pt sites to allow the CO formation from spontaneous formic acid 

dehydratation.  

Summarizing, the formation and reaction of the PI can be written in two steps as 

follow:  

ܪܱܱܥܪ ൅ ∗ݐܲ 	
														
ሱۛ ۛۛ ۛሮ ௔ௗ௦ܱܥ	 ൅ ଶܱ௔ௗ௦ܪ ሱۛ ۛۛ ሮۛ ଶܱܥ ൅ ାܪ2 ൅ 2݁ି ൅  Eq. 1.4 ∗ݐܲ

The first part of the reaction described in equation 4 is the decomposition of the formic 

acid, yielding CO and water (dehydratation reaction). This step is a chemical reaction, and 

no electrons are involved in this process; also the reaction takes place at open circuit 

potential. The second part involves the CO oxidation by the Langmuir-Hinshelwood (L-H) 

mechanism [50], which has been extensively studied [51-56]. 

Finally, the above pathway shows one of the main persisting problems for using 

formic acid in fuel cells: the poisoning of the electrode, which has as a consequence the 

deactivation of the electrocatalyst. This problem needs to be overcome to successfully 

improve the efficiency in DFAFC.  

 

1.3.2. The active intermediate dilemma 

Initially, adsorbed species such as –COH or CHO [57], -COOH [17, 58] and formate 

(HCOOads) [59, 60] were suggested as AI (see figure 1.8), mainly based on electrochemical 

and in situ FTIR experiments. Nevertheless, most of these studies had the problem of using 

external reflection configuration, making difficult to eliminate some by-product 

interferences. It was not until Osawa et al. successfully performed some ATR-SEIRAS 

[59, 60] experiments where the presence of formate in a bridge bonded configuration (b-
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HCOOads) species was clearly observed and it was proposed as the AI (initially identified 

by Miki et al. [61]). They also found a qualitative correlation between the observed 

reactivity for FAOR and the amount of b-HCOOads obtained from the spectroscopic data 

[60]. 

By the previous experimental facts, it can be demonstrated that FAOR has two 

different reaction pathways: one of them (direct pathway) implies the adsorption of an AI, 

presumably b-HCOOads. Then, this is oxidized into CO2. The other reaction pathway 

involves the CO formation (indirect pathway) on the electrode surface through irreversible 

dissociation of formic acid, and its subsequent oxidation into CO2 at higher potentials 

(aforementioned). A representation of the process is shown in Scheme 1.2.  

 

Scheme 1.2. Dual path mechanism for formic acid oxidation on Pt electrodes. 

 

The previous dual path mechanism agrees with the earlier observations made by 

Capon and Parsons [36-39], who were the first one to propose this kind of mechanism in 

FAOR on Pt electrodes.  

Despite b-HCOOads was considered to be the AI species in subsequent contributions 

[62-65], in other reports this species was considered, conversely, as a site-blocking 

spectator reactive, and the oxidation was proposed to proceed via a weakly adsorbed 

formic acid molecule (w-HCOOHads) [66-70]. Although these authors also identified 
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adsorbed formate, they argued that the calculated amount of CO2 coming from the 

oxidation of b-HCOOads would not be able to justify the total amount of CO2 produced 

during FAOR. For this reason, they proposed a third pathway, called the formate pathway. 

Scheme 1.3 illustrates the triple pathway for formic acid oxidation, proposed by Chen et al. 

[66]. 

 

Scheme 1.3. Schematic description of the “triple pathway” reaction mechanism for formic acid oxidation 

as proposed in reference [66]. 

In this new scheme, the direct pathway implies the dehydrogenation of w-HCOOHads, 

whereas b-HCOOads belong to the third pathway (formate pathway) and acts as a spectator 

species. 

Nowadays, the nature and role of the AI are still under debate [69, 71] and more 

insights are required to clarify these mechanistic considerations. In this sense, some 

theoretical studies have been devoted to understand the system in an extensible way. For 

instance, Neurock et al. [72] showed that the C-H breaking might lead the formation of the 

AI through the direct pathway, while b-HCOOads is just a spectator, supporting 

experiments by Chen et al. These authors also found that applied potential has little effect 

on the barriers of b-HCOOads oxidation, but significantly influence on CO oxidation. Those 
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theoretical calculations demonstrated that once b-HCOOads is formed, its oxidation is 

energetically not favoured. Later, Wang and Liu [73] used continuum solvation approaches 

to model the Pt/H2O interface, and proposed that a weakly adsorbed HCOOH with its C-H 

bond in a “down” configuration (w-HCOOHC-H down) is the AI. Their results also suggested 

that applied potentials have minor effects on w-HCOOHads oxidation barriers. In contrast, 

Gao et al. [74] concluded that FAOR on platinum proceeds via a formate pathway having 

b-HCOOads as intermediate and a direct pathway from HCOOHads via a highly transient 

CO2 intermediate, in agreement with the mechanism proposed by Chen et al. (see Scheme 

1.3). In addition, they proposed that the presence of other adsorbed species (COad, OHad or 

anions) may be also important, since such co-adsorbates might additionally influence the 

reaction mechanism.  

More recently, some new FAOR experiments using polycrystalline platinum have 

shown that weakly adsorbed formate (w-HCOOads) and not w-HCOOHads may be the AI. In 

those experiments, the pH effect has been evaluated, showing that the current is 

proportional with the pH increasing (formate concentration increasing) [75, 76]. Those 

results are also supported by a similar conclusion achieved by Brimaud et al. [77].  

Until now there are two main proposals regarding the AI dilemma. One of them claims 

the existence of a direct pathway involving b-HCOOads, supported by ATR-SEIRAS 

experimental data under the dual pathway mechanism. The other proposal argues that w-

HCOOHads or w-HCOOads is the main AI, under the triple pathway mechanism framework, 

where b-HCOOads could act as a spectator. In this second proposal, both the w-HCOOHads 

and w-HCOOads are presented as weakly adsorbed intermediates, suggesting the most 

possible adsorption structure as the C-H “down” configuration (see Figure 1.7).  
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Figure 1.7. Different formate/formic acid configuration adsorbed species proposed so far. From up to 

down w-HCOOads, w-HCOOHads and b-HCOOads. 

 

1.3.3. Formic acid oxidation reaction in Pt single crystal electrodes Pt(hkl) 

The surface sensitivity of the FAOR on Pt was put in evidence firstly by Clavilier et 

al. [78] who observed that the corresponding voltammetric profile for the three basal 

planes (Pt(111), Pt(100) and Pt(110)) were completely different. This was also observed by 

Lamy et al. [79] and Adzic et al. [80]. Taking two representative cases, Pt(111) and 

Pt(100), Figure 1.10 shows substantial differences in the activity for FAOR displayed on 

both electrodes (Figure 1.8). The Pt(100) electrode (see Figure 1.8 b) presents a higher 

activity compared with Pt(111), however, this is only in the backward cycle, given that, in 

the forward direction, the surface is almost completely blocked by CO. The remarkable 

hysteresis observed in this electrode put in evidence the high reactivity of this surface for 

both reaction pathways, AI and PI. In contrast, the behaviour of Pt(111) (see Figure 1.8 a) 



Introduction

 

25 

electrode is completely different. It presents a very small hysteresis when comparing 

backward and forward scans, which is in agreement with its remarkable resistance to the 

catalytic poisoning [81]; however, it yields a much less overall activity (current density) 

when comparing with Pt(100) electrode. It is also worth noting that, as formic acid 

oxidation comprises surface adsorption steps, the involved species must compete for 

reaching Pt free sites in the electrode surface; sites that are eventually occupied by water, 

protons or anions, all of them potential-dependant adsorbates. This fact, is responsible for 

the typical bell shaped cyclic voltammetry curve obtained for FAOR on the Pt(111) 

electrode [82]. 
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Figure 1.8. Voltammetric profile for HCOOH 0.1 M + H2SO4 0.5 M deaerated solution. (a) Pt(111) and 

(b) Pt(100). Scan rate 50 mV.s-1. 

Numerous studies to understand FAOR in stepped Pt surfaces have been also done. 

One of the first studies in this sense was conducted by Motoo et al. [83], who confirmed 

that both reaction pathways (AI and PI) present a structure sensitive mechanism. Thus, 

when the density of (100) steps sites in an Pt(111) electrode is increased [Pt(111)x(100)], 

the activity for FAOR also increases. After different experiments modullating the defects 

density on the electrode surface they concluded that a minimum number of 5 or 6 terrace 
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atoms with (111) symmetry is needed to get the maximum activity, with the minimum 

poisoning effect [84].  

 

1.4. How to study the mechanism of formic acid oxidation on Pt(hkl) electrodes 

1.4.1. Active intermediate 

In order to study and characterize the overall FAOR mechanism using voltammetric 

techniques, each pathway should be studied separately. In this sense, to investigate the AI 

kinetics, the experiments should be conducted in the absence of adsorbed CO. One way to 

achieve this is using the pulse voltammetry. In this case, a potential positive enough to 

remove CO from the surface is chosen as initial potential, after that the current due to the 

FAOR by the AI is measured by stepping at any potential within the specific potential 

window under study for a short time (Figure 1.9). This procedure allows measuring the 

current transients in the surface free of CO. With the use of this technique, intrinsic 

activities (which is the current at no poisoning interference) for Pt(100) electrode of ca. 30 

mA·cm-2 were measured. This value implies a conversion index of 70 molecules per Pt site 

and per second [85]. 

In contrast, for Pt(111) electrode, the intrinsic activity is low compared with Pt(100) 

electrode, being its conversion rate around 6 molecules per Pt site and per second. These 

differences in activity between Pt(100) and Pt(111) evidence one of the key problems 

regarding their use in fuel cells applications, which is controlling the product selectivity 

coming from each reaction pathway through the electrode surface control. Thus, the ideal 
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electrocatalysts should have high rate of direct oxidation pathway, suppressing, as much as 

possible the poisoning pathway.  

 

Figure 1.9. Pulse voltammetry of a Pt(100) electrode in 0.5 M H2SO4 0.25 M HCOOH. The inset is an 

expansion of the region between 0.4 and 0.5 V vs. RHE to show the decay in the current due to the 

poisoning of the surface. During the pulse at high potentials (0.9 V vs. RHE) to remove the poison, the 

current was not recorded (baseline between pulses). Adapted from [85] . 

 

Sun et al. [86] performed quantitative determinations in this respect, obtaining 

activation energies and Tafel slopes for the FAOR in Pt single crystal electrodes. Thus, for 

Pt(100) electrode, a Tafel slope of about 120 mV was obtained. Using a different strategy, 

namely, preventing CO formation by blocking all the defect sites in Pt(111) electrodes, the 

same Tafel slope was measured [87]. The classical interpretation of such a Tafel slope 

would suggest that the rate determining step (rds) for the FAOR through the AI is the first 
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electron transfer. Since two electrons are exchanged in the reaction, the step that leads to 

the formation of the AI is the slowest step. Once this is formed, the following reaction will 

proceed much more rapidly.  

 

1.4.2. Poisoning intermediate 

The poisoning intermediate is easier to study, given that this is formed even at OCP in 

the electrode surface [48]. In addition, when CO is adsorbed, remains stable on the surface 

in the low potential range. Earlier studies using Pt single crystal electrodes have shown that 

the formic acid dissociates irreversibly and spontaneously on the Pt electrode surface [48]. 

This process is known as dissociative adsorption. Despite this phenomenon, it is important 

to point out that the CO does not completely cover the Pt surface, but the coverage always 

takes a maximum value of 70% of that required to block completely the surface. This 

observation shows that the specific surface requirements of the dissociative adsorption 

open a new via to improve the electrocatalysis of the whole reaction. 

The kinetics of this reaction also have been studied by Sun et al. [86], in formic acid 

diluted solutions (<10-3 M), to promote the reaction occurring mainly by the PI pathway. 

Using these low concentrations, it was determined that the maximum CO coverage in 

Pt(100) is formed before 100 sec, which explains how fast the poisoning process happens 

in this surface even in diluted solutions. This result compared with the one obtained for 

Pt(111) electrode, whose blocking time is larger than 500 sec in solutions 10-2 M [88], 

shows one more time the poisoning resistance of the later surface electrode. 



Introduction

 

29 

It is also important to highlight that CO kinetics can be also studied using data coming 

from pulse voltammetry experiments such as those already described for studying the AI 

(Figure 1.9). In fact, some of these studies have found the potential range in which CO 

formation is favoured near by the potential of zero total charge (PZTC). Actually, the 

poison formation on Pt(111) electrodes has been associated with the presence of defective 

sites with other crystallography on their surface. This was demonstrated by, selectively 

covering the defects on such electrodes by adatoms, which prevented the formation of CO 

on the electrode surface [87, 89-91]. 

 

1.5. Improvement of the Pt electrocatalytic activity. Alloys and bimetallic surfaces 

A way to enhance the activity of Pt for FAOR consists in modifying its chemical 

nature by combining this with other elements (metallic or non-metallic) looking for a 

synergetic effect. This can be achieved in two different ways; i) only modifying the 

chemical nature of the electrode surface creating bi or trimetallic surfaces, by the 

modification of the atomic surface composition of the Pt electrode, or ii) synthesizing Pt 

alloys, which have a homogeneous composition in the bulk and in the surface of all metals 

forming part of the alloy (Figure 1.10).  
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Figure 1.10. FAOR mediated by adatoms modified or bimetallic Pt surfaces. (a) Bimetalic surface. (b) 

Alloy [92]. 

All these combined new Pt-based electrode materials have unique electrocatalytic 

properties, which are different from the participating metals separately [93]. The 

electrocatalytic performance enhancement achieved by this modified electrodes is 

attributed to three main effects. i)  the so-called bifunctional effect [94], the presence of 

foreign adatoms on the Pt surface can reduce the overpotential for COads oxidation easily 

providing activated oxygen-species at lower potentials to produce its oxidation to CO2, ii) 

the so-called electronic effect [81, 84, 95], in which one of the metals modifies the 

electronic properties of the other to enhance the global catalytic activity, and finally, iii) 

the so-called third body effect [95], in which one of the metals acts partially blocking the 

surface by a steric effect to suppress one of the reaction pathways (the PI pathway, in this 

case), enhancing the activity in the other route. All these three effects can appear combined 

in the different Pt alloys or bimetallic surfaces studied here [96].  

Taking into account the combination of these effects mentioned above, one of the 

main requirements for the second participant metal would be the capability of suppressing 

the poison formation on the Pt-modified surface. Most of the metals present in Table 1.2 
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have been recently studied for enhancing the catalytic activity of Pt in FAOR by modifying 

either the Pt surface or bulk chemical composition. Pt alloys with metals from the precious 

metal group (PMG) are expected to have a better activity and stability for FAOR in 

comparison with alloys using other transition metals, due to the similarity in the physical 

features. In particular, Pt-Pd and Pt-Ru alloys have been widely studied. 

Table 1.2. Metals used in Pt-modified electrodes to enhance the activity for FAOR [29]. 

Group Metals 

Group I (Precious Metals, PGM) Pt, Pd, Ru, Au, Ir 

Group II (Transition Metals, except PGM) Cr, Cu, Fe, Mo, Nb, V 

Group III (Post Transition Metals) Bi, Pb, Sb, Sn 

 

In contrast, other metals tested belonging to the group II in Table 1.2  have exhibited 

stability issues in the long term (problems due to their selective dissolution), which makes 

really difficult its application in fuel cells. The third group of metals in Table 1.2, so-called 

post-transition metal group (group III), have been widely tested towards FAOR in 

combination with Pt exhibiting promising activity results. These metals or semi-metals 

present a unique feature which is the ability to be adsorbed and electrodeposited at 

potentials below its massive deposition, also known as under potential deposition (UPD), 

thus Pt-UPD electrodes show a reasonable stability. Among these metals in group III, Bi 

emerges as a promising adatom to modified the Pt surface, not just for its high resistance to 

the PI adsorption, due to a third body effect [95], but also due to the moderate stability of 

the Bi-Pt system in a wide potential range. 
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1.5.1. Pt bulk alloys and screening techniques 

An important number of studies have been done trying to find the most active 

combination of Pt with some other PGM. In particular, the combination of Pt and Pd 

provides a synergistic effect in Pt and enhances its activity as both metals possess similar 

properties such as the electronegativity [97-99]. However, the performance obtained from 

the Pt-Pd alloy is much lower than that on pure Pd, although the high degradation rate 

observed in Pd electrodes is somewhat alleviated in the Pt-Pd alloy. 

Pt-Ru alloys  have been reported as one of the best electrocatalysts for SOMs 

oxidation due to their high activity following the bifunctional mechanism, which involves 

the adsorption of OH species on Ru and then, the complete oxidation of CO to CO2 [30, 

100]. However, FAOR proceeds via a combination of different reaction mechanisms, and 

for this reason, Ru- (Pt or Pd) alloys are not as effective as pure Pd catalyst. Alternatively, 

Pt-Au [98, 100-102] or Pt-Ir [103] have been suggested as promising PMG alloys for 

enhancing FAOR by reducing poison formation due to the third body effect. However, 

FAOR investigations on such type of alloys are very limited, probably because PGM alloys 

have no clear inherent advantage for lowering the catalyst cost, although they may provide 

interesting information from a mechanistic point of view.  

Voltammetric techniques have been widely used for the characterization and study of 

binary and ternary alloys. However, the screening of different alloys using a combinatorial 

approach varying the combination of metals and the ratio of each metal within the alloy 

represents a time consuming task, which is out of the scope of one single thesis. 

Nevertheless, recently new rapid high-throughput screening techniques have been 

introduced as an extremely versatile tool to evaluate the activity of a set of different 
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catalysts in one single experiment [104-108]. One of those promising screening techniques 

is the scanning electrochemical microscopy (SECM) [109], an useful new electroanalytical 

tool, which improves the output speed in the electrocatalyst screening step and allows to 

study a wide number of electrochemical processes with high temporal and spatial 

resolution. SECM applications in electrocatalysis are still under development and for this 

reason novel modes of use for the SECM are developed here to study FAOR in Pt modified 

electrodes. 

 

1.5.2. Bimetallic Pt-modified surfaces 

Some systematic studies of the effect of different adatoms on the poison formation on 

well-defined surfaces were first carried out on Pt(100) and Pt(111) surfaces [110, 111], and 

later, they were extended to Pt(110) and stepped surfaces [112, 113]. A key issue 

modifying Pt(hkl) electrodes is controlling the amount of surface modified by the foreign 

adatom in order to know the final coverage achieved. In some cases, adatoms suffer 

surface processes to form an oxygenated surface compound (i.e. oxide formation), in a 

potential range in which the platinum substrate is stable. Thus, the adatom coverage may 

be estimated electrochemically from the charge involved in these processes and compared 

to the charge displayed by the bare platinum electrode or from the charge diminution 

observed in the hydrogen UPD signals due to the blocking effect of the adatoms 

incorporated at the Pt surface. In this way, it is possible to quantify and modulate the 

amount of adatom, in order to produce the desired activity improvement. A deep 

knowledge about the coverage stoichiometry and the location of the adatoms on the Pt 

surface is of main interest, given that it can give an idea of the domain in which the 
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reaction is taking place, and how the reactive species interact with the Pt sites 

neighbouring the adatom. It could also be of interest knowing the reactive sites for oxygen 

adsorption, so it would help understand the enhancement of the CO oxidation rate in the 

presence of those adatoms. 

Similar to the bare platinum electrode, for adatom modified Pt surfaces, both the 

poison formation and the direct pathway for the FAOR have been studied. For instance, in 

the case of the adatom modified-Pt(100), the third body effect seems to explain reasonably 

the improvement exhibited in the catalytic activity. Sb, Bi and Te [114, 115] adatoms 

irreversibly adsorbed on well-defined Pt(100) electrodes exhibit  long term poisoning 

resistance. Herrero et al. concluded that the amount of poison that can be accumulated on 

those Pt-modified electrodes decreases linearly with the adatom coverage. At relatively 

high adatom coverages, where the free platinum sites are probably isolated, the poison 

formation is completely inhibited. Under these circumstances, the direct oxidation of 

formic acid may take place and the surface has become selective for the reaction by the 

direct pathway, yielding the highest currents in the positive-going scan [42]. 

In the case of adatom modified-Pt(111) electrodes two different types of behaviour 

have been found for the poison formation reaction. In the first one, the amount of the 

poison decreases linearly with the adatom coverage and becomes zero at relatively high 

adatom coverage. This is the case of S or Se adatoms [49]. In the second case, however, 

very small amounts of the adatom on the Pt surface cause a deep decrease in the poison 

accumulation. This is the case of irreversibly adsorbed Bi [81]. In fact, CO is not present 

on the surface at Bi coverage as low as 0.04, i.e., when about 90% of the platinum sites 

remain free. This behaviour is related to the blocking of the reactive sites for the PI 

pathway. As aforementioned, defects are responsible for the formation of the PI on the 
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Pt(111) electrode [81] and the adsorption and deposition of Bi occurs preferentially on 

those sites. A similar PI inhibition behaviour has been observed with Sb [116] , Te [117], 

as well as with As [81], Sn [118] and Pb [119] adatoms on Pt. In relation to the FAOR by 

the direct pathway, for Bi on Pt(111) electrodes, the oxidation rate becomes more than ten 

times higher than that corresponding to the intrinsic activity of Pt(111), resulting in 

turnover rates as high as 250 molecules per Pt(111) site and per second. However, if the 

electrode is fully blocked with Bi becomes inactive. Sb [116] and Te [117] on Pt(111) 

electrodes also catalyse strongly the FAOR by the direct pathway. Finally, it can be 

highlighted that the bimetallic Pt-modified surfaces that exhibit an enhancement in  the 

FAOR are those formed by adatoms, which are electropositive with respect to platinum, 

i.e., the adatoms that modify the electronic properties of platinum donating electrons to its 

d orbitals [42]. 

 

(a) (b) 

 

Figure 1.11. (a) Representation of the surface modification of octahedral Pt NPs by antimony adatom. (b) 

Activity of the Sb modified octahedral Pt NPs (blue line) compared with bare octahedral Pt NPs (red line) 

in the forward cycle [120]. 
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Pt nanoparticles (Pt NPs) have been also decorated with adatoms such as Pd [121, 

122], Bi [123, 124] or Sb [125]. The case of Sb modified octahedral Pt NPs electrodes is 

presented in Figure 1.11 as a clear example of a successful system based on bimetallic 

surface modified Pt NPs, which improves catalyst activity towards FAOR. 

 

1.6. Platinum nanoparticles as electrocatalyst  

The studies in the electrocatalysis of SOMs conducted with Pt single crystal electrodes 

presents the advantage of obtaining information about the reaction mechanism, providing 

some experimental valuable results really useful for further verification of theoretical 

modelling [42, 44, 121]. However, for real applications in fuel cells it is necessary to jump 

into some kind of electrocatalyst that can be spread in cathodes or anodes contained in the 

device set up. Faced to this challenge, the development of different Pt NPs syntheses 

represents a rational approach to prepare real catalysts for fuel cells. Nanomaterials have 

the advantage of minimizing the amount of platinum used in the preparation of the 

electrodes, due to their high fraction of available surface atoms as compared to 

conventional bulk materials. Metal NPs usually present different characteristics from their 

corresponding bulk phase metals because of their finite size or equivalently the large 

fraction of atoms located near or at the particle surface, which can lead to significant 

changes in the structural and chemical properties of the metal. Additionally, catalyst 

activities depend critically on their size-dependent properties [122].  

In recent years, the synthesis of shape-controlled Pt NPs using capping agents has 

been widely explored, with the main target of obtaining more efficient catalysts by 

controlling their surface structure [106, 122-124]. Thus, it has been clearly shown that the 
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reactivity and selectivity of the Pt NPs can be modulated by controlling their morphology 

because, depending on their shape, the surface of the NPs may contain very different 

reactive surface sites [123, 125]. Figure 1.12 shows an example of a growing process for a 

(100) preferential oriented Pt NPs In addition, hape-controlled Pt NPs are ideal to 

understand the reactivity on practical electrodes, since they provide the missing link with 

the model surfaces, that is, the single-crystal electrodes. 

 

 

Figure 1.12. Schematic illustration of the formation mechanism of the cubic Pt NPs. Taken from [126]. 

 

Since the advent of shape-controlled NPs, similar electrocatalytic studies to those 

reported on single crystal electrodes have become possible at nanometric scale. Solla-

Gullón et al. [127] studied the FAOR on (111), (100) and (100)-(111) Pt NPs. In Figure 

1.13 are shown the reaction mechanism models predominant on octahedral (111) and cubic 

(100) NPs, as well as its model nanocatalyst structure. They argued that the surface 

structure of the NPs plays an important role on the reactivity of both oxidation pathways, 

and thus the electrocatalytic properties strongly depend on the surface structure/shape of 

the NPs. Among the Pt NPs studied so far, those containing a preferential (111) orientation 

are clearly the most active (in the long-term) towards FAOR, because of their low 

poisoning rate, the same feature exhibited by the Pt(111) electrode. 
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Although the Pt NPs catalytic activity is improved by the shape modification, it is 

important to point out that the stability of such NPs is not too high. Thus, the oxygen 

adsorption promotes the surface oxidation and this may damage the shape of the NPs 

which, eventually, could transform them into polyoriented Pt NPs. For this reason, a more 

restrictive potential window must be used in order to prevent the surface structure 

modification on shape-controlled Pt NPs. 

(a) (b) 

 
 

Figure 1.13. (a) Mechanism of FAOR on the catalyst Cubic Pt-based nanostructure catalysts with dominant 

(100) facets [126]. (b) Surface structure of the {111} and {100} domains. 
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2. Methods and Experimental Techniques 

2.1. Pt single crystal electrode surfaces [1-6] 

A single crystal surface is obtained when cutting a Pt crystalized bead in a specific 

orientation. If we accept that the Pt atoms remain at the same position after the cutting 

process, then it is possible to obtain an ideal surface. If the cutting and polishing process is 

fine enough it is possible to get single crystal surfaces, which are very similar to the ideal 

ones and are known as single crystal surfaces atomically well defined. These have been 

traditionally used as a model surfaces in heterogeneous catalysis and electrocatalysis. 

Metals such as Pt, Au, Pd, Ru or Rh are the most studied in this field; furthermore, 

extensive characterization of this metals has been done using different electrochemical and 

spectroscopic techniques. 

It is possible to get a geometrical description of the single crystal surface, taking into 

account the crystallographic axes and planes present within the crystal. Miller indexes are 

used to define the type of surface from a crystallographic point of view. In particular, 

platinum presents a face-centered cubic (fcc) crystal structure that only uses three digits 

enclosed in parentheses (h k l). These correspond to the minimum integers proportional to 

the inverse value of the intersession between the crystallographic axes and the crystal 

plane. For instance, assuming that “a, b, c” are the intersession with the crystallographic 

axes “x, y, z” respectively, then the Miller index of such crystalline surface is given by h, 

k, l as follows: 

ሺ݄	݇ ݈ሻ ൌ ൬
1
ܽ
1
ܾ
1
ܿ
൰ Eq. 2.1 
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In order to simplify the values obtained, it is required to multiply each fraction by the 

minimum common multiple, so that the final values will be the minimum ratio in an 

integer value. If the plane does not intercept any of the crystallographic axes, then the 

corresponding Miller index is cero (0). In contrast, if the interception is negative, a slash is 

placed above the corresponding digit of the Miller index. 

For all materials displaying a fcc structure, for instance Pt and Au, the Miller index 

determine a vector whose orientation is normal to the plane of the surface. This fact makes 

easier the calculation of the geometric parameters, for instance, angles between two 

different surfaces. Figure 2.1 shows the surfaces with low Miller indexes, which 

correspond to the basal planes for a fcc structure. As can be seen, both the surface structure 

and atomic density will depend on the crystal organization and the cutting angle. Thus, 

(111) facet is the most compact surface and shows a hexagonal symmetry. The (100) facet 

shows a cubic arrangement, while a rectangular structure is characteristic of (110) facets. 

Hence, the coordination number of the atoms in the surface is clearly different in all three 

cases, being 9 for the (111) facet, 8 for the (100) and finally 6 for (110) facet, in 

comparison with a coordination number of 12 in the bulk Pt structure. 

The surfaces with low Miller indexes represent the simplest single crystals surfaces 

and are placed in the stereographic triangle vertex (see figure 2.2). Those are known as the 

basal planes, a only display a single symmetry site. However, it is also possible to get 

intermediate surfaces between different basal planes, which simultaneously present two 

kinds of surface symmetry sites, when moving in a specific edge of the stereographic 

triangle. These surfaces are known as stepped surfaces, due to the presence of terraces with 

the same surface symmetry of the closest basal plane, and monoatomic steps with the same 

symmetry of the farthest basal plane. 
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Figure 2.1. Hard spheres model for the basal planes in an fcc crystal. The unit cell and the different lattice 

parameters, which are related with the Miller index values [1]. 

 

 

Figure 2.2. Stereographic triangle. The basal planes are in the vertex of the triangle and the stepped surfaces 

are located in the edges. 
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From an electrochemical point of view, the electrode surface reactivity depends on the 

surface structure given that both, the geometry and the electronic surrounding in each one 

of the surfaces are different. This has been widely demonstrated in a large number of 

processes. In particular, one of the most studied is the hydrogen under potential deposition 

(UPD), which is shown as example in figure 2.3. 

 

Figure 2.3. Voltammograms of platinum single crystal electrodes in 0.5 M H2SO4 solution A) Pt(111), B) 

Pt(110), C) Pt(100), D) comparison of all three Pt basal planes. Scan rate: 50 mV/s. 

 

Furthermore, those voltammetric profiles in sulfuric solution (figure 2.3) are 

considered as the fingerprint for each Pt single crystal electrode. On the other hand, it is 

important to point out that the single crystal surfaces are highly sensitive to small changes 

in the crystallographic orientation of the electrode and to the species present in the 

electrolyte solution, especially when they can be adsorbed on the electrode surface.  
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2.1.1. Preparation of Pt single crystal electrode surfaces 

Single crystal electrode surfaces are obtained by orientation, cutting and polishing of 

spherical platinum beads (figure 2.4), using the method developed by Clavilier [7]. A 

platinum wire of ca. 0.5 mm in diameter is used to obtain a ball shaped (aprox. 2 mm) 

crystal, which is formed by heating a platinum wire in a propane-oxygen flame until a ball 

shaped drop is formed by the high surface tension of the melted platinum metal. The slow 

cooling of the drop allows the formation of a spherical and crystalline bead. Subsequently, 

using a goniometer with four axes of rotation and a laser beam, the single crystal is 

oriented, cut and polished. The cutting process of the electrode is performed using a 

polishing device placed perpendicular to the axis on the optical bench. Abrasive material 

such as silicon carbide disks and single crystal diamond paste are used for that purpose. 

 

 

Figure 2.4. Image of a polyoriented Pt bead. The arrows point out the different facets. 

 

Most experiments reported in this doctoral thesis were carried out using single crystal 

platinum electrodes with low Miller indexes (basal planes), but also some stepped surfaces. 

In particular, Pt(111), Pt(100), and stepped surface electrodes corresponding to the series 
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Pt(s)[(n-1)(111)x(110)] and Pt(s)[n(111)x(100)], which are represented in figure 2.5, were 

used as a model surfaces for studying formic acid oxidation reaction. 

 

Figure 2.5. Pt single crystal electrodes employed in this thesis. 

 

2.1.2. Surface treatment on Pt single crystal electrodes 

One of the most popular methods to clean electrode surfaces involves the 

implementation of numerous consecutive cycles of oxidation-reduction [8, 9]. However, 

this kind of cleaning treatment presents some important drawbacks, since it modifies the 

surface of the single crystal electrode because of the adsorption of oxygen at potentials 

above 1.0 V [10-12]. Thus, it is only after Clavilier et al. [13] presented a new method to 

clean the Pt electrode surface that Pt single crystal electrodes were reproducible studied. 

The proposed solution involves the heating treatment of the electrode after polishing, 

which is capable of oxidizing all species adsorbed on the Pt electrode surface. 

Additionally, the reached temperature is high enough to reorganize the damaged surface 

obtained after the polishing process. After the thermal treatment, the surface is protected 
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with a drop of ultrapure water to avoid the adsorption of any environmental impurity. 

LEED (low energy electron diffraction) experiments with Pt electrodes treated in this way 

proved the high quality samples prepared with this procedure [13, 14]. Due to the influence 

of the adsorption of oxygen at the electrode surface, the use of a reducing atmosphere 

composed by hydrogen and argon gas is required to prevent oxygen adsorption and to 

preserve the order in the surface structure. Figure 2.6 shows the scheme of the surface 

treatment of Pt single crystal electrodes as well as the glassware cleaning procedure. 

 

2.2. Glass material cleaning protocol 

An exhaustive cleaning procedure was applied to all glass material used in this work 

(see figure 2.6):   

 Initially, all glass material is immersed in a potassium permanganate solution 

overnight, or at least during 12 hours. In this way, all organic compounds are oxidized 

and eliminated in a subsequent treatment.   

 The glass material is then taken out from the oxidant solution, and is rinsed thoroughly 

with water and a hydrogen peroxide solution, which is used to reduce manganese 

species coming from the precedent process. After that, the material is washed with 

ultra-pure water. 

 Once the material is washed, this is placed into a hot plate to boil ultra-pure water 

several times, in order to eliminate completely any impurity coming from the walls of 

the glassware. Between each boiling cycle, a rinsed process using ultra-pure water is 

applied. This boiling process is repeated three times at least. 
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 After this cleaning procedure, the material is ready to be used in voltammetric 

experiments. It is important to point out that, at any moment the glassware must be 

filled with ultrapure water to avoid further contamination. 

 

Figure 2.6. Scheme of the glassware and Pt single crystal electrode cleaning protocol before any 

electrochemistry experiment. 

 

2.3. Shape controlled Pt nanoparticles  

For practical applications of platinum electrodes in fuel cells, it is necessary to disperse 

platinum on a support, generally carbon, in order to increase the exposed area/mass ratio 

on the platinum catalyst. In this sense, nanoparticles are the most promising materials for 

real applications in electrocatalysis. The use of nanomaterials in electrocatalysis has had a 

great importance, mainly in the development of fuel cells. Since the early 70´s, it can be 

found patents describing platinum nanoparticles used in the developments of fuel cells [15-
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18]. Nevertheless, there are still many aspects not optimized yet. The size and surface 

structure are probably the most important among of them, and for this reason they are 

extensively and widely studied nowadays. 

In the field of nanoparticles is important to control the size of the particle to increase 

the area/mass ratio, but also to tune the electronic properties of nanoparticles, since they 

depend on their size. However, it is also relevant to control the nanoparticles surface 

structure, since adsorption phenomena and electron transfer also depend on the surface 

structure and orientation of the nanoparticles [15, 19]. Similarly to what is done with single 

crystal surfaces, there is an intrinsic triangle that connects the symmetry of the facets on 

nanoparticles and its shape [20], as is shown in figure 2.7. Here, the three vertices 

represent the coordinates of polyhedral nanocrystals bounded by low index plane facets. 

Thus, cube, an octahedron and rhombic dodecahedron present mainly (100), (111) and 

(110) symmetry facets, respectively [20, 21]. 

 

Figure 2.7. The stereographic triangle of polyhedral nanocrystals bounded by different crystal planes taken 

from [20]. 
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A few years ago, several methods for nanoparticles synthesis controlling their size, 

shape and surface orientation were developed [22, 23]. These consisted in using some 

organic compounds, which act as a surfactant, added to a platinum precursor like K2PtCl4 

to produce a Pt colloidal suspension [24-26]. Then, the platinum precursor is reduced using 

a reducing agent like hydrogen gas. The nanoparticles prepared in this way are then 

cleaned using different solutions, and finally washed with enough pure water. Depending 

on the orientation expected on the nanoparticle, the precursor employed may be different, 

and also other additional reagents to control the nucleation and growth of the nanoparticle 

with a specific shape could be added together with the metallic precursor. Despite of the 

success using this synthesis method, many of these procedures implies adding organic 

compounds in solution, which are difficult to remove form the Pt nanoparticles surface [15, 

27] afterwards. Thus, the presence of those organic compounds adsorbed on the Pt 

nanoparticles surface limits the use of nanoparticles as electrochemical catalysts. 

Fortunately, Solla-Gullón et al. [28-30] have recently developed chemical methods of 

cleaning, which does not affect the surface structure of Pt nanoparticles. These methods are 

important in obtaining cleaning nanostructured catalysts surfaces without changing the 

shaped-controlled surface structure.  

 

2.3.1. Synthesis of Pt nanoparticles (NPs) 

The spherical polyoriented platinum nanoparticles were synthesized by reduction of 

H2PtCl6 with borohydride using a water in oil (w/o) microemulsion of water/polyethylene 

glycol-dodecylether (BRIJ® 30)/n-heptane. They were cleaned with acetone and ultrapure 

water. 
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For the shape controlled Pt nanoparticles, tree different methods of synthesis were 

used:  

 Pt nanoparticles with preferential cubic shape were synthesized with a colloidal 

method using sodium polyacrylate (PA, Mw = 2100) as a capping agent and 

K2PtCl4 as a metallic precursor (10-4 M aqueous aged solution) [24-26]. This 

colloidal suspension was bubbled with H2 gas for 5 min to reduce the Pt precursor. 

After complete reduction (12-14 hours) these Pt NPs were cleaned with strong 

alkaline aqueous solution followed by several water washes. 

 Pt nanoparticles with preferential octahedral and tetrahedral shape were synthesized 

by a colloidal method using PA as a capping agent and H2PtCl6 as a metallic 

precursor (10-4 M aqueous aged solution) [24-26]. The suspension initial pH 

(around 8) was adjusted to 7 with 0.1 M HCl solution. This colloidal suspension 

obtained was bubbled with H2 gas for 1 min to reduce the Pt precursor. After 

complete reduction (12-14 hours) these Pt NPs were cleaned with strong alkaline 

aqueous solution followed by several water washes. 

 

2.4. Cyclic voltammetry  

Cyclic voltammetry is a powerful electrochemical technique used to study an 

electroactive substance in solution or adsorbed on the electrode surface. Using a 

voltammogram it is possible to get valuable information about the electrochemical 

behavior of the system. Moreover, it is possible to characterize the reaction and determine 

whether it is controlled by diffusion, kinetics or surface adsorption. This technique consists 

of recording the current that flows through the working electrode when a potential sweep is 

applied. The potential sweep is linear in the time scale, which is achieved by introducing a 
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triangle signal, whose slope (in absolute value) represents the scan rate, v, i.e., the 

excitation signal change linearly from an initial potential (Ei) to a final one (Eλ), called 

inversion potential, where the scan direction is reversed until the initial potential is reached 

again (see figure 2.8) [31, 32]. The scan could be initiated in any direction (positive or 

negative), and the cycle can be repeated as much as needed.  

 

 

Figure 2.8. (a) Exciting signal from an initial potential to a final on, passing for Eλ. (b) Response to the 

perturbation in current vs. potential [33]. 

 

From now on in this thesis, the general electrochemical reaction used is:  

௦௢௟ܣ
ି 	↔ ௦௢௟ܣ ൅ ݁ି Eq. 2.2 

 

When a potentiodinamic perturbation is applied to this system, so that the scan is 

initiated in the positive direction, a potential will be reached where the oxidation reaction 

will begin. Then, the recorded current will start increasing with a cuasiexponencial shape 

(see figure 2.9). In the initial part of the curve, the current is controlled by the electron 

transfer kinetics. Then, when some of the reactant species close to the electrode surface are 

consumed by the process, the current will depend on the electron transfer kinetics and the 

diffusion of the electroactive species from the bulk solution to the electrode surface. This 

region is known as mixed control zone. Finally, the current reach a maximum and start 
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decreasing due to the depletion of the species in the interfacial region. In this point, the 

current depends only on the diffusion of the electroactive species to the electrode surface.  

 

Figure 2.9. Schematic j/E plot for a model for an oxidation reaction. The minimum potential for dc current 

flow is 0.56 V (onset of oxidation). There are three main specific areas: Activation control (electron transfer 

control); mixed control (a mixture between electron transfer and mass control) and mass transport control. 

Adapted from [34]. 

 

Once reached the upper potential value, the scan direction is inverted and cathodic 

current profile due to the reduction of the A species formed is obtained (see figure 2.8). 

The maximum current in both sweeps are known as peak current (Ipa and Ipc) 

When the species involved in the electrochemical process are adsorbed on the 

electrode surface, as shown in the following reaction,:  

௔ௗ௦ܣ ൅ ݁ି ↔ ௔ௗ௦ܣ
ି  Eq. 2.3 

 

the shape of the voltammogram changes. The following equation describes the electron 

transfer process on the electrode surface under those conditions [33]: 

OR dd
j nF nF v

dt dE


 

 
Eq. 2.4 
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where ݆ is the current density, Гோ and Гை are the coverage of the species ܣ௔ௗ௦ and ܣ௔ௗ௦
ି  

respectively, in mol cm-2, and v is the scan rate. It is important to notice that the current 

density is directly proportional to the scan rate, which is a diagnosis method to determine 

whether the reaction is being controlled by surface adsorption or a diffusion process. In 

this latter case, the current is proportional to the root square of the scan rate. Thus, if the 

process is completely reversible and controlled by surface adsorption, the current is given 

by:   

 

 

0

2

0

exp

1 exp

nF
E E

nFRT
j v

RTnF
E E

RT

                       

 Eq. 2.5 

Figure 2.10 shows the simulation of the voltammetric response using the equation 

2.5. Assuming n=1 and lack of lateral interactions (Langmuir isotherm), the peak potentials 

in both scan directions are the same, due to the lack of diffusive limitations and the high 

rate of the electron transfer. 

  

(a) (b) 

Figure 2.10. (a) Current vs. Potential response for the oxidation and reduction of an adsorbed species on the 

electrode surface. The adsorption phenomenon follows a Langmuir isotherm. (b) Voltammetric profile for a 

Pt(111) electrode in sulphuric acid solution, showing the different hydrogen and anion adsorption-desorption 

regions. 
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2.4.1. Electrochemical cell 

Most of the experiments were carried out using three electrodes, and a two- 

compartment electrochemical cell. In the main compartment, which contains the working 

solution, the counter and working electrodes are placed. The last one is a Pt single crystal 

electrode or Pt NPs deposited in a proper support. In the second compartment, separated 

from the first one by a Luggin capillary, a reversible hydrogen electrode (RHE), used as a 

reference, is placed. Thus all electrode potentials shown in this thesis are quoted vs. the 

RHE (see figure 2.11) 

 

Figure 2.11. Image of the experimental set up for voltammetry.  

 

The working solution is deoxygenated bubbling with Ar(g) by a period of 10 minutes 

before starting. During the experiment, an argon atmosphere is kept into the cell, in order 

to minimize the oxygen dissolution.  

Before each experiment, all Pt electrodes are heat around 15 seconds in a propane-air 

flame to reorder the surface atoms and to eliminate any impurity adsorbed on their surface. 
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After this, the electrode is immediately transferred to a balloon filled with ultrapure water 

in equilibrium with an atmosphere composed by a mixture of argon and hydrogen gas. The 

electrode is cooled in this controlled atmosphere to ensure a surface order as high as 

possible. Once the electrode is cooled, is immersed in the ultrapure water in order to 

protect the electrode surface while is being transferred to the electrochemical cell. The 

electrode is immersed in the solution at controlled potential, in a meniscus configuration, 

so that, the only part of the electrode in contact with the solution is the face of interest. 

Once this procedure is completed, the electrochemical experiment is run. 

 

2.5. Pulsed voltammetry 

This voltammetric technique was firstly used to study electrocatalytic reactions on Pt 

single crystal electrodes  by Clavilier [35]. This involves a pulsed potential program 

applied over a potential slope, keeping constant the applied upper potential limit, which 

should be high enough to produce total oxidation of the poison intermediate adsorbed on 

the Pt electrode surface, but preventing its surface oxidation.  

Figure 2.12 presents the pulse programs used in this work. The (a) section is a typical 

pulsed program, which consists of a pulsed potential scan acquired by repetition of the 

following sequence: 0.85 V pulse kept for 1 s in order to clean by oxidation the electrode 

surface from any poison intermediate. Then, the electrode potential is pulsed to the 

potential value where the kinetics of the reaction is going to be measured for 1 s. After 

that, the electrode potential is set back to 0.85 V again, and the cycle is repeated, but 

changing the potential value (20 mV increase) for the measurements in each new cycle. 

The transient current measured at the sampling potential is used to obtain kinetic 

parameters, after fitting by the proper kinetic model. In the case of the FAOR, the intrinsic 
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current through the active reaction intermediate and the poisoning rate of the Pt electrode 

are obtained from those pulsed voltammetry experiments.  

 

 

Figure 2.12. Potential program used in the pulsed voltammetry experiments. (a) Potential program used to 

measure transients at E>0.3 V (b) Potential program used to determine the poison reaction kinetics in stepped 

surfaces at potentials between 0.1 V and 0.35 V. 
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However, when the oxidation currents for FAOR are negligible, it is not possible to 

obtain poisoning rates at those potentials. In this case, a different potential program 

presented in figure 2.12(b) is applied. The potential program involves one initial pulse for 

1 s to 0.85 V to clean the electrode surface. Then, the potential is stepped to the potential 

value where CO formation is studied for different times and finally the potential is pulsed 

to 0.5 V where the corresponding transient is recorded during 1 s [36, 37]. The current 

measured at 0.5 V for different time at the CO formation potentials are used to obtain the 

poisoning kinetics. 

 

2.6. Rotating disk electrode (RDE) voltammetry  [31, 38, 39] 

This voltammetric technique is widely used in electrochemistry for measuring electron 

transfer kinetics for reactions controlled by mass transport. Additionally, it is possible to 

determine diffusion coefficients for the electroactive species. The equipment used in this 

case consist in a working electrode, which is a metal disk surrounded by an insulating 

holder. The disk with its holder is rotated by an electric motor, and rotation is along the 

vertical axis that passes through the centre of the disk. When the disk rotates, the liquid 

that is in contact with the surface of the disk electrode is spelled away to its sides, and a 

new portion of liquid is brought to the centre of the disk from the bulk solution. Figure 

2.13 shows the parameter that accounts for the transport regime of the solution in a typical 

RDE experiment. According to the hydrodynamic theory for laminar flows, near the 

rotating surface of the disk electrode, a boundary layer with a constant thickness (ẟbl) 

appears. Moreover, a monotone change of the liquid transport speed with respect to the 

electrode surface is displayed. Then, closer to the electrode surface the role played by 

diffusion in mass transport is more relevant. So, changes in the concentration of the 
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reagents near the electrode surface are caused by the diffusion of the electroactive species 

in the moving liquid. In this sense, the current density (the reaction kinetic) only depends 

on the diffusion of the electroactive species, making possible to measure limiting currents, 

due to the accomplishment of stationary conditions. 

Thus, in excess of supporting electrolyte, when migration transport is neglected, as 

usually happens in most electrochemical experiments, Levich equation can be applied to 

calculate the current (j) measured in RDE experiments:  

݆ ൌ േ0.62	݊ܦܨ௞
ଶ
ଷൗ ߱

ଵ
ଶൗ ݒ

ିଵ
଺ൗ ሺܿ௞

଴ െ ܿ௞
௦ሻ Eq. 2.6 

 

where ܨ is the Faraday constant; ݊, the number of electrons exchanged in the electrode 

process; ܦ௞, the diffusion constant; ߱, the radial speed of the rotating electrode; ݒ, 

kinematic viscosity of the solution; ܿ௞
௦, the concentration of the reactant on the surface; ܿ௞

଴, 

the concentration of the reactant in the bulk, and the number 0.62 includes some 

integration factors. 

 

Figure 2.13. Laminar flow regime of the solution through the disk electrode surface [40]. 
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During high polarization, when the current reaches its maximum value, then, the 

concentration of the reagent close to the surface becomes zero and Eq. 2.6 transforms into: 

݆௟௜௠ ൌ േ0.62	݊ܦܨ௞
ଶ
ଷൗ ߱

ଵ
ଶൗ ݒ

ିଵ
଺ൗ ܿ௞

଴ Eq. 2.7 

 

The electrolyte transport regime achieved in RDE experiments does not change the form of 

the corresponding polarization curve for mass transport controlled process as a function of 

the electrode rotation speed, but increases the limiting current achieved and decreases the 

time needed to reach the stationary state (from minutes to less than a second). 

RDE experiments are very useful to identify the limiting step in the electrochemical 

reaction under study, since when the slowest reaction step is the mass-transport process, 

the current density will be proportional to square root of the rotating speed and on the 

contrary, if the limiting current does not change with rotation speed, the process does not 

present diffusion limitations. For the experiments carried out in this doctoral thesis, the 

RDE voltammetry has been used to ensure a constant flow of electroactive species to the 

electrode surface, and to corroborate that the current in FAOR does not depend on the 

mass-transport conditions.  

All voltammetric experiments described in sections 2.4, 2.5 and 2.6 were carried out 

by a potentiostat eDAQ model EA161 attached to an e-Recorder model ED401. In 

particular, for pulsed voltammetry experiments, a function generator RIGOL DG 3061A 

was added to the system. Additionally, a PolyScience thermostatic bath was used to control 

the temperature of the electrochemical cell in the range between 5 and 45ºC. For the RDE 

experiments, a rotating motor supplied by Radiometer Analytical (Model EDI101) was 

used. When Pt single crystal electrodes were used as a working electrodes in RDE 

experiments, those electrodes were attached to the holder, so that the rotation axis 
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remained normal to the surface and were immersed in the electrolyte solution in a 

meniscus configuration. 

 

2.7. Fourier Transformed Infrared Reflectance Absorption Spectroscopy (FT-

IRRAS) 

This spectroscopic technique is based on the analysis of the light (infrared) intensity 

reflected by a metal surface in contact with a solution, as a function of the wavelength of 

the incident radiation. The absorption from the molecules on the electrode surface depends 

on the interaction between the electric field from the beam and the dipolar moment of the 

molecule.  

When a light beam is reflected in a metal surface, the amplitude of the electric field on 

the surface is the vector sum of the electric field coming from the incident and reflected 

beams. As shown in figure 2.14(A), the light radiation suffers a phase change of ca. 180º 

when the polarization plane is perpendicular to the reflection plane (s polarization). On the 

other hand, for a parallel polarization light (p polarization) the phase change is almost zero 

at all incident angles. The consequence of this fact influences the intensity of the 

normalized electric field on the metal surface, which is maximum at a specific angle (c.a. 

80º) for the p-polarized incident light (figure 2.14(B)). Furthermore, for the s-polarized 

light, the electric field is almost zero. This is the origin of the surface selection rule, 

fundamental for this technique: with p-polarized light, only the vibrational modes that 

imply a change in the molecular dipole moment perpendicular to the surface are active in 

infrared reflection adsorption spectroscopy (IRRAS), meanwhile with s-polarized light, 

only bands resulting from molecular vibrations of species in solution are visible. 
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Figure 2.14. (A) Phase change of the electromagnetic radiation with p and s-polarized light, when is 

reflected at a metal surface, as function of the incident angle. (B) Electric field normalized on the metal 

surface, as a function of the incident angle. Figure taken from [41]. 

 

The main advantages of using this technique are: 

 It allows identifying the chemical nature of the species at the electrode-solution 

interface, making differences between adsorbed and solution species. In some 

cases, the band intensity can be used to estimate the surface concentration of 

the spectroscopically active molecule. 

 It can provide information about the adsorption geometry of the molecule on 

the electrode surface, by taking into account the analysis of the vibrational 

frequencies and the variation of this parameter as a function of electrode 

potential. 

 It can provide some structural information about the double layer, analysing 

the shape of the absorption bands.  
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The detection of the infrared absorbances by submonolayer quantities of species on the 

electrode surface requires a high level of sensitivity (in most of the cases, transmittance 

values for the species of interest are in the range of 0.1 to 0.01%). To reach those 

sensitivity requirements, the adsorption from the solvent should be minimized. One way to 

achieve it is by decreasing the thickness of the liquid layer, which the light radiation 

crosses through. For this purpose, the thin solution layer configuration is used. A typical 

working cell used in IRRAS experiments is presented in figure 2.15. It can be observed 

that the working electrode (which is often a Pt cut bead) is pressed against a prismatic 

window, typically CaF2, so that a 1 to 5 μm liquid thin layer is obtained to perform the 

spectroelectrochemical measurements (see inset in figure 2.15). 

 

 
Figure 2.15. Schematic representation of the cell used for the in situ FTIR experiments. 

 

The change of the electrode potential between two values (ܧଵ and	ܧଶ) produces a 

modulation of the composition in the interfacial electrode-solution region. Figure 2.16 

shows the spectrum for a typical FT-IRRAS experiment, where a constant potential (ܧோாி) 
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is selected as reference and the other potential (ܧଵ) varies in the whole range of interest. 

The infrared signal is measured as a change in reflectivity of the electrode surface by 

comparing the signals at both potentials (ܴ߂), and the difference spectrum is obtained by 

rationing ܴ߂ against the total reflectivity, ܴ. For the small changes that are typically 

observed in those experiments, ܴ߂/ܴ is equivalent to the change in absorbance. 

ܣ ൌ െ log ൬
ܴ
ܴ଴
൰ ൌ െ log ൬1 ൅

ܴ െ ܴ଴
ܴ଴

൰ ≅ െ
∆ܴ
ܴ଴

 Eq. 2.8 

  

Figure 2.16 shows schematically the result of subtracting the reflectance at two 

different potentials.  

 
Figure 2.16. Resulting spectrum obtained after subtracting two spectra obtained for different potentials, Eref, 

reference potential and E1. 

 

In this doctoral thesis, all the in situ FTIR spectra were acquired using a Nicolet 

(Model 8700) spectrometer, equipped with an MCT (Mercury - Cadmium–Telluride) 

detector. The spectroelectrochemical cell is fitted with a prismatic 601 CaF2 window, as 
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described previously [42]. The spectra, obtained from the average of 100 interferograms 

using a resolution of 8 cm-1, were collected at fixed potential intervals. All potentials were 

measured against RHE. For all FT-IRRAS experiments, p-polarized light was employed, 

since the identification of adsorbed species at the Pt electrode surface during FAO reaction 

was the main interest of that spectroelectrochemical study. 

 

2.8. Scanning Electrochemical Microscopy (SECM) 

This probe technique has emerged as a promising electroanalytical tool to study a wide 

number of interfacial processes with high temporal and spatial resolution. SECM mainly 

employs an ultramicroelectrode (UME) or a micropipette probe (tip) to induce chemical 

changes and collect electrochemical information while approaching or scanning the surface 

of interest (substrate). This technique provides the great advantage of mapping topography, 

but also the chemical reactivity of the substrate material, as well as the ability of measuring 

very rapid heterogeneous electron transfer reaction rates, because of the high rate of mass 

transfer at the tip and the substrate, and, because it is a steady state measurement with low 

currents, which are not affected by uncompensated resistance and electrode double layer 

capacitance. 

Initially, SECM applications were mainly based on the feedback current recorded 

when a redox mediator diffuses in solution within the gap between an UME acting as a tip, 

and a substrate of interest. However, in the past decades, other modes of actuation in 

SECM have been developed beyond the initial feedback mode. Thus, in principle, the 

different modes of SECM can be divided in two main groups: i) Modes based on 

electrochemically generated reactants, which include tip generation-substrate collection 

(TG/SC), substrate generation-tip collection (SG/TC), and redox competition (RC) modes, 
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and ii) Modes based on non-electrochemically generated reactants, namely the 

micropipette delivery-substrate collection (MD/SC) mode. 

As is shown in the figure 2.17, the SECM tip is attached to a 3D motor positioner 

using stepper or piezo motors depending on the displacement resolution required, which is 

controlled by a computer. A bipotentiostat controls the potentials of the tip and/or the 

substrate versus the reference electrode. Most SECM modes of operation can be performed 

using essentially this experimental setup. 

 
Figure 2.17. Schematic diagram of the SECM setup [43]. 

 

2.8.1. SECM working modes  

2.8.1.1. Feedback mode  

This mode is very useful for controlling the tip-substrate distance. For instance, 

assuming that a redox-active species, O, is electrogenerated by oxidation from a precursor 

solution species, R, at the UME tip, which produces a steady-state current at the UME only 

limited by hemispherical diffusion as is described in figure 2.18.A. Two different 

behaviours in the tip current could be observed when the tip approaches the substrate 
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electrode within an electrolytic solution: i) when the tip approaches a conductive substrate, 

the oxidized species O electrogenerated at the tip may be reduced back to R at the 

conductive substrate electrode surface depending on the substrate potential, yielding an 

increase in the tip current and creating a regenerative "positive" feedback loop (figure 

2.18.B). The opposite effect is observed when the tip approaches insulating surfaces, as the 

reduced species R cannot be regenerated and diffusion to the tip UME is inhibited because 

the close presence of the substrate, which blocks R diffusion. Thus, a "negative" feedback 

loop is obtained, promoting a decrease in the tip current when approaching an insulator 

substrate (figure 2.18.C).  In addition to the estimation of the tip-substrate distance, the 

feedback mode results very useful in the elimination of any tilt at the substrate electrode 

before SECM imaging experiments. 

 
Figure 2.18. Feedback mode of the SECM operation. (A) The UME tip is far from the substrate. (B) Positive 

feedback: species R is regenerated at the substrate. (C) Negative feedback: diffusion of R to the tip is 

hindered by the substrate [44]. 

 

2.8.1.2. Collection-generation modes 

Collection-generation modes are extensively used in electrocatalysis. On the one hand, 

the TG/SC mode has been successfully used for rapid screening of different micro- and 

nano-sized bimetallic materials as catalysts for different electrocatalytic reactions, 
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including the screening of nanoparticles with preferential surface structure [45-47] . In 

TG/SC mode (figure 2.19.A), the tip is held at a constant potential to electrogenerate under 

diffusion control conditions the reactant of interest, which is not present in solution 

initially and is represented as the electroactive species R. After R is generated, the tip is set 

at a distance where the effective diffusion of R to the substrate is possible and the substrate 

is held at a proper potential to promote the conversion of R into an oxidized O species. The 

resulting current at the substrate is "collected" and is directly related with the conversion 

rate R into O. On the other hand, the reciprocal to this is the SG/TC mode, where the 

substrate generates a species that is detected at the tip (figure 2.19.B). This mode has been 

mainly employed for obtaining mechanistic information, such as the number of electrons 

transferred during the reaction or for detecting short lifetime reaction intermediates. This is 

because the SG/TC mode does not correspond to a time independent measurement as the 

TG/SC does. 

 
Figure 2.19. Scheme of TG/SC mode (A) and SG/TC mode (B). (A) The tip generates species R by 

reduction of O in solution; R diffuses toward the substrate and is reoxidized to O. (B) O is electrogenerated at 

the substrate surface and collected at the tip. The tip and substrate currents are recorded in both cases [44]. 
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2.8.1.3. Micropipette delivered-substrate collection [44, 48, 49] 

Despite of the versatility of the working modes revised above, its feasibility seems to 

be limited by the use of substances that can be electrochemically generated in an UME. For 

this reason, a new working mode has been proposed, which involves the controlled release 

of the reactive of interest from a glass micropipette (d < 50 µm). The MD/SC mode was 

conceived to deliver different neutral species of interest in the vicinity of an electrode, in 

analogous way to the TG/SC mode, but substituting the UME for a micropipette [50].  The 

MD/SC mode is based on the exchange of a neutral species of interest (such as HCOOH) 

across two immiscible solvents (organic and aqueous media) through a liquid-liquid 

interface. Thus, HCOOH is placed inside the micropipette diluted in an organic solvent 

(immiscible with water). The transport of HCOOH from the micropipette solution towards 

the outside solution through the liquid/liquid interphase located at the micropipette apex is 

perfectly controlled by the partition coefficient of HCOOH between the two immiscible 

solvents. Once the HCOOH is released, this diffuses near the substrate, where the 

electrochemical conversion takes place if the substrate is active for FAOR at the applied 

potential. The amount of electroactive species delivered in solution depends on its specific 

partition coefficient, and also on the micropipette aperture diameter. The SECM imaging 

by the MD/SC mode applied to study FAOR used in this doctoral thesis is schematically 

shown in figure 2.20. 
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Figure 2.20. Scheme of the imaging process in SECM, using the MD/SC working mode. In the inset is 

shown the map of activity for an electrocatalyst  spot active for formic acid oxidation. kd y ki represent the 

partition rate constants of the HCOOH between  two immiscible solventss. [FO*stands for organic phase]. 

 

To perform the SECM experiments, a scanning electrochemical microscope CHI 910B 

from CH Instrument was used. An especial 2 mL Teflon cell with a hole to place the 

substrate electrode was also used. All approach experiments were performed using an Au 

UME of 25 µm in diameter provided by CH Instrument. To prepare the micropipettes, 

borosilicate capillary were pulled using a Puller P-2000 from Sutter Instrument Co, 

verifying the diameter aperture using an optical microscope BA200 from Motic. Typical 

micropipette micrographs are shown in figure 2.21, where an empty (a) and filled (b) 

micropipette are presented.  

(a) (b)

 
   

Figure 2.21. Glass micropipette prepared and silanized before (a) and after (b) filled with FA:DCE (50:50) 

solution. 
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2.9. Solutions and reagents  

All solutions were prepared using ultrapure water obtained from ELGA PureLab 

Ultra system (resistivity > 18 MΩ cm at 25 ºC). The reagents and gases used in this thesis 

are listed in the Table 2.1. 

 

Table 2.1. Reagents used in the thesis work. 

Reagent Formula Grade Company 

Perchloric acid HClO4 Suprapur® Merk  

Sulfuric acid H2SO4 Suprapur® Merk  

Sodium perchlorate NaClO4 Suprapur® 
Sigma-
Aldrich® 

Acetic acid  C2H4O2 
GR for Analysis 

96% 
Merk 

Phosphoric acid H3PO4 Suprapur® Merk 

Sodium dihydrogen phosphate NaH2PO4 Suprapur® Merk 

Disodium hydrogen phosphate Na2HPO4 Suprapur® Merk 

Thallium(I) sulfate Tl2SO4 99.995 % 
Sigma-
Aldrich® 

Bismuth oxide Bi2O3 Extra pure Merk 

Lead perchlorate hydrated Pb(ClO4)2•H2O 99.995% 
Sigma-
Aldrich® 

Formic acid HCOOH 
GR for Analysis 

98-100% 
Merk 

Polyethylene glycol dodecyl 
ether (Brij® 30) 

--- --- 
ACROS 
Organics 

n-heptane C7H16 Analysis 
ACROS 

Organics 

Sodium borohydride NaBH4 99.99% 
Sigma-
Aldrich® 

Sodium polyacrylate (C3H3NaO2)n  
Sigma-
Aldrich® 

Potasium tetrachloroplatinate  K2PtCl4 99.99% 
Sigma-
Aldrich® 
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Hexachloroplatinic acid 
hexahydrated 

H2PtCl6•6H2O 37.50% 
Sigma-
Aldrich® 

Hydrochloric acid  HCl 37% 
Sigma-
Aldrich® 

Sodium hydroxide NaOH Pellets for analysis Merk 

Hydrogen H2 N50, 99.999% 
Air 
Liquide 

Argon Ar N50, 99.999%  
Air 
Liquide 
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Chapter III
Effects of the anion adsorption and 

pH on the formic acid oxidation 
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a  b  s t  r  a c  t

The  effects  of  solution  pH  and anion adsorption  for  the  formic  acid  oxidation reaction  on  the  Pt(111)

electrode  have been  examined  using  electrochemical  techniques.  Regarding  the  pH  effects, it  has been

found that oxidation currents for this  reaction increase with  pH, which  indicates  that  solution  formate is

involved  in the  reaction mechanism.  Unexpectedly,  the  adsorption  of  sulfate  on the  Pt(111)  electrode has

a  positive  effect  on  the  oxidation  of  formic acid,  which  also suggests  that  adsorbed anions  are also  involved

in the  mechanism.  The activation energy  calculated  from  temperature  dependent  measurements  dimin-

ishes  with  the  solution  pH and  also  in the  presence  of  adsorbed sulfate. These  measurements  corroborate

the  involvement  of  solution  formate and anions in the oxidation mechanism.  Using  these  results, a  rate

equation  for  the  oxidation  of  formic acid  is proposed. The  current  values  calculated from this  equation

are  in  very  good  agreement  with  the  experimental  currents  in  perchloric acid solutions.

© 2014 Elsevier  Ltd. All rights  reserved.

1. Introduction

The formic acid oxidation reaction has been widely studied

because its  possible use in fuel cell technologies. The reaction

involves only two electrons in the oxidation to CO2, and for that

reason, it has a lower energy density (kW/kg) when compared

with other organic molecules, such as  methanol or ethanol. In spite

of that, the practical electrocatalysts (normally composed of plat-

inum or palladium) have higher turnover at  comparable potentials.

Thus, the cell power per mass of precious metal is higher than that

obtained for  ethanol or methanol.

The reaction mechanism of the formic acid oxidation reaction

has two possible routes, as  initially proposed by Capon and Parsons

[1–3] and confirmed by DEMS [4]. In one of the routes, the first  step

is a dehydration step, to yield an adsorbed CO molecule. Adsorbed

CO is difficult to oxidize to CO2 and  blocks the surface, hindering the

progress of the reaction. The other route goes  through the so called

active intermediate. In this route, formic acid probably adsorbs on

the surface in some form and yields the active intermediate, which

is immediately transformed into CO2.  For this reason, this route is

more efficient in  the oxidation, since the overpotentials are lower,

but its performance is hindered by the presence of CO.

Recently, significant efforts have been devoted to determine the

nature of the active intermediate [5–7]. The initial works of Osawa

∗ Corresponding author.

E-mail address: herrero@ua.es (E. Herrero).

and collaborators proposed that adsorbed formate in a  bridge-

bonded configuration with its two oxygen atoms bound to two

surface platinum atoms (bridge bonded bidentate formate geom-

etry) was  the active intermediate, since this species was detected

in ATR-SEIRAS experiments and a  qualitative correlation between

the reactivity and the amount of adsorbed formate was  found

[8–11]. However, other experiments seemed to contradict this ini-

tial assignment, proposing other species as the active intermediate

[12,13]. All these data resulted in a  debate regarding the role of

adsorbed bridge bonded bidentate formate in the reaction mech-

anism, which still is  not solved. Recently, a  new species has been

added to the mechanism, since it  has been found that that solution

formate plays a  very important role in the oxidation mechanism

[14].

In all of these manuscripts, polycrystalline electrodes were used.

Formic acid oxidation is  a  reaction very sensitive to the surface

structure, as the studies with single crystal electrodes reveal [15].

If a detailed determination of the reaction kinetics is  required, the

use well-defined surfaces can provide valuable information on the

reaction. Very well controlled conditions are normally required in

order to untangle the effect of  the different parameters and their

relationships in the  oxidation mechanism. For that reason, the use

of low  index planes, namely Pt(111), Pt(100) and Pt(110) surfaces,

which ideally have only one type of site on the surface, simplifies

the problem and allows establishing clear relationships between

site and type of reactivity. Among them, the Pt(111) surface is the

most stable surface within the potential range of  interests [16]

and is considered to be  the most frequent orientation in practical

http://dx.doi.org/10.1016/j.electacta.2014.06.057
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nanoparticles [17]. Under these conditions, it is  possible to deter-

mine the activity of the electrode for both routes independently

[18]. Consequently, absolute reaction rates and potential regions

in which each route is active can be  determined as a function of  the

electrode structure [19,20].

In this manuscript, the oxidation of  formic acid on Pt(111) elec-

trodes is studied in  solutions containing perchloric, sulfuric and

acetic acid in the pH range between 0  and 2. From the temperature

dependence of  the activity through the active intermediate, appar-

ent activation energies are calculated. All these data will  be used to

determine the role of the adsorbed anion, formic acid and formate

concentration in the oxidation mechanism. This will allow estab-

lishing an explicit rate equation for the oxidation through the active

intermediate route that will be compared to  the observed behav-

ior. In this equation, the solution formate concentration, and the

coverage of adsorbed formate and that of other adsorbed species

will be considered.

2.  Experimental

Platinum single crystal electrodes were oriented, cut and pol-

ished from small single crystal beads (2.5  mm  diameter) following

the procedure described by Clavilier and co-workers [21,22]. The

electrodes were cleaned by flame annealing, cooled down in H2/Ar

and protected with water in equilibrium with this gas mixture to

prevent contamination before immersion in the electrochemical

cell, as described in detail elsewhere [22,23]. The voltammetric pro-

files,  and therefore the surface structure of the electrodes, are stable

upon cycling provided that oxide formation is avoided. It is  known

that oxidation/reduction cycles create defects on the electrode sur-

face [16,24]. For  that reason, the upper  potential limit of the scan

is always maintained below 1.1 V for  the Pt(111) electrode.

Experiments were carried out  in a  classical two-compartment

electrochemical cell  deaerated by  using Ar  (N50, Air  Liquide in all

gases used), including a large platinum counter electrode and a

reversible hydrogen (N50) electrode (RHE) as  reference. For the

determination of the activation energy, the electrochemical cell

was immersed in a water bath to control the temperature in a range

between 278 and 333 K. The reference electrode was kept at  room

temperature (298 K) and all  the measured potentials are referred to

a RHE electrode at  298  K. For that reason, the measured potentials

were corrected with the thermodiffusion potential using the pro-

cedure explained in reference [25]. All the potentials are quoted vs.

the RHE at 298 K unless otherwise stated. Solutions were prepared

from sulfuric acid, perchloric acid, sodium perchlorate, acetic  acid,

formic acid (Merck suprapur in all cases) and ultrapure water from

Elga. The cleanliness of  the solutions was tested by the stability

of the characteristic voltammetric features of well-defined single

crystal electrodes.

The  potential program for  the transients was generated with

an arbitrary function generator (Rigol, DG3061A) together with a

potentiostat (eDAQ EA161) and a  digital recorder (eDAQ, ED401). To

avoid any interference of  the diffusion of  formic acid in the reac-

tion rate, stationary conditions were attained by using a  hanging

meniscus rotating disk configuration at  900 rpm (controlled by a

Radiometer CTV 101).

3.  Results

3.1. Effect of  the solution pH.

It  has been recently shown that the pH affects significantly the

currents for formic acid oxidation on platinum polycrystalline elec-

trodes [14]. These experiments were carried  out in different phos-

phate buffers. In order to  verify the effects of pH in the oxidation
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Fig. 1.  Voltammetric profiles for the oxidation of 0.1 M formic acid in different solu-

tions on the  Pt(111) electrode: 1 M  HClO4 (pH = 0.11), 0.5 M HClO4 (pH =  0.37), 0.1 M

HClO4 (pH = 1.0), 0.05 M HClO4 + 0.05 NaClO4 (pH =  1.42) and 0.01 M HClO4 +  0.09

NaClO4 (pH =  1.94).

of formic acid on Pt(111) electrodes, the oxidation currents for

this electrode at different pHs have been measured. However, to

prevent any possible interference in the oxidation currents as the

pH changes, solutions have to be chosen carefully. First, specific

adsorption of  anions should be avoided, since this process can alter

the reaction kinetics, as will be shown later. On the other hand,

special care should be taken to  maintain the interfacial pH constant

during the process, since two protons are generated per formic acid

molecule. Thus, solutions with a large buffering power should be

used. The  absence of specific adsorption precludes the use of the

typical buffering solutions, such as phosphate buffers, since the

different phosphate anions adsorb specifically on the (111) surface

[26,27]. For  that reason, the solutions were prepared with perchlo-

ric acid and sodium perchlorate and the higher studied pH  was close

to 2.

As can be seen in fig. 1,  an increase in the oxidation currents are

observed as the pH shifts from ca.  0  to 2. Also, the overall shape

of the voltammetric profile in the negative scan remains almost

constant. On the other hand, the difference between the currents

measured in the positive and negative scan directions also increases

with pH.  This  hysteresis is associated to the formation of CO in the

dehydration reaction of  formic acid at low  potential values [1–4],

which blocks the surface and affects the currents measured in the

positive scan direction. For the Pt(111) electrode, CO  formation is

restricted to the defects on the surface and takes place at poten-

tials below 0.3 V [20,28,29]. There is a clear relationship between

the hysteresis and the CO formation rate as shown in  the studies

with stepped surfaces [20], and thus the larger hysteresis as the pH

increases has to  be associated to an increase in the CO formation
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Fig. 2. Currents at constant potential for formic acid oxidation vs. solution pH. Data

taken from fig. 1.

rate at defects at low potentials. Since CO is  oxidized above 0.75 V

[30], the currents measured in the negative scan  direction corre-

spond exclusively to the oxidation of  formic acid through the active

intermediate route [20]. The constancy of the shape in  the negative

scan direction suggests that the oxidation mechanism is the same,

so that the current increase should be  related to the increase in con-

centration of a relevant species in the oxidation mechanism. Being

formic acid a weak acid with a  pKa = 3.75, the change in pH alters

the ratio between formate and formic acid in solution. Thus, the

current increase can be  related to the increase in the concentration

of formate in  solution, as has been previously proposed [14].  In the

RHE scale (fig. 1, top panel), the onset for formic acid oxidation only

moves slightly towards more negative values as the pH increases.

To  check the reaction order with  respect to the concentration

of formate, currents at  constant absolute potential (vs. SHE) from

fig. 1 lower panel have been plotted vs. pH. Fig. 2 shows the currents

measured at 0.35  and 0.50 V  vs. SHE in  the negative scan direction,

which correspond exclusively to the activity of  the surface trough

the active intermediate route in absence of CO [20]. As can be seen,

there is a linear relationship between the pH and  the logarithm of

the current density, in which the slope is  between 0.35 and 0.4.

Since in this pH range, solution formate concentration is  propor-

tional to the proton concentration, the slope of  this plot can also

be considered the reaction order for  solution formate in the rate

equation.

3.2. Effect of  the  specific adsorption of  anions

Adsorbed species on the electrode surface alter the reactivity

since they change the interaction between the relevant species in

the mechanism and the surface. As solution pH  affects the formic

acid oxidation currents (and therefore the reaction rate), the study

of the effect of the specifically adsorbed anions in the reaction rate

should be carried out  at  constant pH. Fig. 3 show the voltammetric

profiles for the clean electrolyte and for formic acid oxidation in

0.5 M HClO4 and 0.5 M H2SO4, solutions whose pHs  can be consid-

ered very similar. As can be seen, maximum currents for both media

are almost the same. However, it  should be noted that currents for

the sulfuric acid solution are slightly higher and the onset is dis-

placed towards more negative potentials. This behavior is  rather

unexpected. From the pH  perspective, solution pH in the sulfuric

acid solution can be somehow higher due  to the second acid/base

equilibrium of  the molecule. According to the previous results, the

higher pH should correspond to lower currents. Also, the presence
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Fig. 3. A) Voltammetric profile for  the Pt(111) electrode in  0.5 M HClO4 +  0.1 M

HCOOH  (black line)  and 0.5 M H2SO4 + 0.1 M HCOOH  (red line) B) Voltammetric

profile  for  the Pt(111) electrode in 0.5 M HClO4 (black line) and 0.5 M H2SO4 (red

line).

of strongly adsorbed sulfate should lead to a significant diminu-

tion in the currents, as happens to other organic molecules such as

methanol [31]. On the other hand,  significant currents for formic

acid oxidation are obtained in the region where sulfate anions are

adsorbed [32]  and the current decay after the maximum takes place

at more positive potential values for the sulfuric acid solution. All

these results indicate that the adsorption of  sulfate on the electrode

surface has an unexpected positive effect for the oxidation of  formic

acid.

To check  whether this enhancement is exclusive of sulfate or

can be observed with other anions, the effect of acetic acid was

also studied. In order to maintain the solution pH below to 2, 1 mM

acetic acid was  added to a  0.1 M perchloric acid solution (fig. 4).

For comparison, the effect of  the addition of 1 mM H2SO4 was also

studied. It should be borne in  mind that the adsorption of  acetate is

stronger than that of sulfate, as can be observed in the voltammetry

of the Pt(111) electrode (see fig.  10). As shown in this  figure, the

effects of  the addition of sulfate and acetate to  the 0.1 M perchloric

acid solution are similar. In this case, the change in the onset is

negligible, due to the lower concentration of the anions. However,

in spite of  the specific adsorption of anions, currents are  maintained

when compared to pure perchloric acid solutions.

3.3. Determination of the  activation energy for the  direct
oxidation path

Additional information on the mechanism of formic acid oxi-

dation can be obtained if the activation energy is determined. To

ensure that the activation energy corresponds to the direct route,
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Fig. 4. A) Voltammetric profile for the Pt(111) electrode in 0.1 M HClO4 +  0.1 M

HCOOH (black line), 0.1 M  HClO4 +  1  mM H2SO4 +  0.1 M HCOOH (red line) and 0.1 M

HClO4 + 1 mM  HAc + 0.1 M HCOOH (green line).

pulsed voltammetry has been used [18,19]. Each transient obtained

from the pulsed voltammetry has been fitted to the equation

j  = j�=0

(
1

1  + kadst(p −  1)

) 1
p−1

(1)

where  j�=0 represents the current through the direct route in

absence of  poison, the so-called intrinsic activity of the electrode

[18], kads is  the CO formation rate from formic acid and  p is the num-

ber of sites required for the adsorption of  formic acid to yield CO.

According to this model, the transients should have a decay, which

depends on the value of kads, and the extrapolation of  the transients

to t = 0 gives the value of j�=0. This equation has been proved  to fit

adequately the observed transients for  formic acid oxidation on sin-

gle crystal electrodes [19,20] and nanoparticle electrodes [33]. For

all the observed transients, the decay was very  small and therefore

no accurate determination of the parameter p could be made. As  the

usual value is close to 2 [19,20], in all the  fittings for  this electrode

the value of p was set  to 2.

Transients for the oxidation of 0.1 M formic acid with the pulsed

voltammetry technique were recorded between 5 and 45 ◦C to

determine the change of j�=0 with  potential and  temperature for

the following supporting solutions: 0.1 M HClO4,  0.5 M  H2SO4,

0.1 M HClO4 +  10  mM H2SO4 and 0.1 M HClO4 +  10  mM  CH3COOH,

0.05 M HClO4 + 0.05 M  KClO4 (pH = 1.42) and 0.01 M HClO4 + 0.09 M

KClO4 (pH = 1.94). With these solutions, the anion and pH effects

in the activation energy can be  studied. Fig. 5  shows the results

of j�=0 obtained for the oxidation of 0.1 M HCOOH in 0.1 M HClO4

at selected temperatures. It should be  noted that the error in the

determination of j�=0 is  well below 1%  in all cases, due to almost neg-

ligible kads values obtained from the fittings. As  expected, currents

increase with temperature and the onset for the oxidation shifts

towards more negative values.

The activation energy can be obtained from the Arrhenius plots

as shown in fig. 6. In all  cases, the plots were linear, within the

experimental error of the measurements. From the slope of the

log(j�=0) vs. 1/T, the apparent activation energy was  determined for

all the solutions. These values are plotted vs.  the electrode poten-

tial for the different solutions in fig. 7. For the effect of  the anions

present in solution, two different behaviors can be observed. In  the

solutions containing perchloric acid, the apparent activation energy

is almost independent of the anion present in  solution. For these

curves, there is  a  small region between 0.3 and 0.4 V where the acti-

vation energy diminishes from values around 55-60 to 45 kJ mol−1.

From that potential, the activation energy slowly increases up to
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Fig. 5. Values of j�=0 at different temperatures vs. electrode potential measured in

0.1 M HClO4 + 0.1 M HCOOH  solutions for  the Pt(111) electrode.

0.7 V. At this point, there is  an  sharp diminution of the activation

energy. On the other hand, for the sulfuric acid solution, there is

a continuous diminution of the activation energy from values of

ca. 70 kJ mol−1 at 0.3 V to 35 kJ mol−1 at 0.6 V. From this poten-

tial, values increase and reach a stable value of ca. 60 kJ  mol−1 at

0.8 V. These results clearly indicate that the adsorption of the anions

have a strong influence in the kinetics of  the reaction. Although the

details of this dependence will be discussed in the following section,

a preliminary explanation can be given here. The initial diminution

in the activation energy can be related to the initial stages of the

adsorption of formate or  any other anion present in solution. In the

absence of strong adsorption, as in  the case  of 0.1 M HClO4 solu-

tions, after the initial triggering event of the reaction, the activation

energy remains nearly constant until OH adsorption occurs on the

electrode. For the perchloric acid solutions with acetic  acid or  sul-

furic acid, it is  probable that OH replaces the adsorbed anion at  the

more positive potentials in  a  process without a significant charge

transfer [34]. The adsorption of  OH  leads to the deactivation of  the

surface for the direct oxidation and to a significant diminution of

the activation energy. For the sulfuric acid solution, there is  a clear

minimum in the activation energy curve. The region where the min-

imum activation energy is obtained coincides with the presence of
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Fig. 7. Apparent activation energy vs. electrode potential determined for the  oxi-

dation of 0.1 M HCOOH in different solutions on the Pt(111) electrode.

the small bump that can be  observed in the voltammetric profile in

the  supporting electrolyte (fig. 3). This bump has been associated to

an  order transition in the sulfate adlayer that leads to the formation

of large ordered domains [35–37].

Regarding the pH effect, a clear diminution in  the activation

energy is observed as the pH increases, which corroborates the

results observed by voltammetry (fig. 7,  lower panel). The lower

apparent activation energy implies that the formation of the reac-

tion intermediate is facilitated at  higher pHs. Activation energies as

low  as 25 kJ/mol are obtained at  pH  =  1.94. It should be stressed that

the measured value is the apparent activation energy with contains

not only information on the true activation energy of the rate deter-

mining step, but also on the activation energy for  all the previous

steps [38]. If solution formate is involved in the rate  determining

step, this species should  be  produced from the acid/base equilib-

rium of formic acid/formate at  very low pHs. The free  energy of this

equilibrium reaction contributes in these cases to the apparent acti-

vation energy. Thus, the apparent activation energy diminution as

the  pH increases can be related to the increase in the concentration

of solution formate that diminishes the requirements to produce

it from formic acid. It should also be highlighted that for the sul-

furic acid solution activation energy values are also close to those

obtained at higher pH in perchloric acid solutions, which also sug-

gests that adsorbed sulfate facilitates the oxidation of formic acid.

4.  Discussion

The  results presented here clearly points out the role of several

species in  the whole mechanism through the direct route. From the

dependence of the current densities and activation energy with the

pH it is seems clear that formate anion is playing a significant role

in the mechanism, as has been already suggested [14]. As  the pH

increases, the effective concentration of formate for  a given initial

concentration of  formic acid increases and thus  current increase. On

the  other hand, pre-adsorbed anions, as sulfate, have a beneficial

effect in the oxidation currents. A clear example of  that is  the fig. 3,

in which a lower onset for  the formic acid oxidation reaction is

observed in the presence of sulfuric acid. Thus, it can be proposed

that adsorbed anions and formate are  involved in the oxidation

mechanism through the following scheme:

Pt + HCOO−→ Pt-HCOO− (2)

Pt-A  + Pt-HCOO− → Pt-A +  Pt + CO2 + H+ +  2e (3)

where  A  is  an  adsorbed anion present on the surface (either sulfate,

or acetate or bidentate formate). In the rds, the adsorbed anion

and the formate coming from solution interacts with the surface

through the C-H  bond, according to the equation:

Pt − A  + Pt − HCOO−
C−H  down → Pt − A + CO2 + Pt − H  + e− (4)

The  C-H  down configuration is  that in  which the H  is close to the

surface, but it does not imply necessarily that the C-H bond is per-

pendicular to the surface. Several configurations can be proposed

here, such as monodentate adsorbed formate or that proposed in

reference [39]. This  type of step, in which the oxidation of formate

is requires an additional adsorbed anion in the vicinity, has been

already proposed by DFT calculations using  a continuous solva-

tion model and discrete water molecules [39]. It has been shown

that the adsorbed formate molecule in a  bridge-bonded bidentate

configuration (with the two oxygen atoms in  the carboxylic group

pointing towards the surface) is a  key element in the process. The

presence of  bridge-bonded bidentate adsorbed formate facilitates

the adsorption of an additional formic acid molecule with C-H down

configuration. In this position, the cleavage of  the H-C has a  low acti-

vation energy, yielding CO2 [39].On the other hand, the calculated

activation energy for  the cleavage of  the H-C bond from the bridge

bonded bidentate formate is very high and, thus, this event is  not

likely [39]. With respect to the DFT model, the only significant dif-

ference is that formate, not formic acid, is  the species that adsorbs

with the CH down configuration, in  order to justify the dependence

of the currents with the pH. Additionally, it will  be  considered that

not only adsorbed formate facilitates the CH down adsorption of

the formic acid molecule, but also other adsorbed anions such as

sulfate or acetate can play similar roles.

Before formulating a rate equation, it should be  also take into

account that OH adsorption do not  have an active role in  the oxida-

tion of  formic acid. As can be  seen in fig. 2,  the presence of  adsorbed

OH causes the opposite effect. At potentials above 0.6 V in perchlo-

ric acid solutions, where OH adsorption occurs, currents diminish

and reach negligible values at 0.8 V. Thus, the oxidation of formic

acid requires a preadsorbed anion and a free site where formate

can adsorb the current for the oxidation of  formic acid. The corre-

sponding kinetic equation is  then:

j =  Fko exp

(
F (E − Eo)

˛RT

)
�A

(
1 −  �A − �OH

)  [
HCOO−]

(5)

where  ko is  the standard rate constant, Eo the standard potential for

the oxidation of formic acid, � is the symmetry factor of the reac-

tion, �A and �OH are the specific anion and OH coverages and the rest

of symbols have the usual meaning. This  equation is  the direct con-

sequence of reaction (4), which is  the rds. Since the rds is the first
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Fig. 8. Comparison of the negative scan direction of the voltammogram recoded in

0.1 M HClO4 +0.05 M HCOOH for the Pt(111) electrode (full line,) and  the calculated

current  using equation (5). �A values for this  equation are taken from reference [40].

electron transfer, it should include the potential dependent term

exp

(
F(E−Eo)

˛RT

)
, with an � value close to  0.5. Also, the step requires

the  presence of an adsorbed anion (sulfate or bridge-bonded biden-

tate formate) with represented by its coverage value, �A and an

adsorbed formate ion in a  C-H down configuration. This is an inter-

mediate species, which has been formed through reaction (2) and

requires the presence of a  free Pt site and a  formate ion from solu-

tion. Thus, the terms referring to  the Pt free sites
(

1  − �A −  �OH

)
and formate solution concentration

[
HCOO−]

should appear also

in the equation.

This  rate equation is different from that proposed in reference

[14] to explain the pH behavior of the oxidation current. In this

new equation, an additional term, the anion coverage, has been

included to explain the lower onset for formic acid oxidation in

the presence of  sulfate. In phosphate buffer solutions, it was found

that the current increases with pH  up to  values close to  4 and then

diminishes from that point [14]. The equation proposed here is

also able to reproduce the behavior, since the increase in the with

the pH is linked to the formate concentration and the diminution

above pH = 4  is  associated to the
(

1 − �A −  �OH

)
term, as has been

demonstrated in [14]. The addition of  �A to the rate equation does

not alter the behavior proposed in  the previous reference, since it

is only playing an important role in defining the currents for low

coverages, that is, at the onset of formic acid oxidation.

This equation will  be  tested for  the oxidation of formic acid in

perchloric acid solutions. For that, the value of  the bridge-bonded

formate coverage (�A)  as  a function of the electrode potential has

to be known from independent measurements. In a previous paper

[40], the value of �A during formic acid oxidation in  perchloric acid

solutions was determined by using fast scan voltammetry. Since

formic acid oxidation currents are not  dependent on  the scan  rate

[41], it is possible to determine adsorption currents for  formate

at scan rates around 50 V  s−1. At 50 mV  s−1, the current due to

the adsorption of  formic acid is negligible in comparison to those

obtained for formic acid oxidation. At 50 V s−1, the current for the

adsorption process has increases 1000 times, and  is much bigger

than the oxidation currents and therefore, the curve for  formate

coverage vs. potential can be  estimated from the integration of

the voltammetric profile in the region where formate adsorption

takes place after subtraction of the typical double layer. From the

curve �A vs. E from [40],  the current density for formic acid oxi-

dation can be calculated according to  equation (5)  and compared

to the experimental current. Fig. 8 shows the comparison between
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Fig. 9. Voltammetric profile of the Pt(111) electrode in  0.5 M H2SO4 at different

temperatures.

the measured voltammetric profile in the negative scan direction

for formic acid oxidation in the solution used to measure �A and

the calculated current using equation (5). The negative scan direc-

tion is  used  because the surface is free from adsorbed CO. For  the

calculation, � was  equal to 0.45, Eo was 0  V and Fko[HCOO−]  was

9.6 × 10−4 mA  cm−2.  As can  be seen, the model is able to reproduce

the shape, maximum position and the decay after the maximum for

formic acid oxidation. However, the fitting is not perfect probably

due to the way the formate coverage was  estimated, especially at

low potential values. Between 0.3 and 0.45 V, formate adsorption

competes with hydrogen adsorption. For the estimation of the cov-

erage, it has been assumed that hydrogen adsorption coverage was

equal to  that obtained in absence of  formic acid in solution and this

fact may  have led to an underestimated value of the formate cov-

erage. A  more accurate method to obtain �A would have required

the used of the thermodynamic treatment of  reference [42]. How-

ever, under the present conditions, it is not  possible to use such

treatment, because the the voltammetric profile at 50 V s−1 is  not

perfectly symmetrical.

The  model presented in equation 4  also explains the activation

energies measured in fig. 7. The apparent activation energy, which

is the measured value, is  then defined as:

Ea /=
app =  −R

d ln(j)

d 1
T

=  −  R

(
d  ln (ko)

d 1
T

+
d  ln

(
�A

)
d 1

T

+
d  ln

(
1 − �A −  �OH

)
d 1

T

)
(6)

In  this  equation, the real  activation energy, which can be related

to the value determined by  DFT, is:

Ea /= = −R
d ln (ko)

d 1
T

(7)

It  is expected that this value is  independent of the electrode

potential. The terms related to the anion and OH coverage are

clearly dependent on the electrode potential, which causes the

different values obtained at  different electrode potentials. At low

potentials, the dominant term in this  potential dependence is
d  ln(�A)

d 1
T

. The evolution of the anion coverage with the temperature

can be estimated using the voltammetric profile measured at dif-

ferent temperatures. As can be seen in fig. 9 for 0.5 M  sulfuric acid

solution, the onset of sulfate adsorption is  displaced towards more

positive values. In the case of acetate, a  similar behavior is  observed
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Fig. 10. Voltammetric profile of the Pt(111) electrode in different solutions.

and a similar behavior is  also expected for formate adsorption. This

implies that at constant electrode potential, the anion coverage

diminishes with the temperature, which should lead  to a  diminu-

tion of the activation energy in this potential region, as observed in

all solutions. At high potential values, the term that dominates the

change with the electrode potential is
d ln(1−�A−�OH)

d 1
T

. Thus, the way

the anion or OH coverage reaches the maximum value and how it

evolves with the temperature should determine the changes of the

apparent activation energy in this  region.

In the case of formate, which will be  the adsorbed anion

in 0.1 M HClO4,  and  acetate (in 0.1 M  HClO4 + 10 mM  HAc), the

adsorption strength is  similar, as shown in reference [40], and

therefore, they have similar values. For the solution containing

0.1 M HClO4 + 10  mM  H2SO4, the adsorption of sulfate is weaker

than that of  acetate, as fig. 10 demonstrate. In this case, formate

adsorption is probably stronger than sulfate adsorption at this con-

centration. Therefore, the anion adsorbed on the electrode surface

in this supporting electrolyte is formate, which gives apparent acti-

vation energies equal to those obtained in pure perchloric acid

solution.

The only apparent discrepancy of  the proposed model and the

obtained results is  the order with respect to the formate concen-

tration. According to equation (5), the order should be  1,  but the

measured order is around 0.4. The real order can only be obtained

if the rest of  the parameters (coverages and electrode potential) are

constant. In fig. 2, the electrode potential is  maintained constant.

However, the anion coverage is clearly dependent on the pH and

for that reason, the measured value deviates from the real value to

lower values. This implies that a given electrode potential in the

SHE scale, the measured coverage of  formate diminishes with the

pH.

5. Conclusions

The results presented demonstrate the complexity of the formic

acid oxidation reaction, since it involves the presence of  at  least

two adsorbed species: an anion (which could be sulfate, acetate or

bridge-bonded bidentate formate) and solution formate. This  latter

species should interact with the surface with  the C-H bond close to

the surface, so  that the cleavage of  the C-H bond  could occur. Also,

it explains the controversy regarding the role of adsorbed bridge-

bonded bidentate formate in the mechanism. It takes part in the

mechanism, as ATR-SEIRAS results indicates [9], although it is  not

the molecule that decomposes to  give  CO2. CO2 is  generated from a

solution formate which interacts with the surface through the C-H

bond.
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a b s t r a c t

A temperature dependent study on the formic acid oxidation reaction has been carried out in order to
determine the activation energy of this reaction on different platinum single crystal electrodes, namely
Pt(100), Pt(111), Pt(554) and Pt(544) surfaces. The chronoamperometric transients obtained with
pulsed voltammetry have been analyzed to determine the current densities through the active interme-
diate and the CO formation rate. From the temperature dependency of those parameters, the activation
energy for the direct reaction and the CO formation step have been calculated. For the active intermediate
path, the activation energy are in the range of 50–60 kJ/mol. On the other hand, a large dependence on
the electrode potential is found for the activation energy of the CO formation reaction on the Pt(100)
electrode, and the activation energy values for this process range between 20 and 100 kJ/mol. These
results have been explained using a reaction mechanism in which the oxidation of formic acid requires
the presence of a pre-adsorbed anion on the electrode surface.

� 2015 Elsevier B.V. All rights reserved.

1. Introduction

The formic oxidation reaction has been extensively studied
because its potential use as anode reaction in the fuel cell tech-
nology. Additionally, fromall the possible carbon containing species
studied as tentative fuels, it has the simplest oxidation mechanism
[1–3]. In fact, its oxidation to CO2 only requires the cleavage of
two bonds: O–H and C–H. The break of the O–H bond is relatively
simple, since the OH group is involved in the acid/base equilibria
of themolecule. For the secondone, a surfacewith affinity for hydro-
gen and dehydration reactions is required. For that reason, the plat-
inum and palladium electrodes show the highest activity.

In spite of the apparent simplicity of the reaction, additional
complications in the oxidation mechanism appear on platinum
surfaces. On these electrodes, CO formation at low potentials is
observed [1]. To produce adsorbed CO, the cleavage of two differ-
ent bonds should take place: the C–H and the C–OH bonds. The for-
mation of CO creates additional problems in the oxidation of the
formic acid molecule. CO is strongly adsorbed on the Pt surface
and its final oxidation to CO2 requires the transfer of an OH group.
This latter step has a large overpotential. For this reason, CO is also
called the poisoning intermediate, since it blocks the surface for
the reaction to continue. On the other hand, the reaction route

which gives directly CO2 is called the direct oxidation route. For
this route, the nature of the intermediate is still subject of discus-
sion [4–11].

In order to get insight into the oxidation mechanism, extensive
DFT calculations have been carried out using well defined surfaces
[12–15]. In these studies, different intermediates and reaction
schemes have been proposed. However, in order to validate those
reaction mechanism, the theoretical data for the calculated activa-
tion energies should be compared with those obtained experimen-
tally. In this manuscript the activation energies for the formic acid
oxidation reaction are measured on single crystal electrodes using
different electrolytes. The activation energies will be analyzed in
view of the proposed mechanism, and compared with previous
results, in order to obtain additional details on the oxidation
mechanism. In this way, the measured values will be compared
with those obtained from DFT calculations to validate the proposed
mechanism.

2. Experimental procedure and numerical treatment of data

2.1. Experimental procedure

Platinum single crystal electrodes were oriented, cut and pol-
ished from small single crystal beads (ca. 2.5 mm diameter) follow-
ing the procedure described by Clavilier [16,17]. The electrodes
used in this study were the Pt(111) and Pt(100) low index planes

http://dx.doi.org/10.1016/j.jelechem.2015.02.003
1572-6657/� 2015 Elsevier B.V. All rights reserved.
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and two stepped surfaces: Pt(544) and Pt(554). These surfaces
have 9 atom-wide (111) terraces separated by monoatomic
(100) and (110) steps, respectively. Before every use, the elec-
trodes were cleaned by flame annealing, cooled down in H2/Ar
and protected with water in equilibrium with this atmosphere. It
is known that this procedure gives rise to surfaces whose atomic
arrangement corresponds to the nominal one [18]. The voltammet-
ric profile of the electrode in 0.5 M H2SO4 is always recorded to
assure that the surface is well prepared and clean. The upper
potential limit is always chosen so that oxide formation is avoided,
to prevent surface disordering [19,20].

Experiments were carried out in a classical two-compartment
electrochemical cell deaerated by using Ar (N50, Air Liquide in all
gases used), including a large platinum counter electrode and a
reversible hydrogen (N50) electrode (RHE) as reference. For the
temperature controlled experiments, the electrochemical cell was
immersed in a water bath to control the temperature. Temperature
dependent measurements were conducted in a range between 278
and 333 K, using 5 K intervals. For the different experiments, the
reference electrode was kept at room temperature (298 K). To
transform the direct potential reading to the RHE scale at 298 K
values, the direct potential reading should be corrected for the
thermodiffusion potential using the procedure explained in refer-
ence [21]. Solutions were prepared from sulfuric acid, perchloric
acid, formic acid (Merck suprapur in all cases) and ultrapure water
from Elga.

The potential program for the pulse voltammetry, which
allowed obtaining the current transients, was generated with an
arbitrary function generator (Rigol, DG3061A) together with a
potentiostat (eDAQ, EA161) and a digital recorder (eDAQ, ED401).
To avoid any interference of the diffusion of formic acid in the reac-
tion rate, stationary conditions were attained by using a hanging
meniscus rotating disk configuration at 1600 rpm (controlled by
a Radiometer CTV 101). Full experimental details on the pulsed
voltammetry can be found in reference [22]. In summary, the
potential program consists in a series of steps between an upper
potential (0.9 V for T < 298 K and 0.85 V for TP 298 K) to oxidized
the accumulated CO on the surface and the sampling potential. The
duration of the steps was always 1 s.

2.2. Numerical treatment of the transients

In a previous work, transients obtained in the pulsed voltamme-
try as those shown in Fig. 1 were simulated with a model which
took into account direct formic acid oxidation and CO formation
through the dehydration reaction [22]. For the oxidation through
the active intermediate, it was supposed that the current density
depended on the fraction of the surface not covered by CO,
(1 � hCO), and the current that would have been obtained in
absence of CO, jh=0.

j ¼ jh¼0ð1� hCOÞ ð1Þ
In turn, the CO coverage will depend on the on the dehydration

step, for which the reaction rate was written as:

dhCO
dt

¼ kadsð1� hCOÞp ð2Þ

where kads is the poison formation reaction rate and p is the number
of Pt sites required for the dehydration step to occur. The integra-
tion of Eq. (2), and substitution in Eq. (1) yielded:

j ¼ jh¼0
1

1þ kadstðp� 1Þ
� � 1

p�1

ð3Þ

This model was used to obtain the values of jh=0, kads and p from the
fits of this equation to the experimental transients. The fitswere very

goodat room temperature,which supported the validity of themodel
[22,23]. In all cases, pwas close to two, which implies that the dehy-
drogenation reaction requires two contiguous free platinum sites to
proceed. However, when this equation is used for T > 298 K for the
transients obtained in this work, the model deviates from
experimental transients (Fig. 1, dotted line). In the model represent-
ed by Eq. (3), possible contributions to the total current from the
adsorbed CO oxidation process according to the reaction

COþH2O ! CO2 þ 2Hþ þ 2e ð4Þ
were not taken into account, because it was experimentally verified
that, the CO oxidation rate was negligible at the potentials where
CO was formed [22,23]. In the worst case scenario, the Pt(100) elec-
trode, CO formation takes place at E < 0.50 V and for those poten-
tials CO oxidation is negligible at room temperature. However, the
temperature increase has two major effects: to accelerate CO oxida-
tion process and also to increase the potential window where CO
formation occurs. For this reason, the deviations from previous
model are due to the contribution of the CO oxidation process to
the measured current and, thus, such contribution should be taken
into account for the transients at T > 298 K. Eq. (2) should be then
modified incorporating the possibility of change of CO coverage
due to its oxidation according to the proposed mean field Lang-
muir-Hinselwood mechanism [3,24,25] as:

dhCO
dt

¼ kads 1� hCOð Þp � koxhCO 1� hCOð Þ ð5Þ

where kox is the rate constant for the CO oxidation process. In the
same way, the equation for the current density should incorporate
the contributions to the measured current of the CO oxidation reac-
tion as:

j ¼ jh¼0ð1� hcoÞ þ qkoxhcoð1� hcoÞ ð6Þ
where q is the charge involved to the oxidation of a monolayer of CO
(320 lC cm�2 for the Pt(100) electrode). In order to solve Eq. (5) for
hCO, p was fixed to 2, because this was the value obtained
experimentally [22]. Assuming that kads � kox, hCO is then:

hCO ¼ kads
expðkoxtÞ � 1

kox expðkoxtÞ þ kads expðkoxtÞ � kads
ð7Þ
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Fig. 1. Transient currents measured during the pulsed voltammetry at different
potentials on the Pt(100) electrode at 40 �C in 0.5 H2SO4 + 0.1 M HCOOH and
fittings according to Eq. (3) (dotted line) and Eq. (8) (dashed line).

J.V. Perales-Rondón et al. / Journal of Electroanalytical Chemistry 742 (2015) 90–96 91

110



Substituting into Eq. (6) gives:

j ¼ kox 1� exp �koxtð Þð Þ jh¼0kads þ qkadskoxð Þ þ jh¼0kox½ �
kox þ kads 1� exp �koxtð Þð Þ½ �2

ð8Þ

Of course, when kox tends to 0, Eq. (8) transforms into Eq. (3) with
p = 2. As can be seen, the model, which also contains 3 adjustable
parameters, as the previous one, is able to perfectly fit the
experimental transients (Fig. 1, dashed line).

3. Results and discussion

3.1. Temperature effects on the behavior of the electrodes in the pure
supporting electrolyte

It has been shown that the formic acid oxidation reaction is
affected by the anion adsorption process. In fact, it has been pro-
posed that anion adsorption is required for the oxidation to pro-
ceed [26]. For the Pt(111) electrode, the proposed model
suggests that the formic acid oxidation reaction requires the pres-
ence of an anion adsorbed on the surface and a contiguous free site.
On this free site, formate, the proposed reactive species [8], can
interact with the surface in a configuration which favors the C–H
bond cleavage [27]. DFT calculations indicate that the activation
energy for the cleavage of the C–H bond is low when this bond is
directed to the surface [14], and thus it can be proposed that the
formate species should have the C–H bond directed to the surface.
The adsorbed anion that facilitates the adsorption of formate in the
C–H down configuration can be either a formate species bonded to
the surface through one or two oxygen atoms or any other anion
such as acetate or sulfate [26]. Thus, the adsorption of the anion
and how this process is influenced by the temperature is an impor-
tant parameter that can affect the measured activation energy.

Fig. 2 shows the voltammetric profiles of the electrodes used in
this work at different temperatures. For the Pt(111) electrode, as
the temperature increases, sulfate adsorption shifts slightly toward
more positive potentials [28,29]. All the signals related to sulfate
adsorption move slightly to more positive potentials, but the effect
is clearerwhen the position of the spike at ca. 0.45 V is compared for

the different temperatures. This spike marks the position of the dis-
order–order transition of the sulfate layer [30], and this transition,
which takes place at a constant coverage [31], moves toward posi-
tive potentials. This fact clearly indicates that the adsorption of
anions is disfavored as the temperature increases. The second fea-
ture, the small bump at 0.6–0.7 is related to the completion of the
sulfate layer [32]. In this case, this process is more reversible with
the temperature, as the peak separation between positive and nega-
tive scan direction diminishes, but there is no significant peak shift.

The situation for the Pt(100) electrode is different. For this elec-
trode, there is no clear separation between hydrogen and anion
adsorption processes. The peak at ca. 0.37 V marks the point where
hydrogen adsorbed atoms are being replaced by adsorbed sulfate
[33]. As can be seen, this peak shifts toward negative potential val-
ues, but is less sharp [29]. This fact indicates that the onset for the
adsorption process takes place at lower potentials. However, the
sharpness of the peak indicates how narrow the window is for
the replacement of the adsorbed hydrogen atoms by sulfate. This
would suggest that the adsorption of the sulfate anion starts at
lower potentials but the completion of the full adlayer shifts
toward higher potential values as the temperature increases. For
the other two surfaces, there is no noticeable change of the voltam-
metric profile as the temperature increases, which indicates no
major changes in anion adsorption with temperature.

The differences in the anion adsorption between the low index
and stepped surfaces stress the significant effects of the long range
order in the adsorption of anion for large planar surfaces. For the
Pt(100) and Pt(111) electrodes, achieving a long range order in
the sulfate adlayer is the key factor for the completion of the anion
layer [32]. As aforementioned, the small bump between 0.6 and
0.7 V for the Pt(111) electrode is related to the completion of the
adlayer. This process becomes more reversible as the temperature
increases, revealing a strong effect of the temperature on this pro-
cess. On the other hand, when the terrace size diminishes, the long
range order effects are less important in the adsorption processes,
because it is interrupted by the presence of steps, and thus, the
adlayer formation is depends only on the individual adsorption
energies of the different sites, which are less affected by the
temperature.

3.2. Effects of the temperature and anion adsorption on the formic acid
oxidation reaction

The voltammetric profiles for the formic acid oxidation reaction
at 298 K in perchloric and sulfuric acid solutions are shown in
Fig. 3. In all cases, there is an hysteresis between positive and nega-
tive scan directions, due to the formation of CO through the dehy-
dration reaction at low potentials [22,23]. Thus, currents in the
positive scan direction are affected by the presence of adsorbed
CO, which blocks the surface for the direct oxidation reaction. At
high potentials (E > 0.75 V), CO is readily oxidized and the surface
recovers its activity. In the negative scan direction, the surface is
not blocked by CO for E > 0.5 V and for that reason, currents are
much higher. The relative difference between the currents in posi-
tive and negative san directions is related to the kinetics of CO for-
mation at low potentials. For the Pt(100), since the CO formation
rate is the highest of all basal planes, currents are almost zero in
the positive scan direction. A similar situation is observed for the
Pt(554), because the CO formation rate on the (110) monoatomic
step is also high [23]. On the other hand, for the Pt(111), the hys-
teresis is very small, since CO formation is related to defects. An
intermediate situation is observed for the Pt(544) electrode, where
the activity of the (100) steps for the CO formation step is not very
high [23].

As expected, maximum currents for formic acid oxidation in
perchloric acid are higher than those measured in sulfuric acid.
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However, the difference for the Pt(100) and Pt(111) are very
small. Moreover, for the Pt(111) electrode, currents at E < 0.4 V
are larger in sulfuric acid. These facts reveal that adsorbed sulfate
is not inhibiting formic acid oxidation on these two surfaces. On
the other hand, for the stepped surfaces, the differences are some-
how larger. Since the behavior of the (111) plane for the oxidation
is the same in perchloric and sulfuric acid solutions, as Fig. 3
demonstrates, the larger differences should be then associated to
the different activity of the steps. For these surfaces, adsorbed sul-
fate on the steps should have an inhibiting behavior, whereas the
adsorption on the (100) or (111) planes is neutral or even facili-
tates the formic acid oxidation reaction [27].

The effect of the temperature on the formic acid oxidation reac-
tion is shown in Fig. 4. For simplicity, only negative scan directions
are shown. The activity is mainly related to the direct oxidation of
formic acid for this scan direction, since the surface is free from CO
at the beginning of the scan (E = 0.90 V). For the Pt(100) electrode,
currents at E < 0.4 V are almost independent of the temperature
and above 0.4 V, a clear increase is observed. A priori, this constant
value would suggest that the activation energy is zero for E < 0.4 V,
since the dependence of the current with temperature is negligible.
However, the decay in the current in the negative scan direction
after the peak is mainly related to the formation of CO which
blocks the surface [22], and thus, the activation energy for the
direct path should be higher. As will be shown later, the rate for
CO formation in this region also increases with the temperature,
and the observed behavior is just a consequence of two opposing
factors: the increasing rate of the direct reaction and of the dehy-
dration step to yield CO, which results in currents that are almost
independent of the temperature. For the other surfaces, a clear
increase in current with the temperature is observed in all cases.

3.3. Activation energy for the reaction through the active intermediate

The different transients measured with the pulsed voltammetry
were analyzed using Eq. (8) and the values of jh=0 and kads from the

different electrodes at different potentials and temperatures were
calculated. Fig. 5 shows the values of jh=0 for the different elec-
trodes used in this study. The voltammetric profile in the negative
scan direction at 45 �C is also shown for comparison. For the
Pt(111), Pt(544) and Pt(554) electrodes, values of jh=0 and mea-
sured current densities in negative scan direction of the voltammo-
gram are almost identical for E < 0.3 V, which indicates that poison
is not formed in this potential region, as was observed previously
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for room temperature [23]. Also, oxidation transients are almost
horizontal and the kads values obtained from the fittings are negli-
gible. In fact, for the Pt(544) and Pt(554), CO is formed in the
around the peaks associated to the adsorption of hydrogen on
the steps in the potential region around 0.26 and 0.13 V, respec-
tively (see Fig. 1) [23]. For the Pt(100) electrode, there is a sig-
nificant difference between jh=0 and the measured current for
E < 0.5 V. The lower currents in the voltammetry are clearly related
to the blocking of the surface by CO through the dehydration reac-
tion, which is formed at E < 0.5 V (see Fig. 8).

Activation energies for the direct oxidation were obtained from
Arrhenius plots (log(jh=0) vs. 1/T). In all cases, these plots are linear.
It should be stressed that the measured activation energy is an
apparent activation energy ðEa–appÞ and contains terms that are
not directly related to the activation energy of the different steps.
It has been proposed that the oxidation through the active inter-
mediate follows the rate equation [27]:

jh¼0 ¼ Fko exp
aF E� Eoð Þ

RT

� �
hA 1� hA � hOHð Þ HCOO�½ � ð9Þ

where ko is the standard rate constant, Eo the standard potential for
the oxidation of formic acid, a is the symmetry factor of the reac-
tion, hA and hOH are the specific anion and OH coverages and the rest
of symbols have the usual meaning. This rate equation corresponds
to a mechanism whose rds is a step in which a formate anion inter-
acts with the surface (in a free site) in the C–H down configuration

close to an adsorbed anion (formate or sulfate), as has been pro-
posed by the pH dependence of the oxidation rate of formic acid
[8]. This rds, in which the C–H bond is cleaved and an electron is
transferred, corresponds to the second electron transfer.

Pt� Aþ Pt�HCOO�
C—H down ! Pt� Aþ CO2 þ Pt�Hþ e� ð10Þ

The activation energy of the reaction is defined as:

Ea– ¼ �R
d lnðkoÞ

d 1
T

 !
E;h;½HCOO�

ð11Þ

whereas the actually measured activation energy corresponds to
the derivative ln(jh=0) vs. 1/T, according to:

0.2 0.4 0.6 0.8
30

40

50

60

70

80

30

40

50

60

70

80

0.2 0.4 0.6 0.8

Ea
/k

J m
ol

-1

 Pt(100)
 Pt(111)
 Pt(544)
 Pt(554)

0.1 M HClO4+0.1 M HCOOH

0.5 M H
2
 SO

4
+0.1 M HCOOH

Ea
/k

J m
ol

-1

E vs. RHE/V

Fig. 6. Calculated apparent activation energy for the direct oxidation of formic acid
for the different electrodes in 0.5 M H2SO4 + 0.1 M HCOOH and 0.1 M HClO4 + 0.1 M
HCOOH. The dashed line shows the expected behavior from Eq. (13), for a = 1.5 and
an arbitrary value of Ea–.

30

40

50

60

70

80 0.5 M H 2SO4

0.1 M HClO4

Pt(100)

0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8

30

40

50

60

70

80

Pt(111)

30

40

50

60

70

80 Pt(554)

E vs. RHE/ V
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8

30

40

50

60

70

80Pt(544)

Ea
/k

J m
ol

-1
Ea

/k
J m

ol
-1

Ea
/k

J m
ol

-1
Ea

/k
J m

ol
-1

E vs. RHE/ V

E vs. RHE/ V E vs. RHE/ V

Fig. 7. Effect of the electrolyte composition in the apparent activation energy for
the direct oxidation of formic acid of the electrodes 0.5 M H2SO4 + 0.1 M HCOOH
(black curves) and 0.1 M HClO4 + 0.1 M HCOOH (red curves). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)

0.2 0.4 0.6 0.8
-2

0

2

4

6

8

10

12

14

16

k ad
s/s

-1

E vs. RHE/V

T=5ºC
T=25ºC
T=45ºC

Fig. 8. Measured values of kads at three different temperatures in 0.5 M
H2SO4 + 0.1 M HCOOH for the Pt(100) electrode.

94 J.V. Perales-Rondón et al. / Journal of Electroanalytical Chemistry 742 (2015) 90–96

113



Ea–
app ¼ �R

d lnðjh¼0Þ
d 1

T

 !
E

¼ Ea– � R
d ln hAð Þ

d 1
T

þ d ln 1� hA � hOHð Þ
d 1

T

 !
E

� aF E� E0
� �

ð12Þ

Thus, it contains terms that are related to the effect of the tem-
perature on the anion and OH coverage and the electrode potential,
which can affect the measured activation energy and modify its val-
ue. If the terms related to the coverages were negligible (that is,
they were independent of the temperature), the apparent activation
energy for the oxidation reaction should diminish with the elec-
trode potential according to:

Ea–
app ¼ �R

d lnðjh¼0Þ
d 1

T

 !
E

¼ Ea– � aF E� E0
� �

ð13Þ

If this is not true, that is, if the terms related to the coverages are
temperature dependent, deviations from this slope must be
observed. The potential regions where those terms can have a larger
impact in the measured values are at the initial and final stages of
the adsorption of the anions and OH. In the initial stages, the term
d ln hAð Þ

d1T
should have the larger effect, since, at these potentials, tem-

perature changes can have a relative large effect on the anion cov-
erage. On the other hand, the d ln 1�hA�hOHð Þ

d1T
term should have large

values at the final stages of the adsorption process.
Figs. 6 and 7 show the apparent activation energies obtained in

perchloric and sulfuric acid solutions for the different electrodes.
The dashed line shows the expected behavior for the apparent acti-
vation energy from Eq. (13) with a = 1.5 (the typical value for a
mechanism in which the second electron transfer is the rds) and
an arbitrary value of Ea–. As can be seen, experimental values devi-
ates clearly from the expected slope, which can be a consequence
of the impact of the terms related to the anion and OH coverages in
the formic acid oxidation process. The behavior of the Pt(111)
electrode and the two vicinal surfaces Pt(554) and Pt(544) will
be discussed first. In perchloric acid solutions, values are almost
constant for these electrodes between 0.35 and 0.65 V. Apparent
activation energies are ca. 47, 50 and 52 kJ mol�1 for the Pt(111),
Pt(544) and Pt(554) in this region. First of all, the difference
between these surfaces should be related to the activation energy
on the (100) and (110) step sites. These values suggests that the
activation energy on those sites is higher than in the (111) plane.
Second, the almost constant value suggests that the terms related
to the anion coverage either are very important, that is, significant
changes in the anion coverages are observed with the temperature,
or that additional factors, which have not been taken into account,
play a role in the mechanism. From E > 0.65 V, the activation ener-
gy diminishes, with a behavior similar to that of Eq. (13). In this
region, the formate coverage has reached to a maximum value,
and probably, no change in the coverage is observed with the
temperature.

In sulfuric acid solution, values for the Pt(554) and Pt(544) are
very similar to those obtained in perchloric acid solution (Fig. 7).
This fact indicates that adsorbed sulfate or formate, species that
are required for the oxidation of formic acid, have very similar
behavior, and supports the proposed mechanism [27]. There are
only small changes at the onset potential, probably due to small
difference on how temperature affects the initial stages of this pro-
cess. Larger differences are observed on the Pt(111) electrode, for
which, a diminution of the activation energy is observed around
0.6 V in sulfuric acid solutions. The diminution should be then

related to the changes in the sulfate coverage, since, in this region
the sulfate layer rearranges to reach the maximum coverage [21].

For the Pt(100) electrode in perchloric acid solution, there is an
initial diminution, as predicted by Eq. (13), followed by a fast
increase with the potential, reaching an almost constant value of
60 kJ mol�1 for E > 0.5 V. The increase is related to the adsorption
of anions, and it is more evident in sulfuric acid solutions. As tem-
perature effects in the blank voltammetric profiles demonstrate,
the anion coverages diminishes for E > 0.36 V, which leads to an
increase of the apparent activation energy due to the contribution

of the d ln 1�hA�hOHð Þ
d1T

term. In sulfuric acid solutions, the shape of the

apparent activation energy curve in sulfuric acid solutions is simi-
lar to that measured in perchloric acid, but the local maxima and
minima are more pronounced, related to a large effect of the tem-
perature on the adsorption of sulfate over formate. As before, for
this medium and E > 0.5 V, the observed behavior follows Eq.
(13), because sulfate coverage has reached to a maximum value,
and the terms related to the coverage are temperature indepen-
dent in this region.

In summary, the apparent activation energies for the different
surfaces are in the range of ca. 50–60 kJ mol�1, once the effects
of the anion adsorption in the measured activation energies are
subtracted. This results contrasts with the significant larger cur-
rents measured for the Pt(100) electrode. Thus, the larger currents
and, therefore, the larger kinetic constant for this latter electrode
should be then linked to a higher pre-exponential factor in kinetic
constant. Since the pre-exponential factor is related to the prob-
ability of reaching the configuration of the activated complex, this
could imply that the initial configuration giving rise to the activat-
ed complex is more probable on the Pt(100) surface. This would
suggests that, from the different adsorption modes of formate,
the one having the configuration required for the reaction to pro-
ceed is more likely on the Pt(100) surface than in the rest.

3.4. Activation energy of the dehydrogenation process of formic acid to
yield adsorbed CO

As aforementioned, for the Pt(111), Pt(554) and Pt(544), kads
values were negligible for the region where non-zero oxidation
transients for the formic acid oxidation reaction are obtained
(E > 0.3 V). However, for the Pt(100), it was possible to determine
the values of kads from the transients in this region. Fig. 8 shows the
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measured values for kads on this electrode at three representative
temperatures. As can be seen, CO formation takes place in a poten-
tial region between 0.3 and 0.5 V with a maximum rate located
close to the potential of zero total charge of the electrode [22]. This
narrow regions expands as the temperature increase. The onset
potential for the reaction shifts slightly toward lower potential val-
ues, whereas the upper limit for the reaction shifts markedly to
higher values as the temperature increases.

Apparent activation energies for this reaction were calculated
as before and the results are plotted in Fig. 9. In this figure, the
apparent activation energy for the direct oxidation measured in
the same experiment is also shown for comparison. As can be seen,
the curve for the dehydration reaction presents the same features,
with local minima and maxima located in the same potential, at
0.35 and 0.48 V. The only differences are the values and the inten-
sities of the maxima and minima. If we accept that the deviations
from the expected value are related to the anion coverage terms in
the kinetic equation, the kinetic equation should be similar but
with a higher order for the terms related to the anions in the kinet-
ic equation. In fact, in the fittings of the transients, it was assumed
that the reaction requires two free sites to proceed [22], and thus, it
can be written that the rate for the reaction is:

kads ¼ koadshA 1� hA � hOHð Þ2 HCOO�½ � ð14Þ
where koads is the standard rate constant for the process. This equa-
tion qualitatively justifies the larger change in the activation energy
due to the changes in the anion coverage due to the exponential fac-
tor of the (1 � hA � hOH) term and also the observed shape of the
curves of kads vs. potential, which should have a maximum located
at hA = 1/3 and an onset potential which coincides with the onset
potential of the anion and a final potential in the region where
the anion adlayer is completed (or the anion has been replaced by
adsorbed OH). It is not possible to predict the exact shape of the
curves, since isotherms for the anion adsorption on the Pt(100)
are not currently available, but the general shape agrees with the
model. Incidentally, the changes with the temperature are also in
agreement with the observed behavior of the anion adsorption on
the Pt(100) electrode as the temperature increases. As aforemen-
tioned, the onset for anion adsorption is displaced to lower values
as the temperature increases, and the same behavior is observed
for kads. Also, the completion of the anion adlayer requires higher
applied potentials, and thus, the window where CO formation takes
place expands toward positive values.

4. Conclusions

In this manuscript, the apparent activation energies for the for-
mic acid oxidation reaction on different platinum single crystal
electrodes have been calculated, both for the direct and poisoning
routes. It has been shown that the potential dependent behavior of
the activation energies for the direct route is in agreement with a
mechanism in which the adsorbed anions present on the surface
play an active role in the oxidation mechanism. It has been pro-
posed that these anions (sulfate or formate itself) facilitates the
adsorption of the formic acid molecule in a configuration in which
the C–H bond is directed toward the surface. Thus, the kinetic
equation for the oxidation currents through the active intermedi-
ate contains the potential dependence, a term related to the
pre-adsorbed anion coverage and another corresponding to a free
site, where the incoming formate species should adsorb in the
C–H down configuration. In this configuration, results from the

literature show that the activation energy is low. For the poisoning
route, the adsorbed anions are also important. However, two free
sites are required for the anion to adsorb. It is important to stress
that the complete understanding of an oxidation mechanism can
only be achieved if experimental results using different techniques
are combined with theoretical calculations.
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A B S T R A C T

The influence of the electrolyte pH in the formic acid oxidation reaction on a polyoriented Pt electrode in
the presence of different anions, including sulfate, perchlorate, phosphate and chloride, in different
concentrations has been investigated, using cyclic voltammetric measurements. The curves of the peak
currents in the negative scan direction vs. the pH in pure sulfate and perchlorate solutions are very
similar. For these solutions, the maximum oxidation currents increase steadily with increasing pH up to
pH � 5, followed by a plateau until pH 10. This suggests that the reaction proceeds via a similar reaction
mechanism, in which the concentration of HCOO� anions in solution plays a key role. For phosphate or
chloride containing solutions, in contrast, the maximum oxidation currents show a bell-shaped pH-
oxidation current correlation, whose exact shape depends on the anion concentration. We suggest that in
these cases the pH-current relation is modified by competing specific adsorption of anions which act as
site blocking spectator species. These results will be discussed in relation with compatible mechanistic
proposals.

ã 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Formic acid electrooxidation is one of the most relevant
electrocatalytic reactions, not only because it is a model reaction
for a two-electron-transfer reaction, but also for its potential use as
fuel in direct formic acid fuel cells, in particular for portable
applications and small power generation devices [1]. It is widely
accepted that the oxidation of formic acid takes place through a
dual path mechanism [2–4] a direct pathway via an adsorbed
reactive intermediate and a pathway involving the formation of
adsorbed CO that acts as a poison for the reaction, being further
oxidized to CO2 at higher overpotentials (‘indirect pathway’). This
second route has been well established and the presence of
adsorbed CO was clearly identified by in situ infrared spectroscopy
[5,6]. Nevertheless, the nature and role of the reactive intermediate
in the direct pathway is still matter of strong discussion in the
literature. Osawa et al. early proposed adsorbed bidentate formate
species as the reactive intermediate after their detection by in situ

surface-enhanced infrared absorption spectroscopy in an attenu-
ated total reflection configuration (ATR-SEIRAS) [7] and they also
found a qualitative correlation between the observed reactivity
and the amount of adsorbed formate [8]. In this way, this adsorbed
bidentate formate has been considered to be the reactive
intermediate species in subsequent contributions [9–13]. Howev-
er, in other reports, this adsorbed bidentate formate has been
considered, conversely, as a site-blocking spectator species, and
the oxidation has been proposed to proceed via a weakly adsorbed
HCOOH [14–17]. Currently, the nature and role of the reactive
intermediate are still under debate [17,18] and more insights are
still required to clarify these mechanistic considerations.

Interestingly, after some previous approaches [19–21], the
effect of the solution pH on the reaction kinetics has been very
recently reincorporated in the discussion about the reaction
mechanism. Osawa and co-workers performed HCOOH oxidation
experiments on a rotating Pt disc electrode over a wide range of pH
(0–12) in phosphate buffer solutions [22,23]. They found a bell-
shaped pH-current activity, showing a maximum activity at a pH
equal to the pKa of the formic acid in solution (pKa = 3.7). From this
experimental evidence, these authors concluded that the increase
of the activity with increasing pH, in the range of low pH values
(pH < pKa of formic acid), was due to the increasing concentration

* Corresponding author.
E-mail address: jose.solla@ua.es (J. Solla-Gullón).

1 ISE member.
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of HCOO� in the electrolyte, thus suggesting that this species,
rather than HCOOH, was the reactive species. The decay in activity
at higher pH values (pH > pKa) was attributed to a competitive
adsorption of OH�, whose concentration increases with increasing
pH, thus leading to a decreasing reactivity as a consequence of an
increasing site blocking at higher pH values.

Almost in parallel, Behm and co-workers also carried out pH
experiments using both Au and Pt electrodes [24]. For Au
electrodes, they observed an analogous bell-shaped pH-current
correlation, with also a maximum current obtained for solution pH
at the pKa of HCOOH. However, for Pt electrodes, and in contrast
with Osawa’s observation, they found that the catalytic activity
increases steadily with increasing pH up to pH � 5, followed by a
plateau until pH 10, in agreement with early observations [20,21].
Based on these observations, they suggested that different reaction
mechanisms operate for HCOOH oxidation on Pt and Au electrodes,
as a consequence of the different adsorption strengths of the
adsorbed species involved in the reaction. Focusing our attention
to the case of Pt electrodes, it is of fundamental importance to
understand the reasons for the observation of the distinctly
different pH-current dependencies in these two research groups.
At this point, it is worth noting the different nature of the
electrolyte employed (phosphate in [22,23] and sulfate/perchlo-
rate in [24]). The specific adsorption of the anion present in the
solution could play, together with the particular pH, a critical role
on the reaction kinetics and/or modify the reaction mechanism
(i.e., the most favorable reaction pathway).

To complete this overview, in a more recent contribution,
Herrero and co-workers performed formic acid oxidation experi-
ments on a Pt(111) electrode in solutions containing perchloric,
sulfuric and acetic acids in the pH range between 0 and 2 [25]. They
concluded that the reaction requires the presence of at least two
species, an adsorbed anion (sulfate, acetate or bridge-bonded
bidentate formate) and solution formate. Interestingly, these
authors proposed that the solution formate would react with
the C-H bond close to the surface to produce its cleavage and thus
forming CO2, being this step facilitated by the adsorbed anion.
Furthermore, this reaction scheme was in good agreement with
findings in previous DFT calculations [26]. In this sense, it is also
worth noting the contributions reported by Jacob et al. [27,28].
Using DFT calculations, they studied the electrooxidation mecha-
nism of the formic acid in a Pt(111) electrode with a particular
solvation model and under the influence of an electrode potential
to mimic electrochemical conditions. They interestingly observed
that the preferred HCOOH oxidation reaction pathway was
potential-dependent, and consequently, the overall rate constant
also depended on the electrode potential.

In order to improve our understanding of the combined effects
of solution pH and anion specific adsorption on the HCOOH
oxidation current, we conducted a systematic study of formic acid
oxidation on polycrystalline platinum electrodes in a wide range of
pH values (0–12), employing different and combined supporting
electrolytes. We will confirm that the active species for formic acid
oxidation is most likely the formate ion in solution and will show
that the relationship between the Pt electrode activity and the
solution pH depends on the electrolyte counter-ion, i.e., it is mainly
controlled by the specific adsorption of anions like phosphates.
Finally, our results will be discussed regarding to previous
mechanistic proposals.

2. Experimental

The experiments were performed in a classical three-electrode
cell, using a Pt wire as counter electrode. The potentials were
measured against a reversible hydrogen electrode (RHE) connected
to the cell via a Luggin capillary or a palladium-hydrogen electrode.

All potentials were referred to the RHE. Appropriate amounts of
H2SO4 (suprapure, Merck) or HClO4 (suprapure, Merck) and Na2SO4

(99.99%, Aldrich) or NaClO4 (99.99%, Sigma–Aldrich) and NaOH
(99.99%, Sigma–Aldrich) were added to MilliQ1 water (Millipore,
18 MV cm) in order to prepare electrolytes at various pH values,
maintaining a constant (bi) sulfate or perchlorate concentration
(0.5 M). Phosphate solutions (0.2 M) with different pHs were
prepared from appropriate amounts of H3PO4 (98%, Merck),
NaH2PO4 (99.99%, Merck), Na2HPO4 (99.999%, Fluka) and Na3PO4

(Puriss., Sigma). NaCl (suprapure, Merck) was used for the
preparation of chloride containing solutions. For all experiments,
the initial concentration of HCOOH was fixed at 0.1 M. Thus,
depending on the electrolyte pH, formic acid will be more or less
dissociated, but the overall concentration of formic acid + formate
ions was constant and equivalent to 0.1 M for all experiments. The
solutions were purged by Ar bubbling (Alpha GazTM 99.999%).
Particular attention was paid to the cleanness of the experimental
set-up.

An EDI-101 rotating disk electrode (2 mm Pt tip, Radiometer)
was used. The rotation rate was controlled by a Radiometer CTV
101 apparatus. Prior to the use of the Pt RDE, the electrode was
electrochemically cleaned (cycles between surface oxidation and
hydrogen adsorption-desorption regions, i.e., 0.05 V and 1.50 V) in
0.5 M H2SO4 until a stable voltammetric response was obtained. All
experiments were conducted at room temperature, using a
potentiostat-galvanostat AUTOLAB PGSTAT302N (Metrohm Auto-
lab).

3. Results

3.1. Formic acid oxidation in phosphate solutions at different pH's

Fig. 1 shows representative cyclic voltammograms of 0.1 M
formic acid oxidation recorded at a rotating Pt disk electrode in
0.2 M phosphate solutions at various pH values. For the sake of
simplicity, only three voltammograms are shown, which corre-
spond to the three main pH regions of interest, that is, below, at,
and above the pKa (3.7) of formic acid. The results are in good
agreement with those reported by Osawa and co-workers [22,23],
who employed a similar electrolyte, both in terms of the
voltammetric profiles as well as by the observation of a maximum
oxidation peak current which takes place at a pH close to the pKa.
This is illustrated by plotting the maximum oxidation current in

Fig. 1. Cyclic voltammograms of a rotating Pt disk electrode in 0.1 M HCOOH + 0.2 M
phosphate solutions. Scan rate 50 mV s�1. Black line (pH 1); red line (pH 3.7); blue
line (pH 6.6). Rotation rate: 1000 rpm. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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the negative-going scan after the reduction of the Pt surface oxide
versus the pH of the solution (Fig. 2). This maximum current
provides a good measure of the behavior of the electrode although,
in a more rigorous point of view, a pulsed voltammetry analysis
with its corresponding fitting would be required to evaluate the
intrinsic activity of the electrode, that is, the activity at t = 0 [29–
31]. The plot results in a bell shaped activity curve, with a
maximum at the pKa of formic acid, similar to that previously
reported (the current is about twice because the concentration is
two times that used in the previous work) [22].

3.2. Formic acid oxidation in perchlorate and sulfate solutions at
different pH's

As it has been previously underlined that for solutions having
low buffering capability [24,32] and for large HCOOH oxidation
currents obtained with a Pt electrode (2–15 mA cm�2) it is
important to ensure that the electrochemical release of protons
during the oxidation reaction does not significantly alter the local
pH in the vicinity of the electrode and consequently the
relationship between the electrode activity and the pH of the
bulk solution. Local changes of the interfacial pH can significantly

affect the rate and mechanism during the course of an electrodic
reaction as recently shown for ethanol oxidation at Pt electrodes in
alkaline media [33]. Fig. 3 shows voltammograms obtained with a
Pt electrode in 0.1 M HCOOH containing perchlorate solutions, at
different pHs and for different rotation rates of the Pt working
electrode, including quiescent conditions. As expected, in strongly
acidic solutions (Fig. 3a) a lowering of the diffusion layer thickness
by a stepwise increase of Pt electrode rotation rate barely affects
the current values as compared to measurements performed in
quiescent conditions. However, for higher pH values (Fig. 3b and c),
the main voltammetric features in the oxidation process in
quiescent conditions are significantly shifted to higher potentials
compared to measurements performed at 1000 rpm and 4000 rpm
(between these two rotation rates, the changes are minimal). In
addition, in quiescent conditions, a contribution related to the
reduction of protons, formed and accumulated in the diffusion
layer during the oxidation reaction, is clearly observed. Subse-
quently, in the positive-going sweep, an oxidative process,
associated with oxidation of the electrochemically formed
hydrogen, is also observed. One should also note that the oxidation
current densities are much higher (ca. doubled) when the diffusion
away from the Pt electrode of the protons released upon the
oxidation reaction is enhanced by rotating the electrode.
Nevertheless, only minor changes in the shape of the current
traces are observed with the rotation rates employed, confirming
that in the whole potential range the HCOOH oxidation reaction is
not controlled by mass transport limitations. Therefore, under
present experimental conditions local modification of the pH in the
vicinity of the Pt electrode, coming from proton released after
HCOOH oxidation, can be neglected at electrode rotation rates
equal to or higher than 1000 rpm, in agreement with earlier
findings [34]. In addition, it should be noted that relatively high
rotation rates such as 4000 rpm cause only a minor increase in the
current density (recorded from the current of the oxidation peak,
in the negative-going scan, after the reduction of the Pt surface
oxide) for pH values higher than 7. Therefore, and in order to
minimize possible surface contaminations taking place at very
high rotation rates, we decided to use a rotation rate of 1000 rpm as
standard value to compare results on different solution. In this
regard, it is worth reporting that this conclusion is also valid for
experiments conducted in phosphate solutions (see section above),
in particular for those pH values with low buffering properties.

The voltammetric profiles and maximum oxidation currents of
the current traces obtained in perchlorate solutions are essentially
identical to those previously reported in sulfate containing
solutions, employing similar experimental conditions [24]. In fact,
as illustrated in Fig. 4, the changes in the maximum oxidation
current density as function of the electrolyte pH, both in sulfate
and perchlorate solutions, are very similar; that is, the oxidation
current increases steadily with increasing pH up to a pH value of
approximately 5, from which the current density remains
practically stable until a pH close to 9–10. Above this pH, the
oxidation current decreases dramatically, which is considered to
be a consequence of OH adsorption (or oxide formation) on the
electrode surface, as suggested in refs [35,36].

These experimental findings strongly suggest that the oxidation
reaction seems to proceed via a similar reaction mechanism in
both electrolytes. This fact also implies that the specific adsorption
of sulfate anions on the Pt surface does not significantly alter the
reaction kinetics compared to that obtained in the absence of
specific anion adsorption (ClO4

� solutions). In addition, taking into
account that this pH-oxidation current relationship follows
remarkably well the HCOOH dissociation proportion to HCOO�

anions in the bulk of the electrolyte, these results suggest that
formate anions are the precursors for the oxidation reaction, as
was concluded in the recent paper by Joo et al. [22,23]. From the

Fig. 2. The pH dependence of the peak current density (jp) on the negative-going
scan (blue line) in 0.1 M HCOOH + 0.2 M phosphate solutions obtained with a Pt
rotating disk electrode with a rotation rate of 1000 rpm at a scan rate of 50 mV s�1.
The black and red line represent the molar fractions of HCOOH and HCOO�,
respectively, in the solution. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Fig. 3. Cyclic voltammograms of a rotating Pt disk electrode in 0.1 M HCOOH + 0.5 M
perchlorate solutions. Scan rate 50 mV s�1. (a) pH 0.9; (b) pH 6.5; (c) pH 9.1.
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absence of a measurable competition resulting from specifically
adsorbed anions in the presence of strongly adsorbing anions
(SO4

2�), we might conclude that (1) either the turnover frequency
of the reaction is very high and thus a partial site blocking by
adsorbed anions is not detected, or (2) the adsorption strength of
the activated complex is higher than that of those species present
in solution, or (3) both (1) and (2) operate. As will be discussed
later, none of those possible explanations can justify the whole set
of experiments, and other justifications will be proposed for the
observed behavior. Finally, it is important to highlight that not only
the pH-oxidation current relationship obtained in sulfate and
perchlorate solutions is different to that obtained in phosphate
solutions (see Fig. 2), but also the maximum current densities
which are ca. 50% lower in the latter solutions. This seems to
indicate that in phosphate solutions the HCOOH oxidation reaction
is slowed down by an adsorbed species.

3.3. Formic acid oxidation in deliberately modified perchlorate
solutions. Effect of the specific anion adsorption

The specific adsorption of anions on a Pt surface is well-known
to play a critical role in Electrocatalysis and, for many reactions of
interest, determine the resulting electrocatalytic activity [37–41].
Consequently, the understanding of the different adsorption
strengths of the species present in solution is a question of
outstanding importance. This fact implies that, if a particular anion
adsorbs stronger than the reactive molecule, the reaction
mechanism of the process could be modified with respect to that
taking place in the absence of this particular anion. In order to
reveal whether specific adsorption of anions is responsible for the
differences in the oxidation current-solution pH relationship
between sulfate/perchlorate and phosphate solutions, we have
carried out additional experiments in perchlorate solutions in
which a low amount (10 mM) of Cl� and phosphate was
deliberately added. The results are displayed in Fig. 5.

The addition of these anions produces a remarkable lowering in
the maximum current density compared to pure perchlorate
solutions. Interestingly, in both cases the current-pH relationship
exhibits a broad, bell-shape form, with the maximum oxidation
currents at different pH values. In the presence of Cl�, the decrease
of the activity is particularly dramatic, with the electrocatalytic

activity of the Pt surface being almost suppressed as a consequence
of the strongly adsorbed Cl� anions. Obviously, these act as site-
blocking species. For the perchlorate solution containing 10 mM
phosphate anions, at solution pH lower than 3, the reactivity
remains essentially similar to that observed in the absence of
phosphate anions. However, at higher pH values, a clear diminu-
tion of the oxidation current is observed. One should also note that
the relationship oxidation current-solution pH exhibits a bell-
shape with a maximum at a solution pH close to 5–6. Comparing
the results for 10 mM phosphate containing 0.5 M perchlorate
solution to those in 0.2 M phosphate solution (see Fig. 6), we
emphasize that (i) the oxidation currents in 0.2 M phosphate
solutions are systematically lower in the whole pH range and that
(ii) the maximum of the bell-shaped oxidation current-solution pH
is also shifted to lower pH values in these latter solutions.

Fig. 4. The pH dependence of the peak current density (jp) in the negative-going
scan in 0.5 M perchlorate (blue line) and 0.5 M sulfate (green line) electrolyte.
Electrode: Pt rotating disk electrode with a rotation rate of 1000 rpm. The black and
red line represent the molar fractions of HCOOH and HCOO�, respectively, in the
solution. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Fig. 5. The pH dependence of the peak current density (jp) in the negative-going
scan in 0.5 M perchlorate + 10 mM PO4

3� (blue line), 0.5 M perchlorate + 10 mM Cl�

(green line) and 0.5 M perchlorate (purple line) solution. Electrode: Pt rotating disk
electrode with a rotation rate of 1000 rpm. Both, black and red line represents the
molar fractions of HCOOH and HCOO� respectively in the solution. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

Fig. 6. The pH dependence of the peak current density (jp) in the negative-going
scan in perchlorate 0.5 M + 10 mM PO4

3� (purple line) and 0.2 M phosphate (green
line). Electrode: Pt rotating disk electrode with a rotation rate of 1000 rpm. Black,
red, blue and magenta lines represent the molar fractions of H3PO4, H2PO4

�, HPO4
2�

and PO4
3�, respectively, in the solution. (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.)
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These results strongly suggest that the origin of the decay of the
oxidation current density for solution pH values higher than the
pKa of formic acid is related to the specific adsorption of phosphate
species rather than to Pt surface oxidation or OH adsorption, as was
previously suggested by Joo et al. [22,23]. Also, by simply plotting
the anion phosphate species distribution as a function of the pH
(see Fig. 6), we can intuit that the presence of H2PO4

� and/or
HPO4

2� may be responsible of the evident decrease of the
oxidation activity. In this sense, it is worth noting that previous
FTIR studies on electrodes showed changes in the nature or
configuration of the adsorbed phosphate species with the solution
pH and potential [42–45].

3.4. Discussion of the mechanism of the formic acid oxidation

The results presented and discussed above provide new and
relevant insights into the mechanism of the formic acid oxidation
reaction on Pt electrode surfaces. In particular, the reaction
mechanism seems to be controlled by two different aspects, (1) the
pH of the solution, which determines the concentration of formate
anion in solution, and (2) the specific adsorption of other species
present in the solution. This latter step is essentially determined by
the different adsorption strengths of such species and their nature.
First of all, the almost identical peak currents measured in
perchloric and sulfuric acid solutions will be discussed. As
aforementioned, this behavior could be interpreted in two
different ways. In the first hypothesis, the turnover frequency is
so high than the diminution in turnover frequency due to the
presence of a relatively strong adsorbing anion, such as sulfate, is
not translated into a diminution in the measured current. This
situation is achieved when the reaction is purely controlled by the
diffusion of the reactant species to the electrode surface, so that
this is the slowest step in the reaction. Any rate diminution in the
other steps is not translated into a change in the current, provided
that the diffusion step is still the rate determining step. However,
as shown in Fig. 3, this is not the case. At low pH values, the
oxidation currents are independent of the rotation rate, which
clearly indicates that these currents are totally controlled by the
kinetic of the oxidation process. At higher pH values, an increase in
the currents is observed below 1000 rpm, but above this value, the
measured currents are constant. Therefore, also in this case the
currents measured at 1000 rpm are controlled by the reaction
kinetics as well, and not by the transport of species between the
bulk solution and the interphase.

The second possible explanation is that the adsorption strength
of the reactive intermediate is higher than that of the anions
present in solution. It should be taken into account that in the case
of perchloric acid solution at low pH values, bridge-bonded
bidentate formate species are the species specifically adsorbed on
the surface, as shown by FTIR and electrochemical experiments
[8,12]. Although it has been evidenced that perchlorate anions can
adsorb on the surface [46], the adsorption strength of these
formate species is much higher than that of perchlorate anions.
Therefore, the former one represents the adsorbed species in
formic acid containing solutions. Thus, the adsorption strength of
formate and sulfate anions should then be compared. For Pt(111)
electrodes, the adsorption of sulfate in 0.5 M sulfuric acid solutions
would seem stronger than that of formate [12,47] and thus a
diminution in the oxidation currents should have been expected.
However, using vibrational broadband sum-frequency generation
(SFG) measurements, Braunschweig and Wieckowski reported
that, in presence of HCOOH, the contributions related to (bi) sulfate
anions were absent and the spectra were dominated by the
contribution associated with the symmetric carboxylate stretching
vibration of adsorbed formate [48]. This finding would suggest that
the formate is adsorbing more strongly than (bi) sulfate anions. In

any case, it has been proposed that both adsorbed formate and
sulfate have a beneficial effect in the oxidation currents [25]. Thus,
it was reported that for a Pt(111) electrodes and in the pH range
between 0 and 2, adsorbed formate or sulfate would facilitate the
adsorption of a second formate ion in a C–H down configuration
[25,47]. In fact, in this latter configuration, the cleavage of the C–H
bond has been reported to have a low activation energy [26]. This
formate with the C–H down configuration would be the reactive
intermediate, whose interaction with the surface is stabilized by
the presence of an additional adsorbed species (e.g., the adsorbed
bidentate formate, or an adsorbed sulfate anion). Therefore, the
active intermediate can, in fact, also be considered as a dimer. It
should be mentioned that formic acid dimers are present in
aqueous solutions, as have been postulated on the basis of
thermodynamic measurements [49,50], and that the presence of a
bisulfate-formic acid dimer is also possible, due to the possible
formation of hydrogen bonds. At this point, it is important to note
that this mechanistic proposal has been exclusively postulated for
Pt(111) surfaces, although recent results seems to indicate that a
similar scenario takes place for Pt(100) electrodes [51]. However,
due to the fact that the Pt electrode was electrochemically cleaned
(cycles between surface oxidation and hydrogen adsorption-
desorption regions, i.e., 0.05 V and 1.50 V) in 0.5 M H2SO4 prior
to the formic acid experiments, the presence of (111) and (100)
facets can be discarded [25] in the present contribution. This fact,
however, does not necessarily imply a modification of the
oxidation mechanism because both species, bridge-bonded
formate and sulfate, can be absorbed on polyoriented/polycrystal-
line Pt surfaces.

On the other hand, it should be mentioned that at pH > 5–6
sulfate is probably not adsorbed on the platinum surface. For Pt
(111) electrodes, the onset of adsorption is shifted in the RHE scale
to higher potential values as the pH increases to about 4, so that it
almost coincides with the onset of OH adsorption on this electrode
[52]. Thus, at higher pH values, sulfate anions cannot compete with
the adsorption of OH, and this species is the one controlling the
reactivity. A similar situation is expected for the formate
adsorption in the bidentate configuration, whose coverage
decreases to zero at pH > 6 [22]. However, despite the absence
of any specific anion adsorption, the oxidation currents remain not
only constant in the pH range between 5 and 9–10, but also at their
maximum current value. This observation may suggest that the
presence of an adsorbed anion is not required to facilitate the
interaction with a formate ion in a C–H down configuration and
that the reaction depends exclusively on the concentration of
formate ions in solution, which is determined by its pH. However, it
should be borne in mind that as the pH increases, the potential
window in the SHE scale is displaced to negative values. Thus, the
surface would have an increasing negative net charge [53], which
could favor the interaction with the formate anion in the C–H down
configuration. Finally, at pH values > 9–10, the oxidation current
decreases dramatically as a consequence of an increasing OHad

coverage or oxide formation, which in turn results from the
increasing OH� concentration.

Different from this behavior, the presence of chloride anions in
solution essentially diminish the reactivity of the electrode.
Chloride anions are known to adsorb stronger than sulfate, and
there is no possibility of an interaction through hydrogen bonds
between the formic acid molecule and the adsorbed chloride
species. Thus the observed behavior in the reaction is that of a
purely site blocking species.

In the presence of phosphate anions, whose adsorption strength
can be considered to be in between those of sulfate and chloride,
the behavior is a mixture of both limiting cases: perchloric acid
solution and chloride solution. At pH < 3 and for low phosphate
concentrations (10 mM), the measured peak currents are similar to
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those in perchlorate or sulfate solutions, whereas above this pH
value the currents decrease (Fig. 5). The exact pH for the onset of
the decrease depends on the concentration of the phosphate
species. Thus, some change in the interphase of the electrode
should occur around a pH of 3. Examining the voltammograms of
the polycrystalline platinum and Pt(111) electrodes between pH 0
and 12, however, no significant change can be detected [54]. These
voltammograms have the typical characteristics observed for Pt
electrodes in the presence of strongly adsorbing anions, implying
that these anions are always present in the interphase in the
potential range where formic acid oxidation takes place. Therefore,
there must be an additional factor which is responsible for the
change in the reaction behavior. Indeed, FTIR studies of the
adsorption of phosphate revealed an important difference in the
adsorption behavior compared to that of sulfate. For sulfate, no
change in the bands is observed with pH or potential, indicating
that the adsorbed species is always the same [55]. On the other
hand, for adsorbed phosphate species there are clear changes in
the related bands with potential and pH [43,45]. Although it is
difficult to establish the exact nature of the adsorbed species on the
interphase, due to the changes in the configuration upon
adsorption [56], the data indicate clear changes in the configura-
tion/nature of the adsorbed species. At low pH values, H3PO4,ad has
been postulated as the adsorbed species, which transforms into
H2PO4,ad at high potentials [43,45]. At a pH value around 3, the
adsorbed species is H2PO4,ad at lower potentials, while at higher
potentials this is replaced by HPO4,ad. Probably, at higher pH values,
the main species adsorbed on the electrode surface is H2PO4,ad.
Thus, the change in the behavior of the formic acid oxidation
current curves versus pH, can be related to changes in the
dominant adsorbed species on the surface. The species identified
as adsorbed H3PO4 or as H2PO4,ad do not markedly affect the
adsorption of the formate species in the C-H down configuration
(they may even support this process, as in the case of sulfate),
whereas HPO4,ad will act as site blocking species for the reaction,
strongly lowering its rate.

Taking into account this complex scenario, a plausible reaction
mechanism would involve the following scheme, in which the
concentration of HCOO� anions in the electrolyte is controlled by
the pH of the solution:

HCOO�
sol! [intermediate]ads! CO2 + H++ 2e� (1)

The active intermediate could be a formate species in a C-H
down configuration. For pH values between 0 and 5, the adsorption
of this formate species may be facilitated by the presence of an
adsorbed species, Pt-A (adsorbed sulfate or adsorbed bidentate
formate) and thus:

Pt � A þ Pt � HCOO�
C�Hdown ! Pt � A þ CO2 þ Pt þ Hþ þ 2e� 0 < pH < 5

ð2Þ
In contrast, for pH values between 5 and 10, where the adsorbed

anions are absent, the adsorption of the formate species in a C–H
down configuration would be promoted by the negative net charge
of the surface. This negative charge is a consequence of the pH shift
that displaces, in the SHE scale, the potential window to negative
values. In this case the reaction is expected to proceed via:

Pt � HCOO�
C�Hdown ! CO2 þ Pt þ Hþ þ 2e� 5 < pH < 10 ð3Þ

In the presence of strongly adsorbed anions as present in
chloride or phosphate solutions, the reaction is clearly perturbed
or even inhibited, and the resulting activity is dominated by site
blocking spectator species.

Finally, it is important to recall that, as previously suggested by
Jacob et al., the dominant or preferred reaction pathway may change
with the electrode potential [27,28]. To properly evaluate this

effect, new pH-dependent experiments using pulse voltammetry
are in progress to evaluate both paths (direct and indirect)
independently, and to determine the reaction kinetics parameters
as previously shown [29–31]. In addition, these experiments will
be also carried with Pt single crystals (Pt(100) and Pt(111)
electrodes) to re-evaluate the well-established surface structure
sensitivity of this reaction but at different pHs [25,51]. All this
information will help us to achieve a better understanding of the
formic acid oxidation reaction.

4. Conclusions

The effect of the electrolyte pH in the formic acid oxidation
reaction on a polyoriented Pt electrode in the presence of different
anions has been investigated, focusing on anion effects. The results
obtained show that in the case of sulfate and perchlorate solutions,
the evolution of the electrocatalytic activity with increasing pH is
very similar, with the maximum oxidation current steadily
increasing up to pH � 5, followed by a plateau up to a pH value
of �10. In contrast, for phosphate or chloride containing solutions,
the evolution of the maximum oxidation current is completely
different and shows a bell-shaped pH-oxidation current correla-
tion. This pH-current correlation suggests that the specific
adsorption of anions is a critical parameter, which strongly
determines the resulting pH-current dependency. Based on these
findings, a mechanism is proposed, in which a formate anion
interacting with the surface in a C–H down configuration could be
the active intermediate.

For pH values between 0 and 5, the interaction with this
formate species in a C–H down configuration may be supported
and even facilitated by the presence of an adsorbed anion like
sulfate and or formate (bidentate adsorbed formate); while for pH
values between 5 and 10, the adsorption of the suggested active
intermediate would be facilitated by the negative net charge of the
surface. The presence of strongly adsorbing anions such as chloride
or phosphate anions, leads to a bell-shaped pH-oxidation current
correlation, where the decay of the maximum current at higher pH
values results from the specific adsorption of these anions, which
act as site blocking spectator species.
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ABSTRACT: In order to improve catalytic processes,
elucidation of reaction mechanisms is essential. Here,
supported by a combination of experimental and computa-
tional results, the oxidation mechanism of formic acid on
Pt(111) electrodes modified by the incorporation of
bismuth adatoms is revealed. In the proposed model,
formic acid is first physisorbed on bismuth and then
deprotonated and chemisorbed in formate form, also on
bismuth, from which configuration the C−H bond is
cleaved, on a neighbor Pt site, yielding CO2. It was found
computationally that the activation energy for the C−H
bond cleavage step is negligible, which was also verified
experimentally.

Cleaner energy based on the oxidation of small organic
molecules (i.e., formic acid, methanol, ethanol, etc.) in

fuel cells requires efficient electrocatalysts capable of operating
at low overpotentials and high current densities. To guide the
development of optimal catalysts, the oxidation mechanisms of
the fuels have to be fully understood. The oxidation of formic
acid to CO2, involving the exchange of only two electrons and
the cleavage of a single C−H bond, is probably the simplest
among the processes considered.1,2 In order to activate the
aforementioned C−H bond cleavage, platinum surfaces are
particularly effective, giving rise to overpotentials lower than
those observed in the oxidation of small organic molecules on
others metals. However, even on pure platinum, the measured
oxidation currents, at low overpotentials, are still low. To
increase the activity of the catalyst, modifications of platinum
with other elements have been proposed. Intermetallic PtBi
nanoparticles have shown an excellent performance, where high
currents at very low overpotentials have been recorded.3−6

Nevertheless, the role played by Bi, or any other modifier, in
the considered oxidation process is still unknown. In this work,
using a combination of DFT calculations and experimental
results on single-crystal electrodes, the electro-oxidation
mechanism of formic acid on the bismuth adatom-modified
Pt(111) surface is completely elucidated. Note that single-
crystal electrodes allow direct comparison between computa-
tional and experimental results.
The electrooxidation of formic acid on pure platinum

electrodes can evolve following two main routes: through
CO, which remains strongly adsorbed on the electrode, and

thus is difficult to oxidize, and through an active intermediate,
which is the desired route.2,7 For this route, the nature of the
intermediate is still under discussion.8−13 Electrocatalytic
reaction rates depend on the surface structure of the electrodes.
So, Pt(111) electrodes exhibit low activity through the active
intermediate and negligible CO formation, whereas Pt(100)
surfaces show the highest activity for both routes.14,15

Moreover, to increase the reaction rate through the direct
route, pure platinum electrodes have been modified incorporat-
ing other species. Bismuth has given rise to very promising
results.16−18 The addition of Bi adatoms to pristine Pt(111)
single-crystal electrodes diminishes the overpotentials and
increases the current density up to 30−40 times that measured
for the unmodified surface.15 Such improvement is clearly
related to the deposition of Bi on the terraces, since it reaches
the maximum for coverages close to the saturation value. For
low and moderate Bi coverages, only isolated or <1 nm islands
have been seen by scanning tunneling microscopy, which
supports the random distribution model of adatoms on the
surface.19 Also, statistical models suggest that a Bi−Pt ensemble
would be the reactive site, although the role played by each
atom in the considered oxidation process has not yet been
described.20

It has been pointed out that adsorbed formate plays an
important role in the process of oxidation of formic acid on
pure platinum electrodes. This species has been detected by
FTIR9−13 and voltammetry,21 showing that the onset for the
oxidation process coincides with that for the adsorption of
formate.21 Also, density functional theory calculations indicate
that adsorbed formate is a key part of the considered oxidation
process.22,23 More specifically, it has been suggested that
adsorbed formate facilitates the adsorption of a new formic acid
(or formate) molecule with the C−H bond directed toward the
surface.24 From such a configuration, the activation energy for
the cleavage of the C−H bond would be low (ca. 0.5 eV),
yielding CO2 as the final product. To adsorb the formate−
formic dimer, a Pt ensemble with several Pt atoms is required.
Thus, the initial hypothesis could be that bismuth facilitates the
adsorption of formate on Pt sites.
To detect adsorption of formate on single-crystal electrodes,

fast-scan voltammetry can be used.21 During formic acid
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oxidation, voltammetric currents come from two different
processes: the oxidation process itself and adsorption processes
(mainly hydrogen and anions) on the electrode surface. At low
scan rates, oxidation currents are much higher than adsorption
currents. However, adsorption currents are proportional to the
scan rate, whereas oxidation currents are much less affected by
the scan rate.18 By using high scan rates, adsorption currents
can dominate the voltammetric profile.21 For a Bi adatom-
modified Pt(111) electrode with a coverage of 0.25, which is
very close to the maximum activity, both types of experiments
(low and high scan rate voltammetry) are shown in Figure 1.

The same kinds of experimental results are shown in the
Supporting Information, Figures S1−S3, for the bare electrode
and two additional coverages. As can be seen by comparison of
the voltammetries in presence and absence of formic acid, at 50
mV/s (Figures 1A and S1A−S3A), adsorption currents are
much smaller than those corresponding to formic acid
oxidation, the shape of the voltammogram indicating an
irreversible oxidation process that is inhibited at high potentials.
At high bismuth coverages and above 0.5 V, the incoming
molecules are immediately oxidized on the electrode.
However, at 50 V/s (Figures 1B and S1B−S3B), adsorption

currents have increased 3 orders of magnitude, making
adsorption the dominant process recorded in the voltammetry.
In presence of formic acid, the voltammograms are practically
symmetrical through the potential axis, which indicates that
currents are mainly due to adsorption processes, and thus, the
contribution from oxidation processes can be discarded.
Comparison with the voltammograms measured in the absence
of formic acid enables us to establish the formate adsorption
range on platinum. In perchloric acid solutions, a hydrogen
adsorption region appears at potentials below 0.3 V, whereas
bismuth redox give rise to a pair of peaks between 0.6 and 0.7
V, in a similar way to what is found at 50 mV/s (Figures 1B and
S4). Above 0.7 V, the signals corresponding to OH adsorption
on Pt sites can be detected. In presence of formic acid at
50 V/s, some changes can be observed in the voltammograms.
First, depending on the coverage, a signal corresponding to
formate adsorption can be seen between 0.4 and 0.6 V in the
positive scan direction (Figure S5). In Figure 1B, since bismuth
coverage is high, the amount of free Pt sites is small, and
therefore, the total amount of adsorbed formate on platinum is
also small. However, in Figure S5, the signal corresponding to
formate adsorption diminishes as the coverage increases. For
bismuth-modified surfaces, the voltammograms in the presence
of formic acid at 50 V/s are almost identical to those measured
in sulfuric acid solutions in the absence of formic acid, which

corroborates that these processes are due to the adsorption of
the formate anion.25 As the amount of bismuth coverage
increases, the onset for the formate anion adsorption is
displaced toward higher potential values (see Figure S5).26 In
parallel to the appearance of the new signal between 0.4 and 0.6
V, those signals corresponding to the adsorption of OH above
0.7 V disappear, and a small shift in the bismuth redox peaks is
observed. All these results indicate that, for θBi = 0.25, formate
is present on platinum sites only above 0.5 V, whereas on the
unmodified Pt(111) electrode it can be detected at 0.35 V.21

On the other hand, the onset potential for formic acid oxidation
diminishes as the bismuth coverage increases. Thus, it is clear
that the catalytic effect of bismuth is not linked to the
adsorption of formate on Pt sites.
In order to gain insight into the mechanisms explaining the

higher performance of bismuth modified electrodes, DFT
calculations, modeling different aspects of the investigated
process, were carried out. Adsorption of bismuth on fcc and
hcp sites of the Pt(111) surface was found to be favorable by
3.20 and 3.17 eV, respectively. The adsorption of bismuth
causes a redistribution of electron density on the bare surface.
The results corresponding to fcc sites are displayed in Figure 2;

the ones corresponding to hcp sites are virtually identical. From
Figure 2, it can be inferred that an excess of positive charge
would be concentrated on the adatom, while the compensating
negative charge would be distributed among the platinum
atoms close to the adatom. Thus, bismuth has cationic
character when adsorbed on Pt(111). Here we propose that
the formation of the identified cationic site determines the
oxidation process of formic acid on the Bi−Pt(111) surface,
driving its mechanism.
It was found that physisorption of hydrated formic acid near

the adatom is favorable by ca. 0.26 eV. In its lower energy
configuration, the carbonyl group is directed toward the adatom
(Figure S6), with changes in the bonds geometry being
observed. In such a configuration, the O−H distance of the
carboxylic group increases, whereas the distance to the
corresponding hydrogen bond diminishes as compared to the
distances calculated in absence of surface. Adatoms favoring
physisorption of formic acid in the C−H down configuration
have been previously found,27 though the evolution of formic
acid on the adatom site was not studied, and only the generic
argument that the configuration facilitates the cleavage of the
C−H bond is provided. Here, the relevance of the role played
by the adatom during the oxidation process is established, and
the complete oxidation mechanism is revealed.

Figure 1. Voltammetric profiles of Bi−Pt(111) electrode with θBi =
0.25 in 0.5 M HClO4 + 0.05 M HCOOH (full line) and 0.5 M HClO4
(dashed lines) at (A) 0.05 and (B) 50 V/s.

Figure 2. Electrostatic potential [Ha/e] mapped on electron iso-
density surface for a density value ρ = 0.01 e/Å3 for a Bi adatom
adsorbed on the Pt(111) surface.
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From the described physisorbed configuration, the deproto-
nation of the formic acid molecule would be assisted by the fact
that, from this location, formate was found to be favorably
chemisorbed by 0.39 eV on the bismuth adatom without
barrier. Therefore, the two processes of formic acid
deprotonation and formate chemisorption on bismuth would
take place simultaneously. The above-described physisorption-
and formate chemisorption-related observations suggest that
the pKa of formic acid near the surface would be lower than that
in the bulk. Physisorption, deprotonation, and formate
chemisorption would all be driven by the positive charge
located on the adatom.
Once formate chemisorption on the adatom has taken place,

it was assumed that the electron in excess exits toward the
circuit. So, the evolution of the HCOO fragment bonded to the
bismuth modified platinum surface was analyzed. Running
quantum mechanical molecular dynamics simulations, it was
found that, transiting among different configurations whose
energies fluctuate within the error of the calculations, the
chemisorbed HCOO fragment evolves in a rotating process for
which the Bi−O and O−C bonds play the role of rotation axis,
until a sufficiently favorable C−H down configuration is
reached. From this configuration the C−H bond is cleaved to
yield CO2 and an adsorbed H atom (Figure 3). The activation

energy estimated from the calculations for the C−H bond
cleavage step was negligible, presenting a favorable energy of
1.21 eV. Comparison with previous results on unmodified
Pt(111) electrodes24 shows a significant diminution in
activation energy for the C−H bond cleavage step, from 0.5
to 0 eV.
In summary, the oxidation reaction model proposed here

draws a bifunctional catalyst in which the bismuth adatom plays
a determinant role in the formic acid adsorption and evolution
to chemisorbed formate, whereas an adjacent Pt site is
responsible for the cleavage of the C−H bond, which is in
agreement with previous analysis suggesting that the catalytic
site is a Bi−Pt ensemble.20

To corroborate the proposed reaction mechanism, activation
energies for different bismuth coverages on Pt(111) electrodes

were experimentally estimated. To do so, voltammetric profiles
for the oxidation process were recorded at different temper-
atures (Figure 4A). Since CO formation on these electrodes is

negligible,15,17 the measured currents correspond to the direct
route. So, the logarithm of the current density at constant
potential can be charted vs T−1 in an Arrhenius plot to
determine the apparent activation energy (Figure S7).
Activation energies vs electrode potentials for different bismuth
coverages are displayed in Figure 4B. For comparison, the
activation energy for the unmodified Pt(111) electrode is also
included. For the bare electrode, the activation energy was
determined from the intrinsic activity of the electrode through
the active intermediate reaction measured at different temper-
atures.14,15

In Figure 4B, as bismuth coverage increases, a significant
diminution in the activation energy of the process can be
observed. For the electrode with the highest activity, the
diminution is around 20 kJ/mol with respect to that
corresponding to the unmodified Pt(111) electrode. It should
be borne in mind that experimentally estimated activation
energies are apparent activation energies, which are a
combination of the activation energies of all the different
steps involved in a mechanism, whereas computationally
estimated activation energies correspond to a single step in a
process. Additionally, in the case of the bismuth-modified
Pt(111) electrodes, the measured activation energy is an
average of the activation energies for all the different kinds of
reactive sites on the surface. For the investigated surfaces, two
different kinds of active sites are considered: the Pt−Bi
ensemble of Figure 3, and the Pt ensemble on which the
reaction occurs through the formate−formic dimer. If the
activation energy for the Pt−Bi ensemble is much lower than
that for the Pt sites, it is clear that the measured activation
energy should diminish when increasing bismuth coverage, as
found experimentally. For the bismuth coverage with the

Figure 3. (A) HCOO fragment adsorbed on the Bi−Pt(111) surface
and (B) final products in the oxidation of formic acid.

Figure 4. (A) Voltammetric profile of a Bi−Pt(111) electrode with θBi
= 0.25 in 0.5 M H2SO4 + 0.1 M HCOOH at 0.05 V/s at different
temperatures. (B) Measured activation energy for different Bi
coverages θBi: (▼) 0.00, (■) 0.10, (●) 0.22, and (▲) 0.28.
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highest catalytic activity (θBi = 0.28), the measured activation
energy is not zero because of the contribution of other previous
steps and also from some Pt ensembles still accessible on the
surface. At 0.45 V, the measured activation energy for θBi = 0.28
is 21 kJ/mol, whereas on the unmodified surface it is 42 kJ/
mol. From these data, the contribution of the different steps/
processes to the apparent activation energy at this bismuth
coverage can be estimated. Since each bismuth adatom blocks
three platinum sites, at the considered coverage, the number of
free Pt sites is 0.16. This implies that the contribution of these
sites to the total energy would be 0.16 × 42 = 6.7 kJ/mol. The
remaining 14.3 kJ/mol (or 0.15 eV) should arise, then, from the
previous steps for the reaction on the Bi−Pt ensemble,
probably from the deprotonation of the formic acid close to
the Bi adatom to give rise to formate, which will adsorb
immediately on the Bi adatom.
Finally, it should be stressed that the reaction mechanism

suggested by our DFT calculations is in very good agreement
with a broad set of experimental data. First, unlike the Pt(111)
electrodes, for which currents increase with the pH,12 the
currents measured on the bismuth-modified Pt(111) electrodes
do not depend on the pH for values between 0 and 2,18 which
implies that the formic acid molecule is the reactant species at
these pH values. As has been shown, a formic acid molecule
close to the Bi adatom would have a lower pKa, which would
facilitate its adsorption as formate on the bismuth adatom;
therefore, the presence of a formate molecule close to the
adatom is not required. Second, the activation energy
diminishes with the bismuth coverage. Third, the proposed
reaction mechanism helps to explain why the onset of the
reaction is between 0.2 and 0.3 V for the different bismuth
coverages. In the final step, adsorbed hydrogen is formed,
“poisoning” the active site. In order to reactivate the active site,
hydrogen should be desorbed. Thus, a steady current for formic
acid oxidation is possible only at potentials at which hydrogen
is easily desorbed from the Pt sites, that is, where hydrogen
equilibrium coverage on the surface is low. On the unmodified
Pt(111) surface, hydrogen coverage is low above 0.30 V, and
this potential value diminishes as the bismuth coverage
increases (see Figure S4). Thus, the onset potential for the
reaction shifts accordingly. And, fourth, the proposed
mechanism also explain why the activation energy diminishes
from 0.2 to 0.5 V. Hydrogen desorption also contributes to the
measured activation energy, since it can be considered also the
first step in the reaction at potentials where hydrogen is
adsorbed. As the potential is made more positive, this step is
faster (i.e., with a lower activation energy), which results in a
diminution of the overall activation energy. As a conclusion, it
can be verified that the computational results presented here
are in very good agreement with a broad set of experimental
data, thus explaining them, which rigorously supports the
proposed reaction model.

■ ASSOCIATED CONTENT

*S Supporting Information
Experimental details, computational methods, and additional
figures. This material is available free of charge via the Internet
at http://pubs.acs.org.

■ AUTHOR INFORMATION

Corresponding Author
herrero@ua.es

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work has been financially supported by the MINECO
(Spain) (project CTQ2013-44083-P) and Generalitat Valenci-
ana (project PROMETEOII/2014/013).

■ REFERENCES
(1) Parsons, R.; Vandernoot, T. J. Electroanal. Chem. 1988, 257, 9.
(2) Koper, M. T. M.; Lai, S. C. S.; Herrero, E. In Fuel cell catalysis, a
surface science approach; Koper, M. T. M., Ed.; John Wiley & Sons,
Inc.: Hoboken, NJ, 2009; p 159.
(3) Roychowdhury, C.; Matsumoto, F.; Zeldovich, V. B.; Warren, S.
C.; Mutolo, P. F.; Ballesteros, M.; Wiesner, U.; Abruña, H. D.; Disalvo,
F. J. Chem. Mater. 2006, 18, 3365.
(4) Roychowdhury, C.; Matsumoto, F.; Mutolo, P. F.; Abruna, H. D.;
DiSalvo, F. J. Chem. Mater. 2005, 17, 5871.
(5) Casado-Rivera, E.; Gal, Z.; Angelo, A. C. D.; Lind, C.; DiSalvo, F.
J.; Abruna, H. D. ChemPhysChem 2003, 4, 193.
(6) Blasini, D. R.; Rochefort, D.; Fachini, E.; Alden, L. R.; DiSalvo, F.
J.; Cabrera, C. R.; Abruna, H. D. Surf. Sci. 2006, 600, 2670.
(7) Feliu, J. M.; Herrero, E. In Handbook of fuel cellsfundamentals,
technology and applications; Vielstich, W., Gasteiger, H., Lamm, A.,
Eds.; John Wiley & Sons, Ltd.: Chichester, 2003; Vol. 2.
(8) Samjeske, G.; Miki, A.; Ye, S.; Osawa, M. J. Phys. Chem. B 2006,
110, 16559.
(9) Chen, Y. X.; Ye, S.; Heinen, M.; Jusys, Z.; Osawa, M.; Behm, R. J.
J. Phys. Chem. B 2006, 110, 9534.
(10) Cuesta, A.; Cabello, G.; Gutierrez, C.; Osawa, M. Phys. Chem.
Chem. Phys. 2011, 13, 20091.
(11) Osawa, M.; Komatsu, K.; Samjeske, G.; Uchida, T.; Ikeshoji, T.;
Cuesta, A.; Gutierrez, C. Angew. Chem., Int. Ed. 2011, 50, 1159.
(12) Joo, J.; Uchida, T.; Cuesta, A.; Koper, M. T. M.; Osawa, M. J.
Am. Chem. Soc. 2013, 135, 9991.
(13) Chen, Y. X.; Heinen, M.; Jusys, Z.; Behm, R. J. Langmuir 2006,
22, 10399.
(14) Grozovski, V.; Climent, V.; Herrero, E.; Feliu, J. M.
ChemPhysChem 2009, 10, 1922.
(15) Grozovski, V.; Climent, V.; Herrero, E.; Feliu, J. M. Phys. Chem.
Chem. Phys. 2010, 12, 8822.
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Experimental and computational methods.  

Experimental methods. 

Platinum single crystal electrodes were oriented, cut and polished from small single crystal 
beads (2.5 mm diameter) following the procedure described by Clavilier and co-workers.1,2 The 
electrodes were cleaned by flame annealing, cooled down in H2/Ar and protected with water 
in equilibrium with this gas mixture to prevent contamination before immersion in the 
electrochemical cell, as described in detail elsewhere.2,3 The voltammetric profiles, and 
therefore the surface structure of the electrodes, are stable upon cycling provided that oxide 
formation is avoided. It is known that oxidation/reduction cycles create defects on the 
electrode surface.4,5  

Bismuth adlayer were prepared by the irreversible adsorption technique. The prepared 
electrode surface is put in contact in a separate vessel with a solution of Bi2O3 (10 5–10 4 M) in 
0.1 M perchloric acid for a short period of time (5–60 s).6 The modified electrode was then 
rinsed with water and immersed again in the electrochemical cell. The presence of irreversibly 
adsorbed bismuth was estimated voltammetrically by the inspection of the new peak that 
appeared in the voltammogram centered at 0.67 V. Bismuth coverage is given as the number 
of Bi atoms per Pt surface atoms and has been calculated according to the procedure 
described in reference.7 Experiments were carried out in a classical two-compartment 
electrochemical cell deaerated by using Ar (N50, Air Liquide in all gases used), including a large 
platinum counter electrode and a reversible hydrogen (N50) electrode (RHE) as reference. For 
the determination of the activation energy, the electrochemical cell was immersed in a water 
bath to control the temperature in a range between 278 and 333 K. The reference electrode 
was kept at room temperature (298 K) and all the measured potentials are referred to a RHE 
electrode at 298 K. For that reason, the measured potentials were corrected with the 
thermodiffusion potential using the procedure explained in reference 8. All the potentials are 
quoted vs. the RHE at 298 K unless otherwise stated. Solutions were prepared from sulfuric 
acid, perchloric acid, sodium perchlorate, acetic acid, formic acid (Merck suprapur in all cases) 
and ultrapure water from Elga. The cleanliness of the solutions was tested by the stability of 
the characteristic voltammetric features of well-defined single crystal electrodes.  

The potential program for the transients was generated with an arbitrary function generator 
(Rigol, DG3061A) together with a potentiostat (eDAQ EA161) and a digital recorder (eDAQ, 
ED401). To avoid any interference of the diffusion of formic acid in the reaction rate, stationary 
conditions were attained by using a hanging meniscus rotating disk configuration at 900 rpm 
(controlled by a Radiometer CTV 101).  

 

Computational methods. 

All DFT calculations were carried out using numerical basis sets,9 semicore pseudopotentials10 
(which include scalar relativistic effects) and the RPBE functional11 as implemented in the 
Dmol3 code.12 With the exception of the bismuth adatom binding energy estimation, which 
was performed under high vacuum conditions, implicit solvation effects were taken into 
account by the COSMO model.13 The effects of non-zero dipole moments, in the supercells, 
were cancelled by means of external fields.14  

The Pt(1 1 1) surface was modeled  by means of a periodic supercell comprising 36 Pt atoms 
(four layers of metal atoms) and a vacuum slab of 20 Å.  The bottom 18 Pt atoms were frozen 
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in their bulk crystal locations. The remaining 18 Pt atoms were completely relaxed joint to the 
adsorbates. The shortest distance between periodic images was 8.51 Å. 

Optimal configurations (adsorbent/adsorbate, reactants, products and transition states) were 
searched for using numerical basis sets of double-numerical quality. During this phase of the 
calculations, Brillouin zones were sampled, under the Monkhorst-Pack method,15 using grids 
corresponding to distances in the reciprocal space of the order of 0.05 1/Å, and convergence 
was facilitated introducing 0.005 Ha of thermal smearing. 

 Assuming the previously optimized configurations, binding energies, reaction energies and 
barriers were estimated using numerical basis sets of double-numerical quality plus 
polarization. In this case, Brillouin zones were sampled, also under the Monkhorst-Pack 
method, but using grids corresponding to distances in the order of 0.04 1/Å, and convergence 
was facilitated introducing only 0.005 Ha of thermal smearing. Moreover, energies were 
extrapolated to 0°K.  

Finally, molecular dynamic simulations were run, under the NVE thermodynamic ensemble, 
using the same numerical setup used for optimization calculations and 1 femtosecond of time 
step. 
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Additional Figures 

 

 

Figure S1. Voltammetric profiles of the unmodified Pt(111) electrode in 0.5 M HClO4 + 0.05 M 
HCOOH (full line) and 0.5 M HClO4 (dashed lines) at (A) 0.05 V s-1 and (B) 50 V s-1. 
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Figure S2. Voltammetric profiles of the Bi-Pt(111) electrode with Bi=0.04 in 0.5 M HClO4 + 0.05 
M HCOOH (full line) and 0.5 M HClO4 (dashed lines) at (A) 0.05 V s-1 and (B) 50 V s-1. 
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Figure S3. Voltammetric profiles of the Bi-Pt(111) electrode with Bi=0.12 in 0.5 M HClO4 + 0.05 
M HCOOH (full line) and 0.5 M HClO4 (dashed lines) at (A) 0.05 V s-1 and (B) 50 V s-1. 
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Figure S4. Voltammetric profile of the Bi-Pt(111) electrode with different bismuth coverages in 
0.5 M HClO4 at (A) 50 mV s-1 and (B) 50 V s-1. 
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Figure S5. Voltammetric profile of the Bi-Pt(111) electrode with different bismuth coverages in 
0.5 M HClO4 + 0.01 M HCOOH at 50 V s-1. 

 

 

Figure S6. Hydrated formic acid physisorbed on the Bi-Pt(111) surface.  
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Figure S7. Arrhenius plot for currents at two different potentials measured for a Bi-Pt(111) 
electrode with Bi=0.22 in 0.5 M H2SO4 + 0.1 M HCOOH  
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Abstract 

Formic acid electrooxidation on Tl modified Pt single crystal electrodes has been carried 

out in sulfuric acid media. Voltammetric experiments demonstrated that Pt(100) modified 

by Tl displays a significant enhancement towards formic acid oxidation both lowering the 

oxidation onset potential and increasing the maximum current density in the positive 

going-sweep. A similar behavior has been observed in Pt(s)[(100)x(111)] stepped surfaces. 

On the other hand, for Pt(111) surfaces, the incorporation of Tl also induced a shift of the 

oxidation onset to lower potential values, a diminution of the hysteresis between the 

positive and negative going-sweep and also an increase of the oxidation currents. These 

results have been corroborated using in situ FTIR experiments, where the CO adsorption 

band disappears completely when Pt(100) and its vicinal surfaces are modified by Tl 

adatom, leading to the formation of CO2 at lower overvoltages.  
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7.1. Introduction  

Formic acid oxidation is known to be a very important reaction in electrocatalysis [1, 

2]. It can be used as a model reaction for more complex organic molecules, given that i) its 

oxidation process only involves two electrons, ii) an additional oxygen atom is not required 

to produce CO2, and finally, iii) it is a clear example of a reaction sensitive to the surface 

structure of the electrocatalyst. In addition, formic acid has been proposed as a possible 

fuel for fuel cells with portables and small power applications [1, 3, 4]. Although this 

species emerges as a possible fuel in direct formic acid fuel cells (DFAFC), its application 

is limited by a low power density and the poisoning of the catalyst. Therefore, high active 

catalysts towards formic acid oxidation are required.  

It is well accepted that formic acid oxidation reaction (FAOR) proceeds via two 

different routes in Pt electrodes: the so-called indirect pathway, where CO (poisoning 

intermediate) is formed on the electrode surface, being then oxidized to CO2 at high 

potentials; and the second route (direct pathway), which involves the formation of an 

active intermediate, presumably a formate weakly adsorbed species [5, 6], and its 

subsequent oxidation into CO2 at low potentials. This dual pathway mechanism sets one of 

the main problems to be solved in order to catalyze this reaction in Pt electrodes, which is 

suppressing the poison formation route and enhancing the oxidation through the direct 

pathway. 

There are two classical approaches to enhance the activity of the electrocatalyst, 

namely, modifying the surface structure, or changing the composition of the electrode. The 

first one consists in preparing electrodes with different atomic arrangement, providing 

specific surface symmetry that favors the formic acid oxidation by the direct pathway [7, 

8]. The second one implies the modification of the platinum surfaces with the adsorption of 
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foreign atoms. This second approach has been widely studied over the past years. Adatoms 

such as bismuth (Bi) [9], antimony (Sb) [10, 11], arsenic (As) [11] or palladium (Pd) [12] 

provide an important improvement in the catalytic activity, not only in terms of maximum 

current density, but also shifting the oxidation onset potential to lower values. One reason 

for this enhancement is the so-called, third body effect [13], in which one of the metals acts 

with a steric influence to suppress the poison formation, enhancing the activity through the 

other pathway. However, some of the adatoms promote also an important bifunctional 

effect [13-15], where the adatom act as a promotor of the active intermediate in a specific 

configuration, decreasing the activation energy of the process through the direct pathway. 

The case of Bi modification is a clear example of this bifunctional effect [16].  

In recent years, an increasing interest has been set on those metals that have been less 

studied, among this, thallium adatom. In earlier studies, Clavilier et al. [17] perfomed the 

underpotential deposition (UPD) of Tl+ on Pt(111) electrode, arguing that there is an 

equilibrium in the adsorption-desorption process. More recently, Rodriguez et al. [18] has 

studied extensively either the UPD and irreversible adsorption of Tl on Pt(111) and vicinal 

surfaces. They were able to ascribe the processes Tl/Tl+ oxidation and anion adsorption on 

the Tl-modified surface. Additionally, the results obtained with stepped surfaces indicated 

that some of the features are clearly associated to the presence of (111) surface domains 

(terraces).  

On the other hand, some few works has studied the FAOR on Tl modified Pt 

electrodes. For instance, Hartung et al.[19] reported the effect of Tl deposition on Pt 

electrodes towards formic acid oxidation, concluding that Tl catalyse the direct oxidation 

of bulk HCOOH. More recently, Tl modified shape-controlled Pt nanoparticles showed an 

important enhancement of the FAOR [20], concluding that preferentially (100) Pt 
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nanoparticles (cubic shape) modified by Tl were more active than the (111) Pt 

nanoparticles (octahedral shape) in the entire range of Tl coverages. However, despite 

these previous contributions, a fundamental study dealing with the activity of Tl modified 

Pt single crystal electrodes have not been conducted yet. For that reason, in this 

contribution, an electrochemical and spectroscopic study of formic acid oxidation on Tl 

modified Pt single crystal electrodes, both using basal planes and stepped surfaces are 

presented. 

 

7.2. Experimental 

Platinum single crystal electrodes were oriented, cut and polished from small single 

crystal Pt beads (2.5 mm diameter) following the method developed by Clavilier et al.[21]. 

Before all the experiments, working electrodes were flame annealed during 15 s, cooled 

down in a H2/Ar atmosphere and quenched in ultrapure water in equilibrium with this 

atmosphere before immersion in the electrochemical cell [22]. Tl deposition on Pt was 

performed by cycling between 0.06 V and 0.65 V for Pt(100) and Pt(s)[(100x111)] stepped 

surfaces, and between 0.06 V and 0.50 V for Pt(111) electrodes. The upper potential was 

chosen in order to preserve the surface order and also to avoid problems of Tl desorption at 

higher potentials. Diluted solutions of Tl+ (Tl2SO4, Aldrich® 99.995%) with concentrations 

between 10-5 ~ 10-6 M in 0.5 M H2SO4 were used. 

Experiments were carried out at room temperature (25ºC), in a classical 

electrochemical cell, including a large platinum counter electrode and a reversible 

hydrogen (N50) electrode (RHE) as reference. All potentials used in this work are referred 

to RHE. The solutions were prepared by using H2SO4 (Merck KGaA Suprapur® 96%), 
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formic acid (Merck KGaG 98 %) and ultrapure water (Elga PureLab Ultra 18.2 MΩ cm), 

preparing 0.1 M HCOOH + 0.5 M H2SO4 solution. Ar (N50, Air Liquide) was used for 

deoxygenating the solutions. All the electrochemical measurements (cyclic voltammetry) 

were performed using a waveform generator (EG&G PARC 175) coupled to a potentiostat 

(eDAQ EA161) and a digital recorder (eDAQ ED401). 

In situ FTIR measurements were performed in a Nicolet 8700 spectrometer equipped 

with a mercury cadmium telluride (MCT) detector, according with the external reflection 

configuration for a transparent prism of CaF2 beveled at 60º [23] and coupled with the 

spectroelectrochemical cell. For each spectrum, 100 interferograms were averaged to 

increase the signal-to-noise ratio, using a resolution of 8 cm-1. For all the experiments, p-

polarized light was used, allowing the detection of species adsorbed on the electrode 

surface and other species in the electrolyte solution. Spectra were presented in absorbance 

units, ܣ ൌ െ݈݃݋	ሺܴଵ െ ܴଶሻ/ܴଵ, in which ܴଵ and ܴଶ are the reflectance values for the 

single-beam spectra recorded at the sample and the reference potential respectively. 

Positive bands in spectra are related to species formed at the sampling potential with 

respect to the reference potential, whereas negative bands correspond to species consumed. 

IR spectra were collected at intervals of 50 mV between 0.05 V and 0.5 V, and 100 mV 

between 0.5 V and 0.9 V vs. RHE. Spectrum taken at 0.05 V was used as a reference in all 

spectra presented. 

7.3. Results and discussion 

7.3.1. FAOR on Tl modified Pt(100) and Pt(111) electrodes 

Figure 7.1 shows the voltammetric profiles corresponding to a) Pt(100) and b) Pt(111) 

modified with Tl at different coverages in 0.5 M H2SO4. In the case of Pt(100), two 
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different regions can be distinguished. The first one, located between 0.06 V and 0.20 V, 

where a new peak centered at 0.17 V appears for increasing thallium coverages and a 

second one involving the decrease of the contributions from 0.2 V to 0.5 V, related to the 

competitive adsorption between hydrogen and sulfate anions on the Pt surface.  

 

Figure 7.1. Cyclic voltammetry of Tl modified Pt single crystal electrodes taken in H2SO4 0.5 M at different 

Tl coverages. (a) Tl modified Pt(100) electrode; (b) Tl modified Pt(111) electrode. Scan rate 50 mV.s-1. 

 

In order to find out the nature of the peak at 0.17 V, the peak potential position (in the 

hydrogen electrode scale (SHE)) was plotted against solution pH (figure 7.2). A slope 

value of 52 mV was obtained, very near to 59 mV, which implies that one proton is 

exchanged per electron in the surface redox reaction. Since the charge of this process is 

small and the peak is only well defined at high coverages, it can be proposed that the 
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reaction is associated to the hydrogen adsorption process on a Pt site surrounded by Tl 

adatoms. Thus, considering Tl as an electropositive adatom, this finding suggests that its 

presence modifies the adsorption of hydrogen profile, lowering the potential where the 

adsorption starts to occur.   

 

Figure 7.2. Linear relationship between the peak potential of the reversible feature in Tl modified Pt(100) 

electrode (inset) and the solution pH. 

 

On the other hand, for Pt(111), there is a clear decrease of the voltammetric profile 

comparing to the blank, both the hydrogen adsorption/desorption region and the anion 

adsorption/desorption regions [17]. However, a new peak around 0.48 V appears very 

close to the spike in the unmodified surfaces. This sharp spike is related to the order 

disorder transition in the sulfate layer [17, 18, 24]. Thus, it can be proposed that Tl is 

modifying the energetics of this order-disorder transition. Moreover, an additional proves 

for that can be obtained when the voltammetric profiles in the absence and presence of 

sulfate. Figure 7.3 displays the appearance of a new small peak around 0.48-0.50 V for a Tl 

modified Pt(111) after adding small amounts of sulfate into a perchloric acid solution. This 

result suggests that the peak at 0.48 V is related to the rearrangement of the sulfate layer 
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adsorbed on the Tl modified Pt surface. The latter result was demonstrated by Rodriguez et 

al. by the observation of the displacement of this peak when changing the sulfate 

concentration in the solution at a constant pH [18]. 

 

Figure 7.3. Comparison between voltammetric profile of the Pt(111) modified by Tl adatom in: perchloric 

acid (red line) and perchloric acid with sulfate anions (blue line). The black line represents the voltammetric 

profile for the blank in perchloric acid. Scan rate: 0.05 V s-1 

 

The results shown in figure 7.1 can be also use to monitor the deposition of Tl adatom, 

by the decreasing of the currents in the main region related to hydrogen and anion 

adsorption desorption, as previously done in a former work [20]. Thus, since Tl coverage 

could be followed through the decreasing of the hydrogen adsorption/desorption region at 

each Pt electrode profile, the Tl coverage could be calculated by using the equation 7.1: 

θ்௟ ൌ 	1 െ	θୌ ൌ
ுݍ
଴ െ ுݍ

்௟

ுݍ
଴  Eq. 7.1 

where ݍு
଴  and ݍு

்௟ are the hydrogen adsorption charges of the clean and thallium modified 

electrodes respectively, calculated after the subtraction of the double layer charging 
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contribution. This equation have been extensively used in the calculation of coverage of a 

large number of adatoms [2], considering that an adatom can blocked a specific number of 

Pt sites where hydrogen adsorption takes place. For Pt(100) the coverage was calculated 

between 0.22 and 0.50 V, whereas for Pt(111) the potential limits were set between 0.06 

and 0.325 V in order to avoid some contribution coming from signals belonging to Tl 

redox surface processes.  

Both Tl modified electrodes were used to study FAOR. Figure 7.4 a and b show the 

formic acid oxidation activity as a function of the Tl coverage (only positive going sweeps 

are shown). For the Pt(100) electrode, the activity in the positive sweep is almost zero 

(black line), due to the important poisoning of the electrode by CO that takes place 

between 0.25 and 0.4 V, widely documented in previous works  [1, 25-27]. The first effect 

of the Tl modification is the evident diminution of the onset potential of the oxidation, 

which starts at about 0.15 V for intermediate coverages. In addition, a clear increase of the 

current density for the FAOR is observed  showing a peak at about 0.5 V. Interestingly, the 

current density grows as the Tl coverage increase, reaching a maximum value at ்ߠ௟ ≅

0.33 (small coverage values). From this coverage, the current density decreases, although 

the onset potential remains similar to that obtained for ்ߠ௟ ≅ 0.33. Finally, at the 

maximum coverage studied (்ߠ௟ ≅ 0.78), a significant decrease of the current and a shift 

of the onset potential to more positive values are observed.  
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Figure 7.4. Positive sweep voltammetry for 0.1 M HCOOH oxidation in H2SO4 0.5 M for: (a) Tl modified 

Pt(100) and (b) Tl modified Pt(111) single crystal electrodes. Scan rate 0.02 V s-1. 

 

This fact indicates that the presence of Tl at high coverages has a negative effect, 

presumably due to the blockage of a large number of Pt sites to achieve the oxidation of 

formic acid. The last observation is in agreement with the actuation mechnanisms of the 

adatomos proposed in [13]. Thus, with increasing amounts of Tl until a maximum value ca. 

௟்ߠ ≅ 0.30, the indirect pathway (through CO poisoning) is hindered, promoting formic 

acid oxidation through the direct pathway. 

Figure 7.4b shows the results obtained with a Pt(111) surface. The results also suggest 

that the incorporation of Tl have a positive effect in the activity of the electrode, specially, 

increasing the current density of the oxidation in the low potential region. Also a shift in 

the onset potential of the oxidation can be achieved. For low coverages (்ߠ௟ ൎ 0.10), the 
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improvement in the activity is less significant, being similar at high coverages (்ߠ௟ ൎ

0.82). Nevertheless, the main effect is achieved at medium-high coverages, i.e. ்ߠ௟ ൎ

0.70. In fact, at ்ߠ௟ ൎ 0.76, the current density reach maximum values (7 mA.cm-2). In the 

voltammetric profile can be seem that the current starts to increases at potential as low as 

0.15 V, reaching the highest activity at 0.4 V. In this case, it is clear that Tl has a positive 

effect for the FAOR. For adatoms, such as Tl, which are electropositive with respect to Pt, 

the catalytic effect has been explained using a bifunctional mechanism, in which the 

adatom facilitate the adsorption of formate in the right position, so that the C-H bond 

cleavage is facilitated [16, 28] . This mechanism is in agreement with the maximum 

catalytic activity found for  ்ߠ௟ ൎ 0.76 , since for this coverage the number of Pt-Tl 

ensembles, which are the catalytic active site, are maximized [13]. 

It is important to highlight that these results are different from those reported 

previously [20] by our research group. Such a difference is attributed to the stability of the 

Tl adlayer on the electrode surface. In the previous experiments, after modifying the 

electrode, and before being immersed into the cell containing formic acid, the electrode 

was rinsed with ultrapure water. We have recently observed that this rinsing step gives rise 

to an important removal of the Tl adsorbed on the surface of the electrode. This fact is the 

reason for which, in the previous contribution [20], the enhanced activity displayed by the 

Tl modified surfaces is much lower than that reported in the present contribution. In this 

work, a special care has been taken in order to keep as stable as possible the coverage of Tl 

on the electrode. Thus, after modifying the electrode with Tl and testing it in the 

electrolytic solution, this was taken directly into the cell containing formic acid 0.1M, 

avoiding the loss of Tl because of the rinsing step. 
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Figure 7.5 shows a normalization of the current density (
݆ఏ೅೗

݆஻௔௥௘
൘ ሻ at the coverage 

where the maximum current is reached for each of the electrodes (black and red curves).  

 

Figure 7.5. FAOR current densities normalized using the bare and Tl-modified Pt(100) (black line) and 

Pt(111) (red line). Data taken from Figure 7.4. 

 

It is clear from the figure that the “improvement factor” for the case of Pt(100) 

modified by Tl is bigger than that shown for Tl-Pt(111), except for potentials below 0.3 V, 

where Tl-Pt(111) has a better improvement than Tl-Pt(100). It is important to notice that 

the potential where Tl-Pt(111) reach the maximum improvement factor is lower (0.25 V) 

compared with 0.35 V which is the potential at the maximum improvement in the case of 

Tl-Pt(100).  

As a conclusion, since CO adsorption from formic acid has specific Pt free sites 

requirements [29, 30], Tl adsorbed on Pt(100) has a positive effect because it enables 

preventing the CO formation (third body effect), whereas in the case of Pt(111) (which is 

an ideally poisoning resistant surface[15]), the main effect involves lowering the activation 

energy  possibly by promoting the adsorption of the active intermediate in a configuration 
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which facilitate the oxidation into CO2, similar with those effect described for Bi adatom 

previously [16, 28].  

 

7.3.2. FAOR on Tl modified Pt(s)[n(100)x(111)] 

Figures 7.6A, C and E show the voltammetric profile for some electrodes belonging to 

the series Pt(s)[n(100)x(111)], that is, surfaces with (100) terraces and (111) steps, for 

increasing Tl coverages. In all the cases, as is observed for the Pt(100) electrode, the 

hydrogen adsorption/desorption region decreases as the Tl coverage increases. 

Additionally, a small peak around 0.17 V can be again observed in the voltammetric 

profile for the Pt(23 1 1) and Pt(15 1 1) at high Tl coverages, feature that disappears for 

Pt(711) electrode. This fact suggests that long-range (100) domains are required to form 

those structures leading to the appearance of this particular feature. Another interesting 

point is that associated with the selective adsorption of the Tl adatom. For Pt(711), it is 

observed that Tl is adsorbed in the steps prior to the terraces, according to the 

Smoluchowski for electropositive adatoms [31]. This effect is not observed for the surfaces 

with longer terraces, similarly to what has been observed for this series of surfaces with 

bismuth [32]. It is important to highlight that the later behavior could be interesting to be 

applied in futures works to combine two types of adatoms in a stepped modified surface. 

For instance, modifying the steps with Tl adatom to suppress the poison formation 

combined with the modification with another adatom to promote the formic acid oxidation 

by the direct pathway. 
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Figure 7.6. Positive sweep voltammetry for 0.1 M HCOOH oxidation in H2SO4 0.5 M for: (A) Tl modified 

Pt(23 1 1); (C) Tl modified Pt(15 1 1) and (E) Tl modified Pt(711) single crystal electrodes. Scan rate 0.02 V 

s-1. Positive sweep voltammetry in H2SO4 0.5 M for: (B) Tl modified Pt(23 1 1); (D) Tl modified Pt(15 1 1) 

and (F) Tl modified Pt(711) single crystal electrodes. Scan rate 0.05 V s-1. 

 

Figures 7.6B, D and F show the activity for those Tl modified Pt electrodes towards 

formic acid oxidation. For Pt(23 1 1), that is, a surface still having wide (100) terraces, the 

maximum activity is achieved at coverage values about ்ߠ௟ ൎ 0.30 െ 0.40, in good 

agreement with the case of Pt(100). Again, when the coverage becomes maximum, the 

activity decreases and the reaction is less favored, shifting the onset potential of the 

oxidation to more positive values. For the case of Pt(15 1 1) and Pt(711) the response is 

clearly different to that previously shown and the  activity systematically improves as the 

Tl coverage increases, being maximum at higher values. This behavior is quite similar to 

that observed previously for (100)-Pt NPs modified by Tl, in which at maximum coverage 

was found the higher activity towards formic acid oxidation [20]. This fact points out the 

similitude between a shaped controlled nanoparticles and a stepped electrode in terms of 
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surface structure and would suggest that the Tl has a positive effect in the electrocatalysis 

of formic acid through the direct pathway, as happens for the Pt(111)electrode. 

Comparing the activities at ்ߠ௟ ൌ 0.33~0.36 (figure 7.7), it can be seen that the 

current density decreases when the step density increases. This suggests that the surface 

arrangement reached in long-ranges (100) terraces is more effective to catalyze the reaction 

by the direct pathway. It is also important to point out that CO forms easily in step sites, 

independently of its crystallographic orientation [33, 34], which explains the lower activity 

when the terraces become shorter. Although the presence of steps in (100) terraces has 

minor effects on the modification of electrochemical properties than that one found for 

stepped Pt(111) surfaces [35], however, these changes are magnified  with the modification 

by an adatom. 

 

Figure 7.7. Comparison of the positive sweep for formic acid oxidation on Tl modified Pt single crystal 

belonging to the series Pt(s)[n(100)x(111)] at a coverage ்ߠ௟ ൌ 0.33~0.36. Values taken form the activities 

in figure 7.6. 
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7.3.3. FAOR on Tl modified Pt(s)[n(111)x(100)] 

Figure 7.8 reports the evolution of electrodes belonging to the series 

Pt(s)[n(111)x(100)], namely, Pt(11 10 10) and Pt(544), after being modified with Tl. The 

results obtained again show a decrease in all signals corresponding to the hydrogen and 

anion adsorption/desorption process, as the Tl coverage increases. The small peak centered 

around 0.45 V (associated to sulfate/bisulfate order transition) is presented in long (111) 

terraces stepped surfaces, being lost in Pt(544) electrode (see Figure 7.8 A and C).  

 

Figure 7.8. Positive sweep voltammetry for 0.1 M HCOOH oxidation in H2SO4 0.5 M for: (A) Tl modified 

Pt(11 10 10) and (C) Tl modified Pt(544) single crystal electrodes. Scan rate 0.02 V s-1. Positive sweep 

voltammetry in H2SO4 0.5 M for: (B) Tl modified Pt(11 10 10) and (D) Tl modified Pt(544) single crystal 

electrodes. Scan rate 0.05 V s-1. 

 

Figures 7.8B and D display the corresponding formic acid electrooxidation activity. 

The results show that, for increasing Tl coverages, the oxidation current increases and the 

oxidation onset potential shifts the lower potential values, although these effects are less 

significant than that obtained with Pt(100) and its vicinal surfaces. Interestingly, the 
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voltammetry for each Pt bare electrode shows that the CO formation is hindering the 

FAOR by the direct pathway, because of the smaller current density in the positive sweep 

compared with the negative one, being responsible for the hysteresis observed. When 

modifying the electrode with Tl, the enhancement is quite similar for both electrodes. The 

only notorious difference is evidenced in the hysteresis between the positive and negative 

voltammetric cycles. For Pt(11 10 10) the hysteresis is lost almost completely at ்ߠ௟ ≅

0.60 (which could be considered as a high coverage). On the other hand, for Pt(544), even 

the positive sweep is higher than the negative one, suggesting that the insertion of a bigger 

step density, i.e. make it the (111) terraces shorter, favors those adsorbed structures that 

prevent the CO formation, leading such an unusual “inverse” hysteresis effect at Pt(544) 

electrode.  

 

7.3.4. In situ FTIR experiments on Pt(100) and Pt(111) 

From the previous voltammetric experiments, it is evident that the incorporation of Tl 

is directly related to the suppression of the CO formation. However, to deepen on this 

aspect, some spectroscopic evidences (in situ FTIR experiments) will strongly contribute to 

elucidate the role played by the Tl adatom during FAOR [23]. In this regard, it is worth 

noting that during the in situ FTIR experiments, the formic acid concentration was 

diminished with the aim of decreasing the huge amount of CO2 formed during the 

experiment, which importantly destabilizes the thin-layer configuration. In addition, 

sulfuric acid concentration was reduced in order to avoid possible damage in the CaF2 

prism due to the higher acid concentrations.  
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Figure 7.9 shows some selected spectra obtained with Tl modified and unmodified 

Pt(100) and Pt(111) surfaces. For bare Pt(100) and Pt(111), it is clear the presence of CO 

adsorbed on the electrode surface in both linear and bridge configuration (for Pt(111) 

electrode only linear CO is present) at 2030-2070 cm-1 and 1840-1870 cm-1 , respectively 

[36-38]. It is worthy to clarify that the presence of CO adsorbed on Pt(111) is due to the 

presence of some defects on the electrode used to carry out these experiments. These bands 

are clearly present even at 0.5 V where the incipient CO oxidation takes place. 

Consequently, at 0.4 V, the formation of CO2 starts for both electrodes, as deduced from 

the band at 2340 cm-1.  

 

Figure 7.9. In situ FTIR experiments in 0.05 M HCOOH + 0.1 M H2SO4 for: (a) Pt (100) and (b) Pt (111) 

electrode. Spectra denoted as ‘1’ correspond to the bare Pt electrode whereas ‘2’ indicates spectra collected 

in Pt electrodes modified with Tl at the maximum coverage. 

 

When the electrodes are modified by Tl (at maximum coverage), the CO band is 

absent and the CO2 band is observed at very low potentials (even before 0.1 V).  
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Similar in situ FTIR experiments were also performed with the Pt(s)[n(111)x(100)] 

electrodes. For the sake of comparison, figure 7.10 shows the integration of the CO2 band 

normalized to the same integrated CO2 band at 0.8 V for each experiment. At 0.1 V, it is 

observed that the Pt(711) displays the highest ratio, thus indicating the positive 

contribution of the (111) steps for this reaction. In fact, in figure 7.7, can be seen that the 

onset of the oxidation is the lowest compared with the other stepped surfaces. Interestingly, 

for the three electrodes studied, an almost complete CO2 formation/production (90%) is 

reached at a potential about 0.2 V regardless the electrode employed. These results confirm 

the third body effect played by the Tl in the modified electrode [13]. 

 

Figure 7.10. Ratio between integrated intensities of the CO2 bands and the integral of the same CO2 band at 

0.8 V for the Tl-modified Pt electrodes at the maximum coverage at different potentials. 

 

7.4. Conclusions 

A systematic FAOR study on Pt single crystal electrodes modified by Tl has been 

done. Voltammetric experiments in Pt(100) and vicinal surfaces, Pt(s)[(100)x(111)], 

modified by Tl present an important enhancement towards formic acid oxidation, lowering 
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the onset potential of oxidation and increasing the current density in the positive sweep 

voltammetry. For Pt(111), the main effect of Tl is notorious in the diminution of the onset 

potential of the oxidation, as well as the lowering in the potential where the current density 

reach maximum values, suggesting a bifunctional effect of the Tl adatom. On the other 

hand, for Pt(s)[(111)x(100)] stepped surfaces, was found that Tl modification reduce the 

hysteresis between positive and negative cycle, whereas the activity in the whole potential 

range is also improved. Although there is an important improvement in both, Pt(111) and 

Pt(100) electrodes modified by Tl, the enhancement is more significant in the case of 

Pt(100)  

In situ FTIR experiments show that CO band disappear completely when Pt(100) and 

Pt(111) have been modified by Tl adatom, leading CO2 production at lower potentials 

(even at 0.1 V). By combining voltammetric and spectroscopic data it can be concluded 

that Tl presents a third body effect for the formation of CO. Its role can be summarized as 

follow: when modifying Pt(100) and its vicinal surfaces with Tl, the indirect pathway (CO 

adsorption) is hindered by the arrangement of Tl on the electrode surface. The diminution 

of the onset potential for the oxidation also indicates that Tl is promoting formic acid 

oxidation through the direct pathway through bifunctional effect, leading a similar 

behavior to that found for Bi-Pt previously.  
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Abstract 

High catalytic activity for formic acid oxidation reaction (FAOR) is demonstrated in Pb 

modified shape controlled platinum (Pt) nanoparticles (NPs). Cyclic voltammetry is used 

to follow the effective modification of Pt NPs by Pb. Octahedral shaped Pt NPs modified 

by Pb have proved to be the most active electrocatalyst studied towards FAOR and display 

a catalytic activity of c.a. 7 mA cm-2 at 0.5 V in 0.1 M formic acid solution. This current 

density represents an enhancement factor 29.5 with respect to the bare shaped Pt NPs and 
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this is 2.7 and 2.3 times higher than that found for Tl /100-Pt NPs and Sb /111-Pt NPs, 

respectively, some of the most active electrocatalysts based on adatoms modified Pt NPs 

reported so far. This outstanding activity is displayed at maximum Pb coverage and also 

confers a wide electrocatalyst stability over the entire potential range studied. FAOR is 

also studied using scanning electrochemical microscopy (SECM) by the MD/SC working 

mode as a preliminary rapid test to identify active electrocatalysts. The activity of a Pt 

ultramicroelectrode (100 μm diameter) modified by Pb exhibits a remarkable improvement 

in SECM (13 times the current density of pristine Pt electrode at 0.3 V). Thus, this 

technique emerges as a suitable and fast method to test, and in some cases quantify, 

catalyst activity for reactions of interest in fuel cell applications.  
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8.1. Introduction 

Formic acid oxidation reaction (FAOR) represents a very important reaction in 

electrocatalysis, since it can be used as a model in fundamental studies for other 

small organic molecules (SOMs) such as methanol or ethanol [1]. Moreover, formic 

acid has been proposed as a fuel for direct liquid fuel cells (DLFCs), which can be 

used as small power supply [2, 3] in electronic devices, since FAOR presents fast 

oxidation kinetics, safety in the manipulation and less fuel crossover through the ion 

exchange membrane than other fuels such as methanol [4]. In a direct formic acid 

fuel cell (DFAFC) [5], the thermodynamic cell potential is 1.428 V, which makes it 

more interesting than hydrogen fuel cells from an available energy point of view. 

Nevertheless, the overpotential for the FAOR at present needs to be improved in 

order to reach commercial applications. 

Platinum (Pt) is one of the most studied metals in electrocatalysis [1]. In 

particular, FAOR on Pt electrodes has been widely studied over the last decades due 

to the high activity of this metal for the oxidation of different SOMs. Since FAOR 

has probably the simplest oxidation mechanism among all different SOMs, a deep 

understanding of the FAOR mechanism on Pt should be very useful for other 

important electrocatalytic oxidation reactions. It is well accepted that FAOR on Pt 

electrodes follows two different reaction pathways [6-8]. One of then, the so-called 

indirect via, involves the formation of CO on the electrode surface, which acts as a 

poison intermediate. The other pathway is known as the direct via, and implies the 

formation of an active intermediate, which is immediately oxidized into CO2. On the 

other hand, it is also well-known that FAOR is a surface sensitive reaction [9, 10]. 

Studies on Pt single crystal electrodes (Pt(hkl)) have allowed a better comprehension 
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of some of the elementary steps in FAOR, proving that Pt(100) is the most active 

electrode for both paths, while Pt(111) is the less active one, in spite of the fact that 

the formation of CO is almost negligible on this electrode [11]. 

The modification of the surface chemical composition on the Pt(hkl) electrodes 

is one of the most widely employed methods to increase the catalytic activity for the 

FAOR. This strategy is mainly based on the incorporation of different adatoms, 

which can be either metals or semi-metals, on the surface of the Pt(hkl) electrodes. 

This epitaxial adsorption and deposition of a sub-monolayer of adatoms on a foreign 

metal substrate is usually performed either by irreversible adsorption at open circuit 

potential or by underpotential depostion (UPD). These two interesting methods to 

modify noble metals may generate surface alloys in some cases [12]. In the case of 

modified Pt electrodes, the UPD method [13] is based on the electrodeposition of an 

adatom monolayer from a solution containing the adatom dissolved as a cation at 

potentials significantly less negative than that for the bulk electrodepositon of the 

adatom. The main difference between UPD and irreversible adsorption methods is 

the fact that irreversible adsorbed adatoms remain stable on the Pt surface in the 

absence of the adatom cation in solution, but on the contrary, UPD adatoms are not 

stable on the Pt surface. Moreover, irreversible adsorption allows achieving adatom 

coverages independently of the applied potential, as far as it remains within the 

adatom electrochemical stability limits. In addition, this approach also avoids the 

problem of accuracy in the coverage quantification that appears when the UPD 

method is used, due to its dependency with the applied potential and solution 

composition. The well accepted positive effect of the presence of some adatoms on 

the electrocatalytic activity of Pt electrodes towards FAOR is visualized by an 
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evident shift to lower potential values on the onset oxidation potential and/or by 

increasing current densities of the oxidation reaction. In this sense, it is proposed 

that adatoms may act following three main different mechanisms; i) the third body 

effect in which the foreign adatom modifies the reaction mechanism by steric 

interference, since it blocks specific adsorption sites on the Pt surface preventing 

CO formation [14], ii) the electronic effect [15, 16], where the modification of the Pt 

electronic structure due to the presence of foreign adatoms enhances the activity of 

the surface and iii) the bifunctional effect [17], in which the adatom and the Pt 

surface sites have distinct roles in the oxidation mechanism [18].  

Over the last decades, adatoms such as bismuth (Bi) [19, 20], arsenic (As) 

[21], antimony (Sb) [22], palladium (Pd) [23] and lead (Pb) [24-26] adsorbed on 

Pt(hkl) electrodes has been studied, showing an important improvement in the 

FAOR activity, by following at least one of the proposed mechanisms mentioned 

above. Nowadays, the next challenge is to transfer all that knowledge from single 

crystal electrodes to nanoparticles (NPs) with a preferential surface structure. In this 

sense, the role of some adatoms such as Bi [27], Sb [28] and Tl [29] modifying 

shape controlled Pt NPs have been already reported. Particularly, Bi adatom has 

shown a significant enhancement in the activity of the (111) preferential Pt NPs 

towards FAOR [30], which agrees with previous studies using Bi modified Pt single 

crystal electrodes [31]. Despite the number of adatoms already studied modifying Pt 

NPs, there are still some of them untested. This is the case of Pb adatom on shape 

controlled Pt NPs for FAOR, which is studied herein. However, Pb has been already 

used in Pt-Pb bimetallic alloys [32-34]  to improve conventional spherical Pt NPs 

activity towards FAOR. The main goal of this contribution is to address that 
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question in order to explore the feasibility of using Pb modified shape controlled Pt 

NPs as catalyst for fuel cell applications. The use of conventional Pb or PtPb NPs in 

real electrochemical filter press reactors either for electroorganic synthesis [35] or 

DFAFCs [36] have been already demonstrated in the literature. 

Finally, the use of novel electroanalytical techniques for studying the reaction 

mechanism in electrocatalytic reactions provides new tools for electrocatalyst 

interrogation [37-41]. Among them, the scanning electrochemical microscopy 

(SECM) [42], which is based on the steady-state diffusion controlled regime 

provided by either an ultramicroelectrode (UME) or a micropipette, has already 

demonstrated its utility for studying FAOR [43-45]. However, no SECM imaging 

studies have been devoted to prove the activity improvement of adatomos modifying 

Pt electrodes in FAOR. So far, only a voltammetric study of FAOR on Bi modified 

Pt UME has been reported [46]. In the present work, we provide for the first time 

SECM images comparing the activity for FAOR on pristine Pt and Pb modified Pt 

(Pb-Pt) electrodes in order to increase the scope of SECM in studying 

electrocatalytic reactions. 

 

8.2. Experimental section 

8.2.1. Chemicals 

1,2-dichloroethane (CH2Cl-CH2Cl, DCE) anhydrous 99.8%, 

octyltriethoxysilane 97.5%, lead (II) perchlorate hydrate Pb(ClO4)2•H2O (Aldrich® 

99.995%), H2SO4 (Merck KGaA Suprapur® 96%), HCOOH (Merck KGaG 98 %), 

polyethylene glycol dodecyl ether (Brij® 30), n-heptane (ACROS Organics, 
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Analysis), sodium borohydride (Aldrich® 99.99%), sodium polyacrylate (Aldrich®), 

K2PtCl4 (Aldrich® 99.99%), H2PtCl6•6H2O (Aldrich® 37.50%), HCl (Aldrich® 

37%), NaOH (Merck, Pellets for analysis). All solutions were prepared with 

ultrapure water (18.2 M cm, Purelab Ultra system, Elga-Vivendi). 

 

8.2.2. Pb modified shape controlled Pt NPs (Pb /Pt NPs) 

Three types of shape controlled Pt NPs dispersed in water with surface area to 

volume ratios of 0.03 cm2 µL-1 for Cubic 100-Pt NPs and 0.017 cm2 µL-1 for 

octahedral 111-Pt NPs and for quasi-spherical poly-Pt NPs were used. The chemical 

synthesis of those NPs was carried out as previously described in detail [47]. The Pt 

NPs morphology/shape was confirmed by transmission electron microscopy (TEM). 

The average particle size of the cubic and octahedral NPs was around 9-10 nm, 

whereas the size of the quasi-spherical NPs was around 4-5 nm. Before being 

modified with Pb, the Pt NPs were electrochemically characterized and a CO 

adsorption-stripping experiment was performed in order to clean the Pt NPs surface, 

as has been reported previously [47, 48]. In brief, this procedure consists in blocking 

the Pt NPs electrode surface by bubbling CO in solution for about 30 s. After this 

time the electrode is kept at potential 0.1 V for about 15 min, while the solution is 

bubbled with Ar(g) in order to remove any CO traces in solution. Finally, the CO 

adsorbed on the Pt NPs electrode surface is stripped and converted into CO2 by 

running a CV at slow scan rate (20 mV s-1), which reaches a high enough positive 

potential (0.8 V vs RHE). Then, each type of Pt NPs was electrochemically 

characterized in 0.5 M H2SO4 solution before and after the irreversible adsorption of 
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Pb adatoms on its surface. The Pt NPs active surface area was determined by the 

charge involved in the hydrogen UPD region (between 0.05 V and 0.50 V for 100-Pt 

NPs; 0.05 V and 0.45 V for poly-Pt NPs, and 0.05 V and 0.65 V for 111-Pt NPs) 

after the subtraction of the double layer [48]. Then, Pb adatoms were irreversibly 

adsorbed on each type of Pt NPs outside the electrochemical cell by simple 

immersion of Pt NPs at open circuit potential within dilute solutions of 10-3 ~ 10-5 M 

Pb(ClO4)2 in 0.5 M HClO4 and following a common procedure for the irreversible 

adsorption of different adatoms on Pt [49]. After this, the electrode was rinsed with 

ultrapure water (except for the maximum coverage case, where the electrodes were 

not rinsed before being immersed into the solution) and transferred to an 

electrochemical cell  (different to the one used for Pt NPs electrochemical 

characterization) to perform the electrocatalytic test for FAOR in deaerated 0.1 M 

HCOOH and 0.5 M H2SO4 solution. By varying the adatom concentration in 

solution as well as the electrode immersion time, different Pb adatom coverages can 

be reached on the Pt NPs surface. Finally, the Pb coverage (Pb) on the Pt NPs 

surface was quantified by following the decrease of the charge involved in the 

hydrogen adsorption or desorption peaks present in the hydrogen UPD region of the 

corresponding cyclic voltammetry, according to the equation 8.1: 

θ௉௕ ൌ 	1 െ	θୌ ൌ
ுݍ
଴ െ ுݍ

௉௕

ுݍ
଴  Eq. 8.1 

where ݍு
଴  and ݍு

௉௕ are the hydrogen desorption charges for the pristine and Pb 

modified Pt electrodes respectively, calculated after the subtraction of the double 

layer contribution [29, 30]. However, as it was already described for Sb [28] and Tl 

[29] modified Pt NPs, the characterization of Pb is not possible at high Pb coverage, 
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since the decrease in the hydrogen adsorption/desorption peaks shown in the 

hydrogen UPD region is compensated by the appearance of a new peak associated 

with a surface Pb oxidation/reduction signal from the Pb adsorbed on the gold 

substrate electrode, discarding the quantification of high Pb coverages by this 

procedure. Thus, the maximum Pb coverage obtained on each type of Pt NPs studied 

here is not quantified and it is identified as max. Then, the three types of Pb 

modified Pt NPs are named: i) Pb /100-Pt NPs, ii) Pb /111-Pt NPs and iii) Pb 

/poly-Pt NPs. 

 

8.2.3. Electrochemical experiments 

8.2.3.1. Voltammetric and chronoamperometric studies 

Cyclic voltammetry (CV) and chronoamperometry (CA) were performed using 

a conventional electrochemical glass cell of 3 electrodes at room temperature and a 

potentiostat-galvanostat AUTOLAB PGSTAT302N (Metrohm Autolab B. V.) or a 

potentiostat CHI 760E. The working electrode was prepared by adding 4 µL of each 

type of Pt NPs ( 2 µL for 100-Pt NPs) coating a 3 mm diameter gold (Au) disc 

electrode, which is used as a NPs support and current collector, and allowing the 

water solvent to be evaporated before entering the electrode in the cell. The sample 

volume of 4 µL was selected after performing a calibration curve that proved no 

diffusion limitations for FAOR due to the thickness of that layer of NPs deposited 

on the gold disc electrode. Each Pt NPs suspension was sonicated for 2 min before 

being used. A gold wire was used as a counter electrode, and a reversible hydrogen 

electrode (RHE) within a Luggin capillary was employed as a reference electrode. 
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All potentials used in this paper are referred to RHE. CVs for Pt surface area 

quantification were carried out in a deaerated 0.5 M H2SO4 solution. CVs and CAs 

for studying the electrocatalytic activity for FAOR were carried out in deaerated 0.1 

M HCOOH and 0.5 M H2SO4 solution. An electrochemical pre-treatment for 

removing the COads accumulated at the electrode surface from previous FAOR 

experiments was performed before starting each CA. This consists in holding the 

electrode potential at 0.8 V for 5 s. The potential window where it is possible to 

work avoiding structure modifications on the shape controlled Pt NPs surface is 

between 0.05 V and 0.8 V. 

 

8.2.3.2. Scanning Electrochemical Microscopy (SECM) 

The working electrode for SECM experiments was a 100 µm diameter pristine 

Pt UME and the same electrode after in-situ surface modification by irreversible 

adsorption of Pb (3 min immersed in a diluted Pb(ClO4)2 solution) (Pb-Pt). SECM 

images were carried out using the micropipette delivery/substrate collection 

(MD/SC) mode [44] of SECM using a CHI 910B microscope (CH Instruments) and 

a three-electrodes configuration cell at room temperature. The micropipettes used to 

deliver the HCOOH in the vicinity of the studied electrodes presented an opened 

diameter of ca. 15-20 μm and were loaded with a mixture 50:50 (v/v) 

DCE:HCOOH. They were fabricated by pulling borosilicate capillaries with O.D.: 

1.5 mm, I.D.: 1.0 mm and length 90 mm using a laser-based puller P-2000 from 

Sutter Instrument Co. The inner walls of the micropipettes were made hydrophobic 

following a well-established silanization protocol [50, 51] by filling them with 

octyltriethoxylsilane overnight and finally, drying them exhaustively. For MD/SC 
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SECM imaging [44, 52], a gold wire, 0.5 mm diameter, was used as counter 

electrode and a commercial Hg/Hg2SO4 (K2SO4 sat.) electrode within a Luggin 

capillary as reference, although all potential values have been referred in the article 

to RHE (E(Hg/Hg2SO4) = +0.64 V vs RHE). The electrochemical cell employed was 

built in Teflon with a 2 mm diameter aperture, where the Pt UME perfectly fitted 

facing up and was held at a potential value positive enough to produce the 

electrochemical oxidation of HCOOH at the electrode surface. An electrochemical 

pre-treatment for removing the COads accumulated at the electrode surface was 

performed before each SECM image. This consists in holding the electrode potential 

constant at 0.8 V for 5 s. The micropipette was located at a constant tip-substrate 

distance in Z (d = 50 µm) facing the Pt UME and the MD/SC SECM images were 

obtained recording the substrate current while the micropipette was scanned on the 

X-Y plane in an argon saturated 0.5 M H2SO4 solution. The tip scan rate was 75 µm 

s-1, using increments of 15 µm each 0.2 s. 

 

8.3. Results and discussion  

8.3.1. FAOR activity enhancement on modified Pb-Pt electrodes by 

SECM imaging 

Figure 8.1 displays several SECM images for FAOR on pristine and Pb-

modified with the highest coverage (max) Pt electrodes, using the MD/SC mode of 

the SECM for imaging. In this mode, the species of interest (HCOOH) is delivered 

within the solution through a micropipette by crossing the liquid-liquid interface 

between two immiscible phases, DCE and H2O, within and without the 
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micropipette, respectively. Moreover, HCOOH delivery rate is controlled by its 

partition coefficient in both immiscible phases [44]. These SECM images were 

taken at two different potentials, namely, 0.3 V and 0.5 V. Brown color in the figure 

corresponds to the background current, and green color means an increase in the 

oxidation current because of the oxidation of HCOOH on the electrode. 

 

Figure 8.1. SECM MD/SC images displaying the substrate current collected for HCOOH oxidation at 

different potentials in a 0.5 M H2SO4 solution at pristine and Pb-modified (max) Pt UME (diameter = 100 

µm). The micropipette tip scan rate was 75 µm.s-1 and the micropipette-substrate electrode distance was 50 

µm. Micropipette filled with 50:50 (v/v) DCE:HCOOH. 

 

Figure 8.1 shows a much higher net oxidation current appearing when the 

micropipette scans above Pb-Pt than on Pt electrode at both studied potentials. In 

fact, the current collected at 0.3 V on Pt is so low that a dashed circle has been 

added into the image to mark the exact Pt electrode location. Thus, these facts 

clearly point out that the current collection for FAOR (difference between the 

maximum current at the electrode location and the background current in the SECM 

image at a given tip-substrate distance [53]) is significantly higher in the case of Pb 

modified Pt electrode. Table 8.1 summarizes the collected current for Pt and Pb-Pt 
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electrodes at both potentials exhibiting values from 1.1 to 34.8 nA. Moreover, the 

catalytic enhancement factor, which in this case is defined as the ratio between the 

collected current on Pb-Pt electrode versus that collected on Pt electrode at the same 

potential and tip-substrate distance, is calculated and included in Table 8.1. 

 

Table 8.1. Current collected on the SECM images and catalytic enhancement factor comparing those 

currents for Pt and Pb-Pt electrodes at 0.3 and 0.5 V. 

Applied 

potential (V) 

Icollected (nA) 

Pt 

Icollected (nA) 

Pb-Pt 

Catalytic 

enhancement factor

0.3 1.1 14.31 13 

0.5 8.7 34.8 4 

 

8.3.2. Characterization and stability of Pb modified shape controlled Pt 

NPs. 

Once the FAOR activity enhancement on modified Pb-Pt electrodes has been 

demonstrated by preliminary rapid SECM imaging, it is necessary to transfer those 

results into Pt NPs in order to gain insight into the catalytic mechanism and to 

envisage the potential feasibility of using Pb modified Pt NPs as electrocatalysts for 

real DFAFCs. Before preparing the Pb modified Pt NPs, a careful verification of the 

current contribution provided by the substrate electrode used as a support and 

current collector should be conducted. In order to carry out such verification, the Pb 

surface modification (maximum coverage) of an Au disk electrode was performed. 

The voltammetric profiles of Pb modified Au disk (black plot) and Pb modified 111-

Pt NPs supported on Au disk electrode (red plot) are displayed in figure 8.2. The 

main feature observed in both curves corresponds to a sharp anodic peak around 
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0.22 V, which is associated with Pb UPD/dissolution at different crystal faces of the 

Au substrate [54]. This is evident in figure 8.2a when comparing the response of 

111-Pt NPs on Au substrate (red plot) and on glassy carbon (GC) substrate (blue 

plot), where the main difference corresponds to the sharp peak displayed at 0.22 V 

only present in the Au substrate case. A broad redox signal extended from 0.3 V to 

0.8 V only appears when the electrode contains 111-Pt NPs, suggesting Pb redox 

processes on the Pt surface taking place at more positive potentials than on Au.  

 

Figure 8.2. (a) Voltammetric profiles in argon saturated 0.5 M H2SO4 solution for Pb modified Au substrate 

electrode (black plot); Pb /111-Pt NPs on Au substrate (red plot) and Pb /111-Pt NPs on GC substrate (blue 

plot) at maximum coverage (Pb) in all three cases. (b) Voltammetric profile in argon saturated 0.1 M 

HCOOH and 0.5 M H2SO4 solution on gold pristine disk electrode (black plot) and on Pb modified gold disk 

electrode (red plot). Scan rate: 0.05 V.s-1. 
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Furthermore, the presence of 111-Pt NPs in the electrode causes an important 

increase in the apparent double layer capacitance current, probably associated to the 

Pb redox process. Finally, figure 8.2b exhibits the response of Pb modified Au and 

bare Au electrodes for the FAOR, showing no activity increase when the Au 

electrode is modified by Pb. This fact rules out any relevant contribution in the 

electrocatalytic behavior displayed by the Pt NPs studied here coming from the Au 

substrate electrode. 

Figure 8.3 shows the electrochemical characterization of all three types of 

shape controlled Pt NPs modified with different coverage of Pb in sulfuric acid 

solution. The voltammetric profiles without Pb modification (Pb = 0) agree with 

those reported already in the literature for shaped controlled Pt NPs [55]. Then, for 

the three types of shape controlled Pt NPs modified with different amount of Pb, the 

charge associated within the hydrogen adsorption and desorption region on Pt 

clearly decreases when the amount of Pb is increased. The Pb coverage is estimated 

using equation 8.1. Nevertheless, the peak appeared around 0.22 V when the amount 

of Pb is significantly increased (Pb = max), which is due to a redox process 

associated to Pb adsorbed on the Au polycrystalline surface [54, 56] prevent a 

proper Pb coverage quantification. For this reason, the maximum Pb coverage is not 

quantified (max). 

The stability of the Pb adlayer on Pt NPs is shown in Figure 8.4 at both, high 

(max) and low coverage (Pb/100-Pt = 0.27 and Pb/111-Pt = 0.31). At low Pb 

coverage (black plots), the Pb deposition is more unstable and the characteristic 

hydrogen features are clearly identified after FAOR experiment (dash dotted black 

plot), due to the partial dissolution of Pb [57]. A similar behavior is found when 
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increasing the number of electrochemical cycles that reach 0.8 V as a positive cycle 

limit (not shown). On the contrary, at maximum Pb coverage (red plots), the 

modified electrode profile before and after FAOR remains stable, which may 

suggest the formation of a chemically stable Pb surface alloy on Pt when high 

coverages are reached, which avoids its rapid dissolution and confers more 

durability to the catalyst.  

 

Figure 8.3. Voltammetric profiles: (a) Pb /poly-Pt NPs, b) Pb /100-Pt NPs and c) Pb /111-Pt NPs with 

different Pb coverage (Pb). Scan rate: 0.05 V.s-1. Test solution: argon saturated 0.5 M H2SO4. 
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Figure 8.4. Voltammetric profiles: (a) Pb /100-Pt NPs and b) Pb /111-Pt NPs at low (Pb/100-Pt = 0.27 and 

Pb/111-Pt = 0.31) (black plots) and at maximun Pb coverage (max) (red plots). Solid plots represent CVs 

before FAOR experiments, whereas dash dotted plots represent CVs after FAOR experiments. Scan rate: 

0.05 V.s-1. Test solution: argon saturated 0.5 M H2SO4. 

 

8.3.3. FAOR on Pb modified shape controlled Pt NPs.  

Figure 8.5 presents the positive scan direction of CVs for all three different 

type of shape controlled Pt NPs at different Pb coverage, and the negative scan 

direction only for Pb = 0 and Pb = max. In particular, Figure 8.5a exhibits pristine 

and Pb modified poly-Pt NPs. This type of Pt NPs represents the most comparable 
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case to the bulk Pt electrode used for SECM imaging (Figure 8.1). Moreover, the 

current density at potentials below 0.30 V is almost negligible in the positive 

potential scan in all three types of pristine Pt NPs shown in Figure 8.5 (see Table 

8.2), which is due to COads poisoning effects. However, this behavior is particularly 

important in the pristine 100-Pt NPs (figure 8.5b, solid black plot), which perfectly 

agrees with previous Pt(hkl) studies, which demonstrated that (100) domains are the 

most active for the CO formation during FAOR [16]. Above 0.3 V, the current 

density on pristine Pt NPs increases slowly until ~0.80 V. In contrast, the negative 

potential scans (dashed black plots in Figure 8.5) show significantly higher current 

densities producing an important hysteresis in all three cases because the CO is 

removed from the electrode surface at 0.8 V. Figure 8.5 also shows a significant 

increase in the oxidation current densities when Pb is present on the surface of all 

three types of Pt NPs, even at low Pb coverages (Pb < 0.2), reaching a maximum at 

~0.50 V. Moreover, this activity enhancement is displayed in both positive and 

negative scan directions, exhibiting a very small hysteresis when Pb is present on 

the Pt NPs surface. In fact, for Pb /poly-Pt NPs there is not hysteresis between both 

scans, whereas in the cases of Pb /100-Pt NPs and Pb /111-Pt NPs, this effect is 

somehow more visible, being always the current in the positive scan larger than in 

the negative one. This behavior is completely different from that observed in 

unmodified Pt NPs and indicates suppression of CO formation when Pb is present 

on the Pt NPs surface. Furthermore, there is a shift of the onset potential for the 

FAOR with respect to the unmodified Pt NPs towards less positive potentials (~0.15 

V) in all three cases. More importantly, a significant current increase is observed for 

Pb /111-Pt NPs and particularly at maximum Pb coverage (6718 µA cm-2 at 0.5 V).  
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Figure 8.5. Voltammetric profiles for FAOR. Solid line, positive scan direction and dashed line, negative 

scan direction. (a) Pb /poly-Pt NPs, b) Pb /100-Pt NPs and c) Pb /111-Pt NPs with different Pb coverages 

(Pb). Scan rate: 0.02 V.s-1. Test solution: argon saturated 0.1 M HCOOH in 0.5 M H2SO4. 
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Table 8.2 summarizes the density current values reached at 0.3 V and 0.5 V in 

the positive scan direction for each type of shape controlled Pt NPs at Pb maximum. 

Additionally, in order to achieve a proper comparison with other adatoms already 

studied in the literature, comparable results for FAOR using Sb [28] modified Pt NPs 

and Tl [29] modified Pt NPs are also included in Table 8.2. 

 

Table 8.2. Density current at 0.3 and 0.5 V from the positive-sweep voltammetric profile performed 

at 0.02 V s-1 in 0.1 M HCOOH and 0.5 M H2SO4 solution for each type of shape controlled Pt NPs 

modified at maximum coverage by Pb and Tl and at optimum coverage by Sb. Their corresponding 

catalytic enhancement factors are also included. They are all calculated in comparison with the 

current densities on pristine Pt NPs reported here. 

 
j at (0.3 V) 
/ µA cm-2 

Catalytic 
enhancement  

factor at 0.3 V 

j at (0.5 V)  

/ µA cm-2 

Catalytic  

enhancement  

factor at 0.5 V 

poly-Pt NPs 46.6  341  

100-Pt NPs 32.7  210  

111-Pt NPs 41.7  372  

Pb /poly-Pt NPs 628 13.5 2975 8.7 

Pb /100-Pt NPs 553 16.9 3770 18 

Pb /111-Pt NPs 642 15.4 6718 18 
aSb /poly-Pt 

NPs 
520 9 2150 6.3 

aSb /100-Pt NPs 260 8 1070 5.1 
aSb /111-Pt NPs 820 19.7 2880 7.7 

bTl /100-Pt NPs 712 21.8 2447 11.7 
bTl /111-Pt NPs 425 10.2 1670 4.5 

a From reference [28] 

b From reference [29] 

 

That comparison points out that Sb /111-Pt NPs and Tl /100-Pt NPs exhibit a 

little bit larger current densities than any of the Pb modified Pt NPs at 0.3 V (1.2 and 
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1.1 times higher than Pb /111-Pt NPs, respectively). Nevertheless, the maximum 

current reported for FAOR on Pt NPs modified by adatoms at higher potentials (at 

0.5 V) is the one exhibited by Pb /111-Pt NPs (2.7 times higher than on Tl /100-Pt 

NPs and 2.3 higher than on Sb /111-Pt NPs). In addition to this, all three types of 

Pb modified Pt NPs exhibit higher current densities than Sb or Tl modified Pt NPs at 

0.5 V, independently of the preferential Pt surface structure. Furthermore, the 

modification by Pb provides the highest average current comparing all 3 adatoms 

and considering the average of all three types of NPs for each case, both at 0.3 and 

0.5 V, since the reaction is less sensitive to the surface structure of the NPs, which 

also supports the possible formation of a chemically stable Pb-Pt surface alloy [58].  

Figure 8.6 shows the catalytic enhancement factor for FAOR as a function of 

applied potential calculated from the corresponding positive-sweep voltammetric 

profiles displayed in Figure 8.5. This factor of normalization is defined as the ratio 

between the current densities of Pb modified Pt NPs at maximum Pb coverage and 

that obtained in the corresponding pristine Pt NPs. It can be seen that, despite Pb 

/111-Pt NPs is the most active electrode comparing absolute values of current 

density, the normalized activity is very similar with that of Pb /100-Pt NPs. 

However, Pb /poly-Pt NPs show a lower increase in the activity. In fact, the 

maximum normalized activity is reached around 0.37 - 0.40 V, and the catalytic 

enhancement factor is 29.5 and 28.5 for Pb /111-Pt NPs and Pb /100-Pt NPs, 

respectively, and 18 for Pb /poly-Pt NPs. This fact could be related with a NPs size 

effect. Since poly-Pt NPs are significantly smaller than the others, they have a larger 

fraction of edge atoms on their surface, which affords a smaller catalytic 

enhancement factor. Thus, a Pb adatom deposited neighboring to an edge will have 
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a lower amount of neighboring Pt surface atoms and the increase in activity is 

proportional to the number of Pt-Pb ensembles created by the adatom deposition, 

that is, to the number of Pt neighboring the Pb adatom [14]. It is clear that the 

deposition of Pb close to an edge will result in an increase of activity lower than that 

measured when the adatom is deposited in the middle of a large domain.  

 

Figure 8.6. Catalytic activity comparison between the three types of pristine and Pb-modified (max) shape-

controlled Pt NPs by calculating the catalytic enhancement ratio from the corresponding current densities 

displayed in Figure 8.5. Pb /poly-Pt NPs, black solid plot; Pb /100-Pt NPs, red solid plot and Pb /111-Pt 

NPs, green solid plot. 

 

However, despite a lower increase, the shape of the curve in figure 8.5 is the 

same in all three cases, which indicates that the actuation mechanism is similar in all 

Pb modified Pt NPs. Furthermore, no difference is observed when comparing the 

catalytic enhancement factor at 0.3 V calculated from the current collected within 

the SECM images (13, see Table 8.1) and the one calculated from the positive-

sweep voltammetric profiles in Figure 8.5a for Pb modified poly-Pt NPs (13.5, see 
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Table 8.2), since that potential fits into the charge transfer control regime. In 

contrast, the same comparison at 0.5 V, a potential at which diffusion may play a 

role in the kinetics, denotes a clear underestimation of the catalytic enhancement 

factor when it is calculated from SECM images, mainly due to the tip-substrate 

distance used in figure 8.1, which does not allow a 100% collection efficiency. 

Figures 8.7 and 8.8 show the chronoamperometric experiments for 600 s at 0.3 

and 0.5 V, respectively, obtained with all three types of Pb modified Pt NPs. 

Chronoamperometric experiments not only provide information about the catalytic 

enhancement at any specific potential, but also it can give some light about the 

stability of the catalytic activity vs. time. For this reason, they may be used to 

calculate the deactivation rate, which is defined as (j60s - j600s) / j60s and it is reported 

in Table 8.3. In particular, Figure 8.7 shows that all three types of Pb modified Pt 

NPs provide similar current density values (aprox. 400 µA cm-2, see Table 8.3) at 

maximum Pb coverage after 600 s, which implies that there is not a specific surface 

structure effect in the activity when modifying by Pb at this potential, as was also 

suggested by the voltammetric behavior. However, when the cronoamperometric 

experiment is performed at 0.5 V (figure 8.8), the Pb /111-Pt NPs at maximum Pb 

coverage clearly exhibits the highest current density value after 600 s (4190 µAcm-2, 

see Table 8.3), showing also a moderate deactivation rate (15%, see Table 8.3) 

similar to the one already reported for Sb /111-Pt NPs at optimum Sb coverage 

[28].  
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Figure 8.7. Chronoamperometric curves recorded at 0.3 V vs RHE for catalytic evaluation of FAOR. (a) Pb 

/poly-Pt NPs, b) Pb /100-Pt NPs and c) Pb /111-Pt NPs with different Pb coverages (Pb). Test solution: 

argon saturated 0.1 M HCOOH in 0.5 M H2SO4. 
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Figure 8.8. Chronoamperometric curves recorded at 0.5 V vs RHE for catalytic evaluation of FAOR. (a) Pb 

/poly-Pt NPs, b) Pb /100-Pt NPs and c) Pb /111-Pt NPs with different Pb coverages (Pb). Test solution: 

argon saturated 0.1 M HCOOH in 0.5 M H2SO4. 
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Table 8.3. Chronoamperometric activities at 600 s and deactivation percentage at 0.3 and 0.5 V for each 

shape controlled Pt NPs modified by Pb calculated by comparing the current density in the corresponding 

chronoamperometry at 60 s and 600s. 

 
j a 600 s (0.3 
V) / µA cm-2 

j a 600 s (0.5 
V) / µA cm-2 

Deactivation  

at 0.3 V (%) 

Deactivation 

at 0.5 V (%) 

Pb /poly-Pt 
NPs 

380 2530 20 10 

Pb /100-Pt NPs 340 2250 20 17 

Pb /111-Pt NPs 350 4190 27 15 

 

8.3.4. FAOR mechanism discussion for Pb modified shaped controlled 

Pt NPs 

As it is well known, HCOOH can yield adsorbed CO by a dehydration reaction 

[59]. This process has specific surface site requirements [14, 60], which makes the 

reaction susceptible of control by adding adatoms, which can act as an “impurity”, 

blocking some surface Pt ensemble sites and hindering in this way the CO 

formation. From the voltammetric profiles shown in Figure 8.5 it is clear that the 

CO adsorption is hindered by the presence of Pb on the Pt NPs surface, at low and 

high coverage, because of a third body effect [20, 61]. This is more evident by the 

loss of the hysteresis between the positive and negative potential sweep at each case 

compared with the unmodified Pt NPs.  

As in the case of other electropositive adatoms such as Bi, Sb or Te, their 

presence on Pt promotes the adsorption of the formate on the adatom in a 

configuration which facilitates the cleavage of the C-H bond with almost no 

activation energy on a neighboring Pt site, justifying the bifunctional mechanims. 

This is well documented and demonstrated in recent contributions [20, 61]. This 
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behavior is certain assuming only the formation of a submonolayer of adatom on the 

electrode surface. In parallel, the presence of Pb hinders the dehydration reaction of 

HCOOH [62]. Thus, the net result of both processes is that the formation of CO is 

completely inhibited and much higher currents are reached. 

 

8.4. Conclusions 

Pb modified shape controlled Pt NPs represents a highly efficient method for 

improving the catalytic activity for FAOR of Pt NPs by reaching catalytic 

enhancement factors as high as 29.5. In particular, Pb /111-Pt NPs at max reaches 

2.7 times higher current density than Tl /100-Pt NPs [29] and 2.3 higher than Sb 

/111-Pt NPs [28] at 0.5 V in 0.1 M HCOOH and 0.5 M H2SO4 solution, so far, two 

of the most active catalysts reported for FAOR under low reactant concentration 

conditions (0.1 M). It should be also highlighted that all three types of Pb modified 

Pt NPs studied at maximum Pb coverage exhibit higher current density at 0.5 V than 

Tl /100-Pt NPs and Sb /111-Pt NPs, which could suggest the formation of a Pb 

surface alloy on the Pt surface at high Pb coverage and an important bifunctional 

effect leading the FAOR mechanism towards the direct reaction pathway and 

suppressing the CO formation by a third body effect. Moreover, at maximum Pb 

coverage, the modified electrode voltammetric profile remains stable after FAOR in 

a wide potential range, which confers a remarkable durability to the Pb modified Pt 

electrodes and opens up its application in diffusion gas electrodes for fuel cells. 

Finally, it should be pointed out that the SECM imaging by the MD/SC mode 

emerges as a suitable and fast method to perform preliminary catalytic tests, and in 
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some cases quantify, the catalyst activity for reactions of interest in fuel cell 

applications, such as FAOR, providing a fast method to test in advance the effect of 

a specific adatom adsorbed on metallic electrodes.  
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Conclusiones 

 

El objetivo general de la tesis estuvo centrado en estudiar la oxidación de ácido 

fórmico en electrodos de Pt y Pt modificado con un adátomo (M-Pt), tanto desde un punto 

de vista fundamental, usando electrodos poliorientados y monocristalinos, como a un nivel 

más aplicado, sintetizando y usando nanopartículas con forma controlada. A continuación 

se enumeran los hallazgos principales de esta tesis doctoral:  

De los capítulos 3 y 4 se desprende que la Ea
app de la oxidación de ácido fórmico es 

sensible a la estructura superficial del electrodo y depende de otros parámetros como la 

presencia de aniones adsorbidos o el pH de la disolución. Esto plantea una mayor 

complejidad de la reacción dado que en su mecanismo está implicada la participación del 

anión, así como la del formiato en disolución, lo que lleva la inclusión del término 	ߠ஺ 

(recubrimiento del anión) en la ecuación cinética de la reacción, que queda expresada de la 

siguiente manera:  

    -
A A OHexp 1 HCOO

o

o
F E E

j Fk
RT


  

 
        
 

    Eq. 9.1 

Según los resultados obtenidos en esta tesis, esta última especie (formiato en 

disolución) debe ser precursora del intermediario activo, que se propone como el formiato 

adsorbido con el enlace C-H orientado en dirección hacia la superficie electródica (w-

HCOOC-H down). Se demuestra además el papel del formiato adsorbido en configuración 

puente (b-HCOOads), el cual actúa como promotor de la adsorción de w-HCOOC-H down. 
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Finalmente, en estos 2 capítulos se pone de manifiesto que a pesar de la diferencia de 

reactividad de las superficies Pt(111) y Pt(100), el mecanismo parece ser el mismo en 

ambos casos.  

En el capítulo 5 se demuestra la dependencia de la corriente de oxidación de ácido 

fórmico en Pt poliorientado en función del pH de la disolución. A medida que se aumenta 

el pH, la corriente máxima de oxidación va aumentando hasta llegar a un plató, donde 

alcanza un valor constante de densidad de corriente. Este comportamiento es altamente 

dependiente de la presencia de aniones que puedan presentar adsorción específica en la 

disolución. En esta tesis se ha logrado establecer un mecanismo que da explicación al 

comportamiento de la densidad corriente en todo el rango de pHs. El mecanismo se 

describe como sigue:  

Pt-A + Pt-HCOO-
C-H   down → Pt-A + CO2 + Pt + H+ + 2e-   0 < pH < 5  Eq. 9.2 

Pt-HCOO-
C-H   down → CO2 + Pt + H+ +2 e- 5 < pH < 10    Eq. 9.3 

donde A corresponde al anión del electrolito. 

El mecanismo anterior establece que por debajo de pH 5, el w-HCOOC-H down se 

adsorberá en la superficie electródica favorecido por la presencia de un anión adsorbido (A 

= sulfato, formiato en configuración puente, etc). Por otro lado, entre pH 5 y 10, donde la 

adsorción de aniones no está favorecida, la adsorción de w-HCOOC-H down está promovida 

por la carga negativa neta de la superficie en estas condiciones. 

La segunda parte de esta tesis estuvo dedicada a la modificación superficial de 

electrodos de Pt con adátomos para mejorar su actividad catalítica para la reacción de 

oxidación de ácido fórmico. Aunque también hay una parte dedicada al estudio 

mecanístico de la reacción sobre este tipo de electrodos. Concretamente, y gracias a la 
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corroboración de los datos experimentales por medio de simulaciones DFT, fue posible 

proponer un mecanismo de reacción para un electrodo de Pt(111) modificado con Bi, el 

cual propone que el formiato (o ácido fórmico) es adsorbido sobre un átomo de Bi, 

quedando en una configuración w-HCOOC-H down. En estas condiciones la ruptura del 

enlace C-H sobre Pt esta favorecida, con una energía de activación muy baja, lo que 

conlleva la formación espontánea de CO2. 

Por otro lado, y desde el punto de vista de mejora de la actividad catalítica, se 

estudiaron los electrodos Pt(100) y Pt(111) modificados con Tl y 3 tipos de nanopartículas 

de Pt modificadas con Pb. Al modificar un electrodo de Pt(100) con Tl , la mejora en 

actividad es evidente, especialmente por la disminución del potencial de inicio de la 

oxidación, así como de la densidad de corriente máxima. Comparado con el Tl-Pt(111), el 

Tl-Pt(100) presenta el mayor factor de mejora de actividad. Esto se debe principalmente a 

la acción de dos efectos por parte del adátomo: El de tercer cuerpo, y un efecto bifuncional. 

Asimismo, se demostró como la presencia de Pb adsorbido en nanopartículas de Pt con 

forma, provoca un importante aumento de la actividad en la oxidación de ácido fórmico. 

La utilización del  SECM combinado con las cronoamperometrías permitió hacer una 

comparación detallada de la actividad y la estabilidad de las diferentes nanopartículas de Pt 

modificadas con Pb. Las nanopartículas Pb /111-Pt resultaron ser las más activas para la 

oxidación de ácido fórmico, alcanzando actividades máximas de 7 mA.cm-2 a 0.5 V vs 

RHE en una disolución de ácido fórmico 0.1 M. En estas mismas condiciones 

experimentales, las Pb /111-Pt NPs resultaron ser 2.7 y 2.3 veces más activas que las Tl 

/100-Pt NPs y Sb /111-Pt NPs, respectivamente, lo que las posiciona como uno de los 

sistemas basado en nanomateriales más activos para la oxidación de ácido fórmico descrito 
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hasta la fecha. Además, los recubrimientos de Pb máximos en estas nanopartículas 

presentan una alta estabilidad frente al tiempo de uso del catalizador. 

Finalmente, es importante señalar que, los hallazgos descritos en esta tesis doctoral 

arrojan luz para una mejor comprensión del mecanismo de oxidación del ácido fórmico y, 

por ende, para el diseño de electrocatalizadores más activos y duraderos. 
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Conclusions 

 

The main goal of this thesis was focused on study the formic acid oxidation 

reaction at Pt and Pt modified (M-Pt) electrodes, both at a fundamental level (using Pt 

polycrystalline and single crystals) and at an applied level, using shape controlled Pt 

nanoparticles. Thus, the final remarks found in the doctoral thesis may be summarized as 

follows:  

Chapters 3 and 4 showed that the Ea
app of formic acid oxidation is sensitive to the 

surface structure of the electrode. It also depends on the anion adsorption and the solution 

pH. These facts points out a more complex scene due to the incorporation of the electrolyte 

anion and/or the formate in solution into the kinetic model. The new kinetic expression 

includes the term 	ߠ஺ (electrolyte anion coverage) and is written as follows:  

    -
A A OHexp 1 HCOO

o

o
F E E

j Fk
RT


  

 
        
 

    Eq. 9.1 

From the results obtained in this thesis, the formate in solution may be appointed as 

the precursor of the active intermediate, which is proposed as formate adsorbed with the C-

H bond towards the electrode surface (w-HCOOC-H down). Furthermore, it is revealed the 

relevant role of formate under bridge bonded configuration (b-HCOOads), which acts as an 

adsorption promotor of w-HCOOC-H down. Finally, in these two chapters, the similitude in the 

oxidation mechanism for Pt(111) and Pt(100) electrodes is stressed out, despite of the 

difference in reactivity.  
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In chapter 5 is described the dependency of the formic acid oxidation rate on a 

polycrystalline Pt electrode as a function of the solution pH. As the pH increases, the 

oxidation current density increases and finally reaches a plateau, where the maximum 

value is achieved. This behaviour is highly dependent on the presence of electrolyte anions 

that present specific adsorption strength. This doctoral thesis provides as an outcome a 

plausible mechanism, which fits the current density-pH behaviour within the entire pH 

range studied. The overall mechanism equation is written as follows:  

Pt-A + Pt-HCOO-
C-H   down → Pt-A + CO2 + Pt + H+ + 2e-   0 < pH < 5  Eq. 9.2 

Pt-HCOO-
C-H   down → CO2 + Pt + H+ +2 e- 5 < pH < 10    Eq. 9.3 

where A stands for the electrolyte anion. 

In the previous mechanism, at pH below 5 the w-HCOOC-H down is adsorbed on the 

electrode surface favoured by the presence of an adsorbed anion (A = sulphate, bridge 

bonded formate, etc). On the other hand, at pH between 5 and 10, where the anion 

adsorption is not favoured, the w-HCOOC-H down adsorption is promoted by the negative net 

charge on the electrode surface in these conditions. 

The second part of this thesis is focused on the surface modification of Pt 

electrodes, using adatoms, in order to improve its activity towards formic acid oxidation 

reaction, although some mechanistic studies are also included. In fact, using some DFT 

calculations for experiments validation was possible to propose a reaction mechanism for 

the Bi-Pt(111) electrode, which proposes that formate (or formic acid) is adsorbed on a Bi 

atom, leading towards a w-HCOOC-H down configuration. Under those conditions the 

cleavage of the C-H bond is favoured on Pt, with a negligible activation energy, which 

leads to the spontaneous formation of CO2. 
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From the improvement in the catalytic activity point of view, it was studied Pt(100) 

and Pt(111) electrodes modified by Tl and three types of shape controlled Pt nanoparticles 

modified by Pb. Thus, when modifying Pt(100) by Tl, is evident an enhancement in the 

catalytic activity, especially for the diminution of the onset potential of the oxidation, and 

an increasing in the maximum current density reached. Comparing both electrodes, the 

highest improvement factor in catalytic activity is achieved in Tl-Pt(100). This is explained 

because of the action of two main effects: third body and bifunctional effects. Moreover, it 

was demonstrated the beneficial effect on their catalytic activity of modifying shape 

controlled Pt nanoparticles by Pb adatoms. The combined use of several electrochemical 

techniques such as SECM and cronoamperometry allowed setting a detailed comparison of 

the activity and stability of the different Pt nanoparticles modified by Pb. Pb /111-Pt NPs 

were the most active nanoparticles to formic acid oxidation, reaching a maximum activity 

of 7 mA.cm-2 at 0.5 V vs RHE in a 0.1 M formic acid solution. Under comparable 

experimental conditions, Pb /111-Pt NPs exhibit 2.7 and 2.3 times more current density 

than Tl /100-Pt NPs and Sb /111-Pt NPs, respectively, which places them as one of the 

most active systems for formic acid oxidation studied so far. Additionally, the maximum 

Pb coverage reached on Pt nanoparticles presents a very high stability versus reaction time. 

Finally, it is important to stress out that the findings described in this doctoral thesis 

give a deep insight to help in the comprehension of the reaction mechanism of the formic 

acid oxidation and, thus, for the design of new efficient and stable electrocatalysts.   
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