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Resumen 

Las necesidades de descarbonizar sectores claves de la economía, tales como el 

transporte y la generación eléctrica, han puesto el foco los últimos años en las tecnologías de 

almacenamiento energético, especialmente, en las tecnologías electroquímicas, de las cuales 

destacan las baterías. Dentro de las baterías, el sistema más usado en la actualidad son las 

baterías de ion-litio (LIB). A pesar de sus probadas ventajas, las LIB tienen algunos 

inconvenientes, como su costo relativamente elevado, problemas de seguridad asociados a 

sobrecalentamiento, incendios y explosiones, y el uso de materias primas críticas como el 

grafito, el cobalto y especialmente el litio, todos minerales críticos. 

Un tipo de baterías que se ha planteado como alternativa a las LIB es el de las baterías 

metal-aire (MABs). Éstas están formadas por un electrodo negativo metálico y un electrodo 

positivo que funciona con oxígeno ambiental, lo que les permite tener mayores densidades 

energéticas. Dentro de las baterías MABs, las baterías hierro-aire (FABs) destacan por su 

relativamente alta densidad energética volumétrica (9.700 Wh l-1), reversibilidad, electrolito 

acuoso y, sobre todo, la abundancia, bajo coste y reciclabilidad del hierro. Otra ventaja es la 

ausencia de formación de dendritas como las que aparecen en las baterías zinc-aire. 

Pese a sus ventajas, las FABs presentan desafíos que limitan su aplicación a nivel 

tecnológico y económico. Durante la carga, ocurre en el electrodo negativo de hierro la 

parasitaria Reacción de Evolución de Hidrógeno (HER), la cual reduce la eficiencia faradaica del 

sistema. Otro de los desafíos que enfrentan los electrodos de hierro tiene que ver con la pérdida 

de capacidad durante la operación, lo que parece estar relacionado con la conductividad de las 

especies oxidadas. Una de las estrategias que se han aplicado en la literatura para contrarrestar 

estos desafíos es usar materiales de hierro ultrapuros, como el hierro carbonilo. Otra estrategia 

es el uso de aditivos tanto en el electrodo como en el electrolito, siendo los sulfuros metálicos 

los más estudiados, así como el óxido de bismuto o sulfuro de bismuto. 

Por otra parte, el electrodo positivo debe efectuar las reacciones de evolución y 

reducción de oxígeno (OER y ORR, respectivamente), cuyas cinéticas son lentas, ya que 

involucran la transferencia de 4 electrones. Los catalizadores de referencia para la OER y ORR, 

Pt/C e IrO2 o RuO2, respectivamente, no son activos para la reacción inversa. Los catalizadores 

bifuncionales (que pueden realizar ambas reacciones) más investigados están basados en óxidos 

de cobalto. Sin embargo, el cobalto es un mineral con una cadena de suministro poco confiable 

y problemas éticos asociados a su extracción, por lo que se hace necesario buscar nuevos 

catalizadores bifuncionales de oxígeno para el electrodo positivo. 
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En esta tesis, se investigaron materiales tanto para el electrodo negativo como para el 

positivo de baterías hierro-aire. Para el electrodo negativo, se fabricaron electrodos de hierro 

basados en óxidos de hierro porosos modificados con azufre y en negro de carbono comercial. 

Los óxidos de hierro se obtuvieron en base a métodos de precipitación-calcinación con tres 

agentes precipitantes diferentes: ácido oxálico, hidróxido de sodio y ácido tartárico, y fueron 

tratados térmicamente en dos atmósferas distintas: en aire a 350 °C y en nitrógeno a 500 °C. Los 

óxidos de hierro fueron modificados con azufre añadiendo tiosulfato de sodio a su síntesis. Para 

el electrodo positivo, se obtuvieron catalizadores bifuncionales de oxígeno mediante un sencillo 

método de síntesis hidrotermal basados en nanofilamentos de óxido de manganeso dopados 

con hierro (Fe-MONW) y diferentes materiales carbonosos: nanofibras de carbono (CNF), 

nanotubos de carbono (CNT) y óxido de grafeno reducido (rGO). 

Los materiales sintetizados para ambos electrodos fueron caracterizados físico-

químicamente mediante técnicas de estado sólido: fisisorción de nitrógeno a 77 K, microscopía 

electrónica de transmisión (TEM), microscopía electrónica de barrido – espectroscopía de rayos 

X dispersiva de energía (SEM-EDX), difracción de rayos X (XRD), espectroscopía fotoelectrónica 

de rayos X (XPS), espectroscopía de emisión atómica por plasma acoplado inductivamente (ICP), 

espectroscopía Mössbauer (MS), espectroscopia Raman, espectroscopia de infrarrojo con 

transformada de Fourier (FT-IR) y análisis elemental (AE). Los materiales fueron caracterizados 

electroquímicamente mediante diversas técnicas: cronopotenciometría, voltametría lineal (LSV) 

y espectroscopía de impedancia electroquímica (EIS). 

Los resultados de la caracterización físico-química para el electrodo negativo muestran 

que los óxidos de hierro obtenidos son mesoporosos, con áreas superficiales que van desde los 

28 a los 141 m2 g-1, siendo más alto este valor, así como también el volumen de poro, en los 

óxidos sintetizados con ácido tartárico y calcinados en aire. Las únicas fases cristalinas 

observadas fueron hematita y maghemita. En los óxidos modificados con azufre, éste se 

encontró en forma de sulfato, principalmente sobre la superficie de los materiales, y bien 

distribuido sobre ésta, como mostraron los análisis XPS y SEM-EDX. 

Los resultados de las caracterizaciones electroquímicas mostraron que los óxidos 

modificados con azufre tienen una menor capacidad de descarga, pero una estabilidad 

considerablemente más alta que los óxidos no modificados. Esto se atribuye a que, como se 

mostró en caracterizaciones post-mortem, el sulfato se reduce a sulfuro durante la operación 

del electrodo, formándose sulfuro de hierro, que previene la pasivación. Se ajustó un modelo de 

disminución exponencial que permitió describir el comportamiento de los electrodos a lo largo 
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de los ciclos, algo que no se había visto reportado en la literatura hasta el momento. Dicho 

modelo incluye un factor de estabilidad, que toma valores entre 0 y 1, siendo 1 el valor 

correspondiente a un electrodo ideal, que mantiene su capacidad de descarga eternamente. Se 

correlacionó el factor de estabilidad contra las propiedades físico-químicas, obteniéndose 

correlaciones lineales fuertes (R2 > 0,85) entre el factor de estabilidad y el área superficial 

(positiva) o el tamaño de poro (negativa). También se encontraron tendencias positivas entre el 

factor de estabilidad y el volumen de poro o el tamaño de cristal.  

Para estudiar las causas de la desactivación de los electrodos de hierro, se realizaron 

estudios de EIS. Éstos revelaron que la resistencia a la transferencia de carga en la reducción de 

hidróxido de hierro (II) a hierro metálico aumenta hasta 15 después de 15 ciclos veces en los 

electrodos más inestables, mientras que prácticamente no cambia en los más estables. Con esta 

información y la obtenida mediante caracterizaciones post-mortem, concluimos que la 

desactivación de los electrodos de hierro se debe a la formación de una capa no reactiva y no 

conductiva de Fe(OH)2. El electro más estable, sintetizado usando ácido tartárico, con adición 

de azufre y calcinado en aire, fue ciclado durante 500 horas, reteniendo casi el 75 % de su 

capacidad inicial. 

Los catalizadores para el electrodo positivo consistieron en nanofilamentos de óxido de 

manganeso de ancho aproximado 75 nm y varias centenas de largo, áreas superficiales 

alrededor de los 25 m2 g-1 y que tienen como única fase cristalina α-MnO2. Los Fe-MONW 

contaron con un 2 – 7 % másico de hierro. El dopado con hierro no afectó la morfología ni 

propiedades texturales de los MONW. Sin embargo, introdujo defectos en la red cristalina 

debido a vacantes de oxígeno que se producen por el menor estado de oxidación del ion Fe3+ 

respecto al Mn4+. Los materiales carbonosos mostraron diversas morfologías y propiedades 

texturales, teniendo las CNF una morfología fishbone, diámetro aproximado de 50 nm y áreas 

superficiales de 95 m2 g-1. Los CNT son de estructura multicapa, con 100 paredes 

aproximadamente, por lo que presentaron bajas áreas superficiales. El rGO está altamente 

reducido y cuenta con un promedio de 4,5 capas y 175 m2 g-1 de área superficial. 

Las LSV mostraron un claro efecto sinérgico para la ORR y OER entre las fases de 

carbonosas y de manganeso, al mostrar los composites menores sobrepotenciales para la ORR 

y OER que los materiales por separado, además de incrementarse el número de electrones 

transferidos en la ORR. En la ORR, el catalizador más activo fue el composite MONW/CNF, 

mientras que el composite MONW/rGO demostró una elevada actividad para la OER, superando 

incluso la del catalizador de referencia. Por estos motivos, se decidió sintetizar un material 
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híbrido haciendo crecer nanofibras de carbono sobre óxido de grafeno reducido (rGO-CNF). El 

composite MONW/rGO-CNF tuvo una actividad hacia la ORR incluso más elevada que 

MONW/CNF, y una actividad hacia la OER ligeramente inferior que MONW/rGO. 

El dopado con hierro incrementó la actividad catalítica de los composites Fe-

MONW/CNF tanto para la ORR como para la OER, reduciendo los sobrepotenciales. Esto se 

atribuyó a las vacantes de oxígeno inducidas por el ion Fe3+, las que aumentan la capacidad de 

adsorción de oxígeno de los MONW. Los sobrepotenciales para la OER disminuyeron 

monótonamente con el porcentaje de hierro, mientras que, para la ORR, se alcanzó un óptimo 

a un 5 % de hierro. 

Los materiales MONWrGO-CNF y Fe-MONW/CNF fueron probados en ensayos de larga 

duración a condiciones exigentes (±10 mA cm-2), siendo capaces de operar en ciclos alternados 

de OER y ORR durante 20 horas a potenciales estables, con aumentos muy poco pronunciados 

de los sobrepotenciales. 

Los resultados obtenidos en esta tesis doctoral entregan información novedosa y útil 

para el diseño y operación de electrodos para baterías hierro-aire, permitiendo avanzar en 

soluciones para la descarbonización de la economía. 
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Abstract 

The need to decarbonize key sectors of the economy, such as transport and power 

generation, has focused attention in recent years on energy storage technologies, especially on 

electrochemical technologies, with batteries standing out. Within batteries, the most used 

system currently is lithium-ion batteries (LIB). Despite their proven advantages, LIBs have some 

issues, such as their relatively high cost, safety issues associated with overheating, fires and 

thermal runaway, and the use of critical raw materials like graphite, cobalt, and especially 

lithium. 

An alternative to LIBs are metal-air batteries (MABs). They consist of a metallic negative 

electrode and a positive electrode that operates with ambient oxygen, allowing them to have 

higher energy densities. Among the MABs, iron-air batteries (FABs) stand out due to their 

relatively high volumetric energy density (9,700 Wh l-1), reversibility, aqueous electrolyte and, 

especially, the abundance, low cost, and recyclability of iron. Another advantage is the absence 

of dendrite formation like the ones that show up in zinc-air batteries. 

Despite their advantages, FABs hold challenges that limit their technological and 

economic application. During charging, the parasitic Hydrogen Evolution Reaction (HER) occurs 

at the iron negative electrode, which reduces the faradaic efficiency of the system. Another 

challenge faced by iron electrodes relates to the loss of capacity during operation, which seems 

to be related to the low conductivity of oxidized species. One of the strategies applied in 

literature to counter these challenges is the use of ultrapure iron materials, like carbonyl iron. 

Another strategy is the use of additives in both the electrode and the electrolyte, with metallic 

sulfides being the most studied, as well as bismuth oxide or bismuth sulfide. 

On the other hand, the positive electrode must perform the oxygen evolution and 

reduction reactions (OER and ORR, respectively), whose kinetics are slow, as they involve the 

transfer of 4 electrons. The reference catalysts for OER and ORR, Pt/C, and IrO2 or RuO2, 

respectively, are not active for the reverse reaction. The most researched bifunctional catalysts 

(which can perform both reactions) are based on cobalt oxides. However, cobalt is a mineral 

with an unreliable supply chain and ethical issues related to its extraction, making it necessary 

to seek new bifunctional oxygen catalysts for the positive electrode. 

In this thesis, materials for both the negative and positive electrodes of iron-air batteries 

were investigated. For the negative electrode, iron-based electrodes were manufactured based 

on porous sulphur-modified iron oxides and commercial carbon black. The iron oxides were 

obtained based on precipitation-calcination methods with three different precipitating agents: 
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oxalic acid, sodium hydroxide, and tartaric acid, and were thermally treated in two different 

atmospheres: in air at 350 °C and in nitrogen at 500 °C. The iron oxides were modified with sulfur 

by adding sodium thiosulfate to their synthesis. For the positive electrode, bifunctional oxygen 

catalysts based on iron-doped manganese oxide nanowires (Fe-MONW) and different 

carbonaceous materials: carbon nanofibers (CNF), carbon nanotubes (CNT), and reduced 

graphene oxide (rGO), were obtained through a simple hydrothermal synthesis method. 

The synthesized materials for both electrodes were physically and chemically 

characterized through solid-state techniques: nitrogen physisorption at 77 K, transmission 

electron microscopy (TEM), scanning electron microscopy – energy-dispersive X-ray 

spectroscopy (SEM-EDX), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), 

inductively coupled plasma atomic emission spectroscopy (ICP), Mössbauer spectroscopy (MS), 

Raman spectroscopy, Fourier transform infrared spectroscopy (FT-IR), and elemental analysis 

(EA). The materials were electrochemically characterized using different techniques: 

chronopotentiometry, linear sweep voltammetry (LSV), and electrochemical impedance 

spectroscopy (EIS). 

The results of the physical-chemical characterization for the negative electrode show 

that the obtained iron oxides are mesoporous, with surface areas ranging from 28 to 141 m2 g-

1, this value, as well as the pore volume, being higher in the oxides synthesized with tartaric acid 

and calcined in air. The only crystalline phases observed were hematite and maghemite. In the 

sulfur-modified oxides, it was found in the form of sulfate, mainly on the surface of the 

materials, and well distributed over it, as shown by the XPS and SEM-EDX analyses. 

The results of the electrochemical characterizations showed that the sulfur-modified 

iron oxides have a lower discharge capacity, but considerably higher stability than the non-

modified oxides. This is attributed to the fact that, as shown in post-mortem characterizations, 

the sulfate is reduced to sulfide during electrode operation, forming iron sulfide, which prevents 

passivation. An exponential decrease model was adjusted that allowed to describe the behavior 

of the electrodes throughout the cycles, something that had not been reported in the literature 

until now. This model includes a stability factor, which takes values between 0 and 1, 1 being 

the value corresponding to an ideal electrode, which maintains its discharge capacity forever. 

The stability factor was correlated against the physical-chemical properties, obtaining strong 

linear correlations (R2 > 0.85) between the stability factor and the surface area (positive) or the 

pore size (negative). Positive trends were also found between the stability factor and the pore 

volume or crystal size. 
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To study the causes of deactivation of the iron electrodes, EIS studies were performed. 

These revealed that the charge transfer resistance in the reduction of iron (II) hydroxide to 

metallic iron increases up to 15 times after 15 cycles in the least stable electrodes, while it almost 

did not change in the most stable ones. With this information, adding to what was found in post-

mortem characterizations, we concluded that the deactivation of iron electrodes is caused by 

the formation of a non-conductive, non-reactive Fe(OH)2 layer. The most stable electrode, the 

one obtained by precipitation with tartaric acid, sulphur-modified and calcined in air, was cycled 

during ca. 500 hours, retaining almost 75 % of its initial capacity. 

Regarding the positive electrode, the results of the physical-chemical characterization 

showed that MONW had widths of ca. 75 nm and several nm of length. The only crystalline phase 

observed in these materials was α-MnO2. Fe-MONW had 5 – 7 % wt. of iron. Iron-doping had no 

significant effect over the morphology or textural properties of the MONW. However, it 

introduced defects in the crystalline lattice, caused by vacancies, due to the lower oxidation 

state of Fe3+ ion compared to Mn4+. Regarding the carbon materials, CNF had a fishbone 

morphology, 95 nm approximate diameter and a surface area of ca. 95 m2 g-1. CNT have several 

layers, with ca. 100 walls, reason why they have low surface areas. rGO is highly reduced and 

has an average of 4.5 layers and a surface area of 175 m2 g-1. 

The LSVs showed a clear synergistic effect for the ORR and OER between the carbon and 

manganese phases, with the composites displaying lower overpotentials for the ORR and OER 

than the separate materials, in addition to an increase in the number of transferred electrons in 

the ORR. For the ORR, the most active catalyst was the MONW/CNF composite, while the 

MONW/rGO composite showed a high activity for OER, even surpassing that of the reference 

catalyst. Because of these reasons, it was decided to synthesize a hybrid material by growing 

carbon nanofibers on reduced graphene oxide (rGO-CNF). The MONW/rGO-CNF composite had 

an activity towards the ORR even higher than MONW/CNF, and an activity towards the OER 

slightly lower than MONW/rGO, but still higher than the reference catalyst. 

Iron doping increased the catalytic activity of the Fe-MONW/CNF composites for both 

the ORR and OER, reducing overpotentials. This was attributed to the oxygen vacancies induced 

by the Fe3+ ion, which increase the oxygen adsorption capacity of the MONWs. The 

overpotentials for the OER decreased monotonously with the percentage of iron, while for the 

ORR, an optimum was reached at 5% iron. 
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The MONWrGO-CNF and Fe-MONW/CNF materials were tested in long-term trials under 

demanding conditions (±10 mA cm-2), being able to operate in alternating cycles of OER and 

ORR for 20 hours at stable potentials, with very slight increases in overpotentials. 

The results obtained in this doctoral thesis provide novel and useful information for the 

design and operation of electrodes for iron-air batteries, allowing for advances in solutions for 

the decarbonization of the economy 
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CAPÍTULO I: INTRODUCCIÓN Y OBJETIVOS 

 

 

 

 

 

 

 

 

 

En este capítulo se presentan los antecedentes que motivan el desarrollo de los estudios 

que componen esta tesis doctoral, así como también los fundamentos teóricos que rigen esta 

investigación. El capítulo incluye una descripción de las baterías metal-aire y específicamente 

las baterías hierro-aire, haciendo hincapié en los desafíos que enfrentan para poder convertirse 

en una tecnología madura y viable. Se revisa el estado del arte de los electrodos negativo y 

positivo de las baterías hierro-aire y, finalmente, se describen los objetivos generales y 

específicos que han guiado la tesis doctoral. 
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1. Antecedentes 

1.1. Contexto global energético y ambiental 

En su último informe, el Panel Intergubernamental para el Cambio Climático de las 

Naciones Unidas (IPCC) estima que, para limitar el aumento de la temperatura del planeta a 1,5 

°C sobre los niveles preindustriales, las emisiones de gases de efecto invernadero deben ser 

reducidas a 25-30 Gton de CO2eq al año [1]. De todas las emisiones de gases de efecto 

invernadero, el 24% provienen de la quema de combustibles fósiles para el transporte  (72% de 

las cuales, provienen del transporte por carretera) [2,3] y el 34%, de la generación energética 

(electricidad y calor) [4]. Ambos sectores requieren ser descarbonizados urgentemente.  

La estrategia principal para descarbonizar el sector de generación de energía radica en 

la adopción de fuentes de energía renovables, especialmente energía eólica y energía solar. Si 

bien la participación de estas tecnologías en la matriz eléctrica mundial ha crecido notablemente 

en los últimos años, aún están lejos de alcanzar o superar a los combustibles fósiles (Figura 1).  

 

Figura 1. Cantidad de energía consumida mundialmente como consumo primario según fuente 
(izquierda) y porcentaje de participación en la matriz energética global de las distintas fuentes de 

energía primaria (derecha). Adaptado de [5]. 

Una de las grandes barreras que enfrentan las energías renovables en comparación con 

las fósiles es su intermitencia. Según la EIA (U. S. Energy Information Administration), el factor 

de planta promedio para las centrales de generación fotovoltaica de dicho país fue de 24.8% y 

para las centrales eólicas, de 36.1%, en 2022 [6]. Esto quiere decir que las centrales fotovoltaicas 

operaron al menos tres cuartos del tiempo a capacidad menor de la capacidad de diseño y las 
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eólicas, dos tercios del tiempo. La solución a estos problemas consiste en utilizar sistemas de 

almacenamiento energético, tales como el almacenamiento térmico, los sistemas de bombeo 

hidráulico o el almacenamiento electroquímico. Si bien hoy en día la capacidad instalada de 

almacenamiento energético en toda Europa apenas sobrepasa los 3 GWh, con una potencia 

instalada menor a 3 GW, se espera que a 2031 la capacidad llegue a 89 GWh y la potencia 

instalada a 45 GW [7]. 

La estrategia para la descarbonización del transporte de carretera consiste en la 

electrificación de los motores. Esto requiere sistemas de almacenamiento electroquímico 

(baterías) o de combustibles aptos para pilas de combustibles (como el hidrógeno). Los vehículos 

eléctricos representan hoy el 14 % de las ventas de vehículos en Europa, siendo casi el 80 % en 

Noruega y el 41 % en Suecia [8]. Para 2035, la Unión Europea planea vetar la venta de todo 

automóvil a combustión interna.  

1.2. Sistemas electroquímicos de generación y almacenamiento de energía usados en la 

actualidad 

Los sistemas de almacenamiento y generación electroquímicos son de vital importancia 

para todas las rutas hacia un futuro sostenible y con estabilidad climática, ya sea para estabilizar 

y asegurar la producción de electricidad de fuentes renovables o para descarbonizar el 

transporte de carretera. Estos sistemas se clasifican en tres grupos principales: baterías, pilas de 

combustible y supercondensadores. 

Las baterías son sistemas de almacenamiento electroquímico que funcionan mediante 

reacciones redox. Están compuestas de dos electrodos, generalmente metálicos: un cátodo, en 

que ocurre la reducción durante la descarga, y un ánodo en que ocurre la oxidación. Entre los 

electrodos hay un electrolito, que conduce iones, pero no electrones. Estos electrolitos pueden 

ser ácidos, básicos, salinos, sólidos u orgánicos, lo que dependerá de las especies que reaccionen 

en los electrodos. 

Las pilas de combustible, por otro lado, generan electricidad a partir de un gas que se 

oxida en un electrodo y oxígeno ambiental que se reduce en el otro. La reacción global es la 

combustión del gas (de ahí su nombre), siendo los más comunes el hidrógeno, el metano y el 

metanol. Las pilas de combustible tienen la ventaja de su ligereza al usar oxígeno ambiental y 

gases como combustible. Como contraparte, presentan bajas potencias específicas debido a la 

cinética lenta sobre todo de la reducción de oxígeno y el uso de materiales caros y escasos en 

sus electrodos (como el platino o el paladio). 
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Finalmente, los supercondensadores se basan en el almacenamiento de carga eléctrica 

en la doble capa eléctrica que se forma en la interfase entre superficies sólidas cargadas y 

electrolitos. Como la capacitancia de los condensadores es aproximadamente proporcional a su 

superficie, los supercondensadores requieren electrodos porosos de alta área superficial para 

maximizar la carga y energía específicas. Los condensadores presentan elevadas intensidades 

de corriente y potencias específicas, pero bajas energías específicas y densidades energéticas. 

El Diagrama de Ragone de la Figura 2 muestra distintos sistemas de almacenamiento 

electroquímico y sus energías y potencias específicas (gravimétricas) típicas. 

 

Figura 2. Diagrama de Ragone comparando distintos sistemas electroquímicos de almacenamiento de 
energía. 

En la actualidad, los sistemas electroquímicos más usados de forma comercial son las 

baterías de ion-litio, seguidas por los sistemas de hidrógeno. Estas baterías presentan ventajas 

como su considerable energía específica (248 Wh kg-1 en el Tesla Model S, por ejemplo [9]), 

voltaje de celda elevado (3.7 V), estabilidad en la operación (más de 1000 ciclos de vida útil [10]) 

y elevada eficiencia energética, cerca de un 90%. Sin embargo, presentan desventajas como su 

costo relativamente elevado (alrededor de 125 € kWh-1 [11]), problemas de seguridad asociados 

a sobrecalentamiento, incendios y explosiones [9,12–14], y el uso de materias primas críticas 

como el grafito, el cobalto [15] y especialmente el litio, el 90 % de cuya producción está centrada 

únicamente en tres países: Australia, Chile y China [16]. Debido a estas cuestiones, nuevos 

sistemas de baterías avanzadas se encuentran en fase de investigación y desarrollo. Un grupo 

de sistemas que levanta un gran interés son las baterías metal-aire.  
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2. Baterías metal-aire 

2.1. Descripción 

Las baterías metal-aire son sistemas de almacenamiento de energía en las que, en el 

electrodo negativo, un metal se oxida durante la descarga y se reduce durante la carga de la 

batería. En el electrodo positivo, ocurre la reducción del oxígeno ambiental y la oxidación del 

agua, también conocida como evolución de oxígeno. El uso del oxígeno ambiental supone una 

ventaja sustancial en términos de peso y densidad de energía gravimétrica de estas baterías, al 

no estar uno de los reactivos almacenados en la batería, como en las convencionales. De esta 

forma, se posicionan como sistemas intermedios entre las baterías convencionales y las pilas de 

combustible, por lo que presentan un compromiso entre potencia y energía específicas 

interesante desde el punto de vista tecnológico, como se puede ver en el diagrama de Ragone 

(Figura 2).  

Otra de las ventajas de las baterías metal-aire es que permiten el uso de metales 

abundantes, económicos y seguros, como son el aluminio, magnesio, zinc, sodio o hierro [17]. 

Tanto el potencial de celda como el electrolito que se use dependerán del metal del electrodo 

negativo, pudiendo ser acuoso (generalmente alcalino) u orgánico. 

2.2. Tipos de baterías metal-aire 

Como se ha mencionado anteriormente, en el electrodo negativo se pueden emplear 

distintos metales. Dentro de los que utilizan electrolito acuoso se encuentran el hierro y el zinc, 

mientras que los sistemas basados en aluminio, magnesio, sodio o litio, entre otros, requieren 

el uso de un electrolito orgánico, al encontrarse los potenciales de reducción de estos metales 

muy por debajo del potencial de evolución de hidrógeno (incluso, algunos metales como el sodio 

o litio reaccionan violentamente con el agua). La densidad y la cantidad de electrones de valencia 

del metal empleado, junto a su potencial de reducción, determinan la energía específica y 

densidad energética de las baterías. Así, los sistemas Li-aire y Al-aire rondan los 10.000 Wh kg-1 

de energía específica (basado en la masa de metal), mientras que las baterías Fe-aire y Zn-aire 

sobrepasan ligeramente los 1.000 Wh kg-1. 

Otro aspecto importante en que influye el metal usado en el ánodo es la reversibilidad. 

Una batería secundaria puede ser recargada electroquímicamente, mientras que una primaria 

sólo puede ser descargada una vez (lo que comúnmente se conoce como pilas). En medio, se 

encuentran sistemas con reversibilidad limitada, que pueden ser recargados 

electroquímicamente unas cuantas veces hasta que pierden completamente su capacidad. Los 

nombrados sistemas Al-aire y Li-aire, por ejemplo, sólo muestran una reversibilidad limitada o 
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nula, dependiendo del electrolito utilizado (las baterías Al-aire pueden ser medianamente 

reversibles o primarias, si se usa un electrolito de líquido iónico o acuoso, respectivamente [18–

20]). En la Figura 3 se puede observar la comparación entre distintas baterías metal-aire. 

 

Figura 3. Energías específicas y densidades energéticas de distintos sistemas metal-aire. Se indica por 
colores la reversibilidad de los sistemas, mientras que ac significa batería de electrolito acuoso y n a. 

significa otro tipo de electrolito. Fuente: elaboración propia a partir de los datos de [17,21]. 

A día de hoy existen, ya ciertas aplicaciones que usan baterías metal-aire de forma 

comercial. Empresas como RiAlAir, Phinergy Marine y AlumaPower están desarrollando botes 

de pesca y de pasajeros de hasta 50 toneladas que baterías de aluminio-aire recargables 

mecánicamente (es decir, baterías primarias aluminio-aire que pueden ser “recargadas” 

cambiando el electrodo negativo). La empresa AlumaPower asegura que el uso de baterías 

primarias aluminio-aire puede reducir hasta en un 86 % las emisiones de gases de efecto 

invernadero en comparación con el uso de motores diésel en los barcos de pesca. Otras baterías 

metal-aire primarias que se han comercializado son las zinc-aire. Éstas se usan principalmente 

para sistemas de ayuda de ayuda a la audición (audífonos), debido a su seguridad, bajo coste 

relativo y energía específica relativamente alta. Según la empresa Duracell, las pilas de botón 

con química zinc-aire pueden alcanzar el doble de densidad energética y energía específica que 

una batería ion-litio de características equivalentes. No constan al momento de este estudio 

aplicaciones comerciales de baterías metal-aire secundarias, salvo un caso incipiente de baterías 

hierro-aire, que será discutido en la próxima sección. 

3. Baterías hierro-aire 

Dentro de las baterías metal-aire, las baterías hierro-aire cuentan con características 

interesantes desde un punto de vista tecnológico, como su relativamente alta densidad 

energética (9.700 Wh l-1), reversibilidad, uso de electrolito acuoso y, sobre todo, la abundancia 

y bajo coste del hierro [22] (ver Figura 4). Pese a que cuentan con la energía específica teórica y 
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el potencial de circuito abierto de celda (1,28 V) más bajos de las baterías metal-aire, presenta 

también otras ventajas, como la ausencia de formación de dendritas que aparecen en las 

baterías zinc-aire [23], así como la facilidad de reciclado del hierro. 

 

Figura 4. Reservas probadas, recursos y precio de distintos metales de electrodo negativo de baterías 
metal-aire. Fuente: elaboración propia a partir de los datos de [24]. 

Estas baterías comenzaron a ser investigadas a finales de la década de 1960, si bien los 

electrodos alcalinos de hierro ya habían sido descritos por primera vez a principios del siglo XX 

[25–27]. En el año 1968, aprovechando el impulso en las investigaciones sobre electrodos de 

hierro en la década de 1960 [28–31], la NASA desarrolló la primera batería hierro-aire, la cual 

contaba con una energía específica máxima de 154 Wh kg-1 y una capacidad de 20 Ah. Era capaz 

de operar hasta 200 ciclos. La crisis de los combustibles de la década de 1970 volvió a motivar 

la búsqueda de sistemas electroquímicos de almacenamiento de energía. De forma sucesiva, 

empresas como Siemens, Matsushita, Westinghouse y la Corporación Sueca de Desarrollo 

estudiaron e incluso llegaron a presentar prototipos. El de Westinghouse, por ejemplo, prometía 

una energía específica de 100 Wh kg-1 con una vida útil de 1000 ciclos y un coste de producción 

menor a 30 US$ kWh-1 [32]. 

En las décadas de 1990 y 2000, el moméntum acumulado se diluyó, principalmente 

debido a la caída en los precios del petróleo y al desarrollo exitoso de las baterías de ion-litio. 

Sin embargo, desde la década de 2010, y con el auge de las energías renovables y sus ya 

explicadas necesidades de almacenamiento energético, ha resurgido el intrés por el desarrollo 

de estos sistemas. Algunas muestras de ello son el proyecto ARPA-E de la Agencia Federal 

Estadounidense adjudicado a la Universidad del Sur de California para almacenamiento de 

electricidad de fuentes renovables o el proyecto NECOBAUT de la UE para estudiar baterías 

hierro-aire para automóviles. Otro ejemplo del interés suscitado por las baterías hierro aire es 

que, entre los años 2010 y 2023, se registran en la plataforma Scopus 80 artículos con las 
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palabras “iron air battery” en su título o palabras clave. Incluso, existen ya algunos productos 

comerciales incipientes, como  los de la empresa Form Energy, quienes declaran que sus 

productos pueden almacenar el equivalente a 100 horas de producción de electricidad de 

fuentes renovables a un 1/10 del costo de las baterías de ion-litio [33]. La empresa Xcel Energy, 

con participación de los empresarios estadounidenses Bill Gates y Jeff Bezos, ha anunciado una 

recientemente una inversión de 20 millones de dólares en dos proyectos de almacenamiento de 

energía que utilizan la tecnología de Form Energy [34]. 

Durante la descarga de una batería hierro-aire, en el electrodo negativo, el hierro se 

oxida y en el electrodo positivo el oxígeno del aire se reduce (Figura 5). Las baterías hierro-aire 

operan con un electrolito básico, generalmente KOH concentrado, aunque también existen otras 

configuraciones, como baterías de estado sólido [35], o con líquidos iónicos [36] o sales fundidas 

[37] como electrolito. Los electrolitos sólidos y los líquidos iónicos tienen la ventaja de suprimir 

la reacción de evolución de hidrógeno (HER, que se detallará más adelante), pero presentan 

otras dificultades, como la elevada temperatura de operación que necesitan las baterías de 

estado sólido (necesaria para obtener una conductividad iónica aceptable) o la elevada 

viscosidad y corrosividad de los líquidos iónicos. 

 

Figura 5. Esquema de la operación de una batería hierro-aire. 

3.1. Electrodo de hierro 

3.1.1. Las reacciones del electrodo de hierro 

En los electrodos alcalinos de hierro, este metal se oxida en dos pasos, primero a 

hidróxido de hierro (II) (ecuación 1.1) y luego a magnetita (ecuación 1.2) o goetita (ecuación 1.3). 

𝐹𝑒 ൅ 2𝑂𝐻ି ⇌ 𝐹𝑒ሺ𝑂𝐻ሻଶ ൅ 2𝑒ି   𝐸଴ ൌ െ0.88 𝑉 𝑣𝑠 𝑆𝐻𝐸 (1.1) 

3𝐹𝑒ሺ𝑂𝐻ሻଶ ൅ 2𝑂𝐻ି ⇌ 𝐹𝑒ଷ𝑂ସ ൅ 4𝐻ଶ𝑂 ൅ 2𝑒ି    𝐸଴ ൌ െ0.76 𝑉 𝑣𝑠 𝑆𝐻𝐸 (1.2) 

𝐹𝑒ሺ𝑂𝐻ሻଶ ൅ 𝑂𝐻ି ⇌ 𝐹𝑒𝑂𝑂𝐻 ൅ 𝐻ଶ𝑂 ൅ 𝑒ି  𝐸଴ ൌ െ0.61 𝑉 𝑣𝑠 𝑆𝐻𝐸 (1.3) 
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La primera etapa de descarga es preferida para aplicaciones tecnológicas debido a su 

potencial de equilibrio más negativo y mayor cantidad de electrones transferidos por átomo de 

hierro [21]. Las reacciones 1.2 y 1.3 implican una descarga más profunda del electrodo y 

proporcionan menos capacidad y voltaje. Especialmente, la ecuación 1.3 proporciona un voltaje 

de celda completa considerablemente más bajo y algunos autores han mencionado que estas 

descargas profundas pueden causar daños al electrodo [38]. En la práctica, las reacciones de la 

segunda etapa de descarga son complicadas y ocurren de forma paralela produciéndose, 

además de los mencionados FeOOH y Fe3O4, Fe2O3, ya sea como hematita (α-Fe2O3) o 

maghemita (γ- Fe2O3) [39–41]. 

Se ha mostrado que la reacción de hierro a hidróxido de hierro y viceversa (ecuación 

1.1) ocurre mediante un intermediario disuelto, HFeO2
-. El hierro sólido se oxida a HFeO2

- y este 

reprecipita a Fe(OH)2, como se ve en las ecuaciones 1.1a y 1.1b: 

𝐹𝑒 ൅ 3𝑂𝐻ି ⇌ 𝐻𝐹𝑒𝑂ଶ
ି ൅ 𝐻ଶ𝑂 ൅ 2𝑒ି      (1.1a) 

𝐻𝐹𝑒𝑂ଶ
ି ൅ 𝐻ଶ𝑂 ⇌ ൅𝐹𝑒ሺ𝑂𝐻ሻଶ ൅ 𝑂𝐻ି      (1.1b) 

La disolución y precipitación genera que, durante los primeros ciclos de operación de la 

batería, aumenta la rugosidad de la superficie a escala nanométrica, como Weinrich et al. 

comprobaron mediante estudios de microscopía de fuerza atómica [42]. Debido a esto, la 

capacidad de descarga del electrodo de hierro aumenta, debido a que se va exponiendo cada 

vez más material al electrolito, en un proceso conocido como formación del electrodo [43]. Este 

periodo de formación depende de las propiedades fisicoquímicas del electrodo y puede 

comprender desde unos pocos ciclos hasta centenas [44]. Se ha estudiado también que la 

corriente aplicada de carga durante el periodo de formación afecta fuertemente el 

comportamiento final de los electrodos de hierro [38]. Aumentar tanto la intensidad de 

corriente de carga como el tiempo de carga puede lograr que el electrodo tenga una mayor 

capacidad de descarga una vez completado el periodo de formación, pudiendo esta predecirse 

mediante una combinación lineal de la corriente y tiempo de descarga. También se ha 

demostrado que el uso de aditivos durante el periodo de formación afecta las propiedades 

finales del electrodo. Manohar et al. [44] mostraron que el uso de agentes que faciliten la 

mojabilidad del electrodo pueden acelerar la formación y el uso de agentes creadores de 

porosidad aumenta la capacidad del electrodo al final de la formación. 

Como se ha mencionado previamente, el primer paso de descarga de la batería es capaz 

de entregar, teóricamente, 960 mAh gFe
-1, mientras que la reacción 1.2 entrega 320 mAh más 

por gramo de hierro. En la Figura 6 se muestra un esquema de las reacciones de carga y descarga 
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de un electrodo de hierro contra un electrodo de mercurio-óxido de mercurio durante una 

cronopotenciometría.  

 

Figura 6. Esquema de las reacciones de carga y descarga de un electrodo alcalino de hierro. Adaptado de 
[45] 

3.1.2. Desafíos del electrodo de hierro 

3.1.2.1. Eficiencia coulómbica y Reacción de Evolución de Hidrógeno (HER) 

Durante la carga del electrodo ocurre la parasitaria Reacción de Evolución de Hidrógeno 

(HER) (ecuación 1.4). 

2𝐻2𝑂 ൅ 2𝑒െ ⇌ 𝐻2 ൅ 2𝑂𝐻െ   𝐸0 ൌ െ0.83 𝑉 𝑣𝑠 𝑆𝐻𝐸 (1.4) 

La reacción 1.4 está favorecida termodinámicamente sobre la reacción 1.1 durante la 

carga del electrodo, como se observa en su potencial de equilibrio menos negativo. Esta reacción 

consume parte de la energía aportada al electrodo, reduciendo la eficiencia faradaica del 

sistema [46]. Además, las burbujas de hidrógeno producidas pueden generar estrés mecánico y 

dañar el electrodo. Una forma de evitar la HER es usar materiales de hierro ultrapuros, como el 

hierro carbonilo, debido a que se ha observado que impurezas de níquel, manganeso, calcio y  

fósforo promueven la HER [47,48]. El níquel y el manganeso son, de hecho, dos materiales muy 

estudiados como catalizadores para la HER. 

Otra estrategia para evitar la evolución de hidrógeno y maximizar la eficiencia faradaica 

en la carga y descarga es el uso de aditivos tanto en el electrodo como en el electrolito. Dentro 

de los aditivos en el electrodo, destacan el sulfuro de bismuto [38,49,50], sulfuro de hierro [51–

54] y óxido de bismuto [47]. Como aditivos en el electrolito, se han probado especies como 

sulfuro de sodio [52,55–58], alcanotioles [59] y estanato [60]. Las especies basadas en bismuto 

y estanato cumplen el rol de aumentar el sobrepotencial de la HER, reduciendo su velocidad 
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hasta ser prácticamente indetectable. Otras especies como los alcanotioles bloquean el paso de 

las moléculas de agua hasta el electrodo, lo que inhibe la reacción (ecuación 1.4). El uso de 

alcanotioles en el electrolito tiene la desventaja de que puede envenenar los catalizadores del 

electrodo positivo, disminuyendo su eficacia [61]. 

El óxido y el  sulfuro de bismuto han sido probablemente los aditivos sólidos más 

estudiados para prevenir la evolución de hidrógeno, debido a que se conocía desde hace años 

que aumenta el sobrepotencial para esta reacción en electrodos de platino [62]. Manohar et al. 

comprobaron que la electrodeposición de una capa de bismuto permite reducir hasta 10 veces 

la velocidad de la evolución de hidrógeno, lo que lleva a un electrodo de carbonilo de hierro a 

alcanzar hasta un 96% de eficiencia faradaica con una capacidad de descarga de 300 mAh gfe
-1 

[63].  Gil posada y Hall [52] probaron el efecto de sulfuro de bismuto contra el de otros aditivos 

como bismuto metálico, sulfuro de hierro y sulfuro de potasio. Descubrieron que el sulfuro de 

bismuto tiene una capacidad de reducir la tasa de evolución de hidrógeno superior al resto de 

los aditivos probados. Además, plantearon que la evolución de hidrógeno está directamente 

relacionada con la pasivación del electrodo (fenómeno que será discutido en la siguiente 

sección), lo que también indican otros autores [64]. 

3.1.2.2. Estabilidad en la operación 

Otro de los desafíos que enfrentan los electrodos de hierro tiene que ver con la pérdida 

de capacidad durante la operación, lo que parece estar relacionado con la conductividad de las 

especies oxidadas. El hierro es un excelente conductor eléctrico, con una conductividad de 107 

Ω-1 m-1, pero los productos de descarga – salvo la magnetita – poseen una conductividad 

eléctrica 7 a 8 órdenes de magnitud menor [65]. Esto aumenta la resistencia del electrodo y 

reduce su reactividad, incrementando los sobrepotenciales (lo que disminuye la eficiencia 

energética de las baterías) y mermando las capacidades de descarga, en un fenómeno conocido 

como pasivación. 

La mayor parte de los estudios señala al hidróxido de hierro, formado en la primera 

etapa de descarga, como el responsable de la pasivación del electrodo [50,56,57,66–74]. Sin 

embargo, no existe un consenso unánime con respecto a este tema. Otros autores han señalado 

que son los productos de la segunda etapa de descarga, especialmente maghemita (γ-Fe2O3), los 

que son incapaces de reaccionar una vez formados [39,51,52]. Incluso, se ha llegado a postular 

que la hematita, a pesar de su excelente conductividad eléctrica, forma en soluciones básicas un 

complejo hidratado estable y muy difícil de reducir [57,75]. 
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Se ha planteado que el uso de sulfuros como aditivo, ya sea en el electrolito o en 

electrodo, permite evitar la pasivación del electrodo, debido a la formación de FeS, que tiene 

una mayor conductividad eléctrica que el Fe(OH)2 [43]. Mitra et al. probaron distintos sulfuros 

metálicos como aditivo en el electrodo de hierro: Cu2S, FeS, FeS2 y ZnS, llegando a la conclusión 

de que el sulfuro de zinc es más efectivo en optimizar la eficiencia faradaica. Esto, argumentan, 

se debería a que su potencial de reducción más negativo impediría la disolución del ion sulfuro, 

manteniendo esta especie en contacto con el hierro del electrodo [72]. Una hipótesis diferente 

es la que presentan Wang y Wang [76]. Ellos plantean que la pasivación se debe a la pobre 

difusividad iónica del ion O2
2- en el Fe2O3. Al usar Na2S como co-electrolito, se forma una 

estructura core-shell en que la superficie del óxido de hierro (III) queda rodeada por una capa 

de FeS amorfo. Al reducirse el potencial en una siguiente etapa de carga, el sulfuro de hierro 

amorfo se transforma en pirrita, marcasita (FeS2) y mackinawita (FeS0.9). Estas especies 

promueven la difusión del ion O2
2-, limitando la pasivación del hierro. En la misma línea, 

Shangguan et al. mostraron que azufre sublimado mezclado mecánicamente con magnetita 

tienen un efecto similar al uso de FeS como aditivo en el electrodo [77], lo que explican por la 

difusión del azufre al electrolito y su posterior reducción a sulfuro, para dar origen a FeS. 

Otro aspecto a considerar es la diferencia de densidad entre el hierro y sus productos 

de descarga. El Fe(OH)2 tiene un volumen molar 272 % mayor que el hierro, por lo que, al 

expandirse, el hidróxido de hierro puede provocar estrés mecánico sobre el electrodo y bloquear 

poros del mismo, evitando que el electrolito llegue a más átomos de hierro. Usando este dato 

de expansión molar, Bryant et. al. [78] y Yang et. al. [56] calcularon que un electrodo de hierro 

debe tener una porosidad, como mínimo, de un 73 % para poder lograr una reacción completa 

del material del electrodo. 

3.1.3. Formulaciones para el electrodo de hierro 

Varios compuestos de hierro han sido utilizados como material electroactivo para 

electrodos alcalinos de hierro. Uno de los más importantes es el hierro carbonilo. Este material 

es una forma de hierro metálico de alta pureza (<99.5%) y se obtiene mediante la 

descomposición de pentacarbonilo de hierro. Si bien el hierro carbonilo es un material con una 

alta pureza y de relativamente bajo coste, su obtención tiene la desventaja de que el 

pentacarbonilo de hierro tiene una elevada toxicidad, no recomendándose la exposición 

prolongada a una concentración en el aire de más de 0,1 ppm [79]. Además, los electrodos 

basados en hierro carbonilo necesitan, generalmente, periodos de formación que pueden 

sobrepasar los 100 ciclos, lo que tiene como efecto una mayor energía necesaria para la 
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producción de la batería y mayor coste [44,49]. Algunos electrodos de hierro carbonilo han 

reportado capacidades cercanas a los 300 mAh gFe
-1 a velocidades de ciclado de C/5 [44,47,57]. 

Usando la técnica de sinterización, Yang, Manohar y Narayanan lograron mantener la eficiencia 

coulómbica aun aumentando la velocidad de carga y descarga hasta 1C, aunque con una 

capacidad de que no alcanzó los 200 mAhg Fe
-1 [56]. 

Otros materiales de hierro probados como electrodos son óxido de hierro (III), 

magnetita o FeS. Figueredo-Rodríguez et al. estudiaron 5 compuestos de hierro como material 

electroactivo: los tres recién mencionados, hierro carbonilo y goetita [48]. Sin el uso de aditivos, 

el electrodo de hierro carbonilo destacó por su elevada capacidad de descarga, sobrepasando 

los 600 mAh gFe
-1. Los electrodos de hierro carbonilo, sulfuro de hierro y magnetita mostraron 

una estabilidad superior al resto, sin perder prácticamente capacidad de descarga en 50, 40 y 

23 ciclos, respectivamente, a corrientes de carga y descarga de C/5. Sin embargo, se pudo 

apreciar que los dos primeros se encuentran después de dicha cantidad de ciclos aún en su 

periodo de formación. El electrodo de Fe2O3 comercial mostró un pobre rendimiento, perdiendo 

prácticamente toda su capacidad de descarga a los 15 ciclos. Por otro lado, el electrodo de 

goetita mostró una operación relativamente estable y una capacidad de alrededor de 300 mAh 

gFe
-1. 

Los electrodos basados en óxidos u oxohidróxidos de hierro generalmente usan 

materiales carbonosos como aditivo conductor para superar las bajas conductividades de los 

óxidos, como los negros de carbono o nanoestructuras de carbono (nanotubos [80], nanofibras 

[81], óxido de grafeno reducido [82], entre otros.). El área superficial del carbono que se use 

como aditivo, así como su conductividad, juegan un papel fundamental en el desempeño de los 

electrodos, afectando a parámetros como la estabilidad, la capacidad de descarga y la eficiencia 

coulómbica [50,68,83]. En esta tesis, se propone, para el electrodo negativo, la síntesis mediante 

métodos simples y económicos de óxidos de hierro dopados químicamente con azufre. Estos 

óxidos de hierro se mezclarán con un negro de carbono comercial para obtener los electrodos 

mediante prensado en caliente. Los métodos de síntesis propuestos permiten modificar las 

propiedades físico-químicas de los óxidos de hierro, lo que permitirá establecer modelos que 

relacionen dichas propiedades con el rendimiento de los electrodos. 

Como se ha explicado, son variadas las combinaciones de compuestos de hierro, aditivos 

conductores u otros aditivos con que se han construido electrodos de hierro, con distintas 

características y resultados. Para sintetizar la información encontrada en literatura, se ha 

elaborado la Tabla 1. 
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Tabla 1. Características y rendimiento de algunos electrodos de hierro en medio alcalino reportados en literatura 

Grupo de 
investigación 

Material 
electroactivo 

Aditivos 
en el 
electrodo 

Electrolito Aditivos en el 
electrolito 

Intensidad de corriente Capacidad de descarga 
(mAh gFe

-1) 
Nro. de ciclos Eficiencia 

coulómbica 
(%) 

Ref. 

Carga Descarga Inicial Máxima Final Formación Totales 

Narayanan – USC 

Hierro carbonilo 
y sulfuro de 
hierro prensado 
en caliente 

10 % p/p 
Bi2O3 + 
K2CO3 

KOH 30 % 
m/v 

- Hasta 3 C Hasta 3 C  ~200 ~200 30-40 50-60 ~90 [47] 

70 % Fe 
carbonilo, 10 % 
polietileno, 
prensado en 
caliente 

5 % Bi2O3 
5% K2CO3 

KOH 30 % 
p/p 

- C/2 C/20 230 230 230 - 1200 92 [57] 

Fe carbonilo 
sinterizado a 
850 ºC sobre 
malla Ni 

(NH4)2CO3 KOH 30 % 
m/v 

Na2S 6.4 x 10-

2 M 
1 C 1 C ~100 200 200 30 3000 96 [56] 

70 % Fe 
carbonilo, 5% 
polietileno 

10 % Bi2O3 

5 % ZnS 
10 % K2CO3 

KOH 30 % 
p/p 

- C/2 C/2 100 240 240 50 750 95 [72] 

Weinrich – 
Forschungszentrum 
Jülich 

Hierro carbonilo 
prensado en 
caliente 

8.5 % p/p 
Bi2S3 

KOH 6 M - C/6 C/60 0 225 225  329 80 [38] 

85 % hierro 
carbonilo, 6.5 % 
polietileno,  
prensado en 
caliente 

8.5 % Bi2S3 KOH 6 M - C/6 C/60 0 200 200 400 450 96.7 [70] 

83 % polvo de 
hierro < 10 μm, 

- KOH 5.1 M KSS 0.4 M + 
LiOH 0.15 M 

C/5 C/5 0 230 230  50 35 [46] 
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Gil Posada – 
Universidad de 
Sheffield 

11 % FeS, 6 % 
PTFE 

85 % Fe 
carbonilo, 5% 
polietileno, 
prensado en 
caliente  

5 % Bi2S3 
5% K2CO3 

KOH 28.5 
% p/p 

- C/5 C/5 ~100 240 240 25 35 30 [52] 

80 % Fe 
carbonilo, 5% 
polietileno, 
prensado en 
caliente 

5 % Bi2S3 
5 % K2S 
5% K2CO3 

KOH 28.5 
% p/p 

- C/5 C/5 ~100 200 200 25 35 25 [52] 

100 % FeS sobre 
espuma de 
níquel 
(impregnada en 
húmedo) 

- KOH 5.1 M 
 

LiOH 0.3 M 
K2S 0.44 M 

C/5 C/5 ~100 250 250 30 50 95 [54] 

Ponce de León – 
Universidad de 
Southampton 

 75 % FeS, 10 % 
negro de 
carbono, 
prensado en 
caliente 

5 % Bi2S3 
K2CO3 

KOH 6 M - C/5 C/5 30 300 300 35 50 - [48] 

68 % hierro 
carbonilo, 14 % 
negro de 
carbono, 
prensado en 
caliente 

7 % Bi2S3 
K2CO3 

KOH 6 M - C/5 C/5 150 650 600 28 40 - [48] 

74 % Fe3O4 
molida en 
molino de bolas, 
12 % negro de 
carbono, 

8 % Bi2S3 
K2CO3 

KOH 6 M - C/5 C/5 525 700 600 13 23 - [48] 
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prensado en 
caliente 

Composite 50 % 
Fe, 46 % C, 
método de 
Adams 

4 % Bi2S3 KOH 6 M 1-octanotiol 
0.1 M 

C/2 C/2 800 900 500 3 28 75 [59] 

Hang – Agencia de 
Ciencia y 
Tecnología de 
Japón 

Nanotubos de 
carbono 
rellenos de 
Fe2O3 (Fe/C 
=1/17 p/p) 

- KOH 8 M - 0.5 mA 
cm-2 

0.2 mA cm-

2 
350 350 150 0 30 - [80] 

Nanopartículas 
de Fe2O3 
soportadas en 
Acetylene Black 
(Fe/C = 1/8) 

2 % Bi2S3 KOH 8 M  K2S 0.1 M 0.5 mA 
cm-2 

0.2 mA cm-

2 
100 400 300 20 50 - [71] 

Otros 

75 % Fe2O3, 20 % 
nanotubos de 
carbono 

5 % Bi2S3 

 

KOH 6 M - 10 mA cm-

2 
10 mA cm-2 - 350 - - - 82 [50] 

75 % Fe2O3, 20 % 
óxido de 
grafeno 
reducido 

5 % Bi2S3 
 

KOH 6 M - 10 mA cm-

2 
10 mA cm-2 - 300 - - - 73 [50] 

Nanoreactores 
de 
FeS2@carbono 
procedente de 
dopamina 

- KOH 3 M - 0.65 C 0.65 C 250 273 220 - 1000 - [51] 

80 % polvo Fe, 8 
% grafito, 2 % 
negro de 
carbono, 5 % 
PTFE 

5 % Bi2S3 KOH 6 M 
 

LiOH 1 M + 
K2SnO3 0.1 M 

C/5 C/5 150 475 400 30 (CV) 150 85 [60] 
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80 % polvo de Fe 
dopado con Cu y 
Sn, 5 % 
Ketjenblack, 10 
% PTFE 

5 % Bi2S3 KOH 6 M 
 

- C/5 C/10 430 480 300 ~10 400 93 (inicial) [66] 

45 % 
nanpartículas de 
Fe2O3, 45 % 
Acetylene Black, 
10 % PTFE 

- KOH 8 M  K2S 0.01 M CV CV 450 575 350 3 27 - [67] 

Composite: Fe 
de 
descomposición 
de oxalato sobre 
alcohol 
polivinílico 
calcinado (10 %) 

1 % Bi2S3 KOH 6 M LiOH 1% m/v C/5 C/5 150 400 350 50 100 80 [69] 

Composite 
Fe3O4/C–Bi 
KS6 10% p/p 

- KOH 6M LiOH 15 g/L + 
Na2S 0.1% 

C/4 C/4 550 700 600 20 100 94.5 [84] 

 80 % hierro 
carbonilo, 20 % 
PureBLACK, 
prensado en 
húmedo 

3 % p/p 
Bi2S3 

KOH 8 M  LiOH 1 M CV CV 10 400 50  150 85 (máx.) [39] 

Nanofilamentos 
de Fe2O3 
crecidos sobre 
material híbrido 
de grafeno/CNT 

-   ~0.8 C ~0.8 C 275
  

275 250  1000 - [40] 
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3.2. Electrodo de oxígeno 

3.2.1. Las reacciones de reducción y evolución de oxígeno 

Los electrodos positivos de baterías hierro-aire deben ser capaces de llevar a cabo el par 

reacción de evolución de oxígeno-reacción de reducción de oxígeno (OER-ORR). Estas reacciones 

se pueden apreciar en la ecuación 1.5, ORR en sentido de izquierda a derecha y OER en sentido 

opuesto: 

𝑂ଶ ൅ 2𝐻ଶ𝑂 ൅ 4𝑒ି ⇌ 4𝑂𝐻ି    𝐸଴ ൌ 0.401 𝑉 𝑣𝑠 𝑆𝐻𝐸 (1.5) 

Esta reacción involucra la transferencia de 4 electrones, lo que conlleva una cinética 

lenta. Además, tiene la desventaja de que los catalizadores que tienen una elevada actividad 

para la evolución de oxígeno no suelen ser activos para la ORR, y viceversa [85]. A esto se suman 

otras complicaciones, como el hecho de que los elevados potenciales a los que se debe llevar a 

cabo la OER (> 1,5 V vs. RHE) pueden corroer el electrodo [86,87].  

La ORR es especialmente lenta debido a la elevada entalpía del enlace O=O, como se ve 

en la ecuación 1.6 [88]: 

𝑂 ൌ 𝑂ሺ௚ሻ → 2𝑂ሺ௚ሻ     Δ𝐻଴ ൌ 498 𝑘𝐽 𝑚𝑜𝑙ିଵ (1.6) 

La reducción de oxígeno puede proceder mediante dos vías. La primera es la de 4 

electrones, que involucra la reducción a ion hidróxido (o agua en medio ácido), tal como se 

muestra en la ecuación 1.21. Sin embargo, la reacción también puede proceder por una vía de 

2 electrones, que implica la reducción a ion hidroperóxido (o peróxido de hidrógeno en medio 

ácido), como se ve en la ecuación 1.7: 

𝑂ଶ ൅ 𝐻ଶ𝑂 ൅ 2𝑒ି ⇌ 𝐻𝑂ଶ
ି ൅ 𝑂𝐻ି   𝐸଴ ൌ െ0.065 𝑉 𝑣𝑠 𝑆𝐻𝐸 (1.7) 

La reacción 1.23 tiene las desventajas de proveer la mitad de corriente y también un 

menor potencial, lo que se traduce en un menor voltaje de la batería. El ion hidroperóxido puede 

luego reducirse a hidróxido, completando lo que se conoce como mecanismo “2+2” electrones 

(ecuación 1.8), o descomponerse no electroquímicamente en agua y oxígeno (ecuación 1.9): 

𝐻𝑂ଶ
ି ൅ 𝐻ଶ𝑂 ൅ 2𝑒ି ⇌ 3𝑂𝐻ି    𝐸଴ ൌ 0.87 𝑉 𝑣𝑠 𝑆𝐻𝐸     (1.8) 

2𝐻𝑂ଶ
ି → 𝐻ଶ𝑂 ൅ Oଶ          (1.9) 

El mecanismo generalmente aceptado para la reducción de oxígeno por la vía de 4 

electrones sobre metales de transición se muestra en las ecuaciones 1.10 – 1.13 [89,90]. En 

óxidos metálicos sumergidos en medio básico fuerte, la superficie tiende a estar cubierta por 

grupos OH adsorbidos [91,92]. Debido a esto, el primer paso involucra la adsorción de una 
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molécula de oxígeno, desplazando el grupo hidroxilo, y la simultánea o posterior transferencia 

de un electrón, dependiendo de si es un mecanismo de transferencia interna o externa 

(ecuación 1.10). En seguida, el O2 adsorbido es protonado por una molécula de agua y la 

transferencia de un electrón (ecuación 1.11), obteniéndose un grupo carboxilo adsorbido, del 

cual posteriormente se libera un ion hidróxido con la transferencia de otro electrón (ecuación 

1.12). Finalmente, el átomo de oxígeno adsorbido restante es protonado por otra molécula de 

agua y electrón (ecuación 1.13), obteniéndose un grupo hidroxilo adsorbido y volviendo al inicio 

de la ecuación 1.10. 

𝑀ሺ𝑂𝐻ሻ௔ௗ௦ ൅ 𝑂ଶሺ௔௤ሻ ൅ 𝑒ି → 𝑀ሺ𝑂ଶሻ௔ௗ௦ ൅ 𝑂𝐻ି    (1.10) 

𝑀ሺ𝑂ଶሻ௔ௗ௦ ൅ 𝐻ଶ𝑂 ൅ 𝑒ି → 𝑀ሺ𝑂𝑂𝐻ሻ௔ௗ௦ ൅ 𝑂𝐻ି     (1.11) 

𝑀ሺ𝑂𝑂𝐻ሻ௔ௗ௦ ൅ 𝑒ି → 𝑀ሺ𝑂ሻ௔ௗ௦ ൅ 𝑂𝐻ି      (1.12) 

𝑀ሺ𝑂ሻ௔ௗ௦ ൅ 𝐻ଶ𝑂 ൅ 𝑒ି → 𝑀ሺ𝑂𝐻ሻ௔ௗ௦ ൅ 𝑂𝐻ି     (1.13) 

Donde 𝑀 es un sitio de adsorción sobre la superficie metálica. En la vía de dos 

electrones, las dos primeras etapas son las mismas que en la de 4 electrones (ecuaciones 1.10 – 

1.11). Sin embargo, la energía del sistema no es suficiente para romper el enlace O=O y el grupo 

peroxil adsorbido se desorbe como ion hidroperóxido y es reemplazado por un radical hidroxilo 

adsorbido (ecuación 1.14), cerrando el ciclo catalítico. 

𝑀ሺ𝑂𝑂𝐻ሻ௔ௗ௦ ൅ 𝑂𝐻ି ⇌ 𝑀ሺ𝑂𝐻ሻ௔ௗ௦ ൅ 𝐻𝑂ଶ
ି     (1.14) 

En el mecanismo “2+2”, el ion hidroperóxido formado en la ecuación 1.14 puede 

reaccionar con un grupo hidroxilo adsorbido (recordar que la superficie metálica está cubierta 

principalmente por grupos hidroxilo) y la transferencia de un electrón para dar un átomo de 

oxígeno adsorbido (ecuación 1.15). Este átomo se reduce luego a hidróxido siguiendo la 

ecuación 1.13, completando el ciclo catalítico. 

𝑀ሺ𝑂𝐻ሻ௔ௗ௦ ൅ 𝐻𝑂ଶ
ି ൅ 𝑒ି ⇌ 𝑀ሺ𝑂ሻ௔ௗ௦ ൅ 2𝑂𝐻ି     (1.15) 

En un mecanismo 2+2, la cantidad efectiva de electrones transferidos dependerá de la 

relación entre las velocidades de las reacciones 1.15 y 1.14. Mientras más rápida sea la 

readsorción del ion hidroperóxido en relación a su descomposición, el número de electrones se 

acercará más al valor ideal de 4. Una velocidad de descomposición mayor, hará que el número 

de electrones transferidos medido se acerque a 2.  

El mecanismo que siga la ORR está fuertemente afectado por la adsorción de la especie 

reactiva sobre la superficie del catalizador. Ésta se ve a su vez determinada tanto por la energía 

de enlace entre los átomos del catalizador y del reactante como por la geometría de la superficie. 
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Debido a esto, la ORR es una reacción que depende directamente de la estructura, morfología y 

porosidad del catalizador, ya que todas esas propiedades afectan la configuración de la 

adsorción de la molécula de oxígeno [88,93–95]. La alta sensibilidad de la reacción a la estructura 

del catalizador permite que ocurran diferentes mecanismos incluso con catalizadores del mismo 

tipo pero con estructuras cristalinas diferentes, debido a diferencias en las configuraciones de 

la adsorción de O2 y de las interacciones superficie-O2 [96]. La adsorción de O2 puede darse en 

configuración “bridge” o lineal [96–98]. En la primera de éstas, dos átomos de oxígeno se 

coordinan con la superficie del catalizador, lo que tiene como efecto que la reacción proceda 

por la vía directa de 4 electrones, como en el caso de los catalizadores de Pt [99]. En la segunda, 

un solo átomo de oxígeno se enlaza perpendicularmente a la superficie del catalizador, 

resultando en un mecanismo de 2 electrones. 

El catalizador por excelencia para la reducción de oxígeno es el platino en forma de 

nanopartículas, generalmente soportado sobre negros de carbono. Debido a su elevada 

superficie específica y energía de enlace óptima, presenta la actividad más elevada de los 

metales para la ORR. Sin embargo, no está exento de desventajas, como su elevado costo y 

escasez, y tendencia a envenenarse [100]. Como se mencionó anteriormente, la actividad de un 

catalizador para la ORR está muy relacionada con la energía de adsorción del oxígeno. Esta 

relación da origen a lo que se conoce como “gráfica de volcán” (Figura 7), donde se puede 

apreciar que la actividad de los metales como catalizadores aumenta con la energía de adsorción 

del oxígeno hasta alcanzar un óptimo, para luego disminuir. 

 

Figura 7. Relación entre la actividad para la ORR de distintos metales y la energía de adsorción de 
oxígeno sobre ellos [101]. 

La OER, por su parte, presenta la transferencia de 4 electrones que parte de un grupo 

hidroxilo adsorbido, como se ven en las ecuaciones 1.16-1.19 [102]: 
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𝑀ሺ𝑂𝐻ሻ௔ௗ௦ ൅ 𝑂𝐻ି → 𝑀ሺ𝑂ሻ௔ௗ௦ ൅ 𝐻ଶ𝑂 ൅ 𝑒ି     (1.16) 

𝑀ሺ𝑂ሻ௔ௗ௦ ൅ 𝑂𝐻ି → 𝑀ሺ𝑂𝑂𝐻ሻ௔ௗ௦ ൅ 𝑒ି      (1.17) 

𝑀ሺ𝑂𝑂𝐻ሻ௔ௗ௦ ൅ 𝑂𝐻ି → 𝑀ሺ𝑂ଶሻ௔ௗ௦ ൅ 𝐻ଶ𝑂 ൅ 𝑒ି     (1.18) 

𝑀ሺ𝑂ଶሻ௔ௗ௦ ൅ 𝑂𝐻ି → 𝑀ሺ𝑂𝐻ሻ௔ௗ௦ ൅ 𝑂ଶሺ௔௤ሻ ൅ 𝑒ି    (1.19) 

Para la OER, los catalizadores que presentan una actividad más elevada son óxidos 

metálicos del grupo del platino. Por ejemplo, el dióxido de rutenio en fase rutilo muestra una 

excelente actividad catalítica tanto en medio ácido como básico [103–105]. Sin embargo, el RuO2 

es altamente inestable en ambos electrolitos a potenciales de oxidación elevados, pudiendo 

oxidarse a RuO4 y disolverse en el electrolito [106]. Otro catalizador de referencia, del mismo 

grupo de la Tabla Periódica, es el dióxido de iridio. Si bien el IrO2 presenta una elevada actividad 

y mayor estabilidad que el RuO2, comparte con este material que ambos son escasos y caros: 

cada año se producen aproximadamente 35 toneladas de rutenio y 3 de iridio en todo el mundo. 

Algunos parámetros importantes que describen el rendimiento de electrodos 

bifuncionales de oxígeno son: el potencial de semi-onda, (E1/2), la corriente límite (jd), el 

potencial de onset para la ORR (Eonset,ORR), los tres explicados en el Anexo I; el potencial al que la 

OER alcanza una densidad de corriente de 10 mA cm-2 (E10) y el diferencial de reversibilidad (ΔE), 

calculado como la diferencia entre E10 y E1/2 y que indica qué tan bifuncional es un catalizador (a 

menor ΔE, mayor actividad reversible o bifuncional tiene el electrodo). A partir de E1/2 y E10 

también se pueden obtener los sobrepotenciales de semi-onda y de 10 mA cm-2 (η1/2 y η10, 

respectivamente), pudiendo expresarse también el diferencial de reversibilidad como la suma 

de las magnitudes de ambos sobrepotenciales.  Las pendientes de Tafel y densidad de corriente 

de intercambio también son parámetros importantes.  

3.2.2. Catalizadores bifuncionales para ORR-OER en medio básico 

Como se ha mencionado anteriormente, los catalizadores de referencia para la ORR y la 

OER son Pt/C y RuO2 o IrO2, respectivamente. Sin embargo, dichos catalizadores no son 

bifuncionales. En la última década, se han sintetizado diversos materiales que presentan 

elevadas actividades para ambas reacciones, conocidos como catalizadores reversibles o 

bifuncionales. El metal noble que presenta una mayor reversibilidad para ambas reacciones es 

el paladio. Este metal ha llegado a mostrar actividades superiores que los catalizadores de 

referencia [107,108], sin embargo, su baja abundancia y elevado precio hacen de su uso poco 

recomendable.  

Una opción para aprovechar las propiedades catalíticas de los metales nobles es 

combinarlos con metales de transición o heteroátomos para incrementar su reversibilidad. Se 
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ha reportado que nanopartículas de Fe3Pt, como catalizador de ORR, soportadas en nitruro de 

níquel-hierro (Ni3FeN) poroso, como catalizador de OER, son un excelente catalizador 

bifuncional [109]. Su actividad superó a las de los catalizadores de referencia para y ORR OER. 

La voltametría lineal de ORR mostró que el potencial de onset de los catalizadores siguió la 

tendencia: Fe3Pt/Ni3FeN > Fe3Pt/C > Pt/C > Ni3FeN. En la región mixta de control cinética-

difusivo, el potencial de semi-onda (E1/2) de Fe3Pt/Ni3FeN exhibió el valor más positivo de los 

catalizadores estudiados (0,93 V), indicando una superior actividad para la ORR de Fe3Pt/Ni3FeN 

que los otros catalizadores. Fe3Pt/Ni3FeN también demostró una mejor actividad hacia la OER, 

con un potencial de onset más bajo y una mayor densidad de corriente que Ni3FeN, Pt/C e IrO2, 

obteniendo un ΔE de 0,65 V. Las pruebas de degradación acelerada demostraron una alta 

estabilidad de Fe3Pt/Ni3FeN, que tuvo una pérdida de masa de aproximadamente el 6.3% 

después de 5000 ciclos de ORR y del 5.2% después de 1000 ciclos de OER; para Pt/C e IrO2, los 

valores fueron del 20,4 y 22,1%, respectivamente. Otra estrategia reportada fue soportar los 

átomos de Pt y Fe directamente en carbono dopado con nitrógeno (PtFeNC) para generar un 

nuevo catalizador para ORR [110]. Se observaron potenciales de onset y de semi-onda altos, de 

1,05 y 0,895 V vs. RHE, respectivamente. Cálculos DFT mostraron que la ruptura del enlace de 

O2 en los átomos individuales de Pt y Fe en el catalizador PtFeNC era el origen de su buen 

rendimiento para la ORR. 

Para desarrollar catalizadores bifuncionales en base a rutenio, You y Hu prepararon  

soluciones sólidas de óxidos de rutenio y estaño mediante método hidrotermal, las que 

demostraron una excelente actividad tanto para la OER como para la ORR [111]. Entre los óxidos 

mixtos con proporciones variables de rutenio estaño, aquellos con 30 % y 70 % de Sn fueron más 

activos para ambas reacciones. El número de electrones transferidos en la ORR fue de 3,8 en 

ambos materiales, similar a los catalizadores de referencia. Los valores de Eonset y E1/2 de los 

óxidos 70Ru–30Sn y 30Ru–70Sn fueron comparables a los de los catalizadores Pt/C y RuO2. La 

adición de un 30% de SnO2 al RuO2 mejoró también su actividad para OER. Un sobrepotencial de 

0,24 V fue suficiente para alcanzar una densidad de corriente de 10 mA cm−2 en la OER. El ΔE 

para estos catalizadores fue de 0,75 V.  

Uno de los metales más investigados como catalizadores bifuncionales de oxígeno en 

medio básico son los óxidos de cobalto. Estructuras como las perovskitas o las espinelas han 

mostrado elevadas actividades para ambas reacciones [112–116]. Kim et al. sintetizaron un 

catalizador mixto perovskita/aleación de cobalto-hierro, de fórmula Sr0.95Nb0.1Co0.7Fe0.2O3-

δ/Co3Fe, que presentó un η10 de 246 mV vs. RHE y un E1/2 de 0,690 V vs. RHE, para un ΔE de sólo 

785 mV [117]. Este catalizador también presentó otras propiedades destacables, como una 
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pendiente de Tafel de sólo 45 mV dec-1 y una capacidad de operar por 500 horas. Otros 

catalizadores basados en espinelas de cobalto han mostrado valores de ΔE tan bajos como 0,73 

V y pendientes de Tafel para OER con valores mínimos de 31 mV dec-1 [118]. Además de las 

perovskitas y espinelas, el Co3O4 también ha sido investigado como un potencial catalizador 

bifuncional [119–123]. Wang et al. reportaron las propiedades catalíticas de nanopartículas de 

óxido de cobalto dopado con nitrógeno ultrafinas (NP-Co3O4) con diámetros de 4-5 nm sobre 

tela de carbono (CC), obtenidas a partir de calcinación de estructuras de cobalto-zeolita-

imidazolato (Co-ZIF) [124]. La calcinación de estas partículas a baja temperatura permitió que 

los nodos de Co de Co-ZIF se oxidaran en nanopartículas de Co3O4 ultrafinas y se comprobó, 

mediante análisis de XPS, la existencia de enlaces Co-N. Plantearon que el dopado con nitrógeno 

podría generar vacantes de oxígeno en la superficie de NP-Co3O4, mejorando su conductividad 

electrónica y propiedades catalíticas. La densidad de corriente en la ORR y OER del catalizador 

NP-Co3O4/CC fue superior en comparación con la obtenida por los catalizadores Pt/C e Ir/C. Este 

catalizador logró una elevada actividad y reversibilidad, con un ΔE de 0,66 V. Además, demostró 

una estabilidad notable, siendo capaz de operar por 400 horas en ciclos de OER y ORR a 

densidades de corriente de ±5 mA cm-2. 

La elevada actividad de los óxidos de cobalto para ambas reacciones también ha llevado 

a desarrollar catalizadores que combinen estos materiales con metales del grupo del platino 

para maximizar la actividad y la reversibilidad. Wang et al. desarrollaron un catalizador mixto 

que consiste en Co(OH)2/CoPt/N–CN con una relación de peso de aproximadamente 

45:45:0.77:9.23 de Co(OH)2:N–CN:Co:Pt que mostró elevada actividad tanto para la ORR como 

para la OER [125]. Los resultados de SEM y TEM mostraron que las nanopartículas de CoPt y las 

láminas de Co(OH)2 se adhirieron a la superficie de N–CN (láminas de carbono grafítico dopado 

con nitrógeno). Este catalizador mostró un Eonset para la ORR de 0.97 V y un E1/2 de 

aproximadamente 0,83 V. El número de electrones transferidos fue de 3,81–3,95 en el rango de 

voltaje de 0,8–0,2 V, comparable con el catalizador Pt/C. En la OER, se necesitó un 

sobrepotencial de 0,32 V para obtener una densidad de corriente de 10 mA cm−2. De esta forma, 

este catalizador logró un diferencial de reversibilidad de 0,72 V. 

Uno de los principales desafíos que enfrentan los óxidos de metales de transición y sus 

estructuras derivadas es su baja conductividad [126]. La forma más común de enfrentar este 

problema es mezclar los óxidos metálicos con materiales de carbono. Se han estudiado negros 

de carbono comerciales, tales como Ketjenblack [127] o Vulcan [128], los cuales han mostrado 

mejorar las actividades catalíticas de los óxidos metálicos. A pesar de sus ventas, como bajo 

coste y alta área superficial, los negros de carbono presentan la desventaja de que pueden 
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oxidarse a dióxido de carbono durante la OER [112]. Debido a esto, son preferibles los carbonos 

grafíticos nanoestructurados, entre los que se encuentran el grafeno (u óxido de grafeno 

reducido), nanotubos de carbono, nanofibras, xerogeles, entre otros [129].  

En el grupo de Conversión de Combustibles se han desarrollado electrocatalizadores 

basados en óxidos metálicos con altas actividades y reversibilidades para el par OER-ORR. Luque-

Centeno et al. sintetizó composites de titanio y cobalto sobre óxido de grafeno reducido dopado 

con nitrógeno (Ti-NrGO y Co-NrGO, respectivamente) [130]. Sólo el catalizador Co-NrGO 

demostró una actividad para ORR comparable al catalizador Pt/C de referencia, con un Eonset sólo 

50 mV más negativo y un E1/2 40 mV más negativo. Sin embargo, ambos catalizadores obtuvieron 

resultados de estabilidad muy superiores al catalizador de referencia, con desplazamientos de 

potencial de semi-onda inferiores a 15 mV después de 6.500 voltametrías lineales de ORR, 

mientras que, en el catalizador Pt/C, este parámetro se desplazó 120 mV. Para la OER, ambos 

catalizadores fueron superados por el catalizador de referencia IrO2, que mostró un E10 40 mV 

más negativo que el catalizador Co-NrGO, mientras que el catalizador Ti-NrGO no alcanzó los 10 

mA cm-2 en el rango de potencial estudiado. En otro estudio, Luque-Centeno et al. sintetizó 

materiales basados en óxidos mixtos de cobalto y titanio que demostraron pendientes de Tafel 

para ORR de sólo 40 mV dec-1 y para OER de sólo 69 mV dec-1 [131]. También dentro del grupo, 

Ruiz-Cornejo et al. sintetizaron óxidos de tantalio soportados sobre nanofibras de carbono 

dopadas con azufre [132]. Encontraron que el dopado de las nanofibras con azufre mejora las 

interacciones entre las fases metálica y carbonosa, lo que aumenta la actividad catalítica para la 

ORR, pero la disminuye para la OER. De esta forma, lograron un catalizador TaOx/CNF-S250 con 

el que se obtuvo un E1/2 de 0,75 V vs. RHE y una pendiente de Tafel de 70 mV dec-1. Por otro 

lado, el catalizador con soporte de nanofibras sin dopar obtuvo la mejor actividad para la OER, 

con un E10 de 1,63 V y una pendiente de Tafel de 72 mV dec-1. Este material tuvo un interesante 

ΔE de 713 mV (corregido por IR).   

Si bien los catalizadores basados en cobalto muestran actividades interesantes para las 

aplicaciones tecnológicas de la ORR y OER a un coste no excesivamente elevado, el uso del 

cobalto como componente fundamental de las baterías de ion-litio y los problemas éticos 

asociados a las condiciones de extracción, han significado que este metal sea catalogado como 

crítico, lo que ha motivado la búsqueda de catalizadores basados en otros metales de transición 

[15]. 
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3.2.3.  Catalizadores bifuncionales de oxígeno basados en óxido de manganeso y 

materiales carbonosos 

Se han reportado en la literatura rendimientos interesantes tanto para la ORR como 

para la OER de materiales basados en manganeso [133]. Una ventaja de estos materiales es que 

existen en diferentes estados de oxidación (MnO, Mn3O4, Mn2O3, MnO2, MnOOH) y en 

diferentes nanoestructuras, como cúbica [134], laminar [135] o espinelas [136], entre otros. Esto 

permite sintetizar materiales con características físico-químicas y propiedades electroquímicas 

ajustables.  

Dentro de los óxidos de manganeso, el MnO2 ha provocado interés en los últimos años 

debido a su reportada actividad para ambas reacciones. Este compuesto puede presentar una 

diversidad de fases cristalinas, morfologías, propiedades texturales, estructuras electrónicas y 

defectos, lo que dificulta comprender de forma precisa el origen de su actividad catalítica [89]. 

De estas propiedades, la fase cristalina parece tener un efecto especialmente importante. El 

MnO2 puede adquirir distintas estructuras cristalinas, entre las que se encuentran: de túnel (α-

MnO2, β-MnO2 y γ-MnO2), laminar (δ-MnO2) o red tridimensional (λ-MnO2). Algunos estudios 

han reportado que la actividad catalítica de las distintas fases para la ORR sigue la tendencia: α-

MnO2 > δ-MnO2 > γ-MnO2 > λ-MnO2 > β-MnO2 [137], mientras que otros señalan que la 

tendencia es α-MnO2 > β-MnO2 > γ-MnO2 [138]. A pesar de las discrepancias, los autores parecen 

estar de acuerdo que la fase α-MnO2 es la más activa al menos para la ORR. 

La estructura cristalina α-MnO2 da también origen a distintas morfologías, como 

nanoesferas, nanoflores y nanofilamentos. Las nanoflores son una nueva clase de 

nanopartículas que muestra estructuras similares a las de una flor. Las nanoflores han llamado 

bastante la atención en los últimos años debido a su alta estabilidad y su alta relación área 

superficial/volumen [139]. Nanoflores obtenidas mediante método hidrotermal presentaron 

áreas BET de 40,1 m2 g−1 [138] y de 65,7 m2 g−1 [140]. En cuanto al rendimiento electrocatalítico 

para la ORR, las nanoflores sintetizadas por Cheng et al. [138] tienen un potencial de onset 

alrededor de 0,82 V vs. RHE y un E1/2 de aproximadamente 072 V vs. RHE. Este catalizador 

demostró 3,7 electrones transferidos en la ORR (cerca del valor teórico de 4), lo que indica que 

la morfología de α-MnO2 en forma de nanoflores promueve que la ORR ocurra a través de la vía 

directa de cuatro electrones. Para la OER, el catalizador de nanoflores con puntos cuánticos de 

carbono de Tian et al. [140] alcanzó un E10 de 1,55 V vs. RHE y una pendiente de Tafel de sólo 

43,6 mV dec-1. 
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Los nanofilamentos son la estructura más estudiada y presentan una conveniente 

bifuncionalidad y durabilidad debido a su estructura que favorece huecos dentro de ella, con 

octaedros de MnO6 ligados a los bordes y esquinas [141,142]. Los nanofilamentos son 

nanoestructuras con una relación longitud-anchura superior a 1.000. Al igual que las nanoflores, 

los nanofilamentos también se pueden preparar mediante métodos hidrotermales [143–146]. 

El área superficial de los nanofilamentos suele ser ligeramente menor que la de las nanoflores, 

encontrándose alrededor de 25 m2 g−1 [146], y un volumen de poros de 0,094 cm3 g−1, menor 

que el de las nanoflores de α-MnO2. 

Meng et al. sintetizaron nanofilamentos de α-MnO2 a partir de métodos hidrotermales 

(α-MnO2-HT) y de estado sólido (α-MnO2-SF) y los probaron como catalizadores bifuncionales 

de oxígeno [147]. Los valores de ΔE para estos materiales estuvieron alrededor de 0,85 V. El 

catalizador α-MnO2-HT fue capaz de operar a una corriente de OER de 10 mA cm-2 por 6 horas 

antes de mostrar signos de desactivación, mientras que α-MnO2-SF se desactivó luego de 3 

horas. 

Se ha propuesto el dopado de óxidos de manganeso con heteroátomos (principalmente 

Fe, Co o Ni) para aumentar su actividad y reversibilidad. Otra estrategia ha sido inducir 

térmicamente defectos en la superficie del MnO2, lo que aumenta su actividad catalítica para la 

ORR [148]. Mathur y Halder desarrollaron un método para obtener, en un paso, nanofilamentos 

de MnO2 dopados con hierro [149], obteniendo catalizadores bifuncionales con un potencial de 

onset para la ORR de 0,89 V vs. RHE en KOH 0.1 M, y un η10 de 660 mV, dando como resultado 

un ΔE de 1,17 V.  

Independiente de cuál sea la estructura cristalina del catalizador, sufre las mismas 

dificultades asociadas a baja conductividad que el resto de los óxidos metálicos, por lo que se 

suelen usar carbones como aditivo conductor. De los catalizadores mencionados en esta 

sección, todos excepto los de Mathur y Halder [149] usan algún tipo de material de carbono 

como aditivo conductor. También se han sintetizado composites entre materiales de manganeso 

y estructuras de carbono. He et al. desarrollaron un composite de óxidos de manganeso y 

nanotubos de carbono (MnOx/CNT) y encontraron que  el composite MnO2/CNT demostró una 

actividad y reversibilidad mayores que MnO2 y que CNT por separado cuando la razón másica 

CNT:MnO2 fue de 60:40 [150]. La reducción del composite MnO2/CNT a 400 °C en presencia de 

azufre dio origen a un óxido de manganeso con iones Mn3+ que generaron vacancias de oxígeno 

(MnOx/CNT). Los catalizadores MnO2/CNT y MnOx/CNT tuvieron ΔE de 0,92 V y 0,91 V, 

respectivamente. Con el catalizador MnOx, además, se obtuvo una pendiente de Tafel en ORR 
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de 85,7 mV dec-1, muy cercana a la obtenida con el catalizador de referencia Pt/C, 83,0 mV dec-

1.  

Otro aspecto a considerar es que los materiales carbonosos también presentan actividad 

catalítica hacia la ORR y la OER. La ORR sobre el carbono se lleva a cabo a través de interacciones 

del O2 con los grupos funcionales en la superficie [151]. Se ha observado la reducción de O2 a 

H2O2 en el carbono vítreo y el grafito [152]. Se cree que los grupos de quinona en la superficie 

del carbono y el grafito participan en la reducción de O2 a peróxido [153]. La modificación del 

carbono puede dar origen a sitios activos para la reacción electrocatalítica del oxígeno. La 

creación de defectos topológicos en los nanotubos de carbono de pared múltiple (MWCNTs) a 

través de la oxidación sucesiva en H2SO4 y HNO3 concentrado, y el posterior tratamiento a alta 

temperatura en argón, puede mejorar significativamente la actividad de la ORR en comparación 

con los MWCNTs no modificados [154]. Lu et al. reportaron la formación de grupos funcionales 

cetónicos C=O en la pared externa de los MWCNTs después de oxidación superficial suave, el 

tratamiento hidrotérmico y la activación electroquímica; los MWCNTs mostraron una eficiente 

actividad para la OER con un ηonset de 0,3 V debido a que los grupos oxigenados modificaron la 

configuración electrónica de los átomos de carbono adyacentes [155]. 

Los resultados reportados en la literatura muestran que los materiales de carbono con 

defectos tienen mejores actividades que el carbono sin defectos [156]. Tao et al. confirmaron 

que los átomos de carbono en los bordes muestran una mayor actividad para la reducción de 

oxígeno que aquellos en el centro del plano debido a una mayor densidad de carga [157,158]. 

Incluso, Yao et al. demostraron que la actividad en la ORR de los materiales de grafénicos que 

poseen defectos atómicos (principalmente en los átomos de carbono en los bordes) es aún 

mayor que la de los grafenos dopados con nitrógeno y el grafeno puro [159]. Se ha demostrado 

también que los materiales carbonosos defectuosos tienen un rendimiento relativamente 

bueno en la oxidación y prometen ser utilizados en celdas de combustible de metal-aire. A pesar 

de estos resultados, el origen de la actividad de los carbones para la oxidación y la reducción del 

oxígeno sigue siendo motivo de debate. Yao et al. sintetizaron un catalizador de grafito pirolítico 

altamente orientado (HOPG) con patrones específicos de defectos de anillos pentagonales de 

carbono (D-HOPG). Los resultados experimentales y de cálculos teóricos de DFT revelaron que 

los defectos de pentagonales en los bordes son los centros activos principales para la ORR en 

medio ácido, siendo más activos que el nitrógeno piridínico en el HOPG dopado con nitrógeno 

[160]. 
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En esta tesis doctoral, se plantean dos estrategias para estudiar los catalizadores 

bifuncionales de oxígeno en base a nanoestructuras de óxido de manganeso y de carbono: 

primero, se estudiará el dopado de nanofilamentos de dióxido de manganeso con heteroátomos 

de metales de transición (hierro) y cómo estos afectan la estructura y actividad catalítica de los 

nanofilamentos. La segunda estrategia será sintetizar distintos materiales nanoestructurados de 

carbono y estudiar cómo sus distintas propiedades afectan tanto el mecanismo como la 

actividad catalítica de composites MnO2/C. 

 

4. Objetivos generales y específicos de la tesis doctoral 

4.1. Objetivo general 

El objetivo general de la tesis doctoral es desarrollar electrodos avanzados para baterías 

de hierro-aire basados en materiales sostenibles y no críticos, poniendo énfasis en obtener 

electrodos eficientes y estables que permitan avanzar el conocimiento de las baterías hierro-

aire y acercar su viabilidad técnica y económica. 

4.2. Objetivos específicos 

Los objetivos específicos de este trabajo son: 

i) Sintetizar electrodos de hierro en base a métodos escalables, reproducibles y 

que permitan modificar las propiedades físico-químicas de los electrodos. 

ii) Caracterizar físico-químicamente los óxidos de hierro y estudiar la relación entre 

sus propiedades físico-químicas y su rendimiento electroquímico, llegando a 

modelos que permitan correlacionar estas variables. 

iii) Estudiar el efecto de las variables de operación del electrodo sobre su 

rendimiento. 

iv) Estudiar las causas de la desactivación de los electrodos de hierro mediante 

caracterizaciones post-mortem y métodos electroquímicos 

v) Sintetizar electrodos bifuncionales de oxígeno para medio alcalino en base a 

óxidos de manganeso dopados con heteroátomos y materiales 

nanoestructurados de carbono. 

vi) Caracterizar físico-químicamente los óxidos manganeso y materiales de 

carbono y estudiar la relación entre sus propiedades físico-químicas y su 

rendimiento electroquímico. 
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vii) Estudiar los mecanismos de las reacciones de evolución y reducción de oxígeno 

y explicar la actividad catalítica de los materiales sintetizados en relación al 

mecanismo de reacción y las propiedades físico-químicas de los catalizadores. 
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ABSTRACT: Iron−air systems are a very promising technology with the potential to become one of the cheapest and safest energy
storage solutions of the future. However, iron anodes still face some challenges like passivation, resulting in loss of capacity, due to
the formation of nonconductive species during cycling as well as the hydrogen evolution reaction, a parasitic reaction interfering with
the charging of the electrode. In the present work these two issues are addressed: Sulfur-modified mesoporous iron oxides are
obtained and used as hot-pressed negative electrodes for alkaline iron−air batteries. Iron electrodes present average capacity values
between 400 and 500 mA h g Fe

−1 for ∼100 h of operation, the S-modified iron oxides being the most stable ones. An exponential
deactivation model fitting the discharge capacity of the different electrodes compared to the number of cycles was proposed.
According to the model, the best of the electrodes loses less than 0.5% of its capacity per cycle. Furthermore, doubling the charge
and discharge rates allows increasing both the discharge capacity and the Coulumbic efficiency, though at the expense of stability.
This manuscript proves that the proper distribution of sulfur on the surface of the iron oxide is fundamental to suppress the HER
and passivation, enhancing the stability of the electrode. These properties were further corroborated in long test-runs which
comprised more than 400 h of charging and discharging.
KEYWORDS: electrodes, hydrogen evolution, iron−air batteries, passivation, stability, sulfur-modified

1. BACKGROUND
In order to limit the rise of the global temperature below 1.5
°C, the Intergovernmental Panel on Climate Change (IPCC)
estimates that greenhouse gas (GHG) emissions must be cut
down to 25−30 Gton of CO2e per year by 2030.1 As the
transport sector accounts for 29% of the total world energy
consumption2 and 72% of this sector’s emissions are related to
road transport,3 the transition from oil-based mobility to
electromobility will have a high importance and impact in the
following years. Lithium-ion batteries are the most used power
storage devices for electric vehicles, but there are still concerns
related to their specific energy (commercial Li-ion batteries
reach up to 248 Wh kg−1), cost (>$150 USD (kW h)−1), and
safety issues such as thermal runaway,4 causing fires and
explosions.5,6 Besides, given that lithium ion batteries need
some scarce elements and the global supply chains are put
under a lot of pressure, batteries made with iron are becoming
more attractive.

Metal−air batteries (MABs) are an alternative promising
system due to their high theoretical energy densities (from

1000 to 11 000 W h kg−1). MABs consist of a negative
electrode, a metal that oxidizes during discharge, an electrolyte,
and a positive electrode, in which ambient oxygen is reduced.
Since air/oxygen is not stored within the cell, MABs present a
high theoretical gravimetric energy density and a light weight.7

Several metals can be used as anodes, such as lithium, sodium,
magnesium, potassium, aluminum, zinc, and iron. This will
determine the type of electrolyte to be used: nonaqueous for
Li, Na, Mg, and Al and aqueous for Zn and Fe. Among all
MABs, iron−air batteries (IABs) have several advantages. The
Fe−air battery is a space-saving technology due to the high
theoretical volumetric energy density of iron of 9700 kW h m−3

(versus 270−670 kW h m−3 of Li-ion batteries) and iron
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reacting directly with an aqueous electrolyte, not intercalating
in a material like lithium cations. Although IABs have the
lowest open circuit voltage and theoretical gravimetric specific
energy of all the aforementioned systems of 1.28 V and 1080
W h kgFe

−1, respectively,7 IABs have the potential to become
one of the cheapest and safest energy storage solutions of the
future. Iron is one of the most abundant elements in the
Earth’s crust (4th position),8 is economic, is safe to handle,
and is easy to refine. Besides, IABs can be electrically recharged
(unlike Al−air), do not form dendrites during operation (as
Zn−air), and operate with an aqueous electrolyte, usually
KOH, which is cheaper than organic electrolytes and more
environmentally friendly.9,10 However, IABs still face some
challenges that need to be tackled before IABs are technically
and commercially viable. Challenges on the air electrode are
widely known and common to other metal−air systems. On
the other hand, the negative electrode of IAB presents the
following problems: (a) the parasitic hydrogen evolution
reaction (HER) during the charge, which reduces the
Coulombic efficiency of the system, (b) the electrode
passivation due to the formation of electrically nonconductive
compounds (such as iron(II) hydroxide and goethite) during
discharge, and (c) the molar volume change of iron discharge
products related to metallic iron.

Most approaches aimed at inhibiting or reducing the rate of
the HER are based on certain additives in the electrolyte like
alkanethiols11,12 or sulfide salts such as K2S or Na2S

13 that
have been proved to effectively suppress HER. Other
approaches including sulfides (FeS, Bi2S3, Na2S, or K2S)14−18

in the iron electrode composition have shown good perform-
ances at relatively low additive concentrations (<10% wt), and
it has also been established that sulfide species can also prevent
passivation. However, these approaches incorporate the sulfide
additives either by ball-milling (in which additives and active
electrode species are merely physically mixed) or in the
electrolyte (adding complexity to the design of the cell and
contaminating the air electrode, as recently established12). In
addition certain additives like those based on bismuth are not
desirable since bismuth is a critical raw material.19 New
methods of incorporating H2-inhibiting elements are then
necessary. During the charging cycle of iron−air batteries (or
in general in aqueous electrochemical devices dealing with
HER), hydrogen is formed on the surface of the iron particles;
therefore it is highly desirable to obtain an iron electroactive
material with a proper distribution of the H2-inhibiting
elements.

Recently, Shangguan et al.20 showed that adding sublimated
sulfur to an Fe3O4 oxide in a ball mill also helps to prevent
passivation by giving a supply of sulfide ions to the electrolyte
and by forming pores in the electrode when dissolving. In line
with this work, we propose the use of sulfur-modified iron
oxides as electroactive material for iron−air batteries. Sulfur-
doped or S-modified iron oxides based on hematite have been
widely used as Fenton catalysts, since hematite is easily doped
with heteroatoms. In the present work, we show a facile
method to obtain highly pure sulfur-modified iron oxides as
electroactive material for the negative electrode of an iron−air
battery. The synthesis method employed herein ensures that
sulfur gets introduced in the iron oxide structure, reaching an
intimate and optimized distribution of sulfur on the electro-
active materials,21 with the aim of increasing the HER-
suppressing effect and inhibiting passivation. Besides, the
synthesis is optimized to obtain mesoporous iron oxides able

to cope with the change of volume of the electrodes during
cycling, 272% molar volume increase from Fe to Fe(OH)2.

22

The novelty of the present research lies in the combination of
properties within one material able to tackle the three main
drawbacks of iron electrodes: HER, passivation, and volume
changes. These features are correlated to the discharge capacity
of the iron anodes, and in fact, a model relating the discharge
capacity and the number of cycles for each electrode is also
presented. Operation variables such as charge and discharge
rate are also investigated to elucidate the conditions that could
maximize the performance of the system.

2. MATERIALS AND METHODS
2.1. Materials Synthesis. Porous sulfur-modified iron oxides

were synthesized following the method presented by Du et al.23

Oxalic acid dihydrate (C2H2O4·2H2O, 0.04 mol) was dissolved in 100
mL of deionized (DI) water and heated up to 50 °C under vigorous
stirring. Another solution containing 0.04 mol of iron(II) sulfate
heptahydrate (FeSO4·7H2O) and 0.02 mol of sodium thiosulfate
(Na2S2O3) in 100 mL of DI water at room temperature was prepared
and added drop by drop to the first solution, maintaining the
temperature at 50 °C. A yellow precipitate formed that after cooling
down was filtered, washed with abundant DI water, and dried
overnight at 75 °C. Iron oxides obtained from oxalic acid were named
as S-Fe2O3-OXL. Iron oxides without sulfur (named as Fe2O3-OXL)
were also synthesized for the sake of comparison, following the same
procedure previously described without the addition of sodium
thiosulfate. Another iron oxide using sodium hydroxide (NaOH)
instead of oxalate as precipitating agent (named as S-Fe2O3-SHX) was
also prepared. In this case, 0.04 mol of iron(II) sulfate heptahydrate
(FeSO4·7H2O) and 0.02 mol of sodium thiosulfate (Na2S2O3) were
dissolved in 100 mL of DI water at room temperature. Subsequently,
80 mL of NaOH 1.0 mol/L was added under vigorous stirring, drop-
by-drop. The black precipitate that formed was filtered and washed
with DI water and dried overnight at 75 °C. All the samples were
calcined in air at 350 °C for 1 h. Subsequently, the so obtained iron
oxides were mixed with Vulcan XC-72R carbon black (1:1 mass ratio)
in a planetary ball mill at 100 rpm for 2 h, using ethanol 96% vol as
dispersing agent. Afterward, samples were dried in an oven at 75 °C.
Carbon is needed in iron electrodes to provide electrical conductivity
and to maximize the utilization of the iron material. A commercial
iron oxide (III) nanopowder (<50 nm, Sigma-Aldrich, named as
Fe2O3-COM) was also studied and mixed with Vulcan for the sake of
comparison.

2.2. Materials Characterization. The textural properties of the
iron oxides were investigated through nitrogen physisorption at 76 K
in a Micromeritics ASAP 2020. The specific surface area was
determined by the Brunauer−Emmet−Teller (BET) equation,
whereas the single-point and the Barrett−Joyner−Halenda (BJH)
methods were used to calculate the pore volume and the average pore
size, respectively. An ESCA Plus Omicron spectrometer (Scienta
Omicron) with a Mg (1253.6 eV) anode setup was employed to
perform X-ray photoelectron spectroscopy (XPS) studies. C 1s, O 1s,
S 2p, and Fe 2p orbital signals were obtained with a step of 0.1 eV
step, a dwell time of 0.5 s, and 20 eV pass energy. The quantification
of orbital signals and data analysis were curated using CasaXPS
software (Casa Software Ltd., CasaXPS version 2.3.18). The baseline
for the different peaks was estimated through a Shirley background
subtraction, and the signals were fitted with 70% Gaussian/30%
Lorentzian peaks. The carbon and sulfur content of the samples was
determined by elemental analysis (EA) in a Thermo Flash 1112
analyzer (Thermoscientific Waltham). A Bruker AXS D8 Advance
diffractometer (Bruker) with a θ−θ configuration and a Ru2500
diffractometer (RIGAKU) with rotating anode and θ−2θ config-
uration, both using Cu Kα radiation, were employed to investigate the
crystalline structure of the iron oxides using X-ray diffraction (XRD).
The crystallite size of the different phases was calculated applying
Scherrer’s equation to the iron oxide peaks. The iron amount was
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determined by inductively coupled plasma atomic emission spectros-
copy (ICP-AES) using a Jobin Ybon 2000 spectrometer. The sample
was previously fused using sodium peroxide. Each sample was
measured twice, the average value being presented. The morphology
of the iron oxides was investigated with a scanning electron
microscope (SEM), model Hitachi S-3400N. Combining SEM with
energy dispersive X-ray spectroscopy (SEM-EDX) allowed us to
determine the dispersion of iron and sulfur in the composites. The
equipment used was an EDX Röntec XFlash analyzer of Si(Li). FTIR
analysis were performed in a Vertex 70 spectrophotometer (Bruker).
The analyses were performed in the middle infrared region (from
4000 to 400 cm−1) recording 32 scans at 4 cm−1 spectral resolution.
KBr-matrix pellets were made to carry out transmittance analysis. To
prepare the pellets, 2 mg of sample was mixed with 200 mg of dry KBr
(>99% FTIR grade, Sigma-Aldrich), milled in an agate mortar, and
pressed. Mössbauer spectroscopy (MS) data were acquired at room
temperature using a constant acceleration spectrometer with sym-
metrical waveform and a 25 mCi 57Co/Rh source. The spectrometer
was calibrated at room temperature with α-Fe foil, and isomer shift
values are given with respect to α-Fe.

2.3. Electrode Preparation. Iron electrodes were prepared by
hot-pressing the obtained Fe2O3/C composites. A paste, prepared
with 100 mg of the Fe2O3/C composite, 14 mg of PTFE (60% wt
PTFE dispersion in water), and some drops of DI water, was placed
within two stainless-steel meshes (2.5 cm × 7.5 cm) and hot-pressed
at 25 kN and 140 °C for 90 s. The iron percentage in the electrodes
ranged between 28 and 35% wt, depending on the composition of
each oxide.

2.4. Electrochemical Setup and Cycling Procedures. The
electrodes were tested in a conventional three-electrode cell, using a
6.0 M KOH solution as electrolyte (prepared from highly pure KOH,
Alfa-Aesar-99.98% (metals basis), 85% min), a Ni sheet as counter
electrode, and a Hg|HgO reference electrode, as in previous
works.15,24 To minimize the electrolyte overpotential, the working
electrode and the counter electrode were placed in a holder where
they faced each other separated by 0.5 cm (Figure S1). The electrodes
were submitted to repeated galvanostatic charge and discharge cycles
at a charge rate of 0.4 C and a discharge rate of 0.2 C, according to the
theoretical capacity of the electrodes. The current (I) for each
electrode and C-rate was calculated from eq 1, assuming 1273 mA h
gFe

−1 as the theoretical capacity of iron (two discharge steps
considered):

I m g C1273
mAh

g
( rate) hFe

1
Ä
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ÅÅÅÅÅÅÅÅÅÅ

É
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ÑÑÑÑÑÑÑÑÑÑ

= [ ]· · [ ]
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3. RESULTS AND DISCUSSION
3.1. Physical−Chemical Characterization. 3.1.1. Chem-

ical Composition. The elemental analysis (EA) of the iron
oxides (prior to the ball-milling mixing with Vulcan) (Table 1)
shows that the sulfur content is 4.6 wt % for the S-Fe2O3-OXL
and 6.6 wt % for the S-Fe2O3-SHX according to the EA
analysis, and 6.9 atom % for S-Fe2O3-OXL and 4.8 atom % S-
Fe2O3-SHX according to the XPS, meaning that S-Fe2O3-OXL
has a S-enriched surface. The amount of sulfur in the
composite is around 2.3 and 3.3 wt % in S-Fe2O3-OXL/C
and S-Fe2O3-SHX/C, respectively. In the literature, the
amount of sulfur used as an additive in the negative electrode
ranges between 0.2 wt % as bismuth sulfide15,25,26 and 2 wt %
as iron sulfide.14,27 Deng et al.21 determined by DFT
calculations that hematite iron oxides synthesized from ferrous
sulfate and sodium thiosulfate mixtures (as in the present
work) can be doped with sulfur, as is the case of our iron
oxides, by two mechanisms: either interstitial or with sulfur
replacing O atom in the crystalline structure of hematite. The
amount of iron was also calculated by both XPS and ICP to
estimate the ratio of S/Fe (also shown in Table 1). The weight
% of iron is similar for both materials, around 50 wt %,
equivalent to around 25 atom %. This means that S-Fe2O3-
OXL presents a S/Fe ratio of 0.14 with respect to the S-Fe2O3-
SHX with a S/Fe ratio of 0.23.

High-resolution XPS spectra of the Fe 2p orbital reveals that
iron is mostly present as iron(III) oxide (Figure 1a), even
though other forms of iron oxides or hydroxides might be
present. The deconvolution of the iron spectrum curve of S-
Fe2O3-OXL shows three Fe 2p3/2 peaks, at 710.9, 712.6, and
718.9 eV, which are ascribed to iron sulfate or sulfide, iron(III)
oxide, and the classic satellite peak of Fe2O3 2p3/2,
respectively;23,28 in samples without sulfur, only peaks related

Table 1. Chemical Composition of the Sulfur-Modified Iron Oxides Determined by Elemental Analyses (EA), ICP, and XPS

elemental analysis,
sulfur ICP, iron XPS, atom %

material wt % atom % wt % atom % S/Fe atomic ratio (calculated from EA and ICP measurements) iron sulfur

S-Fe2O3-OXL 4.6 4.0 56 27.8 0.14 21.9 6.9
S-Fe2O3-SHX 6.6 5.5 51 24.2 0.23 18.0 4.8

Figure 1. High-resolution XPS spectra of (a) Fe 2p orbital and (b) S 2p orbital in S-Fe2O3-OXL.
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to Fe2O3 can be seen (Figure S2). Due to the proximity of the
characteristic binding energies of iron sulfate and iron sulfide
(FeS) in the high-resolution iron XPS spectrum,29 it is hard to
distinguish among these two species. The observation and
analysis of the sulfur orbital help to elucidate this ambiguity
(Figure 1b). The main 2p3/2 peak is observed at 168.7 eV,
which should correspond to sulfate.28,30,31 The absence of
peaks at lower binding energies (see Figure S2e) (mackinawite
and pyrite show sulfur peaks at around 162 eV 32) allows us to
dismiss the presence of sulfides. Using oxalate as precipitating
agent during the synthesis entails a more acidic pH
(approximately 4−5) that eventually favors the adsorption of
sulfate groups on the surface.33

3.1.2. Crystallographic Structure: Mössbauer Spectrosco-
py and X-ray Diffraction. The phases present in the samples
were determined by XRD (Figure S3), FTIR (Figure S4), and
Mossbauer spectroscopy (Figure 2). The room temperature

Mössbauer spectra of the oxides obtained by precipitation with
oxalic acid (named as OXL) or sodium hydroxide (named as
SHX) are shown in Figure 2 along with the spectra of the
corresponding sulfur modified samples. The spectrum of
Fe2O3-OXL was fitted with two sextets, while for the sulfur

modified sample S-Fe2O3-SHX a doublet was added (Table
S1). The sextets are straightforwardly (columns marked with
S1 and S2 in Table S1 in Supporting Information) assigned to
hematite and maghemite, respectively, according to their
hyperfine parameters, while the intensity at the center of the S-
Fe2O3-OXL spectrum, modeled as small doublet of very broad
peaks, can be assigned to a paramagnetic Fe3+ compound
because of its isomer shift value. In contrast, the samples
prepared with NaOH do not display neat sextets but broad
peaks which are asymmetric toward the center of the spectrum.
This is an indication of a distribution of particle size including
very small particles with superparamagnetic behavior at room
temperature, which can also be observed in the XRD patterns
(Figure S3). In this case, the spectra were fitted with a
distribution of sextets and a broad central doublet to account
for the iron oxides and their superparamagnetic behavior of
very small particles, while the distribution of sextets and two
doublets was used in the spectrum of the sulfur modified
sample. In S-Fe2O3-OXL the isomer shift and quadrupole
splitting values of the doublets are consistent with Fe2(SO4)3·
5H2O;34 however, the relative areas of the doublets do not
match those of pure Fe2(SO4)3·5H2O,34 with an extra intensity
in the inner (lowest quadrupole splitting) doublet, which may
be assigned to the superparamagnetic contribution of iron
oxides. Using the spectral area of the outer (largest quadrupole
splitting) doublet as pure Fe2(SO4)3·5H2O, we can estimate a
sulfur to iron atomic ratio of 15.53

2
≈ 23%, in good agreement

with the results of AE and ICP of 22.7% (Table 1).
The relative areas of the hematite and maghemite sextets in

the samples prepared with oxalic acid show that maghemite
formation is promoted when sodium thiosulfate is used to
introduce sulfur, and Fe3+ sulfates still unidentified are formed
at the expense of the hematite yield. The process is similar in
the samples prepared with NaOH, as it can be observed by the
decrease in the contribution of the largest hyperfine field values
(Figure 2, inset) associated with hematite, but in this case the
production of a Fe3+ sulfate, identified as Fe2(SO4)3·5H2O, is
much higher.

The synthesis method has a clear effect on the crystal
structure: the oxides obtained by precipitation with oxalic acid
(OXL) consist of mixtures of well crystallized hematite and
maghemite, whereas the one obtained by precipitation with
sodium hydroxide (SHX) shows broad reflections, especially
those that can be assigned to hematite; e.g., note reflection (1 0
4) at 2θ ≈ 33° (Figure S3 in Supporting Information). Table 2
shows the approximate proportion of each phase in our iron
oxides determined by MS and Rietveld profile fits using the
FullProf code,35 and average crystal size was obtained by
Scherrer’s equation. The fits included the refinement of the
occupancy of one of the octahedral sites in maghemite;36 in
both cases the refined occupancy indicated close to
stoichiometric maghemite. The profile of the diffractogram of

Figure 2. Mössbauer spectra of samples Fe2O3-OXL, S-Fe2O3-OXL,
Fe2O3-SHX, and S-Fe2O3-SHX. For the SHX samples, the distribution
of hyperfine field values is shown in the inset (dotted line, Fe2O3-
SHX; full line, S-Fe2O3-SHX).

Table 2. Crystalline Phases and Average Crystal Size of the Different Iron Oxides

crystal phase, % average crystallite size, nm from sextet areas in MS, %

material hematite maghemite hematite maghemite hematite maghemite

Fe2O3-COM 100 20
Fe2O3-OXL 79 21 17 17 76.1 23.9
S-Fe2O3-OXL 65 35 14 19 56.4 43.6
S-Fe2O3-SHX 8 4
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Figure 3. continued
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S-Fe2O3-SHX could not be fitted properly; hence no phase
proportion is provided from these data and the crystallite size
can only be estimated as 4−8 nm from the average width of
some reflections.

According to previous studies, maghemite transition to
hematite starts at around 320 °C for pure iron oxides and
around 450 °C and at low rates for iron oxides with
impurities,37 which is a sign that impurities (such as sulfur,
in this case) stabilize maghemite and, hence, promote its
formation. Also, previous works show that hematite is obtained
when calcining hydrated iron oxalates in air at around 400
°C.38 In the present study, sulfur seems to promote the
formation of maghemite upon iron oxalate calcination, as can
be inferred from the fact that S-Fe2O3-OXL has a lower
fraction of hematite than Fe2O3-OXL, as was also observed by
MS. In addition, it has been reported that hematite is obtained
from hydrothermal treatment of FeSO4 with bases.39

The average crystal sizes (calculated from Scherrer’s
formula) are between 4 and 20 nm (Table 2). Fe2O3-COM,
Fe2O3-OXL, and S-Fe2O3-OXL, have similar average crystal
size, whereas for S-Fe2O3-SHX crystal size is considerably
lower. The small size of particles and large area are also
important to provide good contact between the carbon and the
metal oxide phase, which is crucial to reduce the ohmic
overpotential. Like what is observed in XPS, no sulfide crystal
phases are observed in XRD. However, some peaks are
appreciated which could correspond to sulfate phases (green
marks in Figure S3). This is another evidence suggesting that

there is no sulfide in the samples and that all the sulfur is in the
form of sulfate groups.

Figure S4a,b in the Supporting Information shows the FTIR
spectra for the different iron oxides, evidencing notorious
differences between samples. FTIR results confirm XRD
identification of phases (Figure S4). Besides, for the sulfur
modified sample obtained from oxalic acid, the FTIR analysis
reveals the presence of adsorbed sulfate groups, which is in
concordance with the greater amount of sulfur observed in the
surface of this sample by XPS. Gotic et al.33 also described the
presence of adsorbed sulfates on iron oxides obtained at acidic
pH values, as is the case for S-Fe2O3-OXL.
3.1.3. Textural Properties. All the iron oxides show a type-

IV adsorption−desorption isotherm (see Figure S5 in the
Supporting Information), characteristic of mesoporous materi-
als, and surface areas between 30 and 55 m2/g (see Table S2),
with porosity values around 50% and large mesopores (∼15
nm) that may help accommodate the volume changes of the
electrodes upon cycling.
3.1.4. Morphology. Figure 3 shows the SEM micrographs at

different magnifications. Both Fe2O3-OXL (Figure 3a and
Figure 3b) and S-Fe2O3-OXL (Figure 3d and Figure 3e)
consist of agglomerates of parallelepipeds of around 5 μm of
average transversal length made of iron oxide crystallites.
These structures show irregularities (Figure 3a−f), cracks, and
fissures, which are formed during the thermal decomposition
of oxalate ions.23 Iron oxide S-Fe2O3-SHX has a completely
different morphology. At low magnifications (Figure 3g) it

Figure 3. Micrographs at low (left) and high (right) magnification and EDX mapping for (a−c) Fe2O3-OXL, (d−f) S-Fe2O3-OXL, (g−i) S-Fe2O3-
SHX, (j−l) Fe2O3-COM.
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looks like a compact irregular material, while zooming in
Figure 3h lets us appreciate a mixture of ball-like and needle-
like shape of the particles. The mesoporosity observed for this
material is a consequence of the spaces between these small
structures. The SEM image of Fe2O3-COM, Figure 3j, shows it
has a blackberry-like morphology, consisting of aggregates of
thousands of smaller particles. The STEM image (Figure 3k)
shows that this material is composed of nanometric regular
polyhedron particles. According to the manufacturer, the
maximum diameter of these particles is 50 nm. Indeed, it can
be observed that the size of the Fe2O3 particles ranges from
approximately 10 to 50 nm.

EDX mapping was performed to evaluate the distribution of
both iron and sulfur on the obtained materials. Fe2O3-OXL
(Figure 3c) and Fe2O3-COM (Figure 3l) present a
homogeneous distribution of iron, without any trace of sulfur,
whereas S-Fe2O3-OXL (Figure 3f) and S-Fe2O3-SHX (Figure
3i) present a proper distribution of both iron and sulfur. This
means that the sulfur present in the sulfur-modified materials
comes from the thiosulfate added in the synthesis and not from
the iron(II) sulfate employed as iron precursor. As can be seen
in Figure 3f and Figure 3i, sulfur is well dispersed over the iron
particles, suggesting a homogeneous mixture between iron
oxide and sulfate phases or sulfur species adsorbed over the
entire iron oxide surface. Additionally, STEM-EDS analyses
were carried out to corroborate that sulfur was present along
all of the iron particles. Indeed, as seen in Figure S6, there is
presence of sulfur in every iron crystallite, in both S-Fe2O3-
OXL and S-Fe2O3-SHX.

3.2. Electrochemical Characterization. 3.2.1. Discharge
Capacities. The four materials were characterized in a three-
electrode cell to determine their discharge capacities and test
their stability. The charge−discharge potentiometric curves are
shown in Figure 4. A total of 20 cycles (between 70 and 100 h)
were performed. Figure 4 indicates the differences in stability
for the assessed electrodes, the sulfur-modified iron oxides (S-
Fe2O3-OXL/C and S-Fe2O3-SHX/C) being the most stable
ones, which will be deeply discussed in the following section.

During the discharge, a first plateau can be observed at
−0.94 V vs Hg|HgO, corresponding to the oxidation of
metallic iron to iron(II) hydroxide. As metallic iron, an
excellent electrical conductor is oxidized to Fe(OH)2, which is
an insulator, the resistance of the system increases, and so the
potential reaches more negative values. Studies have shown
that the oxidation of metallic iron to iron(II) hydroxide occurs
through a dissolved intermediate, HFeO2

−, which then
precipitates as crystallite particles, increasing the surface
roughness.40−43 When all the crystallization sites are covered
(at low overpotential), an insulating layer is formed. When all
the remaining iron atoms are covered by the insulating layer,
the overpotential increases and the inner atoms oxidize at
potentials where the second discharge step also occurs. The
second discharge plateau can be divided into two smaller
plateaus, suggesting the second discharge step is composed by
two reactions: the oxidation of iron(II) hydroxide to
magnetite, and then the oxidation of magnetite to iron(III)
oxyhydroxide, as can be inferred from the post-mortem XRD
analysis (Figure S7).

Figure 4. Charge−discharge cycles of the electrodes manufactured with (a) Fe2O3-OXL/C, (b) S- Fe2O3-OXL/C, (c) S- Fe2O3-SHX/C, and (d)
Fe2O3-COM/C. Charge rate, 0.4 C; discharge rate, 0.2 C.
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Figure 5 shows the maximum discharge capacity (black bar)
reached by the different iron anodes tested during 20 cycles,

along with the maximum discharge capacity obtained at the
first plateau (after the first oxidation reaction, from Fe to
Fe(OH)2,) at approximately −0.75 V vs Hg|HgO (blue bar).
This value is of interest for the practical application of these
electrodes, as the first discharge plateau provides more energy

due to its higher electrochemical potential. Figure 5 also
presents the average discharge capacity (medium value
considering the 20 charge−discharge cycles) and the discharge
capacity at the 15th cycle (red bar); these data will be
important in the next section. The electrode with the highest
capacity, the one prepared with commercial iron(III) oxide
nanoparticles, reaches a maximum discharge capacity of 881
mA h gFe

−1, which is almost 70% of the theoretical capacity
(considering both discharge steps), that however is not
sustained with time (capacity decays to 40 mA h gFe

−1 in the
15th cycle). On the other hand, the two composites based on
sulfur-modified iron oxides show a maximum capacity ranging
from 450 to 500 mA h gFe

−1 (superior to current lithium ion-
batteries) and a higher stability, retaining most of their
maximum capacity. Iron oxides obtained with either oxalic acid
(OXL) or sodium hydroxide (SHX) present capacity values at
the first plateau from 250 to 420 mA h gFe

−1, in comparison to
the commercial composite reaching as high as 400 mA h gFe

−1,
but it is not sustained during cycling. In terms of Coulombic
efficiencies, the best value is achieved by Fe2O3-COM/C, with
almost 70% as a maximum, whereas Fe2O3-OXL/C shows a
sustained 50%.

It is interesting to note that the maximum capacity of the
electrodes is not correlated to the surface area or the crystal
size of the iron oxides, which is a consequence of the described
dissolution−precipitation reaction mechanism; the dissolution
of HFeO2

− exposes new iron atoms that are then oxidized, as
was explained above. In fact, Fe2O3-COM/C has the highest
maximum discharge capacity and the second-to-lowest surface

Figure 5. Discharge capacity values for each material: max = best
discharge capacity of all cycles, 15th cycle = discharge capacity at 15th
cycle; max first step = maximum discharge capacity at −0.75 V vs Hg|
HgO. Charge rate: 0.4 C. Discharge rate: 0.2 C.

Figure 6. Discharge capacity values for each cycle for the electrodes manufactured with composites (a) Fe2O3-OXL/C, (b) S-Fe2O3-OXL/C, (c) S-
Fe2O3-SHX/C, and (d) Fe2O3-COM/C. Charge rate: 0.4 C. Discharge rate: 0.2 C. Black line corresponds to the model adjusting the capacity
fading with the cycles.
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area of all the samples (Table S2), showing similar crystal sizes
when compared to iron oxides obtained from oxalate
precipitation (Table 2). The crystalline phases also do not
behave as reported by Lee et al.,44 with S-Fe2O3-OXL/C
showing a much more stable performance than Fe2O3-OXL/C,
even though they are composed of 44% and 24% maghemite,
respectively (Table 2). In fact, in the cited article, maghemite
electrodes do not reach capacities higher than 80 mA h gFe

−1,
while in the present work the 100% maghemite electrode
achieves more than 10 times that amount, although for only
three cycles.
3.2.2. Stability of the Electrodes. Another information

obtained from the charge−discharge cycles was the mid-term
stability in operation, i.e., how fast the discharge capacity was
lost during repeated cycling. Figure 6 shows that as the
electrode charges and discharges, the discharge capacity
increases for the first cycles, which is known as the formation
period. In carbonyl−iron electrodes, the formation period can
last from 20 up to 200 cycles,22,24,26,45 while in nanometric iron
oxide electrodes it can take only a few cycles or even none,24,46

as is the case of our electrodes. The authors attribute this to
the combination of sufficient surface area and small particle
size of our iron oxides. After the formation period, the
discharge capacity slowly decreases but not at the same rate for
all materials. Both Fe2O3-OXL/C (Figure 6a) and Fe2O3-
COM/C (Figure 6d), the latter with the highest maximum
discharge capacity, quickly deactivate and lose capacity upon
cycling. On the other hand, sulfur-modified iron oxides,
namely, S-Fe2O3-OXL/C (Figure 6b) and S-Fe2O3-SHX/C
(Figure 6c), present a very stable behavior upon cycling, barely
losing discharge capacity with time. To elucidate the
mechanism of deactivation and compare the different iron−
carbon composites, a mathematical model was developed and
adjusted to the capacity of the composites over the cycles. A
full description can be found in the Supporting Information.
The black line corresponds to the model adjusting the capacity
fading with the cycles, which will be discussed ahead.

The mechanism by which the iron electrodes deactivate is
still under discussion. Most authors propose that deactivation
is due to the passivation of the electrode, i.e., the repetitive
formation and dissolution of an insulating layer of Fe(OH)2
over the iron atoms.47−49 When this layer reaches certain
thickness, due to the inefficiency of the dissolution (charge
process), the resistance increases and subsequently so does the
overpotential, up to the limit where it is practically impossible
to reduce the iron(II) hydroxide to iron at reasonable working
potentials. Another hypothesis for the loss of capacity of iron
electrodes regards the plugging of the pores47 (which also
causes an ohmic loss of potential) and the loss of electroactive
material. The plugging effect is significant mainly because of
the increase in molar volume during the discharge, as the
oxidation products of iron are much less dense than metallic
iron. The volume change of iron after discharging can be
clearly observed by SEM in Figure S8, showing an increase of
the size of the iron oxide particles upon cycling. The
hypothesis of material loss during the cycling was studied by
Kitamura et al.50 and by Figueredo-Rodriǵuez et al.,16 who
observed a structural change in the iron particles after 20 cycles
and also some damage due to gas evolution. During our
experiments, we were able to see that material dropped from
the electrode into the electrolyte and settled at the bottom of
the cell. This effect was stronger in the electrodes
manufactured with nonmodified iron oxide and could be

caused by mechanical stress applied by hydrogen bubbles
formed within the electrode, which indicates the importance of
a proper distribution of the inhibiting HER elements within
the structure of the electrode

To elucidate the mechanism of deactivation and compare
the different iron−carbon composites, a mathematical model
was developed and adjusted to the capacity of the composites
over the cycles. A full description can be found in the
Supporting Information. The assumptions made for this
model, described in eq 2, were the following: (i) the electrodes
take a few cycles to activate, in which their capacity increases,
and after that, (ii) the capacity decreases exponentially down
to zero after infinite cycles.

Q Q fi
n i= · (2)

where Q is the discharge capacity of the electrode at a cycle n, i
is the number of the first cycle after activation, Qi is the
discharge capacity of the electrode in that cycle, and f is a
factor that indicates how ideally the electrode works or how
fast it deactivates. In an electrode that does not lose capacity at
all, f would be equal to 1 ( f = 1). The electrode manufactured
with Fe2O3-OXL/C (Figure 6a) needs four cycles to activate,
while S- Fe2O3-OXL/C (Figure 6b) needs three. After that, the
discharge capacity of Fe2O3-OXL/C (Figure 6a) rapidly
decreases, almost monotonically, except for the 9, 11, and 14
cycles, where a sharp but not sustained increase in the capacity
is observed. The most plausible explanation for this
phenomenon is that hydrogen bubbles delaminate the
electrode and break the material, creating new pores and
exposing new active surface. Nevertheless, those pores are
quickly plugged again by inactive material. In this case, we
believe that both passivation and plugging of the pores take
place at the same time, which would sustain the previous
explanation. The f factor calculated for this electrode is 0.829.

The electrode manufactured with the S-Fe2O3-OXL/C
composite shows a very steady behavior (Figure 6b). From
cycle 4 and on, the discharge capacity slowly decreases at a
pace less than 0.5%/cycle ( f = 0.995). Comparing the
properties of Fe2O3-OXL/C and S-Fe2O3-OXL/C, the two
oxides used for these composites present close values of surface
area, porosity, pore size, and crystal size. The only differences
are the absence or presence of sulfur and the ratio of
maghemite to hematite. Nevertheless, the Fe2O3-COM/C
composite is exclusively formed by maghemite and has a very
poor performance in terms of stability (Figure 6d), so the most
plausible explanation is that sulfur is indeed preventing
passivation in S-Fe2O3-OXL/C.

For the two other composites (S-Fe2O3-SHX/C, Figure 6c
and Fe2O3-COM/C, Figure 6d), the proposed model does not
fit the data as well as it does with the oxalate-based iron oxide
composites. S-Fe2O3-SHX/C (Figure 6c) shows a different
behavior. During the first 20 cycles, the tendency is that its
capacity increases, indicating that the material is still not fully
activated. This behavior will be deeply discussed in the next
section. However, both S-Fe2O3-SHX/C and S-Fe2O3-OXL/C,
present a more stable performance than the electrodes that did
not contain sulfur.

For the Fe2O3-COM/C electrode (Figure 6d), the first three
cycles have an exceptionally high discharge capacity, which
immediately decays to less than half in the following cycles. As
seen in Table S2, the oxide in which this composite is based
has the lowest surface area and porosity of all, which makes it
prone to pore plugging. As the cycling advances, the electrode
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loses capacity especially in the first discharge plateau. This is a
signal that iron hydroxide is not reducing to metallic iron,
which supports the hypothesis of passivation by insulating
layer.

According to several studies,14,51,52 sulfur prevents passiva-
tion of iron electrodes when present as iron sulfide or bismuth
sulfide. Some new studies have shown that adding elemental
sulfur to the electrodes can have a strong impact in preventing
passivation. As Shangguan et al. showed by XRD analysis,20

sublimated sulfur can reduce to S2−, which dissolves into the
electrolyte and then is adsorbed by iron particles, forming FeS
and other nonstoichiometric iron sulfides. In this case, the
post-mortem XRD analysis was inconclusive (see Figure S7 in
the Supporting Information), but XPS shows that, indeed,
sulfate present in the fresh sulfur-modified iron oxides reduces
to species that, according to the binding energies, could be S or

S2− (Figure 7). Equations 3−5 show the path that sulfur can
follow in alkaline media to reduce from sulfate to sulfide:

E

SO H O 2e SO 2OH ;

0.93 V vs SHE
4

2
2 3

2

0

+ + +

= (3)

E

SO 3H O 4e S 6OH ;

0.66 V vs SHE
3

2
2

0

0

+ + +

= (4)

ES 2e S ; 0.48 V vs SHE0 2 0+ = (5)

The reduction from sulfate to sulfite (eq 3) takes place at a
more negative potential than the reduction of iron(II)
hydroxide. Nevertheless, −0.93 V vs SHE is equivalent to
−1.03 V vs Hg|HgO, so the standard potential for this reaction
is less negative than the potentials at which the system is
working. Once the sulfate is reduced to sulfite, it should rapidly
reduce to sulfur and then sulfide, as the standard equilibrium
potentials for these reactions (eqs 4 and 5) are much less
negative than those at the working electrode. This explains why
no sulfite peaks are observed in Figure 7 being highly probable
that the peak at 163.9 eV corresponds to sulfide. As has been
demonstrated in previous literature,53,54 sulfide ions react with
iron(II) hydroxide to form the much more conductive iron(II)
sulfide and other conductive iron sulfide species.

More evidence for the passivation preventing effect of sulfur
can be found in the fresh and post-mortem electrode SEM

images and EDX analyses (Figure S9). It can be seen that the
iron crystal agglomerates grow after 20 cycles, and this effect is
more evident in electrode Fe2O3-COM/C than in S-Fe2O3-
OXL/C, consistent with the higher maximum discharge
capacity of the first electrode over the latter. Especially
interesting are the EDX analyses of the electrodes before and
after cycling. Before cycling, it can be seen that the electrode
Fe2O3-COM/C has a high amount of oxygen in the iron
particle, which means the iron is oxidized. After 20 cycles, the
amount of oxygen detected by EDX is considerably lower,
which is a signal that only a small amount of the iron was able
to oxidize. This is consistent with the electrode being
passivated by a layer of iron(II) hydroxide over the metallic
particles which does not allow the bulk of them to react. In
electrode S-Fe2O3-OXL/C, the height of the oxygen peak in
the EDX scan relative to the iron peak is almost the same in
the fresh electrode and in the electrode cycled 20 times,
showing that the passivation of iron in this electrode is much
slower.

Electrodes based on sulfur-modified iron oxides were
subjected to extended cycling (60 cycles, approximately
200−280 h). Further details on these experiments can be
found in the Supporting Information.

Operation variables were also investigated to elucidate the
conditions that could maximize the performance of the system.
Electrodes manufactured with S-Fe2O3-OXL/C were cycled at
higher C-rates (i.e., higher charging and discharging currents).
The detailed information can be found in the Supporting
Information.

4. CONCLUSIONS
We prepared mesoporous sulfur-modified iron oxides, which
were mixed with commercial carbon (Vulcan XC-72R) to form
Fe/C composites and tested as negative electrodes for iron−air
batteries. Unlike most previous negative iron electrodes, the
sulfur was directly produced as a composite material with the
iron rather than being added by simple physical mixing. The
synthesis of the iron oxide was facile, and it could be prepared
in a scalable manner at low cost. The following paragraphs will
summarize the significant findings that were observed.

The discharge capacities of the iron electrodes ranged from
400 to 850 mA h gFe

−1; although the iron electrodes with sulfur
modification had lower capacities than those without, the cycle
stability was vastly improved by the addition of sulfur. The
positive effect of sulfur outstrips any the effect of any other
feature such as phase composition or particle size.

The oxalate-precipitated sulfur-modified iron oxide (S-
Fe2O3-OXL) proved to be a superior material for long-term
cycling. The exponential decay in the discharge capacity was
much lower such that it was able to maintain 95% of its initial
capacity after 20 cycles (∼100 h) at 0.4 C (charge) to 0.2 C
(discharge) rates. It even maintained 65% discharge capacity
after 500 h of operation. In comparison, the same material
prepared without sulfur almost completely deactivated after 20
cycles and commercial iron(III) oxide nanopowder deactivated
after 15 cycles.

The synthesis method allowed uniform distribution of sulfur
on the surface of the iron oxide. The high degree of physical
contact between the iron and sulfur phases improves the
electrochemical stability of the electrode by enhancing the
suppression of hydrogen evolution and passivation (as
demonstrated by the improved Coulombic efficiency).

Figure 7. XPS post-mortem spectrum of the composite S-Fe2O3-
OXL/C in the sulfur 2p orbital region.
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The mechanism by which prevention of passivation occurs is
reduction of sulfate species into sulfide under the operating
conditions, which then decreases the potential for hydrogen
evolution at the electrode surface area.

Finally, we demonstrated control of the charge and
discharge rates to enhance different properties. Lower charge
and discharge rates resulted in the operation of the electrodes
being more stable (less than 0.5% capacity loss per cycle), and
by increasing the rates, we could increase the Coulombic
efficiency of the process from 35% up to 65%.

The results obtained from this research present a useful tool
for manufacture and operation of iron electrodes in an iron−air
battery. In order to achieve the highest Coulombic efficiency, a
charging rate of 0.8 C and a charge time of 50 min are
recommended. A lower charge rate, 0.4 C, is recommended to
extend the useful life of the electrode.
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S.1. Experimental details 

 

Figure S1. a) Schematic view of the holder employed for the electrochemical tests, b) Image of the 
holder containing the working electrode and counter electrode. 
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A scheme and an actual photograph of the electrodes system and cell is shown in Figure S1. 

The reference and counter electrodes are held only 5 mm apart to reduce the electrical 

resistance in the electrolyte and the overpotential related to it. The reference electrode is 

connected through a capillary, contacting close to the working electrode.  

S.2. Additional physical-chemical characterization 

 

 
Figure S2. High-resolution XPS spectra of Fe2p in a) Fe2O3-COM and b) Fe2O3-OXL. High-

resolution XPS spectra of (c) Fe2p and (d) S2p in S-Fe2O3-SHX. e) High-resolution XPS spectra 
of S2p in S-Fe2O3-OXL with a wider B.E. range. 
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Table S1. Mössbauer hyperfine parameters for samples Fe2O3-OXL, S-Fe2O3-OXL, Fe2O3-SHX 
and S-Fe2O3-SHX. 

 Fe2O3-OXL S-Fe2O3-OXL Fe2O3-SHX S-Fe2O3-SHX 

 S1 S2 S1 S2 D S1 D S D1 D2 

Bhf (T) 51.62(1) 49.54(2) 51.66(1) 49.60(2) – 45.1
(b)

 – 43.3
(b)

 – – 

 (mm/s) 0.374(1) 0.325(2) 0.372(1) 0.318(1) 0.382(5) 0.33
(b)

 0.29(2) 0.346
(b)

 0.377(5) 0.369(1) 

2/QS (mm/s)
(a)

 –0.208(1) 0
(c)

 –0.208(1) 0
(c)

 0.760(8)  0.60(3) –0.204(2) 1.144(3) 0.72(2) 

FWHM  (mm/s) 0.250(2) 0.474(7) 0.231(2) 0.504(5) 0.71(1)  0.83(8)  0.311(5) 0.50(1) 

Area (%) 76.1(1) 23.9(1) 52.6(1) 40.7(1) 6.7(1) 96.9(3) 3.1(5) 71.2(1) 15.5(1) 13.3(1) 

Isomer shifts relative to -Fe. 

(a) 2 for sextets, QS for doublets. 

(b) Weighted average values. Median values of Bhf: 49.1 T for Fe2O3-SHX, 46.9 T for S-Fe2O3-SHX. 

(c) Fixed values. 

 

 
Figure S3. Experimental diffraction patterns (dots), fitted patterns (thick lines) and difference 
patterns (thin lines). Vertical lines show calculated reflection positions for maghemite (upper) 

and hematite (lower). Regions excluded from the fits carried out to determine the relative 
maghemite and hematite mass fractions are shown in green. 
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Figure S4a and S4b shows FTIR spectra for the different iron oxides, evidencing clear 

differences between samples. All the iron oxides, present absorption peaks observed at 3429 

and 1630 cm−1 that are assigned to the stretching mode of hydroxyl group of water molecules. 

Figures S4c to S4f show the region from 1600 to 400 cm-1 for all the individual samples. 

Typical modes of maghemite are present in the FTIR spectra for the commercial sample, 

Fe2O3-COM (Figure S4c), composed of pure maghemite (γ-Fe2O3), as also determined by 

XRD. Klotz et al. mentioned well defined spectrum with peaks at 560, 587, 636, 690, 724 

cm−1, because of the vacancies in octahedral sides of γ-Fe2O3, also visible in our Fe2O3-COM 

sample, what corroborates its crystallographic structure 1. On the other hand, S-Fe2O3-SHX 

shows two characteristic bands at 889 cm-1 and 796 cm-1 assigned to Fe-O-H bending 

vibrations as well as typical bands associated to hematite, in the range within 662-526 cm-1 

and 494-437 cm-1 as referred by 2. On the other hand, Fe2O3-OXL and S-Fe2O3-OXL show a 

mixed FTIR spectra with bands typical from both hematite (bands at 637, 538 and 462 cm-1) 

and maghemite (bands at 694 and 480 cm-1) (in accordance to XRD). Besides S-Fe2O3-OXL 

shows four bands at 1227, 1139, 1074 and 1000 cm-1 that could be assigned to adsorbed 

sulfates groups. Gotic et al. also described the presence of adsorbed sulphates on iron oxides 

obtained at acidic pH values, as is the case for S-Fe2O3-OXL 3,4. 
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Figure S4. FTIR spectra for the different iron oxides synthesized: (a) Comparison between 
Fe2O3-COM vs. S-Fe2O3-SHX; (b) Comparison between Fe2O3-OXL vs. S-Fe2O3-OXL; (c) 
Fe2O3-COM  (d) S-Fe2O3-SHX (e) Fe2O3-OXL (f) S-Fe2O3-OXL 

 

 

Table S2 shows the quantitative results obtained from the fitting of N2-

adsorption/desorption isotherms (Figure S5a), along with the average porosity of the 

obtained samples, calculated from the ratio between the pore volume and the density (being 

the density considered for iron oxide: 5.26 g cm-3)5. Iron oxides obtained present a porosity 

around 50 %, which will be useful to hold the change of volume of the iron products during 

discharge. Commercial iron oxide presents the lowest pore volume and porosity of all the 

oxides. In Fe2O3-COM, the pores exist due to the small particle size, which creates small 

voids between the particles, as can be ascribed from the TEM image shown in Figure 3k (in 

the main manuscript). The regular shape of its particles allows the particles to stack better, 

and fewer voids are left in between, as can be seen in the mentioned image (Figure 3k). 
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In the case of Fe2O3-OXL and S-Fe2O3-OXL, the mesoporosity is consequence of the pores 

open in the bulk of the material by the decomposition of the organic salt. As a result, Fe2O3-

OXL and S-Fe2O3-OXL have an almost identical surface area, around 55 m2 g-1 which is the 

double of S-Fe2O3–SHX and around 33% larger than the surface area of the commercia l 

sample, Fe2O3-COM (Table S2). Iron oxides obtained from oxalic acid present an average 

pore size around 14 nm, a similar value to the one of the commercial iron oxide. Whereas S-

Fe2O3-SHX (obtained by precipitation with NaOH) presents the largest average pore size, ca. 

24 nm. The use of NaOH in the synthesis might act as pore generator, favoring a larger pore 

size 6. In any case, large mesopores may help accommodating the volume changes of the 

electrodes upon cycling. Figure S5b shows the pore size distribution of the iron oxides.  

 

 

Table S2. Textural properties of the iron oxides 

Sample 
BET surface 

area / m2 g-1 

Pore volume / 

cm3 g-1 

BJH pore 

size / nm 
Porosity 

Fe2O3-COM 38.9 0.13 13.3 40 % 

Fe2O3-OXL 55.5 0.24 14.6 55 % 

S-Fe2O3-OXL 55.8 0.20 14.9 51 % 

S-Fe2O3-SHX 28.3 0.19 23.8 50 % 
 

Figure S5a shows the nitrogen physisorption isotherms for the four different iron oxides. 

The two oxides synthesized via precipitation with oxalic acid have a larger total pore volume 

(as can be ascribed from the maximum adsorbed quantity) and a larger surface area (seen 

from the slope at relative pressure 0.05 – 0.3) than the two other oxides. In addition, Fe2O3-

OXL and S-Fe2O3-OXL (Figure S5b) have pores around 10 nm and 40-45 nm wide (Fe2O3-

OXL has three times more 10 nm pore volume than S- Fe2O3-OXL), while S-Fe2O3-SHX and 

Fe2O3-COM only have 35 – 40 nm pores. 
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Figure S5. a) Nitrogen adsorption-desorption isotherms at 77K over the four synthesized iron 

oxides. b) Pore size distribution of the iron oxides 

 

STEM-EDS analyses confirmed that sulfur is present along all of the iron particles (Figure 

S6). 

Figure S6. STEM images and EDS analysis of different iron crystallites in composites S-Fe2O3-
OXL/C (a, b, c, and d) and S-Fe2O3-SHX/C (e, f, g and h) 
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Post-mortem XRD of the S-Fe2O3-OXL/C electrode after the first charge step, first discharge 

step and second discharge step are shown in Figure S7. It was not possible to see any sulfur 

phases. Only the sample examined after the second discharge step shows clear presence of 

goethite, but it was not possible to quantify the phases, as most of the peaks of Fe3O4 and 

Fe(OH)2 overlap or are very close. 

 
Figure S7. X-ray diffraction spectra of S-Fe2O3-OXL/C electrodes after the first charge plateau 

(top), first discharge plateau (middle) and second discharge plateau (bottom) 
 

 

Figure S8. SEM images (16000x magnification back-scattered electrons) of electrode Fe2O3-
COM/C before (a) and after (b) discharging.  
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Figure S9. SEM images and EDX analyses for the electrode Fe2O3-COM/C: a) fresh electrode and 

b) after 20 cycles; SEM images and EDX analyses for the electrode S-Fe2O3-OXL/C: c) fresh 
electrode and d) after 20 cycles. Insets are the areas where EDX was measured 
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S.3. Extended cycling 

As stated in the main text, S-Fe2O3-SHX/C (Figure S10b) increases its capacity during the 

first 20 cycles, indicating that the material is still not fully activated. According to nitrogen 

physisorption (Table S2), this oxide has the lowest surface area of all the materials, which 

means it needs more cycles to increase its area by successive expansions and contractions in 

order to expose more iron atoms to the electrolyte. After the first 20 cycles, the capacity of 

the electrode becomes erratic There is a clear tendency to deactivation, but some spikes with 

high discharge capacity values can be seen (cycles 24, 30, 36, 40, 43). The model estimates 

a 7 % loss of capacity per cycle, which means a faster deactivation for S-Fe2O3-SHX/C than 

for S-Fe2O3-OXL/C (Figure S10a). Even though S-Fe2O3-SHX has a higher percentage of 

Sulfur in the bulk (as obtained by elemental analysis), it has less surface Sulfur than S-Fe2O3-

OXL (Table 1), meaning less sulfate that can reduce to sulfide and help to prevent 

passivation. Shangguan et al. 7 reached a similar conclusion. Their materials had 5-10 % wt. 

Sulfur and, and they also reported that the stability and the performance of the electrodes 

increased with the amount of Sulfur. Another factor for the worse stability of S-Fe2O3-SHX 

when compared to S-Fe2O3-OXL is the different crystal size. Being much smaller in the 

former, this means also a higher tendency to passivation, since small particles are more prone 

to passivation phenomena than large ones. This manuscript adds another conclusion: it is the 

amount of Sulfur on the surface, and not necessary in the bulk of the iron oxide the most 

important property that enhances the stability of the electrode, along with a proper crystal 

size. 

 

Figure S10. Extended cycling of a) S-Fe2O3-OXL; b) S-Fe2O3-SHX 
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To prove the deactivation model adjusted to the first 20 cycles and test the long-term 

performance of the synthesized materials, a 100-charge-discharge cycles (400 hours) was 

performed using the most stable material, S-Fe2O3-OXL/C. As Figure S11 shows, the model 

predicts accurately the behavior of the electrode for ca. 70 cycles. From cycle 73 to cycle 74 

(green rectangle in Figure S11), the capacity decreases circa 14% and never recovers, so the 

model overestimates the discharge capacity from that moment on. The capacity loss after 100 

cycles (350 hours) predicted by the model for this electrode was 39%, while the loss 

experimentally determined was 49%, still, the model gives an excellent estimation of the 

behavior of the electrode for 70 cycles. The difference in the expected and experimenta l 

values can be attributed to the slight loss of Sulfur along cycling. The amount of Sulfur in 

the fresh electrode measured by Elemental Analysis was 1.37 wt. %, and upon cycling it 

slightly decreased to 1.29 wt. %. 

 

Figure S11. Discharge capacity of the electrode manufactured with Fe2O3-OXL-S/C along 

100 cycles. Charge rate: 0.4C, discharge rate: 0.2C. 

Similar trends can be observed in literature. Tan et al.8 synthesized iron particles embedded 

in graphitic networks and found out that, after a 30-cycle formation period, the capacity 

decreases. In that study, the authors attribute the capacity loss to the consumption of sulfide 

ions, as they use Na2S 0.01 M as additive in the electrolyte. In fact, they show that the 

electrodes can recover their capacity by adding again Na2S to the electrolyte, but other studies 

have shown that electrolyte additives can poison the positive electrode of iron-air batteries 9. 

Other studies show even more look-alike trends. In the paper by Ito et al.10, carbon nanofibers 

loaded with Fe3O4 nanoparticles achieved a maximum of ca. 800 mAh gFe
-1 at fifth cycle, 

decreasing their capacity slowly to approx. 650 mAh gFe
-1 at 30th cycle, which is roughly a 
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0.75% capacity loss per cycle. A different but still related deactivation behavior is presented 

by Manohar et al.11, whose carbonyl iron and bismuth sulfide electrodes showed a remarkable 

almost 100% charging efficiency for the first 14 cycles, but dropped to 95% in the 15th cycle 

and did not recover its previous value later on. It must be mentioned that this last study used 

a discharge rate of 0.05 C, while in the present study it is four times higher. 

 

An electrode manufactured with S-Fe2O3-OXL/C was charged at 0.8 C rate and discharged 

at 0.4 C rate for 34 cycles (Figure S12a); and another identical electrode was charged at 1.6 

C rate and discharged at 0.8 C rate for 20 cycles (Figure S12b). The increase in the charge 

and discharge C-rates resulted in a high increase in the discharge capacity, especially when 

charging at 0.8C and discharging at 0.4C (Figure S12a). In these conditions, the electrode 

manufactured with S-Fe2O3-OXL/C reached a total of almost 800 mAh gFe
-1 of discharge 

capacity. The highest discharge capacity value we have found in literature is 900 mAh gFe
-1 

12, but the performance of the electrodes manufactured in this study is more stable than in the 

cited article. Especially promising is the maximum of almost 500 mA h gFe
-1 in the first 

discharge plateau. In the case of the electrode cycled at a charge rate of 0.8C and discharge 

rate of 0.4C (Figure S12a), after 17 cycles, a cut-off was applied at 50 minutes of charge for 

the subsequent cycles. This turned into a slight decrease in discharge capacity, but an 

important increase in coulombic efficiency (green circle), from 49 % to 62 %, which is a 27 

% increase with respect to the efficiency obtained before the charging-time shortening. 

However, this increase in efficiency comes with a 15 % decrease in the maximum capacity 

(green circle in Figure S12a).  

A higher C-rate (Figure S12b), namely 1.6 C rate for charging and 0.8 C for discharging, 

does not increase the capacity of the electrode as much as the intermediate C-rate. Another 

effect of the increase in the charge and discharge rate is a reduction in the stability factor 𝑓 

for the electrode and a bell-shape curve for maximum discharge capacities (Figure S12c). 

The loss of stability with higher charge and discharge rates was expected and may be due to 

the formation of goethite with rapid oxidation of iron (II) hydroxide, according to literature 

13. The increase in discharge capacity can seem surprising, but it is a phenomenon that has 

been previously studied. According to Kitamura et al. 14, this effect in Fe2O3/carbon 

electrodes is explained by the difference of the potentials at which the HER and Fe(OH)2 
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reduction reach their diffusional limit, being that potential less negative for hydrogen 

evolution that for iron (II) hydroxide reduction. Additionally, as Weinrich et al. showed with 

carbonyl iron electrodes 15, a higher charge current can have a positive impact in the 

formation of the electrodes, as it promotes a higher surface area. However, when the 

discharge rate is too high, the capacity starts going down. Manohar et al. 11 observed this 

effect in bismuth-sulfide-doped carbonyl iron electrodes and also found a linear negative 

correlation between the discharge rate and the discharge capacity. 

 

Figure S12. Effect of the charge and discharge C-rate on the electrochemical behavior of 
electrodes manufactured wit S-Fe2O3-OXL/C. a) Charge-discharge cycles of S-Fe2O3-OXL 
at 0.8C rate for charging and 0.4C rate for discharging; b) Charge-discharge cycles of S-

Fe2O3-OXL at 1.6C rate for charging and 0.8C rate for discharging; c) dependance of 
maximum capacity and f factor with charge and discharge rates. 

 

The increase in the C-rate also turned into an increase in the charge-discharge potential gap 

(Δ𝐸) between the charge and discharge plateaus. In Figure S13c,  Δ𝐸1 (black bar) is the 
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potential difference between the 1st charge plateau and the 2nd discharge plateau, i.e. the 

potential difference between the oxidation of iron (II) hydroxide to goethite or magnetite and 

the reduction of these species to iron (II) hydroxide. Δ𝐸2 (red bar in Figure S13c) is the 

potential difference between the 2nd charge plateau (reduction of iron (II) hydroxide to 

metallic iron) and the 1st discharge plateau, which corresponds to the oxidation of metallic 

iron. From this information, we can deduct that, at low discharge rates (0.2 C - 0.8 C), charge 

transfer controls the system.  

The Butler-Volmer equation (1) indicates that the current increases exponentially with the 

overpotential, i.e. the overpotential increases logarithmically with the current, and this would 

explain why increasing the charge-discharge rates from 0.4 C (charge) – 0.2 C (discharge) to 

0.8 C (charge) – 0.4 C (discharge) turns into a small increase in the charge-discharge potential 

gap. 

𝑖 = 𝑖0 [exp(−
𝛼𝑧𝐹η

𝑅𝑇
)− exp(

(1 − 𝛼)𝑧𝐹η

𝑅𝑇
)] 

(1) 

On the other hand, when electrochemical reactions are controlled by mass transport or mixed 

regime, it is necessary a high increase in overpotential to obtain an increase in current, which 

is what happens when the rates are increased from 0.8 C (charge) – 0.4 C (discharge) to 1.6 

C (charge) – 0.8 C (discharge). 

In addition, the potential difference between the second charge plateau and the HER was 

calculated (Δ𝐸𝐻𝐸𝑅 , Figure S13d). The reduction of iron hydroxide and the hydrogen 

evolution occur simultaneously when the charge and discharge rate are 0.4 C and 0.2 C, 

respectively. When the C-rate is increased twice fold, the second charge plateau separates 

some millivolts (around 20) from the HER plateau. By increasing furthermore, the charge 

rate, this effect magnifies. This could allow us to control HER by varying the charge rate (it 

would not even be necessary to modify the discharge rate, just the charge rate). 
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Figure S13. a) 17 first charge and discharge cycles for the S-Fe2O3-OXL/C electrode at 0.8C rate 

for charging and 0.4C rate for discharging. b) Zoom view of the area marked with the rectangle in 

(a); (c) Average potential gaps for the first and second charge-discharge steps (d) Average potential 
gap between the second charge plateau and the HER plateau 

 

The increase in coulombic efficiency is a signal that, indeed, most of the HER occurs after 

the second charge plateau, as seen in the zoomed part of the graph in Figure S13b, while 

almost none of it occurs in the first charge plateau. However, part of the HER takes place 

together with the charge, and not after it, as can be deducted from the fact that the discharge 

capacity falls when the charge time is reduced (if the HER took place after the charge, 

reducing the charge time would not affect the charge and, by consequence, the discharge). 

As expected, the reduction in discharge capacity affects principally the first discharge step 

(which is related to the second charge step) in the 18th cycle, while the second step retains its 

capacity. Nonetheless, in the next cycles, the capacity of the first step increases and the one 
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of the second step slightly decreases, so the ratio of charge between the first and the second 

discharge steps goes back to 2:1, just like in the beginning of the experiment. The reason for 

this to happen is that, when the cut-off is applied, the less exposed iron (II) hydroxide 

molecules cannot be reduced to iron, so less iron atoms can oxidize to iron (II) hydroxide in 

the next discharge.  
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A B S T R A C T   

Iron-air batteries hold the potential to be a key technology for energy storage, thanks to their energy density, low 
cost, safety and abundance of their materials. In order to scale the technology up and optimize the cell formu
lations, it is key to obtain a clear understanding of how the physical-chemical properties of the electrode in
fluence their electrochemical behaviour, in particular, the capacity loss. In this work, we propose for the first 
time mathematical correlations between textural and crystallographic properties of iron electrodes and their 
electrochemical stability. By adjusting synthesis parameters, we were able to tune pore size and volume, surface 
area and crystal size of iron oxides, and found that stability is highly correlated to both surface area and pore 
size. Large surface area and small average pore size provide electrodes with enhanced stability. We hypothesize 
that the cause for deactivation is the passivation of the electrodes ascribed to the formation of a non-conductive, 
non-reactive iron (II) hydroxide layer during discharge, which then cannot be reduced to iron again. We validate 
this hypothesis with electrochemical impedance spectroscopy studies, which show that, in the more stable 
electrodes, the charge transfer resistance in the Fe(OH)2 to Fe reduction does not significantly change after 
cycling, contrary to the behaviour of the less stable electrodes, corroborating our hypothesis. Furthermore, the 
electrode with the best properties was cycled 100 times, retaining almost 75% of its initial capacity at the end of 
the 100 cycles. These results are highly relevant for the future design and operation of iron-air batteries.   

1. Introduction 

Metal-air batteries (MABs) have gained traction in recent years due 
to their advantages like high theoretical energy density and specific 
energy, which make them suitable candidates for applications such as 
renewable electricity storage and electro-mobility. MABs are systems 
that comprise a negative electrode, where a metal (Li, Al, Zn, Fe, etc.) 
oxidizes, and a positive air electrode, where ambient oxygen reduces 
[1–3]. 

One type of MABs is the iron-air battery (FAB, from Fe-air battery). 
Its properties include 1229 Wh kgFe

− 1 of theoretical specific energy and 
1273 Ah kgFe

− 1 of theoretical discharge capacity, low cost (less than 100 € 
kWh− 1), open circuit potential of 1.28 V and a high volumetric energy 

density of 2500 Wh L− 1 [4]. Other interesting properties of FABs are the 
use of aqueous low-cost electrolyte – generally concentrated KOH – and 
the safety, abundance and recyclability of iron [5]. Eqs. (1)–(3) show the 
half-reactions occurring during the discharge of the negative iron 
electrode: 

Fe + 2OH− ⇌Fe(OH)2 + 2e− E0 = − 0.88 V vs SHE (1)  

3Fe(OH)2 + 2OH− ⇌Fe3O4 + 4H2O + 2e− E0 = − 0.76 V vs SHE (2)  

Fe(OH)2 + OH− ⇌FeOOH + H2O + e− E0 = − 0.61 V vs SHE (3) 

Reaction 1 is the first discharge step, which is usually preferred for 
technological applications due to its lower equilibrium potential and 
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higher number of electrodes per atom of iron involved [4]. Reactions 
2–3 involve a deeper discharge of the electrode and provide less capacity 
and voltage. Especially, Eq. (3) provides a much lower full-cell voltage 
and some authors have mentioned that these deep discharges can cause 
damage to the electrode [6]. Even though major advances and break
throughs have taken place in the research of FABs, two fundamental 
issues of the alkaline iron electrode have not been fully overcome: the 
low efficiency and the loss of capacity of the electrode upon cycling, also 
referred as deactivation, term that will be used in this work. 

It has been well established that the parasitic hydrogen evolution 
reaction (HER) is the major cause of coulombic efficiency loss [7,8]. 
Together with reaction 1, HER can occur, since its standard reduction 
potential is less negative than the one of iron (II) hydroxide reduction, as 
shown in Eq. (4). 

2H2O + 2e− ⇌H2 + 2OH− E0 = − 0.83 V vs SHE (4) 

On the other hand, there is no consensus concerning the causes for 
deactivation and the physical-chemical properties of the electrode 
affecting it. Two main hypotheses have been presented to explain the 
loss of capacity of the iron electrode upon cycling, both of them related 
to the discharge products of the reactions Eqs. (1)–((3)). The first one is 
called passivation, which is the formation of a non-conductive, non- 
reactive layer. The electrical conductivities of metallic iron and 
magnetite are around 107 Ω− 1 m− 1 and 106 Ω− 1 m− 1, respectively [9], 
however, iron (III) oxide and iron (II) hydroxide, have a much lower 
electrical conductivity, 7 to 8 orders of magnitude lower [10]. Passiv
ation ascribed to a Fe(OH)2 layer is the most cited explanation for the 
phenomenon of the deactivation of iron alkaline electrodes [11–22]. 
Some authors have pointed out that iron (III) oxides or hydroxides 
formed in the second discharge step – especially maghemite, γ-Fe2O3 
–form a non-reactive layer [8,23,24]. 

The second hypothesis to explain deactivation is the molar volume 
increase that takes place upon oxidation of iron. When iron oxidizes to 
iron (II) hydroxide, it increases its molar volume up to a 272% [25]. In 
order to achieve a high utilization of the surface of the electrode, the 
former must present a large porosity, since the expansion of the iron can 
block those pores and prevent the electrolyte from reaching active sites 
[26]. Bryant et al. [27] and Yang et al. [18] calculated, based on the 
expansion datum, that an iron electrode should have a porosity of no less 
than 73% in order to be able to achieve the maximum theoretical ca
pacity. The possibility must also not be disregarded that both molar 
expansion and passivation are responsible for iron electrode deactiva
tion. Yang et al. for instance, mention an insulating layer of iron (II) 
hydroxide, formed after the first discharge step, that cannot be oxidized 
to Fe(III) and support their theory with SEM images, but they do not 
dismiss the effect of the porosity and the blocking effect of the molar 
expansion [18]. Moreover, they explain the limit of their electrodes’ 
capacity with their lack of porosity. 

Despite the major advances on electrode formulations (such as the 
use of additives like iron sulphide [23,24,28,29], bismuth sulphide [30, 
31], bismuth oxide [32] or potassium carbonate [24,33]), to the best of 
our knowledge, there are no mathematical correlations able to predict 
the stability or capacity of iron electrodes based on their 
physical-chemical properties. Correlating physical-chemical properties 
of the electrodes to their electrochemical performance is fundamental 
for the rational understanding and design of efficient, cost-effective 
batteries. Moreover, despite several studies rely on physical-chemical 
characterizations of the electrodes to assert one cause or another for 
the electrode deactivation, no electrochemical impedance spectroscopy 
(EIS) studies have been carried out to investigate how the charge 
transfer resistance or pore diffusion resistance change over time on a 
single porous iron electrode. We have found in the literature one study 
applying EIS to assess the charge transfer resistance in porous iron 
electrodes. Lei et al. [34] performed EIS studies over a Ni-Fe battery 
after more than 100 cycles and found that the charge transfer resistance 

in the iron electrode could increase up to tenfold, due to the morpho
logical changes in the electrode. 

In a previous work [35], we demonstrated that sulphur-modified 
iron oxides present an enhanced stability, mainly because of sulphate 
reduction forming sulphide, increasing conductivity. Here we evaluate 
the mechanisms behind the deactivation of sulphur-modified iron oxides 
by EIS studies. Besides, to tackle the deactivation due to the molar 
expansion, porous iron oxides were obtained. Mathematical correlations 
between their textural and crystallographic properties and their 
discharge capacity and stability are proposed. This work also evaluates 
how the charge transfer resistance changes upon cycling, indicating the 
causes for the electrode deactivation. 

2. Experimental 

2.1. Materials and methods 

Porous iron oxides were synthesized according to a method estab
lished by Li et al. [36]. Since in a previous work the modification with 
sulphur of iron oxides proved to be effective to enhance the stability of 
iron electrodes, porous iron oxides were modified with sulphur by 
adding sodium thiosulphate in the initial mixture. 0.02 mol of tartaric 
acid (99.5% Labkem) plus 0.02 mol of iron (II) sulphate heptahydrate 
(Labkem) and 0.01 mol of sodium thiosulphate (99% Thermo Scientific 
Chemicals) were dissolved in 120 mL of deionized water (DI). Subse
quently, 40 mL of a 1 M sodium hydroxide solution (99.99% Alfa-Aesar) 
was added drop by drop to the former solution under stirring for 15 min. 
The mixture was transferred to a Teflon-lined autoclave that was placed 
in a stove at 150 ◦C for 6 h. After the reaction time, a grey precipitate 
was obtained, subsequently vacuum-filtered and washed with 2 L of DI 
water to eliminate impurities. The obtained powder was dried overnight 
at 70 ◦C. Then, two different thermal treatments were carried out in 
order to assess its influence on the physical-chemical features of the 
sulphur-modified porous iron oxides. Half of the obtained powder was 
heat-treated in air atmosphere at 350 ◦C, and the other half was 
heat-treated in nitrogen atmosphere at 500 ◦C for 1 h. In both cases, a 
heating ramp of 4 ◦C min− 1 was employed. Non sulphur-modified iron 
oxides were also synthesized for the sake of comparison employing the 
same method, except for the addition of sodium thiosulphate to the 
initial mixture. Iron oxides so obtained (Fe2O3-TAR and S-Fe2O3-TAR) 
were also compared with an iron oxide obtained precipitating the iron 
precursor with sodium hydroxide (Fe2O3-SHX). Table 1 summarizes the 
relation of samples investigated. 

2.2. Physical-chemical characterization 

Nitrogen physisorption was employed to investigate the textural 
properties of the porous iron oxides. Isotherms at 76 K were acquired 
with a Micromeritics ASAP 2020 gas sorption system. Different models 
were applied to the N2-isotherms to determine the surface area, pore 
volume, and pore size, respectively (Brunauer-Emmet-Teller, single 

Table 1 
Synthesis conditions of the different iron oxides.  

Sample Addition of 
tartaric acid 

Addition of sodium 
thiosulphate 

Annealing 
conditions 

Fe2O3-TAR- 
air 

Yes No Air @ 350 ◦C 

S-Fe2O3- 
TAR-air 

Yes Yes Air @ 350 ◦C 

Fe2O3-TAR- 
N2 

Yes No N2 @ 500 ◦C 

S-Fe2O3- 
TAR-N2 

Yes Yes N2 @ 500 ◦C 

Fe2O3-SHX- 
air 

No No Air @ 350 ◦C  
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point and Barret-Joyner-Halenda). X-ray photoelectron spectroscopy 
(XPS) studies were performed to evaluate the chemical composition of 
the samples, with an ESCA Plus Omicron spectrometer (Scienta Omi
cron) operated with a Mg (1253.6 eV) anode, a pass energy of 20 eV, 
dwell time of 0.5 s and 0.1 eV step. Orbitals C1s, O1s, S2p and Fe2p were 
scanned and deconvolution was carried out with the software CasaXPS 
(Casa Software Ltd, CasaXPS Version 2.3.18). All the peaks were fitted 
with a 70% Gauss / 30% Lorentz curve applying a Shirley-type baseline. 
Field-Emission Scanning Electron Microscopy (FESEM) was carried out 
with a Carl Zeiss MERLIN microscope to investigate the morphology of 
the samples. Transmission and Scanning Transmission Electron Micro
scopy (TEM/STEM) was carried out in a Tecnai F30 microscope oper
ated at 300 kV belonging to the LMA Service of the University of 
Zaragoza. The samples were ultrasonically dispersed in ethanol for 15 
min and then placed in a Cu carbon grid. The amounts of sulphur and 
oxygen in the samples were determined by Elemental Analysis (EA) in a 
Thermo Flash 1112 analyser (Thermoscientific Waltham), whereas the 
iron content was obtained using inductively coupled plasma atomic 
emission spectroscopy (ICP-AES) with a Jobin Ybon 2000 spectrometer. 
Powder X-ray diffraction (PXRD) patterns were collected with a Ru2500 
Rigaku diffractometer with rotating anode and theta-2theta configura
tion and Cu-Kα radiation, in order to calculate phase fractions and 
crystallite sizes. Information on the software used to fit the diffracto
grams and the procedure to determine crystallite size is included in the 
Supporting Information (Section S3). Mössbauer spectroscopy (MS) data 
were acquired using a constant acceleration spectrometer with sym
metrical waveform at room temperature. The source was 25 mCi 57Co/ 
Rh. The spectra were analysed with WinNormos software and all isomer 
shift values are reported with respect to α-Fe. 

2.3. Preparation of electrode samples 

Iron oxides were mixed in a planetary ball mill with a commercial 
carbon black (Vulcan XC-72R) in a 1:1 mass ratio at 100 rpm for 1 h, 
using ethanol to favour the mixture of the solid phases. The Fe2O3/C 
composite so obtained was finally dried overnight at 70 ◦C. Subse
quently, a mixture of polytetrafluoroethylene (PTFE) solution (60 wt% 
in H2O) and water was added to the dry powder mixture in order to form 
a paste, that was sandwiched between two sheets of stainless-steel mesh 
(Alfa-Aesar, dimensions 2.5 cm x 7.5 cm) and hot-pressed at 140 ◦C for 
90 s to obtain the working iron electrode. See Fig. S1 in Section S1 in the 
Supporting Information file for a scheme of the manufacturing of the 
electrode. 

2.4. Electrochemical measurements 

The electrochemical measurements were carried out with an Autolab 
potentiostat and Nova software in a conventional three electrode set-up 
consisting of a 150 cm3 glass cell, at a temperature of 25 ◦C, flowing 
nitrogen to the electrolyte to avoid carbonation. The working electrode 
(WE) was placed in a PTFE holder facing the counter-electrode (CE), a 
nickel sheet, separated by 5 mm, as in previous works [35]. The refer
ence electrode, an Hg|HgO in 1 M KOH solution, was placed between the 
WE and the CE. The electrolyte was a 6 M KOH solution (99.99% KOH, 
Alfa-Aesar). To determine the discharge capacity of our iron electrodes, 
chrono-potentiometries were carried out at a C-rate of 0.4 C (equivalent 
to ca. 16 mA) during charging and 0.2 C (equivalent to ca. 8 mA) during 
discharging (calculated according to the theoretical capacity of the 
electrode) [35]. Electrochemical impedance spectroscopies were carried 
out at − 1.16 V vs. Hg|HgO, applying a sine wave of 10 mV, with fre
quencies from 1 kHz to 1 Hz and 10 points per decade. 

3. Results and discussion 

3.1. Iron oxides characterization 

X-ray diffractograms reported in Fig. 1, confirmed that iron is present 
as iron (III) oxide, either as haematite or maghemite phase, in different 
proportions as presented in Table 2. Sulphur-modified oxides present 
some other minor contributions at 25◦ and 34◦ (see the fit differences, 
thin lines under each diffractogram, at the cited angles). In general, the 
fit of the experimental data to the proposed crystalline phases is good. 
No other crystalline phases could be clearly identified, which suggests 
that sulphur is present as an amorphous phase or adsorbed over the 
surface. 

Treatment temperature and the presence of sulphur had a strong 
influence on both crystal phase distributions and average crystal sizes. 
Samples calcined in air, Fe2O3-TAR-air and S-Fe2O3-TAR-air, are 
composed by 80% and 65% of haematite, respectively, which is ex
pected, since haematite is the most stable iron (III) oxide phase at room 
temperature. The higher amount of maghemite in S-Fe2O3-TAR-air is 
due to the presence of sulphur, that promotes a higher yield of maghe
mite at the expense of haematite, as reported in previous works [35]. 
Besides, it has been reported that impurities in iron oxides, such as 
sulphur, promote defects, and in fact, maghemite can be modelled as a 
defective iron oxide. Nitrogen-annealed samples show the opposite 
trend, with Fe2O3-TAR-N2 and S-Fe2O3-TAR-N2 having a majority of 
maghemite, 86% and 80%, respectively. The reducing conditions 
(higher temperature and nitrogen atmosphere) promote the formation 
of maghemite, as this phase can be obtained by the reduction of 
haematite [37]. In the case of Fe2O3-SHX-air, the high proportion of 
maghemite can be explained because the precipitation of iron with so
dium hydroxide produces iron (II) and (III) hydroxides (green rust), 
which are a precursor of maghemite [38]. 

In all of the iron oxides, except Fe2O3-SHX-air, maghemite phase has 
an average crystal size between 9 and 10 nm, while the crystal size of 
haematite ranges between 12 and 24 nm (Table 2). It must be noted that 
crystallites of the haematite phase in Fe2O3-SHX-air were found to be 
very small, and the fit can only estimate a size below 5 nm. However, as 
this is the minority phase in this iron oxide, the uncertainty in the es
timate does not greatly affect the average size of the said sample. S- 
Fe2O3-TAR-air has a lower crystal size than Fe2O3-TAR-air, explained by 
the defects caused by the presence of sulphur atoms, which indicates 
that impurities hinder the growth of Fe crystals. Li et al., found that the 
presence of sodium sulphate hinders the growth of haematite crystals, 
and seeds of Fe2O3 crystals were required to ensure the formation of 
haematite [39]. The samples annealed in nitrogen show an average 
crystal size around 10–11 nm, mainly due to their high maghemite 
content. 

In an attempt to corroborate the results of X-Ray diffraction, 
Mössbauer spectroscopy (MS) analyses were performed (Fig. S2). Except 
in the sample S-Fe2O3-TAR-N2, sextets corresponding to haematite and 
maghemite could be included in the fits and the central intensity was 
taken into account with a distribution of doublets. The maxima of these 
distributions are compatible with wüstite Fe1-xO, oxyhydroxides [40] 
and hydrated iron (III) sulphates [41,42]. The higher contribution of the 
paramagnetic doublets in the sulphur-modified samples could indicate 
the presence of both oxyhydroxides and sulphates. The samples 
heat-treated in nitrogen atmosphere required a distribution of sextets. In 
the case of Fe2O3-TAR-N2 this is the only component that could be 
included to fit the spectrum, although when a fine histogram of sextets is 
used a contribution of haematite is revealed, whose relative contribution 
has been derived by fitting the distribution above 47 T with two gaussian 
functions. In contrast, the spectrum of sample S-Fe2O3-TAR-N2 allowed 
sextets for haematite and maghemite as in the samples heated in air. The 
need of sextets distributions in the sulphur-modified samples can be 
assigned to broader distributions of crystallite size including very small 
values, although the average sizes determined by XRD are similar to 
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those of the samples heated in air. In general, there is good agreement 
between XRD and MS results. 

Nitrogen physisorption isotherms (Fig. S3) were carried out to 
investigate the textural properties of the iron oxides, reported in Table 3. 
Iron oxides synthesized with tartaric acid and calcined in air show type- 
IV isotherms, ascribed to mesoporous materials, with an hysteresis loop 

that could be identified as type H4, typical of mesoporous materials with 
pore size greater than 4 nm [43,44]. Iron oxides annealed in nitrogen 
exhibit a type II isotherm, which is found in solids with little porosity 
[45]. A slight type H3 hysteresis loop is visible, suggesting non-rigid 
aggregates of plate-like particles or non-filled voids between particles 
(which is more plausible according to SEM images, as will be discussed 
later). 

Surface areas range between 28 and 141 m2g− 1 and pore volumes 
range between 0.10 and 0.30 cm3 g− 1. Both iron oxides synthesized 
upon tartaric acid precipitation and calcination in air at low temperature 

Fig. 1. Experimental X-ray diffractograms (dots), fitted profiles (thick red lines) and fit differences (thin lines). Upper row of vertical lines: maghemite reflections, 
lower row: haematite reflections. 

Table 2 
Crystal phases composition and average crystal size for the iron oxides.  

Sample Crystalline phases (%) Crystal size (nm) Average 
crystal size 
(nm) haematite maghemite haematite Maghemite 

Fe2O3- 
TAR- 
air 

80 20 24 10 21.2 

S-Fe2O3- 
TAR- 
air 

65 35 16 9 13.6 

Fe2O3- 
TAR- 
N2 

14 86 12 10 10.3 

S-Fe2O3- 
TAR- 
N2 

20 80 22 9 11.6 

Fe2O3- 
SHX- 
air 

15 85 4 17 15.1  

Table 3 
Textural properties obtained by nitrogen physisorption of the synthesized iron 
oxides.  

Sample Surface area 
(m2g− 1) 

Pore volume 
(cm3g− 1) 

Pore size 
(nm) 

Porosity 
(%) 

Fe2O3-TAR- 
air 

141 0.30 4.8 61 

S-Fe2O3- 
TAR-air 

117 0.21 5.0 52 

Fe2O3-TAR- 
N2 

28 0.10 15.9 34 

S-Fe2O3- 
TAR-N2 

40 0.14 17.0 42 

Fe2O3-SHX- 
air 

77 0.17 10.3 47  

N.I. Villanueva-Martínez et al.                                                                                                                                                                                                               



Electrochimica Acta 465 (2023) 142964

5

(Fe2O3-TAR-air and S-Fe2O3-TAR-air) present the highest surface area 
and pore volume values. As has been described elsewhere [36,46], tar
taric acid reacts in hot basic conditions with iron salts to form iron (II) 
tartrate. This organic salt burns or decomposes – depending on the 
heat-treatment conditions – and forms CO2 bubbles, water and iron (III) 
oxides. The CO2 bubbles generate voids in the iron oxides, which leads 
to pores in the structure. A large porosity of iron oxides is of interest, 
since it would entail a larger metal-electrolyte interface, and eventually, 
a larger specific capacity of the iron electrode. Previous reports in the 
literature using precipitation with tartaric acid have a significantly 
lower surface area (half) and larger pore size (threefold) using the same 
calcination conditions (air, 350 ◦C, 1 h), with the difference that, in the 
referenced work, the salt used for synthesis was iron (II) chloride [31]. 

Iron oxides annealed in nitrogen at higher temperatures (Fe2O3-TAR- 
N2 and S-Fe2O3-TAR-N2) present reduced values of surface area and pore 
volume. This could be due to a combination of the faster decomposition 
(due to the higher temperature) of the tartrate ion, collapsing the pore 
structure, along with the sintering of the iron particles, decreasing the 
surface area and pore volume of these iron oxides. Iron oxide obtained 
by precipitation with sodium hydroxide (Fe2O3-SHX-air) shows inter
mediate values of surface area and pore volume (77 m2g− 1 and 0.17 
cm3g− 1 respectively) to the other set of samples, and a pore size around 
10 nm (equivalent to a porosity percentage of 52%). 

Porosity values (determined from the ratio between the pore volume 
and the density of the iron oxide, 5.26 g cm− 3 [35]) range from 47 to 
61% for the iron oxides calcined in air, and around 34 and 42% for those 
calcined in nitrogen. Iron oxides calcined in air are close to the 73% 
porosity calculated by Bryant et al., necessary to achieve an optimal 
utilization of the electrode surface and avoid pore plugging [27]. 

Bulk and surface chemical analyses, reported in Table 4, were con
ducted on the iron oxides by elemental analysis, ICP and XPS. Iron ox
ides present Fe contents ranging from 57 to 65 wt% (bulk), 
corresponding to around 20 at% in the surface. Sulphur-modified sam
ples (S-Fe2O3-TAR-air, S-Fe2O3-TAR-N2) present 3.5 and 2.1 wt% of S 
(bulk), respectively. S-Fe2O3-TAR-N2 obtained after annealing in nitro
gen at 500 ◦C has the lowest sulphur content, since sulphur decomposes 
(vaporizes) at 440 ◦C [47,48]. XPS results show that sulphur-modified 
iron oxides present high S-contents on the surface, in accordance to Li 
et al. work, reporting that sulphate ions remained adsorbed on the 
surface [36]. Table 4 also reveals that iron oxides obtained with tartaric 
acid present a negligible amount of carbon (ca. 0.2 wt%, except for 
S-Fe2O3-TAR-N2 with 2.5 wt% C), meaning that tartrate ions are almost 
fully calcined during the thermal treatments, particularly using air. The 
large amount of surface oxygen in all the samples can be ascribed to 
residual water and to the presence of hydroxides, sulphate groups and 
hydrated sulphates, as described by Li et al. [36]. 

Figs. S4 and S5 show the results from the XPS characterization, the 
survey scan and the high resolution spectra for Fe2p and S2p orbitals, 
respectively. Fe2O3-TAR-air, Fe2O3-TAR-N2 and Fe2O3-SHX-air only 
showed peaks at binding energies corresponding to Fe, O, and C. S2p 
region of S-Fe2O3-TAR-air and S-Fe2O3-TAR-N2 shows one peak around 
168.5 eV (2p3/2) which was ascribed to sulphate ions, probably coming 
from the decomposition of the thiosulphate precursor upon oxidation in 
air at 350 ◦C. Fe2p spectrum, on its hand, shows three 2p3/2 peaks at 

710.7, 712.4 and 718.0 eV, which were assigned to Fe2O3, hydrated iron 
sulphates (either FeSO4 or Fe2(SO4)3) and the satellite of Fe2O3, 
respectively. The peak at 712 eV, according to [33], could be due to the 
presence of iron sulphate or iron sulphide (FeS), but the absence of peaks 
related to sulphide in the S2p spectrum allowed us to rule out the sul
phide and conclude it is sulphate. The XPS spectra of O1s orbital 
(Fig. S6) shows two peaks, one around 530 eV ascribed to Fe2O3 and 
another peak around 531.5 eV, that could be ascribed to adsorbed ox
ygen or sulphate. Fig. S6 reveals there is a greater amount of adsorbed 
oxygen (or sulphate) in sulphur-modified iron oxides than in the 
non-modified oxides. 

FESEM micrographs (Fig. S7 in the Supporting Information), along
side TEM/STEM images (Fig. S8) revealed the morphology of the iron 
oxides. Iron oxides based on tartaric acid and calcined in air (TAR-air, 
Figs. S7a and S7b, S8a–S8d) show a straw-like morphology, with pores 
and irregularities (formed during the calcination of the organic salt) that 
enhance their surface area, as mentioned before. This internal porosity 
can be also appreciated in the TEM images in Fig. S8. Iron oxides 
calcined in nitrogen (TAR-N2, Fig. S7c and S7d) show signs of sintering 
due to the higher annealing temperature, with smaller particles, but 
more compact and close to each other. As a result, there are fewer voids 
and less space in between particles, which explains the lower pore vol
ume and surface area of these materials. Fe2O3-SHX-air (Fig. S7e) pre
sents a totally different morphology, consisting in more regular, smaller 
and platelet-like particles. These particles are close to each other, but the 
material appears to be less compact than the samples annealed in 
nitrogen. 

3.2. Electrochemical characterization 

The specific discharge capacity of the iron electrodes obtained from 
the previously described iron oxides was evaluated by means of charge- 
discharge cycles. Specifically, twenty charge-discharge galvanostatic 
cycles were performed at 0.4 C and 0.2 C rate respectively. Fig. 2a shows 
the charge and discharge curves for the fifth cycle of every Fe2O3/C 
composite. For a more detailed description of the oxidation/reduction 
processes, see Fig. S9. 

Iron electrodes based on non-modified iron oxides, Fe2O3-TAR-air 
and Fe2O3-SHX-air, present the largest discharge capacities, ca. 300 
mAh⋅gFe

− 1 and 260 mAh⋅ gFe
− 1 for Fe2O3-TAR-N2 at the 1st plateau (around 

450–530 mAh⋅gFe
− 1 total discharge capacity). On the other hand, elec

trodes based on sulphur-modified iron oxides, present lower values of 
discharge capacity, around 200 mAh⋅g− 1 Fe (350–450 mAh⋅gFe

− 1 total 
discharge capacity). 

Fig. 2b–2d plot the maximum discharge capacity at the 1st plateau of 
each electrode against the different textural and crystallographic prop
erties of the iron oxides. As previous studies have shown [49–51], the 
oxidation/reduction of iron to/from iron(II) hydroxide occurs through a 
dissolved intermediate, namely HFeO2

− , which then precipitates. This 
means that the surface atoms dissolve and expose new atoms, so a lower 
surface area or pore volume does not necessarily mean that fewer atoms 
are able to react. However, there are trends between the 
physical-chemical properties and the discharge capacities, when 
considering sulphur-modified and non-sulphur modified iron oxides as 
different sets of data. The discharge capacity increases with surface area 
(Fig. 2b) and crystal size (Fig. 2d), and decreases with pore size (Fig. 2c). 
Due to the small amount of data points for each subset, nevertheless, it is 
not possible to establish correlations. The presence of sulphur di
minishes the maximum discharge capacity by ca. 20–25%, what could 
be due to sulphur preventing the reduction of iron. As previously shown 
by XPS, sulphur is present mainly on the surface. In our previous article 
[35], we showed that sulphate requires several charge/discharge cycles 
before fully reducing to sulphide (iron sulphide can reduce to metallic 
iron and act as electroactive material). Besides this, the effect of the 
different sample morphology cannot be discarded. Samples obtained 
from sodium hydroxide (SHX) present a platelet-like shape whereas iron 

Table 4 
Elemental composition of the different iron oxides determined by ICP, EA and 
XPS.  

Sample Weight% (ICP) Weight% (EA) Atomic% (XPS) 

Fe S O C Fe S O 

Fe2O3-TAR-air 63 – 35 0.18 22.2 – 67.1 
S-Fe2O3-TAR-air 57 3.5 38 0.27 20.4 4.3 65.3 
Fe2O3-TAR-N2 65 – 32 0.09 19.2 – 54.4 
S-Fe2O3-TAR-N2 64 2.1 32 2.59 15.7 2.8 53.9 
Fe2O3-SHX-air 57 – 37 – 21.8 – 66.7  
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oxides from tartaric acid are constituted either by porous parallelepi
peds (TAR-air) or spherical-agglomerates (TAR-N2) (Fig. S7). 

Fig. 3 shows a bar diagram of the maximum, average and discharge 
capacity at the end of the 20 charge-discharge cycles. As previously 
established, electrodes manufactured with Fe2O3-TAR-air and Fe2O3- 
SHX-air show the greatest maximum discharge capacity (more than 500 
mAh⋅gFe

− 1 total discharge capacity) but the discharge capacity decrease 
by 12% and 22% after 20 cycles, respectively. On the contrary, S-Fe2O3- 
TAR-air has the lowest discharge capacity but exhibits a remarkable 
stability. Both samples obtained from tartaric acid calcined in air (TAR- 
air), show a higher stability that those calcined in nitrogen (TAR-N2). In 
the case of Fe2O3-TAR-air, the capacity of the first discharge plateau 
decreases more than the one of the second (13% and 9%, respectively), 
which is a sign of passivation due to the formation of an insulating Fe 
(OH)2 layer. On the other hand, Fe2O3-TAR-N2 loses capacity mainly in 
the second discharge step (37% in the first plateau and 65%, in the 
second one), which means that, after Fe0 is oxidized to Fe(OH)2, it 
cannot be further oxidized to Fe3O4, FeOOH or Fe2O3. More evidence of 
this effect is found in the post-mortem XPS analysis of this electrode 
(Fig. S11). After full discharge, when the surface of the electrode should 
be completely oxidized, XPS of Fe2p region reveals that ca. 40% of the 
surface iron has 2+ oxidation state. The O1s region shows approxi
mately that half of the surface oxygen is present as hydroxide, con
firming an important coverage of iron (II) hydroxide. This could be 
evidence for a passivation layer formed by iron (III) oxides, but also the 

Fig. 2. (a) Chronopotentiometries of the fifth cycle of each electrode and discharge capacity at the first discharge step of the different electrodes vs. (b) BET surface 
area; (c) Average pore size; and (d) average crystal size. 

Fig. 3. Maximum, average and final discharge capacity at the 20th cycle of the 
iron electrodes. 
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explanation for this phenomenon could be found in the difference in 
molar volume between metallic iron and iron oxides. The expansion that 
comes with the oxidation, blocks the pores and prevents the electrolyte 
from reaching the inner iron (II) hydroxide molecules and, therefore, 
they cannot react and be oxidized to iron (III). 

In a previous work, we established that the capacity of the electrodes 
slowly declines after a brief period of activation, and that the capacity of 
the electrodes through cycling can be described by an exponential 
relation [35]. Fig. 4a shows the evolution of the discharge capacity of 
the different electrodes during cycling. The number of activation cycles 
is different for each electrode, ranging from just one cycle for 
S-Fe2O3-TAR-N2 to 10 for Fe2O3-TAR-air. In contrast, the formation of 
porous iron electrodes studied by Vijayamohanan et al., found that the 
capacity of the electrodes increases during the first cycles because the 
iron exposed area increases (due to dissolution and precipitation) and 
the electrolyte penetrates slowly in the electrode matrix [52]. Weinrich 
et al., also proposed that formation is partly driven by micro-structural 
changes in the electrode, caused by hydrogen evolution [30]. Eq. (5) 
models the behaviour of the electrodes upon cycling after the formation 
(or activation) period: 

Qdis(n) = Q0 ∗ f n− i (5)  

where Qdis (n) is the discharge capacity of a cycle n, Q0 is the discharge 
capacity at the end of activation and i is the number of activation cycles. 
The f factor, presented for the first time in our previous work, measures 
the stability of each electrode [34]. An ideal electrode would have an f 
factor of one, meaning its capacity remains constant over time; whereas 
an electrode with an f factor near zero would deactivate extremely fast. 
Fig. 4b shows the model fitted to the data from iron oxide S-Fe2O3-
TAR-N2. Fig. S10 shows the fitting of the model to the data from the 
other electrodes. 

Table 5 reports the f factor for each electrode, obtained by applying 
the model from Eq. (5) to the experimental data obtained. 

Iron electrodes present stability factors above 0.95, meaning that, 
even the less stable material, Fe2O3-TAR-N2, retains more than 95% of 
its capacity in each cycle, while S-Fe2O3-TAR-air, the best electrode in 
terms of stability, loses less than 0.2% of its discharge capacity with each 
cycle. The modification of the iron oxides with sulphur results in an 
increased stability, compensating for the loss in capacity. 

The stability factor was plotted against the textural and crystallo
graphic properties of the iron oxides, to investigate the reasons behind 
the enhanced stability of some electrodes versus others (Fig. 5). 
Considering the R2 values, the stability factor correlates well with sur
face area (Fig. 5a) and pore size (Fig. 5c), as demonstrated by the cor
relation coefficients of 0.87 and 0.90, respectively. It was also 

investigated whether the textural and crystallographic properties in
fluence the rate capability of the electrodes. For further information, see 
Fig. S12 in Supporting Information. Pore volume (Fig. 5b) and crystal 
size (Fig. 5d) do not show a high linear correlation coefficient, however, 
it is possible to see that there is a general trend that higher pore volume 
and crystal size result in a better stability. In both of them, it is the su
perior stability of the electrode S-Fe2O3-TAR-air that steers away from 
the lineal trend. There are three plausible hypotheses that could explain 
this phenomenon. 

The first hypothesis is related to the molar volume change of iron 
species upon oxidation. A larger surface area and smaller pore size 
would be related to a better chance to accommodate the molecular 
expansion of Fe(OH)2 related to metallic iron. However, if molecular 
expansion was the main cause for deactivation, it would be expected 
that the main parameter that would improve stability would be pore 
volume, which is not the case, as R2 value is lower in Fig. 5b than in 
Fig. 5a and 5c. 

The second hypothesis bases the cause of deactivation on the plug
ging of the pores in iron oxides, thus decreasing the active area [26]. Our 
evidence rules out this hypothesis, as a larger pore diameter does not 
correlate with a more stable electrode. Actually, the correlation is the 
opposite. If the clogging of the pores was the reason for the deactivation 
of the electrode, electrodes with bigger pore diameters would be more 
stable, as it is harder for larger pores to be clogged than smaller ones. 

The third hypothesis relates to deactivation through passivation. 
Passivation occurs due to the irreversible formation of non-reactive 
species [8] and loss of electrical conductivity because of an isolating 
Fe(OH)2 layer with an increased electrical resistance [52]. Both smaller 
pore size and larger surface area enhance the contact between iron (or 
iron oxides) and carbon phases. This better contact reduces electrical 
resistance, hence, enhancing conductivity and reactivity of the metallic 
oxide phase. In the case of crystal size (Fig. 5d), an insulating layer, as 
proposed by Figueredo-Rodríguez et al., can cover smaller crystallites 
more easily, and hence the positive correlation [53]. The low value of 
the correlation coefficient is explained by the exceptional performance 
of S-Fe2O3-TAR-air, which is caused by its textural properties and the 

Fig. 4. (a) Discharge capacity of the electrodes along 20 charge-discharge cycles. Charge rate: 0.4 C, discharge rate: 0.2 C. (b) Comparison between the experimental 
data and the model from Eq. (5) for the electrode S-Fe2O3-TAR-N2. 

Table 5 
Stability factors of the manufactured electrodes.  

Electrode f factor 

Fe2O3-TAR-air 0.989 
S-Fe2O3-TAR-air 0.998 
Fe2O3-TAR-N2 0.953 
S-Fe2O3-TAR-N2 0.962 
Fe2O3-SHX-air 0.975  
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presence of sulphur, as will be discussed later. 
To test this last hypothesis, we performed electrochemical imped

ance spectroscopy (EIS) studies of the different electrodes after the first 
charge-discharge cycle and after 15 cycles (Figs. 6 and S13) and 
modelled the equivalent circuit of the different phenomena occurring 
during the second charge step (Eq. (1) in right-to-left direction). The 
Nyquist diagrams show the typical “tilted”, “flattened” semicircle of an 
electrochemical charge transfer process in a porous electrode, followed 
by the straight diagonal line related to diffusion impedance – Warburg 
impedance [54–56]. It can be seen that the Nyquist diagrams of the 

electrode S-Fe2O3-TAR-air (Fig. 6a) are almost identical after 1 cycle and 
after 15 cycles, while the diagrams of electrode S-Fe2O3-TAR-N2 differ 
significantly before and after cycling (Fig. 6b) with the semi-circle 
increasing in diameter, indicating a larger charge transfer resistance. 

The equivalent circuit proposed for the reaction (Fig. 7) is in accor
dance with what Orazem and Tribollet propose for porous electrodes 
[57]. First, the electrolyte resistance is considered (R1). As the electro
lyte is highly concentrated, and the distance from the working to the 
reference electrode is minimum (< 5 mm) this resistance is low, circa 70 
mΩ. 

Fig. 5. Stability factors of the different electrodes vs. (a) Surface area; (b) Pore volume; (c) Average pore size; and (d) Average crystal size.  

Fig. 6. Nyquist diagrams of electrochemical impedance spectroscopy studies performed at − 1.16 V vs. Hg|HgO for electrodes: (a) S-Fe2O3-TAR-air and (b) S-Fe2O3- 
TAR-N2. 
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Then, as the concentration of the electrolyte inside the pores is not 
the same as in the bulk of the electrolyte, there is an electric resistance 
inside the pores (R2). This resistance is in parallel with the electrical 
double layer capacitance of the external surface of the porous layer (Q1). 
The internal pore resistance is in series with the charge transfer resis
tance (R3), which is also in parallel with the capacitance of the reactive 
layer (Q2). Finally, there is the impedance related to the diffusion of 
reactants and products from the liquid to the surface (D). 

The fitted parameters (Table 6) show that, after 15 cycles, the charge 
transfer resistance (R3) of the electrode S-Fe2O3-TAR-air increases from 
69.1 mΩ to 72.0 mΩ, which is only a 4.2% increment. On the other hand, 
in the electrode manufactured with S-Fe2O3-TAR-N2, the charge transfer 
resistance (R3) increases almost sevenfold, from 18.7 to 127 mΩ. This is 
consistent with the stability studies, which show a much faster deacti
vation of the S-Fe2O3-TAR-N2 electrode. A higher charge transfer resis
tance, i.e. a lower charge transfer admittance, is compatible with the 
presence of a non-conductive – and hence, non-reactive – covering layer, 
which is our hypothesis. In the case of S-Fe2O3-TAR-air, the large surface 
area and the small pore size entails a better contact between the carbon 
conductive phase and the iron hydroxide phase, thus enhancing con
ductivity and favoring the reduction of the iron hydroxide. In contrast, 
because of the lower surface area of S-Fe2O3-TAR-N2, the iron (II) hy
droxide particles have less contact with carbon, incrementing the elec
tric resistance and being more difficult for it to reduce. Similar trends are 
observed in electrodes Fe2O3-TAR-air and Fe2O3-TAR-N2 (Fig. S13 and 
Table S3 in the Supporting Information). Coincidently, sample calcined 
in air shows less variation in the charge transfer resistance (R3). In 
sample Fe2O3-TAR-N2, the charge transfer resistance increases more 
than threefold, reaching 175 mV, the highest of all the samples 
considered. 

In addition, it is possible to see that the pore diffusion resistance (R2) 
is considerably higher in electrode S-Fe2O3-TAR-air than in electrode S- 
Fe2O3-TAR-N2, consistent with the fact that the oxide S-Fe2O3-TAR-air 
has 50% more porosity than S-Fe2O3-TAR-N2 (Table 3), but S-Fe2O3- 
TAR-N2 has a greater pore diameter, which means less electrolyte con
duction resistance inside the pores. More evidence supporting our 

deactivation hypothesis can be found in post-mortem characterizations. 
Electrodes S-Fe2O3-TAR-air and S-Fe2O3-TAR-N2 were subjected to pre 
and post-cycling nitrogen physisorption experiments (see Fig. S14 in the 
Supporting Information). 

The difference in stability between the sulphur-modified iron oxides 
(S-Fe2O3-TAR) and their non sulphur-modified (Fe2O3-TAR) counter
parts is also compatible with the passivation due to non-conductive 
species. Our previous studies [35] showed that the sulphate present in 
the sulphur-modified iron oxides reduces to sulphide upon cycling. 
Sulphide has proven to prevent passivation by reacting with iron (II) 
hydroxide to form FeS, which is a better electric conductor than Fe(OH)2 
[58]. As S-Fe2O3-TAR-air showed the best stability upon cycling, a long 
run test of 130 charge-discharge cycles (more than 500 h) was per
formed with this electrode (Fig. 8). After 7 cycles, the electrode follows 
the trend of exponential deactivation as in Eq. (5), meaning the model is 
a good predictor of the long-term behaviour of the electrode. Aside from 
a few oscillations around cycles 45 and 90 – probably due to the for
mation of hydrogen bubbles –, the discharge capacity fits the one pre
dicted by the model, and the overall R2 coefficient is 0.73. The f factor 
calculated for this experiment is 0.997, which is just 0.1% lower than the 
one calculated for the 20 cycles experiment (shown in Fig. 4). Still, this 
difference means that, after 100 cycles, the electrode loses 26% of its 
initial discharge capacity, while the loss would have been only 18% if 
the long-term stability factor had been 0.998, as was calculated in the 
short experiment (Fig. 4). 

Comparing our electrodes to others reported in literature, we could 
see that our electrode performs comparatively well to similar formula
tions. For instance, Paulraj et al. manufactured electrodes that were able 
to achieve 644 mAh gFe

− 1 of discharge capacity and lose between 10 and 
25% of it after 100 cycles, but using much more complicated formula
tions, including copper, tin and carbon nanotubes in the electrode and 
lithium hydroxide in the electrolyte [20]. Other studies focus on shorter 
cycling, not reaching more than 30 cycles, and showing a less stable 
behaviour than our electrode [33,59–62]. Other works reporting hun
dreds of cycles (up to 1200) are based on carbonyl iron, which has 
shown to be able to retain its capacity for even a few hundred cycles [13, 
14,18], but with capacities of no more than 300 mAh gFe

− 1 and always 
with the addition to the electrode or electrolyte of substances such as 
bismuth sulphide, sodium sulphide and bismuth oxide. Besides, 
carbonyl iron requires long activation periods, of even more than a 
hundred cycles. The only electrode found in literature based on carbonyl 
iron with a short activation period (25 cycles) and high discharge ca
pacity (up to 650 mAh gFe

− 1) is the one manufactured by Figueredo-Ro
dríguez et al. [53], who only tested 40 cycles. These results place our 
electrode as an interesting, low-cost, well performing alternative. 

4. Conclusions 

Iron electrodes were manufactured based on mesoporous sulphur- 

Fig. 7. Proposed equivalent circuit for the reduction of iron (II) hydroxide to iron in porous electrodes.  

Table 6 
Optimized parameters of equivalent circuit (Fig. 7) for the shown electrodes.  

Electrode S-Fe2O3-TAR-air S-Fe2O3-TAR-N2 

1 cycle 15 cycles 1 cycle 15 cycles 

R1 (mΩ) 67.5 69.2 71.0 71.3 
R2 (mΩ) 239 239 159 47.1 
R3 (mΩ) 69.1 72.0 18.7 127 
Q1 – Y0 (mSn) 6.09 5.91 28.4 2.13 
Q1 – n 0.823 0.830 0.693 0.998 
Q2 – Y0 (mSn) 149 153 720 176 
Q2 – n 0.887 0.887 0.692 0.513 
D – Y0 (S0.5) 1.68 1.70 1.13 1.13  
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modified iron oxide and commercial carbon black. The physical- 
chemical features of the iron oxides, especially the textural properties, 
were tuned upon changing the synthesis conditions. We determined that 
textural properties, especially surface area and pore size, affect the 
discharge capacity of the iron oxides. More importantly, these properties 
have a significant impact on the stability of the electrodes. A large 
surface area and small pore size were linearly correlated with enhanced 
stability, because a good contact between the iron oxide and carbon 
phases was found to be crucial to prevent passivation. Electrochemical 
impedance spectroscopy studies evidenced that passivation is caused by 
a non-conductive iron (II) hydroxide layer that inhibits the reduction of 
this species to metallic iron. The charge transfer resistance in the Fe 
(OH)2 to Fe reduction increases significantly in the fast-deactivating 
electrodes. Sulphur-modification was found to have a similar effect as 
the combination of using an electrode with large surface area and good 
contact with the carbon phase, as sulphate reduces to sulphide and forms 
iron (II) sulphide, which replaces iron (II) hydroxide and has a greater 
conductivity. Our most porous sulphur-doped iron oxide was able to run 
130 cycles losing 0.3% of its discharge capacity with each cycle. All 
these findings provide key insights into both the deactivation mecha
nism and the physical-chemical properties that could prevent it, 
advancing one step forward the optimization and design of alkaline iron 
electrodes. 
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M.L. Zheludkevich, Sustainable aqueous metal-air batteries: an insight into 
electrolyte system, Energy Storage Mater. 52 (2022) 573–597, https://doi.org/ 
10.1016/j.ensm.2022.08.032. 

[4] H. Weinrich, Y.E. Durmus, H. Tempel, H. Kungl, R.A. Eichel, Silicon and iron as 
resource-efficient anode materials for ambient-temperature metal-air batteries: a 
review, Materials 12 (2019) 2134, https://doi.org/10.3390/ma121321341-55 
(Basel). 

[5] R.D. McKerracher, C. Ponce de Leon, R.G.A. Wills, A.A. Shah, F.C. Walsh, A review 
of the iron-air secondary battery for energy storage, ChemPlusChem 80 (2015) 
323–335, https://doi.org/10.1002/cplu.201402238. 

[6] H. Weinrich, M. Gehring, H. Tempel, H. Kungl, R.A. Eichel, Impact of the charging 
conditions on the discharge performance of rechargeable iron-anodes for alkaline 

Fig. 8. Extended cycling of the S-Fe2O3-TAR-air electrode.  

N.I. Villanueva-Martínez et al.                                                                                                                                                                                                               

https://doi.org/10.1016/j.electacta.2023.142964
https://doi.org/10.3390/en14217373
https://doi.org/10.1016/j.ensm.2019.12.011
https://doi.org/10.1016/j.ensm.2019.12.011
https://doi.org/10.1016/j.ensm.2022.08.032
https://doi.org/10.1016/j.ensm.2022.08.032
https://doi.org/10.3390/ma121321341-55
https://doi.org/10.1002/cplu.201402238


Electrochimica Acta 465 (2023) 142964

11

iron air batteries, J. Appl. Electrochem 48 (2018) 451–462, https://doi.org/ 
10.1007/s10800-018-1176-4. 

[7] J.O.G. Posada, P.J. Hall, Controlling hydrogen evolution on iron electrodes, Int. J. 
Hydrog. Energy 41 (2016) 20807–20817, https://doi.org/10.1016/j. 
ijhydene.2016.04.123. 

[8] D.C. Lee, D. Lei, G. Yushin, Morphology and phase changes in iron anodes affecting 
their capacity and stability in rechargeable alkaline batteries, ACS Energy Lett. 3 
(2018) 794–801, https://doi.org/10.1021/acsenergylett.8b00063. 

[9] A.B. Hrubiak, V.O. Kotsyubynsky, V.V. Moklyak, B.K. Ostafiychuk, P.I. Kolkovsky, 
S.V. Fedorchenko, B.I. Rachiy, The electrical conductivity and photocatalytic 
activity of ultrafine iron hydroxide/oxide systems, Mol. Cryst. Liq. Cryst. 670 
(2018) 97–111, https://doi.org/10.1080/15421406.2018.1542070. 

[10] R.M. Cornell, U. Schwertmann, Electronic, electrical and magnetic properties and 
colour. The Iron Oxides: Structure, Properties, Reactions, Occurences and Uses, 
2nd ed., Wiley-VCH Verlag GmbH & Co. KGaA, 2003, pp. 111–137, https://doi. 
org/10.1002/3527602097. 

[11] B.T. Hang, M. Eashira, I. Watanabe, S. Okada, J.I. Yamaki, S.H. Yoon, I. Mochida, 
The effect of carbon species on the properties of Fe/C composite for metal-air 
battery anode, J. Power Sources 143 (2005) 256–264, https://doi.org/10.1016/j. 
jpowsour.2004.11.044. 

[12] A.S. Rajan, S. Sampath, A.K. Shukla, An in situ carbon-grafted alkaline iron 
electrode for iron-based accumulators, Energy Environ. Sci. 7 (2014) 1110–1116, 
https://doi.org/10.1039/c3ee42783h. 

[13] H. Weinrich, J. Pleie, B. Schmid, H. Tempel, H. Kungl, R.A. Eichel, In situ hydrogen 
evolution monitoring during the electrochemical formation and cycling of pressed- 
plate carbonyl iron electrodes in alkaline electrolyte, Batter. Supercaps 5 (2022) 
3–10, https://doi.org/10.1002/batt.202100415. 

[14] A.K. Manohar, C. Yang, S.R. Narayanan, The role of sulfide additives in achieving 
long cycle life rechargeable iron electrodes in alkaline batteries, J. Electrochem. 
Soc. 162 (2015) A1864–A1872, https://doi.org/10.1149/2.0741509jes. 

[15] B.T. Hang, S.H. Yoon, S. Okada, J. Ichi Yamaki, Effect of metal-sulfide additives on 
electrochemical properties of nano-sized Fe2O3-loaded carbon for Fe/air battery 
anodes, J. Power Sources 168 (2007) 522–532, https://doi.org/10.1016/j. 
jpowsour.2007.02.067. 

[16] D. Mitra, A.S. Rajan, A. Irshad, S.R. Narayanan, High performance iron electrodes 
with metal sulfide additives, J. Electrochem. Soc. 168 (2021), 030518, https://doi. 
org/10.1149/1945-7111/abe9c7. 

[17] A.S. Rajan, M.K. Ravikumar, K.R. Priolkar, S. Sampath, A.K. Shukla, Carbonyl-iron 
electrodes for rechargeable-iron batteries, Electrochem. Energy Technol. 1 (2014) 
2–9, https://doi.org/10.1515/eetech-2014-0002. 

[18] C. Yang, A.K. Manohar, S.R. Narayanan, A high-performance sintered iron 
electrode for rechargeable alkaline batteries to enable large-scale energy storage, 
J. Electrochem. Soc. 164 (2017) A418–A429, https://doi.org/10.1149/ 
2.1161702jes. 

[19] B.T. Hang, T. Watanabe, M. Egashira, I. Watanabe, S. Okada, J. ichi Yamaki, The 
effect of additives on the electrochemical properties of Fe/C composite for Fe/air 
battery anode, J. Power Sources 155 (2006) 461–469, https://doi.org/10.1016/j. 
jpowsour.2005.04.010. 

[20] A.R. Paulraj, Y. Kiros, M. Chamoun, H. Svengren, D. Noréus, M. Göthelid, 
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S1.- Electrode manufacturing scheme 

 
Figure S1. Scheme of the process of electrode manufacturing. 
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S2.- Mössbauer spectroscopy 

Figure S2. Mössbauer effect spectra of the studied iron oxides with fitted components (left panel) 

and distribution of doublets and sextets (right panel) as explained in the manuscript. 
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Table S1. Fitted parameters of the Mössbauer spectra using WinNormos software. Isomer shifts ( ) given 
with respect to -Fe. Errors in brackets. For distributions, the average value of  is given. Max1 and max2 
indicate the maxima in the distribution values of quadrupole splitting ∆ (doublets) or hyperfine field Bhf 
(sextets). 

    Fe2O3-TAR-AIR S-Fe2O3-TAR-AIR Fe2O3-TAR-N2 S-Fe2O3-TAR-N2 

H
e

m
at

it
e

  (mm/s) 0.362(1) 0.362(1)   0.266 
2 (mm/s) –0.217(1) –0.204(1) 

 
–0.193 

Bhf (T) 51.58(1) 51.64(1) 
 

51.55 
fwhm (mm/s) 0.223(2) 0.213(3) 

 
0.233 

A (%) 69.0(4) 47.5(4)   19.3(4) 

M
ag

h
e

m
it

e
  (mm/s) 0.310(3) 0.313(2) 

 
0.203 

2 (mm/s) 0* 0* 
 

0* 
Bhf (T) 48.76(4) 48.75(3) 

 
49.19 

fwhm (mm/s) 0.55(1) 0.57(1) 
 

0.51 
A (%) 27.1(4) 46.4(4)   42.2(7) 

D
is

t.
  

D
o

u
b

le
t 

 (mm/s) 0.28(2) 0.34(1) 
 

0.27 
(max1) (mm/s) 0.22(2) 0.20(2) 

 
0.18 

(max2) (mm/s) 0.76(2) 0.75(2) 
 

0.74 
fwhm (mm/s) 0.294* 0.294* 

 
0.294* 

A (%) 2.9(7) 6(1)   6.1(3) 

D
is

t.
 S

e
xt

e
t 

 (mm/s)     0.21(1) 0.35(2) 
2 (mm/s) 

  
0.011(1) –0.05(1) 

Bhf(max1) (T) 
  

49.2(5) 45.8(5) 
Bhf(max2) (T) 

  
51.5(5) 28.5(5) 

fwhm (mm/s) 
  

0.294* 0.344* 
A (%)     100 32(1) 
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S3.- Determination of crystallite size 

The size of the crystallites of each phase, hematite and maghemite, was determined as 

follows. The powder-diffractograms were fitted by the Rietveld method using FullProf software [1]. 

In the fits we used the Thompson-Cox-Hastings (TCH) pseudo-Voigt shape for reflections [2]. Instead 

of the full width of the reflection and pseudo-Voigt mixing parameter, the parametrization of the 

TCH pseudo-Voigt function allows to calculate the Gaussian and Lorentzian widths, which can be 

readily identified with crystallite-size effects, microstrains and instrumental resolution broadening. 

The integral breadth corresponding to size effects finally gives the crystallite size through the 

Scherrer formula, thus excluding contributions from the instrumental resolution. No strain 

contribution to the reflections broadening was considered in the present case. The method is 

described in detail in [1]. 

Table S2. Relative molar fractions of iron in hematite and maghemite in %, assuming identical 

recoilless fractions for both oxides. The values for Fe2O3-TAR-N2 were obtained by fitting the 

distribution of hyperfine values above 45 T with two Gaussians. The area of the Gaussian centered 

at ≈51 T yields the contribution of hematite; the rest of the distribution is then assigned to 

maghemite. 

 Hematite Maghemite 

Fe2O3-TAR-air 72 28 

S-Fe2O3-TAR-air 51 49 

Fe2O3-TAR-N2 12 88 

S-Fe2O3-TAR-N2 21 79 

 

[1] Rodriguez-Carvajal, J., FULLPROF: a program for Rietveld refinement and pattern matching 
analysis, in: Satell. Meet. Powder Diffr. XV Congr. IUCr (Vol. 127), 1990. Rodriguez-Carvajal, J., 
Physica B (1993), 192, 55. https://www.ill.eu/sites/fullprof/index.html. 

[2] Thompson, P., Cox, D. E., & Hastings, J. B. (1987). Rietveld refinement of Debye–Scherrer 
synchrotron X-ray data from Al2O3. Journal of Applied Crystallography, 20(2), 79–83. 
doi:10.1107/s0021889887087090   
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S4.- Nitrogen physisorption 

 
Figure S3. Nitrogen physisorption isotherms at 77 K over a) Fe2O3-TAR-air and S-Fe2O3-TAR-air, b) 

Fe2O3-TAR-N2 and S-Fe2O3-TAR-N2, and c) Fe2O3-SHX-air.  
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S5.- XPS spectra 

 

Figure S4. XPS spectra of samples: a) Fe2O3-TAR-air, b) S-Fe2O3-TAR-air, c) Fe2O3-TAR-N2, d) S-Fe2O3-
TAR-N2, and e) Fe2O3-SHX-air. Carbon percentages are overestimated because of adventitious 

carbon. 
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Figure S5. XPS spectra of orbitals Fe2p (left) and S2p (right) of samples: a) S-Fe2O3-TAR-air, and b) 
S-Fe2O3-TAR-N2 
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Figure S6. XPS spectra of orbital O1s of samples: a) Fe2O3-TAR-air, b) S-Fe2O3-TAR-air, c) Fe2O3-TAR-
N2, d) S-Fe2O3-TAR-N2, and e) Fe2O3-SHX-air 
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S6.- FESEM and TEM/STEM images of the iron oxides 

 

Figure S7. FESEM micrographs at 50k magnification of iron oxides a) Fe2O3-TAR-air, b) S-Fe2O3-TAR-
air, c) Fe2O3-TAR-N2, d) S-Fe2O3-TAR-N2, and e) Fe2O3-SHX-air 

  

a) b)

c) d)

e)

Fe2O3-TAR-air S-Fe2O3-TAR-air

Fe2O3-TAR-N2 S-Fe2O3-TAR-N2

Fe2O3-SHX-air
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Figure S8. TEM micrographs of iron oxides a) Fe2O3-TAR-air, b) S-Fe2O3-TAR-air. STEM images for 

c)  Fe2O3-TAR-air, d) S-Fe2O3-TAR-air. 

 

  

c) d)
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S7.- Electrochemical reactions on the electrodes and electrodes deactivation 

During charge (dotted lines), all of the composites show a first plateau at around -0.95 V vs 

Hg|HgO, associated to the reduction of iron (III) to iron (II), and a second longer plateau where both 

the reduction of iron (II) to metallic iron and the HER take place at -1.18 V vs Hg|HgO. When 

discharging (solid lines), the plateau corresponding to the oxidation of Fe to Fe(OH)2 is visible at 

around -0.92 V vs Hg|HgO and the plateau of the formation of iron (III) appears between -0.75 and 

-0.70 V vs Hg|HgO. Two interesting facts related to all of the electrodes must be noted: first, that 

both discharge plateaus are roughly the same length. While the stoichiometry of the reactions 

indicates that two electrons are transferred in the first step and only one in the second and so, the 

first discharge plateau should be twice the length of the second one. This means that not all the iron 

(II) hydroxide molecules are reducing to metallic iron and oxidizing to Fe(OH)2 again. The second 

remarkable fact is that the second discharge plateau appears to be divided into two: a first shorter 

plateau and a second longer one. This suggests that the oxidation of Fe(OH)2 to FeOOH or Fe2O3 

occurs through an intermediary, probably Fe3O4. 
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Figure S9. Detail of the processes of charge and discharge of an iron oxide electrode. 
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Figure S10. Model applied to the discharge capacity of electrodes a) Fe2O3-TAR-air, b) S-Fe2O3-TAR-
air, c) Fe2O3-TAR-N2, and d) Fe2O3-SHX-air 
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S8.- Post-mortem XPS analyses  

 
Figure S11. Post-mortem XPS analyses of orbitals a) Fe2p and b) O1s of electrode Fe2O3-TAR-N2. 
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S8.- Influence of the physical-chemical properties on rate capability 

The rate capability of the electrodes S-Fe2O3-TAR-air and S-Fe2O3-TAR-N2 was tested 

performing charge-discharge cycles at C-rates of 0.8 - 0.4 C and 1.6 C - 0.8 C. The electrode S-Fe2O3-

TAR-N2, with lower porosity and surface area, is more affected by higher C-rates, as its 𝑓 factor 

decreases from 0.962 to 0.891 when increasing the charge-discharge rates from 0.4 - 0.2 C to 1.6 - 

0.8 C. This effect is not as strong in electrode S-Fe2O3-TAR-air (𝑓 factor barely decreases, from 0.976 

to 0.970). 

 

 
Figure S12. Model applied to the discharge capacity of electrodes a) S-Fe2O3-TAR-air and, b) S-
Fe2O3-TAR-N2 at higher C-rates. 
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S9.- Additional EIS data  

The equivalent circuit fitted to the Nyquist diagrams of samples Fe2O3-TAR-air and Fe2O3-

TAR-N2 is the same as in Figure 7 in the main text. The Nyquist diagram and fitted parameters of 

Fe2O3-TAR-air show little variability, with the charge transfer resistance increasing ca. 10% after 15 

cycles. Fe2O3-TAR-N2, by contrast, shows an increment of 120 mV, more than threefold. 

 

 

Figure S13. Nyquist diagrams of EIS tests after 1 and after 15 cycles of electrodes: a) Fe2O3-TAR-air 
and b) Fe2O3-TAR-N2 

Table S3. Optimized parameters of equivalent circuit (Figure 7 in the main text) for the electrodes 
in Figure S13. 

Electrode Fe2O3-TAR-air Fe2O3-TAR-N2 

1 cycle 15 cycles 1 cycle 15 cycles 

R1 (mΩ) 64.0 63.2 71.0 73.1 

R2 (mΩ) 251 255 202 157 

R3 (mΩ) 63.4 69.0 55.3 175 

Q1 – Y0 (mSn) 10.5 6.36 19.28 9.56 

Q1 – n 0.849 0.853 0.785 0.772 

Q2 – Y0 (mSn) 147 161 467 448 

Q2 – n 0.872 0.894 0.790 0.810 

D – Y0 (S0.5) 1.81 1.74 1.70 1.53 
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S9.- Post-mortem textural characterization 

Figure S14 shows the N2 physisorption obtained for two electrodes, considering a fresh 

electrode (without cycling) and an electrode cycled 20 times. Both of the tested electrodes (S-Fe2O3-

TAR-air and S-Fe2O3-TAR-N2) showed a similar decrease in their surface area and pore volume, as 

the iron oxides expanded, occupying the pores of the carbon matrix. This phenomenon was 

investigated by Yang et al., [3]. Coincidently with what they found, the electrode S-Fe2O3-TAR-air 

showed a greater decline in pore size (see Table S4), from 14.1 nm to 6.8 nm, while S-Fe2O3-TAR-N2 

average pore diameter increased from 13.8 nm to 16.6 nm. This indicates a better utilization and 

better contact between the carbon and iron phases in S-Fe2O3-TAR-air electrode, and thus, a greater 

stability. 

 

 

Figure S14. Adsorption isotherms of electrodes: a) S-Fe2O3-TAR-air, and b) S-Fe2O3-TAR-N2; before 
cycling and after 20 cycles. 

 

Table S4. Textural properties of the fresh and cycled electrodes. 

Electrode 
BET surface area 

(m2 g-1) 
Pore volume 

(cm3 g-1) 
BJH desorption avg. 

pore size (nm) 

S-Fe2O3-TAR-air fresh 72 0.31 14.1 

S-Fe2O3-TAR-air 20 cycles 36 0.18 6.8 

S-Fe2O3-TAR-N2 fresh 72 0.26 13.8 

S-Fe2O3-TAR-N2 20 cycles 44 0.21 16.6 

 

[3] Yang, C., Manohar, A. K., & Narayanan, S. R. (2017). A high-performance sintered iron electrode 

for rechargeable alkaline batteries to enable large-scale energy storage. Journal of The 

Electrochemical Society, 164(2), A418. doi: 10.1149/2.1161702je 
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A B S T R A C T   

Alkaline metal-air batteries are unique systems for energy storage. These devices require a bifunctional catalyst 
in the positive electrode that must perform both the oxygen evolution and reduction reactions (OER and ORR, 
respectively). Generally, cobalt-based oxides are employed as air electrodes; however, cobalt is a critical raw 
material. Future battery devices will mandatorily need non-critical raw materials based on highly abundant 
metals. Here we investigate the feasibility of iron-doped manganese oxide in the form of nanowires (Fe-MONW) 
combined with carbon nanofibers. MnO2 is known for being active for the ORR, however its activity towards the 
OER is not yet fully understood. Carbon nanofibers (CNF) on the other hand, provide the necessary electrical 
conductivity to the catalytic system. Simple methods and economic materials are employed to synthesize the Fe- 
MONW/CNF composites. Our results show that there is a synergistic effect between CNF and MONW, especially 
for the ORR, which manifests in an increase in the number of exchanged electrons– from 2.9 to 3.5 – and a shift in 
the onset potential of 70 mV. Doping MONW with iron further enhances the catalytic activity, for both the ORR 
and OER. Fe ions generate defects in the manganese oxide structure, favoring the adsorption of oxygen and 
eventually enhancing the catalytic activity. Fe-doped-MONW shows onset potentials for OER comparable to the 
benchmark catalyst, IrO2. The improvement on the catalytic activity is particularly evident in terms of the 
reversibility gap, ΔE. ΔE is the difference between the potential when the current density is 10 mA cm− 2 in OER 
and the half-wave potential for the ORR, being a fundamental parameter to assess the performance of metal-air 
batteries. The reversibility gap for the best catalyst, 5Fe-MONW/CNF, is ΔE = 922 mV (140 mV lower than non- 
doped MONW/CNF and between 160 and 320 mV lower than the individual components, MONW and CNF). 
Endurance tests show remarkable stability of the iron-doped MONW/CNF, with a stable potential and an even 
lower ΔE of 800 mV for ca. 20 h of operation (charge-discharge cycles at ± 10 mA cm− 2).   

1. Introduction 

The interest of the scientific community in metal-air batteries 
(MABs) is continuously increasing since MABs are considered promising 
energy storage devices. MABs present high theoretical energy densities 
(from 1000 Wh kg− 1 of Fe-air batteries to 11.000 Wh kg− 1 of Li-O2 
batteries) [1,2]. A wide variety of abundant metals can be used as an
odes, e.g., Fe, Zn, Mg, Al, or Si, which is of high interest since the supply 
chain of batteries’ raw materials is a significant concern [3–5]. An 
additional advantage of metal-air batteries is that certain metal anodes, 
like Fe or Zn, operate in aqueous alkaline media, with lower toxicity 
(compared to organic electrolytes) and favoring the use of low-cost 

non-noble metals for the air electrode [5,6]. The air electrode of 
aqueous metal-air batteries is responsible for reducing oxygen (during 
the discharge of the battery) and oxidizing water (during the charge), 
carrying out the widely known couple “oxygen reduction and oxygen 
evolution reactions (ORR/OER)” [7,8]. It is generally acknowledged 
that oxygen electrocatalysis is a major challenge for researchers, given 
the sluggish kinetics and multiple steps of these reactions. Besides, the 
OER entails a further challenge, the high operating potential (> 1.5 V vs. 
RHE), producing the electrochemical corrosion of the electrode com
ponents [9,10]. These features force research into the quest for highly 
active, durable, and bifunctional catalysts. 

From noble metals to transition metals, several catalysts have been 
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investigated in the last years for metal-air batteries [11–16]. Among 
non-noble metals, cobalt-based oxides with structures such as spinels or 
perovskites are widely known for their bifunctionality for ORR/OER [8, 
17–22]. However, due to its use in lithium-ion cathodes, cobalt is a 
critical raw material, with increasing demand and availability concerns. 
Low-cost alternative metals with high activity are then sought to avoid 
the use of cobalt in these devices. 

Manganese oxides have been investigated as an alternative to cobalt- 
based catalysts, due to their promising activities, particularly for the 
ORR, and more recently, with good performances for the OER [23–25]. 
Yin et al., in a recent review, summarized the main advantages of 
MnO2-based catalysts such as the diversity of nanostructures that they 
can present (tubes, sheets, rods, wires) and different crystallinity (α-, β-, 
γ-, σ- and λ-MnO2) what confers them a high surface-area utilization and 
a rich redox chemistry [26,27]. All these features provide them with an 
interesting compromise of activity and stability [28]. Gu et al. investi
gated several manganese nanostructures, determining that manganese 
nanowires have the best features as ORR/OER catalysts, however, at the 
expense of using ionic liquids [29]. Some authors have proved that 
doping MnO2 with Ni, Fe, or Co is beneficial for their activity towards 
ORR and OER [28]. However, the low conductivity of these oxides is 
often an issue for further application. For this reason, the mixture of 
manganese-based oxides with conductive carbon materials has been 
recently investigated [30]. Previous reports in the literature have shown 
good performances combining MnO2 with graphene, carbon nanotubes, 
or carbon nanospheres [4,31–33]. For example, Levy et al. employed 
CNT to improve the activity of MnO2-catalysts for Li-O2 batteries. Miao 
et al. combined MnO2 with nitrogen-doped graphene as a flexible air 
electrode for solid-state zinc-air batteries [34]. 

Here we propose the use of highly-graphitic CNFs as a conductive 
additive for enhanced ORR/OER bifunctional catalysts based on low- 
cost iron doped-manganese oxide nanowires. Low-cost catalysts based 
on non-critical-raw materials are essential for developing economic and 
sustainable energy storage electrochemical devices such as metal-air 
batteries or regenerative fuel cells, requiring both bifunctionality and 
durability. 

2. Experimental 

2.1. Materials and methods 

All the chemicals employed were purchased as high-purity reagents 
and used as received. The synthesis of manganese oxide nanowires 
consisted in an easily scalable, low-cost hydrothermal process previ
ously established by Xiao et al. [35]. Briefly, 0.63 g of KMnO4 (99%, 
Panreac) and 1.4 mL of HCl (37%, Fluka) were mixed and magnetically 
stirred for 30 min in 50 mL of deionized water. Afterward, the former 
solution was transferred to a Teflon-lined stainless steel autoclave, 
placed in an oven for 12 h at 120◦C or 140◦C. Once the autoclave cooled 
down, the brown precipitate obtained was collected and washed with 
deionized water in a centrifuge until the waste water had a neutral pH. 
The obtained powder was dried overnight at 65◦C to obtain the man
ganese oxide nanowires, named MONW-X, where X is the temperature of 
the autoclave, either 120◦C or 140◦C. The same procedure was 
employed to obtain iron-doped manganese oxide nanowires by adding 
different amounts (28, 56, or 84 mg) of FeCl3 (97%, Sigma-Aldrich) in 
the precursor solution, aiming to obtain nominal loadings of 2, 5, and 7 
wt%. Fe-doped MONW will be named as X-Fe-MONW, where X is the 
actual Fe loading determined by ICP. 

Once obtained, MONW and Fe-doped MONW were mechanically 
mixed with highly-graphitic carbon nanofibers obtained by catalytic 
decomposition of methane, as described in previous reports [36]. 
Briefly, 300 mg of a Ni:Cu:Al2O3 (78:8:16 at. ratio) catalyst were 
introduced in a fix-bed vertical quartz reactor, flowing H2 for 1 h at 
550◦C. Subsequently, temperature was risen up to 700◦C under N2 at
mosphere. Then CH4 was flowed through the reactor for 3 h to proceed 

with its catalytic decomposition, yielding the carbon nanofibers (CNF). 
To obtain the Fe-MONW/CNF composites, equal amounts of MONW or 
Fe-MONW and CNF were placed in an agate vase with 7 agate balls (5 
mm diameter), and 10 mL of ethanol, and ball-milled for 1 h at 100 rpm. 
The resulting mixture was dried overnight at 65◦C. 

2.2. Materials characterization 

CNF, MONW, and Fe-MONW were fully characterized by several 
solid-state characterization techniques. Powder X-Ray Diffraction (XRD) 
was performed with a Bruker AXS D8 Advance diffractometer employing 
Cu Kα radiation and a θ–θ configuration. Crystal size was calculated by 
applying the Scherrer equation to the main peaks of the diffractogram. 
The determination of the crystallographic phases was carried out 
through Rietveld refinement. The morphology of MONW and CNF was 
investigated by both transmission (TEM) and scanning (SEM) electron 
microscopy. TEM images were acquired with a Tecnai F30 microscope 
operated at 300 kV. The samples were ultrasonically dispersed in 
ethanol for 15 min and then placed in a Cu carbon grid. SEM images 
were obtained with a Hitachi 3400-N microscope with the powdered 
samples directly placed on a carbon tape. Textural features of MONW 
were assessed through nitrogen physisorption at − 196◦C in Micro
meritics ASAP 2020. The amount of iron was determined by inductively 
coupled plasma combined with atomic emission spectrometry (ICP-AES) 
using an Xpectroblue-EOP-TI FMT26 spectrometer. This technique was 
also employed to determine the amount of nickel in the carbon nano
fibers (CNF). In addition, the carbon and hydrogen content of CNF was 
determined by elemental analysis (EA) in a Thermo Flash 1112 analyzer 
(Thermoscientific Waltham). Finally, the chemical speciation of man
ganese oxides was determined by X-Ray photoelectron spectroscopy in 
an ESCA Plus Omicron spectrometer equipped with Mg (1253.6 eV) 
anode, 225 W (20 mA, 15 kV) power and using Casa XPS as software for 
the deconvolution of the peaks. Components were fitted with a 
Gaussian-Lorentzian (70%− 30%) curve and a Shirley function was used 
for the baseline. 

2.3. Electrochemical tests 

The activity of MONW/CNF and Fe-doped MONW/CNF composites 
was investigated towards the critical reactions for the air electrode in an 
alkaline solution, i.e., the oxygen reduction and the oxygen evolution 
reactions. The electrochemical experiments were carried out in a three- 
electrode cell, using a graphite rod as counter-electrode, a reversible 
hydrogen electrode as the reference electrode in the tests performed in 
KOH 0.1 M, and a Hg|HgO reference electrode in the tests performed in 
KOH 6 M. An ink composed of 5 mg of the catalyst under study, 10 μL of 
binder (Nafion solution 10 wt%., Alfa-Aesar), and 490 μL of ethanol 
(HPLC grade, Alfa Aesar) was prepared and deposited, drop by drop, on 
top of a rotating disk electrode (RDE), with a glassy carbon tip of 5 mm 
(diameter). A catalyst loading of 1018 µg cm− 2 was obtained. The cat
alytic activity was assessed by applying linear sweep voltammetry (LSV) 
from 1.0 to 0.2 V vs. RHE to investigate the ORR, with a scan rate of 5 
mV s− 1 and varying rotating speeds from 400 to 2500 rpm and flowing 
O2 in the electrolyte solution (0.1 M KOH, prepared from high-purity 
KOH, 99.99%, Alfa Aesar, and ultrapure water, Milli-Q, 18.2 MΩ cm). 
Before the ORR, LSV in nitrogen atmosphere was performed in the same 
potential range and used as baseline, subtracted to the oxygen-LSV. The 
OER was carried out with LSV from 1.0 to 1.9 V vs. RHE at the same scan 
rate and 1600 rpm of rotating speed to remove the evolved oxygen from 
the electrode. Endurance tests were carried out to investigate the sta
bility of the catalysts, consisting in 50 cycles comprising 3 min at 1 mA 
cm− 2 and 3 min at − 1 mA cm− 2 at 1600 rpm rotation speed. Besides, a 
Gas Diffusion Electrode (GDE) was prepared by spray-coating a 1.6 cm 
diameter carbon paper piece with an ink of the same characteristics as 
the one of the RDE. A coverage of 0.71 mg cm− 2 was achieved. Fifteen 
ORR-OER cycles of 5 h each and current densities of − 10 mA cm− 2 and 
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10 mA cm− 2, respectively, were performed. The system of these tests 
used KOH 6 M as an electrolyte and a Hg|HgO reference electrode. 

3. Results and discussion 

3.1. Materials characterization 

The chemical composition of carbon nanofibers was investigated 
with elemental analysis (EA) and inductive-coupled plasma spectros
copy (ICP). Carbon nanofibers contain solely carbon (89 wt%), 
hydrogen (1 wt%), and nickel (7.3 wt%, determined from ICP), from the 
CNF-growth catalyst. The high carbon content is consistent with what 
was observed during the growth of the CNF, as 300 mg of Ni:Cu:Al2O3 
catalyst yielded approximately 3 g of CNF [36]. The chemical compo
sition of manganese oxide nanowires was investigated by ICP, as shown 
in Table 1. MONW-120 and MONW-140 have almost identical compo
sitions (58–59 wt% Mn and around 6 wt% K), indicating that the dif
ference in the studied temperatures has a negligible impact on the 
composition of the nanowires. Potassium in the MONW comes from 
KMnO4 employed during the synthesis. This potassium is present as 
K2MnO4 [35], so the amount of potassium correlates with the amount of 
manganese (VI), as will be discussed later. The total amount of Mn and K 
in the MONW nanowires is ca. 65%. Since no other elements are found in 
these materials, the amount of oxygen in the MONW can be determined 
(by difference), being ca. 35 wt%. Considering the stoichiometric for
mula of MnO2, 36.8% is oxygen, close to 35% of our MONW. Fe-MONW 
show a lower Mn content (around 50 wt%), that decreases with 
increasing amount of iron, and more importantly, the K content de
creases sharply, compared to the non-doped counterparts. Iron per
centages in the Fe-MONW (2, 5.3, and 6.6 wt%) are close to the nominal 
loadings pursued (2, 5, and 7 wt%). These samples also show a higher 
amount of oxygen in their composition (calculated by difference): 39.6, 
38.3, and 40.2 wt% in 2Fe-MONW-120, 5Fe-MONW-120, and 
7Fe-MONW-120, respectively. This greater oxygen content can be 
related to their capacity to adsorb oxygen, as will be discussed in the 
next paragraphs, related to XPS analyses. 

The chemical composition of MONW and Fe-MONW was also 
analyzed by XPS (Fig. S1 in Supporting Information). Table 2 reports the 
chemical composition of the MONW and Fe-MONW obtained from the 
deconvolution of the XPS spectra. 

The elements found on the surface of the nanowires were O, Mn, K, 
and Fe. MONW-120 and MONW-140 differ in the amount of manganese 
and oxygen. The O:Mn atomic ratio is reported in Table 3, being 4:3 for 
MONW-120 and 3:1 for MONW-140. This significant difference could be 
explained by the adsorbed oxygen [37]. According to Xiao et al. [38], 
the synthesis of the nanorods at temperatures higher than 120 ◦C results 
in the “dissolution or etching of the extremes of the nanorods”, slowly 
transforming them into nanotubes. In the high-resolution SEM images 
(Fig. S2a), we observed open ends in MONW-140, evidencing the dis
solution/etching previously mentioned. These open ends could be 
responsible for the enhanced oxygen adsorption in MONW-140. 

Potassium content determined by XPS (Table 2) ranges around 2–4 at 
% (corresponding to 3–6 wt% as shown in Table S1, being similar to the 
bulk content reported in Table 1). On the contrary, iron is found in 

excess on the surface of Fe-MONW (ca. 9–10 at% corresponding to 20 wt 
%, Table S1) compared to the bulk (see Table 1, from 2 to 6 wt%). 

Iron-doped nanowires Fe-MONW present average O:Mn ratio around 
6:1 and O:Me ratio (Me = Mn+Fe) of ca. 3.3:1, as reported in Table 3. 
This indicates that iron favours oxygen adsorption, as will be discussed 
later. Another interesting finding concerns iron concentration. 2Fe- 
MONW-120 has an atomic bulk concentration (reported in Table S2) 
of ~1 at% and a surface concentration of 8.9 at% (Table 2). 5Fe-MONW- 
120 with a bulk concentration of iron of 2.5 at%, presents a higher iron 
surface concentration, 10.4 at%. However, a further increase in the iron 
bulk concentration does not mean a further increase in the surface 
concentration, and consequently, 7Fe-MONW-120 has an iron surface 
concentration of 9.8 at%. These data suggest that iron tends to accu
mulate on the surface of the manganese oxide nanowires until a point of 
saturation. This is relevant since surface chemistry tends to affect cata
lytic processes severely. 

The high-resolution spectra of the manganese 2p orbital are shown in  
Fig. 1a and Fig. S3. The Mn peak shows two 2p3/2 components: one 
around 642.0 eV, ascribed to MnO2 (Mn (IV)) and one around 644.3 eV, 
ascribed to K2MnO4 (Mn (VI)). Biesinger et al. reported that pure MnO2 
samples show a peak at lower binding energy, corresponding to Mn (III), 
which is not observed in our samples [39]. This fact, together with the 
presence of Mn (VI), means that the reduction of KMnO4 during the 
synthesis is incomplete. The amount of Mn (VI) on the surface is 
consequently related to the amount of potassium, as can be seen in 
5Fe-MONW-120 (Fig. 1c) and 7Fe-MONW-120 (Fig. S3c), having a lower 
concentration of both surface potassium (around 2 at%, Table 2) and Mn 
(VI) (around 7–9 at%). 

The analysis of the O 1s orbital allows the identification of the ox
ygen species present on the surface of the nanowires (Figs. 1b and 1d, 
and Fig. S4). Two peaks were identified: one at ~529.5 eV, corre
sponding to lattice oxygen – either bond to Mn or Fe (peaks of manga
nese and iron oxide appear at almost the same binding energy [40]) and, 
another one around 531.1 eV, which corresponds to adsorbed oxygen, 
OH- groups or oxygen vacancies [41] (Fig. 1b). Since samples with a 
larger oxygen content also have a more significant oxygen surface 
content, it is fair to assume that this peak at around 531.1 eV is in fact 
adsorbed oxygen. Following this idea, the lattice to adsorbed oxygen 
ratio is higher in MONW-120 than in MONW-140 – 65:35 and 57:43, 
respectively –, which helps to explain the observed difference in the 
manganese to oxygen ratio observed in these samples. The amount of 
adsorbed oxygen in the Fe-MONW is even higher, with a 50:50 ratio of 
lattice to adsorbed oxygen ratio in the three iron-doped manganese 

Table 1 
Elemental composition determined by ICP-OES of the synthesized materials.  

Material wt% 

Manganese Iron Nickel Potassium 

CNF - - 7.3 - 
MONW-120 58 - - 6.1 
MONW-140 59 - - 6.7 
2Fe-MONW-120 52 2.0 - 6.4 
5Fe-MONW-120 53 5.3 - 3.4 
7Fe-MONW-120 51 6.6 - 2.2  

Table 2 
Surface composition of the synthesized materials measured by XPS.  

Material Atomic % 

O Mn Fe K 

MONW-120  55.2  41.9 -  2.9 
MONW-140  72.1  23.5 -  4.4 
2Fe-MONW-120  74.1  13.1 8.9  3.9 
5Fe-MONW-120  74.9  12.5 10.4  2.2 
7Fe-MONW-120  75.3  13.0 9.8  1.9  

Table 3 
O:Mn atomic ratio in the bulk (determined from ICP) and on the surface 
(determined from XPS).  

Material O:Mn bulk ratio O:Mn surface ratio O:Me surface 
(Me = Mn+Fe) 

MONW-120 2.1:1 4:3 4:3 
MONW-140 2:1 3:1 3:1 
2Fe-MONW-120 2.6:1 5.7:1 3.4:1 
5Fe-MONW-120 2.5:1 6:1 3.3:1 
7Fe-MONW-120 2.7:1 5.8:1 3.3:1  
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oxide nanowires (Fig. 1d and Fig. S4). In iron-containing samples, the Fe 
2p orbital was also analyzed (Fig. 1e and Fig. S5). The position of the 
main iron peaks in 2Fe-MONW-120, 5Fe-MONW-120, and 
7Fe-MONW-120 at around 711.5 eV allows us to infer that the iron 
species has a + 3 oxidation state, such as Fe2O3 or FeOOH [40]. The lack 
of a satellite peak between the 2p3/2 and 2p1/2 components and the gap 
between them of approximately 12.5 eV is similar to the goethite XPS 
spectrum [42]. These Fe3+ ions create oxygen vacancies in the MnO2 
lattice, which can enhance the catalytic activity of MnO2 towards ORR, 
as reported by Li et al. [43]. 

XRD studies revealed the crystalline structures of the MnO2 nano
wires (Fig. 2). The only crystalline phase observed, obtained applying 
Rietveld refinement, was α-MnO2 (JCPDS: 00–044–0141) confirming 
that iron ions are inserted in the manganese oxide lattice. 

The addition of iron diminishes the size of the MnO2 crystallite, 
increasing the number of defects, as reported in Table 4. This can be 
deducted from the progressive widening of the diffraction peaks with 

increasing amounts of iron (Fig. 2), particularly appreciable at the (211) 
peak at 37◦. It must be remarked that the inclusion of Fe ions in the 
α-MnO2 structure is not reflected as a shift of the peak position in the 
diffractogram. The similar ionic radius of Fe3+ and Mn4+ (73 and 67 pm, 
respectively [44]) means that interplanar distances are not significantly 
modified, and Bragg angles do not change. The defects induced in the 
lattice by ferric ions are related to oxygen vacancies due to their lower 
charge with respect that of Mn4+ ions. Thse defects are not caused by the 
strain ascribed to the different size between ions. 

From the crystallite size values, the dislocation density (δ) can be 
calculated by applying Eq. (1), also reported in Table 4. The dislocation 
density increases with increasing iron content. The dislocation density 
represents the concentration of defects in a crystal and is defined as the 
length of dislocation lines per volume [44,45]: 

δ =
1

D2 (1) 

Fig. 1. High-resolution XPS spectra of orbitals a) Mn 2p and b) O 1s, in MONW-120; c) Mn 2p, d) O 1s and e) Fe 2p, in 5Fe-MONW-120. Baseline subtracted in all 
the spectra. 
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XRD pattern was also obtained for CNF (Fig. S6a), where the only 
observable crystalline phases are graphitic carbon and metallic nickel. 
Highly graphitic carbon nanofibers are good electrical conductors and 
can enhance electrochemical reactions [46]. 

The textural properties of CNF, MONW and MONW/CNF composites 
were studied by nitrogen physisorption at 77 K (Fig. S7, and Table S3). 
Carbon nanofibers show a BET surface area of 94 m2 g− 1 in accordance 
with previous studies [49,50]. In the case of the MONW, the synthesis 
temperature does not have a significant effect on the textural properties, 
as MONW-120 and MONW-140 present surface area values of 23 m2 g− 1 

and 24 m2 g− 1, respectively. Doping with iron did not significantly affect 
the textural properties of MONW. Fe-MONW presented surface area 
values in the same range (20–26 m2 g− 1) as their non-doped 
counterparts. 

SEM and TEM images of the composites show the morphology of 
both CNF and MONW (Fig. 3). Carbon nanofibers have a fishbone 
structure, as ascertained from Fig. 3a, and diameters around 50 nm, as 
appreciated in Fig. 3b. Fig. 3c shows a bunch of MONW, highly cross- 
linked, with a needle-like shape. Fig. 3d shows an image at higher 
magnification of an isolated MONW, with ca. 35 nm diameter and from 
50 to 100 nm long. TEM images of the composite (Figs. 3e and 3f) show a 
good contact between the manganese oxide and the carbon phases, 
which is essential, as will be discussed in the next section. No iron 
particles were detected in the HR-TEM of the Fe-MONW, which confirms 
that iron is embedded in the MnO2 lattice. Figs. 3g and 3h show the 
particle size distribution for the MONW-120 in terms of both nanowire 
diameter (Fig. 3g) and nanowire length (Fig. 3h). The statistical 

distribution was obtained by measuring over 130 nanowires. The 
average nanowire diameter is around 75 nm, whereas the length is 
usually around 100 nm. In addition, no significant morphological dif
ferences were observed between the nanowires synthesized at 120 ◦C or 
140 ◦C, as shown in Figs. S2b and S2c. 

3.2. Electrochemical characterization 

3.2.1. Activity towards oxygen reduction and evolution reactions 
The performance of the catalysts towards ORR and OER was assessed 

by linear sweep voltammetry (Fig. 4a). The onset potentials for ORR 
(EORR) and OER (EOER) were calculated as the potential when the current 
density reaches − 0.1 mA cm− 2 and 1 mA cm− 2, respectively. Based on 
these values, the onset overpotentials for ORR (ηORR) and OER (ηOER), 
reported in Fig. 4b, were also calculated taking into consideration the 
standard O2 reduction potential, 1.23 V. Another important parameter 
to assess the performance of these bifunctional catalysts is the revers
ibility gap, ΔE, also reported in Fig. 4b. This value is fundamental for the 
performance of the final metal-air battery device, since it directly in
fluences the faradaic efficiency. ΔE is usually defined as the difference 
between the potential at which OER reaches 10 mA cm− 2 (E10) and the 
half-wave potential for the ORR (EHWP). This will be the one used in this 
manuscript. Other works in the literature report ΔE as the difference 
between the potential for the OER at 10 mA cm− 2 and the potential for 
the ORR at − 1 mA cm− 2 [34,51]. 

MONW-120/CNF composite catalyst was tested against the CNF and 
MONW (Fig. 4a). The polarization curves show a synergistic effect be
tween the manganese oxide nanowires (MONW) and the carbon nano
fibers (CNF), which is especially notorious in ORR. MONW/CNF 
composites show an onset potential shifted towards more positive values 
with respect the CNF (70 mV shift) and a higher limiting current density 
(− 5 mA⋅cm− 2 for the composite versus − 4 mA⋅cm− 2 for the individual 
components). On the other hand, CNF and MONW-120/CNF composite 
show almost the same behaviour for the OER. CNF have a 7.3 wt% of 
nickel in their composition, responsible for the catalytic activity towards 
the OER. To confirm this, carbon nanofibers were leached with hot 
hydrochloric acid (2 h, 60 ◦C, under sonication) and tested again for 
ORR and OER (see LSV in Fig. S8 in the supporting information). Acid- 
leached CNF has a slightly lower activity towards both ORR and OER 
with respect to the pristine CNF. Thus, the onset potential for the OER 
for acid-leached CNF shifts more than 50 mV and for ORR more than 
25 mV versus CNF, due to the presence of the catalytically active nickel 
particles. 

Fig. 4b shows the reversibility gap (left Y axis) and the onset over
potentials for both the ORR and OER (right Y axis), confirming the 
synergistic effect of the CNF with the MONW-120. It is evident that the 
MONW/CNF composites have lower ΔE gaps than the individual phases 
(CNF or MONW), mainly due to the poor activity of CNF towards ORR 
and of MONW towards OER. 

The number of electrons transferred during the ORR was calculated 
applying the Levich equation (Eq. 2) to the polarization curves: 

jL = 1.95nFAC∗
O2

D1.5
O2

ν− 1/6f − 0.5 (2)  

Where jL is the current density at the diffusional limit (E = 0.2 V vs. 
RHE), n is the number of electrodes transferred (2 for oxygen reduction 
to H2O2 and 4 to OH-), F is the Faraday constant (96485 C/mol), A is the 
area of the electrode (0.196 cm2), C∗

O2 
is the saturation concentration of 

oxygen in the electrolyte (1.21 mol m− 3), DO2 is the diffusivity of oxygen 
in the electrolyte (1.87 * 10− 9 m2 s− 1), ν is the cinematic viscosity of the 
electrolyte solution (10− 6 m2 s− 1) and f is the rotation frecuency of the 
electrode, in Hz. The ORR goes through a mechanism of 2.7 electrons for 
MONW-120 and 2.9 electrons for the CNF. In the composites (MONW/ 
CNF), the number of electrons increases up to 3.4 for MONW-120/CNF 
and 3.5 for MONW-140/CNF. These increase in the number of electrons 
confirms the synergistic effect between the MONW and the CNF. The 

Fig. 2. XRD pattern of manganese oxide nanowires and iron-doped manganese 
oxide nanowires synthesized at 120◦C. Miller indexes for α-MnO2 are refer
enced within the figure [47,48]. 

Table 4 
XRD parameters (crystal size and dislocation density).  

Material Crystallite size / nm Dislocation density / 10− 4 nm− 2 

MONW-120  37.0  7.3 
2Fe-MONW-120  23.3  18.4 
5Fe-MONW-120  16.1  38.6 
7Fe-MONW-120  14.6  46.9  
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Fig. 3. a) HR-TEM image of a single carbon nanofiber. b) TEM image of carbon nanofibers. c) SEM image of MONW-120. d) STEM image of a single manganese oxide 
nanowire (MONW-120). e) TEM image of the composite MONW-120/CNF and f) TEM image of the composite 5Fe-MONW-120/CNF, g) Particle size distribution for 
MONW-120 in terms of the average nanowire diameter and h) Particle size distribution for MONW-120 in terms of the average nanowire length. 
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textural properties of the carbon nanofibers provide a surface where 
oxygen can be adsorbed and then reduced. In any case, the number of 
electrons for our catalysts are lower than the theoretical maximum of 4 – 
achieved by the benchmark Pt/C catalyst – but still means than 75% of 
the oxygen reduction occurs via the hydroxide intermediate and only 
25% via the peroxide route. These results were corroborated by applying 
the Levich equation to different rotation speeds (Fig. S9 and Fig. S10). 

Tafel slopes (mT) at low current density (<2 mA cm− 2) and exchange 
current densities (j0) were also obtained in order to compare the cata
lysts and gain insight into the mechanisms of the reactions. To obtain the 
kinetic current density – i.e., the intrinsic current density – the Koutecky- 
Levich approach was used (Eq. 3): 

1
j
=

1
jk
+

1
jL

(3)  

Where j is the observed current density (after subtracting the back
ground) and jk is the kinetic current density to be determined. 

Fig. 5a shows the Tafel plots for ORR, that range between 53 and 
134 mV dec− 1, with MONW-120/CNF presenting the lowest value. The 
benchmark catalyst, Pt/C, has a higher slope of 84 mV dec− 1, but also a 
much higher exchange current density of 4.2 * 10− 4 mA cm− 2 against 
the 9.1 * 10− 9 mA cm− 2 of the catalyst MONW-120/CNF. The syner
gistic effect between CNF and MONW is also reflected in their Tafel slope 
values, 76 mV dec− 1 for the CNF and 134 mV dec− 1 for the MONW, with 
respect to the MONW/CNF composite presenting 53 mV dec− 1. 

According to the literature [17,52–54], the fundamental steps 

ascribed to the reduction of oxygen in alkaline media are the following: 

M +O2⇌MO2 (4)  

MO2 + e− ⇌MO−
2 (5)  

MO−
2 +H2O⇌MO2H +OH− (6)  

MO2H + e− ⇌MO+OH− (7)  

MO+H2O+ e− ⇌MOH +OH− (8)  

MOH + e− ⇌M +OH − (9) 

M is an adsorption site in the catalyst. According to Shinagawa et al. 
[55], when the second step (Eq. 5) is the rate-determining step (RDS), a 
Tafel slope of 120 mV dec− 1 should be expected. The Tafel slope for ORR 
in the material MONW-120 is 134 mV dec− 1, so it is a fair assumption 
that the semi-reaction from Eq. 5 is the rate-determining step over 
manganese nanowires. Taking a closer look at Eq. 5, a more significant 
amount of adsorbed oxygen (MO2) should increase its rate, so materials 
with a higher ability to adsorb oxygen would yield faster ORR. This 
might explain why MONW-140/CNF has a better half-wave potential for 
the ORR than MONW-120/CNF, even though they have similar onset 
potentials. As was shown in the previous section, MONW-140 has a 
better ability to adsorb oxygen than MONW-120. The 53 mV dec− 1 

slopes of composites MONW-120/CNF suggest that reaction (7) could be 
the RDS, as a 40 mV dec− 1 followed by a 120 mV dec− 1 is expected when 

Fig. 4. a) Polarization curves of the MONW/CNF composites, CNF and MONW materials, in a RDE at 1600 rpm in KOH 0.1 M. b) Summary of the performance of the 
catalysts in terms of overpotential towards OER/ORR and reversibility gap, ΔE. 

Fig. 5. Tafel plots for a) ORR and b) OER for CNF, MONW-120 and MONW/CNF-composites.  
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this is the case. Electrochemical Impedance Spectra (EIS) studies were 
carried out to gain a deeper insight about the RDS of ORR. See Fig. S11 in 
Supporting Information. 

Fig. 5b shows the Tafel slope for the OER. The benchmark IrO2 
catalyst has a notably superior performance with a value of 47 mV 
dec− 1, while composites MONW-120/CNF and MONW-140/CNF show 
slopes of 60 and 55 mV dec− 1, respectively. In this reaction, the syner
gistic effect is less evident but still observable, as the Tafel slopes of CNF 
and MONW-120 are similar (73 and 87 mV dec− 1 respectively), but 
slightly higher than those of the composites. As previously stated, nickel 
on CNF is active for the OER. MONW shows poorer electrochemical 
activity than CNF in the polarization curves and a lower Tafel slope. This 
is explained by the higher exchange current density of CNF, 1.7 * 10− 4 

versus MONW-120, 1.0 * 10− 5 mA cm− 2, mainly due to the larger sur
face area of the CNF. 

The commonly accepted route for oxygen evolution in alkaline 
electrolyte is the following: 

M +OH− ⇌MOH + e− (10)  

MOH +OH− ⇌MO+H2O+ e− (11)  

MO+OH− ⇌MOOH + e− (12)  

MOOH +OH − ⇌MOO− +H2O (13)  

MOO− ⇌M +O2 + e− (14) 

According to the same study cited before [55], a Tafel slope of 40 mV 
dec− 1 followed by a higher slope of around 120 mV dec− 1 – as the one 
obtained with IrO2 – is a sign of reaction 12 being the OER 
rate-determining step. The slopes obtained with the rest of the catalysts, 
around 60 mV dec− 1 followed by a higher slope at higher overpotentials, 
imply that the fourth step (reaction 13) is the rate-determining step. 

Due to the close results obtained with MONW-120/CNF and MONW- 
140/CNF and their interesting electrochemical behaviour, iron-doped 
manganese oxide nanowires were synthesized at 120 ◦C and then 
mixed with CNF to obtain iron-doped composites, Fe-MONW-120 
(Fig. 6). 

Doping with iron has a beneficial effect on the activity of the com
posites, since all Fe-MONW-120/CNF composites show superior activity 
to both reactions in terms of onset potential and current density. The 
number of exchanged electrons, obtained from K-L plots, does not 
change upon doping, in comparison to MONW/120-CNF, being 3.4 for 
all the iron-doped composites. As previously stablished in Section 3.1, 
iron-doped manganese oxide nanowires have defects, mainly oxygen 

vacancies, that act like active sites for ORR and OER. These defects are 
also responsible for the enhanced capacity to adsorb oxygen and OH-, 
which is crucial for oxygen reduction [25]. The catalyst with a 5 wt% Fe 
shows the best activity for both ORR/OER with the lowest onset over
potential and, the lowest ΔE value, 922 mV. ΔE is 140 mV lower 
compared to the non-doped counterpart (MONW-120/CNF), corrobo
rating the outstanding effect of doping with iron in the electrochemical 
activity. 5Fe-MONW-120 presents the highest iron surface concentration 
among the three iron-doped nanowires. Besides, it has a similar amount 
of defects to 7Fe-MONW-120, but a slightly higher surface area, which 
are sufficient to enhance the catalytic activity of 5Fe-MONW with 
respect other samples. 

Benchmark catalysts are not bifunctional, Pt/C is not a good catalyst 
for the OER and IrO2 is not active for the ORR. For this reason, they were 
tested independently for their corresponding reactions, and ΔE was not 
determined. Taking this into account, the differences in activity of 
benchmark materials with our catalysts were compared in terms of onset 
overpotential for ORR and OER, and Ehw for the ORR. For the OER, 5Fe- 
MONW-120/CNF and 7Fe-MONW-120/CNF have onset overpotentials 
practically equal to IrO2 (only 5 and 3 mV higher) . On the other hand, 
for the ORR, 5Fe-MONW-120/CNF and 7Fe-MONW-120/CNF present 
onset overpotentials 147 mV and 155 mV higher than Pt/C, as expected, 
since Pt/C is an excellent catalyst for the ORR. It must be noted that the 
number of exchanged electrodes– calculated by Koutecky-Levich equa
tion – does not significantly change in the Fe-MONW/CNF catalysts. This 
suggests that iron in the manganese structure does not change the 
mechanism of the reaction but somewhat changes the activation energy 
of the steps of oxygen reduction. 

Table 5 compares all the previously cited electrochemical parame
ters for ORR and OER over each catalyst. The difference between the 
composites for ORR is more evident when comparing the half-wave 
potentials. These values are 687, 736, 765, and 735 mV for MONW- 
120/CNF, 2Fe-MONWFe-120/CNF, 5Fe-MONW-120/CNF, and 7Fe- 
MONW-120/CNF, respectively. 5Fe-MONW-120/CNF presents a half- 
wave potential 30 mV more positive than 7Fe-MONW-120/CNF. This 
is also the case when comparing the Ehwp of 5Fe-MONW-120/CNF versus 
Pt/C, presenting a difference of 110 mV 

Tafel slopes were also obtained for the iron-doped composites 
(Fig. 7). For ORR, the four composites show similar Tafel slopes, with the 
undoped composite having the lowest one, 53 mV dec− 1. On the other 
hand, 5Fe-MONW120/CNF – the most active composite for ORR – has a 
slightly higher Tafel slope, 68 mV dec− 1, but an exchange current den
sity 1.8 * 10− 6 mA cm− 1, two orders of magnitude higher than the non- 
doped composite and two orders of magnitude lower than the Pt/C 

Fig. 6. a) ORR-OER polarization curves of the iron-doped MONW/CNF composites, in a RDE at 1600 rpm in KOH 0.1 M. b) Summary of the performance of the 
catalysts in terms of overpotential towards OER/ORR and reversibility gap, ΔE. Benchmark catalysts are also included for the sake of comparison: Pt/C for the ORR, 
and IrO2 for the OER. 
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catalyst. There is a trend between the amount of iron and the Tafel 
slopes, with the slope increasing with the iron percentage, up to 74 mV 
dec− 1 in the 7% iron composite. The Tafel slopes for the oxygen evo
lution show even less variability, with the composite 5Fe-MONW-120/ 
CNF exhibiting a slope very close to that of the benchmark catalyst, 
51 mV dec− 1. Only 12 mV dec− 1 of difference separates the Tafel slopes 
of this catalyst and that of the most active composite OER, 7Fe-MONW- 
120/CNF. The latter, however, has one order-of-magnitude higher ex
change current density, 1.3 * 10− 5 against 8.5 * 10− 7 mA cm− 2. These 
values are similar to what is found in literature, where values around 
60 mV dec− 1 are generally observed for OER over Mn catalysts [35,56, 
57]. 

A comparison between our best catalyst (5Fe-MONW-120/CNF) and 
several reported catalysts in the literature is presented in Table 6. Cat
alysts based on similar formulations, employing both manganese and 
carbon and other catalysts based on non-critical materials have been 
selected (only studies performed in KOH 0.1 M were included). Our 
catalyst performs relatively well in terms of reversibility against this 
kind of materials, as ΔE in literature ranges from 0.71 to 1.20 V. Cata
lysts obtained by Zhan et al. [58] and by Ma et al. [59], for example, 
show a reversibility gap of 0.85 V. However, those materials include the 

synthesis of graphene oxide by Hummer’s method and the use of 
formamide, respectively, with the economical, practical and environ
mental concerns associated to those methods. The catalyst with the 
lowest reversibility gap we found in the literature [60], on its side, uses 
reagents like dioxane in its synthesis, with similar issues. Other 
Mn-based catalyst with low ΔE rely on the use of cobalt-based formu
lations, that are not desirable either. 

3.2.2. Stability tests 
Accelerated degradation endurance tests were performed to screen 

the durability of the best catalyst 5Fe-MONW-120/CNF over cycling 
(Fig. 8). The tests were carried out over the same RDE at 400 rpm, with 
negative and positive current densities of 1 mA cm− 2. The test 
comprised 50 cycles of 3 min charging (OER) and 3 min discharging 
(ORR). At the beginning, the estimated overpotentials for OER (ηOER) 
and ORR (ηORR) are 317 and 418 mV, and the reversibility gap is 
735 mV, in accordance with the one calculated from the polarization 
curve in Fig. 6. The OER overpotential slowly increases from 317 to 
331 mV in the 50th cycle. The ORR, on its side, showed a decrease in the 
potential by cycle 27, having an average overpotential increase of 
12 mV over the entire test. Adjusting linear models to the change in 

Table 5 
Electrochemical parameters obtained from Figs. 4, 5, 6 and 7 for all the tested catalysts.  

Catalyst Oxygen Reduction Reaction Oxygen Evolution Reaction ΔE 
(V) 

Ehwp 

(V vs. 
RHE) 

ηORR 
(mV) 

jL (mA 
cm− 2) 

n j0,ORR (mA 
cm− 2) 

mT,ORR 

(mV 
dec− 1) 

E10 

(V vs. 
RHE) 

ηOER 
(mV) 

j0,OER (mA 
cm− 2) 

mT,OER (mV 
dec− 1) 

CNF  0.66  450  4.2  2.9 1.8 * 10− 10  

76 
1.74  347 1.7 * 10− 4 87  1.08 

MONW-120  0.66  387  3.9  2.7 4.9 * 10− 10  

134 
1.90  392 1.0 * 10− 5 73  1.24 

MONW-120/CNF  0.69  377  4.8  3.4 9.1 * 10− 9  

53 
1.75  360 1.4 * 10− 6 60  1.06 

MONW-140/CNF  0.73  373  4.9  3.5 8.1 * 10− 7  

70 
1.74  361 4.2 * 10− 7 55  1.01 

2Fe-MONW-120/ 
CNF  

0.74  371  4.8  3.4 2.4 * 10− 7  

63 
1.69  331 1.1 * 10− 6 55  0.95 

5Fe-MONW-120/ 
CNF  

0.77  355  4.8  3.4 1.8 * 10− 6  

68 
1.69  317 8.5 * 10− 7 51  0.92 

7Fe-MONW-120/ 
CNF  

0.73  362  4.8  3.4 4.0 * 10− 6  

74 
1.69  315 1.3 * 10− 5 63  0.96 

Pt/C – IrO2  0.88  208  5.7  4.0 4.2 * 10− 4  

84 
1.75  312 1.0 * 10− 7 47  - 

Ehwp = Half-wave potential;; η ORR = onset overpotential for the ORR (difference between the standard reduction potential and the potential at which ORR reaches 
− 0.1 mA cm− 2); jL = limiting current density; n = number of exchanged electrons; i0 = exchange current density, mT,ORR = Tafel slope for the ORR; E10 = potential at 
10 mA cm− 2; η OER = onset overpotential for the OER (difference between the potential at which OER reaches 1 mA cm− 2 and the standard reduction potential); mT,OER 
= Tafel slope for the OER. ΔE = reversibility gap, calculated as E10 – Ehwp. 

Fig. 7. Tafel plots for a) ORR and b) OER of the iron-doped MONW/CNF composites.  
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overpotential, in average, the OER overpotential increases 0.26 mV per 
cycle and the ORR overpotential increases 0.10 mV per cycle, 
evidencing that 5Fe-MONW-120/CNF shows a really stable behavior. 

Long endurance tests, shown in Fig. 9, at higher current densities 
were performed in GDE to test the catalyst under more demanding and 
realistic conditions, namely, ± 10 mA cm− 2 for both OER and ORR and 
2.5 h for each reaction. For the first four cycles (20 h of operation), 5Fe- 
MONW-120/CNF shows a reasonably stable behavior, with the over
potentials for both OER and ORR increasing very slowly. However, at 
the end of the fourth oxygen reduction cycle, a significant increase in the 
overpotential – manifested as a sharp fall (for the ORR) and increase (for 
the OER) of the measured potential – is appreciated. After this sudden 
change, the overpotential for ORR increases slowly but steadily. In 
contrast, the overpotential for OER stays constant until the fourteenth- 

fifteenth cycle when another sharp increase can be seen. This sharp 
variation of the potential can be due to the excessive formation of ox
ygen bubbles, partially covering the electrode area, which could affect to 
the measuring of the potential with respect to the reference potential. 
This could entail a higher applied current to the electrode, eventually 
causing a higher electrode degradation. As a result, for the first four 
cycles (first 20 h of operation), the reversibility gap (Fig. 9b) stays below 
850 mV, reaching 950 mV during cycles 5–13 and exceeding 1000 mV 
after. The combination of a sudden but sharp loss of activity (e.g., be
tween cycles 4 and 5) and a sustained but slower deactivation suggests 
two different deactivation causes or mechanisms acting simultaneously. 
Post-mortem XRD analysis was performed in the GDE electrode to 
investigate if a change in the crystalline phases of the electrode could be 
responsible for the deactivation of the electrode (Fig. S12). No change in 
the crystal phases, crystallinity, or crystal size could be observed, so the 
formation of bubbles in the electrode, affecting the reference potential, 
could explain the deactivation, as previously mentioned. 

4. Conclusions 

Bifunctional easy-synthesis oxygen catalysts composites based on 
iron-doped (2–7% wt.) manganese oxide nanowires (Fe-MONW) and 
carbon nanofibers (CNF) were tested as electrodes for alkaline oxygen 
evolution (OER) and reduction (ORR) reactions. The Fe-MONW/CNF 
composites show an enhanced activity compared to their individual 
phases (CNF and MONW) and onset potentials similar to the benchmark 
catalysts, especially for OER. Doping with iron reduced the onset over
potential for both ORR and OER, leading to a decrease in the revers
ibility gap of ca. 140 mV, reaching as low as 922 mV. The overpotential 
for OER decreased monotonically with the amount of iron in the studied 
range, while the overpotential for ORR reached an optimal at 5% wt. 
Physical-chemical characterization determined that iron creates va
cancies in the MnO2 lattice, which increases its catalytic activity by fa
voring the adsorption of oxygen. The analysis of the Tafel slopes reveals 
that combining CNF and MONW changes the rate-determining step of 
the reaction. However, this does not occur by doping MONW with iron 
(Tafel slopes do not change significantly). Endurance tests were also 
carried out with mild and challenging conditions for the 5Fe-doped 
MONW/CNF composite, which presented remarkable stability, with a 
stable potential for over 20 h, keeping the reversibility gap around 
800 mV, which is an outstanding result, taking into account the higher 
current density employed (more challenging conditions). 

The synergy between the iron-doped manganese nanostructure and 
the carbon nanofiber leads to a remarkable reversibility and enhanced 
performance for the oxygen reduction (ORR) and evolution (OER) re
actions, along with a remarkable stability, a key issue for the future 
implementation of this kind of devices. 
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Table 6 
Comparison between electrochemical parameters for the best catalyst in this 
work and non-critical-materials catalysts found in literature.  

Catalyst Ref. Ehwp 

(V vs. 
RHE) 

E10 

(V vs. 
RHE) 

ΔE 
(V) 

5Fe-MONW-120/CNF This 
work  

0.77  1.69  0.92 

MnCo2O4@C [61]  0.80  1.66  0.89 
Electronic and defective CaMnO3 

nanotubes 
[62]  0.76  1.70  0.94 

Iron-doped manganese oxide 
nanorods 

[35]  0.69  1.89  1.20 

Single Fe atom on S, N-Codoped 
Nanocarbon 

[63]  0.84  1.64  0.80 

Ni-Fe layer double hydroxide @ rGO [58]  0.63  1.48  0.85 
Atomically dispersed Fe via Ni 

neighbouring 
[59]  0.84  1.69  0.85 

Fe/Ni dual-active sites anchored in 
honeycomb porous carbon material 

[64]  0.87  1.59  0.71 

N-doped graphene with topological 
defects 

[65]  0.78  1.71  0.93 

N, S co-doped oxygen-functionalized 
Vulcan XC/72 

[66]  0.81  1.58  0.77 

NiO-Mn2O3-carbon dots catalyst [67]  0.84  1.53  0.69 
Mn-Fe-Ni oxides supported on 

multiwall carbon nanotubes 
[68]  0.81  1.57  0.76 

Ni|MnO interfaces over carboxylic- 
functionalized carbon nanofibers 

[69]  0.83  1.58  0.75 

Manganese MOF @reduced graphene 
oxide nanocomposite 

[70]  0.98  1.84  0.86 

Ultrahin amorphous MnO2-C (prawn 
shell derived) 

[71]  0.97  1.59  0.77  

Fig. 8. a) Chronopotentiometric cycles over catalyst 5Fe-MONW-120/CNF. 
Test carried out at ± 1 mA cm− 2 for 3 min for each reaction. 
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supported on Ti-suboxides as bifunctional catalyst for air electrodes of metal-air 
batteries, Int. J. Hydrog. Energy 41 (2016) 19579–19586, https://doi.org/ 
10.1016/j.ijhydene.2016.03.095. 

[12] R.D. McKerracher, H.A. Figueredo-Rodríguez, C. Ponce de León, C. Alegre, 
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Table S1. Surface composition of MONW and Fe-MONW measured by XPS expressed as weight 

percentage.  

Material Weight % 

O Mn Fe K 

MONW-120 26.8 69.8 - 3.4 
MONW-140 44.1 49.3 - 6.6 

2Fe-MONW-120 46.4 28.2 19.4 6.0 
5Fe-MONW-120 47.0 26.9 22.8 3.4 
7Fe-MONW-120 47.4 28.1 21.5 2.9 

* Atomic percentages transformed to wt. percentages. 

Table S2. Bulk composition expressed as atomic percentage, obtained from ICP.  

Material Atomic % 

O Mn Fe K 

MONW-120 64.9 30.6 - 4.5 
MONW-140 63.3 31.7 - 5.1 

2Fe-MONW-120 68.4 26.1 1.0 4.5 
5Fe-MONW-120 67.6 27.2 2.7 2.5 
7Fe-MONW-120 69.5 25.7 3.3 1.6 

* Weight percentages transformed to at. percentages. 
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Figure S1. XPS spectra of pattern of nanowires a) MONW-120, b) MONW-140, c) 2FeMONW-120, 

d) 5FeMONW-120 and e) 7FeMONW-120. * Adventitious carbon (not coming from MONW samples).  

Adventitious carbon is a thin layer of carbonaceous material usually found on the surface of most air exposed 

samples. 
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Figure S2. (a) High-resolution SEM image of MONW-140 at 23000x magnification. Red circles 
indicate the openings in the extreme of the nanowires. TEM-image for (b) MONW-120/CNF and 
for c) MONW-140/CNF. Red lines indicate the diameter of the nanowires. 
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Figure S3. High-resolution XPS spectra of Mn 2p orbital of samples a) MONW-140, b) 2Fe-MONW-

120, c) 7Fe-MONW-120. 
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Figure S4. High-resolution XPS spectra of O 1s orbital of samples a) MONW-140, b) 2Fe-MONW-120, 

c) 7Fe-MONW-120. 
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Figure S5. High-resolution XPS spectra of Fe 2p orbital of samples a) 2Fe-MONW-120, and b) 7Fe-

MONW-120. 

 

 

Figure S6. Diffractogram of CNF 
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Figure S7. Nitrogen @ 77 K physisorption isotherms over a) carbon nanofibers and b) MnO2 

nanowires. 

 

Table S3. Textural properties of the synthesized materials. 

Material BET Surface 
area (cm2 g-1) 

Single point pore 
volume (cm3 g-1) 

BJH average 
pore size 

 (nm) 

t-plot micropore 
volume 

 (cm3 g-1) 

CNF 93 0.23 10.0 0.009 

MONW-120 23 0.07 13.5 0.003 
MONW-140 24 0.06 11.0 0.004 

2Fe-MONW-120 26 0.06 13.2 0.005 
5Fe-MONW-120 22 0.06 13.7 0.003 
7Fe-MONW-120 20 0.05 13.6 0.002 
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Figure S8. Polarization curves toward the ORR and the OER for pristine carbon nanofibers and 

acid-leached carbon nanofibers. 
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Figure S9. LSV of ORR at different rotation speeds and Levich plots, respectively, obtained with 

catalysts: a, b) MONW-120/CNF; c, d) MONW-140/CNF; e, f) MONW-120; and g, h) CNF. 



Bifunctional oxygen electrocatalysts based on non-critical raw materials: 
carbon nanostructures and iron-doped manganese oxide nanowires 

Supporting Information / Catalysis 
Today 

 

10 
 

 

Figure S10. LSV of ORR at different rotation speeds and Levich plots, respectively, obtained with 

catalysts: a, b) 2Fe-MONW-120/CNF; c, d) 5Fe-MONW-120/CNF; e, f) 7Fe-MONW-120/CNF; and g, 

h) Pt/C. 
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To gain more insight, we performed electrochemical impedance spectroscopy (Figure S11) over 

MONW-120/CNF in a GDE at -0.1 V vs. Hg|HgO. The 45º slope at the beginning of the 

electrochemical circle in the Nyquist plot (Figure S11a) indicates the presence of a Gerischer 

element, characteristic of a non-electrochemical reaction. In fact, according to reference [54] in the 

main text, reaction 7 (in the main text) can sometimes be divided into two sub-steps (equations 7a 

and 7b): 

 𝑀𝑂2𝐻 + 𝑒
− ⇌ 𝑀𝑂𝑂𝐻−        (7a) 

𝑀𝑂𝑂𝐻− ⇌ 𝑀𝑂 + 𝑂𝐻−        (7b) 

An equivalent circuit was fitted to the experimental data (Figure S11b). The circuit includes the 

mentioned Gerischer element, which can be attributed to the non-electrochemical desorption of 

hydroxyl ion (equation 7b).  

 
Figure S11. a) Nyquist diagram for ORR (-0.1 V vs. Hg|HgO) over catalyst MONW-120/CNF. b) 
Proposed equivalent circuit. 
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Figure S12. XRD analysis of the fresh GDE and used GDE. 5Fe-MONW-120/CNF electrode cycled 
15 times at 10 mA cm-2 and -10 mA cm-2 for 2.5 hour each in KOH 6M. 
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Abstract: Manganese oxide nanowires (MONW) combined with carbon nanostructures were syn-
thesized using three different carbon materials, and their effect on the activity towards Oxygen
Reduction Reaction (ORR) and Oxygen Evolution Reaction (OER) was investigated in alkaline elec-
trolytes. The carbon structures were carbon nanofibers (CNF), multiwall carbon nanotubes (CNT)
and reduced graphene oxide (rGO). Both MONW and carbon nanostructures were characterized
by X-ray diffraction, scanning and transmission electron microscopy, N2 physisorption and X-ray
photoelectron spectroscopy. The electrochemical activity was assessed in a three-electrode cell. Com-
posite MONW/CNF showed the best activity towards ORR, and MONW/rGO exhibited the highest
activity towards OER of the series. The addition of the carbon nanostructures to MONW increased
the number of electrons transferred in the ORR, indicating a synergistic effect between the carbon
and manganese oxide structures due to changes in the reaction pathway. The analysis of Tafel
slopes and electrochemical impedance spectroscopies showed that carbons and MONW catalyze
different steps of the reactions, which explains the better activity of the composites. This led us to
synthesize a MONW/rGO-CNF composite, where rGO-CNF is a hybrid carbon material. Composite
MONW/rGO-CNF showed an improved activity towards ORR, close to the benchmark Pt/C catalyst,
and activity towards OER, close to MONW/rGO, and better than the benchmark IrO2 catalyst. It also
showed remarkable stability in challenging operation conditions.

Keywords: bifunctional catalysts; carbon nanostructures; manganese oxide; oxygen reduction;
oxygen evolution

1. Introduction

Bifunctional air electrodes have gained increased interest over the last years due to
their relevance to sustainable energy devices, including regenerative fuel cells and metal-air
batteries [1,2]. These bifunctional air electrodes are responsible for the oxygen evolution
reaction (OER) and oxygen reduction reaction (ORR), which are known for their sluggish
kinetic reactions due to the complex 4e− mechanisms governing them [3,4]. Noble metals
such as Pt/C and IrO2 or RuO2 have been widely studied and are considered the most active
catalysts for ORR and OER, respectively. However, these catalysts are not bifunctional:
Pt shows very poor activity towards OER, and neither IrO2 nor RuO2 are active for the
ORR [5,6]. Amongst noble metals, Pd displays high activity towards both reactions [7–9],
but its cost is even higher than that of Pt, a reason that encourages the search for another
kind of catalyst.

In the last decade, great efforts have been devoted to the search for bifunctional
catalysts based on non-noble transition metals. Cobalt-based catalysts, either in the form of
spinels, perovskites or mixed oxides, are reported as the most active bifunctional catalysts
for ORR and OER [10–13]. However, due to the increased use of lithium-ion batteries, cobalt
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has become a critical raw material, not being interesting from an economic or ethical point
of view. This fact has motivated the quest for alternative catalysts based on non-critical raw
materials, such as Fe, Ni or Mn.

Some reviews have reported interesting performances towards ORR and OER for
manganese-based catalysts. Manganese oxides exist in different oxidation states (MnO,
Mn3O4, Mn2O3, MnO2, MnOOH) and nanostructures (cubic [14], layered [15], spinels [16],
etc.). Among them, nanowires have been reported as efficient nanostructures providing
high activity for the electrocatalysis of oxygen reactions due to their structure favoring
cavities with MnO6 octahedra disposed on the edge and corner-linked [17,18].

One challenge concerning not only manganese oxides but transition metal-based
catalysts in general, is their low electrical conductivity [19]. To overcome this issue, tran-
sition metal-based catalysts are generally mixed with carbon materials. Several studies
have reported the use of manganese oxide combined with diverse carbon materials, from
graphene-based materials to carbon nanotubes/carbon nanofibers, mesoporous carbons
doped with heteroatoms, etc. For example, catalysts like Ni-MnO over graphene aero-
gel [20], Co/Mn oxide intertwined with carbon nanotubes [21] and Pd-MnO2/carbon
nanotubes [22] have achieved bifunctionalities (differences between the potentials for OER
and ORR) in the 0.8–0.9 V range. Poux et al. synthesized La-Sr-Mn perovskites/pyrolytic
carbon composites [23] and concluded that carbon not only increases the electrical con-
ductivity of the catalyst but also increases the surface area and favors oxygen adsorption,
thus enhancing ORR. In a previous work [24], we observed that combining iron-doped
manganese oxide nanowires with carbon nanofibers generated a synergistic effect that was
ascribed to both an increase in the conductivity of the catalyst and to enhanced oxygen
adsorption, eventually favoring ORR.

In the last years, several studies have achieved good activities for OER and OER using
manganese oxides and carbon materials in combination. For example, He et al. [25] synthe-
sized MnOx/carbon nanotubes composites that showed bifunctional potential difference
(between the OER potential at 10 mA cm−2 and the ORR half-wave potential) of 0.91 or
0.92 V and onset potentials for ORR of 0.83 or 0.84 V vs. RHE and for OER of 1.54 V or
1.58 V vs. RHE, depending on the oxidation state of Mn. Their Tafel slopes ranged between
83 and 114 mV dec−1 for ORR. Other studies with doped manganese oxides and doped
carbon nanostructures show interesting results. One case is the catalyst developed by
Niu et al. [26], who combined Co-doped MnO and N-doped carbon nanowires to obtain
a highly active catalyst for both OER and ORR. The onset potentials, respectively, were
1.46 and 0.96 V vs. RHE, respectively. They also obtained a half-wave potential for ORR of
0.85 V vs. RHE and a potential for 10 mA cm−2 in OER of 1.49 V vs. RHE, totalizing 0.64 V
of bifunctional gap difference. Their co-doped material even achieved Tafel slopes low as
74 and 53 mV dec−1 for ORR and OER, respectively.

Studies assessing manganese oxides with carbon materials usually evaluate one in-
dividual species, so there is not a straightforward comparison nor a proper evaluation of
the effect of the carbon material on the activity of manganese-based catalysts. For this
reason, the present manuscript investigates the performance of manganese oxide in the
form of nanowires (the most active proven structure for ORR/OER) combined with three
carbon nanostructures: carbon nanofibers, carbon nanotubes and reduced graphene oxide,
assessing how these carbon materials affect the activity for OER and ORR of manganese
oxide nanowires. In addition, a carbon hybrid structure, graphene nanofibers, is proposed
in order to maximize the activity of the manganese oxide nanowires, taking advantage of
the main properties of the individual carbon nanostructures.

2. Results
2.1. Physical-Chemical Characterization

TEM micrographs (Figure 1) allowed us to study the arrangement and morphology
of the carbon nanostructures. CNFs (Figure 1a) have micron-size lengths and diameters
around 50 nm, with a fishbone morphology (Figure 1d). CNTs (Figure 1b,e) have wider
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diameters, ca. 60–70 nm, and are shorter than CNFs but still have lengths longer than
1 µm. CNTs are multiwall type, as can be seen in Figure 1e. In addition, graphitic carbon
particles around the iron catalyst can also be observed. rGO shows the typical sheet-like
morphology, as shown in Figure 1c,f, where single sheets can be observed, presenting
wrinkles, which are a product of the defects that are produced during the graphene oxide
thermal reduction [27,28]. Figure S1 (Supporting Information, Section S1) shows SEM and
TEM micrographs of MONW. The manganese oxide nanowires have square cross-sections
and widths ranging between 60 and 100 nm. Their length can reach up to several microns.
TEM and SEM micrographs of the composites (Figure 1g–i) show the good mixing between
the phases, with several contact points between the carbon materials and MONW.
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XRD analyses (Figure 2a) revealed the crystalline structure of the carbon materials.
CNF and CNT show a highly graphitic structure, with the characteristic peak of graphite
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(JCPDS 75-2078) at 2θ = 26.5◦ and 26.6◦, respectively, attributed to the (002) reflection. These
values indicate interplanar distances of 0.337 and 0.335 nm and graphitization degrees of
80% and 100%, respectively. In the case of rGO, the interplanar distance is much higher,
0.347 nm (position of the peak at 25.65◦), mainly due to the presence of oxygen functional
groups, as can be interpreted from the 5 wt% of oxygen content in this sample (Table 1).
Still, this value is far from the typical 0.8–0.9 nm layer separation distance of graphene
oxide [29–31], and no peak at 2θ = 10◦ was observed. The position of the peak agrees
with others reported in the literature [32,33]. Other peaks ascribed to graphitic carbon are
(100) in the three carbon materials and (004) in CNF and CNT [30]. The (004) peak is not
visible in rGO due to its low number of layers. Carbons CNF and CNT also show reflection
planes characteristic of the catalyst metals. In CNF, planes (111) and (200) at 44.5◦ and 51.8◦,
respectively, corresponding to metallic nickel (JCPDS 04-850) are also observed [34], while
CNT shows peaks ascribed to (110) and (200) metallic iron (JCPDS 06-0696) [35], but also to
martensite, an iron–carbon alloy (JCPDS 04–003-1419) [36].
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Table 1. Chemical composition and textural properties of the carbon materials.

Chemical Composition (wt%) Textural Properties

Material Carbon Oxygen Iron * Nickel * SBET
(m2 g−1)

Vpore
(cm3 g−1)

CNF 92.5 - - 7.3 95 0.24
CNT 76.5 - 23.5 - 11 0.04
rGO 92.9 5.6 ** - - 175 0.70

* Iron and nickel percentages determined by ICP. ** Oxygen content for rGO determined from EA.

The number of layers comprising carbon nanotubes and reduced graphene oxide was
determined by applying Scherrer’s equation to the (002) peak. The crystallite size (in the
002 direction) of CNT is approximately 34 nm, which allows us to estimate that carbon
nanotubes have 100 layers (or walls), in agreement with TEM micrographs, as the crystallite
size calculated by XRD approximately corresponds to the radius of multiwall carbon
nanotubes. rGO presents an average crystallite size of 15 nm, corresponding to 4.5 layers,
also in good agreement with the TEM micrographs. XRD analysis of MONW is presented
in Figure S2 (Section S1). The only present phase is α-MnO2, and the crystallite size
obtained by applying Scherrer’s equation to the main peak (211 planes at 37◦) is 37 nm. The
reflection planes were obtained from JCPDS (α-MnO2, 00−044−0141) and matched other
works found in the literature [37]. MONW were also analyzed using X-ray photoelectron
spectroscopy (Figure S3). Mn2p spectra show two 2p3/2 peaks, at 642.0 eV, ascribed to Mn4+
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in MnO2 (≈88%) [38], and at 644.3 eV, ascribed to Mn6+ in K2MnO4 (≈12%) [39]. The O1s
orbital can be decomposed into two peaks: one at 539.5 eV, corresponding to lattice oxygen
(≈65%), and another one at 531.1 eV, ascribed to adsorbed oxygen or water (≈35%) [40].

Raman spectroscopy (Figure 2b) was used to investigate the structural defects of the
carbon nanostructures. All of them show the characteristic G band: CNF at 1570 cm−1,
CNT at 1585 cm−1 and rGO at 1593 cm−1. The D band, associated with defects, mainly sp3
carbon atoms, is also visible in the three samples, being especially intense in CNF and rGO,
with ID/IG ratios of 1.1 and 1.4, respectively, while CNT has a much smaller amount of
defects as can be inferred from its ID/IG ratio = 0.4. CNF and CNT also exhibit the 2G band
at 2681 and 2700 cm−1, respectively, whereas this band is not visible in rGO due to its low
amount of layers. The intensity of the 2G band is especially high in CNT because of the
high number of layers.

Elemental analysis and ICP were used to investigate the composition of the carbon
materials. CNFsF are comprised of 92 wt% carbon and 7 wt% nickel, which is consistent
with the catalytic decomposition of methane. An amount of 300 mg of NiCuAl2O3 catalyst
yielded approximately 3 g of CNF, indicating that the amount of catalyst should be less
than 10 wt% in the final material. CNT, on the other hand, presents a higher amount of
metal, around a quarter of the total weight of the sample. Indeed, 300 mg of iron oxide
yielded ca. 1.2 g of CNT. rGO has a C:O mass ratio of 17 (atomic ratio of 22), indicating a
good—but not complete—reduction of the graphene oxide.

The textural properties of the different carbon nanostructures were studied using
nitrogen physisorption (Figure 3, Table 1). All isotherms (Figure 3a) show a hysteresis
cycle—type IIb or IV according to the IUPAC classification—characteristic of small particles
or crystal aggregates with mesopore-size voids between them [41]. The surface area was
calculated with the Brunauer–Emmett–Teller (BET) model (Table 1), being 175 m2 g−1,
95 m2 g−1 and 11 m2 g−1 for rGO, CNF and CNT, respectively. The low surface area of
CNT is explained by the graphitic carbon particles formed together with the nanotubes,
the high number of walls of the tubes and the large amount of iron in this sample. The
textural characteristics of MONW are displayed in Figure S4 (Section S1, in the Supple-
mentary Materials). MONW also present a type IV adsorption isotherm, indicative of
mesoporosity, with a surface area of 23 m2 g−1 and a pore size distribution, including meso-
and macropores.
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Pore size distributions were obtained by applying the BJH method to the desorption
branch of the isotherms, revealing that carbon nanostructures present pores in the 4–5 nm
range. Consistently with the pore size distribution and surface areas, rGO has the highest
pore volume of all samples, 0.70 cm3 g−1, followed by 0.24 cm3 g−1 of CNF and 0.04 cm3 g−1
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of CNT. CNF and rGO also display a small fraction of microporosity, with micropore areas
of 17 and 29 m2 g−1, respectively, and micropore volumes of 0.009 and 0.017 cm3 g−1.

2.2. Effect of the Carbon Nanostructure on the Catalytic Activity towards the Oxygen Reduction
and Evolution Reactions

Linear sweep voltammetries (Figure 4) performed in the ranges 1.2–0.2 V for ORR
and 1.1–1.8 V vs. RHE for OER were carried out to investigate the catalytic activity of
MONW/C composites, alongside evaluating their reversibility towards ORR/OER. Table 2
collects the main electrochemical parameters derived from the LSV curves, such as the
onset potential for both ORR and OER (EORR, onset being the potential at −0.1 mA cm−2

current density and EOER, onset the potential at 1 mA cm−2 current density), half-wave
potential for the ORR (E1/2), the limiting current density (jd), the number of exchanged
electrons for the ORR (n), the potential for the OER at 10 mA cm−2 (E10) and the potential
gap between ORR and OER.
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Table 2. Electrocatalytic parameters obtained for the individual carbon nanostructures and for
MONW/C composites.

Catalyst Oxygen Reduction Reaction Oxygen Evolution Reaction Reversibility
ORR/OER

EORR,onset
(V vs. RHE)

jd
(mA cm−2)

E1/2
(V vs. RHE) n EOER,onset

(V vs. RHE)
E10

(V vs. RHE) ∆E * (V)

CNF 0.78 −4.23 0.66 2.9 1.58 1.74 1.08
CNT 0.68 −2.90 0.48 2.9 1.64 1.82 1.34
rGO 0.76 −3.06 0.57 3.0 1.69 1.92 1.35
MONW 0.84 −3.89 0.66 2.7 1.62 1.90 1.24

MONW/CNF 0.85 −4.84 0.69 3.4 1.59 1.75 1.06
MONW/CNT 0.82 −4.02 0.57 3.8 1.63 1.83 1.25
MONW/rGO 0.83 −3.15 0.64 3.4 1.51 1.65 1.01

* ∆E was calculated by subtracting the half-wave potential for the ORR from the potential at 10 mA cm−2 for the
OER (∆E = E10 − E1/2).

Figure 4a reveals that CNF (without MONW) is the most active carbon material for
both the OER and the ORR, with a similar LSV for the ORR to the individual MONW. This
excellent catalytic behavior is due to the presence of nickel in the CNF, an active metal
towards both ORR and OER, alongside the outstanding electrical conductivity of the carbon
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material. In a previous work [24], we showed that acid-leached carbon nanofibers also
hold a considerable, yet slightly lower, catalytic activity towards ORR and non-negligible
activity towards OER. As was discussed in Section 2.1, CNF, although still presenting a
small amount of nickel (<2 wt%), has a large amount of structural defects, which have been
reported as active sites [42]. This is consistent with what has been reported in the literature
regarding acid-leached carbon nanofibers showing activity for ORR and OER [43,44].
CNT also shows a decent OER activity due to the presence of Fe; however, its performance
towards the ORR is the lowest of the series, which could be due to the low amount of defects
(acting as active sites for ORR) since this sample is the most graphitic one. Acid-leached
CNTs were tested to assess the activity of the carbon nanostructure (Figure S5). It can be
observed that the activity towards ORR barely reduces, while the activity towards OER
shows a more significant decrease in activity, with the onset overpotential increasing 66 mV.
The mild effect of leaching on the activity of CNT can be explained by the encapsulation
of Fe particles in a graphitic matrix under a high number of layers (as explained by XRD
and seen in TEM), which does not allow them to act as catalytic active sites. This is why
other iron-over-carbon catalysts in the literature show better activities towards OER [45] or
ORR [46]. rGO shows the lowest ORR/OER performance on its own. On the other hand,
the catalytic activity of MONW without any carbon material is good for the ORR but not
for the OER, highlighting the need for a carbon nanostructure to maximize the catalytic
activity of Mn oxide sites by enhancing the electrical conductivity. The onset potentials
for the ORR follow the trend CNT < rGO < CNF < MONW, and for the OER, the trend is
rGO > CNT > MONW > CNF.

Upon combination of MONW with the different carbon nanostructures (Figure 4b),
there is a clear improvement in the catalytic activity of the individual manganese oxide
nanowires, as can be ascertained from both the parameters displayed in Table 2 and the
curves of Figure S6 in the Supporting Information (Section S2.1), comparing each MONW/C
composite with its individual components. This highlights the importance of adding carbon
for an enhanced activity for the oxygen evolution reaction. On the other hand, for the ORR,
there is only a synergistic effect between Mn and C in the case of using CNF. Neither the
combination of MONW with rGO nor with CNT provides a more active catalyst, which
could be ascribed to a worsened interaction between these carbonaceous materials with
the metal oxide active phase. As previously explained, CNT possesses a highly graphitic
character and a low surface area, which could hinder the carbon–metal interaction. On
the other hand, in the case of MONW/rGO, its low performance for the ORR might be
explained by the large difference in surface area between carbon and manganese oxide
phases. As the surface area of reduced graphene oxide is approximately seven times greater
than that of the manganese oxide nanowires, most of the exposed area of the catalyst is
rGO and not MONW. The poor mixing between the two materials can be seen in the SEM
micrograph displayed in (Figure 1i).

In general, the electrochemical parameters shown in Table 2 reveal a positive shift
of the onset potential for the ORR between 70 and 150 mV and between 30 and 90 mV
for the half-wave potential for the MONW/C composites with respect to the individual
carbon nanostructures.

Comparing the activity of the composite catalysts (MONW/C: CNF, CNT and rGO
in Figure 4b), both MONW/CNF and MONW/rGO show an excellent OER activity, and
MONW/CNF also exhibits an outstanding ORR performance. The MONW/CNT com-
posite is the least active one for both ORR/OER, probably due to a worsened interaction
between Mn and C due to the lower surface area of CNTs, the low amount of defects,
and we cannot discard some effect due to the encapsulation of the iron particles with the
carbon matrix.

The synergistic effect between C and MONW for the OER is also reflected in the
improvement of the ∆E value, around 70 to 200 mV lower for the MONW/C composites
than for the individual components. This reveals that adding carbon to manganese-based
catalysts is a good strategy to improve the reversibility of systems operating on ORR/OER.
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Both MONW/rGO and MONW/CNF show the lowest values of ∆E (1.01 and 1.06 V,
respectively), mainly due to their superior performance towards OER (lower E10). The
composite MONW/CNT has the highest ∆E of all the composites, as it presents the lowest
activities towards both ORR and OER.

The number of exchanged electrons for the ORR was assessed by applying the
Koutecky–Levich (K-L) approach in the diffusional limit of the LSVs performed at dif-
ferent rotation speeds (400, 625, 900, 1600 and 2500 rpm). Further details can be found in
the Supporting information (Section S2.3, Figures S7 and S8). The K-L plots for both carbon
nanostructures and composites (MONW/C, C: CNF, CNT, rGO) are shown in Figure 5, and
all the electrochemical parameters obtained from the LSVs are gathered in Table 2. CNF,
CNT, rGO and MONW exhibit the exchange of ca. 3 electrons in the diffusional limit of
ORR (2.9, 2.9, 3.0 and 2.7, respectively), indicating that oxygen is reduced to both hydroxide
and peroxide. Despite not having the highest number of electrons transferred, CNF is more
active than the other materials in the diffusional limit, as is corroborated by the intercept
on the Y-axis at a lower value (higher kinetic current at 0.2 V vs. RHE). The superior
performance of nanofibers can be explained by their physical-chemical properties: the
presence of nickel from the catalyst [24], their relatively high surface area and the amount
of structural defects acting as active sites [42].
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MONW/C composites exhibit a higher number of exchanged electrons than the in-
dividual carbon materials. The largest synergistic effect in terms of transferred electrons
is observed in the composite MONW/CNT, as it exhibits 3.8 transferred electrons. This
number, however, must be analyzed cautiously, as the LSV at 1600 rpm (Figure 4b) sug-
gests the diffusional limit has not yet been reached at 0.2 V. In the case of MONW/CNF
and MONW/rGO, the number of electrons is slightly lower, with 3.4, meaning 70% of
hydroxide formation. However, the high intercept of the MONW/rGO curve with the
Y-axis (Figure 5b, blue triangles) indicates a low intrinsic current density at 0.2 V vs. RHE,
only 8.4 mA cm−2, which is due to the poor interaction between the carbon phase and the
metallic phases, as previously explained.

Two paths have been described in the literature for oxygen reduction over manganese
catalysts [47]. The first mechanism is the four-electron reaction that yields OH−. Since the
surface of metal oxide electrodes in a strongly alkaline medium is covered by adsorbed OH
species [48,49], the first step involves the displacement of OH to adsorb one O2 molecule
with the acceptance of one electron (Equation (1)). The adsorbed OO is then protonated
(Equation (2)), and after that, a hydroxide anion is released, and a single oxygen atom
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remains adsorbed (Equation (3)). Finally, the adsorbed oxygen is protonated to obtain a
hydroxyl group adsorbed to the manganese oxide (Equation (4)).

Mn(OH)ads + O2(aq) + e−
 Mn(O2)ads + OH− (1)

Mn(O2)ads + H2O + e−
 Mn(OOH)ads + OH− (2)

Mn(OOH)ads + e−
 Mn(O)ads + OH− (3)

Mn(O)ads + H2O + e−
 Mn(OH)ads + OH− (4)

Oxygen can also be reduced to peroxide in a two-electron pathway. The first two
steps are the same as in the four-electron mechanism (Equations (1) and (2)). The adsorbed
peroxyl then desorbs as hydroperoxide and is replaced by hydroxide (Equation (5)). This
happens because the energy is not enough to break the O=O bond.

Mn(OOH)ads + OH−
 Mn(OH)ads + HO2
− (5)

The peroxide can degrade non-electrochemically to water and oxygen (Equation (6))
or react electrochemically with another adsorbed OH group to yield adsorbed oxygen
and 2 hydroxide ions (Equation (7)) and then reduce to hydroxide following equation
Equation (4), completing a “2 + 2” mechanism. The difference between the four-electron
and the 2+2 electron pathways is that the first one is dissociative, and the latter is associative.

2HO2
−
 O2 + 2OH− (6)

Mn(OH)ads + HO2
− + e−
 Mn(O)ads + 2OH− (7)

In both mechanisms, the rate-determining step is the electrochemical adsorption of
oxygen. In fact, in a previous work [24], we showed that the ability of manganese oxide to
adsorb oxygen plays a key role in the ORR kinetics. The four-electron and the two-electron
pathways compete, as the operation potentials are lower than the standard reduction
potentials for the two mechanisms (1.23 V vs. RHE and 0.77 V vs. RHE, respectively).
As a result, the number of electrons is between 2 and 4 (2.7 in MONW at 0.2 V vs. RHE).
By operating at a less negative potential, i.e., calculating the number of exchanges by the
Koutecky–Levich method at 0.4 V vs. RHE, it increases to 3.7 (Figure S9, Section S2.3). This
happens because the overpotential is too low for the 2-electron pathway. As the standard
potential for peroxide reduction in alkaline electrolyte is 1.71 V vs. RHE, the potentials at
which the number of electrons are calculated (either 0.2 or 0.4 V vs. RHE) should imply a
rapid reduction of the peroxide if it re-adsorbs. Consequently, the amount of hydroperoxide
that reduces to hydroxide does not depend on the potential—but, rather, on the rates at
which hydroperoxide degrades into oxygen (Equation (6)) and at which it re-adsorbs on
the catalyst.

The activity of the catalysts was also assessed by analyzing Tafel slopes for both ORR
and OER. Further details can be obtained in the Supporting Information. To obtain the
Tafel slopes in ORR, the intrinsic current density was estimated using the Koutecky–Levich
method (Equation S1 in Supporting information). The effective overpotential (ηeff) was
calculated according to Equation (8):

ηeff = E − E0 − IR (8)

where E is the measured potential, E0 is the standard potential at the electrolyte con-
centration (1.23 V vs. RHE), I is the measured current, and R is the electrolyte resistance,
calculated using Newman’s equation [35]. Figure 6 shows the Tafel slopes obtained for ORR
(Figure 6a) and OER (Figure 6b) for the MONW/C composites, and Figure S10 (Section S2.4
in the Supporting Information) shows the Tafel slopes for the individual components,
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carbon nanostructures and MONW. The Tafel parameters for all the catalysts are collected
in Table 3.
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Table 3. Kinetic parameters obtained from the Tafel slopes for the different catalysts.

Catalyst Oxygen Reduction Reaction Oxygen Evolution Reaction

j0
(mA cm−2)

Tafel Slope
(mV dec−1)

j0
(mA cm−2)

Tafel Slope
(mV dec−1)

CNF 1.8 × 10−10 76 1.7 × 10−4 87
CNT 6.8 × 10−11 88 8.5 × 10−6 38
rGO 3.5 × 10−10 86 4.3 × 10−4 131
MONW 4.9 × 10−10 136 1.0 × 10−5 73

MONW/CNF 9.1 × 10−9 53 1.4 × 10−6 60
MONW/CNT 2.0 × 10−8 101 3.3 × 10−6 70
MONW/rGO 4.8 × 10−8 109 1.0 × 10−5 57

The superior performance of MONW/CNF for the ORR is also evident in its low Tafel
slope, 53 mV dec−1, while MONW/CNT and MONW/rGO exhibit approximately double
that value (ca. 100 mV dec−1). The synergistic effect between CNF and MONW can be
appreciated in the composite having a lower Tafel slope than the materials on their own. In
the case of OER, the three composites have similar Tafel slopes, ranging from 57 to 70 mV
dec−1. However, the MONW/rGO composite has an exceptional exchange current density
(j0) of 1.0 × 10−5 mA cm−2, one order of magnitude higher than the 1.4 × 10−6 mA cm−2

of MONW/CNF and the 3.3 × 10−6 mA cm−2 corresponding to MONW/CNT. When
analyzing the Tafel slopes of the carbon materials, it is possible to observe that the exchange
current density of rGO for OER is 4.3 × 10−4 mA cm−2, a higher value than the rest of the
catalysts. This suggests that reduced graphene oxide provides the largest surface where
the OH− anions can adsorb and then be oxidized over the manganese oxide nanowires.

Tafel slopes also provide information about the mechanism of the reactions and are
closely related to the kinetics [50], especially to the rate-determining steps of ORR and OER.
As previously stated, in Mn-based catalysts, the rate-determining step for ORR is assumed
to be the hydroxide-displacement oxygen adsorption. In fact, the obtained 136 mV dec−1

in MONW is close to the theoretical 120 mV dec−1 calculated as the Tafel slope when the
first electron transfer is the rate-limiting step [51]. In contrast, carbon materials studied
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in this work show ORR Tafel slopes closer to 60 than to 120 mV dec−1 (especially CNF,
Figure S10), suggesting that the rate-limiting step is the protonation of adsorbed O2

− rather
than the first electron transfer [51,52]. This way, catalyst MONW/CNF, for example, has
two phases that are able to catalyze different steps of the reaction pathway, explaining
its better performance than the separate phases. In the case of OER, the reverse of the
four-electron ORR pathway was considered as the predominant mechanism (inverse of
Equations (1)–(4)). The Tafel slope of MONW (73 mV dec−1) suggests that the third step
(inverse of Equation (2)) is the rate-limiting step on this material [53]. In rGO, on the other
hand, the Tafel slope of 131 mV dec−1 suggests that the first step, i.e., the protonation of an
adsorbed hydroxyl group (inverse of Equation (4)), which has a theoretical Tafel slope of
120 mV dec−1 [54]. As in the case of ORR, the different phases show the ability to catalyze
different steps of the reaction pathway.

2.3. Catalytic Activity towards the Oxygen Reduction and Evolution Reactions for a Composite
Material between Mn Oxide and Hybrid Carbon Nanostructure

Taking into account that the composite catalyst based on CNF (MOWN/CNF) was the
most active towards ORR while the one based on rGO (MONW/rGO) was the most active
towards OER, hybrid carbon materials composed of rGO and CNF were investigated, aimed
to take advantage of both carbon nanostructures towards an enhanced MONW/C catalyst.

Two synthetic strategies were evaluated to obtain the hybrid carbon material. The first
strategy consisted of mechanical mixing of the two carbon nanostructures CNF and rGO
(25 wt% CNF and 25 wt% rGO) with 50 wt% MONW. This process yielded a material named
MONW/mm[rGO-CNF] that, just like the three original composites, was comprised of 50%
carbon material and 50% manganese oxide nanowires and tested in the same conditions as
the others. However, this strategy was not successful since the catalytic activity for ORR
and OER was not remarkable, as can be seen in the Supporting Information (Figure S11,
Section S2.5 in Supporting Information).

The second strategy consisted of synthesizing a hybrid carbon material by growing
carbon nanofibers in an rGO matrix (rGO-CNF) in order to obtain an intimate mixture
at the nanoscale of the two carbon phases. To do so, nickel nanoparticles, acting as CNF
growth sites, were deposited on rGO, which was subsequently treated in a CH4 atmosphere,
following a similar method to the one reported in a previous work [55]. TEM images of
this hybrid carbon are shown in Figure 7, where the presence of irregular nanofilaments
is advised together with an amorphous carbon phase from rGO. At high magnification
(Figure 7b), the graphitic layers corresponding to the nanofilaments can be clearly observed,
which follow a platelet structure with an irregular surface. This hybrid rGO-CNF presents
a BET surface area of 380 m2 g−1, much higher than the individual counterparts (95 m2 g−1

for CNF and 175 m2 g−1 for rGO, see Table 1), as a result of the separation of graphenic
layers from rGO due to the intercalation of nanofilaments. Figure 7c shows a SEM image of
the composite MONW/CNF-rGO, where a good contact between the carbon and MnO2
phases is visible, with manganese oxide nanowires inserted between the carbon nanofibers.

To produce the catalyst, the rGO-CNF hybrid material was mixed in a planetary mill
with manganese oxide nanowires in a 1:1 mass ratio following the same procedure as the
other carbon materials. The composite material was named as MONW/rGO-CNF. Figure 8
shows the LSVs of the hybrid carbon composited with manganese oxide, compared to
MONW/rGO and MONW/CNF, and with benchmark catalysts for ORR and OER: Pt
supported on carbon, and IrO2, respectively.

The most remarkable result is that the catalyst MONW/rGO-CNF presents an im-
proved activity for the ORR compared to CNF- and rGO-supported MONW. The number
of exchanged electrons is higher, 3.7 (see Table 4), and the onset and half-wave potentials
are more than 50 mV more positive than the other MONW/C catalysts.
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Table 4. Electrocatalytic parameters obtained for rGO-CNF, MONW/rGO-CNF, the benchmark
catalysts, and similar catalysts from literature.

Catalyst Oxygen Reduction Reaction Oxygen Evolution
Reaction

Reversibility
ORR/OER Ref.

EORR, onset †
(V vs. RHE)

jd @ 1600
rpm

(mA cm−2)

E1/2
(V vs.
RHE)

n EOER, onset †
(V vs. RHE)

E10
(V vs.
RHE)

∆E (V)

rGO-CNF 0.79 −3.80 0.69 2.9 1.58 1.76 1.07 This work
MONW/rGO-CNF 0.90 −5.26 0.74 3.7 1.54 1.73 0.99 This work
Pt/C–IrO2 1.02 −5.72 0.85 4 1.53 1.75 - This work
MnOx/CNTs 0.85 * −4.90 0.77 * 3.6 1.58 * 0.91 * 0.91 * [25]
MnO2-C(ultrathin amorphous) 0.97 −5.81 0.81 4 1.45 1.59 0.78 [56]
α-MnO2(cryptomelane)/Vulcan 0.88 * −4.1 0.79 * 4 1.58 * 1.73 * 0.94 * [57]
Mn-MOF @rGO 1.09 * −2.03 0.98 * - 1.75 * 1.84 * 0.86 * [58]
MnxOy/N-carbon 0.85 −5.0 0.77 - 1.61 1.68 0.91 [59]
MnOx/S-carbon 0.94 −4.5 0.81 3.7 1.33 * 1.62 * 0.81 * [60]

* IR corrected. - Not reported or not relevant. † Onset potentials for OER and ORR according to the definitions of
this work.

Table 4 also compares our catalyst with some similar materials based on manganese
and carbon found in the literature. It is possible to see that our catalyst MONW/rGO-
CNF has an interesting activity. Some materials, like those in [25,57,58], show reversibility
gaps up to 0.13 V lower, but these differences must be considered with caution, as their
results are reported corrected by IR, unlike in this work. It is interesting to note that
the material by He et al. [25] has a relatively high activity, even though it uses carbon
nanotubes, suggesting that the CNT used in this study have low activity due to their
high number of layers and low surface area, rather than the cause being the structure of
CNT. The work by Wahab et al. [58], uses reduced graphene oxide and contrary to our
findings, their material has an extraordinary activity for ORR, but lower activity than our
MONW/rGO-CNF material. The referenced work uses a metal-organic framework (MOF)
with manganese supported over reduced graphene oxide, which may result in different
interactions between the carbon and metallic phases. Moreover, the MOF as a catalyst with
rGO showed extremely limited activity towards ORR, which reinforces our idea that it is a
combination of graphitic carbon phases and manganese phases responsible for the high
activity of the catalysts rather than the carbon phase just working as a conductive additive.

The good ORR activity of the composite reveals a synergistic effect that must comprise
the three phases: the two carbons and the manganese oxide, which can be derived from the
analysis of the separated phases (see Figure S6d). As stated before, oxygen reduction on
rGO involves the transfer of 2.9 electrons, indicating partial reduction to peroxide. However,
some works have shown that peroxyl can adsorb over the edges of graphene layers [38].
Therefore, and most probably, the superior number of electrons exchanged in MONW/rGO-
CNF is explained by a 2+2 mechanism. We propose that the reduction of hydroperoxide
(Equation (9)) can take place between two adsorbed species (Equations (9) and (10)).

C + HO2
−
 C(OOH)ads + e− (9)

Mn(OH)ads + C(OOH)ads + 2e−
 Mn(O)ads + 2OH− (10)

In this case, the hydroxyperoxide anion electrochemically adsorbs over a carbon edge
site, either on rGO or CNF. It is crucial for this mechanism to take place to ensure good
contact between carbon and manganese phases. A possible explanation for the superior
performance of MOWN/rGO-CNF over that of the rest of the carbon composites is that
graphene oxide provides a large surface area where peroxyl can adsorb, and CNF improves
the contact between the carbon and manganese phases. In this regard, Poux et al. [23]
synthesized composites containing La-Sr-Mn perovskites and pyrolitic carbon and reached
the conclusion that carbon enhances the activity of the perovskites in two different ways:
first, it improves the electrical conductivity from the current collector to the outside layers
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of the perovskite, and second, it provides a large area where oxygen can adsorb and begin
to reduce. Despite these two effects are definitively important, they are not enough by
themselves to explain the increase in electrons exchanged during ORR. Our proposed
explanation can deal with this observation.

Even though composite MONW/rGO-CNF has a slightly lower activity for OER than
MONW/rGO, especially at high current densities, it holds especially well against the
benchmark catalyst, IrO2. They have an almost identical onset potential, but the composite
has a 20 mV lower E10, which may be a consequence of the good conductivity of carbon
materials in comparison to metallic oxides. Therefore, composite MONW/rGO-CNF has
a good compromise in activity towards ORR and OER, and consequently, it exhibits the
lowest value of reversibility gap amongst the tested catalysts, with 0.99 V (see Table 3).

The activity of the MONW/rGO-CNF hybrid catalyst was also assessed, analyzing
Tafel slopes for both ORR and OER, compared to the benchmark catalysts, as shown in
Figure 9 and Table 5.
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Table 5. Kinetic parameters obtained from the Tafel slopes for rGO-CNF, MONW/rGO-CNF and
benchmark catalysts.

Catalyst Oxygen Reduction Reaction Oxygen Evolution Reaction

j0
(mA cm−2)

Tafel Slope
(mV dec−1)

j0
(mA cm−2)

Tafel Slope
(mV dec−1)

rGO-CNF 2.6 × 10−12 42 4.6 × 10−4 98
MONW/rGO-CNF 6.3 × 10−6 80 2.9 × 10−6 97
Pt/C–IrO2 4.2 × 10−4 84 1.0 × 10−7 47

Tafel slopes for ORR also reveal the superior behavior of the benchmark catalyst.
Even though it is not the catalyst with the lowest slope, it has a superior exchange cur-
rent density (j0), as is evident from the position of the data in the graph. Pt/C has a
j0 of 4.2 × 10−4 mA cm−2, two orders of magnitude higher than the MONW/rGO-CNF
composite, 6.3 × 10−6 mA cm−2, which has a comparable Tafel slope. None of our carbon-
manganese catalysts can match the high activity of the well-dispersed, high surface-area
Pt/C catalyst towards ORR. In the case of the OER, the benchmark material has the lowest
Tafel slope (half that of MONW/rGO-CNF); however, composite MONW/rGO (Figure 6)
has a higher j0, explaining its better activity. Although the ORR activity of the MONW/rGO-
CNF is significantly lower than that of Pt/C, its good performance (bifunctionality) for
both ORR and OER makes it an interesting choice due to the lower cost and abundance of
manganese compared to Pt.
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The low ORR Tafel slope of hybrid carbon rGO-CNF of only 42 mV dec−1 (Figure S10a)
is indicative that, in this material, the second electron transfer limits the kinetics of the
reaction. In this case, it is possible to see that the different phases have the ability to catalyze
the different steps of the reaction and yield the most active of the synthesized catalysts.

The hypothesis of different phases catalyzing different steps of the reaction was studied
through EIS (Figure 10). Figure 10a shows the Nyquist plot for ORR for MONW. A large
transfer resistance can be observed over a single semicircle. The equivalent circuit is visible
inside the plot. By contrast, the Nyquist plot of ORR for the MONW/rGO-CNF catalyst
can be modeled by a series of two RQ elements (resistance in parallel with a constant
phase element). Despite the presence of two resistances, their lower values result in a
lower total charge transfer resistance, in agreement with the higher activity observed for
this catalyst. More interestingly, the presence of a series of two RQ elements suggests the
transfer of two electrons or, at least, two processes with similar rates, indicating that there
is no single rate-determining step for ORR for this catalyst, contrary to what happens in the
MONW catalyst. The large difference in the admittance of the constant phase elements in
the circuit in Figure 10b suggests that the two different electron transfers could take place
over different surfaces, in agreement with our hypothesis.
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2.4. Stability Studies

The durability and resistance to degradation of the MONW/CNF, MONW/rGO and
MONW/rGO-CNF catalysts were assessed in an endurance test at ±10 mA cm−2 for
20 h in a gas-diffusion electrode in 6 M KOH (Figure 11). Catalyst MONW/rGO-CNF
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shows remarkable stability, with the potential for OER increasing an average of 1.9 mV
per hour of operation and the overpotential for ORR increasing less than 1 mV per hour.
The overpotential for ORR (corrected by the ohmic potential loss, which was obtained
from electrochemical impedance spectroscopy, see Figure S13) is around 450 mV and for
OER, ca. 330 mV in the first cycle, resulting in a potential gap between ORR and OER at
10 mA cm−2 (IR free) of ca. 780 mV. This is consistent with what was observed during the
LSVs (Table 3), as the observed onset potential for OER was lower than for ORR in those
conditions. The stability of the catalyst towards OER is especially remarkable since it is
considerably better than the benchmark IrO2 catalyst. Gebreslase et al. [61] showed that
after only 5 h of operation at 10 mA cm−2 in 1 M KOH, the IrO2 catalyst began to quickly
lose activity.
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Figure S12 (Section S2.6 in Supporting Information) shows the endurance test for
MONW/CNF and MONW/rGO, alongside the comparison with MONW/rGO-CNF. Cat-
alyst MONW/CNF is also significantly stable, showing an increase in overpotential of
1.8 mV h−1 for ORR and 4.2 mV h−1 for OER, but exhibits a wider gap between the poten-
tials for OER and ORR. Catalyst MONW/rGO has a good performance at the beginning,
especially for OER, but quickly starts to deactivate, incrementing its overpotential at a rate
of 2.1 mV h−1 for ORR and 11.3 mV h−1 for OER. By the end of the 20 h, the difference of
potentials in this catalyst is almost 1100 mV.

3. Materials and Methods
3.1. Catalysts Synthesis

Manganese oxide nanowires (MONW) were synthesized following a procedure de-
scribed elsewhere [24]. Briefly, 100 mL of an aqueous solution with 1.26 g of potassium
permanganate (99%, Sigma-Aldrich, St. Louis, MO, USA) and 2.8 mL of concentrated
hydrochloric acid (37% wt., Fluka) was stirred at room temperature for 30 min and then
transferred to an autoclave at 120 ◦C for 12 h. A brown precipitate formed, which was
washed with 2 L of deionized water (DI) and dried overnight at 70 ◦C.

Carbon nanofibers (CNF) and nanotubes (CNT) were obtained by catalytic decom-
position of methane, varying the synthesis catalyst and temperature. The catalyst for
CNF was based on NiCuAl2O3, as described by Sebastián et al. [62], and for CNT, Fe2O3
nanoparticles (<50 nm) obtained from Sigma-Aldrich. The catalysts were reduced with a
10 mL min−1 flow of hydrogen at 550 ◦C for CNF and at 700 ◦C for CNT. Subsequently, the
temperature was raised under a flow of nitrogen up to 700 ◦C for CNF and 900 ◦C for CNT,
after which a flow of 50 mL min−1 of methane was passed through the reactor for 3 h.
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Reduced graphene oxide was synthesized by the Tour’s method [63]. Briefly, 120 mL
of concentrated sulphuric acid (98% Labkem) and 13.3 mL of phosphoric acid (85% Panreac)
were mixed in a flask. After cooling, 1 g of graphite (Sigma-Aldrich) was added to the
mixture under stirring. An amount of 6 g of KMnO4 (99%, Sigma-Aldrich) was added
slowly under stirring. The flask was then kept at 50 ◦C under stirring for 18 h. After that
period, the mixture was poured over 135 mL of DI water ice, obtaining a brownish solution
that was stirred for 30 min at 95 ◦C and then left to cool to room temperature. A solution
of H2O2 (30% wt., 8 mL) was poured drop by drop, and then the mixture was placed in
an ultrasound bath for 30 min to exfoliate the graphite oxide layers. Finally, the graphene
oxide (GO) dispersion was washed and centrifuged repeatedly until a neutral pH was
achieved, and the collected solid was dried overnight at 65 ◦C. The graphene oxide was
reduced at 800 ◦C in a nitrogen atmosphere for 2 h to obtain reduced graphene oxide (rGO).

The carbon materials and MONW were mixed in a planetary ball mill in a 1:1 mass
ratio, with a rotation speed of 100 rpm and using ethanol as a dispersing agent. The
obtained composites were named MONW/C, where C is CNF, CNT or rGO.

A hybrid carbon material (rGO-CNF) was also synthesized by growing nanofibers in
reduced graphene oxide. To do this, 0.7 g of GO was dispersed in 140 mL of water, and a
solution of 1.48 g of Ni(NO3)2·6H2O in 68 mL of water was added dropwise. The pH of the
mixture was then raised to 5 with NaOH, and a solution with 0.38 g of NaBH4 in 204 mL of
water was slowly added. The solid was then filtered, washed with abundant water and
dried overnight at 60 ◦C. This Ni oxide on GO material was introduced in a tubular quartz
reactor, reduced in H2 at 550 ◦C for one hour and then CH4 was passed at 700 ◦C for one
hour for the growth of CNF by catalytic decomposition on Ni particles.

3.2. Physical-Chemical Characterization

MONW and carbon materials were characterized using solid-state characterization
techniques. The crystalline structures of the materials were investigated using powder X-
Ray Diffraction (XRD). The equipment used was a Bruker AXS D8 Advance diffractometer
(Billerica, MA, USA), which has a Cu Kα radiation source and a θ–θ configuration. The
interplanar distances were obtained using Bragg’s equation, and the number of graphitic
planes was obtained by dividing the 002 crystal size (obtained from Scherrer’s equation)
by the interplanar distance. The determination of the crystallographic phases was carried
out through Rietveld refinement. The morphology of MONW and carbon nanostructures
was investigated by both transmission (TEM) and scanning (SEM) electron microscopy.
TEM images were acquired with a Tecnai F30 microscope (Thermofisher, Waltham, Mas-
sachusetts, Estados Unidos operated at 300 kV. The samples were ultrasonically dispersed
in ethanol for 15 min and then placed in a Cu carbon grid. SEM images were obtained
with a Hitachi 3400-N microscope (Hitachi Ltd., Tokyo, Japan) with the powdered samples
directly placed on a carbon tape. Textural features of MONW were assessed through
nitrogen physisorption at −196 ◦C in Micromeritics ASAP 2020 (Norcross, GA, USA). The
amount of metals in the samples was determined by inductively coupled plasma combined
with atomic emission spectrometry (ICP-AES) using an Xpectroblue-EOP-TI FMT26 spec-
trometer (SPECTRO Analytical Instruments, Kleve, Germany). In addition, the carbon
and hydrogen content of carbon materials was determined by elemental analysis (EA) in a
Thermo Flash 1112 analyzer (Thermoscientific, Waltham, MA, USA).

3.3. Electrochemical Characterization

All the electrochemical tests were carri, ed out in a three-electrode cell connected to
an Autolab potentiostat/galvanostat (Metrohm 302N, Metrohm Hispania, Madrid, Spain).
The activity of the electrocatalysts was assessed through linear sweep voltammetries (LSVs)
in a 0.1 M KOH electrolyte, using a reversible hydrogen electrode as the reference electrode
and a graphite rod as the counter electrode. The working electrode was a glassy carbon
rotating disk electrode (RDE, 5 mm diameter), on top of which a fine layer of the catalyst
was deposited. To do so, an ink was prepared dispersing 5 mg of the catalyst and 10 µL of
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Nafion (10% wt., Sigma-Aldrich, St. Louis, MO, USA) in 490 µL of ethanol under sonication
and then deposited over the RDE in order to achieve a loading of 1 mg cm−2. The LSVs
to evaluate the ORR were performed in the range 1.2–0.2 V vs. RHE at a sweeping rate of
5 mV s−1 in oxygen-saturated electrolyte and at different rotation speeds (400, 625, 900, 1600
and 2500 rpm). Prior to the ORR LSVs, blank LSVs in nitrogen-saturated electrolyte were
complete in the same potential range and used as a baseline. OER tests were carried out at
1600 rpm in the 1.1–1.8 V vs. RHE potential range at 5 mV s−1 of scan rate. Electrochemical
impedance spectroscopy (EIS) tests were executed at the potential at which current had a
magnitude of 1 mA cm−2 for both ORR (Ej = 1) and OER, with a sine wave of 10 mV of
amplitude and in the range between 10 kHz and 100 mHz, acquiring ten points per decade.
Endurance tests were carried out over a gas diffusion electrode of 0.5 cm2 of exposed area
in the strong basic electrolyte (6 M KOH). An ink of the same characteristics as the one of
the RDE was sprayed over carbon paper, achieving a coverage of ca. 800 µg cm−2. The
reference electrode was a Hg|HgO electrode in 1 M KOH. Consecutive cycles (OER/ORR)
of 2.5 h for each reaction at a current density of ±10 mA cm−2 were run.

4. Conclusions

Three different carbon nanostructures (carbon nanofibers, carbon nanotubes and
reduced graphene oxide) were synthesized and mixed with manganese oxide nanowires to
obtain bifunctional oxygen electrocatalysts. The type of carbon employed in the catalyst had
an important effect on the activity, being the catalyst synthesized with CNF the most active
towards ORR and the catalyst with rGO the most active towards OER, even surpassing
the performance of the benchmark IrO2 catalyst. Catalysts with CNT showed poor activity
for both reactions, which was ascribed to their low surface area and lack of structural
defects. The Koutecky–Levich plots show that the MONW/C catalysts have an increased
number of electrons transferred in comparison to the phases on their own, indicating a
synergistic effect that goes beyond just increasing conductivity or enhancing surface area
but also changes the pathway of the reaction. The analysis of Tafel plots and electrochemical
impedance spectroscopy allowed us to conclude that carbon and manganese oxide phases
can catalyze different steps of the reaction pathways, and thus, by mixing them, a catalyst
with lower energetic barriers for the reactions could be obtained. With this information
in mind, we synthesized a hybrid rGO-CNF material and mixed it with MONW, which
showed increased activity towards ORR in comparison to MONW/CNF and a closer
activity towards OER than that of catalyst MONW/rGO. The hybrid MONW/rGO-CNF
catalyst was tested in demanding conditions in a gas diffusion electrode (6 M KOH, at
±10 mA cm−2) and showed remarkable stability for 20 h of operation, maintaining less
than 0.77 V of difference between the potentials for OER and ORR (IR corrected) under
the mentioned conditions. This work proves that the structure of carbon materials used
as an additive in manganese bifunctional oxygen catalysts plays a key role in both the
mechanisms of the reactions and the performance of the catalysts and that this can be
exploited to rationally design catalysts with enhanced activity and/or bifunctionality.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/catal13091240/s1. S1. Additional physical-chemical char-
acterization of manganese oxide nanowires; S1.1. Morphology; Figure S1. (a) TEM and (b) SEM
micrographs for MONW; S1.2. X-Ray diffraction; Figure S2. Diffractogram of MONW; S1.3. X-ray
photoelectron spectroscopy; Figure S3. XPS spectra of orbitals: (a) Mn2p and (b) O1s of MONW;
S1.4. Nitrogen physisorption; Figure S4. (a) Nitrogen physisorption for MONW at 96 K and, (b) Pore
size distribution (BJH desorption); S2. Additional electrochemical characterization of manganese
oxide nanowire–carbon composites; S2.1 Effect of acid-leaching on carbon nanotubes; Figure S5.
Comparison between the catalytic activities of pristine carbon nanotubes and acid-leached carbon
nanotubes (CNT-AL); S2.2. Comparison between the single materials and the composite catalysts; Fig-
ure S6. Comparison between the catalytic activities of carbon materials and their composites: (a) CNF,
(b) CNT, (c) rGO and, (d) rGO-CNF; S2.3. Koutecky–Levich plots; Table S1. Parameters and properties
of the electrochemical system used in the Levich equation; Figure S7. LSVs at 400, 625, 900, 1600 rpm
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rotation speed of materials: (a) CNF, (b) CNT, (c) rGO and, (d) MONW; Figure S8. LSVs at 400, 625,
900, 1600 rpm rotation speed of materials: (a) MONW/CNF, (b) MONW/CNT and, (c) MONW/rGO;
Figure S9. Koutecky–Levich plots at E = 0.4 V vs. RHE of carbon materials and manganese oxide;
S2.4. Tafel plots; S2.5. Electrochemical characterization of composite MONW/mm[rGO-CNF]; Figure
S11. Comparative performance of composite MONW/mm[rGO-CNF] with respect to MONW/C
catalysts; S2.6. Durability tests; Figure S12. Endurance test carried out over a GDE with catalysts
(a) MONW/CNF and (b) MONW/rGO in 6M KOH. Potentials corrected for IR; Figure S13. Nyquist
diagrams (top: ORR, bottom: OER) for EIS tests for MONW/CNF-rGO.
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S1. Additional physical-chemical characterization of manganese oxide nanowires 
S1.1. Morphology 

 
 

Figure S1. a) TEM and b) SEM micrographs for MONW.  
 

S1.2. X-Ray diffraction  

 
Figure S2. Diffractogram of MONW. 
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S1.3. X-ray photoelectron spectroscopy 

 
Figure S3. XPS spectra of orbitals: a) Mn2p and b) O1s of MONW. 
 

S1.4. Nitrogen physisorption 
 
 

 
 

 
Figure S4. a) Nitrogen physisorption for MONW at 96 K and, b) Pore size distribution 

(BJH desorption). 



 

3 

S2. Additional electrochemical characterization of manganese oxide nanowire–carbon compo-
sites 

S2.1 Effect of acid-leaching on carbon nanotubes 

 
Figure S5. Comparison between the catalytic activities of pristine carbon nanotubes and acid-
leached carbon nanotubes (CNT-AL) 
 
S2.2. Comparison between the single materials and the composite catalysts 

 
Figure S6. Comparison between the catalytic activities of carbon materials and their com-

posites: a) CNF, b) CNT, c) rGO and, d) rGO-CNF. 
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S2.3. Koutecky–Levich plots  
ORR LSVs were performed at 400, 625, 900, 1600 and 2500 rpm to obtain the number of elec-

trons exchanged in the diffusional limit, using the Koutecky–Levich approach, applying 
Equation S1: 

 
|j|-1 = |jL|-1 + |jk|-1         (S1) 
 
Where j is the observed current density at E = 0.2 V vs. RHE, jk is the intrinsic current density 

and jL is the limiting current density, estimated using the Levich equation for rotating 
disk electrodes (Equation S2): 

 
jL = 1.95nFACO2*DO21.5ν-(1/6)f1/2        (S2) 
 
In the Levich equation, n is the number of electrons transferred in the oxygen reduction reac-

tion, CO2* is the saturation concentration of oxygen in the electrolyte, DO2 is the diffusivity 
of oxygen in the electrolyte, ν is the cinematic viscosity of the electrolyte and f is the 
rotation frequency of the electrode, F is the Faraday constant and A is the disc electrode 
area. Combining Equations S1 and S2, Equation S3 is obtained: 

 
|j|-1 = |jL|-1 + mLf-0.5         (S3) 

 

where mL = 1/(1.95nFACO2*DO21.5ν-(1/6)).  

Plotting the inverse of the observed current density vs. the inverse of the square root of 
the rotation frequency made it possible to obtain the number of electrons transferred from the 
slope of the fitted line. The parameters used are summarized in Table S1. 

Table S1. Parameters and properties of the electrochemical system used in the Levich equa-
tion 

Parameter Value 
F 96485 C mol-1 
A 1.96 x 10-5 m2 

CO2* 1.21 mol m-3 
DO2 1.87 x 10-9 m2 s-1 
ν 10-6 m2 s-1 
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Figure S7. LSVs at 400, 625, 900, 1600 rpm rotation speed of materials: a) CNF, b) CNT, c) rGO and, d) 

MONW. 
 

  



 

6 

 
Figure S8. LSVs at 400, 625, 900, 1600 rpm rotation speed of materials: a) MONW/CNF, b) MONW/CNT 

and, c) MONW/rGO. 
 

 
Figure S9. Koutecky–Levich plots at E = 0.4 V vs. RHE of carbon materials and manganese oxide. 
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S2.4. Tafel plots  

 
Figure S10. ORR (a) and OER (b) Tafel plots of non-composite catalysts. Experiments carried out over a 

RDE at 1600 rpm. 
 
S2.5. Electrochemical characterization of composite MONW/mm[rGO-CNF] 

 
Figure S11. Comparative performance of composite MONW/mm[rGO-CNF] with respect to MONW/C cat-

alysts. 
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S2.6. Durability tests 
 

 
Figure S12. Endurance test carried out over a GDE with catalysts a) MONW/CNF and b) MONW/rGO 

in 6M KOH. Potentials corrected for IR. 

 

 
Figure S13. Nyquist diagrams (top: ORR, bottom: OER) for EIS tests for MONW/CNF-rGO.  

 

c) 
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CAPÍTULO III: DISCUSIÓN GLOBAL DE RESULTADOS 

 

 

 

 

 

 

 

 

 

En este capítulo, se presenta un resumen de los principales resultados obtenidos en los 

artículos que conforman esta tesis doctoral. El capítulo se divide en dos secciones: la primera 

dedicada a resolver los desafíos que plantea el electrodo negativo de baterías hierro-aire; y la 

segunda, enfocada a catalizadores bifuncionales para el electrodo de aire.  

  



 
 

176 
 

  



 
 

177 
 

1. Antecedentes 

Los sistemas hierro-aire son una tecnología muy prometedora con el potencial de 

convertirse en una de las soluciones de almacenamiento de energía más baratas y seguras en el 

futuro. Tanto el electrodo negativo (electrodo de hierro) como el electrodo positivo (electrodo 

de aire) de estas baterías presentan una serie de desafíos, aún por resolver, de cara a hacer de 

esta tecnología una solución comercialmente viable. En la presente tesis se han intentado 

abordar los principales desafíos de ambos electrodos. En el esquema de la Figura 1, se muestra 

un resumen de cómo se ha organizado la investigación de esta tesis de acuerdo a los desafíos 

de cada electrodo.  

 

Figura 1. Esquema de la investigación realizada durante esta tesis. 

 
2. Electrodos negativos para baterías hierro-aire basados en óxidos de hierro 

modificados con azufre 

Entre los desafíos a resolver para el electrodo negativo de baterías hierro-aire se 

encuentran: (i) la pasivación del electrodo, que resulta en la pérdida de capacidad, debido a la 

formación de especies no conductoras durante los ciclos de carga y descarga; (ii) la reacción de 

evolución de hidrógeno, una reacción parásita que interfiere con la carga del electrodo y (iii) el 

cambio de volumen del electrodo, debido a que los productos de descarga (óxidos y 

(oxi)hidróxidos de hierro) ocupan más volumen que el hierro metálico, lo que puede hacer que 

se desintegre la estructura del electrodo, además de bloquear los poros e impedir el paso del 

electrolito [1,2]. En esta tesis, y en los dos trabajos científicos presentados, se abordan las 

problemáticas descritas.  

En el primer artículo, se investiga la viabilidad del óxido de hierro modificado con azufre 

como electrodo negativo, abordando la evolución de hidrógeno (HER) y la pasivación del 

Electrodo negativo  Electrodo positivo 

Desafíos abordados  Desafíos abordados 
(i) Pasivación del electrodo 
(ii) Reacción de evolución de hidrógeno 
(iii) Cambio de volumen del electrodo 

 

 (i) Obtener catalizadores activos y bifuncionales para 
ORR/OER basados en materiales económicos. 
(ii) Mejorar la durabilidad del electrodo. 

 

Investigación propuesta  Investigación propuesta 

Óxidos de hierro mesoporosos modificados con azufre 
 Catalizadores bifuncionales basados en nanofilamentos de 

manganeso y nanoestructuras carbonosas 

Objetivo  Objetivo 

(1) Obtener electrodos negativos a base de materiales 
económicos (Fe2O3) con aditivos (S) que ayuden a mejorar la 
estabilidad de los electrodos. 
(2) Entender y mejorar las propiedades físico-químicas de los 
materiales de electrodo que determinan su estabilidad. 

 (1) Obtener catalizadores bifuncionales de oxígeno basados 
en materiales económicos (Mn) y estudiar su actividad, 
reversibilidad y durabilidad. 
(2) Estudiar el rol de las fases carbonosas en las reacciones 
de evolución y reducción de oxígeno y estudiar su impacto 
en el desempeño de los catalizadores 
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electrodo. En concreto se obtuvieron óxidos de hierro modificados con azufre que se 

investigaron como electrodos negativos de baterías alcalinas de hierro-aire. La mayoría de los 

enfoques destinados a inhibir o reducir tanto la HER como la pasivación se basan en ciertos 

aditivos en el electrolito (como alcanotioles o sales de sulfuro, K2S, etc.) o sulfuros (FeS, Bi2S3) 

en la composición del electrodo de hierro. Sin embargo, estos enfoques incorporan los aditivos 

de sulfuro ya sea por molienda de bolas (en la que los aditivos y las especies activas del electrodo 

se mezclan físicamente) o en el electrolito (añadiendo complejidad al diseño de la celda y 

contaminando el electrodo de aire, como se estableció recientemente [3]). Además, ciertos 

aditivos como los basados en bismuto no son deseables ya que el bismuto es una materia prima 

crítica. Por lo tanto, en esta tesis consideramos que son necesarios nuevos métodos para 

incorporar dichos elementos inhibidores de la HER. Durante el ciclo de carga de las baterías de 

hierro-aire, se forma hidrógeno en la superficie de las partículas de hierro; por lo tanto, es muy 

deseable obtener un material electroactivo de hierro con una distribución adecuada de los 

elementos inhibidores de HER. Por estas razones, en este trabajo se propuso usar óxidos de 

hierro como material del electrodo negativo, modificados con azufre durante su síntesis, con el 

fin de evaluar su viabilidad como electrodos negativos y su efectividad frente a la evolución de 

hidrógeno y la pasivación. 

 
En el segundo artículo, se investiga el efecto de las propiedades texturales y 

cristalográficas sobre la estabilidad y capacidad de los electrodos. Para escalar la tecnología de 

baterías hierro-aire y optimizar las formulaciones de las celdas, es fundamental comprender 

claramente cómo las propiedades físico-químicas del electrodo influyen en su comportamiento 

electroquímico, en particular, en su estabilidad. En este trabajo, proponemos por primera vez 

correlaciones matemáticas entre las propiedades texturales y cristalográficas de los electrodos 

de hierro y su estabilidad electroquímica. Además, buscamos explicar mediante espectroscopía 

de impedancia electroquímica (EIS) y caracterización físico-química post-mortem cuáles son las 

causas de la desactivación de los electrodos y porqué las propiedades físico-químicas influyen 

en la estabilidad. En este caso, se utilizaron nuevamente óxidos de hierro modificados con azufre 

(gracias a los buenos resultados obtenidos previamente) si bien se llevó a cabo una modificación 

del método de síntesis con el fin de obtener óxidos de hierro con una porosidad mayor de la 

obtenida precedentemente, con el fin de acomodar mejor los cambios de volumen del electrodo 

durante el ciclado. 

En la Tabla 1 se muestra un esquema resumido de los materiales investigados en ambos 

artículos. 
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Tabla 1. Esquema de los materiales investigados para el electrodo negativo y publicaciones resultantes 

Electrodo negativo   

Materiales investigados  Revista, factor de impacto (Journal 

Citation Report), cuartil 
Óxidos de hierro dopados con azufre obtenidos 
mediante precipitación con ácido oxálico (S-Fe2O3-OXL) 
e hidróxido de sodio (S-Fe2O3-SHX) 

 ACS Applied Energy Materials 
(FI2022 = 6,4; Q1Materials Science Multidisc) 
(Artículo I) 

   

Óxidos de hierro mesoporosos dopados con azufre 
obtenidos mediante precipitación con ácido tartárico 
calcinados en aire (S-Fe2O3-TAR-AIR) o en nitrógeno (S-
Fe2O3-TAR-N2) 
 

 Electrochimica Acta  

(FI2022 = 6,6; Q2MElectrochemistry) 
(Artículo II) 

 

2.1. Materiales investigados 

Se desarrollaron electrodos negativos para baterías hierro-aire basados en composites 

de negro de carbono comercial y óxidos de hierro porosos. El carbono se usa como aditivo 

conductor, debido a que los productos de oxidación del hierro (salvo la magnetita) no son 

buenos conductores eléctricos. Los óxidos de hierro fueron obtenidos mediante 3 métodos de 

precipitación de sales: precipitación con ácido oxálico, precipitación hidrotermal con hidróxido 

de sodio y precipitación hidrotermal con ácido tartárico. Los óxidos fueron modificados con 

azufre agregando tiosulfato de sodio en su síntesis. Se sintetizaron también óxidos de hierro sin 

modificar con azufre, con el fin de evaluar el efecto de este aditivo en la capacidad de descarga 

de los electrodos. Los óxidos de hierro fueron calcinados en aire a 350 °C o tratados en nitrógeno 

a 500 °C. Todas estas variaciones en los procesos de síntesis se llevaron a cabo con el objetivo 

de obtener óxidos de hierro con diferentes características físico-químicas, tales como estructura 

cristalina y tamaño de cristal, propiedades texturales o química superficial. La Tabla 2 resume 

los óxidos sintetizados y sus condiciones de síntesis. Además, todos estos materiales se 

compararon con un óxido de hierro comercial suministrado por Sigma-Aldrich (Fe2O3, 

nanopowder, < 50 nm, pureza superior a 99 %), al cual se hará referencia como Fe2O3-COM. 
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Tabla 2. Condiciones de síntesis de los óxidos de hierro para electrodos negativos 

Óxido de hierro Agente precipitante Tratamiento térmico Adición de 
Ɵosulfato de 

azufre 

Fe2O3-OXL-air Oxalato Aire 350 °C No 

S-Fe2O3-OXL-air Oxalato Aire 350 °C Sí 

Fe2O3-SHX-air Hidróxido de sodio Aire 350 °C No 

S-Fe2O3-SHX-air Hidróxido de sodio Aire 350 °C Sí 

Fe2O3-TAR-air Ácido tartárico Aire 350 °C No 

S-Fe2O3-TAR-air Ácido tartárico Aire 350 °C Sí 

Fe2O3-TAR-N2 Ácido tartárico Nitrógeno 500 °C No 

S-Fe2O3-TAR-N2 Ácido tartárico Nitrógeno 500 °C Sí 

 

2.2.  Propiedades físico-químicas  

2.2.1. Estructura cristalina 

Los óxidos muestran diferencias en sus propiedades químicas, cristalográficas y 

texturales. Las únicas fases detectadas mediante difracción de rayos X fueron hematita y 

maghemita, lo que indicó que el hierro se encontró como óxido de hierro (III) (Fe2O3). Los óxidos 

de hierro mostraron tamaños de cristal (dcrist) de entre 6 y 21 nm (Tabla 3). La temperatura de 

tratamiento influyó en las propiedades cristalográficas, obteniéndose a mayor temperatura de 

tratamiento, una mayor proporción de fase maghemita y menores tamaños de cristal. Para 

corroborar los resultados de XRD, se efectuaron también análisis de espectroscopia Mossbauer 

(MS). En general, los resultados de MS mostraron concordancia con lo obtenido mediante XRD, 

tanto en composición de fases cristalinas como en tamaños de cristales. 

Tabla 3. Composición química, propiedades cristalográficas y texturales de los óxidos de hierro 

Óxido de hierro Composición 
química (bulk) 
(% p/p) 

Composición 
química 
(superficie) 
(% at.)  

Fases cristalinas dcrist 
(nm) 

SBET  
(m2 g-1) 

Vporo 
(cm3 g-1) 

Fe2O3-COM   100 % maghemita 20,0 39 0.13 

Fe2O3-OXL-air   79 % hemaƟta 
21 % maghemita 

17,0 56 0.24 

S-Fe2O3-OXL-air 58 Fe 
4,6 S 

21,9 Fe 
61,2 O 
6,9 S 

65 % hemaƟta 
35 % maghemita 15,8 56 0.20 

Fe2O3-SHX-air 57 Fe 
 

21,8 Fe 
66,7 O 

15 % hemaƟta 
85 % maghemita 

15,1 77 0.17 

S-Fe2O3-SHX-air 51 Fe 
6,6 S 

18,0 Fe 
65,4 O 
4,8 S 

* 
6 28,3 0.19 

Fe2O3-TAR-air 63 Fe 
< 1 C 

22,2 Fe 
67.1 O 

80 % hemaƟta 
20 % maghemita 

21,2 141 0.30 

S-Fe2O3-TAR-air 57 Fe 
< 1 C 
3,5 S 

20,4 Fe 
65,3 O 
4,3 S 

65 % hemaƟta 
35 % maghemita 13,6 117 0.21 

Fe2O3-TAR-N2 65 Fe 
< 1 C 

19,2 Fe 
54,4 O 

14 % hemaƟta 
82 % maghemita 

10,3 28 0.10 

S-Fe2O3-TAR-N2 64 Fe 15,7 Fe 20 % hemaƟta 11,6 40 0.14 
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2,6 C 
2,1 S 

53,9 O 
2,8 S 

80 % maghemita 

* En el óxido S-Fe2O3-SHX-air, el tamaño de cristalito era demasiado pequeño y no se pudo calcular la proporción de 
fases ni por XRD ni por MS. 

2.2.2. Composición química 

Los óxidos de hierro están formados por hierro, oxígeno, azufre (en los modificados con 

tiosulfato) y trazas de carbono (en las muestras obtenidas mediante precipitación con ácido 

tartárico). Los análisis ICP indicaron entre un 51 % y un 65 % másico de hierro, mientras que 

el análisis elemental reveló entre un 2,1 % y 6,6 % de azufre másico. El azufre se encuentra 

principalmente sobre la superficie y en forma de grupos sulfato, como mostraron los análisis 

XPS.  A modo de ejemplo, se muestra el espectro de XPS de los orbitales Fe 2p y S 2p de la 

muestra S-Fe2O3-OXL-air en la Figura 2. La ausencia de sulfuro podría ser interpretada como 

una desventaja (debido a que son las especies de sulfuro las que han sido reportadas en 

literatura que previenen la pasivación y HER [4,5]), pero, como se verá más adelante, esto 

no supuso un problema para el rendimiento de los electrodos 

 

Figura 2. Espectros XPS de los orbitales: a) Fe 2p y b) S 2p del óxido S-Fe2O3-OXL-air  

2.2.3. Propiedades texturales y morfológicas 

La Figura 3 muestra micrografías SEM y FESEM de los óxidos modificados con azufre. S-

Fe2O3-OXL-air (Figura 3a) consiste en aglomerados de paralelepípedos de ancho aproximado 5 

micrones. Estas estructuras muestran irregularidades, grietas y fisuras, que se forman durante 

la descomposición térmica de los iones oxalato. El óxido de hierro S-Fe2O3-SHX-air tiene una 

morfología completamente diferente, con partículas con forma de aguja y algunas esferas 

(Figura 3b). La mesoporosidad observada para este material es consecuencia de los espacios 

entre estas pequeñas estructuras. El óxido de hierro basado en ácido tartárico y calcinado en 

aire (Figura 3c) muestran una morfología similar a la paja, con poros e irregularidades (formadas 
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durante la calcinación de la sal orgánica) que aumentan su área superficial, como se explica en 

el próximo párrafo. El óxido de hierro tratado en nitrógeno (Figura 3d) muestran signos de 

sinterización debido a la mayor temperatura de recocido, con partículas más pequeñas, pero 

más compactas y cercanas entre sí. Como resultado, hay menos huecos y menos espacio entre 

partículas, lo que explica el menor volumen de poro y área superficial de estos materiales. 

 

Figura 3. a) Imagen SEM de S-Fe2O3-OXL-air. b) Imagen SEM de S-Fe2O3-SHX-air. c) Imagen FESEM de S-
Fe2O3-TAR-air. d) Imagen FESEM de S-Fe2O3-TAR-N2. e) Áreas superficiales de todos los óxidos de hierro 

sintetizados 
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Los óxidos calcinados en aire mostraron isotermas de adsorción de nitrógeno tipo IV, 

con ciclos de histéresis H4, característicos de sólidos mesoporosos con diámetros de poro 

superiores a 4 nm. Por otro lado, los materiales tratados en nitrógeno a 500 °C exhiben 

isotermas tipo II con indicios de un ciclo de histéresis H3. Esto sugiere materiales con poca 

porosidad y espacios vacíos entre partículas pequeñas. Las áreas superficiales de los materiales 

variaron entre 28 y 141 m2 g-1 (Figura 3e) y los volúmenes de poro (Vporo) entre 0,13 y 0,30 cm3 

g-1 (porosidades de entre 40 % y 61 %), habiéndose obtenido los valores más altos en los óxidos 

sintetizados mediante precipitación con ácido tartárico y calcinados en aire. En general, los 

óxidos calcinados en aire tienen mayor área superficial y volumen de poros que los tratados en 

nitrógeno, debido a que la mayor temperatura de tratamiento genera una rápida 

descomposición del ion tartrato, lo que colapsa los poros, además de sinterizar las partículas de 

hierro. Además, el ácido tartárico es una molécula más grande, que deja mayor porosidad al 

evaporarse que el ácido oxálico, razón por la cual se obtienen óxidos más porosos con esta 

molécula. 

 

2.3. Evaluación de las propiedades electroquímicas (capacidad de descarga, estabilidad) de 

los electrodos  

2.3.1. Capacidad de descarga 

Los electrodos fabricados con los distintos óxidos de hierro se sometieron a 20 ciclos de 

carga y descarga a velocidades de 0,4 C y 0,2 C, respectivamente, mostrando diferencias en las 

capacidades de descarga obtenidas. En la Figura 4 se muestran las capacidades de descarga 

máxima y promedio de los 20 primeros ciclos para los electrodos de los artículos 1 y 2. Se observa 

que el óxido de hierro comercial (Sigma-Aldrich) con partículas de diámetro menor a 50 nm, 

exhibe la capacidad de descarga máxima más alta de todos los electrodos, sin embargo, su 

bajísima capacidad promedio demuestra que este electrodo se desactiva rápidamente. Por el 

contrario, los electrodos S-Fe2O3-OXL, S-Fe2O3-SHX y S-Fe2O3-TAR-air muestran menores 

capacidades máximas, pero sus capacidades promedio son similares, lo que indica que son más 

estables. En general, los óxidos sintetizados mediante el método del ácido oxálico mostraron 

una capacidad máxima mayor que los sintetizados mediante el método del ácido tartárico, 

mientras que estos últimos presentaron diferencias menores entre capacidad máxima y 

capacidad promedio. Otra observación importante que se puede realizar es que todos los 

electrodos fabricados con óxidos modificados con azufre mostraron una pérdida de capacidad 

en 20 ciclos menor a los óxidos sin azufre. En promedio, cada óxido modificado con azufre tiene 
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una capacidad media de los 20 ciclos equivalente a un 86 % de su capacidad máxima, mientras 

que los no modificados con azufre (sin considerar el óxido Fe2O3-COM, por presentar un valor 

extremo) muestran una capacidad media de un 73 % de la máxima. Como se mostró en el 

artículo 1, el sulfato (presente en todos los óxidos sintetizados con tiosulfato de sodio) se reduce 

a sulfuro en las condiciones de operación del electrodo, especialmente durante la carga 

siguiendo la serie de reacciones descritas en las ecuaciones 1-3:  

𝑆𝑂ସ
ଶି ൅ 𝐻ଶ𝑂 ൅ 2𝑒ି →  𝑆𝑂ଷ

ଶି ൅ 2𝑂𝐻ି   𝐸଴ ൌ  െ0.93 V 𝑣𝑠. 𝑆𝐻𝐸  (1) 

𝑆𝑂ଷ
ଶି ൅ 3𝐻ଶ𝑂 ൅ 4𝑒ି →  𝑆଴ ൅ 6𝑂𝐻ି   𝐸଴ ൌ െ0.66 V 𝑣𝑠. 𝑆𝐻𝐸 (2) 

𝑆଴  ൅  2𝑒ି →  𝑆ଶି     𝐸଴ ൌ െ0.48 V 𝑣𝑠. 𝑆𝐻𝐸 (3) 

Debido a que el sulfato se encontraba principalmente en la superficie de los óxidos de 

hierro, como mostraron los análisis XPS, es razonable suponer que el sulfuro formado también 

se encuentra en la superficie. Así, este sulfuro previene la pasivación del electrodo por especies 

poco conductoras y/o poco reactivas.  

 

Figura 4. a) Cronopotenciometría del mejor ciclo de carga-descarga de los electrodos basados en Fe2O3 
obtenidos a partir de ácido oxálico y NaOH, junto con el Fe2O3 comercial. b) a) Cronopotenciometría del 

mejor ciclo de carga-descarga de los electrodos basados en Fe2O3 obtenidos a partir de ácido oxálico 
tartárico. c) Capacidades de descarga máximas y promedio obtenidas con los diferentes electrodos 

estudiados. 
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2.3.2. Estabilidad 

Una forma de evaluar la estabilidad de los electrodos, introducida en los artículos que 

conforman esta tesis es el factor de estabilidad. Este factor constituye una novedad que ajusta 

una curva exponencial a la capacidad de los electrodos y es una forma objetiva de comparar las 

estabilidades de distintos electrodos, no observada antes en literatura. De acuerdo a este 

modelo, los electrodos pasan por un periodo de formación, durante el cual su capacidad de 

descarga aumenta. Una vez superado este periodo, la capacidad disminuye siguiendo una 

función exponencial, de acuerdo con la ecuación 4: 

𝑄௡ ൌ 𝑄௜ ൈ 𝑓௡ି௜        (4) 

En la ecuación 4, 𝑄 es la capacidad de descarga, 𝑛 es el número del ciclo, 𝑖 es la cantidad 

de ciclos de formación y 𝑓 es el factor de estabilidad, una cantidad adimensional que tiene un 

valor entre 0 y 1.  Un ejemplo del ajuste del modelo de la ecuación 4 a la capacidad de descarga 

de los electrodos más estables de cada artículo se puede ver en la Figura 5 (o en las Figuras 6 y 

4 de los artículos 1 y 2, respectivamente). El electrodo más estable fue el manufacturado con el 

óxido de hierro S-Fe2O3-TAR-air, cuyo factor de estabilidad fue de 0,998, indicando que pierde 

aproximadamente un 0,2 % de su capacidad de descarga con cada ciclo, mientras que, de los 

óxidos sintetizados, el mínimo es el que corresponde al óxido Fe2O3-OXL, 0,829).  

 

Figura 5. Ajuste del modelo de la ecuación 4 a los electrodos más estables de ambos estudios 

En el artículo 1, se observó que el electrodo con mayor factor de estabilidad fue el que 

contenía azufre y que tuvo mayor área superficial y porosidad. El rol del azufre ya se ha explicado 

previamente. Sin embargo, quedaba por dilucidar el rol de las propiedades texturales en la 

estabilidad. Con este objetivo, en el artículo 2 se buscó correlacionar la estabilidad de los 

electrodos con sus propiedades texturales y cristalográficas (Figura 6). Se pudo observar que el 
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factor 𝑓 se correlaciona fuertemente con el área superficial, diámetro de poros BJH (dporo) y 

volumen de poros, mientras que muestra una tendencia positiva con el tamaño de cristal, pero 

no una correlación precisa. También se probó a correlacionar las propiedades físico-químicas 

con la capacidad máxima de descarga, donde se observan tendencias si se tratan los óxidos 

modificados con azufre y los no modificados como grupos separados. Sin embargo, debido a la 

poca cantidad de datos de cada subgrupo, no se puede hablar de correlación, por lo que se 

ceñirá el análisis a la estabilidad, obviando la capacidad máxima de descarga. 

 

Figura 6. Correlación entre factores de estabilidad y propiedades texturales y cristalográficas, 

Para estudiar las causas de la pérdida de capacidad de los electrodos, se efectuaron 

estudios de espectroscopía de impedancia electroquímica (EIS) al potencial de reducción de 

Fe(OH)2 a Fe (segundo paso de carga). Estos mostraron que, en los electrodos más estables, la 

resistencia a la transferencia de carga prácticamente no cambia, sin embargo, esta aumenta 

hasta 15 veces en los electrodos que sufren más desactivación. Esta evidencia, sumada a las 

correlaciones encontradas entre propiedades físico-químicas y estabilidad, sugieren que la 

pérdida de capacidad de descarga es causada por la pasivación del electrodo debida a la 

formación de una capa no conductora y no reactiva de hidróxido de hierro (II). Tanto la presencia 

de azufre como las propiedades texturales mejoradas combaten este efecto. El azufre, por la ya 
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explicada formación de sulfuro y la mayor área superficial y porosidad, porque mejoran el 

contacto entre las fases carbonosa y metálica, reduciendo la resistencia eléctrica y, de esta 

forma, aumentando la reactividad. 

Los dos electrodos más estables, S-Fe2O2-OXL-air y S-Fe2O2-TAR-air fueron sometidos a 

ciclado de larga duración. El electrodo S-Fe2O2-OXL fue sometido a 60 ciclos a velocidades de 

carga y descarga de 0,4 C y 0,2, respectivamente, logrando retener más del 80 % de su capacidad 

inicial. El electrodo S-Fe2O2-TAR-air, por su parte, fue ciclado durante 130 ciclos, perdiendo 

alrededor de un 20 % de la capacidad inicial (Figura 7). Durante los primeros 70 ciclos (350 horas, 

aproximadamente), el electrodo S-Fe2O2-OXL-air tiene mayor capacidad de descarga, pero la 

mayor estabilidad del electrodo S-Fe2O2-TAR-air hace que éste último posea una mayor 

capacidad a largo plazo.  

 

Figura 7. Durabilidad de los electrodos S-Fe2O2-TAR-air y S-Fe2O2-OXL-air 

2.3.3. Capacidad de ciclado a intensidades de corriente elevadas 

Dos electrodos fabricados con el óxido S-Fe2O3-OXL-air fueron cargados a una tasa de 

0,8 C y 1,6 y descargados a una tasa de 0,4 C y 0,8 C, respectivamente. El aumento en las 

velocidades de carga y descarga resultó en un incremento notable en la capacidad de descarga, 

especialmente cuando se cargó a 0.8C y descargó a 0.4C. En estas condiciones, el electrodo 

alcanzó un total de casi 800 mAh gFe
-1 de capacidad de descarga, cercano al máximo encontrado 

en literatura de 900 mAh gFe
-1 [6]. 

Una velocidad de ciclado más alta, es decir, 1,6 C para la carga y 0,8 C para la descarga, 

no aumenta la capacidad del electrodo tanto como la tasa C intermedia, alcanzándose 

aproximadamente 600 mAh gFe
-1 de capacidad máxima de descarga. Otro efecto del aumento en 

la tasa de carga y descarga es una reducción en el factor de estabilidad f. A 0,8 C – 0,4 C, el factor 
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de estabilidad para el electrodo S-Fe2O3-OXL-air se reduce de 0,995 a 0,98, mientras que, a 

velocidades aún más elevadas de carga y descarga, disminuye hasta poco menos de 0,97. De 

esta forma, variar la velocidad de carga y descarga permite variar entre una operación más 

estable (a menos velocidades) o una mayor capacidad específica (a velocidades intermedias), 

como se ve en la Figura 8. 

 

Figura 8. Efecto de la velocidad de ciclado en la capacidad y estabilidad del electrodo S-Fe2O3-OXL-air. 

 

3. Catalizadores bifuncionales basados en óxidos de manganeso y estructuras 

carbonosas para el electrodo positivo 

El electrodo positivo de las baterías metal-aire requiere un catalizador bifuncional que 

debe realizar tanto la reacción de evolución como la de reducción de oxígeno (OER y ORR, 

respectivamente). Los óxidos a base de cobalto han sido ampliamente investigados como 

electrodos de aire dada su excelente actividad bifuncional; sin embargo, el cobalto es una 

materia prima crítica debido a su uso extensivo en baterías de iones de litio. Los dispositivos de 

batería del futuro necesitarán obligatoriamente materias primas no críticas basadas en metales 

altamente abundantes. Los óxidos de manganeso han sido investigados como una alternativa a 

los catalizadores basados en cobalto, debido a sus actividades prometedoras, particularmente 

para la ORR, y más recientemente, con buenos rendimientos para la OER. Sin embargo, la baja 

conductividad de estos óxidos suele ser un problema para su posterior aplicación. Por esta 

razón, la mezcla de óxidos basados en manganeso con materiales de carbono conductores es 

una opción interesante.  

En esta tesis se investigaron nanofilamentos de óxidos de manganeso (MONW) 

combinados con nanoestructuras carbonosas como nanofibras y nanotubos de carbono y óxido 
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de grafeno reducido. En el artículo 3, se evalúa la actividad catalítica de los MONW para las 

reacciones de OER y ORR, además de estudiar el efecto del dopado de estos con hierro. Se evalúa 

también el efecto que tiene mezclar estos materiales con nanofibras de carbono (CNF). En el 

artículo 4, se investiga qué efecto tiene cambiar las nanofibras de carbono por otras 

nanoestructuras como nanotubos de carbono multicapa (CNT) u óxido de grafeno reducido 

(rGO), se profundiza en el mecanismo de las reacciones y se busca explicar a nivel molecular el 

efecto sinérgico entre las fases carbono y óxido metálico. 

En la Tabla 4 se muestra un esquema resumido de los materiales investigados en ambos 

artículos. 

Tabla 4. Esquema de los materiales investigados para el electrodo positivo y publicaciones resultantes 

Electrodo positivo   
Materiales investigados  Revista 
Catalizadores bifuncionales basados en nanohilos de Mn y 
nanofibras de carbono (Fe-MONW/CNF) 

 Catalysis Today (FI2021 = 5.3, 
Q1Applied Chemistry; Q1Chemical 

Engineering) (Artículo III) 
 

Catalizadores bifuncionales basados en nanohilos de Mn y 
estructuras nanocarbonosas (MONW/C, C: rGO, CNT, CNF y 
rGO-CNF) 

 
Catalysts (FI2022 = 3.9, 
Q2Physical Chemistry) 

 

3.1. Materiales investigados 

En esta tesis se investigaron óxidos de manganeso en forma de nanofilamentos (MONW) 

dopados con hierro y materiales nanoestructurados de carbono: nanofibras (CNF) y nanotubos 

de carbono (CNT) y óxido de grafeno reducido (rGO) (ver Tabla 5).  

Los nanofilamentos de dióxido de manganeso se sintetizaron mediante un método 

hidrotermal, reduciendo KMnO4 en medio ácido a 120 y 140 °C durante 12 horas. Los 

nanofilamentos fueron dopados con hierro, agregando FeCl3 a la síntesis, en porcentajes 

másicos entre 2 y 7 %. Las CNF y CNT se sintetizaron mediante descomposición catalítica de 

metano. Para las CNF, se empleó un catalizador Ni:Cu:Al2O3 en razón atómica 78:8:16, obtenido 

mediante un método de coprecipitación, mientras que para los CNT se emplearon partículas 

nanométricas de óxido de hierro (III), de diámetro inferior a 50 nm,  (Sigma-Aldrich). Los 

catalizadores para CNF y CNT fueron reducidos a 550 °C y 700 °C en una corriente de hidrógeno, 

respectivamente, y posteriormente, la descomposición de metano se llevó a cabo a 700 °C y 900 

°C, respectivamente. El óxido de grafeno se obtuvo mediante una modificación del método de 

Hummers [7], conocida como método de Tour [8]. Esta estrategia consiste en la oxidación 
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química de grafito mediante agente oxidantes fuertes (KMnO4 y H2SO4/H3PO4) para obtener 

óxido de grafito, el cual es luego exfoliado en baño de ultrasonidos para obtener óxido de 

grafeno de pocas capas. El óxido de grafeno es reducido térmicamente en atmósfera inerte a 

800 °C para obtener rGO. Los nanofilamentos de manganeso y las nanoestructuras de carbono 

fueron mezclados en molino de bolas a baja velocidad (100 rpm). 

Tabla 5. Materiales sintetizados para el electrodo positivo 

Nomenclatura Descripción 

Nanofilamentos de MnO2 

MONW-120 Nanofilamentos de MnO2 sinteƟzados a 120 °C  

MONW-140 Nanofilamentos de MnO2 sinteƟzados a 140 °C  

2Fe-MONW-120 Nanofilamentos de MnO2 sinteƟzados a 120 °C dopados con 2 % másico de hierro  

5Fe-MONW-120 Nanofilamentos de MnO2 sinteƟzados a 120 °C dopados con 5 % másico de hierro 

7Fe-MONW-120 Nanofilamentos de MnO2 sinteƟzados a 120 °C dopados con 7 % másico de hierro 

Nanoestructuras de carbono 

CNF Nanofibras de carbono sinteƟzadas mediante descomposición catalíƟca de 

metano a 700 °C 

CNT Nanotubos de carbono sinteƟzados mediante descomposición catalíƟca de 

metano a 900 °C 

rGO Óxido de grafeno reducido sinteƟzado por método de Tour y reducción térmica a 

800 °C 

rGO-CNF Material híbrido de nanofibras de carbono crecidas mediante descomposición 

catalíƟca de metano sobre óxido de grafeno reducido 

Composites 

MONW-120/CNF Composite de MONW-120 y CNF mezclados en molino de bolas en razón másica 

1:1 

MONW-140/CNF Composite de MONW-140 y CNF mezclados en molino de bolas en razón másica 

1:1 

MONW/CNT Composite de MONW-120 y CNT mezclados en molino de bolas en razón másica 

1:1 

MONW/rGO Composite de MONW-120 y rGO mezclados en molino de bolas en razón másica 

1:1 

MONW/rGO-CNF Composite de MONW-120 y rGO-CNF mezclados en molino de bolas en razón 

másica 1:1 
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3.2. Propiedades físico-químicas 

3.2.1. Propiedades cristalográficas, morfológicas y texturales 

Los nanofilamentos de Mn tienen sección transversal cuadrada de ancho aproximado 

75 nm y varias centenas de largo (Figura 9 a y b), áreas superficiales alrededor de los 25 m2 g-1 y 

tienen como única fase cristalina α-MnO2. La adición de hierro disminuyó el tamaño promedio 

de cristal, lo que fue interpretado como un aumento de los defectos (Figura 9c). Estos defectos 

no tienen que ver con estrés en la estructura cristalina, ya que el ion Fe3+ tiene un radio similar 

al Mn4+, sino con vacantes de oxígeno debido al menor estado de oxidación del primero con 

respecto al segundo. No se observaron cambios en las propiedades morfológicas ni 

cristalográficas con la adición de hierro a la síntesis ni con la variación de la temperatura de 

síntesis. 

 

Figura 9. a) Imagen SEM de MONW-120. b) Imagen TEM del composite 5FeMONW-120/CNF.  
c) Difractograma de los materiales FeMONW-120 

Los materiales carbonosos muestran predominancia de la fase grafítica. Las CNF tienen 

morfología fishbone con diámetros de alrededor de 50 nm (Figura 10a) y presentan área 

superficial de 95 m2 g-1. Los CNT son de estructura multicapa, con 100 paredes en promedio, de 

acuerdo a lo determinado mediante XRD (tamaño de cristal en la dirección 002 de 34 nm). Esto 

concuerda con las imágenes TEM, en las que se observa un diámetro de aproximadamente 70 

nm para los CNT (Figura 10b). Debido a su elevado número de capas, los CNT tienen área 

superficial de sólo 11 m2 g-1. Finalmente, el rGO muestra un tamaño de cristal de 15 nm, lo que 
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equivale a un promedio de 4,5 capas (Figura 10c), y un área superficial de 175 m2 g-1. CNF y rGO 

tienen una concentración similar de defectos en la estructura grafítica, como se determinó 

mediante espectroscopía Raman (ratios entre intensidad de las bandas D y G de 1,1 y 1,4, 

respectivamente). Por el contrario, CNT son altamente grafíticos (ID/IG = 0,4) (Figura 10d). 

 

Figura 10. Imágenes TEM de: a) CNF, b) CNT, c) rGO. d) Espectros Raman de los 3 materiales de carbono. 

3.2.1.1. Composición química 

La composición química de los materiales carbonosos fue investigada mediante análisis 

elemental (EA) y espectroscopía de plasma acoplado inductivamente (ICP). Las nanofibras de 

carbono contienen únicamente carbono (89 % en peso), hidrógeno (1 % en peso) y níquel (7 % 

en peso, determinado por ICP), proveniente del catalizador de crecimiento de CNF. Los CNT, por 

otro lado, presentan una mayor cantidad de metal, 26 % del peso total de la muestra. El rGO 

tiene una relación en masa de C:O de 17 (relación atómica de 22), indicando una buena, pero 

no completa, reducción del óxido de grafeno. 

La composición química de los nanofilamentos de óxido de manganeso fue investigada 

por ICP. MONW-120 y MONW-140 tienen composiciones casi idénticas (58-59 % en peso de Mn 
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y alrededor de 6 % en peso de K), indicando que la diferencia en las temperaturas estudiadas 

tiene un impacto insignificante en la composición de los nanofilamentos. El potasio en los 

MONW proviene del KMnO4 utilizado durante la síntesis que no se ha reducido por completo. 

Este potasio está presente como K2MnO4, por lo que la cantidad de potasio se correlaciona con 

la cantidad de manganeso (VI). Los Fe-MONW muestran un contenido de Mn más bajo 

(alrededor del 50 % en peso), que disminuye con el aumento de la cantidad de hierro. Los 

porcentajes de hierro en los Fe-MONW (2, 5.3 y 6.6 % en peso) se acercan a las cargas nominales 

perseguidas (2, 5 y 7 % en peso). 

La composición química de MONW y Fe-MONW también fue analizada mediante XPS.  

Los elementos encontrados en la superficie de los nanofilamentos fueron O, Mn, K y Fe. MONW-

120, MONW-140 y los tres Fe-MONW obtenidos difieren principalmente en la cantidad de 

manganeso y oxígeno (Figura 11). Estas diferencias significativas podrían explicarse por el 

oxígeno adsorbido. Los nanofilamentos dopados con hierro muestran una mayor cantidad 

superficial de oxígeno, lo que se atribuye a su mayor capacidad de adsorber oxígeno debido a 

las vacantes generadas por el ion Fe3+. 

 

Figura 11. Ratios atómicos O:Mn y O:Me de los FeMONW-120 

3.3. Propiedades electroquímicas 

3.3.1. Actividad catalítica y reversibilidad hacia las reacciones de reducción y evolución de 

oxígeno de los MONW, CNF y efecto sinérgico entre las fases 

Los resultados de voltametría lineal en KOH 0,1 M de los catalizadores del artículo 3 no 

dopados con hierro (MONW-120, CNF, MONW-120/CNF, MONW-140/CNF) indican un 

sobrepotencial de onset para la ORR (𝜂ைோோ) de entre 373 y 450 mV de magnitud (Figura 12 y 
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Tabla 6). Se observa, para la ORR, un claro efecto sinérgico entre las fases, al ser el potencial de 

onset para la ORR menos negativo para los composites MONW-120/CNF y MONW-140 CNF que 

para los materiales MONW-120 y CNF por separado. Este efecto se hace aún más patente al 

observar los potenciales de semi-onda (Ehw) y, también, las corrientes límites (jd) y número de 

electrones transferidos en la ORR (n), parámetro que aumenta desde 2,7 y 2,9 para MONW y 

CNF, respectivamente, hasta 3,4 y 3,5 para MONW-120/CNF y MONW-140/CNF. 

 

Figura 12. Actividad y reversibilidad de los catalizadores basados en MONW y CNF 

Tabla 6. Parámetros de ORR y OER de catalizadores basados en MONW y CNF 

Catalizador 

ORR OER 

ΔE 

(V) 
Ehw 

(V vs. RHE) 

𝜼𝑶𝑹𝑹 

(mV) 

𝒋𝒅 

(mA cm-2) 

𝒏 
E10 

(V vs. RHE) 

𝜼𝑶𝑬𝑹 

(mV) 

CNF 0.66 450 4.2 2.9 1.74 347 1.08 

MONW-120 0.66 387 3.9 2.7 1.90 392 1.24 

MONW-120/CNF 0.69 377 4.8 3.4 1.75 360 1.06 

MONW-140/CNF 0.73 373 4.9 3.5 1.74 361 1.01 

 

En el caso de la OER, CNF tiene una actividad considerable, lo que se atribuye al níquel 

presente como catalizador de síntesis y a los defectos de la red carbonosa (aunque las CNF 

lavadas con ácido aún conservan actividad, como se explica en el artículo 4). De hecho, no se 

observa un efecto sinérgico como sí ocurre en la ORR, al ser la actividad de los composites 

prácticamente idéntica a de las CNF. La actividad de MONW hacia la OER es pobre. 

3.3.2. Efecto del dopado con hierro 

La adición de hierro en los MONW disminuye la magnitud del sobrepotencial para la 

ORR, alcanzándose un óptimo en 5% de hierro (5Fe-MONW-120/CNF), aunque 7Fe-MONW-
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120/CNF presenta prácticamente el mismo potencial de onset. Los potenciales de semi-onda, 

sin embargo, muestran una diferencia mayor entre los composites 5Fe-MONW-120/CNF y 7Fe-

MONW-120/CNF, poniendo de manifiesto la mayor actividad catalítica del primero (Figura 13 y 

Tabla 7).  La buena actividad de los nanofilamentos dopados con hierro, más elevada que los no 

dopados, fue atribuida a la cantidad de defectos en la red cristalina que induce el hierro, al crear 

vacantes de oxígeno. Estas vacantes promueven la adsorción de oxígeno, incrementando la 

velocidad de la ORR. Debido a que el número de electrones transferidos no se vio afectado por 

el dopado con hierro, se puede suponer que éste no afecta al mecanismo de reacción, sólo la 

velocidad de adsorción y/o la cantidad de oxígeno que se adsorbe sobre la superficie. 

 

Figura 13. Actividad y reversibilidad de los catalizadores basados en Fe-MONW/CNF y de referencia 

Tabla 7. Parámetros de ORR y OER de catalizadores Fe-MONW/CNF 

 

En la OER, el sobrepotencial de onset tiene un mínimo en el composite 7Fe-MONW-

120/CNF, prácticamente idéntico al del catalizador de referencia, IrO2. Sin embargo, al analizar 

el potencial E10, los tres composites dopados con hierro muestran un valor menor que IrO2, 

indicando una buena actividad para la OER. 

Catalizador 

ORR OER 

ΔE 

(V) 
Ehw 

(V vs. RHE) 

𝜼𝑶𝑹𝑹 

(mV) 

𝒋𝒅 

(mA cm-2) 

𝒏 
E10 

(V vs. RHE) 

𝜼𝑶𝑬𝑹 

(mV) 

2Fe-MONW-120 0.74 371 4.8 3.4 1.69 331 0.95 

5Fe-MONW-120 0.77 355 4.8 3.4 1.69 317 0.92 

7Fe-MONW-120 0.73 362 4.8 3.4 1.69 315 0.96 

Pt/C – IrO2 0.88 208 5.7 4.0 1.75 312 - 
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La bifuncionalidad de los catalizadores se evaluó a través del parámetro ΔE (Figura 12b 

y Figura 13b), correspondiente a la diferencia entre E10 en la OER y el potencial de semi-onda 

para la ORR. Con los catalizadores Fe-MONW/CNF, se obtuvieron valores de ΔE inferiores a 1 V, 

siendo el mínimo el obtenido con 5Fe-MONW-120/CNF, 0,92 V. Este valor está en un rango 

medio al ser comparado con valores reportados en literatura para materiales similares (como se 

observa en la Tabla 6 del artículo 3). 

Para complementar el análisis de actividades para la ORR y OER de los catalizadores, se 

analizaron las pendientes de Tafel. Los valores de las pendientes variaron entre 53 y 134 mV dec-

1 para la ORR y 51 y 87 mV dec-1 para la OER. Un aspecto destacable es que MONW-120 presenta 

la pendiente de Tafel más alta para la ORR, pero el composite MONW-120/CNF, la menor, 

reforzando la hipótesis de que existe un efecto sinérgico entre la fase grafítica y la fase de MnO2. 

3.3.3. Efecto de la naturaleza de la fase carbonosa en la actividad de composites MONW/C 

hacia ORR y OER 

Para profundizar en esta hipótesis, en el artículo 4, se probaron 3 materiales de carbono 

nanoestructurados como catalizadores bifuncionales para ORR-OER: nanofibras de carbono 

(CNF), nanotubos de carbono multicapa (CNT) y óxido de grafeno reducido (rGO). Estos 

materiales fueron mezclados con MONW-120 (en adelante, llamado MONW) en molino de bolas 

para obtener composites, al igual que en el artículo 3 se hizo con CNF.  

Los materiales de carbono mostraron una menor actividad hacia la ORR que los MONW 

(Figura 14a y Tabla 8), con potenciales de onset entre hasta 160 mV más negativos. De los 

materiales de carbono, las nanofibras mostraron tanto el potencial de onset como de semi-onda 

más positivo. De hecho, a pesar de tener un potencial de onset 60 mV más negativo que MONW, 

CNF tiene prácticamente el mismo potencial de semi-onda. Esto puede deberse a la mayor 

conductividad eléctrica de las nanofibras de carbono que los óxidos de manganeso. El número 

de electrones transferidos en el límite difusional, calculado por el método de Koutecky-Levich 

es prácticamente idéntico para los 3 carbonos, siendo 2,9 o 3,0. Sin embargo, los composites 

MONW/C alcanzaron hasta 3,8 electrones transferidos en el caso de MONW/CNT, y 3,4 en los 

otros dos composites. En la OER, CNF también muestra la más alta actividad entre los materiales 

carbonosos. Entre los composites, es MONW/rGO (Figura 14b) el más activo. Los composites 

basados en CNT no mostraron actividades especialmente altas ni para OER ni ORR, lo que se 

atribuye a su baja área superficial y alta grafitización, con ausencia de defectos estructurales. 
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Figura 14. Actividad catalítica de los materiales carbonosos y sus composites con MONW 

Tabla 8. Parámetros de ORR y OER de catalizadores MONW/C 

Catalizador 

ORR OER 

ΔE 

(V) 
Ehwp 

(V vs. RHE) 

Eonset 

(mV) 

𝒋𝑳 

(mA cm-2) 

𝒏 
E10 

(V vs. RHE) 

Eonset 

(mV) 

CNF 0,66 0,78 −4,23 2,9 1,74 1,58 1,08 

CNT 0,48 0,68 −2,90 2,9 1,82 1,64 1,34 

rGO 0,57 0,76 −3,06 3,0 1,92 1,69 1,35 

MONW 0,66 0,84 −3,89 2,7 1,90 1,62 1,24 

rGO-CNF 0,69 0,79 −3,80 2,9 1,76 1,58 1,07 

MONW/CNF 0,69 0,85 −4,84 3,4 1,75 1,59 1,06 

MONW/CNT 0,57 0,82 −4,02 3,8 1,83 1,63 1,25 

MONW/rGO 0,64 0,83 −3,15 3,4 1,65 1,51 1,01 

MONW/rGO-CNF 0,74 0,90 −5,26 3,7 1,73 1,54 0,99 

 

Para investigar las causas de las diferencias en actividad entre los composites y los 

materiales que los conforman, se analizaron las pendientes de Tafel (Figura 15). De acuerdo a lo 

planteado en diversos artículos, las pendientes de Tafel de la OER y de la ORR se ven afectadas 

por el paso limitante de velocidad [9] (para más detalle, ver Sección 3 del Anexo I). En el caso de 

la ORR, CNF muestra una pendiente de Tafel de 76 mV dec-1, mientras que MONW, de 136 mV 

dec-1. Esto indica que los pasos limitantes de velocidad sobre estos dos materiales no son el 

mismo, lo que implica que, sobre cada uno de estos materiales, la energía de activación de cada 

paso es distinta. De esta forma, combinando los materiales, se pueden obtener catalizadores 

capaces de reducir la energía de activación de distintos pasos de la reacción de forma 
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simultánea, obteniéndose un efecto catalítico potenciado. De forma análoga, para la OER, 

MONW tiene una pendiente de Tafel de 73 mV dec-1, mientras que rGO muestra una pendiente 

de 131 mV dec-1. Así, el catalizador MONW/rGO es capaz de catalizar distintos pasos de la OER 

y presenta la actividad más elevada para esta reacción. 

 

Figura 15. Pendientes de Tafel para la ORR (a, c) y OER (b,d) de materiales y compositess 

Considerando estos resultados, se propuso sintetizar un material híbrido rGO-CNF y 

preparar con él un composite que combinase las propiedades de los composites MONW/CNF y 

MONW/rGO, buscando una elevada bifuncionalidad. Para este efecto, se depositaron 

nanopartículas de níquel sobre óxido de grafeno reducido. Las nanopartículas de níquel se 

usaron para hacer crecer nanofibras utilizando descomposición catalítica de metano. Este 

material híbrido rGO-CNF, al igual que el resto de materiales de carbono, se mezcló en molino 

de bolas con MONW, para obtener un composite. 

La caracterización electroquímica de este composite indicó una actividad catalítica para 

la ORR que superó incluso a la del composite MONW/CNF, un potencial de onset 50 mV menos 

negativo, (100 mV más positivo que el catalizador de referencia). La corriente límite de este 

material y número de electrones transferidos también se vio mejorada con respecto al resto de 
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los composites, alcanzando 3,7 electrones, sugiriendo que usar distintos tipos de carbones 

grafíticos puede potenciar aún más el efecto sinérgico entre estos y el óxido de manganeso. Para 

la OER, el composite MONW/CNF-rGO mostró una actividad ligeramente inferior a MONW/rGO, 

sin embargo, aún superior al catalizador de referencia. De esta forma, el composite logró un ΔE 

de 0,99 V, logrando bajar de 1 V, al igual que los composites dopados con hierro sintetizados en 

el artículo 3. 

En la Figura 16 se comparan las actividades catalíticas de los mejores catalizadores de 

cada estudio: 5Fe-MONW-120/CNF en el artículo 2 y MONW/rGO-CNF en el artículo 4. Se 

incluyen también el composite MONW-120/CNF y los catalizadores de referencia para ORR y 

OER, a modo de comparación. Se puede ver que ambos tienen más actividad catalítica y 

bifuncionalidad que el composite MONW-120/CNF, y que ambos tienen entre sí una actividad 

muy similar. EL composite MONW/rGO-CNF destaca por su mayor corriente límite en la ORR, 

casi un 10 % mayor que los otros dos catalizadores. Asimismo, muestra un menor potencial de 

onset para la OER, sin embargo, a densidades de corriente elevadas, el catalizador 5Fe-MONW-

120/CNF es el que presenta menor sobrepotencial, como muestra su E10 menos positivo. 

 

Figura 16. Comparación entre la actividad catalítica de los mejores catalizadores de cada estudio, el 
catalizador MONW/CNF y los catalizadores de referencia 

3.3.4. Durabilidad de los catalizadores en ciclos carga-descarga 

Pruebas de larga duración, mostradas en la Figura 17, a densidades de corriente más 

altas se realizaron en un electrodo de difusión de gas (GDE) para probar los catalizadores bajo 

condiciones más exigentes y realistas, específicamente, ±10 mA cm-2 para OER y ORR, y 2,5 h 

para cada reacción. Durante los primeros cuatro ciclos (20 horas de operación), 5Fe-MONW-

120/CNF muestra un comportamiento razonablemente estable y buenas actividades tanto para 
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OER como para ORR, con ambos sobrepotenciales, aumentando muy lentamente, salvo en el 

cuarto ciclo de ORR, en que se observa una bajada hacia un potencial más negativo.  

 

Figura 17. Ensayos de durabilidad de distintos catalizadores a ±10 mA cm-2 sobre GDE en KOH 6 M. 

El catalizador MONW/rGO muestra, en un principio un sobrepotencial para OER casi 

idéntico al de 5Fe-MONW-120/CNF, sin embargo, se desactiva rápidamente, incrementando sus 

sobrepotenciales de OER y ORR. Por otro lado, el catalizador basado en el material híbrido de 

carbono muestra un sobrepotencial ligeramente superior al del composite dopado con hierro 

para la OER y casi idéntico para la ORR. Sin embargo, debido a su buena estabilidad, en el cuarto 

ciclo presenta un sobrepotencial para OER casi idéntico al de 5Fe-MONW-120/CNF y, para la 

ORR, el menor sobrepotencial de todos los catalizadores probados. 
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CAPÍTULO IV: CONCLUSIONES GENERALES 

 

 

 

 

 

 

 

 

 

En este capítulo se presentan las conclusiones generales que se obtuvieron de las 

investigaciones que conforman esta tesis doctoral. 

  



 
 

204 
 

  



 
 

205 
 

Conclusiones 

La investigación relativa al electrodo negativo de baterías hierro-aire llevada a cabo en 

esta tesis doctoral reveló la viabilidad de los óxidos de hierro modificados con azufre 

combinados con un negro de carbono comercial como electrodos negativos. Los óxidos de hierro 

se obtuvieron en base a métodos de precipitación-calcinación con tres agentes precipitantes 

diferentes: ácido oxálico, hidróxido de sodio y ácido tartárico. Fueron tratados en dos 

atmósferas distintas: en aire a 350 °C y en nitrógeno a 500 °C. A diferencia de la mayoría de los 

electrodos negativos de hierro reportados en la literatura, el azufre se añadió directamente 

durante la síntesis del óxido de hierro, en lugar de ser añadido mediante una mezcla física. La 

síntesis de los óxidos de hierro fue sencilla y podría prepararse de manera escalable y a bajo 

costo. 

Las capacidades de descarga de los electrodos de hierro variaron entre 350 y 850 mAh 

gFe
-1, dependiendo las capacidades de descarga del método de síntesis del óxido de hierro. 

Aunque los electrodos de hierro con modificación de azufre tuvieron capacidades más bajas que 

aquellos sin ella, la estabilidad cíclica mejoró enormemente con la adición de azufre, debido a 

que el método de síntesis permitió una distribución uniforme del azufre en la superficie del óxido 

de hierro. El alto grado de contacto físico entre las fases de hierro y azufre mejora la estabilidad 

electroquímica del electrodo, al mejorar la supresión de la evolución de hidrógeno y la 

pasivación. 

Las características fisicoquímicas de los óxidos de hierro, principalmente las propiedades 

texturales, se ajustaron al cambiar las condiciones de síntesis. Se determinó que las propiedades 

texturales, especialmente el área superficial y el tamaño de poro, afectan la capacidad de 

descarga de los óxidos de hierro. Más importante aún, estas propiedades tienen un impacto 

significativo en la estabilidad de los electrodos. Se encontró una correlación lineal entre un área 

superficial grande y un tamaño de poro pequeño con una mejor estabilidad, porque se descubrió 

que un buen contacto entre las fases de óxido de hierro y carbono es crucial para prevenir la 

pasivación. Para poder comparar de forma objetiva la estabilidad de cada electrodo, se introdujo 

un modelo de caída exponencial (primer orden), donde la capacidad es proporcional a un factor 

de estabilidad, que varía entre 0 y 1, elevado al número de ciclos. 

Los estudios de espectroscopía de impedancia electroquímica evidenciaron que la 

pasivación del electrodo es causada por una capa de hidróxido de hierro (II) no conductora que 

inhibe la reducción de esta especie a hierro metálico. La resistencia a la transferencia de carga 

en la reducción de Fe(OH)2 a Fe aumenta significativamente en los electrodos que se desactivan 



 
 

206 
 

rápidamente. Se descubrió que la modificación con azufre tiene un efecto similar al de usar un 

electrodo con un área superficial grande y un buen contacto con la fase de carbono, ya que el 

sulfato se reduce a sulfuro y forma sulfuro de hierro (II), que reemplaza al hidróxido de hierro 

(II) y tiene una mayor conductividad. 

Los óxidos de hierro modificados con azufre obtenidos mediante precipitación con 

oxalato (S-Fe2O3-OXL-air) o tartrato (S-Fe2O3-TAR-air) y calcinados en aire demostraron ser 

materiales superiores para el ciclado a largo plazo. La caída exponencial en la capacidad de 

descarga fue mucho menor, de manera que S-Fe2O3-OXL-air pudo mantener el 95 % y S-Fe2O3-

TAR-air el 98 % de su capacidad inicial después de 20 ciclos (aproximadamente 100 horas) a 

tasas de 0.4C (carga) – 0.2C (descarga). S-Fe2O3-OXL-air mantuvo el 65% de la capacidad de 

descarga después de 500 horas de operación. Incluso, el electrodo S-Fe2O3-TAR-air fue capaz de 

operar por más de 100 ciclos de carga y descarga, reteniendo casi el 75 % de su capacidad de 

descarga inicial. 

Se demostró también que se pueden controlar las tasas de carga y descarga para 

optimizar diferentes parámetros de rendimiento. Tasas de carga y descarga más bajas resultaron 

en que la operación de los electrodos fuera más estable, con menos del 0.5 % de pérdida de 

capacidad por ciclo en el electrodo S-Fe2O3-OXL-air, y al aumentar las tasas, se logró aumentar 

la eficiencia coulómbica del proceso del 35 % al 65 %. Esto se produce porque, al aumentar la 

velocidad de carga, se produce una separación entre el segundo plateau de carga (reducción de 

hidróxido de hierro a hierro) y el potencial al que ocurre la HER. 

 Para el electrodo positivo, se obtuvieron catalizadores bifuncionales de fácil síntesis 

basados en nanofilamentos de óxido de manganeso dopados con un 2 - 7 % másico de hierro 

(Fe-MONW) y nanofibras de carbono (CNF) que se ensayaron en las reacciones de evolución 

(OER) y reducción (ORR) de oxígeno en medio alcalino. Los compuestos Fe-MONW/CNF 

muestran una actividad mejorada en comparación con sus fases individuales (CNF y MONW) y 

potenciales de onset similares a los catalizadores de referencia, especialmente para OER. El 

dopado con hierro redujo el sobrepotencial de onset tanto para la ORR como para la OER, lo que 

resultó en una disminución en el gap de reversibilidad de aproximadamente 140 mV, alcanzando 

valores de 922 mV. El sobrepotencial para OER disminuyó monótonamente con la cantidad de 

hierro en el rango estudiado, mientras que el sobrepotencial para ORR alcanzó un óptimo con 

un 5% de másico de hierro. La caracterización físico-química determinó que el hierro crea 

vacantes de oxígeno en la red de MnO2, lo que aumenta su actividad catalítica al favorecer la 

adsorción de oxígeno. El análisis de las pendientes de Tafel revela que combinar CNF y MONW 
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cambia el paso determinante de la velocidad de la reacción. Sin embargo, esto no ocurre al dopar 

MONW con hierro (las pendientes de Tafel no cambian significativamente). La sinergia entre la 

nanoestructura de manganeso dopada con hierro y la nanofibra de carbono lleva a una 

reversibilidad notable y un rendimiento mejorado para las reacciones de reducción (ORR) y 

evolución (OER) del oxígeno, junto con una estabilidad destacada, un tema clave para la futura 

implementación de este tipo de dispositivos. 

Debido al fuerte efecto sinérgico entre las CNF y MONW observado para la ORR, se 

sintetizaron tres diferentes nanoestructuras de carbono: nanofibras de carbono (CNF), 

nanotubos de carbono (CNT) y óxido de grafeno reducido (rGO) y se mezclaron con 

nanofilamentos de óxido de manganeso para obtener electrocatalizadores bifuncionales de 

oxígeno (MONW/C, C: CNF, CNT, rGO). El tipo de carbono empleado en el catalizador tuvo un 

efecto importante en la actividad, siendo el catalizador sintetizado con CNF el más activo hacia 

ORR, y el composite con rGO, el más activo hacia OER, incluso superando el rendimiento del 

catalizador de referencia, IrO2. Los catalizadores con CNT mostraron una pobre actividad para 

ambas reacciones, lo cual se atribuyó a su baja área superficial y falta de defectos estructurales. 

Los gráficos de Koutecky-Levich muestran que los catalizadores MONW/C tienen un mayor 

número de electrones transferidos en comparación con las fases por sí mismas, indicando un 

efecto sinérgico que va más allá de simplemente aumentar la conductividad o mejorar el área 

superficial, sino que también cambia la ruta de la reacción. El análisis de las gráficas de Tafel y 

la espectroscopía de impedancia electroquímica nos permitió concluir que las fases de carbono 

y óxido de manganeso son capaces de catalizar diferentes pasos de las rutas de reacción y que, 

al mezclarlas, se podría obtener un catalizador con barreras energéticas más bajas para las 

reacciones. Con esta información en mente, sintetizamos un material híbrido rGO-CNF y lo 

mezclamos con MONW, que mostró una actividad aumentada hacia ORR en comparación con 

MONW/CNF y una actividad cercana hacia OER a la del catalizador MONW/rGO.  

Las pruebas de degradación en condiciones desafiantes mostraron una estabilidad 

notable para los composites 5Fe-MONW/CNF y MONW/rGO-CNF, los cuales mantuvieron 

potenciales estables durante 20 horas de operación a densidades de corriente de ±10 mA cm-2 

en medio alcalino fuerte (KOH 6 M). 5Fe-MONW/CNF mantuvo una diferencia entre potenciales 

para OER y ORR en torno a 750 mV, y MONW/rGO-CNF, 770 mV (potenciales corregidos por IR), 

lo que es un resultado sobresaliente, teniendo en cuenta las condiciones desafiantes empleadas.  

Los resultados obtenidos de esta investigación presentan una herramienta útil para la 

fabricación y operación de electrodos tanto negativos como positivos de baterías hierro-aire. 
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Para el electrodo negativo, se propone el diseño y síntesis de materiales porosos y de alta área 

superficial (sugiriéndose los óxidos de hierro obtenidos a partir de precipitación con ácidos 

orgánicos, por su síntesis económica, eficiente y escalable), con la adición de azufre, que puede 

ser en forma de sulfato. Para lograr una eficiencia coulómbica más alta, se recomienda una tasa 

de carga de 0.8 C y un tiempo de carga de 50 minutos. Se recomienda una tasa de carga más 

baja, 0.4 C, para extender la vida útil de los electrodos, pudiendo estos ser ciclados en dichas 

condiciones durante más de 100 ciclos, reteniendo hasta el 75 % de su capacidad de descarga. 

Para el electrodo positivo, se demostró que el uso de un catalizador basado en 

materiales económicos y de fácil síntesis, como son los nanofilamentos de MnO2 dopados con 

hierro pueden lograr un gran rendimiento si se usan en combinación con una nanoestructura de 

carbono grafítica adecuada. Se probó que la estructura de los materiales de carbono utilizados 

como aditivo en los catalizadores bifuncionales de oxígeno juega un papel clave tanto en los 

mecanismos de las reacciones como en el rendimiento de los catalizadores, lo que puede ser 

explotado para diseñar racionalmente catalizadores con actividad mejorada y/o bifuncionalidad. 
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ANEXO I: FUNDAMENTOS Y MEDIDAS ELECTROQUÍMICAS 

1. Las ecuaciones de Nernst y de Butler-Volmer 

Una batería es un dispositivo en que la energía se almacena en forma de energía química 

y se libera en forma de electricidad. Las celdas electroquímicas están compuestas por un ánodo, 

donde ocurre la oxidación de un material, y un cátodo, donde otro material se reduce, entre los 

cuales hay un electrolito, que tiene que ser conductor de iones, pero impermeable a los 

electrones. Por un conductor fuera de la celda, circulan los electrones desde el cátodo hacia el 

ánodo (la corriente eléctrica del ánodo al cátodo). El potencial de circuito abierto de la batería 

(OCP, por sus siglas en inglés), es decir, la diferencia de potencial entre los electrodos sin contar 

pérdidas por resistencia u otros factores, viene dado por la ecuación 1.1: 

𝐸ை஼௉ ൌ 𝐸௖௔௧
௘௤ െ 𝐸௔௡ௗ

௘௤
        (1.1) 

En que 𝐸௖௔௧
௘௤

 y 𝐸௔௡ௗ
௘௤

 son los potenciales de equilibrio del cátodo y el ánodo, 

respectivamente, los cuales vienen dados por la ecuación de Nernst (ecuación 1.2) 

𝐸௘௤ ൌ 𝐸଴ െ
ோ்

௡ி
lnሺ𝑄ሻ        (1.2) 

En la ecuación de Nernst, 𝐸଴ es el potencial estándar de semireacción, que corresponde 

al potencial de reducción para una especie a 25 ᵒC y con una concentración de reactantes y 

productos disueltos de 1 mol l-1 (o una presión parcial de 1 atm para sustancias gaseosas), 

medido contra un electrodo estándar de hidrógeno (SHE), al que se le asigna un potencial 

estándar de 0 V. 𝑅 es la constante de los gases ideales, 8.314 J mol-1 K-1 y 𝐹 es la constante de 

Faraday, 96485 C mol-1, equivalente a la magnitud de la carga eléctrica de un mol de electrones. 

El número de electrones que se intercambian en la semireacción se simboliza mediante 𝑛 y 𝑄 es 

la productoria de compuestos involucrados elevados a su respectivo coeficiente 

estequiométrico. 𝑇 es la temperatura absoluta. 

Otro concepto importante es el concepto de sobrepotencial (𝜂). Sobre un electrodo, 

puede existir un sobrepotencial aplicado que desplace la reacción del equilibrio, el cual se define 

según la ecuación 1.3: 

𝜂 ൌ 𝐸௥௘௔௟ െ 𝐸௘௤        (1.3) 

El concepto de sobrepotencial define tanto la dirección de la reacción (oxidación o 

reducción) como la velocidad de esta, reflejada en la densidad de corriente por unidad de 

superficie (𝑗), medida en A cm-2. Esta relación se describe mediante la ecuación de Butler-Volmer 

(1.4), válida cuando no hay limitaciones de transferencia de materia. Esta ecuación considera 
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que, en todo electrodo, hay tanto una corriente anódica (𝑗௔) como catódica (𝑗௖), cuya suma es 

la corriente total. 

𝑗 ൌ 𝑗଴ ቂexp ቀ
ఈೌ௡ி

ோ்
𝜂ቁ െ exp ቀെ

ఈ೎௡ி

ோ்
𝜂ቁቃ      (1.4) 

Donde 𝑗଴ es la densidad de corriente de intercambio (la densidad de corriente tanto 

negativa como positiva de un electrodo sumergido que se encuentra en equilibrio), y 𝛼௔, 𝛼௖ son 

los coeficientes de transferencia de carga anódico y catódico y tienen valores adimensionales 

entre 0 y 1 (en un electrodo ideal, 𝛼௖ ൌ 1 െ 𝛼௔). Si el sobrepotencial es positivo, es decir, si el 

potencial sobre el electrodo es mayor al potencial de equilibrio, el término de la izquierda dentro 

del paréntesis en la ecuación 1.4 será mayor que el de la derecha, y se observará una corriente 

neta anódica (de oxidación). Por el contrario, si el sobrepotencial es negativo, se observará una 

corriente neta catódica o de reducción.  

En una celda real, el potencial de operación de una batería durante su descarga siempre 

será menor que el potencial de circuito abierto. El potencial de celda real está determinado por 

la ecuación 1.5: 

𝐸௖௘௟ௗ௔ ൌ 𝐸௖௔௧
௥௘௔௟ െ 𝐸௔௡ௗ

௥௘௔௟         (1.5) 

Combinando las ecuaciones 1.5 y 1.3, se obtiene: 

𝐸௖௘௟ௗ௔ ൌ ൫𝐸௖௔௧
௘௤ ൅ 𝜂௖௔௧൯ െ ൫𝐸௔௡ௗ

௘௤ ൅ 𝜂௔௡ௗ൯     (1.6) 

Notar que en el cátodo el sobrepotencial debe ser negativo para obtener una corriente 

catódica y en el ánodo, éste debe ser positivo, por lo que la ecuación 1.6 para la descarga de la 

batería se puede escribir como: 

𝐸௖௘௟ௗ௔ ൌ 𝐸ை஼௉ െ |𝜂௖௔௧| െ |𝜂௔௡ௗ|      (1.6a) 

Finalmente, se deben considerar también otras pérdidas energéticas, como la pérdida 

por la resistencia del electrolito (𝜂௘௟௖) y las pérdidas por difusión (𝜂ௗ௜௙). Agregando estas 

pérdidas a la ecuación 1.6a (y siempre en el caso de la descarga de la batería), se obtiene: 

𝐸௖௘௟ௗ௔ ൌ 𝐸ை஼௉ െ |𝜂௖௔௧| െ |𝜂௔௡ௗ| െ 𝜂௘௟௖ െ 𝜂ௗ௜௙     (1.7) 

El sobrepotencial del electrolito sigue la ley de Ohm y depende de la intensidad de 

corriente (𝐼) y la resistencia eléctrica del electrolito (𝑅௘௟௖), la que a su vez es función del tipo de 

electrolito, su concentración y la temperatura. Así, la ecuación 1.7 se puede escribir de la 

siguiente forma: 
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𝐸௖௘௟ௗ௔ ൌ 𝐸ை஼௉ െ |𝜂௖௔௧| െ |𝜂௔௡ௗ| െ 𝐼𝑅௘௟௖ െ 𝜂ௗ௜௙    (1.7a) 

De la ecuación de Butler-Volmer (1.4), se puede deducir que la intensidad de corriente 

aumenta con la magnitud del sobrepotencial, tanto del ánodo como del cátodo. De esta forma, 

el potencial de celda disminuye con la intensidad de corriente. Recordando que el potencial está 

definido como energía por unidad de carga (1 𝑉 ൌ 1 𝐽/𝐶), la potencia eléctrica (𝑃) otorgada por 

una celda electroquímica está descrita por: 

𝑃 ൌ 𝐸௖௘௟ௗ௔ ∗ 𝐼         (1.8) 

Como ya se ha mostrado, el potencial de celda depende negativamente de la intensidad 

de corriente a la que opere, por lo que la ecuación 1.8 mostrará un punto máximo de potencia 

en función de la intensidad de corriente a la que opere la celda. Para optimizar este máximo, se 

deben diseñar los electrodos de forma de que maximice el área útil de éste, los coeficientes de 

transferencia catódicos y anódicos sean los más cercanos a la unidad y la densidad de corriente 

de intercambio se alta. Asimismo, se debe asegurar una buena conductividad (baja resistencia) 

del electrolito. De esta forma, el potencial de celda caerá de forma menos pronunciada con la 

intensidad de corriente y la eficiencia energética de la batería será mayor. 

En el caso de la carga de la batería, las pérdidas de energía por sobrepotencial tienen el 

efecto inverso sobre potencial de operación de la batería, aumentándolo con respecto al 

potencial de circuito abierto, lo que se puede expresar mediante la ecuación 1.9: 

𝐸௖௘௟ௗ௔ ൌ 𝐸ை஼௉ ൅ |𝜂௖௔௧| ൅ |𝜂௔௡ௗ| ൅ 𝐼𝑅௘௟௖ ൅ 𝜂ௗ௜௙    (1.9) 

Otro concepto que se debe tener en cuenta es el de eficiencia faradaica o coulómbica 

(𝜙ொ). Éste corresponde a la razón entre la carga liberada durante descarga (𝑄ௗ௜௦) y la carga 

eléctrica aplicada durante la carga de la batería (𝑄௖௛). Como la carga corresponde a la integral 

de la corriente eléctrica en el tiempo, se puede obtener la ecuación 1.10: 

𝜙ொ ൌ
ொ೏೔ೞ
ொ೎೓

ൌ
׬ ூௗ௧
೟೏೔ೞ
బ

׬ ூௗ௧
೟೎೓
బ

        (1.10) 

Donde 𝑡௖௛ y 𝑡ௗ௜௦ son los tiempos de carga y descarga, respectivamente. Si la corriente 

de carga y descarga son constantes, la ecuación 1.10 se puede convertir en la ecuación 1.11: 

𝜙ொ ൌ
ூ೏೔ೞ∗௧೏೔ೞ
ூ೎೓∗௧೎೓

         (1.11) 

La eficiencia energética 𝜙ௐ se define como la razón entre la energía liberada por la 

batería durante la descarga (𝑊ௗ௜௦) y la energía aplicada durante la carga (𝑊௖௛). Como la energía 
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corresponde a la integral de la potencia eléctrica en el tiempo, se puede calcular usando la 

ecuación 1.12: 

𝜙ௐ ൌ
ௐ೏೔ೞ

ௐ೎೓
ൌ

׬ ௉ௗ௧
೟೏೔ೞ
బ

׬ ௉ௗ௧
೟೎೓
బ

ൌ
׬ ா೎೐೗೏ೌ∗ூௗ௧
೟೏೔ೞ
బ

׬ ா೎೐೗೏ೌ∗ூௗ௧
೟೎೓
బ

      (1.12) 

Una transformación matemática importante para determinar la actividad de los 

electrodos es lo que se conoce como pendientes de Tafel. La ecuación de Butler-Volmer (1.4) se 

puede linealizar aplicando logaritmo natural. Si el sobrepotencial es muy positivo, el término de 

la derecha dentro del paréntesis tiende a 0, obteniéndose al aplicar logaritmo natural la 

ecuación 1.13. En el caso opuesto, la situación es la misma, pero al ser la corriente negativa se 

debe tomar su valor absoluto (ecuación 1.14). 

lnሺ𝑗ሻ ൌ lnሺ𝑗଴ሻ ൅
ఈೌ௡ி

ோ்
𝜂        (1.13) 

ln|𝑗| ൌ ln|𝑗଴| െ
ఈ೎௡ி

ோ்
𝜂        (1.14) 

O, en su forma de logaritmo en base 10: 

logሺ𝑗ሻ ൌ logሺ𝑗଴ሻ ൅
ଶ.ଷ଴ଷఈೌ௡ி

ோ்
𝜂       (1.15) 

log|𝑗| ൌ log|𝑗଴| െ
ଶ.ଷ଴ଷఈ೎௡ி

ோ்
𝜂       (1.16) 

Las pendientes de Tafel entregan información sobre la actividad del catalizador, siendo 

una menor pendiente de Tafel preferible, debido a que significará un menor sobrepotencial 

necesario para aumentar en un orden de magnitud la intensidad de corriente.  El intercepto la 

recta de Tafel con el eje x indica el logaritmo de la densidad de corriente de intercambio, que 

también es un indicador de la actividad de los electrodos para determinadas reacciones (una 

mayor densidad de corriente de intercambio indica un electrodo más activo). Otro aspecto 

interesante de las pendientes de Tafel es que permiten, en reacciones de múltiples pasos, 

ayudar a identificar el paso determinante de velocidad. Esto será discutido en profundidad en la 

sección 3.2.1. 

2. La celda de tres electrodos 

Como se vio en la sección anterior, el potencial en una batería se mide entre dos 

electrodos (de acuerdo con las leyes de Kirchoff), como se ve en la ecuación 1.5. Sin embargo, 

la ecuación de Butler-Volmer considera el sobrepotencial que actúa sobre un electrodo en 

particular (ecuación 1.4). Debido a esto, una celda de dos electrodos no permite caracterizar 
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correctamente el comportamiento de un electrodo en particular. Para solventar esta situación, 

se usa una celda de tres electrodos (Figura 8).  

 

Figura 8. Esquema de una celda de 3 electrodos. 

En este sistema, el electrodo de trabajo se conecta en serie con la fuente de poder o 

potenciostato y el contraelectrodo. El contraelectrodo debe ser un electrodo en que ocurre una 

reacción de baja resistencia a la transferencia de carga y, preferiblemente, de alta área 

superficial, para evitar que suponga una resistencia adicional a la corriente eléctrica. En este 

electrodo, ocurre el proceso inverso al que ocurre en el electrodo de trabajo: si en el electrodo 

de trabajo ocurre una oxidación, en el auxiliar ocurre una reducción, y viceversa. El electrodo de 

referencia se conecta en paralelo al electrodo de trabajo. Entre éste y el electrodo de trabajo 

debe existir resistencia eléctrica elevada, para evitar que fluya corriente que desplace el 

electrodo de referencia de su potencial de equilibrio, el cual debe ser conocido (en comparación 

con el electrodo estándar de hidrógeno, SHE). Otros aspectos que se deben considerar sobre un 

electrodo de referencia son su estabilidad y su rango de pH de operación. Algunos de los 

electrodos de referencia más utilizados son el electrodo reversible de hidrógeno, el electrodo 

de mercurio-óxido de mercurio (Hg|HgO), el electrodo de plata-cloruro de plata (Ag|AgCl) o el 

electrodo estándar de calomelanos (SCE). 

3. Electrodo de disco rotario (RDE) 

Para estudiar las reacciones de reducción y evolución de oxígeno (ORR y OER, 

respectivamente), se utiliza comúnmente un electrodo de disco rotatorio (RDE, por sus siglas en 

inglés). Como su nombre lo dice, este es un electrodo de trabajo que se sumerge en el electrolito 

y rota a una frecuencia controlada. En un experimento típico para estudiar la ORR, se realiza una 
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voltametría lineal desde el potencial de equilibrio hasta un potencial generalmente 1 V menor. 

Usando la aproximación de Koutecky-Levich, se puede expresar la densidad de corriente a partir 

de la ecuación 1.17: 

ଵ

௝
ൌ

ଵ

௝ೖ
൅

ଵ

௝೏
ൌ െ

ଵ

௝బ ୣ୶୮ቀି
ഀ೎೙ಷ
ೃ೅

ఎቁ
െ

ଵ

ଵ.ଽହ௡ி஼ೀమ
∗ ஽ೀమ

భ.ఱఔష
భ
ల௙

భ
మ
    (1.17) 

Donde 𝑗௞ corresponde a la densidad de corriente cinética, que se calcula con la ecuación 

de Butler-Volmer (se puede obviar el término de corriente anódica), mientras que 𝑗ௗ es la 

densidad de corriente difusiva, o límite. Otros parámetros son 𝐶ைమ
∗ , que es la concentración de 

saturación de oxígeno en el electrolito, 𝐷ைమ, que es la difusividad de oxígeno en el electrolito, 𝜈, 

la viscosidad cinemática del electrolito y 𝑓, la frecuencia de rotación del electrodo. 

Al principio del barrido de potencial, la corriente aumenta en magnitud de forma 

exponencial siguiendo la ecuación de Butler-Volmer (1.4), siendo la corriente difusional órdenes 

de magnitud más alta que la cinética en este punto. Luego, al aumentar la magnitud del 

sobrepotencial, la corriente cinética se acerca a la difusional, que se mantiene constante, 

entrando en la zona de control mixto. Finalmente, alcanzado cierto sobrepotencial, se alcanza 

una corriente límite, la cual la densidad de corriente no supera, a pesar de aumentar la magnitud 

del sobrepotencial (Figura 9). 

 

Figura 9. Curva de polarización típica para un experimento de ORR sobre un RDE. Adaptado de [1]. 

La curva obtenida en la Figura 9 presenta algunos puntos interesantes. Eonset,ORR 

corresponde al potencial de onset de la reacción, donde comienza el crecimiento exponencial 

de la magnitud de la corriente. Generalmente, este punto se considera como el potencial en que 

la densidad de corriente alcanza -0.1 mA cm-2. Otro punto interesante es el potencial de semi-

onda (E1/2). Corresponde al potencial al cual la corriente alcanza la mitad de la corriente límite, 

representada en la gráfica como JL. 
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Como se menciona en la sección 3.3.3, las pendientes de Tafel pueden entregar 

información valiosa sobre el mecanismo tanto de la ORR como de la OER. Shinagawa et al. 

estudiaron de forma teórica las pendientes de Tafel esperadas suponiendo distintas etapas 

como pasos determinantes de velocidad de las reacciones [2]. Suponiendo 𝛼=0.5 (que, 

coincidentemente, es ideal para un catalizador bifuncional), obtuvieron perfiles tanto para las 

pendientes de Tafel como para la cobertura de intermediarios (ecuaciones 1.26-1.29 y 1.32-

1.35) en función del sobrepotencial sobre el electrodo. De esta forma, si en la ORR la adsorción 

no electroquímica de oxígeno es el paso determinante de velocidad (mecanismo de 

transferencia interna), se espera un pendiente de Tafel constante de 120 mV dec-1 en todo el 

rango de potenciales. Por contraste, si, por ejemplo, la segunda transferencia de un electrón es 

el paso determinante de velocidad (RDS), se debería observar una pendiente de 40 mV dec-1 a 

sobrepotenciales bajos en magnitud y a potenciales más alejados del de equilibrio, una 

pendiente de Tafel de 120 mV dec-1. De la misma forma, si en la OER la primera transferencia de 

un electrón (ecuación 1.33) es el paso determinante de velocidad, se esperaría una pendiente 

de Tafel de 30 mV dec-1 a bajos sobrepotenciales y de 120 mV dec-1 a sobrepotenciales más altos, 

mientras que, si el RDS es la segunda transferencia electrónica, se estima una predicen 3 zonas 

con pendientes de 21, 40 y 120 mV dec-1, respectivamente, ordenadas de sobrepotencial menor 

a mayor. De esta forma, obteniendo las pendientes de Tafel experimentales se puede estimar 

cuál es el paso determinante de velocidad de cada reacción. 
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